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Sintesis biocataliticas concurrentes de compuestos quirales
multifuncionales. Cascadas de aldosas con transaminasas o

cetoreductasas.

Resumen.

Las reacciones enzimaticas en cascada concurrentes o consecutivas han sido objeto de
especial atencion en el desarrollo de estrategias sintéticas de moléculas complejas. La
ventaja de estas estrategias radica en que eliminan la necesidad de purificar los
compuestos intermediarios, haciendo mas eficiente el proceso sintético. En esta Tesis, se
estudia el disefio de rutas biocataliticas para la sintesis de compuestos quirales a partir de
precursores sencillos, en el que cada reaccion enzimatica contribuye a aumentar el grado
de complejidad de las moléculas finales. Con este enfoque, se sintetizaron derivados de
y-hidroxi-a-aminoacidos, 2-hidroxi-4-butirolactonas y del acido 2-hidroxi-4-arilbut-3-
enoico. Los y-hidroxi-a-aminoécidos por sus propiedades bioldgicas son relevantes en la
industria farmacéutica. Por ejemplo, la (2S,3R,4S)-4-hidroxiisoleucina, la 4-hidroxi-L-
norvalina y el acido 4-hidroxipipecdlico se utilizan en el tratamiento de la diabetes
mellitus. Ademas, estos compuestos son precursores quirales de moléculas bioactivas,
como antibidticos, fungicidas y herbicidas, tales como, las a-amino-y-butirolactonas, la
4,5-dihidroxinorvalina o el &cido 4-hidroxipiroglutamico y sus derivados. En este sentido,
en el capitulo 3.1 nos planteamos la sintesis diastereoselectiva de y-hidroxi-a-
aminoacidos a través de reacciones enzimaticas consecutivas acoplando una aldolasa y
varios sistemas de transaminacion con excelente enantioselectividad. Los y-hidroxi-a-
aminoacidos fueron trasformados por medios quimicos en a-amino-y-butirolactonas (12
compuestos). Por otra parte, los derivados de 2-hidroxiacidos y las 2-hidroxi-4-
butirolactonas son sintones relevantes para la sintesis de moléculas con actividad
bioldgica, tanto naturales como sintéticas, asi como auxiliares quirales en sintesis
organica asimétrica. Para la obtencion de estas moléculas, se han desarrollado diversos
métodos de sintesis, como la reduccién asimétrica con complejos metalicos, reacciones
aldolicas estereoselectivas con metal u organocatalisis, y reduccidén enzimatica, entre
otros. En el capitulo 3.2 se aborda la sintesis diastereoselectiva de 2-hidroxi-4-
butirolactonas mediante reacciones alddlicas catalizadas por una aldolasa
estereoselectivas, seguida de reduccion del grupo carbonilo de los productos aldolicos

utilizando deshidrogenasas estereocomplemetarias. En total se sintetizaron 29 productos:



los enantiomeros de la 2-hidroxi-4-butirolactona (>99% ee), 2-hidroxi-3-alquil-4-
butirolactonas con configuraciéon (2R,3S), (2S,3S), (2R,3R), o (2S,3R) con razones
diastereomérica entre 60:40 a 98:2. y 2-hidroxi-4-alquil-4-butirolactonas con

configuracién (2S,4R) con 87:13 a 98:2 razon diastereomérica).

Finalmente, los derivados del acido 2-hidroxi-4-arilbut-3-endico son precursores
relevantes en la sintesis de farmacos (p. ej. Enalapril, lisinopril, Cilapril o Benazepril)
inhibidores de la enzima convertidora de angiotensina, usados en el tratamiento de
disminuyen de la presion arterial. En el capitulo 3.3, se aprovecha la actividad promiscua
de la enzima A!l-piperidina-2-carboxilato/Al-pirrolina-2-carboxilato reductasa de
Pseudomonas syringae pv. tomato DSM 50315 (DpkA) para lograr la sintesis
estereoselectiva de acidos 2-hidroxi-4-arilbut-3-endicos. La estrategia sintética consistio
en reacciones enzimaticas consecutivas entre la aldolasa HBPA, que cataliz reacciones
de condensacidn alddlica entre piruvato y aldehidos aromaticos, seguida de la reduccién
estereoselectiva catalizada por la DpkA. En total, se sintetizaron 9 derivados del &cido 2-
hidroxi-4-arilbut-3-endico con configuracion (S,E) con un 87-99% de pureza

enantiomérica.

Palabras claves: Biocatalizadores, 4-hidroxi-2-oxacidos, Aminaciéon reductiva, 2-

Oxoacidos Aldolasa y Promiscuidad enzimatica.



Concurrent biocatalytic syntheses of multifunctional chiral
compounds. Aldoses cascades with transaminases or

ketoreductases.

Abstract.

Concurrent or consecutive enzymatic cascade reactions have received special attention in
the development of synthetic strategies for complex molecules. The advantage of these
strategies is that they eliminate the need to purify the intermediate compounds, making
the synthetic process more efficient. In this thesis, we study the design of biocatalytic
routes for the synthesis of chiral compounds from simple precursors, in which each
enzymatic reaction contributes to increase the degree of complexity of the final
molecules. With this approach, derivatives of y-hydroxy-o-amino acids, 2-hydroxy-4-
butyrolactones and 2-hydroxy-4-arylbut-3-enoic acid were synthesized. The y-hydroxy-
a-amino acids are relevant in the pharmaceutical industry due to their biological
properties. For example, (2S,3R,4S)-4-hydroxyisoleucine, 4-hydroxy-L -norvaline and 4-
hydroxypipecolic acid are used in the treatment of diabetes mellitus. In addition, these
compounds are chiral precursors of bioactive molecules such as antibiotics, fungicides
and herbicides, such as a-amino-y-butyrolactones, 4,5-dihydroxynorvaline or 4-
hydroxypyroglutamic acid and its derivatives. In this sense, in chapter 3.1 we approached
the diastereoselective synthesis of y-hydroxy-a-amino acids through consecutive
enzymatic reactions coupling an aldolase and several transamination systems with
excellent enantioselectivity. The y-hydroxy-a-amino acids were chemically transformed
into a-amino-y-butyrolactones (12 compounds). On the other hand, 2-hydroxy acid
derivatives and 2-hydroxy-4-butyrolactones are relevant synthons for the synthesis of
biologically active molecules, both natural and synthetic, as well as chiral auxiliaries in
asymmetric organic synthesis. To obtain these molecules, several synthesis methods have
been developed, such as asymmetric reduction with metal complexes, stereoselective
aldol reactions with metal or organocatalysis, and enzymatic reduction, among others.
Chapter 3.2 deals with the diastereoselective synthesis of 2-hydroxy-4-butyrolactones by
aldol reactions catalyzed by a stereoselective aldolase, followed by reduction of the
carbonyl group of the aldol products using stereocomplemetal dehydrogenases. In total
29 products were synthesized: the enantiomers of 2-hydroxy-4-butyrolactone (>99% ee),
2-hydroxy-3-alkyl-4-butyrolactones with (2R,3S), (2S,3S), (2R,3R), or (2S,3R)



configuration with diastereomeric ratios between 60:40 to 98:2. and 2-hydroxy-4-alkyl-
4-putyrolactones with (2S,4R) configuration with 87:13 to 98:2 diastereomeric ratio.
Finally, 2-hydroxy-4-arylbut-3-enoic acid derivatives are relevant precursors in the
synthesis of angiotensin-converting enzyme inhibitors (e.g. Enalapril, lisinopril, Cilapril
or Benazepril) used in the treatment of blood pressure lowering. In chapter 3.3, the
promiscuous activity of the enzyme Al-piperidine-2-carboxylate/Al-pyrroline-2-
carboxylate reductase from Pseudomonas syringae pv. tomato DSM 50315 (DpkA) is
exploited to achieve the stereoselective synthesis of 2-hydroxy-4-arylbut-3-enoic acids.
The synthetic strategy consisted of consecutive enzymatic reactions between HBPA
aldolase, which catalyzed aldol condensation reactions between pyruvate and aromatic
aldehydes, followed by stereoselective reduction catalyzed by DpkA. In total, 9 2-
hydroxy-4-arylbut-3-enoic acid derivatives with (S,E)-configuration and 87-99%

enantiomeric purity were obtained.

Keywords: Biocatalysts, 4-hydroxy-2-oxoacids, Reductive amination, 2-Oxoacid

Aldolase and Enzyme Promiscuity.



Lista de abreviatura usadas frecuentemente en esta Tesis.

ACN: Acetonitrilo.

AcOEt: Acetato de etilo.

API: Principio activo farmacéutico.

CIA: Cromatografia de intercambio aniénico.
CIC: Cromatografia de intercambio cationico.
DMAP: 4-Dimetilaminopiridina

DMF: Dimetilformamida.

DMSO: Dimetilsulféxido.

dr: Relacion de diastereoisémeros.

EC: Numero de la comision de enzimas.
EDAC: 1-etil-3-(3-dimetilaminopropil)carbodiimida, clorhidrato
ee: Exceso enantiomérico.

HPLC: Cromatografia Liquida de Alta Eficacia.
HOBLt: Hidroxibenzotriazol.

IBX: Acido 2-iodobencoico.

IPTG: Isopropil-B-D-1-tiogalactopirandsido.
IUBMB: Union Internacional de Bioquimica y Biologia Molecular.
PDB: Banco de datos de proteinas

PLP: Piridoxal fosfato.

RMN: Resonancia magnética nuclear.
TA: Transaminasas.

TEA: Trietilamina.

THF: Tetrahidrofurano.

TLC: Cromatografia de capa fina
ThDP: Pirofosfato de tiamina.

Abreviaturas de grupos protectores usados

Boc: terc-butiloxicarbonilo
Cbz: Benciloxicarbonil.
PheAc: Fenilacetil

Ts: p-toluenosulfonilo



SUMARIO.
Seccion I: Introduccion general, contiene una revision de los aspectos teoricos y

antecedentes maés relevantes para esta Tesis, por ejemplo: biocatélisis, reacciones y
promiscuidad enziméticas, cascadas biocataliticas, generalidades de las enzimas
utilizadas en esta Tesis: aldosas, transaminasas y oOxido-reductasas. Referencias

bibliogréaficas.

Seccion 11 Objetivos, expone la meta general de esta Tesis. Se incluye una lista de
objetivos especificos, cada uno de ellos corresponde a un articulo cientifico que seran

presentados en capitulos posteriores.

Seccion 111: Contiene las publicaciones (Capitulos 3.1 y 3.2) y un manuscrito para una
publicacién (Capitulo 3.3) productos del trabajo experimental realizado en esta Tesis.
- Capitulo 3.1 Sintesis de derivados de 4-hidroxi aminoacidos mediante
reacciones enzimaticas en tandem de adicién alddlica y transaminacion.
- Capitulo 3.2 Sintesis estereoselectiva de 2-hidroxi-4-butirolactonas mediante
reacciones en enzimaticas en tindem de adicion alddlica y reduccion.
- Capitulo 3.3 Ampliacion de las aplicaciones sintéticas de la Al-piperidina-2-
carboxilato/Al-pirrolina-2-carboxilato reductasa de Pseudomonas syringae
(DpkA). Sintesis estereoselectiva de derivados del acido (S,E)-2-hidroxi-4-
arilbut-3-enoico.
Seccion 1V: Se presenta un analisis y discusion integrativa de los resultados de la Tesis.

Seccion V: En este apartado se presentan las conclusiones finales de la Tesis.

Seccion VI: Materiales y métodos de cada capitulo, en este apartado se presentan los
procedimientos y condiciones experimentales de cada una de las sintesis quimicas o
enzimaticas realizadas en esta Tesis. Ademas, afiaden los experimentos de cristalizacion
y difraccion de rayos X para determinar la estereoquimica absoluta de los productos

sintetizados, asi como, modelos moleculares de complejos Enzima-Sustrato.

Anexos: Comprende los espectros de RMN (*H, $3C, COSY, HSQC, HMBC y NOESY)
de los compuestos purificados: material de partida, productos intermediarios y productos
finales. Esta informacion se encuentra en el CD (o lapiz de memoria) adjunto en este

trabajo.
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Introduccion general.

1.1. Biocatalisis

La biocatélisis es un campo entre la quimica, bioquimica y biologia que comprende el
uso de enzimas como catalizadores en reacciones organicas que no se dan en su entorno
natural. Las enzimas, como cualquier otro catalizador artificial, aumenta la velocidad de
una reaccion quimica, disminuyendo la energia de activacion del proceso.! Durante la
catalisis enzimatica se pueden dar varios mecanismos cataliticos como: catalisis acido-
base, covalente, mediada por cationes metalicos (acidos de Lewis), electrostatica, por
efectos de proximidad y orientacion y por estabilizacion preferencial del estado de
transicion de la reaccion.? A diferencia de los catalizadores desarrollados por el hombre,
las enzimas poseen una elevada eficiencia catalitica determinada por la especificidad en
la unién del sustrato, combinado con una 6ptima distribucion de los grupos cataliticos en

el centro activo y una elevada reactividad del sustrato en el complejo enzima-sustrato.®

La disposicion de los residuos de aminoacidos que participan en la union del sustrato y la
catélisis es, por supuesto, el resultado de eones de evolucion. La naturaleza ha tenido
muchas oportunidades de perfeccionar las enzimas como biocatalizadores, por ejemplo:
enzimas como la catalasa (CAT, EC: 1.11.1.6), superdxido dismutasa (SOD, EC:
1.15.1.1), fumarasa (FH, EC: 4.2.1.2) o la acetilcolinesterasa (EC: 3.1.1.7) han alcanzado
la perfeccion catalitica al presentar valores de keat/Km en el rango de 108-10° M lo que
hace que la catalisis esté controlada por los procesos de difusion.

La catalisis enzimética es esencial para que ocurra la mayoria de las reacciones o
transformaciones quimicas presentes en el metabolismo, funcionando con elevada
eficiencia y selectividad.* Durante el proceso evolutivo, los organismos han adquirido la
capacidad de metabolizar una enorme variedad de compuestos quimicos®, lo que ha
generado una gran diversidad de actividades enzimaticas.?*® Los avances en biologia
molecular e ingenieria de proteinas han permitido aislar estos catalizadores del medio
bioldgico y modificar su reactividad y selectividad con el objetivo de aplicarlos en sintesis
organica.>’ La elevada eficiencia catalitica de las enzimas, asi como, su alta regio y
estereoselectividad hace que se disminuya los tiempos de reaccién y se simplifique la
purificacion de los productos finales. Estas ventajas han permitido la implantacion de
diferentes procesos biocataliticos en la sintesis de valiosos compuestos de interés

industrial (Figura 1).378
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Figura 1. Ejemplos de compuestos sintetizados utilizando estrategias enzimaticas o quimio-
enzimaticas: Polimeros.®d Alimentos.® Combustible.®%" Fragancias.® Farmacéutica.® Industria
cosmética.®l Investigacion bioldgica.®' Quimica fina.®

1.2. Clasificacion de las enzimas

Las enzimas son moléculas de origen bioldgico constituidas por aminoacidos, conectados
entre si mediante enlaces amida y que adoptan estructuras tridimensionales precisas
responsable de su actividad catalitica.!® Para estudiar el uso de estas biomoléculas en la
sintesis organica es necesario, conocer los diferentes tipos de actividades enzimaticas
presentes en la naturaleza y su clasificacion. Por convencion de la Unidn Internacional de
Bioguimica y Biologia Molecular (IUBMB, de sus siglas en inglés International Union
of Biochemistry and Molecular Biology)®, las enzimas se pueden clasificar segun el tipo
de reaccion que catalizan. Se dividen en 7 clases principales: 6xido-reductasas,
transferasas, hidrolasas, liasas, isomerasas, ligasas (Tabla 1).2° Cabe destacar que en 2018
se afiadi6 una séptima clase: las translocasas,' siendo hasta ahora poco relevantes para
la biocatélisis. Segin la comision de enzimas (EC por sus siglas en inglés Enzyme
Commission) estas se identifican mediante nimeros EC que se compone de cuatro
elementos separados por puntos (EC a.b.c.d). El primero identifica la clase de reaccién
catalizada. EI segundo numero (la subclase) contiene generalmente informacion sobre el
tipo de compuesto o grupo quimico implicado la reaccion. El tercer nimero, especifica
ademas el tipo de reaccion implicada; y el cuarto nimero designa el orden en la lista de

enzimas descrita de este tipo.>1%



Introduccion general.

Tabla I. Clasificacion de las enzimas segiin IUBMB y ejemplos de uso en Biocatalisis.

Clases de enzimas Ejemplos de aplicacién en Biocatalisis ‘

Oxido-reductasas (EC 1.b.c.d)

Este grupo de enzimas catalizan
reacciones de transferencia de
electrones.

Transferasas (EC 2.b.c.d)

Este grupo de enzimas catalizan
reacciones de transferencia de
grupos  funcionales  entre
moléculas.

Hidrolasas (EC 3.b.c.d)

Catalizan reacciones de
hidrélisis de enlaces C-X (X=C,
0,S,yP).

Liasas (EC 4.b.c.d)

Catalizan reversiblemente la
formacion de enlaces C-X
(X=C, O 6 N) mediante
mecanismos diferentes a las
Hidrolasas.

Isomerasas (EC 5.b.c.d)

Catalizan el reordenamiento
intramolecular de grupos.

Ligasas (EC 6.b.c.d)

Catalizan la formacién de
enlaces C-X(X=C,0O,S,NyP)
y P-O. Requieren de energia
asociada a la hidrélisis de una
enlace de alta energia (ejemplo

Reduccidn estereoselectiva de 3-quinuclidinona catalizado por la 3-
Quinuclidinona Reductasa (QR, EC 1.1.1.B52) de Microbacterium

|UteO|Um.11
@,
[N . ‘0

Sintesis estereoselectiva de a-aminoacido-p-ramificados catalizado
por la transaminasa de aminoacidos aromaticos de E. coli.(ArAt, EC
2.6.1.57).%?

ArAT P
N
WCOQ . Jv\r g&, R ©/‘\rCOQH . HN — )é
HoN =
0,C

Hidrdlisis estereoselectlva de epdxidos catallzado por la limoneno
1,2-epoxido hidrolasa de Rhodococcus erythropolis DCL14 (LEH,
EC 3.3.2.8).13

NAD*

o HO gn

ol o° ©”

Reaccion de retro-alddlisis catalizadas por la 2-ceto-3-desoxi-L-
ramnonato aldolasa de E coli (YfaU, EC 4.1.2.53).%

YfaU (Mg?*)

N:f@%:%

co;

Isomerizacion estereoselectiva del (R)-2-metil-2-feniloxirano a (R)-
3-fenilbutanal catalizado por la estireno oxido isomerasa de

Pseudomonas sp. VLB120 (SOI; EC 5.3.99.7).%°
SOl -

©/’\/CHO

Reaccion de amidacion catalizada por la sintasa formadora de enlaces
amida —ATP dependiente de Marinactinospora thermotolerans
(McbA, EC 6.2.1.-).%

O -OH MeNH, + ATP  AMP+Pi Oy NHMe
McbA

= ’N s ZSN

N0 g N0

ATP, AMP). NH NH

Numero de enzimas catalogadas por cada tipo a Marzo 2023 (éxido-reductasas 2497, transferasas
2200, Hidrolasas 1815, liasas 854, isomerasas 334, ligasas, 259).°

1.3. Promiscuidad enzimatica.

De acuerdo con Frances H. Arnold, premio Novel de Quimica (2018), la promiscuidad
catalitica se refiere a la capacidad de una enzima para catalizar, ademas de su reaccién
natural, reacciones no esperadas que proceden a través de diferentes estados de transicion
y/o intermediarios reactivos.!’ En 1976, Jensen propuso que las enzimas ancestrales se

caracterizaban por un amplio espectro de sustratos y reacciones, y que la seleccion natural
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recogia y afinaba estas diferentes actividades para generar las enzimas actuales con
funciones cataliticas especificas.® Sin embargo, incluso hoy en dia, las enzimas no son
tan especificas como se suele pensar. Muchas pueden catalizar otras transformaciones en
sus centros activos, lo que se conoce como promiscuidad catalitica.'® Estas nuevas
actividades enzimaticas, a menudo encontrada gracias a una serendipia, resultan muy

ventajosas a la hora de extender el uso de las enzimas en sintesis organica.*"®1%

Por ejemplo, la L-serina hidroximetiltransferasa de Streptoccocus thermophilus (SHMT,
EC 2.1.2.1), in vivo, cataliza la formacion de L-Ser a partir de N°N-
metilentetrahidrofolato (N°,N°-metilenTHF) y Gly.?° Sin embargo, se ha descrito que in
vitro esta enzima es capaz de catalizar la adicion alddlica de Gly y D-Ala a diferentes
aldehidos (Figura 2).2*

Reaccion Natural
HO,C CO,H HO,C CO,H
o 2 \_f 2 A 2 \_/* 2
NH NH
Coy Co,
" HO .
* NH3*
o N 3 o ,hN
I |
HZN)\N N HzN)\N N
H H H H
NO,N'%-metilenTHF
Actividad promiscua Actividad promiscua
. SHMT OH SHMT OH
o co. E o . i
P r 2 oy " coy, P ~_-CO2 5 R, co,
58, Tt - P
Ri NHy" =gl DN R NH;" HaN
OH OH OH o con
- - - - BnO ~ COy” 2
CbzHN cOo, BnO COy o2 A ¢
Y\( \Ar W, ‘/ "
S NHg" NH3* H3N ~Hl
5
30%° 40%?2 21%2 31%?
A

2Rendimiento de producto aislado.

Figura 2. La SHMT cataliza in vivo la sintesis de L-Ser a partir de N°,N'°-metilenTHF y Gly. Sin
embargo, in vitro cataliza la adicién aldélica de Gly y D-Ala a aldehidos no naturales.

Otro ejemplo donde se ha encontrado promiscuidad catalitica es la Trans-o-
hidroxibenzilidenepiruvato hidratasa-aldolasa de Pseudomonas putida (HBPA, EC
4.1.2.45) que cataliza la condensacion aldolica de piruvato al 2-hidroxibenzaldehido
seguido de la deshidratacion del aldol.?? La HBPA es capaz de catalizar la misma reaccion
con una variedad de aldehidos mostrando promiscuidad hacia el sustrato electréfilo. Sin
embargo, en su centro activo solo reconoce al piruvato como sustrato nucledéfilo, no

pudiendo catalizar reacciones con otros 2-oxoacidos (Figura 3).22-%3
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Figura 3. Reaccion de condensacién alddlica catalizada por la HPBA vy diversos aldehidos. Se
muestra la promiscuidad por el electréfilo de la enzima.

En esta misma enzima se ha reportado promiscuidad hacia el tipo de reaccién a catalizar.
Esto ocurre cuando existen transformaciones quimicas que comparten mecanismos de
reaccion similares. En este sentido, la HBPA es capaz de catalizar adiciones de Michael
de piruvato a B-nitroestirenos, rindiendo después de una descarboxilacion oxidativa,
acidos B-aril-y-nitrobutiricos. En este caso, la enzima al catalizar una condensacién
alddlica tiene como intermediario de reaccion la enamina del piruvato (reaccion natural)
que también puede adicionarse a un compuesto carbonilico a,B-insaturado dando una

adicion de Michael, promiscuidad catalitica (Figura 4).2*
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Figura 4. Ejemplo de promiscuidad catalitica. Reaccion de adicion de Michael de piruvato a B-
nitroestirenos catalizada por la HPBA.
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Esta variacion en el comportamiento catalitico natural de las enzimas, se puede optimizar
mediante técnicas de biologia molecular (p. ej. Evolucion dirigida), abriendo un abanico
de posibilidades de aplicaciones sintéticas desde el laboratorio hasta la industria.? Esta
estrategia se utilizo con la halohidrina deshalogenasa de Agrobacterium radiobacter AD1
(HHDH, E.C. 45.1.-), enzima que cataliza la sintesis de etil (R)-4-ciano-3-
hidroxibutanoato, un valioso intermediario en la produccion de atorvastatina (farmaco
utilizado en el tratamiento de la hipercolesterolemia) a partir del etil (S)-4-cloro-3-
hidroxibutanoato, pero, con una baja productividad (Figura 5). Utilizando técnicas de
evolucion dirigida se incremento la actividad de la enzima hacia el sustrato obteniéndose
una variante enzimética que aumenta la productividad del proceso (de 144 mg L' de

producto de interés a 576 g L-! en 24 h) después de 18 rondas de mutagénesis (Figura
5)_190,25

RONDAS DE EVOLUCION DIRIGIDA

o HEDH HHDH OH

H 23 i

oot =iz SN COsE 2. ne L _cokt
pH 7.3 CN 576 g L™

Atorvastatina

Figura 5. Ejemplo de aplicaciones sintéticas desde el laboratorio a escala industrial. La actividad
promiscua de una enzima puede ser potenciada a través de rondas de evolucidn dirigida imitando
al proceso evolutivo que se da en la naturaleza durante millones de afios. En este ejemplo, se logré
una mejora sustancial del biocatalizador que puede ser utilizado en un proceso industrial.

1.4. Sistemas enzimaticos acoplados.

La naturaleza ha permitido, a través de la evolucion, acoplar secuencialmente reacciones
enzimaticas que se alimentan unas a otras, originando complejas rutas enzimaticas que en
su conjunto se conocen como Metabolismo.'® In vitro las reacciones enzimaticas
acopladas, también conocidas como cascadas enzimaticas o concurrentes presentan como

ventajas el hecho de poder condensar en un unico medio de reaccion maltiples etapas de
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sintesis, sin necesidad de aislar los compuestos intermediarios, lo que supone una elevada
economia atémica (Figura 6A).%° Ademas, se puede aumentar los rendimientos de
productos finales al combinar pasos de sintesis irreversibles que compensen reacciones

que estén proximas al equilibrio quimico.*
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H,O
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GOase PanK DERA -HO,PO O ..OH
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. z HO o H
H,PO, o ( N .
HO o N //N %“,» ="\ OPOzH
‘ QQ/ N/<F , HO
© sP HO Islatravir
sucrosa 51 % producto aislado

glucosa-1-fosfato + frustosa

GOase, galactosa oxidasa (EC 1.1.3.9) ingenierizada de Fusarium graminearum.

PanK, patotenato quinasa (EC 2.7.1.33) ingenierizada de E. coli.

AcK, acetate quinasa (EC 2.7.2.1) de Thermotoga maritima.

DERA, desoxiribosa-5-fosfato aldolasa (EC 4.1.2.4) ingenierizada de Shewanella halifaxensis.
PPM, fosfopentomutasa (EC 5.4.2.8) ingenierizada de E. coli.

PNP, purina nucledétido fosforilasa ( EC 2.4.2.1 ) ingenierizada de E. coli.

SP, sucrosa fosforilasa (EC 2.4.1.1) de Alloscardovia omnicolens.

B Inhibicion
P S Compensa la termodinamica global del sistema
\/ o
E1 E2 | E3 |

Reacciones no productivas

Figura 6. Una cascada enzimatica permite la sintesis secuencial de moléculas complejas. A.
Cascada enzimética disefiada para la sintesis del islatravir, retroviral utilizado en el tratamiento
del VIH. La reaccion catalizada por la sacarosa forforilasa permite desplazar los equilibrios de las
reacciones anteriores. B. En una cascada enzimatica se minimiza la inhibicion por productos y se
mejora la termodinamica global del proceso al incluir etapas alejadas del equilibrio quimico. Si
la especificidad de las enzimas por sus sustratos no es lo suficientemente alta pueden ocurrir
reacciones no productivas que atentan contra el rendimiento global del proceso.
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La reaccion catalizada por la sacarosa fosforilasa (SP, EC 2.4.1.1) permite desplazar los
equilibrios en la sintesis enzimatica del islatravir (Figura 6A). También repercute en un
incremento del rendimiento del producto final, el hecho de minimizar la inhibicion por
producto de una enzima de la cascada al ser eliminado del sistema por el siguiente
biocatalizador (Figura 6B).?” Sin embargo, para poder acoplar varios biocatalizadores de
manera secuencial, formando una cascada enzimatica, tienen que cumplirse dos
condiciones fundamentales: i) las enzimas que forman la cascada biocatalitica deben
mostrar una especificidad de sustrato muy alta, minimizandose reacciones cruzadas que
originen rutas estériles y ii) las condiciones de reaccion (tipo de buffer, pH, fuerza ionica,
concentracion de co-solventes, temperatura, cofactores, etc) deben permitir una actividad
Optima de todos los biocatalizadores del sistema.?

Las cascadas biocataliticas no solo pueden estar formadas por enzimas, también se pueden
combinar etapas de sintesis quimica originando cascadas quimio-enzimaticas. En estos
casos se debe seleccionar convenientemente las condiciones de reaccion para evitar la

inactivacion del biocatalizador.?®

Las reacciones enzimaticas concurrentes son cada vez mas comunes en sintesis organicas,
representando asi una tendencia sostenida en la investigacion académica y aplicaciones
industriales, por esta razon y por las capacidades sintéticas que tienen cada una de las
enzimas que se describiran en los siguientes apartados, el desarrollo de esta Tesis
constituye una oportunidad para contribuir en diversas areas, entre ellas la quimica
organica, biologia, bioquimica, y la biocatalisis, ademas de permitir el desarrollo de

novedosas estrategias sintéticas de compuestos altamente funcionalizados.

1.5. Clasificacion de las cascadas enzimaticas.

Las reacciones enzimaticas en cascadas, se pueden clasificar en funcion de varios
criterios, los mas utilizados son el entorno donde ocurre la reaccién y el nimero de
enzimas que participan en la ruta biosintética. Atendiendo al primer criterio, las cascadas
pueden clasificarse en: in vivo, cuando los biocatalizadores estan confinados dentro de la
célula viables o in vitro, cuando se trabaja con extractos libres de células o con enzimas

purificadas.?®
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En el siguiente ejemplo en nuestro grupo de investigacion, se llevo a cabo la sintesis
estereoselectiva de D y L-homoserina utilizando un sistema in vitro y una cascada ciclica
formada por dos enzimas: una piruvato aldolasa y una transaminasa. Como dador de
grupos aminos de las transaminasas se utilizd b o L-Ala que permite regenerar el piruvato
que volvera a ser utilizado por la aldolasa cerrando el ciclo catalitico (Figura 7A).%° Por
su parte, en el sistema in vivo, se usé células de E. coli enteras liofilizadas, en las que se
han co-expresados ambas enzimas. Este sistema compartimentalizado dentro de la célula
posee como peculiaridad que utiliza como sustrato la L-Ala generada por el metabolismo

celular (Figura 7B).%!

A

A
CO;Na e -
. HO CO, HO/\/\COZ'
(S)-Transaminasa || (R)-Transaminasa
O -
HO/\AcozNa ~coy /Lcoz'
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CO,N .| 26gL"h"
2Na HO™ " co,

Figura 7. Cascada enzimatica ciclica utilizada en la sintesis de D y L-homoserina. A. Sintesis in
vitro.® B. Sintesis in vivo.!

El segundo criterio para catalogar las cascadas enzimaticas permite clasificarlas en:
monoenzimatica y multienzimaticas. En las cascadas monoenzimaticas una sola
enzima es capaz de catalizar varias reacciones enzimaticas consecutivas. Por ejemplo, la
enzima galactosa oxidasa de Pichia sp (GOasa, EC 1.1.3.9) previamente ingenierizada?,
puede oxidar alcoholes a acidos carboxilicos, a través del aldehidos producido en una

primera reaccion, seguido de la oxidacion del gem-diol a acidos carboxilicos (Figura 8).%
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Figura 8. Ejemplo de cascada monoenzimatica. La variante de la GOasa es capaz de realizar una
doble oxidacidn, de alcohol a aldehido, y posteriormente a acido carboxilico.

Cuando en la ruta biosintética participan dos 0 mas enzimas con diferentes actividades,
se denomina cascadas multienzimaticas y pueden distinguirse cinco tipos principales: las

cascadas lineales, paralelas, ortogonales, ciclicas y triangulares.

En las cascadas lineales, las enzimas actGan consecutivamente hasta llegar al producto
final (Figura 9A).%® Para ilustrar este tipo de cascada, se presenta una alternativa
biocatalitica para la sintesis de f-aminoalcoholes quirales, que son motivos estructurales
frecuentes en moléculas biolégicamente activas. La cascada enzimatica comprende la
participacion de cuatro enzimas que actlan consecutivamente para transformar el estireno
en (S)-2-amino-2-fenil etanol. La primera reaccion es catalizada por la estireno
monooxigenasa de Pseudomonas sp (SMO, EC 1.14.14.11), que cataliza una epoxidacion
enantioselectiva generando el (S)-epoxido correspondiente. Este compuesto, es
convertido a (S)-1,2-diol, por accion de una epoxido hidrolasa de Sphingomonas sp
(SpEH, EC 3.3.2.10). La oxido-reductasa de Gluconobacter oxydans (GoSCR, EC
1.1.1.14), oxida al diol y forma la a-hidroxicetona. Finalmente, la o-transaminasa de
Bacillus megaterium (BmTA, EC 2.6.1.19) cataliza la transaminacién de la a-
hidroxicetona a B-aminoalcohol que forma parte de la molécula del Taxol (Figura
9B).28:34

10
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Enzima 1 Enzima 2 Enzima N

Producto

B

N 02 smo
g "R
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NADH  NAD*

A Reciclado de cofactor
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Taxol o K Farmacéutica

Figura 9. Cascadas enzimaticas lineales. A. Representacién general de una cascada enzimatica
lineal con participacion de N enzimas. B. Biotransformacion del estireno en (S)-2-amino-2-fenil
etanol utilizando una cascada lineal formada por cuatro enzimas. En este sistema se recicla el
cofactor (NADH/NAD™) entre la reaccidn de oxidacion y reduccion.

Las cascadas paralelas, estan formadas por pasos enzimaticos complementarios, y en
caso de tener un requerimiento especifico de un cofactor pueden suplirlo sin la
participacion de enzimas auxiliares (Figura 10A).2¢ En la sintesis del acido L-pipecolico
se utilizo este tipo de disefio de cascada enzimatica. Para ello, se acopld la lisina
deshidrogenasa dependiente de NAD" de Geobacillus stearothermophilius (GsLysDH,
EC 1.4.1.15), a una iminoreductasa de Halomonas elongata (HeP5C EC 1.5.1.2)
dependiente de NADH. La demanda de cofactor entre las dos reacciones es reciproca lo
que permite establecer un sistema cerrado de regeneracion de cofactores, en la sintesis
del intermediario de la Ropivicaina, un farmaco utilizado como anestésico (Figura
10B).%

11
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Figura 10. Cascadas enzimaticas paralelas. A. Esquema general de una cascada enzimatica
paralela. B. Esquema biocatalitico para la sintesis de &cido L-pipecolico. La estrategia consiste en
dos etapas enzimaticas paralelas, donde ocurre una desaminacion de la Lys en la posicion €
catalizado por la GsLysDH acoplada a la reduccién de la imina ciclica catalizado por la HeP5C.*

En las cascadas ortogonales es necesario incorporar una 0 mas enzimas auxiliares, bien
para regenerar algun cofactor, eliminar subproducto(s), mantener estables las condiciones
de la reaccion o para desplazar equilibrios hacia la formacion de producto.?® Si
comparamos las cascadas paralelas con las ortogonales, en las primeras, ambos productos
se consideran compuestos valiosos, mientras que, en las cascadas ortogonales, los

subproductos generados no lo son, por tanto, se desechan (Figura 11A).%

El dominio de adenilacion de la reductasa de acidos carboxilicos de Mycobacterium
marinum (CAR, EC 1.2.1.-) se empled en reacciones de monoacilacion selectiva de
diaminas. Sin embargo, la enzima requiere cantidades estequiométricas de ATP para
activar al &cido carboxilico en forma de anhidridos mixtos, lo que dificulta notablemente
su aplicacion incluso a escala de laboratorio. Por ello se ha utilizado en una cascada
enzimatica ortogonal acoplada a la polifosfato quinasa de clase Il de Cytophaga
hutchinsonii (CHU, EC. 2.7.7.-) que regenera el ATP a partir de polifosfato, lo que
permite utilizar cantidades cataliticas del agente activante (Figura 11B).%’

12
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Enzima 1
P

‘\_/l}g Enzima 2
8 @ Industria
Farmacéutica
: 0 ‘ 1
H i MeO. i
N CAR : e N N/\ : MeO. X N o
MeO X COH [ j ) ; NHI O — K/NQL
N ! MeO ! MeO NQ
MeO H 1 OMe : OMe

OMe 1 |
PolyP,,.4 aﬁ PolyP,, e K

CHU
Figura 11. Cascadas enziméticas ortogonales. A. Esquema general de la cascada ortogonal. B.
Reaccion de monoacilacion selectiva de diaminas.®

Por su parte, en las cascadas ciclicas hay un reciclado de moléculas, que después de un
ciclo de reaccion uno de los productos generados se convierte nuevamente en material de
partida, favoreciendo la formacion del producto de interés que se va acumulando por la
repeticion del ciclo (Figura 12A).%2 En el ejemplo de este tipo de cascada, se utilizo la
acetohidroxiacido sintasa | de E. coli (AHAS-I, EC 2.2.1.6) para catalizar la adicién
benzoinica cruzada entre piruvato y benzaldehido, generando (R)-fenilacetilcarbinol que
posteriormente se transform6 en (1R,2R)-norpseudoefedrina y (1R,2S)-norefedrina
mediante transaminasas esteroselectivas de Aspergillus terreus (R-TA EC 2.6.1.-) y de
Chromobacterium violaceum (S-TA EC 2.6.1.18) respectivamente. Como dador de
grupos aminos se utilizdé Ala lo que genera piruvato que es reciclado en un nuevo ciclo
catalitico (Figura 12B).%

A
& S @
Enzima 1 ’, , ;§ Enzima 2
@@

(1R,2R)-norpseudoefedrina.

Figura 12. Cascadas enziméticas ciclicas. A. Esquema general de una cascada enzimatica ciclica.
B. Sintesis de (1R,2R)-norpseudoefedrina y (1R,2S)-norefedrina a partir de piruvato y
benzaldehido con de reciclaje del piruvato.

13
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Finalmente, las cascadas triangulares consisten en sistemas enzimaticos donde el
producto de la primera reaccidn enzimética reacciona con el sustrato inicial por accién de
una segunda enzima, dandose un proceso de sintesis convergente (Figura 13A).% Para
ilustrar este tipo de cascadas, se presenta la sintesis de alcaloides derivados de la
tetrahidroisoquinolinas, utilizando una transaminasa de Chromobacterium violaceum
(TAm EC 2.6.1.-) y lanorcoclaurina sintasa de origen vegetal (NCS, EC 4.2.1.78), enzima
que cataliza una reaccion de Pictet-Spengler (Figura 13B).>°
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Figura 13. Cascadas enzimaticas triangulares. A. Esquema general de una cascada enzimética
triangular. B. Estrategia de sintesis de una tetrahidroisoquinolina (THIQ) utilizando una cascada
triangular. El producto del primer paso, reacciona con el sustrato inicial por accion de la NCS,
una de las caracteristicas de este tipo de esquema sintético.

Es de resaltar, que esta clasificacion no es estricta, ya que los disefios en cascada pueden
combinarse de formas diferentes. Por ejemplo, en una cascada lineal, se podria requerir
reacciones enzimaticas auxiliares, con un enfoque ortogonal, para regenerar cofactores, o
para eliminar subproductos y desplazar asi el equilibrio hacia la formacién del producto

deseado.?®

1.6. Aldolasas.

La construccion de moléculas bioactivas naturales u homologas sintéticas en términos de
tamario y estereoquimica, requiere de métodos eficientes para la formacion asimétrica de
enlaces carbono-carbono (C-C). La formacion estereoselectiva de este tipo de enlaces es
una reaccion estratégica en sintesis organica que permite la construccién de esqueletos

carbonados complejos a partir de moléculas méas sencillas y aquirales.*°
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La naturaleza dispone de biocatalizadores capaces de establecer enlaces C-C, las
denominadas aldolasas, estas enzimas son consideradas un grupo especificos de liasas
(EC 4), presentes en practicamente todas las ramas del arbol de la vida, y son ampliamente
conocidas por su participacion en rutas del metabolismo central.*® Estas enzimas,
catalizan la formacion reversible de enlaces C-C a través de la adicion de un nucledfilo

(enolato) a un electrdfilo (un aldehido o una cetona).*!

Estas enzimas en funcion del mecanismo catalitico pueden ser clasificadas en dos clases:
aldolasas de Clase I, estabilizan al intermediario reactivo por medio de una base de Shift
(enamina), haciendo uso de un residuo de Lys altamente conservada en el cetro activo de
la proteina. Esta enamina nucleofila ataca a un electrofilo formando asi el enlace C-C
(Figura 14), con la incorporacion de funcionalidades y hasta un maximo de dos centros

esterogénicos, cuya estereoquimica relativa es controlada generalmente por el enzima.*?

L)ﬁ L)ﬁ L)ﬁ Lys Lys
NH, N (NH KNH KNH
(O > - }\ > > 2
con ) “COH ) COH CO,H o}
’ H 2N
:| (O R HO” "R CO,H
B
HO R

Figura 14. Clasificacion de las aldolasas segiin su mecanismo catalitico. Clase 1, estabilizan al
intermediario reactivo por medio de una base de Shift. La reaccién se inicia cuando la especie
nucledfila forma una imina con la Lys del centro activo. Esto disminuye el pK, de los protones
en a lo que facilita su abstraccion por un residuo acido base del centro activo. La enamina
generada realiza un ataque nucleofilico al sustrato aceptor (electréfilo) generandose el aldol
correspondiente.

Las aldolasas de Clase 11 precisan de cationes metalicos (usualmente Mg?* 6 Zn?* en el
medio bioldgico) para estabilizar el enolato.*?*® El cation actiia como &cido de Lewis,
facilitando la formacion del enolato por abstraccion del proton o del carbonilo (Figura
15).” El enolato, puede atacar al electréfilo formando asi el aducto aldélico como en el

caso de las de Clase |
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Figura 15. Clasificacion de las aldolasas segin su mecanismo catalitico. Clase I, estabilizan el
enolato a través de un cation metalico que actlia como acido de Lewis.

1.7. Piruvato aldolasas.

Las piruvato aldolasas catalizan de forma reversible la adicion alddlica de un 2-oxoacido
a un aldehido, obteniéndose 4-hidroxi-2-oxoacidos,* o 2-oxoacido-o,B-insaturado
cuando ocurre la deshidratacion del producto aldélico.??% Dentro las piruvato aldolasas
mas interesantes desde un punto de vista sintético destacan: la aldolasa del acido N-
acetilneuraminico (NeuA, EC 4.1.3.3), también conocida como aldolasa del &cido silico,
la 2-ceto-3-deoxi-D-manno-octosonato aldolasa (KdoA, EC 4.1.2.23), la 2-ceto-3-deoxi-
6-fosfo-D-gluconato (KDPGlc aldolasa o GlIcA; EC 4.1.2.14), y la 2-ceto-3-deoxi-6-
fosfo-D-galactonato aldolasa (KDPGal aldolasa o GalA; EC 4.1.2.21). En nuestro grupo
de investigacion se han desarrollado en sintesis organica tres piruvato aldolasas, a dos de
ellas las hemos denominamos 2-oxoacido aldolasas por su amplia tolerancia por el
componente nucleofilico, la 3-metil-2-oxobutanoato hidroximetiltransferasa de E. coli K-
12 (KPHMT, EC 2.1.2.11), que no es realmente una aldolasa, pero, que por promiscuidad
catalitica cataliza una adicion alddlica, y la 2-ceto-3-deoxi-L-ramnonato aldolasa de E.
coli (YfaU, EC 4.1.2.53). Y la tercera la trans-o-hidroxibenzilidenepiruvato hidratasa-
aldolasa (HBPA, EC 4.1.2.45) que puede catalizar reacciones de adicion y condensacion
alddlica de piruvato a aldehidos. Estas aldolasas han sido empleadas exhaustivamente en
esta Tesis y, por tanto, la descripcion de sus caracteristicas y detalles de su aplicacion en

sintesis organica se describe a continuacion.
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Trans-o-hidroxibenzilidenepiruvato hidratasa-aldolasa (HBPA, EC 4.1.2.45).

La HBPA, codificada por el gen NahE en el oper6n Nah7 de Pseudomonas putida es un
ejemplo de piruvato aldolasa de Clase | (Figura 16), la lisina K183 de su centro activo,
es crucial para que ocurra la catalisis enzimatica en esta enzima.*® La enzima fue
descubierta en la ruta metabdlica de degradacion de naftalenosulfonatos*® y naftaleno.?24
Catalizando la hidratacion del &cido (E)-4-(2-hidroxifenil)-2-oxobut-3-enoico, seguido

de la retro-aldolisis del hidroxiacido a piruvato y 2-hidroxibenzaldehido (Figura 17).
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Figura 16. Representacion de la estructura de la HBPA obtenida por difraccién de Rayos X. La
enzima posee una estructura homotetramérica (las subunidades se representan en diferentes
colores). La enzima se cristaliz6 con el producto de adicion alddlica del piruvato al 2-
hidroxibenzaldehido. El aldol, (R)-4-hidroxi-4-(2-hidroxifenil)-2-butanoato, aparece formando
una imina con la Lys183, esencial para la catalisis. La Tyr155 participa como grupo acido base
en la adicion alddlica y deshidratacion del aldol.*> Se utilizé el PDB 8DO5* para generar las
estructuras de la HBPA utilizando el programa PyMOL versién 2.3.2.

La HBPA in vitro puede catalizar adiciones o condensaciones aldélica.*® En este sentido,
Eaton y col. (2000), estudiaron la capacidad esta enzima de utilizar aldehidos aromaticos
como sustratos en reacciones de condensacién alddlica, reportando que la enzima
reconoce una amplia gama de electréfilos. El autor sugiere que la etapa de deshidratacion
del aldol esta mediada por la enzima.?? Estos resultados fueron corroborados por otros
grupos de investigacion.>® Mas tarde, Sello y Di Gennaro en el (2013), mostraron que la
HBPA es estrictamente dependiente de piruvato.>® En un trabajo mas reciente, Fansher y
colaboradores (2023), indicaron que la enzima puede aceptar mas de 35 aldehidos

(hetero)aromaticos y alifaticos en reacciones de condensaciones aldélica (Figura 3).2%
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Figura 17. Ruta de degradacién del naftaleno en Pseudomonas sp. Constituida por 7 enzimas
actuando secuencialmente.*’ NahA: naftaleno 1,2-dioxigenasa (EC 1.14.12.12), NahB: cis-1,2-
dihidro-1,2-dihidroxinaftaleno deshidrogenasa (EC 1.3.1.29), NahC: 1,2-dihidroxinaftaleno
dioxigenasa (EC 1.13.11.56), NahD: 2-hidroxicromeno-2-carboxilato isomerasa (EC 5.99.1.4),
NahE: trans-o-hidroxibenzilidenepiruvato hidratasa-aldolasa (EC 4.1.2.45) y NahF:
salicilaldehido deshidrogenasa (EC 1.2.1.65). En recuadro azul (HBPA, utilizada en esta Tesis).

A pesar que la HBPA parecia mostrar una elevada especificidad de sustrato por el
piruvato, Howard y colaboradores (2016), reportaron que la enzima puede utilizar
fluoropiruvato como sustrato frente a una variedad de aldehidos (hete)aromaticos con la
peculiaridad de que no se detecta producto de deshidratacion. En la reaccion de adicion

alddlica la enzima mostré una elevada estereoselectividad (Figura 18).4% 4%

: H,0 :
I+ Hk e S ah0,
B AN A > OEt
Ar1) [ CO; " : €02 pysoci, EtoH H

Ary A
o N7 = N e Z N N
60% 1% 51% 29% 76% 25% 41% 45%

Figura 18. Reaccion de adicion aldolica del fluoropiruvato a aldehidos (hete)aromaticos
catalizado por la HPBA. En la figura se muestra el rendimiento de producto aislado. En todos los
casos el ee > 98%.

A pesar de las aplicaciones en biocatalisis reportadas para la HBPA (Figura 19), los
estudios de sus potencialidades sintéticas como aldolasa frente a aldehidos alifaticos no
ha sido reportado, por lo que sera tema de esta Tesis. Ademas, se desarrollaran método
de sintesis biocataliticos donde se combinaré esta enzima con transaminasas y oxido-

reductasas en reacciones secuenciales o en cascadas enzimaticas.
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Figura 19. Ejemplos de aplicaciones de la HBPA en Biocatélisis. A. Sintesis de 2-oxoacidos-a.,3-
insaturado.??23%0 B, Sintesis enzimatica de 3-hidroxiésteres fluorados.** C. Sintesis de quinolinas
sustituidas.®* D. Sintesis biocatalitica de acidos3-aril-4-nitrobutiricos.®

Metil-2-oxobutanoato hidroximetiltransferasa (KPHMT, EC 2.1.2.11).

Esta enzima esta codificada por el gen panB y forma parte de la ruta biosintética del
pantotenato o vitamina B5, precursor de la coenzima A y de la proteina transportadora de
acilo en bacterias.>® Es la primera enzima de la ruta metabélica y cataliza la sintesis del
4-hidroxi-3,3-dimetil-2-oxobutanoato (cetopantoato) a partir del 3-metil-2-oxobutanoato
(2-oxoisovalerato), y (N°,N*°-metilenTHF). Posteriormente el producto del gen panE, la
cetopantoato reductasa (KPR, EC 1.1.1.169), reduce el carbonilo del cetopantoato para
formar hidroxipantoato, y finalmente la pantotenato sintasa (EC 2.7.1.169) codificada por
panC, cataliza la condensacion dependiente de ATP de pantoato y B-alanina, previamente
generada por la descarboxilacion del acido aspartico catalizado por la aspartato 1-
descarboxilasa (PanD, EC 4.1.1.11) (Figura 20).%
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Figura 20. Ruta biosintética del pantotenato en E. coli. Constituida por 4 enzimas: la 3-metil-2-
oxobutanoato hidroximetiltransferasa (KPHMT, EC 2.1.2.11) codificada por el gen panB, la
ketopentoato reductasa (KPR, EC 1.1.1.169) codificada por el gen panE, la pantoato quinasa (EC
2.7.1.169) codificada por el gen panC y aspartato 1-decarboxilasa (EC 4.1.1.11) codificada por
el gen panD.

La KPHMT cataliza la transferencia de un grupo hidroximetil (HOCH_) del N° N¥-
metilenTHF al 2-oxoisovalerato a través de un mecanismo de reaccion muy similar al de
una alddlica alddlica. Esto explica que la enzima muestre como actividad promiscua la
adicion aldolicas de 3-metil-2-oxobutanoato a formaldehido.®® La activacion del 2-oxo
acido en el centro activo ocurre a través de un catién metalico que actta como acido de

Lewis, tal como lo descrito para las aldolasas de Clase 11 (Figura 21).>*

Figura 21. Representacion de la estructura de la KPHMT obtenida por difraccion de Rayos X. A.
Estructura decamérica de la enzima. Las subunidades se representan en diferentes colores. B.
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Representacion del sitio de coordinacién del cation metalico (Mg?*) y el producto de la reaccion
enzimatica, 4-hidroxi-3,3-metil-20xobutanoato, en una subunidad. EI Mg?* se encuentra
hexacoordinado con los grupos carboxilato del Asp45 y 84 y dos moléculas de agua. Ademas,
coordina al sustrato (3,3-metil-20xobutanoato) y producto de la reaccion a través del grupo
carboxilo y carbonilo de estos.> Se utiliz6 el PDB 1M3U para generar las estructuras de la
KPHMT utilizando el programa PyMOL version 2.3.2.

Nuestro grupo de investigacion ha evaluado el potencial uso de esta enzima en
biocatalisis, por ello en el (2019), se reportd el uso de la KPHMT en la sintesis
estereoselectiva de 2-alquil-3-hidroxiésteres (Figura 22A). Los autores reportaron
rendimientos de productos aislados que oscilan entre 57-88% con un 88-98% de ee, para
la KPHMT. En ese trabajo, se demostr6 que la enzima mostraba una mayor actividad con
Co?* como cofactor en lugar de Mg?* que es el cation metalico utilizado por la enzima en
el entorno bioldgico.> En otro estudio se informé una alternativa biocatalitica para la
sintesis de 4-hidroxi-2-oxoacidos 3-sustituidos. En este esquema sintético, se transformo
L-a-aminoécidos mediante una L-a-aminoacido deaminasa (AAOs, E.C. 1.4.3.2) dando
lugar a 2-oxoacidos intermedios, sustratos de aldolasas estereoselectivas la KPHMT vy la
YfaU (Figura 22B) la formacion de aductos aldolicos oscilé entre 36 y 98 % y el exceso

enantiomérico reportado fue de 91 a 98%.°°
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Figura 22. A. Sintesis quimio-enzimaticas de 2-alquil-3-hidroxiésteres. La KPHMT nativa y las
variantes 1202A, 1212A y L42A/1212A catalizaron reacciones de adicion aldélica de diferentes 2-
oxoécidos al formaldehido.® B. Sintesis de 4-hidroxi-2-oxoéacidos 3-sustituidos. La enzima
PmaLAADI catalizo la deaminacion oxidativa de L-aminoacidos para formar in situ 2-oxoacidos.
Las aldosas (KPHMT vy la YfaU) y sus variantes catalizaron reacciones de adicion aldélica de
diferentes 2-oxodcidos al formaldehido.%®
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Asi mismo, se mostro el uso de la KPHMT y sus variantes mutagénicas en la construccion
esteroselectiva de carbonos cuaternarios para una variedad de compuestos con este
motivo en su estructura (gem-dimetil, gem-cicloalquil y compuestos spirociclicos, siendo
estos Gltimos el centro de atencion del desarrollo de farmacos modernos®’). La estrategia
sintética comprendia la adicién alddlica de 2-oxoacidos 3,3-disustituidos a aldehidos
catalizada por KPHMT, demostrandose la notable tolerancia a los sustratos y el
estereocontrol de este biocatalizador (Figura 23).%®

o oH o OoH o. OH
q‘;cozH CO,H CO,H
Ho V7 Ho W HO
o o KeuMT o1 o
R g,
Z%COQNa TR B EF R3MCOQN3 Mea OOt o. OH 0. OH

w Me Me
F ’ Ri Re \qcozH COH COH
o\ \\;5 R
\HkCoZNa “C%Na G)kcozNa O)kcoma O)‘\CmNa

(o] [e] [e] O OH O OH
% L k{ V/OH LA _oH
OH OH OH OH OH

o._ OH . OH
HO\)\\Q{‘COQH HOJ\%COW HOo COzH
o OH
COQH HO COZH Ho CO-H

Figura 23. Ejemplo de sintesis biocatalitica de moléculas con centros cuaternarios. La KPHMT
nativa y las variantes 1202A, 1212A, L42A/1212A y V214G catalizaron la adicion alddlica de
diferentes 2-oxoacidos a varios hidroxialdehidos, generando derivados de &cido ulosénico.®

0x0-3-desoxi-L-ramnonato aldolasa de E. coli (YfaU, EC 4.1.2.53).

La YfaU, codificada por el gen rhmA de E. coli, es una aldolasa de Clase Il por lo que

requiere de un cation metalico como cofactor (Figura 24).1*

Figura 24. Representacion de la estructura de la YfaU obtenida por difraccion de Rayos X. A.
Estructura hexamérica de la enzima. Las subunidades se representan en diferentes colores. B.
Representacion del sitio de coordinacion del cation metalico (Mg?*) y el sustrato de la reaccion
enzimatica, piruvato, en una subunidad. EI Mg?" se encuentra hexacoordinado con los grupos
carboxilato del Glu153 y el Asp179 junto a dos moléculas de agua. Ademas, coordina al sustrato
de la reaccion a través del grupo carboxilo y carbonilo de este.’* Se utilizé el PDB 2VWT para
generar las estructuras de la YfaU utilizando el programa PyMOL versiéon 2.3.2.
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En el metabolismo bacteriano, esta aldolasa tiene una participacion directa catalizando la
escision reversible del 2-0xo0-3-desoxi-L-ramnonato a partir de piruvato y L-lactaldehido
(Figura 25A).1 In vitro, la YfaU puede catalizar la adicion aldélica de piruvato a una
gran variedad de aldehidos que van desde el formaldehido (Figura 25B) hasta N-Chz-
aminoaldehidos (Figura 25C). En todos los casos la enzima mostré una mayor actividad
con Ni?* como cofactor en comparacion con el Mg?* que es el encontrado en el entorno
celular. Es de destacar, la capacidad que tiene la enzima de tolerar altas concentraciones
de un aldehido tan reactivo como el formaldehido (ICsp =1.5 M). Esto ha permitido
utilizar la enzima en reacciones con 1M de concentracion sustratos, condiciones en las
cuales se inactivarian la mayoria de las enzimas.®® Otra peculiaridad que mostrd este
biocatalizador, es que cuando se utilizan sustratos aquirales se obtienen los productos
aldodlicos como mezclas racémicas. Sin embargo, con sustratos quirales como los (S) y
(R)-N-Cbz-aminoaldehidos se da una induccién de quiralidad durante el curso de la
reaccion, obtiene preferentemente el aldol con configuracion R y S respectivamente
(Figura 25C).>®
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Figura 25. Reacciones de adicién alddlica catalizadas por la YfaU. A. In vivo la enzima cataliza
la retro-alddlisis de 2-oxo0-3-desoxi-L-ramnoato. B. Reaccion de adicion aldélica de piruvato a
formaldehido catalizada de por la YfaU. C. Reaccidn de adicion aldélica de piruvato a N-Cbz-
aminoaldehidos. La estereoquimica de los productos finales dependera de la configuracion de los
sustratos de partida.

Las potencialidades sintéticas de la YfaU se extendieron con el uso de 2-oxoacidos
diferentes al piruvato en reacciones de adicion aldélica. En este caso, la tolerancia de la
enzima fue menor si se compara con la gran variedad de aldehidos que es capaz de

aceptar. Para potenciar la promiscuidad de la enzima por los 2-oxoéacidos se disefiaron
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variantes enzimaticas capaces de catalizar la adicion alddlica de analogos del piruvato
con cadenas laterales voluminosas a N-Chz-aminoaldehidos. En estas reacciones la
enzima mostré un control de la estereoquimica sobre el centro quiral proveniente del

nucledfilo (Figura 26).%°
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Figura 26. Adicién aldolica de analogos del piruvato a N-Cbhz-aminoaldehidos catalizado por la
YfaU nativa y las variantes W23A y W23A/L216A.

Es de destacar que las enzimas YfalU y KPHMT, son biocatalizadores
estereocomplementarios, permitiendo disponer de los enantiomeros de un producto
aldolico en dependencia del biocatalizador utilizado (Figura 27). Esto representa una
ventaja sintética que sera explorada en esta Tesis en la sintesis de moléculas quirales a

partir de precursores aquirales sencillos utilizando sistemas enzimaticos acoplados.
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Figura 27. Reacciones de adicién alddlica de 2-oxoéacidos al formaldehido catalizado por dos
aldolasas estereocomplementarias, la YfaU y la KPHMT.

1.8. Transaminasas.

Las transaminasas son en grupo especifico de transferasas (EC 2.6.1.d), que catalizan la
migracion de un grupo amino de una molécula donadora a un grupo carbonilo de un
compuesto aceptor.5! Todas las enzimas de esta clase utilizan como cofactor el derivado
de la vitamina B6, el piridoxal-5'-fosfato (PLP). El proceso de transaminacion consta de
dos etapas, una desaminacion oxidativa de un donante de amino seguida de una la

aminacion reductora de un aceptor de aminos (Figura 27).%2
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Figura 27. Mecanismo transaminacion mediado por PLP. En la primera etapa, el grupo amino se
transfiere de un dador de amino al PLP, dando lugar a la generacion de una formacion de la
piridoxamina-5' fosfato (PMP) y liberando la cetona correspondiente. En la aminacion reductiva,
el grupo amino de la PMP se transfiere a un sustrato aceptor, permitiendo la regeneracién de PLP.

A la fecha se han descrito 124 tipos de transaminasas, (IUBMB fecha de consulta marzo
2023) siendo en la naturaleza su principal funcién la transferencia de grupo aminos de a-
aminoacidos a 2-oxoacidos.%® Estas enzimas pueden clasificarse en dos grande grupos en
funcion de la distancia del grupo amino respecto al grupo carboxilo, asi tenemos: las a-
transaminasas (0-TA) que requieren la presencia del grupo amino en la posicion o-
respecto al grupo carboxilo, por lo que catalizan sintesis de a-aminoacidos (Figura 28A)
y las o-transaminasas (o-TA) capaces de transferir grupos aminos que estan mas alejados
de un grupo carboxilato (p. €j. en posicion vy, & o €) e incluso pueden llegar a prescindir
de la funcion carboxilica (Figura 28B).

A
o) . ‘+ u-T{\— ‘+ . i

Ri” TCOH Ry coy R{>COy Ry~ “COy

® NH
OMCOZ' + : ) 4:@;%”: +H3N/\M;\COZ' *

Ry CO, Ry CO,

Figura 28. Clasificacion de las transaminasas. A. Reaccion catalizada por una a-transaminasas
(a-TA) B. Reaccion catalizada por una o-transaminasas (0-TA).

Un ejemplo tipico de las a-TA, es la aspartato transaminasa de E. coli (AspTA, EC

2.6.1.1), enzima que cataliza la transferencia de un grupo amino desde el Asp al 2-
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oxoglutarato, generando oxalacetato y Glu (Figura 29A). Esta capacidad de transferencia
de grupo amino de esta enzima se ha utilizado en biocatalisis, un ejemplo de ello se
muestra en la estrategia de sintesis de &cido y-hidroxiglutdmico mediante una cascadas

ciclicas entre una piruvato aldolasas PyrAL y la AspTa (Figura 29B).%4

N gt AspTA 8 NHy
0o, * o O, — % oC co, to,c"coy

2 Y

B co,

o]
'OZCQkCOQH

o0,
- AspTA 2"co;

“0,C CO,

2 2

Figura 29. Reaccion catalizada por la aspartato transaminasa de E. coli (AspTA). A. Reaccion
natural catalizada por la AspTa. B. Cascada enzimatica ciclica entre una piruvato aldolasa (PyAL)
y la AspTA utilizada en la sintesis de acido y-hidroxiglutdmico.

Otro ejemplo, de este tipo de enzimas es la aminotransferasa de aminoacidos ramificados
de E. coli (BCAT, EC 2.6.1.42) codificada por el gen ilvE. En los sistemas bioldgicos
desempefia un papel clave en la biosintesis de aminoacidos hidrofébicos. De forma
general, la enzima cataliza de manera reversible la transferencia del grupo amino desde
un aminoécido hidrofébico al 2-oxoglutarato para formar el 2-oxoacido y el
correspondiente aminoacido correspondiente (Figura 30A). Por lo tanto, el centro activo
de esta enzima debe ser caz de gestionar el reconocimiento tanto del grupo carboxilato
del Glu como la cadena lateral hidrofébicas del otro sustrato. Este reconocimiento dual
que presenta esta transaminasa es debido a la plasticidad del centro activo para
acomodarse a los requerimientos del sustrato. La enzima es un homohexamero y los
centros activos se encuentran en la region entre cada subunidad, participando en su
arquitectura aminoacidos de dos subunidades. Esto genera una regién interdominio con
flexibilidad para permitir los cambios necesarios para acomodar sustratos con diferentes

requerimientos estructurales (Figura 30B y C).%
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Figura 30. Reaccion natural de Ia BCAT y representacmn su estructura cristalina obtenida por
difraccion de Rayos X. A. Reaccién enzimatica catalizada naturalmente por la BCAT (EC
2.6.1.42). B. La enzima posee una estructura homohexamérica (las subunidades se representan en
diferentes colores). C. En el centro activo se muestra al Glu unido al cofactor PLP a través de una
imina entre el grupo a-amino del primero y el grupo carbonilo del PLP. En la arquitectura del
centro activo participan dos subunidades (representadas en amarillo y verde). En azul aparece la
region interdominio que muestra flexibilidad y es responsable del reconocimiento dual que
muestra la transaminasa, siendo capaz de unir en esta zona tanto el grupo y-carboxilato del Glu
como un residuo hidrofébico de su segundo sustrato (Val, Leu e 1le).® Se utiliz6 el PDB 1IYE
para generar las estructuras de la BCAT utilizando el programa PyMOL versién 2.3.2.

Invitro, la BCAT se ha utilizado en la sintesis estereoselectiva (ee > 99%) de aminoacidos
no naturales como la L-6-hidroxinorleucina (Figura 31A).%, la L-tert-leucina (Figura
31B) o la L-3-hidroxiadamantilglicina (Figura 31C).¢” La aplicacion de BCAT en
biocatalisis requiere utilizar un sistema acoplado que desplace los equilibrios de reaccion
y permita emplear cantidades cataliticas del sustrato dador de aminos (Glu) puesto que el
producto de su transaminacion, el 2-oxoglutarato, es un inhibidor de la enzima (se ha
reportado que a concentraciones de 10 mM de 2-oxoglutarato la BCAT solo retiene el
20% de su actividad inicial).®’
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Figura 31. Sintesis de aminoacidos no naturales catalizado por la BCAT. A. Sintesis de L-6-
hidroxinorleucina.®® B. Sintesis de L-tert-leucina y C. Sintesis de L-3-hidroxiadamantilglicina.
En todos los esquemas de sintesis se necesita un sistema enzimatico acoplado que permita utilizar
cantidades cataliticas de Glu para minimizar la inhibicion por producto de la transaminasa. PDC,
piruvato descarboxilasa de Zymomonas mobilis (EC 4.1.1.1), GLDH, L-glutamato deshidrogenasa
(EC 1.4.1.3) y FDH, formiato deshidrogenasa (EC 1.2.1.2).

1.9. Oxido-reductasas.

A la fecha el IUBMB ha clasificado 2497 enzimas como 6xido-reductasas (EC 1---).%8
Como su nombre indica estas enzimas catalizan reacciones redox donde participan
sustratos con diferentes funcionalidades quimicas como: alcoholes, aldehidos, cetonas,
acidos carboxilicos, compuestos aromaticos, aminas, etc. Estas enzimas requieren de un
grupo (cofactor) que medie el proceso de transferencia de electrones durante la catalisis,
pudiendo ser un cation metalico (Cu?*, Fe?***, Mn?*, etc.) o moléculas organicas como el
NAD(P)H, el FAD o el grupo hemo (Figura 33).5°
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Figura 33. Ejemplos de reacciones catalizadas por 6xido-reductasas. Oxidacion de alcoholes,
catalizado por la PyO: Piranosa oxidasa (EC 1.1.3.10). Hidroxilacion de anillos aromaticos
catalizado por la Mab3: 3-hydroxybenzoate 2-monooxygenase (EC 1.14.99.23). Dihidroxilacion
de anillos aromaéticos catalizado por la TDO, tolueno dioxigenasa (EC 1.14.12.11). Reduccién de
grupos carbonilos catalizado por la TbADH, alcohol deshidrogenasa (EC 1.1.1.2). Halogenacion
de anillos arométicos catalizado por la PrnA: Triptéfano halogenasa (EC 1.14.19.9). Oxidaciones
descarboxilativas catalizadas por la HSP Hidroxilasa (EC 1.14.13.163).

Dentro de las éxido-reductasas encontramos las deshidrogenasas (EC. 1.1.1.d) que son
enzimas capaces de oxidar a un sustrato a expensas de reducir a un aceptor de electrones,
usualmente NAD*/NADP* o FAD/FMN de manera reversible. Estas desempefian un
papel fundamental en la biocatélisis, ya que generan productos quirales con nuevas
funcionalidades.” Uno de estos compuestos, son las 2-hidroxi-4-butirolactonas, debido a
que son importantes bloques estructurales de compuestos con: actividad bioldgica (p. €j.
N-sulfonilado o a-amino-y-butirolactonas, implicadas en la regulacién del quérum
sensing en bacterias.”, y-butirolactonas-1, como componentes clave en la sintesis de
compuestos con actividad citotoxica (p. ej. Etoposidos’? y Anfidindlido B17),
antibidticos (lactivivina)’* y Cinatrinas™ un farmaco antinflamatorio) o auxiliares
quirales en sintesis asimétrica. Entre las estrategias de sintesis empleadas para su sintesis
destacan: hidrogenacion asimétrica catalizada por complejos de Ru y Rh (Figura 34A),
adiciones aldolicas catalizadas por acidos de Lewis o utilizando organocatalizadores
(Figura 34B) y resolucion enzimatica de lactonas (Figura 34C). Sin embargo, la
reduccion estereoselectiva de derivados de 4-hidroxi-2-oxoacidos para producir

derivados de 2-hidroxi-4-butirolactonas sigue inexplorada, por esta razén, en el capitulo
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3.2 de este trabajo nos planteamos disefiar una estrategia enzimatica que permita acceder
a este tipo de compuestos mediante una via sintética novedosa que involucra aldolasas
estereocomplemetarias (KPHMT e YfaU descritas previamente) y dos dxido-reductasas

estereoselectivas, las cuales se describen en detalles a continuacion.

A) Hidrogenacion asimétrica catalizada por metales.
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Figura 34. Estrategias sintéticas para la obtencién de derivados de 2-hidroxi-4-butirolactona. A.
Reduccion asimétrica catalizada por metales’; B. Reacciones de adicién alddlica ”” y C.
Resolucién enzimatica.’

2-dehidropantoate 2-reductasa (KPR, EC 1.1.1.169).

La KPR es una enzima homodimérica de 34 kDa, codificada por el gen panE de E. coli,
forma parte de la ruta biosintética del Pantotenato descrita anteriormente (Figura 20).5%°
Esta enzima cataliza la reduccion dependiente de NADPH del ketopantoato para formar
pantoato. En un primer paso de la catélisis, el NADPH se une al centro activo de la

enzima, seguido de la union del ketopantoato mediante un mecanismo bi-bi ordanado, lo
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que permite que ocurra la transferencia de hidruro que da lugar al alcohol y al cofactor
oxidado. En este mecanismo intervienen la Lys176 como residuo acido/base y Glu256 y

Asn98 que contribuyen a la estabilizacion del sustrato en el centro activo (Figura 35).7
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Figura 35. Representacion de la estructura de la KPR obtenida por difraccién de Rayos X. A.
Estructura dimérica de la enzima con el cetopantoato y el NADPH unidos al centro activo. Las
subunidades se representan en diferentes colores, azul y verde. B. Mecanismo catalitico propuesto
en la reduccion del cetopantoato catalizado por la KPR. Un proton del C4 del NADPH es
trasferido al sustrato generandose un alcéxido que es re-protonado la Lys176, obteniéndose asi el
pantoato y el NADP* como productos de la reaccion.” Se utiliz6 el PDB 20FP para generar las
estructuras de la KPR utilizando el programa PyMOL versién 2.3.2.

Cabe resaltar, que en la literatura no hay evidencia del uso de la KPR en sintesis organicas.
En este sentido, en esta Tesis la usaremos en la sintesis biocatalitica concurrente de

derivados de 2-hidroxi-4-butirolactona, capitulo 3.2.

Al-piperidina-2-carboxilato/Al-pirrolina-2-carboxilato  reductasa (DpkA, EC
1.5.1.21).

La DpkA esta codificada por el gen dpka de Pseudomonas syringae.®* formando parte de
la ruta de degradacion de la D-Lys.% Esta ruta metabolica esta formada por 5 enzimas e

implica una serie de reacciones enzimaticas a través de intermediarios ciclicos de seis
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carbonos. La DpkA, cataliza la reduccién dependiente de NADPH del acido pipecolinico

: S :
NADPH NADP* Koz :
(il |

e 3 !

H20; |

NADPH NADP*

1:Lisina Oxidasa

2: DpkA

3:L-pipecolato deshidrogenasa
4:L-aminoadipato-semialdehido deshidrogenasa
Pseudomonas sp 5: 2-aminoadipato transaminasa

Figura 36. Ruta de degradacién de D-Lys en Pseudomonas sp. Para transformar la Lys a 2-
oxoadipato intervienen 5 enzimas (1) D-lisina oxidasa (EC 1.4.3.14), cataliza la o desaminacion
de la D-lisina, generando 6-Amino-2-oxohexanoate que se deshidrata espontaneamente y forma
el acido pipecolinico, (2) la DpkA reduce el acido pipecolinico y forma L-Pipecolato, luego, (3)
la L-pipecolato deshidrogenasa (EC 1.5.99.3) en presencia de oxigeno genera el Al-Piperideina-
6-L-carboxylato que es oxidado por la (4) L-aminoadipato-semialdehido deshidrogenasa (EC
1.2.1.31) dependiente de NADP* que lo transforma en L-o-aminoadipato que finalmente por
accion de una (5) transaminasa (EC 2.6.1.39) genera el 2-oxoadipato que es incorporado en otra
ruta metabdlica para generar 2-oxoglutarato uno de los intermediarios del Ciclo de Krebs.

La DpkA es una enzima dimérica peso molecular de 36.3 kDa que ha sido cristalizada lo
que permitido analizar la estructura de su centro activo. Asi, se identificd la triada
catalitica Asp:Ser:His, como responsable de su mecanismo de accién. Los puentes de
hidrégeno entre los tres aminoacidos permiten que la His54 actie como aceptor o donador
de protones para facilitar la transferencia de hidruros entre el cofactor y el sustrato
(Figura 37).8!
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Figura 37. Representacion de la estructura de la DpkA obtenida por difraccion de Rayos X. A.
Estructura dimérica de la enzima con el pirrol-2-carboxilato (P2C, analogo del sustrato) y el
NADP* unidos al centro activo. Las subunidades se representan en diferentes colores, verde y
azul. Ademas, se muestran los aminoacidos que participan en la catalisis (Ser53, His54 y Asp194).
B. Mecanismo catalitico propuesto en la reduccion del Al-pirrolina-2-carboxilato catalizado por
la DpkA. El hidrégeno pro-4S del NADPH es trasferido a la cara re del grupo imina del sustrato
dandose una protonacion del nitrégeno mediado por la His54, obteniéndose asi, los productos de
la reaccion: L-prolinato y NADP*.8 Se utilizd el PDB 2CWH para generar las estructuras de la
DpkA utilizando el programa PyMOL version 2.3.2.

La DpkA cataliza la reduccion de iminas ciclicas como el Al-Piperideine-2-carboxilato y
el Al-pirroline-2-carboxilato formando L-pipecolato y L-prolina, respectivamente (Figura
37A).8! Por otra parte, DpKA es capaz de reducir estereoselectivamente iminas formadas

entre 2-oxoacidos y metilamina obteniéndose N-metil-L-aminoacidos (Figura 38).

A DpkA 8
NADPH NADP* Q
y ~
O\ ¢ o NH SNH
N CoH Tt N TCOH + MeNH, PN Ho.
. o R “COH COH ~"SCo,H | “NH
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P NADPH NADP* \NH CO,H
NADPH  NADP* ‘\552»/ @w N7 coH
Q\COZH aa Q‘COZH Glucuronolactona <—aﬁi\v— Glucosa COzH H
H w H GDH

L-prolina

Figura 38. Reacciones enzimaticas catalizadas por la DpkA. A. Reacciones naturales catalizada
por laenzima. B. Sintesis de N-metil-L-amino&cidos a partir de metilamina y diversos 2-oxoacidos
acoplada con GDH (glucosa deshidrogenasa) para el reciclado de cofactores.

A pesar de esto, todas las potencialidades sintéticas de la DpkA no han sido estudiadas.
Por ello, en esta Tesis nos planteamos introducir esta enzima en cascadas enzimaticas
junto con aldolasas estereoselectivas, 1o que permitiria crear moléculas quirales a partir

de precursores aquirales sencillos.
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Seccion 11

OBJETIVOS



1.1. Objetivo general:

Desarrollar estrategias biocataliticas concurrentes de compuestos quirales
multifuncionales en ensayos enzimaticos acoplados entre aldolasas con

transaminasas o deshidrogenasas.

1.2. Objetivos especificos:

Establecer estrategias para la sintesis diastereoselectiva de y-hidroxi-a-
aminoéacidos mediante la combinacion de una piruvato-aldolasa enantioselectiva
HBPA y transaminasas S-selectivas.

Disefar estrategias de sintesis biocatalitica de derivados de 2-hidroxi-4-
butirolactona utilizando aldolasas y deshidrogenasas.

Ampliar las aplicaciones sintéticas de la Al-piperidina-2-carboxilato/Al-pirrolina-

2-carboxilato reductasa de Pseudomonas syringae (DpkA) que permitan la
sintesis asimétrica de derivados del acido (S,E)-2-hidroxi-4-arilbut-3-enoico.
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Synthesis of y-Hydroxy-a-amino Acid Derivatives by Enzymatic
Tandem Aldol Addition—Transamination Reactions

Resumen

Los y-hidroxi-a-aminoacidos son compuestos con importantes aplicaciones en la
industria farmacéutica debido a sus actividades biologicas. Por ejemplo: la (2S,3R,4S)-4-
hidroxiisoleucine, la 4-hidroxi-L-norvalina y el acido 4-hidroxipipecolico son utilizados
para el tratamiento de la diabetes. Ademas, forman parte de precursores quirales de
moléculas bioactivas como antibioticos, fungicidas y herbicidas, por ejemplo: las a-
amino-y-butirolactonas, la 4,5-dihidroxinorvaline o el acido 4-hidroxipiroglutamico y sus
derivados. Debido a la importancia de estos compuestos en este capitulo nos planteamos
la sintesis diastereoselectiva de y-hidroxi-a-aminoacidos a través de reacciones
enzimaticas consecutivas acoplando una aldolasa y varios sistemas enzimaticos de
transaminacion. La reaccion aldolica consistid en la adicion estereoselectiva de piruvato
a aldehidos aliféticos catalizado por al trans-O-hidroxibenziliden piruvato hidratasa-
aldolasa (HBPA) de Pseudomonas putida. Los (R)-4-hidroxi-2-oxoécidos obtenidos
fueron aminados utilizando diferentes S-transaminasas: panel de ®-transaminasas
suministrado por la empresa Prozomix Ltd a través de una colaboracién pablico-privada
y a-transaminasas clonadas, expresadas y purificadas en nuestro laboratorio. Bajo este
enfoque la HBPA generd 4-hidroxioxoacidos con una eficiencia notable, amplia
tolerancia al sustrato y alta estereoselectividad. Al acoplar esta enzima con los sistemas
de transaminacion bencilamina/T039 y BCAT/AspAT quedo claro que constituyen una

alternativa complementaria para la sintesis de y-hidroxi-a-aminoacidos quirales.
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Synthesis of y-Hydroxy-a-amino Acid Derivatives by Enzymatic
Tandem Aldol Addition—Transamination Reactions
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ABSTRACT: Three enzymatic routes toward y-hydroxy-a-amino acids ors”" OO

by tandem aldol addition—transamination one-pot two-step reactions are i OCo LZ?/CM .

reported. The approaches feature an enantioselective aldol addition of Bno (_T cbs Ho pno”™ (_f °
pyruvate to various nonaromatic aldehydes catalyzed by trans-o- i o OH O o
hydroxybenzylidene pyruvate hydratase-aldolase (HBPA) from Pseudo- PheAC\NJ\CZ?O A R RACOR H OMe
monas putida. This affords chiral 4-hydroxy-2-oxo acids, which were H oz [ g %'?EK OWOMQ
subsequently enantioselectively aminated using S-selective transaminases. H O; NHTra"SNHZ N HN'

Three transamination processes were investigated involving different i ;O, RZJ\RS Cbz
amine donors and transaminases: (i) L-Ala as an amine donor with PheAc """ &o 2 N oo
pyruvate recycling, (ii) a benzylamine donor using benzaldehyde lyase H H/Cbz o (_T/Cbz

from Pseudomonas fluorescens Biovar 1 (BAL) to transform the
benzaldehyde formed into benzoin, minimizing equilibrium limitations,
and (iii) L-Glu as an amine donor with a double cascade comprising
branched-chain @-amino acid aminotransferase (BCAT) and aspartate amino transferase (AspAT), both from E. coli, using L-Asp as a
substrate to regenerate L-Glu. The y-hydroxy-a-amino acids thus obtained were transformed into chiral @-amino-y-butyrolactones,
structural motifs found in many biologically active compounds and valuable intermediates for the synthesis of pharmaceutical agents.

