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Síntesis biocatalíticas concurrentes de compuestos quirales 

multifuncionales. Cascadas de aldosas con transaminasas o 

cetoreductasas. 

 

Resumen. 

Las reacciones enzimáticas en cascada concurrentes o consecutivas han sido objeto de 

especial atención 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 más eficiente el proceso sintético. En esta Tesis, se 

estudia el diseño de rutas biocatalíticas para la síntesis de compuestos quirales a partir de 

precursores sencillos, en el que cada reacción enzimática contribuye a aumentar el grado 

de complejidad de las moléculas finales. Con este enfoque, se sintetizaron derivados de 

γ-hidroxi-α-aminoácidos, 2-hidroxi-4-butirolactonas y del ácido 2-hidroxi-4-arilbut-3-

enóico. Los γ-hidroxi-α-aminoácidos por sus propiedades biológicas son relevantes en la 

industria farmacéutica. Por ejemplo, la (2S,3R,4S)-4-hidroxiisoleucina, la 4-hidroxi-L-

norvalina y el ácido 4-hidroxipipecólico se utilizan en el tratamiento de la diabetes 

mellitus. Además, estos compuestos son precursores quirales de moléculas bioactivas, 

como antibióticos, fungicidas y herbicidas, tales como, las -amino--butirolactonas, la 

4,5-dihidroxinorvalina o el ácido 4-hidroxipiroglutamico y sus derivados. En este sentido, 

en el capítulo 3.1 nos planteamos la síntesis diastereoselectiva de -hidroxi--

aminoácidos a través de reacciones enzimáticas consecutivas acoplando una aldolasa y 

varios sistemas de transaminación con excelente enantioselectividad. Los γ-hidroxi-α-

aminoácidos fueron trasformados por medios químicos en α-amino-γ-butirolactonas (12 

compuestos). Por otra parte, los derivados de 2-hidroxiácidos y las 2-hidroxi-4-

butirolactonas son sintones relevantes para la síntesis de moléculas con actividad 

biológica, tanto naturales como sintéticas, así como auxiliares quirales en síntesis 

orgánica asimétrica. Para la obtención de estas moléculas, se han desarrollado diversos 

métodos de síntesis, como la reducción asimétrica con complejos metálicos, reacciones 

aldólicas estereoselectivas con metal u organocatálisis, y reducción enzimática, entre 

otros. En el capítulo 3.2 se aborda la síntesis diastereoselectiva de 2-hidroxi-4-

butirolactonas mediante reacciones aldólicas catalizadas por una aldolasa 

estereoselectivas, seguida de reducción del grupo carbonilo de los productos aldólicos 

utilizando deshidrogenasas estereocomplemetarias. En total se sintetizaron 29 productos: 



los enantiómeros de la 2-hidroxi-4-butirolactona (>99% ee), 2-hidroxi-3-alquil-4-

butirolactonas con configuración (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 

configuración (2S,4R) con 87:13 a 98:2 razón diastereomérica). 

Finalmente, los derivados del ácido 2-hidroxi-4-arilbut-3-enóico son precursores 

relevantes en la síntesis de fármacos (p. ej. Enalapril, lisinopril, Cilapril o Benazepril) 

inhibidores de la enzima convertidora de angiotensina, usados en el tratamiento de 

disminuyen de la presión arterial. En el capítulo 3.3, se aprovecha la actividad promiscua 

de la enzima 1-piperidina-2-carboxilato/1-pirrolina-2-carboxilato reductasa de 

Pseudomonas syringae pv. tomato DSM 50315 (DpkA) para lograr la síntesis 

estereoselectiva de ácidos 2-hidroxi-4-arilbut-3-enóicos. La estrategia sintética consistió 

en reacciones enzimáticas consecutivas entre la aldolasa HBPA, que catalizó reacciones 

de condensación aldólica entre piruvato y aldehídos aromáticos, seguida de la reducción 

estereoselectiva catalizada por la DpkA. En total, se sintetizaron 9 derivados del ácido 2-

hidroxi-4-arilbut-3-enóico con configuración (S,E) con un 87-99% de pureza 

enantiomérica.  

Palabras claves: Biocatalizadores, 4-hidroxi-2-oxácidos, Aminación reductiva, 2-

Oxoacidos Aldolasa y Promiscuidad enzimática.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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 γ-hydroxy-α-amino acids, 2-hydroxy-4-

butyrolactones and 2-hydroxy-4-arylbut-3-enoic acid were synthesized. The γ-hydroxy-

α-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 -amino--butyrolactones, 4,5-dihydroxynorvaline or 4-

hydroxypyroglutamic acid and its derivatives. In this sense, in chapter 3.1 we approached 

the diastereoselective synthesis of -hydroxy-α-amino acids through consecutive 

enzymatic reactions coupling an aldolase and several transamination systems with 

excellent enantioselectivity. The γ-hydroxy-α-amino acids were chemically transformed 

into α-amino-γ-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-butyrolactones 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 1-piperidine-2-carboxylate/1-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: Cromatografía de intercambio aniónico. 

CIC: Cromatografía de intercambio catiónico. 

DMAP: 4-Dimetilaminopiridina 

DMF: Dimetilformamida. 

DMSO: Dimetilsulfóxido. 

dr: Relación de diastereoisómeros.  

EC: Número de la comisión de enzimas. 

EDAC: 1-etil-3-(3-dimetilaminopropil)carbodiimida, clorhidrato 

ee: Exceso enantiomérico.  

HPLC: Cromatografía Liquida de Alta Eficacia.  

HOBt: Hidroxibenzotriazol. 

IBX: Ácido 2-iodobencoico.   

IPTG: Isopropil-β-D-1-tiogalactopiranósido. 

IUBMB: Unión Internacional de Bioquímica y Biología Molecular. 

PDB: Banco de datos de proteínas  

PLP: Piridoxal fosfato. 

RMN: Resonancia magnética nuclear.  

TA: Transaminasas.  

TEA: Trietilamina. 

THF: Tetrahidrofurano. 

TLC: Cromatografía de capa fina  

ThDP: Pirofosfato de tiamina. 

 

Abreviaturas de grupos protectores usados  

  

Boc: terc-butiloxicarbonilo 

Cbz: Benciloxicarbonil. 

PheAc: Fenilacetil 

Ts:  p-toluenosulfonilo  

 

 

 

 

 



SUMARIO. 

Sección I: Introducción general, contiene una revisión de los aspectos teóricos y 

antecedentes más relevantes para esta Tesis, por ejemplo: biocatálisis, reacciones y 

promiscuidad enzimáticas, cascadas biocatalíticas, generalidades de las enzimas 

utilizadas en esta Tesis: aldosas, transaminasas y óxido-reductasas. Referencias 

bibliográficas.  

 

Sección II: Objetivos, expone la meta general de esta Tesis. Se incluye una lista de 

objetivos específicos, cada uno de ellos corresponde a un artículo científico que serán 

presentados en capítulos posteriores.  

 

Sección III: Contiene las publicaciones (Capítulos 3.1 y 3.2) y un manuscrito para una 

publicación (Capítulo 3.3) productos del trabajo experimental realizado en esta Tesis. 

- Capítulo 3.1 Síntesis de derivados de 4-hidroxi aminoácidos mediante 

reacciones enzimáticas en tándem de adición aldólica y transaminación. 

- Capítulo 3.2 Síntesis estereoselectiva de 2-hidroxi-4-butirolactonas mediante 

reacciones en enzimáticas en tándem de adición aldólica y reducción. 

- Capítulo 3.3 Ampliación de las aplicaciones sintéticas de la Δ1-piperidina-2-

carboxilato/Δ1-pirrolina-2-carboxilato reductasa de Pseudomonas syringae 

(DpkA). Síntesis estereoselectiva de derivados del ácido (S,E)-2-hidroxi-4-

arilbut-3-enoico. 

Sección IV: Se presenta un análisis y discusión integrativa de los resultados de la Tesis. 

 

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

 

Sección VI: Materiales y métodos de cada capítulo, en este apartado se presentan los 

procedimientos y condiciones experimentales de cada una de las síntesis químicas o 

enzimáticas realizadas en esta Tesis. Además, añaden los experimentos de cristalización 

y difracción de rayos X para determinar la estereoquímica absoluta de los productos 

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

 

Anexos: Comprende los espectros de RMN (1H, 13C, COSY, HSQC, HMBC y NOESY) 

de los compuestos purificados: material de partida, productos intermediarios y productos 

finales. Esta información se encuentra en el CD (o lápiz de memoria) adjunto en este 

trabajo. 
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1.1. Biocatálisis 

La biocatálisis es un campo entre la química, bioquímica y biología que comprende el 

uso de enzimas como catalizadores en reacciones orgánicas que no se dan en su entorno 

natural. Las enzimas, como cualquier otro catalizador artificial, aumenta la velocidad de 

una reacción química, disminuyendo la energía de activación del proceso.1 Durante la 

catálisis enzimática se pueden dar varios mecanismos catalíticos como: catálisis ácido-

base, covalente, mediada por cationes metálicos (ácidos de Lewis), electrostática, por 

efectos de proximidad y orientación y por estabilización preferencial del estado de 

transición de la reacción.2 A diferencia de los catalizadores desarrollados por el hombre, 

las enzimas poseen una elevada eficiencia catalítica determinada por la especificidad en 

la unión del sustrato, combinado con una óptima distribución de los grupos catalíticos en 

el centro activo y una elevada reactividad del sustrato en el complejo enzima-sustrato.3  

La disposición de los residuos de aminoácidos que participan en la unión del sustrato y la 

catálisis es, por supuesto, el resultado de eones de evolución. La naturaleza ha tenido 

muchas oportunidades de perfeccionar las enzimas como biocatalizadores, por ejemplo: 

enzimas como la catalasa (CAT, EC: 1.11.1.6), superóxido 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 perfección catalítica al presentar valores de kcat/Km en el rango de 108-109 M–1 lo que 

hace que la catálisis esté controlada por los procesos de difusión.1c  

La catálisis enzimática es esencial para que ocurra la mayoría de las reacciones o 

transformaciones químicas presentes en el metabolismo, funcionando con elevada 

eficiencia y selectividad.4 Durante el proceso evolutivo, los organismos han adquirido la 

capacidad de metabolizar una enorme variedad de compuestos químicos5, lo que ha 

generado una gran diversidad de actividades enzimáticas.5b,6 Los avances en biología 

molecular e ingeniería de proteínas han permitido aislar estos catalizadores del medio 

biológico y modificar su reactividad y selectividad con el objetivo de aplicarlos en síntesis 

orgánica.3,7 La elevada eficiencia catalítica de las enzimas, así como, su alta regio y 

estereoselectividad hace que se disminuya los tiempos de reacción y se simplifique la 

purificación de los productos finales. Estas ventajas han permitido la implantación de 

diferentes procesos biocatalíticos en la síntesis de valiosos compuestos de interés 

industrial (Figura 1).3,7-8
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Figura 1. Ejemplos de compuestos sintetizados utilizando estrategias enzimáticas o quimio-

enzimáticas: Polímeros.8a,d Alimentos.8e,f Combustible.8g,h Fragancias.8i Farmacéutica.3 Industria 

cosmética.8j Investigación biológica.8k,l Química fina.8d 

1.2. Clasificación de las enzimas  

Las enzimas son moléculas de origen biológico constituidas por aminoácidos, conectados 

entre sí mediante enlaces amida y que adoptan estructuras tridimensionales precisas 

responsable de su actividad catalítica.1c Para estudiar el uso de estas biomoléculas en la 

síntesis orgánica es necesario, conocer los diferentes tipos de actividades enzimáticas 

presentes en la naturaleza y su clasificación. Por convención de la Unión Internacional de 

Bioquímica y Biología Molecular (IUBMB, de sus siglas en inglés International Union 

of Biochemistry and Molecular Biology)9, las enzimas se pueden clasificar según el tipo 

de reacción que catalizan. Se dividen en 7 clases principales: óxido-reductasas, 

transferasas, hidrolasas, liasas, isomerasas, ligasas (Tabla I).10 Cabe destacar que en 2018 

se añadió una séptima clase: las translocasas,10c siendo hasta ahora poco relevantes para 

la biocatálisis. Según la comisión de enzimas (EC por sus siglas en inglés Enzyme 

Commission) estas se identifican mediante números EC que se compone de cuatro 

elementos separados por puntos (EC a.b.c.d). El primero identifica la clase de reacción 

catalizada. El segundo número (la subclase) contiene generalmente información sobre el 

tipo de compuesto o grupo químico implicado la reacción. El tercer número, especifica 

además el tipo de reacción implicada; y el cuarto número designa el orden en la lista de 

enzimas descrita de este tipo.9,10c  
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Tabla I. Clasificación de las enzimas según IUBMB y ejemplos de uso en Biocatálisis.  

 

Clases de enzimas Ejemplos de aplicación en Biocatálisis 
 

Óxido-reductasas (EC 1.b.c.d) 

Este grupo de enzimas catalizan 

reacciones de transferencia de 

electrones. 

 

Reducción estereoselectiva de 3-quinuclidinona catalizado por la 3-

Quinuclidinona Reductasa (QR, EC 1.1.1.B52) de Microbacterium 

luteolum.11 

 
Transferasas (EC 2.b.c.d) 

Este grupo de enzimas catalizan 

reacciones de transferencia de 

grupos funcionales entre 

moléculas. 

Síntesis estereoselectiva de -aminoácido--ramificados catalizado 

por la transaminasa de aminoácidos aromáticos de E. coli.(ArAt, EC 

2.6.1.57).12  

 
Hidrolasas (EC 3.b.c.d) 

Catalizan reacciones de 

hidrólisis de enlaces C-X (X=C, 

O, S, y P). 

Hidrólisis estereoselectiva de epóxidos catalizado por la limoneno 

1,2-epóxido hidrolasa de Rhodococcus erythropolis DCL14 (LEH, 

EC 3.3.2.8).13  

 
Liasas (EC 4.b.c.d) 

Catalizan reversiblemente la 

formación de enlaces C-X 

(X=C, O ó N) mediante 

mecanismos diferentes a las 

Hidrolasas. 

Reacción de retro-aldólisis catalizadas por la 2-ceto-3-desoxi-L-

ramnonato aldolasa de E coli (YfaU, EC 4.1.2.53).14 

 

 

Isomerasas (EC 5.b.c.d) 

Catalizan el reordenamiento 

intramolecular de grupos. 

Isomerización 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).15 

 
Ligasas (EC 6.b.c.d) 

Catalizan la formación de 

enlaces C-X(X = C, O, S, N y P) 

y P-O. Requieren de energía 

asociada a la hidrólisis de una 

enlace de alta energía (ejemplo 

ATP, AMP). 

Reacción de amidación catalizada por la sintasa formadora de enlaces 

amida –ATP dependiente de Marinactinospora thermotolerans 

(McbA, EC 6.2.1.-).16 

 
Número de enzimas catalogadas por cada tipo a Marzo 2023 (óxido-reductasas 2497, transferasas 

2200, Hidrolasas 1815, liasas 854, isomerasas 334, ligasas, 259).9  

 

1.3. Promiscuidad enzimática.  

De acuerdo con Frances H. Arnold, premio Novel de Química (2018), la promiscuidad 

catalítica se refiere a la capacidad de una enzima para catalizar, además de su reacción 

natural, reacciones no esperadas que proceden a través de diferentes estados de transición 

y/o intermediarios reactivos.17 En 1976, Jensen propuso que las enzimas ancestrales se 

caracterizaban por un amplio espectro de sustratos y reacciones, y que la selección natural 
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recogía y afinaba estas diferentes actividades para generar las enzimas actuales con 

funciones catalíticas específicas.18 Sin embargo, incluso hoy en día, las enzimas no son 

tan específicas como se suele pensar. Muchas pueden catalizar otras transformaciones en 

sus centros activos, lo que se conoce como promiscuidad catalítica.19 Estas nuevas 

actividades enzimáticas, a menudo encontrada gracias a una serendipia, resultan muy 

ventajosas a la hora de extender el uso de las enzimas en síntesis orgánica.17b,19c 

 

Por ejemplo, la L-serina hidroximetiltransferasa de Streptoccocus thermophilus (SHMT, 

EC 2.1.2.1), in vivo, cataliza la formación de L-Ser a partir de N5,N10-

metilentetrahidrofolato (N5,N10-metilenTHF) y Gly.20 Sin embargo, se ha descrito que in 

vitro esta enzima es capaz de catalizar la adición aldólica de Gly y D-Ala a diferentes 

aldehídos (Figura 2).21  

 

Figura 2. La SHMT cataliza in vivo la síntesis de L-Ser a partir de N5,N10-metilenTHF y Gly. Sin 

embargo, in vitro cataliza la adición aldólica de Gly y D-Ala a aldehídos no naturales. 

 

Otro ejemplo donde se ha encontrado promiscuidad catalítica es la Trans-o-

hidroxibenzilidenepiruvato hidratasa-aldolasa de Pseudomonas putida (HBPA, EC 

4.1.2.45) que cataliza la condensación aldólica de piruvato al 2-hidroxibenzaldehído 

seguido de la deshidratación del aldol.22 La HBPA es capaz de catalizar la misma reacción 

con una variedad de aldehídos mostrando promiscuidad hacia el sustrato electrófilo. Sin 

embargo, en su centro activo solo reconoce al piruvato como sustrato nucleófilo, no 

pudiendo catalizar reacciones con otros 2-oxoácidos (Figura 3).22-23 
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Figura 3. Reacción de condensación aldólica catalizada por la HPBA y diversos aldehídos. Se 

muestra la promiscuidad por el electrófilo de la enzima. 

  

En esta misma enzima se ha reportado promiscuidad hacia el tipo de reacción a catalizar. 

Esto ocurre cuando existen transformaciones químicas que comparten mecanismos de 

reacción similares. En este sentido, la HBPA es capaz de catalizar adiciones de Michael 

de piruvato a β-nitroestirenos, rindiendo después de una descarboxilación oxidativa, 

ácidos β-aril-γ-nitrobutíricos. En este caso, la enzima al catalizar una condensación 

aldólica tiene como intermediario de reacción la enamina del piruvato (reacción natural) 

que también puede adicionarse a un compuesto carbonílico α,β-insaturado dando una 

adición de Michael, promiscuidad catalítica (Figura 4).24 

 

Figura 4. Ejemplo de promiscuidad catalítica. Reacción de adición de Michael de piruvato a β-

nitroestirenos catalizada por la HPBA.  

 

https://es.wikipedia.org/wiki/Grupo_carbonilo
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Esta variación en el comportamiento catalítico natural de las enzimas, se puede optimizar 

mediante técnicas de biología molecular (p. ej. Evolución dirigida), abriendo un abanico 

de posibilidades de aplicaciones sintéticas desde el laboratorio hasta la industria.25 Esta 

estrategia se utilizó con la halohidrina deshalogenasa de Agrobacterium radiobacter AD1 

(HHDH, E.C. 4.5.1.-), enzima que cataliza la síntesis de etil (R)-4-ciano-3-

hidroxibutanoato, un valioso intermediario en la producción de atorvastatina (fármaco 

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 

evolución dirigida se incrementó la actividad de la enzima hacia el sustrato obteniéndose 

una variante enzimática que aumenta la productividad del proceso (de 144 mg L–1 de 

producto de interés a 576 g L–1 en 24 h) después de 18 rondas de mutagénesis (Figura 

5).19c,25  

 

 

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 evolución dirigida imitando 

al proceso evolutivo que se da en la naturaleza durante millones de años. En este ejemplo, se logró 

una mejora sustancial del biocatalizador que puede ser utilizado en un proceso industrial.  

1.4. Sistemas enzimáticos acoplados.  

La naturaleza ha permitido, a través de la evolución, acoplar secuencialmente reacciones 

enzimáticas que se alimentan unas a otras, originando complejas rutas enzimáticas que en 

su conjunto se conocen como Metabolismo.1c In vitro las reacciones enzimáticas 

acopladas, también conocidas como cascadas enzimáticas o concurrentes presentan como 

ventajas el hecho de poder condensar en un único medio de reacción múltiples etapas de 
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síntesis, sin necesidad de aislar los compuestos intermediarios, lo que supone una elevada 

economía atómica (Figura 6A).26 Además, se puede aumentar los rendimientos de 

productos finales al combinar pasos de síntesis irreversibles que compensen reacciones 

que estén próximas al equilibrio químico.48  

 

 

Figura 6. Una cascada enzimática permite la síntesis secuencial de moléculas complejas. A. 

Cascada enzimática diseñada para la síntesis del islatravir, retroviral utilizado en el tratamiento 

del VIH. La reacción catalizada por la sacarosa forforilasa permite desplazar los equilibrios de las 

reacciones anteriores. B. En una cascada enzimática se minimiza la inhibición por productos y se 

mejora la termodinámica global del proceso al incluir etapas alejadas del equilibrio químico. 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 reacción catalizada por la sacarosa fosforilasa (SP, EC 2.4.1.1) permite desplazar los 

equilibrios en la síntesis enzimática del islatravir (Figura 6A). También repercute en un 

incremento del rendimiento del producto final, el hecho de minimizar la inhibición por 

producto de una enzima de la cascada al ser eliminado del sistema por el siguiente 

biocatalizador (Figura 6B).27 Sin embargo, para poder acoplar varios biocatalizadores de 

manera secuencial, formando una cascada enzimática, tienen que cumplirse dos 

condiciones fundamentales: i) las enzimas que forman la cascada biocatalítica deben 

mostrar una especificidad de sustrato muy alta, minimizándose reacciones cruzadas que 

originen rutas estériles y ii) las condiciones de reacción (tipo de buffer, pH, fuerza iónica, 

concentración de co-solventes, temperatura, cofactores, etc) deben permitir una actividad 

óptima de todos los biocatalizadores del sistema.3,28 

 

Las cascadas biocatalíticas no sólo pueden estar formadas por enzimas, también se pueden 

combinar etapas de síntesis química originando cascadas quimio-enzimáticas. En estos 

casos se debe seleccionar convenientemente las condiciones de reacción para evitar la 

inactivación del biocatalizador.29 

 

Las reacciones enzimáticas concurrentes son cada vez más comunes en síntesis orgánicas, 

representando así una tendencia sostenida en la investigación académica y aplicaciones 

industriales, por esta razón y por las capacidades sintéticas que tienen cada una de las 

enzimas que se describirán en los siguientes apartados, el desarrollo de esta Tesis 

constituye una oportunidad para contribuir en diversas áreas, entre ellas la química 

orgánica, biología, bioquímica, y la biocatálisis, además de permitir el desarrollo de 

novedosas estrategias sintéticas de compuestos altamente funcionalizados. 

1.5. Clasificación de las cascadas enzimáticas. 

Las reacciones enzimáticas en cascadas, se pueden clasificar en función de varios 

criterios, los más utilizados son el entorno donde ocurre la reacción y el número de 

enzimas que participan en la ruta biosintética. Atendiendo al primer criterio, las cascadas 

pueden clasificarse en: in vivo, cuando los biocatalizadores están confinados dentro de la 

célula viables o in vitro, cuando se trabaja con extractos libres de células o con enzimas 

purificadas.28  
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En el siguiente ejemplo en nuestro grupo de investigación, se llevó a cabo la síntesis 

estereoselectiva de D y L-homoserina utilizando un sistema in vitro y una cascada cíclica 

formada por dos enzimas: una piruvato aldolasa y una transaminasa. Como dador de 

grupos aminos de las transaminasas se utilizó D o L-Ala que permite regenerar el piruvato 

que volverá a ser utilizado por la aldolasa cerrando el ciclo catalítico (Figura 7A).30 Por 

su parte, en el sistema in vivo, se usó 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).31 

 

Figura 7. Cascada enzimática cíclica utilizada en la síntesis de D y L-homoserina. A. Síntesis in 

vitro.30 B. Síntesis in vivo.31 

 

El segundo criterio para catalogar las cascadas enzimáticas permite clasificarlas en: 

monoenzimática y multienzimáticas. En las cascadas monoenzimáticas una sola 

enzima es capaz de catalizar varias reacciones enzimáticas consecutivas. Por ejemplo, la 

enzima galactosa oxidasa de Pichia sp (GOasa, EC 1.1.3.9) previamente ingenierizada32, 

puede oxidar alcoholes a ácidos carboxílicos, a través del aldehídos producido en una 

primera reacción, seguido de la oxidación del gem-diol a ácidos carboxílicos (Figura 8).33  
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Figura 8. Ejemplo de cascada monoenzimática. La variante de la GOasa es capaz de realizar una 

doble oxidación, de alcohol a aldehído, y posteriormente a ácido carboxílico. 

 

Cuando en la ruta biosintética participan dos o más enzimas con diferentes actividades, 

se denomina cascadas multienzimáticas y pueden distinguirse cinco tipos principales: las 

cascadas lineales, paralelas, ortogonales, cíclicas y triangulares. 

 

En las cascadas lineales, las enzimas actúan consecutivamente hasta llegar al producto 

final (Figura 9A).28 Para ilustrar este tipo de cascada, se presenta una alternativa 

biocatalítica para la síntesis de β-aminoalcoholes quirales, que son motivos estructurales 

frecuentes en moléculas biológicamente activas. La cascada enzimática comprende la 

participación de cuatro enzimas que actúan consecutivamente para transformar el estireno 

en (S)-2-amino-2-fenil etanol. La primera reacción es catalizada por la estireno 

monooxigenasa de Pseudomonas sp (SMO, EC 1.14.14.11), que cataliza una epoxidación 

enantioselectiva generando el (S)-epóxido correspondiente. Este compuesto, es 

convertido a (S)-1,2-diol, por acción de una epóxido 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 α-hidroxicetona. Finalmente, la ω-transaminasa de 

Bacillus megaterium (BmTA, EC 2.6.1.19) cataliza la transaminación de la α-

hidroxicetona a β-aminoalcohol que forma parte de la molécula del Taxol (Figura 

9B).28,34 
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Figura 9. Cascadas enzimáticas lineales. A. Representación general de una cascada enzimática 

lineal con participación de N enzimas. B. Biotransformación 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 reacción de oxidación y reducción.  

 

Las cascadas paralelas, están formadas por pasos enzimáticos complementarios, y en 

caso de tener un requerimiento especifico de un cofactor pueden suplirlo sin la 

participación de enzimas auxiliares (Figura 10A).28 En la síntesis del ácido L-pipecólico 

se utilizó este tipo de diseño de cascada enzimática. Para ello, se acopló 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 recíproca lo 

que permite establecer un sistema cerrado de regeneración de cofactores, en la síntesis 

del intermediario de la Ropivicaina, un fármaco utilizado como anestésico (Figura 

10B).35  
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Figura 10. Cascadas enzimáticas paralelas. A. Esquema general de una cascada enzimática 

paralela. B. Esquema biocatalítico para la síntesis de ácido L-pipecólico. La estrategia consiste en 

dos etapas enzimáticas paralelas, donde ocurre una desaminación de la Lys en la posición ε 

catalizado por la GsLysDH acoplada a la reducción de la imina cíclica catalizado por la HeP5C.35  

 

En las cascadas ortogonales es necesario incorporar una o más enzimas auxiliares, bien 

para regenerar algún cofactor, eliminar subproducto(s), mantener estables las condiciones 

de la reacción o para desplazar equilibrios hacia la formación de producto.28 Sí 

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).36 

 

El dominio de adenilación de la reductasa de ácidos carboxílicos de Mycobacterium 

marinum (CAR, EC 1.2.1.-) se empleó en reacciones de monoacilación selectiva de 

diaminas. Sin embargo, la enzima requiere cantidades estequiométricas de ATP para 

activar al ácido carboxílico en forma de anhídridos mixtos, lo que dificulta notablemente 

su aplicación incluso a escala de laboratorio. Por ello se ha utilizado en una cascada 

enzimática ortogonal acoplada a la polifosfato quinasa de clase III de Cytophaga 

hutchinsonii (CHU, EC. 2.7.7.-) que regenera el ATP a partir de polifosfato, lo que 

permite utilizar cantidades catalíticas del agente activante (Figura 11B).37 
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Figura 11. Cascadas enzimáticas ortogonales. A. Esquema general de la cascada ortogonal. B. 

Reacción de monoacilación selectiva de diaminas.37 

 

Por su parte, en las cascadas cíclicas hay un reciclado de moléculas, que después de un 

ciclo de reacción uno de los productos generados se convierte nuevamente en material de 

partida, favoreciendo la formación del producto de interés que se va acumulando por la 

repetición del ciclo (Figura 12A).28 En el ejemplo de este tipo de cascada, se utilizó la 

acetohidroxiácido sintasa I de E. coli (AHAS-I, EC 2.2.1.6) para catalizar la adición 

benzoínica cruzada entre piruvato y benzaldehído, generando (R)-fenilacetilcarbinol que 

posteriormente se transformó 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 utilizó Ala lo que genera piruvato que es reciclado en un nuevo ciclo 

catalítico (Figura 12B).38 

 

Figura 12. Cascadas enzimáticas cíclicas. A. Esquema general de una cascada enzimática cíclica. 

B. Síntesis de (1R,2R)-norpseudoefedrina y (1R,2S)-norefedrina a partir de piruvato y 

benzaldehído con de reciclaje del piruvato. 
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Finalmente, las cascadas triangulares consisten en sistemas enzimáticos donde el 

producto de la primera reacción enzimática reacciona con el sustrato inicial por acción de 

una segunda enzima, dándose un proceso de síntesis convergente (Figura 13A).28 Para 

ilustrar este tipo de cascadas, se presenta la síntesis de alcaloides derivados de la   

tetrahidroisoquinolinas, utilizando una transaminasa de Chromobacterium violaceum 

(TAm EC 2.6.1.-) y la norcoclaurina sintasa de origen vegetal (NCS, EC 4.2.1.78), enzima 

que cataliza una reacción de Pictet–Spengler (Figura 13B).39 

 

Figura 13. Cascadas enzimáticas triangulares. A. Esquema general de una cascada enzimática 

triangular. B. Estrategia de síntesis de una tetrahidroisoquinolina (THIQ) utilizando una cascada 

triangular. El producto del primer paso, reacciona con el sustrato inicial por acción de la NCS, 

una de las características de este tipo de esquema sintético.  

 

Es de resaltar, que esta clasificación no es estricta, ya que los diseños en cascada pueden 

combinarse de formas diferentes. Por ejemplo, en una cascada lineal, se podría requerir 

reacciones enzimáticas auxiliares, con un enfoque ortogonal, para regenerar cofactores, o 

para eliminar subproductos y desplazar así el equilibrio hacia la formación del producto 

deseado.28  

1.6. Aldolasas. 

La construcción de moléculas bioactivas naturales u homologas sintéticas en términos de 

tamaño y estereoquímica, requiere de métodos eficientes para la formación asimétrica de 

enlaces carbono-carbono (C-C). La formación estereoselectiva de este tipo de enlaces es 

una reacción estratégica en síntesis orgánica que permite la construcción de esqueletos 

carbonados complejos a partir de moléculas más sencillas y aquirales.40  
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La naturaleza dispone de biocatalizadores capaces de establecer enlaces C-C, las 

denominadas aldolasas, estas enzimas son consideradas un grupo específicos de liasas 

(EC 4), presentes en prácticamente todas las ramas del árbol de la vida, y son ampliamente 

conocidas por su participación en rutas del metabolismo central.40c Estas enzimas, 

catalizan la formación reversible de enlaces C-C a través de la adición de un nucleófilo 

(enolato) a un electrófilo (un aldehído o una cetona).41  

 

Estas enzimas en función del mecanismo catalítico 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 proteína. Esta enamina nucleófila ataca a un electrófilo formando así el enlace C-C 

(Figura 14), con la incorporación de funcionalidades y hasta un máximo de dos centros 

esterogénicos, cuya estereoquímica relativa es controlada generalmente por el enzima.42  

 

Figura 14. Clasificación de las aldolasas según su mecanismo catalítico. Clase I, estabilizan al 

intermediario reactivo por medio de una base de Shift. La reacción se inicia cuando la especie 

nucleófila forma una imina con la Lys del centro activo. Esto disminuye el pKa de los protones 

en αlo que facilita su abstracción por un residuo ácido base del centro activo. La enamina 

generada realiza un ataque nucleofílico al sustrato aceptor (electrófilo) generándose el aldol 

correspondiente. 