KEYWORDS: biocatalysis, 2-oxoacid aldolase, transaminases, aldol addition, reductive amination, y-hydroxy-a-amino acids

Bl INTRODUCTION However, the number of examples is scarce and, although they
represent a remarkable achievement, they are often limited by
the poor stereoselectivity profile of pyruvate aldolases as
catalysts to generate the corresponding 4-hydroxy-2-oxo acid
precursors or the lack of transaminase selectivity toward the
aldol adduct.

Herein, we report three strategies for the biocatalytic
diastereoselective synthesis of y-hydroxy-a-amino acids by
combining an enantioselective pyruvate-aldolase and
S-selective transaminases,”” starting from pyruvate and diverse
aldehyde substrates.

y-Hydroxy-a-amino acids represent compounds with relevant
biological and pharmacological importance." Examples include
antidiabetics such as (2S,3R,4S)-4-hydroxyisoleucine,
4-hydroxy-L-norvaline, and 4-hydroxypipecolic acid and nutri-
tional supplements in the food industry, e.g.
trans-4-hydroxy-L-proline.'*” Moreover, they constitute struc-
tural motifs of more complex naturally occurring and synthetic
molecules, namely antibiotics,” antimitotics,” and (bio)-
herbicides,” as well as chiral building blocks for the production
of active ingredients, e.g. a-amino-y-butyrolactones,
4,5-dihydroxynorvaline, and 4-hydroxypyroglutamic acid and B RESULTS AND DISCUSSION
derivatives (Figure 1).2%°

Therefore, substantial research efforts have been devoted to
their synthesis using multistep catalytic or stoichiometric
chemical approaches (Figure 2).'¥*®*” Biocatalytic access to
these compounds is regarded as a powerful strategy because of
their simplicity and stereoselectivity starting from simple
achiral materials (Figure 2).>%°

In this sense, the sequential combination of carboligases and
transaminases in one-pot one-step or one-pot two-step
reactions with or without substrate recycling offers broad
synthetic possibilities. Using this route, chiral L- and
p-homoserine, p-anti-dihydroxynorvaline, 4-hydroxyisoleucine,
norpseudoephedrine, and norephedrine were prepared.”*”*”

Stereoselective Aldol Addition of Pyruvate to
Aldehydes Catalyzed by trans-o-Hydroxybenzylidene
Pyruvate Hydratase-Aldolase (HBPA). The trans-o-hydrox-
ybenzylidene pyruvate hydratase-aldolase (HBPA, EC
4.1.24S) from Pseudomonas putida was discovered in the
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Figure 1. Examples of bioactive compounds bearing a y-hydroxy-a-amino acid moiety or a-amino-y-butyrolactone.
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Figure 2. Examples of strategies for the synthesis y-hydroxy-a-amino
acids: (a) synthesis from D-ribonolactone as a chiral precursor and
stereocontrolled transformation;” (b) aldol reaction with oxazoli-
donyl chromium carbene complex and photocyclization;”* (c) cyanate
to isocyanate rearrangement and enzymatic kinetic resolution;"* (d)
aza-Michael additions controlled by a crystallization-induced asym-
metric transformation;”* (e) Mannich condensation and catalytic
epimerization;7b (f) palladium(II)-catalyzed aza Claisen rearrange-
ments;* (g) direct # or y-hydroxylation of amino acids via a-
ketoglutarate-dependent dioxygenases;”*** (h) enzymatic synthesis
via carboligase-transaminase reactions.”*"*

metabolic degradative pathway of naphthalene and naphtha-
lenesulfonates.'® In vivo, HBPA catalyzes the reversible aldol
condensation of pyruvate to salicylaldehyde in two steps: an

aldol addition and a subsequent dehydration, both steps being
catalyzed by the enzyme. Interestingly, it has been reported
that HBPA catalyzes the aldol addition of fluoropyruvate to
aromatic aldehydes with high stereoselectivity, in which the
dehydration products were not detected, likely because the
fluorine atom precludes the dehydration step by the enzyme."'
We envisioned that HBPA could catalyze aldol additions of
pyruvate to nonaromatic electrophiles, in which the
dehydration activity could be largely minimized or even
suppressed, rendering aldol adducts with high enantioselectiv-
ity. We assayed various nonaromatic electrophiles (la—s;
Scheme 1) as substrates of HBPA in the aldol addition of
pyruvate.

Good to excellent conversions to 4-hydroxy-2-oxo acids 3
(70—95%) were achieved for most of the electrophiles,
indicating an excellent structural substrate tolerance of
HBPA (Scheme 2). A single residue mutation, the HBPA
H20SA variant, greatly improved the catalyst efficiency toward
1ck 0, yielding 3¢k,o0, respectively, in 66—75% conversion.

Molecular models of the complex of pyruvate-enamine-
bound HBPA with aldehydes 1c,0 suggest that the H20SA
mutation generates a new cavity in the HBPA active site, which
reduces the steric hindrance. This cavity can be occupied by
the phenyl moiety of the incoming aldehyde (Figure 3 and
Figure S93), thus facilitating the interactions with residues
Trp224 and Phe269. Moreover, an analysis of the HBPA
structure shows that the carboxylic groups of Glu206, Asp207,
Asp208, and Asp26S are within S A of the 5 and &-N atoms of
the imidazole group of His20S, stabilizing its protonated state

Scheme 1. Panel of Aldehyde Substrates 1 Assayed in the Aldol Addition of Pyruvate 2 Catalyzed by Wild-Type HBPA and Its

H20S5A Variant
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Scheme 2. HBPA Wild-Type and H205A Variant Catalyzed Aldol Addition of Pyruvate to Aldehydes 1 and Transformation of
Aldol Adducts 3 into 3-Hydroxy Ester Derivatives 4, for Enantiomeric Ratio Measuremen

o o) HBPA OH O OH O R?:Bn-
catalyst * i) H,O, * )
R1J n ACOZNa catalyst s CONa 222 s orz R%:2-CioHsCH-
1 2 3 i) R?Br 4 R?:4"-BrCgH4COCH,—
OH © OH © OH © OH O
O A HO_ A BnO_ _~
MORz OR? : OR? \/\)J\COZNa
3a 90%2P 3a 90%2P 3b 69%32P 3cd 36%2°, 66%2-°
4a 39%°, 94% ee 4a 50%°, 90% ee 4b 49%°, 88% ee
OH O
OH O OH O OH O \NJ\
PhO
M M ><\)J\OR2
3d 75%3° 3e 80%2° 3f 63%2P 3g 87%3P
4d 34%°, 42% ee 4e 34%°, 84% ee 4f 29%°, 90% ee 49 47%C, 92% ee
OH © OH O OH © OH O
E0,6 A g2 Proc AN e Buoc AN . o AN
2
3h 84%2° 3i 95%2P 3j 95%2P 3k9 17%2P, 75%3.¢
4h 35%°, 90% ee 4i 47%C, 82% ee 4j 37%C, 80% ee
OH O OH O H OH O
\)\)J\ORZ RZ PhAc” MCozNa PhAc” MCozNa
31 90%2P 3m 48%2P 3n9 80%2P 309 63%2°, 75%3-¢
68%°, rac 4m 22%°, 2% ee

“Conversions measured by HPLC. "HBPA wild-type. “Isolated yield. “ee not determined; the material was submitted directly to the enzymatic
transamination reaction and the stereochemistry inferred frorn the corresponding 14c (for 3c), 15k (for 3k), 14n (for 3n), and 140 (for 30)
derivatives; see Schemes 7 and 8. “HBPA H205A variant. “The ee values were determined by HPLC on a chiral stationary phase.

(Figure 4). This positive charge is also stabilized by a z-cation
interaction with the aromatic moiety of Trp224. Therefore,
removal of this protonated imidazole, which is ~8 A from the
e-amino group of the essential Lys183, by the H20SA mutation
modifies the electrostatic environment of the active site, which
could also contribute to the enhanced activity of this mutant
toward the selected substrates.

Enantiomeric ratios were determined by HPLC on a chiral
stationary phase after transforming the aldol adducts 3 into
3-hydroxy ester derivatives 4 (Scheme 2 and Figures S74—
S85). The corresponding authentic racemic samples were
produced by employing 2-oxo-3-deoxy-L-rhamnonate aldolase
(YfaU), which yielded aldol adducts 3 as racemic mixtures with
the selected electrophiles (see the Supporting Information).
Excellent levels of enantioselectivity were achieved for 3a,f—h
(96—90% ee), while they were good to moderate for 3b,e,i,j
(88—80% ee). This is significant considering the low
stereoselective profile of wild-type pyruvate aldolases toward
low-molecular-weight electrophiles.'”
attained with the methoxy derivative 3d (42% ee), whereas
racemates were obtained with phenylacetaldehyde (31) and
3-(benzyloxy)propanal (3m). Cbz-, Boc-, and Ts-protected
aminoethanal compounds 1p,r,s, respectively, and
(S)-Cbz-2-aminopropanal (1q) were not converted. Thus,
PhAc was the amino protecting group of choice for
aminoaldehydes in the planned HBPA catalysis. Interestingly,

Low enantioselectivy was

4662

PheAc has the advantage that it can be removed by penicillin G
acylase, a mild and orthogonal protection compatible with
most common amino masking groups.'’

Single-crystal X-ray diffraction studies of compounds 4e,fj
indicate that HBPA renders aldol adducts having an R
configuration as the major products (Figure S). This is
consistent with the reported stereochemical outcome of the
reactions between fluoropyruvate and (hetero)aromatic
aldehydes.'' Therefore, an R configuration may safely be
assumed for the major enantiomers of 3a—k (Scheme 2).

Molecular models of the complexes of HBPA were obtained
with (i) the covalently bound pyruvate enamine and the
electrophile molecules (Figures S88—S93) and (ii) the imines
derived from the aldol adducts (Figures S94—S99). These
models suggest that there is no steric restriction to the re- or si-
face approach of the electrophile to the enamine. Thus, it is not
clear why there is a preference for the re-face approach, which
would generate the R-aldol adducts as major products of the
reaction. A more in depth theoretical study would be required
to determine the source of this preference; however, this is
beyond the scope of this paper.

Synthesis of y-Hydroxy-a-amino Acid Derivatives
Using a Biocatalytic One-Pot Cyclic Cascade Approach
with L-Ala as an Amine Donor. We began to screen a
transaminase panel (T001—T050) provided by Prozomix Ltd.
toward the selected aldol adduct examples 3a,b,e,g,h, produced

https://doi.org/10.1021/acscatal.1c00210
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Figure 3. Models of the prereactive complexes of wild-type HBPA (A, C) and HBPA H20SA (B, D) with the covalently bound pyruvate enamine
(yellow C atoms) and aldehyde 1o (green C atoms). The mutated residue is highlighted in orange. Interactions are shown with dashed lines: H
bonds in yellow, 7-stacking in magenta, and z-cation in dark green. A comparison of the surface of the active sites of both proteins (C, D)
(transparent cyan) reveals that the H20SA mutation generates an expanded cavity near residue A20S, which can be occupied by the phenyl moiety
of 1o. These models were obtained by QM/MM optimization of the structure of the complexes at the DFT (B3LYP/6-31G**) level of theory, as

detailed in the Supporting Information.

) Charged (negative) ) Hydrophobic + H-bond
) Charged (positive) ) Polar —e Pi-cation
Glycine Water — Salt bridge

Figure 4. Scheme showing the interactions established by the
imidazole group of residue His205 of HBPA. Distances (dashed lines)
to nearby residues are indicated.

with good conversions and enantioselectivities by HBPA
catalysis (Figures S8—S12). We used 1-Ala (§) as an amino
donor in a one-pot two-step reaction sequence (Scheme 3).
Thus, for the screening, the enzymatic aldol addition was run
first and, once the formation of 3 reached a maximum, r-Ala
(5) (500 mM, > 10 equiv with respect to 3) and the
transaminase (T###) were added, allowing the reaction to
proceed for 24 h. Since unpurified aldol adducts 3 were
supplied for the screening reactions, HPLC analysis was the
method of choice to detect false positives caused by
transamination of the remaining unreacted aldehyde 1.
Compounds 6b,e, bearing aromatic moieties, were directly
detected by HPLC. The percentages of 6a,gh formed were
estimated by measuring the consumption of 3a,gh by HPLC,
after precolumn derivatization of the carbonyl group via oxime
formation (see the Supporting Information).

Roughly, 4 out of the 50 different transaminases were
selected as promising candidates for the transamination
reaction (Figures S8—S12). For scale-up experiments, we
capitalize on a strategy developed by our group consisting of a
one-pot reaction recycling of pyruvate 2, formed in the
transamination reaction, into the aldol reaction (Scheme 4).*
This approach effectively shifts the equilibrium of the
transamination to the product, since the pyruvate is
continuously removed by the aldol reaction.
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Figure S. X-ray structures of (R)-4e, (R)-4f, and (R)-4j as ORTEP-type plots displaying one molecule with 50% probability ellipsoids. The data
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Scheme 3. One-Pot Two-Step Screening Reaction for the
Synthesis of y-Hydroxy-a-amino Acid Derivatives 6, Using
L-Ala (5) as an Amine Donor for the Enzymatic
Transamination Reaction”
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“The dotted line indicates an enzymatic transamination of the
aldehyde remaining in the system.

Scheme 4. One-Pot Biocatalytic Cascade Synthesis of
y-Hydroxy-a-amino Acid Derivatives 6 Starting from
Aldehydes 1 and an Amine Donor 5 with Pyruvate (2)

Recycling
\@ X

To successfully perform this strategy, the transamination of
the aldehydes 1 must be largely avoided or minimized. To
evaluate the degree of conversion for each aldehyde and
establish suitable reaction conditions for the one-pot cascade
process, we ran control experiments incubating aldehydes
labegh (100 mM) with selected transaminases (Figures
S13—S18). Having established the suitable conditions, we
started testing a range of starting pyruvate (2) concentrations
between S and 100 mM, against 100 mM of 1-Ala. Using 1g
(100 mM) as the electrophile and HBPA/T039 catalysts, 42
mM of 6g (42% yield) was formed at S mM pyruvate
concentration, indicating pyruvate recycling (Figure 6A and
Figure S21). At 50 mM of pyruvate, 6g reached a maximum

+

R*\/\co2

/\Co —
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(55 mM, 55% vyield), with no effective pyruvate recycling.
Further increasing the initial pyruvate concentration (i.e., up to
100 mM) caused an increase in 3g production, but 6g
decreased, likely due to an equilibrium limitation of the
transamination. Using la (200 mM) and HBPA/T039, the
best initial pyruvate concentration was 100 mM (Figure 6B
and Figure S19). Under these conditions, 47 mM of 6a (47%
yield, with respect to the limiting substrate 5) was formed, but
no pyruvate recycling occurred. Aldol adduct 3a was most
probably in an equilibrium between the cyclic hemiketal and
the acyclic form. It is likely that the hemiketal was not a
substrate for the transaminase and its activity was limited by
the actual concentration of the acyclic adduct. Disappointingly,
this strategy failed to produce the corresponding
y-hydroxy-a-amino acid derivatives 6 for the rest of the
aldehydes with the selected transaminases and aldol adducts 3
were the only species detected (see Figure S20 for an
example).

One problem that jeopardizes the pyruvate recycling strategy
was that the aldolase and transaminase were not sufficiently
active toward the aldehyde and aldol adduct, respectively, in
comparison w1th the system reported by us for the synthesis of
homoserine.® This makes a rapid conversion difficult for both
the initial pyruvate and the aldol adduct formed, compromising
the efficiency of the recycling process. Therefore, the one-pot
two-step reaction sequence appears to be the most convenient
route in dealing with aldolases and/or transaminases with
kinetic and thermodynamic limitations. In this case, however,
an effective method to overcome the equilibrium limitations of
the transaminase must be implemented.

Synthesis of y-Hydroxy-a-amino Acid Derivatives
Using a Biocatalytic One-Pot Two-Step Approach
Using Benzylamine as an Amine Donor. Another strategy
was devised for the synthesis of the selected target y-hydroxy-
a-amino acid derivatives using benzylamine (7) as an
alternative amine donor (Scheme 5). The effective shift of
the equilibrium of the transamination was accomplished by
converting the benzaldehyde (8) formed into benzoin (9) by
benzaldehyde lyase from Pseudomonas fluorescens Biovar I
(BAL) (Scheme 5). BAL is highly selective toward
benzaldehyde, ensuring an almost quantitative conversion
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ACS Catal. 2021, 11, 4660—4669


http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00210/suppl_file/cs1c00210_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00210/suppl_file/cs1c00210_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00210/suppl_file/cs1c00210_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00210/suppl_file/cs1c00210_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00210/suppl_file/cs1c00210_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig5&ref=pdf
http://www.ccdc.cam.ac.uk/data_request/cif
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=sch4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00210?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

100 + A

80 | m 6g 39
=
£ 60 1
c
k)
£ 40
[ =4
(9]
o
5 20 4 I
O

0 4 r v

5 25 50 100
200 B [Pyruvate]/mM
n6a m3a

s 150
£
c
i)
T 100 A
€
Q
o
c
8 50 -

0 | il | | ’7 I .

5 25 50 100
[Pyruvate]/mM

Figure 6. One-pot biocatalytic synthesis of 6g (A) and 6a (B),
starting from aldehydes 1g (100 mM), 1a (200 mM), and S (100
mM) in both experiments: concentration of the components after 24
h of reaction as a function of the initial concentration of pyruvate
using HBPA/TO039 catalysts.

into the mostly insoluble benzoin, which benefits the reaction
equilibrium.'* Benzylamine has been reported to be a suitable
amine donor, and different strategies to eliminate the
benzaldehyde were proposed: e.g. conversion into benzoic
acid under 1 atm of oxygen,'® extraction with hexane in an
aqueous—organic two-phase system,'® and reduction to benzyl
alcohol during a cascade synthesis of w-amino fatty acids and
a,w-diamines from -hydroxy fatty acids and a,w-diols,
respectively.'”

For this strategy, an extended panel of 194 transaminases
from Prozomix Ltd. was screened in a one-pot two-step
sequence (Figure S22 and Table S7) using the crude reaction
products of adducts 3a,b,e,gh as starting materials.

Next, we rescreened 27 positive hits from the first screening
in the two-step sequence, removing the HBPA before starting
the transamination reaction aldolase to avoid retroaldolysis
(see the Supporting Information). In this case, the aldol
adducts 3, products 6, benzaldehyde (8), and benzoin (9)
were analyzed and quantified by HPLC. Only transaminase

T039 was able to convert the aldol adducts 3a,b,e,g into the
corresponding products 6 (Figure S24). The reaction with
aldehyde 1h resulted in a false positive, because no product
could be detected in scale-up experiments.

The same two-step reaction sequence was then repeated
with and without removing HBPA, using T039 and including
aldehydes 1i,j (Figure 7A). The HBPA did not affect the yield

A = With HBPA Without HBPA

100 4
X
5 80 - I ] L
°
> 4
c 60 I
'§ 40 4 . s
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© i
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6a 6b 6e 69 6 6
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Figure 7. One-pot two-step stereoselective synthesis of y-hydroxy-a-
amino acids (6ab,e,gij), using the HBPA/T039 system and
benzylamine (7) as amine donor: influence of the presence of
HBPA (A) and BAL (B) on the reaction yield of products 6. Error
bars are the values of the estimated standard error of the mean of two
independent experiments under the same reaction conditions.

Reaction yield/%

0.

of 6a,g,i,j, indicating that T039 was rather selective toward the
corresponding aldol adducts and that no retroaldolysis was
taking place. On the other hand, elimination of HBPA
benefited 6b,e in comparison with those products without
aromatic substituents. Next, we investigated the effect of BAL
on the yield of 6a,g,ij (Figure 7B). The addition of BAL was
largely positive for 6a,i and less so for 6gj. Overall, this
depends on each individual case and should be considered for
establishing the optimal operational conditions. Moreover, no
aldol condensation of pyruvate to benzaldehyde catalyzed by
HBPA was detected.

The low conversion of aldol adducts with aromatic
substituents, 3b,e, and the need for a highly selective
transaminase for the 4-hydroxy-2-oxo acids 3 prompted us to

Scheme 5. One-Pot Two-Step Stereoselective Synthesis of y-Hydroxy-a-amino Acids 6, Using Benzylamine (7) as an Amine
Donor for the Enzymatic Transamination Reaction and BAL to Transform the Benzaldehyde Formed (8) into Benzoin (9)

1st 2nd N
o © OH O OH NH
U, U HBPA L THi o0
R COy — R Co, | = R'™N""co,

1 2 3 6 o)

" " Ph

nooo Ph"_ NH, Ph" N0 ——2—~ Ph/u\l/
! 7 8 BAL 9 OH
§ p
1 TH## NH,  NH,

“Dotted lines indicate a transamination reaction of the aldehydes 1 and pyruvate 2, favoring the retroaldolysis of 3 catalyzed by the HBPA present

in the system.
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explore another methodology based on branched-chain
a-amino acid aminotransferases (BCATs).'®

Synthesis of y-Hydroxy-a-amino acid Derivatives
Using a Biocatalytic One-Pot Two-Step Approach with
the PLP-Dependent Branched-Chain Amino Acid Ami-
notransferase (BCAT) from E. coli. The branched-chain
a-amino acid aminotransferase (BCAT) from E. coli was
selected to convert 3 into 6, employing L-Glu (10) as an amine
donor and delivering 2-oxoglutarate (11), which is a strong
inhibitor of BCAT (e.g,, 10 mM of 11 reduces the activity up
to 80%)."° Thus, the regeneration of L-Glu was needed, which
was accomplished by coupling with aspartate aminotransferase
(AspAT) from E. coli that employed 1-Asp (12) as the
substrate (Scheme 6). The resulting oxaloacetate 13
spontaneously decomposes into CO, and pyruvate, shifting
the transamination equilibrium to the formation of y-hydroxy-
a-amino acids 6.

Scheme 6. One-Pot Two-Step Stereoselective Synthesis of
y-Hydroxy-a-amino Acids 6 using L-Glu (10) as an Amine
Donor”
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“The 2-oxoglutarate (11) formed was transaminated to L-Glu (10) by
AspAT using L-Asp (12) as an amine donor. The oxaloacetate (13)
decomposes into CO, and pyruvate, shifting the equilibrium of the
transamination to y-hydroxy-a-amino acids 6.

The reaction system worked successfully with the aldol
adducts 3, with better performances for some examples in

comparison to those with the benzylamine/T039 system
(Scheme 7). For instance, this reaction system converted the
aldol adduct 3k, which was not a substrate for T039 (Scheme
8). On the other hand, benzylamine/T039 afforded product
6n, whereas its precursor 3n was not converted by the BCAT/
AspAT system. Therefore, both methodologies are somehow
complementary. Despite the fact that pyruvate is released
because of the decarboxylation of oxaloacetate 13, attempts to
run the reaction with one-pot pyruvate recycling failed to
provide the corresponding y-hydroxy-a-amino acids 6 (Figure
$25).

Finally, for the laboratory-scale preparation of
y-hydroxy-a-amino acids 6 we chose a system with better
performance for conversion, isolation, and product purifica-
tion. Products 6 were converted into the corresponding
Cbz-N”-y-butyrolactone derivatives 14 (Scheme 7).
a-Amino-y-butyrolactones are structural motifs found in
biologically active compounds in addition to being valuable
chiral intermediates for the synthesis of pharmaceutical
agents.”””" The optimal lactonization conditions were
established, and particular attention was paid to avoid eroding
the enantiopurity of 14 (Table S7). The R configuration for
aldol adducts 3b,c,e—g,i (Scheme 2) and the S configuration
generated by the transaminases””' " afforded the expected
2S,4R-configured hydroxy amino acid derivatives 6, which were
confirmed by a NMR diastereochemical analysis of products
14. Exceptions were the products 6n,0. In this case, the aldol
addition reaction was not stereoselective, yielding a mixture of
diastereoisomers (SR/5S)-14n and (SR/5S)-140, respectively.

Interestingly, the enzymatic transamination reaction of aldol
adducts 3k,h led to the formation of
(28,4R)-(—)-trans-4-hydroxyproline (15k) (Scheme 8 A) and
y-hydroxypyroglutamic acid (15h) (Scheme 8 B), respectively.
The first product could be formed by an intramolecular
nucleophilic substitution of the terminal Cl at CS by the amine
group after the transamination reaction.

Scheme 7. Synthesis of y-Hydroxy-a-amino Acids 6 by Tandem HBPA/Transaminase Catalyzed Reactions and Conversion to

a-Amino-y-butyrolactone Derivatives 14

o
TAO39/BAL or  OH NHy* e
ﬁ )zj\coz- OH O BCAT/ASPAT  © __i)CbzOSu R S
R! _ (\)J\ . —————— R COy — .
HBPA R CO, 6 ii) EDAC, 14 "N-CP2
1 3 HOB, Et;N N
o o o >/ o
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6e 46%%°; 58%2° 6f 35%20; 56%2°

14f 11%9°

Me3
(0] i (0] O (0]
I, O PI’OQC//,,‘ () 5 (0] -~ (0]
MeO {f (_Zé PheAc\H/\*\I PheAc\H »
_Cb .Chb B
N/Cbz N z N z N Cbz
H H H H

3g 87%° 3i 95%2
69 80%2°; 69%%°

14g 52%9%° 14i 34%9%°

6i 85%2°; 65%3°
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“Conversions determined by HPLC. ”Transaminase T039/BAL (see Scheme 5). “BCAT/AspAT system (see Scheme 6). “Isolated yield. °dr >95:5
as measured by NMR; no other diastereomers were detected. /dr 50:50 as measured by NMR. &dr 60:40 (S:R) as measured by NMR.
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Scheme 8. (A) Formation of (2S,4R)-(—)-trans-4-Hydroxyproline Derivative 15k by Tandem Enzymatic Aldol Reaction/
Transamination and Intramolecular Nucleophilic Substitution with the Amine Group and (B) Formation of
y-Hydroxypyroglutamic Acid (15h) by Intramolecular Aminolysis of the Ethyl Ester Group under Basic Conditions

A OH Cbz
OH O Cl_~ N
H BCAT/AspAT wCO3™ i) MeOH, SOCI .WCO,Me
C'Mco - : ﬁ ;—; — ’
2 H,N Cbz OSu
3k 6k 81%?2 15k 51%°
dr >95:5
B H
OH O mHz 0 N_ con
EtO.__~ BCAT/AspAT |EtO NaHCOg P2
j(\)%o2 = 3O o |
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“Percentage of product formed determined by HPLC. PIsolated yield from 1k. “Isolated yield from 1h. The material contained L-Asp and L-Glu as

major impurities.

“The stereochemistry of 15k was established unequivocally by a comparison with authentic samples (see Figure $26).

The y-hydroxypyroglutamic acid 15h was probably formed
by intramolecular aminolysis of the ethyl ester group during
the attempts to protect the amino group by Cbz. The basic
conditions necessary to conduct the reaction with CbzOSu
likely favored the reaction (Scheme 8 B). On the other hand,
the corresponding isopropyl ester derivative of
Cbz-N"-y-butyrolactone 14i could be isolated, most likely
due to the steric hindrance imposed by the isopropyl group,
which precluded an intramolecular aminolysis.

Deprotection of the Cbz group of butyrolactones 14 was
accomplished by catalytic hydrogenolysis with H, in the
presence of Pd/C, while PheAc was removed by enzymatic
hydrolysis mediated by penicillin G acylase (PGA) (Scheme
9). Hydrogenolysis of (SR/SS)-14n and (SR/5S)-140

Scheme 9. Protection Group Removal of Selected a-Amino-
y-butyrolactone Derivatives 14

o
» o e
BnO (_f _HyPdC_ o

MeOH/HCI

NHCbz NH,*CI
14b 14a 59%*
o. o
>/ (IO _HaPdC o y (IO
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16f, 49%°
PhAc~y “”(_f _Hp PdIC_ PhAc\N/\\I _PGA WL
CEC/
NHCbz MEOHHCI NH,*CI :‘)H ot HO
(5RIS)-14n (5RIS)-17n, 91% (4RIS)-18n, soa/a
PhAc~ J\\_\f Ha, PdIC PhAc\N)\\I _)PGA N
MeOH/HCI Tiycecr
Cbz NH3 cr NH, OHP
(5RIS)-140 (5RIS)-170, >99% (4RIS)-180, 81%*

“Isolated yield. “Cation exchange chromatography (CEC) eluted with
an aqueous solution of NH,OH.

furnished the lactones (SR/5S)-17n and (5R/5S)-170, which
upon treatment with PGA and purification by cation exchange
chromatography, with NH,OH as eluent, led to the
corresponding amide derivatives (4R/4S)-18n and carbox-
ylates (4R/4S)-180.

B CONCLUSIONS

A tandem enantioselective aldol addition—transamination
approach was established for the production of chiral

4667

y-hydroxy-a-amino acids. The trans-o-hydroxybenzylidene
pyruvate hydratase-aldolase afforded chiral 4-hydroxy-2-oxo
acids with a remarkable efficiency, broad substrate tolerance,
and unparalleled stereoselectivity, far beyond those of the
pyruvate aldolases hitherto reported. Thus, the HBPA/
benzylamine/T039 and HBPA/Glu/BCAT/AspAT systems
are adequate complementary approaches for the asymmetric
synthesis of chiral y-hydroxy-@-amino acids 6. Overall, the
HBPA/Glu/BCAT/AspAT system renders, in some instances,
better results mainly due to the selectivity of the
a-transaminase BCAT for the 2-oxo acids and its inability to
catalyze the transamination of the remaining aldehyde from the
aldol addition. Moreover, the reaction can be carried out in
whole cells. The HBPA/benzylamine/T039 system is more
unspecific, allowing the conversion of various structurally
different substrates, such as that of the aldehydes 1 into
primary amines. The HBPA/1-Ala/T039 approach with
pyruvate recycling is not straightforward and needs an
optimization of the activities of the aldolase and transaminase
involved to develop an effective process.

Using the strategy developed in this work, an unprecedented
number of chiral y-hydroxy-a-amino acids and the correspond-
ing a-amino-y-butyrolactones were constructed in two steps
with high stereoselectivity from small functionalized aldehydes.
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Capitulo 3.2

Biocatalytic synthesis of homochiral 2-hydroxy-4-
butyrolactone derivatives by tandem aldol addition and
carbonyl reduction.



Biocatalytic synthesis of homochiral 2-hydroxy-4-butyrolactone
derivatives by tandem aldol addition and carbonyl reduction.

Resumen.

Los derivados de 2-hidroxiacidos y las 2-hidroxi-4-butirolactonas son sintones
importantes en la sintesis de moléculas naturales y sintéticas con actividad biologica.
Ademas, son utilizadas como auxiliares quirales en sintesis organica asimétrica. Muchos
métodos de sintesis se han desarrollado para la sintesis de estas moléculas, como:
reduccion asimetrica utilizando complejos metalicos, reacciones alddlicas
estereoselectivas utilizando metal u organocatélisis, reduccion enzimatica entre otros. En
este capitulo nos planteamos la sintesis diastereoselectiva de 2-hidroxi-4-butirolactonas
a través de una reaccion aldolica catalizado por una aldolasa y la reduccion del grupo
carbonilo del producto alddlico utilizando deshidrogenasas. La reaccion alddlica se
realiz6 utilizando diferentes C-C liasas: dos aldolasas de E. coli, 3-metil-2-oxobutanoato
hidroximethiltransferasa (KPHMT), 2-ox0-3-desoxi-L-rhamnonate aldolasa (YfaU) y la
trans-O-hidroxibenziliden piruvato hidratasa-aldolasa (HBPA) de Pseudomonas putida
que catalizaron la adicion aldélica de 2-oxoacidos a diferentes aldehidos. La reduccién
de los aldoles obtenidos se realizd con dos deshidrogenasas: la 2-deshidropantoato 2-
reductasa de E. coli (KPR) y la Al-piperidina-2-carboxilato/A-pirrolina-2-carboxilato
reductasa de Pseudomonas syringae pv. tomato DSM 50315 (DpkA). Esta Gltima enzima
se ha descrito como imina reductasa, en este trabajo dejamos constancia que también
puede catalizar eficazmente la reduccion de 2-oxoacidos a 2-hidroxiacidos.
Curiosamente, el resultado estereoquimico de esta deshidrogenasa resultdé ser
complementario al de la cetopantoato reductasa KPR.
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ABSTRACT: Chiral 2-hydroxy acids and 2-hydroxy-4-butyrolactone derivatives are - Oﬁ
structural motifs often found in fine and commodity chemicals. Here, we report a = @) ¢
tandem biocatalytic stereodivergent route for the preparation of these compounds YiaUe  ppRAT @ @
using three stereoselective aldolases and two stereocomplementary ketoreductases o e
using simple and achiral starting materials. The strategy comprises (i) aldol addition 0 ,©
reaction of 2-oxoacids to aldehydes using two aldolases from E. coli, 3-methyl-2- R R%COQH — Recor . m
oxobutanoate hydroxymethyltransferase (KPHMT},,;), 2-keto-3-deoxy-L-rhamnonate I KPHMT ccor
aldolase (YfaUyp,,;), and trans-o-hydroxybenzylidene pyruvate hydratase-aldolase from U \ DPkA»-ym‘(si@ HRS
Pseudomonas putida (HBPAp,,4,) and (ii) subsequent 2-oxogroup reduction of the H)\ A %> "R
aldol adduct by ketopantoate reductase from E. coli (KPRy,,;) and a A'-piperidine-2- " e 4.@ o
DPKA,,,.i ﬁ

carboxylate/A'-pyrroline-2-carboxylate reductase from Pseudomonas syringae pPv. —re=re:-oHy-OHGH CHr 0= 12,4
tomato DSM 50315 (DpkAPSy,m) with uncovered promiscuous ketoreductase activity. r:wo_ """y a0 -, s~ ¢

A total of 29 structurally diverse compounds were prepared: both enantiomers of 2- o

hydroxy-4-butyrolactone (>99% ee), 21 2-hydroxy-3-substituted-4-butyrolactones

with the (2R3S), (2S,3S), (2R,3R), or (2S,3R) configuration (from 60:40 to 98:2 dr), and 6 2-hydroxy-4-substituted-4-
butyrolactones with the (2S,4R) configuration (from 87:13 to 98:2 dr). Conversions of aldol adducts varied from 32 to 98%, while
quantitative conversions were achieved by both ketoreductases, with global isolated yields between 20 and 45% for most of the
examples. One-pot one-step cascade reactions were successfully conducted achieving isolated yields from 30 to 57%.

KEYWORDS: biocatalysis, 2-oxoacid aldolase, ketoreductases, aldol addition, 2-hydroxy acids, 2-hydroxy-4-butyrolactones

B INTRODUCTION reduction of 4-hydroxy-2-oxoacid derivatives to produce 2-
hydroxy-4-butyrolactone derivatives remains unexplored.

We have envisioned a straightforward asymmetric con-
struction of 2-hydroxy-4-butyrolactone derivatives by a

Chiral 2-hydroxy acids and 2-hydroxy-4-butyrolactone deriva-
tives are interesting compounds frequently found in naturally
occurring biologically active products, synthetic drugs, and

biodegradable polymers (e.g, poly a-hydroxy acids for synthetic route consisting of a stereoselective enzymatic aldol
biomedical and pharmaceutical applications) (Figure 1).' addition of 2-oxoacids to aldehydes and subsequent asym-
Moreover, they constitute an important class of building metric biocatalytic reduction of the 2-carbonyl group (Scheme
blocks and chiral auxiliaries (e.g, (R)- or (S)-pantolactone 1). Herein, we demonstrated the feasibility of this approach by
derivatives) in asymmetric organic synthesis. using a selection of 2-oxoacids (2) and aldehydes (1) to

Many efforts have been dedicated to the synthesis of 2- enzymatically generate 3- and 4-substituted 4-hydroxy-2-
hydroxy-4-butyrolactone derivatives.'®*** As examples of oxoacids 3 and 6, respectively, with defined stereochemistry.

methods for their synthesis, it is worth mentioning (Scheme
1): enzymatic or metal-catalyzed asymmetric reduction,'™*
resolution procedures,5 oxidation of vicinal diols,® and
stereoselective aldol addition using metal- or organocatalysts
in combination with enzymatic reduction."”*’ Although
organocatalysis and metal-catalyzed asymmetric approaches
have reached a high degree of efficiency, in many instances,
organocatalysts still suffer from low turnover numbers, and
metal catalysis still needs extreme temperatures, sophisticated
metal ligands, expensive heavy metals, and high hydrogen
pressure. However, although enzymatic carbonyl reduction of
2-oxoacid derivatives has been reported,” the stereoselective

Then, a stereoselective biocatalytic reduction of the 2-carbonyl
group was conducted to produce 2-hydroxyacids 4 and 7,
which, after intramolecular esterification (i.e., lactonization)
taking place during the workup and purification steps, rendered
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Figure 1. Examples of biologically relevant compounds bearing 2-hydroxy-4-butyrolactone derivatives.

3- and 4-substituted-2-hydroxy-4-butyrolactones S and 8,
respectively (Scheme 2).

Three stereoselective 2-oxoacid aldolases were selected as
biocatalysts for the aldol reactions, namely, 3-methyl-2-
oxobutanoate hydroxymethyltransferase (KPHMTj,,;) and 2-
keto-3-deoxy-L-thamnonate aldolase (YfaUy,;) and its W23V
variant, both from E. coli.” These were employed for the aldol
addition of 2-oxoacids 2a—2n to formaldehyde 1la. The third
one, trans-o-hydroxybenzylidene pyruvate hydratase-aldolase
from Pseudomonas putida (HBPApput,-da) , and its H205A variant
were selected as the catalyst for the stereoselective aldol
addition of sodium pyruvate 2a to aldehydes la—1g.'" In
addition, two reductases were employed to convert the
carbonyl group into a hydroxyl group. The ketopantoate
reductase from E. coli (KPRg,,;) in vivo catalyzes the NADPH-
dependent reduction of ketopantoate to pantoate as part of the
pantothenate biosynthetic pathway.'' Ketopantoate bears a
gem-dimethyl quaternary center, and therefore, we envision
that KPRg,,; could be active toward 3-substituted-2-oxo acids
3. The second one, A'-piperidine-2-carboxylate/A’-pyrroline-
2-carboxylate reductase from Pseudomonas syringae pv. tomato
DSM 50315 (DpkAp,,;,), was described as an imine reductase
transforming 3,4,5,6-tetrahydropyridine-2-carboxylic acid and
3,4-dihydro-2H-pyrrole-5-carboxylic acid into L-pipecolic acid
and 1-proline, respectively.'” In this case, during our ongoing
investigation on iminoreductases, we serendipitously found
that DpkAp,,;, had a promiscuous ketoreductase activity, and
consequently, we consider it interesting to exploit its synthetic
capabilities. Moreover, both reductases have been under-
developed for the synthesis of 2-hydroxy acids.

B RESULTS AND DISCUSSION

Synthesis and Product Characterization. We began our
investigations assaying KPRg,,; and DpkAp,,;, as catalysts for
the reduction of the 4-hydroxy-2-ketoacids 3 and 6, obtained
from the enzymatic aldol addition of 2-oxoacids 2 to aldehydes
1 (Scheme 2). To this end, the aldol reaction was first run
under the conditions described in our previous studies.”'’
When the aldol adduct attained the maximum concentration
(ie., steady state), YfaUy,; and KPHMT},,; were inactivated
by adding EDTA to avoid enzymatic retroaldolisis, whereas in
the case of HBPA, this was unnecessary. Then, DpkAy,,;, or
KPRy, glucose, glucose dehydrogenase [GDH, from
Prozomix, see the Supporting Information (SI)], and NADP*
were added. The enzymatic aldol and reduction reactions were
monitored by reverse-phase high-performance liquid chroma-
tography (HPLC), and once the reaction did not further
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evolve, they were worked up, purified, and characterized as 3-
substituted-2-hydroxy-4-butyrolactones 5 and 4-substituted-2-
hydroxy-4-butyrolactones derivatives 8 (Schemes 3, 4 and 5)
(see the SI). The butyrolactones were formed during the
lyophilization of the product after the anion exchange
purification procedure in the presence of formic acid. This
transformation was favored by the water elimination during the
freeze-drying process. However, the efficiency of this process
was limited, and as a consequence, another purification step
was required, implying low isolated yields (Schemes 3, 4 and
S). Moreover, the yields were not improved by performing the
lactonization in the presence of catalytic amounts of TsOH in
toluene using a Dean—Stark apparatus. This step was not
optimized neither the workup nor the purification processes.

The biocatalytic reduction of the aldol adducts always gave
quantitative substrate conversions after 24 h of reaction either
with DpkAp,,;,, or KPRg,; Interestingly, KPRg,; showed
ample substrate tolerance on 3-substituted-4-hydroxy-2-
oxoacids 3, including those bearing gem-cycloalkyl quaternary
centers 3k—n, homologues to the natural substrate 3j. An
exception was 3i, which was not converted (Schemes 3 and 4)
probably due to the steric limitations imposed by the active-
site cavity. DpkAp,,;, tolerated all examples assayed of 4-
substituted-4-hydroxy-2-oxoacids 6b—g, whereas they were not
substrates for KPRg,; . DpkAp,,;, has a more stringent
substrate selectivity toward 3-substituted-4-hydroxy-2-oxoacids
3, accepting only the unsubstituted 3a or short C3-substituents
such as methyl or ethyl, 3b and 3c, respectively, with a
preference for those 3S configured.

The stereochemical outcome of the aldol addition of 2-
oxoacids to formaldehyde has already been reported in
previous studies on MBP-YfaUg,;, KPHMTg,;, and
HBPApuida catalysis.”'? An identical stereochemical outcome
was found for substrates 2e and 2f, which have not been
previously reported. Compounds Sb—h and 8b—g contain one
chiral center with known absolute stereochemistry defined by
the aldolase.”"” This chiral center was used as a reference for
the assessment of the overall relative configuration of these
compounds by nuclear magnetic resonance (NMR) (see the
SI). In addition, the absolute configuration for R-Sa and S-5a
was confirmed by comparing their specific rotation values with
those reported (see the SI)."> Furthermore, authentic
commercial samples and X-ray diffraction were used to
unequivocally assign R-5j'** (see the SI) and R-Sl (Figure
S$33), respectively. The stereochemical configuration of R-5k,
R-Sm, and R-35n was inferred considering the high
enantioselectivity observed for KPRy, found in the examples

https://doi.org/10.1021/acscatal.3c00367
ACS Catal. 2023, 13, 5348-5357
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Scheme 1. Synthetic Methodologies for the Preparation of 2-Hydroxy-4-butyrolactone Derivatives”
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approach. Stereoselective aldol addition of 2-oxoacid derivatives to aldehydes catalyzed by 2-oxoacid aldolases, namely, 3-methyl-2-oxobutanoate
hydroxymethyltransferase (KPHMTY,,;;, EC 2.1.2.11), 2-keto-3-deoxy-L-thamnonate aldolase (YfaUp,,;, EC 4.1.2.53), both from E. coli, and trans-o-
hydroxybenzylidene pyruvate hydratase- aldolase from Pseudomonas putida (HBPAPpm,du EC 4.1.2.45) followed by asymmetric enzymatlc reduction

using ketopantoate reductase from E. coli

i (KPRg,;, EC 1.1.1.169) and an NAD(P)H-dependent A'-piperidine-2-carboxylate/A -pyrroline-2-

carboxylate reductase from Pseudomonas syringae pv. tomato DSMS031S (GenBank: DQ017704.1) (DpkAPsy,m, EC 1.5.1.21).

thereof. Thus, the absolute stereochemistry at C3 coming from
the KPRg,,; reduction was mainly R and that from DpkAp,,;,
was preferentially S.

Molecular modeling of the 4-hydroxy-2-oxoacid substrates 3
bound to both reductases provided an explanation for these
stereochemical results. Both enzymes are known to exist in
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open and closed forms, whose interconversion is triggered by
substrate binding. In the closed forms, substrates and NADPH
are buried in a deep and relatively narrow cavity (Figure 24,B).
The optimized energy model of 4-hydroxy-2-oxoacid 3a bound
into the active site of KPRy, shows that the pre-reactive
conformation of the substrate is stabilized by multiple H-bond
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Scheme 2. Biocatalytic Synthesis of 2-Hydroxy-4-butyrolactones by Tandem Aldolase and Ketoreductase Starting from

Aldehydes 1 and 2-Oxoacids 2
A)

o o) YfaUgqji OH O KPRgcoji OH OH 0O
g R% _ _KPHMTgq . __ DpkApsyrin g*(k _ Lactonization
Hoot 02<_—>2 3002<_ ZR2C024> A
3 R
1a R, RSR NADPH NADP* 4 HO 5 g2
D-Glucono-1,5-lactone GDH ™ B-D-Glucose
(0] (0] (@] (0] (0] O (0] o
)J\cozf choz* CO, CO, CO, CO, CO, CO,
2a 2b 2c 2d 2e 2f 2g 2h
| MeO
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Co, %002- D)kcozf G)kcoz- Co, Cco,
2i 2j 2k 2| 2m 2n
B) 0 HBPA, OH O OH OH 0-O-_R!
Rwﬂ . 2a Pputida R1J\)J\ coy <_DPkAPsyrin R1J*\/k0027 Lactonization V
1 6 NADPH NADP* 7 HO 8

D-Glucono-1,5-lactone

0 0 )
HJ Ho ) MeO\H

1a 1b 1c OMe

GDH ™ B-D-Glucose

oI Qo3 Qe LS

“(A) Synthesis of 3-substituted-2-hydroxy-4-butyrolactones: aldolases: YfaUp,,; and KPHMTj,;; ketoreductases: KPRy, and DpkAp,,i- (B)
Synthesis of 4-substituted-2-hydroxy-4-butyrolactones: aldolase HBPAp,,4, and ketoreductase DpkAp,,;,, GDH: glucose dehydrogenase from

Prozomix.

interactions (Figure 2C). Thus, the 3a carboxylate accepts H-
bonds from the 4-OH group (intramolecular), the amide group
of Asn184, and the backbone-NH of Ser244, while the 4-OH
group does the same from the sidechains of Asnl94 and
Asn241. In addition, the 2-oxo group is fixed by H-bonds with
the sidechains of Asn98 and the catalytic Lys176, which is
properly disposed to transfer its proton to the developing C2-
kalkoxide, when reduction takes place. In this way, this 2-oxo
group exposes its si-face to the nicotinamide moiety of the
reduced NADPH cofactor, which delivers its pro-4S hydrogen
to render the corresponding intermediate 2R-4a, the precursor
of 2R-5a."'? Similar interactions and binding modes can be
proposed for the rest of 4-hydroxy-2-oxoacid substrates 3
(Figure S69), which correlates with the observed 2R-
stereochemical outcome for their KPRy, reduction products.
On the other hand, the corresponding models with DpkAp,,;,
show that the carboxylate group of the substrates accepts H-
bonds from the sidechains of ArgS8 and Thrl66, as well as
from the backbone-NH of His192 and Gly193, and that it also
establishes a salt bridge with the protonated guanidine group
of ArgS8 (Figures 2D and S70). In addition, the 2-oxo group
accepts H-bonds from the 4-OH group (intramolecular) and
from the protonated imidazole of HisS54, which acts as a
general acid catalyst.'” This substrate binding mode forces the
exposure of the re-face of the 2-oxo group to the reduced
NADPH, rendering the 2S-4 products, precursors of the 2-
hydroxy-4-butyrolactones 2S-5. The same can be extended to
DpkAp,,;, substrates 6b—g (Figure S70).

The degree of stereoselectivity of both reductases depended
on the ketoacid. Thus, the 3S-configured 3-substituted-4-
hydroxy-2-oxoacids (3S-3) gave very good diastereomeric
ratios with KPRp,,; catalysis, i.e., 92:8 to 98:2 inferred from the
(2R,35):(25:3S) ratios of compounds 5 (Scheme 3A). For the
3R-configured ones, the diastereomeric ratios were high toward
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3b, 3e, and 3f (93:7-96:4) and moderate with 3c and 3g
(72:28—84:16) (Scheme 4A). A particular case was 3h because
the low dr (60:40) value was essentially due to the moderate
75% ee of the preceding aldol addition reaction. For the
unsubstituted 4-hydroxy-2-oxoacid 3a and the ones containing
gem-cycloalkyl substituents, 3j—n, excellent enantiomeric
excesses >99% were achieved. DpkAp,,; gave excellent
stereoselectivities with 2-oxoacids 3a, 3b, and 6b—d,g, whereas
3S-3c, with a C3-ethyl substituent, 6e, and 6f rendered
moderate diastereomeric ratios (87:13—89:11) (Schemes 3B
and S).

Kinetic Analysis. The kinetics of the enzymatic reduction
of 4-hydroxy-2-oxoacids with KPRg,; and DpkAp,; were
determined using the products obtained from the aldol
addition (Table 1). To avoid artifacts during the assay, the
aldolase and metal excess were previously removed (see the
SI).

As expected, the natural substrate of KPRg,,, ie,
ketopantoate 3j, gave the highest specificity constant (k/
K,,)*®, exceeding by 1 to 4 orders of magnitude those of the
rest of the 2-oxoacids. The introduction of cyclobutyl (3k) and
cyclopentyl (31) moieties, similar to 3j, gave (k.,/K,,)*? values
of the same order of magnitude as that of the natural substrate.
It is noteworthy the inhibition of KPRy, by its natural
substrate (3j) that has not been noticed in previous reports
likely due to the limited range of substrate concentration
analyzed.''? Besides, in another publication on KPR from
Staphylococcus aureus, an apparent substrate inhibition constant
was reported to be around 270 uM, one order of magnitude
lower than that found in this study for KPRp,,;."> As suspected,
substrate inhibition was also detected for the corresponding
cycloalkyl analogues 3k and 3l. Compared with the natural
substrate, 3j, the kP of the analogue bearing a cyclobutyl
moiety, 3k, increased 1.7-fold, whereas for the one with the
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Scheme 3. One-Pot Two-Step Synthesis of 3-Substituted-2-
hydroxy-4-butyrolactones 5 by Tandem Biocatalytic Aldol-
Reduction Reactions Catalyzed by Tandem YfaUg,; and
(A) KPREcali and (B) DPkAPsyrina

o 7_7 7_7
HO (R HO® ™~

“— HO
R-5a 2R,3S-5b 2R 3S-5¢ 2R,3S- 5d
Conv. Aldol:® 85% Conv. Aldol:? 92% Conv. Aldol:? 95% Conv. Aldol:? 88%
Conv. Red.? 99% ee:® 98% ee: 99% ee:d 98%
Yield:° 30% Conv. Red..? 99% Conv. Red..? 99% Conv. Red..* 99%
ee:d>99.9% Yield:® 45% Yield:® 44% Yield:® 29%
dr:® 96:4 dr:®93:7 dr®92:8
00O 00 0= ©
HO /—/ HO ”D HO D
2R,3S-5f 2R,3S-5¢9 2R,3S-5h
Conv. Aldol:# 89% Conv. Aldol:? 98% Conv. Aldol:# 98%
ee:d99% ee:? 98% ee:? 94%
Conv. Red.®99% Conv. Red..?99% Conv. Red..® 99%
Yield:® 25% Yield:® 46% Yield:® 46%
dr:®97:3 dr:® 96:4 dr:® 98:2
B)
0 0, O
2 R .
HO HO ® * HO  —
S-5a 28,3S-5b 28,3S-5¢
Conv. Aldol:? 85%  Conv. Aldol: 97%  Conv. Aldol:* 95%
Conv. Red. 99% ee:? 98% ee:d 99%
Yield:® 20% Conv. Red:?99%  Conv. Red..® 99%
ee:? >99.9% Yield:® 35% Yield:® 17%
dr:®93:7 dr:® 87:13

“Conditions: 1 mmol scale, total volume (10 mL) at 25 °C, and
magnetically stirred at 250 rpm; YfaUp,,; wt (3 mg purified protein
mL™") in plain water (4 mL), 2-oxoacids (2a—i) (0.1 M), and NiCl,
(1 mM) were added. The reaction was started by adding
formaldehyde (1, 0.1 M). After 24 h, the reduction reaction (20
mL final volume) was carried out by adding EDTA (S mM), glucose
(0.2 M), GDH (3.4 U mL™"), KPRg,; (47 U mL™") or DpkA,,,;,
(107 U mL™), and finally NADP* (5 mM). After purification by
anion exchange chromatography and eluting with HCO,H (1 M), the
lactonization occurred during freeze drying the pure fraction pool.
The product was then further purified by column chromatography on
silica with a step gradient of hexane/EtOAc (see the SI). HPLC
monitoring conditions: RP-HPLc XBridge C18, S ym, 4.6 X 250 mm
column. The solvent system: solvent (A): 0.1% (v/v) trifluoroacetic
acid (TFA) in H,O and solvent (B): 0.095% (v/v) TFA in CH,CN/
H,O 4:1, flow rate 1 mL min~!, detection at 215 nm at 30 °C.
Precolumn derivatization with BnONH, elution conditions: gradient
from 10 to 100% B over 30 min (reaction with compounds 2a—1I) and
10 to 100% B over 60 min (reaction with compounds 2m,n).
bConversion of aldol addition. “Conversion of the reduction.
“Isolated yields. “Enantiomeric excess of the reduction determined
by HPLC on chiral stationary phases. ‘Diastereomeric ratio
determined by NMR.

cyclopentyl substituent, 31, it increased 7.3-fold. The impact of
substrate inhibition, i.e., (kg K,,)*,'° is larger for the dimethyl
and cyclobutyl analogues (3k, (ky/K,)* = 4.3 + 1.8) (3j,
(ke/K,)*® = 9.3 + 4.8) and much lower for the cyclopentyl
(31, (k4/K,,)®P = 140 + 91). This is consistent with the fact
that 3k and 3j may have similar steric and electronic
interactions with the enzyme, whereas 3l is bulkier and
might establish fewer interactions in the active site.

The (ko/K,,)*" values of KPRy, for 3S-substitued-2-
oxoacids increase with the size of the C3-alkyl chain up to two
carbon atoms (3S-3b vs 3S-3c) and then decrease following
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Scheme 4. One-Pot Two-Step Synthesis of 3-Substituted-2-
hydroxy-4-butyrolactones 5 by Tandem Biocatalytic Aldol-
Reduction Reactions Catalyzed by Tandem KPHMT_,; and
(A) KPREcali and (B) DPkAPsyrina
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ee:d 98% ee:d95% ee:® 96% ee:? nd
Conv. Red.?99% Conv. Red.:°99% Conv. Red..® 99% Conv. Red.:® 99%
Yield:® 37% Yield:® 25% Yield:® 25% Yield:® 40%
dr:® 95:5 dr:® 77:23 dr:®72:28 dr:¢ 93:7
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Conv. Red..®99% Conv. Red..® 99% Conv. Red.:® 99% Yield:“ 51%
ield: °36% Yleld ©28% Yleld ©30% 9>99.9%
dr: 96:4 © 84:16 © 60:40
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Conv. Aldol:? 40%
Conv. Red.:® 98%

Conv. Aldol:? 32%
Conv. Red.:® 99%

Conv. Aldol:? 96%
Conv. Red.:® 99%

Conv. Aldol:? 80%
Conv. Red.:® 99%

Yield:® 40% Yield:® 40% Yield:® 15% Yield:® 11%
ee:? >99.9% ee? 99.7% ee:d>99% ee:d nd
B)
O 0 Conv. Aldol:? 94%
ee:d 98%
S Conv. Red.:” 99%
HO Yield:® 53%
2S 3R-5b dr:® 95:5

“Conditions: 1 mmol scale, total volume (10 mL) at 25 °C, and
magnetically stirred at 250 rpm; KPHMT,,; wild-type (1 mg purified
protein mL™") in plain (6.8 mL) water, CoCl, (1 mM), and 2-
oxoacids (2a—i) (0.1 M) were added. The reaction was started by
adding formaldehyde (0.1 M). After 24 h, the reduction reaction,
workup, lactonization, purification, and HPLC reaction monitoring
were conducted as described in Scheme 3 (see also the SI).
®Conversion of aldol addition. “Conversion of the reduction.
“Isolated yields. “Enantiomeric excess of the reduction determined
by HPLC on chiral stationary phases. /Diastereomeric ratio
determined by NMR.

the order of isopropyl (3S-3f), cycloalkyl (35-3g, 3S-3h), and
allyl (3S-3d) substituents (Table 1 and Figure 3). On the other
hand, (k./K,)*® for the 3R-substituted-2-oxoacids decreased
with the size of the C3-alkyl chain substituent being the
methoxypropyl one with the lowest value. In the case of
DpkApy,in (keye/Kip) P remained nearly constant for the 3-
substituted-4-hydroxy-2-oxoacids 3S-3b,c and 3R-3b (Table
1). Kinetic parameters for DpkAp,,;, using 4-substituted-4-
hydroxy-2-oxoacids 6 indicate that 4R-6b and 4R-6¢ are
around 10-fold better substrates than the 3-substituted-4-
hydroxy-2-oxoacids. Unfortunately, kinetic parameters for 4R-
6d—g could not be measured, owing to the unconverted
pyruvate of aldol reactions (>20 mM) that strongly alters their
k.. and K, values.

The stereochemical configuration of the C3-methyl
substituent has strong influence on the (k.,/K,)*" for
KPRg,,;: 3R-3b functions 40-fold better than that of 3S-3b
being the best one among the 3-substituted chiral substrates
for KPRy,,; (Figure 3). In contrast, the 3S-isomers of 3c and
3h showed moderately better (k.,/K,,)*" values than their 3R-
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Scheme 5. One-Pot Two-Step Synthesis of 4-Substituted-2-
hydroxy-4-butyrolactones 8 by Tandem Biocatalytic Aldol-
Reduction Reactions Catalyzed by Tandem HBPAy,,;4, and
DPkAPsyrina

OMe
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ee:188 ee:d nd ee:? 90%
Conv. Red:® 99% Conv. Red:® 99% Conv. Red.:® 99%
Yield:® 30% Yield:® 38% Yield:® 34%
dr:® 87:13 dr:® 89:11 dr:®92:8

“Conditions: 1 mmol scale, 8.3 mL total volume at 25 °C, and
orbitally stirred at 250 rpm. Sodium pyruvate 2b (0.1 M), aldehyde
1b—g (0.1 M), HBPA wild-type and H205A variant for substrates 1d
and 1f (1 mg protein mL™"). After 24 h, the reduction reaction,
workup, lactonization, purification, and HPLC reaction monitoring
were conducted as described in Scheme 3, except the EDTA addition
(see also the SI). “Conversion of aldol addition. “Conversion of the
reduction. “Isolated yields. “Enantiomeric excess of the reduction
determined by HPLC on chiral stationary phases. /Diastereomeric
ratio determined by NMR.

homologues. The rest of the 3R-2-oxoacids gave similar results
as compared to those of the S-configuration. The kinetic
parameters of DpkAy,,;, for 3S- and 3R-3b substrates indicate
that the 3S-configuration was preferred for this enzyme (Table
1). Comparing both reductases within the same substrates
assayed, KPRp,; (k./K,)™P values are ca. 10'- to 10*fold
higher than those of DpkAp,,. On the other hand, 4-
substituted-4-hydroxy-2-oxoacids 6b—g were not substrates of
KP REcoli'

It is interesting to note that in all cases, complete
conversions were reached after 24 h, even though the much
lower k,*PF values of some of the substrates, relative to 3j.

Enzymatic Cascade Synthesis. Results for the cascade
process were successful in some examples with isolated yields
ranging from 20 to 57% (Scheme 6). Additional examples were
tested, but the results were unsuccessful, and no product
formation was detected by HPLC. Instead, we observed that
formaldehyde was not converted while the starting 2-oxoacid
was consumed, indicating that it was reduced by the
ketoreductase. Hence, we reasoned that the successful one-
pot one-step process depends on the rates of aldol and
retroaldol reactions and the 2-oxoacid reduction.

B CONCLUSIONS

A biocatalytic route for the synthesis of chiral 3- and 4-
substituted-2-hydroxy-4-butyrolactone derivatives was devel-
oped. The methodology provides structurally diverse com-
pounds from the achiral starting material in a stereodivergent
fashion using stereocomplementary 2-oxoacid aldolases and
ketoreductases as catalysts. A total of 33 substrates were tested

A

Figure 2. Molecular models of 3a bound to KPRg,,; (A,C) and DpkApgi (B,D). These models were built starting from PDB structures 20FP (A)
and 2CWH'* (B), and their structure was optimized by QM/MM methods (QM part optimized at the DFT B3LYP/6-31G** level of theory and
MM part optimized with the OPLS200S force field, see the SI). The substrate, NADPH, and close protein residues are shown with yellow, green,
and gray C-atoms; H-bonds and salt bridges are shown with yellow and cyan dashed lines; the protein surface of the active-site cavities is shown in
cyan (A,B); the distances between the reactive carbonyl C-atom and the NADPH pro-4S hydrogen are also displayed (C,D).

https://doi.org/10.1021/acscatal.3c00367
ACS Catal. 2023, 13, 5348-5357


https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=sch5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c00367/suppl_file/cs3c00367_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c00367/suppl_file/cs3c00367_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 1. Kinetic Parameters for KPRg,,; and DpkAy,,;, Catalyzed 2-Carbonyl Reduction of C3-Substituted 4-Hydroxy-2-

oxoacids (3 and 6)“

OH O

R X co,
RZ R®
3or6

OH O OH O
Mo, k%kcoz,
3a 3b

OH O OH O OH O
" Sco, Y Coy %
3g 3h 3

OH O
Ho A _J

OH O

COy
6b
KPRy

substrate 3 Ml 2 K, *P (ke/K,,,)2P
3a 7.1+ 0.5 49 £ 12 1.5+ 04
3S-3b 348 + 1§ 129 + 14 27+ 3
38-3c¢ 926 + 37 3.0+05 314 + 52
38-3d 89 +6 9.5+ 1.7 94+ 18
38-3f 1021 + 69 13+£2 77 £ 12
35-3g 350 + 20 15 +2 24+ 4
3S-3h 820 + 150 65.5 +£ 134 13+£3
3R-3b 5350 + 138 4.8 + 0.4 1109 + 86
3R-3¢ 700 + 34 7+1 106 + 18
3R-3d 90 + S 9.5+ 1.5 94 + 1.6
3R-3e 59 +0.S5 18 +£3 0.34 + 0.10
3R-3g 87 £ 4 23+ 04 376
3R-3h 40 + 4 11+£3 3.7+ 10
3j 4457 + 813 04 +02 10,747 + 4587
3k 6791 + 1022 1.5+£05 4427 + 1668
31 1166 + 67 0.2 + 0.1 5569 + 3737
4R-6b
4-R-6¢

Ketoreductase

NADPH NADP*

OH

CO,”

MeO.

R OX

OH OH
CO,”
R2 R®
4or7

(0]

OH O OH O
iyu\coz* " >Co,” ;*/kco2 ij\cozf
3c ‘ 3d 3e 3f
MeO
OH O
i ~CO,
3l

OH O
CO,
3k
OH O
co,”
OMe 6c
DPkAPsyrinb
kP kP K, ™®® (keae/ Kip)#P
1.7 £ 0.2 33+7 0.052 + 0.013
1.1 +0.1 19+ 4 0.088 + 0.012
0.23 + 0.01 14 +2 0.016 + 0.002
84+ 18
0.0024 + 0.0002 75 £ 19 0.047 + 0.013
39+ 13
6.6 £ 1.5
28 +4
3.00 + 0.02 11x1 0.28 + 0.039
84 + 27° 97 + 43° 0.87 + 0.48

T = min~!; K% = mM; (kop/Kp) ™ = min™' mM™; k; = mM. The kinetic parameters for KPRy, and DpkAp,,;, were determined in a
continuous assay method monitoring the oxidation of NADPH to NADP* at 340 nm. The reactions were monitored during 15 min measuring
every 30 s. The assay mixture (0.3 mL) consisted of S0 mM Tris—HCI buffer pH 8.0, containing NADPH (0.16 mM), aldol adducts (1—60 mM),
and appropriate amounts of enzymes. One unit of activity was defined as the amount of ketoreductases that catalyzes the formation of 1 ymol
NADP* per min at 30 °C. Measurements were carried out in triplicate independent experiments. To determine the kinetic parameters, data were
fitted to the Michaelis—Menten kinetic model using the software GraphPad Prism version 5.0 (see Figures S11—S32). “Estimated parameters
because the activity vs concentration curve did not reach a plateau within the range of concentrations studied (12—50 mM) (Figure S32).
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Figure 3. Values of (k./K,,)*" for the KPRy, catalysis vs the C3-
substituent structure of both enantiomers of the 4-hydroxy-2-

oxoacids. The (k_,/K,,)*" values were taken from Table 1 and are
given in min~ .

5354

for both reactions, furnishing 29 different 3- and 4-substituted
2-hydroxy-4-butyrolactones achieving conversions of aldol
addition from 32 (only one example) to 98% and
ketoreduction >95%, diastereomeric ratios from 60:40 to
98:2, and ee >99%. Apart from the aldol reaction, both KPR,
and DpkAp,;, gave quantitative conversions after 24 h of
incubation, even for substrates with k_,**P values much lower
as compared with 3j in the case of KPRy ;. KPR, showed
broad substrate tolerance toward the C3-substituted 2-
oxoacids, including those bearing gem-cycloalkyl quaternary
centers, homologues to the natural substrate ketopantoate (3j).
Moreover, substrate inhibition was observed for ketopantoate
as well as for its gem-cycloalkyl homologues. On the other
hand, KPRy,,; does not tolerate the 4-substituted-4-hydroxy-2-
oxoacids 6. Concerning DpkAp,,;, it accepted all examples of
4-substituted-4-hydroxy-2-oxoacids (6), whereas it has strin-
gent substrate selectivity for the 3-substituted-4-hydroxy-2-
oxotoacids 4 accepting only methyl and ethyl C3-substituents,
with a strong preference for the 3S-configured aldol adducts.
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Scheme 6. Enzymatic Cascade Process for the Synthesis of the Two Enantiomers of 2-Hydroxy-4-butyrolactones, R-Sa and R-
Sa, and the Four Possible Stereoisomers of 3-Methyl-2-hydroxy-4-butyrolactones Sb“
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Concerning the stereochemical preference, KPRy, gave 2R-
configured 2-hydroxyacids, whereas DpkAy,,;, furnished the
corresponding 2S enantiomers. Finally, we conducted the
synthesis of some 2-hydroxy-4-butyrolactones in a one-pot
one-step (i.e., aldol addition + ketoreduction) reaction system.
This was possible when the rate of the aldol addition reaction
was much faster than that of ketoreduction of the starting 2-
oxoacid. Under these conditions, the yields were similar to
those achieved in a one-pot two-step fashion. Both method-
ologies are of practical value to carry out the synthesis of the
corresponding products in 20—57% isolated yields.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3c00367.

General methods and protocols for the screening and
synthesis, activity determinations, kinetics determina-
tion, synthesis of starting materials, synthesis of 2-
hydroxy-4-butyrolactone derivatives, NMR spectra, and
computational methods and modeling (PDF)

B AUTHOR INFORMATION

Corresponding Author
Pere Clapés — Dept. of Biological Chemistry, Institute for
Advanced Chemistry of Catalonia, IQAC-CSIC, 08034
Barcelona, Spain; © orcid.org/0000-0001-5541-4794;
Email: pere.clapes@iqac.csic.es

Authors

Carlos J. Moreno — Dept. of Biological Chemistry, Institute for
Advanced Chemistry of Catalonia, IQAC-CSIC, 08034
Barcelona, Spain

Karel Hernandez — Dept. of Biological Chemistry, Institute for
Advanced Chemistry of Catalonia, IQAC-CSIC, 08034
Barcelona, Spain

Samantha Gittings — Prozomix Ltd,, Northumberland NE49
9HA, United Kingdom

Michael Bolte — Institut fiir Anorganische Chemie, ].-W.-
Goethe-Universitit, Frankfurt/Main, D-60438 Frankfurt/
Main, Germany

Jesus Joglar — Dept. of Biological Chemistry, Institute for
Advanced Chemistry of Catalonia, IQAC-CSIC, 08034
Barcelona, Spain

Jordi Bujons — Dept. of Biological Chemistry, Institute for
Advanced Chemistry of Catalonia, IQAC-CSIC, 08034
Barcelona, Spain; © orcid.org/0000-0003-2944-2905

Teodor Parella — Servei de Ressonancia Magnetica Nuclear,
Universitat Autonoma de Barcelona, 08193 Bellaterra,
Spain; © orcid.org/0000-0002-1914-2709

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal. 3¢00367

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. CJ.M. and K.H. contributed equally.
Funding

Grant PID2021-1221660B-100 funded by MCIN/AEI/10.
13039/501100011033 and “ERDF A way of making Europe”.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Grant PID2021-1221660B-100 funded by MCIN/AEI/10.
13039/501100011033 and “ERDF A way of making Europe”.
CJ.M. acknowledges a PhD contract (i.e, Ayudas para
Contratos Predoctorales para la Formacién de Doctores)
BES-2016-079447 funded by MCIN/AEI/10.13039/
501100011033. The authors wish to thank Dr. Lothar Fink,
from Frankfurt University, for the X-ray structure determi-
nation with Cu Ka radiation. The authors thankfully
acknowledge the use of the computational resources of the
Consorci de Serveis Universitaris de Catalunya (CSUC).

https://doi.org/10.1021/acscatal.3c00367
ACS Catal. 2023, 13, 5348-5357


https://pubs.acs.org/doi/10.1021/acscatal.3c00367?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c00367/suppl_file/cs3c00367_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pere+Clape%CC%81s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5541-4794
mailto:pere.clapes@iqac.csic.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+J.+Moreno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karel+Herna%CC%81ndez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samantha+Gittings"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Bolte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Joglar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Bujons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2944-2905
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teodor+Parella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1914-2709
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?ref=pdf
http://10.13039/501100011033
http://10.13039/501100011033
http://10.13039/501100011033
http://10.13039/501100011033
http://10.13039/501100011033
http://10.13039/501100011033
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00367?fig=sch6&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

B REFERENCES

(1) (a) Yin, Q; Yin, L; Wang, H; Cheng, J. Synthesis and
Biomedical Applications of Functional Poly(a-hydroxy acids) via
Ring-Opening Polymerization of O-Carboxyanhydrides. Acc. Chem.
Res. 2015, 48, 1777—1787. (b) Hu, Z.-Q.; Li, X; Liu, L.-X; Yu, C.-B.;
Zhou, Y.-G. Ruthenium-Catalyzed Asymmetric Transfer Hydro-
genation of f-Substituted a-Oxobutyrolactones. J. Org. Chem. 2021,
86, 17453—17461. (c) Ley, S. V.; Sheppard, T. D.; Myers, R. M,;
Chorghade, M. S. Chiral Glycolate Equivalents for the Asymmetric
Synthesis of a-Hydroxycarbonyl Compounds. Bull. Chem. Soc. Jpn.
2007, 80, 1451—1472. (d) Sewell, A. L.; Villa, M. V. J.; Matheson, M.;
Whittingham, W. G.; Marquez, R. Fast and Flexible Synthesis of
Pantothenic Acid and CJ-15,801. Org. Lett. 2011, 13, 800—803.
(e) Sun, X;; Li, W.; Zhou, L.; Zhang, X. Matching and Mismatching
Effects of Hybrid Chiral Biaxial Bisphosphine Ligands in Enantiose-
lective Hydrogenation of Ketoesters. Chem. — Eur. J. 2009, 15, 7302—
7305. (f) Lalot, J.; Stasik, I; Demailly, G.; Beaupére, D. An improved
synthesis of 5-thio-d-ribose from d-ribono-1,4-lactone. Carbohydr. Res.
2002, 337, 1411-1416. (g) Groger, H. Enzymatic Routes to
Enantiomerically Pure Aromatic a-Hydroxy Carboxylic Acids: A
Further Example for the Diversity of Biocatalysis. Adv. Synth. Catal.
2001, 343, 547—558. (h) Wilson, K. E.; Burk, R. M.; Biftu, T.; Ball, R.
G.; Hoogsteen, K. Zaragozic acid A, a potent inhibitor of squalene
synthase: initial chemistry and absolute stereochemistry. J. Org. Chem.
1992, 57, 7151—7158. (i) Puthuraya, K. P.; Oomura, Y.; Shimizu, N.
Effects of endogenous sugar acids on the ventromedial hypothalamic
nucleus of the rat. Brain Res. 1985, 332, 165—168. (j) Heidlindemann,
M.; Hammel, M.; Scheffler, U.; Mahrwald, R.; Hummel, W.;
Berkessel, A.; Groger, H. Chemoenzymatic Synthesis of Vitamin
BS-Intermediate (R)-Pantolactone via Combined Asymmetric Orga-
no- and Biocatalysis. J. Org. Chem. 2015, 80, 3387-3396.
(k) Kagayama, T.; Sakaguchi, S.; Ishii, Y. Synthesis of a-hydroxy-y-
butyrolactones from acrylates and 1,3-dioxolanes using N-hydroxyph-
thalimide (NHPI) as a key catalyst. Tetrahedron Lett. 2005, 46, 3687—
3689. (1) Ikemoto, T.; Sakashita, K; Kageyama, Y.; Onuma, F,;
Shibuya, Y.; Ichimura, K.; Mori, K. Relationship between Molecular
Structure and Induced Spontaneous Polarization for Chiral Dopants
Containing an Optically Active Lactone. Mol. Cryst. Liq. Cryst. 1994,
250, 247-256.

(2) (a) Camps, P.; Munoz-Torrero, D. Synthesis and Applications of
(R)- and (S)-Pantolactone as Chiral Auxiliaries. Curr. Org. Chem.
2004, 8, 1339—1380. (b) Bourgeois, F.; Medlock, J. A.; Bonrath, W.;
Sparr, C. Catalyst Repurposing Sequential Catalysis by Harnessing
Regenerated Prolinamide Organocatalysts as Transfer Hydrogenation
Ligands. Org. Lett. 2020, 22, 110—115. (c) Coppola, G. M.; Schuster,
H. F, a-Hydroxy acids in enantioselective syntheses; Wiley-VCH:
Weinheim, 1997. (d) Hanessian, S., Total synthesis of natural products,
the " Chiron” approach; Pergamon Press: Oxford, 1983. (e) Yamaguchi,
S.; Matsuo, T.; Motokura, K.; Miyaji, A.; Baba, T. Cascade Synthesis
of Five-Membered Lactones using Biomass-Derived Sugars as Carbon
Nucleophiles. Chem. — Asian J. 2016, 11, 1731—1737. (f) Phukan, P,;
Sasmal, S.; Maier, Martin E. Flexible Routes to the 5-Hydroxy Acid
Fragment of the Cryptophycins. Eur. J. Org. Chem. 2003, 2003, 1733—
1740. DOI: 10.1002/ejoc.200210695; (g) White, J. D.; Hrnciar, P.
Synthesis of Polyhydroxylated Pyrrolizidine Alkaloids of the Alexine
Family by Tandem Ring-Closing Metathesis—Transannular Cycliza-
tion. (+)-Australine. J. Org. Chem. 2000, 65, 9129—9142. (h) Mulzer,
J.; Mantoulidis, A.; Ohler, E. Total Syntheses of Epothilones B and D.
J. Org. Chem. 2000, 65, 7456—7467. (i) Eggersdorfer, M.; Laudert, D.;
Létinois, U.; McClymont, T.; Medlock, J.; Netscher, T.; Bonrath, W.
One Hundred years of vitamins—A success story of the natural
sciences. Angew. Chem., Int. Ed. 2012, 51, 12960—12990. (j) Evans, D.
A,; Wu, J.; Masse, C. E.; MacMillan, D. W. C. A General Method for
the Enantioselective Synthesis of Pantolactone Derivatives. Org. Lett.
2002, 4, 3379—3382.

(3) (a) Burgener, S; Cortina, N. S; Erb, T. J. Oxalyl-CoA
Decarboxylase Enables Nucleophilic One-Carbon Extension of
Aldehydes to Chiral a-Hydroxy Acids. Angew. Chem., Int. Ed. 2020,
§9, §526—5530. (b) Wang, P.; Tao, W.-J.; Sun, X.-L.; Liao, S.; Tang,

5356

Y. A Highly Efficient and Enantioselective Intramolecular Cannizzaro
Reaction under TOX/Cu(II) Catalysis. J. Am. Chem. Soc. 2013, 135,
16849—16852. (c) Ganta, A.; Shamshina, J. L; Cafiero, L. R;
Snowden, T. S. Stereoselective synthesis of cis- or trans-2,4-
disubstituted butyrolactones from Wynberg lactone. Tetrahedron
2012, 68, 5396—5405. (d) Jung, J. E,; Ho, H.; Kim, H.-D. Bidentate
chelation-controlled asymmetric synthesis of a-hydroxy esters based
on the glycolate enolate alkylation. Tetrahedron Lett. 2000, 41, 1793—
1796. (e) Pansare, S. V.; Bhattacharyya, A. Enantioselective synthesis
of B,p-dialkyl a-hydroxy y-butyrolactones. Tetrahedron Lett. 2001, 42,
9265—9267. (f) Pansare, S. V.; Bhattacharyya, A. Enantioselective
synthesis of pantolactone analogues from an ephedrine-derived
morpholine-dione. Tetrahedron 2003, 59, 3275—3282. (g) Yamaguchi,
S.; Motokura, K,; Sakamoto, Y.; Miyaji, A.; Baba, T. Tin-catalyzed
conversion of biomass-derived triose sugar and formaldehyde to a-
hydroxy-y-butyrolactone. Chem. Commun. 2014, 50, 4600—4602.