 

Las aldolasas de Clase II precisan de cationes metálicos (usualmente Mg2+ ó Zn2+ en el 

medio biológico) para estabilizar el enolato.42-43 El catión actúa como ácido de Lewis, 

facilitando la formación del enolato por abstracción del protón α del carbonilo (Figura 

15).75 El enolato, puede atacar al electrófilo formando así el aducto aldólico como en el 

caso de las de Clase I  
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Figura 15. Clasificación de las aldolasas según su mecanismo catalítico. Clase II, estabilizan el 

enolato a través de un catión metálico que actúa como ácido de Lewis. 

1.7. Piruvato aldolasas. 

Las piruvato aldolasas catalizan de forma reversible la adición aldólica  de un 2-oxoácido 

a un aldehído, obteniéndose 4-hidroxi-2-oxoácidos,44 o 2-oxoacido-α,β-insaturado 

cuando ocurre la deshidratación del producto aldólico.22-23 Dentro las piruvato aldolasas 

más interesantes desde un punto de vista sintético destacan: la aldolasa del ácido N-

acetilneuraminico (NeuA, EC 4.1.3.3), también conocida como aldolasa del ácido siálico, 

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 GlcA; 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 investigación se han desarrollado en síntesis orgánica tres piruvato aldolasas, a dos de 

ellas las hemos denominamos 2-oxoácido aldolasas por su amplia tolerancia por el 

componente nucleofílico, 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 

catalítica cataliza una adición aldólica, 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 adición y condensación 

aldólica de piruvato a aldehídos. Estas aldolasas han sido empleadas exhaustivamente en 

esta Tesis y, por tanto, la descripción de sus características y detalles de su aplicación en 

síntesis orgánica se describe a continuación. 
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Trans-o-hidroxibenzilidenepiruvato hidratasa-aldolasa (HBPA, EC 4.1.2.45). 

 

La HBPA, codificada por el gen NahE en el operón Nah7 de Pseudomonas putida es un 

ejemplo de piruvato aldolasa de Clase I (Figura 16), la lisina K183 de su centro activo, 

es crucial para que ocurra la catálisis enzimática en esta enzima.45 La enzima fue 

descubierta en la ruta metabólica de degradación de naftalenosulfonatos46 y naftaleno.22,47 

Catalizando la hidratación del ácido (E)-4-(2-hidroxifenil)-2-oxobut-3-enoico, seguido 

de la retro-aldólisis del hidroxiácido a piruvato y 2-hidroxibenzaldehído (Figura 17). 

 

 
Figura 16. Representación de la estructura de la HBPA obtenida por difracción de Rayos X. La 

enzima posee una estructura homotetramérica (las subunidades se representan en diferentes 

colores). La enzima se cristalizó con el producto de adición aldólica del piruvato al 2-

hidroxibenzaldehído. El aldol, (R)-4-hidroxi-4-(2-hidroxifenil)-2-butanoato, aparece formando 

una imina con la Lys183, esencial para la catálisis. La Tyr155 participa como grupo ácido base 

en la adición aldólica y deshidratación del aldol.45 Se utilizó el PDB 8DO548 para generar las 

estructuras de la HBPA utilizando el programa PyMOL versión 2.3.2. 

 

La HBPA in vitro puede catalizar adiciones o condensaciones aldólica.49 En este sentido, 

Eaton y col. (2000), estudiaron la capacidad esta enzima de utilizar aldehídos aromáticos 

como sustratos en reacciones de condensación aldólica, reportando que la enzima 

reconoce una amplia gama de electrófilos. El autor sugiere que la etapa de deshidratación 

del aldol está mediada por la enzima.22 Estos resultados fueron corroborados por otros 

grupos de investigación.50 Más tarde, Sello y Di Gennaro en el (2013), mostraron que la 

HBPA es estrictamente dependiente de piruvato.50 En un trabajo más reciente, Fansher y 

colaboradores (2023), indicaron que la enzima puede aceptar más de 35 aldehídos 

(hetero)aromáticos y alifáticos en reacciones de condensaciones aldólica (Figura 3).23 
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Figura 17. Ruta de degradación del naftaleno en Pseudomonas sp. Constituida por 7 enzimas 

actuando secuencialmente.47 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: 

salicilaldehído deshidrogenasa (EC 1.2.1.65). En recuadro azul (HBPA, utilizada en esta Tesis). 

 

A pesar que la HBPA parecía 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 aldehídos (hete)aromáticos con la 

peculiaridad de que no se detecta producto de deshidratación. En la reacción de adición 

aldólica la enzima mostró una elevada estereoselectividad (Figura 18).49a 49b 

 

 

Figura 18. Reacción de adición aldólica del fluoropiruvato a aldehídos (hete)aromáticos 

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 biocatálisis reportadas para la HBPA (Figura 19), los 

estudios de sus potencialidades sintéticas como aldolasa frente a aldehídos alifáticos no 

ha sido reportado, por lo que será tema de esta Tesis. Además, se desarrollarán método 

de síntesis biocatalíticos donde se combinará esta enzima con transaminasas y oxido-

reductasas en reacciones secuenciales o en cascadas enzimáticas.  
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Figura 19. Ejemplos de aplicaciones de la HBPA en Biocatálisis. A. Síntesis de 2-oxoacidos-α,β-

insaturado.22-23,50 B. Síntesis enzimática de 3-hidroxiésteres fluorados.49a C. Síntesis de quinolinas 

sustituidas.51 D. Síntesis biocatalítica de ácidos3-aril-4-nitrobutíricos.52 

 

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

Esta enzima está 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 proteína transportadora de 

acilo en bacterias.53 Es la primera enzima de la ruta metabólica y cataliza la síntesis del 

4-hidroxi-3,3-dimetil-2-oxobutanoato (cetopantoato) a partir del 3-metil-2-oxobutanoato 

(2-oxoisovalerato), y (N5,N10-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 condensación dependiente de ATP de pantoato y β-alanina, previamente 

generada por la descarboxilación del ácido aspártico catalizado por la aspartato 1-

descarboxilasa (PanD, EC 4.1.1.11) (Figura 20).53 
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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 (HOCH2) del N5,N10-

metilenTHF al 2-oxoisovalerato a través de un mecanismo de reacción muy similar al de 

una aldólica aldólica. Esto explica que la enzima muestre como actividad promiscua la 

adición aldólicas de 3-metil-2-oxobutanoato a formaldehído.53 La activación del 2-oxo 

ácido en el centro activo ocurre a través de un catión metálico que actúa como ácido de 

Lewis, tal como lo descrito para las aldolasas de Clase II (Figura 21).54  

 
Figura 21. Representación de la estructura de la KPHMT obtenida por difracción de Rayos X. A. 

Estructura decamérica de la enzima. Las subunidades se representan en diferentes colores. B. 
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Representación del sitio de coordinación del catión metálico (Mg2+) y el producto de la reacción 

enzimática, 4-hidroxi-3,3-metil-2oxobutanoato, en una subunidad. El Mg2+ se encuentra 

hexacoordinado con los grupos carboxilato del Asp45 y 84 y dos moléculas de agua. Además, 

coordina al sustrato (3,3-metil-2oxobutanoato) y producto de la reacción a través del grupo 

carboxilo y carbonilo de estos.54 Se utilizó el PDB 1M3U para generar las estructuras de la 

KPHMT utilizando el programa PyMOL versión 2.3.2. 

 

Nuestro grupo de investigación ha evaluado el potencial uso de esta enzima en 

biocatálisis, por ello en el (2019), se reportó el uso de la KPHMT en la síntesis 

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 demostró que la enzima mostraba una mayor actividad con 

Co2+ como cofactor en lugar de Mg2+ que es el catión metálico utilizado por la enzima en 

el entorno biológico.55 En otro estudio se informó una alternativa biocatalítica para la 

síntesis de 4-hidroxi-2-oxoácidos 3-sustituidos. En este esquema sintético, se transformó 

L-α-aminoácidos mediante una L-α-aminoácido deaminasa (AAOs, E.C. 1.4.3.2) dando 

lugar a 2-oxoácidos intermedios, sustratos de aldolasas estereoselectivas la KPHMT y la 

YfaU (Figura 22B) la formación de aductos aldólicos osciló entre 36 y 98 % y el exceso 

enantiomérico reportado fue de 91 a 98%.56 

 

 

Figura 22. A. Síntesis quimio-enzimáticas de 2-alquil-3-hidroxiésteres. La KPHMT nativa y las 

variantes I202A, I212A y L42A/I212A catalizaron reacciones de adición aldólica de diferentes 2-

oxoácidos al formaldehído.55 B. Síntesis de 4-hidroxi-2-oxoácidos 3-sustituidos. La enzima 

PmaLAADI catalizo la deaminación oxidativa de L-aminoácidos para formar in situ 2-oxoacidos. 

Las aldosas (KPHMT y la YfaU) y sus variantes catalizaron reacciones de adición aldólica de 

diferentes 2-oxoácidos al formaldehído.56 
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Así mismo, se mostró el uso de la KPHMT y sus variantes mutagénicas en la construcción 

esteroselectiva de carbonos cuaternarios para una variedad de compuestos con este 

motivo en su estructura (gem-dimetil, gem-cicloalquil y compuestos spirocíclicos, siendo 

estos últimos el centro de atención del desarrollo de fármacos modernos57). La estrategia 

sintética comprendía la adición aldólica de 2-oxoácidos 3,3-disustituidos a aldehídos 

catalizada por KPHMT, demostrándose la notable tolerancia a los sustratos y el 

estereocontrol de este biocatalizador (Figura 23).58  

 

Figura 23. Ejemplo de síntesis biocatalítica de moléculas con centros cuaternarios. La KPHMT 

nativa y las variantes I202A, I212A, L42A/I212A y V214G catalizaron la adición aldólica de 

diferentes 2-oxoácidos a varios hidroxialdehídos, generando derivados de ácido ulosónico.58  

 

oxo-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 II por lo que 

requiere de un catión metálico como cofactor (Figura 24).14  

 
Figura 24. Representación de la estructura de la YfaU obtenida por difracción de Rayos X. A. 

Estructura hexamérica de la enzima. Las subunidades se representan en diferentes colores. B. 

Representación del sitio de coordinación del catión metálico (Mg2+) y el sustrato de la reacción 

enzimática, piruvato, en una subunidad. El Mg2+ se encuentra hexacoordinado con los grupos 

carboxilato del Glu153 y el Asp179 junto a dos moléculas de agua. Además, coordina al sustrato 

de la reacción a través del grupo carboxilo y carbonilo de este.14 Se utilizó el PDB 2VWT para 

generar las estructuras de la YfaU utilizando el programa PyMOL versión 2.3.2. 
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En el metabolismo bacteriano, esta aldolasa tiene una participación directa catalizando la 

escisión reversible del 2-oxo-3-desoxi-L-ramnonato a partir de piruvato y L-lactaldehído 

(Figura 25A).14 In vitro, la YfaU puede catalizar la adición aldólica de piruvato a una 

gran variedad de aldehídos que van desde el formaldehído (Figura 25B) hasta N-Cbz-

aminoaldehídos (Figura 25C). En todos los casos la enzima mostró una mayor actividad 

con Ni2+ como cofactor en comparación con el Mg2+ que es el encontrado en el entorno 

celular. Es de destacar, la capacidad que tiene la enzima de tolerar altas concentraciones 

de un aldehído tan reactivo como el formaldehído (IC50 =1.5 M). Esto ha permitido 

utilizar la enzima en reacciones con 1M de concentración sustratos, condiciones en las 

cuales se inactivarían la mayoría de las enzimas.30 Otra peculiaridad que mostró este 

biocatalizador, es que cuando se utilizan sustratos aquirales se obtienen los productos 

aldólicos como mezclas racémicas. Sin embargo, con sustratos quirales como los (S) y 

(R)-N-Cbz-aminoaldehídos se da una inducción de quiralidad durante el curso de la 

reacción, obtiene preferentemente el aldol con configuración R y S respectivamente 

(Figura 25C).59 

  

 

Figura 25. Reacciones de adición aldólica catalizadas por la YfaU. A. In vivo la enzima cataliza 

la retro-aldólisis de 2-oxo-3-desoxi-L-ramnoato. B. Reacción de adición aldólica de piruvato a 

formaldehído catalizada de por la YfaU. C. Reacción de adición aldólica de piruvato a N-Cbz-

aminoaldehídos. La estereoquímica de los productos finales dependerá de la configuración de los 

sustratos de partida.  

 

Las potencialidades sintéticas de la YfaU se extendieron con el uso de 2-oxoácidos 

diferentes al piruvato en reacciones de adición aldólica. En este caso, la tolerancia de la 

enzima fue menor si se compara con la gran variedad de aldehídos que es capaz de 

aceptar. Para potenciar la promiscuidad de la enzima por los 2-oxoácidos se diseñaron 
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variantes enzimáticas capaces de catalizar la adición aldólica de análogos del piruvato 

con cadenas laterales voluminosas a N-Cbz-aminoaldehídos. En estas reacciones la 

enzima mostró un control de la estereoquímica sobre el centro quiral proveniente del 

nucleófilo (Figura 26).60  

 

Figura 26. Adición aldólica de análogos del piruvato a N-Cbz-aminoaldehídos catalizado por la 

YfaU nativa y las variantes W23A y W23A/L216A. 

 

Es de destacar que las enzimas YfaU y KPHMT, son biocatalizadores 

estereocomplementarios, permitiendo disponer de los enantiómeros de un producto 

aldólico en dependencia del biocatalizador utilizado (Figura 27). Esto representa una 

ventaja sintética que será explorada en esta Tesis en la síntesis de moléculas quirales a 

partir de precursores aquirales sencillos utilizando sistemas enzimáticos acoplados. 

 

Figura 27. Reacciones de adición aldólica de 2-oxoácidos al formaldehído catalizado por dos 

aldolasas estereocomplementarias, la YfaU y la KPHMT. 

1.8. Transaminasas. 

Las transaminasas son en grupo específico de transferasas (EC 2.6.1.d), que catalizan la 

migración de un grupo amino de una molécula donadora a un grupo carbonilo de un 

compuesto aceptor.61 Todas las enzimas de esta clase utilizan como cofactor el derivado 

de la vitamina B6, el piridoxal-5'-fosfato (PLP). El proceso de transaminación consta de 

dos etapas, una desaminación oxidativa de un donante de amino seguida de una la 

aminación reductora de un aceptor de aminos (Figura 27).62  
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Figura 27. Mecanismo transaminación mediado por PLP. En la primera etapa, el grupo amino se 

transfiere de un dador de amino al PLP, dando lugar a la generación de una formación de la 

piridoxamina-5′ fosfato (PMP) y liberando la cetona correspondiente. En la aminación reductiva, 

el grupo amino de la PMP se transfiere a un sustrato aceptor, permitiendo la regeneración de PLP. 

 

A la fecha se han descrito 124 tipos de transaminasas, (IUBMB fecha de consulta marzo 

2023) siendo en la naturaleza su principal función la transferencia de grupo aminos de α-

aminoácidos a 2-oxoacidos.63 Estas enzimas pueden clasificarse en dos grande grupos en 

función de la distancia del grupo amino respecto al grupo carboxilo, así tenemos: las α-

transaminasas (α-TA) que requieren la presencia del grupo amino en la posición α- 

respecto al grupo carboxilo, por lo que catalizan síntesis de α-aminoácidos (Figura 28A) 

y las ω-transaminasas (ω-TA) capaces de transferir grupos aminos que están más alejados 

de un grupo carboxilato (p. ej. en posición γ, δ o ε) e incluso pueden llegar a prescindir 

de la función carboxílica (Figura 28B).  

 

Figura 28. Clasificación de las transaminasas. A. Reacción catalizada por una α-transaminasas 

(α-TA) B. Reacción catalizada por una ω-transaminasas (ω-TA). 

 

Un ejemplo típico de las α-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 biocatálisis, un ejemplo de ello se 

muestra en la estrategia  de síntesis de  ácido γ-hidroxiglutámico mediante una cascadas 

cíclicas entre una piruvato aldolasas PyrAL y la AspTa (Figura 29B).64 

 

Figura 29. Reacción catalizada por la aspartato transaminasa de E. coli (AspTA). A. Reacción 

natural catalizada por la AspTa. B. Cascada enzimática cíclica entre una piruvato aldolasa (PyAL) 

y la AspTA utilizada en la síntesis de ácido γ-hidroxiglutámico.  

 

Otro ejemplo, de este tipo de enzimas es la aminotransferasa de aminoácidos ramificados 

de E. coli (BCAT, EC 2.6.1.42) codificada por el gen ilvE. En los sistemas biológicos 

desempeña un papel clave en la biosíntesis de aminoácidos hidrofóbicos. De forma 

general, la enzima cataliza de manera reversible la transferencia del grupo amino desde 

un aminoácido hidrofóbico al 2-oxoglutarato para formar el 2-oxoácido y el 

correspondiente aminoácido 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 hidrofóbicas 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 homohexámero y los 

centros activos se encuentran en la región entre cada subunidad, participando en su 

arquitectura aminoácidos de dos subunidades. Esto genera una región interdominio con 

flexibilidad para permitir los cambios necesarios para acomodar sustratos con diferentes 

requerimientos estructurales (Figura 30B y C).65 
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Figura 30. Reacción natural de la BCAT y representación su estructura cristalina obtenida por 

difracción de Rayos X. A. Reacción enzimática 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 α-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 

región interdominio que muestra flexibilidad y es responsable del reconocimiento dual que 

muestra la transaminasa, siendo capaz de unir en esta zona tanto el grupo -carboxilato del Glu 

como un residuo hidrofóbico de su segundo sustrato (Val, Leu e Ile).65 Se utilizó el PDB 1IYE 

para generar las estructuras de la BCAT utilizando el programa PyMOL versión 2.3.2. 

 

In vitro, la BCAT se ha utilizado en la síntesis estereoselectiva (ee > 99%) de aminoácidos 

no naturales como la L-6-hidroxinorleucina (Figura 31A).66, la L-tert-leucina (Figura 

31B) o la L-3-hidroxiadamantilglicina (Figura 31C).67 La aplicación de BCAT en 

biocatálisis requiere utilizar un sistema acoplado que desplace los equilibrios de reacción 

y permita emplear cantidades catalíticas del sustrato dador de aminos (Glu) puesto que el 

producto de su transaminación, 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).67 
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Figura 31. Síntesis de aminoácidos no naturales catalizado por la BCAT. A. Síntesis de L-6-

hidroxinorleucina.66 B. Síntesis de L-tert-leucina y C. Síntesis de L-3-hidroxiadamantilglicina. 67 

En todos los esquemas de síntesis se necesita un sistema enzimático acoplado que permita utilizar 

cantidades catalíticas de Glu para minimizar la inhibición 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. Óxido-reductasas.  

A la fecha el IUBMB ha clasificado 2497 enzimas como óxido-reductasas (EC 1---).68 

Como su nombre indica estas enzimas catalizan reacciones redox donde participan 

sustratos con diferentes funcionalidades químicas como: alcoholes, aldehídos, cetonas, 

ácidos carboxílicos, compuestos aromáticos, aminas, etc. Estas enzimas requieren de un 

grupo (cofactor) que medie el proceso de transferencia de electrones durante la catálisis, 

pudiendo ser un catión metálico (Cu2+, Fe2+/3+, Mn2+, etc.) o moléculas orgánicas como el 

NAD(P)H, el FAD o el grupo hemo (Figura 33).69 
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Figura 33. Ejemplos de reacciones catalizadas por óxido-reductasas. Oxidación de alcoholes, 

catalizado por la PyO: Piranosa oxidasa (EC 1.1.3.10). Hidroxilación de anillos aromáticos 

catalizado por la Mab3: 3-hydroxybenzoate 2-monooxygenase (EC 1.14.99.23). Dihidroxilación 

de anillos aromáticos catalizado por la TDO, tolueno dioxigenasa (EC 1.14.12.11). Reducción de 

grupos carbonilos catalizado por la TbADH, alcohol deshidrogenasa (EC 1.1.1.2). Halogenación 

de anillos aromáticos catalizado por la PrnA: Triptófano halogenasa (EC 1.14.19.9). Oxidaciones 

descarboxilativas catalizadas por la HSP Hidroxilasa (EC 1.14.13.163). 

 

Dentro de las óxido-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 desempeñan un 

papel fundamental en la biocatálisis, ya que generan productos quirales con nuevas 

funcionalidades.70 Uno de estos compuestos, son las 2-hidroxi-4-butirolactonas, debido a 

que son importantes bloques estructurales de compuestos con: actividad biológica (p. ej. 

N-sulfonilado o α-amino-γ-butirolactonas, implicadas en la regulación del quórum 

sensing en bacterias.71, γ-butirolactonas-1, como componentes clave en la síntesis de 

compuestos con actividad citotóxica (p. ej. Etopósidos72 y Anfidinólido B173), 

antibióticos (lactivivina)74 y Cinatrinas75 un fármaco antinflamatorio) o auxiliares 

quirales en síntesis asimétrica. Entre las estrategias de síntesis empleadas para su síntesis 

destacan: hidrogenación asimétrica catalizada por complejos de Ru y Rh (Figura 34A), 

adiciones aldólicas catalizadas por ácidos de Lewis o utilizando organocatalizadores 

(Figura 34B) y resolución enzimática de lactonas (Figura 34C). Sin embargo, la 

reducción estereoselectiva de derivados de 4-hidroxi-2-oxoácidos para producir 

derivados de 2-hidroxi-4-butirolactonas sigue inexplorada, por esta razón, en el capítulo 
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3.2 de este trabajo nos planteamos diseñar una estrategia enzimática que permita acceder 

a este tipo de compuestos mediante una vía sintética novedosa que involucra aldolasas 

estereocomplemetarias (KPHMT e YfaU descritas previamente) y dos óxido-reductasas 

estereoselectivas, las cuales se describen en detalles a continuación. 

 

 

Figura 34. Estrategias sintéticas para la obtención de derivados de 2-hidroxi-4-butirolactona. A. 

Reducción asimétrica catalizada por metales76; B. Reacciones de adición aldólica 77 y C. 

Resolución enzimática.78  

 

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).53,79 

Esta enzima cataliza la reducción dependiente de NADPH del ketopantoato para formar 

pantoato. En un primer paso de la catálisis, el NADPH se une al centro activo de la 

enzima, seguido de la unión 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 ácido/base y Glu256 y 

Asn98 que contribuyen a la estabilización del sustrato en el centro activo (Figura 35).79-

80 

 

 

Figura 35. Representación de la estructura de la KPR obtenida por difracción 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 catalítico propuesto 

en la reducción del cetopantoato catalizado por la KPR. Un protón del C4 del NADPH es 

trasferido al sustrato generándose un alcóxido que es re-protonado la Lys176, obteniéndose así el 

pantoato y el NADP+ como productos de la reacción.79 Se utilizó el PDB 2OFP para generar las 

estructuras de la KPR utilizando el programa PyMOL versión 2.3.2. 

 

Cabe resaltar, que en la literatura no hay evidencia del uso de la KPR en síntesis orgánicas. 

En este sentido, en esta Tesis la usaremos en la síntesis biocatalítica concurrente de 

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

 

Δ1-piperidina-2-carboxilato/Δ1-pirrolina-2-carboxilato reductasa (DpkA, EC 

1.5.1.21). 

La DpkA está codificada por el gen dpka de Pseudomonas syringae.81 formando parte de 

la ruta de degradación de la D-Lys.82 Esta ruta metabólica está formada por 5 enzimas e 

implica una serie de reacciones enzimáticas a través de intermediarios cíclicos de seis 
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carbonos. La DpkA, cataliza la reducción dependiente de NADPH del ácido pipecolínico 

(1-Piperideine-2-carboxilato, Pip2C) formando L-Pipecolato (Figura 36).81  

 

Figura 36. Ruta de degradación 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  desaminación 

de la D-lisina, generando 6-Amino-2-oxohexanoate que se deshidrata espontáneamente y forma 

el ácido pipecolínico, (2) la DpkA reduce el ácido pipecolínico y forma L-Pipecolato, luego, (3) 

la L-pipecolato deshidrogenasa (EC 1.5.99.3) en presencia de oxigeno genera el Δ1-Piperideina-

6-L-carboxylato que es oxidado por la (4) L-aminoadipato-semialdehído deshidrogenasa (EC 

1.2.1.31) dependiente de NADP+ que lo transforma en L--aminoadipato que finalmente por 

acción de una (5) transaminasa (EC 2.6.1.39) genera el 2-oxoadipato que es incorporado en otra 

ruta metabólica 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. Así, se identificó la tríada 

catalítica Asp:Ser:His, como responsable de su mecanismo de acción. Los puentes de 

hidrógeno entre los tres aminoácidos permiten que la His54 actúe como aceptor o donador 

de protones para facilitar la transferencia de hidruros entre el cofactor y el sustrato 

(Figura 37).81 
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Figura 37. Representación de la estructura de la DpkA obtenida por difracción de Rayos X. A. 

Estructura dimérica de la enzima con el pirrol-2-carboxilato (P2C, análogo del sustrato) y el 

NADP+ unidos al centro activo. Las subunidades se representan en diferentes colores, verde y 

azul. Además, se muestran los aminoácidos que participan en la catálisis (Ser53, His54 y Asp194). 

B. Mecanismo catalítico propuesto en la reducción del 1-pirrolina-2-carboxilato catalizado por 

la DpkA. El hidrógeno pro-4S del NADPH es trasferido a la cara re del grupo imina del sustrato 

dándose una protonación del nitrógeno mediado por la His54, obteniéndose así, los productos de 

la reacción: L-prolinato y NADP+.81 Se utilizó el PDB 2CWH para generar las estructuras de la 

DpkA utilizando el programa PyMOL versión 2.3.2. 

 

La DpkA cataliza la reducción de iminas cíclicas como el 1-Piperideine-2-carboxilato y 

el 1-pirroline-2-carboxilato formando L-pipecolato y L-prolina, respectivamente (Figura 

37A).81 Por otra parte, DpkA es capaz de reducir estereoselectivamente iminas formadas 

entre 2-oxoácidos y metilamina obteniéndose N-metil-L-aminoácidos (Figura 38).  

 

Figura 38. Reacciones enzimáticas catalizadas por la DpkA. A. Reacciones naturales catalizada 

por la enzima. B. Síntesis de N-metil-L-aminoácidos a partir de metilamina y diversos 2-oxoácidos 

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 enzimáticas 

junto con aldolasas estereoselectivas, lo que permitiría crear moléculas quirales a partir 

de precursores aquirales sencillos. 
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1.1. Objetivo general: 

 

Desarrollar estrategias biocatalíticas concurrentes de compuestos quirales 

multifuncionales en ensayos enzimáticos acoplados entre aldolasas con 

transaminasas o deshidrogenasas. 

1.2. Objetivos específicos: 

Establecer estrategias para la síntesis diastereoselectiva de γ-hidroxi-α-

aminoácidos mediante la combinación de una piruvato-aldolasa enantioselectiva 

HBPA y transaminasas S-selectivas. 

 

Diseñar estrategias de síntesis biocatalítica de derivados de 2-hidroxi-4-

butirolactona utilizando aldolasas y deshidrogenasas.  

 

Ampliar las aplicaciones sintéticas de la Δ1-piperidina-2-carboxilato/Δ1-pirrolina-

2-carboxilato reductasa de Pseudomonas syringae (DpkA) que permitan la 

síntesis asimétrica de derivados del ácido (S,E)-2-hidroxi-4-arilbut-3-enoico. 
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Synthesis of γ‑Hydroxy-α-amino Acid Derivatives by Enzymatic 

Tandem Aldol Addition−Transamination Reactions 

 

Resumen 

 

Los -hidroxi--aminoácidos son compuestos con importantes aplicaciones en la 

industria farmacéutica debido a sus actividades biológicas. Por ejemplo: la (2S,3R,4S)-4-

hidroxiisoleucine, la 4-hidroxi-L-norvalina y el ácido 4-hidroxipipecolico son utilizados 

para el tratamiento de la diabetes. Además, forman parte de precursores quirales de 

moléculas bioactivas como antibióticos, fungicidas y herbicidas, por ejemplo: las -

amino--butirolactonas, la 4,5-dihidroxinorvaline o el ácido 4-hidroxipiroglutamico y sus 

derivados. Debido a la importancia de estos compuestos en este capítulo nos planteamos 

la síntesis diastereoselectiva de -hidroxi-a-aminoácidos a través de reacciones 

enzimáticas consecutivas acoplando una aldolasa y varios sistemas enzimáticos de 

transaminación. La reacción aldólica consistió en la adición estereoselectiva de piruvato 

a aldehídos alifáticos catalizado por al trans-O-hidroxibenziliden piruvato hidratasa-

aldolasa (HBPA) de Pseudomonas putida. Los (R)-4-hidroxi-2-oxoácidos obtenidos 

fueron aminados utilizando diferentes S-transaminasas: panel de ω-transaminasas 

suministrado por la empresa Prozomix Ltd a través de una colaboración público-privada 

y -transaminasas clonadas, expresadas y purificadas en nuestro laboratorio. Bajo este 

enfoque la HBPA generó 4-hidroxioxoacidos con una eficiencia notable, amplia 

tolerancia al sustrato y alta estereoselectividad. Al acoplar esta enzima con los sistemas 

de transaminación bencilamina/T039 y BCAT/AspAT quedó claro que constituyen una 

alternativa complementaria para la síntesis de γ-hidroxi-α-aminoácidos quirales.  



Synthesis of γ‑Hydroxy-α-amino Acid Derivatives by Enzymatic
Tandem Aldol Addition−Transamination Reactions
Carlos J. Moreno,⊥ Karel Hernández,⊥ Simon J. Charnok, Samantha Gittings, Michael Bolte, Jesuś Joglar,
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ABSTRACT: Three enzymatic routes toward γ-hydroxy-α-amino acids
by tandem aldol addition−transamination one-pot two-step reactions are
reported. The approaches feature an enantioselective aldol addition of
pyruvate to various nonaromatic aldehydes catalyzed by trans-o-
hydroxybenzylidene pyruvate hydratase-aldolase (HBPA) from Pseudo-
monas putida. This affords chiral 4-hydroxy-2-oxo acids, which were
subsequently enantioselectively aminated using S-selective transaminases.
Three transamination processes were investigated involving different
amine donors and transaminases: (i) L-Ala as an amine donor with
pyruvate recycling, (ii) a benzylamine donor using benzaldehyde lyase
from Pseudomonas fluorescens Biovar I (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 α-amino acid aminotransferase (BCAT) and aspartate amino transferase (AspAT), both from E. coli, using L-Asp as a
substrate to regenerate L-Glu. The γ-hydroxy-α-amino acids thus obtained were transformed into chiral α-amino-γ-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, γ-hydroxy-α-amino acids

■ INTRODUCTION

γ-Hydroxy-α-amino acids represent compounds with relevant
biological and pharmacological importance.1 Examples include
antidiabetics such as (2S,3R,4S)-4-hydroxyisoleucine,
4-hydroxy-L-norvaline, and 4-hydroxypipecolic acid and nutri-
t iona l supp lements in the food indus t ry , e . g .
trans-4-hydroxy-L-proline.1a,2 Moreover, they constitute struc-
tural motifs of more complex naturally occurring and synthetic
molecules, namely antibiotics,3 antimitotics,4 and (bio)-
herbicides,5 as well as chiral building blocks for the production
of active ingredients, e.g. α-amino-γ-butyrolactones,
4,5-dihydroxynorvaline, and 4-hydroxypyroglutamic acid and
derivatives (Figure 1).2b,d,6

Therefore, substantial research efforts have been devoted to
their synthesis using multistep catalytic or stoichiometric
chemical approaches (Figure 2).1a,2g,7 Biocatalytic access to
these compounds is regarded as a powerful strategy because of
their simplicity and stereoselectivity starting from simple
achiral materials (Figure 2).2c,e,8

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
D-homoserine, D-anti-dihydroxynorvaline, 4-hydroxyisoleucine,
norpseudoephedrine, and norephedrine were prepared.2e,8b,e,9

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 γ-hydroxy-α-amino acids by
combining an enantioselective pyruvate-aldolase and
S-selective transaminases,8b starting from pyruvate and diverse
aldehyde substrates.

■ RESULTS AND DISCUSSION
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
4.1.2.45) from Pseudomonas putida was discovered in the
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metabolic degradative pathway of naphthalene and naphtha-
lenesulfonates.10 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.11

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 (1a−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
H205A variant, greatly improved the catalyst efficiency toward
1c,k,o, yielding 3c,k,o, respectively, in 66−75% conversion.
Molecular models of the complex of pyruvate-enamine-

bound HBPA with aldehydes 1c,o suggest that the H205A
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 Asp265 are within 5 Å of the δ and ε-N atoms of
the imidazole group of His205, stabilizing its protonated state

Figure 1. Examples of bioactive compounds bearing a γ-hydroxy-α-amino acid moiety or α-amino-γ-butyrolactone.

Figure 2. Examples of strategies for the synthesis γ-hydroxy-α-amino
acids: (a) synthesis from D-ribonolactone as a chiral precursor and
stereocontrolled transformation;7d (b) aldol reaction with oxazoli-
donyl chromium carbene complex and photocyclization;7c (c) cyanate
to isocyanate rearrangement and enzymatic kinetic resolution;1a (d)
aza-Michael additions controlled by a crystallization-induced asym-
metric transformation;7f (e) Mannich condensation and catalytic
epimerization;7b (f) palladium(II)-catalyzed aza Claisen rearrange-
ments;7a (g) direct β or γ-hydroxylation of amino acids via α-
ketoglutarate-dependent dioxygenases;2c,8a (h) enzymatic synthesis
via carboligase-transaminase reactions.2e,8b,e,9

Scheme 1. Panel of Aldehyde Substrates 1 Assayed in the Aldol Addition of Pyruvate 2 Catalyzed by Wild-Type HBPA and Its
H205A Variant

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c00210
ACS Catal. 2021, 11, 4660−4669

4661

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=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?fig=sch1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00210?rel=cite-as&ref=PDF&jav=VoR


(Figure 4). This positive charge is also stabilized by a π-cation
interaction with the aromatic moiety of Trp224. Therefore,
removal of this protonated imidazole, which is ∼8 Å from the
ε-amino group of the essential Lys183, by the H205A 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.12 Low enantioselectivy was
attained with the methoxy derivative 3d (42% ee), whereas
racemates were obtained with phenylacetaldehyde (3l) 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,

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.13

Single-crystal X-ray diffraction studies of compounds 4e,f,j
indicate that HBPA renders aldol adducts having an R
configuration as the major products (Figure 5). This is
consistent with the reported stereochemical outcome of the
reactions between fluoropyruvate and (hetero)aromatic
aldehydes.11 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 γ-Hydroxy-α-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

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 Measurementf

aConversions measured by HPLC. bHBPA wild-type. cIsolated yield. dee not determined; the material was submitted directly to the enzymatic
transamination reaction and the stereochemistry inferred from the corresponding 14c (for 3c), 15k (for 3k), 14n (for 3n), and 14o (for 3o)
derivatives; see Schemes 7 and 8. eHBPA H205A variant. fThe ee values were determined by HPLC on a chiral stationary phase.
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with good conversions and enantioselectivities by HBPA
catalysis (Figures S8−S12). We used L-Ala (5) 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, L-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,g,h formed were
estimated by measuring the consumption of 3a,g,h 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).8b

This approach effectively shifts the equilibrium of the
transamination to the product, since the pyruvate is
continuously removed by the aldol reaction.

Figure 3. Models of the prereactive complexes of wild-type HBPA (A, C) and HBPA H205A (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, π-stacking in magenta, and π-cation in dark green. A comparison of the surface of the active sites of both proteins (C, D)
(transparent cyan) reveals that the H205A mutation generates an expanded cavity near residue A205, 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.

Figure 4. Scheme showing the interactions established by the
imidazole group of residue His205 of HBPA. Distances (dashed lines)
to nearby residues are indicated.
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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
1a,b,e,g,h (100 mM) with selected transaminases (Figures
S13−S18). Having established the suitable conditions, we
started testing a range of starting pyruvate (2) concentrations
between 5 and 100 mM, against 100 mM of L-Ala. Using 1g
(100 mM) as the electrophile and HBPA/T039 catalysts, 42
mM of 6g (42% yield) was formed at 5 mM pyruvate
concentration, indicating pyruvate recycling (Figure 6A and
Figure S21). At 50 mM of pyruvate, 6g reached a maximum

(55 mM, 55% yield), 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 1a (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
γ-hydroxy-α-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 with the system reported by us for the synthesis of
homoserine.8b 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 γ-Hydroxy-α-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 γ-hydroxy-
α-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

Figure 5. X-ray structures of (R)-4e, (R)-4f, and (R)-4j as ORTEP-type plots 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.

Scheme 3. One-Pot Two-Step Screening Reaction for the
Synthesis of γ-Hydroxy-α-amino Acid Derivatives 6, Using
L-Ala (5) as an Amine Donor for the Enzymatic
Transamination Reactiona

aThe dotted line indicates an enzymatic transamination of the
aldehyde remaining in the system.

Scheme 4. One-Pot Biocatalytic Cascade Synthesis of
γ-Hydroxy-α-amino Acid Derivatives 6 Starting from
Aldehydes 1 and an Amine Donor 5 with Pyruvate (2)
Recycling
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into the mostly insoluble benzoin, which benefits the reaction
equilibrium.14 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,15 extraction with hexane in an
aqueous−organic two-phase system,16 and reduction to benzyl
alcohol during a cascade synthesis of ω-amino fatty acids and
α,ω-diamines from ω-hydroxy fatty acids and α,ω-diols,
respectively.17

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,g,h 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

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,i,j (Figure 7B). The addition of BAL was
largely positive for 6a,i and less so for 6g,j. 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

Figure 6. One-pot biocatalytic synthesis of 6g (A) and 6a (B),
starting from aldehydes 1g (100 mM), 1a (200 mM), and 5 (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/T039 catalysts.

Scheme 5. One-Pot Two-Step Stereoselective Synthesis of γ-Hydroxy-α-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)a

aDotted 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.

Figure 7. One-pot two-step stereoselective synthesis of γ-hydroxy-α-
amino acids (6a,b,e,g,i,j), 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.
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explore another methodology based on branched-chain
α-amino acid aminotransferases (BCATs).18

Synthesis of γ-Hydroxy-α-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
α-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%).19 Thus, the regeneration of L-Glu was needed, which
was accomplished by coupling with aspartate aminotransferase
(AspAT) from E. coli that employed L-Asp (12) as the
substrate (Scheme 6). The resulting oxaloacetate 13
spontaneously decomposes into CO2 and pyruvate, shifting
the transamination equilibrium to the formation of γ-hydroxy-
α-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 γ-hydroxy-α-amino acids 6 (Figure
S25).
Finally, for the laboratory-scale preparation of

γ-hydroxy-α-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-Nα-γ-butyrolactone derivatives 14 (Scheme 7).
α-Amino-γ-butyrolactones are structural motifs found in
biologically active compounds in addition to being valuable
chiral intermediates for the synthesis of pharmaceutical
agents.6a,20 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 transaminases8b,19c 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,o. In this case, the aldol
addition reaction was not stereoselective, yielding a mixture of
diastereoisomers (5R/5S)-14n and (5R/5S)-14o, respectively.
Interestingly, the enzymatic transamination reaction of aldol

a d d u c t s 3 k , h l e d t o t h e f o r m a t i o n o f
(2S,4R)-(−)-trans-4-hydroxyproline (15k) (Scheme 8 A) and
γ-hydroxypyroglutamic acid (15h) (Scheme 8 B), respectively.
The first product could be formed by an intramolecular
nucleophilic substitution of the terminal Cl at C5 by the amine
group after the transamination reaction.

Scheme 6. One-Pot Two-Step Stereoselective Synthesis of
γ-Hydroxy-α-amino Acids 6 using L-Glu (10) as an Amine
Donora

aThe 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 CO2 and pyruvate, shifting the equilibrium of the
transamination to γ-hydroxy-α-amino acids 6.

Scheme 7. Synthesis of γ-Hydroxy-α-amino Acids 6 by Tandem HBPA/Transaminase Catalyzed Reactions and Conversion to
α-Amino-γ-butyrolactone Derivatives 14

aConversions determined by HPLC. bTransaminase T039/BAL (see Scheme 5). cBCAT/AspAT system (see Scheme 6). dIsolated yield. edr >95:5
as measured by NMR; no other diastereomers were detected. fdr 50:50 as measured by NMR. gdr 60:40 (S:R) as measured by NMR.
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The γ-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 derivat ive of
Cbz-Nα-γ-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 H2 in the
presence of Pd/C, while PheAc was removed by enzymatic
hydrolysis mediated by penicillin G acylase (PGA) (Scheme
9). Hydrogenolysis of (5R/5S)-14n and (5R/5S)-14o

furnished the lactones (5R/5S)-17n and (5R/5S)-17o, which
upon treatment with PGA and purification by cation exchange
chromatography, with NH4OH as eluent, led to the
corresponding amide derivatives (4R/4S)-18n and carbox-
ylates (4R/4S)-18o.

■ CONCLUSIONS
A tandem enantioselective aldol addition−transamination
approach was established for the production of chiral

γ-hydroxy-α-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 γ-hydroxy-α-amino acids 6. Overall, the
HBPA/Glu/BCAT/AspAT system renders, in some instances,
better results mainly due to the selectivity of the
α-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/L-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 γ-hydroxy-α-amino acids and the correspond-
ing α-amino-γ-butyrolactones were constructed in two steps
with high stereoselectivity from small functionalized aldehydes.
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Scheme 8. (A) Formation of (2S,4R)-(−)-trans-4-Hydroxyproline Derivative 15k by Tandem Enzymatic Aldol Reaction/
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Resumen. 

 

Los derivados de 2-hidroxiácidos y las 2-hidroxi-4-butirolactonas son sintones 

importantes en la síntesis de moléculas naturales y sintéticas con actividad biológica. 

Además, son utilizadas como auxiliares quirales en síntesis orgánica asimétrica. Muchos 

métodos de síntesis se han desarrollado para la síntesis de estas moléculas, como: 

reducción asimétrica utilizando complejos metálicos, reacciones aldólicas 

estereoselectivas utilizando metal u organocatálisis, reducción enzimática entre otros. En 

este capítulo nos planteamos la síntesis diastereoselectiva de 2-hidroxi-4-butirolactonas 

a través de una reacción aldólica catalizado por una aldolasa y la reducción del grupo 

carbonilo del producto aldólico utilizando deshidrogenasas. La reacción aldólica se 

realizó utilizando diferentes C-C liasas: dos aldolasas de E. coli, 3-metil-2-oxobutanoato 

hidroximethiltransferasa (KPHMT), 2-oxo-3-desoxi-L-rhamnonate aldolasa (YfaU) y la 

trans-O-hidroxibenziliden piruvato hidratasa-aldolasa (HBPA) de Pseudomonas putida 

que catalizaron la adición aldólica de 2-oxoácidos a diferentes aldehídos. La reducción 

de los aldoles obtenidos se realizó con dos deshidrogenasas: la 2-deshidropantoato 2-

reductasa de E. coli (KPR) y la 1-piperidina-2-carboxilato/1-pirrolina-2-carboxilato 

reductasa de Pseudomonas syringae pv. tomato DSM 50315 (DpkA). Esta última enzima 

se ha descrito como imina reductasa, en este trabajo dejamos constancia que también 

puede catalizar eficazmente la reducción de 2-oxoácidos a 2-hidroxiácidos. 

Curiosamente, el resultado estereoquímico de esta deshidrogenasa resultó ser 

complementario al de la cetopantoato reductasa KPR.  
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ABSTRACT: Chiral 2-hydroxy acids and 2-hydroxy-4-butyrolactone derivatives are
structural motifs often found in fine and commodity chemicals. Here, we report a
tandem biocatalytic stereodivergent route for the preparation of these compounds
using three stereoselective aldolases and two stereocomplementary ketoreductases
using simple and achiral starting materials. The strategy comprises (i) aldol addition
reaction of 2-oxoacids to aldehydes using two aldolases from E. coli, 3-methyl-2-
oxobutanoate hydroxymethyltransferase (KPHMTEcoli), 2-keto-3-deoxy-L-rhamnonate
aldolase (YfaUEcoli), and trans-o-hydroxybenzylidene pyruvate hydratase-aldolase from
Pseudomonas putida (HBPAPputida) and (ii) subsequent 2-oxogroup reduction of the
aldol adduct by ketopantoate reductase from E. coli (KPREcoli) and a Δ1-piperidine-2-
carboxylate/Δ1-pyrroline-2-carboxylate reductase from Pseudomonas syringae pv.
tomato DSM 50315 (DpkAPsyrin) with uncovered promiscuous ketoreductase activity.
A total of 29 structurally diverse compounds were prepared: both enantiomers of 2-
hydroxy-4-butyrolactone (>99% ee), 21 2-hydroxy-3-substituted-4-butyrolactones
with the (2R,3S), (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

■ INTRODUCTION
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 α-hydroxy acids for
biomedical and pharmaceutical applications) (Figure 1).1

Moreover, they constitute an important class of building
blocks and chiral auxiliaries (e.g., (R)- or (S)-pantolactone
derivatives) in asymmetric organic synthesis.2

Many efforts have been dedicated to the synthesis of 2-
hydroxy-4-butyrolactone derivatives.1g,2e,3 As examples of
methods for their synthesis, it is worth mentioning (Scheme
1): enzymatic or metal-catalyzed asymmetric reduction,1b,4

resolution procedures,5 oxidation of vicinal diols,6 and
stereoselective aldol addition using metal- or organocatalysts
in combination with enzymatic reduction.1j,2b,j,7 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,8 the stereoselective

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
synthetic route consisting of a stereoselective enzymatic aldol
addition of 2-oxoacids to aldehydes and subsequent asym-
metric biocatalytic reduction of the 2-carbonyl group (Scheme
1). Herein, we demonstrated the feasibility of this approach by
using a selection of 2-oxoacids (2) and aldehydes (1) to
enzymatically generate 3- and 4-substituted 4-hydroxy-2-
oxoacids 3 and 6, respectively, with defined stereochemistry.
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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3- and 4-substituted-2-hydroxy-4-butyrolactones 5 and 8,
respectively (Scheme 2).

Three stereoselective 2-oxoacid aldolases were selected as
biocatalysts for the aldol reactions, namely, 3-methyl-2-
oxobutanoate hydroxymethyltransferase (KPHMTEcoli) and 2-
keto-3-deoxy-L-rhamnonate aldolase (YfaUEcoli) and its W23V
variant, both from E. coli.9 These were employed for the aldol
addition of 2-oxoacids 2a−2n to formaldehyde 1a. The third
one, trans-o-hydroxybenzylidene pyruvate hydratase-aldolase
from Pseudomonas putida (HBPAPputida), and its H205A variant
were selected as the catalyst for the stereoselective aldol
addition of sodium pyruvate 2a to aldehydes 1a−1g.10 In
addition, two reductases were employed to convert the
carbonyl group into a hydroxyl group. The ketopantoate
reductase from E. coli (KPREcoli) in vivo catalyzes the NADPH-
dependent reduction of ketopantoate to pantoate as part of the
pantothenate biosynthetic pathway.11 Ketopantoate bears a
gem-dimethyl quaternary center, and therefore, we envision
that KPREcoli could be active toward 3-substituted-2-oxo acids
3. The second one, Δ1-piperidine-2-carboxylate/Δ1-pyrroline-
2-carboxylate reductase from Pseudomonas syringae pv. tomato
DSM 50315 (DpkAPsyrin), 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 L-proline, respectively.12 In this case, during our ongoing
investigation on iminoreductases, we serendipitously found
that DpkAPsyrin 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.

■ RESULTS AND DISCUSSION
Synthesis and Product Characterization.We began our

investigations assaying KPREcoli and DpkAPsyrin 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.9,10

When the aldol adduct attained the maximum concentration
(i.e., steady state), YfaUEcoli and KPHMTEcoli were inactivated
by adding EDTA to avoid enzymatic retroaldolisis, whereas in
the case of HBPA, this was unnecessary. Then, DpkAPsyrin or
KPREcoli, 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

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
5). 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 DpkAPsyrin or KPREcoli. Interestingly, KPREcoli 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. DpkAPsyrin tolerated all examples assayed of 4-
substituted-4-hydroxy-2-oxoacids 6b−g, whereas they were not
substrates for KPREcoli . DpkAPsyrin 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-YfaUEcoli, KPHMTEcoli, and
HBPAPputida catalysis.9,10 An identical stereochemical outcome
was found for substrates 2e and 2f, which have not been
previously reported. Compounds 5b−h and 8b−g contain one
chiral center with known absolute stereochemistry defined by
the aldolase.9b,10 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-5a and S-5a
was confirmed by comparing their specific rotation values with
those reported (see the SI).13 Furthermore, authentic
commercial samples and X-ray diffraction were used to
unequivocally assign R-5j13a (see the SI) and R-5l (Figure
S33), respectively. The stereochemical configuration of R-5k,
R-5m, and R-5n was inferred considering the high
enantioselectivity observed for KPREcoli found in the examples

Figure 1. Examples of biologically relevant compounds bearing 2-hydroxy-4-butyrolactone derivatives.
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thereof. Thus, the absolute stereochemistry at C3 coming from
the KPREcoli reduction was mainly R and that from DpkAPsyrin
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

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 2A,B).
The optimized energy model of 4-hydroxy-2-oxoacid 3a bound
into the active site of KPREcoli shows that the pre-reactive
conformation of the substrate is stabilized by multiple H-bond

Scheme 1. Synthetic Methodologies for the Preparation of 2-Hydroxy-4-butyrolactone Derivativesa

a(A) Metal-catalyzed asymmetric.1b,4a (B) Aldol reaction.2j,7b,1j,7a,c (C) Enzymatic resolution.5 (D) This work: stereodivergent biocatalytic
approach. Stereoselective aldol addition of 2-oxoacid derivatives to aldehydes catalyzed by 2-oxoacid aldolases, namely, 3-methyl-2-oxobutanoate
hydroxymethyltransferase (KPHMTEcoli, EC 2.1.2.11), 2-keto-3-deoxy-L-rhamnonate aldolase (YfaUEcoli, EC 4.1.2.53), both from E. coli, and trans-o-
hydroxybenzylidene pyruvate hydratase-aldolase from Pseudomonas putida (HBPAPputida EC 4.1.2.45) followed by asymmetric enzymatic reduction
using ketopantoate reductase from E. coli (KPREcoli, EC 1.1.1.169) and an NAD(P)H-dependent Δ1-piperidine-2-carboxylate/Δ1-pyrroline-2-
carboxylate reductase from Pseudomonas syringae pv. tomato DSM50315 (GenBank: DQ017704.1) (DpkAPsyrin, EC 1.5.1.21).
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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 Asn194 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.11c,d 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 KPREcoli reduction products.
On the other hand, the corresponding models with DpkAPsyrin
show that the carboxylate group of the substrates accepts H-
bonds from the sidechains of Arg58 and Thr166, 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 Arg58 (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 His54, which acts as a
general acid catalyst.12 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
DpkAPsyrin 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 KPREcoli catalysis, i.e., 92:8 to 98:2 inferred from the
(2R,3S):(2S:3S) ratios of compounds 5 (Scheme 3A). For the
3R-configured ones, the diastereomeric ratios were high toward

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. DpkAPsyrin 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 5).
Kinetic Analysis. The kinetics of the enzymatic reduction

of 4-hydroxy-2-oxoacids with KPREcoli and DpkAPsyrin 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 KPREcoli, i.e.,
ketopantoate 3j, gave the highest specificity constant (kcat/
Km)app, exceeding by 1 to 4 orders of magnitude those of the
rest of the 2-oxoacids. The introduction of cyclobutyl (3k) and
cyclopentyl (3l) moieties, similar to 3j, gave (kcat/Km)app values
of the same order of magnitude as that of the natural substrate.
It is noteworthy the inhibition of KPREcoli by its natural
substrate (3j) that has not been noticed in previous reports
likely due to the limited range of substrate concentration
analyzed.11d Besides, in another publication on KPR from
Staphylococcus aureus, an apparent substrate inhibition constant
was reported to be around 270 μM, one order of magnitude
lower than that found in this study for KPREcoli.

15 As suspected,
substrate inhibition was also detected for the corresponding
cycloalkyl analogues 3k and 3l. Compared with the natural
substrate, 3j, the ksi

app of the analogue bearing a cyclobutyl
moiety, 3k, increased 1.7-fold, whereas for the one with the

Scheme 2. Biocatalytic Synthesis of 2-Hydroxy-4-butyrolactones by Tandem Aldolase and Ketoreductase Starting from
Aldehydes 1 and 2-Oxoacids 2a

a(A) Synthesis of 3-substituted-2-hydroxy-4-butyrolactones: aldolases: YfaUEcoli and KPHMTEcoli; ketoreductases: KPREcoli and DpkAPsyrin. (B)
Synthesis of 4-substituted-2-hydroxy-4-butyrolactones: aldolase HBPAPputida and ketoreductase DpkAPsyrin. GDH: glucose dehydrogenase from
Prozomix.
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cyclopentyl substituent, 3l, it increased 7.3-fold. The impact of
substrate inhibition, i.e., (ksi/Km)app,

16 is larger for the dimethyl
and cyclobutyl analogues (3k, (ksi/Km)app = 4.3 ± 1.8) (3j,
(ksi/Km)app = 9.3 ± 4.8) and much lower for the cyclopentyl
(3l, (ksi/Km)app = 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 (kcat/Km)app values of KPREcoli 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

the order of isopropyl (3S-3f), cycloalkyl (3S-3g, 3S-3h), and
allyl (3S-3d) substituents (Table 1 and Figure 3). On the other
hand, (kcat/Km)app 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
DpkAPsyrin, (kcat/Km)app remained nearly constant for the 3-
substituted-4-hydroxy-2-oxoacids 3S-3b,c and 3R-3b (Table
1). Kinetic parameters for DpkAPsyrin using 4-substituted-4-
hydroxy-2-oxoacids 6 indicate that 4R-6b and 4R-6c 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
kcat and Km values.

The stereochemical configuration of the C3-methyl
substituent has strong influence on the (kcat/Km)app for
KPREcoli: 3R-3b functions 40-fold better than that of 3S-3b
being the best one among the 3-substituted chiral substrates
for KPREcoli (Figure 3). In contrast, the 3S-isomers of 3c and
3h showed moderately better (kcat/Km)app values than their 3R-

Scheme 3. One-Pot Two-Step Synthesis of 3-Substituted-2-
hydroxy-4-butyrolactones 5 by Tandem Biocatalytic Aldol-
Reduction Reactions Catalyzed by Tandem YfaUEcoli and
(A) KPREcoli and (B) DpkAPsyrin

a

aConditions: 1 mmol scale, total volume (10 mL) at 25 °C, and
magnetically stirred at 250 rpm; YfaUEcoli wt (3 mg purified protein
mL−1) in plain water (4 mL), 2-oxoacids (2a−i) (0.1 M), and NiCl2
(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 (5 mM), glucose
(0.2 M), GDH (3.4 U mL−1), KPREcoli (4.7 U mL−1) or DpkAPsyrin
(10−3 U mL−1), and finally NADP+ (5 mM). After purification by
anion exchange chromatography and eluting with HCO2H (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, 5 μm, 4.6 × 250 mm
column. The solvent system: solvent (A): 0.1% (v/v) trifluoroacetic
acid (TFA) in H2O and solvent (B): 0.095% (v/v) TFA in CH3CN/
H2O 4:1, flow rate 1 mL min−1, detection at 215 nm at 30 °C.
Precolumn derivatization with BnONH2 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).
bConversion of aldol addition. cConversion of the reduction.
dIsolated yields. eEnantiomeric excess of the reduction determined
by HPLC on chiral stationary phases. fDiastereomeric ratio
determined by NMR.

Scheme 4. One-Pot Two-Step Synthesis of 3-Substituted-2-
hydroxy-4-butyrolactones 5 by Tandem Biocatalytic Aldol-
Reduction Reactions Catalyzed by Tandem KPHMTEcoli and
(A) KPREcoli and (B) DpkAPsyrin

a

aConditions: 1 mmol scale, total volume (10 mL) at 25 °C, and
magnetically stirred at 250 rpm; KPHMTEcoli wild-type (1 mg purified
protein mL−1) in plain (6.8 mL) water, CoCl2 (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).
bConversion of aldol addition. cConversion of the reduction.
dIsolated yields. eEnantiomeric excess of the reduction determined
by HPLC on chiral stationary phases. fDiastereomeric ratio
determined by NMR.
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homologues. The rest of the 3R-2-oxoacids gave similar results
as compared to those of the S-configuration. The kinetic
parameters of DpkAPsyrin 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, KPREcoli (kcat/Km)app values are ca. 101- to 104-fold
higher than those of DpkAPsyrin. On the other hand, 4-
substituted-4-hydroxy-2-oxoacids 6b−g were not substrates of
KPREcoli.

It is interesting to note that in all cases, complete
conversions were reached after 24 h, even though the much
lower kcat

app 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.

■ 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

Scheme 5. One-Pot Two-Step Synthesis of 4-Substituted-2-
hydroxy-4-butyrolactones 8 by Tandem Biocatalytic Aldol-
Reduction Reactions Catalyzed by Tandem HBPAPputida and
DpkAPsyrin

a

aConditions: 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−1). 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). bConversion of aldol addition. cConversion of the
reduction. dIsolated yields. eEnantiomeric excess of the reduction
determined by HPLC on chiral stationary phases. fDiastereomeric
ratio determined by NMR.

Figure 2. Molecular models of 3a bound to KPREcoli (A,C) and DpkAPsyrin (B,D). These models were built starting from PDB structures 2OFP (A)
and 2CWH14 (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 OPLS2005 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).
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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 KPREcoli
and DpkAPsyrin gave quantitative conversions after 24 h of
incubation, even for substrates with kcat

app values much lower
as compared with 3j in the case of KPREcoli. KPREcoli 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, KPREcoli does not tolerate the 4-substituted-4-hydroxy-2-
oxoacids 6. Concerning DpkAPsyrin, 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.

Table 1. Kinetic Parameters for KPREcoli and DpkAPsyrin Catalyzed 2-Carbonyl Reduction of C3-Substituted 4-Hydroxy-2-
oxoacids (3 and 6)a

substrate 3

KPREcoli
b DpkAPsyrin

b

kcat
app Km

app (kcat/Km)app ksi
app kcat

app Km
app (kcat/Km)app

3a 7.1 ± 0.5 4.9 ± 1.2 1.5 ± 0.4 1.7 ± 0.2 33 ± 7 0.052 ± 0.013
3S-3b 348 ± 15 12.9 ± 1.4 27 ± 3 1.1 ± 0.1 19 ± 4 0.058 ± 0.012
3S-3c 926 ± 37 3.0 ± 0.5 314 ± 52 0.23 ± 0.01 14 ± 2 0.016 ± 0.002
3S-3d 89 ± 6 9.5 ± 1.7 9.4 ± 1.8
3S-3f 1021 ± 69 13 ± 2 77 ± 12
3S-3g 350 ± 20 15 ± 2 24 ± 4
3S-3h 820 ± 150 65.5 ± 13.4 13 ± 3 8.4 ± 1.8
3R-3b 5350 ± 138 4.8 ± 0.4 1109 ± 86 0.0024 ± 0.0002 7.5 ± 1.9 0.047 ± 0.013
3R-3c 700 ± 34 7 ± 1 106 ± 18
3R-3d 90 ± 5 9.5 ± 1.5 9.4 ± 1.6
3R-3e 5.9 ± 0.5 18 ± 3 0.34 ± 0.10
3R-3g 87 ± 4 2.3 ± 0.4 37 ± 6
3R-3h 40 ± 4 11 ± 3 3.7 ± 1.0
3j 4457 ± 813 0.4 ± 0.2 10,747 ± 4587 3.9 ± 1.3
3k 6791 ± 1022 1.5 ± 0.5 4427 ± 1668 6.6 ± 1.5
3l 1166 ± 67 0.2 ± 0.1 5569 ± 3737 28 ± 4
4R-6b 3.00 ± 0.02 11 ± 1 0.28 ± 0.039
4-R-6c 84 ± 27c 97 ± 43c 0.87 ± 0.48

akcat
app = min−1; Km

app = mM; (kcat/Km)app = min−1 mM−1; ksi = mM. bThe kinetic parameters for KPREcoli and DpkAPsyrin 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 50 mM Tris−HCl 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 μmol
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). cEstimated parameters
because the activity vs concentration curve did not reach a plateau within the range of concentrations studied (12−50 mM) (Figure S32).

Figure 3. Values of (kcat/Km)app for the KPREcoli catalysis vs the C3-
substituent structure of both enantiomers of the 4-hydroxy-2-
oxoacids. The (kcat/Km)app values were taken from Table 1 and are
given in min−1.
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Concerning the stereochemical preference, KPREcoli gave 2R-
configured 2-hydroxyacids, whereas DpkAPsyrin 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.
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Scheme 6. Enzymatic Cascade Process for the Synthesis of the Two Enantiomers of 2-Hydroxy-4-butyrolactones, R-5a and R-
5a, and the Four Possible Stereoisomers of 3-Methyl-2-hydroxy-4-butyrolactones 5ba

aIsolated yields.
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Expanding synthetic applications of Δ1-Piperidine-2-

carboxylate/Δ1-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 ácido 2-hidroxi-4-arilbut-3-enóico son precursores clave para la 

síntesis de inhibidores de la enzima convertidora de angiotensina, estos inhibidores 

reducen la presión arterial al impedir que el cuerpo produzca la hormona angiotensina. 

Entre este tipo de fármacos se encuentran: el Enalapril, Lisinopril, Cilapril y Benazepril. 