(4) (a) Blandin, V.; Carpentier, J.-F.; Mortreux, A. Asymmetric
Hydrogenation of 2,4-Dioxo Esters: Selective Synthesis of 2-Hydroxy-
4-oxo Esters and Direct Access to Chiral 2-Hydroxy-4-butyrolactones.
Eur. J. Org. Chem. 1999, 1999, 1787—1793. (b) Shimizy, S.; Yamada,
H.; Hata, H.; Morishita, T.; Akutsu, S.; Kawamura, M. Novel
Chemoenzymatic Synthesis of d( — )-Pantoyl Lactone. Agric. Biol.
Chem. 1987, 51, 289—290. (c) Pansare, S. V.; Ravi, R. G. Asymmetric
reactions of a-ketoacid-derived hemiacetals: Stereoselective synthesis
of a-hydroxy acids. Tetrahedron 1998, 54, 14549—14564.

(5) Chen, B; Yin, H.-F.; Wang, Z.-S.; Xu, J.-H.; Fan, L.-Q;; Zhao, J.
Facile Synthesis of Enantiopure 4-Substituted 2-Hydroxy-4- butyr-
olactones using a Robust Fusarium Lactonase. Adv. Synth. Catal.
2009, 351, 2959—-2966.

(6) (a) Shen, L.; Chen, Z.-N.; Zheng, Q.; Wu, J.; Xu, X;; Tu, T.
Selective Transformation of Vicinal Glycols to a-Hydroxy Acetates in
Water via a Dehydrogenation and Oxidization Relay Process by a Self-
Supported Single-Site Iridium Catalyst. ACS Catal. 2021, 11, 12833—
12839. (b) Furukawa, K; Shibuya, M.; Yamamoto, Y. Chemoselective
Catalytic Oxidation of 1,2-Diols to a-Hydroxy Acids Controlled by
TEMPO—CIO2 Charge-Transfer Complex. Org. Lett. 2015, 17,
2282—2288.

(7) (a) Van de Vyver, S.; Odermatt, C.; Romero, K.; Prasomsri, T.;
Romadn-Leshkov, Y. Solid Lewis Acids Catalyze the Carbon—Carbon
Coupling between Carbohydrates and Formaldehyde. ACS Catal.
2015, 5, 972—977. (b) Bielitza, M.; Pietruszka, J. An Enantioselective
Mukaiyama Aldol Reaction as the Key Step towards the
Tetrahydropyran Core of Psymberin via a y-Butyrolactone Inter-
mediate. Synlett 2012, 23, 1625—1628. (c) Smirnov, M. V,;
Kucherenko, A. S.; Gridnev, I. D.; Korlyukov, A. A,; Zlotin, S. G. y-
Pyronecarbaldehyde-Based Practical Asymmetric Catalytic Synthesis
of Chiral 2,4-Dihydroxycarboxylic Acids and a-Hydroxy-y-lactones.
Adv. Synth. Catal. 2022, 364, 3245—3262.

(8) (a) de Wildeman, S.; Sereinig, N., Enzymatic reduction of
carbonyl groups. In Science of Synthesis, Stereoselective Synthesis 2.
Stereoselective Reactions of Carbonyl and Imino Groups; Molander, G.
A., Ed; Georg Thieme Verlag: Stuttgart, 2011; Vol. 2, pp 133—208.
(b) Kim, M. J.; Whitesides, G. M. L-Lactate dehydrogenase: substrate
specificity and use as a catalyst in the synthesis of homochiral 2-
hydroxy acids. J. Am. Chem. Soc. 1988, 110, 2959—2964. (c) Simon, E.
S.; Plante, R,; Whitesides, G. M. D-lactate dehydrogenase. Appl.
Biochem. Biotechnol. 1989, 22, 169—179. (d) Yamazaki, Y.; Maeda, H.
Enzymatic Synthesis of Optically Pure (R)-( — )-Mandelic Acid and
Other 2-Hydroxycarboxylic Acids: Screening for the Enzyme, and Its
Purification, Characterization and Use. Agric. Biol. Chem. 1986, S0,
2621-2631. (e) Bur, D.; Luyten, M. A.; Wynn, H.; Provencher, L. R;;
Jones, J. B,; Gold, M,; Friesen, J. D.; Clarke, A. R;; Holbrook, J. J.
Enzymes in organic synthesis. 45. An evaluation of the substrate
specificity and asymmetric synthesis potential of the cloned L-lactate
dehydrogenase from Bacillus stearothermophilus. Can. J. Chem. 1989,
67, 1065—1070. (f) Wu, C.-Y.; Chen, S.-T.; Chiou, S.-H.; Wang, K.-T.
Facile synthesis of chiral 2-hydroxy acids catalyzed by a stable duck &-
crystallin with endogenous I-lactate dehydrogenase activity. FEBS Lett.
1992, 301, 219-222.

https://doi.org/10.1021/acscatal.3c00367
ACS Catal. 2023, 13, 5348-5357


https://doi.org/10.1021/ar500455z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500455z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500455z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/bcsj.80.1451
https://doi.org/10.1246/bcsj.80.1451
https://doi.org/10.1021/ol103114w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol103114w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200900722
https://doi.org/10.1002/chem.200900722
https://doi.org/10.1002/chem.200900722
https://doi.org/10.1016/S0008-6215(02)00170-2
https://doi.org/10.1016/S0008-6215(02)00170-2
https://doi.org/10.1002/1615-4169(200108)343:6/7<547::AID-ADSC547>3.0.CO;2-A
https://doi.org/10.1002/1615-4169(200108)343:6/7<547::AID-ADSC547>3.0.CO;2-A
https://doi.org/10.1002/1615-4169(200108)343:6/7<547::AID-ADSC547>3.0.CO;2-A
https://doi.org/10.1021/jo00052a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00052a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0006-8993(85)90401-9
https://doi.org/10.1016/0006-8993(85)90401-9
https://doi.org/10.1021/jo502667x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo502667x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo502667x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2005.03.137
https://doi.org/10.1016/j.tetlet.2005.03.137
https://doi.org/10.1016/j.tetlet.2005.03.137
https://doi.org/10.1080/10587259408028210
https://doi.org/10.1080/10587259408028210
https://doi.org/10.1080/10587259408028210
https://doi.org/10.2174/1385272043369944
https://doi.org/10.2174/1385272043369944
https://doi.org/10.1021/acs.orglett.9b04033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.201600307
https://doi.org/10.1002/asia.201600307
https://doi.org/10.1002/asia.201600307
https://doi.org/10.1021/jo0012748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0012748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0012748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0007480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201205886
https://doi.org/10.1002/anie.201205886
https://doi.org/10.1021/ol026489d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol026489d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201915155
https://doi.org/10.1002/anie.201915155
https://doi.org/10.1002/anie.201915155
https://doi.org/10.1021/ja409859x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409859x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2012.04.107
https://doi.org/10.1016/j.tet.2012.04.107
https://doi.org/10.1016/S0040-4039(00)00031-9
https://doi.org/10.1016/S0040-4039(00)00031-9
https://doi.org/10.1016/S0040-4039(00)00031-9
https://doi.org/10.1016/S0040-4039(01)01979-7
https://doi.org/10.1016/S0040-4039(01)01979-7
https://doi.org/10.1016/S0040-4020(03)00408-3
https://doi.org/10.1016/S0040-4020(03)00408-3
https://doi.org/10.1016/S0040-4020(03)00408-3
https://doi.org/10.1039/c4cc00954a
https://doi.org/10.1039/c4cc00954a
https://doi.org/10.1039/c4cc00954a
https://doi.org/10.1002/(SICI)1099-0690(199908)1999:8<1787::AID-EJOC1787>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1099-0690(199908)1999:8<1787::AID-EJOC1787>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1099-0690(199908)1999:8<1787::AID-EJOC1787>3.0.CO;2-O
https://doi.org/10.1016/S0040-4020(98)00914-4
https://doi.org/10.1016/S0040-4020(98)00914-4
https://doi.org/10.1016/S0040-4020(98)00914-4
https://doi.org/10.1002/adsc.200900628
https://doi.org/10.1002/adsc.200900628
https://doi.org/10.1021/acscatal.1c04354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b01003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b01003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b01003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5015964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5015964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0031-1290379
https://doi.org/10.1055/s-0031-1290379
https://doi.org/10.1055/s-0031-1290379
https://doi.org/10.1055/s-0031-1290379
https://doi.org/10.1002/adsc.202200859
https://doi.org/10.1002/adsc.202200859
https://doi.org/10.1002/adsc.202200859
https://doi.org/10.1021/ja00217a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00217a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00217a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF02921743
https://doi.org/10.1271/bbb1961.50.2621
https://doi.org/10.1271/bbb1961.50.2621
https://doi.org/10.1271/bbb1961.50.2621
https://doi.org/10.1139/v89-161
https://doi.org/10.1139/v89-161
https://doi.org/10.1139/v89-161
https://doi.org/10.1016/0014-5793(92)81251-G
https://doi.org/10.1016/0014-5793(92)81251-G
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(9) (a) Marin-Valls, R.; Hernandez, K.; Bolte, M.; Parella, T.; Joglar,
J; Bujons, J.; Clapés, P. Biocatalytic Construction of Quaternary
Centers by Aldol Addition of 3,3-Disubstituted 2-Oxoacid Derivatives
to Aldehydes. J. Am. Chem. Soc. 2020, 142, 19754—19762. (b) Marin-
Valls, R.; Hernandez, K.; Bolte, M.; Joglar, J.; Bujons, J.; Clapés, P.
Chemoenzymatic Hydroxymethylation of Carboxylic Acids by
Tandem Stereodivergent Biocatalytic Aldol Reaction and Chemical
Decarboxylation. ACS Catal. 2019, 9, 7568—7577.

(10) Moreno, C. J.; Hernandez, K; Charnok, S. J; Gittings, S.;
Bolte, M.; Joglar, J.; Bujons, J.; Parella, T.; Clapés, P. Synthesis of y-
Hydroxy-a-amino Acid Derivatives by Enzymatic Tandem Aldol
Addition—Transamination Reactions. ACS Catal. 2021, 11, 4660—
4669.

(11) (a) Sanchez, J. E.; Gross, P. G.; Goetze, R. W.; Walsh, R. M.;
Peeples, W. B.; Wood, Z. A. Evidence of Kinetic Cooperativity in
Dimeric Ketopantoate Reductase from Staphylococcus aureus.
Biochemistry 2015, S4, 3360—3369. (b) von Delft, F.; Inoue, T.;
Saldanha, S. A.; Ottenhof, H. H.; Schmitzberger, F.; Birch, L. M,;
Dhanaraj, V.; Witty, M.; Smith, A. G.; Blundell, T. L.; Abell, C.
Structure of E. coli Ketopantoate Hydroxymethyl Transferase
Complexed with Ketopantoate and Mg2+, Solved by Locating 160
Selenomethionine Sites. Structure 2003, 11, 985—996. (c) Matak-
Vinkovi¢, D.; Vinkovic, M.; Saldanha, S. A.; Ashurst, J. L.; von Delft,
F.; Inoue, T.; Miguel, R. N.; Smith, A. G.; Blundell, T. L.; Abell, C.
Crystal Structure of Escherichia coli Ketopantoate Reductase at 1.7 A
Resolution and Insight into the Enzyme Mechanism¥. Biochemistry
2001, 40, 14493—14500. (d) Zheng, R; Blanchard, J. S. Kinetic and
Mechanistic Analysis of the E. coli panE-Encoded Ketopantoate
Reductase. Biochemistry 2000, 39, 3708—3717. (e) Zheng, R;
Blanchard, J. S. Identification of Active Site Residues in E. coli
Ketopantoate Reductase by Mutagenesis and Chemical Rescue.
Biochemistry 2000, 39, 16244—16251. (f) Aberhart, D. J.; Russell,
D. J. Steric course of ketopantoate hydroxymethyltransferase in E.
coli. . Am. Chem. Soc. 1984, 106, 4902—4906.

(12) Goto, M.; Muramatsu, H.; Mihara, H.; Kurihara, T.; Esaki, N.;
Omi, R.; Miyahara, I; Hirotsu, K. Crystal Structures of Al-
Piperideine-2-carboxylate/ A1-Pyrroline-2-carboxylate Reductase Be-
longing to a New Family of NAD(P)H-dependent Oxidoreductases:
Conformational Change, Substrate Recognition, and Stereochemistry
of the Reaction. J. Biol. Chem. 2005, 280, 40875—40884.

(13) (a) Nakata, K;; Gotoh, K; Ono, K; Futami, K; Shiina, I
Kinetic Resolution of Racemic 2-Hydroxy-y-butyrolactones by
Asymmetric Esterification Using Diphenylacetic Acid with Pivalic
Anhydride and a Chiral Acyl-Transfer Catalyst. Org. Lett. 2013, 1S,
1170—1173. (b) Zhang, Z.; Collum, D. B. Wittig Rearrangements of
Boron-Based Oxazolidinone Enolates. J. Org. Chem. 2019, 84, 10892—
10900. (c) Denmark, S. E; Yang, S.-M. Total Synthesis of
(+)-Brasilenyne. Application of an Intramolecular Silicon-Assisted
Cross-Coupling Reaction. J. Am. Chem. Soc. 2004, 126, 12432—12440.
(d) Abraham, C. J.; Paull, D. H.; Bekele, T.; Scerba, M. T.; Dudding,
T.; Lectka, T. A Surprising Mechanistic “Switch” in Lewis Acid
Activation: A Bifunctional, Asymmetric Approach to a-Hydroxy Acid
Derivatives. J. Am. Chem. Soc. 2008, 130, 17085—17094. (e) Shiuey, S.
J.; Partridge, J. J.; Uskokovic, M. R. Triply convergent synthesis of
Lalpha,,25-dihydroxy-24(R)-fluorocholecalciferol. J. Org. Chem. 1988,
53, 1040—1046.

(14) Ciulli, A.; Chirgadze, D. Y.; Smith, A. G; Blundell, T. L.; Abell,
C. Crystal Structure of Escherichia coli Ketopantoate Reductase in a
Ternary Complex with NADP+ and Pantoate Bound: substrate
recognition, conformational change, and cooperativity. J. Biol. Chem.
2007, 282, 8487—8497.

(15) Zhu, L.; Xu, X;; Wang, L.; Dong, H.; Yu, B. The D-Lactate
Dehydrogenase from Sporolactobacillus inulinus Also Possessing
Reversible Deamination Activity. PLoS One 2015, 10, No. e0139066.

(16) Kokkonen, P.; Beier, A.; Mazurenko, S.; Damborsky, J.; Bednar,
D.; Prokop, Z. Substrate inhibition by the blockage of product release
and its control by tunnel engineering. RSC Chem. Biol. 2021, 2, 645—
655.

5357

[0 Recommended by ACS

Synthesis of Novel 1,4-Diketone Derivatives and Their
Further Cyclization

Hacer Can Uskiip, Belma Hasdemir, et al.
APRIL 07,2023

ACS OMEGA READ

Light-Driven Reduction of CO, to CO in Water with a Cobalt
Molecular Catalyst and an Organic Sensitizer

Pui-Yu Ho, Marc Robert, et al.
APRIL 18,2023

ACS CATALYSIS READ &

Structural Understanding of Fungal Terpene Synthases for
the Formation of Linear or Cyclic Terpene Products

Rehka T, Congqiang Zhang, et al.
MARCH 27,2023

ACS CATALYSIS READ &

Flipping the Substrate Creates a Highly Selective Halohydrin
Dehalogenase for the Synthesis of Chiral 4-Aryl-2-
oxazolidinones from Readily Available Epoxides

Chuanhua Zhou, Dunming Zhu, et al.

MARCH 24,2023

ACS CATALYSIS READ &

Get More Suggestions >

https://doi.org/10.1021/acscatal.3c00367
ACS Catal. 2023, 13, 5348-5357


https://doi.org/10.1021/jacs.0c09994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.5b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.5b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0969-2126(03)00158-8
https://doi.org/10.1016/S0969-2126(03)00158-8
https://doi.org/10.1016/S0969-2126(03)00158-8
https://doi.org/10.1021/bi011020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi011020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi992676g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi992676g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi992676g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi002134v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi002134v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00329a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00329a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M507399200
https://doi.org/10.1074/jbc.M507399200
https://doi.org/10.1074/jbc.M507399200
https://doi.org/10.1074/jbc.M507399200
https://doi.org/10.1074/jbc.M507399200
https://doi.org/10.1021/ol303453j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol303453j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol303453j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0466863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0466863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0466863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806818a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806818a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806818a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00240a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00240a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M611171200
https://doi.org/10.1074/jbc.M611171200
https://doi.org/10.1074/jbc.M611171200
https://doi.org/10.1371/journal.pone.0139066
https://doi.org/10.1371/journal.pone.0139066
https://doi.org/10.1371/journal.pone.0139066
https://doi.org/10.1039/D0CB00171F
https://doi.org/10.1039/D0CB00171F
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acsomega.3c00610?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.3c00036?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c05598?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
http://pubs.acs.org/doi/10.1021/acscatal.2c06417?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1682007024&referrer_DOI=10.1021%2Facscatal.3c00367
https://preferences.acs.org/ai_alert?follow=1

Capitulo 3.3

Expanding synthetic applications of A*-Piperidine-2-
carboxylate/A*-pyrroline-2-carboxylate reductase from
Pseudomonas syringae (DpkApsyrin). Biocatalytic
asymmetric synthesis of (S,E)-2-hydroxy-4-arylbut-3-
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Expanding synthetic applications of A-Piperidine-2-
carboxylate/Al-pyrroline-2-carboxylate reductase from
Pseudomonas syringae (DpkApsyrin). Biocatalytic asymmetric
synthesis of (S,E)-2-hydroxy-4-arylbut-3-enoic acid derivatives.

Resumen.

Los derivados del &cido 2-hidroxi-4-arilbut-3-endico son precursores clave para la
sintesis de inhibidores de la enzima convertidora de angiotensina, estos inhibidores
reducen la presion arterial al impedir que el cuerpo produzca la hormona angiotensina.
Entre este tipo de farmacos se encuentran: el Enalapril, Lisinopril, Cilapril y Benazepril.
En las Gltimas décadas se han dedicado muchos esfuerzos en desarrollar estrategias para
la sintesis asimétrica de este tipo de moléculas, entre ellas destacan la deracemizacion del
acido (£)-2-hidroxi-4-fenilbut-3-enoicol, y la hidrogenacion asimétrica de derivados del
acido 2-oxo-4-arilbut-3-enoico. En este trabajo, se presenta una alternativa sintética
basada en la actividad promiscua de la Al-piperidina-2-carboxilato/Al-pirrolina-2-
carboxilato reductasa de Pseudomonas syringae pv. tomato DSM 50315 (DpkA) que se
muestra como una herramienta Util para la sintesis estereoselectiva de acidos 2-hidroxi-
4-arilbut-3-endicos. En este capitulo, se describe la sintesis de estos acidos utilizando una
cascada enzimatica concurrente, formada por la trans-O-hidroxibenziliden piruvato
hidratasa-aldolasa (HBPA) que permitié la construccion de los esqueletos carbonados de
los productos finales a partir de precursores sencillos (piruvato y aldehidos aromaticos)

seguido de la reduccion estereoselectiva catalizado por la DpkA.
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KEYWORDS. Biocatalysis, Aldol condensation, Ketoreductases, 2-hydroxy-4-arylbut-
3-enoic acid.

ABSTRACT

Chiral 2-hydroxy-4-arylbut-3-enoic acid derivatives are important precursors for the
synthesis of angiotensin converting enzyme (ACE) inhibitors such as enalapril, lisinopril,
cilapril or benazepril. Here we take advantage of the unexplored promiscuous
ketoreductase activity of  Al-piperidine-2-carboxylate/Al-pyrroline-2-carboxylate
reductase from Pseudomonas syringae pv. tomato DSM 50315 (DpkApsyrin) for the
synthesis of 2-hydroxy-4-arylbut-3-enoic acids. The strategy was designed as a cascade
enzymatic process comprising aldol addition, for the construction of carbon scaffold
catalyzed by the trans-o-hydroxybenzylidene pyruvate hydratase-aldolase from
Pseudomonas putida (HBPApputida), and subsequent symmetric reduction of the carbonyl
group catalyzed by DpkApsyrin. A total of 9 structurally diverse 2-hydroxy-4-arylbut-3-
enoic acids were prepared with (S,E) configuration in 87-99% ee. Quantitative
conversions were achieved for this cascade process, with global isolated yields between
57-85%. A total of nine structurally diverse 2-hydroxy-4-arylbut-3-enoic acids were
prepared with (S,E) configuration in 87-99% ee.
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INTRODUCTION

Chiral 2-hydroxy-4-arylbut-3-enoic acid derivatives are important precursors for the
preparation of relevant biologically active compounds such as angiotensin converting
enzyme (ACE) inhibitors (e.g. enalapril, lisinopril, cilapril or benazepril).1* Many efforts
have been devoted to develop strategies for the asymmetric synthesis of these type of

molecules (Scheme 1).1*

Angiotensin converting enzyme (ACE) inhibitors
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Scheme 1. Asymmetric synthetic methodologies for the preparation of 2-hydroxy-4-arylbutanoic
acid using 2-hydroxy-4-arylbut-3-enoic acid derivatives as intermediates. A) Deracemization of
(£)-2-hydroxy-4-phenylbut-3-enoic acid* and B) asymmetric hydrogenation of 2-oxo-4-arylbut-
3-enoic acid derivatives.?*

Asymmetric reduction on esters of 2-oxo-4-arylbut-3-enoic acids have a significant role
in the synthesis of 2-hydroxy-4-arylbutyrates, however, hydrolysis and recrystallization
of the corresponding acids is necessary for improving the enantiomeric purity of the
product.® ® Therefore, it is desirable to develop an efficient and asymmetric method for
the reduction of 2-oxo-4-arylbut-3-enoic acids® and then hydrogenation of the double

bond by conventional methods. In this line of thinking, we focus our attention on the
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enzyme  Al-piperidine-2-carboxylate/Al-pyrroline-2-carboxylate  reductase  from
Pseudomonas syringae pv. tomato DSM 50315 (DpkAepsyrin, EC 1.5.1.21), described as
an imino reductase®*® (Scheme 2 A and B). In previous work, we observed that DpkApsyrin
also exhibited promiscuous ketoreductase activity (Scheme 2C).1* Thus, we envision a
straightforward enzymatic cascade process for the asymmetric synthesis of 2-hydroxy-4-
arylbut-3-enoic acid derivatives consisting of an aldol condensation reaction catalyzed by
trans-o-hydroxybenzylidene pyruvate hydratase-aldolase from Pseudomonas putida
(HBPAppuiida, EC 4.1.2.45) and an ensuing asymmetric reduction of the carbonyl group
catalyzed by DpkApsyrin. (Scheme 2D). Cascade strategies are advantageous to improve
the overall synthetic efficiency and avoid intermediate purification steps, with the
consequent reduction of waste generation. Further benefits include reducing the need to
handle unstable intermediaries and shifting unfavorable reaction equilibrium toward

products. 8-
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Scheme 2. Reaction catalyzed by DpkApsyrin. A) natural imine reductase activity.b” % 11 B)
synthesis of N-methyl-L-amino acids from methylamine and various 2-oxo acids. 1% 1213 C)
ketoreductase activity describe in our group.'* D) this work: enzymatic cascade process in the
asymmetric synthesis of (S,E)-2-hydroxy-4-arylbut-3-enoic acid derivatives by a cascade of aldol
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condensation catalyzed by HBPApuuida and asymmetric biocatalytic reduction of the carbonyl
group catalyzed by DpkApsyrin.

RESULTS AND DISCUSSION

We previously report that DpkApsyrin IS able to reduce carbonyl group in different 2-
oxoacid.'* Thus, as a continuation of our synthetic study we select conformationally
constrained compounds as substrates such as arylbut-3-enoic acids, 3a-p (Scheme 3), for
the ketoreductase. The asymmetric biocatalytic reduction of (E)-2-oxo-4-phenylbut-3-
enoic acid (3a) (see Sl, page S12) proceeded in quantitative yields (conv > 95%) after 24
h of reaction with 85 % of isolated yield of S-4a and 91% ee. However, in the enzymatic
cascade process we obtained a mixture of 3a and S-4a (3a:S-4a, 1:1 determined by H
NMR, see Sl, page S11) after purification (Scheme 3). Pyruvate is a substrate of
DpkApsyrin (estimated kinetic parameters for pyruvate reduction K,*" = 101 mM and k™™
= 0.4 min"!, 1< [pyruvate] <60 mM, see Figure S10) and competes with the reduction of 3a.
Moreover, the reversibility of the aldol condensation reaction can also affect the final
yield of S-4a. Thus, the successful cascade process depends on both the favorable aldol

condensation reaction equilibrium and the relative reduction rates of 2 and 3.

Gratifyingly, the cascade reactions with substrates 1b-i rendered quantitative formation
of the reduced product (S-4b-i), with complete consumption of the starting material (1)
and the intermediate precursors (3b-i) (Scheme 3 scale up panel). Conversion was
incomplete or even sluggish with aryl groups with meta and para substituents (e.g., 3j-
m) (Scheme 3 analytical scale). On the other hand, DpkApsyrin Was inactive toward aryl
groups with both ortho and para substituents (e.g., 3n), 2-oxo-dienoic acids (e.g., 30) and
fused aromatic rings (e.g., 3p), probably due to the steric limitations imposed by the active
site cavity. After two purification steps: basic/acidic aqueous—organic solvent extraction
and a reverse phase chromatography (Isolera Biotage® System, see Sl, page S6), 4b-i

were obtained as carboxylic acids with isolated yields between 57-85% (Scheme 3).
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Scheme 3. Enzymatic cascade process for the synthesis of (S,E)-2-hydroxy-4-arylbut-3-
enoic acid S-4 by means of a cascade process of aldol condensation and reduction
reactions catalyzed by HBPAppuica and DpkApsyrin respectively. GDH, Glucose
dehydrogenase was provided by Prozomix Ltd (PRO-GDH(001)).

aConversion of reduction reaction. No starting materials or aldol condensation products
were detected by HPLC. Plsolated yields. ‘Enantiomeric excess of the reduction
determined by HPLC on chiral stationary phases. In the enzymatic cascade process, a
mixture of 3a and 4a was obtained after purification. The 3a:S-4a ratio was determined
by *H NMR (see Figure S23).

Enantiomeric ratios of 2-hydroxy-4-arylbut-3-enoic acid (S-4) were determined by HPLC
on a chiral stationary phase. The corresponding authentic racemic samples were prepared
by Luche reduction!®2° from a,B-unsaturated ketones (3a-i) produced by HBPAppuida
catalysis (see Sl page S10, compound rac-4b). Excellent levels of enantioselectivity were
achieved for S-4b,c,e-i (95-99% ee), and good for S-4d (87% ee). Consistent with our
previous study'* single-crystal X-ray diffraction of S-4c-e indicated that DpkApsyrin
renders 2-hydroxyacids having an S configuration as the major stereoisomer (Figure 1).
Therefore, an S configuration may be assumed for the major enantiomers of S-4b, f-i

(Scheme 3).
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OH

@f\wCOzH
—
P
E

(S,E)-4c

Figure 1. X-ray structures of (E,S)-4c, (E,S)-4d, and (E,S)-4e as ORTEP-type plots
displaying one molecule with 50% probability ellipsoids. In compound (S,E)-4c it was
observed that the position of the F-atom was disordered (ring-flipping). The data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

CONCLUSIONS

In summary, we expanded the synthetic application of DpkApsyrin through its promiscuous
ketoreductase activity for the asymmetric reduction of 2-oxo-4-arylbut-3-enoic acid
derivatives. The cascade enzymatic system using HBPAppuida as catalyst for the
construction of carbon scaffold and DpkAesyrin for carbonyl reduction providing
homochiral (S,E)-2-hydroxy-4-arylbut-3-enoic acid derivatives with diverse aromatic
moieties from achiral starting material. Nine products were obtained in isolated yields
from 57% to 85% and ee from 87 to 99%. DpkApsyrin gave quantitative conversions after
24 h of incubation tolerating substrates with substitutions at ortho positions of the
aromatic ring. Incomplete conversions were observed with aryl groups bearing
substituents in with meta and para substituents, whereas it was completely inactive
towards substrates bearing aryl groups with both ortho and para substituents, 2-oxo-
dienoic acids and fused aromatic rings.
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Discusion de resultados.

La sintesis enzimatica de compuestos organicos complejos y multifuncionales mediante
reacciones concurrentes ha recibido una gran atencion en los Gltimos afios.! Aldolasas,
transaminasas y 6xido-reductasas han tenido un papel protagénico en este enfoque. Su
combinacion ha demostrado ser altamente efectiva en la construccion de moléculas de
interés biotecnoldgico debido a su eficiencia y selectividad en la formacion de enlaces C-
C, C-N y/o C-O.2 En esta Tesis, se explord el disefio de estrategias de sintesis asimétricas
multienzimaticas de compuestos altamente funcionalizados, con carboligasas (p. €j.
Aldolasas como HBPA, YfaU y la transferasa KPHMT), transaminasas (p. ej. BCAT y
una libreria de 194 enzimas proporcionadas por la empresa Prozomix®), 6xido-reductasas
(p. ej. Deshidrogenasas como KPR y DpkA) y enzimas auxiliares para la regeneracion de
cofactores o transformacion de productos secundarios de las reacciones (p. ej. BAL, GDH
y AspTA) (Tabla 4.1).

Tabla 4.1. Resumen de las enzimas utilizadas en esta Tesis.

-Reaccion de adicién alddlica estereoselectiva
de piruvato a aldehidos alifaticos y aromaticos
-Sistemas multienzimaticos aldolasa-
deshidrogenasa.

-Reaccion de adicién aldélica estereoselectiva
de 2-oxoacidos a formaldehido.

-Sistemas multienzimaticos aldolasa-
deshidrogenasa.

-Reaccion de adicién alddlica no
estereoselectiva de piruvato a aldehidos
alifaticos.

-Reaccion de adicién alddlica estereoselectiva

trans-o-hidroxibenzilidenepiruvato

R hidratasa-aldolasa

YfaU 2-0x0-3-desoxi-L-ramnonato aldolasa

KPHMT

BAL

BCAT
AspTA
T39

DpkA

KPR

GDH

3-metil-2-oxobutanoato
hidroximetiltransferasa

Benzaldehido Liasa

Aminotransferasa de o-aminoacidos
con cadenas ramificadas
Aspartato transaminasa

Transaminasa 39

Al-piperidina-2-carboxilato/Al-
pirrolina-2-carboxilato reductasa

Cetopantoato reductasa

Glucosa deshidrogenasa

de 2-oxoacidos a formaldehido.

Sistemas multienzimaticos aldolasa-
deshidrogenasa.

-Enzima auxiliar utilizada en sistemas
enzimaticos donde participan transaminasas.
-Transaminasa utilizada en la sintesis de y-
hidroxi-a-aminoacidos.

-Enzima auxiliar en la reaccién con BCAT.
-Transaminasa empleada en la sintesis de y-
hidroxi-a-aminoacidos

-Deshidrogenasa utilizada en los sistemas
multienzimaticos combinada con aldolasas.
Sintesis de derivados quirales de 2-hidroxi-4-
butirolactonas.

-Deshidrogenasa utilizada en los sistemas
multienzimaticos combinada con aldolasas.
Sintesis de derivados quirales de 2-hidroxi-4-
butirolactonas.

-Enzima auxiliar utilizada en la regeneracion
NADPH.
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Discusion de resultados.

Los genes de las enzimas utilizadas en este trabajo fueron aislados a partir de genomas
bacterianos de E. coli o Pseudomonas syringae (catdlogo de microorganismos del
Instituto Leibniz-DSMZ) y ADN sintético (servicio de sintesis de genes de la compafia
GenScript®) (Figura 4.1).

Ncol

ilvE

BCAT (His)g
— RO Bl TN = C>—co;
—
ilvE
AspTA (His)g
O . MR\ . |paEso-aspc] — "HN—€ - -Co,
aspC
E. coli. ADN genémico.
(His)g KPR
SRON — N died
L —
panE
DpkA (His)g
- —> *H;N—C m—CD—COoy
C ) STV —~ | pQE60-dpkA 3 2
dpkA
Pseudomona syringae van Hall 1902
(DSM No: 50315). ADN genémico.
nahE
nahE - Kpnl (His)g HBPA
o HN—CD— —Co;

PQE40-nahE

ADN sintético (servicio de sintesis de genes
de la compaiia GenScript®)

Figura 4.1. Representacion esquematica de las estrategias de clonacién para la BCAT, AspTA,
KPR, DpkA y HBPA. Los genes de las diferentes enzimas fueron aislados de varias fuentes: ADN
gendmico de E. coli (genes ilvE, aspC y panE), ADN gendémico de Pseudomonas syringae (gen
dpkA) y ADN sintético (gen nahE).

Las enzimas: BAL, YfaU y KPHMT fueron clonadas en trabajos anteriores en nuestro
grupo de investigacion (Figura 4.2)%*%* no obstante, seran utilizadas en esta Tesis. Por
otra parte, la transaminasa (T39) y la glucosa deshidrogenasa (GDH) fueron obtenidas en

colaboracion con la compafiia Prozomix® como “cell free extract”.
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BAL (His)g

S —CO,
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MBP Yfau

s—Cco,

" Hindill

Ncol

panB
3 KPHMT (His)g

m—C—Coy

BT Ball __, *HN—¢

Figura 4.2. Representacion esquematica de las estrategias de clonacién para la BAL, YfaU y
KPHMT. La YfaU fue expresada como proteina de fusién junto a la MBP (proteina de unién a
maltosa) con el objetivo de disminuir la formacion de cuerpos de inclusion.

A todas las enzimas se les afiadié una secuencia de 6 histidina (His)s en el extremo N o
C terminal (Figuras 4.1y 4.2) con el objetivo de facilitar su aislamiento y purificacion
utilizando una cromatografia de afinidad con metal inmovilizado (resina Ni Sepharose®
TM High Performance). En cada caso, el proceso de purificaciéon se analiz6 por SDS-
PAGE (Figura 4.3).
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Figura 4.3. Andlisis por SDS-PAGE de las etapas de purificacion de las enzimas utilizadas en
este trabajo. A. HBPA (38 kDa) nativa, B. HBPA H205A (38 kDa), C. MBP-YfaU (72 kDa), D.
DpkA (36 kDa), E. BAL (60 kDa), F. BCAT (35 kDa), G. AspTA (45 kDa) y H. KPR (34 kDa).
1-pellet después de la lisis, 2-sobrenadante despueés de la lisis, 3- proteinas no unidas a la resina,
4- lavado y 5- proteina eluida. MPM, mercador de peso molecular.
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Estudio de las potencialidades sintéticas de la HBPA como biocatalizador en la
adicion aldodlica estereoselectiva de piruvato a aldehidos alifaticos y la condensacion

alddlica entre piruvato y aldehidos aromaticos.

Para determinar las potencialidades sintéticas de la HBPA se evaluo a escala analitica la
reaccion de adicion y condensacion alddlica de piruvato de sodio a diferentes electréfilos
(p. €j. aldehidos alifaticos y aromaticos respectivamente) catalizadas por la enzima
(Figura 4.4A y 4.4B).

A

o o HBPA OH O
\ ﬁa .
+
R1) )’LCOZNa 3 Ry CO,Na
1cap.3.1 2 A 3 cap. 3.1

_ MeO__ %~ . - -
Ry HOL% BnO_% BnS_ % MeO_ % PhO. % Phoi& \f?z E0,C% Pro,C%E BUO,CE Ol
a b c d e f g OMe h i i k

§ N H N N N
Ph & Bno” % PheAc” V"% PheAc” \;?f cby N~ Cbz” \;{ Boc” VN TeT

| m n o P q r s

HBPA

0. % o
Ar1) * COzNa Z?i_g%"An/\)kCOZNa

1 cap. 3.3 2 - 3 cap 3.3
Are whv oy v e v . o
NO, F cl Br I F F F c [ \};
e
a b c d e f g h i

o al s g,
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N
NO Cl ¢l H

j 2 0N I m n

Figura 4.4. Esquemas de reacciones enzimaticas catalizadas por la HBPA estudiadas en esta
Tesis. A. Reaccidn de adicion aldolica de piruvato a aldehidos alifaticos generando 4-hidroxi-2-
oxoacidos. B. Reaccion de condensacién aldolica de piruvato a aldehidos aromaticos
obteniéndose 2-oxoacido-a,B-insaturados.

El objetivo fue seleccionar aquellos sustratos con los mejores porcentajes de conversion
aldolica a las 24 h, y seleccionar electrofilos adecuados para escalar las reacciones y
caracterizar los 4-hidroxi-2-oxoacidos y 2-oxoacido-o,B-insaturados, asi como, evaluar la
tolerancia de la HBPA para el electréfilo. Disponer de electrofilos adecuados para la
HBPA, y caracterizar estructuralmente sus productos aldélicos, fue importante debido a
que estos constituyen productos intermedios en reacciones enzimaticas acopladas con

transaminasas (capitulo 3.1) y dxido-reductasas (capitulos 3.2 y 3.3) (Figura 4.5).
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Figura 4.5. Estrategias de sintesis multienzimaticas planteadas en esta Tesis utilizando la HBPA
como primera enzima. A. Sintesis enantioselectiva de 4-hidroxi-a-aminoécidos (capitulo 3.1) y
2,4-dihidroxiécidos (capitulo 3.2). B. Sintesis enantioselectiva de 2-hidroxiacidos -a.f-
insaturados (capitulo 3.3).

Los aldehidos 1c, d-f, i, j, m, n-s (capitulo 3.1, Figura 4.4A) no estan disponibles
comercialmente, por tanto, fueron sintetizados en nuestro laboratorio (Figura 4.6). Una
de las estrategias sintéticas seguidas fue la oxidacion del alcohol correspondiente
utilizando acido 2-yodobenzoico (IBX) (oxidacion directa del alcohol, 1c, 1le y 1m
mientras que en otros casos fueron necesarios etapas anteriores de proteccion y reduccion,
1f, 10, 1p, 1q y 1r). Los aldehidos 1d, 1n y 1s fueron sintetizados a partir del acetal, por
desproteccidn del grupo carbonilo en medio acido. Debido al caracter hidréfilo de 1d no
pudo ser aislado del medio acuosos, por lo que se utiliz6 en solucién acuosa después de
neutralizar el H2SO4 con CaCOz y eliminar las sales precipitadas por filtracion. Los
aldehidos 1i, j se sintetizaron por ruptura oxidativa de dioles con acido orto-peryddico a

partir de los ésteres correspondientes del acido L-tartarico (Figura 4.6).
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Figura 4.6. Estrategias de sintesis de aldehidos 1c, d-f, i, j, m, n-s (capitulo 3.1). ®Rendimiento
de producto aislado. P 1d no fue aislado y la concentracion fue estimada por HPLC utilizando
propionaldehido como patrén.

Las conversiones de las adiciones alddlicas de piruvato a los a aldehidos (1a-s, cap. 3.1)
catalizado por la HBPA se reportan en la Tabla 4.2. Las reacciones se siguieron por

HPLC.
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Tabla 4.2. Reaccion de adicion aldodlica de piruvato (2) a diferentes aldehidos (1)

catalizado por la HBPA nativa y la variante H205A (Capitulo 3.1).

(P )(i HBPA OH O
. *
R1) CO,Na ﬁ%‘rﬁ?‘* R1M002Na
1 cap. 3.1 2 3 cap. 3.1

. MeO %~ . . .
Ryt HO_% BnO_ % BnS_ % MeO_ % PhO_ % Pho7<‘¢ Y E0,0% P00 Bu,cTE Oy
a b c d e f g OMe i i k

H H

H H H
- _ - H P P N %
Phil% Bno %  ppeac % PheAC/N\g}a L e Cbz/N\g}z Boe N 157 NNH

| m n o - p q - r s

Aldehido Producto alddlico Variante HBPA Conversion? (%
la 3a nativa 90
1b 3b nativa 69
1c 3c nativa/H205A 36/75
1d 3d nativa 75
le 3e nativa 80
1f 3f nativa/H205A 63/75
19 39 nativa 87
1h 3h nativa 84
1i 3i nativa 95
1j 3j nativa 95
1k 3k nativa/H205A 17/75
1l 3l nativa 90
Im 3m nativa/H205A 48/50
1n 3n nativa 80
1o 30 nativa/H205A 63/75
1p 3p nativa/H205A NP
1q 3q nativa/H205A NP
1r 3r nativa/H205A NP
1s 3s nativa/H205A NP

aConversion de la reaccion (24h) como porcentaje de formacion de 3 determinado por HPLC. NP:
Producto no detectado.

En estos experimentos se consiguieron conversiones de adicion aldélica del 63 al 95%
para la mayoria de los aldehidos, lo que evidencia la promiscuidad de la enzima hacia el
sustrato electrofilo en la reaccion. En el caso de los aminoaldehidos (1n-s) la seleccién
del grupo protector fue clave para obtener altas conversiones en la reaccién catalizada por
la enzima. Los aldehidos con los grupos protectores de la funcion amino Cbz (1p y 1q),
Boc (1r) y Ts (1s), no fueron sustratos de la enzima, mientras que con el grupo protector
fenilacetil (PheAc, 1ny 10) se alcanzaron conversiones de reaccién de alrededor del 80%

después de 24h.

Por otra parte, se observaron bajas conversiones para los aldehidos 1c (36%) y 1k (17%)
(Tabla 4.2). Con el objetivo de mejorar estos resultados se realiz6 un analisis de mutantes

disponibles en el laboratorio, encontrandose que la variante H205A incremento6 la
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conversion de la reaccion aldélica para los aldehidos 1c (75%) y 1k (75%). Durante la
realizacion de esta Tesis, se publico la estructura cuaternaria de la enzima HBPA (PDB:
6DAO0)° lo que permitié realizar una interpretacion estructural de estos resultados. El
centro activo de la HBPA se encuentra formando una cavidad profunda y angosta, donde
el grupo e-amino de la Lys183 catalitica esta a unos 11 A de la superficie, con varios
residuos aromaticos (H205, W224, F269 y F277) flanqueando la entrada y residuos
predominantemente polares (G64, T65, G67, Y155, N157 y N281) al final de la cavidad,

cerca de la Lys catalitica (Figura 4.7).

Figura 4.7. Estructura del centro activo del HBPA A. muestra el residuo de Lys (K183) esencial
para la catalisis, y los residuos que conforman la cavidad, y B. Superficie de potencial
electrostatico de la enzima. Se observa la cavidad en forma de tanel que delimita el centro activo
y molécula de agua en su interior.

El anélisis de los modelos moleculares de los complejos de HBPA (piruvato formando la
enamina con la K183) y los aldehidos 1c y 1o del cap. 3.1, realizados por el Dr. Jordi
Bujons, sugieren que la sustitucion de la His 205 por una Ala genera mas espacio en el
centro activo de la enzima, lo que minimiza el impedimento estérico que presentan 1c y
1k (Figura 4.8).
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Figura 4.8. Modelos de los complejos pre-reactivos de la HBPA nativa (A y C) y la variante
H205A (B y D) con la enamina piruvato (en amarillo) y el aldehido 1o (en verde). La Ala 205
aparece resaltado en naranja. Las interacciones se muestran con lineas discontinuas: puentes de
hidrogeno en amarillo, interacciones - en magenta y t-cation en verde oscuro. La comparacion
de la superficie de los centros activos de ambas proteinas (C y D) revela que la variante H205A
genera una cavidad expandida cerca del residuo A205.

Por otra parte, un andlisis de la estructura del HBPA muestra que los grupos carboxilos
del Glu206, Asp207, Asp208 y Asp265 estan a menos de 5 A de los 4tomos & y &-N del
grupo imidazol de la His205, estabilizando su estado protonado (Figura 4.9). Esta carga
positiva también estd estabilizada por una interaccion m-cation con el grupo indol del
residuo Trp224. La eliminacion de este imidazol protonado, que se encuentra a ~8 A del
grupo g-amino de la Lys183 esencial modifica el entorno electrostatico del centro activo,
lo que también podria contribuir a la mayor eficacia de la catélisis enzimética hacia estos
aldehidos.
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Figura 4.9. Esquema que muestra las interacciones establecidas por el grupo imidazol del residuo
H205 de la HBPA. Se indican las distancias (lineas discontinuas) a los residuos cercanos.

Una vez determinado el espectro de sustratos que puede aceptar la HBPA, se pasoé a la
sintesis y purificacion de los productos de adicion alddlica para su caracterizacion
estructural. En esta etapa nos encontramos que los aldoles forman mezclas complejas de
analizar en medio é&cido (Figura 4.10), por lo que fue necesario realizar una
descarboxilacion oxidativa transformandolos en 3-hidroxidcidos que pudieron ser

aislados como ésteres (Figura 4.11).

OH O e OH O 0 R1\(j(o R1\(—O—To
- > + + + _
R1M002Na R1/UJ\COZH R1/\)J\COZH S o

3 cap. 3.1

Figura 4.10. Al exponer a medio acido los aldoles 3 pueden darse reacciones de deshidratacion,
lactonizacion y enolizacién que dificultan el aislamiento y purificacion del producto de interés.
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Figura 4.11. Estrategia de sintesis de los 3-hidroxiésteres 4 del capitulo 3.1. A. Adicion alddlica
HBPA nativa o variante H205A. B. i) H20; ii) Catalasa. C. Esterificacion: i) Bromuro de
bencilo/CsCl (0.1 eq) / DMF r.t 12h. ii) 2-bromometilnaftaleno/CsCl (0.1 eq)/DMF r.t 12h iii)
2,4-dibromoacetofenona/ DMF r.t 12h. Conversion de la reaccion alddlica determinada por
HPLC. "Rendimiento de producto aislado después de 3 etapas de reaccion. Las mezclas racémicas
se sintetizaron siguiendo el mismo procedimiento, pero, utilizando YfaU como biocatalizador. La
estereoquimica de los aldoles 3c, 3k, 3n y 30 se describirdn mas adelante (pag. 113).

La HBPA en reacciones alddlicas de piruvato 2 a los electrofilos 1a, 1f-h del cap. 3.1
mostré una buena enantioselectividad (90%-95% ee), mientras que, para 1b, le y 1i-j
(cap.3.1) se alcanzaron niveles moderados (80-88% ee). Estos resultados demuestran el
buen desempefio estereoquimico del biocatalizador puesto que por lo general las piruvato
aldolasas muestran un perfil poco estereoselectivo hacia los electréfilos de bajo peso
molecular.® Ademas de ser el primer reporte de una reaccion alddlica estereoselectiva
catalizada por la HBPA. Sin embargo, se alcanzaron bajos niveles de enantioselectividad
con el metoxiacetaldehido (1d cap. 3.1) y 3-(benciloxi)propanal (1m cap. 3.1) (43 y 18%
ee, respectivamente) mientras que se obtuvo una mezcla racémica usando
fenilacetaldehido (11 cap. 3.1). Esto evidencia que la estereoselectividad de la enzima

depende de la naturaleza del electrofilo.

Para conocer la estereoquimica absoluta que produce la HBPA, se generaron cristales de
los compuestos 4e, 4f y 4i (cap. 3.1). Estos cristales fueron analizados con difraccion de
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rayos X, en colaboracion con el Dr. Michael Bolte del Instituto de Quimica Inorganica,
Universidad J.-W.-Goethe, Frankfurt/Main, Alemania. Los analisis, indicaron que HBPA
genera aductos alddlicos con configuracion R como productos mayoritarios (Figura
4.12). Esto concuerda con los resultados estereoquimico reportado de las reacciones entre
fluoro piruvato y aldehidos (hetero)aromaticos,” asi como, la reaccion entre el p-

nitroestireno y piruvato catalizado por la misma enzima.®

Figura 4.12. Estructuras de rayos X de (R)-6e, (R)-6f y (R)-6i. Grafico de tipo ORTEP que
muestra una molécula con elipsoides de probabilidad del 50%. Los datos pueden obtenerse
gratuitamente  en:  Cambridge  Crystallographic Data Centre a través de
www.ccdc.cam.ac.uk/data_request/cif

De analisis de los modelos moleculares de la HBPA con (i) la enamina de piruvato en el
centro activo y las moléculas de electréfilo (Figuras S88-S93, cap. 3.1) y (ii) las iminas
derivadas de los aductos alddlicos (Figuras S94-S99 cap. 3.1) no se aprecia restriccién
estérica entre la aproximacion esterofacial “re- o si”” del electrofilo a la enamina. Por lo
tanto, no esta claro por qué hay una preferencia por la aproximacion a la “re”, que genera
los aductos con configuracion R. Esta preferencia de la enzima se ha reportado en estudios

previos sin que quede clara las razones por la cual ocurre.”®
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Seguidamente se analizé la promiscuidad de la HBPA hacia electrofilos aromaticos. Para
ello se realizaron reacciones de condensacion alddlica entre piruvato y aldehidos
aromaticos (Figura 4.13) los aldehidos evaluados fueron buenos sustratos para la enzima
utilizando 1 eq de 2, con conversiones entre un 50 y 95%. Utilizando un exceso de
piruvato (3 eq) se logré alcanzar conversiones superiores al 95% debido a que se desplazé
el equilibrio de la reaccién hacia la formacion de producto (Figura 4.13). Coincidiendo
con trabajos previos, sélo se detectd producto de condensacion alddlica, en la reaccion
entre el piruvato y aldehidos aromaticos catalizada por la HBPA.® La formacion del
producto deshidratado estd mediada por la enzima puesto que se han descrito reacciones
de adicion alddlica de piruvato a aldehidos aromaticos catalizado por piruvato aldolasas
donde se obtiene el producto de adicion alddlica.l® Ademas, en nuestro grupo de
investigacion hemos visto que la reaccion de adicién aldolica de 2 a 1a catalizad por la

YfaU produce exclusivamente el aldol correspondiente (resultados no mostrados).
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Figura 4.13. Reaccién de condensacion aldolica entre piruvato y aldehidos aromaticos
catalizadas por la HBPA. 2Conversion de la reaccion (1 eq de 2) como porcentaje de formacion
de 3 (24h) determinado por HPLC. Conversion de la reaccion (3 eq de 2) como porcentaje de
formacidn de 3 (24h) determinado por HPLC °Rendimiento de producto aislado. Los productos
1j y 1k no fueron aislados.

En esta primera etapa se evaluo las habilidades sintéticas de la HBPA nativa y su variante
H205A, caracterizando los productos de adicidon y condensacion alddlicas generado por

este biocatalizador. Estos compuestos fueron sustratos de otras enzimas en reacciones
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enzimaticas secuenciales donde se generd y-hidroxi-a-aminoacidos (cap. 3.1) y derivados

del &cido (S,E)-2-hidroxi-4-arilbut-3-enoico respectivamente (cap. 3.3).

Sintesis de derivados de y-hidroxi-a-aminoacidos (6, cap. 3.1) utilizando sistemas

enzimaticos formados por la HBPA y transaminasas estereoselectivas.

Iniciamos la basqueda y seleccién de transaminasas estereoselectivas capaces de
transformar los aductos aldolicos generados por la HBPA (3a-b, 3e, 3g-h cap. 3.1) a partir
de un panel de 194 transaminasas (T1- T194) proporcionado por Prozomix Ltd. Para el
andlisis de las transaminasas se selecciond dos dadores de grupos amino diferentes: L-Ala
(5 cap. 3.1) y bencilamina (7 cap. 3.1) (Figura 4.14A y 4.14B, respectivamente). Para
desplazar los equilibrios de reaccion en el caso de 5 se utilizd un exceso de este sustrato
(10 eq) Figura 4.14A, mientras que con 7 se utilizd una enzima auxiliar acoplada al
sistema, la benzaldehido liasa (BAL) que transforma el benzaldehido formado en (R)-
benzoina (9 cap. 3.1) que precipita en el medio de reaccion por su baja solubilidad en
agua (Figura 4.14B).

A Uso de L-Ala (5 cap 3.1) como donador de grupos aminos.

er 2do N
o Q HBPA OH O TAs OH NH
T A | C @,
R * CO, ‘Ah: R1AACO[ 47/,?‘7 : Rw/\/\CO{
1cap.3.1 2 \ 3cap 3.1 \ \0 6 cap 3.1

NH3*

1

10 eq o, CO,”

5cap.3.1 2

NH,

Reaccion no deseada TAs

o Precipitacién
, BAL Ph

9 cap 3.10H

NH,

CO,
5 cap. 3.1

Figura 4.14. Estrategia de busqueda y seleccion de transaminasas capaces de transformar los
aductos alddlicos generados por la HBPA (3a-b, 3e, 3g-h cap. 3.1). A. L-Ala 5 como dador de
grupo amino. B. Bencilamina 7 como dador de grupo amino.

En ambas estrategias, primero se llevé a cabo la adicion aldolica catalizada por la HBPA
y, una vez la formacion de 3 (cap. 3.1) alcanzdé un maximo de conversion, se puso en
marcha la reaccion de transaminacion afiadiendo a la mezcla alddlica L-Ala (5 cap. 3.1,

10 eq respecto a 3 (cap. 3.1) y la transaminasa (TA) a evaluar) o la bencilamina (7 cap.
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3.1, junto con la BAL vy la transaminasa (TA) a evaluar). En la primera estrategia las

reacciones se siguieron por HPLC, bien por consumo del area correspondiente al aducto

aldolico (3a, 3g y 3h cap. 3.1) o por formacion de producto aminado (6 cap. 3.1) cuando

3 presentaba motivos aromaticos (6b y 6e cap. 3.1). Por su parte, en la segunda estrategia

se hizo el seguimiento evaluando por HPLC la formacién de benzaldehido 8 (cap. 3.1)

y/o benzoina 9 (cap. 3.1). La figura 4.15 muestra un ejemplo de los resultados de la

primera estrategia de seleccion de transaminasas (T1-T50) utilizando el aldol 3a. Las

flechas verdes indican las enzimas capaces de disminuir el area del aducto aldolico o

aldehido remanente en la mezcla, indicando asi, una reaccion positiva. El analisis

completo se puede ver en las Figuras S8-S12 de la seccion de Materiales y Métodos del

capitulo 3.1.
L e 2R
0 s HO :
+
HO\) ACO2N8 “&i?g,;??-‘ CO,Na
1acap.3.1 2cap. 3.1 3a cap. 3.1
¥
HO ~ : 4&&_, z :
CO,Na + /\COZ' o Ho\/\/\COZNa
3a cap. 3.1 5 cap. 3.1 6a cap. 3.1
10 eq
o NH;* TAs
| + B N
Reaccién no deseada HOJ /\COZ' 45%—«'
g
1a cap. 3.1 5 cap. 3.1
Aldehido remanate de
' ' la adicién aldélica
A\l \
1- Sintesis del aldol 2- Reaccion de transaminacién

» _—
‘ ﬁ‘ Py
°

Analisis por HPLC

& 8

888

Concentracién /(mM)
3R
—
—

BB
s &

»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»

Transaminasas (Prozomix 1-50) I

B C(3a)mM ® C(1a)mM

HONhy* + )kcoz'

Figura 4.15. Andlisis de un panel de transaminasas de Prozomix (cap. 3.1), utilizando L-Ala (5)
como donante de grupo amino para obtener 6a. Condiciones: 3a (45 mM), 1a (5 mM, remanente
de la adicion aldélica), HBPA (0,5 mg mL™, presente en la adicién alddlica), L-Ala (500 mM),

T1-T50 (2 a 3 mg de sélido por reaccion).
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De las 50 enzimas evaluadas con la primera estrategia, se selecciond la transaminasa T39
como candidata para la reaccion de transaminacion de diferentes aldoles, en una cascada
enzimaética ciclica (Figura 4.16A). La principal caracteristica de este sistema es que
permitiria utilizar cantidades sub-estequiomeétricas de 2 al ser regenerado por la reaccion

de transaminacion.

o] +
Py OH NHq
COy A
j Q/ 2 R "co
6 cap.3.1
Ry .
1 cap.3.1 45 ?& HBPA Feal et +
’\ OH O K NHg
RW/\)kCOZ' ~co,
3 cap. 3.1 5 cap.3.1
o 100 mM OH KIH
B Py = 200
HOJ 2 97 1O co;
: 6a cap.3.1 Ba m3la
1a cap.3.1 P %‘! HBPA + 150
T NH;
200 mM - -
R~ >coy “coy; £ 10
3acap. 3.1 5 cap.3.1 ’g
l : 100 mM S g ,
0 CO,Na ol m | | l
L}{ 5 25 50 100
HO OH C(piruvato)/mM
c
100
.
OH NH; 80 "6 =3g
€Oy 60
OMe 6g cap.3.1 =
+ £
NH, £ 40
: &
/\COZ' o 0
5 cap.3.1 o
3g cap.3.1 100 mM 5 25 50 100

C(piruvato)/mM

Figura 4.16. Sintesis biocatalitica en cascada de derivados de y-hidroxi-a-aminoécidos (6, cap.
3.1) a partir de aldehidos (1, cap. 3.1), piruvato (2) y L-Ala (5 cap. 3.1). A. Representacion general
de la cascada enzimatica utilizada en la sintesis de y-hidroxi-a-aminoéacidos (6a, cap. 3.1). B.
Cascada enzimatica con glicolaldehido como sustrato. C. Cascada enzimatica con
dimetoxiacetaldehido como sustrato.

Utilizando glicolaldehido 1a (cap. 3.1) (200 mM) y el sistema enziméatico HBPA/T39, se
alcanzé la maxima formacion de 6a (47 mM, 47% de rendimiento) a una concentracion
de piruvato de 100 mM (Figura 4.16B). En estas condiciones, no se produjo un reciclado
de piruvato por lo que el sistema biocataitico no funciona como una cascada enzimatica

ciclica. Esto pudiera explicarse porque el aducto alddlico estd en equilibrio con el
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hemiacetal ciclico, lo que contribuye a disminuir la concentracion efectiva de la forma

abierta que es el sustrato de la T39, situacion que ha sido descrita anteriormente.?®

Sin embargo, con el sustrato 1g (cap. 3.1) a una concentracion de 100 mM se logré un
42% de conversion de producto aminado 6g (cap. 3.1) partiendo de 5mM de piruvato (2)
sugiriendo un reciclado del oxoéacido. Al aumentar la concentracion de 2 a 50 mM de
obtuvo un 55% de (6g) sin reciclaje de 2 y una concentracion de piruvato de100 mM
provoco un aumento de producto aldolico 3 (cap. 3.1), pero, la conversion de producto
aminado disminuyO probablemente por problemas de equilibrio en la reaccion de

transaminacion (Figura 4.16C).

Desafortunadamente, la estrategia sintética que emplea una cascada ciclica de reacciones
con reciclado de piruvato no produjo los derivados y-hidroxi-a-aminoacidos deseados con
todos los aldehidos probados, y solo se detectaron los aductos de aldol 3 del cap. 3.1
(Figura S20 cap. 3.1). La aldolasa y las transaminasas no mostraron suficiente actividad
hacia el aldehido y el aducto aldol, respectivamente, lo que dificultd la conversion rapida
tanto del piruvato inicial como del aducto aldol formado y comprometio la eficiencia del

proceso de reciclado y por ende la produccion del producto aminado.

Utilizando bencilamina como dador de grupo amino, se seleccionaron 27 enzimas
candidatas entre las 194 transaminasas que disponiamos (Figura 4.17, celdas de color
amarillo). Para minimizar el esfuerzo en el andlisis de la libreria de transaminasas se
siguio la reaccidn solo a través de la formacion de benzaldehido (8) y (R)-benzoina (9).
Este método presenta como inconveniente que en la mezcla de la reaccion de
transaminacion existen otros sustratos (1) y (2) que también pueden contribuir a su
formacion. Esto es potencialmente problemaético al tener HBPA en la mezcla puesto que
la enzima puede catalizar la retro-aldélisis de 3 favorecido por la irreversibilidad de la

reaccion de transaminacion en estas condiciones (Figura 4.17).
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Figura 4.17. Primera ronda de seleccion de las TAs de Prozomix (T1-T194) capaces de
transaminar los aductos aldélicos (6a-b, 6e, 6g-h cap. 3.1) utilizando bencilamina (7) como dador
de grupo amino. Los numeros dentro de las celdas representan el porcentaje de formacion de
benzaldehido/benzoina al cabo de 24 h determinado por HPLC. Condiciones: Reaccién aldolica:
1 (100 mM), 2 (100 mM) y HBPA (1 mg mL™); Reaccién de Transaminacion: 3 (~50 mM) y 7
(75 mM), BAL (10U) y TAs (2-3 mg de solido en reaccion). Con las transaminasas que no
aparecen en la tabla no se detect6 reaccion de transaminacion. Teniendo en cuenta las cantidades
iniciales de bencilamina y 3 en las mezclas de reaccion, se considerd que un porcentaje >67%
(celdas en rojo) procedia del consumo parcial de bencilamina debido a las reacciones de
transaminacion de aldehidos (1) y piruvato (2), que quedaban sin reaccionar de la reaccion de
adicién aldolica o se formaban por retro-aldolisis durante la reaccion de transaminacion. Las
transaminasas en amarillo son las que se seleccionaron como potenciales candidatas para estudiar
la transaminacion los aductos aldolicos.
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Teniendo en cuenta este inconveniente se realizé un segundo analisis de las reacciones de
transaminacion catalizadas por las 27 enzimas encontradas, pero ahora eliminado la
HBPA para evitar el efecto de retro-aldolisis. Bajo estas condiciones solamente la
transaminasa T39 fue capaz de convertir los aductos alddlicos (3a-b, 3e, 3g-h cap. 3.1)

en los productos aminados buscados (6a-b, 6e, 6g-h cap. 3.1) (Figura 4.18).
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Ry Co;y === R >"co o
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3z 121 | 723 | 124 | T26 | 731 | 133 | 139 | 747 | 193 |T169|T170|T172| 774 1177|1179 (1192|1193
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3b T22 | T26 | 131 | 139 | T47 | 781 |T166|T165|T174| 176 |T188|T189|T191 194
Result o oo [as|oflolololololo]laoalo]o
3e T26 | 731 | 139 | 747 | T81 |T130|T166|T165|T174|T176| T188 |T189 |T191
Result | 0 | o [088 0o [0 [o |o[o o o]o|o]a
N 124 | T26| 131 | 133 | 737 | 139 | 747 | 781 | ™93 |T166(T169|T174|T176|T188|T189|T191 1192 |T194
Result | 11 | 16 | 12 | 16 | & |JBal| 23 | 28 | 15 | 19 | 15 | 18 | 14 | 16 | 13 | 15 | 16 | 18
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Result - 45

Figura 4.18. Segunda ronda de seleccién de enzimas TAs de Prozomix (27 candidatas del analisis
anterior). Se muestra la conversion de la reaccion teniendo considerando el aducto aldolico
consumido (3, cap. 3.1), el producto transaminado formado (6, cap. 3.1) y la (R)-benzoina
formada (9, cap. 3.1).

Adicionalmente al estudio del panel de transaminasas de Prozomix se trabajé con la
aminotransferasa de a-aminoécidos de cadena ramificada (BCAT) de E. coli puesto que
los productos formados (6, cap. 3.1) son derivados de a-aminoacido. Esta enzima utiliza
L-Glu (10, cap. 3.1) como dador de grupo amino (Figura 4.19). En la reaccion se genera
2-oxoglutarato (11, cap. 3.1), que es inhibidor de la enzima.!! Por lo tanto, es necesario

utilizar cantidades sub-estequiométricas de 10 y un sistema de regeneracién utilizando la
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aspartato aminotransferasa (AspTA) de E. coli. Esta segunda enzima utiliza L-Asp (12
cap. 3.1) como sustrato dador de grupo amino, generando oxaloacetato (13 cap. 3.1), el
cual se descarboxila espontdneamente contribuyendo a desplazar el equilibrio de la

reaccion!? de transaminacion hacia la formacion del y-hidroxi-a-aminoéacidos (6 cap. 3.1).

1er 2do
? o HBPA OH O BCAT OH NHg*
R1) + ).LC027 ﬁ%%—_bR1/\)kCO2, i\(’a‘ R1/\/\CO
1cap.3.1 2 3 cap 3.1 . \ 6 cap 3.1
NH3 o
-0,67 " co, 0,C CO,
10, cap.3.1 11, cap.3.1
)Ok 0052 o AspAT NH;*
- | -0,C 5 “0,C.__~
2 C02 ? \)1\0027 'ii,%“:/.'v‘.f::- 2 \/\0027
13, cap.3.1 12, cap.3.1

Figura 4.19. Sintesis estereoselectiva en dos pasos de y-hidroxi-a-aminoacidos (6) del cap. 3.1,
utilizando L-Glu (10) como dador de grupo amino. El 2-oxoglutarato (11) formado fue
transaminado a L-Glu por la AspTA usando L-Asp (12) como segundo dador de grupo amino. El
oxaloacetato (13) formado se descompone en CO; y piruvato desplazando el equilibrio de la
transaminacion hacia el y-hidroxi-a-aminoacidos.

Es importante mencionar que a pesar de que se libera piruvato debido a la
descarboxilacién de 13, los intentos de llevar a cabo la reaccion con reciclaje de piruvato
en un sistema enzimatico en cascada ciclica fueron infructuosos. No se logr6 obtener los
correspondientes y-hidroxi-a-aminoécidos (6, cap. 3.1) dandose una disminucion del
aldehido (1, cap. 3.1) acumulacion del aldol (3, cap. 3.1) pero sin la formacion del
producto aminado (6, cap. 3.1), (Figura S25 materiales y métodos cap. 3.1) Sin embargo,
cuando se utilizo el sistema enzimatico HBPA/BCAT/AspTA en una secuencia de dos
etapas enzimaticas se logro la transaminacion de la mayoria de los aldoles estudiados.
Este sistema permitio transaminar el aldol 3k (cap.3.1) que no fue sustrato para la T39.
Sin embargo, el aducto alddlico 3n (cap.3.1) no fue transaminado por el sistema
BCAT/AspTA vy si por la T39 por lo que ambas estrategias de transaminacion son

complementarias.

La sintesis de los y-hidroxi-a-aminoécidos 6 del cap. 3.1, se llevé a cabo con el mejor
sistema de enzimatico encontrado (HBPA/T039 o HBPA/BCAT/AspTA) para cada
sustrato. Para el aislamiento y purificaciéon de los productos se escogié como estrategia
proteger el grupo amino con el grupo Cbz vy posteriormente lactonizar

intramolecularmente el y-hidroxi-a-aminoacido N-protegido utilizando la esterificacion
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de Steglich (Figura 4.20A).1? El y-hidroxi-o-aminoécido 6g (cap. 3.1) se utilizd para

optimizar las condiciones de lactonizacion intramolecular (Figura 4.20B).

A
. Cbz Ri._o
QH ';‘Hs CbzOSu OH HN” Lactonizacion o
R "CONa  2-MeTHF/NaHCOg(sat) (1:1, v) R~ g,
rt12h NHCbz
6 cap. 3.1 14 cap. 3.1
oM
8 OH NH3" o , °
MeO. : Lactonizacion MeO™ “ O
YT coNa T Rﬁo
OMe
NHCbz
6g cap. 3.1 149 cap. 3.1
Procedimiento 1: EDAC (1,5eq), DMAP (0,03 eq), DMF 60 mL 4°C a r.t 16h
Procedimiento 2: EDAC (1,5eq), HOBt, (1,5 eq), DMF 60 mL 4°C ar.t 16h
Procedimiento 3: EDAC (1,5eq), HOBt, (1,5 eq), Et3N (2,0 eq), CH,Cl, 60 mL 4°C ar.t 16h
Procedimiento  Conversion Conversion Rendimiento  [a]¢
Alddlica/(%)?® Transaminacion/(%)° (%0)°

1 80 98 27 -20
2 86 90 35 -21
3 87 94 52 - 20

a Conversion reaccion alddlica (24 h) determinada por HPLC (3g cap. 3.1). °
Conversion reaccion de transaminacion (24 h) determinada por HPLC (69 cap. 3.1).
°Rendimiento de producto aislado (14g cap. 3.1). %c=1 in CHCls.

Figura 4.20. Los y-hidroxi-a-aminoacidos fueron aislados y purificados como lactonas N-
protegidas (14 cap 3.1). A. Estrategia general seguida en la sintesis de lactonas derivadas de y-
hidroxi-a-aminodcido. B. Efecto de las condiciones de lactonizacion intramolecular sobre el
rendimiento de producto aislado y la estereoquimica del producto final. Se utiliz6 a 6g (cap. 3.1)
para estudiar diferentes condiciones de reaccion.

Para el procedimiento 1, se utiliz6 como base la 4-dimetilaminiopiridina (DMAP) en
cantidades cataliticas para acelerar la esterificacion intramolecular tratando de disminuir
la reorganizacion de la O-acilisourea intermediaria hacia la N-acilurea, sin embargo, el
rendimiento del producto aislado fue del 27% (Figura 4.20B). Para mejorar el
rendimiento en la reaccion de lactonizacion se ensayaron otras condiciones donde se
incluyd hidroxibenzotriazol (HOBLt) y un exceso de base (EtsN) lograndose mejorar los
rendimientos de la lactona aislada hasta un 52% (Figura 4.20B, procedimiento 3). A
pesar del riesgo de racemizacion que supone el uso de bases en las reacciones de o-

aminoacidos con carbodiimidas?®, no se observo variaciones en la rotacion Gptica de las
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lactonas en las condiciones de reaccion ensayadas (Figura 4.20B) por lo que se asumid
que no se afectaba la integridad del centro estereogénico originado durante la reaccion de

transaminacion.

Utilizando el procedimiento 3 se sintetizaron los correspondientes derivados de y-
butirolactonas (14, cap. 3.1 Figura 4.21). La configuracion 2S,4R esperada se confirmo
mediante el analisis por RMN, aprovechando la estructura ciclica de los productos 14
(cap.3.1) y la esteroquimica del centro quiral originando en la reaccion aldolica que se
habia determinado previamente. Las excepciones fueron los productos 6n 'y 60 (cap. 3.1),
en estos casos la reaccion de adicion alddlica no fue estereoselectiva originandose una

mezcla de diastereoisomeros (5R/S)-14n y (5R/S)-140, respectivamente como productos

finales.
TA039/BAL o o
+ A = s - : i z-OSu
. 4@&’ ¢ AN et (S) Cb
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H H H H
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Meg
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MeO (_T/ (_T/ N o H (s) o
(S) (S)
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H H N N
H H
3g 87%* 3i 95%2 3n 80%° 30 75%2
69 80%P; 69%° 6i 85%P; 65%° 6n 61%° 60 50%°
14g 52%%° 14i 34%%° (5R/S)-14n 25%9f (5R/S)-140 20%99

Figura 4.21. Sintesis de las y-butirolactonas (14, cap. 3.1) derivadas de y-hidroxi-a-aminoacidos.
aConversion reaccion aldélica (24 h) determinada por HPLC. "Conversién de la reaccion de
transaminacion (24 h) determinada por HPLC. SistemaT039/BAL. °Conversién de la reaccion de
transaminacion (24 h) determinada por HPLC. Sistema BCAT/AspTA. ‘Rendimiento de producto
aislado. edr >95:5 determinado por RMN. fdr 50:50 determinado por RMN; 9dr 60:40 (S:R)
determinado por RMN.

La configuracion del centro estereogénico de los productos aldélicos 3c, 3n-o, cap. 3.1 se
determind a partir de las estereoquimicas de las correspondientes lactonas finales
conociendo el comportamiento estereoquimicos de las reacciones de transaminacion
(Figura 3.4.20). La estereoquimica del producto aldolico 3k, cap. 3.1 se determind

también de manera indirecta, pero en este caso después de la reaccion de transaminacion
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se obtuvo el derivado de (2S,4R)-4-hydroxyproline 15k cap. 3.1, al darse una reaccién de
sustitucion nucleofilica intramolecular después de la incorporacion del grupo amino
(Figura 4.22).

HBPA

) o) oH o BCAT/ASpAT (\ y cbz
M+ N < X OH NH, N - N_ ..CO,Me
oI " Aoy e oA, S { o } . SJ»‘COz i) MeOH/SOCI, 3/7 2
s e

) Cl ~
3 N"co, ii) Cbz-OSu
HO HO

2 cap. 3.1 3k cap. 3.1
1k cap. 3.1 p p 6k cap. 3.1 15k cap. 3.1

81%° 51%b
dr: >95:5¢

Figura 4.22. Sintesis de (2S,4R)-4-hydroxyproline a partir del aldol 3k, cap.3.1.2Conversion de
la reaccion de transaminacion (24 h) determinada por HPLC. "Rendimiento de producto aislado.
°La caracterizacién estereoquimica de 15k, cap. 3.1 se realizd inequivocamente por HPLC con
fase estacionaria quiral utilizando los diasteredbmeros comercialmente disponibles de la
hidroxiprolina.

La ventaja de utilizar el grupo protector Cbz es que puede ser eliminado facilmente bajo
hidrogenacion catalitica. Asi, se obtuvo 16a (cap. 3.1) con un 59% de rendimiento de
producto aislado a partir de 14b, cap. 3.1 (Figura 4.23A). Por su parte, el grupo protector
PheAc de las lactonas (5R/S-14n y 140) se elimind mediante hidrdlisis enzimatica
catalizada por la penicilina G acilasa (PGA, EC 3.5.1.11, Roche diagnostics GmbH,
Mannheim, donada a nuestro grupo de investigacion por el Prof. Wolf-Dieter Fessner de
la Universidad de Darmstadt), obteniéndose los aminoacidos 18n, cap. 3.1y 180, cap. 3.1

con rendimientos de producto aislado de 60 y 81% respectivamente (Figura 4.23B).

A
0.
e o e
BnO (_Zé Hy PaiC o o}
MeOH/HCI
NHCbz NH3* CI
14b cap. 3.1 14a 59%?

M. o o
) o
PhO Ha, PdIC Ph0>/

MeOH/HCI
NHCbz ¢ NHa* CI

14f cap. 3.1 16f, 49%2
B PGA

PhAC. o 0
u/\( 0 HyPAC Phac— " O
\ _Hy,PdiC_ N

o]

i) R
i) HoN

NH,

H = b :
i) CEC’ N
N iHCbz MeOH/HCI NHy* Gl ) HO  NH,

(5RIS)14n cap. 3.1 (5R/S)-17n, 91%3 (4R/S)-18n, 60%2
PGA

[ :
PhAc. /ko le) Py R -
#On0
N 0 HpPdC  Phac—y I) ,'fb H2N/W002
MeOH/HCI H ii) CEC

NHCbz NHs* CI" HO  NH3"
(5R!S)-140 cap. 3.1 (5R/S)-170, >99%* (4RIS)-180, 81%*

Figura 4.23. Eliminacion de los grupos protectores de aminos de las y-butirolactonas 14, cap. 3.1.
A. Hidrogenacion catalitica. B. Desproteccion quimio-enzimatica: hidrogenacion catalitica e
hidrdlisis enzimatica catalizada por la PGA. Rendimiento de producto aislado. °Cromatografia
de intercambio catiénico (CEC). Macro-Prep ® High S Media (BioRad), condiciones de elusion:
NH4OH (1M).
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Estudios de sistemas multienzimaticos aldolasa-deshidogenasa.

La DpkA de Pseudomonas syringae pv. Tomato DSM 50315 se describié como una imino
reductasa que cataliza la reduccion de iminas ciclicas como el Al-Piperideine-2-
carboxilato y el Al-pirroline-2-carboxilato formando L-pipecolato y L-prolina,
respectivamente (Figura 4.24A).2 Sin embargo, en nuestro laboratorio nos percatamos
que esta enzima era capaz de reducir grupos carbonilos de 2-oxoacidos como el piruvato.
Por lo que decidimos estudiar esta actividad promiscua de la enzima y aplicarla en sintesis

orgénica (Figura 4.24B).

NADPH NADP* NADPH NADP*
A O W WA«
N“>CoH N" TCO-H coy T Hn ~coy
acido L-pipecdlico
Este trabajo
NADPH +
DpkA NADP NADPH NADP*
Ccom /. O g " loma /" o
N© ~COH N~ TCOzH ) : )
N ; N co, OA COo,

L-prolina

Figura 4.24. Reacciones enzimaticas catalizadas por la DpkA. A. Actividad natural de la enzima
como imino-reductasa. B. Actividad promiscua como ceto-reductasa sobre la que se centrara este
trabajo.

Otra de las deshidrogenasas estudiada en esta Tesis es la 2-dehidropantoate 2-reductasa
de E coli. (KPR). Esta enzima cataliza la reduccion estereoselectiva del cetopantoato (4-
hidroxi-3,3-dimetil-2-oxobutanoato) para formar (R)-pantoato ((R)-2,4-dihidroxi-3,3-
dimetilbutanoato) (Figura 4.25A). La elevada estereoselectividad del biocatalizador en
su reaccion natural y el hecho de no existir ningun reporte sobre su aplicacion en
biocatalisis no hizo plantearnos la tarea de estudiar sus potenciales aplicaciones en

sintesis organica (Figura 4.25B).

A B Este trabajo

NADPH  NADP* NADPH  NADP*

i \ KPR / o 2 \ KPR ) oH
HO%COZ' HO/><kC02- Hoaﬁéicoz' HO%E COz

Figura 4.25. Reacciones enzimaticas catalizadas por la KPR. A. Actividad natural de la enzima
con el cetopantoato. B. Actividad promiscua sobre analogos del sustrato natural sobre la que se
centrara este trabajo.
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En una estrategia biocatalitica de dos reacciones enzimaticas consecutivas se evaluo la
reduccion catalizada por la DpkA de los aductos alddlicos generados por la adicion
aldolica de piruvato a aldehidos aliféticos catalizados por HBPA (se escogieron las
reacciones con mejores ee). Los 2-hidroxiéacidos (7 del cap. 3.2) sintetizados se aislaron
como lactonas al sufrir una esterificacion intramolecular en las condiciones acidas
generadas durante la purificacion. Los derivados de 2-hidroxi-4-butirolactonas (8 del cap.
3.2) se obtuvieron con rendimientos de productos aislados entre 27 y 34% y relacion
diastereoméricos desde 87:13 hasta 98:2 (Figura 4.26). Los aldoles generados por la
HBPA fueron ensayados como sustratos de la KPR, pero no se detecto la formacion del

producto reducido.

o o HBPA OH © DpkA OH OH o\v\i\?ﬁuw
s P G RwA)kCOZ, Ry >"co, Lactonizacion

: 5
NADPHW NADP+ 4 as HO g cap.3.2

éDH B-D-Glucosa

1cap. 3.2 6 cap.3.2

D-Glucurono-1,5-lactona

1a 1b 1c 1d 1e 1f 19
cap.3.2 cap.3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2
OMe

o Our o OUr o OUR o) OrR o) OR, fo) OUr,

ﬁy\OH OMe wa 0Bn SBn oPh
HO:’(s) HO:’(S) HO\J H OC (S) HO (S) H OC (S)

25,4R-8b 2S,4R-8¢c 2S,4R-8d 25,4R-8e 2S,4R-8f 25,4R-8g

90%*, >95%" 87%2, >95%" 75%2, >95%° 69%2, >95% 66%2, >95%" 63%2, >95%P

27%° 30%° 30%° 30%° 38%° 34%¢

ee: 94%4 ee: 92%¢ ee: n.dd ee: 88%° ee: nd%*? ee: 90%¢

dr: 98:2° dr: 98:2° dr: 94:6° dr: 87:13° dr: 89:11° dr: 92:8¢

Figura 4.26. Sintesis biocatalitica multienzimatica de derivados de 2-hidroxi-4-butirolactonas 8
(cap. 3.2), catalizados por la HBPA 'y la deshidrogenasa DpkA. 2Conversion reaccion aldélica (24
h) determinada por HPLC. PConversion reaccion de reduccion (24 h) determinada por HPLC.
°Rendimientos de producto aislados. “Exceso enantiomérico de la reaccion aldélica determinado
anteriormente por HPLC en fase estacionaria quiral. ®Relacion diastereomérica determinada por
RMN.