En las últimas décadas se han dedicado muchos esfuerzos en desarrollar estrategias para 

la síntesis asimétrica de este tipo de moléculas, entre ellas destacan la deracemización del 

ácido (±)-2-hidroxi-4-fenilbut-3-enoico1, y la hidrogenación asimétrica de derivados del 

ácido 2-oxo-4-arilbut-3-enoico. En este trabajo, se presenta una alternativa sintética 

basada en la actividad promiscua de la 1-piperidina-2-carboxilato/1-pirrolina-2-

carboxilato reductasa de Pseudomonas syringae pv. tomato DSM 50315 (DpkA) que se 

muestra como una herramienta útil para la síntesis estereoselectiva de ácidos 2-hidroxi-

4-arilbut-3-enóicos. En este capítulo, se describe la síntesis de estos ácidos utilizando una 

cascada enzimática concurrente, formada por la trans-O-hidroxibenziliden piruvato 

hidratasa-aldolasa (HBPA) que permitió la construcción de los esqueletos carbonados de 

los productos finales a partir de precursores sencillos (piruvato y aldehídos aromáticos) 

seguido de la reducción estereoselectiva catalizado por la DpkA.  
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Expanding synthetic applications of Δ1-Piperidine-2-carboxylate/Δ1-pyrroline-2-

carboxylate reductase from Pseudomonas syringae (DpkAPsyrin). Biocatalytic 

asymmetric synthesis of (S,E)-2-hydroxy-4-arylbut-3-enoic acid derivatives. 
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Graphical abstract 

 

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 Δ1-piperidine-2-carboxylate/Δ1-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).1-4 Many efforts 

have been devoted to develop strategies for the asymmetric synthesis of these type of 

molecules (Scheme 1).1-4  

 

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 acid1 and B) asymmetric hydrogenation of 2-oxo-4-arylbut-

3-enoic acid derivatives.2-4 

 

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.3, 5 Therefore, it is desirable to develop an efficient and asymmetric method for 

the reduction of 2-oxo-4-arylbut-3-enoic acids3 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 Δ1-piperidine-2-carboxylate/Δ1-pyrroline-2-carboxylate reductase from 

Pseudomonas syringae pv. tomato DSM 50315 (DpkAPsyrin, EC 1.5.1.21), described as 

an imino reductase6-13 (Scheme 2 A and B). In previous work, we observed that DpkAPsyrin 

also exhibited promiscuous ketoreductase activity (Scheme 2C).14 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 

(HBPAPputida, EC 4.1.2.45)15 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.16-17 

 

Scheme 2. Reaction catalyzed by DpkAPsyrin. A) natural imine reductase activity.6-7, 9, 11 B) 

synthesis of N-methyl-L-amino acids from methylamine and various 2-oxo acids.8, 10, 12-13 C) 

ketoreductase activity describe in our group.14 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 HBPAPputida 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.14 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 SI, 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 1H 

NMR, see SI, page S11) after purification (Scheme 3). Pyruvate is a substrate of 

DpkAPsyrin (estimated kinetic parameters for pyruvate reduction Km
app = 101 mM and kcat

app 

= 0.4 min–1, 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., 3o) 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 SI, 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 HBPAPputida 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. bIsolated yields. cEnantiomeric excess of the reduction 

determined by HPLC on chiral stationary phases. dIn the enzymatic cascade process, a 

mixture of 3a and 4a was obtained after purification. The 3a:S-4a ratio was determined 

by 1H 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 reduction18-20 from α,β-unsaturated ketones (3a-i) produced by HBPAPputida 

catalysis (see SI 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 study14 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). 

 

https://en.wikipedia.org/wiki/Alpha-beta_Unsaturated_carbonyl_compounds
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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 HBPAPputida as catalyst for the 

construction of carbon scaffold and DpkAPsyrin 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.  

http://www.ccdc.cam.ac.uk/data_request/cif
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La síntesis enzimática de compuestos orgánicos complejos y multifuncionales mediante 

reacciones concurrentes ha recibido una gran atención en los últimos años.1 Aldolasas, 

transaminasas y óxido-reductasas han tenido un papel protagónico en este enfoque. Su 

combinación ha demostrado ser altamente efectiva en la construcción de moléculas de 

interés biotecnológico debido a su eficiencia y selectividad en la formación de enlaces C-

C, C-N y/o C-O.2 En esta Tesis, se exploró el diseño de estrategias de síntesis asimétricas 

multienzimáticas de compuestos altamente funcionalizados, con carboligasas (p. ej. 

Aldolasas como HBPA, YfaU y la transferasa KPHMT), transaminasas (p. ej. BCAT y 

una librería de 194 enzimas proporcionadas por la empresa Prozomix®), óxido-reductasas 

(p. ej. Deshidrogenasas como KPR y DpkA) y enzimas auxiliares para la regeneración de 

cofactores o transformación 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.  

Enzima Nombre Uso en esta Tesis 

HBPA 
trans-o-hidroxibenzilidenepiruvato 

hidratasa-aldolasa 

-Reacción de adición aldólica estereoselectiva 

de piruvato a aldehídos alifáticos y aromáticos  

-Sistemas multienzimáticos aldolasa-

deshidrogenasa. 

YfaU 2-oxo-3-desoxi-L-ramnonato aldolasa 

-Reacción de adición aldólica estereoselectiva 

de 2-oxoácidos a formaldehído.  

-Sistemas multienzimáticos aldolasa-

deshidrogenasa.  

-Reacción de adición aldólica no 

estereoselectiva de piruvato a aldehídos 

alifáticos. 

KPHMT 
3-metil-2-oxobutanoato 

hidroximetiltransferasa 

-Reacción de adición aldólica estereoselectiva 

de 2-oxoácidos a formaldehído.  

Sistemas multienzimáticos aldolasa- 

deshidrogenasa. 

BAL Benzaldehído Liasa 
-Enzima auxiliar utilizada en sistemas 

enzimáticos donde participan transaminasas. 

BCAT 
Aminotransferasa de α-aminoácidos 

con cadenas ramificadas 

-Transaminasa utilizada en la síntesis de γ-

hidroxi-α-aminoácidos. 

AspTA Aspartato transaminasa -Enzima auxiliar en la reacción con BCAT. 

T39 Transaminasa 39 
-Transaminasa empleada en la síntesis de γ-

hidroxi-α-aminoácidos  

DpkA 
Δ1-piperidina-2-carboxilato/Δ1-

pirrolina-2-carboxilato reductasa 

-Deshidrogenasa utilizada en los sistemas 

multienzimáticos combinada con aldolasas.  

Síntesis de derivados quirales de 2-hidroxi-4-

butirolactonas.  

KPR Cetopantoato reductasa 

-Deshidrogenasa utilizada en los sistemas 

multienzimáticos combinada con aldolasas. 

Síntesis de derivados quirales de 2-hidroxi-4-

butirolactonas.  

GDH Glucosa deshidrogenasa 
-Enzima auxiliar utilizada en la regeneración 

NADPH. 
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Los genes de las enzimas utilizadas en este trabajo fueron aislados a partir de genomas 

bacterianos de E. coli o Pseudomonas syringae (catálogo de microorganismos del 

Instituto Leibniz-DSMZ) y ADN sintético (servicio de síntesis de genes de la compañía 

GenScript®) (Figura 4.1).  

 

Figura 4.1. Representación esquemática de las estrategias de clonación para la BCAT, AspTA, 

KPR, DpkA y HBPA. Los genes de las diferentes enzimas fueron aislados de varias fuentes: ADN 

genómico de E. coli (genes ilvE, aspC y panE), ADN genómico 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 investigación (Figura 4.2)2e,f,4, no obstante, serán utilizadas en esta Tesis. Por 

otra parte, la transaminasa (T39) y la glucosa deshidrogenasa (GDH) fueron obtenidas en 

colaboración con la compañía Prozomix® como “cell free extract”. 
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Figura 4.2. Representación esquemática de las estrategias de clonación para la BAL, YfaU y 

KPHMT. La YfaU fue expresada como proteína de fusión junto a la MBP (proteína de unión a 

maltosa) con el objetivo de disminuir la formación de cuerpos de inclusión.  

A todas las enzimas se les añadió una secuencia de 6 histidina (His)6 en el extremo N o 

C terminal (Figuras 4.1 y 4.2) con el objetivo de facilitar su aislamiento y purificación 

utilizando una cromatografía de afinidad con metal inmovilizado (resina Ni Sepharose® 

TM High Performance). En cada caso, el proceso de purificación se analizó por SDS-

PAGE (Figura 4.3). 

 

Figura 4.3. Análisis por SDS-PAGE de las etapas de purificación 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 después de la lisis, 3- proteínas no unidas a la resina, 

4- lavado y 5- proteína eluída. MPM, mercador de peso molecular.  
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Estudio de las potencialidades sintéticas de la HBPA como biocatalizador en la 

adición aldólica estereoselectiva de piruvato a aldehídos alifáticos y la condensación 

aldólica entre piruvato y aldehídos aromáticos. 

Para determinar las potencialidades sintéticas de la HBPA se evaluó a escala analítica la 

reacción de adición y condensación aldólica de piruvato de sodio a diferentes electrófilos 

(p. ej. aldehídos alifáticos y aromáticos respectivamente) catalizadas por la enzima 

(Figura 4.4A y 4.4B). 

 

Figura 4.4. Esquemas de reacciones enzimáticas catalizadas por la HBPA estudiadas en esta 

Tesis. A. Reacción de adición aldolica de piruvato a aldehidos alifáticos generando 4-hidroxi-2-

oxoácidos. B. Reacción de condensación aldolica de piruvato a aldehídos aromáticos 

obteniéndose 2-oxoácido-α,β-insaturados. 

 

El objetivo fue seleccionar aquellos sustratos con los mejores porcentajes de conversión 

aldólica a las 24 h, y seleccionar electrófilos adecuados para escalar las reacciones y 

caracterizar los 4-hidroxi-2-oxoácidos y 2-oxoácido-α,β-insaturados, así como, evaluar la 

tolerancia de la HBPA para el electrófilo. Disponer de electrófilos adecuados para la 

HBPA, y caracterizar estructuralmente sus productos aldólicos, fue importante debido a 

que estos constituyen productos intermedios en reacciones enzimáticas acopladas con 

transaminasas (capítulo 3.1) y óxido-reductasas (capítulos 3.2 y 3.3) (Figura 4.5). 
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Figura 4.5. Estrategias de síntesis multienzimáticas planteadas en esta Tesis utilizando la HBPA 

como primera enzima. A. Síntesis enantioselectiva de 4-hidroxi--aminoácidos (capítulo 3.1) y 

2,4-dihidroxiácidos (capítulo 3.2). B. Síntesis enantioselectiva de 2-hidroxiácidos -α,β-

insaturados (capítulo 3.3). 

Los aldehídos 1c, d-f, i, j, m, n-s (capitulo 3.1, Figura 4.4A) no están disponibles 

comercialmente, por tanto, fueron sintetizados en nuestro laboratorio (Figura 4.6). Una 

de las estrategias sintéticas seguidas fue la oxidación del alcohol correspondiente 

utilizando ácido 2-yodobenzoico (IBX) (oxidación directa del alcohol, 1c, 1e y 1m 

mientras que en otros casos fueron necesarios etapas anteriores de protección y reducción, 

1f, 1o, 1p, 1q y 1r). Los aldehídos 1d, 1n y 1s fueron sintetizados a partir del acetal, por 

desprotección del grupo carbonilo en medio ácido. Debido al carácter hidrófilo de 1d no 

pudo ser aislado del medio acuosos, por lo que se utilizó en solución acuosa después de 

neutralizar el H2SO4 con CaCO3 y eliminar las sales precipitadas por filtración. Los 

aldehídos 1i, j se sintetizaron por ruptura oxidativa de dioles con ácido orto-peryódico a 

partir de los ésteres correspondientes del ácido L-tartárico (Figura 4.6).  
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Figura 4.6. Estrategias de síntesis de aldehídos 1c, d-f, i, j, m, n-s (capítulo 3.1). aRendimiento 

de producto aislado. b 1d no fue aislado y la concentración fue estimada por HPLC utilizando 

propionaldehído como patrón. 

 

Las conversiones de las adiciones aldólicas de piruvato a los a aldehídos (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. Reacción de adición aldólica de piruvato (2) a diferentes aldehídos (1) 

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

 

Aldehído Producto aldólico Variante HBPA Conversióna (%) 

1a 3a nativa 90 

1b 3b nativa 69 

1c 3c nativa/H205A 36/75 

1d 3d nativa 75 

1e 3e nativa 80 

1f 3f nativa/H205A 63/75 

1g 3g nativa 87 

1h 3h nativa 84 

1i 3i nativa 95 

1j 3j nativa 95 

1k 3k nativa/H205A 17/75 

1l 3l nativa 90 

1m 3m nativa/H205A 48/50 

1n 3n nativa 80 

1o 3o nativa/H205A 63/75 

1p 3p nativa/H205A NP 

1q 3q nativa/H205A NP 

1r 3r nativa/H205A NP 

1s 3s nativa/H205A NP 
aConversión de la reacción (24h) como porcentaje de formación de 3 determinado por HPLC. NP: 

Producto no detectado. 

En estos experimentos se consiguieron conversiones de adición aldólica del 63 al 95% 

para la mayoría de los aldehídos, lo que evidencia la promiscuidad de la enzima hacia el 

sustrato electrófilo en la reacción. En el caso de los aminoaldehídos (1n-s) la selección 

del grupo protector fue clave para obtener altas conversiones en la reacción catalizada por 

la enzima. Los aldehídos con los grupos protectores de la función amino Cbz (1p y 1q), 

Boc (1r) y Ts (1s), no fueron sustratos de la enzima, mientras que con el grupo protector 

fenilacetil (PheAc, 1n y 1o) se alcanzaron conversiones de reacción de alrededor del 80% 

después de 24h.  

Por otra parte, se observaron bajas conversiones para los aldehídos 1c (36%) y 1k (17%) 

(Tabla 4.2). Con el objetivo de mejorar estos resultados se realizó un análisis de mutantes 

disponibles en el laboratorio, encontrándose que la variante H205A incrementó la 
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conversión de la reacción aldólica para los aldehídos 1c (75%) y 1k (75%). Durante la 

realización de esta Tesis, se publicó la estructura cuaternaria de la enzima HBPA (PDB: 

6DAO)5 lo que permitió realizar una interpretación estructural de estos resultados. El 

centro activo de la HBPA se encuentra formando una cavidad profunda y angosta, donde 

el grupo ε-amino de la Lys183 catalítica está a unos 11 Å de la superficie, con varios 

residuos aromáticos (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 catalítica (Figura 4.7). 

 

Figura 4.7. Estructura del centro activo del HBPA A. muestra el residuo de Lys (K183) esencial 

para la catálisis, y los residuos que conforman la cavidad, y B. Superficie de potencial 

electrostático de la enzima. Se observa la cavidad en forma de túnel que delimita el centro activo 

y molécula de agua en su interior. 

 

El análisis de los modelos moleculares de los complejos de HBPA (piruvato formando la 

enamina con la K183) y los aldehídos 1c y 1o del cap. 3.1, realizados por el Dr. Jordi 

Bujons, sugieren que la sustitución de la His 205 por una Ala genera más 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 aldehído 1o (en verde). La Ala 205 

aparece resaltado en naranja. Las interacciones se muestran con líneas discontinuas: puentes de 

hidrógeno en amarillo, interacciones π-π en magenta y π-catión en verde oscuro. La comparación 

de la superficie de los centros activos de ambas proteínas (C y D) revela que la variante H205A 

genera una cavidad expandida cerca del residuo A205. 

 

Por otra parte, un análisis de la estructura del HBPA muestra que los grupos carboxilos 

del Glu206, Asp207, Asp208 y Asp265 están a menos de 5 Å de los átomos δ y ε-N del 

grupo imidazol de la His205, estabilizando su estado protonado (Figura 4.9). Esta carga 

positiva también está estabilizada por una interacción π-catión con el grupo indol del 

residuo Trp224. La eliminación de este imidazol protonado, que se encuentra a ∼8 Å del 

grupo ε-amino de la Lys183 esencial modifica el entorno electrostático del centro activo, 

lo que también podría contribuir a la mayor eficacia de la catálisis enzimática hacia estos 

aldehídos. 
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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 (líneas discontinuas) a los residuos cercanos. 

 

Una vez determinado el espectro de sustratos que puede aceptar la HBPA, se pasó a la 

síntesis y purificación de los productos de adición aldólica para su caracterización 

estructural. En esta etapa nos encontramos que los aldoles forman mezclas complejas de 

analizar en medio ácido (Figura 4.10), por lo que fue necesario realizar una 

descarboxilación oxidativa transformándolos en 3-hidroxiácidos que pudieron ser 

aislados como ésteres (Figura 4.11). 

 

Figura 4.10. Al exponer a medio ácido los aldoles 3 pueden darse reacciones de deshidratación, 

lactonización y enolización que dificultan el aislamiento y purificación del producto de interés. 
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Figura 4.11. Estrategia de síntesis de los 3-hidroxiésteres 4 del capítulo 3.1. A. Adición aldólica 

HBPA nativa o variante H205A. B. i) H2O2 ii) Catalasa. C. Esterificación: 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. aConversión de la reacción aldólica determinada por 

HPLC. bRendimiento de producto aislado después de 3 etapas de reacción. Las mezclas racémicas 

se sintetizaron siguiendo el mismo procedimiento, pero, utilizando YfaU como biocatalizador. La 

estereoquímica de los aldoles 3c, 3k, 3n y 3o se describirán más adelante (pág. 113). 

 

La HBPA en reacciones aldólicas de piruvato 2 a los electrófilos 1a, 1f-h del cap. 3.1 

mostró una buena enantioselectividad (90%-95% ee), mientras que, para 1b, 1e y 1i-j 

(cap.3.1) se alcanzaron niveles moderados (80-88% ee). Estos resultados demuestran el 

buen desempeño estereoquímico del biocatalizador puesto que por lo general las piruvato 

aldolasas muestran un perfil poco estereoselectivo hacia los electrófilos de bajo peso 

molecular.6 Además de ser el primer reporte de una reacción aldólica estereoselectiva 

catalizada por la HBPA. Sin embargo, se alcanzaron bajos niveles de enantioselectividad 

con el metoxiacetaldehído (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 

fenilacetaldehído (1l cap. 3.1). Esto evidencia que la estereoselectividad de la enzima 

depende de la naturaleza del electrófilo.  

Para conocer la estereoquímica absoluta que produce la HBPA, se generaron cristales de 

los compuestos 4e, 4f y 4i (cap. 3.1). Estos cristales fueron analizados con difracción de 
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rayos X, en colaboración con el Dr. Michael Bolte del Instituto de Química Inorgánica, 

Universidad J.-W.-Goethe, Frankfurt/Main, Alemania. Los análisis, indicaron que HBPA 

genera aductos aldólicos con configuración R como productos mayoritarios (Figura 

4.12). Esto concuerda con los resultados estereoquímico reportado de las reacciones entre 

fluoro piruvato y aldehídos (hetero)aromáticos,7 así como, la reacción entre el β-

nitroestireno y piruvato catalizado por la misma enzima.8 

 

Figura 4.12. Estructuras de rayos X de (R)-6e, (R)-6f y (R)-6i. Gráfico 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 análisis de los modelos moleculares de la HBPA con (i) la enamina de piruvato en el 

centro activo y las moléculas de electrófilo (Figuras S88-S93, cap. 3.1) y (ii) las iminas 

derivadas de los aductos aldólicos (Figuras S94-S99 cap. 3.1) no se aprecia restricción 

estérica entre la aproximación esterofacial “re- o si” del electrófilo a la enamina. Por lo 

tanto, no está claro por qué hay una preferencia por la aproximación a la “re”, que genera 

los aductos con configuración R. Esta preferencia de la enzima se ha reportado en estudios 

previos sin que quede clara las razones por la cual ocurre.7-8 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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Seguidamente se analizó la promiscuidad de la HBPA hacia electrófilos aromáticos. Para 

ello se realizaron reacciones de condensación aldólica entre piruvato y aldehídos 

aromáticos (Figura 4.13) los aldehídos 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 logró alcanzar conversiones superiores al 95% debido a que se desplazó 

el equilibrio de la reacción hacia la formación de producto (Figura 4.13). Coincidiendo 

con trabajos previos, sólo se detectó producto de condensación aldólica, en la reacción 

entre el piruvato y aldehídos aromáticos catalizada por la HBPA.9 La formación del 

producto deshidratado está mediada por la enzima puesto que se han descrito reacciones 

de adición aldólica de piruvato a aldehídos aromáticos catalizado por piruvato aldolasas 

donde se obtiene el producto de adición aldólica.10 Además, en nuestro grupo de 

investigación hemos visto que la reacción de adición aldólica de 2 a 1a catalizad por la 

YfaU produce exclusivamente el aldol correspondiente (resultados no mostrados). 

 

Figura 4.13. Reacción de condensación aldólica entre piruvato y aldehídos aromáticos 

catalizadas por la HBPA. aConversión de la reacción (1 eq de 2) como porcentaje de formación 

de 3 (24h) determinado por HPLC. bConversión de la reacción (3 eq de 2) como porcentaje de 

formación de 3 (24h) determinado por HPLC cRendimiento de producto aislado. Los productos 

1j y 1k no fueron aislados. 

 

En esta primera etapa se evaluó las habilidades sintéticas de la HBPA nativa y su variante 

H205A, caracterizando los productos de adición y condensación aldólicas generado por 

este biocatalizador. Estos compuestos fueron sustratos de otras enzimas en reacciones 
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enzimáticas secuenciales donde se generó γ-hidroxi-α-aminoácidos (cap. 3.1) y derivados 

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

Síntesis de derivados de γ-hidroxi-α-aminoácidos (6, cap. 3.1) utilizando sistemas 

enzimáticos formados por la HBPA y transaminasas estereoselectivas. 

Iniciamos la búsqueda y selección de transaminasas estereoselectivas capaces de 

transformar los aductos aldólicos 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 

análisis de las transaminasas se seleccionó 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 reacción en el caso de 5 se utilizó un exceso de este sustrato 

(10 eq) Figura 4.14A, mientras que con 7 se utilizó una enzima auxiliar acoplada al 

sistema, la benzaldehído liasa (BAL) que transforma el benzaldehído formado en (R)-

benzoína (9 cap. 3.1) que precipita en el medio de reacción por su baja solubilidad en 

agua (Figura 4.14B). 

 

Figura 4.14. Estrategia de búsqueda y selección de transaminasas capaces de transformar los 

aductos aldólicos 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 llevó a cabo la adición aldólica catalizada por la HBPA 

y, una vez la formación de 3 (cap. 3.1) alcanzó un máximo de conversión, se puso en 

marcha la reacción de transaminación añadiendo a la mezcla aldólica 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 y la transaminasa (TA) a evaluar). En la primera estrategia las 

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

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

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

se hizo el seguimiento evaluando por HPLC la formación de benzaldehído 8 (cap. 3.1) 

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

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

flechas verdes indican las enzimas capaces de disminuir el área del aducto aldólico o 

aldehído remanente en la mezcla, indicando así, una reacción positiva. El análisis 

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

capítulo 3.1. 
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Figura 4.15. Análisis 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 adición aldólica), HBPA (0,5 mg mL–1, presente en la adición aldólica), L-Ala (500 mM), 

T1-T50 (2 a 3 mg de sólido por reacción). 
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De las 50 enzimas evaluadas con la primera estrategia, se seleccionó la transaminasa T39 

como candidata para la reacción de transaminación de diferentes aldoles, en una cascada 

enzimática cíclica (Figura 4.16A). La principal característica de este sistema es que 

permitiría utilizar cantidades sub-estequiométricas de 2 al ser regenerado por la reacción 

de transaminación.  

 

Figura 4.16. Síntesis biocatalítica en cascada de derivados de γ-hidroxi-α-aminoácidos (6, cap. 

3.1) a partir de aldehídos (1, cap. 3.1), piruvato (2) y L-Ala (5 cap. 3.1). A. Representación general 

de la cascada enzimática utilizada en la síntesis de γ-hidroxi-α-aminoácidos (6a, cap. 3.1). B. 

Cascada enzimática con glicolaldehído como sustrato. C. Cascada enzimática con 

dimetoxiacetaldehído como sustrato. 

 

Utilizando glicolaldehído 1a (cap. 3.1) (200 mM) y el sistema enzimático HBPA/T39, se 

alcanzó la máxima formación de 6a (47 mM, 47% de rendimiento) a una concentración 

de piruvato de 100 mM (Figura 4.16B). En estas condiciones, no se produjo un reciclado 

de piruvato por lo que el sistema biocataítico no funciona como una cascada enzimática 

cíclica. Esto pudiera explicarse porque el aducto aldólico está en equilibrio con el 
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hemiacetal cíclico, lo que contribuye a disminuir la concentración efectiva de la forma 

abierta que es el sustrato de la T39, situación que ha sido descrita anteriormente.2b 

Sin embargo, con el sustrato 1g (cap. 3.1) a una concentración de 100 mM se logró un 

42% de conversión de producto aminado 6g (cap. 3.1) partiendo de 5mM de piruvato (2) 

sugiriendo un reciclado del oxoácido. Al aumentar la concentración de 2 a 50 mM de 

obtuvo un 55% de (6g) sin reciclaje de 2 y una concentración de piruvato de100 mM 

provocó un aumento de producto aldólico 3 (cap. 3.1), pero, la conversión de producto 

aminado disminuyó probablemente por problemas de equilibrio en la reacción de 

transaminación (Figura 4.16C). 

Desafortunadamente, la estrategia sintética que emplea una cascada cíclica de reacciones 

con reciclado de piruvato no produjo los derivados γ-hidroxi-α-aminoácidos deseados con 

todos los aldehídos 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 aldehído y el aducto aldol, respectivamente, lo que dificultó la conversión rápida 

tanto del piruvato inicial como del aducto aldol formado y comprometió la eficiencia del 

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

Utilizando bencilamina como dador de grupo amino, se seleccionaron 27 enzimas 

candidatas entre las 194 transaminasas que disponíamos (Figura 4.17, celdas de color 

amarillo). Para minimizar el esfuerzo en el análisis de la librería de transaminasas se 

siguió la reacción sólo a través de la formación de benzaldehído (8) y (R)-benzoína (9). 

Este método presenta como inconveniente que en la mezcla de la reacción de 

transaminación existen otros sustratos (1) y (2) que también pueden contribuir a su 

formación. Esto es potencialmente problemático al tener HBPA en la mezcla puesto que 

la enzima puede catalizar la retro-aldólisis de 3 favorecido por la irreversibilidad de la 

reacción de transaminación en estas condiciones (Figura 4.17). 
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Figura 4.17. Primera ronda de selección de las TAs de Prozomix (T1-T194) capaces de 

transaminar los aductos aldólicos (6a-b, 6e, 6g-h cap. 3.1) utilizando bencilamina (7) como dador 

de grupo amino. Los números dentro de las celdas representan el porcentaje de formación de 

benzaldehído/benzoína al cabo de 24 h determinado por HPLC. Condiciones: Reacción aldólica: 

1 (100 mM), 2 (100 mM) y HBPA (1 mg mL–1); Reacción de Transaminación: 3 (~50 mM) y 7 

(75 mM), BAL (10U) y TAs (2-3 mg de sólido en reacción). Con las transaminasas que no 

aparecen en la tabla no se detectó reacción de transaminación. Teniendo en cuenta las cantidades 

iniciales de bencilamina y 3 en las mezclas de reacción, se consideró que un porcentaje >67% 

(celdas en rojo) procedía del consumo parcial de bencilamina debido a las reacciones de 

transaminación de aldehídos (1) y piruvato (2), que quedaban sin reaccionar de la reacción de 

adición aldólica o se formaban por retro-aldólisis durante la reacción de transaminación. Las 

transaminasas en amarillo son las que se seleccionaron como potenciales candidatas para estudiar 

la transaminación los aductos aldólicos. 

 

Aldol adduct T18 T19 T20 T21 T22 T23 T24 T26 T31 T33

3a 10 27 16 40 9 55 54 66 61 35

3b 4 6 17 9 36 17 11 43 59 0

3e 5 5 15 16 18 13 17 34 26 0

3g 16 6 28 20 31 21 32 58 55 48

3h 7 9 0 9 15 0 8 14 11 6

Aldol adduct T37 T39 T45 T47 T48 T53 T59 T77 T81 T82

3a 0 44 9 58 15 22 0 12 71 0

3b 0 28 0 59 0 0 0 4 37 0

3e 0 33 10 37 0 0 0 0 27 8

3g 54 58 20 48 0 0 14 10 42 6

3h 0 31 0 16 0 0 0 4 14 0

Aldol adduct T87 T88 T93 T130 T150 T152 T166 T168 T169 T170

3a 23 15 35 69 0 14 90 25 34 33

3b 0 0 15 23 5 0 42 16 40 17

3e 0 0 19 24 8 5 48 14 39 18

3g 0 0 39 8 2 6 43 15 33 17

3h 0 0 12 5 18 6 16 10 16 11

Aldol adduct T171 T172 T173 T174 T176 T177 T178 T179 T180 T187

3a 0 38 12 53 73 45 23 66 67 23

3b 0 15 0 36 43 12 8 0 17 0

3e 18 0 0 37 40 17 17 7 21 0

3g 6 7 0 40 40 12 18 25 32 20

3h 0 8 0 38 16 0 8 8 14 0

Aldol adduct T188 T189 T190 T191 T192 T193 T194

3a 78 89 15 100 49 39 94

3b 56 57 9 52 10 0 68

3e 64 65 6 68 14 16 72

3g 47 41 18 43 40 29 48

3h 17 18 9 20 11 10 19
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Teniendo en cuenta este inconveniente se realizó un segundo análisis de las reacciones de 

transaminación 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 aldólicos (3a-b, 3e, 3g-h cap. 3.1) 

en los productos aminados buscados (6a-b, 6e, 6g-h cap. 3.1) (Figura 4.18).  

 

 

Figura 4.18. Segunda ronda de selección de enzimas TAs de Prozomix (27 candidatas del análisis 

anterior). Se muestra la conversión de la reacción teniendo considerando el aducto aldólico 

consumido (3, cap. 3.1), el producto transaminado formado (6, cap. 3.1) y la (R)-benzoína 

formada (9, cap. 3.1). 

Adicionalmente al estudio del panel de transaminasas de Prozomix se trabajó con la 

aminotransferasa de α-aminoácidos de cadena ramificada (BCAT) de E. coli puesto que 

los productos formados (6, cap. 3.1) son derivados de α-aminoácido. Esta enzima utiliza 

L-Glu (10, cap. 3.1) como dador de grupo amino (Figura 4.19). En la reacción se genera 

2-oxoglutarato (11, cap. 3.1), que es inhibidor de la enzima.11 Por lo tanto, es necesario 

utilizar cantidades sub-estequiométricas de 10 y un sistema de regeneración  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 espontáneamente contribuyendo a desplazar el equilibrio de la 

reacción11 de transaminación hacia la formación del γ-hidroxi-α-aminoácidos (6 cap. 3.1).  

 

Figura 4.19. Síntesis estereoselectiva en dos pasos de γ-hidroxi-α-aminoácidos (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 CO2 y piruvato desplazando el equilibrio de la 

transaminación hacia el γ-hidroxi-α-aminoácidos. 

 

Es importante mencionar que a pesar de que se libera piruvato debido a la 

descarboxilación de 13, los intentos de llevar a cabo la reacción con reciclaje de piruvato 

en un sistema enzimático en cascada cíclica fueron infructuosos. No se logró obtener los 

correspondientes γ-hidroxi-α-aminoácidos (6, cap. 3.1) dándose una disminución del 

aldehído (1, cap. 3.1) acumulación del aldol (3, cap. 3.1) pero sin la formación del 

producto aminado (6, cap. 3.1), (Figura S25 materiales y métodos cap. 3.1) Sin embargo, 

cuando se utilizó el sistema enzimático HBPA/BCAT/AspTA en una secuencia de dos 

etapas enzimáticas se logró la transaminación de la mayoría de los aldoles estudiados. 

Este sistema permitió transaminar el aldol 3k (cap.3.1) que no fue sustrato para la T39. 

Sin embargo, el aducto aldólico 3n (cap.3.1) no fue transaminado por el sistema 

BCAT/AspTA y si por la T39 por lo que ambas estrategias de transaminación son 

complementarias.  

La síntesis de los γ-hidroxi-α-aminoácidos 6 del cap. 3.1, se llevó a cabo con el mejor 

sistema de enzimático encontrado (HBPA/T039 o HBPA/BCAT/AspTA) para cada 

sustrato. Para el aislamiento y purificación de los productos se escogió como estrategia 

proteger el grupo amino con el grupo Cbz y posteriormente lactonizar 

intramolecularmente el γ-hidroxi-α-aminoácido N-protegido utilizando la esterificación 
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de Steglich (Figura 4.20A).12 El γ-hidroxi-α-aminoácido 6g (cap. 3.1) se utilizó para 

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

 

Procedimiento Conversión 

Aldólica/(%)a 

Conversión 

Transaminación/(%)b 

Rendimiento

(%)c 

[α]d 

1 80 98 27 – 20 

2 86 90 35 – 21 

3 87 94 52 – 20 

a Conversión reacción aldólica (24 h) determinada por HPLC (3g cap. 3.1). b 

Conversión reacción de transaminación (24 h) determinada por HPLC (6g cap. 3.1). 
cRendimiento de producto aislado (14g cap. 3.1). dc=1 in CHCl3. 

Figura 4.20. Los γ-hidroxi-α-aminoácidos fueron aislados y purificados como lactonas N-

protegidas (14 cap 3.1). A. Estrategia general seguida en la síntesis de lactonas derivadas de γ-

hidroxi-α-aminoácido. B. Efecto de las condiciones de lactonización intramolecular sobre el 

rendimiento de producto aislado y la estereoquímica del producto final. Se utilizó a 6g (cap. 3.1) 

para estudiar diferentes condiciones de reacción.  

 

Para el procedimiento 1, se utilizó como base la 4-dimetilaminiopiridina (DMAP) en 

cantidades catalíticas para acelerar la esterificación intramolecular tratando de disminuir 

la reorganización 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 reacción de lactonización se ensayaron otras condiciones donde se 

incluyó hidroxibenzotriazol (HOBt) y un exceso de base (Et3N) lográndose mejorar los 

rendimientos de la lactona aislada hasta un 52% (Figura 4.20B, procedimiento 3). A 

pesar del riesgo de racemización que supone el uso de bases en las reacciones de α-

aminoácidos con carbodiimidas12b, no se observó variaciones en la rotación óptica de las 
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lactonas en las condiciones de reacción ensayadas (Figura 4.20B) por lo que se asumió 

que no se afectaba la integridad del centro estereogénico originado durante la reacción de 

transaminación.  

Utilizando el procedimiento 3 se sintetizaron los correspondientes derivados de γ-

butirolactonas (14, cap. 3.1 Figura 4.21). La configuración 2S,4R esperada se confirmó 

mediante el análisis por RMN, aprovechando la estructura cíclica de los productos 14 

(cap.3.1) y la esteroquímica del centro quiral originando en la reacción aldólica que se 

había determinado previamente. Las excepciones fueron los productos 6n y 6o (cap. 3.1), 

en estos casos la reacción de adición aldólica no fue estereoselectiva originándose una 

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

finales. 

 

Figura 4.21. Síntesis de las γ-butirolactonas (14, cap. 3.1) derivadas de γ-hidroxi-α-aminoácidos. 
aConversión reacción aldólica (24 h) determinada por HPLC. bConversión de la reacción de 

transaminación (24 h) determinada por HPLC. SistemaT039/BAL. cConversión de la reacción de 

transaminación (24 h) determinada por HPLC. Sistema BCAT/AspTA. dRendimiento de producto 

aislado. edr >95:5 determinado por RMN. fdr 50:50 determinado por RMN; gdr 60:40 (S:R) 

determinado por RMN. 

 

La configuración del centro estereogénico de los productos aldólicos 3c, 3n-o, cap. 3.1 se 

determinó a partir de las estereoquímicas de las correspondientes lactonas finales 

conociendo el comportamiento estereoquímicos de las reacciones de transaminación 

(Figura 3.4.20). La estereoquímica del producto aldólico 3k, cap. 3.1 se determinó 

también de manera indirecta, pero en este caso después de la reacción de transaminación 
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se obtuvo el derivado de (2S,4R)-4-hydroxyproline 15k cap. 3.1, al darse una reacción de 

sustitución nucleofílica intramolecular después de la incorporación del grupo amino 

(Figura 4.22). 

 

Figura 4.22. Síntesis de (2S,4R)-4-hydroxyproline a partir del aldol 3k, cap.3.1.aConversión de 

la reacción de transaminación (24 h) determinada por HPLC. bRendimiento de producto aislado. 
cLa caracterización estereoquímica de 15k, cap. 3.1 se realizó inequívocamente por HPLC con 

fase estacionaria quiral utilizando los diastereómeros comercialmente disponibles de la 

hidroxiprolina. 

 

La ventaja de utilizar el grupo protector Cbz es que puede ser eliminado fácilmente bajo 

hidrogenación catalítica. Así, 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 14o) se eliminó mediante hidrólisis enzimática 

catalizada por la penicilina G acilasa (PGA, EC 3.5.1.11, Roche diagnostics GmbH, 

Mannheim, donada a nuestro grupo de investigación por el Prof. Wolf-Dieter Fessner de 

la Universidad de Darmstadt), obteniéndose los aminoácidos 18n, cap. 3.1 y 18o, cap. 3.1 

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

 

Figura 4.23. Eliminación de los grupos protectores de aminos de las γ-butirolactonas 14, cap. 3.1. 

A. Hidrogenación catalítica. B. Desprotección quimio-enzimática: hidrogenación catalítica e 

hidrólisis enzimática catalizada por la PGA. aRendimiento de producto aislado. bCromatografía 

de intercambio catiónico (CEC). Macro-Prep ® High S Media (BioRad), condiciones de elusión: 

NH4OH (1M). 
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Estudios de sistemas multienzimáticos aldolasa-deshidogenasa.  

La DpkA de Pseudomonas syringae pv. Tomato DSM 50315 se describió como una imino 

reductasa que cataliza la reducción de iminas cíclicas como el 1-Piperideine-2-

carboxilato y el 1-pirroline-2-carboxilato formando L-pipecolato y L-prolina, 

respectivamente (Figura 4.24A).13 Sin embargo, en nuestro laboratorio nos percatamos 

que esta enzima era capaz de reducir grupos carbonilos de 2-oxoácidos como el piruvato. 

Por lo que decidimos estudiar esta actividad promiscua de la enzima y aplicarla en síntesis 

orgánica (Figura 4.24B).  

 

Figura 4.24. Reacciones enzimáticas catalizadas por la DpkA. A. Actividad natural de la enzima 

como imino-reductasa. B. Actividad promiscua como ceto-reductasa sobre la que se centrará este 

trabajo. 

Otra de las deshidrogenasas estudiada en esta Tesis es la 2-dehidropantoate 2-reductasa 

de E coli. (KPR). Esta enzima cataliza la reducción 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 reacción natural y el hecho de no existir ningún reporte sobre su aplicación en 

biocatálisis no hizo plantearnos la tarea de estudiar sus potenciales aplicaciones en 

síntesis orgánica (Figura 4.25B). 

 

Figura 4.25. Reacciones enzimáticas catalizadas por la KPR. A. Actividad natural de la enzima 

con el cetopantoato. B. Actividad promiscua sobre análogos del sustrato natural sobre la que se 

centrará este trabajo. 
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En una estrategia biocatalítica de dos reacciones enzimáticas consecutivas se evaluó la 

reducción catalizada por la DpkA de los aductos aldólicos generados por la adición 

aldólica de piruvato a aldehídos alifáticos catalizados por HBPA (se escogieron las 

reacciones con mejores ee). Los 2-hidroxiácidos (7 del cap. 3.2) sintetizados se aislaron 

como lactonas al sufrir una esterificación intramolecular en las condiciones ácidas 

generadas durante la purificación. Los derivados de 2-hidroxi-4-butirolactonas (8 del cap. 

3.2) se obtuvieron con rendimientos de productos aislados entre 27 y 34% y relación 

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 detectó la formación del 

producto reducido.  

 

Figura 4.26. Síntesis biocatalítica multienzimática de derivados de 2-hidroxi-4-butirolactonas 8 

(cap. 3.2), catalizados por la HBPA y la deshidrogenasa DpkA. aConversión reacción aldólica (24 

h) determinada por HPLC. bConversión reacción de reducción (24 h) determinada por HPLC. 
cRendimientos de producto aislados. dExceso enantiomérico de la reacción aldólica determinado 

anteriormente por HPLC en fase estacionaria quiral. eRelación diastereomérica determinada por 

RMN. 

Así mismo, la deshidrogenasa DpkA fue capaz de aceptar como sustratos los derivados 

del ácido (E)-2-oxo-4-arilbut-3-enoico, producto de las condensaciones aldólicas entre 

piruvato y aldehídos aromáticos catalizado por la HBPA (Figura 4.27). Sin embargo, los 

aldehídos (1n-p, cap. 3.3) no fueron transformados por el sistema HBPA/DpkA 

probablemente debido a que estos aldehídos aromáticos son malos sustratos para la 

aldolasa y la DpkA reduce irreversiblemente al piruvato antes de que este pueda participar 

en la reacción de condensación aldólica catalizado por la HBPA (Figura 4.27). A estos 
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resultados hay que añadir que ninguno de los productos de condensación entre el piruvato 

y aldehídos aromáticos (3 cap. 3.3) fue sustrato de la KPR. 

 

 

Figura 4.27. Sistema enzimático acoplado entre la HBPA y la DpkA en la síntesis de derivados 

del ácido (S,E)-2-hidroxi-4-arilbut-3-enoico (4, cap. 3.3). aConversión de la reacción de reducción 

(24h) determinado por HPLC. No se detectó material de partida ni productos de condensación 

aldólica. bRendimientos aislados. cExceso enantiomérico de la reducción determinado por HPLC 

con fase estacionaria quiral. Las mezclas racémicas se obtuvieron por reducción de 3 cap 3.3 con 

NaBH4/CeCl3.
14 dSe obtuvo mezcla de 3a y 4a después de la purificación. La relación 3a:4a se 

determinó por RMN. Los productos 4j, k y 4l, m no fueron aislados. 

 

La DpkA toleró sustratos con sustituciones voluminosas en las posiciones 2 y 6 del anillo 

aromático (3b, d-h, cap. 3.3) y heterociclos como el tiofeno (3i, cap. 3.3). Sin embargo, 

La conversión fue incompleta con grupos aril o con sustituyentes en otras posiciones del 

anillo aromático (p. ej. 3j-m, cap. 3.3). En esta cascada enzimática la enzima mostró 

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 estereoquímica absoluta de la catálisis con DpkA se determinó por difracción de rayos 

X de monocristal de los compuestos 4c-f (cap. 3.3). El análisis se llevó a cabo en 

colaboración con el Dr. Dieter Schollmeyer, del Instituto de Química Orgánica, 

Universidad Gutenberg de Mainz, Alemania. Los análisis, indicaron que la DpkA genera 

2-hidroxiácidos mayoritariamente con configuración S (Figura 4.28).  

 

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 gráficos de tipo ORTEP que muestran una molécula con elipsoides de probabilidad del 50%. 

Los datos cristalográficos fueron depositados en: Cambridge Crystallographic Data Centre a 

través de www.ccdc.cam.ac.uk/data_request/cif. 

 

Además de la HBPA, en nuestro grupo de investigación 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 adición aldólica 

de 2-oxoácidos a formaldehído,2f,15 por lo que se diseñaron sistemas multienzimáticos 

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

 

Figura 4.29. Estrategia general de síntesis biocatalítica consecutiva de 2-hidroxiácidos (4 cap. 

3.2).  

http://www.ccdc.cam.ac.uk/data_request/cif
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A partir de la adición aldólica de 2-oxoácidos (2a-n, cap. 3.2) a formaldehído (1a, cap. 

3.2) se generaron los 4-hidroxi-2-oxoácidos (3a-n, cap. 3.2) catalizadas por las aldolasas 

de Clase II, la KPHMT y YfaU. Terminada la reacción aldólica (máxima formación de 

producto aldólico) se inactivaron las enzimas con EDTA para prevenir la retro-aldólisis 

favorecida por la reducción irreversibles del 2-oxoácido catalizado por las 

deshidrogenasas. Posteriormente, se inició la reducción biocatalítica incorporando las 

oxido-reductasas (DpkA o KPR). Los 2-hidroxiácidos (4, cap. 3.2) se purificaron 

primeramente por cromatografía de intercambio aniónico (CIA) y se sometieron a un 

proceso de liofilización en medio ácido, lo que favoreció la esterificación intramolecular 

formando derivados de 2-hidroxi-4-butirolactonas que finalmente fueron purificadas por 

sílica (5a-n, cap. 3.2. Figura 4.30). 

 

 

Figura 4.30. Estrategia de síntesis biocatalítica de 2-hidroxi-4-butirolactonas (5a-n, cap. 3.2). 

1er. Adición aldólica catalizada por YfaU o KPHMT. 2do. Reducción enzimática catalizada por 

KPR o DpkA. CIA: Cromatografía de intercambio aniónico (DOWEX 1X8). Elusión: HCO2H 

1M. 

 

Los 2-oxoácidos 2d-e, 2g-i, 2k-n (capítulo 3.2) fueron sintetizados siguiendo las 

estrategias descritas en trabajos previos de nuestro grupo de investigación (Figura 

4.31).2f,15 A partir de los 2-oxoácidos 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). 

 

 

Figura 4.31. Estrategias de síntesis de los 2-oxoácidos 2d-e, 2g-i, 2k-n (capítulo 3.2) utilizados 

como sustratos en esta Tesis. A. Síntesis de los compuestos 2d-e, 2i, 2k-n (capítulo 3.2) a partir 

de la adición del correspondiente magnesiano al oxalato de etilo y posterior hidrólisis enzimática 

del éster. B. Síntesis de los compuestos 2g, h a través de la alquilación 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 hidrólisis enzimática del 2-

oxoéster.16-17 

 

Las diferentes combinaciones de lactonas sintetizadas se muestran en la Figura 4.32. Para 

todos los sustratos estudiados las deshidrogenasas resultaron ser biocatalizadores 

estereocomplementarios, así, la DpkA origina estereoquímica S, mientras que KPR 

estereoquímica R. Sin embargo, la actividad de la DpkA disminuyó a medida que se 

incrementó el tamaño del sustituyente en posición 3 sin importar la estereoquímica de 

este centro (la enzima solo tolera un grupo metilo y etilo en esta posición, Figura 4.32B 

y D).  
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Figura 4.32. Síntesis biocatalítica en dos etapas enzimáticas (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. aConversión de la reacción de adición aldólica (24h) determinado por HPLC. 
bConversión de la reacción de reducción enzimática (24h) determinado por HPLC.cRendimiento 

de producto aislado. dExceso enantiomérico de la reacción de reducción determinado por HPLC 

en fase estacionaria quiral. eRelación diasteromérica determinada por RMN. fExceso 

enantiomérico de la reacción de adición aldólica determinado por HPLC en fase estacionaria 

quiral en trabajos previos. n.d: no determinado. 

 

Por otro lado, la KPR mostró una amplia tolerancia a los sustratos, incluidos los 4-hidroxi-

2-oxoácidos con centros cuaternarios (3k-n, cap. 3.2) análogos al sustrato natural de la 

enzima (3j, cap. 3.2). Una excepción fue 3i que no fue sustrato de la enzima. Para las 

lactonas con un sólo 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 diastereoméricas pueden verse comprometidas por la 

estereoselectividad de las aldolasas2f (Figura 4.32). De manera general los bajos 

rendimientos observados en la mayoría de las combinaciones enzimáticas empleadas 

pueden deberse a la eficacia de la lactonización durante la liofilización y la etapa de 

purificación adicional que fue necesario realizar.  

Adicionalmente, fue posible combinar las aldolasas y las deshidrogenasas en un sistema 

en cascada enzimática concurrente. Esta estrategia permitió la síntesis de los 

enantiómeros del 2-hidroxi-4-butirolactona (R-5a y S-5 cap. 3.2) y los cuatro 

estereoisómeros 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). 

 

Figura 4.33. Síntesis biocatalítica en cascada de los enantiómeros de la 2-hidroxi-4-butirolactona 

5a, y los estereoisómeros de la 3-metil-2-hidroxi-4-butirolactonas 5b.aRendimiento de producto 

aislado. 

 

Con el resto de los 2-oxoacidos ensayados los resultados fueron infructuosos, no 

observándose disminución simultanea del material de partida. Es decir, no se apreció 

consumo de formaldehído (1) mientras que el 2-oxoácido (2) de partida se consumía. Esto 

indicaba su reducción por la deshidrogenasa, hecho que se corroboró con experimentos 

controles de reducción de cetoácido aislado. El consumo del 2-oxoácido por las 

deshidrogenasas compromete el rendimiento de la reacción aldólica cuando el 2-oxoácido 
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no es un buen sustrato para la aldolasa. En otras palabras, se establece una competencia 

entre los 2-oxoácidos presentes en el sistema: el sustrato de la reacción aldólica y su 

producto por la reducción. El balance entre las velocidades de estos dos procesos de 

reducción es la que determina la eficiencia del sistema enzimático en cascada. Esto lo 

corroboramos en varios experimentos donde detectamos el consumo de 2 por HPLC sin 

que se afectara al formaldehído presente en el sistema. 

 

Respecto a la estereoquímica de estas reacciones, de trabajos previos de nuestro grupo de 

investigación, la adición aldólica de 2-oxoácidos a formaldehído catalizada por MBP-

YfaU nativa y la variante W23V, así como, para la KPHMT nativa y sus variantes I202A 

y I212A conocemos que la síntesis procedía con elevada estereoselectividad y que por 

tanto los compuestos 5b-h (cap. 3.2) contienen un centro quiral con estereoquímica 

absoluta conocida (R para MBP-YfaU nativa y variantes y S KPHMT nativa y sus 

variantes).2f Este centro quiral se utilizó como referencia para la evaluación de la 

configuración relativa global de estos compuestos mediante RMN. En esta Tesis 

inferimos un resultado estereoquímico idéntico para el aldol 3e (cap. 3.2) que no se había 

descrito previamente para la KPHMT I212A  

La configuración absoluta de R-5a, S-5a y R-5j se confirmó comparando sus valores de 

rotación específica con las de muestras comerciales auténticas. Por otra parte, el 

compuesto R-5l del cap. 3.2 fue analizado con difracción de rayos X. Los análisis 

indicaron que la estereoquímica absoluta en C3 procedente de la reducción de la KPR era 

R (Figura 4.34). De estos resultados se infirió la estereoquímica absoluta de R-5k, R-5m 

y R-5n del cap. 3.2. 

 

Figura 4.34. Estructura de rayos X de R-5l, cap. 3.2. Gráfico 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. 

http://www.ccdc.cam.ac.uk/data_request/cif


Discusión de resultados. 

107 

 

El análisis de los modelos moleculares de los complejos de ambas deshidrogenasas con 

los aldoles 3 (cap. 3.2) realizados por el Dr. Jordi Bujons proporcionó una explicación 

para estos resultados estereoquímicos descritos anteriormente. 

Muchas enzimas moldean sus estructuras para mantener los sustratos en los centros 

activos durante la catálisis, de modo que puede ser necesaria una remodelación 

conformacional durante cada ciclo catalítico.18 En este sentido, la KPR y la DpkA 

presentan dos posibles estados conformacionales: las formas abiertas y cerradas, cuya 

interconversión se desencadena por la unión del sustrato.13,19 En las formas cerradas, los 

sustratos (3, cap. 3.2 y el NADPH) están 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 conformación pre-reactiva del sustrato está estabilizada por múltiples interacciones 

de puentes de hidrógeno (Figura 4.35C), de este modo, el grupo 2-oxo expone su lado si 

a la fracción nicotinamida del cofactor NADPH, que entrega su hidrógeno 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-estereoquímico observado para sus 

productos reducidos por la KPR. El resto de los análisis se pueden ver materiales y 

métodos del capítulo 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 (2OFP)23 (A) y (2CWH)13 (B) y su 

estructura se optimizó mediante métodos QM/MM. El sustrato 3a, el NADPH y los residuos 

cercanos se muestran con átomos C amarillos, verdes y grises; los enlaces H y los puentes salinos 

se muestran con líneas 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 átomo C del carbonilo 

reactivo y el hidrógeno 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, así como, de la 

porción-NH de H192 y la G193, (Figura 4.35D y S69, cap. 3.2). Además, el grupo 2-oxo 

acepta enlaces H desde el grupo 4-OH (intramolecular) y desde el imidazol protonado de 

H54, que actúa como residuo ácido en la catálisis. Este modo de unión al sustrato fuerza 

la exposición 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 análisis 

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

A manera de resumen podemos plantear que la DpkA muestra actividad promiscua hacia 

la reducción de 4-hidroxi-2-oxoácidos tolerando sustituyentes en la posición 4 y 

originando productos con estereoquímica S. Mientras que, la KPR, reduce 4-hidroxi-2-

oxoácidos análogos a su sustrato natural mostrando tolerancia a una gran variedad de 

grupos en posición 3, pero, no es capaz de reducir 2-oxoácidos con sustituyentes en 

posición 4 ni sustratos conformacionalmente restringidos. Esta enzima durante la 

reducción origina productos con estereoquímica R (Figura 4.36). 

 

Figura 4.36. La DpkA muestra actividad promiscua hacia la reducción de 4-hidroxi-2-oxoácidos 

tolerando sustituyentes en la posición 4 mientras la KPR acepta una gran variedad de grupos en 

posición 3, pero no es capaz de reducir 2-oxoácidos con sustituyentes en posición 4 ni sustratos 

conformacionalmente restringidos. Ambas enzimas son estereocomplementarias.  
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Estudio cinético de la DpkA y la KPR utilizando los 4-hydroxi-2-oxoácidos (3 y 6) 

sintetizados en este trabajo. 

Para completar nuestro estudio con las deshidrogenasas se determinaron los parámetros 

cinéticos de las enzimas en la reducción de los 4-hydroxi-2-oxoácidos 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).3,19-20 

 

 

 

Debido al número de sustratos utilizados en esta Tesis se decidió simplificar los ensayos 

enzimáticos utilizando una concentración fija de NADPH (0.16 mM) lo que permite 

reducir el sistema a la siguiente ecuación de velocidad inicial: 

 

Los ensayos enzimáticos se realizaron en experimentos continuos, monitorizando la 

oxidación del NADPH a NADP+ a 340 nm (NADPH ε340 = 6,22 mM–1 cm–1).21 Con los 

sustratos 3a-l (cap. 3.2) y 6b-c (cap. 3.2). Para ello se sintetizaron los productos aldólicos 

con aldolasas específicas (Tabla 4.3). Terminada la reacción se eliminó el componente 

enzimático por ultrafiltración (Amicon Ultra-15 cut off 3 kDa) y el exceso de metal con 

EDTA, evitándose posibles interferencias durante los ensayos cinéticos.  

 

Figura 4.37. Notación de Cleland 

para representar el mecanismo Bi-Bi 

ordenado de una deshidorgenasa y 

ecuación de la velocidad inicial bajo 

un régimen de estado estacionario.3 
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Tabla 4.3. Aductos aldólicos utilizados como sustratos en los ensayos enzimáticos de la 

DpkA y la KPR. Los sustratos se utilizaron en solución después de remover la enzima y 

quelar el exceso de metal cuando se utilizó una aldolasa clase II. 

Sustratos Aldolasa [S]/mMa r.eb/% 

3a YfaU nativa 85 -c 

S-3b 

YfaU W23V 

92 99:1 

S-3c 95 99,5:0,5 

S-3d 88 99:1 

S-3f 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 -d 

R-3g KPHMT nativa 84 93,5:6,5 

R-3h KPHMT I202A 80 87,5:12,5 

3j KPHMT nativa 88 -c 

3k KPHMT nativa 80 -c 

3l KPHMT nativa 96 -c 

R-6b HBPA nativa 82 97:3 

R-6c HBPA nativa 85 93,5:6,5 
aConcentración de sustrato determinada por HPLC. bRazón enántiomética 

determinado por HPLC con fase estacionaria quiral.2f cSustrato aquiral. dNo 

determinado.  

 

Al realizar los ensayos de actividad enzimática notamos que los 2-oxoácidos presentan 

absorción de luz a 340 nm. Esto hizo que la máxima concentración de sustrato (3 y 6, cap. 

3.2) utilizada en nuestro estudio fuese de 60 mM, dado que a concentraciones superiores 

se da una saturación en la señal del espectrofotómetro a dicha longitud de onda 

(contribución del NADPH y el 2-oxoácido). Por otro lado, concentraciones inferiores a 1 

mM en nuestras manos dieron resultados con baja reproducibilidad, por ello, el rango de 

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

 

Para determinar los parámetros cinéticos aparentes Vmax
app y Km

app se siguió las 

recomendaciones de Copeland, evitando los inconvenientes que surgen al linealizar la 

ecuación de Michaelis –Menten.22 Las velocidades iniciales se graficaron en función de 

la concentración de cada sustrato y se realizó 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 

parámetros cinéticos calculados para la KPR. 

Tabla 4.4. Parámetros cinéticos calculados para la KPR en la reducción de los 4-hidroxi-

2-oxoácidos (3, cap. 3.2). 

 

Substratos Parámetros cinéticos Rango [S] 

kcat
app Km

app (kcat/Km)ap

p 

Ki
app  

3a 7,1±0,5 4,9±1,2 1,4±0,4 
 0,2Kmapp ≤ [S] ≤ 12Kmapp 

S-3b 348±15 12,9±1,4 27±3 
 0,1Kmapp ≤ [S] ≤ 5Kmapp 

S-3c 926±37 3,0±0,5 319±52 
 0,3Kmapp ≤ [S] ≤ 22Kmapp 

S-3d 89±6 9,5±1,7 9,4±1,8 
 0,1Kmapp ≤ [S] ≤ 6Kmapp 

S-3f 1021±69 13±2 77±12 
 0,1Kmapp ≤ [S] ≤ 4Kmapp 

S-3g 350±20 15±2 24±4 
 0,1Kmapp ≤ [S] ≤ 4Kmapp 

S-3h 820±50 65±13 13±3 
8,4 ±1,8 0,2Kmapp ≤ [S] ≤ Kmapp 

R-3b 5350±138 4,8±0,4 1114±86 
 0,2Kmapp ≤ [S] ≤ 13Kmapp 

R-3c 700±34 7±1 108±18 
 0,2Kmapp ≤ [S] ≤ 10Kmapp 

R-3d 90±5 9,5±1,5 9,4±1,6 
 0,1Kmapp ≤ [S] ≤ 7Kmapp 

R-3e 5,9±0,5 18±3 0,34±0,10 
 0,1Kmapp ≤ [S] ≤ 3Kmapp 

R-3g 87±4 2,3±0,4 38±6 
 0,4Kmapp ≤ [S] ≤ 24Kmapp 

R-3h 40±4 11±3 3,7±1,0 
 0,1Kmapp ≤ [S] ≤ 5Kmapp 

3j 4457±813 0,4±0,2 11141±4587 
3,9±1,3 2,5Kmapp ≤ [S] ≤ 148Kmapp 

3k 6791±1022 1,5±0,5 4527±1668 
6,6±1,5 0,7Kmapp ≤ [S] ≤ 35Kmapp 

3l 1166±67 0,2±0,1 5831±3737 
28±4 5Kmapp ≤ [S] ≤ 320Kmapp 

kcat
app = min–1; Km

app = mM; (kcat/Km)app = min–1.mM–1, Ki
app = mM 

 



Discusión de resultados. 

112 

 

Para la mayoría de los aldoles ensayados se pudo utilizar un rango de concentración de 

sustratos de 0,25-5,0 veces el valor de la Km (entre el 20 y ≈ 80% de Vmax) garantizando 

una distribución de puntos en todas las zonas de la hipérbola, permitiendo un buen ajuste 

al modelo de la ecuación de Michealis–Menten.22 Si comparamos los valores de la 

constante de especificidad para R-3b y 3j (sustrato natural de la KPR) observamos que la 

eliminación de un grupo metilo en R-3b causa una disminución de un orden de magnitud 

de (kcat/Km)app respecto al sustrato natural (teniendo una mayor contribución la Km
app). 

Este efecto es más dramático cuando se cambia la estereoquímica del sustrato, así 3j 

muestra una constante de especificidad casi 400 veces mayor que la de S-3b (se afecta 

tanto la kcat
app como la Km

app). De igual forma la (kcat/Km)app del sustrato natural resultó 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 kcat
app como la Km

app) (Tabla 

4.4).  

Estos resultados demuestran que en el centro activo de la enzima existen dos regiones que 

contribuyen de manera diferente a la catálisis (influyen sobre kcat
app y Km

app) a través de 

las interacciones con los grupos metilo (aproximadamente contribuyen en 1,4 y 3,5 kcal 

mol–1 a la estabilización del ES≠ bajo las condiciones de nuestro ensayo cinético), 

resultando más importante la cavidad determinada por los residuos de V179, I183, 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 disminución de la constante de 

especificidad. Las diferencias en las energías de los estados de transición se calcularon utilizando 

la ecuación: GES
≠ = –RTln[(kcat/Km)app/ (kcat/Km)app

3j], R = 8,1 J mol–1 K–1 y T = 303 K. 22-23 Los 

modelos fueron realizados por el Dr. Jordi Bujons a partir de la estructura PDB 2OFP.24  

Los sustratos 3k, l, al igual que 3j, poseen en su estructura un centro cuaternario que les 

permite mantener las interacciones entre los dos sitios de unión del centro activo de la 

enzima. A pesar de esto, presentan una disminución 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 disminución de los valores de (kcat/Km)app 

de 3k y 3l con respecto al sustrato natural es menos dramática 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-oxoácido para la catálisis. 

3j                                                            R-3b                                       S-3b                                               3a
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Figura 4.39. Modelos moleculares de los sustratos 3k, l en el centro activo de la KPR. Las 

restricciones conformacionales de los anillos de ciclobutano y ciclopentano causan una 

disminución 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 2OFP.24 

Para el resto de los sustratos la enzima mostró una disminución de (kcat/Km)app a medida 

que aumenta el tamaño del sustituyente en el C3 del 2-oxoácido debido a interacciones 

estéricas desfavorables en el centro activo de la enzima (Figura 4.40). Una excepción la 

tenemos con los sustratos S-3b al S-3c donde se observó un incremento de 12 veces en la 

constante de especificidad determinado tanto por un aumento de la kcat
app como una 

disminución de la Km
app al pasar de un grupo metil a etilo en el sustrato (Figura 4.40, 

Tabla 4.4).  

 

3k                                                                   3l
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Figura 4.40. Los valores de (kcat/Km)app disminuyen a medida que se hace más voluminoso el 

sustituyente del C3 del sustrato (3a-h, cap.3.2)  en ambos enantiómeros para la catálisis de la 

KPR.   