Asi mismo, la deshidrogenasa DpkA fue capaz de aceptar como sustratos los derivados
del acido (E)-2-oxo-4-arilbut-3-enoico, producto de las condensaciones alddlicas entre
piruvato y aldehidos aromaticos catalizado por la HBPA (Figura 4.27). Sin embargo, los
aldehidos (1n-p, cap. 3.3) no fueron transformados por el sistema HBPA/DpkA
probablemente debido a que estos aldehidos aromaéticos son malos sustratos para la
aldolasa y la DpkA reduce irreversiblemente al piruvato antes de que este pueda participar

en la reaccion de condensacion aldélica catalizado por la HBPA (Figura 4.27). A estos
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resultados hay que afiadir que ninguno de los productos de condensacion entre el piruvato

y aldehidos aromaticos (3 cap. 3.3) fue sustrato de la KPR.

DpkA OH
0 o HBPA 9 0
| + ! N
Ar‘) ACOZNa 4—_5’??'*—» Ar/\)kCOZNa R A" CoH
1cap3.3 2cap 3.1 3cap3.3 NADPH _ NADP* 4cap3.3
(gE‘H

D-Glucurono-1,5-lactona ~ B-D-Glucosa
DpkA

D-Glucurono-1,5-lactona NADPH
GD% L
e R

\NADP‘

B-D-Glucosa

iva no

OH
/\CO[

SH Yy

1a

“oMe H S0

NO: o, N CI cl H
1j 1k 10 1p
" o OH o oH OH oH
= g L “ g _
©\MCOZH ©\M002H ©\MCOZH ©\MCOQH ©\MCOZH A CoH /@N\COZH
N F cl Br 0N
(S,E)-4a cap 3.3 (S,E)-4b cap 3.3 (S,E)-4c cap 3.3 (S,E)-4d cap 3.3 (S,E)-4e cap 3.3 NO, tkcap 33
95%? > 95%2 > 95%2 > 95%? > 95%2 4j cap 33 38%?2
85%" 69%° 72%° 71%° 78%" 35%
ee: 91%° ee: 97/C ee: 96/C ee: 37/ ce: 95%° oH oH
3a:4a:1:19 x
N G/\/SH NcoH /@N\COQH
©\McOZH COZH CO;H \ / COH o
i Cl 1lcap 3.3 1m cap 3.3
(S,E)-4f cap 3.3 (S,E)- 49 cap 3.3 (S, E) -4h cap 3.3 (S,E)-4icap 3.3 s 1o
> 95%2 > 95%2 > 95%2 > 95%2 B
75%" 70%® 85%" 57%P
ee: 95%"° ee: 99%° ee: 99%° ce: 96%°

Figura 4.27. Sistema enzimético acoplado entre la HBPA y la DpkA en la sintesis de derivados
del acido (S,E)-2-hidroxi-4-arilbut-3-enoico (4, cap. 3.3). ®Conversion de la reaccion de reduccion
(24h) determinado por HPLC. No se detect6 material de partida ni productos de condensacion
aldélica. "Rendimientos aislados. °Exceso enantiomérico de la reduccién determinado por HPLC
con fase estacionaria quiral. Las mezclas racémicas se obtuvieron por reduccién de 3 cap 3.3 con
NaBH./CeCl; ! Se obtuvo mezcla de 3a y 4a después de la purificacion. La relacion 3a:4a se
determind por RMN. Los productos 4j, k y 41, m no fueron aislados.

La DpkA tolerd sustratos con sustituciones voluminosas en las posiciones 2 'y 6 del anillo
aromatico (3b, d-h, cap. 3.3) y heterociclos como el tiofeno (3i, cap. 3.3). Sin embargo,
La conversion fue incompleta con grupos aril 0 con sustituyentes en otras posiciones del
anillo aromatico (p. ej. 3j-m, cap. 3.3). En esta cascada enzimatica la enzima mostrd
excelentes niveles de enantioselectividad para 4b-c, e-i (cap. 3.3) (95-99% ee), y buenos
para 4d (cap. 3.3) (87% ee) (Figura 4.27).
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La estereoquimica absoluta de la catalisis con DpkA se determino por difraccion de rayos
X de monocristal de los compuestos 4c-f (cap. 3.3). El analisis se llevé a cabo en
colaboracion con el Dr. Dieter Schollmeyer, del Instituto de Quimica Organica,
Universidad Gutenberg de Mainz, Alemania. Los analisis, indicaron que la DpkA genera

2-hidroxiacidos mayoritariamente con configuracion S (Figura 4.28).

OH F OH ¢]] OH Br OH
\ T I I
@\/%COQH - ij/\wCOzH ij/\ACOZH ij/\ACOZH
F
(S,E)-4c (S.E)-4d (S,E)-de

Figura 4.28. Estructuras de rayos X de (S,E)-4c, (S,E)-4d y (S,E)-4e del cap. 3.3, Se representan
los gréficos de tipo ORTEP que muestran una molécula con elipsoides de probabilidad del 50%.
Los datos cristalograficos fueron depositados en: Cambridge Crystallographic Data Centre a
través de www.ccdc.cam.ac.uk/data_request/cif.

Ademas de la HBPA, en nuestro grupo de investigacion se tiene una amplia experiencia
en el trabajo con otras piruvato aldolasas como la YfaU y la KPHMT ambas de E coli.
Estas enzimas son estereocomplementarias y son estereoselectivas en la adicion aldolica
de 2-oxoécidos a formaldehido,?"*® por lo que se disefiaron sistemas multienzimaticos

combinando estas aldolasas con la DpkA o la KPR (Figura 4.29).

Aldolasas Oxido-reductasas
KPR OH OH
CO,H

7 r
H) + 1%COZH —
R, Y
1a 2 .
cap. 3.2 cap. 3.2 e 7 COpH

cap. 3.2

Figura 4.29. Estrategia general de sintesis biocatalitica consecutiva de 2-hidroxiacidos (4 cap.
3.2).
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A partir de la adicion alddlica de 2-oxoéacidos (2a-n, cap. 3.2) a formaldehido (1a, cap.
3.2) se generaron los 4-hidroxi-2-oxoécidos (3a-n, cap. 3.2) catalizadas por las aldolasas
de Clase Il, la KPHMT y YfaU. Terminada la reaccion aldélica (maxima formacion de
producto alddélico) se inactivaron las enzimas con EDTA para prevenir la retro-aldolisis
favorecida por la reduccion irreversibles del 2-oxoacido catalizado por las
deshidrogenasas. Posteriormente, se inicio la reduccion biocatalitica incorporando las
oxido-reductasas (DpkA o KPR). Los 2-hidroxiécidos (4, cap. 3.2) se purificaron
primeramente por cromatografia de intercambio anionico (CIA) y se sometieron a un
proceso de liofilizacion en medio acido, lo que favorecio la esterificacion intramolecular
formando derivados de 2-hidroxi-4-butirolactonas que finalmente fueron purificadas por
silica (5a-n, cap. 3.2. Figura 4.30).

ter YfaU PR
KPHMT |OH O 2o o) OH OH CIA o
* . Pa Lactonizacion
| s T e o
Rz Rs NADPH  NADP* R;z Ry HO R, Rs
3 3.2 S cap. 3.2
cap 2 5cap. 3.2

GDH
D-Glucurono-1,5-lactona  B-D-Glucosa

o o 0 o} o] o} o o}
)kcozf choz /Hk COZH)LCOZ H)\coz/ikcoz E\oozf E “CO,”
‘ MeO
2¢c 2d 2e 2f 2g 2h

2a 2b
cap. 3.2 cap.3.2 cap.3.2 cap.3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2
1% o}
E ~co, %002’ Mk CO,” G)kco2 (j)k co, ﬁ €O,
2i 2j 2k 21 2m 2n
cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2

Figura 4.30. Estrategia de sintesis biocatalitica de 2-hidroxi-4-butirolactonas (5a-n, cap. 3.2).
ler. Adicion alddlica catalizada por YfaU o KPHMT. 2do. Reduccion enzimética catalizada por
KPR o DpkA. CIA: Cromatografia de intercambio anionico (DOWEX 1X8). Elusion: HCO,H
1M.

Los 2-oxoacidos 2d-e, 2g-i, 2k-n (capitulo 3.2) fueron sintetizados siguiendo las
estrategias descritas en trabajos previos de nuestro grupo de investigacion (Figura

4.31).2"15 A partir de los 2-oxoacidos se prepararon soluciones acuosas a pH 7,0 para
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hacerlos compatibles con las actividades de las aldolasas (Tabla S1 materiales y métodos
cap. 3.2).

o (0]

R1YBr a) Mg, THF, reflujo, 2h RW%CO o Novozyme 435 R1%COZH
Ry b) (CO,Et),, THF, -78°C, 4h Ry 2= 2.MeTHF:Buffer (1:1,vv) R,

o o} ¢} o o o o
H)‘\co2 KH\co2 5\002 MkCOZ’O)kCOf O)LCO{ Q)kcoz
‘ MeO

2d 2e 2i 2k 21 2m 2n

cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2 cap. 3.2
67% 65%2 67%2 65%° 45%?2 54%2 47%
B
@ a) R4Br, NaH, Tolueno:DMF (1:1, v/v), 4°C a r.t 12h. (0] Novozyme 435 (0]
T .
CO.Et b) NBS, Acetona:H,0 (47:3, v/v), - 10°C 10 min. R1A002E1 2-MeTHF:Buffer (1:1, viv) Ry CO,H
2
(0] (0]
E CO,” E COy-
29 2h
cap. 3.2 cap. 3.2

39% 70%

Figura 4.31. Estrategias de sintesis de los 2-oxoacidos 2d-e, 2g-i, 2k-n (capitulo 3.2) utilizados
como sustratos en esta Tesis. A. Sintesis de los compuestos 2d-e, 2i, 2k-n (capitulo 3.2) a partir
de la adicion del correspondiente magnesiano al oxalato de etilo y posterior hidrolisis enzimatica
del éster. B. Sintesis de los compuestos 2g, h a través de la alquilacion del 1,3-ditiano-2-
carboxilato de etilo utilizando el correspondiente bromuro de alquilo, seguido de la ruptura
oxidativa del ditiano con N-bromosuccinimida (NBS) y posterior hidrolisis enzimética del 2-
oxoéster. e

Las diferentes combinaciones de lactonas sintetizadas se muestran en la Figura 4.32. Para
todos los sustratos estudiados las deshidrogenasas resultaron ser biocatalizadores
estereocomplementarios, asi, la DpkA origina estereoquimica S, mientras que KPR
estereoquimica R. Sin embargo, la actividad de la DpkA disminuy6 a medida que se
incrementd el tamafio del sustituyente en posicion 3 sin importar la estereoquimica de

este centro (la enzima solo tolera un grupo metilo y etilo en esta posicion, Figura 4.32B
y D).
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Figura 4.32. Sintesis biocatalitica en dos etapas enzimaticas (Aldolasa-deshidrogenasa) de 3-
hidroxi-4-butirolactonas (5, cap. 3.2). A. YfaU y KPR, B. YfaU o DpkA, C. KPHMT y KPR y
D. KPHMT y DpkA. 2Conversién de la reaccion de adicion alddlica (24h) determinado por HPLC.
®Conversion de la reaccién de reduccion enzimatica (24h) determinado por HPLC.°Rendimiento
de producto aislado. “Exceso enantiomérico de la reaccion de reduccion determinado por HPLC
en fase estacionaria quiral. °Relacion diasteromérica determinada por RMN. ‘Exceso
enantiomérico de la reaccion de adicion alddlica determinado por HPLC en fase estacionaria
quiral en trabajos previos. n.d: no determinado.

Por otro lado, la KPR mostr6 una amplia tolerancia a los sustratos, incluidos los 4-hidroxi-
2-0x04acidos con centros cuaternarios (3k-n, cap. 3.2) analogos al sustrato natural de la
enzima (3j, cap. 3.2). Una excepcion fue 3i que no fue sustrato de la enzima. Para las

lactonas con un solo estereocentro (R-5a, S-5a, R-5j-n) ambas enzimas muestran ee >
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99% demostrando la elevada estereoselectividad de los biocatalizadores; para el resto de
productos las relaciones diastereomeéricas pueden verse comprometidas por la
estereoselectividad de las aldolasas?® (Figura 4.32). De manera general los bajos
rendimientos observados en la mayoria de las combinaciones enzimaticas empleadas
pueden deberse a la eficacia de la lactonizacion durante la liofilizacién y la etapa de

purificacion adicional que fue necesario realizar.

Adicionalmente, fue posible combinar las aldolasas y las deshidrogenasas en un sistema
en cascada enzimatica concurrente. Esta estrategia permitié la sintesis de los
enantiomeros del 2-hidroxi-4-butirolactona (R-5a y S-5 cap. 3.2) y los cuatro
estereoisémeros de 3-metil-2-hidroxi-4-butirolactona (2R,3S-5b, 2S,3S-5b, 2R,3R-5b y
2S,3R-5b, cap. 3.2) con rendimientos de productos aislados entre 20 y 57% (Figura 4.33).

o) YfaU o

JO KPHMT

Hot H'LCOZ? :;‘%h—> HO%COZ
R4

3,cap 3.2

R
1, cap. 3.2 ! 2

D-Glucurono-1,5-lactona NADPH
B-D-Glucosa NADP™

Reaccion competitiva no deseada

R4 CO,

U Lactonizacion
\ /(S) A=) R R
Ho'® HG no'® Ho'® uo'® 5

R-5a S-5a 2R,3S-5b 2S8,3S-5b 2R,3R-5b 2S,3R-5b
30%? 20%2 57% 33%2 37%2 53%?2

Figura 4.33. Sintesis biocatalitica en cascada de los enantidbmeros de la 2-hidroxi-4-butirolactona
5a, y los estereoisémeros de la 3-metil-2-hidroxi-4-butirolactonas 5b.2Rendimiento de producto
aislado.

Con el resto de los 2-oxoacidos ensayados los resultados fueron infructuosos, no
observandose disminucion simultanea del material de partida. Es decir, no se aprecio
consumo de formaldehido (1) mientras que el 2-oxoéacido (2) de partida se consumia. Esto
indicaba su reduccion por la deshidrogenasa, hecho que se corrobord con experimentos
controles de reduccion de cetodcido aislado. ElI consumo del 2-oxoacido por las

deshidrogenasas compromete el rendimiento de la reaccién aldolica cuando el 2-oxoéacido
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no es un buen sustrato para la aldolasa. En otras palabras, se establece una competencia
entre los 2-oxodcidos presentes en el sistema: el sustrato de la reaccion alddlica y su
producto por la reduccién. El balance entre las velocidades de estos dos procesos de
reduccion es la que determina la eficiencia del sistema enzimatico en cascada. Esto lo
corroboramos en varios experimentos donde detectamos el consumo de 2 por HPLC sin

que se afectara al formaldehido presente en el sistema.

Respecto a la estereoquimica de estas reacciones, de trabajos previos de nuestro grupo de
investigacion, la adicion aldolica de 2-oxoéacidos a formaldehido catalizada por MBP-
YfaU nativa y la variante W23V, asi como, para la KPHMT nativa y sus variantes 1202A
y 1212A conocemos que la sintesis procedia con elevada estereoselectividad y que por
tanto los compuestos 5b-h (cap. 3.2) contienen un centro quiral con estereoquimica
absoluta conocida (R para MBP-YfaU nativa y variantes y S KPHMT nativa y sus
variantes).?’ Este centro quiral se utiliz6 como referencia para la evaluacion de la
configuracién relativa global de estos compuestos mediante RMN. En esta Tesis
inferimos un resultado estereoquimico idéntico para el aldol 3e (cap. 3.2) que no se habia
descrito previamente para la KPHMT I212A

La configuracion absoluta de R-5a, S-5a y R-5j se confirmé comparando sus valores de
rotacion especifica con las de muestras comerciales auténticas. Por otra parte, el
compuesto R-51 del cap. 3.2 fue analizado con difraccion de rayos X. Los analisis
indicaron que la estereoquimica absoluta en C3 procedente de la reduccion de la KPR era
R (Figura 4.34). De estos resultados se infirio la estereoquimica absoluta de R-5k, R-5m
y R-5n del cap. 3.2.

‘03

Figura 4.34. Estructura de rayos X de R-5l, cap. 3.2. Grafico de tipo ORTEP que muestra una
molécula con elipsoides de probabilidad del 50%. Los datos pueden obtenerse gratuitamente en:
Cambridge Crystallographic Data Centre a través de www.ccdc.cam.ac.uk/data_request/cif.
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El analisis de los modelos moleculares de los complejos de ambas deshidrogenasas con
los aldoles 3 (cap. 3.2) realizados por el Dr. Jordi Bujons proporcion6 una explicacion

para estos resultados estereoquimicos descritos anteriormente.

Muchas enzimas moldean sus estructuras para mantener los sustratos en los centros
activos durante la catalisis, de modo que puede ser necesaria una remodelacion
conformacional durante cada ciclo catalitico.'® En este sentido, la KPR y la DpkA
presentan dos posibles estados conformacionales: las formas abiertas y cerradas, cuya
interconversion se desencadena por la unién del sustrato.*>*° En las formas cerradas, los
sustratos (3, cap. 3.2 y el NADPH) estan enterrados en una cavidad profunda y
relativamente estrecha (Figura 4.35A y 4.35B, KPR y DpkA, respectivamente). En el
caso de la KPR, el modelo de 3a (cap. 3.2) unido en el centro activo de la enzima muestra
que la conformacidn pre-reactiva del sustrato esta estabilizada por multiples interacciones
de puentes de hidrégeno (Figura 4.35C), de este modo, el grupo 2-oxo expone su lado si
a la fraccién nicotinamida del cofactor NADPH, que entrega su hidrogeno pro-4S para
dar lugar al correspondiente intermediario 2R-4a, precursor de 2R-5a, catalizado por la
K176, lo que se correlaciona con el resultado 2R-estereoquimico observado para sus
productos reducidos por la KPR. El resto de los andlisis se pueden ver materiales y
métodos del capitulo 3.2 (Figura S69).

Figura 4.35. Modelos moleculares de 3a (cap. 3.2) unido a la KPR (A y C) y DpkA (B y D). Los
modelos se construyeron a partir de las estructuras PDB (20FP)% (A) y (2CWH)® (B) y su
estructura se optimizé mediante métodos QM/MM. El sustrato 3a, el NADPH y los residuos
cercanos se muestran con atomos C amarillos, verdes y grises; los enlaces H y los puentes salinos
se muestran con lineas discontinuas amarillas y azules; la superficie proteica de las cavidades del
centro activo se muestra en azul (A 'y B). Se muestran las distancias entre el &tomo C del carbonilo
reactivo y el hidrogeno pro-4S del NADPH (C y D).
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Por otro lado, los modelos correspondientes con DpkA muestran que el grupo carboxilato
de los sustratos acepta enlaces H de las cadenas laterales de R58 y T166, asi como, de la
porcion-NH de H192 y la G193, (Figura 4.35D y S69, cap. 3.2). Ademas, el grupo 2-0xo
acepta enlaces H desde el grupo 4-OH (intramolecular) y desde el imidazol protonado de
H54, que actla como residuo &cido en la catalisis. Este modo de unidn al sustrato fuerza
la exposicion de la cara posterior del grupo 2-oxo al NADPH reducido, dando lugar a los
productos 2S-4, precursores de las 2-hidroxi-4-butirolactonas 2S-5. El resto de los analisis

con los otros sustratos se pueden ver materiales y métodos del capitulo 3.2 (Figura S69).

A manera de resumen podemos plantear que la DpkA muestra actividad promiscua hacia
la reduccion de 4-hidroxi-2-oxoécidos tolerando sustituyentes en la posicion 4 vy
originando productos con estereoquimica S. Mientras que, la KPR, reduce 4-hidroxi-2-
oxoacidos analogos a su sustrato natural mostrando tolerancia a una gran variedad de
grupos en posicion 3, pero, no es capaz de reducir 2-oxoéacidos con sustituyentes en
posicion 4 ni sustratos conformacionalmente restringidos. Esta enzima durante la

reduccion origina productos con estereoquimica R (Figura 4.36).

i,
‘/ % DpkA

2% & ker
@ OH O 0
3 Ar/\)kcozH
ﬂ/ 5}?“‘ DpkA
% «kpr
OH
Ar X" co,H

OH OH
“—H{LcozH Hozc/'\rrf

Figura 4.36. La DpkA muestra actividad promiscua hacia la reduccion de 4-hidroxi-2-oxoécidos
tolerando sustituyentes en la posicion 4 mientras la KPR acepta una gran variedad de grupos en
posicion 3, pero no es capaz de reducir 2-0xoéacidos con sustituyentes en posicion 4 ni sustratos
conformacionalmente restringidos. Ambas enzimas son estereocomplementarias.
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Estudio cinetico de la DpkA y la KPR utilizando los 4-hydroxi-2-oxoacidos (3 y 6)

sintetizados en este trabajo.

Para completar nuestro estudio con las deshidrogenasas se determinaron los parametros
cinéticos de las enzimas en la reduccion de los 4-hydroxi-2-oxoacidos sintetizados en esta
Tesis. En la literatura se ha reportado que la DpkA y la KPR presenta una cinética
bisustrato ordenada (Bi-Bi ordenado de acuerdo a la nomenclatura planteada por Cleland
(Figura 4.37).31920

w8 NADP" Figura 4.37. Notacién de Cleland
’“”"2 ksuk‘* Ksuks "7Hk8 para representar el mecanismo Bi-Bi
E E-NADPH E-NADPH-S == E.NADP'-P E-NADP* E ordenado de una deshidorgenasa y
ecuacion de la velocidad inicial bajo

keaEJINADPHIIS] un régimen de estado estacionario.?

Vo=
KinapprKs + Ks[NADPH] + KyappH[S] + [NADPH][S]

Keat = ks by K; -t Knapph = ks ky Ks = ol r sl
BT ket kg INADPH ™y ka(ks * ki) ka(ks + k)

Debido al nimero de sustratos utilizados en esta Tesis se decidié simplificar los ensayos
enzimaticos utilizando una concentracion fija de NADPH (0.16 mM) lo que permite

reducir el sistema a la siguiente ecuacion de velocidad inicial:

__keat™"[E]o[S]
O Ky 18]
Kea®®P = Keat _ INADPH] Kn2PP = Ks Kinaper * [NADPH]
Knapph + INADPH] Knapph + [NADPH]
Constante Constante

Los ensayos enzimaticos se realizaron en experimentos continuos, monitorizando la
oxidacion del NADPH a NADP* a 340 nm (NADPH &340 = 6,22 mM*cm™).% Con los
sustratos 3a-I (cap. 3.2) y 6b-c (cap. 3.2). Para ello se sintetizaron los productos aldolicos
con aldolasas especificas (Tabla 4.3). Terminada la reaccién se elimin6 el componente
enzimatico por ultrafiltracion (Amicon Ultra-15 cut off 3 kDa) y el exceso de metal con

EDTA, evitandose posibles interferencias durante los ensayos cinéticos.
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Tabla 4.3. Aductos alddlicos utilizados como sustratos en los ensayos enzimaticos de la
DpkA vy la KPR. Los sustratos se utilizaron en solucion después de remover la enzima y

quelar el exceso de metal cuando se utiliz6 una aldolasa clase Il.

3a YfaU nativa 85 -
S-3b 92 99:1
S-3c 95 99,5:0,5
S-3d 88 99:1
S-3f YfaU w23v 89 99,5:0,5
S-3g 98 99:1
S-3h 98 97:3
R-3b KPHMT nativa 94 97,5:2,5
R-3c KPHMT nativa 98 97,5:2,5
R-3d KPHMT I212A 97 98:2
R-3e KPHMT I212A 82 -
R-3g KPHMT nativa 84 93,5:6,5
R-3h KPHMT 1202A 80 87,5:12,5

3j KPHMT nativa 88 -

3k KPHMT nativa 80 -

3l KPHMT nativa 96 -
R-6b HBPA nativa 82 97:3
R-6¢ HBPA nativa 85 93,5:6,5

aConcentracion de sustrato determinada por HPLC. PRazén enantiomética
determinado por HPLC con fase estacionaria quiral.?® °Sustrato aquiral. “No
determinado.

Al realizar los ensayos de actividad enzimatica notamos que los 2-oxoacidos presentan
absorcion de luz a 340 nm. Esto hizo que la maxima concentracién de sustrato (3 y 6, cap.
3.2) utilizada en nuestro estudio fuese de 60 mM, dado que a concentraciones superiores
se da una saturacion en la sefial del espectrofotometro a dicha longitud de onda
(contribucion del NADPH vy el 2-oxoéacido). Por otro lado, concentraciones inferiores a 1
mM en nuestras manos dieron resultados con baja reproducibilidad, por ello, el rango de

concentracion de sustrato utilizado en este trabajo fue de 1 a 60 mM.

Para determinar los parametros cinéticos aparentes Vmax® y Km®P se siguid las
recomendaciones de Copeland, evitando los inconvenientes que surgen al linealizar la
ecuacion de Michaelis —Menten.?? Las velocidades iniciales se graficaron en funcion de
la concentracion de cada sustrato y se realizo un ajuste no lineal al modelo de Michaelis-

Menten utilizando el software GraphPad Prims v 5.0. Las determinaciones se realizaron
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por triplicado en experimentos independientes. En este sentido, la Tabla 4.4 muestra los
pardmetros cinéticos calculados para la KPR.

Tabla 4.4. Parametros cinéticos calculados para la KPR en la reduccién de los 4-hidroxi-

2-0xo4cidos (3, cap. 3.2).

OH
% ﬂ HO/%CO{
R, R, + Ry R2
3 cap. 3.2 NADPH  NADP 4 cap. 3.2
o o [¢]
c:o2 ﬂ)kco2 U)kcoz* HO™ N >co,” HO™ Y co, Hofcozf
3d 3e 3f
cap 32 cap 32 cap. 3.2 ‘ cap. 3.2 MeO cap. 3.2 cap. 3.2
[¢]
HO N >co,”  HO %Coz Ho?ik ﬁ
39
cap. 3.2 cap 3 2 cap 3 cap. 3 2 cap. 3 2

Substratos Parametros cinéticos Rango [S]

Keat™™P KPP (kcat/ Km)ap

0,2Kme™ < [S] < 12Km®®

3a 71405 4,912 14404
S-3b 34815  12,9+14 27+3 0,LKm? < [S] < SKm®
S-3¢ 926437 3,0+05 319452 0,3Km™ < [S] < 22Km?
s-3d 8946 9,541,7 9,4£18 0,1Km® < [S] < 6Km®®
S-3f 102169 13+2 7712 0,1Km®P < [S] < 4Km#
S-3g 350+20 1542 2444 0,1Km™® < [S] < 4Km?*
s-3h 820450 65+13 1343 8418  02Km™ <[S]<Km™
R-3b 5350138 = 4,8+04 1114486 0,2Km?™ < [S] < 13Km?*®
R-3¢ 70034 741 108+18 0,2Km™” <[S] < 10Km*™
R-3d 9045 9,5+1,5 9,4+1,6 0,1Km™® < [S] < 7TKm®®
R-3e 5,9+0,5 1843 0,34+0,10 0,1Km®P < [S] < 3Km#
R-3g 87+4 2,310,4 3816 0,4Km? < [S] < 24Km™*®
R-3h 4024 113 3,710 0,1Km™® < [S] < SKm?*

3j 4457+813 0,4+0.2 1114144587 3,9+1,3 2,5Km?P < [S] < 148Km?*P

3k 679141022 1505  4527+1668 | O0tLS  OTKMTS[S]<3SKm

3l 1166:67 ~ 02:0,1  5831x3737  2otd SKM<[S]<320Km*

ke = Min; K = mM; (Keat/ Km)?P = mint.mM, K = mM
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Para la mayoria de los aldoles ensayados se pudo utilizar un rango de concentracion de
sustratos de 0,25-5,0 veces el valor de la Km (entre el 20 y = 80% de Vmax) garantizando
una distribucion de puntos en todas las zonas de la hipérbola, permitiendo un buen ajuste
al modelo de la ecuacion de Michealis—-Menten.?? Si comparamos los valores de la
constante de especificidad para R-3b y 3j (sustrato natural de la KPR) observamos que la
eliminacién de un grupo metilo en R-3b causa una disminucion de un orden de magnitud
de (keat/Km)?®P respecto al sustrato natural (teniendo una mayor contribucion la Kn?P).
Este efecto es mas dramatico cuando se cambia la estereoquimica del sustrato, asi 3j
muestra una constante de especificidad casi 400 veces mayor que la de S-3b (se afecta
tanto la kea® como la Kn?P). De igual forma la (Kcat/Km)? del sustrato natural result6 ser
7000 veces mayor que la del sustrato 3a donde se han eliminado todos los grupos metilo
del carbono contiguo al grupo carbonilo (se afecta tanto la kea®P como la Knn®P) (Tabla
4.4).

Estos resultados demuestran que en el centro activo de la enzima existen dos regiones que
contribuyen de manera diferente a la catalisis (influyen sobre kea®™ y Kn?P) a través de
las interacciones con los grupos metilo (aproximadamente contribuyen en 1,4 y 3,5 kcal
mol? a la estabilizacion del ES” bajo las condiciones de nuestro ensayo cinético),
resultando méas importante la cavidad determinada por los residuos de V179, 1183, V234

y T238 (Figura 4.38 residuos en azul).
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Figura 4.38. Modelos moleculares de los sustratos 3j, R-3b, S-3b y 3a en el centro activo de la
KPR. Al eliminar los grupos metilo del C3 del sustrato natural (3j) se suprimen las interacciones
en el centro activo de la enzima que se reflejan en una disminucion de la constante de
especificidad. Las diferencias en las energias de los estados de transicion se calcularon utilizando
la ecuacion: AAGes” = —RTIN[(Keat! Km)®?/ (Keat/ Km)?P3i], R = 8,1 I mol* Kty T = 303 K. 2% Los
modelos fueron realizados por el Dr. Jordi Bujons a partir de la estructura PDB 20FP .24

Los sustratos 3K, I, al igual que 3j, poseen en su estructura un centro cuaternario que les
permite mantener las interacciones entre los dos sitios de unién del centro activo de la
enzima. A pesar de esto, presentan una disminucion de la constante de especificidad con
respecto a 3j probablemente debido a la rigidez conformacional de los anillos de
ciclobutano y ciclopentano (Figura 4.39). La disminucion de los valores de (Keat/Km)?*®
de 3k y 3l con respecto al sustrato natural es menos dramatica que la observada para los
sustratos S-3b y 3a, lo que demuestra la importancia de las interacciones de los

sustituyentes del C3 del 2-oxoécido para la catalisis.
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V179
T119
(kcatIKm)app3kl(kcathm)app3j (kcathm)appsIl(kcatIKm)app3j
0,4 0,5

Figura 4.39. Modelos moleculares de los sustratos 3k, | en el centro activo de la KPR. Las
restricciones conformacionales de los anillos de ciclobutano y ciclopentano causan una
disminucién de la constante de especificidad con respecto al sustrato natural (3j). Los modelos
fueron realizados por el Dr. Jordi Bujons a partir de la estructura PDB 20FP.24

Para el resto de los sustratos la enzima mostré una disminucion de (Kcat/Km)®° a medida
que aumenta el tamafio del sustituyente en el C3 del 2-oxoé&cido debido a interacciones
estéricas desfavorables en el centro activo de la enzima (Figura 4.40). Una excepcion la
tenemos con los sustratos S-3b al S-3c donde se observo un incremento de 12 veces en la
constante de especificidad determinado tanto por un aumento de la kea®® como una
disminucion de la Kn®® al pasar de un grupo metil a etilo en el sustrato (Figura 4.40,
Tabla 4.4).
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Figura 4.40. Los valores de (kca/Km)?* disminuyen a medida que se hace mas voluminoso el

sustituyente del C3 del sustrato (3a-h, cap.3.2) en ambos enantiébmeros para la catélisis de la
KPR.

Los datos cinéticos obtenidos para los sustratos S-3h y 3j, Kk, | se ajustaron a un modelo
de inhibicion por sustrato (Figura 4.41). ElI fendmeno de una aparente inhibicién por

sustrato se ha descrito para otras enzimas con cinética bisustrato.?

OH ©O
co,”

><eor
KPP = 8,4 mM 3
0.010 0030
"= 0.008 o 0025
E : .'E K2 = 3,9 mM
" 0.006 £ oo
— 0 ]
S €
0015 .
S 0.004 _ s [Bilmax= 1,2 mM
g [$-3h],,.,= 23 MM E oowo
S 0002 S o005
0.000 . . . . . , 0.000 ————————————————
0 20 30 40 50 60 0 5 10 15 2 25 30 35 40 45 50 55 60
[S-3h]/mM [3)/mM
0.04 oH o
oH O 0020 o
- 2
= co L
E 0.03 ?SK : £ o015 3
e 3k o
E 002 2 app =
= KPP = 6,6 mM E o010 K; 28 mM
g g
§ oot - . 2 o005
S [3K],,.= 3,1 MM g o [31],.= 24 MM
0.004—— T T T T T T T T T T g 0.000 + T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
[3K}/mM [31)/mM
Vv aPP[S]
- max =4 app y.app
Vo = [Slmax = KPP Ki

KPP + [S](1+[SVK/PP)

Figura 4.41. Los datos cinéticos obtenidos para los sustratos S-3h y 3j, k, | se justaron a un
modelo de inhibicién por sustrato utilizando el software GraphPad Prims v 5.0. Se muestra la

constante de inhibicién y la concentracion de sustrato a la cual se alcanza la méxima velocidad
inicial.
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Un maximo en la curva cinética (Vo vs [S]) es una consecuencia de la complejidad de un
mecanismo Bi-Bi al azar bajo un régimen de estado estacionario cuando se dan
determinadas relaciones entre las constantes de velocidad de cada etapa.?*%® En este
sentido, los resultados obtenidos para la KPR con los sustratos S-3h y 3j, Kk, | se pueden

explicar a través de este complejo modelo cinético (Figura 4.42).

NADPH S

o e

N kol | K10
g / ENADPH N ' ENADPH-S ‘C’N E
E-S

S NADPH

(K4INADPH][S] + K,[NADPH]?[S] + K3[NADPH][ST?)[El],
V, =
0 K, + KsINADPH] + Kg[S] + K7[NADPH][S] + Kg[NADPHJ? + Kg[S]? + K1oINADPHJ?[S] + K14[NADPH][S]?

Ky = K1kakskg + kokakzkg K7 = kiksks + koksk + kiKsks + kakeky + Kskzkg
Ky = kykskrke Kg = kikky + kikrko

K = kokskyko Ko = kaksks + kaksko

Ky = kakake + kokakg + koKako Kio = k1kskz

Ks = kykyke + kikaks + kykako + kokgky + kokzkg K11 = ksksky

Kg = kokaks + koksks + kokkg + kaksks + kaksk

Si: [NADPH] = constante y Ko[NADPH]? >> K3[NADPH][S], entonces:

Ve = Kkeat™*P[E]o[S]
®7 KPP + [S](1+[SVKF™)
Donde:
i amp = K1INADPH] + Ko[NADPHJ? « oo = Ka+ KINADPH] + KgINADPH]? a0 Kg + K7[NADPH] + K1o[NADPH]?
t = m - i
“ Ks + K7[NADPH] + K;o[NADPHJ? Ks + K;[NADPH] + K;o[NADPHJ? Ko+ K11[NADPH]

Figura 4.42. Ecuacién de velocidad obtenida por el método de King—Altman para un mecanismo
Bi-UNI al azar bajo un régimen de estado estacionario en ausencia de productos.?® Bajo
determinadas condiciones la ecuacion de velocidad se reduce a una aparente inhibicion por
sustrato. Deducir la ecuacién para un mecanismo Bi-Bi al azar bajo régimen de estado
estacionario es en extremo complejo por ello se utiliz6 el sistema Bi-UNI como una simplificacién
del modelo.

Otra hipotesis que explicaria la aparente inhibicion por sustrato seria la existencia de un
segundo sitio de union en la enzima para el 2-oxoacido, pero no se dispone de ninguna
evidencia estructural que lo confirme por lo que ha sido descartada.'®?%?” Estos
resultados discrepan con los descritos para la KPR de E. coli (no se reportan desviaciones
del modelo hiperbdlico) probablemente debido a que se han utilizado concentraciones de
3] inferiores a 1 mM no llegando a observarse la disminucion de la actividad enzimatica
con la concentracion de sustrato ([3j]max = 1,2 mM, Figura 4.41). Esto también puede

sesgar los patrones de inhibicion por producto que hacen concluir que la enzima sigue
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una cinética Bi-Bi ordenada.'®?%?7 Sin embargo, para la KPR de Staphylococcus aureus
se informo de una constante de inhibicion por sustrato aparente (Ki®") de 270 uM para

3j, un orden de magnitud inferior a la encontrada en este trabajo.?®

Debido al comportamiento cinético de la KPR con los sustratos 3j, k, | (méxima actividad
en el sistema cuando [S]max = 1,2-3.1mM, Figura 4.41) se afiadi6 una mayor
concentracion de enzima en las reacciones biocataliticas ([E]o®°%®@' = 1 mg mL* vs
[E]oensave enzimdtico= 0 0003 mg mLY) para contrarrestar el hecho de trabajar a
concentraciones de sustrato (50 mM) alejadas del maximo en la curva cinética. Ademas,
utilizar una concentracion de NADPH de 5 mM ([NADPH]Piecatdlisis = 1250 K, NADPH K
NADPH = 4.0 uM)?®, unido a un sistema de regeneracion que mantiene su concentracion
“constante” durante la reaccion, contribuye a potenciar la actividad de la deshidrogenasa.

Todo esto contribuye a una elevada formacion del producto reducido (4j, k, I).

En el caso de la DpkA los ensayos enzimaticos solo se pudieron realizar con los sustratos
3a, S-3b,c y R-3b,c debido que la deshidrogenasa muestra una baja tolerancia por 4-
hidroxi-2-oxoécidos con sustituyentes en el C3. En el caso de los sustratos 6 solo se
estudiaron el R-6b y R-6¢ dado que, para el resto, la conversién de la reaccién aldolica
comprometié su uso (el piruvato remante en el medio de reaccion (>20 mM) altera los

resultados cinéticos del ensayo al ser también sustrato de la enzima) (Tabla 4.5).

Con los sustratos 3a, S-3b y R-6¢ no se pudo utilizar un rango de concentracion de
sustratos de 0,25-5,0 veces el valor de la Km (entre el 20 y = 80% de Vmax)?? por lo que

obtuvimos parametros cinéticos estimados (Tabla 4.5).

La DpkA no mostré variaciones significativas en la constante de especificidad para los
sustratos 3a, S-3b y R-3b, lo que la diferencia de la KPR. Al aumentar el tamafio del
sustituyente del C3 (pasar de un metilo a un etilo) se da una disminucion de casi 4 veces
en la (kca/Km)®P determinado mayormente por una disminucion en la ke (sustratos S-
3by S-3c, Tabla 4.5).
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Tabla 4.5. Parametros cinéticos en la reduccion de los 4-hidroxi-2-oxoéacidos (3, cap. 3.2)

y (6b-c, cap. 3.2) catalizado por la DpkA.

o} DpkA DpkA OH OH

OH ' OH O
Ho/\;‘ﬁ)kcoz, %HOMCO[ S R1MCOQ’ — = R M coy
R ,

6 cap. 3.2 NADPH NADP+ 7 cap.3.2

Ry ' * 1
3 cap. 3.2 NADPH  NADP 4 cap. 3.2 '
o o] o] : o} o]
P . _ . o o J meo_ !
HO CO,” HO CO,” HO co,” !
3a 3b 3c ; 1b MeO q¢
cap. 3.2 cap. 3.2 cap. 3.2 i cap. 3.2 cap. 3.2

Parametros cinéticos

Substratos i Rango [S]
Kcat®P Km@P (kcat/ Km)app

3a 1,7+0,2 3347 0,052+0,013 0,03KmaPP < [ST < 2Km@rP
s-3b 1,1+0,1 19+4 0,058+0,012 0,05Km?P < [S] < 3KmaeP
s-3¢ 0,23+0,01 1442 0,016+0,002 0,07Km?2P < [S] < 5Kmaep
R-3b 0,36+0,0002  7,5+1,9 0,047+0,013 0,13Km?P < [S] < 8Kmaep
R-6b 3,00£0,02 1141 0,28+0,039 0,1Km@P < [S] < SKma2ep
R-6C 85+27C 97+43¢ 0,87+0,48 0,01Km?P < [S] < 0,6KmaeP

kcatapp = min_l; Kmapp = mM, (kcat/Km)app = min_lm M_l

Utilizando los datos cinéticos para comparar la catalisis de la DpkA y la KPR, se observa
que con los sustratos 3a, S-3b, S-3c y R-3b la segunda enzima alcanza una estabilizacion
del estado de transicion de la reaccion (ES?) de 2; 3; 6 y 6 kcal mol respectivamente

respecto al primer biocatalizador bajo las condiciones de los ensayos cinéticos realizados

en esta Tesis (Figura 4.43).
ES*
—— DpkA

# o
Es* ES DpkA ¢ . 6kcal mol!

DpkA ;o Do

! ‘ )

. 2 kcal mol™ 3 3 keal mol Do

g KPR i oy
ES* i E_S* KPR ’—ES* KPR

i ', ;
3a+ NADPH S-3b + NADPH S-3c 0 R-3b + NADPH

Figura 4.43. Para los sustratos 3a, S-3b, S-3c y R-3b la KPR alcanza una mayor estabilizacion
de los ES* en comparacion con la DpkA. Las diferencias en las energias de los estados de
transicion se calcularon utilizando la ecuacion: AAGes” = —RTIN[(Keat/ Km)®Popkal (Keat! Km)*Per],
R=81JmoltK'yT=303K?2>?%
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Finalmente, para los sustratos R-6b y R-6¢ la DpkA mostré valores de (Kcat/Km)®P
superiores a los de los sustratos 3 (por ejemplo:5 y 16 veces respectivamente si se
compara con S-3b). A pasar que el sustrato R-6¢ posee un grupo voluminoso en su
estructura la constante de especificidad fue mayor que para el sustrato R-6b (3 veces
mayor), esto se debio a un mayor incremento de la ke en comparacion con el aumento
de la Kn®P. En este analisis hay que tener en cuenta que los parametros cinéticos
obtenidos para R-6b son estimados, debido a su elevado valor de Kpn®P.
Desafortunadamente no se pudo disponer de mas sustratos de la serie 6 que nos permitan
obtener un mayor nimero de datos cinéticos para realizar un estudio mas completo de

esta actividad promiscua de la DpkA.
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Conclusiones generales

-La trans-o-hidroxibencilideno piruvato hidratasa-aldolasa (HBPA) catalizé la sintesis
enantioselectiva de 4-hidroxi-2-oxoécidos quirales a partir de aldehidos alifaticos. Se
acoplo su actividad catalitica con otras actividades enziméticas como: transaminasas (cap.
3.1). y deshidrogenasas (cap. 3.2) evitandose los pasos de purificacion de los

intermediarios de sintesis.

-Los sistemas biocataliticas HBPA/T039 y HBPA/BCAT/AspTA representan enfoques
complementarios adecuados para la sintesis asimétrica de y-hidroxi-a-aminoacidos
quirales con moderados rendimientos y excelente estereocontrol por parte de las enzimas

implicadas (cap. 3.1).

- La HBPA cataliz0 la sintesis de 2-oxoacidos a,B-insaturados con buenos rendimientos
a partir de aldehidos aromaticos (cap. 3.3), permitiendo la sintesis en cascada de
derivados quirales del acido 2-hidroxi-4-arilbut-3-enoico cuando se acoplo con la

deshidrogenasas DpkA (cap. 3.3).

-La estrategia biocatalitica que combina 2-oxoéacido aldolasas estereoselectivas (YfaU y
KPHMT) con dos deshidrogenasas estereocomplementarias (KPR y DpkA) permiti6 la
sintesis de 2-hidroxiécidos quirales y derivados de 2-hidroxi-4-butirolactonas, en una
sintesis de dos pasos enziméticos y en un sistema en cascada (cap. 3.2).

-La deshidrogenasa KPR mostr6 una amplia tolerancia al sustrato frente a los 4-hidroxi-
2-oxoacidos, incluyendo aquellos con centros cuaternarios en C3, homologos al sustrato
natural. Sin embargo, se observd inhibicion por sustrato para el cetopantoato y sus

analogos, sin afectar esto al proceso biocatalitico (cap. 3.2).

-La DpkA presentd una actividad promiscua hacia la reduccion del grupo carbonilo de 2-
oxoacidos y 4-hidroxi-2-oxoacidos. Sin embargo, tiene una baja tolerancia a sustrato con
sustituyentes en el C3 del sustrato, aceptando sélo metilo y etilo como sustituyentes, con

preferencia el aldol con configuracion 3S (cap. 3.2).
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Materiales y metodos.
Capitulo 3.1
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Materials.

Glycolaldehyde dimer, sodium pyruvate, benzaldehyde, 2,2-dimethoxyacetaldehyde,
chloroacetaldehyde, ethyl glyoxylate, indole-3-carboxaldehyde, L-Ala, L-Asp, L-Glu,
L-Val,

2-(bromomethyl)naphthalene were purchased from Sigma-Aldrich.

and
(S)-Cbz-N-2-

Aminopropanal (1q) used in this study was synthesized in our lab using procedures

benzylamine, 2,4'-dibromoacetophenone, benzyl bromide,

published in previous works.! Synthetic oligonucleotides were purchased from Eurofins
Genomics. All reagents for molecular biology were from Life Thermo Scientific. Culture
media components for E. coli were from Pronadisa (Madrid, Spain). Antibiotics, IPTG
and L-arabinose were from Carl Roth. High-density IDA-Agarose 6BCL nickel charged
was from GE Healthcare Life Science. Water for analytical HPLC was obtained from an
Arium Pro ultrapure water purification system (Sartorius Stedim Biotech) and the rest of
solvents used in this work were of analytical or HPLC grade. Bacterial strains,

oligonucleotides, and plasmids used in this study are listed in Table S1.

Table S1. Strains, plasmids, and oligonucleotides used in this study.

Strains

Relevant genotype

E. coli Nova Blue
(used for plasmid
preparation)

endAl, hsdR17 (rB*, mB*), supE44, thil, recAl, gyrA96, relAl, lac F
[proA+ B+, lacl® ZAM15::Tn10] (Tet®).

E. coli BI21-Al
(used for protein
expression)

F-ompT gal dcm lon hsdSg(rs ms")[malB*]k.12(A%) araB:: T7TRNAP-tetA

E. coli M15
[PREP4]
(used for

expression)

protein

nal®, stré, rif, thi-, lac”, ara™, gal™, mtl", F, recA*, uvr*, lon*, KmR.

Oligonucleotides

Sequences

Primer 1 (HBPA)

Forward: 5> ATGTCGTCATATGAGAGGATCGC 3’

Primer 2 (HBPA)

Reverse:5>GAACCGATGGTACCTTATTTGCTATACTTCG 3’

Primer 3 (HBPA)

Forward: 5> ATGAGAGGATCGCATCACC 3’

Primer 4 (HBPA)

Reverse:5’TTATTTGCTATACTTCG 3’

HBPA H205A CAC(H)—GCG(A) Forward:
5’CGAACATCCGTTTTCTGCCGGCGGAGGACGATTACTATGCGGY’

BCAT(53) Forward: 5> ATGCATGCCATGGGAATGACCACGAAGAAAGCTG 3

BCAT(35) Reverse:5’ATACGATAGATCTTTGATTAACTTGATCTAACCAGCCCC 3’

AspAT(53) Forward: 5> AGTCAGCTGGATCCATGTTTGAGAACATTACCGC 3’

AspAT(35) Reverse:
5’CATACTAAGCTTAGTGATGGTGATGGTGATGAGATCTCAGCACTG
CCACAATCGC ¥’

Plasmids Relevant genetic characteristics

pETDuet-1 The vector encodes two multiple cloning sites, each of which is preceded

by a T7 promoter, lac operator and ribosome binding site. The vector also
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carries the pBR322-derived ColE1 replicon, lacl gene and ampicillin
resistance gene.

pETDuet-1- HBPA | Plasmid containing the synthetic gene nahE (1008 bp), codes for trans-O-
hydroxybenzylidenepyruvate hydratase-aldolase (HBPA , EC 4.1.2.45) from
Pseudomonas putida .This study.

pETDuet-1-HBPA | Plasmid containing the nahE (CAC—GCG) gene, codes for HBPA H205A.
H205A This study.

pQE-60 The vector encodes one multiple cloning site preceded by a T5 promoter,
lac operator and ribosome binding site. The vector also carries the ColE1
replicon and ampicillin resistance gene.

pQE6O BCAT Plasmid containing the ilvE gene (960 bp), codes for branched-chain
amino acid aminotransferase (BCAT EC 2.6.1.42) from E. coli K-12. This
study.

pPQEG6O AspAT Plasmid containing the aspC gene (1227 bp), code for aspartate amino
transferase (AspAT EC 2.6.1.1) from E. coli K-12. This study.

pQE60 BAL Previous work.?

pQE40 MBP-YfaU | Previous work.?

Methods.

Enzymes cloning. HBPA: The optimized synthetic gene nahE (Figure S1) insert in a
pPQE 40 (GenScript's gene synthesis service) was re-cloned into the second cloning site
of a pETDuet-1 plasmid, using the restriction enzymes Ndel and Kpnl (Figure S2). All
DNA manipulation were performed using routine procedures of molecular biology.®

A)

ATGCTGAACAAGGTGATCAAAACCACCCGTCTGACCGCGGAGGACATCAACGGTGCGTGGACCATTATGCCGACC
CCGAGCACCCCGGATGCGAGCGATTGGCGTAGCACCAACACCGTTGACCTGGATGAAACCGCGCGTATCGTGGAG
GAACTGATTGCGGCGGGTGTTAACGGCATTCTGAGCATGGGCACCTTTGGCGAGTGCGCGACCCTGACCTGGGAG
GAAAAGCGTGACTACGTGAGCACCGTGGTTGAAACCATCCGTGGTCGTGTTCCGTATTTCTGCGGCACCACCGCG
CTGAACACCCGTGAGGTGATCCGTCAGACCCGTGAACTGATCGATATTGGTGCGAACGGCACCATGCTGGGTGTG
CCGATGTGGGTTAAGATGGACCTGCCGACCGCGGTTCAATTTTACCGTGATGTTGCGGGTGCGGTTCCGGAGGCG
GCGATCGCGATTTATGCGAACCCGGAAGCGTTCAAATTTGATTTCCCGCGTCCGTTCTGGGCGGAGATGAGCAAG
ATCCCGCAGGTGGTTACCGCGAAATACCTGGGTATTGGCATGCTGGACCTGGATCTGAAACTGGCGCCGAACATC
CGTTTTCTGCCGCACGAGGACGATTACTATGCGGCGGCGCGTATCAACCCGGAACGTATTACCGCGTTCTGGAGC
AGCGGTGCGATGTGCGGTCCGGCGACCGCGATTATGCTGCGTGACGAGGTGGAACGTGCGAAGAGCACCGGTGAT
TGGATCAAGGCGAAAGCGATTAGCGACGATATGCGTGCGGCGGACAGCACCCTGTTTCCGCGTGGTGATTTTAGC
GAGTTCAGCAAGTACAACATCGGCCTGGAAAAAGCGCGTATGGATGCGGCGGGTTGGCTGAAAGCGGGTCCGTGC
CGTCCGCCGTACAACCTGGTGCCGGAAGATTATCTGGTTGGTGCGCAAAAGAGCGGTAAAGCGTGGGCGGCGCTG
CACGCGAAGTATAGCAAA

B)
MLNKVIKTTRLTAEDINGAWTIMPTPSTPDASDWRSTNTVDLDETARIVEELIAAGVNGILSMGTFGECATLTWEEKRDYV
STVVETIRGRVPYFCGTTALNTREVIRQTRELIDIGANGTMLGVPMWVKMDLPTAVQFYRDVAGAVPEAAIAIY ANPEAFK
FDFPRPFWAEMSKIPQVVTAKYLGIGMLDLDLKLAPNIRFLPHEDDYYAAARINPERITAFWSSGAMCGPATAIMLRDEVE
RAKSTGDWIKAKAISDDMRAADSTLFPRGDFSEFSKYNIGLEKARMDAAGWLKAGPCRPPYNLVPEDYLVGAQKSGKAW
AALHAKYSK

Figure S1. A) Optimized gene sequence (GenScript's gene synthesis service) and B)
amino acid sequence of HBPA (NCBI database accession number: WP_011475383.1).
A)
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PQE40-HBPA
Primer 1 HBPA , %
with Ndel restriction site == ¥ N
—a— 11—
| HisTag nahE gene |
-~—1—=
Primer 2 HBPA
PCR with Kpnl restriction site ==

Agarose gel electrophoresis and insert purification

E]| HisTag nahE gene EI

pETDuet-1-HBPA

B)

MRGSHHHHHHGSMLNKVIKTTRLTAEDINGAWTIMPTPSTPDASDWRSTNTVDLDETARIVEELIAAGVNGILSMGTFGEC
ATLTWEEKRDYVSTVVETIRGRVPYFCGTTALNTREVIRQTRELIDIGANGTMLGVPMWVKMDLPTAVQFYRDVAGAVP
EAAIAIY ANPEAFKFDFPRPFWAEMSKIPQVVTAKYLGIGMLDLDLKLAPNIRFLPHEDDYYAAARINPERITAFWSSGAMC
GPATAIMLRDEVERAKSTGDWIKAKAISDDMRAADSTLFPRGDFSEFSKYNIGLEKARMDAAGWLKAGPCRPPYNLVPED
YLVGAQKSGKAWAALHAKYSK

Figure S2. A) Schematic representation of the cloning method of HBPA in the pETDuet-
1 plasmid. B) Protein sequence of His tag-HBPA. 6x His tag (red) and HBPA (blue).

BCAT and AspAT (NCBI database accession number ABD20288.1 and NP_415448
respectively). The genes ilvE and aspC from E. coli K-12 were amplified by PCR from
genomic DNA and cloned into pQE 60 using Ncol/Bglll restriction enzymes (primers
BCAT(53) and BCAT(35)) and BamHI/HindlIIl restriction enzymes (primers AspAT(53)
and AspAT(35)) respectively (Table S3). All DNA manipulation were performed using

routine procedures of molecular biology.®
A)
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MGMTTKKADYIWFNGEMVRWEDAKVHVMSHALHYGTSVFEGIRCYDSHKGPVVFRHREHMQRLHDSAKIYRFPVSQSI
DELMEACRDVIRKNNLTSAYIRPLIFVGDVGMGVNPPAGYSTDVIIAAFPWGAYLGAEALEQGIDAMVSSWNRAAPNTIPT
AAKAGGNYLSSLLVGSEARRHGYQEGIALDVNGY ISEGAGENLFEVKDGVLFTPPFTSSALPGITRDAIIKLAKELGIEVRE
QVLSRESLYLADEVFMSGTAAEITPVRSVDGIQVGEGRCGPVTKRIQQAFFGLFTGETEDKWGWLDQVNQRSHHHHHH

B)

MGGSMFENITAAPADPILGLADLFRADERPGKINLGIGVYKDETGKTPVLTSVKKAEQYLLENETTKNYLGIDGIPEFGRCT
QELLFGKGSALINDKRARTAQTPGGTGALRVAADFLAKNTSVKRVWVSNPSWPNHKSVFNSAGLEVREYAYYDAENHTL
DFDALINSLNEAQAGDVVLFHGCCHNPTGIDPTLEQWQTLAQLSVEKGWLPLFDFAY QGFARGLEEDAEGLRAFAAMHK
ELIVASSYSKNFGLYNERVGACTLVAADSETVDRAFSQMKAAIRANYSNPPAHGASVVATILSNDALRAIWEQELTDMRQ
RIQRMRQLFVNTLQEKGANRDFSFIIKQNGMFSFSGLTKEQVLRLREEFGVYAVASGRVNVAGMTPDNMAPLCEAIVAVL

RSHHHHHH
Figure S3. A) Protein sequence of BCAT-His tag and B) protein sequence of AspAT-His tag.

BCAT (blue), AspAT (green) and 6x His tag (red).
Site-directed mutagenesis

The HBPA gene mutation H205A was introduced with the Megaprimer site-directed
mutagenesis strategies (Figure S4) with PCR procedure described in Table S2.
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pETDuet-1-HBPA

s "y
Primer 3 HBPA — =
[

] PCR 1 DNA ladder
“— Primer 4 HBPA

PCR 1

HBPA wt without restriction sites
PCR 2 P

» Mutagenic primer H205A —

]
Ry — |

Primer 2 HBPA with Kpnl restriction site PCR 2
 —
" Megaprimer with mutation H205A
Primer 1 HBPA
with Ndel restriction site = PCR3
o — | 2

PCR 3

HBPA H205A gene

Agarose gel electrophoresis, insert purification, ligation and )
transformation of competent cells

M

pETDuet-1-HBPA

H205A

Figure S4. Schematic illustration of the megaprimer method for site-directed
mutagenesis. The first-round PCR (PCR 1) was performed using external forward (Primer
3 HBPA) and reverse primer (Primer 4 HBPA), neither of one with restriction site. The
second-round PCR (PCR 2) was performed using the internal mutagenic primer (Primer
HPBA H205A) and external primer (Primer 2 HBPA) with Kpnl restriction site. The
third-round PCR (PCR 3) was performed using external primer (Primer 1 HBPA) with
Ndel restriction site and the product of PCR2 (“megaprimer”).
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Table S2. Megaprimer site-directed mutagenesis PCR protocols.

a) PCR 1
Final concentration (50
Components V/iuL uL total volume) PCR cycles
Water, nuclease free 355 Step T/°C Timels
5X Green Buffer? 10 Initial denaturation 98 180
dNTP mix
(10 mM each) 1 0.2 mM each 98 10
F1, forward primer
(25 uM) 1 0.5 uM 35 PCR cycles 55 30
R, reverse primer (25
1 0.5 uM 72 20
1M) H
Template DNA L . .
(1 ng uL ) 1 0.01 ng pL Final extension 72 600
DNA Polymerase (2 a
U L3P 0.5 0.02 U pL 4 Hold
b) PCR 2
Final concentration (50
Components V/pL uL total volume) PCR cycles
Water, nuclease free 35.5 Step T/°C Time/s
5X Green Buffer? 10 Initial denaturation 98 180
dNTP mix
(10 mM each) 1 0.2 mM each 98 10
F1, forward primer
(25 uM) 1 0.5 uM 35 PCR cycles 55 30
R, reverse primer (25
1 0.5 uM 72 6
uM) H
Template DNA 4 ) .
(1 ng uL ) 1 0.01 ng pL Final extension 72 600
DNA Polymerase (2 1
U L3P 0.5 0.02 U pL 4 Hold
c) PCR 3
Final concentration (50
Components VipL uL total volume) PCR cycles
Water, nuclease free 355 Step T/°C Time/s
5X Green Buffer? 10 Initial denaturation 98 180
dNTP mix
(10 mM each) 1 0.2 mM each 98 10
F1, forward primer
(25 uM) 1 0.5 uM 35 PCR cycles 55 30
R, reverse primer (25
1 0.5 uM 72 300
uM) H
Template DNA a4 . .
(1 ng uL?) 1 0.01 ng pL Final extension 72 600
DNA Polymerase (2 05 | 002UpL™ 4 Hold

U “L—l)b

35X Phusion Green HF Buffer (Thermo Scientific). "The concentration of Megaprimer depends on the

efficiency of the PCR2. Megaprimer size: 418 bp (H205A). °Fusion Green High-Fidelity DNA Polymerase
(Thermo Scientific).

Protein production and purification

General procedure for HBPA, BCAT and AspAT: Competent E. coli strain cells were

transformed with the correspondent plasmid (Table S3) and grown in LB medium with
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selected antibiotics at 37 °C on a rotary shaker at 200 rpm. A final optical density at 600
nm (ODeoo) of 2—-3 was usually achieved. An aliquot of the pre-culture (20 mL) was
transferred into a baffled shaker flask (2 L) containing LB medium (1 L) plus selected
antibiotics and antifoam SE-15 (0.02% (v/v)), and incubated at 37 °C with shaking at 200
rpm. During the middle exponential phase growth (DOeoo ~ 0.5-0.8), the temperature was
lowered to 30 °C to minimize inclusion bodies formation and then proteins expression
were induced (Table S3). After 12-16 h, cells from the induced-culture broths (5 L, 16-
22 g of cells) were centrifuged (2500 g for 45 min at 4 °C). The pellet was re-suspended
in the lysis buffer (400 mL). Cells were lysed using a cell disrupter (Constant Systems)
and cellular debris were removed by centrifugation (35000 g for 45 min at 4 °C). The
clear supernatant was applied to a cooled HR 16/40 column (GE Healthcare) packed with
Nickel Sepharose™ High Performance (50 mL bed volume, GE Healthcare) at 6 mL min~
L and washed with lysis buffer (400 mL) at 6 mL min~t. The protein was eluted with
elution buffer (200 mL) at a flow rate of 6 mL min! (Table S3, Figure S5). The
recombinant proteins were dialyzed against 1 L of dialysis buffer (3x1 L 24 h each). The
dialyzed solution obtained (90-140 mL) was stored at - 20 °C. The glycerol in dialysis
buffer minimizes protein precipitation after purification. Protein concentrations were
determined by absorption at 280 nm using extinction coefficients calculated by ProtParam
(http://expasy.org/tools/protparam.html), HBPA wt and H205A variant (1.7 mg mL™),
BCAT (1.40 mg mL?) and AspAT (0.98 mg mL™), assuming all Cys residues are

reduced.
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Table S3. Conditions for expression and purification of protein using in this work.

Expression conditions Purification conditions
Cellular Induction
Enzyme expression condit_ions and Lysis buffer Elution Dialysis buffer
system selection buffer
antibiotics
IPTG 1 mM 20 mM TEA buffer
L-arabinose pH 6.5, NaCl (50
HBPA E. coli BL21 | (0.2% m/v) 50mM mM), EDTA (0.5
Al T =30°C 50 mM | NaH,PO, mM) and glycerol
Ampicillin (100 | NaH,PO, buffer  pH (50% viv).
pg mL™) buffer pH 8.0, | 8.0,
BCAT NaCl (300 | NaCl (300 | 50mM NaH2PO4
IPTG 50 uM mM), mM), buffer pH 7.0, NaCl
Tavc | 0L | Gsomy | mh and. glycarol
. L mM), glycero m m and glycero
'[Ep'RCE"F','_ 4';"15 Amrfl'fl'l')'” (100 1 109 9% viv) and | and (50% VIv).
AspAT le%:mamycin DNAse 0glycerol (10
(25 g mLY) % VIV).

General procedure for MBP-YfaU and BAL. Protein expression and purification were

performed as described in previous work.?3
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Figure S5. Analysis of enzyme purification steps by Coomassie Blue-stained SDS-
PAGE. Wild-type HBPA (A), H205A variant (B), MBP-YfaU (C), BAL (D), BCAT (E),
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and AspAT (F). In each case, the gel was loaded with samples from pellet after lysis (lane
1), supernatant of lysis (lane 2), flow-through fraction (lane 3), wash fraction (lane 4) and
elution fraction (lane 5). The molecular masses of the proteins in the Standard Molecular
Weight Marker (ST) are as indicated. The predicted molecular mass of HBPA wild-type
and H205A variant is 38 kDa. MBP-YfaU (72.3 kDa), BAL (60.1 kDa), BCAT (35.3
kDa), and AspAT (45 kDa).

Table S4. Yield of enzyme after purification and inclusion bodies formation.

Enzyme Inclusion bodies formation/(%)? | Yield®
HBPA wild-type 36 72
HBPA H205A 40 85
MBP-YfU 47 168
BAL 30 234
BCAT 39 396
AspAT 29 168

aFormation of inclusion bodies was estimated by color densitometry in SDS-PAGE using Image J version

1.53a.# °’mg protein L culture medium.

Electrospray mass spectrometry of proteins.

Glycerinated proteins were diluted in water/formic acid (0.1% v/v) (1 mg protein mL™,
final concentration in the solution) and glycerol and salts were removed with PD
MiniTrap G-10 of (GE Healthcare). The samples were eluted in water/formic acid (0.1%
v/v, 0.5 mL) and injected (5 pL) to an Acquity UPLC BEH C4, 1.7 um, 2.1x50 mm
column connected to a mass spectrometer ESI-TOF instrument (LCT PremierWaters,
Milford, MA, USA), equipped with a 4 GHz time-to-digital converter (TDC) with a dual
ESI source (LockSpray). The second sprayer provided the lock mass calibration with
leucine enkephalin (m/z 556.2771). The ESI-TOF was operated in the W-optics mode,
thus providing a mass resolution of at least 10 000 full width at half maximum (FWHM).
The acquisition time per spectrum was set to 0.2 s, and the mass range was from 500 to
1800 Da. Data were acquired using a cone voltage of 50 V, capillary voltage of 3000 V,
desolvation temperature of 35 °C, and source temperature of 100 °C. The desolvation gas
flow was set at 400 L h™* and the cone gas flow was set at 30 L h. The solvent system
used for the elution was: solvent (A): 0.1% formic acid in CHsCN/H20 (70/30, v/v) and
solvent (B): 0.1% (v/v) formic acid in H2O, gradient elution from 28% A to 100% A in
25 min, 100% A for 2 min and 28% A for 18 min, flow rate 0.2 mL min~t. Mass Lynx
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4.1 software (Waters, Milford, MA, USA) was used for data acquisition and processing.
Magtran software 4, kindly provided by Dr. Zhonggi Zhang (Amgen, Inc.; Thousand
Oaks, CA), was used for molecular weight deconvolution from ESI-MS spectra of
proteins (Table S5/Figure S6).

Table S5. Molecular weight determination by ESI-MS of HBPA.

Enzyme Molecular weight Am/Da Am/Da

variant calculated/Da (HBPA wt — HB_PA (HBPA wt — HBPA
H205A) Theoretical H205A) Experimental

Wild- 38045

type 66 66

H205A 37979

HBPA wild-type

T T T T T T T T T T T T T T T 1
5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000 70000 75000 80000 85000 90000 95000 10000C

3L+
wlaeo.oo
20287+
1586.00

26+ 5,0
Y524,
abishaabmin 2
1 T T T T T T T T T T T T T T T T 1
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4D0 4400 4600 4800 5000
mz

HBPA H205A
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HMLLL .

Figure S6: ESI/TOF spectra and deconvolution spectra of HBPA and H205A variant.
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TLC analysis.

Thin layer chromatography was performed using precoated silica gel plates with or
without fluorescent indicator UV254 (Macherey-Nagel GmbH & Co. KG, Kieselgel 60).
TLC without fluorescent visualization was stained using ceric ammonium molybdate,

ninhydrin or p-anisaldehyde.

Specific rotation.

Specific rotation values were measured with a Perkin Elmer Model 341 (Uberlingen,
Germany) (Na Lamp, 589 nm). Products (16 to 63 mg) were dissolved in H.O, MeOH or
CHCIs (1.5 mL) and the samples were analyzed at room temperature 1.0 dm cell with

polarized light. Rotation values are described in each compound.

HPLC analysis.

HPLC analysis was performed on a RP-HPLC XBridge® C18, 5 um, 4.6 x 250 mm
column (Waters). The solvent system used was: solvent (A): 0.1% (v/v) trifluoroacetic
acid (TFA) in H20 and solvent (B): 0.095% (v/v) TFA in CH3CN/H20 4:1, flow rate 1

mL min~?, detection at 215 nm and column temperature at 30 °C.

The amount of products and substrates were quantified from the peak areas using an
external standard methodology. Reaction monitoring for aliphatic aldehydes (1), sodium
pyruvate (2) and aldol adduct (3) were carried out as follows:

A oen| B c 0B
j BnONH +H\N/ " 2 BnONH +HN/OBn oH O BnONH HO +HN\/ "
n 2 n 2 | n 2
Ri g RH AcozNa )\COQH R1MCOZH ” R/K)\COQH
1 2 3

a) Analysis of the compounds bearing carbonyl groups. Samples were withdrawn
from the reaction mixture (10 pL) and mixed with a solution of BnONH: (50 pL of a 0.13
mM stock solution in pyridine:methanol:water 33:15:2) during 5 min, and then diluted
with methanol (500 pL). After centrifugation, they were analyzed by HPLC. Elution
conditions: most samples were analyzed using a gradient elution from 10 to 100% B over

30 min.

b) Analysis of the compounds bearing aromatic moieties. Samples were

withdrawn from the reaction mixture (50 pL) and diluted with methanol (500 uL). After
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centrifugation, they were analyzed by HPLC. Elution conditions: most samples were

analyzed with a gradient elution from 10 to 100% B over 30 min.

c) Analysis of the compounds bearing amino groups. Samples were withdrawn
from the reaction mixture (10 pL) and mixed with sodium borate buffer (20 uL of a 100
mM stock solution pH 10.0). Then, a solution of N-(benzoyloxy)succinimide (Bz-OSu)
(50 pL of a 150 mM stock solution in CH3CN, 7.5 pmol, 7.5 eq) was added. After
incubation at room temperature for 30 min, samples were diluted with AcOH:CH3CN
10:90 (300 pL), centrifuged, and subsequently analyzed by HPLC. Elution conditions:

most samples were analyzed with a gradient elution from 10 to 100% B over 30 min.

d) Chiral HPLC: Enantiomeric excesses (ee) were determined by HPLC on chiral
stationary phase. Compounds 4a and 4a’ were analyzed on a CHIRALPAK® ID, 4b, 4e-
f, 4h-j and 4m on a CHIRALPAK® IB, and 4d, 4g and 4l on a CHIRALPAK® IC,
columns (46 x 250 mm, 5 um). All samples were eluted with hexane/isopropanol mixtures
at flow rate 1 mL min~%, column temperature 30 °C and diode array detection (215-350
nm). Specific elution conditions are described in each compound.

NMR analysis.

Routine *H (400 MHz) and 3C (101 MHz) NMR spectra of compounds were recorded
with a Varian Mercury-400 spectrometer. Full characterization of the described
compounds was performed using typical gradient-enhanced 2D experiments: COSY,
HSQC, NOESY, HMBC, and selective 1D nOe recorded under routine conditions.

Activity determination of HBPA

The activity was determined using the aldol condensation of sodium pyruvate to indole-
3-carboxyaldehyde using a continuous assay method.> One unit of activity was defined
as the amount of HBPA that catalyzes the formation of 1 umol sodium (E)-4-(1H-indol-
3-yl)-2-oxobut-3-enoate per min at 30 °C, in 50 mM sodium phosphate buffer pH 7.0
containing 3% of MeOH (v/v). The assay was performed as follows: to a solution of
sodium pyruvate (20 pL of a 2 M stock solution in H20 pH 6.5-7.0, prepared just before
use) and indole-3-carboxyaldehyde (200 uL of a 0.075 mM solution in 50 mM sodium
phosphate buffer pH 7.0, and 3% of MeOH (v/v)), a solution of the enzyme (80 pL, of
stock solution between 0.0625 — 4 mg mL™* in 20 mM TEA buffer pH 6.8, containing
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NaCl (50 mM), EDTA (0.5 mM), and 50% of glycerol (v/v)) was added. The total reaction
volume was 0.3 mL. Reaction was monitoring spectrophotometrically at 367 nm during
15 min measuring each 30 s.

Activity determination of (S)-selective transaminases.

The activity of T039 was determined using the transamination of a-ketoglutarate to
L-Glu, using L-Ala as amine donor. Pyruvate formed was measured with a coupled assay
with lactate dehydrogenase (LDH), measuring the consumption of NADH. One unit of
activity was defined as the amount of transaminase that catalyzes the formation of 1 pmol
of L-Glu per min at 30 °C in 50 mM sodium phosphate buffer pH 7.0, containing PLP
(0.05 mM). The assay protocol was as follows: to a solution mixture of a-ketoglutarate
and L-Ala (180 uL of a 16.6 mM a-ketoglutarate, and a 83.3 mM L-Ala stock solutions,
containing NADH (0.16 mM) and PLP (0.08 mM) stock solution in 50 mM sodium
phosphate buffer pH 7.0), and LDH (20 uL of 140 U mL!stock solution, 4.2 U in the
reaction), T039 (100 pL of a 0.006 — 0.09 mg mL* stock solutions of free cell extract
powder in 50 mM sodium phosphate buffer pH 7.0) was added. Total final volume was
0.3 mL. Reaction was monitoring spectrophotometrically at 340 nm during 10 min

measuring each 30 s.

Activity of ASpAT was determined using the transamination of a-ketoglutarate to L-Glu,
using L-Asp as amine donor. Oxalacetic acid formed was measured with a coupled assay
with lactate dehydrogenase (LDH) and Malate dehydrogenase (MDH), measuring the
consumption of NADH. One unit of activity was defined as the amount of transaminase
that catalyzes the formation of 1 umol of L-Glu per min at 30 °C in 50 mM sodium
phosphate buffer pH 7.0, containing PLP (0.05 mM). The assay protocol was as follows:
to a solution mixture of a-ketoglutarate and L-Asp (250 pL of a 12 mM a-ketoglutarate,
and 240 mM L-Asp stock solutions, containing NADH (0.19 mM) and PLP (0.12 mM)
stock solution in 50 mM sodium phosphate buffer pH 7.0, LDH (2.4 pL of 9968 U mL*
stock solution, 25 U in the reaction) and MDH (10 pL of 6000 U mL!stock solution, 5 U
in the reaction), AspAT (50 pL, of stock solution between 0.00024 - 1 mg mL~*in 50mM
NaH2PO4 buffer pH 7.0, NaCl (100 mM), PLP (0.01 mM) and glycerol (50% v/v)) was
added. Total final volume was 0.3 mL. Reaction was monitoring spectrophotometrically

at 340 nm during 15 min measuring each 30 s.
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Activity of BCAT was determined using the transamination of a-ketoglutarate to L-Glu,
using L-Val as amine donor. L-Glu formed was measured with a coupled assay with
Glutamate dehydrogenase (GDH) measuring the formation of NADH.® One unit of
activity was defined as the amount of transaminase that catalyzes the formation of 1 umol
of L-Glu per min at 30 °C in 100 mM sodium phosphate buffer pH 8.0, containing PLP
(0.05 mM). The assay protocol was as follows: to a solution mixture of a-ketoglutarate
and L-Val (250 uL of 6 mM a-ketoglutarate, and 12 mM L-Val stock solution, containing
NAD" (0.6 mM) and PLP (0.6 mM) in 100 mM sodium phosphate buffer pH 8.0, GDH
(1.8 mg of 13 U mg-stock solution, 2 U mL in the reaction), BCAT (50 pL, of stock
solution between 0.0078 — 1 mg mL*in 50 mM NaH2PO4 buffer pH 7.0, NaCl (100 mM),
PLP (0.01 mM) and glycerol (50% v/v)) was added. Total final volume was 0.3 mL.
Reaction was monitoring spectrophotometrically at 340 nm during 15 min measuring
each 30 s.

Synthesis of starting material (1c-f, 1i-j, 1I-s).

2-(Benzylthio)acetaldehyde (1c). Typical procedure: The title compound was prepared
by oxidation the corresponding alcohol precursor. 2-(Benzylthio)ethanol (1.2 g, 7.1
mmol) was dissolved in EtOAc (250 mL) and 2-iodoxybenzoic acid (IBX) (4.0 g, 14.3
mmol, 2 eq) was added. The mixture was refluxed for 6 h. Then, the reaction mixture was
allowed to cold down to room temperature (rt), filtrated and the filtrate was washed with
NaHCO3 5%, brine (3 x 100 mL), dried over anhydrous MgSO4 and concentrated under
vacuum to afford the compound 1c as a yellow oil, (959 mg, 81%). The spectral properties
of this product agreed with those reported in the literature.” *H NMR (400 MHz, CDCls)
8 9.40 (t, J = 2x3.4 Hz, 1H), 7.34 — 7.21 (m, 5H), 3.61 (s, 2H), 3.07 (d, J = 3.4 Hz, 2H).
13C NMR (101 MHz, CDCl3) § 193.8, 129.2, 128.6, 127.4, 40.2, 35.5.

2-Methoxyacetaldehyde (1d). To a solution of 1,1,2-trimethoxyethane (5.0 g, 41.6
mmol) in H2SO4 (20 mL, 2 M), was stirred at rt for 1 h. CaCO3 solid was added until
neutralization. After that, reaction mixture was filtrated through Celite®. Aldehyde 1d
was used without any further purification. The concentration of the compound in the final
solution resulted to be 0.4 M, as determined by HPLC analysis using pre-column

derivatization with O-benzylhydroxylamine.

S17



Seccion experimental capitulo 3.1

2-Phenoxyacetaldehyde (1e). The title compound 1e (oil, 1.4 g, 92%) was prepared
following the procedure described for (1c) starting from 2-phenoxyethanol (1.5 g, 10.9
mmol). The spectral properties of this product matched those reported in the literature.®
'H NMR (400 MHz, CDCls3) & 9.86 (t, J = 2x1.2 Hz, 1H), 7.34 — 7.19 (m, 2H), 7.05 —
6.78 (m, 3H), 1.55 (s, 2H). **C NMR (101 MHz, CDCls) § 199.4, 157.6, 129.6, 122.0,
114.5, 72.6.

2-Methyl-2-phenoxypropanal (1f).