Los datos cinéticos obtenidos para los sustratos S-3h y 3j, k, l se ajustaron a un modelo 

de inhibición por sustrato (Figura 4.41). El fenómeno de una aparente inhibición por 

sustrato se ha descrito para otras enzimas con cinética bisustrato.25 

 

 

Figura 4.41. Los datos cinéticos obtenidos para los sustratos S-3h y 3j, k, l se justaron a un 

modelo de inhibición por sustrato utilizando el software GraphPad Prims v 5.0. Se muestra la 

constante de inhibición y la concentración de sustrato a la cual se alcanza la máxima velocidad 

inicial. 
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Un máximo en la curva cinética (V0 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.25a,26 En este 

sentido, los resultados obtenidos para la KPR con los sustratos S-3h y 3j, k, l se pueden 

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

 

Figura 4.42. Ecuación 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.26 Bajo 

determinadas condiciones la ecuación de velocidad se reduce a una aparente inhibición por 

sustrato. Deducir la ecuación para un mecanismo Bi-Bi al azar bajo régimen de estado 

estacionario es en extremo complejo por ello se utilizó el sistema Bi-UNI como una simplificación 

del modelo. 

 

Otra hipótesis que explicaría la aparente inhibición por sustrato sería la existencia de un 

segundo sitio de unión en la enzima para el 2-oxoácido, pero no se dispone de ninguna 

evidencia estructural que lo confirme por lo que ha sido descartada.19,20b,27 Estos 

resultados discrepan con los descritos para la KPR de E. coli (no se reportan desviaciones 

del modelo hiperbólico) probablemente debido a que se han utilizado concentraciones de 

3j inferiores a 1 mM no llegando a observarse la disminución de la actividad enzimática 

con la concentración de sustrato ([3j]max = 1,2 mM, Figura 4.41). Esto también puede 

sesgar los patrones de inhibición por producto que hacen concluir que la enzima sigue 
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una cinética Bi-Bi ordenada.19,20b,27 Sin embargo, para la KPR de Staphylococcus aureus 

se informó de una constante de inhibición por sustrato aparente (Ki
app) de 270 µM para 

3j, un orden de magnitud inferior a la encontrada en este trabajo.28 

Debido al comportamiento cinético de la KPR con los sustratos 3j, k, l (máxima actividad 

en el sistema cuando [S]max = 1,2-3.1mM, Figura 4.41) se añadió una mayor 

concentración de enzima en las reacciones biocatalíticas ([E]0
biocatálisis = 1 mg mL–1 vs 

[E]0
ensayo enzimático= 0,0003 mg mL–1) para contrarrestar el hecho de trabajar a 

concentraciones de sustrato (50 mM) alejadas del máximo en la curva cinética. Además, 

utilizar una concentración de NADPH de 5 mM ([NADPH]biocatálisis = 1250 Km NADPH, Km 

NADPH = 4.0 M)20b, unido a un sistema de regeneración que mantiene su concentración 

“constante” durante la reacción, contribuye a potenciar la actividad de la deshidrogenasa. 

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

En el caso de la DpkA los ensayos enzimáticos sólo 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-oxoácidos con sustituyentes en el C3. En el caso de los sustratos 6 sólo se 

estudiaron el R-6b y R-6c dado que, para el resto, la conversión de la reacción aldólica 

comprometió su uso (el piruvato remante en el medio de reacción (>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-6c no se pudo utilizar un rango de concentración de 

sustratos de 0,25-5,0 veces el valor de la Km (entre el 20 y ≈ 80% de Vmax)
22 por lo que 

obtuvimos parámetros cinéticos estimados (Tabla 4.5). 

La DpkA no mostró 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 tamaño del 

sustituyente del C3 (pasar de un metilo a un etilo) se da una disminución de casi 4 veces 

en la (kcat/Km)app determinado mayormente por una disminución en la kcat
app (sustratos S-

3b y S-3c, Tabla 4.5). 
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Tabla 4.5. Parámetros cinéticos en la reducción de los 4-hidroxi-2-oxoácidos (3, cap. 3.2) 

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

 

Substratos 
Parámetros cinéticos 

Rango [S] 
kcat

app Km
app (kcat/Km)app 

3a 
1,7±0,2 

33±7 
0,052±0,013 0,03Kmapp ≤ [S] ≤ 2Kmapp 

S-3b 
1,1±0,1 

19±4 
0,058±0,012 0,05Kmapp ≤ [S] ≤ 3Kmapp 

S-3c 
0,23±0,01 

14±2 
0,016±0,002 0,07Kmapp ≤ [S] ≤ 5Kmapp 

R-3b 
0,36±0,0002 7,5±1,9 0,047±0,013 0,13Kmapp ≤ [S] ≤ 8Kmapp 

R-6b 3,00±0,02 11±1 
0,28±0,039 0,1Kmapp ≤ [S] ≤ 5Kmapp 

R-6c 85±27C 97±43c 
0,87±0,48 0,01Kmapp ≤ [S] ≤ 0,6Kmapp 

     kcat
app = min–1; Km

app = mM; (kcat/Km)app = min–1mM–1 

 

Utilizando los datos cinéticos para comparar la catálisis 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 estabilización 

del estado de transición de la reacción (ES≠) de 2; 3; 6 y 6 kcal mol–1 respectivamente 

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

en esta Tesis (Figura 4.43).  

 

Figura 4.43. Para los sustratos 3a, S-3b, S-3c y R-3b la KPR alcanza una mayor estabilización 

de los ES≠ en comparación con la DpkA. Las diferencias en las energías de los estados de 

transición se calcularon utilizando la ecuación:   GES
≠ = –RTln[(kcat/Km)app

DpkA/(kcat/Km)app
KPR], 

R = 8,1 J mol–1 K–1 y T = 303 K.22-23  
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Finalmente, para los sustratos R-6b y R-6c la DpkA mostró valores de (kcat/Km)app 

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-6c posee un grupo voluminoso en su 

estructura la constante de especificidad fue mayor que para el sustrato R-6b (3 veces 

mayor), esto se debió a un mayor incremento de la kcat
app en comparación con el aumento 

de la Km
app. En este análisis hay que tener en cuenta que los parámetros cinéticos 

obtenidos para R-6b son estimados, debido a su elevado valor de Km
app. 

Desafortunadamente no se pudo disponer de más sustratos de la serie 6 que nos permitan 

obtener un mayor número de datos cinéticos para realizar un estudio más completo de 

esta actividad promiscua de la DpkA. 
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Conclusiones generales 

-La trans-o-hidroxibencilideno piruvato hidratasa-aldolasa (HBPA) catalizó la síntesis 

enantioselectiva de 4-hidroxi-2-oxoácidos quirales a partir de aldehídos alifáticos.  Se 

acopló su actividad catalítica con otras actividades enzimáticas como: transaminasas (cap. 

3.1). y deshidrogenasas (cap. 3.2) evitándose los pasos de purificación de los 

intermediarios de síntesis.  

-Los sistemas biocatalíticas HBPA/T039 y HBPA/BCAT/AspTA representan enfoques 

complementarios adecuados para la síntesis asimétrica de γ-hidroxi-α-aminoácidos 

quirales con moderados rendimientos y excelente estereocontrol por parte de las enzimas 

implicadas (cap. 3.1). 

- La HBPA catalizó la síntesis de 2-oxoácidos α,β-insaturados con buenos rendimientos 

a partir de aldehídos aromáticos (cap. 3.3), permitiendo la síntesis en cascada  de 

derivados quirales del ácido 2-hidroxi-4-arilbut-3-enoico cuando se acoplo con la 

deshidrogenasas DpkA (cap. 3.3). 

-La estrategia biocatalítica que combina 2-oxoácido aldolasas estereoselectivas (YfaU y 

KPHMT) con dos deshidrogenasas estereocomplementarias (KPR y DpkA) permitió la 

síntesis de 2-hidroxiácidos quirales y derivados de 2-hidroxi-4-butirolactonas, en una 

síntesis de dos pasos enzimáticos y en un sistema en cascada (cap. 3.2). 

-La deshidrogenasa KPR mostró una amplia tolerancia al sustrato frente a los 4-hidroxi-

2-oxoácidos, incluyendo aquellos con centros cuaternarios en C3, homólogos al sustrato 

natural. Sin embargo, se observó inhibición por sustrato para el cetopantoato y sus 

análogos, sin afectar esto al proceso biocatalítico (cap. 3.2). 

-La DpkA presentó una actividad promiscua hacia la reducción del grupo carbonilo de 2-

oxoacidos y 4-hidroxi-2-oxoácidos. Sin embargo, tiene una baja tolerancia a sustrato con 

sustituyentes en el C3 del sustrato, aceptando sólo metilo y etilo como sustituyentes, con 

preferencia el aldol con configuración 3S (cap. 3.2). 
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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, benzylamine, 2,4′-dibromoacetophenone, benzyl bromide, and 

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

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

published in previous works.1 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) 

endA1, hsdR17 (rB+, mB+), supE44, thi1, recA1, gyrA96, relA1, lac F´ 

[proA+ B+, lacIq ZΔM15::Tn10] (TetR). 

E. coli Bl21-AI 

(used for protein 

expression) 

F– ompT gal dcm lon hsdSB(rB
–mB

–)[malB+]K-12(λS) araB::T7RNAP-tetA 

E. coli M15 

[pREP4] 

(used for protein 

expression) 

naIs , strs , rifs , 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’CGAACATCCGTTTTCTGCCGGCGGAGGACGATTACTATGCGG3’ 

BCAT(53) Forward: 5’ ATGCATGCCATGGGAATGACCACGAAGAAAGCTG 3’ 

BCAT(35) Reverse:5’ATACGATAGATCTTTGATTAACTTGATCTAACCAGCCCC 3’ 

AspAT(53) Forward: 5’ AGTCAGCTGGATCCATGTTTGAGAACATTACCGC 3’ 

AspAT(35) Reverse: 
5’CATACTAAGCTTAGTGATGGTGATGGTGATGAGATCTCAGCACTG

CCACAATCGC 3’ 

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, lacI 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 

H205A 

Plasmid containing the nahE (CAC→GCG) gene, codes for HBPA 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.  

pQE60 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. 

pQE60 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.2 

pQE40 MBP-YfaU Previous work.3 

 

Methods. 

Enzymes cloning. HBPA: The optimized synthetic gene nahE (Figure S1) insert in a 

pQE 40 (GenScript's gene synthesis service) was re-cloned into the second cloning site 

of a pETDuet-1 plasmid, using the restriction enzymes NdeI and KpnI (Figure S2). All 

DNA manipulation were performed using routine procedures of molecular biology.3  

A) 

ATGCTGAACAAGGTGATCAAAACCACCCGTCTGACCGCGGAGGACATCAACGGTGCGTGGACCATTATGCCGACC 

CCGAGCACCCCGGATGCGAGCGATTGGCGTAGCACCAACACCGTTGACCTGGATGAAACCGCGCGTATCGTGGAG 

GAACTGATTGCGGCGGGTGTTAACGGCATTCTGAGCATGGGCACCTTTGGCGAGTGCGCGACCCTGACCTGGGAG 

GAAAAGCGTGACTACGTGAGCACCGTGGTTGAAACCATCCGTGGTCGTGTTCCGTATTTCTGCGGCACCACCGCG 

CTGAACACCCGTGAGGTGATCCGTCAGACCCGTGAACTGATCGATATTGGTGCGAACGGCACCATGCTGGGTGTG 

CCGATGTGGGTTAAGATGGACCTGCCGACCGCGGTTCAATTTTACCGTGATGTTGCGGGTGCGGTTCCGGAGGCG 

GCGATCGCGATTTATGCGAACCCGGAAGCGTTCAAATTTGATTTCCCGCGTCCGTTCTGGGCGGAGATGAGCAAG 

ATCCCGCAGGTGGTTACCGCGAAATACCTGGGTATTGGCATGCTGGACCTGGATCTGAAACTGGCGCCGAACATC 

CGTTTTCTGCCGCACGAGGACGATTACTATGCGGCGGCGCGTATCAACCCGGAACGTATTACCGCGTTCTGGAGC 

AGCGGTGCGATGTGCGGTCCGGCGACCGCGATTATGCTGCGTGACGAGGTGGAACGTGCGAAGAGCACCGGTGAT 

TGGATCAAGGCGAAAGCGATTAGCGACGATATGCGTGCGGCGGACAGCACCCTGTTTCCGCGTGGTGATTTTAGC 

GAGTTCAGCAAGTACAACATCGGCCTGGAAAAAGCGCGTATGGATGCGGCGGGTTGGCTGAAAGCGGGTCCGTGC 

CGTCCGCCGTACAACCTGGTGCCGGAAGATTATCTGGTTGGTGCGCAAAAGAGCGGTAAAGCGTGGGCGGCGCTG 

CACGCGAAGTATAGCAAA 

B) 

MLNKVIKTTRLTAEDINGAWTIMPTPSTPDASDWRSTNTVDLDETARIVEELIAAGVNGILSMGTFGECATLTWEEKRDYV

STVVETIRGRVPYFCGTTALNTREVIRQTRELIDIGANGTMLGVPMWVKMDLPTAVQFYRDVAGAVPEAAIAIYANPEAFK

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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B) 

MRGSHHHHHHGSMLNKVIKTTRLTAEDINGAWTIMPTPSTPDASDWRSTNTVDLDETARIVEELIAAGVNGILSMGTFGEC

ATLTWEEKRDYVSTVVETIRGRVPYFCGTTALNTREVIRQTRELIDIGANGTMLGVPMWVKMDLPTAVQFYRDVAGAVP

EAAIAIYANPEAFKFDFPRPFWAEMSKIPQVVTAKYLGIGMLDLDLKLAPNIRFLPHEDDYYAAARINPERITAFWSSGAMC

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 NcoI/BglII restriction enzymes (primers 

BCAT(53) and BCAT(35)) and BamHI/HindIII restriction enzymes (primers AspAT(53) 

and AspAT(35)) respectively (Table S3). All DNA manipulation were performed using 

routine procedures of molecular biology.3  

A) 
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MGMTTKKADYIWFNGEMVRWEDAKVHVMSHALHYGTSVFEGIRCYDSHKGPVVFRHREHMQRLHDSAKIYRFPVSQSI

DELMEACRDVIRKNNLTSAYIRPLIFVGDVGMGVNPPAGYSTDVIIAAFPWGAYLGAEALEQGIDAMVSSWNRAAPNTIPT

AAKAGGNYLSSLLVGSEARRHGYQEGIALDVNGYISEGAGENLFEVKDGVLFTPPFTSSALPGITRDAIIKLAKELGIEVRE

QVLSRESLYLADEVFMSGTAAEITPVRSVDGIQVGEGRCGPVTKRIQQAFFGLFTGETEDKWGWLDQVNQRSHHHHHH 

B) 

MGGSMFENITAAPADPILGLADLFRADERPGKINLGIGVYKDETGKTPVLTSVKKAEQYLLENETTKNYLGIDGIPEFGRCT

QELLFGKGSALINDKRARTAQTPGGTGALRVAADFLAKNTSVKRVWVSNPSWPNHKSVFNSAGLEVREYAYYDAENHTL

DFDALINSLNEAQAGDVVLFHGCCHNPTGIDPTLEQWQTLAQLSVEKGWLPLFDFAYQGFARGLEEDAEGLRAFAAMHK

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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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 KpnI restriction site. The 

third-round PCR (PCR 3) was performed using external primer (Primer 1 HBPA) with 

NdeI restriction site and the product of PCR2 (“megaprimer”). 
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Table S2. Megaprimer site-directed mutagenesis PCR protocols.  

a) PCR 1 

Components V/µL 
Final concentration (50 

µL total volume) 
PCR cycles 

Water, nuclease free 35.5  Step T/°C Time/s 

5X Green Buffera 10  Initial denaturation 98 180 

dNTP mix  

(10 mM each) 
1 0.2 mM each 

35 PCR cycles 

98 10 

F1, forward primer 

(25 µM) 
1 0.5 µM 55 30 

R, reverse primer (25 

µM) 
1 0.5 µM 72 20 

Template DNA  

(1 ng µL–1) 
1 0.01 ng µL–1 Final extension 72 600 

DNA Polymerase (2 

U µL–1)b 
0.5 0.02 U µL–1  4 Hold 

 

b) PCR 2 

Components V/µL 
Final concentration (50 

µL total volume) 
PCR cycles 

Water, nuclease free 35.5  Step T/°C Time/s 

5X Green Buffera 10  Initial denaturation 98 180 

dNTP mix  

(10 mM each) 
1 0.2 mM each 

35 PCR cycles 

98 10 

F1, forward primer 

(25 µM) 
1 0.5 µM 55 30 

R, reverse primer (25 

µM) 
1 0.5 µM 72 6 

Template DNA  

(1 ng µL–1) 
1 0.01 ng µL–1 Final extension 72 600 

DNA Polymerase (2 

U µL–1)b 
0.5 0.02 U µL–1  4 Hold 

 

c) PCR 3 

Components V/µL 
Final concentration (50 

µL total volume) 
PCR cycles 

Water, nuclease free 35.5  Step T/°C Time/s 

5X Green Buffera 10  Initial denaturation 98 180 

dNTP mix  

(10 mM each) 
1 0.2 mM each 

35 PCR cycles 

98 10 

F1, forward primer 

(25 µM) 
1 0.5 µM 55 30 

R, reverse primer (25 

µM) 
1 0.5 µM 72 300 

Template DNA  

(1 ng µL–1) 
1 0.01 ng µL–1 Final extension 72 600 

DNA Polymerase (2 

U µL–1)b 
0.5 0.02 U µL–1  4 Hold 

a5X Phusion Green HF Buffer (Thermo Scientific). bThe concentration of Megaprimer depends on the  

efficiency of the PCR2. Megaprimer size: 418 bp (H205A). cFusion 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 (OD600) 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 (DO600 ≈ 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 SepharoseTM High Performance (50 mL bed volume, GE Healthcare) at 6 mL min–

1 and washed with lysis buffer (400 mL) at 6 mL min–1. The protein was eluted with 

elution buffer (200 mL) at a flow rate of 6 mL min–1 (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–1), 

BCAT (1.40 mg mL-1) and AspAT (0.98 mg mL–1), assuming all Cys residues are 

reduced.  

  

http://expasy.org/tools/protparam.html
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Table S3. Conditions for expression and purification of protein using in this work. 

 

 

Enzyme 

Expression conditions Purification conditions 
Cellular 

expression 

system 

Induction 

conditions and 

selection 

antibiotics 

Lysis buffer 
Elution 

buffer 
Dialysis buffer 

HBPA  
E. coli BL21 

AI 

IPTG 1 mM 

L-arabinose  

(0.2% m/v) 

T =30 ºC 

Ampicillin (100 

μg mL–1) 

50 mM 

NaH2PO4 

buffer pH 8.0, 

NaCl (300 

mM),  

imidazole (20 

mM), glycerol 

(10 % v/v) and 

DNAse 

50mM 

NaH2PO4 

buffer pH 

8.0,  

NaCl (300 

mM),  

imidazole 

(250mM) 

and  

glycerol (10 

% v/v). 

20 mM TEA buffer 

pH 6.5, NaCl (50 

mM), EDTA (0.5 

mM) and glycerol 

(50% v/v).  

BCAT 

E. coli M15 

[pREP-4] 

IPTG 50 µM 

T = 20ºC 

Ampicillin (100 

μg mL–1) 

Kanamycin 

(25 μg mL–1) 

50mM NaH2PO4 

buffer pH 7.0, NaCl 

(100 mM), PLP (0.01 

mM) and glycerol 

(50% v/v). 

AspAT 

 

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

performed as described in previous work.2-3 

 

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/(%)a Yieldb 

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.4 bmg protein L–1 culture medium. 

Electrospray mass spectrometry of proteins.  

Glycerinated proteins were diluted in water/formic acid (0.1% v/v) (1 mg protein mL–1, 

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 μL) to an Acquity UPLC BEH C4, 1.7 μm, 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–1 and the cone gas flow was set at 30 L h–1. The solvent system 

used for the elution was: solvent (A): 0.1% formic acid in CH3CN/H2O (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–1. 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. Zhongqi 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 

variant 

Molecular weight 

calculated/Da 

Δm/Da  

(HBPA wt – HBPA 

H205A) Theoretical 

Δm/Da 

(HBPA wt – HBPA 

H205A) Experimental 

Wild-

type 

38045  

66 

 

66 

H205A 37979 
 

HBPA wild-type  

 

 

HBPA H205A  

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000 70000 75000 80000 85000 90000 95000 100000

Mass

 38045

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000

m/z

  546.00

  655.00

  907.00

 1360.00

 1586.0071+
68+

58+

50+

48+

35+

34+33+

32+

31+
30+

29+28+27+

26+
25+24+23+

21+
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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 (Überlingen, 

Germany) (Na Lamp, 589 nm). Products (16 to 63 mg) were dissolved in H2O, MeOH or 

CHCl3 (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 μm, 4.6 × 250 mm 

column (Waters). The solvent system used was: solvent (A): 0.1% (v/v) trifluoroacetic 

acid (TFA) in H2O and solvent (B): 0.095% (v/v) TFA in CH3CN/H2O 4:1, flow rate 1 

mL min−1, 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) Analysis of the compounds bearing carbonyl groups. Samples were withdrawn 

from the reaction mixture (10 µL) and mixed with a solution of BnONH2 (50 µL of a 0.13 

mM stock solution in pyridine:methanol:water 33:15:2) during 5 min, and then diluted 

with methanol (500 µL). 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 µL) and diluted with methanol (500 µL). 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 µL) and mixed with sodium borate buffer (20 µL of a 100 

mM stock solution pH 10.0). Then, a solution of N-(benzoyloxy)succinimide (Bz-OSu) 

(50 µL of a 150 mM stock solution in CH3CN, 7.5 µmol, 7.5 eq) was added. After 

incubation at room temperature for 30 min, samples were diluted with AcOH:CH3CN 

10:90 (300 µL), 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 µm). All samples were eluted with hexane/isopropanol mixtures 

at flow rate 1 mL min–1, column temperature 30 °C and diode array detection (215-350 

nm). Specific elution conditions are described in each compound. 

NMR analysis. 

Routine 1H (400 MHz) and 13C (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.5 One unit of activity was defined 

as the amount of HBPA that catalyzes the formation of 1 mol 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 L of a 2 M stock solution in H2O pH 6.5-7.0, prepared just before 

use) and indole-3-carboxyaldehyde (200 L 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 L, of 

stock solution between 0.0625 – 4 mg mL–1 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 α-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 mol 

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 α-ketoglutarate 

and L-Ala (180 L of a 16.6 mM α-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 L of 140 U mL–1stock solution, 4.2 U in the 

reaction), T039 (100 L of a 0.006 – 0.09 mg mL–1 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 α-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 mol 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 α-ketoglutarate and L-Asp (250 L of a 12 mM α-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 L of 9968 U mL–1 

stock solution, 25 U in the reaction) and MDH (10 L of 6000 U mL-1stock solution, 5 U 

in the reaction), AspAT (50 L, of stock solution between 0.00024 - 1 mg mL–1 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.  



Sección experimental capítulo 3.1 

S17 
 

Activity of BCAT was determined using the transamination of α-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.6 One unit of 

activity was defined as the amount of transaminase that catalyzes the formation of 1 mol 

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 α-ketoglutarate 

and L-Val (250 L of 6 mM α-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–1stock solution, 2 U mL–1 in the reaction), BCAT (50 L, of stock 

solution between 0.0078 – 1 mg mL–1 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, 1l-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.7 1H NMR (400 MHz, CDCl3) 

δ 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) δ 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. 
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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.8 

1H NMR (400 MHz, CDCl3) δ 9.86 (t, J = 2x1.2 Hz, 1H), 7.34 – 7.19 (m, 2H), 7.05 – 

6.78 (m, 3H), 1.55 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 199.4, 157.6, 129.6, 122.0, 

114.5, 72.6. 

2-Methyl-2-phenoxypropanal (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), I2 (3.4 g, 13.3 mmol, 1.2 eq) was 

slowly added under N2 atmosphere. When all the added I2 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 CH2Cl2 (3 x 100 mL). The organic 

phases were combined, washed with water (3x100 mL), NaHCO3 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%). 1H NMR 

(400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 

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). 

1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, 

CDCl3) δ 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 ºC, H5IO6 (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. 1H NMR (400 MHz, CD3OD) 

δ 5.06 – 4.98 (m, 1H), 1.26 (d, J = 2.0 Hz, 3H), 1.25 (d, J = 2.0 Hz, 3H). 13C NMR (101 

MHz, CD3OD) δ 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). 1H NMR (400 MHz, CD3OD) δ 4.70 (s, 1H), 4.34 (s, 1H), 3.29 (s, 1H), 1.47 

(d, J = 3.7 Hz, 9H). 13C NMR (101 MHz, CD3OD) δ 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.8 1H NMR 

(400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 

201.1, 137.8, 128.4, 127.8, 127.7, 73.2, 63.8, 43.9. 

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

 

To a solution of 2-phenylacetic acid S3 (10.0 g, 73.5 mmol) in anhydrous CH2Cl2 (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), NaHCO3 5% (3 x 200 mL), brine (3 x 200 mL) and dried over anhydrous 

MgSO4 and concentrated under vacuum yielding N-(2,2-dimethoxyethyl)-2-

phenylacetamide S5 (11.5 g, 70%). 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR 

(101 MHz, CDCl3) δ 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/HCl 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 CH2Cl2 (3 x 100 mL). The organic phases were combined, dried over 

anhydrous MgSO4 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.9 1H NMR 

(400 MHz, CDCl3) δ 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, CDCl3) δ 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, SOCl2 (26.0 g, 218.9 mmol, 3 eq) was 

slowly added under N2 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.10 L-Alanine methyl ester hydrochloride (10.4 g, 99%) was 

obtained as a white solid. 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 171.2, 

53.5, 48.7, 15.0. 

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

 

To a solution of 2-phenylacetic acid S3 (8.3 g, 61.0 mmol, 1 eq) in anhydrous CH2Cl2 

(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 HCl 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 yielding N-phenylacetyl-L-alanine 

methyl ester S7 (12.6 g, 93%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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, HCl 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 CH2Cl2 (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%). 1H NMR (400 MHz, CDCl3) 

δ 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). 13C NMR 

(101 MHz, CDCl3) δ 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 1o as a white solid (1.5 g, 76%). 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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.11 

1H NMR (400 MHz, CDCl3) δ 9.64 (s, 1H), 7.40 – 7.26 (m, 5H), 5.12 (s, 2H), 4.14 (d, J 

= 5.1 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 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 CH2Cl2 (50 mL), di-tert-butyldicarbonate (Boc2O) (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 MgSO4 and concentrated under 

vacuum yielding tert-butyl (2-hydroxyethyl)carbamate as a yellow oil (5 g, 63%). 1H 

NMR (400 MHz, CDCl3) δ 3.76 – 3.57 (m, 2H), 3.26 (q, J = 2x5.4, 5.3 Hz, 2H), 1.42 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 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%). 1H NMR (400 MHz, CDCl3) δ 9.63 (s, 1H), 

4.06 (d, J = 5.1 Hz, 2H), 1.43 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 197.0, 146.7, 85.2, 

28.2. The NMR data matched that reported in the literature.12 

4-Methyl-N-(2-oxoethyl)benzenesulfonamide (1s). 

 

To a solution of 2,2-dimethoxyethanamine (S9) (2.0 g, 19.0 mmol) in anhydrous CH2Cl2 

(100 mL), TsCl (3.6 g 19.0 mmol, 1 eq) and Et3N (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 HCl 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 

MgSO4 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/HCl 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 MgSO4, and concentrated under vacuum to afford the 

compound 1s as a white solid (3.4 g, 90%). 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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 µL 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 μL 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 µL of a stock solution 0.029 

U mL–1, 4 mg mL–1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) 

of glycerol, 0.007 U mL–1, 1 mg protein mL–1 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). 

The synthesis of sodium 4-hydroxy-2-oxoacid 3a was conducted 

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

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–1, 4 mg mL–1 in 50 mM TEA buffer, 50 

mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.007 U mL–1, 1 mg protein mL–1 

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 H2O2 

(see below) and cooled down to 4 °C. To this mixture, H2O2 (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 CsCl (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 MgSO4, absorbed onto silica gel 

(100 mL) and loaded in a column chromatography (47x4.5 cm) packed with silica gel 

(100 g, 35-70 μm, 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 %). [α]20
D = – 11.2 (c = 1, in MeOH). Chiral 

HPLC analysis: CHIRALPACK ID, isocratic elution hexane/isopropanol 80/20 (v/v), 

flow rate 1 mL min–1, tr (S) = 12.774 min, tr (R) = 11.293 min, 97:3 er.  1H NMR (400 

MHz, D2O) δ 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, D2O) δ 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+] C11H14O4Na+: 233.0823, found [M+Na+]: 2330814. 

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

The racemic aldol adduct rac-3a was conducted in an Erlenmeyer 

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

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 NiCl2 (100 µL 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–1 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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Synthesis of 3a and decarboxylation reaction were performed as 

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%). 

[α]20
D = + 10.6 (c = 1, in MeOH). Chiral HPLC analysis: CHIRALPACK ID, isocratic 

elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min–1, tr (S) = 17.145 min, tr (R) 

= 14.157 min, 98:2 er. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, 

CDCl3) δ 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+] C30H32O8Na+: 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-

4a. Conditions for esterification and product purification were 

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

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

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

The synthesis of aldol intermediate 3b was conducted in an 

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 

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–1, 4 mg mL–1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% 

(v/v) of glycerol, 0.007 U mL–1, 1 mg protein mL–1 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%). [α]20
D = + 8.7 (c = 2, 

in MeOH). Chiral HPLC analysis: CHIRALPACK IB, isocratic elution 

hexane/isopropanol 80/20 (v/v), flow rate 1 mL min–1, tr (S) = 8.292 min, tr (R) = 9.317 

min, 94:6 er. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C36H40O8Na+: 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, NiCl2 (270 µL 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–1 final concentration in the reaction). The flask was 

placed in an orbital shaker (250 rpm) at 25 °C for 24h. Reaction was 

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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The precursor 3d was prepared following the procedure 

described for R-4a starting from 1d (8.4 mL of 0.4 M 

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%). [α]20
D = + 0.3 (c = 2 in CHCl3). Chiral 

HPLC analysis: CHIRALPACK IC, isocratic elution hexane/isopropanol 80/20 (v/v), 

flow rate 1 mL min–1, tr (S) = 52.976 min, tr (R) = 58.220 min, 71:29 er. 1H NMR (400 

MHz, CDCl3) δ 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). 13C NMR 

(101 MHz, CDCl3) δ 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+] C13H30Br2O10Na+: 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 

the procedure described for rac-4a (reaction volume was 27 

mL) starting from 1d (6.8 mL of 0.4 M aqueous solution, 2.7 

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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The precursor 3e was prepared following the procedure 

described for R-4b. Reaction volume was 37 mL. Starting 

from 1e (0.5 g, 3.7 mmol, 1 eq, 0.1 M) and sodium 

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 %). [α]20
D 

= + 0.3 (c = 1, in CHCl3). Chiral HPLC analysis: CHIRALPACK IB, isocratic elution 

hexane/isopropanol 95/5 (v/v), flow rate 1 mL min–1, tr (S) = 89.648 min, tr (R) = 83.586 

min, 92:8 er. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C36H34Br2O10Na+: 807.0416, found [2M+Na+]: 807.0412. 

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

The precursor rac-3e was prepared following the procedure 

described for rac-4b (reaction volume was 18 mL) starting 

from 1d (0.25 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-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). 

The precursor 3f was prepared following the procedure 

described for R-4b. Reaction volume was 21 mL, starting 

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

pyruvate 2 (234.6 mg, 2.1 mmol, 1 eq, 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 %). [α]20
D = – 1.3 (c = 1 in 

MeOH). Chiral HPLC analysis: CHIRALPACK IB, isocratic elution hexane/isopropanol 

90/10 (v/v), flow rate 1 mL min–1, tr (S) = 23.895 min, tr (R) = 25.530 min, 95:5 er. 1H 

NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C40H42Br2O10Na+: 863.1042, found [2M+Na+]: 863.1037.  

 

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

The precursor rac-3f was prepared following the 

procedure described for rac-4b. Reaction volume was 18 

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). 

The precursor 3g was prepared following the procedure described 

for R-4a. Reaction volume was 15 mL starting from 1g (873 L of 

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 eq, 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%). [α]20
D = + 1.7 (c = 4.2, in H2O). 

Chiral HPLC analysis: CHIRALPACK IC, isocratic elution hexane/isopropanol 80/20 

(v/v), flow rate 1 mL min–1, tr (S) = 14.580 min, tr (R) = 17.366 min, 96:4 er. 1H NMR 
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(400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C26H36O10Na+: 

531.2211, found [2M+Na+]: 531.2206.  

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

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

procedure described for rac-4a. Reaction volume was 58 mL, starting 

from 1g (873 L of a 6.6 M commercial aqueous solution, 5.8 mmol, 

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-

4g, affording rac-4g (1.0 g, 71%). The NMR spectra was indistinguishable from that of 

R-4g.  

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

Precursor 3h was prepared following the procedure 

described for R-4b. Reaction volume was 34 mL, starting 

from 1h (700 L of a 4.9 M commercial aqueous solution, 

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 

%). [α]20
D = + 1.8 (c = 1, in MeOH). Chiral HPLC analysis: CHIRALPACK IB, isocratic 

elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min–1, tr (S) = 18.187 min, tr (R) 

= 21.975 min, 95:5 er. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C28H30Br2O12Na+: 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 

described for rac-4b. Reaction volume was 25 mL, starting 

from 1h (500 L of a 4.9 M commercial aqueous solution, 

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 

described for R-4a. Reaction volume was 35 mL starting 

from 1g (0.4 g, 3.4 mmol, 1 eq, 0.1 M in the reaction) 

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%). [α]20
D = + 2.2 (c = 4, in MeOH). Chiral HPLC analysis: CHIRALPACK IB, 

isocratic elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min–1, tr (S) = 14.048 

min, tr (R) = 15.680 min, 91:9 er. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] 

C30H34Br2O12Na+: 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 

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). 
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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). 

The precursor 3j was prepared following the procedure 

described for R-4b. Reaction volume was 27 mL. 

Starting from 1j (0.35 g, 2.7 mmol, 1 eq, 0.1 M) and 

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%). [α]20
D = + 0.4 (c = 4, in MeOH). Chiral HPLC analysis: CHIRALPACK IB, 

isocratic elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min–1, tr (S) = 11.661 

min, tr (R) = 13.056 min, 90:10 er. 1H NMR (400 MHz, CDCl3) δ 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 

(q, 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, CDCl3) δ 190.9, 172.2, 169.7, 132.7, 132.2, 129.2 (d, 

J = 4.5 Hz), 83.1, 67.4, 65.9, 38.8, 27.9. ESI-TOF m/z: Calcd for [2M+Na+] 

C32H38Br2O12Na+: 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 

described for rac-4b. Reaction volume was 23 mL, starting 

from 1j (0.3 g, 2.3 mmol, 1 eq, 0.1 M) and sodium pyruvate 

2 (0.25 g, 2.3 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-4j.  

2-(4-bromophenyl)-2-oxoethyl 3-hydroxy-4-phenylbutanoate (4l). 
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Precursor 3l was prepared following the procedure 

described for R-4b. Reaction volume was 34 mL, starting 

from 1l (0.4 mg, 3.3 mmol, 1 eq, 0.1 M) and sodium 

pyruvate 2 (0.37 mg, 3.3 mmol, 1 eq, 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–1, tr (S) = 30.090 min, tr (R) = 25.124 

min, 50:50 er. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, 

CDCl3) δ 132.3, 129.5, 129.3, 128.5, 126.6, 69.5, 65.8, 42.9, 41.1. Calcd. for [2M+Na+] 

C32H36Br2O8Na+: 729.0675, found [2M+Na+]: 729.0679. 

2-(4-Bromophenyl)-2-oxoethyl (R)-3-hydroxy-4-phenylbutanoate (rac-4l). 

The precursor rac-3l was prepared following the procedure 

described for rac-4b. Reaction volume was 25 mL, starting 

from 1l (0.3 g, 2.5 mmol, 1 eq, 0.1 M) 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-4l 

(339 mg, 37%). The NMR spectra was indistinguishable from that of 4l.  

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 

volume was 30 mL. Starting from 1m (0.5 g, 3.0 mmol, 

1 eq, 0.1 M) and sodium pyruvate 2 (0.34 g, 3.0 mmol, 

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 %). [α]20
D = – 1.8 (c = 1, in MeOH). Chiral HPLC analysis: CHIRALPACK IB, 

isocratic elution hexane/isopropanol 80/20 (v/v), flow rate 1 mL min–1, tr (S) = 16.139 

min, tr (R) = 17.517 min, 50:50 er. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C40H42Br2O10Na+: 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. 

Reaction volume was 19 mL, starting from 1m (0.3 g, 

1.8 mmol, 1 eq, 0.1 M) and sodium pyruvate 2 (0.2 g, 

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:CH2Cl2 3:1 (v/v) 

(4 mL), R-4f (95 mg) in MeOH:CH2Cl2 1:2 (v/v) (4 mL) and R-4j (80 mg) in Et2O:DMF 

9:1 (v/v) (1 mL). Crystals were obtained by evaporation in glass vials (6 mL, 3.5 cm, Ø 

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 II two-circle diffractometer with a Genix Microfocus tube with mirror optics using 

MoKα radiation (λ = 0.71073 Å). 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 F2 with full-matrix least-squares 

techniques using the program SHELXL13 (Table S6). The absolute configuration could 



Sección experimental capítulo 3.1 

S35 
 

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) Å for the O-H bond. 

 

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  

  

http://www.ccdc.cam.ac.uk/data_request/cif
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Table S6. X-ray Crystallographic partial data. 

Identification code 4e 4f 4j 

CCDC number XXX XXX XXX 

Empirical formula C18 H17 Br O5 C20H21BrO5 C16 H19 Br O6 

Formula weight 393.22 421.28 387.22 

Temperature 173(2) K 173(2) K 173(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Orthorhombic Monoclinic Orthorhombic 

Space group P 21 21 21 P21 P 21 21 21 

Unit cell dimensions a = 5.4464(3) Å, = 90°. 

b = 16.6460(7) Å, = 90°. 

c = 36.746(2) Å,  = 90°. 

a = 14.6639(7) Å, = 90°. 

b = 8.4782(3)Å, = 

108.740(4)°. 

c = 15.7923(8) Å,  = 90°. 

a = 5.5586(2) Å, = 

90°. 

b = 12.4492(7) Å, = 

90°. 

c = 25.3738(11) Å,  

= 90°. 

Volume 3331.4(3) Å3 1859.27(15) Å3 1755.87(14) Å3 

Z 8 4 4 

Density (calculated) 1.568 Mg/m3 1.505 Mg/m3 1.465 Mg/m3 

Absorption coefficient 2.493 mm-1 2.239 mm-1 2.367 mm-1 

F(000) 1600 864 792 

Crystal size 0.130 x 0.030 x 0.030 

mm3 

0.230 x 0.210 x 0.160 

mm3 

0.180 x 0.110 x 

0.080 mm3 

Theta range for data 
collection 

2.064 to 25.027° 3.327 to 27.605° 2.912 to 25.932° 

Index ranges -5<=h<=6, -19<=k<=19, 

-43<=l<=38 

-19<=h<=19, -

11<=k<=10, -20<=l<=20 

-6<=h<=6, -

15<=k<=15, -

31<=l<=31 

Reflections collected 9721 29057 16242 

Independent 
reflections 

5745 [R(int) = 0.0830] 8236 [R(int) = 0.0421] 3411 [R(int) = 

0.0294] 

Completeness to 
theta = 25.000° 

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 F2 

Full-matrix least-squares 

on F2 

Full-matrix least-

squares on F2 

Data / restraints / 
parameters 

5745 / 0 / 433 8236 / 1 / 477 
 

3411 / 1 / 212 

Goodness-of-fit on F2 1.222 1.136 1.264 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0915, wR2 = 

0.1878 

R1 = 0.0552, wR2 = 

0.1299 

R1 = 0.0389, wR2 = 

0.0724 

R indices (all data) R1 = 0.1244, wR2 = 

0.2068 

R1 = 0.0606, wR2 = 

0.1334 

R1 = 0.0409, wR2 = 

0.0731 

Absolute structure 
parameter 

0.028(19) 0.010(11) -0.008(7) 

Largest diff. peak and 
hole 

1.124 and -0.623 e.Å-3 0.739 and -0.558 e.Å-3 0.423 and -0.341 

e.Å-3 
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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 µL 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 µL) of transaminase 

from Prozomix TA as cell free extracts (T01 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 L), containing 4-hydroxy-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.  

 

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–1); transamination: L-Ala (500 mM), T01-T050 cell 

T
0
 s

ta
rt

in
g
 m

a
te

ri
a
l

T
0
1

T
0
2

T
0
3

T
0
4

T
0
5

T
0
6

T
0
7

T
0
8

T
0
9

T
0
1
0

T
0
1
1

T
0
1
2

T
0
1
3

T
0
1
4

T
0
1
5

T
0
1
6

T
0
1
7

T
0
1
8

T
0
1
9

T
0
2
0

T
0
2
4

T
0
2
6

T
0
2
7

T
0
2
8

T
0
2
9

T
0
3
0

T
0
3
1

T
0
3
2

T
0
3
3

T
0
3
4

T
0
3
5

T
0
3
6

T
0
3
7

T
0
3
8

T
0
3
9

T
0
4
0

T
0
4
1

T
0
4
2

T
0
4
3

T
0
4
4

T
0
4
5

T
0
4
6

T
0
4
7

T
0
4
8

T
0
4
9

T
0
5
0

0

10

20

30

40

50

Transaminases (Prozomix T01-T050)

C
o
n

c
e

n
tr

a
ti

o
n

 /
(m

M
)

C (Aldol)/(mM) C (Aldehyde)/(mM)



Sección experimental capítulo 3.1 

S38 
 

free extracts (2 to 3 mg). Green arrows indicate enzymes that decrease the area of aldol 

adduct or aldehyde. 

 

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–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 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), 1e 

(8 mM), and 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. 

 

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. 

 

 

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–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. 

Control experiments for aldehyde (1) transamination. 

The reactions (500 µL 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, T031 and T039 for 1b; T031 and T039 for 1g, 1h and 1e) 

were dissolved in 50 mM sodium phosphate buffer pH 7.0 containing L-Ala (250 µL 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 µL 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 1a, 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 1e and the formation of 

a peak of the amine were indicative of a positive reaction (Figures S14 and S15).  

 

 

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. 

 

 

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. 

 

 

Figure S17. HPLC chromatograms of 1h transamination catalyzed by T031 and T039 at 

0 h and after 24 h of incubation. 
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1 mM in the reaction). To this solution, aldehydes (1a-b, 1e, and 1g-h) (400 µL 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 µL 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–1 lyophilized solid, dissolved in 50 mM sodium phosphate pH 7.0 (250 µL), 0.50 

to 0.75 U mL–1, 4 to 6 mg protein mL–1 in the reaction), L-Ala (50 µL 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 L 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 µL 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 µL 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 

µL of a stock solution 0.029 U mL–1, 4 mg mL–1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 

mM EDTA and 50% (v/v) of glycerol, 0.007 U mL-1, 1 mg protein mL–1 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). 

A)      B) 

 

 

 

 

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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A)      B)  

 

 

 

 

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. 

A)           B) 

  

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 µL 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 (1a-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 L) 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 L) 

containing the aldol adduct 3 and unreacted aldehyde 1 and pyruvate 2 (Table S7). 

Table S7. Composition (μmol) of the crude aldol reaction mixture (250 L) used in the 

screening reaction for the selected 3a, 3b, 3e, 3g, and 3h aldol adducts 

 3 (%) 3 (μmol)  

Unreacted 

2 (μmol) 

Unreacted 

1 (μmol) 

Expected 

consumption 

benzylamine 

(7)a (%) 

Maximum 

consumption 

benzylamine 

(7)b (%) 

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 
aOnly transaminationof aldol adduct 3. bTransamination 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 μmol and between 20 and 22.5 μmol, 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 L) were diluted in methanol (500 µL) and analyzed by HPLC; elution 

conditions: 55% B over 10 min.  
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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).  

Aldol adduct T18 T19 T20 T21 T22 T23 T24 T26 T31 T33

3a 10 27 16 40 9 55 54 66 61 35

3b 4 6 17 9 36 17 11 43 59 0

3e 5 5 15 16 18 13 17 34 26 0

3g 16 6 28 20 31 21 32 58 55 48

3h 7 9 0 9 15 0 8 14 11 6

Aldol adduct T37 T39 T45 T47 T48 T53 T59 T77 T81 T82

3a 0 44 9 58 15 22 0 12 71 0

3b 0 28 0 59 0 0 0 4 37 0

3e 0 33 10 37 0 0 0 0 27 8

3g 54 58 20 48 0 0 14 10 42 6

3h 0 31 0 16 0 0 0 4 14 0

Aldol adduct T87 T88 T93 T130 T150 T152 T166 T168 T169 T170

3a 23 15 35 69 0 14 90 25 34 33

3b 0 0 15 23 5 0 42 16 40 17

3e 0 0 19 24 8 5 48 14 39 18

3g 0 0 39 8 2 6 43 15 33 17

3h 0 0 12 5 18 6 16 10 16 11

Aldol adduct T171 T172 T173 T174 T176 T177 T178 T179 T180 T187

3a 0 38 12 53 73 45 23 66 67 23

3b 0 15 0 36 43 12 8 0 17 0

3e 18 0 0 37 40 17 17 7 21 0

3g 6 7 0 40 40 12 18 25 32 20

3h 0 8 0 38 16 0 8 8 14 0

Aldol adduct T188 T189 T190 T191 T192 T193 T194

3a 78 89 15 100 49 39 94

3b 56 57 9 52 10 0 68

3e 64 65 6 68 14 16 72

3g 47 41 18 43 40 29 48

3h 17 18 9 20 11 10 19
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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 µL of samples were 

withdrawn from the reaction mixtures and derivatized with BnONH2 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 µL of samples 

were withdrawn from the reaction mixtures and diluted in 500 µL of MeOH and directly 

analyzed with a gradient elution from 10 to 100% B over 30 min) (Figure S24). 

 

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-α-amino acids derivatives using a biocatalytic 

one-pot two-steps approach using the PLP-Dependent branched-chain amino acid 

aminotransferase (BCATs) from Escherichia coli. 

Reactions were conducted in Eppendorf tubes (1.5 mL) with 500 µL total reaction 

volume. To an aldolic reaction mixture containing aldol adduct (3) (250 µL, ≈ 100 mM, 

as the basis of calculation), L-Glu and L-Asp solution mixture (65 µL 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 µL of a stock solution 0.0538 U mL–1, 18 mg mL–1 in 50 mM 

NaH2PO4 buffer pH 7.0, NaCl (100 mM), PLP (0.01 mM) and glycerol (50% v/v), 0.003 

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 67 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 63 23 18 15 19 15 18 14 16 18 15 16 16

3h T39 T174

Result 57 45
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U mL–1, 1 mg protein mL–1 final concentration in the reaction), reaction was started by 

adding the enzyme (AspAT, 42 µL of a stock solution 2.1615 U mL–1, 12 mg mL–1 in 

50mM NaH2PO4 buffer pH 7.0, NaCl (100 mM), PLP (0.01 mM) and glycerol (50% v/v), 

0.18 U mL–1, 1 mg protein mL–1 final concentration in the reaction). The necessary 

volume of 50 mM phosphate buffer pH 7.0 to complete 500 µL 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-α-amino acid 

derivatives with substrate recycling BCAT/L-Glu/L-Asp/AspAT. 

The reaction (500 µL total volume) was conducted in Eppendorf tubes (1.5 mL). A 

solution of BCAT and AspAT (28 and 42 µL of stock solution 18 and 12 mg protein mL–

1 in 50 mM sodium phosphate buffer pH 7.0 containing 100 mM NaCl, 0.1 mM PLP, and 

50% (v/v) of glycerol, 0.003 U mL–1 of BCAT and 0.18 U mL–1 of AspAT. 1 mg protein 

mL–1 of each one in the reaction), containing sodium pyruvate (2.5, 12.5, 22.5, and 25.0 

L, 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 L, 

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 µL of a 1.0 M stock solution 250 mM sodium phosphate buffer pH 8.0, containing 25 

mM PLP) and aldehyde 1b (10 µL, 100 mM in the reaction). The reaction was started by 

adding HBPA (125 µL of a stock solution 0.029 U mL–1, 4 mg mL–1 in 50 mM TEA 

buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.007 U mL–1, 1 mg 

protein mL–1 final concentration in the reaction). The necessary volume of 50 mM 

phosphate buffer pH 7.0 to complete 500 µL 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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A 

 

B 

 

Figure S25. A) One-pot biocatalytic cascade synthesis of 4-hydroxy-α-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-α-amino acids by tandem HBPA/transaminase and 

conversion to α-amino-γ-butyrolactone derivatives.  

The aldol addition catalyzed by HBPA, transamination reaction, Cbz protection and the 

subsequent lactonization was carried as follows:  
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NOTE: For convenience, the order of the compounds in the SI 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 

for R-4a. Reaction volume was 29 mL. Starting from 1g (437 L 

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 L of 2826 U mL–1 stock 

solution in 50 mM buffer TEA containing 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) 

of glycerol, 5.0 U mL–1 final concentration in the reaction) were added. Reaction was 

started by adding the transaminase (T039, 76 mg of 0.1243 U mg–1 lyophilized solid, 

dissolved in 50 mM sodium phosphate pH 7.0 (5 mL), 0.783 U mL–1, 6 mg protein mL–1 

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 HCl, and extracted with EtOAc (3 x 100 mL). The 

organic phase was dried over anhydrous MgSO4, and the solvent removed under vacuum 
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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 N2 atmosphere. To this solution, EDAC (414.3 mg, 2.2 

mmol, 1.5 eq) and DMAP (5.3 mg, 43.2 µmol, 0.03 eq) were added. The reaction was 

stirred from 4 °C to rt overnight. Then, EtOAc (300 mL) was added and washed with H2O 

(3 x 100 mL), aqueous NaHCO3 20% w/v (3 x 100 mL) and brine (3 x 100 mL). The 

organic phase was dried over anhydrous MgSO4, absorbed onto silica gel (100 mL) and 

loaded on a column (AFORA, 5880/2, 47x4.5) packed with silica gel (100 g, 35-70 μm, 

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). [α]20
D = – 20 (c = 1, in CHCl3). 

1H NMR (400 

MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] 

C15H20NO6
+: 310.1321, found [M+H+]: 310.1291. 

Procedure 2: 472 mg of 6g (1.4 mmol, 1eq) 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 µmol, 1eq) from the previous reaction was suspended 

in anhydrous CH2Cl2 (60 mL) under N2 atmosphere. To this solution, HOBt (164.3 mg, 

1.2 mmol, 1.5 eq), EDAC (233 mg, 1.2 mmol, 1.5 eq) and Et3N (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. 
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Procedure Aldol  

Conv./(%)a 

Transamination 

Conv./(%)b 

Yield 

(%)c 

[α]d 

1 80 98 27 – 20 

2 86 90 35 – 21 

3 87 94 52 – 20 

a Percentage of aldol adduct (3g) formed after 24h. b Percentage of transaminated product (6g) formed 

after 24h. c Isolated yield (14g). dc=1 in CHCl3. 

Benzyl ((3S,5R)-5-((benzyloxy)methyl)-2-oxotetrahydrofuran-3-yl)carbamate 

(14b). 

Precursor 3b was prepared following the procedure described 

above R-4b, starting from 1b (0.5 g, 3.3 mmol, 0.1 M final 

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–1, 18 mg mL–1 in 50 mM NaH2PO4 buffer pH 7.0, NaCl (100 

mM), PLP (0.01 mM), glycerol (50% v/v), 0.003 U mL–1, 1 mg mL–1 protein final 

concentration in the reaction), and AspAT (3.5 mL of a stock solution 2.1615 U mL–1, 12 

mg mL–1 in 50 mM NaH2PO4 buffer pH 7.0, NaCl (100 mM), PLP (0.01 mM) and 

glycerol (50% v/v), 0.18 U mL–1, 1 mg mL–1 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 α-amino-γ-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%). [α]20
D = – 18 (c = 1, in CHCl3). 

1H NMR (400 MHz, 
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CDCl3) δ 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 = 11.3 Hz, 1H), 2.38 (dd, J = 18.1, 9.9 Hz, 1H).13C NMR (101 MHz, CDCl3) δ 128.5, 

76.6, 73.8, 71.1, 70.9, 67.4, 50,4, 31.8. ESI-TOF m/z: Calcd for [M+H+] C20H22NO5
+: 

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 

μmol, 1 eq.) in MeOH (15 mL). Then, HCl (156 µL of 1 M stock 

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 

H2 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: 1H NMR (400 MHz, CD3OD) δ 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). 13C 

NMR (101 MHz, CD3OD) δ 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-

dihydroxypentanoic acid: 1H NMR (400 

MHz, CD3OD) δ 4.23 (dd, J = 8.0, 4.8 Hz, 

1H), 3.92 (dd, J = 5.8, 4.0 Hz, 1H), 3.51 (m, 

2H), 2.23 (ddd, J = 14.8, 4.9, 3.0 Hz, 1H), 

1.89 (ddd, J = 14.7, 10.2, 8.0 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ 169.3, 68.8, 65.3, 

50.4, 32.5.  

Benzyl ((3S,5R)-5-((benzylthio)methyl)-2-oxotetrahydrofuran-3-yl)carbamate 

(14c). 

The synthesis of aldol intermediate 3c was conducted in an 

Erlenmeyer flask (50 mL). The reaction volume was 15 mL. 

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–1, 2.8 mg mL–

1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.00324 

U mL–1, 1 mg mL–1 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 6c. Cbz protection and conversion to α-amino-γ-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%). [α]20
D = – 32 (c = 1, in CHCl3). 

1H NMR (400 MHz, CDCl3) δ 7.68 – 6.78 (m, 10H), 5.11 (s, 2H), 4.73 (s, 1H), 4.49 (d, 

J = 6.5 Hz, 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 = 12.9 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 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-oxo-5-(phenoxymethyl)tetrahydrofuran-3-yl)carbamate (14e). 

The precursor 3e was prepared following the procedure described for R-4e. Reaction 

volume was 18 mL. Starting from 1e (0.25 g, 1.8 mmol, 0.1M) 

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-

Asp/AspAT system rendered 71% of 6e. Cbz protection and conversion to α-amino-γ-

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%). [α]20
D = – 35 (c = 1, in CHCl3). 

1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C19H20NO5
+: 342.1359, 

found [M+H+]: 3421341.  
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Benzyl ((3S,5R)-2-oxo-5-(2-phenoxypropan-2-yl)tetrahydrofuran-3-yl)carbamate 

(14f). 

The precursor 3f was prepared following the procedure 

described above for R-4f. Reaction volume was 24 mL. Starting 

from 1f (0.4 g, 2.4 mmol, 0.1 M) and sodium pyruvate 2 (268.1 

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 α-amino-γ-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%). [α]20
D = – 26 (c = 1, in 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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+] C21H24NO5
+ : 370.1686, found [M+H+]: 370.1654.  

Cbz removal of 14f. Synthesis of (3S,5R)-2-oxo-5-(2-phenoxypropan-2-

yl)tetrahydrofuran-3-aminium chloride (16f).  

To compound 14f (50 mg, 135.4 μmol, 1 eq) in MeOH (15 mL), 

HCl (270 µL of 1 M stock solution, 2 eq) and Pd/C (1.34 mg, 

10 mol%, 10% Pd, 50% humidity) were added. The suspension 

was stirred at room temperature for 1 hour under H2 

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%) 1H NMR (400 MHz, CD3OD) δ 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). 13C NMR (101 MHz, CD3OD) δ 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 

for R-4i. Reaction volume was 16 mL. Starting from 1i (190 mg, 

1.6 mmol, 0.1M) and sodium pyruvate 2 (180.1 mg, 1.6 mmol, 1 

eq), the reaction yielded 95% of 3i. Transamination of 3i was 

conducted using the T039/BnNH2 system rendering 42% of 6i. Cbz protection and 

conversion to α-amino-γ-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%). [α]20
D = – 24.3 (c = 

1, in CHCl3). 
1H NMR (400 MHz, CDCl3) δ 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 

(q, J = 3x11.6, Hz, 1H), 1.27 (dt, J = 6.3, 2x3.1, Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 

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+] C16H20NO6
+: 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. 

The precursor 3n was prepared following the procedure 

described for 16b. Reaction volume was 28 mL. Starting 

from 1n (0.5 g, 2.8 mmol, 0.1M) and sodium pyruvate 2 

(310.5 mg, 2.8 mmol, 1 eq) the reaction afforded 80% of 

3n. Transamination of 3n was performed using the T039/BnNH2 system, yielding 56% 

of 6n. Cbz protection and conversion to α-amino-γ-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%). [α]20
D = – 11.2 (c = 1, in CHCl3). Benzyl ((3S,5R)-2-oxo-5-((2-

phenylacetamido)methyl)tetrahydrofuran-3-yl)carbamate, (3S,5R)-14n): 1H NMR 

(400 MHz, CD3OD) δ 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). 13C NMR (101 MHz, 

CD3OD) δ 176.0, 173.0, 156.9, 76.7, 66.4, 49.5 42.5, 42.4, 30.3. Benzyl ((3S,5S)-2-oxo-

5-((2-phenylacetamido)methyl)tetrahydrofuran-3-yl)carbamate, (3S,5S)-14n): 1H 
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NMR (400 MHz, CD3OD) δ 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), 

2.50 (ddd, J = 12.3, 9.1, 5.8 Hz, 1H), 1.97 (q, J = 2x11.8, 11.6 Hz, 1H). 13C NMR (101 

MHz, CD3OD) δ 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. 

 

A portion of (5R/S)-14n mixture (100 mg, 261.5 μmol, 1 eq) in MeOH (28 mL), HCl (500 

µL 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 H2 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: 1H NMR (400 MHz, CD3OD) δ 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). 13C NMR (101 MHz, 

CD3OD) δ 173.6, 171.8, 78.4, 48.4, 42.4, 42.2, 28.4. (5S)-17n: 1H NMR (400 MHz, 

CD3OD) δ 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). 13C NMR (101 MHz, CD3OD) δ 173.3, 171.5, 78.1, 50.5, 42.4, 

42.1, 30.3. The hydrogenated compound obtained (60 mg, 210 µmol) 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 µL of a stock solution 1140 U 

mL–1, 100 U mL–1 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 HCO2H (3 

mL) and centrifuged. The pellet was washed with 100 mM HCO2H (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 HealthcareLife Science), equilibrated with 1 M SO4(NH4)2 (500 mL). Crude 

fraction was loaded onto the column at 1 mL min–1. Colored impurities were washed away 



Sección experimental capítulo 3.1 

S61 
 

with water (90 mL) at 3 mL min–1. Product was eluted with a gradient of 1 M NH4OH 

(420 mL) at 3 mL min–1, 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: 1H NMR (400 

MHz, D2O) δ 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). 13C NMR (101 

MHz, D2O) δ 173.7, 64.9, 52.1, 44.4, 33.8. (4S)-18n: 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 173.7, 65.9, 52.6, 44.4, 34.7. 

(3S,5S)- and (3S,5R)-Benzyl (2-oxo-5-((S)-1-(2-

phenylacetamido)ethyl)tetrahydrofuran-3-yl)carbamate ((5R/S)-14o) as a 

diasteromeric mixture. 

The precursor 3o was prepared following the procedure 

described above 14c. Reaction volume was 26 mL. The 

reaction was started by adding the enzyme HBPA H205A 

(9.2 mL of a stock solution 0.009 U mL–1, 2.8 mg mL–1 in 

50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% 

(v/v) of glycerol, 0.00318 U mL–1, 1 mg protein mL–1 final 

concentration in the reaction) to a solution of 1o (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 3o was 

conducted using the BCAT/L-Glu/L-Asp/AspAT system, affording 50% of 6o. Cbz 

protection and conversion to α-amino-γ-butyrolactone derivatives (5R/S)-14o 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)-14o (dr 50:50 as a yellow oil (257 mg, 20%). [α]20
D = – 22 (c = 1, in CHCl3). (5R)-

14o: 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 

MHz, CDCl3) δ 175.1, 170.6, 155.7, 80.1, 67.5, 49.7, 47.8, 43.8, 30.8, 14.8. (5S)-14o:1H 

NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 

MHz, CDCl3) δ 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)-14o mixture. 

 

The selective deprotection of the PheAc and Cbz groups was conducted following the 

procedure described for (5R/S)-14n, starting from the (4R/S)-14o’ mixture (120 mg, 302.3 

µmol) yielding (5R/S)-17o as a solid (90 mg, >99%). (5R)-17o: 1H NMR (400 MHz, 

CD3OD) δ 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).13C NMR (101 MHz, 

CD3OD) δ 172.7, 171.5, 80.2, 49.4, 46.9, 42.3, 29.9, 15.3. (5S)-17o:1H NMR (400 MHz, 

CD3OD) δ 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).13C NMR (101 MHz, CD3OD) δ 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)-18o (58 mg, 81%). (4R)-18o: 

1H NMR (400 MHz, D2O/ HCO2H (0.1M)) δ 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). 13C NMR (101 MHz, D2O) δ 173.3, 68.6, 52.5, 

51.2, 32.5, 11.4. (4S)-18o: 1H NMR (400 MHz, D2O/HCO2H (0.1M)) δ 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, D2O) δ 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). 

 

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 ºC, SOCl2 (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% w/v (60 mL) and Cbz-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 H2O (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: 1H NMR (401 MHz, CDCl3) 

δ 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). 13C NMR (101 MHz, CDCl3) δ 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: 1H NMR (401 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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).  

 

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 L 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–1, 2.8 mg mL–1 in 50 mM 

TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.00324 U mL–1, 1 

mg mL–1 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, 1H NMR 

(400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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). [α]20
D = – 55.4 (c = 1, in MeOH). ESI-

TOF m/z: Calcd for [M+H+] C14H18NO5
+: 280.1193, found [M+H+]: 380.1185. 
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Analysis of the diasteromeric excess of 15k 

 

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 µm, flow rate 1 mL min–1 at 25 °C and UV detection (208 

nm). Isocratic elution hexane:iPrOH 80:20 (v/v). 

Synthesis of trans-4-hydroxy-L-proline methyl ester (23k) 

A portion of (2S,4R)-15k (50 mg, 158.4 μmol, 1 eq.) in MeOH (16 

mL), HCl (500 µL of 1 M stock solution) Pd/C (1.7 mg, 10 mol%, 

10% Pd, 50% humidity) were mixed. The suspension was stirred at rt 

for 1 hour under H2 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). 1H NMR (400 MHz, CD3OD) δ 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). 13C NMR (101 MHz, CD3OD) δ 169.2 69.2, 58.0, 52.6, 37.2.  