PhOXCOzH l, INaBH/THF Pho% IBX/EtOAc PhO No

reflux overnignt reflux 6h
S$1 1f

To a suspension of 2-methyl-2-phenoxypropanoic acid S1 (2.0 g, 11.1 mmol) and NaBH4
(1.3 g, 33.3 mmol, 3 eq) in anhydrous THF (100 mL), I>(3.4 g, 13.3 mmol, 1.2 eq) was
slowly added under N2 atmosphere. When all the added 1> was consumed, the reaction
was stirred overnight under reflux. The mixture was allowed to cold down to rt, and
methanol was added until there was no gas formation. The solvent was removed under
vacuum affording a white solid. To this residue, aqueous NaOH 5% (200 mL) was added
and solution was stirred for 3 h, and extracted with CH2Cl, (3 x 100 mL). The organic
phases were combined, washed with water (3x100 mL), NaHCO3z 20% (3 x 100 mL),
brine (3 x 100 mL) and dried over anhydrous magnesium sulfate. The solvent removed
under vacuum affording 2-methyl-2-phenoxypropanol S2 as an oil (1.7 g, 90%). 'H NMR
(400 MHz, CDCl3) 6 7.30 — 7.23 (m, 2H), 7.09 (t, J = 2x7.4 Hz, 1H), 6.99 (d, J = 1.4 Hz,
1H), 6.96 (d, J = 1.2 Hz, 1H), 3.58 (s, 2H), 1.26 (s, 6H). 3C NMR (101 MHz, CDCl3) &
154.5, 129.1, 123.8, 80.6, 70.3, 23.1. The title compound 1f (oil, 932 mg, 57%) was
prepared following the procedure described for 1c starting from S2 (1.7 g, 10.0 mmol).
'H NMR (400 MHz, CDCls) § 9.84 (s, 1H), 7.29 — 7.19 (m, 2H), 7.02 (t, J = 2x7.9 Hz,
1H), 6.85 (d, J = 0.8 Hz, 1H), 6.83 (d, J = 1.0 Hz, 1H), 1.41 (s, 6H). 3C NMR (101 MHz,
CDCI3) 6 203.4, 155.1, 129.4, 122.8, 119.8, 83.1, 21.8.

Isopropyl 2-oxoacetate (1i). To a solution of diisopropyl-L-(+)-tartrate (5.0 g, 21.4
mmol) in anhydrous ether (100 mL) at 4 °C, Hs1O¢ (4.9 g, 21.4 mmol, 1 eq) was added
under N2 atmosphere. After stirring at 4 °C for 2 h, the reaction mixture was filtered
through Celite® and the filter cake washed with ether (3 x 100 mL). Finally, the solvent
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was removed under vacuum affording the title compound (1i) as a yellow oil (5 g, 88%).
The compound was used without any further purification. *H NMR (400 MHz, CDs0D)
8 5.06 —4.98 (m, 1H), 1.26 (d, J = 2.0 Hz, 3H), 1.25 (d, J = 2.0 Hz, 3H). 3C NMR (101
MHz, CD30D) ¢ 168.6, 93.5, 68.9, 20.4.

tert-Butyl 2-oxoacetate (1j). Compound 1j was obtained as a white solid (1 g, 99%)
following the procedure described for 1i starting from di-tert-butyl-L-(+)-tartrate (1.0 g
3.8 mmol). *H NMR (400 MHz, CD30D) & 4.70 (s, 1H), 4.34 (s, 1H), 3.29 (s, 1H), 1.47
(d, J=3.7 Hz, 9H). 3C NMR (101 MHz, CD30D) § 170.8, 168.3, 93.7, 47.98, 81.8, 72.6,
26.8.

3-(Benzyloxy)propanal (1m). The title compound 1m (colorless oil, 1.5 g, 99%) was
prepared following the procedure described for 1c starting from 3-(benzyloxy)propan-1-
ol (1.5 g, 9.0 mmol). The NMR data agreed with that reported in the literature.2 'H NMR
(400 MHz, CDClz) 8 9.79 (t, J = 2x1.9 Hz, 1H), 7.36 — 7.24 (m, 5H), 4.52 (s, 2H), 3.80
(t, J = 2x6.1 Hz, 2H), 2.69 (td, J = 2x6.1, 1.9 Hz, 2H). 3C NMR (101 MHz, CDCl3) &
201.1, 137.8, 128.4, 127.8, 127.7, 73.2, 63.8, 43.9.

N-(2-Oxoethyl)-2-phenylacetamide (1n).

(0] oM fe) CH3CN/HCI e}
Ph\)J\OH o HNTY DM EDACHOBL Ph\)LN ome MMEAVAY) PthN/VO
OMe CHyCIl,,4°Ctort, 12 h H/\O(M overnight H
e
S3 S4 S5 1n

To a solution of 2-phenylacetic acid S3 (10.0 g, 73.5 mmol) in anhydrous CH.ClI, (200
mL) at 4 °C, HOBt (11.9 g 88.4 mmol, 1.2 eq) was added, followed by EDAC (16.9 g,
88.2 mmol, 1.2 eq), and 2,2-dimethoxyethanamine S4 (9.3 g, 88.1 mmol, 1.2 eq). After
stirring for 12 h from 4 °C to rt under N2 atmosphere, the solvent was removed under
vacuum. The residue was re-suspended in EtOAc (400 mL), washed with citric acid 5%
(3 x 200 mL), NaHCO35% (3 x 200 mL), brine (3 x 200 mL) and dried over anhydrous
MgSOs and concentrated under vacuum vyielding N-(2,2-dimethoxyethyl)-2-
phenylacetamide S5 (11.5 g, 70%). *H NMR (400 MHz, CDCl3) § 7.36 — 7.21 (m, 5H),
4.29 (t, J = 2x5.4 Hz, 1H), 3.56 (s, 2H), 3.34 (t, J = 2x5.6 Hz, 2H), 3.31 (s, 6H). *C NMR
(101 MHz, CDCl3) 6 171.0, 134.8, 129.3, 128.9, 127.3, 102.6, 54.5, 43.7,41.1. A solution
of S5 (3.0 g, 13.4 mmol) was dissolved in CH3CN/HCI 1 M 1:1 (v/v) (150 mL) and the
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mixture was stirred at rt overnight. After that, the solvent was evaporated under vacuum
until the remaining aqueous phase. Then, solid NaCl was added until saturation, and
extracted with CH2Cl, (3 x 100 mL). The organic phases were combined, dried over
anhydrous MgSOs4 and concentrated under vacuum to afford the title compound 1n as
solid (2.1 g, 87%). The NMR data agreed with that reported in the literature.® *H NMR
(400 MHz, CDCls3) 8 9.59 (s, 1H), 7.39 — 7.22 (m, 5H), 4.14 (d, J = 5.0 Hz, 2H), 3.62 (s,
2H). 13C NMR (101 MHz, CDCls3) § 196.0, 171.3, 134.2, 129.4, 129.1, 127.5, 50.3, 43.4.

L-Alanine methyl ester hydrochloride (S6). To a solution of L-Ala (6.5 g, 73.0 mmol)
in anhydrous MeOH (150 mL) cooled at — 80 °C, SOCI; (26.0 g, 218.9 mmol, 3 eq) was
slowly added under N> atmosphere. After the addition, the mixture was stirred overnight
allowed to warm up to rt. After that, the solvent was evaporated under vacuum and the
residue was dissolved again with MeOH and removed under vacuum. This operation was
repeated five times (5 x 100 mL). Finally, the excess of volatile acid was eliminated in
vacuo over NaOH pellets.® L-Alanine methyl ester hydrochloride (10.4 g, 99%) was
obtained as a white solid. *H NMR (400 MHz, D20) & 4.06 (q, J = 3x7.2 Hz, 1H), 3.70
(d, J=1.0 Hz, 3H), 1.41 (dd, J = 7.3, 1.0 Hz, 3H). *C NMR (101 MHz, D;0) § 171.2,
53.5, 48.7, 15.0.

(S)-N-(1-Oxopropan-2-yl)-2-phenylacetamide (10).

CO,Me X
OH o}
YCOZMe EDAC/HOBt/DIPEA \l/ NaBH,/CaCl, \‘/\ IBX/EtOAC Y

OH + —_— NH — " > NH 2AERAD NH
PhY NHg*CrI CH,Cl PR MeOH/THF (1:1 viv) Ph™ Y[ reflux6h Ph” Y
0 4°Ctort12h 5 4°C1h 0 o)
s3 s6 s7 s8 10

To a solution of 2-phenylacetic acid S3 (8.3 g, 61.0 mmol, 1 eq) in anhydrous CH2Cl>
(200 mL) at 4 °C, HOBt (10.0 g 73.2 mmol, 1.2 eq) was added, followed by consecutive
the addition of EDAC (10.2 g, 73.2 mmol, 1.2 eq), L-alanine methyl ester hydrochloride
S6 (10.2 g, 73.2 mmol, 1.2 eq) and DIPEA (11.8 g, 91.4 mmol, 1.5 eq). After stirring for
12 h from 4°C to rt under N2 atmosphere, the reaction mixture was transferred to a
separation funnel and the organic phase was washed with HCI 1 M (3 x 200 mL), NaHCO3
5% (3 x 200 mL) and brine (3 x 200 mL). Then, the organic phase was dried over
anhydrous MgSO4 and concentrated under vacuum vyielding N-phenylacetyl-L-alanine
methyl ester S7 (12.6 g, 93%) as a white solid. *H NMR (400 MHz, CDCls) § 7.39 — 7.22
(m, 5H), 4.56 (p, J = 2x7.2, 2x7.1Hz, 1H), 3.69 (s, 3H), 3.57 (s, 2H), 1.32 (d, J = 7.1 Hz,
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3H). 3C NMR (101 MHz, CDCl3) § 173.3, 170.3, 134.4, 127.4, 129.4, 129.0, 127.4, 52.4,
48.1, 43.6, 18.3. To a solution of S7 (6.0 g, 27.1 mmol) in anhydrous MeOH/THF mixture
(100 mL 1:1 v/v), CaCl2(15.1 g, 135.6 mmol, 5 eq) and NaBH4 (5.1 g, 135.6 mmol, 5 eq)
were added and the mixture was stirred for 1h at 0 °C under N2 atmosphere. Then, HCI 1
M (300 mL) was added at 4°C and stirred until no gas formation was detected. The
organic solvent was removed under vacuum, checking that the pH of the aqueous phase
was acidic. The product was extracted with CH2Cl> (3 x 100 mL) and the combined
organic phases dried over anhydrous MgSO4 and concentrated under vacuum to afford
N-phenylacetyl-L-alaninol S8 as a white solid (4.2 g, 81%). *H NMR (400 MHz, CDCls)
8 7.38 —7.20 (m, 5H), 4.02 (ddt, J = 10.5, 6.8, 2x3.6 Hz, 1H), 3.60 (dd, J = 10.9, 3.4 Hz,
2H), 3.56 (s, 2H), 3.46 (dd, J = 11.0, 6.1 Hz, 2H), 1.07 (d, J = 6.8 Hz, 3H). 3C NMR
(101 MHz, CDCl3) & 171.9, 134.7, 129.3, 129.0, 127.4, 67.2, 48.1, 43.7, 16.8. N-
phenylacetyl-L-alaninol S8 (2.0 g, 10.4 mmol) was dissolved in EtOAc and oxidized with
IBX (5.8 g, 20.7 mmol) using an identical procedure to that described for 1c, affording
the title compound 10 as a white solid (1.5 g, 76%). *H NMR (400 MHz, CDCl3) & 9.48
(s, 1H), 7.39 - 7.21 (m, 5H), 4.47 (p, J = 4x7.4 Hz, 1H), 3.60 (s, 2H), 1.29 (d, J = 7.4 Hz,
3H). 1°C NMR (101 MHz, CDCls) 6 198.7, 170.9, 134.4, 129.3, 129.1, 127.5, 54.4, 43 .4,
14.4,

N-Cbz-2-Aminoethanal (1p). The title compound 1p (oil, 1.8 g, 92%) was prepared
following the procedure described for 1c starting from N-Cbz-2-aminoethanol (2.0 g, 10.2
mmol). The spectral properties of this product matched those reported in the literature.!
'H NMR (400 MHz, CDCls) & 9.64 (s, 1H), 7.40 — 7.26 (m, 5H), 5.12 (s, 2H), 4.14 (d, J
= 5.1 Hz, 2H). °C NMR (101 MHz, CDCls) § 196.3, 156.2, 136.1, 128.6, 128.3, 128.1,
67.2,51.7.

tert-Butyloxycarbonyl-2-aminoethanal (1r). To a solution of 2-aminoethanol (3.0 g,
49.1 mmol) in anhydrous CH2Cl> (50 mL), di-tert-butyldicarbonate (Boc20) (10.7 g, 49.1
mmol, 1eq) was added under N2 atmosphere. After stirring at rt overnight the solvent was
removed under vacuum. The residue was re-suspended in EtOAc (300 mL) and washed
with citric acid 5% wt/v (3 x 100 mL), NaHCO3 5% wt/v (3 x 100 mL) and brine (3 x 100
mL). The organic phase was dried over anhydrous MgSOa4 and concentrated under
vacuum vyielding tert-butyl (2-hydroxyethyl)carbamate as a yellow oil (5 g, 63%). H
NMR (400 MHz, CDCls) & 3.76 — 3.57 (m, 2H), 3.26 (q, J = 2x5.4, 5.3 Hz, 2H), 1.42 (s,
9H). ¥C NMR (101 MHz, CDCls) § 146.7, 79.7, 62.7, 43.2, 28.3. Tert-butyl (2-
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hydroxyethyl)carbamate (1.5 g, 10.3 mmol) was dissolved in EtOAc and oxidized with
IBX (5.8 g, 52.0 mmol) using an identical procedure to that for compound 1c, affording
the title compound 1r as an oil (1.1 g, 76%). *H NMR (400 MHz, CDCls) § 9.63 (s, 1H),
4.06 (d, J =5.1 Hz, 2H), 1.43 (s, 9H). 3C NMR (101 MHz, CDCls3) § 197.0, 146.7, 85.2,
28.2. The NMR data matched that reported in the literature.*?

4-Methyl-N-(2-oxoethyl)benzenesulfonamide (15s).

oM TsCl, EtzN OMe MeTHF/HCI 1M (1:1, v/
N € UL B TsHN e Ve (1:1, viv) 0
OMe 4 °C to r.t overnight OMe reflux 6h TsHN
s9 $10 1s

To a solution of 2,2-dimethoxyethanamine (S9) (2.0 g, 19.0 mmol) in anhydrous CH2Cl;
(100 mL), TsClI (3.6 g 19.0 mmol, 1 eq) and EtsN (2.9 g, 28.5 mmol, 1.5 eq) were added
at 4 °C under N2 atmosphere and then left to warm up to rt. After stirring for 24 h, the
reaction mixture was extracted with HCI 1 M (3 x100 mL). Then, the organic phase was
washed with NaHCO3 5% (3 x 100 mL) and brine (3 x 100 mL), dried over anhydrous
MgSOs and concentrated under vacuum yielding N-(2,2-dimethoxyethyl)-4-
methylbenzenesulfonamide (S10) as an oil (4.7 g, 96%). S10 (4.7 g, 18.2 mmol) was
dissolved in MeTHF/HCI 1 M (200 mL 1:1 v/v). After stirring under reflux for 6 h, the
mixture was then allowed to cold down to rt and the organic solvent was removed under
vacuum. The residue was re-suspended in EtOAc (300 mL), washed with brine (3 x 100
mL), dried over anhydrous MgSQOs, and concentrated under vacuum to afford the
compound 1s as a white solid (3.4 g, 90%). *H NMR (400 MHz, CDCls) § 9.54 (s, 1H),
7.72 (d, J = 8.3 Hz, 1H), 7.30 (dt, J = 7.9, 2x0.8 Hz, 2H), 3.91 (d, J = 5.1 Hz, 2H), 2.41
(s, 3H). 1°C NMR (101 MHz, CDCls) & 194.7, 144.0, 136.0, 129.9, 127.2, 52.6, 21.5.

General procedure for the aldol addition of sodium pyruvate to aldehydes (1a-s)
catalyzed by HBPA

Analytical scale: The reaction (500 uL total volume) was conducted in 1.5 mL Eppendorf
tubes. To a solution of the aldehyde (1a-s) (dissolved in 50 mM sodium phosphate buffer
pH 7.0, 100 mM final concentration in the reaction; in case of partial water solubility,
DMF (20% v/v in the reaction was used), a solution of sodium pyruvate (2) (25 uL of a
2.0 M aqueous stock solution, pH 6.5-7.0, 100 mM final concentration in the reaction,

(Caution: The solution of sodium pyruvate has to be freshly prepared before use!) was added.
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The reaction was started by adding of HBPA wild-type (125 pL of a stock solution 0.029
U mL?, 4 mg mLtin 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v)
of glycerol, 0.007 U mL?, 1 mg protein mL* final concentration in the reaction). The
reaction mixture was placed in a vortex mixer (1000 rpm) at 25 °C for 24 h. Samples were
withdrawn immediately after the enzyme addition (0 h) and after 24 h and analyzed by
HPLC as described above.

Synthesis of 4-hydroxyesters (R-4a-m)

The aldol additions catalyzed by HBPA, oxidative decarboxylation and the subsequent

esterification was carried as follows:

Benzyl (R)-3,4-dihydroxybutanoate (R-4a).

HO /\ﬁCOZBn The synthesis of sodium 4-hydroxy—2-o>.<oacid 3a was conducted

OH in 50 mL Erlenmeyer flask. The reaction volume was 20 mL.

R-4a Sodium pyruvate 2 (1.1 g, 10 mmol, 1 eq, 0.5 M in the reaction)
and glycolaldehyde dimer (600 mg, 10 mmol monomer, 1 eq, 0.5 M in the reaction) were
dissolved in 15 mL of water. Finally, reaction was started by adding the enzyme (HBPA
wild-type, 5 mL of a stock solution 0.029 U mL?, 4 mg mLtin 50 mM TEA buffer, 50
mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.007 U mL%, 1 mg protein mL™*
final concentration in the reaction). The mixture was placed in an orbital shaker (250 rpm)
at 25 °C for 24 h. Reaction was monitored by HPLC and samples were withdrawn
immediately after the enzyme addition (0 h) and after 24 h as described above. When the
aldol adduct 3a formed was maximum, the reaction mixture was transferred in a round-
bottom flask of 250 mL capacity to avoid spilling of the reaction media due to the huge
amount of foam generated when adding the catalase to eliminate the excess of H202
(see below) and cooled down to 4 °C. To this mixture, H.0> (1.4 mL of a stock solution
8.8 M, 1.2 eq) was added under magnetic stirring. The reaction was monitored by HPLC,
and when 3a was not detected by HPLC, catalase from bovine liver (50 mg) dissolved in
100 mM sodium phosphate buffer, pH 7.0 (1 mL) was added. When the mixture stopped
bubbling, it was diluted with methanol (10 volumes), filtered through Celite® and the
filter cake washed with methanol (3 x 50 mL). The filtrates were pooled and the solvent
was removed under vacuum until dryness. The residue was re-suspended in anhydrous
DMF (40 mL) under N2 atmosphere and CsClI (6.7 mg, 4.0 mmol, 0.4 eq) was added. The
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reaction was started by adding BnBr (3.4 g, 20 mmol, 2.0 eq) and stirred at 25 °C for 24
h. Then, EtOAc (200 mL) was added and washed with H2O (3 x 100 mL) and brine (3 x
100 mL). The organic phase was dried over anhydrous MgSQs, absorbed onto silica gel
(100 mL) and loaded in a column chromatography (47x4.5 cm) packed with silica gel
(100 g, 35-70 pum, 200-500 mesh). Product was eluted with a step gradient of hexane:
EtOAc: 100:0, 200 mL, 80:20, 200 mL, 40:60, 200 mL, 20:80, 200 mL, 0:100, 500 mL.
Pure fractions were pooled, and the solvent removed under vacuum affording the title
compound R-4a as a white solid (401 mg, 19 %). [0]20° = —11.2 (¢ = 1, in MeOH). Chiral
HPLC analysis: CHIRALPACK ID, isocratic elution hexane/isopropanol 80/20 (v/v),
flow rate 1 mL min™%, tr (S) = 12.774 min, tr (R) = 11.293 min, 97:3 er. *H NMR (400
MHz, D20) & 7.34 — 7.21 (m, 5H), 5.04 (s, 2H), 3.98 (ddt, J = 8.7, 6.3, 2x4.4, Hz, 1H),
3.43 (dd, J = 11.7, 4.4 Hz, 1H), 3.37 (dd, J = 11.7, 6.3 Hz, 1H), 2,51 (dd, J = 15.6, 4.4
Hz, 1H), 2.39 (dd, J = 15.6, 8.8 Hz, 1H). 13C NMR (101 MHz, D;0) 6 173.4, 135.5,
128.7, 128.7, 128.5, 128.2, 127.4, 68.4, 67.0, 64.7, 38.2. ESI-TOF m/z: Calcd for
[M+Na*] C11H140sNa": 233.0823, found [M+Na*]: 2330814.

Benzyl 3,4-dihydroxybutanoate (rac-4a).

HO/Y\COQBn The racemic aldol adduct rac-3a was conducted in an Erlenmeyer

OH flask (50 mL). The reaction volume was 10 mL. Sodium pyruvate

rac-4a 2 (1.1 g, 10 mmol, 1 eq, 1.0 M in the reaction) and glycolaldehyde
dimer (0.6 g, 10 mmol monomer, 1 eq, 1.0 M in the reaction) were dissolved in 4.9 mL
of water and NiCl> (100 pL of a 0.1 M stock solution, 1 mM final concentration in the
reaction) was added. Finally, reaction was started by adding the enzyme (MBP-YfaU,
55.6 mg of lyophilized powder, dissolved in water (4.9 mL), 2 mg protein mL* final
concentration in the reaction). The mixture was placed in an orbital shaker (250 rpm) at
25 °C for 24 h. The aldol reaction was analyzed as describe above. The subsequent
oxidative decarboxylation, esterification, and purification were performed as described
for R-4a, affording the compound rac-4a (579 mg, 28%). NMR spectra is
indistinguishable from that of R-4a.

Naphthalen-2-ylmethyl (R)-3,4-dihydroxybutanoate (R-4a”).
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OH © Synthesis of 3a and decarboxylation reaction were performed as
Oc\)ko described for R-4a. The residue from the oxidative
decarboxylation was suspended in anhydrous DMF (40 mL)
under N2 atmosphere, and CsCl (336.4 mg, 2.0 mmol, 0.4 eq)
was added. To this suspension, 2-(bromomethyl)naphthalene (2.2 g, 10 mmol, 2 eq) was
added and the reaction was stirred at 25 °C for 24 h. Work up and purification were carried
out as described for R-4a. Compound R-4a’ was obtained as a white solid (650 mg, 50%).
[0]20° = + 10.6 (¢ = 1, in MeOH). Chiral HPLC analysis: CHIRALPACK ID, isocratic
elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min™, tr (S) = 17.145 min, tr (R)
= 14.157 min, 98:2 er. '"H NMR (400 MHz, CDCl3) & 7.84 (d, J = 3.9 Hz, 1H), 7.83 —
7.80 (m, 3H), 7.51 — 7.45 (m, 2H), 7.44 (dd, J = 8.5, 1.7 Hz, 1H), 5.31 (s, 2H), 4.15 (ddt,
J=8.0,6.1, 3.8 Hz, 1H), 3.67 (dd, J = 11.3, 3.6 Hz, 1H), 3.52 (dd, J = 11.3, 6.1 Hz, 1H),
2.63 (dd, J = 16.6, 8.6 Hz, 1H), 2.56 (dd, J = 16.6, 4.0 Hz, 1H). °C NMR (101 MHz,
CDCls) 6 172.5, 133.1, 132.8, 128.5, 128.0, 127.7, 127.5, 126.4, 125.8, 68.4, 66.9, 65.7,
37.6. ESI-TOF m/z: Calcd for [2M+Na*] CaoH320gNa™: 543.2015, found [2M+Na']:
543.1995.

Naphthalen-2-ylmethyl 3,4-dihydroxybutanoate (rac-4a’).

Synthesis of rac-3a and decarboxylation reaction were performed as described for rac-

M1 4a. Conditions for esterification and product purification were

0
OH conducted as described for R-4a’. The NMR spectra of rac-4a’

(237 mg, 58%) was indistinguishable from that of R-4a’.

rac-4a’
Benzyl (R)-4-(benzyloxy)-3-hydroxybutanoate (R-4b).

The synthesis of aldol intermediate 3b was conducted in an
BnO._~_COBn Erlenmeyer (50 mL). Reaction volume was 27 mL.
Benzyloxyacetaldehyde (1b) (0.4 g, 2.7 mmol, 1 eq, 0.1 M in the
reaction) was dissolved in DMF (5.4 mL, 20% (v/v) final

concentration in the reaction) and sodium pyruvate 2 (293.1 mg, 2.7 mmol, 1 eq, 0.1 M

R-4b

final concentration in the reaction) dissolved in water (15 mL) was added. Finally,
reaction was started by adding the enzyme HBPA wild-type (6.6 mL of a stock solution
0.029 U mL™%, 4 mg mLtin 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50%
(v/v) of glycerol, 0.007 U mL™%, 1 mg protein mL final concentration in the reaction).

The Erlenmeyer was placed in an orbital shaker (250 rpm) at 25 °C for 24h. Reaction was
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monitored by HPLC and samples were withdrawn immediately after the enzyme addition
(0 h) and after 24 h as described above. The oxidative decarboxylation and subsequent
esterification were carried out as described for R-4a. Product was eluted with a step
gradient of hexane: EtOAc: 100:0, 200 mL, 90:10, 200 mL, 80:20, 200 mL, 70:30, 500
mL, 60:40, 500 mL. Pure fractions were pooled and the solvent removed under vacuum
affording the title compound R-4b as a yellow oil (368 mg, 49%). [a]20° = + 8.7 (Cc = 2,
in  MeOH). Chiral HPLC analysis: CHIRALPACK 1B, isocratic elution
hexane/isopropanol 80/20 (v/v), flow rate 1 mL min™?, tr (S) = 8.292 min, tr (R) = 9.317
min, 94:6 er. *H NMR (400 MHz, CDCls3) § 7.36 — 7.27 (m, 10H), 5.12 (s, 2H), 4.53 (s,
2H), 4.25 (qd, J = 6.1, 4.4 Hz, 1H), 3.50 (dd, J = 9.6, 4.5 Hz, 1H), 3.46 (dd, J =9.5, 5.9
Hz, 1H), 2.59 (d, J = 6.6 Hz, 2H). *3C NMR (101 MHz, CDCls) & 171.9, 137.8, 135.6,
128.6, 128.4, 128.3, 128.2, 127.8, 127.7, 67.2, 66.5, 38.3. ESI-TOF m/z: Calcd for
[2M+Na*] CasHa0OsNa": 623.2649, found [2M+Na*]: 623.2621.

Benzyl 4-(benzyloxy)-3-hydroxybutanoate (rac-4b).

The synthesis of aldol intermediate rac-3b was conducted in an Erlenmeyer flask (50
mL). The reaction volume was 27 mL. Benzyloxyacetaldehyde (1b) (0.4 g, 2.7 mmol, 1
eq, 0.1 M in the reaction) was dissolved in DMF (5.4 mL, 20% (v/v) final concentration
in the reaction) and sodium pyruvate 2 (293.1 mg, 2.7 mmol, 1 eq, 0.1 M in the reaction)
dissolved in water (10.7 mL) was added. Then, NiCl> (270 pL of a 1 M stock solution, 1
mM final concentration in the reaction) was added and reaction was started by adding the
enzyme (MBP-YfaU 150 mg of lyophilized powder dissolved in water (10.7 mL), 2 mg

of protein mL™* final concentration in the reaction). The flask was

OH
Bno.__%__co,en Placed in an orbital shaker (250 rpm) at 25 °C for 24h. Reaction was
rac-4b monitored by HPLC and samples were withdrawn immediately after

the enzyme addition (0 h) and after 24 h as described above. The oxidative
decarboxylation, subsequent esterification, and purification were conducted as described
for R-4b, affording the compound rac-4b (283 mg, 41%). NMR spectra was
indistinguishable from that of R-4b.

2-(4-Bromophenyl)-2-oxoethyl (R)-3-hydroxy-4-methoxybutanoate (R-4d).
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o o g, 1he precursor 3d was prepared following the procedure
MeO \/?\)LO A"/@ described for R-4a starting from 1d (8.4 mL of 0.4 M
0 aqueous solution, 3.4 mmol, 1 eq, 0.1M) and sodium
pyruvate 2 (371.4 mg, 3.4 mmol, 1 eq, 0.1 M final
concentration in the reaction). The oxidative decarboxylation of 3d was performed as
described for R-4a. The residue from the oxidative decarboxylation was re-suspended
with anhydrous DMF (50 mL) under N2 atmosphere in a round-bottom flask of 100 mL.
To this solution, 2,4"-dibromoacetophenone (938 mg, 3.4 mmol, 1 eq) was added. The
reaction mixture was stirred at 4 °C for 2 h. Work up and purification were carried out as
described for R-4a. Product was eluted with a step gradient of hexane:EtOAc: 100:0, 200
mL, 95:5, 200 mL, 90:10, 500 mL 80:20, 500 mL, 70:30, 200 mL, 60:40, 200 mL, 50:50,
800 mL. Pure fractions were pooled, and the solvent removed under vacuum affording
compound R-4d as a white solid (379 mg, 34%). [a]20° = + 0.3 (¢ = 2 in CHCI3). Chiral
HPLC analysis: CHIRALPACK IC, isocratic elution hexane/isopropanol 80/20 (v/v),
flow rate 1 mL min%, tr (S) = 52.976 min, tr (R) = 58.220 min, 71:29 er. 'H NMR (400
MHz, CDClz) & 7.76 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.6 Hz, 2H), 5.39 (d, J = 16.4 Hz,
1H), 5.29 (d, J = 16.5 Hz, 1H), 4.35 - 4.24 (m, 1H), 3.47 (d, J = 1.7 Hz, 1H), 3.45(d, J =
2.7 Hz, 1H), 3.40 (s, 3H), 2.70 (d, J = 5.0 Hz, 1H), 2.69 (d, J = 7.7 Hz, 1H). °C NMR
(101 MHz, CDCl3) 6 191.4,171.2,132.6,132.3,129.4,129.2, 75.4, 67.2, 65.9, 59.2, 38.5.
ESI-TOF m/z: Calcd for [M+Na*] CisH30Br.OioNa*: 527.0103, found [M+Na']:
527.0106.

2-(4-Bromophenyl)-2-oxoethyl 3-hydroxy-4-methoxybutanoate (rac-4d).

. The aldol adduct precursor rac-3d was prepared following
;
MeOJOi)OLOAH@ the procedure described for rac-4a (reaction volume was 27

0 mL) starting from 1d (6.8 mL of 0.4 M aqueous solution, 2.7
rac-4d mmol, 1 eq, 0.1M) and sodium pyruvate 2 (297.10 mg, 2.7
mmol, 1 eq). Oxidative decarboxylation, esterification, and purification were carried out
as described for R-4d, affording compound rac-4d (315 mg, 35%). NMR spectra was

indistinguishable from that of R-4d.

2-(4-Bromophenyl)-2-oxoethyl (R)-3-hydroxy-4-phenoxybutanoate (R-4e).
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o) The precursor 3e was prepared following the procedure
(0] . . .
pho/\c‘;\[g \)\©\ described for R-4b. Reaction volume was 37 mL. Starting
® from 1e (0.5 g, 3.7 mmol, 1 eg, 0.1 M) and sodium
R-4e

pyruvate 2 (0.4 g, 3.7 mmol, 1 eq, 0.1 M). Oxidative
decarboxylation of 3e was conducted as described for R-4a and the esterification as
described for R-4d. Product was eluted with a step gradient of hexane: EtOAc: 100:0, 200
mL, 95:5, 200 mL, 90:10, 500 mL 80:20, 1 L, 50:50, 1 L. Pure fractions were pooled, and
the solvent removed under vacuum affording R-4e as a white solid (495 mg, 34 %). [a]20°
=+ 0.3 (c = 1, in CHCI5). Chiral HPLC analysis: CHIRALPACK IB, isocratic elution
hexane/isopropanol 95/5 (v/v), flow rate 1 mL min~2, tr (S) = 89.648 min, tr (R) = 83.586
min, 92:8 er. *H NMR (400 MHz, CDCls) § 7.78 (d, J = 1.8 Hz, 1H), 7.76 (d, J = 1.9 Hz,
1H), 7.64 (d, J = 2.0 Hz, 1H), 7.63 (d, J = 1.8 Hz, 1H), 7.33 — 7.22 (m, 2H), 6.99 — 6.89
(m, 3H), 5.42 (d, J = 16.4 Hz, 1H), 5.32 (d, J = 16.5 Hz, 1H), 4.58 — 4.47 (m, 1H), 4.08
(dd, J =9.5, 5.6 Hz, 1H), 4.04 (dd, J = 9.5, 5.3 Hz, 1H), 2.90 (dd, J = 15.5, 4.2 Hz, 1H),
2.81(dd, J=15.5,8.4 Hz, 1H). *C NMR (101 MHz, CDCl3) § 191.4, 171.1, 158.4, 132.5,
132.3, 129.5, 129.3, 121.2, 114.6, 70.5, 67.0, 65.9, 38.7. ESI-TOF m/z: Calcd for
[2M+Na*] CzsHz4Br0O10Na*: 807.0416, found [2M+Na*]: 807.0412.

2-(4-bromophenyl)-2-oxoethyl 3-hydroxy-4-phenoxybutanoate (rac-4e).

o The precursor rac-3e was prepared following the procedure

Pho/\(\rro\)K@ described for rac-4b (reaction volume was 18 mL) starting
Br

OH O
from 1d (0.25 g, 1.8 mmol, 1 eqg, 0.1 M) and sodium
pyruvate 2 (202.1 mg, 1.8 mmol, 1 eq, 0.1 M). Oxidative

rac-4e

decarboxylation, esterification, and purification were carried out as described for R-4d,
affording compound rac-4e (250 mg, 35%). NMR spectra was indistinguishable from that
of R-4e.

2-(4-bromophenyl)-2-oxoethyl (R)-3-hydroxy-4-methyl-4-phenoxypentanoate
(R-4f).

o o Br The precursor 3f was prepared following the procedure

PhONO/\H/@ described for R-4b. Reaction volume was 21 mL, starting

o} from 1f (0.35 mg, 2.1 mmol, 1 eq, 0.1 M) and sodium

R-4f pyruvate 2 (234.6 mg, 2.1 mmol, 1 eqg, 0.1 M). Oxidative

decarboxylation of 3e was conducted as described for R-4a and the esterification as
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described for R-4d. Purification by column chromatography: product was eluted with a
step gradient of hexane: EtOAc: 100:0, 200 mL, 95:5, 200 mL, 90:10, 500 mL 80:20, 1
L, 50:50, 500 mL. R-4f was obtained as a solid (260 mg, 29 %). [a]2o° =— 1.3 (¢ =1in
MeOH). Chiral HPLC analysis: CHIRALPACK IB, isocratic elution hexane/isopropanol
90/10 (v/v), flow rate 1 mL min, tr (S) = 23.895 min, tr (R) = 25.530 min, 95:5 er. H
NMR (400 MHz, CDCls) & 7.78 (d, J = 1.9 Hz, 1H), 7.77 (d, J = 1.9 Hz, 1H), 7.64 (d, J
= 2.0 Hz, 1H), 7.62 (d, J = 1.8 Hz, 1H), 7.30 — 7.21 (m, 2H), 7.08 (t, J = 2x7.4 Hz, 1H),
7.00 — 6.96 (m, 2H), 5.43 (d, J = 16.4 Hz, 1H), 5.31 (d, J = 16.5 Hz, 1H), 4.20 (dd, J =
10.2, 2.6 Hz, 1H), 2.99 (dd, J = 15.2, 2.6 Hz, 1H), 2.75 (dd, J = 15.2, 10.2 Hz, 1H), 1.31
(s, 3H), 1.28 (s, 3H). *°C NMR (101 MHz, CDCl3) § 191.6, 172.1, 154.4, 132.3, 129.4,
129.3, 129.0, 124.0, 123.8, 81.7, 74.5, 65.9, 37.0, 23.1, 21.8. ESI-TOF m/z: Calcd for
[2M+Na*] Cs0H42Br,010Na’: 863.1042, found [2M+Na*]: 863.1037.

2-(4-Bromophenyl)-2-oxoethyl 3-hydroxy-4-methyl-4-phenoxypentanoate (rac-4f).

o o sr The precursor rac-3f was prepared following the

PhONO/\n/@ procedure described for rac-4b. Reaction volume was 18

ot © mL, starting from 1f (0.3 g, 1.8 mmol, 1 eq, 0.1 M) and

sodium pyruvate 2 (202.1 mg, 1.8 mmol, 1 eq, 0.1 M).

Oxidative decarboxylation, esterification, and purification were carried out as described

for R-4d, affording compound rac-4f (169 mg, 22%). NMR spectra was indistinguishable
from that of R-4f.

Benzyl (R)-3-hydroxy-4,4-dimethoxybutanoate (R-4g).

OMe The precursor 3g was prepared following the procedure described
MeO)Y\Coan for R-4a. Reaction volume was 15 mL starting from 1g (873 pL of
OH

kg a 6.6 M commercial aqueous solution, 5.8 mmol, 1 eq, 0.1M) and

sodium pyruvate 2 (0.63 g, 5.8 mmol, 1 eg, 1 M). Oxidative

decarboxylation of 3g and esterification were carried out as described for R-4a. Column
chromatography purification: R-4g was eluted with a step gradient of hexane:EtOAc:
100:0, 200 mL, 90:10, 200 mL, 80:20, 200 mL, 70:30, 200 mL, 60:40, 500 mL, 50:50,
500 mL affording R-4g as a yellow oil (680 mg, 47%). [a]20° = + 1.7 (¢ = 4.2, in H0).
Chiral HPLC analysis: CHIRALPACK IC, isocratic elution hexane/isopropanol 80/20
(v/v), flow rate 1 mL min~?, tr (S) = 14.580 min, tr (R) = 17.366 min, 96:4 er. 'H NMR
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(400 MHz, CDCls) § 7.37 — 7.27 (m, 5H), 5.14 (s, 2H), 4.24 (d, J = 5.5 Hz, 1H), 4.13 —
4.05 (m, 1H), 3.43 (s, 3H), 3.40 (s, 3H), 2.67 (dd, J = 16.1, 3.9 Hz, 1H), 2.54 (dd, J =
16.1, 8.4 Hz, 1H). 3C NMR (101 MHz, CDCl3) & 171.9, 135.7, 128.5, 128.2, 128.2,
105.8, 68.3, 66.5, 55.7, 55.1, 36.6. ESI-TOF m/z: Calcd for [2M+Na*] CasHasO10Na'":
531.2211, found [2M+Na*]: 531.2206.

Benzyl 3-hydroxy-4,4-dimethoxybutanoate (rac-49g).

OMe The aldol adduct precursor rac-3g was prepared following the

MeO)Y\COZBn procedure described for rac-4a. Reaction volume was 58 mL, starting
OH4 from 1g (873 uL of a 6.6 M commercial aqueous solution, 5.8 mmol,
rac-4g

1 eq, 0.1 M) and sodium pyruvate 2 (0.63 g, 5.8 mmol, 1 eq, 1 M).
Oxidative decarboxylation of rac-3g and esterification were carried out as described for
R-4a. Purification and the compound characterization were conducted as described for R-
49, affording rac-4g (1.0 g, 71%). The NMR spectra was indistinguishable from that of
R-4q.

4-(2-(4-Bromophenyl)-2-oxoethyl)-1-ethyl-(R)-2-hydroxysuccinate (R-4h).

g, Precursor 3h was prepared following the procedure
EtOZC/?i)?\O /\H/©/ described for R-4b. Reaction volume was 34 mL, starting
0O from 1h (700 pL of a 4.9 M commercial aqueous solution,
R-4h 3.4 mmol, 1 eq, 0.1 M) and sodium pyruvate 2 (0.38 g, 3.4
mmol, 1 eq, 0.1 M). Oxidative decarboxylation of 3h was conducted as described for R-
4a and the esterification as described for R-4d. Purification by column chromatography:
product was eluted with a step gradient of hexane:EtOAc: 100:0, 200 mL, 95:5, 200 mL,
90:10, 500 mL 80:20, 2 L, 50:50, 700 mL, affording R-4h as a white solid (434 mg, 35
%). [a]20° = + 1.8 (c = 1, in MeOH). Chiral HPLC analysis: CHIRALPACK 1B, isocratic
elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min2, tr (S) = 18.187 min, tr (R)
= 21.975 min, 95:5 er. 'H NMR (400 MHz, CDCls3) & 7.78 — 7.71 (m, 2H), 7.65 — 7.60
(m, 2H), 5.33 (d, J = 0.9 Hz, 2H), 4.55 (dd, J = 6.3, 4.3 Hz, 1H), 4.28 (dd, J = 7.2, 1.9
Hz, 1H), 4.25(dd, J=7.1, 1.8 Hz, 1H), 3.05 (dd, J = 16.2, 4.3 Hz, 1H), 2.96 (dd, J = 16.2,
6.2 Hz, 1H), 1.29 (td, J = 2x7.1, 0.5 Hz, 3H).3C NMR (101 MHz, CDCl3) § 190.9, 173.0,
169.7, 132.6, 132.3, 129.3, 129.2, 67.3, 66.0, 62.1, 38.7, 14.1. ESI-TOF m/z: Calcd for
[2M+Na*] CosHz0Br.012Na™: 739.0002, found [2M+Na*]: 739.0008.
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4-(2-(4-Bromophenyl)-2-oxoethyl) 1-ethyl -2-hydroxysuccinate (rac-4h).

The precursor rac-3h was prepared following the procedure

on o A"/Q/Br described for rac-4b. Reaction volume was 25 mL, starting
EtOZC}\)J\O . .

o from 1h (500 uL of a 4.9 M commercial agueous solution,

rac-4h 2.5 mmol, 1 eq, 0.1M) and sodium pyruvate 2 (0.27 g, 2.5

mmol, 1 eq, 0.1 M). Oxidative decarboxylation and esterification were carried out as

described for R-4d. Purification and the compound characterization were conducted as

described above, affording rac-4g (330 mg, 38%). The NMR spectra was

indistinguishable from that of R-4h.

4-(2-(4-Bromophenyl)-2-oxoethyl) 1-isopropyl (R)-2-hydroxysuccinate (R-4i).

The precursor 3i was prepared following the procedure
| U A(@Br described for R-4a. Reaction volume was 35 mL starting
FProC 1 from 1g (0.4 g, 3.4 mmol, 1 eq, 0.1 M in the reaction)

R-4i and sodium pyruvate 2 (0.38 g, 3.4 mmol, 1 eq, 0.1 M).
Oxidative decarboxylation of 3i and esterification were carried out as described for R-4d.
Column chromatography purification: R-4i was eluted with a step gradient of hexane:
EtOAc: 100:0, 200 mL, 95:5, 200 mL, 90:10, 500mL 80:20, 1 L, 70:30, 200 mL, 60:40,
200 mL, 50:50, 1 L. The title compound R-4i was obtained as a white solid (608 mg,
47%). [a]2® = + 2.2 (¢ = 4, in MeOH). Chiral HPLC analysis: CHIRALPACK IB,
isocratic elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min~?, tr (S) = 14.048
min, tr (R) = 15.680 min, 91:9 er. *H NMR (400 MHz, CDCls3) § 7.77 — 7.73 (m, 2H),
7.65 — 7.60 (m, 2H), 5.32 (d, J = 3.4 Hz, 2H), 5.11 (p, J = 4x6.3 Hz, 1H), 4.51 (dd, J =
6.3, 4.3 Hz, 1H), 3.04 (dd, J = 16.2, 4.3 Hz, 1H), 2.94 (dd, J = 16.1, 6.2 Hz, 1H), 1.27
(dd, J = 6.2, 3.6 Hz, 6H). *C NMR (101 MHz, CDCls) § 190.9, 172.5, 169.7, 132.6,
132.3, 129.3, 129.2, 70.1, 67.3, 66.0, 38.7, 21.6. ESI-TOF m/z: Calcd for [2M+Na"]

C3oH34Br2012Na*; 767.0315, found [2M+Na*]: 767.0311.

4-(2-(4-bromophenyl)-2-oxoethyl) 1-isopropyl -2-hydroxysuccinate (rac-4i).

The aldol adduct precursor rac-3i was prepared following

Br
OH O
,_PrOZCMOﬁ the procedure described for rac-4a. Reaction volume was
° 22 mL. Starting from 1i (0.25 g, 2.2 mmol, 1 eq, 0.1 M)
and sodium pyruvate 2 (0.24 g, 2.2 mmol, 1 eq, 1 M).

rac-4i
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Oxidative decarboxylation of rac-3i and esterification were carried out as described for
R-4d. Purification and the compound characterization were conducted as described for R-
4i, affording rac-4i (362 mg, 45%). The NMR spectra was indistinguishable from that of
R-4i.

4-(2-(4-bromophenyl)-2-oxoethyl) 1-(tert-butyl) (R)-2-hydroxysuccinate (R-4j).

o o g, 1he precursor 3j was prepared following the procedure
t-BuOZC/?\)J\O/\H/@ described for R-4b. Reaction volume was 27 mL.
o) Starting from 1j (0.35 g, 2.7 mmol, 1 eq, 0.1 M) and
R-4j sodium pyruvate 2 (0.3 g, 2.7 mmol, 1 eq, 0.1 M).
Oxidative decarboxylation of 3j and esterification were conducted as described for R-4d.
Column chromatography: product was eluted with a step gradient of hexane:EtOAc:
100:0, 200 mL, 95:5, 200 mL, 90:10, 3 L 40:60, 1 L, yielding R-4j as a white solid (381
mg, 37%). [a]2® = + 0.4 (c = 4, in MeOH). Chiral HPLC analysis: CHIRALPACK IB,
isocratic elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL mint, tr (S) = 11.661
min, tr (R) = 13.056 min, 90:10 er. *H NMR (400 MHz, CDCls) & 7.75 (d, J = 8.7 Hz,
2H), 7.62 (d, J = 8.7 Hz, 2H), 5.35 (d, J = 16.4 Hz, 1H), 5.29 (d, J = 16.4 Hz, 1H), 4.42
(g, J = 3x5.5 Hz, 1H), 3.00 (dd, J = 16.1, 4.4 Hz, 1H), 2.91 (dd, J = 16.1, 6.2 Hz, 1H),
1.48 (s, 9H). 13C NMR (101 MHz, CDClIs) § 190.9, 172.2, 169.7, 132.7, 132.2, 129.2 (d,
J = 45 Hz), 83.1, 67.4, 65.9, 38.8, 27.9. ESI-TOF m/z: Calcd for [2M+Na‘]
Cs2H38Br2012Na*; 795.0627, found [2M+Na*]: 795.0621.

4-(2-(4-bromophenyl)-2-oxoethyl) 1-(tert-butyl) -2-hydroxysuccinate (rac-4j).

The precursor rac-3j was prepared following the procedure

Br
;Oij\ A{\/@/ described for rac-4b. Reaction volume was 23 mL, starting
t-BuO,C o)

0 from 1j (0.3 g, 2.3 mmol, 1 eq, 0.1 M) and sodium pyruvate

racd] 2 (025 g, 23 mmol, 1 eq, 0.1 M). Oxidative

decarboxylation and esterification were carried out as described for R-4d. Purification

and the compound characterization were conducted as described above, affording rac-4j
(285 mg, 32%). The NMR spectra were indistinguishable from that of R-4;.

2-(4-bromophenyl)-2-oxoethyl 3-hydroxy-4-phenylbutanoate (4l).
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g, Precursor 3l was prepared following the procedure
Ph\)oi/ﬁ\o/\”/@ described for R-4b. Reaction volume was 34 mL, starting
o) from 11 (0.4 mg, 3.3 mmol, 1 eq, 0.1 M) and sodium

pyruvate 2 (0.37 mg, 3.3 mmol, 1 eqg, 0.1 M). Oxidative
decarboxylation of 3l and esterification were performed as described for R-4d. Column
chromatography: product was eluted with a step gradient of hexane: EtOAc: 100:0, 200
mL, 95:5, 200 mL, 90:10, 500 mL, 80:20, 1 L, 50:50, 1 L, rendering 4l as a yellow solid
(337 mg, 27%). Chiral HPLC analysis: CHIRALPACK IC, isocratic elution
hexane/isopropanol 80/20 (v/v), flow rate 1 mL min~2, tr (S) = 30.090 min, tr (R) = 25.124
min, 50:50 er. *H NMR (400 MHz, CDCl3) & 7.78 — 7.72 (m, 2H), 7.65 — 7.60 (m, 2H),
7.35—7.20 (m, 5H), 5.39 (d, J = 16.4 Hz, 1H), 5.28 (d, J = 16.4 Hz, 1H), 4.36 (ddt, J =
13.1, 6.9, 2x3.6 Hz, 1H), 2.93 (dd, J = 13.6, 7.0 Hz, 1H), 2.83 (dd, J = 13.6, 6.3 Hz, 1H),
2.68 (dd, J = 15.3, 3.6 Hz, 1H), 2.59 (dd, J = 15.3, 8.8 Hz, 1H). 3C NMR (101 MHz,
CDCl3) 6 132.3,129.5, 129.3, 128.5, 126.6, 69.5, 65.8, 42.9, 41.1. Calcd. for [2M+Na']
Cs2H36Br.0gNa*: 729.0675, found [2M+Na*]: 729.0679.

2-(4-Bromophenyl)-2-oxoethyl (R)-3-hydroxy-4-phenylbutanoate (rac-41).

The precursor rac-3l was prepared following the procedure

Br
OH O . . .
Ph\/é\)J\o/\'(@/ described for rac-4b. Reaction volume was 25 mL, starting

0 from 11 (0.3 g, 2.5 mmol, 1 eq, 0.1 M) and sodium pyruvate
2 (027 g, 25 mmol, 1 eq, 0.1 M). Oxidative

decarboxylation and esterification, were carried out as described for R-4d. Purification

rac-4l

and the compound characterization were conducted as described above, affording rac-4l
(339 mg, 37%). The NMR spectra was indistinguishable from that of 41.

2-(4-Bromophenyl)-2-oxoethyl (R)-5-(benzyloxy)-3-hydroxypentanoate (R-4m).

The precursor 3m was prepared following the procedure described for R-4b. Reaction

OH O ﬁ‘/@/Br volume was 30 mL. Starting from 1m (0.5 g, 3.0 mmol,
B”OWJ\O I 1 eqg, 0.1 M) and sodium pyruvate 2 (0.34 g, 3.0 mmol,
R-4m 1 eq, 0.1 M). Oxidative decarboxylation of 3m and
esterification were performed as described for R-4d. Column chromatography: product

was eluted with a step gradient of hexane: EtOAc: 100:0, 200 mL, 95:5, 200 mL, 90:10,
500 mL, 80:20, 1.5 L, 70:30, 200 mL, 50:50, 1 L. R-4m was obtained as a solid (278 mg,
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22 %). [a]20® = — 1.8 (¢ = 1, in MeOH). Chiral HPLC analysis: CHIRALPACK 1B,
isocratic elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min™, tr (S) = 16.139
min, tr (R) = 17.517 min, 50:50 er. *H NMR (400 MHz, CDCls3) & 7.76 (d, J = 8.6 Hz,
2H), 7.63 (d, J = 8.6 Hz, 2H), 7.36 — 7.23 (m, 5H), 5.39 (d, J = 16.4 Hz, 1H), 5.27 (d, J =
16.5 Hz, 1H), 4.52 (s, 2H), 4.34 (tt, J = 2x7.3, 2x5.1 Hz, 1H), 3.72 (dt, J = 9.5, 2x5.9 Hz,
1H), 3.66 (dt, J = 9.4, 2x5.8 Hz, 1H), 2.67 (d, J = 2.1 Hz, 1H), 2.66 (d, J = 4.7 Hz, 1H),
1.88 (d, J = 7.1 Hz, 1H), 1.85 (d, J = 5.8 Hz, 1H). $3C NMR (101 MHz, CDCl3) § 191.5,
171.4,138.0, 132.6, 132.3, 129.4, 129.3, 128.4, 127.7, 73.2, 67.9, 67.1, 65.8, 42.0, 36.0.
Calcd for [2M+Na*] CsoH42Br2010Na*;: 863.1042, found [2M+Na*]: 863.1038.

2-(4-bromophenyl)-2-oxoethyl -5-(benzyloxy)-3-hydroxypentanoate (rac-4m).

The precursor rac-3m was prepared following the procedure described for rac-4b.

OH O ®" Reaction volume was 19 mL, starting from 1m (0.3 g,
Bno/\/é\)J\O .

I 1.8 mmol, 1 eq, 0.1 M) and sodium pyruvate 2 (0.2 g,

rac-4m 1.8 mmol, 1 eq, 0.1 M). Oxidative decarboxylation and

esterification were carried out as described for R-4d. Purification and the compound

characterization were conducted as described above, affording rac-4m (176 mg, 23%).

The NMR spectra were indistinguishable from that of R-4m.

X-Ray structures of R-4e, R-4f and R-4j

Suitable single crystals for X-ray structural analysis of R-4e, R-4f, and R-4j were obtained
at room temperature. Compound R-4e (100 mg) was dissolved in MeOH:CH2Cl» 3:1 (v/v)
(4 mL), R-4f (95 mg) in MeOH:CHCl> 1:2 (v/v) (4 mL) and R-4j (80 mg) in Et,O:DMF
9:1 (v/v) (1 mL). Crystals were obtained by evaporation in glass vials (6 mL, 3.5 cm, @
1.4 cm) after 72 h at 25 °C. Based on the high enantiomeric excesses observed for the
enzyme HBPA X-ray diffraction analysis indicates that HBPA render aldol adducts
having R configuration as major products (Figure S7). Data were collected on a STOE
IPDS |1 two-circle diffractometer with a Genix Microfocus tube with mirror optics using
MoKa radiation (A = 0.71073 A). The data were scaled using the frame scaling procedure
in the X-Area program system (Software X-Area - STOE & Cie GmbH.
https://www.stoe.com/product/software-x-area). The structures were solved by direct
methods using the program SHELXS and refined against F? with full-matrix least-squares

techniques using the program SHELXL® (Table S6). The absolute configuration could
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be unequivocally determined for all three structures. The H atoms bonded to O atoms in
R-4e were geometrically allocated and refined with a riding model. In R-4f, the H atoms
bonded to O atoms were freely refined. In R-4j, the H atom bonded to O was refined with
a distance restraint of 0.84 (1) A for the O-H bond.

C23A 2 04A 03A Br
C24A m'?JSA ¢ o Li2A ))cm Beis OH O
A | Ccan c2A :
o~ o -9 C14A (0] a o
Jax . B
casafd—Bcaea cen © b i i O ®

C26A "5?4 ;
c25A\ o—E [
054

C21A Y/

C24A ‘\ 7
C22A \

Br

\Vmﬂi >

Figure S7. X-Ray structures of R-4e, R-4f and R-4j. ORTEP-type plot displaying one
molecule with 50% probability ellipsoids. The data can be obtained free of charge from

The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif
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Table S6. X-ray Crystallographic partial data.

Seccion experimental capitulo 3.1

Identification code 4e 4f 4j
CCDC number XXX XXX XXX
Empirical formula CisH17 Br Os CooH21BrOs Ci16 Hi9 Br O
Formula weight 393.22 421.28 387.22
Temperature 173(2) K 173(2) K 173(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Orthorhombic Monoclinic Orthorhombic
Space group P21212; P21 P212124

Unit cell dimensions

a=5.4464(3) A, o= 90°.

b = 16.6460(7) A, p=90°.

¢ =36.746(2) A, y = 90°.

a=14.6639(7) A, a= 90°.

b =8.4782(3)A, B=
108.740(4)°.

¢ =15.7923(8) A, y = 90°.

a=5.5586(2) A, o=
90°.

b =12.4492(7) A, B=
90°.

c=25.3738(11) A, y
=90°.

theta = 25.000°

Volume 3331.4(3) A3 1859.27(15) A3 1755.87(14) A3
Z 8 4 4
Density (calculated) 1.568 Mg/m? 1.505 Mg/m?3 1.465 Mg/m?3
Absorption coefficient | 2.493 mm1 2.239 mm1 2.367 mm-!
F(000) 1600 864 792
Crystal size 0.130 x 0.030 x 0.030 0.230 x 0.210 x 0.160 0.180x0.110 x
mm3 mm3 0.080 mm3
Theta range for data 2.064 to 25.027° 3.327 to 27.605° 2.912 to 25.932°
collection
Index ranges -5<=h<=6, -19<=k<=19, | -19<=h<=19, - -6<=h<=6, -
-43<=1<=38 11<=k<=10, -20<=I<=20 | 15<=k<=15, -
31<=I<=31
Reflections collected 9721 29057 16242
Independent 5745 [R(int) = 0.0830] 8236 [R(int) = 0.0421] 3411 [R(int) =
reflections 0.0294]
Completeness to 99.6 % 99.6 % 99.8 %

Absorption correction

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Max. and min.
transmission

1.000 and 0.657

1.000 and 0.695

1.000 and 0.671

Refinement method

Full-matrix least-squares
on F?

Full-matrix least-squares
on F?

Full-matrix least-
squares on F2

parameter

Data / restraints / 574570/ 433 8236 /1 /477 3411/1/212

parameters

Goodness-of-fit on F2 | 1.222 1.136 1.264

Final R indices R1=0.0915, wR2 = R1 =0.0552, wR2 = R1 =0.0389, wR2 =

[I>2sigma(l)] 0.1878 0.1299 0.0724

R indices (all data) R1=0.1244, wR2 = R1 =0.0606, wR2 = R1 =0.0409, wR2 =
0.2068 0.1334 0.0731

Absolute structure 0.028(19) 0.010(11) -0.008(7)

Largest diff. peak and
hole

1.124 and -0.623 e. A3

0.739 and -0.558 e.A3

0.423 and -0.341
e A3
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Enzymatic transamination of 4-hydroxy-2-oxoacids (3). Screening of transaminases
from Prozomix, using L-Ala and benzylamine as amino donors.

Using L-Ala (5) as amino donors: the reaction (500 uL total volume) was conducted in
Eppendorf tubes (1.5 mL). Sodium salts of 4-hydroxy-2-oxoacids, 3a-b, 3e, 3h-g, were
prepared following the procedure described above. A solution (250 pL) of transaminase
from Prozomix TA as cell free extracts (TO1 to T050) (2-3 mg of lyophilized solid in the
reaction dissolved in 50 mM sodium phosphate buffer pH 7.0) containing L-Ala (5) (10
eq, 0.5 M final concentration in the reaction) and 1 mM PLP in the reaction was prepared.
To this solution, a portion of aldol reaction mixture (250 uL), containing 4zhydroxy-2-
oxoacid (3) (= 100 mM as the basis of calculation) was added. The reaction mixture was
placed in a vortex mixer (1000 rpm) at 25 °C for 24 h. Samples were withdrawn
immediately after the substrate mix addition (0 h) and after 24 h and analyzed by HPLC
as described above. The decrease of the aldol adducts, 3a, 3g, and 3h (Figures S8, S11
and S12, respectively) or the formation of the aminated products, 6b and 6e (Figures S9

and S10) were indicative of potential positives.

+ +
QH (0] NH3 Transaminases OH NHj3 *
}40\\//&\\/JL\ //l\ Prozomix : //u\
CO,Na + co, ————— HO + CO,
- CO5Na 2
2 24h, rt, 2
3a 5 1000 rpm 6a 2
50
2 40
5
s
5 20
(]
(&)
§ 10
O
0
‘_BHN(‘OQ‘LOLQNCDU)OHNC")Q‘LO(.QI\W@OW‘OI\CDQOHNm?m@l\moﬁoﬂ(\lmﬂ‘m@l\m@o
SRR R R RRRES8253855050058888333338833833333333338
g PR RPRPRRRRRRRRRRRRRRRRRRRRRERRRRRRRER
=
(@]
2 = C(Aldo)/(mM) EE C (Aldehyde)(mM)
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»
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Transaminases (Prozomix T01-T050)

Figure S8. Screening of a panel of transaminases from Prozomix, using L-Ala (5) as
amine donor to furnish 6a. Conditions: Crude aldol adduct 3a containing: 3a (45 mM),
1a (5 mM), and HBPA (0.5 mg mL™); transamination: L-Ala (500 mM), T01-T050 cell

S37



Seccion experimental capitulo 3.1

free extracts (2 to 3 mg). Green arrows indicate enzymes that decrease the area of aldol
adduct or aldehyde.

N
OH O |J\r“-| Transaminases OH NHj 0
= 3 =
BnO - - Prozomix BnO B
\/\)\coz + /'\002_ — \/\/'\coz— + )kcoz-
3b 5 24h, rt, 6b 2
1000 rpm

20

Concentration /(mM)
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FEFEFFEEFFF R PR P RPRRRRRRERRRRRR R RRRRRRRRRRRRRRRRRRRER

R C (Aldoly(mM)

(e}

(Aldehyde)/(mM)

Aminated product/(mM)

TO starting material

Transaminases (Prozomix T01-T050)

Figure S9. Screening of a panel of transaminases from Prozomix, using L-Ala (5) as
amine donor to furnish 6b. Conditions: Crude aldol adduct 3b containing: 3b (33 mM),
1b (17 mM), and HBPA (0.5 mg mL); transamination: L-Ala (500 mM), T01-T050 cell

free extracts (2 to 3 mg). Green arrows indicate enzymes that decrease the area of aldol
adduct or aldehyde.
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Figure S10. Screening of a panel of transaminases from Prozomix, using L-Ala (5) as
amine donor to furnish 6e. Conditions: Crude aldol adduct 3e containing: 3e (42 mM), le
(8 mM), and HBPA (0.5 mg mLY); transamination: L-Ala (500 mM), T01-T050 cell free
extracts (2 to 3 mg). Green arrows indicate enzymes that decrease the area of aldol adduct

or aldehyde.
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Figure S11. Screening of a panel of transaminases from Prozomix, using L-Ala (5) as
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amine donor to furnish 6g. Conditions: Crude aldol adduct 3g containing: 3g (43 mM)
and 1g (7 mM), HBPA (0.5 mg mL™1); transamination: L-Ala (500 mM), T01-T050 cell
free extracts (2 to 3 mg). Green arrows indicate enzymes that decrease the area of aldol

adduct or aldehyde.
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Figure S12. Screening of a panel of transaminases from Prozomix, using L-Ala (5) as
amine donor to furnish 6h. Conditions: Crude aldol adduct 3h containing: 3h (38 mM)
and 1g (12 mM), HBPA (0.5 mg mL™Y); transamination: L-Ala (500 mM), T01-T050 cell
free extracts (2 to 3 mg). Green arrows indicate enzymes that decrease the area of aldol

adduct or aldehyde.
Control experiments for aldehyde (1) transamination.

The reactions (500 pL total volume) were conducted in Eppendorf tubes (1.5 mL).
Transaminases lyophilized cell free extracts from Prozomix (2-3 mg) (T029, T031, T038
and T039 for 1a; T03, T029, TO31 and T039 for 1b; TO31 and T039 for 1g, 1h and 1e)
were dissolved in 50 mM sodium phosphate buffer pH 7.0 containing L-Ala (250 pL of a
1 M stock solution 500 mM final concentration in the reaction, 10 eq, with 2 mM PLP, 1
mM in the reaction). To this solution, aldehydes (1a-b, 1e, and 1g-h) (250 pL of a 100

mM stock solution in 50 mM sodium phosphate buffer pH 7.0, 50 mM in each reaction,
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in case of water insoluble hydrophobic aldehydes DMF (20% in the stock, 10% v/v in the
reaction) were added. The reaction mixtures were placed in a vortex mixer (1000 rpm) at
25 °C for 24 h. Samples were withdrawn immediately after the aldehydes addition (0 h)
and after 24 h and analyzed by HPLC as described above. Pyruvate formation indicated
a positive aldehyde transamination reaction showed that la, 1g and 1h were fully
converted by T031 and T039 to corresponding amine (Figures S13, S16 and S17,
respectively). Moreover, the disappearance of aldehydes 1b and le and the formation of

a peak of the amine were indicative of a positive reaction (Figures S14 and S15).
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Figure S13. HPLC chromatograms of 1a transamination catalyzed by T029, T031, T038,
and T039 at 0 h and after 24 h of incubation.
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Figure S14. HPLC chromatograms of 1b transamination catalyzed by T03, T029, T031,
and T039 at 0 h and after 24 h of incubation.
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Figure S15. HPLC chromatograms of 1e transamination catalyzed by T031, and T039

at 0 h and after 24 h of incubation.
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Figure S16. HPLC chromatograms of 1g transamination catalyzed by T029, T031, and
T039 24 h at 0 h and after 24 h of incubation.
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Figure S17. HPLC chromatograms of 1h transamination catalyzed by T031 and T039 at
0 h and after 24 h of incubation.

Two enzymes (T031 and T039) were selected from this assay and evaluated under
equimolar conditions of aldehydes 1a-b, 1e, 1h-g (100 mM) and sodium pyruvate 2 (100
mM). Reactions (500 pL total volume) were conducted in Eppendorf tubes (1.5 mL).
Transaminases lyophilized cell free extracts from Prozomix (2-3 mg) (T031 and T039)
were dissolved in 50 mM sodium phosphate buffer pH 7.0 containing L-Ala (100 pL of a

0.5 M stock solution 100 mM final concentration in the reaction, 1 eq, with 5 mM PLP,
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1 mM in the reaction). To this solution, aldehydes (1a-b, 1e, and 1g-h) (400 pL of a 125
mM stock solution in 50 mM sodium phosphate buffer pH 7.0, 100 mM final
concentration in each reaction, in case of water insoluble hydrophobic aldehydes DMF
(20% in the stock, 10% v/v in the reaction) were added. The reaction mixtures were placed
in a vortex mixer (1000 rpm) at 25 °C for 24 h. The monitoring and analysis of the
reactions was identical as described above. The percentage of transamination of each
aldehyde catalyzed by T031 and T039 in the two experimental conditions tested is shown
in Figure S18.
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Figure S18. Control experiments for aldehyde transamination catalyzed by T031 and
T039 at 24 h of incubation. A) Aldehyde (1) (100 mM) and L-Ala (5) (100 mM); B)
aldehyde (1) (50 mM) and L-Ala (5) (500 mM).

Assay of one-pot biocatalytic cascade synthesis of 4-hydroxy-amino with substrate
recycling.

General procedure: the reaction (500 pL total volume) was conducted in Eppendorf tubes
(1.5 mL). A solution of transaminase Prozomix T039 cell free extract (2 to 3 mg of 0.12
U mg* Iyophilized solid, dissolved in 50 mM sodium phosphate pH 7.0 (250 pL), 0.50
t0 0.75 U mL™, 4 to 6 mg protein mL ! in the reaction), L-Ala (50 pL of a stock solution
1 M in 50 mM sodium phosphate buffer pH 7.0, 100 mM final concentration in the
reaction), sodium pyruvate (1.25, 6.25, 12.5, 25.0 y 50.0 uL of a 2 M stock solution in
plain water pH 7.0, equivalent to 5, 25, 50, 100 and 200 mM final concentrations in the
reaction), PLP (20 pL of a 25 mM stock solution in 50 mM sodium phosphate buffer pH
7.0, 1.0 mM final concentration in the reaction) and aldehydes 1 (= 100 mM final
concentration in the reaction, as the basis of calculation) was prepared. The necessary

volume of 50 mM phosphate buffer pH 7.0 to complete 500 yL after adding the enzyme
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was added in each case. The reaction was started by the addition of HBPA wild-type (125
uL of a stock solution 0.029 U mL %, 4 mg mL*in 50 mM TEA buffer, 50 mM NaCl, 0.5
mM EDTA and 50% (v/v) of glycerol, 0.007 U mL?, 1 mg protein mL? final
concentration in the reaction). The reaction mixture was placed in a vortex mixer (1000
rpm) at 25 °C for 24 h. Samples were withdrawn immediately after the aldehydes addition
(0 h) and after 24 h and analyzed by HPLC as described above (Figures S19-S21).
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Figure S19. A) One-pot biocatalytic cascade synthesis of 6a with substrate 2 recycling,
starting from aldehyde 1a (200 mM) and the amine donor 5 (100 mM). B) Concentration

of 3a and 6a after 24 h of reaction as a function of the initial concentration of pyruvate.
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Figure S20. A) One-pot biocatalytic cascade synthesis of 6b with substrate 2 recycling,
starting from aldehyde 1b (100 mM) and the amine donor 5 (100 mM). B) Concentration

of 3b and 6b after 24 h of reaction as a function of the initial concentration of pyruvate.
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Figure S21. A) One-pot biocatalytic cascade synthesis of 4-hydroxy-amino acid
derivative 6g with substrate 2 recycling, starting from aldehyde 1g (100 mM) and the
amine donor 5 (100 mM). B) Concentration of 3g and 6g after 24 h of reaction as a

function of the initial concentration of pyruvate.

Using benzyl amine as amino donors: an extended panel of 194 transaminases from
Prozomix Ltd was screened in a one-pot two-step transformation, using benzylamine (7)
as amine donor and BAL to transform the formed benzaldehyde (8) into benzoin (9). The
reaction (500 pL total volume) was conducted in Eppendorf tubes (1.5 mL). 4-Hydroxy-
2-oxoacids (3a-b, 3e, 3g-h) were prepared following the procedure described in section
“General procedure for the aldol addition of sodium pyruvate to aldehydes (la-s)
catalyzed by HBPA, page S23”. Transaminases from Prozomix TA (T001 to T194 set)
(2-3 mg of lyophilized solid) were dissolved in a solution (250 pL) containing
benzylamine (7) (150 mM), PLP (2 mM), ThDP (0.03 mM), MgSO4 (5.0 mM), and BAL
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(10 U). The reaction was started by the addition of the aldol reaction mixture (250 ulL)
containing the aldol adduct 3 and unreacted aldehyde 1 and pyruvate 2 (Table S7).

Table S7. Composition (umol) of the crude aldol reaction mixture (250 uL) used in the

screening reaction for the selected 3a, 3b, 3e, 3g, and 3h aldol adducts

Expected Maximum

consumption | consumption

Unreacted | Unreacted | benzylamine | benzylamine

3(%) | 3(umol) | 2(umol) | 1(umol) | (7)*(%) (1) (%)

a 90 22.5 2.5 2.5 60.0 73.3
b 89 22.3 2.8 2.8 59.3 74.0
e 80 20.0 5.0 5.0 53.3 80.0
g 87 21.8 3.3 3.3 58.0 75.3
h 84 21.0 4.0 4.0 56.0 77.3

20Only transaminationof aldol adduct 3. PTransamination of aldol adduct 3 plus unreacted

pyruvate 2 and aldehyde 1.

Thus, the final amounts of benzylamine and adducts 3 in the initial reaction mixture were
37.5 umol and between 20 and 22.5 umol, respectively (Table S7). The reaction mixture
was placed in a vortex mixer (1000 rpm) at 25 °C for 24 h. Samples were withdrawn
immediately after the substrate mix addition (0 h) and after 24 h and analyzed by HPLC
as described above. In the first screening round, the benzylamine (7) consumption was
analyzed (i.e. measured analyzing the benzaldehyde and benzoin (8+9) formation).
Samples (20 pL) were diluted in methanol (500 uL) and analyzed by HPLC; elution

conditions: 55% B over 10 min.
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Aldol adduct | T18 | T19 [ T20 | T21 | T22

3a 10 [27 [ 16 [40] 9
3b 4 | 6 |17 | 9 |36
3e 5 | 5 [15[16 [ 18
3g 16 | 6 [ 28|20 | 31
3h 7 oflofofas] o8 f1ala1]es
Aldol adduct| T37 | T39 | T45 | T47 | T48 | T53 [ T59 | T77 | T81 | T82
3a o |44 o 15 [ 22| 0 | 12 0
3b 0o |28] 0 0o oo 48]0
3e 0 [33[10[37 [0 [0 [0 o |27]s
3g 20 [48 | 0 [0 [14]10[42] 6
3h o |3mf[ofiw[ofolo]alaalo
Aldol adduct| T87 | T88 | T93 [T130[T150|T152[T166]T168]T169]T170
3a 23 [ 15 [ 35 H 0 | 14 H 25 | 34 | 33
3b 0 | 0|15 ][23| 5 [0 [42] 16|40 17
3e 0 | o0 |19]|24] 8 |5 [48] 14 |39 18
3g o | o |3 |8 [ 2|6 [43]15]33]17
3h 0 | o125 18| 6 [16]10] 16| 11
Aldol adduct[T171[T172[T173[T174[T176][T177[T178[T179]T180]T187
3a o [38] 12 45 | 23 23
3b 0 (15[ o0 [3[43[12] 8 [0 |17 ] 0
3e 18 0 [0 [87 |4 17177 [21]0
3g 6 | 7 | 0o [40[40 12|18 25]32] 20
3h o 8f[ofs[1[o ]88 1a]o

47 | 41 | 18 | 43
17 [ 18| o [ 20 [ 11 [ 10 | 19 |

Figure S22. Percentage of benzaldehyde/benzoin formed (i.e., benzylamine consumed)
for the screening of 194 transaminases from Prozomix (T001-T194), against aldol adducts
3a-b, 3e and 3g-h using benzylamine (7) as amine donor. Conditions: Aldol addition: 1
(100 mM), 2 (100 mM) and HBPA (1 mg mL™1); transamination: 3 (~50 mM) and 7 (75
mM), and T### cell free extract (2-3 mg). The percentage of benzaldehyde/benzoin
formed (i.e., benzylamine consumed) after 24 h was determined by HPLC from the peak
areas by an external standard method. Transaminases not appearing on the table gave
zero-conversion with all substrates. Taking into account the initial amounts of
benzylamine and 3 in the reaction mixtures, a percentage >67% (red-backgrounded cells)
was considered to come from partial consumption of benzylamine because of the
transamination reactions of aldehydes (1) and pyruvate (2), which remained unreacted
from the aldolic reaction or were formed by retroaldolysis during the transamination
reaction. The yellow-backgrounded transaminases are those that were selected as
potential positive transmaminases, i.e. those that showed percentages between 33% and
67% at least for one of the substrates.

Determination of the effect of the retroaldolysis reaction on the yield of 6a as
example.

In some cases of the first screening round, an excess of benzaldehyde/benzoin production
(>67%, red spots) was detected. To assess if HBPA mediated retroaldolysis favored by
the transamination of the remaining aldehyde, independent experiments were performed
using 3a as example. Transamination assays were carried out with and without previously

removing HBPA of the aldol reaction mixture (Figure S23).
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Figure S23. One-pot two-step synthesis of synthesis of 6a, using benzylamine (7) as
amine donor. A) Benzaldehyde/benzoin formed in transamination experiments with and
without HBPA. B) Decrease of the aldol adduct at 24 h for the transamination system
without HBPA. C) Concentration of the aldol adduct (3a) and benzaldehyde/benzoin (11)
at 24 h for the transamination system without HBPA. D) Decrease of the aldol adduct at
24 h for the transamination system with HBPA. Example to demonstrate that the
transamination of the aldehyde may activate the retroaldolisis of 3 mediated by HBPA,
generating aldehyde and pyruvate and causing the excess of benzoin formation.

Second screening removing the HBPA before running the transamination reaction.

A second screening transamination round was done, removing previously the aldolase
from the aldolic mixtures using amicon® Ultra-15 centrifugal filter devices (Nominal
Molecular Weight Limit 3.000 Da), 7000 rpm, for 10 minutes at 4 °C. Transamination of
3 was performed following the procedure described above. The percentages of
transamination for 3a, 3g and 3h were determined using three measurements: a) from the
aldol adducts 3 consumed with precolumn derivatization (10 pL of samples were
withdrawn from the reaction mixtures and derivatized with BnONH: and analyzed by
HPLC as described above), b) from the transaminated product formed (6a, 6g and 6h)
previous precolumn derivatization with Bz-OSu as described above, and c) from benzoin

produced (11) as it was described above. Transamination of 3b and 3e were determined
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from the aldol adduct 3 consumed and 6b and 6e formed, respectively (50 pL of samples
were withdrawn from the reaction mixtures and diluted in 500 pL of MeOH and directly
analyzed with a gradient elution from 10 to 100% B over 30 min) (Figure S24).

Aldol addut Enzymes
3a T21 | T23 | T24 | T26 | T31 | T33 | T39 | T47 | T93 |T169|T170(T172| T74 |T177(T179|T192|T193
Result 0 0 0 0 0 0 H 0 0 0 0 0 0 0 0 0 0
3b T22 | T26 | T31 | T39 | T47 | T81 |T166|T169(T174| 176 |T188(T189|T191| 194
Result 0 0 0 35 0 0 0 0 0 0 0 0 0 0
3e T26 | T31 | T39 | T47 | T81 |T130|T166(T169|T174|T176|T188|T189|T191
Result 0 0 55 0 0 0 0 0 0 0 0 0 0
3g T24 | T26 | T31 | T33 | T37 | T39 | T47 | T81 | T93 |T166|T169(T174|T176|T188|T189|T191|T192(T194
Result 11 | 16 | 12 | 16 8 - 23 | 18 [ 15 | 19 | 15 [ 18 | 14 | 16 | 18 | 15 | 16 | 16
3h T39 |T174
Result - 45

Figure S24. Second screening round analyzing the percentage of transamination
measuring the aldol adduct consumed (3), the transaminated product formed (6) and

benzoin produced (11).
Evaluation of the effect of HBPA and BAL in the yield of 6a-b, 6e and 6g-j

4-Hydroxy-2-oxoacids (3a-b, 3e, 3h-g) were prepared as previously described.
Transamination reactions of 3 were performed as above without removing HBPA, using
Prozomix T039 transaminase. To evaluate the effect of BAL on the formation of 6, we
run the same two-step reaction sequence without removing HBPA using T039, and
without adding BAL in the transamination reaction. Reactions were monitored by HPLC

as described for the second screening round.

Assay of one-pot two steps 4-hydroxy-e-amino acids derivatives using a biocatalytic
one-pot two-steps approach using the PLP-Dependent branched-chain amino acid
aminotransferase (BCATSs) from Escherichia coli.

Reactions were conducted in Eppendorf tubes (1.5 mL) with 500 pL total reaction
volume. To an aldolic reaction mixture containing aldol adduct (3) (250 uL, =~ 100 mM,
as the basis of calculation), L-Glu and L-Asp solution mixture (65 pL of stock solution in
50 mM sodium phosphate buffer pH 8.0 containing L-Glu 12 (77 mM), L-Asp 14 (385
mM) and PLP (8 mM), 10 mM, 50 mM and 1 mM final concentration in the reaction
respectively), BCAT (28 pL of a stock solution 0.0538 U mL™, 18 mg mLtin 50 mM
NaH2PO4 buffer pH 7.0, NaCl (100 mM), PLP (0.01 mM) and glycerol (50% v/v), 0.003
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U mL™, 1 mg protein mL™ final concentration in the reaction), reaction was started by
adding the enzyme (AspAT, 42 uL of a stock solution 2.1615 U mL %, 12 mg mL?in
50mM NaH2PO4 buffer pH 7.0, NaCl (100 mM), PLP (0.01 mM) and glycerol (50% v/v),
0.18 U mL™, 1 mg protein mL™ final concentration in the reaction). The necessary
volume of 50 mM phosphate buffer pH 7.0 to complete 500 pL was added. The reaction
mixture was placed in a vortex mixer (1000 rpm) at 25 °C for 24 h. Samples were
withdrawn immediately after the AspAT addition (0 h) and after 24 h and analyzed by
HPLC as described above.

Assay of one-pot biocatalytic cascade synthesis of 4-hydroxy-a-amino acid
derivatives with substrate recycling BCAT/L-Glu/L-Asp/AspAT.

The reaction (500 pL total volume) was conducted in Eppendorf tubes (1.5 mL). A
solution of BCAT and AspAT (28 and 42 pL of stock solution 18 and 12 mg protein mL~
1in 50 mM sodium phosphate buffer pH 7.0 containing 200 mM NacCl, 0.1 mM PLP, and
50% (v/v) of glycerol, 0.003 U mL of BCAT and 0.18 U mL* of AspAT. 1 mg protein
mL! of each one in the reaction), containing sodium pyruvate (2.5, 12.5, 22.5, and 25.0
uL, depending on the experiment of a 2 M aqueous stock solution, adjusted to pH 7.0, 10,
50, 90, and 100 mM final concentration in the reaction), L-Asp (45, 25, 5 and 100 uL,
depending on the experiment of a 1.0 M stock solution 250 mM sodium phosphate buffer
pH 8.0, (90, 50, 10 and 100 mM final concentration in the reaction, respectively), L-Glu
(10 pL of a 1.0 M stock solution 250 mM sodium phosphate buffer pH 8.0, containing 25
mM PLP) and aldehyde 1b (10 pL, 100 mM in the reaction). The reaction was started by
adding HBPA (125 pL of a stock solution 0.029 U mL™%, 4 mg mLtin 50 mM TEA
buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.007 U mL™?, 1 mg
protein mL~! final concentration in the reaction). The necessary volume of 50 mM
phosphate buffer pH 7.0 to complete 500 pL after adding the enzyme was added in each
case. The reaction mixtures were placed in a vortex mixer (1000 rpm) at 25 °C for 24 h.
Samples were withdrawn immediately after the HBPA addition (0 h) and after 24 h and
analyzed by HPLC as described above (Figure S25).
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Figure S25. A) One-pot biocatalytic cascade synthesis of 4-hydroxy-a-amino acid
derivative 6b with substrate 2 recycling, starting from aldehyde 1b (100 mM) and the
amine donor 5 (100 mM). B) Concentration of the components after 24 h of reaction as a
function of the initial concentration of pyruvate using HBPA/BCAT/AspAT

transaminases catalysts.

Synthesis of 4-hydroxy-e-amino acids by tandem HBPA/transaminase and
conversion to a-amino-y-butyrolactone derivatives.

The aldol addition catalyzed by HBPA, transamination reaction, Cbz protection and the

subsequent lactonization was carried as follows:

0
0 )J\COZNa OH O OH NHg* 1)CbzOSu g o
I 2 LN TA, BAL BN 2) Lactonization.
R1 - R1 COZNa — =— R COZNa e —— (0]
HBPHA BN /
1 3 ’ 6 14 NHCbz
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NOTE: For convenience, the order of the compounds in the Sl follows the order in

which they were obtained which is different from that of the main text.

Benzyl ((3S,5R)-5-(dimethoxymethyl)-2-oxotetrahydrofuran-3-yl)carbamate (14g);
Typical Procedure.

. The precursor 3g was prepared following the procedure described
e

Iy,

O o for R-4a. Reaction volume was 29 mL. Starting from 1g (437 uL
Moo 1dg “NHChz of a 6.6 M commercial aqueous solution, 2.9 mmol, 1 eq, 0.1 M)

and sodium pyruvate 2 (0.32 g, 2.9 mmol, 1 eq, 0.1 M). When the
aldol adduct 3g formed was maximum, the transamination reaction was initiated.
Transamination and Cbz protection: to the mixture of the aldol reaction (2.9 mmol of
aldol adduct in 29 mL), benzylamine (7) (2.2 mL, of 1 M stock solution in 50 mM sodium
phosphate pH 8.0, 4.3 mmol, 1.5 eq), PLP (10.2 mg, 1 mM final concentration in the
reaction), ThDP (0.3 mg, 0.015 mM final concentration in the reaction), MgSO4 (24 mg,
2.5 mM final concentration in the reaction), and BAL (136 uL of 2826 U mL! stock
solution in 50 mM buffer TEA containing 50 mM NacCl, 0.5 mM EDTA and 50% (v/v)
of glycerol, 5.0 U mL™ final concentration in the reaction) were added. Reaction was
started by adding the transaminase (T039, 76 mg of 0.1243 U mg lyophilized solid,
dissolved in 50 mM sodium phosphate pH 7.0 (5 mL), 0.783 U mL™, 6 mg protein mL™
final concentration in the reaction). The mixture was placed in an orbital shaker (250 rpm)
at 25 °C for 24 h. Formation of 6g was estimated by measuring the aldol adduct 3g
consumed. For both enzymatic reactions, samples were withdrawn immediately after the
enzyme addition (0 h) and after 24 h and analyzed by HPLC using pre-column
derivatization as described above. When the consumption of 3g reached a maximum (24
h), methanol (10 volumes) was added. The mixture was filtered through Celite® and the
filter cake washed with methanol (3 x 50 mL). The filtrates were pooled and evaporated
under vacuum, until all MeOH was removed. The aqueous residue was diluted with
NaHCO3 20% w/v solution (50 mL). To this solution, Cbz-OSu (1.6 g dissolved in 50 mL
2-MeTHF, 2.2 eq) was added. The reaction was stirred at 25 °C during 12 h. Then, the
aqueous phase was first extracted with EtOAc (3 x 50 mL). After that, the pH of aqueous
solution was adjusted to 3.5 with 5 M HCI, and extracted with EtOAc (3 x 100 mL). The

organic phase was dried over anhydrous MgSQs, and the solvent removed under vacuum

S53



Seccion experimental capitulo 3.1

and the residue submitted to intramolecular lactonization using three different procedures

as follows:

Procedure 1: 471 mg of 6g (1.4 mmol, 1eq) from the previous step was suspended in
anhydrous DMF (60 mL) under N> atmosphere. To this solution, EDAC (414.3 mg, 2.2
mmol, 1.5 eq) and DMAP (5.3 mg, 43.2 umol, 0.03 eq) were added. The reaction was
stirred from 4 °C to rt overnight. Then, EtOAc (300 mL) was added and washed with H20O
(3 x 100 mL), aqueous NaHCO3 20% wi/v (3 x 100 mL) and brine (3 x 100 mL). The
organic phase was dried over anhydrous MgSOg, absorbed onto silica gel (100 mL) and
loaded on a column (AFORA, 5880/2, 47x4.5) packed with silica gel (100 g, 35-70 um,
200-500 mesh, Merck). Product was eluted with a step gradient of hexane:EtOAc: 100:0,
500 mL, 90:10, 200 mL, 80:20, 200 mL, 70:30, 200 mL, 60:40, 2 L. Pure fractions were
pooled, and the solvent removed under vacuum affording the compound 14g as a white
solid (dr: >95:5, 121 mg, 27%) (Table S8). [a]2® =—20 (c = 1, in CHCls). *H NMR (400
MHz, CDCls) & 7.61 - 6.80 (m, 5H), 5.10 (s, 2H), 4.54 (d, J = 9.3 Hz, 1H), 4.47 (td, J =
2x10.0, 6.8 Hz, 1H), 4.38 (d, J = 2.7 Hz, 1H), 3.47 (s, 3H), 3.46 (s, 3H), 2.77 (dd, J =
13.1,9.7 Hz, 1H), 2.19 (d, J = 10.9 Hz, 1H). *3C NMR (101 MHz, CDCls) § 175.0, 155.7,
136.8, 104.9, 76.7, 67.3, 57.4, 56.3, 50.2, 29.3. ESI-TOF m/z: Calcd for [M+H"]
C15H20NOs™: 310.1321, found [M+H*]: 310.1291.

Procedure 2: 472 mg of 6g (1.4 mmol, 1leq) from the previous reaction was suspended
in anhydrous DMF (60 mL) under N2 atmosphere. To this solution, HOBt (292 mg, 2.2
mmol, 1.5 eq) and EDAC (414.3 mg, 2.2 mmol, 1.5 eq) were added. The reaction was
stirred overnight from 4 °C to rt. Work up and purification was performed as described
for procedure 1, affording the compound 14g (Table S8).

Procedure 3: 265 mg of 6g (810.4 umol, 1eq) from the previous reaction was suspended
in anhydrous CH>Cl, (60 mL) under N. atmosphere. To this solution, HOBt (164.3 mg,
1.2 mmol, 1.5 eq), EDAC (233 mg, 1.2 mmol, 1.5 eq) and EtsN (164 mg, 1.6 mmol, 2 eq)
were added. The reaction was stirred overnight from 4 °C to rt. Work up and purification

was performed as described for procedure 1, affording the compound 14g (Table S8).

Table S8. Intramolecular lactonization conditions.

S54



Seccion experimental capitulo 3.1

Procedure Aldol Transamination  Yield [a]d
Conv./(%)? Conv./(%)° (%0)°

1 80 98 27 -20

2 86 90 35 -21

3 87 94 52 -20

2 Percentage of aldol adduct (3g) formed after 24h. ° Percentage of transaminated product (6g) formed
after 24h. ¢Isolated yield (14g). %=1 in CHCls.

Benzyl ((3S,5R)-5-((benzyloxy)methyl)-2-oxotetrahydrofuran-3-yl)carbamate
(14b).

o Precursor 3b was prepared following the procedure described
I, (0]
Bno” above R-4b, starting from 1b (0.5 g, 3.3 mmol, 0.1 M final

14b NHCbz concentration in the reaction) and sodium pyruvate 2 (0.37 g, 3.3
mmol, 1 eq). The reaction yielded 69% of 3b. Transamination reaction was conducted in
an Erlenmeyer (100 mL) using the BCAT/L-Glu/L-Asp/AspAT system. To the aldol
reaction mixture (33 mL), L-Glu (1.2 mL of a 0.5 M stock solution in 250 mM sodium
phosphate buffer pH 8.0, 10 mM, containing 25 mM PLP, 1 mM final concentration in
the reaction), L-Asp (3 mL of a 1 M stock solution in 250 mM sodium phosphate buffer
pH 8.0, 50 mM) were added. The reaction was started by adding BCAT (2.3 mL of a
stock solution 0.0538 U mL, 18 mg mL*in 50 mM NaH2PO4 buffer pH 7.0, NaCl (100
mM), PLP (0.01 mM), glycerol (50% v/v), 0.003 U mL, 1 mg mL™* protein final
concentration in the reaction), and AspAT (3.5 mL of a stock solution 2.1615 U mL™?, 12
mg mLtin 50 mM NaH:PO4 buffer pH 7.0, NaCl (100 mM), PLP (0.01 mM) and
glycerol (50% v/v), 0.18 U mL™, 1 mg mL™ protein final concentration in the reaction).
The mixture was placed in an orbital shaker (250 rpm) at 25 °C for 24 h. Samples were
withdrawn immediately after the enzyme addition (0 h) and after 24 h as described above,
reaction was monitored by HPLC. When the reaction was completed (49% product
formed), the enzymes were precipitated by adding methanol (10 volumes, 600 mL). The
mixture was filtered through Celite® and the filter cake washed with methanol (3 x 50
mL). The filtrates were pooled and the solvent removed under vacuum, until all MeOH
was evaporated and only the aqueous solution remained. Cbz protection and conversion
to a-amino-y-butyrolactone derivative 14b were performed following the procedure 3.
Product was eluted with a step gradient of hexane:EtOAc: 100:0, 500 mL, 90:10, 200 mL,
80:20, 200 mL, 70:30, 500 mL, 60:40, 1 L. The title compound 14b was obtained as
yellow oil (dr: >95:5, 222 mg, 26%). [a]20° = — 18 (c = 1, in CHCl3). *H NMR (400 MHz,
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CDCl3) § 7.39 — 7.23 (m, 10H), 5.10 (s, 2H), 4.70 (d, J = 9.2 Hz, 1H), 4.66 — 4.46 (m,
2H), 4.10 (q, J = 3x7.1, Hz, 1H), 3.70 (d, J = 8.0 Hz, 1H), 3.54 (d, J = 7.9 Hz, 1H), 2.68
(d,J =113 Hz, 1H), 2.38 (dd, J = 18.1, 9.9 Hz, 1H).13C NMR (101 MHz, CDCls) § 128.5,
76.6, 73.8, 71.1, 70.9, 67.4, 50,4, 31.8. ESI-TOF m/z: Calcd for [M+H*] CaoHz2NOs*:
356.1506, found [M+H*]: 356.1498.

(3S,5R)-5-(Hydroxymethyl)-2-oxotetrahydrofuran-3-aminium chloride (14a).

Compound (14a) was prepared by dissolving 14b (50 mg, 140.7
wo' 0 umol, 1 eq.) in MeOH (15 mL). Then, HCI (156 uL of 1 M stock
14a NHs*cr solution, 1.1 eq) and Pd/C (1.50 mg, 10 mol%, 10% Pd, 50%
humidity) were added. The suspension was stirred at room temperature for 2 hours under
H, atmosphere. The reaction mixture was filtered through Celite® and the pellet was
washed with MeOH (3x50 mL). Then, the solvent was removed in vacuo obtaining the
title compound as a yellow oil (dr >95:5, 14 mg, 59%). (3S,5R)-5-(Hydroxymethyl)-2-
oxotetrahydrofuran-3-aminium chloride, 14a: *H NMR (400 MHz, CD30D) § 4.82 (m,
1H), 4.45 (dd, J = 10.7, 9.5 Hz, 1H), 3.86 (dd, J = 12.4, 2.4 Hz, 1H), 3.69 (dd, J = 12.4,
2.4 Hz, 1H), 2.72 (dd, J = 13.0, 9.6 Hz, 1H), 2.47 (ddd, J = 13.0, 10.7, 9.1 Hz, 1H). *C
NMR (101 MHz, CD3OD) & 172.1, 78.7, 62.7, 47.8, 28.3.
The spectra of the sample changed with the time and it was because of the cyclic lactone
is hydrolyzed leading to the acyclic carboxylate compound namely (2S,4R)-2-amino-4,5-
OH NH, dihydroxypentanoic acid: *H NMR (400
HO OH MHz, CD3s0D) 6 4.23 (dd, J = 8.0, 4.8 Hz,
0 1H), 3.92 (dd, J = 5.8, 4.0 Hz, 1H), 3.51 (m,
(2S,4R)-2-amino-4,5-dihydroxypentanoic acid 2H)1 2.23 (ddd, J =148, 4.9, 3.0 Hz, 1|—|),
1.89 (ddd, J = 14.7, 10.2, 8.0 Hz, 1H). *C NMR (101 MHz, CD3s0D) & 169.3, 68.8, 65.3,
50.4, 32.5.

Benzyl ((3S,5R)-5-((benzylthio)methyl)-2-oxotetrahydrofuran-3-yl)carbamate
(14c).

o The synthesis of aldol intermediate 3c was conducted in an
Bns” Erlenmeyer flask (50 mL). The reaction volume was 15 mL.

14c NHCbz 2-(Benzylthio)acetaldehyde (1c) (0.25 g, 1.5 mmol, 1 eq, 0.1 M
final concentration in the reaction) was dissolved in DMF (3 mL, 20% (v/v) in the

reaction) and sodium pyruvate 2 (165.5 mg, 1.5 mmol, 1 eq, 0.1 M final concentration in
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the reaction) dissolved in water (6.6 mL) was added. Finally, the reaction was started by
adding the enzyme HBPA H205A (5.4 mL of a stock solution 0.009 U mL?%, 2.8 mg mL"
1in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.00324
U mL™, 1 mg mL™* protein final concentration in the reaction). The reaction was placed
in an orbital shaker (250 rpm) at 25 °C for 24h. Samples were withdrawn immediately
after the enzyme addition (0 h) and after 24 h as described above. The reaction yielded
66% of 3c. Enzymatic transamination of 3c using BCAT/L-Glu/L-Asp/AspAT system
yielded 66% of 6¢. Cbz protection and conversion to a-amino-y-butyrolactone derivative
14c¢ were performed following the procedure 3. Product was eluted with a step gradient
of hexane:EtOAc: 100:0, 500 mL, 90:10, 200 mL, 80:20, 200 mL, 70:30, 1.5 L, affording
the compound 14c as a solid (dr: >95:5, 124 mg, 22%). [a]20° = — 32 (c = 1, in CHCl5).
'H NMR (400 MHz, CDCl3) § 7.68 — 6.78 (m, 10H), 5.11 (s, 2H), 4.73 (s, 1H), 4.49 (d,
J=6.5Hz, 1H), 3.75 (s, 2H), 2.65 (d, J = 5.3 Hz, 2H), 2.52 (d, J = 10.6 Hz, 1H), 2.31 (d,
J =129 Hz, 1H). *C NMR (101 MHz, CDCls) § 174.4, 155.7, 128.5, 77.2, 67.6, 49.9,
36.9, 35.3, 33.4. ESI-TOF m/z: Calcd for [M+H'] C20H22NO4S*: 372.1288, found
[M+H*]: 372.1270.

Benzyl ((3S,5R)-2-0x0-5-(phenoxymethyl)tetrahydrofuran-3-yl)carbamate (14e).

The precursor 3e was prepared following the procedure described for R-4e. Reaction

1., O~ 0 volume was 18 mL. Starting from 1e (0.25 g, 1.8 mmol, 0.1M)

PhO
and sodium pyruvate 2 (202.1 mg, 1.8 mmol, 1 eq), the reaction

yielded 80% of 3e. Transamination of 3e using BCAT/L-Glu/L-

14e NHCbz

Asp/AspAT system rendered 71% of 6e. Cbz protection and conversion to a-amino-y-
butyrolactone derivative 14e were performed following the procedure 3. Product was
eluted with a step gradient of hexane:EtOAc: 100:0, 500 mL, 90:10, 200 mL, 80:20, 200
mL, 70:30, 500 mL, 60:40, 2 L affording the title compound 14e as solid (dr: >95:5, 182
mg, 29%). [a]20° = — 35 (¢ = 1, in CHCls). *H NMR (400 MHz, CDCl3) § 7.40 — 7.22 (m,
7H), 7.02 - 6.81 (m, 3H), 5.12 (s, 2H), 4.91 (d, J = 8.6 Hz, 1H), 4.72 (td, J = 2x10.0, 6.5
Hz, 1H), 4.23 (d, J = 10.5 Hz, 1H), 4.05 (d, J = 10.3 Hz, 1H), 2.80 (d, J = 13.0 Hz, 1H),
2.48 (d, J = 11.7 Hz, 1H). 3C NMR (101 MHz, CDCI3) § 174.7, 155.4, 128.9, 121.9,
114.9, 75.4, 69.3, 67.4, 50.2. ESI-TOF m/z: Calcd for [M+H™] C19H20NOs": 342.1359,
found [M+H"]: 3421341.
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Benzyl ((3S,5R)-2-0x0-5-(2-phenoxypropan-2-yl)tetrahydrofuran-3-yl)carbamate
(14f).
The precursor 3f was prepared following the procedure

y O0_o described above for R-4f. Reaction volume was 24 mL. Starting
PhO from 1f (0.4 g, 2.4 mmol, 0.1 M) and sodium pyruvate 2 (268.1
14f NHCbz mg, 2.4 mmol, 1 eq), the reaction afforded 63% of 3f.
Transamination of 3f was performed using the BCAT/L-Glu/L-Asp/AspAT system,
rendering 56% of 6f. Cbz protection and conversion to o-amino-y-butyrolactone
derivative 14f were performed following the procedure 3. Product was eluted with a step
gradient of hexane:EtOAc: 100:0, 500 mL, 90:10, 200 mL, 80:20, 2.5 L, affording the
title compound 14f as a yellow oil (dr: >95:5, 98 mg, 11%). [a]2° = — 26 (¢ = 1, in
CHCI3). *H NMR (400 MHz, CDCls) & 7.46 — 6.76 (m, 10H), 5.11 (s, 2H), 4.64 (td, J =
2x9.9, 6.3 Hz, 1H), 4.42 (s, 1H), 4.10 (q, J = 3x7.2, Hz, 1H), 3.01 (d, J = 10.3 Hz, 1H),
2.37(d, J=10.8 Hz, 1H), 1.31 (s, 3H), 1.29 (s, 3H). *C NMR (101 MHz, CDCl3) § 175.2,
155.7,153.3,129.1, 128.5, 124.2, 123.8, 83.7, 80.5, 67.3, 50.3, 30.3, 23.5, 22.6. ESI-TOF
m/z: Calcd for [M+H"] C21H24NOs" : 370.1686, found [M+H™]: 370.1654.

Cbz removal of 14f. Synthesis of (3S,5R)-2-0x0-5-(2-phenoxypropan-2-
yltetrahydrofuran-3-aminium chloride (16f).

To compound 14f (50 mg, 135.4 umol, 1 eq) in MeOH (15 mL),

Pho>//"' O _o HCI (270 pL of 1 M stock solution, 2 eq) and Pd/C (1.34 mg,

10 mol%, 10% Pd, 50% humidity) were added. The suspension

NH3" Cr
was stirred at room temperature for 1 hour under H>

16f
atmosphere. Reaction mixture was filtered through Celite® and the pellet was washed
with MeOH (3 x 50 mL). Then, the solvent was removed in vacuo obtaining the title
compound 16f as a solid (18 mg, 49%) *H NMR (400 MHz, CDsOD) § 7.28 (t, J = 7.7
Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H), 6.97 (d, J 1= 7.9 Hz, 2H), 4.67 (d, J =9.0 Hz, 1H), 4.41
(t, J =2x10.0 Hz, 1H), 3.06 (dd, J = 13.4, 9.5 Hz, 1H), 2.44 (dt, J = 13.3, 2x9.8 Hz, 1H),
1.35 (s, 3H), 1.28 (s, 3H). 1*C NMR (101 MHz, CDs0OD) § 172.3, 153.5, 84.3, 81.0, 22.1,

21.5.

Isopropyl (2R,4S)-4-(((benzyloxy)carbonyl)amino)-5-oxotetrahydrofuran-2-
carboxylate (14i).
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The precursor 3i was prepared following the procedure described
PO for R-4i. Reaction volume was 16 mL. Starting from 1i (190 mg,
I-Fr

1.6 mmol, 0.1M) and sodium pyruvate 2 (180.1 mg, 1.6 mmol, 1

14i NHCbz
eq), the reaction yielded 95% of 3i. Transamination of 3i was
conducted using the T039/BnNH2 system rendering 42% of 6i. Chz protection and
conversion to a-amino-y-butyrolactone derivative 14i were performed following the
procedure 3. Product was eluted with a step gradient of hexane:EtOAc: 100:0, 100 mL,
95:5, 100 mL, 90:10, 100 mL, 85:15, 100 mL, 80:20, 100 mL, 75:25, 100 mL, 70:30 1L
affording the title compound 14i as a solid (dr: >95:5, 179 mg, 34%). [o]20° =—24.3 (c =
1, in CHCls). *H NMR (400 MHz, CDCl3) & 7.39 — 7.23 (m, 5H), 5.11 (s, 3H), 4.93 (d, J
= 9.5 Hz, 1H), 4.46 (ddd, J = 11.4, 8.9, 6.0 Hz, 1H), 2.79 (dd, J = 13.0, 8.8 Hz, 1H), 2.53
(0, J = 3x11.6, Hz, 1H), 1.27 (dt, J = 6.3, 2x3.1, Hz, 6H). *C NMR (101 MHz, CDCl3) &
175.2, 168.7, 155.7, 128.7, 73.8, 70.5, 67.4, 48.9, 33.3, 21.6. ESI-TOF m/z: Calcd for
[M+H*] C16H20NOs": 322.1284, found [M+H"]: 322.1291.

(3S,5S)- and (3S,5R)-Benzyl (-2-oxo-5-((2-
phenylacetamido)methyl)tetrahydrofuran-3-yl)carbamate ((5R/S)-14n) as a
diasteromeric mixture.
o 5 The precursor 3n was prepared following the procedure

Ph\)X\N v O described for 16b. Reaction volume was 28 mL. Starting

H NHChz from 1n (0.5 g, 2.8 mmol, 0.1M) and sodium pyruvate 2

(5R/S)-14n (310.5 mg, 2.8 mmol, 1 eq) the reaction afforded 80% of
3n. Transamination of 3n was performed using the TO39/BnNH; system, yielding 56%
of 6n. Cbz protection and conversion to a-amino-y-butyrolactone derivatives (4R/S)-14n
were performed following procedure 3. Product was eluted with a step gradient of
pentane: EtOAc: 100:0, 500 mL, 90:10, 200 mL, 80:20, 200 mL, 70:30, 200 mL, 60:40,
200 mL, 50:50, 200 mL, 40:60, 200 mL, 30:70, 200 mL, 20:80, 2.2 L, affording the
compound (5R/S)-14n as a distereomeric mixture (dr 50:50 (3S,5S):(3S,5R)), as a yellow
oil (266 mg, 25%). [a]2° = — 11.2 (c = 1, in CHCIls). Benzyl ((3S,5R)-2-0x0-5-((2-
phenylacetamido)methyl)tetrahydrofuran-3-yl)carbamate, (3S,5R)-14n): *H NMR
(400 MHz, CD3OD) 6 5.50 (s, 2H), 4.69 (dq, J = 9.3, 2x5.0, 4.9 Hz, 1H), 4.28 (t, J =
2x9.7 Hz, 1H), 3.50 (s, 2H), 3.43 (d, J = 5.6 Hz, 2H), 2.30 (m, 2H). **C NMR (101 MHz,
CD30D) § 176.0, 173.0, 156.9, 76.7, 66.4, 49.5 42.5, 42.4, 30.3. Benzyl ((3S,5S)-2-0x0-
5-((2-phenylacetamido)methyl)tetrahydrofuran-3-yl)carbamate, (3S,5S)-14n): 'H
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NMR (400 MHz, CDz0D) & 5.50 (s, 2H), 4.53 (dtd, J = 9.9, 2x5.9, 3.6 Hz, 1H), 4.45 (dd,
J=11.7, 9.1 Hz, 1H), 3.52 (d, J = 3,5 Hz, 1H), 3.50 (s, 2H), 3.42 (d, J = 5.6 Hz, 1H),
250 (ddd, J = 12.3, 9.1, 5.8 Hz, 1H), 1.97 (q, J = 2x11.8, 11.6 Hz, 1H). 3C NMR (101
MHz, CDsOD) § 175.1, 173.0, 156.9, 75.9, 66.4, 48.4, 42.5, 42.4, 27.4.

Selective deprotection of (5R/S)-14n mixture.

0 o o) o HO  NH,
PhJLH v © _Ha PdiC_ Ph\)LH/ © PCA_ HN - NH,
(5RIS)-14n  NHCDZ (5RIS)-17n  NHS'CP (4R/S)-18n O
A portion of (5R/S)-14n mixture (100 mg, 261.5 umol, 1 eq) in MeOH (28 mL), HCI1 (500
puL of 1 M stock solution) and Pd/C (2.8 mg, 10 mol%, 10% Pd, 50% humidity) were
mixed. The suspension was stirred at room temperature for 1 hour under H. atmosphere.
Reaction mixture was filtered through Celite® and the pellet was washed with MeOH (3
x 50 mL). Then, the solvent was removed in vacuo obtaining (5R/S)-17n as solid (68 mg,
91%). (5R)-17n: *H NMR (400 MHz, CD30D) & 4.76 (dddd, J = 9.1, 6.0, 4.9, 2.1 Hz,
1H), 4.02 (t, J = 2x10.1 Hz, 1H), 3.52 (s, 2H), 3.49 (d, J = 2.3 Hz, 2H), 2.52 (ddd, J =
13.5, 9.7, 2.1 Hz, 1H), 2.32 (ddd, J = 13.5, 10.4, 9.0 Hz, 1H). ¥3C NMR (101 MHz,
CDsOD) § 173.6, 171.8, 78.4, 48.4, 42.4, 42.2, 28.4. (55)-17n: 'H NMR (400 MHz,
CD30D) 6 4.64 (dddd, J = 13.5, 10.4, 9.0 Hz, 1H), 4.39 (dd, J = 12.0, 8.9 Hz, 1H), 3.59
(d, J = 4.0 Hz, 1H), 3.52 (s, 2H), 3.42 (d, J = 2.3 Hz, 1H), 2.71 (ddd, J = 12.5, 8.8, 5.4
Hz, 1H), 1.96 (m,1H). 3C NMR (101 MHz, CDsOD) & 173.3, 171.5, 78.1, 50.5, 42.4,
42.1, 30.3. The hydrogenated compound obtained (60 mg, 210 pumol) was re-suspended
in a volume of 155 mM sodium phosphate buffer (2.4 mL) and Penicillin G Amidase
(PGA) from Roche diagnostics GmbH, Mannheim (226 pL of a stock solution 1140 U
mL, 100 U mL* final concentration in the reaction) were added. The reaction was
stirred (1000 rpm) at 25 °C. Reaction monitoring was carried out by HPLC immediately
after the enzyme addition (0 h) and after 24 h in the conditions described above. When
the reaction was completed the enzyme was precipitate by adding 100 mM HCOzH (3
mL) and centrifuged. The pellet was washed with 100 mM HCOH (3 x 3 mL). Aqueous
solution was adjusted to 30 mL and was purified by ionic exchange chromatography, was
performed on Macro-Prep® High S Media (25 mL, Bio-Rad) (packed into a glass column
(C16/20, GE HealthcareL.ife Science), equilibrated with 1 M SO4(NH4)2 (500 mL). Crude

fraction was loaded onto the column at 1 mL min~*. Colored impurities were washed away
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with water (90 mL) at 3 mL min~t. Product was eluted with a gradient of 1 M NH4OH
(420 mL) at 3 mL min%, typical fraction size was 30 mL. Fractions were lyophilized and
the (4R/S)-18n mixture was obtained as a solid (28 mg, 60%). (4R)-18n: *H NMR (400
MHz, D20) 6 4.00 (dddd, J = 10.6, 8.8, 6.5, 3.4 Hz, 1H), 3.90 (dd, J = 6.2, 5.3 Hz, 1H),
3.09 (dd, J=3.3, 2.3 Hz 1H), 2.90 (dd, J = 8.4, 4.8 Hz, 1H), 2.00 (m, 2H). *3C NMR (101
MHz, D20) & 173.7, 64.9, 52.1, 44.4, 33.8. (45)-18n: *H NMR (400 MHz, D20) & 4.12
(ddt, J = 10.4, 8.8, 2x3.1 Hz, 1H), 3.82 (t, J = 2x6.8 Hz, 1H), 3.09 (ddd, J = 3.4, 2.25 Hz,
1H), 2.90 (dd, J = 8.3, 4.8 Hz, 1H), 2.06 (ddd, J = 14.7, 6.6, 2.9 Hz, 1H), 1.80 (ddd, J =
14.7, 6.9, 10.4 Hz, 1H). *C NMR (101 MHz, D;0) § 173.7, 65.9, 52.6, 44.4, 34.7.

(3S,5S)- and (3S,5R)-Benzyl (2-oxo0-5-((S)-1-(2-
phenylacetamido)ethyl)tetrahydrofuran-3-yl)carbamate ((5R/S)-140) as a
diasteromeric mixture.
o The precursor 30 was prepared following the procedure
\)L described above 14c. Reaction volume was 26 mL. The
Ph NH : .
O o reaction was started by adding the enzyme HBPA H205A
(9.2 mL of a stock solution 0.009 U mL?, 2.8 mg mLtin
NHCbz 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50%
(v/v) of glycerol, 0.00318 U mL™, 1 mg protein mL* final

(4RIS)-140

concentration in the reaction) to a solution of 10 (0.5 g, 2.6 mmol, 0.1 M) and sodium
pyruvate 2 (287.7 mg, 1 eq). This rendered 75% of 3o. Transamination of 30 was
conducted using the BCAT/L-Glu/L-Asp/AspAT system, affording 50% of 60. Chz
protection and conversion to a-amino-y-butyrolactone derivatives (5R/S)-140 were
performed following procedure 3. Product was eluted with a step gradient of
pentane:EtOAc: 100:0, 500 mL, 90:10, 200 mL, 80:20, 200 mL, 70:30, 200 mL, 60:40,
200 mL, 50:50, 200 mL, 40:60, 200 mL, 30:70, 3 L, affording a diastereomeric mixture
(5R/S)-140 (dr 50:50 as a yellow oil (257 mg, 20%). [o]20° =—22 (¢ = 1, in CHCI3). (5R)-
140: *H NMR (400 MHz, CDCl3) § 5.47 (d, J = 8.9 Hz, 1H), 5.35 (d, J = 5.4 Hz, 1H),
5.10 (s, 2H), 4.54 (m, 1H), 4.22 (m, 1H), 4.14 (d, J = 8.6 Hz, 1H), 3.58 (s, 1H), 3.48 (s,
1H), 2.42 (t, J = 2x12.6 Hz, 1H), 2.29 (m, 1H), 1.08 (d, J = 6.8 Hz, 3H). 1*C NMR (101
MHz, CDCls) § 175.1, 170.6, 155.7, 80.1, 67.5, 49.7, 47.8, 43.8, 30.8, 14.8. (5S)-140:'H
NMR (400 MHz, CDCls) 6 5.71 (d, J = 9.2 Hz, 1H), 5.10 (s, 2H), 5.02 (d, J = 7.1 Hz,
1H), 4.35 (m, 1H), 4.33 (m, 1H), 4.23 (m, 1H), 3.58 (s, 1H), 3.48 (s, 1H), 2.54 (ddd, J =
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12.9,9.1, 5.8 Hz, 1H), 1.78 (q, J = 3x11.8, 1H), 1.24 (d, J = 7.1 Hz, 3H). 2*C NMR (101
MHz, CDCls) § 173.8, 171.3, 155.7, 79.7, 67.5, 51.2, 46.0, 43.9, 31.7, 18.2.

Selective deprotection of (5R/S)-140 mixture.

0 0
Ph\)\r\gH PhJLNH HO NH,
- - \:JO

0 -
g 0 0 PGA :
/\\_T s Pd/C" /\\_\( G—> HoN NH,
+ :

NHCbz NH; CI-
(5R/S)-140 (5R/IS)-170 (4R/S)-180

The selective deprotection of the PheAc and Cbz groups was conducted following the
procedure described for (5R/S)-14n, starting from the (4R/S)-140’ mixture (120 mg, 302.3
umol) yielding (5R/S)-170 as a solid (90 mg, >99%). (5R)-170: *H NMR (400 MHz,
CD30D) 6 4.59 (dt, J = 23.7, 2x6.6 Hz, 1H), 4.42 (m, 1H), 4.15 (m, 1H), 3.52 (s, 2H),
2.69 (t, J = 10.6 Hz, 1H), 2.03 (t, J = 11.2 Hz, 1H), 1.22 (m, 3H).*C NMR (101 MHz,
CD30D) § 172.7, 171.5, 80.2, 49.4, 46.9, 42.3, 29.9, 15.3. (55)-170:*H NMR (400 MHz,
CD30D) 6 4.55 (dd, J = 15.8, 7.8 Hz, 1H), 4.24 (t, J = 2x9.8 Hz, 1H), 4.10 (m, 1H), 3.52
(s, 2H), 2.56 (dd, J = 13.4, 9.4 Hz, 1H), 2.31 (dt, J = 13.6, 2x10.2 Hz, 1H), 1.21 (m,
3H).°C NMR (101 MHz, CD30D) § 172.8, 171.8, 80.6,47.3, 46.8,42.3,27.9, 15.1. After
removal the PheAc as described for (4R/S)-18n gave (4R/S)-180 (58 mg, 81%). (4R)-180:
'H NMR (400 MHz, D,0O/ HCOzH (0.1M)) § 4.04 (t, J = 2x2.9 Hz, 1H), 3.77 (t, J = 2x6.7
Hz, 1H), 3.32 (tt, J = 2x6.7, 2x3.3 Hz, 1H), 1.97 (d, J = 4.0 Hz, 1H), 1.72 (dd, J = 7.3,
3.7 Hz, 1H), 1.11 (d, J = 6.9 Hz, 3H). 1°C NMR (101 MHz, D;0) & 173.3, 68.6, 52.5,
51.2,32.5, 11.4. (4S)-180: *H NMR (400 MHz, D.O/HCOH (0.1M)) 6 3.89 (dd, J = 7.3,
3.8 Hz, 1H), 3.65 (ddd, J = 10.1, 7.0, 2.9 Hz, 1H), 3.19 (p, J = 4x6.8 Hz, 1H), 2.02 (m,
1H), 1.93 (m, 1H), 1.16 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, D20) § 173.6, 69.2,
51.8,32.7, 14.6.
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Chemical synthesis of 1-Benzyl 2-methyl (2S,4R)- and (2S,4S)-4-
hydroxypyrrolidine-1,2-dicarboxylate ((2S,4R)-15k and (2S,4S)-15k).

0 o) BnO—°
H ol 4oL Cbz-OSu < (”)\
G» OH SOCl,, MeOH G OMe Dioxane/NaHCOj3 (5%) <\lj OMe
_—
3(8) N S
o) HO HO
(25,45)-S11 (25,45)-512 (2S,48)-15k
H (”)\ O BnO o 0
SN o] Cbz-OSu ~ L
SOCl,, MeOH 3/\/ OMe  Dioxane/NaHCOs (5%) N~ Some
—_— -
HO
(2S,4R)-S11 "o HO
’ (25,4R)-$12 (2S,4R)-15k

To a separate solutions of commercial diasteromers (2S,4R)-S11 and (2S,4S)-S11 (0.5 g,
3.8 mmol) in anhydrous MeOH (50 mL) at — 80 °C, SOCI> (1.8 g, 15.3 mmol, 4 eq) was
slowly added stirring. When the addition was finished the solution was allow to warm up
to rt. After stirring for 24 h, the excess acid generated was removed under vacuum
affording S12 (0.55 g, quantitative). S12 (3.7 mmol, 1 eq), was diluted with NaHCO3
20% wi/v (60 mL) and Chz-OSu (0.93 g, 3.7 mmol, 1 eq, dissolved in dioxane (60 mL))
was then added. The reactions were stirred at 25 °C for 12 h. The products were extracted
with EtOAc (3 x 100 mL) and washed with H20 (3 x 100 mL), brine (3 x 100 mL). Then,
the organic phases were dried over anhydrous MgSO4 and concentrated under vacuum
yielding the compound (2S,4R)-15k as a solid (1.1 g, >99%) and (2S,4S)-15k as an oil
(1.1 g, >99%). (2S,4R)-15k: 2-rotamers double signal NMR: *H NMR (401 MHz, CDCls)
3 7.40-7.29 (m, 5H), 5.23 - 5.02 (m, 2H), 4.52 (m, 2H), 3.77 (s, 1H), 3.56 (s, 1H), 3.73 -
3.69 (m, 3H), 2.32 (m, 1H), 2.11 (m, 1H). **C NMR (101 MHz, CDCls) § 173.2 (rot 1),
173.0 (rot 2), 155.0 (rot 1), 154.5 (rot 2), 70.2 (rot 1), 69.5 (rot 2), 67.2 (rot 1), 67.1 (rot
2), 54.7 (rot 1), 55.3 (rot 2), 52.4 (rot 1), 52.2 (rot 2), 39.2 (rot 1), 38.4 (rot 2). 1-Benzyl
2-methyl (2S,4S)-4-hydroxypyrrolidine-1,2-dicarboxylate, (2S,4S)-15k: 2-rotamers
double signal NMR: 'H NMR (401 MHz, CDCl3) & 7.40 — 7.29 (m, 5H), 5.23-5.06 (m,
2H), 4.46 (m, 1H), 4.41 (dt, J = 5.7, 2x3.0 Hz, 1H) 3.82 (s, 1H), 3.79 (s, 1H), 3.79-3.60
(m, 3H), 3.60 (d, J = 4.4, Hz, 1H) 2.33 (tdd, J = 2x14.3, 9.8, 4.6 Hz, 1H), 2.16 (dd, J =
14.2, 5.0 Hz 1H). C NMR (101 MHz, CDCl3) § 175.3 (rot 1), 175.0 (rot 2), 155.0 (rot
1), 154.2 (rot 2), 71.3 (rot 1), 70.3 (rot 2), 67.4 (rot 1), 67.3 (rot 2), 58.2 (rot 1), 57.7 (rot
2),52.8 (rot 1), 52.6 (rot 2), 38.7 (rot 1), 37.8 (rot 2).
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Chemoenzymatic synthesis of 1-benzyl-2-methyl (2S,4R)-4-
hydroxypyrrolidine-1,2-dicarboxylate (15k).

0
A OH bz
0 CO,™
2 2 \CO,™ \CO-M N
SR LR P p— ; ) ; ot (oo
CI"HO
1k 3k HO 15k

The precursor 4-hydroxy-2-oxoacid (3k) was prepared following the procedure described
for 14c. Reaction volume was 38 mL. To a solution of 1k (490 uL of a 7.9 M commercial
aqueous solution, 3.8 mmol, 1 eq, 0.1 M) and sodium pyruvate 2 (0.42 g, 3.8 mmol, 1
eq), HBPA H205A (14 mL of a stock solution 0.009 U mL%, 2.8 mg mLtin 50 mM
TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.00324 U mL?, 1
mg mL! of protein final concentration in the reaction) was added. This rendered 64% of
3k. Transamination of 3k was conducted using the BCAT/L-Glu/L-Asp/AspAT system,
affording 81% of trans-4-hydroxy-L-proline. The trans-4-hydroxy-L-proline was formed
by an intramolecular nucleophilic substitution of the terminal chloro at C5 by the amine
group after the transamination reaction. The derivative 15k (yellow oil, 611 mg, 51%)
was prepared following the procedure described for the mixture (2S,4R)-15k:(2S,4S)-
15k. Product 15k was eluted with a step gradient of pentane:EtOAc: 100:0, 500 mL,
90:10, 200 mL, 80:20, 200 mL, 70:30, 200 mL, 60:40, 200 mL, 50:50, 200 mL, 40:60,
2.2 L (611 mg, 51%). The NMR spectra showed the presence of two rotamers, *H NMR
(400 MHz, CDCl3) § 7.45 — 7.14 (m, 5H), 5.13 (dt, J = 24.0, 2x12.3 Hz, 1H), 5.00 (d, J =
12.4 Hz, 1H), 4.49 (m, 1H), 3.73-3.68 (m, 3H), 3.67 (m, 1H), 3.64 (dd, J = 4.2, 2.3 Hz,
2H), 3.53 (s, 1H), 2.30 (m, 1H), 2.28 (m, 1H), 2.09 (d, J = 1.7 Hz, 1H), 2.07 (d, J = 1.7
Hz, 1H). 1*C NMR (101 MHz, CDCl3) § 173.1 (rot 1), 172.3 (rot 2), 155.0 (rot 1), 154.5
(rot 1), 70.2 (rot 1), 69.4 (rot 1), 67.3, 57.9 (rot 1), 57.7 (rot 2), 55.2 (rot 1), 54.6 (rot 2),
52.4 (rot 1), 52.1 (rot 2), 39.2 (rot 1), 38.4 (rot 2). [a]® = - 55.4 (¢ = 1, in MeOH). ESI-
TOF m/z: Calcd for [M+H"] C14H1gNOs": 280.1193, found [M+H"]: 380.1185.
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Analysis of the diasteromeric excess of 15k
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Figure S26: Chiral HPLC analysis chromatogram of 15k synthetized by HBPA H205A
and BCAT/L-Glu/L-Asp/AspAT transamination system. Conditions: CHIRALPACK®
IB 46 x 250 mm column, 5 um, flow rate 1 mL min~at 25 °C and UV detection (208

nm). Isocratic elution hexane:'PrOH 80:20 (v/v).

Synthesis of trans-4-hydroxy-L-proline methyl ester (23Kk)

H A portion of (25,4R)-15k (50 mg, 158.4 umol, 1 eq.) in MeOH (16
517“‘002'\/'6 mL), HCI (500 uL of 1 M stock solution) Pd/C (1.7 mg, 10 mol%,
HO 10% Pd, 50% humidity) were mixed. The suspension was stirred at rt
23k for 1 hour under H, atmosphere. The reaction mixture was filtered

through Celite® and the pellet was washed with MeOH (3 x 50 mL). Then, the solvent
was removed in vacuo obtaining methyl (2S,4R)-4-hydroxypyrrolidine-2-carboxylate,
23k as an oil (38 mg, quantitative). 'H NMR (400 MHz, CD3sOD) § 4.63 — 4.54 (m, 2H),
3.43 (d, J=10.0 Hz, 1H), 3.30 (d, J = 7.9 Hz, 1H), 2.40 (dd, J = 13.4, 7.5 Hz, 1H), 2.18
(t, J =10.5, 10.5 Hz, 1H). *3*C NMR (101 MHz, CD30D) & 169.2 69.2, 58.0, 52.6, 37.2.

(2S,4R)-4-Hydroxy-5-oxopyrrolidine-2-carboxylic acid (15h).
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H The precursor 3h was prepared following the procedure described for
0N\ \\COH  R_4h, The reaction volume was 20 mL. Starting from 1h (400 uL of a
HO 1sh 4.9 M commercial aqueous solution, 2.0 mmol, 1 eq, 0.1 M) and
sodium pyruvate 2 (216 mg, 2.0 mmol, 1 eq), the reaction yielded 82%
of 3h. Transamination of 3h using BCAT/L-Glu/L-Asp/AspAT system rendered 38% of
6h. When the reaction was completed, the enzymes were precipitate by adding methanol
(10 volumes, 260 mL). Then, the reaction was filtered through Celite® and the filter cake
washed with methanol (3x50 mL). The filtrates were pooled and the solvent removed
under vacuum, until all MeOH was evaporated and only the aqueous solution remained.
The residue, was diluted with NaHCO3 20% w/v (50 mL). The reaction was stirred at 25
°C for 12 h. Then, the aqueous phase was concentrated up to 25 mL and after that, it was
adjusted to pH 10.0 with a NaOH solution. The title compound (15h) was partially
purified by ionic exchange chromatography, in a Macro-Prep® High Q Media (25 mL,
Bio-Rad) stationary phase in H* form, packed into a glass column (C16/20, GE
HealthcareLife Science). The stationary phase was equilibrated with 1 M HCO2Na. Crude
fraction at pH 10.0 (25 mL) was loaded onto the column at 1 mL min. Colored
impurities were washed away with water (75 mL) at 3 mL min-1. Product was eluted with
a gradient from 0 to 100% HCO2H (1 M) in 50 min at 3 mL min%, typical fraction size
was 25 mL. Fractions were lyophilized and the title compound 15h was obtained as a
yellow solid (65.4 mg, 9%). *H NMR (500 MHz, D,0) & 4.46 (dd, J = 10.1, 3.6 Hz, 1H),
3.99 (dt, J = 8.0, 2x4.0 Hz, 1H), 2.50 (ddd, J = 15.0, 5.2, 3.6 Hz, 1H), 2.06 (m, 1H). 13C
NMR (126 MHz, D20) 6 177.3, 173.2, 68.8, 52.8, 33.9. The final material contains L-Asp

and L-Glu as main impurities coming from the transamination reaction.
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Chromatograms of the HPL.C analysis on chiral stationary phases
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Figure S74: Chiral HPLC analysis chromatogram of R-4a synthetized with HBPA wild-
type (down) and rac-4a synthetized with MBP-YFAU(Ni?*) wild-type (see section Chiral
HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® ID 46 x 250 mm
column, 5 um, flow rate 1 mL min-tat 25 °C and UV detection (254 nm). Isocratic elution
hexane:'PrOH 80:20 (v/v).
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Figure S75: Chiral HPLC analysis chromatogram of R-4a’ synthetized with HBPA wild-
type (down) and rac-4a synthetized with MBP-YFAU(Ni?*) wild-type type (see section
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Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® ID 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 80:20 (v/v).
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Figure S76: Chiral HPLC analysis chromatogram of R-4b synthetized with HBPA wild-
type (down) and rac-4b synthetized with MBP-YFAU(Ni?*) wild-type type (see section
Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 80:20 (V/v).
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Figure S77: Chiral HPLC analysis chromatogram of R-4d synthetized with HBPA wild-
type (down) and rac-4d synthetized with MBP-YFAU(Ni?*) wild-type type (see section
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Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IC 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 80:20 (v/v).
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Figure S78: Chiral HPLC analysis chromatogram of R-4e synthetized with HBPA wild-

type (down) and rac-4e synthetized with MBP-YFAU(Ni?*) wild-type type (see section
Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 95:5 (v/v).
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Figure S79: Chiral HPLC analysis chromatogram of R-4f synthetized with HBPA wild-
type (down) and rac-4f synthetized with MBP-YFAU(Ni?*) wild-type type (see section
Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 90:10 (v/v).
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Figure S80: Chiral HPLC analysis chromatogram of R-4g synthetized with HBPA wild-
type (down) and rac-4g synthetized with MBP-YFAU(Ni?*) wild-type type (see section
Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IC 46 x 250
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mm column, 5 um, flow rate 1 mL min~*at 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 80:20 (v/v).
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Figure S81: Chiral HPLC analysis chromatogram of R-4h synthetized with HBPA wild-
type (down) and rac-4h synthetized with MBP-YFAU(Ni?*) wild-type type (see section
Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 80:20 (V/v).
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Figure S82: Chiral HPLC analysis chromatogram of R-4i synthetized with HBPA wild-
type (down) and rac-4i synthetized with MBP-YFAU(Ni?*) wild-type type (see section
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Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic

elution hexane:'PrOH 80:20 (v/v).
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Figure S83: Chiral HPLC analysis chromatogram of R-4j synthetized with HBPA wild-
type (down) and rac-4j synthetized with MBP-YFAU(Ni%*) wild-type type (see section
Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250
mm column, 5 um, flow rate 1 mL min~tat 25 °C and UV detection (254 nm). Isocratic

elution hexane:'PrOH 80:20 (v/v).
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Figure S84: Chiral HPLC analysis chromatogram of racemic 4l synthetized with HBPA
wild-type (down) and rac-4l synthetized with MBP-YFAU(Ni?") wild-type type (see
section Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IC 46
X 250 mm column, 5 pm, flow rate 1 mL mintat 25 °C and UV detection (254 nm).

Isocratic elution hexane:'PrOH 80:20 (v/v).
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Figure S85: Chiral HPLC analysis chromatogram of R-4m synthetized with HBPA wild-
type (down) and rac-4m synthetized with MBP-YFAU(Ni?*) wild-type type (see section
Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250
mm column, 5 um, flow rate 1 mL min~*at 25 °C and UV detection (254 nm). Isocratic
elution hexane:'PrOH 80:20 (vV/v).

Computational Modeling

The crystal structure of HBPA has recently been solved (PDB 6DAO) together with the
structure of its homolog trans-o-carboxybenzylidene pyruvate hydratase-aldolase
(CBPA), the later crystalized alone (PDB 6DAN) and in complex with a substrate
molecule (PDB 6DAQ).1* The HBPA active site is located inside of a relatively deep and
narrow cavity, where the e-amino group of the essential Lys183 is at about 11 A from the
surface, with several aromatic residues flanking the entrance (H205, W224, F269 and
F277) and predominantly polar residues (G64, T65, G67, Y155, N157 and N281) at the
deeper end, close to the catalytic lysine (Figure S86A, B).

Figure S86. (A) Crystal structure of the active site of HBPA (chain A, PDB 6DAO),
showing the essential Lys residue (K183) and the residues that conform the cavity, and
(B) its electrostatic potential mapped surface. (C) Model of the enamine pyruvate HBPA
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covalent complex. The pyruvate enamine is highlighted with yellow C-atoms. Two water
molecules are also shown: one of them H-bound to the pyruvate carboxylate and the
second one to residues Y155 and N157.

The structure of the CBPA complex (PDB 6DAQ) allows proposing that the covalently
bound pyruvate enamine intermediate in HBPA adopts a similar configuration, with its
carboxylate moiety oriented towards the pyruvoyl carboxylate binding motif (GXXGE,
G*TFGE® in HBPA), stabilized by H-bonds with the backbone amide NH groups of
residues Thr65 and Phe66, and with a conserved water molecule which in turn is hydrogen
bonded to the backbone amides of Gly64 and Gly67 (Figure S86C). The proposed
enzymatic mechanism for HBPA (Figure S87) implies that Tyr155 could be the acid/base
catalyst that protonates the carbonyl oxygen of the aldehyde electrophile, once the C-C
bond is formed.'* Therefore, the incoming aldehyde should displace a water molecule that
is H-bonded to Tyr155 and Asn157 in the HBPA crystal structure (Figure S85C), and
adequately locate its carbonyl oxygen for protonation by Tyrl55. Based on this
hypothesis, structural models of the pre-reactive complexes of pyruvate-enamine bound
HBPA, wild-type and H205A variant, with the different electrophiles assayed,
approaching the enamine from its re- and si-faces, were built (Figures S87-S92).
Similarly, models were built for the corresponding aldol adduct intermediates bound as
imines to residue Lys183 (Figures S93-S98). According to the mechanism (Figure S87),
these models have the Lys183 g-nitrogen atom protonated and the phenol group of Tyr155

unprotonated.
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Figure S87. Proposed mechanism for HBPA.
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Figure S88. Models of the pre-reactive complexes of pyruvate-enamine bound wild-type
HBPA with (A,B) 1a, (C,D) 1b and (E,F) 1c. Electrophiles 1a-c are shown approaching
the enamine from their re- (A,C,E) or si-face (B,D,F). The pyruvate-enamine is shown
with yellow C-atoms, the electrophile molecules with green C-atoms, and the interactions

with dashed lines: H-bond in yellow, n-r stacking in magenta and =-cation in green.
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Figure S89. Models of the pre-reactive complexes of pyruvate-enamine bound wild-type
HBPA with (A,B) 1d, (C,D) 1le and (E,F) 1f. Electrophiles 1d-f are shown approaching
the enamine from their re- (A,C,E) or si-face (B,D,F). Representation details as in Figure

S88.
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Figure S90. Models of the pre-reactive complexes of pyruvate-enamine bound wild-type
HBPA with (A,B) 1g, (C,D) 1h and (E,F) 1i. Electrophiles 1g-i are shown approaching
the enamine from their re- (A,C,E) or si-face (B,D,F). Representation details as in Figure

S88.
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N281
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Figure S91. Models of the pre-reactive complexes of pyruvate-enamine bound wild-type
HBPA with (A,B) 1j, (C,D) 1k and (E,F) 1l. Electrophiles 1j-I are shown approaching
the enamine from their re- (A,C,E) or si-face (B,D,F). Representation details as in Figure

S88.
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Figure S92. Models of the pre-reactive complexes of pyruvate-enamine bound wild-type
HBPA with (A,B) 1m, (C,D) 1n and (E,F) 10. Electrophiles 1m-o are shown approaching
the enamine from their re- (A,C,E) or si-face (B,D,F). Representation details as in Figure

S88.
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Figure S93. Models of the pre-reactive complexes of pyruvate-enamine bound HBPA
H205A with (A,B) 1¢, (C,D) 1k and (E,F) 10. Electrophiles 1m-o are shown approaching
the enamine from their re- (A,C,E) or si-face (B,D,F). The mutated residue A205 is

highlighted in orange. The rest of representation details as in Figure S88.
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Figure S94. Models of HBPA complexes with the K183-bound aldol adduct imines
derived from (A) (R)-3a, (B) (S)-3a, (C) (R)-3b, (D) (S)-3b, (E) (R)-3c and (F) (S)-3c.
The pyruvate-derived moiety is shown with yellow C-atoms, the electrophile-derived
moieties with green C-atoms, and the interactions with dashed lines: H-bond in yellow,

salt bridges in cyan, n-n stacking in magenta and r-cation in green.
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Figure S95. Models of HBPA complexes with the K183-bound aldol adduct imines
derived from (A) (R)-3d, (B) (S)-3d, (C) (R)-3e, (D) (S)-3e, (E) (R)-3f and (F) (S)-3f.
Representation details as in Figure S94.
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Figure S96. Models of HBPA complexes with the K183-bound aldol adduct imines
derived from (A) (R)-3g, (B) (S)-3g, (C) (R)-3h, (D) (S)-3h, (E) (R)-3i and (F) (S)-3i.
Representation details as in Figure S94.
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Figure S97. Models of HBPA complexes with the K183-bound aldol adduct imines
derived from (A) (R)-3j, (B) (S)-3], (C) (R)-3k, (D) (S)-3k, (E) (S)-3l and (F) (R)-3l.
Representation details as in Figure S94.
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Figure S98. Models of HBPA complexes with the K183-bound aldol adduct imines
derived from (A) (R)-3m, (B) (S)-3m, (C) (R)-3n, (D) (S)-3n, (E) (R)-30 and (F) (S)-3o0.
Representation details as in Figure S94.
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Figure S99. Models of HBPA H205A complexes with the K183-bound aldol adduct
imines derived from (A) (R)-3c, (B) (S)-3c, (C) (R)-3k, (D) (S)-3k, (E) (R)-30 and (F)
(S)-30. The mutated residue A205 is highlighted in orange. The rest of representation
details as in Figure S94.
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Computational Methods.

Protein complexes were modeled with the package Schrodinger Suite 2020-2,% through
its graphical interface Maestro.'® The Protein Preparation Wizard!’ included in Maestro
was used to prepare the protein structure by removing solvent molecules and ions, adding
hydrogens, setting protonation states!® and running a restrained minimization using the
OPLS3 force-field.’® The program MacroModel*’® with the same force field and GB/SA
water solvation conditions?® was used for further molecular mechanics calculations. The

program QSite?* was used for the QM/MM calculations.

Molecular models of the pre-reactive pyruvate-enamine intermediate with the
electrophiles bound into the active site of the HBPA protein were generated starting from
the HBPA crystal structure (PDB 6DAO).2* Mutations were introduced within Maestro,
followed by restrained minimization. The structures of the bound pyruvate and
electrophiles were built within Maestro, based on the structure of the ligand bound into
the active site of the homolog CBPHA protein (PDB 6DAQ). The pyruvate was modeled
as enamine bound to the essential K183 residue. The electrophiles were modeled
approaching the enamine from their re- and si-faces. For that purpose, they were manually
placed in the active site of HBPA and adequately oriented to satisfy the conditions of (i)
having its C-atom at approximately 2.4 A of the reactive enamine C-atom of pyruvate,
and (ii) stablishing a hydrogen bond interaction between the aldehyde O-atom and the
phenol and amide groups of Y155 and N157, respectively. The structures of the
complexes were minimized with QSite at the DFT B3LYP/6-31G** level of theory,
establishing a distance constraint between the two reactive C-atoms to keep them at a
distance of 2.4 A. The QM/MM boundary was defined by placement of hydrogen caps
between the Ca and CP atoms of residues Y155, N157, K183 and N281 of HBPA. The
pyruvate-enamine, a water molecule that is H-bound to the pyruvate carboxylate, and the
electrophile molecules were also included as part of the QM region. All residues with
atoms within 6 A of the QM region were simultaneously optimized using the OPLS3
force-field,® while residues which were further away were kept frozen. A distance
dependent dielectric (¢ = 78) was used for calculating the electrostatic component of the
MM energy. Furthermore, to find the best bound conformations for the more flexible
electrophiles, a conformational search was performed using the mixed MCMM/LMCS
method?? implemented in MacroModel to find the best poses for the aldehyde R!

substituents, while the carbonyl group and the rest of the system were kept frozen. Then,
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the best conformers detected by this search were QM/MM reoptimized as above. Finally,
the optimized structures were used to build the corresponding aldol adducts, bound as
imines to residue Lys183. According to the mechanism, after C-C bond formation, the
resulting intermediates should have the Lys183 e-nitrogen atom protonated and the
phenol group of Tyrl55 unprotonated. These structural modifications were performed

within Maestro and the resulting model structures were QM/MM reoptimized as above.

References.

1. (a) Calveras, J.; Egido-Gabéas, M.; Gomez, L.; Casas, J.; Parella, T.; Joglar, J.;
Bujons, J.; Clapés, P., Dihydroxyacetone phosphate aldolase-catalyzed synthesis of
structurally diverse polyhydroxylated pyrrolidine derivatives and evaluation of their
glycosidase inhibitory properties. Chem. Eur. J. 2009, 15, 7310-7328; (b) Concia, A. L.;
Lozano, C.; Castillo, J. A.; Parella, T.; Joglar, J.; Clapés, P., D-Fructose-6-phosphate
aldolase in organic synthesis: cascade chemical-enzymatic preparation of sugar-related
polyhydroxylated compounds. Chem. Eur. J. 2009, 15, 3808-3816; (c) Garrabou, X.;
Gomez, L.; Joglar, J.; Gil, S.; Parella, T.; Bujons, J.; Clapes, P., Structure-guided
minimalist redesign of L-fuculose-1-phosphate aldolase active site. Expedient synthesis
of novel polyhydroxylated pyrrolizidines and their inhibitory properties against
glycosidases and intestinal disaccharidases Chem. Eur. J. 2010, 16, 10691-10706.

2. Hernandez, K.; Parella, T.; Joglar, J.; Bujons, J.; Pohl, M.; Clapés, P., Expedient
Synthesis of C-Aryl Carbohydrates by Consecutive Biocatalytic Benzoin and Aldol
Reactions. Chem. Eur. J. 2015, 21, 3335-3346.

3. Hernandez, K.; Gomez, A.; Joglar, J.; Bujons, J.; Parella, T.; Clapés, P., 2-Keto-
3-Deoxy-L-Rhamnonate Aldolase (YfaU) as Catalyst in Aldol Additions of Pyruvate to
Amino Aldehyde Derivatives. Adv. Synth. Catal. 2017, 359, 2090-2100.

4, Ferreira, T.; Rasbh, W., ImageJ user guide: 1J 1.46 r. 2012.

5. Eaton, R. W., trans-o-Hydroxybenzylidenepyruvate Hydratase-Aldolase as a
Biocatalyst. Appl. Environ. Microbiol. 2000, 66, 2668-2672.

6. Mironov, G. G.; St-Jacques, A. D.; Mungham, A.; Eason, M. G.; Chica, R. A;;
Berezovski, M. V., Bioanalysis for Biocatalysis: Multiplexed Capillary Electrophoresis—
Mass Spectrometry Assay for Aminotransferase Substrate Discovery and Specificity
Profiling. J. Am. Chem. Soc. 2013, 135, 13728-13736.

7. Keiko, N. A.; Stepanova, L. G.; Verochkina, E. A.; Chuvashev, Y. A., Synthesis
and properties of alkylthioethanals. ARKIVOC (Gainesville, FL, U. S.) 2011, 127-138.

8. Hon, Y.-S.; Wong, Y.-C.; Chang, C.-P.; Hsieh, C.-H., Tishchenko reactions of
aldehydes promoted by diisobutylaluminum hydride and its application to the
macrocyclic lactone formation. Tetrahedron 2007, 63, 11325-11340.

9. Kumar, S.; Pearson, A. L.; Pratt, R. F., Design, synthesis, and evaluation of a-
ketoheterocycles as class C p-lactamase inhibitors. Bioorg. Med. Chem. 2001, 9, 2035-
2044,

10.  Zhang, P.-l.; Wang, G.; Liu, J.-s.; Xu, F.-q.; Zhao, Z.-z.; Wang, W.-x.; Wang, J.-
t.; Wang, G.-k.; Wu, P.-y., Three new metabolites from the endophytic fungus

S89



Seccion experimental capitulo 3.1

Climacocystis montana isolated from the root bark of Paeonia ostia. Phytochemistry
Letters 2018, 26, 50-54.

11.  Espelt, L.; Parella, T.; Bujons, J.; Solans, C.; Joglar, J.; Delgado, A.; Clapés, P.,
Stereoselective aldol additions catalyzed by dihydroxyacetone phosphate dependent
aldolases in emulsion systems: preparation and structural characterization of linear and
cyclic aminopolyols from aminoaldehydes. Chem. Eur. J. 2003, 9, 4887-4899.

12. White, J. D.; Hansen, J. D., Total Synthesis of (—)-7-Epicylindrospermopsin, a
Toxic Metabolite of the Freshwater Cyanobacterium Aphanizomenon ovalisporum, and
Assignment of Its Absolute Configuration. J. Org. Chem. 2005, 70, 1963-1977.

13. Sheldrick, G., A short history of SHELX. Acta Crystallogr. Sect. A 2008, 64, 112-
122.

14, LeVieux, J. A.; Medellin, B.; Johnson, W. H.; Erwin, K.; Li, W.; Johnson, |. A.;
Zhang, Y. J.; Whitman, C. P., Structural Characterization of the Hydratase-Aldolases,
NahE and PhdJ: Implications for the Specificity, Catalysis, and N-Acetylneuraminate
Lyase Subgroup of the Aldolase Superfamily. Biochemistry 2018, 57, 3524-3536.

15.  Schrodinger Release 2020-2: Schrodinger Suite 2020-2 Protein Preparation
Wizard; Epik, Schrodinger, LLC, New York, NY, 2020; Impact, Schrodinger, LLC, New
York, NY, 2020; Prime, Schrddinger, LLC, New York, NY, 2020., 2020.

16.  Schrddinger Release 2020-2: Maestro, Schrédinger, LLC: New York, NY, 2020.

17.  (a) Schrodinger Release 2020-2: Macromodel, Schrodinger, LLC: New York,
NY, 2020; (b) Sastry, G. M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W.,
Protein and ligand preparation: parameters, protocols, and influence on virtual screening
enrichments. J. Comput. Aided Mol. Des. 2013, 27, 221-234.

18.  Olsson, M. H. M.; Sgndergard, C. R.; Rostkowski, M.; Jensen, J. H., PROPKAS3:
Consistent Treatent of Internal and Surface Residues in Empirical pKa predictions. J.
Chem. Theor. Comput. 2011, 7, 525-537.

19.  Harder, E.; Damm, W.; Maple, J.; Wu, C.; Reboul, M.; Xiang, J. Y.; Wang, L.;
Lupyan, D.; Dahlgren, M. K.; Knight, J. L.; Kaus, J. W.; Cerutti, D. S.; Krilov, G,
Jorgensen, W. L.; Abel, R.; Friesner, R. A., OPLS3: A Force Field Providing Broad
Coverage of Drug-like Small Molecules and Proteins. J Chem Theory Comput 2016, 12,
281-296.

20.  Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T., Semianalytical
Treatment of Solvation for Molecular Mechanics and Dynamics. J. Am. Chem. Soc. 1990,
112, 6127-6129.

21. (@) Schrodinger Release 2020-2: QSite, Schrodinger, LLC: New York, NY, 2020;
(b) Murphy, R. B.; Philipp, D. M.; Friesner, R. A., A mixed quantum
mechanics/molecular mechanics (QM/MM) method for large-scale modeling of
chemistry in protein environments. J. Comp. Chem. 2000, 21, 1442-1457; (c) Philipp, D.
M.; Friesner, R. A., Mixed ab initio QM/MM modeling using frozen orbitals and tests
with alanine dipeptide and tetrapeptide. J. Comp. Chem. 1999, 20, 1468-1494.

22. Kolossvary, I.; Guida, W. C., Low-mode conformational search elucidated:
application to CasHgo and flexible docking of 9-deazaguanine inhibitors into PNP. J.
Comput. Chem. 1999, 20, 1671-1684.

S90



Materiales y metodos.
Capitulo 3.2

214



Supporting Information

Biocatalytic synthesis of homochiral 2-hydroxy-4-butyrolactone derivatives by
tandem aldol addition and carbonyl reduction.
Carlos J. Moreno®, Karel Hernandez®, Samantha Gittings®, Michael Bolte®, Jesus Joglar®,

Jordi Bujons®, Teodor Parella’, Pere Clapés*®

“Catalonia Institute for Advanced Chemistry, Dept. Chemical Biology & Molecular
Modelling, IQAC-CSIC, Spain.

®Prozomix Ltd. West End Industrial Estate, Haltwhistle, Northumberland, NE49 9HA,
UK.

‘Institut  fiir Anorganische Chemie, J.-W.-Goethe-Universitit, Frankfurt/Main,
Germany.

Servei de Ressonancia Magnética Nuclear. Universitat Autonoma de Barcelona,
Bellaterra, Spain.

*Corresponding author: pere.clapes@iqac.csic.es

Table of Contents
IMLAEEIIAIS. .ottt s h e st st st st sttt e e et e b e e bt e be e re e e beenaee e nes 2
V=3 o g o o L3P OP UV PPTOPRTOPPPOt 4
Protein production and purifiCation. ........cccciiiiii e 5
Thin layer chromatography (TLC) @nalysis. .....cueeiiiiiieeieiiie ettt e 7
Y oJ=Te 1 iol fo] 7] o] o TR PR 7
HPLC @N@IYSIS. ceitiiieiiiiie e et ettt e e ettt e e e e ette e e e et e e e e s tteeeeeabaeeesaabaeeeestaeeeanbeeeeannteeesansraeesnnsens 7
N A T o 1 Y2 SRR 8
Activity determination Of DPKApsyrin. «-veeereeereenrienienienieneeseesee sttt s s 8
Activity determination OF KPR o/ cveeeeeeeiiriiirieieeeieiiiiiireeeeeeeeectrreeeeeeesssitareeeeeeeesssnsssseesesesesssssesesens 9
Activity determination of glucose dehydrogenase (GDH). .....ccccoeveiieeiicieii e, 10
Biocatalytic aldol addition of 2-oxoacid (2) to formaldehyde (1). Analytical scale..................... 11
One-pot two-step stereoselective synthesis of 2-hydroxy-4-butyrolactone derivatives (5)...... 13

One-pot enzymatic cascade for the stereoselective synthesis of 2-hydroxy-4-butyrolactones

EIIVATIVES (53,00) . cuveeiiiiiiiiiiiiiie et e e e e e e e ettt e e e e e e seesabbbareeeeeesnsbbaeeeeeeenananes 24
Strategy for enantiomeric excess determination of products 5 (@, j-N)....cccceeveeeeriieeececieeeennen. 25
Biocatalytic aldol addition of sodium piruvate (2a) to aldehydes (1b-g). Analytical scale.......... 33
One-pot two-step stereoselective synthesis of 4-substituted-2-hydroxy-4-butyrolactones 8 by

tandem biocatalytic aldol-reduction reactions catalyzed by HBPAp,utisa and DpkApgyrin. «.evene... 35
KINETIC STUTIES. ...ttt st sttt ettt ettt et e b e e b e e sbeenneennees 39

S1



K-RAY SEFUCTUIES .ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeaeeeaeaeeeeeaeaeaaeaaaeanes 52

N LY 12 o101 f - P PP PP PPPPPRY 56
ComputatioNal MEthOUS. ......uiiiiiie e e s e e s eaba e e e srraee e e 148
Materials.

Formaldehyde (1), glycolaldehyde dimer (1b), 2,2-dimethoxyacetaldehyde (1c),
chloroacetaldehyde (1c), benxiloxiacetaldehyde (1d), sodium pyruvate (2a), 2-
oxobutyric acid (2b), 2-oxopentanoic acid (2¢), 4-Methyl-2-oxovaleric acid (2f), sodium
3-methyl-2-oxobutyrate (2]), were purchased from Sigma-Aldrich. The rest of aldehyde
and 2-oxoacids used in this study were synthesized in our lab using procedure described
in previous works'>. Stock solutions of 2-oxoacids were prepared in H,0, pH adjusted
to 7.0 with 1 M NaOH and stored at 4 °C. Under these conditions precipitation of
sodium salt compounds (2g-n) was observed. Before using, these solutions were

carefully treated with the heat gun under stirring until a clear solution was obtained
(Table S1).

Table S1: Substrates (2a-n) stock solution.

2-oxoacids (2) Stock concentration/M
2a 2.0
2b 1.0
2¢ 1.8
2d 2.0
2e 1.0
2f 0.65
29 1.5
2h 1.0
2i 0.8
2] 1.0
2k 1.0
2l 1.0
2m 0.65
2n 0.44

The 3-benzyloxyamine hydrochloride, D-(—)-pantolactone and (R)-(+)-o-Hydroxy-y-
butyrolactone were purchased from Sigma-Aldrich. Sodium borohydride DL-(—)-
pantolactone and 4-bromobenzoyl chloride were purchased from TCI chemical.

NADPH was purchased from CARL ROTH. Glucose dehydrogenase (GDH) as a cell
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free extract powder and NADP" were provided by Prozomix Ltd (PRO-GDH(001)). All

reagent for Molecular Biology were supplier from ThermoFischer Scientific.

Synthetic oligonucleotides were purchased from Eurofins Genomics. All reagents for

molecular biology were from Life Thermo Scientific. Culture media components for E.

coli were from Pronadisa (Madrid, Spain). Antibiotics and IPTG were from Carl Roth.

Nickel Sepharose™

High Performance was from Cytiva ™. Water for analytical HPLC

was obtained from an Arium pro ultrapure water purification system (Sartorius Stedim

Biotech) and the rest of solvents used in this work were of analytical grade or HPLC

grade. Bacterial strains, oligonucleotides and plasmids used in this study are listed in

Table S2.

Table S2. Strains, plasmids and oligonucleotides used in this study.

Strains

Relevant genotype

E. coli Nova Blue
(Novagen ®)
(used  for
preparation).

plasmid

endAl, hsdR17 (rB*, mB"), supE44, thil, recAl, gyrA96, relAl, lac F’ [proA+ B+, lacI?
ZAM15::Tn10] (Tet%).

E coli M15 [pREP4]

nal®, str*, rif* , thi", lac’, ara™, gal”, mtl", F~, recA™, uvr’, lon", Km®.*

(used for  protein
expression).
E. coli B121-Al F ompT gal dcm lon hsdSg(rg mg)[malB _1»(1>) araB: T7TRNAP-tetA
(used  for  protein
expression)
Oligonucleotides Sequences
Primer dpkapgyrin (53) Forward:5’ATTATAATCCATGGGCTGTCCGCCAGCCACGCTGACCAGCCC3’
Ncol
Primer dpkapgyin (35) Reverse: 3> ATTATAATAGATCTGTGGCCTGCCAGCTCTTGCAAAC 5°
Bglll
Primer panEg; (53) Forward: 5> ATATATATGGATCCATGAAAATTACCGTATTGGGATGC 3’
BamHI
Primer panEg.; (35) Reverse:5’ATATATATAAGCTTCTACCAGGGGCGAGGCAAACC B’
HindIII
Plasmids Relevant genetic characteristics
pQE-60 The vector encodes one multiple cloning site preceded by a T5 promoter, lac operator
and ribosome binding site. The vector also carries the ColEl replicon and ampicillin
resistance gene 4,
pQE-40 The vector encodes one multiple cloning site preceded by a T5 promoter, lac operator
and ribosome binding site. The vector also carries the ColE1 replicon and ampicillin
resistance gene”.
pQE-40-panE panE gene (912 bp) from E. coli K-12 (NCBI data base accession
number CP015085.1) cloned in pQE40 (BamHI and HindIII).
pQE-60-dpka dpka gene (1032 bp) from Pseudomonas syringae (NCBI data base accession

DSM50315) cloned in pQE60 (Ncol and BglIl).

pQE60 panB wt
pQEG60 panB 1202A
pQEG60 panB 1212A

Previous work.

pQE40 malE-rmhA wt

Previous work.>®

pQE40 malE-rmhA
W23V

Previous work.’

pETDuet-1- HBPA

Previous work.’

pETDuet-1- HBPA H205A

Previous work.’
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Methods.

Genes cloning.

The dpka gene (NCBI data base accession number DQ017704.1) was amplified from
genomic DNA of Pseudomonas syringae van Hall 1902 (DSM No: 50315) using de
primers: dpkapsyrin (53) and dpkapsyrin (35). The amplicon (1032 bp) was cloned in the
into a pQE 60 plasmid with the restriction enzymes FastDigest' " Ncol and BglIL. All
DNA manipulation were performed using routine procedures of molecular biology
according to the manufacturer’s protocols (Sequence S01 and Sequence S02).
SEQUENCE S01. Base sequence of the dpka gene(blue) insert into a pQE-60.

Ncol

CCATGGATGGGCATGTCCGCCAGCCACGCTGACCAGCCCACTCAAACCGTTTCTTACCCGCAACTGATCGACCTGCTG
CGCCGGATTTTCGTGGTCCACGGGACCTCACCGGAGGTCGCCGATGTACTCGCTGAAAACTGCGCCAGTGCCCAGCG
CGACGGTTCGCACAGTCATGGCATCTTTCGCATTCCCGGCTATCTGTCTTCGTTGGCCAGCGGTTGGGTGGATGGCAA
GGCGGTGCCGGTGGTCGAGGATGTCGGCGCGGCATTTGTCAGGGTCGATGCTTGCAACGGCTTTGCCCAGCCGGCAC
TGGCGGCGGCCAGGTCACTGTTGATCGATAAGGCGCGCAGTGCCGGGGTTGCGATTCTGGCCATTCGGGGCTCGCAT
CATTTCGCCGCGCTGTGGCCAGATGTCGAACCGTTTGCCGAGCAGGGGCTGGTTGCGCTGAGCATGGTCAACAGCAT
GACCTGCGTTGTACCCCACGGTGCTCGGCAGCCCTTGTTCGGCACCAACCCGATCGCCTTCGGTGCGCCGCGCGCAGG
TGGCGAGCCCATCGTTTTTGACCTGGCCACCAGCGCCATTGCCCACGGTGACGTGCAGATTGCTGCGCGTGAAGGGC
GGTTGCTGCCGGCGGGCATGGGTGTTGATCGTGACGGGCTGCCGACGCAGGAGCCTCGCGCCATTCTCGACGGCGGG
GCGCTGTTGCCGTTCGGCGGGCACAAGGGCTCGGCATTGTCGATGATGGTCGAGTTGCTGGCGGCAGGGCTGACCGG
TGGCAATTTCTCGTTCGAGTTCGACTGGTCGAAGCATCCCGGCGCACAGACGCCCTGGACCGGCCAGTTGCTGATCGT
CATTGATCCCGACAAAGGTGCCGGTCAGCACTTTGCGCAGCGCAGCGAGGAACTGGTGCGCCAGCTTCACGGGGTCG
GCCAGGAACGATTGCCCGGCGACAGGCGTTACCTGGAGCGGGCACGCTCGATGGCGCACGGAATAGTCATTGCCCAG
GCCGACCTTGAGCGTTTGCAAGAGCTGGCAGGCCACAGATCTCATCACCATCACCATCACTAA

Bglll

SEQUENCE S02. Amino acid sequence of protein construct. Starting methionine
incorporated by open reading frame in pQE-60, Al-pyrroline-2-carboxylate reductase
(DpkApsyrin, EC 1.5.1.21) and 6x His tag (red).

MGMSASHADQPTQTVSYPQLIDLLRRIFVVHGTSPEVADVLAENCASAQRDGS
HSHGIFRIPGYLSSLASGWVDGKAVPVVEDVGAAFVRVDACNGFAQPALAAAR
SLLIDKARSAGVAILAIRGSHHFAALWPDVEPFAEQGLVALSMVNSMTCVVPH
GARQPLFGTNPIAFGAPRAGGEPIVFDLATSAIAHGDVQIAAREGRLLPAGMGV
DRDGLPTQEPRAILDGGALLPFGGHKGSALSMMVELLAAGLTGGNFSFEFDWS
KHPGAQTPWTGQLLIVIDPDKGAGQHFAQRSEELVRQLHGVGQERLPGDRRYL
ERARSMAHGIVIAQADLERLQELAGHRSHHHHHH*

The panE gene (NCBI data base accession number CP015085.1) was amplified from
genomic DNA of E. coli K-12 using de primers: panEgi (53) and panEgci (35). The
amplicon (912 bp) was cloned into a pQE-40 plasmid with the restriction enzymes
FastDigest™ BamHI and HindIII. All DNA manipulation were performed using routine
procedures of molecular biology according to the manufacturer's protocols (Sequence

S03 and Sequence S04).
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SEQUENCE S03. Bases sequence of the panE gene (blue) insert in pQE-40

BamHI
ATGAGAGGATCGCATCACCATCACCATCACGGATCCATGAAAATTACCGTATTGGGATGCGGTGCCTTAGGGCAATT
ATGGCTTACAGCACTTTGTAAACAGGGTCACGACGTTCAGGGCTGGCTGCGCGTACCGCAACCTTATTGTAGTGTGAA
TCTGGTTGAGACAGATGGTTCGATATTTAATGAATCGCTGACCGCCAACGATCCCGATTTTCTCGCCACCAGCGATCT
GCTCCTGGTGACGCTGAAAGCATGGCAGGTTTCCGATGCCGTCAAAAGCCTCGCGTCCACACTGCCTGTAACCACGC
CAATACTGTTAATTCACAACGGCATGGGCACCATCGAAGAGTTGCAAAACATTCAGCAGCCATTACTGATGGGCACC
ACCACCCATGCCGCCCGCCGCGACGGCAATGTCATTATTCATGTGGCAAACGGTATCACGCATATTGGTCCGGCACG
GCAACAGGACGGCGATTACAGTTATCTGGCGGATATTTTGCAAACCGTATTGCCTGACGTCGCGTGGCATAACAATA
TTCGCGCCGAGCTGTGGCGCAAGCTGGCAGTCAACTGTGTGATTAATCCACTGACCGCCATCTGGAATTGCCCGAATG
GTGAATTACGTCATCATCCGCAAGAAATTATGCAGATATGCGAAGAAGTCGCGGCAGTGATCGAACGCGAAGGGCAT
CATACTTCAGCAGAAGATTTGCGTGATTACGTGATGCAGGTGATTGATGCAACAGCGGAAAATATCTCGTCGATGTT
GCAGGATATCCGCGCGCTGCGCCACACCGAAATCGACTATATCAATGGTTTTCTCTTACGCCGCGCCCGCGCGCATGG
GATTGCCGTACCGGAAAACACCCGCCTGTTTGAAATGGTAAAAAGAAAGGAGAGTGAATATGAGCGCATCGGCACT
GGTTTGCCTCGCCCCTGGTAGAAGCTT

HindIII
SEQUENCE S04. Amino acid sequence of protein construct. Starting methionine

incorporated by the open reading frame in pQE-40, ketopantoate reductase (KPRgcoii,
EC 1.1.1.169, blue) and 6x His tag (red).

MRGSHHHHHHGSMKITVLGCGALGQLWLTALCKQGHDVQGWLRVPQPYCSV
NLVETDGSIFNESLTANDPDFLATSDLLLVTLKAWQVSDAVKSLASTLPVTTPIL
LIHNGMGTIEELQNIQQPLLMGTTTHAARRDGNVIIHVANGITHIGPARQQDGD

YSYLADILQTVLPDVAWHNNIRAELWRKLAVNCVINPLTAIWNCPNGELRHHP
QEIMQICEEVAAVIEREGHHTSAEDLRDYVMQVIDATAENISSMLQDIRALRHT

EIDYINGFLLRRARAHGIAVPENTRLFEMVKRKESEYERIGTGLPRPW*

Protein production and purification.

General procedure for DpkApsyrin and KPREgci: Home-made chemically competent
cells (E. coli M-15[pREP-4] strain from QIAGEN)® were transformed with the
corresponding plasmid and grown in LB plate with ampicillin (100 pg mL™") plus
kanamycin (25 pg mL ) at 37 °C overnight. A bacterial plaque scraping was transferred
into a baffled shaker flask (100 mL) containing LB medium (30 mL) plus ampicillin
(100 pg mL ") and kanamycin (25 pg mL™"), and grown at 37 °C on a rotary shaker at
200 rpm overnight (ODggo ~ 2-3 after the growth). An aliquot of the pre-culture (20 mL)
was transferred into a baffled shaker flask (2 L) containing LB medium (1 L) plus
ampicillin (100 pug mL™), kanamycin (25 pg mL™") and antifoam SE-15 (0.02% v/v).
The culture was incubated at 37 °C with shaking at 200 rpm. During the middle
exponential phase growth (DOg = 0.5-0.8), the temperature was lowered and proteins
expression were induced with IPTG (1 mM). After 12-16 h, the culture (5 L) were
centrifuged (2500 g for 45 min at 4 °C) and the pellet of cells (16-22 g) was re-
suspended in the lysis buffer (400 mL, 50 mM NaH,POj, buffer pH 8.0, 300 mM NacCl,
and 10 mM imidazole). Cells were lysed using a cell disrupter (Constant Systems) and
cellular debris were removed by centrifugation (35000 g for 45 min at 4 °C). The clear
supernatant was applied to a cooled HR 16/40 column (Cytiva™) packed with Nickel
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Sepharose™ High Performance (50 mL bed volume, Cytiva'™) at 3 mL min' and
washed with lysis buffer (400 mL) at 6 mL min . The protein was eluted with elution
buffer (200 mL, 50 mM NaH,PO, buffer pH 8.0, 300 mM NaCl, and 500 mM
imidazole) at a flow rate of 6 mL min ' (Figure S1A and B). The purified protein was
dialyzed against dialysis buffer (3x1 L 24 h each, 20 mM TEA buffer pH 6.5, 100 mM
NaCl, and 50% (v/v) of glycerol). The dialyzed solution obtained (95-135 mL) was
stored at — 20 °C. Protein concentrations were determined by absorption at 280 nm
using extinction coefficients calculated by ProtParam
(https://web.expasy.org/protparam/), DpkApsyrin (Abs 0.1% (=1 g L") 0.709), and
KPRecoli (Abs 0.1% (=1 g L™) 1.35) assuming all Cys residues are reduced (Table S3).

General procedure for GDH: The enzyme, provided by Prozomix Ltd (PRO-
GDH(001)) as a cell free extract powder (6 g), was re-suspended in the lysis buffer (400
mL, 50 mM NaH,PO4 buffer pH 8.0, 300 mM NaCl, and 10 mM imidazole). Cellular
debris was removed by centrifugation (35000 g for 45 min at 4 °C). The enzyme was
purified following the protocol indicated above (Figure S1C) The purified protein was
dialyzed against dialysis buffer (3x1 L 24 h each, 10 mM HEPES buffer pH 6.5, 100
mM NacCl, and 50% (v/v) of glycerol). The dialyzed solution obtained (90-120 mL) was
stored at — 20 °C. Protein concentration was determined using Pierce® 660 nm Protein
Assay Reagent (Thermo Scientific) in 96 wells plate according to the manufacturer’s

protocols (Table S3).

A B C
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Figure S1: Analysis of enzyme purification steps by Coomassie Blue-stained SDS-
PAGE. DpkApgyrin (A), KPRgcoii (B). GDH (C). In each case, the gel was loaded with
samples from pellet after lysis (lane 1), supernatant of lysis (lane 2), flow-through
fraction (lane 3), wash fraction (lane 4) and elution fraction (lane 5). The molecular
masses of the proteins in the Standard Molecular Weight Marker are as indicated. The
predicted molecular mass of DpkApsyrin, and KPRgei are 37.6 kDa and 35.3 kDa

respectively.
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General procedure for YfaUgci, HBPAppytisa and KPHMTeqi expression and

. . . . . 1.3.5
purification were performed as describe in previous works >

Table S3. Typical enzyme concentration obtained in this work.

Enzymes Concentration/ mg mL "'
KPHMTecoii Wt 9.3
KPHMTecoii 1202A 7.7
KPHMTecoii 1212A 8.5
MBP-Y faUgcoi Wt 0.5
MBP-Y faUgcoi W23V 0.5
HBPApputida 4.0(0.029UmL'UmL™")°
HBPApputiga H205A 3.8(0.009 UmL 'UmL™")°
Dpk Apsyrin 4026107 UmL ")
KPREcoli 4.0 (52 UmL )
GDH 52(20.8 UmL ™)

arng protein mL™' lyophilized powder. "Enzyme activity assays were described in previous work’. “Enzyme activity

assays are described below

Thin layer chromatography (TLC) analysis.

TLC analysis was performed using precoated silica gel plates with or without
fluorescent indicator UV254 (Macherey-Nagel GmbH & Co. KG, Kieselgel 60). TLC
without fluorescent visualization was stained using ceric ammonium molybdate or

potassium permanganate.

Specific rotation.

Specific rotation values were measured with a Perkin Elmer Model 341 (Uberlingen,
Germany) (Na Lamp, 589 nm). Products (5 to 20 mg) were dissolved in MeOH (1.5
mL) and the samples were analyzed at room temperature 1.0 dm cell with polarized

light (Na D line 589 nm) at 25 °C. Rotation values are described in each compound.

HPLC analysis.

a) HPLC analysis was performed on a RP-HPLC XBridge® C18, 5 um, 4.6 x

250 mm column (Waters). The solvent system used was: solvent (A): 0.1% (v/v)
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trifluoroacetic acid (TFA) in H,O and solvent (B): 0.095% (v/v) TFA in CH;CN/H,O
4:1, flow rate 1 mL min ', detection at 215 nm and column temperature at 30 °C.

The amount of substrates and products were quantified from the peak areas using an
external standard methodology. Reaction monitoring for formaldehyde (1), ketoacids
(2) and aldol adduct (3) (Scheme S1) were carried out as follows: samples were
withdrawn from the reaction mixture (10 uL) and mixed with a solution of BnONH, (50
nL of a 0.13 M stock solution in pyridine:methanol:water 33:15:2), and then diluted
with methanol (500 pL). After centrifugation, samples were analyzed by HPLC. Elution
conditions: gradient from 10 to 100% B over 30 min (reaction with compounds 2a-l)

and 10 to 100% B over 60 min (reaction with compounds 2m, n).

A .OBn B epyy-OB c o epn-OB"

.
o BnONH, "HN H BnONH
_BnONH, R BnONH, . || /\gk 2 /x((
),LH H)\H %C02N3—> Rj)\cozH HO R R2COZH HO » RZCO2H
R2 2
R
1 2 3

R

Area= 10° C(1a/mM), R?=0.99, 4 =215nm Area= 10° C(2a/mM), R?=0.99, 1 =215nm
Scheme S1. Pre-column derivatization of substrates (A and B) and products (C) bearing

carbonyl groups with O-benzylhydroxilamine.

b) Enantiomeric excesses were analyzed by HPLC on a CHIRALPAK® ID,
column (46 x 250 mm, 5 um). The solvent system used was: solvent (A): Hexane and
solvent (B): Isopropanol, detection by diode array detection (215-350 nm) and column

temperature at 30 °C.

NMR analysis.

Routine 'H (400 MHz) and "*C (101 MHz) NMR spectra of compounds were recorded
with a Varian Mercury-400 spectrometer. Full characterization of the described
compounds was performed using typical gradient-enhanced 2D experiments: COSY,

HSQC, NOESY and HMBC recorded under routine conditions.

Activity determination of DpkApsyrin.

The ketoreductase activity of the DpkApgyrin Was determined in a continuous assay
method monitoring the oxidation of NADPH to NADP" at 340 nm (NADPH &340 = 6.22
mM ' em™') using sodium pyruvate as substrate. The reactions were monitored during

15 min measuring each 30 s. The assay mixture (0.3 mL) consisted of 50 mM Tris-HCI
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buffer pH 8.0, containing NADPH (0.16 mM), sodium pyruvate (40 mM) and
appropriate amounts of enzyme (0.19 mg mL™' to 3.0 mg mL™"). One unit of activity
was defined as the amount of DpkApsyrin that catalyzes the formation of 1 pmol NADP"
per min at 30 °C (Figure S2). Units: 6.5 10> U mg .

0.06-
0.054
0.044

0.03 % §

Vo/U mL?

0.024

0.014

0.00 T T T T T 1
0.0 2.5 5.0 75 100 125 150

DpkApsyrin/Mmg mL?
Figure S2. Variation of the ketoreductase activity of the DpkApsyrin With the enzyme
concentrations. Enzymatic specific activity (typically 6.5 10~ U mg ') was calculated as
the slope of the plot of V vs. [DpkApsyrin] in the linear region. One unit of activity was
defined as the amount of DpkApsyrin that catalyzes the formation of 1 pmol NADP" per
min at 30 °C.

Activity determination of KPRgcji.

The ketoreductase activity of the KPRgco; was determined in a continuous assay method
monitoring the oxidation of NADPH to NADP" at 340 nm (NADPH &340 = 6.22 mM!
cm ') using sodium 4-hydroxy-3,3-dimethyl-2-oxobutanoate as substrate (synthesized
as described below). The reactions were monitored during 15 min measuring each 30 s.
The assay mixture (0.3 mL) consisted of 50 mM Tris-HCI buffer pH 8.0, containing
NADPH (0.16 mM), sodium 4-hydroxy-3,3-dimethyl-2-oxobutanoate (50 mM) and
appropriate amounts of enzyme (0.48 pg mL™' to 7.81 pg mL™). One unit of activity
was defined as the amount of KPRgc; that catalyzes the formation of 1 pmol NADP*
per min at 30 °C (Figure S3). Units: 13 U mg .
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-

0.00 T T T T T T 1
0 5 10 15 20 25 30 35

KPRepifug mL™

Figure S3. Variation of the ketoreductase activity of the KPRgg i with the enzyme
concentrations. Enzymatic specific activity (typically 13 U mg ') was calculated as the
slope of the plot of Vy vs. [KPRgeii] in the linear region. One unit of activity was
defined as the amount of KPRgci that catalyzes the formation of 1 pumol NADP" per
min at 30 °C.

Activity determination of glucose dehydrogenase (GDH).

The dehydrogenase activity of the purified GDH (PRO-GDH (001)) was determined in
a continuous assay method monitoring the reduction of NADP" to NADPH at 340 nm
(NADPH ¢34 = 6.22 mM ' cm') using glucose as substrate. The reactions were
monitored during 15 min measuring each 30 s. The assay mixture (0.3 mL) consisted of
100 mM Tris-HCI buffer pH 8.0, containing NADP" (0.25 mM), glucose (30 mM) and
appropriate amounts of enzyme (1.9 pg mL™' to 62.5 pg mL™"). One unit of activity was
defined as the amount of GDH that catalyzes the formation of 1 umol NADPH per min
at 30 °C (Figure S4). Units: 4 U mg .
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0.301

Vo/UmL™?

75 160 155 léO

GDH/pg mL*
Figure S4. Variation of the dehydrogenase activity of the GDH with the enzyme
concentrations. Enzymatic specific activity (typically 4 U mg ') was calculated as the
slope of the plot of V vs. [GDH] in the linear region. One unit of activity was defined
as the amount of GDH that catalyzes the formation of 1 pmol NADPH per min at 30 °C.

Biocatalytic aldol addition of 2-oxoacid (2) to formaldehyde (1). Analytical scale

0]

R2
CO,Na OH O
(0] R3
| *
J 2 g(u\cozNa
H

Aldolases R33 R?

1

o 0c” OZCKKOZCKH J\-ozcﬂlozcﬂl )Z
%OZCJ\( OQCJU -OZCJ\O _OZCJ\O OZCJ\Q

Scheme S2. Biocatalytic aldol addition of 2-oxoacids (2a-n) to formaldehyde (1a)
catalyzed by YfaUgcoi. and KPHMTgcgii.

Aldol addition of 2a-i to 1° catalyzed by S-stereoselective YfaUgeii wt and YfaUgcii
W23V.

Reactions were carried out at analytic level as follows: The reactions (500 pL total
volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100
rpm) at 25°C. To a solution of YfaUgci wt or YfaUgcii W23V enzymes (4 mg of
lyophilized powder at 0.5 mg protein mg ' lyophilized powder, 2 mg of protein, 2 mg

protein mL ™' final concentration in the reaction,) in plain water, NiCl, (5 pL of a 0.1 M
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stock solution in water, 1 mM in the reaction), and the 2-oxoacids (2a-i, 0.5-2 M stock
solution in water pH 7.0, 1 mmol, 1 eq, 0.1 M in the reaction) were added. Reactions
were started by adding formaldehyde (1a, 50 pL of a I M in water solution, 1 eq, 0.1 M
in the reaction). Samples were withdrawn immediately after the addition of

formaldehyde (0 h) and at 24 h and analyzed by HPLC as described above.

Aldol addition of 2a-n to 1°'° catalyzed by R-stereoselective KPHMTgci and
variants.

Reactions were carried out at analytic level as follows: The reactions (500 pL total
volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100
rpm) at 25°C. To a solution of KPHMTgcqi wt or variants (1 mg protein mL ™" in the
reaction, from a protein stock solutions in 20 mM TEA buffer pH 7.0, 100 mM NaCl,
and 50% (v/v) of glycerol) in plain water, CoCl, (5 pL of a 0.1 M stock solution, 1 mM
in the reaction), and the 2-oxoacids (2a-n, 0.5-2 M stock solution in water pH 7.0, 1
mmol, 1 eq, 0.1 M in the reaction) were added. The reaction was started by adding
formaldehyde (2, 50 uL of a 1 M in water solution, 1 eq, 0.1 M in the reaction).
Samples were withdrawn immediately after the formaldehyde addition (0 h) and after 24
h and analyzed by HPLC as described above.

Biocatalytic reduction of 4-hydroxy-2-oxacids (3a-n). Substrate scope of
ketoreductases. Analytical scale.

OH O OH OH

%COZNa Ketoreductase %COQNa
R® R? N R R2
4

(Ror S) 3a-n NADPH NADP*
GDH

D-Glucono-1,5-lactone -D-Glucose
Scheme S3. Biocatalytic reduction of aldol adducts (R or S) 3a-n catalyzed by
DpkAPsyrin and KPRgcoji.

Biocatalytic reduction catalyzed by KPRgcoii Or DpKApsyrin: Reactions were carried
out at analytic level as follows: The reactions (500 pL total volume) were conducted in
Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100 rpm) at 25 °C. The
reduction mixture solutions (250 puL) were prepared by adding; KPRgcoi (125 pL of a
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stock solution of 52 U mL ™' ;4 mg mL" in 20 mM TEA buffer pH 7.0, 100 mM NaCl,
and 50% (v/v) of glycerol, 13 U mL™" final concentration in the reaction) or DpkApgyrin
(125 pL of a stock solution of 2.6 10> U mL ™", 4 mg mL ™" in 20 mM TEA buffer pH
7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10> U mL' final concentration in
the reaction), EDTA (5 uL of a 0.5M stock solution in 20 mM TEA buffer pH 8.0, 5
mM final concentration in the reaction), GDH (83 pL of a stock solution 20.8 U mL™,
5.2 mg mL " in 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol,
3.5 U mL' final concentration in the reaction), glucose (18 mg, 4 eq, 0.2 M final
concentration in reaction) and NADP" (1.9 mg, 5 mM in reaction). The reactions were
started by the addition of a sample of the corresponding aldol reaction (250 pL),
containing adducts 3a-n (= 100 mM as the basis of calculation) (Scheme S3). Samples
were withdrawn immediately after the addition of aldol substrate (0 h) and after 24 h
and analyzed by HPLC as described above.

One-pot two-step stereoselective synthesis of 2-hydroxy-4-butyrolactone
derivatives (5).

o) |

st sz)k CON 2nd
[0} R3 2 oH o OH QH Purification steps e
HJ 2 . %CozNa Ketoreductase %COZN . acid conditions T_‘Z
Aldolases R 3 R / N R3 R? » R
1a NADRH  NADP* 4 R
5

GDH

D—Glucono—1,5—lacfge\ B-D-Glucose

o) o) o) o] o) o] o)
*ozc)k *ozc)H -0,C -0,C -0,C -0,C -0,C
a b c d e f g
‘ OMe

0]

0 Q Q 0 0 Q
- : -0, . -
702C OzC Ozc)ﬁ/ R )’% OzC)KQ 7020 Ozc
. i j k I m n

Scheme S4. One-pot two-step stercoselective synthesis of 2-hydroxy-4-butyrolactones
derivatives (5) combining aldolases (YfaUgci and KPHMTg) and ketoreductases
(DpkAPsyrin and KPREcoli)-

The reactions combining YfaUgc,i and KPRgq i Were carried out as follows:
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0=~  Synthesis of (2R,3S)-3-methyl-2-hydroxy-4-butyrolactone (2R,3S-5b).Typical
wd > procedure (Scheme S4): Aldol addition (1%): The reaction (1 mmol scale, 10
2RI L total volume) was conducted in a round-bottom flask (100 mL) at 25 °C
and magnetically stirred with a bar at 250 rpm. To a solution of YfaUg.; wt (60 mg of
lyophilized powder at 0.5 mg protein mg ' lyophilized powder, 30 mg of protein, 3 mg
protein mL ™" final concentration in the reaction) in plain water (4 mL), 2-oxobutyric
acid (2b) (1 mL of a 1 M stock solution in water pH 7.0, 1 mmol, leq, 0.1 M in the
reaction) and NiCl, (100 pL of a 0.1 M stock solution in water, 10 pmol, 1 mM in the
reaction) were added. The reaction was started by adding formaldehyde (1a, 1 mL ofa 1
M stock solution in water, 1 mmol, 1 eq, 0.1 M in the reaction). The reaction was
monitored by HPLC as described in the analytical scale reactions.
Aldol reduction (2"®). After 24h, the reduction reaction (20 mL final volume) was
carried out adding EDTA (200 puL, of 0.5 M stock solution in 50 mM TEA buffer pH
8.0, 5 mM in the reaction), glucose (721 mg, 4.0 mmol, 4 eq, 0.2 M final concentration
in the reaction,), GDH (3.30 mL of a stock solution 20.8 U mLfl, 5.2 mg mL " in 10
mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4 U mL"' final
concentration in the reaction), and KPRg.i (1.8 mL of a stock solution 52 U mL ! ,4 mg
mL™" in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 4.7 U
mL™" final concentration in the reaction). The reaction was started by adding a solution
of NADP" (4.7 mL of stock solution 21 mM in 350 mM sodium phosphate buffer pH
8.0, 5 mM final concentration in the reaction). The mixture reaction was stirred at room
temperature and the reaction was monitored by HPLC as described in the analytical
scale reactions. After no aldol adduct was detected by HPLC (24 h), methanol (200 mL)
was added under stirring. The mixture was filtered through Celite® and the filter cake
washed with methanol (3 x 50 mL). The organic solvent was removed and the pH of the
remaining aqueous solution was adjusted to 9.0 with 1 M NaOH. Then, water was
added up to a final volume of 40 mL. The product purification was started with anion
exchange chromatography (DOWEX 1X8 ion exchange resin (50-100 mesh) in HCO,~
form, column: 44 cm, @ = 1,6 cm). The sample was loaded onto the column and the
resin was washed with plain water (90 mL). The bound fractions with the compound
were eluted with a solution of 1 M HCO,H (fraction volume 30 mL). Fractions
containing the product were pooled freeze-dried, dissolved in methanol (30 mL),

absorbed in silica and purified by column chromatography on silica with a step gradient
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of hexane:EtOAc: 100:0, 200 mL, 75:25, 200 mL, 50:50, 200 mL and 25:75, 500 mL.
Pure fractions were pooled and the solvent removed under vacuum affording the lactone
2R,3S-5b as a yellow oil (43 mg, 45%). During the freeze drying under acid conditions
the lactonization of the compound 4b took place. 'H NMR (400 MHz, D,0) & 4.50 (dd,
J=9.0,7.9 Hz, 1H), 4.23 (d, J = 11.1 Hz, 1H), 3.94 (dd, J =10.8, 9.0 Hz, 1H), 2.61 —
2.46 (m, 1H), 1.20 (d, J = 6.6 Hz, 3H). °C NMR (101 MHz, D,0) § 180.1, 73.3, 71.5,
38.5, 12.8. Selected NMR signals for the minor diastereomer: 'H NMR (400 MHz,
D,0) 6 4.42 (t, J = 8.5 Hz, 1H), 4.21 — 4.11 (m, 1H), 3.86 (dd, J = 10.8, 9.0 Hz, 1H),
2.51 —2.35 (m, 1H), 1.12 (dd, J = 6.8, 1.6 Hz, 4H). °C NMR (101 MHz, D,0) & 72.8,
69.9, 34.7, 10.9. [a]” = + 58.7 (¢ = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na']
CsHgO3Na":139.0366, found [M+Na']: 139.0364.

(R)-2-hydroxy-4-butyrolactone (R-5a).

0=~ The title compound was prepared as described for 2R,3S-5b. Starting from 2a
HO\V>—7 ([2a] = [1a] = 1 M in the reaction, Vol reaction = 1 mL. The aldol reaction was

e diluted with plain water (9 mL) before starting the reduction reaction Viegyction
reaction = 20 mL), R-5a was obtained as a white solid (15 mg, 30%). In this case the
product was eluted with a step gradient of Hexane:EtOAc: 100:0, 200 mL, 90:10, 200
mL, 80:20, 200 mL and 70:30, 500 mL on column chromatography on silica. '"H NMR
(400 MHz, CDCl3) 6 4.51 (dd, J=11.5, 9.6 Hz, 1H), 4.44 (td, J = 2x9.0, 1.9 Hz, 1H),
4.23 (ddd, J=10.5, 9.3, 6.0 Hz, 1H), 2.67 — 2.56 (m, 1H), 2.29 (dtd, J = 12.7, 2x10.4,
8.8 Hz, 1H). °C NMR (101 MHz, CDCls) & 178.0, 67.6, 65.3, 31.0. The NMR data
matched that reported in the literature."' [o]20” = + 34.1 (¢ = 1, in MeOH), in our hands,
commercial (R)-3-Hydroxydihydrofuran-2(3H)-one (Sigma Aldrich 444286). ee: >99%
(see below), [a]x” = + 34.8 (¢ = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na']

C4HgNaO5":125.0209, found [M+Na']: 125.0215.

(2R,3S)-3-ethyl-2-hydroxy-4-butyrolactone (2R,3S-5c¢).

The title compound was prepared using YfaUgci W23V variant with

07_7__’ the procedure described for 2R,3S-5b. Starting from 2c ([2c] = [1a] =
2R,3s-5:<_:/ 100 mM), the major lactone 2R,3S-5¢ was obtained as a yellow oil (57

mg, 44%). "H NMR (400 MHz, D,0) & 4.55 (dd, J = 9.0, 8.1 Hz, 1H), 4.32 (d, J = 10.9

Hz, 1H), 4.00 (dd, J = 10.7, 9.1 Hz, 1H), 2.4 (ttd, J = 2x10.8, 8.1, 8.0, 6.0 Hz, 1H),
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1.75 (ddd, J = 13.6, 7.6, 6.0 Hz, 1H), 1.56 (dt, J = 13.7, 2x7.6 Hz, 1H), 0.97 (t, J =
2x7.6 Hz, 3H). ?C NMR (101 MHz, D,0) & 180.5, 72.1, 70.6, 44.7, 22.6, 10.5. Minor
lactone key selected signals: 'H NMR (400 MHz, D,0) & 4.64 (d, J = 7.5 Hz, 1H), 4.35
(m, 1H), 4.20 (d, J = 2.4 Hz, OH), 2.53 (dddt, J = 12.8, 7.4, 5.2, 2.4 Hz, 1H), 1.22 (m,
1H). °C NMR (101 MHz, D,0) & 69.3, 41.2, 18.2, 10.3. [a]” = + 44.5 (c = 1, in
MeOH). ESI-TOF m/z: Calcd for [2M+Na'] C,H2NaOg:283.1152, found [2M+Na']:
283.1165.

(2R,35)-3-Allyl-2-hydroxy-4-butyrolactone (2R,3S-5d).
00O The title compound was prepared using YfaUgq; W23V variant with the
H;g:z; - procedure described for 2R,3S-5b. Starting from 2d ([2d] = [1a] = 100
o mM), 2R,3S-5d was obtained as a yellow oil (41 mg, 29%). '"H NMR (400
MHz, CDCl3) 6 5.96 — 5.62 (m, 1H), 5.20 — 5.08 (m, 2H), 4.42 (dd, J = 9.3, 7.7 Hz, 1H),
4.14 (d, J = 10.0 Hz, 1H), 3.87 (dd, J = 10.2, 9.3 Hz, 1H), 2.65 — 2.50 (m, 2H), 2.26
(tdd, J=9.4,9.4, 7.3, 4.1 Hz, 1H). °C NMR (101 MHz, CDCl3) § 177.2, 133.5, 117.8,
71.8, 69.1, 43.0, 34.3. Selected NMR signals for the minor diastereomer: 'H NMR (400
MHz, CDCl3) 6 4.45 (dd, J =9.3, 7.7 Hz, 1H), 4.16 (d, J = 10.0 Hz, 1H), 3.90 (dd, J =
10.2, 9.2 Hz, 1H), 2.36 — 2.22 (m, 1H). >C NMR (101 MHz, CDCl3) & 133.7, 118.01,
72.0, 43.2, 34.5. The NMR data matched that reported in the literature.' [a]° = + 3.8
(c = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na+] C-H,(NaO;":165.0522, found
[M+Na']: 165.0527.

(2R,3S)-3-isopropyl-2-hydroxy-4-butyrolactone (2R,3S-5f).

The title compound was prepared using YfaUgq; W23V variant with the
procedure described for 2R,3S-5b. Starting from 2f ([2f] = [1a] = 100 mM),

00O
I . - .
srassi  2R,35-5f was obtained as a white solid (36 mg, 25%). Mayor diasteromer
(2R,3S-5f) 'H NMR (400 MHz, CDCl3) & 4.42 (dd, J = 9.2, 8.2 Hz, 1H), 4.16 (d, J =
10.4 Hz, 1H), 3.89 (dd, J = 10.6, 9.2 Hz, 1H), 2.24 (tt, J = 2x10.5, 2x8.4 Hz, 1H), 1.79
(dp, J = 8.6, 4x6.7 Hz, 1H), 1.11 (d, J = 6.7 Hz, 3H), 0.95 (d, J = 6.7 Hz, 3H). °C NMR
(101 MHz, CDCl3) 8 178.2, 71.8, 68.9, 50.1, 30.9, 20.7, 20.2. Selected NMR signals for

the minor diastereomer: 'H NMR (400 MHz, CDCI3) & 4.36 (dd, J = 9.2, 6.8 Hz, 1H),

4.26 (dd, J = 9.3, 5.9 Hz, 1H), 2.42 — 2.32 (m, 3H), 2.13 (q, J = 6.8 Hz, 1H). °C NMR
(101 MHz, CDCI3) no signal detected. The NMR data matched that reported in the
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literature.” [0]o0” = + 31.4 (¢ = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na']
C7H2Na0;:167.0679, found [M+Na']: 167.0686.

(2R,25)-3-Cyclopropyl--2-hydroxy-4-butyrolactone (2R,3S-50).
0=© The title compound was prepared using YfaUgei W23V variant with the
HO "’fD procedure described for 2R,3S-5b. Starting from 2g ([2g] = [1a] = 100 mM)),
2R3s-59  2R,3S-5g was obtained as a yellow oil (66 mg, 46%). '"H NMR (400 MHz,
CDCls) 6 4.42 (dd, J =9.2, 8.1 Hz, 1H), 4.22 (dd, J = 10.4, 2.1 Hz, 1H), 3.96 (dd, J =
10.5, 9.2 Hz, 1H), 1.95 (tt, J = 2x10.4, 2x8.2 Hz, 1H), 0.85 — 0.73 (m, 1H), 0.66 — 0.50
(m, 2H), 0.50 — 0.38 (m, 1H), 0.21 (dtd, J = 9.5, 5.6, 5.4, 4.5 Hz, 1H). *C NMR (101
MHz, CDCl3) 6 177.6, 72.4, 69.2, 48.2, 10.5, 2.3 (d, J = 9.5 Hz). Selected NMR signals
for the minor diastereomer: 'H NMR (400 MHz, CDCl;) 6 4.32 (dd, J = 9.3, 5.6 Hz,
1H), 4.12 (d, J = 8.7 Hz, 1H), 3.85 — 3.79 (m, 1H), 2.62 — 2.44 (m, 1H). *C NMR (101
MHz, CDCls) No signals detected. [0]2" = + 30.0 (¢ = 1.3 in MeOH). ESI-TOF m/z:
Calcd for [2M+Na'] C14H2006Na:307.1152, found [2M+Na']: 307.1166.

(2R,3S)-3-Cyclobutyl-2-hydroxy-4-butyrolactone (2R,3S-5h).

0="© The title compound was prepared using YfaUge; W23V variant with the
HO D procedure described 2R,3S-5b. Starting from 2h ([2h] = [1a] = 100 mM),
2r3s-sh  2R,3S-5h was obtained as a yellow oil (73 mg, 46%). 'H NMR (400 MHz,
CDCl3) 6 4.40 (dd, J =9.1, 7.7 Hz, 1H), 4.38 (dd, J = 10.0, 9.1 Hz, 1H), 4.13 (dd, J =
9.7, 2.3 Hz, 1H), 2.56 (ddd J = 10.0, 8.1, 2.0 Hz, 1H), 2.51 (dd, J = 8.1, 2.3 Hz, 1H),
2.14 — 1.97 (m, 2H), 2.09 — 1.83 (m, 2H), 1.83 — 1.79 (m, 2H). °C NMR (101 MHz,
CDCl3) 6 1779, 71.4, 68.1, 48.1, 36.0, 25.6 (d, J = 4.6 Hz), 18.9. No other diastereomer
was detected within the limits of detection by high-field "H and >C NMR (< 3%). [a]x0”
= + 474 (¢ = 12, in MeOH). ESI-TOF m/z: Caled for [2M+Na']
C16H2406Na":335.1461, found [2M+Na']: 335.1451.

The reactions combining YfaUgci and DpkAesyrin Were carried out as follows:

(2S,3S)-4-Methyl-2-hydroxy-4-butyrolactone (2S,3S-5b).

6.0 Synthesis of aldol intermediate 2S-3b, was performed as described for 2R,3S-
o' 9 5b, starting from 2b ([2b] = [1la] = 100 mM). After 24 h, the reduction

2S5,3S-5b
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reaction (20 mL final volume) was carried out as follows: to the aldol reaction mixture
were added EDTA (200 pL, of 0.5 M stock solution in 50 mM TEA buffer pH 8.0, 5
mM in the reaction), glucose (721 mg, 4 mmol, 4 eq, 0.2 M final concentration in the
reaction), GDH (3.30 mL of a stock solution 20.8 U mL™', 5.2 mg mL ' in 10 mM
HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4 U mL"" final
concentration in the reaction) and DpkApgyin (5.0 mL of a stock solution 2.6 102 UmL"
' 4 mg mL™" in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of glycerol,
6.5 107 U mL™" final concentration in the reaction). The reaction was started by adding
a solution of NADP" (1.5 mL of stock solution 67 mM in 1 M sodium phosphate buffer
pH 8.0, 5 mM final concentration in the reaction). The purification was performed as
described for 2R,3S-5b and lactone 2S,3S-5b was obtained as a yellow oil (40 mg,
35%).'H NMR (400 MHz, D,0) § 4.74 (d, J = 7.2 Hz, 1H), 4.47 (dd, J = 9.3, 5.3 Hz,
1H), 4.16 (dd, J =9.3, 1.7 Hz, 1H), 2.95 - 2.67 (m, 1H), 1.05 (dd, J = 7.2, 1.7 Hz, 3H).
C NMR (101 MHz, D,0) § 179.8, 72.8, 69.9, 34.7, 10.9. Minor diastereoisomer key
selected signals: '"H NMR (400 MHz, D,0) & 3.86 (dd, J = 10.7, 9.0 Hz, 1H), 2.50 —
2.39 (m, 1H), 1.12 (d, J = 6.7 Hz, 3H). >*C NMR (101 MHz, D,0) & 71.5, 38.5, 12.8.
[al® = + 309 (¢ = 1, in MeOH). ESI-TOF m/z: Caled for [M+Na']
CsHgO3Na:139.0366, found [M+Na']: 139.0359.

(S)-2-Hydroxy-4-butyrolactone (S-5a).

O\V\E The title compound was prepared as described for 2S,3S-5b. Starting from
\ 2a ([2a] =[1a] = 1 M in the reaction, Vol reaction = 1 mL. The aldol reaction

N
>

HO

S.5a Was diluted with plain water (9 mL) before starting the reduction reaction,

V'reduction reaction = 20 mL). The purification was performed as described for R-
53, and the title compound S-5a was obtained as a yellow oil (20 mg, 20%). NMR
spectra were indistinguishable from that of R-5a. [a]x” = — 23.3 (¢ = 1, in MeOH). In
our hands, commercial (R)-3-hydroxydihydrofuran-2(3H)-one (Sigma Aldrich 444286).
ee: >99% (see below), [0 = + 35 (¢ = 1, in MeOH). ESI-TOF m/z: Calcd for
[M+Na'] C4HsO3Na":125.0210, found [M+Na']: 125.0205.

(2S,3S)-3-Ethyl-2-hydroxy-4-butyrolactone (2S,3S-5c).

6.0 Synthesis of aldol adduct 2S-3¢ was prepared using Y faUgcoi W23V variant
" with the procedure described 2S,3S-5b and starting from 2¢ ([2c] = [1a] =
28,35-5¢
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100 mM). Lactone 2S,3S-5¢ was obtained as a yellow oil (22 mg, 17%)."H NMR (400
MHz, D,0) & 4.74 (d, J = 7.5 Hz, 1H), 4.44 (dd, J=9.5, 5.6 Hz, 1H), 4.31 (dd, J = 9.5,
2.4 Hz, 1H), 2.74 — 2.46 (m, 1H), 1.64 (dtd, J = 14.9, 7.5, 7.4, 5.1 Hz, 1H), 1.31 (ddt, J
=16.4, 14.4,7.3, 7.3 Hz, 1H), 0.96 (t, J = 2x7.5 Hz, 3H). °C NMR (101 MHz, D,0) &
180.1, 70.6, 69.3, 41.2, 18.2, 10.3. Minor lactone key selected signals: 'H NMR (400
MHz, D,0) & 4.46 (t, J = 8.6 Hz, 1H), 3.92 (m, 1H), 2.36 (m, 1H), 1.73 — 1.61 (m, 1H).
BC NMR (101 MHz, D,0) & 180.5, 72.1, 44.7, 22.6, 10.5. [0]" = + 0.8 (c = 1, in
MeOH). ESI-TOF m/z: Calcd for [2M+Na'] C1,H,00¢Na :283.1152, found [2M+Na']:
283.1149.

The reactions combining KPHMTgcqii, and KPREg ¢ Were carried out as follows:
(2R,3R)-3-methyl-2-hydroxy-4-butyrolactone (2R,3R-5b).

(@)
Om} Aldol addition (1*): The reaction (1 mmol scale, 10 mL total volume) was
NG

H
2R,3R-5b

conducted in a round-bottom flask (100 mL) at 25 °C and magnetically
stirred with a bar at 250 rpm. To a solution of KPHMTg; wt (1.1 mL of
9.3 mg mL " stock solution 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v)
of glycerol, 1 mg protein mL ™" in the reaction) in plain (6.8 mL) water, CoCl, (100 pL
of a 0.1 M stock solution, 1 mM in the reaction), and 2b (1 mL of a 1 M stock solution
in water pH 7.0, 1 mmol, 1 eq, 0.1 M in the reaction) were added. The reaction was
started by adding formaldehyde (1a, 1 mL of a 1 M in water solution, 1 eq, 0.1 M in the
reaction). The reaction was monitored by HPLC as described in the analytical scale
reactions.

Aldol reduction (2"%). The reduction of aldol adduct with KPReei and final lactone
purification was performed as describe for 2R,3S-5b. Final product 2R,3R-5b was
obtained as a yellow oil (43 mg, 37%)."H NMR (400 MHz, D,0) & 4.51 (t, J = 2x8.4
Hz, 1H), 4.24 (d, J=11.1 Hz, 1H), 3.95 (dd, J = 10.8, 9.0 Hz, 1H), 2.61 — 2.34 (m, 1H),
1.21 (d, J = 6.5 Hz, 3H). °C NMR (101 MHz, D,0) § 180.1, 73.3, 71.5, 38.5, 12.8.
Minor diastereoisomer key selected signals: 'H NMR (400 MHz, D,0) & 4.15 (d, J =
11.2 Hz, 1H), 3.91 — 3.82 (m, 1H), 2.44 (tdd, J =12.4,9.2, 6.3 Hz, 1H), 1.12 (d, J = 6.5
Hz, 1H). °C NMR (101 MHz, D,0) § 73.3, 71.5, 38.5, 12.8. [a]0° = - 41.7 (c =1, in
MeOH). ESI-TOF m/z: Calcd for [M+Na'] CsHsO3Na':139.0366, found [M+Na']:
139.0371.

(2R,3R)-3-Ethyl-2-hydroxy-4-butyrolactone (2R,3R-5c).
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The synthesis of the title compound was performed as described for
2R,3R-5b. Starting from 2c ([2c] = [1a] = 100 mM), 2R,3R-5¢c was
HSR,3R-5C obtained as a yellow oil (23 mg, 25%). 'H NMR (400 MHz, D,0) 6 4.74
(d, J=7.4 Hz, 1H), 4.44 (dd, J = 9.5, 5.6 Hz, 1H), 4.31 (dd, J =9.5, 2.4 Hz, 1H), 2.63
(ddd, J=7.3, 5.3, 2.2 Hz, 1H), 1.64 (dtd, J = 15.0, 7.6, 7.5, 5.0 Hz, 1H), 1.31 (ddq, J =
14.5,9.0, 3x7.4 Hz, 1H), 0.96 (t, J = 2x7.5 Hz, 3H). °C NMR (101 MHz, D,0) & 180.1,
70.6, 69.3, 41.1, 18.2, 10.3. Minor lactone key selected signals: "H NMR (400 MHz,
D,0) & 4.46 (t, J = 8.6 Hz, 1H), 3.92 (m, 1H), 2.36 (m, 1H), 1.73 — 1.61 (m, 1H). °C
NMR (101 MHz, D,0) & 180.5, 72.1, 44.7, 22.6, 10.5. [0]20" = — 2.0 (¢ = 1, in MeOH).
Calcd for [2M+Na'] C1,H»06Na:283.1152, found [2M+Na']: 283.1159.

00

(2R,3R)-3-Allyl-2-hydroxy-4-butyrolactone (2R,3R-5d).

00 The title compound was prepared using KPHMTgeqi [212A variant and

" \ following the procedure described for 2R,3R-5b. Starting from 2d ([2d]

2R,3R-5d = [1a] = 100 mM), 2R,3R-5d was obtained as a yellow oil (36 mg,
25%).

'H NMR (400 MHz, CDCl5) 5.87 — 5.63 (m, 1H), 5.26 — 5.07 (m, 2H), 4.56 (d, J="7.4
Hz, 1H), 4.25 (d, J = 2.3 Hz, 1H), 2.78 — 2.63 (m, 1H), 2.58 — 2.49 (m, 1H), 2.04 (dt, J
= 14.5, 2x9.0 Hz, 1H). °C NMR (101 MHz, CDCl;) § 177.3, 134.6, 118.2, 69.4, 68.9,
39.5, 29.9. Selected NMR signals for the minor diastereomer: 'H NMR (400 MHz,
CDCl3) & 5.86 — 5.81 (m, 1H), 5.17 (dq, J = 6.1, 1.6, 1.5, 1.5 Hz, 2H), 4.42 (dd, J = 9.3,
7.7 Hz, 1H), 4.27 (ddd, J=9.4, 5.4, 0.7 Hz, 3H), 4.14 (d, J = 10.0 Hz, 1H), 2.64 — 2.56
(m, 1H), 2.32 —2.20 (m, 1H). °C NMR (101 MHz, CDCls) § 177.1, 133.5, 117.8, 71.8,
69.1, 43.0, 34.3. [a]2" = — 20.0 (¢ = 0.6, in MeOH). ESI-TOF m/z: Calcd for [M+Na']
C,H,005Na": 165.0522, found [M+Na+]: 165.0528.

(2R,3R)-3-(3-methoxypropyl)-2-hydroxy-4-butyrolactone (2R,3R-5¢).

00 The title compound was prepared using KPHMTgcoi [212A variant
G and following the procedure described for 2R,3R-5b. Starting from 2e

2R3RBe  OMe 161 — [1a] = 100 mM), 2R,3R-5e was obtained as a yellow oil (64
mg, 40%)."H NMR (400 MHz, DMSO) & 4.35 (dd, J = 7.0, 6.0 Hz, 1H), 4.26 (dd, J =

8.9, 6.1 Hz, 1H), 4.07 (dd, J = 9.0, 4.2 Hz, 1H), 3.39 (td, J = 2x6.4, 4.4 Hz, 2H), 3.23 (s,
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3H), 2.57 — 2.45 (m, 1H), 1.81 (ddd, J = 14.3, 7.1, 5.6 Hz, 1H), 1.39 (ddd, J = 14.0,
10.7, 6.5 Hz, 1H). >C NMR (101 MHz, DMSO) & 176.9, 69.9, 69.5, 68.0, 57.9, 37.5,
25.2. Minor lactone key selected signals: 'H NMR (400 MHz, DMSO) & 3.83 (dd, J =
10.6, 8.9 Hz, 1H), 2.31 (m, 1H), 1.72 — 1.59 (m, 1H). *C NMR (101 MHz, DMSO) &
71.9, 70.5, 69.3, 42.2, 30.4. [a]2" = + 2.8 (¢ = 1, in MeOH). ESI-TOF m/z: Calcd for
[M+Na'] C;H;,04Na’: 183.0628, found [M+Na']: 183.0635.

(2R,3R)-3-isopropyl-2-hydroxy-4-butyrolactone (2R,3R-5f).

0="© The title compound was prepared using KPHMTgeqi 1202A variant and
HO' following the procedure described for 2R,3R-5b. Starting from 2f ([2f] =
2R3RSE - [1a] = 100 mM), 2R,3R-5f was obtained as a yellow oil (52 mg, 36%). 'H
NMR (400 MHz, CDCls) ¢ 4.42 (dd, J = 7.1, 1.9 Hz, 1H), 4.36 (dd, J = 9.2, 6.9 Hz,
1H), 4.26 (dd, J =9.3, 5.9 Hz, 1H), 2.35 (qd, J = 7.0, 7.0, 7.0, 5.9 Hz, 1H), 2.13 (h, J =
6.8 Hz, 1H), 1.04 (d, J = 6.8 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H)."*C NMR (101 MHz,
CDCl3) 0 177.6, 69.2, 68.3, 46.3, 24.6, 20.8, 18.6. Selected NMR signals for the minor
diastereomer 'H NMR (400 MHz, CDCl3) & 3.92 (dd, J = 10.7, 9.2 Hz, 1H), 2.26 (ddd,
J=10.5, 8.4,2.1 Hz, 1H), 1.86 — 1.75 (m, 1H), 1.13 (d, J=6.7 Hz, 1H), 0.97 (d, J = 6.7
Hz, 1H). >C NMR (101 MHz, CDCl;) & (very small signals) 71.7, 68.8, 49.9, 20.5,
20.1. The NMR data matched that reported in the literature." [0]2" = +42.4 (c= 1.1, in
MeOH). ESI-TOF m/z: Calcd for [M+Na'] C;H;;03Na": 167.0679, found [M+Na']:
167.0674.

(2R,3R)-3-Cyclopropyl-2-hydroxy-4-butyrolactone (2R,3R-59).

6.0 The title compound was prepared as described for 2R,3R-5b. Starting from

T—k 29 ([29] = [1] = 100 mM), 2R,3R-5g was obtained as a white solid (40 mg,
HZR’3R_59 28%). '"H NMR (400 MHz, CDCl;) & 4.51 (d, J = 7.2 Hz, 1H), 4.32 (dd, J =
9.3, 5.5 Hz, 1H), 4.22 (dd, J = 9.3, 2.5 Hz, 1H), 2.06 — 1.93 (m, 1H), 0.95 — 0.83 (m,
1H), 0.71 (dddd, J=9.2, 8.2, 5.7, 4.8 Hz, 1H), 0.58 — 0.51 (m, 1H), 0.32 (ddd, J = 10.5,
9.5, 5.0 Hz, 1H), 0.17 (dddd, J = 14.2, 9.5, 5.5, 4.7 Hz, 1H). >C NMR (101 MHz,
CDCl3) & 177.2, 70.3, 70.2, 45.5, 7.9, 4.2, 2.0. Selected NMR signals for the minor
diastereomer 'H NMR (400 MHz, CDCl5) & 4.42 (dd, J = 9.3, 8.0 Hz, 1H), 3.96 (dd, J =
10.5, 9.2 Hz, 1H), 0.79 (tdd, J = 8.3, 4.8, 3.3 Hz, 1H), 0.44 (dq, J = 9.3, 4.9 Hz, 1H).
C NMR (101 MHz, CDCl3) & 72.4, 69.2, 48.2, 10.5, 2.3, 2.2. [a]oe" == 2.9 (c= 1.3, in
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MeOH). ESI-TOF m/z: Calcd for [2M+Na'] C14H200sNa": 307.1152, found [2M+Na']:
307.1166.

(2R,3R)-3-Cyclobutyl-2-hydroxy-4-butyrolactone (2R,3R-5h).

The title compound was prepared using KPHMTegcoi [202A variant and
” following the procedure described for 2R,3R-5b. Starting from 2h ([2h] =

or3rsh  [1a] = 100 mM), 2R,3R-5h was obtained as a white solid (30 mg, 30%). 'H
NMR (400 MHz, CDCls) 6 4.54 (d,J =7.1 Hz, 1H), 4.26 (dd, J =9.4, 5.3 Hz, 1H), 4.14
(d, J=1.9 Hz, 1H), 2.65-2.59 (m, 1H), 2.58-2.51 (m, 1H), 2.18-2.13 (m, 1H), 2.09-2.02
(m, 1H), 1.96-1.98 (m, 1H), 1.87-1.84 (m, 2H), 1.73-164 (m, 1H). °C NMR (101 MHz,
CDCl) 6 177.6, 70.1, 68.2, 45.6, 33.0, 28.1, 26.2, 19.0. Selected NMR signals for the
minor diastereomer: 'H NMR (400 MHz, CDCls) 6 4.39 (dd, J=9.1, 7.8 Hz, 1H), 4.13
—4.07 (m, 1H), 3.84 (t, J = 2x9.6 Hz, 1H), 2.58-2.51 (m, 1H), 2.50-2.46 (m, 1H), 1.97-
1.90 (m, 3H), 1.88-1.81 (m, 3H). *C NMR (101 MHz, CDCl3) 177.8, 71.5, 68.2, 48.0,
36.0, 25.6, 25.6, 18.9. [a]” = + 2 (¢ = 0.8 in MeOH). ESI-TOF m/z: Calcd for
[M+Na'] CgH,003Na": 179.0678, found [M+Na']: 179.0671.

0-©

(R)-3,3-dimethyl-2-hydroxy-4-butyrolactone (R-5j).

00 The title compound was prepared as described for 2R,3R-5b. Starting from
2j ([2)] = [1a] = 100 mM), R-5j was obtained as a white solid (66 mg,
51%). "H NMR (400 MHz, CDCl;) & 4.12 (s, 1H), 4.03 (d, J = 8.9 Hz, 1H),
3.94 (dd, J = 8.9, 0.8 Hz, 1H), 1.23 (s, 3H), 1.08 (s, 3H). >C NMR (101
MHz, CDCls) & 177.6, 76.5, 75.9, 41.0, 23.1, 18.9. The NMR data matched that
reported in the literatura'®. ee: >99% (see below), [0]20" = — 22.5 (¢ = 1 in MeOH), In

HO
R-5j

our hands, commercial D-(—)-pantolactone (Sigma Aldrich 237817) [a]2" = — 28.0 (¢ =
1 in MeOH). ESI-TOF m/z: Caled for [M+Na+] CeH100sNa": 153.0522, found
[M+Na']: 153.0527.

(R)-8-Hydroxy-6-oxaspiro[3.4]octan-7-one (R-5K).

00 The title compound was prepared as described for 2R,3R-5b. Starting

from 2k ([2k] = [1a] = 100 mM), R-5k was obtained as a white solid (58

HO mg, 40%)."H NMR (400 MHz, CDCl;) & 4.41 (d, J = 9.1 Hz, 1H), 4.18
R-5k
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(s, 1H), 4.10 (d, J=9.1 Hz, 1H), 2.54 (dd, J = 14.6, 5.5 Hz, 1H), 2.31 (dtd, J = 9.9, 8.5,
8.1, 2.0 Hz, 1H), 2.01 (dp, J = 8.5, 2x2.4, 2x2.2 Hz, 1H), 1.98 — 1.88 (m, 2H), 1.83 —
1.73 (m, 1H). *C NMR (101 MHz, CDCls) 8 177.0, 75.4, 73.1, 46.7, 26.3, 25.1, 15.8.
The NMR data matched that reported in the literature."* ee: >99% (see below), [0]20" =
+20.1 (c = 1 in MeOH). ESI-TOF m/z: Calcd for [M+Na'] C;H,003Na": 165.0522,
found [M+Na']: 165.0533.

(R)-4-Hydroxy-2-oxaspiro[4.4]Jnonan-3-one (R-5I).

0.0 The title compound was prepared using KPHMTgqi 1202A variant and
following the procedure described for 2R,3R-5b. Starting from 21 ([2]] =

HO
sl [1a] = 100 mM), R-5] was obtained as a white solid (63 mg, 40%). 'H

NMR (400 MHz, CDCls) & 4.28 (s, 1H), 4.13 (d, J = 8.9 Hz, 1H), 4.02 (dd, J = 8.9, 1.0
Hz, 1H), 2.06 — 1.95 (m, 1H), 1.94 — 1.84 (m, 1H), 1.83 — 1.75 (m, 1H), 1.75 — 1.68 (m,
1H), 1.68 — 1.60 (m, 3H), 1.48 — 1.37 (m, 1H). *C NMR (101 MHz, CDCl3) & 177.5,
76.1, 73.9, 51.8, 33.8, 29.3, 25.2, 25.1. The NMR data matched that reported in the
literature.'® ee: >99% (see below). The optical rotation values [a] was determined for R-
10l (see below). ESI-TOF m/z: Calcd for [2M+Na'] CisH2406Na": 335.1465, found
[2M+Na']: 335.1461.

(R)-4-Hydroxy-2-oxaspiro[4.5]decan-3-one (R-5m).

00 The title compound was prepared using KPHMTgei 1212A variant and
% following the procedure described for 2R,3R-5b. Starting from 2m ([2m] =
HO
R.5m [1a] = 100 mM), R-5m was obtained as a yellow solid (26 mg, 15%).'H

NMR (400 MHz, CDCl3) 6 4.35 (d, J=9.1 Hz, 1H), 4.07 (s, 1H), 3.88 (dd, J=9.2, 1.5
Hz, 1H), 1.83 — 1.68 (m, 2H), 1.69 — 1.55 (m, 4H), 1.50 — 1.35 (m, 2H), 1.34 — 1.18 (m,
2H). C NMR (101 MHz, CDCl3) § 177.4, 75.6, 73.4, 44.0, 33.6, 25.7, 25.2, 22.8, 21.6.
The NMR data matched that reported in the literature."> ee: 98% (see below). The
optical rotation values [o] was determined for R-10m (see below). ESI-TOF m/z: Calcd
for [2M+Na'] CsH2306Na": 363.1778, found [2M+Na']: 363.1769.

(R)-4-Hydroxy-2-oxaspiro[4.6]Jundecan-3-one (R-5n).

00 The title compound was prepared using KPHMTgcqi 1202A variant and

following the procedure described for 2R,3R-5b. Starting from 2n ([2n] =
HO

R-5n S23



[1a] = 100 mM), R-5n was obtained as a yellow solid (20 mg, 11%). 'H NMR (400
MHz, CDCls) & 4.16 (s, 1H), 4.14 (s, 1H), 3.85 (dd, J =9.0, 1.5 Hz, 1H), 1.97 — 1.76
(m, 2H), 1.77 — 1.56 (m, 5H), 1.57 — 1.36 (m, 5H). >C NMR (101 MHz, CDCls) &
177.9, 77.8, 75.1, 47.4, 37.0, 30.2, 30.1, 29.3, 23.4, 22.9. The NMR data matched that
reported in the literature.”” ee: 98% (see below). The optical rotation values [o] was
determined for R-10n (see below). ESI-TOF m/z: Caled for [M+Na'] C;oH;403;Na":
207.0992, found [M+Na']: 207.0981.

The reactions combining KPHMTgcii, and DpkApsyrin Were carried out as follows:
(2S,3R)-3-Methyl-2-hydroxy-4-butyrolactone (2S,3R-5b).

0=° The title compound was prepared as follows. The aldol reaction ([2b] = [1]

H:g;% = 100 mM) was performed as described for 2R,3R-5b, and then was

25,358 submitted to reduction with DpkApgyrin catalysis using the procedure
described for 2S,3S-5b. Compound 2S,3R-5b was obtained as a yellow oil (61 mg,
53%). 'H NMR (400 MHz, D,0) & 4.5 (t, J = 2x8.5 Hz, 1H), 4.2 (d, J = 11.1 Hz, 1H),
3.9 (dd, J=10.8,9.0 Hz, 1H), 2.6 — 2.4 (m, 1H), 1.2 (d, J = 6.5 Hz, 3H). °C NMR (101
MHz, D,O) & 180.1, 73.3, 71.5, 38.5, 12.8. Selected NMR signals for the minor
diastereomer: '"H NMR (400 MHz, D,0) & 4.67 — 4.64 (m, 1H), 4.10 — 4.03 (m, 1H),
2.79 —2.68 (m, 1H), 0.97 (d, J = 7.1 Hz, 3H). °C NMR (101 MHz, D,0) & 72.8, 69.9,
347, 10.9. [a]" = — 53.4 (¢ = 1 in MeOH). ESI-TOF m/z: Calcd for [M+Na']

CsHgO3Na":139.0366, found [M+Na']: 139.0375.

One-pot enzymatic cascade for the stereoselective synthesis of 2-hydroxy-4-
butyrolactones derivatives (5a,b).

0]

ﬁCOZNa oH © OH OH Purification steps o o)
2a,b A i iti
Y __“ - %COZNa Ketoreductase %COZNa acid conditions \3/_2
Aldolases R? ; § R2 Hd 2
1a 3a,b NADUDP* 4a,b sab
a,

GDH

\=0

D-Glucono-1,5-lacfone B-D-Glucose

Scheme S5. One-pot enzymatic cascade for the stereoselective synthesis of 2-hydroxy-
4-butyrolactones derivatives (5a,b) combining aldolases (YfaUgeli and KPHMTgli)
and ketoreductases (DpkApsyrin and KPRgcgji).
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The reaction (1 mmol scale, 10 mL total volume) was conducted in a round-bottom
flask (100 mL) at 25 °C and magnetically stirred with a bar at 250 rpm. To a solution of
aldolase (YfaUgcii Wt, 60 mg of lyophilized powder at 0.5 mg protein mg ' lyophilized
powder, 30 mg of protein, 3 mg protein mL ' final concentration in the reaction or
KPHMTggoi wt, 1.1 mL of 9.3 mg mL ! stock solution 20 mM TEA buffer pH 7.0, 100
mM NaCl, and 50% (v/v) of glycerol, 1 mg protein mL™" in the reaction) in sodium
phosphate buffer pH 8.0 (83 mM in the reaction), 2-oxoacid (2a or 2b) (stock solution
in water pH 7.0, 1 mmol, leq, 0.1 M in the reaction) and MCl, (100 pL of a 0.1 M stock
solution in water, 10 pumol, 1 mM in the reaction, M?" = Ni** or Co*'for YfaUgco Wt
and KPHMTgq;; wt respectively) were added. Then, ketoreductase (KPRggqii ,0.9 mL of
a stock solution 52 U mL ™' ;4 mg mL ™' in 20 mM TEA buffer pH 7.0, 100 mM NaCl,
and 50% (v/v) of glycerol, 4.7 U mL ! final concentration in the reaction or DpkApsyrin,
2.5 mL of a stock solution 2.6 102 U mL "', 4 mg mL " in 20 mM TEA buffer pH 7.0,
100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10° U mL™' final concentration in the
reaction), glucose (721 mg, 4.0 mmol, 4 eq, 0.4 M final concentration in the reaction),
GDH (1.6 mL of a stock solution 20.8 U mL ™", 5.2 mg mL™" in 10 mM HEPES buffer
pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4 U mL" final concentration in the
reaction) and NADP" (42 mg, 0.05 mmol, 5 mM final concentration in the reaction)
were added. The reaction was started by adding formaldehyde (1, 1 mL of a 1 M stock
solution in water, 1 mmol, 1 eq, 0.1 M in the reaction). The reaction was monitored by
HPLC (see above in the description of analytical scale reactions) and the purification
was performed as described for 2R,3S-5b and R-5a. Products: R-5a, S-5a, 2R,3S-5b,
2S5,3S-5b, 2R,3R-5b and 2S,3R-5b were obtained with 30, 20, 57, 33, 37 and 57 % of
isolated yield respectively. The physical and chemical properties of the products were

indistinguishable from the lactones obtained in one pot two steps strategy.

Strategy for enantiomeric excess determination of products 5 (a, j-n).

o) 0©
Oﬁ p-BrCgH4COCI (9) Et;N o) ﬁRZ
HO b3 R2  CHxCly -15°Ctort 12h O R2

5(a, j-n) 10(a, j-n)

Br
Scheme S6. Chemical modification of lactones 5 (a, j-n) for enantiomeric excess

determination.
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(R)-4,4-Dimethyl-2-oxotetrahydrofuran-3-yl 4-bromobenzoate (R-10j)

0O Typical procedure: A dried three-necked round bottomed flask was charged

Of ?:;Z\ with anhydrous CH,Cl, (20 mL) under N, atmosphere. Then, R-5j (100

mg, 0.8 mmol, 1.0 eq) was added and the mixture was cooled at —15
Br rR10j  °C. The reaction was started by addition of 4-bromobenzoyl chloride
(9) (219 mg, 1.0 mmol, 1.3 eq) and Et;N (161 pL, 117 mg, 1.2 mmol, 1.5 eq). The
mixture was stirred 1h at —15 °C and 15 h at r.t. The reaction was diluted with CH,Cl,
(200 mL), transferred to a separation funnel and extracted with 1 M HCI (200 mL), 5%
NaHCOs; (3 x 100 mL) and brine (3 x 100 mL). The organic phase was dried over
anhydrous magnesium sulfate, filtered and the solvent was removed under vacuum. The
product was loaded onto a silica column chromatography and eluted with a step gradient
of Hexane:EtOAc: 100:0, 200 mL, 90:10, 200 mL and 80:20, 700 mL. Pure fractions
were pooled and the solvent was removed under vacuum affording the title compound
(R-10j) as a white solid (172 mg, 72%)."H NMR (400 MHz, CDCls) & 7.95 (d, J = 8.5
Hz, 1H), 7.62 (d, J = 8.5 Hz, 1H), 5.60 (s, 1H), 4.11 (d, J = 3.8 Hz, 2H), 1.28 (s, 3H),
1.22 (s, 3H). °C NMR (101 MHz, CDCls) & 172.6, 165.2, 132.4, 132.0, 129.5, 128.1,
76.7,76.2,41.0, 23.6, 20.5. ee: >99%. [0]2” = + 16.9 (C = 1 in MeOH).

rac-4,4-Dimethyl-2-oxotetrahydrofuran-3-yl 4-bromobenzoate (rac-10j).
00 Synthesis of rac-10j was performed as described for R-10j. Starting
Q H from commercial DL-pantolactone (100 mg, TCI EUROPE P0010),
affording rac-10j as a white solid (54 mg, 22%). NMR spectra were

Br rac-10j indistinguishable from that of R-10j.
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Figure S5. HPLC analysis on chiral stationary phase (CPHPLC) of R-10j from KPRgcgji
catalysis (A), R-10j from commercial D-(—)-pantolactone (Sigma-Aldrich 237817) (B)
and rac-10j from commercial D,L-pantolactone (TCI EUROPE P0010) (C). The analyte
R-10j was identified by comparing retention time to that of a commercial standard.
Conditions: CHIRALPACK® ID, flow rate 1 mL min ' at 30 °C and detection at 254
nm. Isocratic elution Hexane: PrOH 90:10 (v/v). tr (R) =19.7 min, tr (S) = 29.6 min.

(R)-2-Oxotetrahydrofuran-3-yl 4-bromobenzoate (R-10a).
0\727 The synthesis of R-10a was performed as described for R-10j. Starting

10a was obtained as a yellow oil (64 mg, 76%)."H NMR (400 MHz,

B R10a  CDCl3) 8 7.94 (d, J = 8.6 Hz, 1H), 7.61 (d, J = 8.6 Hz, 1H), 5.64 (dd,

J=9.7,8.6 Hz, 1H), 4.55 (td, J = 2x9.1, 2.5 Hz, 1H), 4.37 (td, J = 2x9.6, 6.5 Hz, 1H),

2.90 — 2.77 (m, 1H), 2.43 (dtd, J = 12.9, 2x9.8, 9.0 Hz, 1H). °*C NMR (101 MHz,

CDCl3) & 172.9, 165.3, 132.4, 132.0, 129.5, 128.1, 68.8, 65.5, 29.6. ee: >99%. [0]2° =
+ 15.6 (¢ = 1.2 in MeOH).

O? &®  from a solution of R-5a (30 mg) in anhydrous acetonitrile (5 mL), R-

(S)-2-Oxotetrahydrofuran-3-yl 4-bromobenzoate (S-10a).

ooﬁ The synthesis of S-10a was performed as described for R-10j. Starting
5\ 9 from a solution S-5a (30 mg) in anhydrous acetonitrile (5 mL), S-10a

5 s10a VAS obtained as a yellow oil (20 mg, 20%). NMR spectra were
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indistinguishable from that of R-10a. ee: >99%. [a]y” = —14.7 (¢ = 1 in MeOH).

rac-2-Oxotetrahydrofuran-3-yl 4-bromobenzoate (rac-10a).

o The aldol precursor 3a was prepared following the procedure described
0 \V}J for 2R,3S-5b. Starting from sodium pyruvate 2a (440 mg, 4 mmol, 1 eq,
dL ’ 1 M concentration in the reaction) and 1a (120 mg, 4 mmol, 1 eq, 1 M in
B rac10a  the reaction). Chemical reduction: after 24 h of the aldol reaction,
NaBHy (756 mg, 20 mmol, 5 eq) was added to the mixture and stirred at 25 °C for 1 h.
Formation of rac-4a was estimated by measuring the aldol adduct 3a consumed by
HPLC as described above and product purification was performed as described for R-5a
(rac-5a, 89 mg, 22%). The synthesis of title compound was performed as described for
R-10j, starting from a solution of rac-5a (30 mg) in acetonitrile (5 mL), afforded S-10a

as a white solid (39 mg, 47%). NMR spectra were indistinguishable from R-10a.

1200 A) R-10a 1200

1000 1000

800 S-10a 800
B)

600 600

0) J\ rac-10a L

200 200

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450
Minutes

Figure S6. CPHPLC chromatogram of R-10a from KPRgci catalysis (A), S-10a from
DpkApsyrin catalysis (B) rac-10a (C). Conditions: CHIRALPACK® ID, flow rate 1 mL
min ' at 30 °C and detection at 254 nm. Isocratic elution hexane:'PrOH 90:10 (V/v). tr
(R)=32.9 min, tr (S) = 43.0 min.

mAU
mAU

400

(R)-7-Oxo-6-oxaspiro[3.4]octan-8-yl 4-bromobenzoate (R-10k).

00 Synthesis of title compound was performed as described for R-10j
& starting from R-5k (66 mg). R-10k was obtained as a white solid
(0)
(115 mg, 76% yield). "H NMR (400 MHz, CDCls) & 8.02 (d, J =
Br R-10k

S28



Br

8.5 Hz, 1H), 7.66 (d, J = 8.5 Hz, 1H), 5.70 (s, 1H), 4.53 (d, J=9.2 Hz, 1H), 4.30 (d, J =
9.3 Hz, 1H), 2.62 — 2.47 (m, 1H), 2.44 — 2.26 (m, 1H), 2.17 — 1.77 (m, 4H).’C NMR
(101 MHz, CDCls) & 171.7, 164.9, 132.0, 131.6, 129.1, 127.7, 45.9, 27.1, 26.6, 15.9. ee:
>99%. [a]a0” =+ 44.7 (¢ = 1.5 in MeOH).

rac-7-Oxo-6-oxaspiro[3.4]octan-8-yl 4-bromobenzoate (rac-10K).

The aldol precursor 3k was prepared following the procedure

0="© described for 2R,3S-5b, starting from 2k (150 mg, 1 eq, 0.1 M

Q }/% concentration in the reaction) and la (30 mg, 0.1 M
concentration in the reaction). Chemical reduction of aldol

o o 10K adduct was prepared as described for rac-10a. Benzoylation of
rac-5k (30 mg) was performed as describe for R-10j. The title

compound was obtained as a yellow oil (32 mg, 47%). NMR spectra were

indistinguishable from that of R-10k.
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R-10k
1000 1000
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Minutes

Figure S7. CPHPLC chromatogram of R-10k from KPRgc; catalysis (A) and rac-10k
(B). Conditions: CHIRALPACK® ID, flow rate 0.8 mL min " at 30 °C and detection at
254 nm. Isocratic elution hexane:'PrOH 90:10 (v/v). tr (R) = 19.2 min and tr (S) = 27.8

min.

(R)-3-Oxo0-2-oxaspiro[4.4]nonan-4-yl 4-bromobenzoate (R-10I).

00 Synthesis of title compound was performed as described for R-10j
o] % starting from R-5I (65 mg). R-10l was obtained as a yellow oil (96
)
S29
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mg, 68% yield). 'H NMR (400 MHz, CDCl3) & 7.95 (d, J = 8.6 Hz, 2H), 7.62 (d, J = 8.6
Hz, 2H), 5.75 (s, 1H), 4.23 (d, J=9.0 Hz, 1H), 4.17 (d, J = 9.9 Hz, 1H), 2.08 — 1.90 (m,
1H), 1.78 — 1.53 (m, 7H). °C NMR (101 MHz, CDCls) § 172.3, 164.8, 132.2, 131.6,
129.2, 127.8, 76.0, 74.0, 51.3, 33.8, 30.9, 24.9, 24.9. ee: >99%. [a]” =+ 35.1 (=1 in
MeOH).

rac-3-Oxo-2-oxaspiro[4.4]nonan-4-yl 4-bromobenzoate (rac-10l).

The aldol precursor 3l was prepared as described for 2R,3S-5b,

OO ° starting from 21 (164 mg, 1 eq, 0.1 M concentration in the

o} reaction) and la (30 mg, 1 eq, 0.1 M concentration in the
reaction). Chemical reduction was carried out as described for

Br rac-101 rac-10a. Benzoylation of rac-51 (35 mg) was performed as

describe for R-10j. The title compound was obtained as a yellow oil (39 mg, 51%).
NMR spectra were indistinguishable from that of R-10l.

1200 1200
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Figure S8. CPHPLC chromatogram of R-10l from KPRgci catalysis (A) and rac-10l
(B). Conditions: CHIRALPACK® ID, flow rate 0.8 mL min " at 30 °C and detection at
254 nm. Isocratic elution Hexane:'PrOH 90:10 (v/v). tr (R) = 18.8 min and tr (S) = 22.8

min.
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(R)-3-Oxo0-2-oxaspiro[4.4]nonan-4-yl 4-bromobenzoate (R-10m).

0.0 Synthesis of title compound was performed as described for R-
10j starting from R-5m (26 mg) in acetonitrile (5 mL). R-10m
was obtained as a yellow oil (9 mg, 17% yield). '"H NMR (400
MHz, CDCl3) 6 7.95 (d, J = 8.6 Hz, 1H), 7.62 (d, J = 8.6 Hz,
Br R-10m 1H), 5.59 (s, 1H), 4.44 (d, J = 9.3 Hz, 1H), 4.07 (dd, J=9.3, 1.3
Hz, 1H), 1.80 — 1.32 (m, 10H). °C NMR (101 MHz, CDCls) & 172.3, 164.7, 132.0,
131.5, 129.1, 127.7, 75.5, 73.4, 43.8, 33.7, 29.7, 27.2, 25.2, 22.7. ee: 98%. [o]2" = +
12.7 (c=0.75 in MeOH).

rac-3-0xo-2-oxaspiro[4.5]decan-4-yl 4-bromobenzoate (rac-10m).

(R)

00 The aldol precursor 3m was prepared following the procedure
) described for 2R,3S-5b, starting from 2m (156 mg, 1 eq, 0.1 M
concentration in the reaction) and la (30 mg, 1 eq, 0.1 M
concentration in the reaction). Chemical reduction was performed

rac-10m a5 described for rac-7a. Benzoylation of rac-10m was performed
as describe for R-10j. The title compound was obtained as a yellow oil (26 mg, 17%).
NMR spectra were indistinguishable from that of R-10m.
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Figure S9. CPHPLC chromatogram of R-10m from KPRg; catalysis (A) and rac-10m
(B). Conditions: CHIRALPACK®™ ID, flow rate 1 mL min ' at 30 °C and detection at
254 nm. Isocratic elution Hexane:PrOH 90:10 (v/v). tr (R) = 25.6 min, tr (S) = 29.2

min.
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(R)-3-0x0-2-oxaspiro[4.6]undecan-4-yl 4-bromobenzoate (R-10n).

0.0 Synthesis of title compound was performed as described for R-
10j starting from R-5n (20 mg) in acetonitrile (5 mL). R-10n
was obtained as a yellow oil (9 mg, 23% yield). '"H NMR (400
MHz, CDCl3) 6 7.95 (dd, J = 8.7, 2.3 Hz, 2H), 7.70 — 7.58 (m,
Br R-10n 2H), 5.63 (s, 1H), 4.26 (d, J = 9.1 Hz, 1H), 4.04 (d, J=9.1 Hz,
1H), 2.4 — 2.3 (m, 1H), 2.10 — 1.85 (m, 1H), 1.80 — 1.24 (m, 10H). *C NMR (101 MHz,
CDCl) 8 172.9, 165.1, 132.5, 132.0, 129.5, 128.2, 77.6, 75.4, 47.3, 36.9, 31.2, 30.5,

30.3,23.7, 23.3. ee: 98%. [a]20” = + 31.2 (¢ = 0.4 in MeOH).

(R)

rac-3-0xo-2-oxaspiro[4.6]Jundecan-4-yl 4-bromobenzoate (rac-10n).
00 The aldol precursor 3n was prepared following the procedure
O described for 2R,3S-5b, starting from 2n (283.4 mg, 1 eq, 0.1 M
© concentration in the reaction) and la (50 mg, 1 eq, 0.1 M
concentration in the reaction). Chemical reduction was performed
facsion as described for rac-7a. Benzoylation of rac-10n was performed as
describe for R-10j. The title compound was obtained as a yellow oil (20 mg, 7%). NMR

spectra were indistinguishable from that of R-10n.
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Figure S10. CPHPLC chromatogram of R-10n from KPRg; catalysis (A) and rac-10n
(B). Conditions: CHIRALPACK®™ ID, flow rate 1 mL min ' at 30 °C and detection at
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254 nm. Isocratic elution Hexane: PrOH 90:10 (v/v). tr (R) = 22.9 min, tr (S) = 25.9

min.

Biocatalytic aldol addition of sodium piruvate (2a) to aldehydes (1b-g). Analytical
scale

Q HBPA o9
U 2 Pputida |
R””* 4 =—— R CO,-
1
\ \
H) HOQ MeO CI\) ©VO\) ©\/S\) ©><‘
1a 1b 1c OMe

Reactions were carried out at analytic level as follows: The reactions (500 pL total
volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer
(1000 rpm) at 25°C. To a solution of the aldehyde (1b-g) (dissolved in 50 mM sodium
phosphate buffer pH 7.0, 100 mM final concentration in the reaction; in case of partial
water solubility, DMF (20% v/v in the reaction was used), a solution of sodium
pyruvate (2a) (25 pL of a 2.0 M aqueous stock solution, pH 6.5-7.0, 100 mM final
concentration in the reaction, (Caution: The solution of sodium pyruvate has to be
freshly prepared before use!) was added. The reaction was started by adding of
HBPAppuida Wild-type (125 uL of a stock solution 0.029 U mL ™", 4 mg mL ™ in 50 mM
TEA buffer, 50 mM NacCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.007 U mLﬁl, 1
mg protein mL ™" final concentration in the reaction, for enzyme reactions with 1b-c, and
1e). Or HBPAppuiisa H205A (132 pL of a stock solution 0.009 U mL*], 3.8 mg mL ' in
50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.00324
U mL™", 1 mg mL™" protein final concentration in the reaction, for enzyme reactions
with 1d, 1f, and 1g). The reaction mixture was placed in a vortex mixer (1000 rpm) at
25 °C for 24 h. Samples were withdrawn immediately after the enzyme addition (0 h)
and after 24 h and analyzed by HPLC as described above.

Biocatalytic reduction of 4-hydroxy-2-oxacids (6b-g). Substrate scope of

ketoreductases. Analytical scale.
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GDH

D-Glucono-1,5-lactone B-D-Glucose
Scheme S7. Biocatalytic reduction of aldol adducts (R-6b-g) catalyzed by DpkApsyrin
and KPRECQH.

Biocatalytic reduction catalyzed by KPRgcoli Or DpKApsyrin: Reactions were carried
out at analytic level as follows: The reactions (500 pL total volume) were conducted in
Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100 rpm) at 25 °C. The
reduction mixture solutions (250 puL) were prepared by adding; KPRgcoi (125 pL of a
stock solution of 52 U mL™ ,4 mg mL™" in 20 mM TEA buffer pH 7.0, 100 mM NacCl,
and 50% (v/v) of glycerol, 13 U mL ! final concentration in the reaction) or DpkApgyrin
(125 pL of a stock solution of 2.6 10> U mL ™", 4 mg mL ™" in 20 mM TEA buffer pH
7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10~ U mL" final concentration in
the reaction), GDH (83 puL of a stock solution 20.8 U mL™, 5.2 mg mL "' in 10 mM
HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.5 U mL™" final
concentration in the reaction), glucose (18 mg, 4 eq, 0.2 M final concentration in
reaction) and NADP" (1.9 mg, 5 mM in reaction). The reactions were started by the
addition of a sample of the corresponding aldol reaction (250 pL), containing adducts
6b-g (= 100 mM as the basis of calculation). Samples were withdrawn immediately
after the addition of aldol substrate (0 h) and after 24 h and analyzed by HPLC as

described above.
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One-pot two-step stereoselective synthesis of 4-substituted-2-hydroxy-4-
butyrolactones 8 by tandem biocatalytic aldol-reduction reactions catalyzed by
HBPAPputida and DpkAPsyrin-

0 OH O OH OH 0O _R
. U, 2 HBPARtida R1J*\)J\C 0, <_DpkAPsyn'n R1J*\)*\COZ* Lactonization ﬁ
1b-g 6 NADPH NADP* 7 HO 8

D-Glucono-1,5-lactone GDH ™ B-D-Glucose

O O O 0 0 0
Ho\) Meoﬁ) C|\) o\) s\) \
1b 1c OMe 1d 1e 1f 19
Scheme 8. One-pot two-step synthesis of 4-substituted-2-hydroxy-4-butyrolactones 8
by tandem biocatalytic aldol-reduction reactions catalyzed by HBPAppyida and
DpkAPsyrin-

The reactions combining HBPApputidza and DpkApsyrin. Were carried out as follows:

(2S,4R)-4-(hydroxymethyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8D).

0-_O®) Aldol addition (1*): The reaction (I mmol scale, 8.3 mL total

ﬁ/\OH volume) was conducted in a round-bottom flask (100 mL) at 25 °C
HO (9

2S,4R-8b

mg, 1 mmol, 1 eq, 0.1 M in the reaction) and glycolaldehyde dimer 1b (50 mg, 1 mmol

for 24 h and orbitally stirred at 250 rpm. Sodium pyruvate 2b (91.6

monomer, 1 eq, 0.1 M in the reaction) were dissolved in 5.9 mL of water. Finally,
reaction was started by adding the enzyme (HBPA wild-type, 2 mL of a stock solution
0.029 U mL", 4 mg mL™" in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and
50% (v/v) of glycerol, 0.007 U mL ™', 1 mg protein mL ™' final concentration in the
reaction). Reaction was monitored by HPLC and samples were withdrawn immediately
after the enzyme addition (0 h) and after 24 h as described above. Aldol reduction
(an). After 24 h, the reduction reaction (16.6 mL final volume) was carried out as
follows: to the aldol reaction mixture were added glucose (598 mg, 4 mmol, 4 eq, 0.2 M
final concentration in the reaction), GDH (2.75 mL of a stock solution 20.8 U mL ", 5.2
mg mL ™" in 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4
U mL! final concentration in the reaction) and DpkApgyrin (4.15 mL of a stock solution

2.6 10° UmL ", 4 mg mL" in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50%
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(v/v) of glycerol, 6.5 10~ U mL™" final concentration in the reaction). The reaction was
started by adding a solution of NADP" (1.4 mL of stock solution 69 mM in 1 M sodium
phosphate buffer pH 8.0, 5 mM final concentration in the reaction). The mixture
reaction was stirred at room temperature and the reaction was monitored by HPLC as
described above. After no aldol adduct was detected by HPLC (24 h), methanol (200
mL) was added under stirring. The mixture was filtered through Celite” and the filter
cake washed with methanol (3 x 50 mL). The organic solvent was removed and the pH
of the remaining aqueous solution was adjusted to 9.0 with 1 M NaOH. Then, water was
added up to a final volume of 40 mL. The product purification was started with anion
exchange chromatography (DOWEX 1X8 ion exchange resin (50-100 mesh) in HCO,™
form, column: 44 cm, @ = 1,6 cm). The sample was loaded onto the column and the
resin was washed with plain water (90 mL). The bound fractions with the compound
were eluted with a solution of 1 M HCO,H (fraction volume 30 mL). Fractions
containing the product were pooled freeze-dried, dissolved in methanol (30 mL),
absorbed in silica and purified by column chromatography on silica with a step gradient
of hexane:EtOAc: 100:0, 200 mL, 0:100, 300 mL. Pure fractions were pooled and the
solvent removed under vacuum affording the lactone 2S,4R-8b as a yellow oil (30 mg,
27%). "H NMR (400 MHz, D,0) & 4.83 (ddt, J = 8.9, 4.4, 2x2.7 Hz, 1H), 4.73 (t, J =
2x8.9 Hz, 1H), 3.85 (dd, J = 12.9, 2.7 Hz, 1H), 3.68 (dd, J = 12.9, 4.5 Hz, 1H), 2.54
(ddd, J=13.5,9.0, 2.9 Hz, 1H), 2.34 (dt, J = 13.5, 2x8.9 Hz, 1H). °C NMR (101 MHz,
D,0) & 180.0, 79.5, 67.0, 62.9, 31.9. Minor diastereomer selected key signals "H NMR
(400 MHz, D,0) & 4.50 (dd, J = 3.0, 0.9 Hz, 1H), 3.83 (dd, J = 13.0, 2.6 Hz, 1H). °C
NMR (101 MHz, D,0) peaks detected by HSQC experiment: & 73.1, 62.1. [a]x" = —
496 (¢ = 1, in MeOH), dr: 98:2. ESI-TOF m/z: Caled for [M+Na']
CsHgO4Na":155.0315, found [M+Na']: 155.0319.

(2S,4R)-4-(dimethoxymethyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8c)

The title compound was prepared as described for 2S,4R-8b.
OMe

0 ﬁly\ Starting from 1c ([1c] = [2a] = 100 mM in the reaction, Vagol reaction
OMe  _ 10,6 mL. 2S,4R-8c was obtained as a yellow oil (54 mg, 29%). In

HO

2S.4R.8¢ this case the product was ecluted with a step gradient of

Hexane:EtOAc: 100:0, 200 mL, 75:25, 200 mL, 50:50, 200 mL and
25:75, 500 mL on column chromatography on silica. '"H NMR (400 MHz, MeOD) &
4.42 (ddd, J=8.9,3.2,2.2 Hz, 1H), 4.32 (t, J = 2x8.8 Hz, 1H), 4.26 (d, J = 3.2 Hz, 1H),
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3.32 (s, 3H), 3.31 (s, 3H), 2.43 (ddd, J = 13.4, 8.9, 2.3 Hz, 1H), 1.93 (dt, J = 13.4, 2x8.8
Hz, 1H). °C NMR (101 MHz, MeOD) & 179.5, 106.2, 77.7, 67.7, 57.4, 56.7, 32.2. No
signals were detected from minor diastereomers [oc]zoD =—35.7(c=0.5, in MeOH), dr:
98:2. ESI-TOF m/z: Caled for [M+Na'] C;H;,OsNa":199.0577, found [M+Na']:
199.0566.

(2S,4R)-4-(chloromethyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8d).

0-_Or Synthesis of aldol adduct 6d was prepared using HBPAppuiza H205A

yACI variant with the procedure described 2S,4R-8d, starting from 1d ([1d]
HOZS, 4R-8d =[2a] = 100 mM in the reaction, Vaiol reaction = 7,6 mL). 2S,4R-8d was
obtained as a yellow oil (30 mg, 26%). In this case the product was eluted with a step
gradient of Hexane:EtOAc: 100:0, 200 mL, 75:25, 200 mL and 50:50,750 mL on
column chromatography on silica. '"H NMR (400 MHz, CDCls) & 4.92 (ddt, J = 8.7, 4.5,
2x3.4 Hz, 1H), 4.68 (dd, J =8.9, 7.7 Hz, 1H), 3.78 (dd, J = 12.1, 4.5 Hz, 1H), 3.67 (dd,
J=12.1, 3.4 Hz, 1H), 2.58 (ddd, J = 13.8, 8.9, 3.3 Hz, 1H), 2.42 (ddd, J=13.8, 8.6, 7.7
Hz, 1H). "C NMR (101 MHz, CDCly) & 177.1, 76.5, 67.5, 46.8, 33.5. Minor
diastereomer selected key signals 'H NMR (400 MHz, CDCls) 6 4.42 (dd, J = 7.4, 4.1
Hz, 1H), 3.76 (dd, J = 5.2, 1.3 Hz, 1H), 3.60 (dd, J = 7.4, 5.3 Hz, 2H), 2.20 — 2.12 (m,
1H), 1.94 (ddd, J = 14.4, 9.4, 7.4 Hz, 1H). *C NMR (101 MHz, CDCls) peaks detected
by HSQC experiment: 6 68.8, 49.4. The NMR data matched that reported in the
literature.'® [a]° = — 59.7 (¢ = 0.5, in MeOH), dr: 94:6. ESI-TOF m/z: Calcd for

[M+Na'] CsH,ClO3Na": 172.9976, found [M+Na']: 245.0779.

(2S,4R)-4-((benzyloxy)methyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8e).

0-_O®) The synthesis of aldol intermediate 6b was conducted in an

@AOBH Erlenmeyer (50 mL). Reaction volume was 5.3 mL.
HO

25.4R-8e Benzyloxyacetaldehyde (1e) (80.0 mg, 5.3 mmol, 1 eq, 0.1 M in the

reaction) was dissolved in DMF (1.1 mL, 20% (v/v) final
concentration in the reaction) and sodium pyruvate 2a (58.6mg, 5.3 mmol, 1 eq, 0.1 M
final concentration in the reaction) dissolved in water (2.9 mL) was added. Finally,
reaction was started by adding the enzyme (HBPA wild-type, 1.3 mL of a stock solution
0.029 U mL", 4 mg mL" in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and
50% (v/v) of glycerol, 0.007 U mL™", 1 mg protein mL™" final concentration in the
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reaction). Reaction was monitored by HPLC and samples were withdrawn immediately
after the enzyme addition (0 h) and after 24 h as described above. Aldol reduction, the
reduction of aldol adduct with DpkApsyrin Was performed as describe for 2S,4R-8b. In
this case, the product was obtained after anion exchange purification as a white solid
(41 mg, 30%). Containing: (2S,4R)-5-(benzyloxy)-2,4-dihydroxypentanoic acid (2S,4R-
7e): '"H NMR (400 MHz, D,0) & 7.49 — 7.06 (m, 5H), 4.53 (s, 2H), 4.27 (dd, J = 6.6, 5.4
Hz, 1H), 4.05 — 3.94 (m, 1H), 3.51 (dd, J = 10.7, 3.7 Hz, 1H), 3.44 (dd, J = 10.7, 6.9
Hz, 1H), 1.93 (dt, J = 14.5, 2x5.1 Hz, 1H), 1.80 (ddd, J = 14.7, 8.1, 6.6 Hz, 1H)."’C
NMR (101 MHz, D,0O) ¢ 177.6, 137.3, 128.7, 128.7, 128.5, 128.4, 73.0, 73.3, 66.7,
67.4,37.0, and (25,4R-8e) '"H NMR (400 MHz, D,0) & 7.49 — 7.17 (m, 5H), 4.80 (ddt, J
=9.0, 5.4, 2x2.8 Hz, 1H), 4.64 — 4.55 (m, 1H), 4.52 (s, 2H), 3.71 (dd, J=11.7, 2.7 Hz,
1H), 3.60 (dd, J =11.7, 5.0 Hz, 1H), 2.41 (ddd, J = 13.4, 8.9, 2.9 Hz, 1H), 2.23 (dt, J =
13.4,2x8.9 Hz, 1H)."’C NMR (101 MHz, D,0) & 179.8, 137.3, 128.7, 128.7, 128.5,
128.4, 78.0, 73.0, 70.9, 66.6, 32.2. [a]" = — 33.3 (¢ = 0.5, in MeOH), dr: 94:6. ESI-
TOF m/z: Caled for [M+Na'] C;,H404Na’: 245.0784, found [M+Na']: 245.0779.

(2S,4R)-4-((benzylthio)methyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8f).

0-_O® Synthesis of aldol adduct 6f was prepared using HBPAppuiza H205A
VASBn variant with the procedure described 2S,4R-8e, starting from 1f ([1f]
HOZSJ4R_8f = [2a] = 100 mM in the reaction, Vidol reaction = 10.2 mL). The Aldol
reduction with DpkApsyrin was performed as describe for 25,4R-8b. After no aldol
adduct was detected by HPLC (24 h), methanol (200 mL) was added under stirring. The
mixture was filtered through Celite™ and the filter cake washed with methanol (3 x 50
mL). The solvent was removed under vacuum. The residue was re-suspended in toluene
(200 mL) and p-toluene-sulfonic acid (19.5 mg, 0.01 eq) was added. The mixture was
heated to reflux for 16h, using a dean-stark apparatus. This is to promote the formation
of lactone.
After which it was cooled, 5% NaHCO; (100 mL) was added, toluene was removed and
the aqueous solution was extracted with CH,Cl, (3 x 50 mL). Aqueous phase was then
acidified to pH 2 with 3 M HCI and extracted with EtOAc (3 x 50 mL). The organic
layer was washed with water (3 X 50 mL) and brine (3 x 50 mL), and dried over
MgSO4. The sample was absorbed in silica and purified by column chromatography on

silica with a step gradient of hexane:EtOAc: 100:0, 200 mL, 75:25, 200 mL, 50:50,
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200mL and 75:25, 500 mL. Pure fractions were pooled and the solvent removed under
vacuum affording the lactone 2S,4R-8f as a brown oil (92 mg, 38%). 'H NMR (400
MHz, CDCl3) & 7.40 — 7.22 (m, SH), 4.76 (dtd, J = 7.9, 2x5.4, 3.9 Hz, 1H), 4.61 (td, J =
2x8.1, 2.2 Hz, 1H), 3.76 (d, J = 2.9 Hz, 2H), 2.66 (d, J = 5.5 Hz, 2H), 2.42 — 2.27 (m,
2H). °C NMR (101 MHz, CDCl3) § 176.9, 137.4, 129.1, 128.7, 127.4, 77.5, 67.3, 37.1,
35.3, 34.6. Minor diastereomer selected key signals: '"H NMR (400 MHz, CDCls) & 4.56
— 4.42 (m, 1H), 2.01 (dt, J = 12.7, 10.3 Hz, 1H). C NMR (101 MHz, CDCl3)  no
signals detected. [a]y” = — 30.4 (¢ = 0.5, in MeOH), dr: 87:13. ESI-TOF m/z: Calcd for
[M+Na'] C;,H4SO3Na': 261.0556, found [M+Na']: 261.0551.

(2S,4R)-4-(2-phenoxypropan-2-yl)-2-(hydroxy)-4-butyrolactone (2S,4R-8Q).

. ﬁ@( Synthesis of aldol adduct 6g was prepared as described for 2S,4R-
opPh 8e. Starting from 1g ([19] = [2a] = 100 mM in the reaction, Vol

HO © reaction = 6 mL). The Aldol reduction with DpkApsyrin was performed
254R-8g as describe for 2S5,4R-8b. Lactonization reaction and purification
were carried out as described for 2S,4R-8f was obtained as a white solid (52 mg, 34%).
'H NMR (400 MHz, CDCls)  7.32 — 7.22 (m, 2H), 7.16 — 7.06 (m, 1H), 6.92 (dd, J =
8.6, 1.1 Hz, 2H), 4.76 (t, J = 2x8.7 Hz, 1H), 4.45 (dd, J = 9.0, 2.2 Hz, 1H), 2.90 (ddd, J
=13.4,9.0, 2.3 Hz, 1H), 2.39 — 2.27 (m, 1H), 1.32 (s, 3H), 1.29 (s, 3H). °C NMR (101
MHz, CDCl;) 6 178.0, 153.9, 129.2, 124.2, 123.8, 83.7, 80.3, 67.3, 31.4, 23.6, 22.6. No
signals were detected from minor diastereomers. [(x]zoD =—-47.2 (c=0.5, in MeOH), dr:

98:2. ESI-TOF m/z: Caled for [M+Na'] C;3H;s04Na": 259.0941, found [M+Na']:
259.0958.

Kinetic Studies.

Substrates (3a-m) and (6b-g) stock solution preparation.

Stock solutions of aldol adduct (3a-m) in H,O pH 7.0 were prepared using the best 2-
oxoacid aldolase variant as described above. Likewise for stock solutions of aldol
adduct (6b-g) was prepared in 50 mM phosphate buffer pH 7.0 using the best HBPA
variant as described above (Table S4). In both cases, enzymes were removed from the

mixture using Amicon Ultra-15, PLBC Ultracel-PL membrane, 3 KDa cutoff.
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Table S4. Adduct aldol stock solutions in water.

Substrate 3 Aldolases Concentration/mM* ee’/%
3a Y faUgcqii Wt 85 -
3S-3b 92 98
3S-3c 95 99
3 ViU W23V o -
3S-39 98 98
3S-3h 98 94
3R-3b KPHMTgqi Wt 94 95
3R-3c KPHMTEq; Wt 98 95
3R-3d KPHMTgqqi [1212A 97 96
3R-3e KPHMTEqqi I1212A 82 =°
3R-3g KPHMTEgcq)i Wt 84 87
3R-3h KPHMTEqqi 1202A 80 75

3] KPHM Tecoii W 88 -4
3k KPHM Tecoii W 80 4
3l KPHMTgcoi W 96 4
4R-6b HBPAppytida Wt 82 94
4R-6¢C HBPApputida Wt 85 87

*Concentration was estimated on the basis of the conversion percentage of the aldol
addition at 24h. *Determined by HPLC on a chiral stationary phase in our lab using

procedure published in previous works °.“Not determined. “Not applicable.

Steady-State Kinetic Studies of ketoreductases.

The kinetic parameters for KPRgcoi and DpkApgyrin were determined in a continuous
assay method monitoring the oxidation of NADPH to NADP" at 340 nm (NADPH &34
= 6.22 mM ' cm ') using aldol adduct as substrates (Table S4). The reactions were
monitored during 15 min measuring each 30 s. The assay mixture (0.3 mL) consisted of
50 mM Tris-HCI buffer pH 8.0, containing NADPH (0.16 mM), aldol adducts (1-60
mM) and appropriate amounts of enzymes (optimal range of enzyme concentration
determined for each substrate, see S11-S32). One unit of activity was defined as the
amount of ketoreductases that catalyzes the formation of 1 pmol NADP" per min at 30
°C. Measurements were carried out in triplicate independent experiments. To determine
the kinetic parameters, data were fitted to the Michaelis-Menten kinetic model using the

software GraphPad Prism version 5.0.
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Figure S11. Reduction of 3a to 2R-4a catalyzed by KPRgci. (A). Initial reaction rate
(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected
to perform the enzyme assay (B) and V, vs substrate concentration (0.2 (Km*") < [S] <
20.2 (Km™P)), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S12. Reduction of 3S-3b to 2R,3S-4b catalyzed by KPRgcgji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected to perform the enzyme assay (B) and V, vs substrate concentration (0.07
(Km™P) < [S] < 4.5 (Km™)), adjusted to a Michaelis-Menten model by non-linear

regression method (C). Each point is the mean of three independent experiments.
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Figure S13. Reduction of 3S-3c to 2R,3S-4c¢ catalyzed by KPRgcgii. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.3 (Km™") <[S] <
19.3 (Km™)), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S14. Reduction of 3S-3d to 2R,3S-4d catalyzed by KPRgcgji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration

selected for the enzyme assay (B) and V, vs substrate concentration (0.11 (Km™") < [S]
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< 5.8 (Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S15. Reduction of 3S-3f to 2R,3S-4f catalyzed by KPRgcji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.08 (Km™") < [S]
< 2.8 (Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S16. Reduction of 3S-3g to 2R,3S-4g catalyzed by KPRgcji. (A). Initial reaction

rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
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selected for the enzyme assay (B) and V, vs substrate concentration (0.07(Km™?) < [S]
< 4(Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S17. Reduction of 3S-3h to 2R,3S-4h catalyzed by KPRgcji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.015 (Km™?) <[S]
< 0.9 (Km™")), adjusted to a Michaelis-Menten model by non-linear regression method
(C). Each point is the mean of three independent experiments. The data were fitted to a
substrate inhibition model using statistical analysis in GraphPad Prism 5 software.
Comparison of fits between Michaelis-Menten: null hypothesis, and substrate
inhibition: alternative hypothesis. For a P<0.0001, the conclusion (o = 0.05) was: reject
null hypothesis, and the preferred model was substrate inhibition. The outlier point is

shown in red.
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Figure S18. Reduction of 3R-3b to 2R,3R-4b catalyzed by KPRgcji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.2 (Km™") <[S] <
5(Km™")), adjusted to a Michaelis-Menten model by non-linear regression method (C).

Each point is the mean of three independent experiments.
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Figure S19. Reduction of 3R-3c to 2R,3R-4c catalyzed by KPRgcji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.14 (Km™") <[S]
< 8.6 (Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S20 Reduction of 3R-3d to 2R,3R-4d catalyzed by KPRgcji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.11 (Km™") <[S]
< 6.1 (Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S21. Reduction of 3R-3e to 2R,3R-4e catalyzed by KPRgcji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.05 (Km™") < [S]
< 3.3 (Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S22. Reduction of 3R-3g to 2R,3R-4g catalyzed by KPRgji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.4 (Km™") <[S] <
21.7 (Km™P)), adjusted to a Michaelis-Menten model by non-linear regression method
(C). Each point is the mean of three independent experiments.
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Figure S23. Reduction of 3R-3h to 2R,3R-4h catalyzed by KPRgcji. (A). Initial reaction
rate (V,) vs the enzyme concentration. The arrow shows the enzyme concentration
selected for the enzyme assay (B) and V, vs substrate concentration (0.09(Km*") < [S]
< 4.4 (Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S24. Reduction of 3j to 2R-4j catalyzed by KPRgcii. (A). Initial reaction rate
(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected
for the enzyme assay (B) and V, vs substrate concentration (2.5(Km™) < [S] <
150(Km™")), adjusted to a Michaelis-Menten model by non-linear regression method

(C). Each point is the mean of three independent experiments.
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Figure S25. Reduction of 3k to 2R-4k catalyzed by KPRgcoii. (A). Initial reaction rate
(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected
for the enzyme assay (B) and V, vs substrate concentration (0.7(Km™") < [S] < 40
(Km™")), adjusted to a Michaelis-Menten model by non-linear regression method (C).

Each point is the mean of three independent experiments.
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Figure S26. Reduction of 3l to 2R-4l catalyzed by KPRgcli. (A). Initial reaction rate
(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected
for the enzyme assay (B) and V, vs substrate concentration (5(Km™) < [S] < 290
(Km™)), adjusted to a Michaelis-Menten model by non-linear regression method (C).

Each point is the mean of three independent experiments.

OH O
A) Dp kAPsyrin OH 9 H
3 COy~ CO,”
a NADPH NADP* 2S-4a
B) R2=0.98 o Re<os
R?=0.97
0,008 00087 ©)
0.0064 . 0.006-
*, h=
= g
S 0.0044 S 0.0041 )
£ =
S S
> 0.0021 > 0.002-
0.000 T T T T | 0.000 T T T T
0.0 0.2 0.4 06 058 1.0 0 10 20 30 40
[DpkAPsyrin]assay/ug/mL [3a] assay/mM

Figure S27. Reduction of 3a to 2S-4a catalyzed by DpkApsyrin. (A). Initial reaction rate
(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected
for the enzyme assay (B) and V, vs substrate concentration (0.03(Km™?) < [S] < 1.3
(Km™P)), adjusted to a Michaelis-Menten model by non-linear regression method (C).

Each point is the mean of three independent experiments.
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Figure S28. Reduction of 3S-3b to 25,3S-4b catalyzed by DpkApsyrin. (A). Initial
reaction rate (V,) vs the enzyme concentration. The arrow shows the enzyme
concentration selected for the enzyme assay (B) and V, vs substrate concentration
(0.05(Km™P) < [S] < 3 (Km™)), adjusted to a Michaelis-Menten model by non-linear

regression method (C). Each point is the mean of three independent experiments.
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Figure S29. Reduction of 3S-3c to 2S,3S-4c catalyzed by DpkApsyin. (A). Initial
reaction rate (V,) vs the enzyme concentration. The arrow shows the enzyme
concentration selected for the enzyme assay (B) and V, vs substrate concentration
(0.07(Km™") < [S] < 4.1 (Km*™)), adjusted to a Michaelis-Menten model by non-linear

regression method (C). Each point is the mean of three independent experiments.
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Figure S30. Reduction of 3R-3b to 2S,3R-4b catalyzed by DpkApsyrin. (A). Initial
reaction rate (V,) vs the enzyme concentration. The arrow shows the enzyme
concentration selected for the enzyme assay (B) and V, vs substrate concentration
(0.13(Km™") < [S] < 6.3 (Km*™)), adjusted to a Michaelis-Menten model by non-linear

regression method (C). Each point is the mean of three independent experiments.
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Figure S31. Reduction of 4R-6b to 2S5,4R-7b catalyzed by DpkApsyrin. (A). Initial
reaction rate (V,) vs the enzyme concentration. The arrow shows the enzyme
concentration selected for the enzyme assay (B) and V, vs substrate concentration
(0.09(Km™") < [S] < 4.6 (Km™)), adjusted to a Michaelis-Menten model by non-linear

regression method (C). Each point is the mean of three independent experiments.

S51



OH O
A) MeO = DpkAPsyn'n MeO QH C?)H
CO,~ © co,
OMe NADPH NADP* OMe
4R-6C 2S,4R-Tc
0.005+ B) R2=097 00057 ) R2=095
0.004- ° 0.004+
— in]
= £
' 0.0034 g 0.0034
s ° = 3
£0.0021 % 0.002-
~ >
0.0014 0.0014
0.000 T T T 1 0.000 T T T T 1
0.00 0.02 0.04 0.06 0.08 0 10 20 30 40 50

[DpkAPsyring]assay/mg mL-l

[4R-Gc]assay/mM

Figure S32. Reduction of 4R-6¢ to 2S,4R-7c catalyzed by DpkApsyrin. (A). Initial

reaction rate (V,) vs the enzyme concentration. The arrow shows the enzyme

concentration selected for the enzyme assay (B) and V, vs substrate concentration

(0.01(Km®™) < [S] < 0.6 (Km*)), adjusted to a Michaelis-Menten model by non-linear

regression method (C). Each point is the mean of three independent experiments.

X-Ray structures

Suitable single crystals for X-ray structural analysis of R-5] were obtained at room

temperature. Compound R-5| (40 mg) was dissolved in Hexane:methanol 3:1 (v/v) (5

mL). Crystals were obtained by evaporation in glass vials (6 mL, 3.5 cm, @ 1.4 cm)

after 48 h at 25 °C. The X-ray diffraction analysis on the R-5| indicates that KPRgcoi

rendered R-51 having R configuration (Figure S33).
‘\ /

N
\

Figure S33. X-ray structure of R-5l. ORTEP-type plot displaying one molecule with

50% probability ellipsoids.

The data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif
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Data were collected on a STOE IPDS II two-circle diffractometer with a Genix
Microfocus tube with mirror optics using MoKa radiation (A = 0.71073 A). The data
were scaled using the frame scaling procedure in the X-Area program system (Software
X-Area - STOE & Cie GmbH. https://www.stoe.com/product/software-x-area). The
structures was solved by direct methods using the program SHELXS and refined against
F? with full-matrix least-squares techniques using the program SHELXL'' (Table S5

and S6).

Table S5. Crystal data and structure refinement for R-5I.

Identification code R-5I

CCDC number 2208404

Empirical formula CsHi203

Formula weight 156.18

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P 212121

Unit cell dimensions a=5.9887(4) A o =90°
b=9.1619(6) A B =90°
c=14.1820(7) A vy =90°

Volume 778.14(8) A3

Z 4

Density (calculated) 1.333 Mg/m3

Absorption coefficient 0.101 mm~!

F(000) 336

Crystal color, shape colorless needle

Crystal size 0.280 x 0.120 x 0.110 mm3

Theta range for data collection 3.633 to 27.182°.

Index ranges —7<=h<=7, -11<=k<=11, —18<=I<=17

Reflections collected 10506

Independent reflections 1713 [R(int) = 0.0447]

Completeness to theta = 25.000° 99.3 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.000 and 0.310

Refinement method

Full-matrix least-squares on F2
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Data / restraints / parameters 1713/0/104
Goodness-of-fit on F2 1.177

Final R indices [I>2sigma(])] R1=0.0433, wR2 =0.1068
R indices (all data) R1=0.0443, wR2 =0.1077
Absolute structure parameter —0.3(9)

Extinction coefficient n/a

Largest diff. peak and hole 0.209 and -0.147 e.A-3

Table S6 Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A%k 10%) for R-5. U(eq) is defined as one third of the trace of the orthogonalized Ul

tensor.

X y z U(eq)
o) 4931(4) 7397(2) 4334(1) 33(D)
0(2) 2558(3) 5162(2) 5316(1) 35(1)
0@3) 4827(4) 3606(2) 4601(2) 41(1)
C) 5909(4) 6032(2) 4491(2) 22(1)
C(2) 4222(4) 4952(3) 4856(2) 27(1)
C@3) 6880(5) 3694(3) 4029(2) 37(1)
C4) 6871(4) 5239(2) 3630(2) 20(1)
C(5) 5373(4) 5368(3) 2748(2) 30(1)
C(6) 6993(5) 5350(4) 1924(2) 37(1)
C() 8943(5) 6236(4) 2285(2) 40(1)
C(8) 9213(4) 5740(3) 3306(2) 28(1)

In addition, Cu K-o radiation (A = 1.5406 A) was employed at room temperature to
assess the absolute stereochemistry of R-5l. The Flack-x-parameter was determined to

be - 0.04(16) (Table S7).

Table S7. Crystal data and structure refinement for R-51 with Cu K- radiation.

Identification code R-51c13 cu
CCDC number 2208405
Empirical formula CsH1,03
Formula weight 156.18
Temperature 293(2) K
Wavelength 1.54178 A
Crystal system Orthorhombic
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Space group

P212121

Unit cell dimensions a=6.0593(5) A o = 90°.
b =9.2089(7) A B =90°.
c=14.3338(11) A vy =90°.

Volume 799.82(11) A3

Z 4

Density (calculated) 1.297 Mg/m3

Absorption coefficient 0.820 mm-!

F(000) 336

Crystal colour, shape

colorless needle

Crystal size

0.280 x 0.120 x 0.110 mm3

Theta range for data collection

5.710 to 68.675°.

Index ranges

—7<=h<=7, -11<=k<=11, -16<=I<=16

Reflections collected

13027

Independent reflections

1427 [R(int) = 0.1262]

Completeness to theta = 68.000°

98.3 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.000 and 0.239

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1427/0/104

Goodness-of-fit on F2

1.785

Final R indices [[>2sigma(])]

R1=0.1178, wR2 =0.3220

R indices (all data)

R1=10.1419, wR2 = 0.3904

Absolute structure parameter

-0.04(16)

Extinction coefficient

n/a

Largest diff. peak and hole

0.325 and -0.750 e.A-3
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Computational Methods.

Protein complexes were modeled with the package Schrodinger Suite 2022-2,'® through
its graphical interface Maestro.'” The Protein Preparation Wizard™ included in Maestro
was used to prepare the protein structure by removing solvent molecules and ions,
adding hydrogens, setting protonation states®' and running a restrained minimization
using the OPLS4 force-field.”* The program MacroModel> with the same force field
and GB/SA water solvation conditions® was used for further molecular mechanics
calculations. The program QSite'” *>*° was used for the QM/MM calculations.

Molecular models of the pre-reactive 4-hydroxy-2-oxoacids bound into the active sites
of KPREgcoii and DpkApsyrin were generated from the reported crystal structures of both
enzymes.27'28 In particular, KPRgeoii was modeled from chain B of PDB structure
20FP,*” which is in the closed form and includes the NADP cofactor and a molecule of
pantoate. On the other hand, all the modeling with DpkApsyrin Wwas performed on the
active site of chain A of PDB structure ZCWH,28 although both chains A and B, which
show quite similar overall structures, were taken into account for the calculations since
the enzyme naturally functions as a dimer and the active site cavity on each subunit also
involves residues from the neighboring one. Substrates 3 were built within Maestro,
based on the structure of the ligands bound in each case. The structures of the
complexes were minimized with QSite at the DFT B3LYP/6-31G** level of theory. For
KPREggoii the QM/MM boundary was defined by placement of hydrogen caps between
the Ca and CPB atoms of residues Lys176, Asn184, Asn194 and Asn241, as well as
between the C4’ and C5’ atoms of the ribose ring bound to the nicotinamide moiety of
the NADPH cofactor (Figure S68A). For DpkApsyin the boundary was established
through hydrogen caps between the Ca and Cf atoms of residues His54, Arg58 and
Thr166, and the C4” and C5’ atoms of the same ribose ring of NADPH (Figure S68B).
In both cases the substrate molecule was also part of the QM region. All residues with
atoms within 6 A of the substrate and the NADPH molecules were simultaneously
optimized using the default OPLS2005 force-field,” while residues which were further
away were kept frozen. Furthermore, to find the best bound conformations for the more
flexible substrates, a conformational search was performed using the mixed
MCMM/LMCS method* implemented in MacroModel to find the best poses for the C-
3 substituents (R' and R? substituents in Scheme 2 of the main text) , while the rest of

the system was kept frozen. Then, the best conformers detected by this search were
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QM/MM reoptimized as above. All complexes were characterized as minima by

running frequency analysis calculations and confirming that they had no imaginary
frequencies.

A

® _Lys'7®
HGN/\/\}L
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\ 8
f\ /OO - H2NOC Asn184
Aay19d & CONH,™~=OH

%C’CONHZ H2NOC/©\I
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Figure S68. Active sites of KPRgcoli (A) and DpkApsyrin (B) with bound 3a, as example

B

NH,
®
S o, N 2\N/\/f))\/\lrgf’s
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D/ NH
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N
HNOC™

$-NADPH
HO  bn

substrate, and atoms that constitute the QM region (red atoms) in each case. Wavy lines

denote where the hydrogen caps were placed; dashed lines represent hydrogen bonds
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Figure S69. Molecular models of substrates 3 bound into the active site of KPRgcoi.
These models were built starting from PDB structure 20FP and they were optimized by
QM/MM methods as described. The substrate, NADPH and close protein residues are
shown with yellow, green and gray C-atoms; H-bonds and salt bridges are shown with

yellow and cyan dashed lines.
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Figure S70. Molecular models of substrates 3 and 6 bound into the active site of
DpkApsyrin. These models were built starting from PDB structure 2CWH and they were
optimized by QM/MM methods as described. The substrate, NADPH and close protein
residues are shown with yellow, green and gray C-atoms; H-bonds and salt bridges are
shown with yellow and cyan dashed lines.
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Seccidn experimental capitulo 3.3

Materials.

Benzaldehyde (1a), 2-nitrobenzaldehyde (1b), 2-fluorobenzaldehyde (1c), 2-
chlorobenzaldehyde (1d), 2-iodobenzaldehyde (1f), 2,6-fluorbenzaldehyde (1g), 2-
chloro-6-fluorobenzaldehyde (1h), thiophene-3-carboxaldehyde (an), 3-
nitrobenzaldehyde (1j), 4-nitrobenzaldehyde (1k), 3-chlorobenzaldehyde (1l), 4-
chlorobenzaldehyde  (1m), 2-Hydroxy-3-methoxybenzaldehyde  (1n), trans-
Cinnamaldehyde (10), fluorene-2-carboxaldehyde (1p), indole-3-carboxaldehyde (1q)
and sodium pyruvate (2a) were purchased from Sigma-Aldrich. 2-bromobenzaldehyde
(1e), sodium borohydride were purchased from TCI chemical. NADPH was purchased
from CARL ROTH. Glucose dehydrogenase (GDH) as a cell free extract powder and
NADP™" were provided by Prozomix Ltd (PRO-GDH(001)). Water for analytical HPLC
was obtained from an Arium pro ultrapure water purification system (Sartorius Stedim
Biotech) and the rest of solvents used in this work were of analytical grade or HPLC

grade.

Methods.

General procedure for, HBPApputisa, GDH and DpkApsyrin expression, purification and

activity determination were performed as describe in previous works (Table S1).12

Table S1. Typical enzyme concentration obtained in this work.

Enzymes Concentration/ mg mL™
HBPApputida 4.0°(0.029 U mLtU mLh)P
HBPApputisa H205A 3.82(0.009 U mLtU mL %P
DpKkApsyrin 4.0% (2.6 102U mL )P
GDH 5.22 (20.8 U mL )P

amg protein mL* Iyophilized powder. "Enzyme activity assays were described in previous work.!-2

HPLC analysis.

a) HPLC analysis was performed on a RP-HPLC XBridge® C18, 5 um, 4.6 x
250 mm column (Waters). The solvent system used was: solvent (A): 0.1%
(v/v) trifluoroacetic acid (TFA) in H20 and solvent (B): 0.095% (v/v) TFA in
CH3CN/H20 4:1, flow rate 1 mL min!, detection at 215 nm and column
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temperature at 30 °C. The amount of substrates and products were quantified
from the peak areas using an external standard methodology. Reaction
monitoring for benzaldehyde (1a), aldol adduct (3) and reduced product (4)
were carried out as follows: samples were withdrawn from the reaction
mixture (25 pL) and diluted with methanol (500 uL). After centrifugation,
samples were analyzed by HPLC. Elution conditions: gradient from 10 to
100% B over 30 min.

b) Enantiomeric excesses were analyzed by HPLC on a CHIRALPAK® ID,
column (46 x 250 mm, 5 um). The solvent system used was: solvent (A):
Hexane + 0,1%TFA and solvent (B): Isopropanol + 0,1%TFA, detection by
diode array detection (215-350 nm) and column temperature at 30 °C.

NMR analysis.

Routine *H (400 MHz) and *3C (101 MHz) NMR spectra of compounds were recorded
with a Varian Mercury-400 spectrometer. Full characterization of the described
compounds was performed using typical gradient-enhanced 2D experiments: COSY,
HSQC, and NOESY recorded under routine conditions.

Biocatalytic aldol addition of 2 to aldehydes (1a-p), catalyzed by HBPApputida @and
variant.

Analytical scale: The reaction (total volume 500 L) was carried out in 1.5 mL Eppendorf
tubes. To a solution of the aldehydes (1a-p) dissolved in DMF (20% v/v in the reaction),
a solution of sodium pyruvate (2) (25 uL of a 2.0 M aqueous stock solution, pH 6.5-7.0,
final concentration 100 mM) was added in the reaction. The reaction was initiated with
the addition of HBPA (125 pL of a 0.029 U mL™! stock solution, 4 mg mL™! in 50 mM
TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) glycerol, 0.007 U mL™, 1 mg
mL! protein mL™! final concentration in the reaction) (Table S1). The reaction mixture
was placed on a vortex mixer (1000 rpm) at 25 °C for 24 h. Samples were extracted
immediately after enzyme addition (0 h) and after 24 h and analyzed by HPLC as

described above.
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Table S1. Aldol condensation of sodium pyruvate to aromatic aldehydes catalyzed by
HBPA wt.

o HBPA o

Amj - A CO;Na :‘%%_’AUMCOZNa
X NO, iwj/F 4 o X e é/ FUX F F\é/c @;\
b c @ @ f \<g>/ h i
o SN i &OH .
SRR WA AE N sadstay
j k | m n o P

ATy

a

Aldol Aldol conversion
Aldehyde  adduct 3 at 24 (%)?

Sodium pyruvate leq.
la 3a 50
1b 3b 90
1c 3c 70
1d 3d 9
le 3e 70
1f 3f 85
19 39 >95
1h 3h >95
1i 3i 85
1j 3 78
1k 3k 70
1l 3l 81
1m 3m 64
1n 3n 59
1o 30 40
1p 3p 20

3Aldol conversion measured by HPLC using leq of pyruvate. "Aldol conversion
measured by HPLC using 3eq of pyruvate. °Not performed.

Biocatalytic reduction of arylbut-3-enoic acids (3a-p) catalyzed by
DpkApsyrin. Analytical scale.

Reactions were carried out at analytic level as follows: The reactions (500 pL total
volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer (1000
rpm) at 25 °C. To a solution of the aldehydes (1a-p) dissolved in DMF (20% v/v in the
reaction), a solution of sodium pyruvate (2) (25 uL ofa 2.0 M aqueous stock solution, pH
6.5-7.0, final concentration 100 mM), DpkApsyrin (125 pL of a stock solution of 2.6 1072
U mL? 4 mg mL?in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of
glycerol, 6.5 10 U mL™ final concentration in the reaction), GDH (83 pL of a stock
solution 20.8 U mL?, 5.2 mg mL~tin 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and
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50% (v/v) of glycerol, 3.5 U mL™ final concentration in the reaction), a solution of
NADP" y glucose (42 uL, NADP* stock solution 60 mM, 5mM final concentration in
the reaction, glucose stock solution 2.4M, 200mM in reaction, dissolved in 1M sodium
phosphate buffer pH 8.0, 84 mM final concentration in the reaction). The reaction was
initiated with the addition of HBPA (125 pL of a 0.029 U mL ™! stock solution, 4 mg mL™!
in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) glycerol, 0.007 U
mL?, 1 mg mL™! protein mL™! final concentration in the reaction) (Table S2). Samples
were withdrawn immediately after the addition of aldol substrate (0O h) and after 24 h and
analyzed by HPLC as described above.

Table S2. Biocatalytic reduction of aldol adducts 3a-p catalyzed by DpkApsyrin.

o o HBPAp,tiga o) DpkApsyrin OH
| + ﬁ& ) -
Ar) ACOzNa s AI'/\)kCOQNa 2% A" COoLH
1 2 - 3 NADPH NADP* 4

GDH
?<

D-Glucono-1,5-lactone B-D-Glucose

@ @”"2@ @C'Eje'@' Ffj Kj‘” e
SHIRS) éﬁ@ {agecey

i NOp g\ I

1j 1k 1

Aldehyde Aldol Reduction conversion
adduct 3 at 24 (%)a

la 3a 50
1b 3b >05
1c 3c >95
1d 3d >05
le 3e >95
1f 3f >05
19 39 >95
1h 3h >05
1i 3i >95
1j 3j 62
1k 3k 30
1l 3l >05
1m 3m >95
1n 3n -

1o 30 -

1p 3p -

1q 3q -

®measured by HPLC

S5



Seccidn experimental capitulo 3.3

Synthesis of arylbut-3-enoic acids (3).

(E)-2-oxo0-4-phenylbut-3-enoic acid (3a).
o Synthesis of (E)-2-oxo-4-phenylbut-3-enoic acid (3a). Typical
wC02H procedure: The reaction (0,5 mmol scale, 20 mL total volume) was
¥ conducted in an erlenmeyer at 25 °C and an orbital shaker (250 rpm). To
a solution of the aldehyde (1a, 110mg, 1.04 mmol, 50mM in reaction) dissolved in DMF
(20% v/v in reaction), a solution of sodium pyruvate (2) (1.5 mL of a 2.0 M concentrated
solution, pH 6.5-7.0, 3.12 mmol, 150 mM in reaction, 3eq) was added. The reaction was
initiated with the addition of enzyme (HBPA wt, 5 mL of a 0.029 U mL™* stock solution,
4 mg mL? in 50 mM TEA buffer, 50 mM NacCl, 0.5 mM EDTA and 50% (v/v) glycerol,
0.007 U mL?, 1 mg mL? protein mL™ final concentration in reaction). The mixture was
placed on an orbital shaker (250 rpm) at 25 °C for 24 h. The reaction was monitored by
HPLC. The reaction was monitored by HPLC and samples were extracted immediately
after enzyme addition (0 h) and after 24 h as described above. After completion of the
reaction the enzyme component was precipitated with MeOH (10 volumes) filtered over
Celite® the filtrate was washed with 5% NaHCO3, (3x100 mL), the organic solvent was
evaporated and the aqueous phase was extracted with AcOEt (3x100 mL). The pH of the
aqueous phase was adjusted to pH 2.0 with 3M HCI. The compound was extracted with
AcOEt (3x100 mL). This organic phase was washed with pure H>O (3x100 mL), then
with saturated NaCl solution (3 x 100 mL), dried over anhydrous MgSOs and
concentrated under vacuum. The solid was adsorbed on a KP-C18-HS SNAP Cartridge
and purified by Biotage Isolera with gradient (solvent system used was A: H>0+0.1%
HCO2H and B: CH3CN+0.1% HCO2H), from 0 to 100% of B, 20 VC and 100%B 10 VC.
After purification, the pure fractions were collected and the organic solvent was removed
by vacuum, the compound was extracted from the acidic aqueous phase with AcOEt
(3x50 mL), washed with pure H>O (3x 50 mL), then with saturated NaCl solution (3x50
mL), dried over anhydrous MgSO4 and concentrated under vacuum, to afford compound
3a as a yellow solid (161 mg, 81%). 'H NMR (400 MHz, DMSO) & 7.88 — 7.78 (m, 2H),
7.76 (d, J = 16.3 Hz, 1H), 7.56 — 7.40 (m, 3H), 7.30 (d, J = 16.3 Hz, 1H). 13C NMR (101
MHz, DMSO) 6 186.6, 164.9, 148.0, 134.3, 132.0, 129.6, 122.0. The spectral properties
of this product agreed with those reported in the literatura.>*
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(E)-4-(2-nitrophenyl)-2-oxobut-3-enoic acid (3b).

- o The title compound was prepared as described for 3a. Starting from 1b
@fﬁ;}%% ([1b] = 150mg, 50 mM and [2] = 328mg, 150 mM in the reaction), 3b
3 was obtained as an orange solid (184 mg, 84%). *H NMR (400 MHz,

DMSO) 6 8.12 (dd, J = 8.1, 1.3 Hz, 1H), 8.04 (d, J = 16.2 Hz, 1H), 8.00 (d, J = 8.0 Hz,
1H),7.82 (td, J=7.7,7.3,0.7 Hz, 1H), 7.73 (ddd, J = 8.8, 7.5, 1.4 Hz, 1H), 7.27 (d, J =
16.1 Hz, 1H). 13C NMR (101 MHz, DMSO) § 185.7, 163.9, 148.6, 142.1, 134.1, 131.7,
129.3, 125.2. The spectral properties of this product matched those reported in the

literatura.*

(E)-4-(2-fluorophenyl)-2-oxobut-3-enoic acid (3c).

o The title compound was prepared as described for 3a. Starting from 1c
@f\)%oz” ([1c] = 110mg, 50 mM and [2] = 293, mg, 150 mM in the reaction), 3c
" 3c was obtained as a yellow solid (88 mg, 51%).'H NMR (400 MHz,

DMSO) § 7.60 (td, J= 7.9, 7.8, 1.7 Hz, 1H), 7.31 (qd, J = 7.2, 7.2, 7.2, 1.8 Hz, 1H), 7.23
—7.14 (m, 2H), 6.82 (dd, J = 16.1, 1.9 Hz, 1H), 6.48 (dd, J = 16.0, 5.2 Hz, 1H), 4.72 (dd,
J=5.2,1.9 Hz, 1H). 3C NMR (101 MHz, DMSO) § 174.0, 160.0 (d, J = 247.2 Hz), 131.4
(d, J = 4.7 Hz), 129.9 (d, J = 8.5 Hz), 128.2 (d, J = 3.6 Hz), 125.2 (d, J = 3.2 Hz), 124.2
(d, J = 11.8 Hz), 122.5 (d, J = 3.7 Hz), 116.2 (d, J = 21.9 Hz), 71.3.4

(E)-4-(2-chlorophenyl)-2-oxobut-3-enoic acid (3d).

o The title compound was prepared as described for 3a. Starting from 1d

@f\)kcozH ([1d] = 150mg, 50 mM and [2] = 352, mg, 150 mM in the reaction), 3d
Cl

3d was obtained as a yellow solid (179 mg, 80%).'H NMR (400 MHz,

DMSO0) 6 8.03 (dd, J=7.1, 2.4 Hz, 1H), 8.02 (d, J = 16.8 Hz, 1H), 7.59 (dd, J = 8.0, 1.4
Hz, 1H), 7.52 (td, J = 8.0, 7.6, 1.7 Hz, 1H), 7.44 (td, J = 2x7.8, 0.9 Hz, 1H), 7.37 (d, J =
16.2 Hz, 1H). 3C NMR (101 MHz, DMSO) & 185.7, 164.0, 141.6, 134.6, 132.9, 131.4,
130.2, 128.6, 128.0, 124.2. The spectral properties of this product matched those reported

in the literatura.*

(E)-4-(2-bromophenyl)-2-oxobut-3-enoic acid (3e).

o The title compound was prepared as described for 3a. Starting from le

wCOZH ([1e] = 150mg, 50 mM and [2] = 268 mg, 150 mM in the reaction), 3d
o was obtained as a yellow solid (184 mg, 89%). *H NMR (400 MHz,

3e
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DMSO) § 8.02 (d, J = 1.9 Hz, 1H), 7.98 (d, J = 16.0 Hz, 1H), 7.76 (dd, J = 7.9, 1.4 Hz,
1H), 7.48 (td, J = 2x7.6, 1.4 Hz, 1H), 7.42 (td, J = 7.6, 7.4, 1.8 Hz, 1H), 7.33 (d, J = 16.2
Hz, 1H). 3C NMR (101 MHz, DMSO) & 186.2, 164.5, 144.8, 134.0, 133.6, 133.5, 129.2,
129.0, 126.1, 124.8.

(E)-4-(2-iodophenyl)-2-oxobut-3-enoic acid (3f).
o The title compound was prepared as described for 3a. Starting from 1f
wcozH ([1f] = 160mg, 50 mM and [2] = 228 mg, 150 mM in the reaction), 3f
: N was obtained as a yellow solid (160 mg, 77%). *H NMR (400 MHz,
DMSO0) 6 8.00 (dd, J = 7.9, 1.2 Hz, 1H), 7.94 (dd, J = 7.9, 1.6 Hz, 1H), 7.87 (d, J = 16.1
Hz, 1H), 7.48 (td, J = 7.7, 7.6, 1.1 Hz, 1H), 7.24 (d, J = 16.1 Hz, 1H), 7.22 (td, J = 7.6,
7.5,1.6 Hz, 1H).3C NMR (101 MHz, DMSO) & 185.8, 164.2, 149.6, 140.0, 136.2, 132.8,
129.0, 128.2, 124.2, 103.4. The spectral properties of this product matched those reported

in the literature.*

(E)-4-(2,6-difluorophenyl)-2-oxobut-3-enoic acid (3g).

F o The title compound was prepared as described for 3a. Starting from 19

A
@f:ACOZH ([1g] = 150mg, 50 mM and [2] = 349 mg, 150 mM in the reaction), 3g
3g was obtained as a yellow solid (175 mg, 78%). *H NMR (400 MHz,

DMSO) & 7.68 (d, J = 16.7 Hz, 1H), 7.61 (t, J = 2x8.5 Hz, 1H), 7.46 (d, J = 16.6 Hz, 1H),
7.28 (t, J = 2x8.9 Hz, 2H). 3C NMR (101 MHz, DMSO) 5 185.0, 163.4, 162.4 (d, J=6.7
Hz), 159.9 (d, J = 6.7 Hz), 133.6 (t, J = 11.3, 11.3 Hz), 131.7, 126.5 (t, J = 8.4, 8.4 H2),
112.7, 112.5.

(E)-4-(2-chloro-6-fluorophenyl)-2-oxobut-3-enoic acid (3h).

F o The title compound was prepared as described for 3a. Starting from 1h
A
@\AACOZH ([1h] = 150mg, 50 mM and [2] = 312 mg, 150 mM in the reaction), 3h
Cl
3h was obtained as a yellow solid (144 mg, 67%). 'H NMR (400 MHz,

DMSO0) § 7.82 (d, J = 16.6 Hz, 1H), 7.60 — 7.49 (m, 2H), 7.47 (d, J = 6.3 Hz, 1H), 7.44
(d, J = 16.5 Hz, 1H). 3C NMR (101 MHz, DMSO) & 185.1, 163.4, 162.8, 160.3, 135.6
(d, J=2.0 Hz), 133.0 (d, J = 10.6 Hz), 127.6 (d, J = 14.2 Hz), 126.5 (d, J = 3.2 Hz), 120.5
(d, J = 14.0 Hz), 115.8 (d, J = 22.9 Hz).
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(E)-2-0x0-4-(thiophen-2-yl)but-3-enoic acid (3i).

o The title compound was prepared as described for 3a. Starting from 1i

~ A
@A)%OZH ([1i] = 120mg, 50 mM and [2] = 353 mg, 150 mM in the reaction), 3i
3i was obtained as a yellow solid (185 mg, 95%). 'H NMR (400 MHz,

DMSO) § 7.94 (d, J = 16.0 Hz, 1H), 7.87 (d, J = 5.0 Hz, 1H), 7.72 (d, J = 0.6 Hz, 1H),
7.22 (dd, J = 5.0, 3.7 Hz, 1H), 6.97 (d, J = 15.9 Hz, 1H). 23C NMR (101 MHz, DMSO) &
184.9, 164.2, 139.9, 139.1, 134.6, 132.1, 129.1, 119.6.

(E)-4-(3-chlorophenyl)-2-oxobut-3-enoic acid (3lI).
o The title compound was prepared as described for 3a. Starting from 1l
CoH - ([11] = 150mg, 50 mM and [2] = 352 mg, 150 mM in the reaction), 3l
c o3 was obtained as a yellow solid (94 mg, 42%). *H NMR (400 MHz,
DMSO) 8 7.94 (t, J = 2x1.9 Hz, 1H), 7.79 (dt, J = 7.6, 2x1.4 Hz, 1H), 7.72 (d, J = 16.3
Hz, 1H), 7.59 — 7.49 (m, 1H), 7.48 (t, J = 2x7.8 Hz, 1H), 7.36 (d, J = 16.3 Hz, 1H).*C
NMR (101 MHz, DMSO) & 186.4, 164.3, 145.5, 136.1, 133.9, 131.0, 130.9, 128.6, 127.6,

123.1.4

(E)-4-(4-chlorophenyl)-2-oxobut-3-enoic acid (3m).

o The title compound was prepared as described for 3a. Starting from
A
M % {m ([Im] = 150mg, 50 mM and [2] = 352 mg, 150 MM in the
Cl
3m reaction), 31 was obtained as a yellow solid (163 mg, 73%). *H NMR

(400 MHz, DMSO) & 7.85 (d, J = 8.6 Hz, 2H), 7.74 (d, J = 16.3 Hz, 1H), 7.53 (d, J = 8.5
Hz, 2H), 7.31 (d, J = 16.3 Hz, 1H).1*C NMR (101 MHz, DMSO) & 186.7, 164.9, 146.3,
136.5, 133.3, 131.6, 131.3, 129.6, 129.2, 122.8. The spectral properties of this product

matched those reported in the literatura.*

(E)-4-(1H-indol-3-yl)-2-oxobut-3-enoic acid (3q).

o The title compound was prepared as described for 3a. Starting from
QEA)%%H 19 ([1g9] = 130mg, 50 mM and [2] = 296 mg, 150 mM in the reaction),
3q 3q was obtained as a yellow solid (130 mg, 67%).*H NMR (400 MHz,
DMSO0) & 8.17 (d, J = 3.0 Hz, 1H), 8.00 (d, J = 16.0 Hz, 1H), 7.90 (dd, J = 6.5, 2.4 Hz,
1H), 7.51 (dd, J = 7.5, 1.7 Hz, 1H), 7.25 (tt, J = 2x7.2, 2x5.5 Hz, 2H), 7.10 (d, J = 16.0
Hz, 1H). *C NMR (101 MHz, DMSO) § 166.0, 143.9, 138.2, 135.4, 125.4, 123.6, 122.2,
120.6, 115.3, 113.3.

HN
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Synthesis of (S,E)-2-hydroxy-4-arylbut-3-enoic acid derivatives (S-4).

(S,E)-2-hydroxy-4-(2-nitrophenyl)but-3-enoic acid (S-4b).
oH Typical procedure: the reaction (0,5 mmol scale, 20 mL total volume)
WCOZH was conducted in a round-bottom flask (100 mL) at 25 °C and

NO,
S-ab

aldehyde (1b, 150 mg, 1 mmol, 1 eq, 0.05 M in the reaction) dissolved in DMF (4,0 mL,
20% (v/v) in the reaction), a solution of sodium pyruvate (2) (500 uL of a 2.0 M aqueous
stock solution, pH 6.5-7.0, final concentration 0,05 mM), HBPA (5,0 mL of a 0.029 U
mL"! stock solution, 4 mg mL™" in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and
50% (v/v) glycerol, 0.007 U mL™, 1 mg mL™" protein mL™! final concentration in the

magnetically stirred with a bar at 250 rpm. To a solution of the

reaction), glucose (721 mg, 2 mmol, 4 eq, 0.2 M final concentration in the reaction), GDH
(3.30 mL of a stock solution 20.8 U mL%, 5.2 mg mLtin 10 mM HEPES buffer pH 6.5,
50 mM NacCl, and 50% (v/v) of glycerol, 3.4 U mL* final concentration in the reaction)
and DpkApsyrin (5.0 mL of a stock solution 2.6 102 U mL?, 4 mg mLtin 20 mM TEA
buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10° U mL™ final
concentration in the reaction) were adding. The reaction was started by adding a solution
of NADP™ (6,2 mL of stock solution 16 mM in 0,4 M sodium phosphate buffer pH 8.0, 5
mM final concentration in the reaction). Samples were withdrawn immediately after the
addition of aldol substrate (0 h) and after 24 h and analyzed by HPLC as described above.
The purification was done following the protocol described for 3a. S-4b was obtained as
a white solid (152 mg, 69%).'H NMR (400 MHz, DMSO) & 7.94 (dd, J = 8.1, 1.3 Hz,
1H), 7.80 (dd, J = 7.9, 1.4 Hz, 1H), 7.69 (td, J = 7.7, 7.6, 1.4 Hz, 1H), 7.53 (td, J = 7.8,
7.4, 1.4 Hz, 1H), 6.99 (dd, J = 15.8, 2.0 Hz, 1H), 6.51 (dd, J = 15.7, 4.9 Hz, 1H), 4.77
(dd, J = 4.9, 2.0 Hz, 1H). 3C NMR (101 MHz, DMSO) & 173.2, 147.9, 133.5, 133.3,
130.6, 128.7, 128.2, 124.1, 123.9, 70.6.

(E)-2-hydroxy-4-(2-nitrophenyl)but-3-enoic acid (rac-4b).

o The aldol precursor 3b was prepared and purified as described for 3a,

wcozH starting from 1b (150 mg, 1 eq, 0.1 M concentration in the reaction)

NOz and 2 (109 mg, 1 eq, 0.1 M concentration in the reaction). Chemical

rac-4b

reduction was carried out as follows: Typical procedure: A dried

three-necked round bottomed flask was charged with anhydrous MeOH (25 mL) under
N> atmosphere. Then, CeClz*7H.0 (6.6 g, 17,2 mmol, 39.2.0 eq) was dissolved, and
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added a portion of 3b (100 mg, 0,45 mmol, 1.0 eq) after 30 minutes on magnetic stirring
(300 rpm) at rt. The chemical reduction was initiated by adding NaBH4 (17.1 mg, 0,45
mmol, 1.0 eq), the mixture was stirred at 25 °C for 10 min. Formation of rac-4b was
estimated by measuring the aldol adduct 3b consumed by HPLC. When the conversion
was maximized, a solution 5% NaHCO3 (50 mL) was add to stop the reaction. After that,
the solvent was evaporated under vacuum. Aqueous phase was adjusted to pH 2.0 with a
3M HCI solution and extracted with AcOEt (3 x 50 mL). The organic phases were
combined, washed with water (3x100 mL), brine (3 x 100 mL) and dried over anhydrous
magnesium sulfate. The solvent removed under vacuum affording (E)-2-hydroxy-4-(2-
nitrophenyl)but-3-enoic acid (rac-4b) as brown solid (85 mg, 85%). NMR spectra were
indistinguishable from that of S-4b.

1500 S-4b | 1500
1250 | 1250
1000 | 1000
| <
[ £
750 rac-4b | 750
500 | 500
250 }L | 250
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Minutes

Figure S1. CPHPLC chromatogram of S-4b from DpkApsyrin catalysis (A) rac-4b. (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 85:15 (v/v), tr (R) = 19.0 min,
tr (S) = 20.3 min.

(S,E)-2-hydroxy-4-phenylbut-3-enoic acid (S-4a).
- OH The title compound was prepared as described for S-4b starting from
WCOZH 1a (150 mg). The (3a and S-4a mixture) was obtained as a yellow solid
S (90 mg, 40%). 3a 'H NMR (400 MHz, DMSO) & 7.88 — 7.78 (m, 2H),
7.76 (d, J = 16.3 Hz, 1H), 7.56 — 7.40 (m, 3H), 7.30 (d, J = 16.3 Hz, 1H). 13C NMR (101
MHz, DMSO) § 186.6, 164.9, 148.0, 134.3, 132.0, 129.6, 122.0. S-4a *H NMR (400 MHz,
DMSO0) & 7.43 (d, J = 6.9 Hz, 1H), 7.33 (t, J = 2x7.6 Hz, 2H), 7.25 (t, J = 2x7.3 Hz, 1H),
6.69 (dd, J = 16.0, 1.8 Hz, 1H), 6.35 (dd, J = 15.9, 5.6 Hz, 1H), 4.68 (dd, J = 5.6, 1.8 Hz,
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1H). 3C NMR (101 MHz, DMSO0) & 173.8, 136.2, 130.2, 128.7, 127.9, 127.7, 126.4,
70.9.

Synthesis of S-3a in a one-pot two-step system.

Aldol addition (1%%): Synthesis of 3a. The reaction (1 mmol scale, 14 mL total volume)
was conducted in an erlenmeyer at 25 °C and an orbital shaker (250 rpm). To a solution
of the aldehyde (1a, 150mg, 1.4 mmol, 100 mM in reaction) dissolved in DMF (20% v/v
in reaction), a solution of sodium pyruvate (2) (700 uL of a 2.0 M concentrated solution,
pH 6.5-7.0, 3.12 mmol, 100 mM in reaction, 1eq) was added. The reaction was initiated
with the addition of enzyme (HBPA wt, 3.5 mL of a 0.029 U mL stock solution, 4 mg
mL* in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) glycerol, 0.007
U mL?, 1 mg mL*? protein mL™* final concentration in reaction). The mixture was placed
on an orbital shaker (250 rpm) at 25 °C for 24 h. The reaction was monitored by HPLC.
The reaction was monitored by HPLC and samples were extracted immediately after
enzyme addition (0 h) and after 24 h as described above. Aldol reduction (2"9). After
24h, the reduction reaction (28 mL final volume) was carried out adding glucose (1 g, 4.0
mmol, 4 eq, 0.2 M final concentration in the reaction,), GDH (4.6 mL of a stock solution
20.8 U mL?, 5.2 mg mLtin 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v)
of glycerol, 3.4 U mL final concentration in the reaction), and DpkApsyrin (7.0 mL of a
stock solution 2.6 102 U mL, 4 mg mL~tin 20 mM TEA buffer pH 7.0, 100 mM NacCl,
and 50% (v/v) of glycerol, 6.5 103 U mL™* final concentration in the reaction) were
adding. The reaction was started by adding a solution of NADP* (2.4 mL of stock solution
58.3 mM in 1M sodium phosphate buffer pH 8.0, 5 mM final concentration in the
reaction). Samples were withdrawn immediately after the addition of aldol substrate (0 h)
and after 24 h and analyzed by HPLC as described above. The purification was done
following the protocol described for 3a. the compound S-4a was obtained as a white solid
(176 mg, 62%). *H NMR (400 MHz, DMSO0) & 7.43 (d, J = 6.9 Hz, 1H), 7.33 (t, J = 2x7.6
Hz, 2H), 7.25 (t, J = 2x7.3 Hz, 1H), 6.69 (dd, J = 16.0, 1.8 Hz, 1H), 6.35 (dd, J = 15.9,
5.6 Hz, 1H), 4.68 (dd, J = 5.6, 1.8 Hz, 1H). 13C NMR (101 MHz, DMSO) § 173.8, 136.2,
130.2, 128.7, 127.9, 127.7, 126.4, 70.9.
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(E)-2-hydroxy-4-phenylbut-3-enoic acid (rac-3a).

- OH Synthesis of title compound was performed as described for rac-4b
starting from 3a (100 mg), rac-4a was obtained as a white solid (90 mg,
o 90%). NMR spectra were indistinguishable from that of S-4a.
2000 —— — 2000
oo S-4a §18°°
oo rac-4a 5800
600 600
zoo: N N 200
0 o

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Minutes

Figure S2. CPHPLC chromatogram of S-4a from DpkApsyrin catalysis (A) rac-4a. (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v). tr (R) = 7.9 min, tr
(S) = 10.4 min.

(S,E)-4-(2-fluorophenyl)-2-hydroxybut-3-enoic acid (S-4c).

OH The title compound was prepared as described for S-4b, starting from 1c
@f\ACOﬁ (110 mg) S-4c was obtained as a white solid (138 mg, 72%). ‘H NMR
e (400 MHz, DMSO) 5 7.60 (t, J = 7.3, 7.3 Hz, 1H), 7.31 (dd, J = 9.9, 3.9

Hz, 1H), 7.19 (q, J = 7.8, 7.8, 7.2 Hz, 1H), 6.82 (d, J = 16.1 Hz, OH), 6.48 (dd, J = 16.1,
5.2 Hz, 1H), 4.72 (dd, J = 5.1, 1.4 Hz, 1H). 3C NMR (101 MHz, DMSO) § 173.5, 159.5
(d, J = 247.2 Hz), 130.9 (d, J = 4.7 Hz), 129.4 (d, J = 8.5 Hz), 127.7 (d, J = 3.6 Hz), 124.7
(d, J=3.3 Hz), 123.7 (d, J = 11.9 Hz), 122.0 (d, J = 3.7 Hz), 115.7 (d, J = 21.9 Hz), 70.8.

(E)-4-(2-fluorophenyl)-2-hydroxybut-3-enoic acid (rac-4c).

OH Synthesis of title compound was performed as described for rac-4b
w Co:H starting from 3c (70 mg). rac-4c was obtained as a white solid (59 mg,
':ac-4c 84%). NMR spectra were indistinguishable from that of S-4c.
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Figure S3. CPHPLC chromatogram of S-4c from DpkApsyrin catalysis (A) rac-4c (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v), tr (R) = 9.5 min, tr
(S) = 10.4 min.

(S,E)-4-(2-chlorophenyl)-2-hydroxybut-3-enoic acid (S-4d).

OH The title compound was prepared as described for S-4b, starting from 1d
i
WCOZH (130 mg). S-4d was obtained as a white solid (138 mg, 71%). *H NMR
Cl
S-4d (400 MHz, DMSO) 6 7.68 (dd, J = 7.5, 2.0 Hz, 1H), 7.45 (dd, J = 7.5,

1.8 Hz, 1H), 7.30 (pd, J = 4x7.3, 1.8 Hz, 2H), 7.03 (dd, J = 15.9, 1.9 Hz, 1H), 6.45 (dd, J
=15.8, 5.1 Hz, 1H), 4.75 (dd, J = 5.1, 2.0 Hz, 1H). 3C NMR (101 MHz, DMS0) § 173 4,
134.0, 131.9, 131.3, 129.6, 129.2, 127.5, 127.1, 125.3, 70.7.

(E)-4-(2-chlorophenyl)-2-hydroxybut-3-enoic acid (rac-4d).

OH Synthesis of title compound was performed as described for rac-4b
@vaOZH starting from 3d (100 mg). rac-4d was obtained as a white solid (95 mg,
Cl
rac-4d 95%). NMR spectra were indistinguishable from that of S-4d.
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Figure S4. CPHPLC chromatogram of S-4d from DpkApsyrin catalysis (A) rac-4d (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v), tr (R) = 8.3 min, tr
(S) = 9.3 min.

(S,E)-4-(2-bromophenyl)-2-hydroxybut-3-enoic acid (S-4e).
on The title compound was prepared as described for S-4b, starting from 1e
@\/\/:\COﬁ (150 mg). S-4e was obtained as a white solid (163 mg, 78%).'H NMR
E;e (400 MHz, DMSO) 6 7.66 (d, J = 6.2 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H),
7.36 (t, J=2x6.9, Hz, 1H), 7.20 (td, J = 7.7, 7.6, 1.7 Hz, 1H), 6.99 (dd, J = 15.8, 1.9 Hz,
1H), 6.41 (dd, J = 15.8, 5.1 Hz, 1H), 4.75 (dd, J = 5.2, 2.0 Hz, 1H). 3C NMR (101 MHz,

DMSO) 6 173.4,135.7,132.9, 131.4, 129.5, 128.1, 128.0, 127.2, 122.9, 70.6.

(E)-4-(2-bromophenyl)-2-hydroxybut-3-enoic acid (rac-4e).

OH Synthesis of title compound was performed as described for rac-4b
A
@\/;/%w starting from 3e (100 mg). rac-4e was obtained as a white solid (90 mg,
rac-de 90%). NMR spectra were indistinguishable from that of S-4e.
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Figure S5. CPHPLC chromatogram of S-4e from DpkApsyrin catalysis (A) rac-4e (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v). tr (R) = 7.4 min, tr
(S) = 8.4 min.

(S,E)-2-hydroxy-4-(2-iodophenyl)but-3-enoic acid (S-4f).

OH The title compound was prepared as described for S-4b, starting from 3f

A
WCOQH (160 mg). S-4f was obtained as a white solid (158 mg, 75%).'"H NMR
s-af (400 MHz, DMSO) 6 7.87 (dd, J = 7.9, 1.3 Hz, 1H), 7.59 (dd, J = 7.9,

1.7 Hz, 1H), 7.37 (td, J = 2x7.6, 1.3 Hz, 1H), 7.02 (td, J = 2x7.6, 1.6 Hz, 1H), 6.86 (dd,
J=15.7,1.9 Hz, 1H), 6.33 (dd, J = 15.7, 5.1 Hz, 1H), 4.74 (dd, J = 5.1, 2.0 Hz, 1H). 13C
NMR (101 MHz, DMSO) & 173.4, 139.4, 138.9, 133.0, 131.2, 129.5, 128.7, 126.6, 100.2,
70.5.
(E)-2-hydroxy-4-(2-iodophenyl)but-3-enoic acid (rac-4f).

on Synthesis of title compound was performed as described for rac-4b
(I\ACOZH starting from 3f (100 mg). rac-4f was obtained as a white solid (98 mg,

' 98%). NMR spectra were indistinguishable from that of S-4f.

rac-4f
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Figure S6. CPHPLC chromatogram of S-4f from DpkApsyrin catalysis (A) rac-4f (B).

Conditions: CHIRALPACK® ID, flow rate 1 mL min~tat 30 °C and detection at 254

nm. Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v). tr (R) = 8.4
min, tr (S) = 9.3 min.

(S,E)-4-(2,6-difluorophenyl)-2-hydroxybut-3-enoic acid (S-49).

3 OH The title compound was prepared as described for S-4b, starting from

i
@f:ACOZH 1g (130 mg). S-4g was obtained as a white solid (138 mg, 70%). *H
S-4g NMR (400 MHz, DMSO) 6 7.36 (tt, J = 8.5, 8.5, 6.5, 6.5 Hz, 1H), 7.13

(t, J = 8.6, 8.6 Hz, 2H), 6.73 (dd, J = 16.3, 1.8 Hz, 1H), 6.61 (dd, J = 16.4, 4.7 Hz, 1H),
4.77 (dd, J = 4.7, 1.8 Hz, 1H). 13C NMR (101 MHz, DMSO0) § 173.3, 161.3 (d, J = 8.0
Hz), 158.8 (d, J = 7.8 Hz), 135.1 (t, J = 7.6, 7.6 Hz), 129.3 (t, J = 10.9, 10.9 Hz), 115.8,
113.1, 112.1 (d, J = 6.3 Hz), 111.9 (d, J = 6.2 Hz).

(E)-4-(2,6-difluorophenyl)-2-hydroxybut-3-enoic acid (rac-4g).

3 OH Synthesis of title compound was performed as described for rac-4b
AN
@f:xCOZH starting from 3g (100 mg). rac-4g was obtained as a yellow solid (90
rac-4g mg, 90%). NMR spectra were indistinguishable from that of S-4g.
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Figure S7. CPHPLC chromatogram of S-4g from DpkApsyrin catalysis (A) rac-4g (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v). tr (R) = 9.9 min, tr
(S) = 14.0 min.

(S,E)-4-(2-chloro-6-fluorophenyl)-2-hydroxybut-3-enoic acid (S-4h).

F OH The title compound was prepared as described for S-4b, starting from
L
@?ACOZH 19 (130 mg). S-4h was obtained as a white solid (160 mg, 85%). ‘H
Cl
S-4h NMR (400 MHz, DMSO) 6 7.36 (td, J = 7.9, 7.8, 2.1 Hz, 2H), 7.33 -

7.22 (m, 1H), 6.83 (dd, J = 16.3, 2.0 Hz, 1H), 6.57 (ddd, J = 16.3, 4.7, 1.1 Hz, 1H), 4.78
(dd, J = 4.8, 2.0 Hz, 1H). 3C NMR (101 MHz, DMSO) & 173.3, 161.7, 159.2, 136.0 (d,
J=11.8 Hz), 129.4 (d, J = 10.4 Hz), 125.9 (d, J = 3.4 Hz), 122.6 (d, J = 14.7 Hz), 119.7,
115.2 (d, J = 23.4 Hz), 70.8.

(E)-4-(2-chloro-6-fluorophenyl)-2-hydroxybut-3-enoic acid (rac-4h).

F OH Synthesis of title compound was performed as described for rac-4b
A
wCOZH starting from 3h (100 mg). rac-4h was obtained as a white solid (90
Cl
rac-4h mg, 90%). NMR spectra were indistinguishable from that of S-4h.
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Figure S8. CPHPLC chromatogram of S-4h from DpkApsyrin catalysis (A) rac-4h (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v), tr (R) = 7.7 min, tr
(S) = 8.2 min.

(S,E)-2-hydroxy-4-(thiophen-2-yl)but-3-enoic acid (S-4i).

OH The title compound was prepared as described for S-4b, starting from 3f
WCOW (100 mg). S-4i was obtained as a white solid (94 mg, 57%). *H NMR
S-4i (400 MHz, DMSO) 6 7.42 (d, J = 5.0 Hz, OH), 7.11 (d, J = 3.5 Hz, 1H),

7.01(dd, J=5.1, 3.5 Hz, 1H), 6.85 (dd, J = 15.7, 1.8 Hz, 1H), 6.08 (dd, J = 15.7, 5.6 Hz,
1H), 4.64 (dd, J = 5.6, 1.8 Hz, 1H). *C NMR (101 MHz, DMSO) § 173.6, 141.1, 127.8,
127.2,126.5, 125.2, 123.7, 70.5.

(E)-2-hydroxy-4-(thiophen-2-yl)but-3-enoic acid (rac-4i).

OH Synthesis of title compound was performed as described for rac-4b
~ X
\_s coan starting from 3i (45 mg). rac-4i was obtained as a white solid (43 mg, 96
rac-4i %). NMR spectra were indistinguishable from that of S-4i.
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Figure S9. CPHPLC chromatogram of S-4i from DpkApsyrin catalysis (A) rac-4i (B).
Conditions: CHIRALPACK® ID, flow rate 1 mL min~*at 30 °C and detection at 254 nm.
Isocratic elution hexane + 0,1%TFA: 'PrOH + 0,1%TFA 90:10 (v/v). tr (R) = 7.5 min, tr
(S) = 8.3 min.

Steady-state kinetic studies of DpkApsyrin for sodium pyruvate.

The Kinetic parameters for DpkApsyrin Were determined in a continuous assay method
monitoring the oxidation of NADPH to NADP" at 340 nm (NADPH &340 = 6.22 mM!
cm™1) using sodium pyruvate as substrates (Figure S10A). The reaction was monitored
during 15 min measuring each 30 s. The assay mixture (0.3 mL) consisted of 50 mM Tris-
HCI buffer pH 8.0, containing NADPH (0.16 mM), sodium pyruvate (1-60 mM) and
appropriate amounts of enzymes (optimal range of enzyme concentration determined for
each substrate, Figure S10B). One unit of activity was defined as the amount of enzyme
that catalyze the formation of 1 umol NADP" per min at 30 °C. Measurements were
carried out in triplicate independent experiments. To determine the Kinetic parameters,
data were fitted to the Michaelis-Menten kinetic model using the software GraphPad
Prism version 5.0 (Figure S10C).
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Figure S10. Reduction of 3a to 2R-4a catalyzed by KPREcoli. (A). Initial reaction rate (Vo)
vs the enzyme concentration. The arrow shows the enzyme concentration selected to
perform the enzyme assay (B) and V, vs substrate concentration (0.01 (Km#P) <[S]1<0.6
(Km??)), adjusted to a Michaelis-Menten model by non-linear regression method (C).

Each point is the mean of three independent experiments.

X-Ray structures

Suitable single crystals for X-ray structural analysis of (S)-4c, (S)-4d, and (S)-4e were
obtained at room temperature. Compounds (S)-4c, (50mg), (S)-4d (30 mg), and (S)-4e (50
mg) were dissolved in Hexane:Et,Ol 2:1 (v/v) (3 mL). Crystals were obtained by
evaporation in glass vials (6 mL, 3.5 cm, @ 1.4 cm) after 48 h at 25 °C. The X-ray
diffraction analysis indicates that DpkApsyrin having S configuration (Table S3).

Table S3. X-ray Crystallographic partial data.

Identification code S-4c S-4d S-4e
CCDC number
Bond precision C-C 0.0084 A 0.0088 A 0.0162 A
Wavelength 1.54178 0.71073 0.71073
a=3.9579(2) a=9.4407(4) a=9.5962(3)
Cell b=5.8045(3) b=10.4356(6) b=10.4564(4)
€=38.6073(17) €=20.2586(9) €=20.4188(9)
=90 =90 y=90 =90 =90 y=90 =90 =90 y=90
Temperature 120 K 120 K 120 K
Volume 886.95(8) 1995.87(17) 2048.86(14)
Space group P212121 P212121 P212121
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Hall group P 2ac 2ab P 2ac 2ab P 2ac 2ab
Moiety formula Cio HoF O3 Cio HgCl O3 Cio He Br O3
Sum formula Clo HoF 03 Clo Ho C|O3 C10 Hq Br 03
Mr 196.17 212.62 257.07

Dx,g cm-3 1.469 1.415 1.667

Z 4 8 8

Mu (mm-1) 1.044 0.359 3.990

FO00 408.0 880.0 1024.0

F000’ 409.56 881.63 1022.26
h,k,Imax 4,6,46 12,13,26 12,13,26
Nref 1605[1011] 4887[2776] 4923[2795]
Tmin, Tmax 0.829,0.930 0.933,0.986 0.419,0.595
Tmin’ 0.701 0.879 0.384

Data completeness 1.53/0.96 1.73/0.98 1.75/0.99
Theta(max) 67.713 Theta(max)= 28.128 | 27.927

S 1.108 1.107 1.114
wR2(reflections) 0.2173(1544)) 0.1332(4789) 0.2176(4886)
R(reflections)= 0.0716(1291) 0.0637( 3589) 0.0807(4180)
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