(2S,4R)-4-Hydroxy-5-oxopyrrolidine-2-carboxylic acid (15h). 
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The precursor 3h was prepared following the procedure described for 

R-4h. The reaction volume was 20 mL. Starting from 1h (400 L of a 

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–1. 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–1, typical fraction size 

was 25 mL. Fractions were lyophilized and the title compound 15h was obtained as a 

yellow solid (65.4 mg, 9%). 1H NMR (500 MHz, D2O) δ 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, D2O) δ 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 HPLC analysis on chiral stationary phases 
 

 

Figure S74: Chiral HPLC analysis chromatogram of R-4a synthetized with HBPA wild-

type (down) and rac-4a synthetized with MBP-YFAU(Ni2+) wild-type (see section Chiral 

HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® ID 46 x 250 mm 

column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic elution 

hexane:iPrOH 80:20 (v/v). 

 

 

Figure S75: Chiral HPLC analysis chromatogram of R-4a’ synthetized with HBPA wild-

type (down) and rac-4a synthetized with MBP-YFAU(Ni2+) wild-type type (see section 
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Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® ID 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 80:20 (v/v). 

 

Figure S76: Chiral HPLC analysis chromatogram of R-4b synthetized with HBPA wild-

type (down) and rac-4b synthetized with MBP-YFAU(Ni2+) wild-type type (see section 

Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 80:20 (v/v). 

 

 

Figure S77: Chiral HPLC analysis chromatogram of R-4d synthetized with HBPA wild-

type (down) and rac-4d synthetized with MBP-YFAU(Ni2+) wild-type type (see section 
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Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IC 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 80:20 (v/v). 

 

 

Figure S78: Chiral HPLC analysis chromatogram of R-4e synthetized with HBPA wild-

type (down) and rac-4e synthetized with MBP-YFAU(Ni2+) wild-type type (see section 

Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 95:5 (v/v). 

 



Sección experimental capítulo 3.1 

S70 
 

 

Figure S79: Chiral HPLC analysis chromatogram of R-4f synthetized with HBPA wild-

type (down) and rac-4f synthetized with MBP-YFAU(Ni2+) wild-type type (see section 

Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 90:10 (v/v). 

 

Figure S80: Chiral HPLC analysis chromatogram of R-4g synthetized with HBPA wild-

type (down) and rac-4g synthetized with MBP-YFAU(Ni2+) wild-type type (see section 

Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IC 46 x 250 



Sección experimental capítulo 3.1 

S71 
 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 80:20 (v/v). 

 

Figure S81: Chiral HPLC analysis chromatogram of R-4h synthetized with HBPA wild-

type (down) and rac-4h synthetized with MBP-YFAU(Ni2+) wild-type type (see section 

Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 80:20 (v/v). 

 

Figure S82: Chiral HPLC analysis chromatogram of R-4i synthetized with HBPA wild-

type (down) and rac-4i synthetized with MBP-YFAU(Ni2+) wild-type type (see section 
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Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 80:20 (v/v). 

 

 

Figure S83: Chiral HPLC analysis chromatogram of R-4j synthetized with HBPA wild-

type (down) and rac-4j synthetized with MBP-YFAU(Ni2+) wild-type type (see section 

Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 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(Ni2+) wild-type type (see 

section Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IC 46 

x 250 mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). 

Isocratic elution hexane:iPrOH 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(Ni2+) wild-type type (see section 

Chiral HPLC analysis of 4-hydroxyesters). Conditions: CHIRALPACK® IB 46 x 250 

mm column, 5 µm, flow rate 1 mL min–1 at 25 °C and UV detection (254 nm). Isocratic 

elution hexane:iPrOH 80:20 (v/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).14 The HBPA active site is located inside of a relatively deep and 

narrow cavity, where the ε-amino group of the essential Lys183 is at about 11 Å 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 6DAO14), 

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, 

G64TFGE68 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.14 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 Tyr155. 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 ε-nitrogen atom protonated and the phenol group of Tyr155 

unprotonated. 

 

 

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, π-π stacking in magenta and π-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) 1e 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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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-l 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) 1o. 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) 1c, (C,D) 1k and (E,F) 1o. 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, π-π stacking in magenta and π-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)-3j, (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)-3o and (F) (S)-3o. 

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)-3o and (F) 

(S)-3o. 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 Schrödinger Suite 2020-2,15 through 

its graphical interface Maestro.16 The Protein Preparation Wizard17 included in Maestro 

was used to prepare the protein structure by removing solvent molecules and ions, adding 

hydrogens, setting protonation states18 and running a restrained minimization using the 

OPLS3 force-field.19 The program MacroModel17a with the same force field and GB/SA 

water solvation conditions20 was used for further molecular mechanics calculations. The 

program QSite21 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).14 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 Å 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 Å. The QM/MM boundary was defined by placement of hydrogen caps 

between the Cα and Cβ 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 Å of the QM region were simultaneously optimized using the OPLS3 

force-field,19 while residues which were further away were kept frozen. A distance 

dependent dielectric (ε = 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 

method22 implemented in MacroModel to find the best poses for the aldehyde R1 

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 ε-nitrogen atom protonated and the 

phenol group of Tyr155 unprotonated. These structural modifications were performed 

within Maestro and the resulting model structures were QM/MM reoptimized as above. 
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Materials. 

Formaldehyde (1), glycolaldehyde dimer (1b), 2,2-dimethoxyacetaldehyde (1c), 

chloroacetaldehyde (1c), benxiloxiacetaldehyde (1d), sodium pyruvate (2a), 2-

oxobutyric acid (2b), 2-oxopentanoic acid (2c), 4-Methyl-2-oxovaleric acid (2f), sodium 

3-methyl-2-oxobutyrate (2j), 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 works1-3. Stock solutions of 2-oxoacids were prepared in H2O, 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 
2c 1.8 
2d 2.0 
2e 1.0 
2f 0.65 
2g 1.5 
2h 1.0 
2i 0.8 
2j 1.0 
2k 1.0 
2l 1.0 

2m 0.65 
2n 0.44 

 

The 3-benzyloxyamine hydrochloride, D-(−)-pantolactone and (R)-(+)-α-Hydroxy-γ-

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 SepharoseTM High Performance was from CytivaTM. 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 plasmid 
preparation). 

endA1, hsdR17 (rB+, mB+), supE44, thi1, recA1, gyrA96, relA1, lac F´ [proA+ B+, lacIq 
ZΔM15::Tn10] (TetR). 

E coli M15 [pREP4] 
(used for protein 
expression). 

naIs , strs , rifs , thi- , lac- , ara+ , gal+ , mtl- , F- , recA+ , uvr+, lon+, KmR.4 

E. coli Bl21-AI 
(used for protein 
expression) 

F– ompT gal dcm lon hsdSB(rB
–mB

–)[malB+]K-12(λ
S) araB:T7RNAP-tetA 

   
Oligonucleotides Sequences  
Primer dpkaPsyrin (53)  Forward:5’ATTATAATCCATGGGCTGTCCGCCAGCCACGCTGACCAGCCC3’ 

                                           NcoI 
Primer dpkaPsyrin (35)  Reverse: 3’ ATTATAATAGATCTGTGGCCTGCCAGCTCTTGCAAAC 5’ 

                                           BglII 
Primer panEEcoli (53) Forward: 5’ ATATATATGGATCCATGAAAATTACCGTATTGGGATGC 3’ 

                                           BamHI 
Primer panEEcoli (35)  Reverse:5’ATATATATAAGCTTCTACCAGGGGCGAGGCAAACC 3’ 

                                        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 ColE1 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 gene4.  

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 (NcoI and BglII). 

pQE60 panB wt 
pQE60 panB I202A 
pQE60 panB I212A 
 

Previous work.1-2 

pQE40 malE-rmhA wt Previous work.5-6 
pQE40 malE-rmhA 
W23V 

Previous work.7 

pETDuet-1- HBPA   Previous work.3 
pETDuet-1- HBPA  H205A Previous work.3 
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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 FastDigestTM NcoI and BglII. 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.  

NcoI 

CCATGGATGGGCATGTCCGCCAGCCACGCTGACCAGCCCACTCAAACCGTTTCTTACCCGCAACTGATCGACCTGCTG
CGCCGGATTTTCGTGGTCCACGGGACCTCACCGGAGGTCGCCGATGTACTCGCTGAAAACTGCGCCAGTGCCCAGCG
CGACGGTTCGCACAGTCATGGCATCTTTCGCATTCCCGGCTATCTGTCTTCGTTGGCCAGCGGTTGGGTGGATGGCAA
GGCGGTGCCGGTGGTCGAGGATGTCGGCGCGGCATTTGTCAGGGTCGATGCTTGCAACGGCTTTGCCCAGCCGGCAC
TGGCGGCGGCCAGGTCACTGTTGATCGATAAGGCGCGCAGTGCCGGGGTTGCGATTCTGGCCATTCGGGGCTCGCAT
CATTTCGCCGCGCTGTGGCCAGATGTCGAACCGTTTGCCGAGCAGGGGCTGGTTGCGCTGAGCATGGTCAACAGCAT
GACCTGCGTTGTACCCCACGGTGCTCGGCAGCCCTTGTTCGGCACCAACCCGATCGCCTTCGGTGCGCCGCGCGCAGG
TGGCGAGCCCATCGTTTTTGACCTGGCCACCAGCGCCATTGCCCACGGTGACGTGCAGATTGCTGCGCGTGAAGGGC
GGTTGCTGCCGGCGGGCATGGGTGTTGATCGTGACGGGCTGCCGACGCAGGAGCCTCGCGCCATTCTCGACGGCGGG
GCGCTGTTGCCGTTCGGCGGGCACAAGGGCTCGGCATTGTCGATGATGGTCGAGTTGCTGGCGGCAGGGCTGACCGG
TGGCAATTTCTCGTTCGAGTTCGACTGGTCGAAGCATCCCGGCGCACAGACGCCCTGGACCGGCCAGTTGCTGATCGT
CATTGATCCCGACAAAGGTGCCGGTCAGCACTTTGCGCAGCGCAGCGAGGAACTGGTGCGCCAGCTTCACGGGGTCG
GCCAGGAACGATTGCCCGGCGACAGGCGTTACCTGGAGCGGGCACGCTCGATGGCGCACGGAATAGTCATTGCCCAG
GCCGACCTTGAGCGTTTGCAAGAGCTGGCAGGCCACAGATCTCATCACCATCACCATCACTAA 

                                                                BglII 

SEQUENCE S02. Amino acid sequence of protein construct. Starting methionine 

incorporated by open reading frame in pQE-60, 1-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: panEEcoli (53) and panEEcoli (35). The 

amplicon (912 bp) was cloned into a pQE-40 plasmid with the restriction enzymes 

FastDigestTM 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 (KPREcoli, 

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 KPREcoli: Home-made chemically competent 

cells (E. coli M-15[pREP-4] strain from QIAGEN)8 were transformed with the 

corresponding plasmid and grown in LB plate with ampicillin (100 g mL–1) plus 

kanamycin (25 g mL–1) at 37 ºC overnight. A bacterial plaque scraping was transferred 

into a baffled shaker flask (100 mL) containing LB medium (30 mL) plus ampicillin 

(100 g mL–1) and kanamycin (25 g mL–1), and grown at 37 °C on a rotary shaker at 

200 rpm overnight (OD600 ≈ 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 g mL–1), kanamycin (25 g mL–1) 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 (DO600 ≈ 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 NaH2PO4 buffer pH 8.0, 300 mM NaCl, 

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 (CytivaTM) packed with Nickel 
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SepharoseTM High Performance (50 mL bed volume, CytivaTM) at 3 mL min–1 and 

washed with lysis buffer (400 mL) at 6 mL min–1. The protein was eluted with elution 

buffer (200 mL, 50 mM NaH2PO4 buffer pH 8.0, 300 mM NaCl, and 500 mM 

imidazole) at a flow rate of 6 mL min–1 (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–1) 0.709), and 

KPREcoli (Abs 0.1% ( = 1 g L–1) 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 NaH2PO4 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 NaCl, 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). 

 

Figure S1: Analysis of enzyme purification steps by Coomassie Blue-stained SDS-

PAGE. DpkAPsyrin (A), KPREcoli (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 KPREcoli are 37.6 kDa and 35.3 kDa 

respectively.  
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General procedure for YfaUEcoli, HBPAPputida and KPHMTEcoli expression and 

purification were performed as describe in previous works 1, 3, 5  

 

Table S3. Typical enzyme concentration obtained in this work. 

Enzymes Concentration/ mg mL–1 

KPHMTEcoli wt 9.3 

KPHMTEcoli I202A 7.7 

KPHMTEcoli I212A 8.5 

MBP-YfaUEcoli wt 0.5a 

MBP-YfaUEcoli W23V 0.5a

HBPAPputida 4.0 (0.029 U mL–1U mL–1)b 

HBPAPputida H205A 3.8 (0.009 U mL–1U mL–1)b 

DpkAPsyrin 4.0 (2.6 10–2 U mL–1)c 

KPREcoli 4.0 (52 U mL–1)c

GDH 5.2 (20.8 U mL–1)c

a
mg protein mL–1 lyophilized powder. bEnzyme activity assays were described in previous work3. cEnzyme 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 (Überlingen, 

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 ºC. Rotation values are described in each compound. 

HPLC analysis. 

a) HPLC analysis was performed on a RP-HPLC XBridge® C18, 5 μm, 4.6 × 

250 mm column (Waters). The solvent system used was: solvent (A): 0.1% (v/v) 
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trifluoroacetic acid (TFA) in H2O and solvent (B): 0.095% (v/v) TFA in CH3CN/H2O 

4:1, flow rate 1 mL min−1, 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 µL) and mixed with a solution of BnONH2 (50 

µL of a 0.13 M stock solution in pyridine:methanol:water 33:15:2), and then diluted 

with methanol (500 µL). 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).  

 

 

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 µm). 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 1H (400 MHz) and 13C (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 DpkAPsyrin was determined in a continuous assay 

method monitoring the oxidation of NADPH to NADP+ at 340 nm (NADPH ε340 = 6.22 

mM–1 cm–1) 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-HCl 
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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–1 to 3.0 mg mL–1). One unit of activity 

was defined as the amount of DpkAPsyrin that catalyzes the formation of 1 mol NADP+ 

per min at 30 °C (Figure S2). Units: 6.5 10–3 U mg–1. 
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Figure S2. Variation of the ketoreductase activity of the DpkAPsyrin with the enzyme 

concentrations. Enzymatic specific activity (typically 6.5 10–3 U mg–1) was calculated as 

the slope of the plot of V0 vs. [DpkAPsyrin] in the linear region. One unit of activity was 

defined as the amount of DpkAPsyrin that catalyzes the formation of 1 mol NADP+ per 

min at 30 °C.  

Activity determination of KPREcoli. 

The ketoreductase activity of the KPREcoli was determined in a continuous assay method 

monitoring the oxidation of NADPH to NADP+ at 340 nm (NADPH ε340 = 6.22 mM–1 

cm–1) 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-HCl 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 g mL–1 to 7.81 g mL–1). One unit of activity 

was defined as the amount of KPREcoli that catalyzes the formation of 1 mol NADP+ 

per min at 30 °C (Figure S3). Units: 13 U mg–1. 
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Figure S3. Variation of the ketoreductase activity of the KPREcoli with the enzyme 

concentrations. Enzymatic specific activity (typically 13 U mg–1) was calculated as the 

slope of the plot of V0 vs. [KPREcoli] in the linear region. One unit of activity was 

defined as the amount of KPREcoli that catalyzes the formation of 1 mol 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 ε340 = 6.22 mM–1 cm–1) 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-HCl buffer pH 8.0, containing NADP+ (0.25 mM), glucose (30 mM) and 

appropriate amounts of enzyme (1.9 g mL–1 to 62.5 g mL–1). One unit of activity was 

defined as the amount of GDH that catalyzes the formation of 1 mol NADPH per min 

at 30 °C (Figure S4). Units: 4 U mg–1. 
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Figure S4. Variation of the dehydrogenase activity of the GDH with the enzyme 

concentrations. Enzymatic specific activity (typically 4 U mg–1) was calculated as the 

slope of the plot of V0 vs. [GDH] in the linear region. One unit of activity was defined 

as the amount of GDH that catalyzes the formation of 1 mol NADPH per min at 30 °C.  

Biocatalytic aldol addition of 2-oxoacid (2) to formaldehyde (1). Analytical scale 

 
Scheme S2. Biocatalytic aldol addition of 2-oxoacids (2a-n) to formaldehyde (1a) 

catalyzed by YfaUEcoli. and KPHMTEcoli. 

 

Aldol addition of 2a-i to 19 catalyzed by S-stereoselective YfaUEcoli wt and YfaUEcoli 

W23V.  

Reactions were carried out at analytic level as follows: The reactions (500 µL total 

volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100 

rpm) at 25ºC. To a solution of YfaUEcoli wt or YfaUEcoli W23V enzymes (4 mg of 

lyophilized powder at 0.5 mg protein mg–1 lyophilized powder, 2 mg of protein, 2 mg 

protein mL–1 final concentration in the reaction,) in plain water, NiCl2 (5 μL 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 μL of a 1 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 19-10 catalyzed by R-stereoselective KPHMTEcoli and 

variants. 

Reactions were carried out at analytic level as follows: The reactions (500 µL total 

volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100 

rpm) at 25ºC. To a solution of KPHMTEcoli wt or variants (1 mg protein mL–1 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, CoCl2 (5 μL 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 μL 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. 

 

Scheme S3. Biocatalytic reduction of aldol adducts (R or S) 3a-n catalyzed by 

DpkAPsyrin and KPREcoli. 

 

Biocatalytic reduction catalyzed by KPREcoli or DpkAPsyrin: Reactions were carried 

out at analytic level as follows: The reactions (500 µL total volume) were conducted in 

Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100 rpm) at 25 ºC. The 

reduction mixture solutions (250 µL) were prepared by adding; KPREcoli (125 µL of a 
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stock solution of 52 U mL–1 ,4 mg mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, 

and 50% (v/v) of glycerol, 13 U mL–1 final concentration in the reaction) or DpkAPsyrin 

(125 µL of a stock solution of 2.6 10–2 U mL–1, 4 mg mL–1 in 20 mM TEA buffer pH 

7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10–3 U mL–1 final concentration in 

the reaction), EDTA (5 µL of a 0.5M stock solution in 20 mM TEA buffer pH 8.0, 5 

mM final concentration in the reaction), GDH (83 µL of a stock solution 20.8 U mL–1, 

5.2 mg mL–1 in 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 

3.5 U mL–1 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 μL), 

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). 

 

 
 

Scheme S4. One-pot two-step stereoselective synthesis of 2-hydroxy-4-butyrolactones 

derivatives (5) combining aldolases (YfaUEcoli and KPHMTEcoli) and ketoreductases 

(DpkAPsyrin and KPREcoli). 

 

The reactions combining YfaUEcoli and KPREcoli were carried out as follows:   
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Synthesis of (2R,3S)-3-methyl-2-hydroxy-4-butyrolactone (2R,3S-5b).Typical 

procedure (Scheme S4): Aldol addition (1st): 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 YfaUEcoli wt (60 mg of 

lyophilized powder at 0.5 mg protein mg–1 lyophilized powder, 30 mg of protein, 3 mg 

protein mL–1 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, 1eq, 0.1 M in the 

reaction) and NiCl2 (100 μL of a 0.1 M stock solution in water, 10 mol, 1 mM in the 

reaction) were added. The reaction was started by adding formaldehyde (1a, 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 as described in the analytical scale reactions. 

Aldol reduction (2nd). After 24h, the reduction reaction (20 mL final volume) was 

carried out adding EDTA (200 μL, 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 mL–1, 5.2 mg mL–1 in 10 

mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4 U mL–1 final 

concentration in the reaction), and KPREcoli (1.8 mL of a stock solution 52 U mL–1 ,4 mg 

mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 4.7 U 

mL–1 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 HCO2
– 

form, column: 44 cm, Ø = 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 HCO2H (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 

OO

HO

2R,3S-5b
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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. 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 180.1, 73.3, 71.5, 

38.5, 12.8. Selected NMR signals for the minor diastereomer: 1H NMR (400 MHz, 

D2O) δ 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). 13C NMR (101 MHz, D2O) δ 72.8, 

69.9, 34.7, 10.9. [α]20
D =  58.7 (c = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na+] 

C5H8O3Na+:139.0366, found [M+Na+]: 139.0364. 

 

(R)-2-hydroxy-4-butyrolactone (R-5a).  
 

The title compound was prepared as described for 2R,3S-5b. Starting from 2a 

([2a] = [1a] = 1 M in the reaction, Valdol reaction = 1 mL. The aldol reaction was 

diluted with plain water (9 mL) before starting the reduction reaction Vreduction 

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. 1H NMR 

(400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 178.0, 67.6, 65.3, 31.0. The NMR data 

matched that reported in the literature.11 [α]20
D =  34.1 (c = 1, in MeOH), in our hands, 

commercial (R)-3-Hydroxydihydrofuran-2(3H)-one (Sigma Aldrich 444286). ee: ≥99% 

(see below), [α]20
D =  34.8 (c = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na+] 

C4H6NaO3
+:125.0209, found [M+Na+]: 125.0215. 

 

(2R,3S)-3-ethyl-2-hydroxy-4-butyrolactone (2R,3S-5c).  
 

The title compound was prepared using YfaUEcoli W23V variant with 

the procedure described for 2R,3S-5b. Starting from 2c ([2c] = [1a] = 

100 mM), the major lactone 2R,3S-5c was obtained as a yellow oil (57 

mg, 44%). 1H NMR (400 MHz, D2O) δ 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), 2.44 (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). 13C NMR (101 MHz, D2O) δ 180.5, 72.1, 70.6, 44.7, 22.6, 10.5. Minor 

lactone key selected signals: 1H NMR (400 MHz, D2O) δ 4.64 (d, J = 7.5 Hz, 1H), 4.35 

(m, 1H), 4.20 (d, J = 2.4 Hz, 0H), 2.53 (dddt, J = 12.8, 7.4, 5.2, 2.4 Hz, 1H), 1.22 (m, 

1H). 13C NMR (101 MHz, D2O) δ 69.3, 41.2, 18.2, 10.3. [α]20
D = + 44.5 (c = 1, in 

MeOH). ESI-TOF m/z: Calcd for [2M+Na+] C12H20NaO6
+:283.1152, found [2M+Na+]: 

283.1165. 

 

(2R,3S)-3-Allyl-2-hydroxy-4-butyrolactone (2R,3S-5d).  

The title compound was prepared using YfaUEcoli W23V variant with the 

procedure described for 2R,3S-5b. Starting from 2d ([2d] = [1a] = 100 

mM), 2R,3S-5d was obtained as a yellow oil (41 mg, 29%). 1H NMR (400 

MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 177.2, 133.5, 117.8, 

71.8, 69.1, 43.0, 34.3. Selected NMR signals for the minor diastereomer: 1H NMR (400 

MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 133.7, 118.01, 

72.0, 43.2, 34.5. The NMR data matched that reported in the literature.12 [α]20
D =  3.8 

(c = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na+] C7H10NaO3
+:165.0522, found 

[M+Na+]: 165.0527.  

  

(2R,3S)-3-isopropyl-2-hydroxy-4-butyrolactone (2R,3S-5f).  
 

The title compound was prepared using YfaUEcoli W23V variant with the 

procedure described for 2R,3S-5b. Starting from 2f ([2f] = [1a] = 100 mM), 

2R,3S-5f was obtained as a white solid (36 mg, 25%). Mayor diasteromer 

(2R,3S-5f) 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR 

(101 MHz, CDCl3) δ 178.2, 71.8, 68.9, 50.1, 30.9, 20.7, 20.2. Selected NMR signals for 

the minor diastereomer: 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR 

(101 MHz, CDCl3) no signal detected. The NMR data matched that reported in the 
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literature.13 [α]20
D =  31.4 (c = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na+] 

C7H12NaO3
+:167.0679, found [M+Na+]: 167.0686. 

 

(2R,2S)-3-Cyclopropyl--2-hydroxy-4-butyrolactone (2R,3S-5g).  

The title compound was prepared using YfaUEcoli W23V variant with the 

procedure described for 2R,3S-5b. Starting from 2g ([2g] = [1a] = 100 mM), 

2R,3S-5g was obtained as a yellow oil (66 mg, 46%). 1H NMR (400 MHz, 

CDCl3) δ 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). 13C NMR (101 

MHz, CDCl3) δ 177.6, 72.4, 69.2, 48.2, 10.5, 2.3 (d, J = 9.5 Hz). Selected NMR signals 

for the minor diastereomer:  1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 

MHz, CDCl3) No signals detected. [α]20
D =  30.0 (c = 1.3 in MeOH). ESI-TOF m/z: 

Calcd for [2M+Na+] C14H20O6Na+:307.1152, found [2M+Na+]: 307.1166. 

 

(2R,3S)-3-Cyclobutyl-2-hydroxy-4-butyrolactone (2R,3S-5h).  
 

The title compound was prepared using YfaUEcoli W23V variant with the 

procedure described 2R,3S-5b. Starting from 2h ([2h] = [1a] = 100 mM), 

2R,3S-5h was obtained as a yellow oil (73 mg, 46%). 1H NMR (400 MHz, 

CDCl3) δ 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). 13C NMR (101 MHz, 

CDCl3) δ 177.9, 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 1H and 13C NMR (≤ 3%). [α]20
D 

=  47.4 (c = 1.2, in MeOH). ESI-TOF m/z: Calcd for [2M+Na+] 

C16H24O6Na+:335.1461, found [2M+Na+]: 335.1451. 

 

The reactions combining YfaUEcoli and DpkAPsyrin were carried out as follows: 

 
(2S,3S)-4-Methyl-2-hydroxy-4-butyrolactone (2S,3S-5b).  
 

Synthesis of aldol intermediate 2S-3b, was performed as described for 2R,3S-

5b, starting from 2b ([2b] = [1a] = 100 mM). After 24 h, the reduction 

OO

HO

2R,3S-5h
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reaction (20 mL final volume) was carried out as follows: to the aldol reaction mixture 

were added EDTA (200 μL, 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–1, 5.2 mg mL–1 in 10 mM 

HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4 U mL–1 final 

concentration in the reaction) and DpkAPsyrin (5.0 mL of a stock solution 2.6 10–2 U mL–

1, 4 mg mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 

6.5 10–3 U mL–1 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%).1H NMR (400 MHz, D2O) δ 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). 
13C NMR (101 MHz, D2O) δ 179.8, 72.8, 69.9, 34.7, 10.9. Minor diastereoisomer key 

selected signals: 1H NMR (400 MHz, D2O) δ 3.86 (dd, J = 10.7, 9.0 Hz, 1H), 2.50 – 

2.39 (m, 1H), 1.12 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, D2O) δ 71.5, 38.5, 12.8. 

[α]20
D =  30.9 (c = 1, in MeOH). ESI-TOF m/z: Calcd for [M+Na+] 

C5H8O3Na+:139.0366, found [M+Na+]: 139.0359. 

  

(S)-2-Hydroxy-4-butyrolactone (S-5a).  
 

The title compound was prepared as described for 2S,3S-5b. Starting from 

2a ([2a] = [1a] = 1 M in the reaction, Valdol reaction = 1 mL. The aldol reaction 

was diluted with plain water (9 mL) before starting the reduction reaction, 

Vreduction reaction = 20 mL). The purification was performed as described for R-

5a, and the title compound S-5a was obtained as a yellow oil (20 mg, 20%). NMR 

spectra were indistinguishable from that of R-5a. [α]20
D =  23.3 (c = 1, in MeOH). In 

our hands, commercial (R)-3-hydroxydihydrofuran-2(3H)-one (Sigma Aldrich 444286). 

ee: ≥99% (see below), [α]20
D =  35 (c = 1, in MeOH). ESI-TOF m/z: Calcd for 

[M+Na+] C4H6O3Na+:125.0210, found [M+Na+]: 125.0205. 

 

(2S,3S)-3-Ethyl-2-hydroxy-4-butyrolactone (2S,3S-5c).  

Synthesis of aldol adduct 2S-3c was prepared using YfaUEcoli W23V variant 

with the procedure described 2S,3S-5b and starting from 2c ([2c] = [1a] = 
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100 mM). Lactone 2S,3S-5c was obtained as a yellow oil (22 mg, 17%).1H NMR (400 

MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 

180.1, 70.6, 69.3, 41.2, 18.2, 10.3. Minor lactone key selected signals: 1H NMR (400 

MHz, D2O) δ 4.46 (t, J = 8.6 Hz, 1H), 3.92 (m, 1H), 2.36 (m, 1H), 1.73 – 1.61 (m, 1H). 
13C NMR (101 MHz, D2O) δ 180.5, 72.1, 44.7, 22.6, 10.5. [α]20

D =  0.8 (c = 1, in 

MeOH). ESI-TOF m/z:  Calcd for [2M+Na+] C12H20O6Na+:283.1152, found [2M+Na+]: 

283.1149. 

 

The reactions combining KPHMTEcoli, and KPRE.coli were carried out as follows: 

(2R,3R)-3-methyl-2-hydroxy-4-butyrolactone (2R,3R-5b).  
 
Aldol addition (1st): 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 KPHMTEcoli wt (1.1 mL of 

9.3 mg mL–1 stock solution 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v) 

of glycerol, 1 mg protein mL–1 in the reaction) in plain (6.8 mL) water, CoCl2 (100 μL 

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 (2nd). The reduction of aldol adduct with KPREcoli 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%).1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 180.1, 73.3, 71.5, 38.5, 12.8. 

Minor diastereoisomer key selected signals: 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 73.3, 71.5, 38.5, 12.8. [α]20
D =  41.7 (c = 1, in 

MeOH). ESI-TOF m/z: Calcd for [M+Na+] C5H8O3Na+: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-5c was 

obtained as a yellow oil (23 mg, 25%). 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 180.1, 

70.6, 69.3, 41.1, 18.2, 10.3. Minor lactone key selected signals: 1H NMR (400 MHz, 

D2O) δ 4.46 (t, J = 8.6 Hz, 1H), 3.92 (m, 1H), 2.36 (m, 1H), 1.73 – 1.61 (m, 1H). 13C 

NMR (101 MHz, D2O) δ 180.5, 72.1, 44.7, 22.6, 10.5. [α]20
D =  2.0 (c = 1, in MeOH). 

Calcd for [2M+Na+] C12H20O6Na+:283.1152, found [2M+Na+]: 283.1159. 

 

(2R,3R)-3-Allyl-2-hydroxy-4-butyrolactone (2R,3R-5d).  
 

The title compound was prepared using KPHMTEcoli I212A variant and 

following the procedure described for 2R,3R-5b. Starting from 2d ([2d] 

= [1a] = 100 mM), 2R,3R-5d was obtained as a yellow oil (36 mg, 

25%). 

 1H NMR (400 MHz, CDCl3) 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). 13C NMR (101 MHz, CDCl3) δ 177.3, 134.6, 118.2, 69.4, 68.9, 

39.5, 29.9. Selected NMR signals for the minor diastereomer: 1H NMR (400 MHz, 

CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 177.1, 133.5, 117.8, 71.8, 

69.1, 43.0, 34.3. [α]20
D =  20.0 (c = 0.6, in MeOH). ESI-TOF m/z: Calcd for [M+Na+] 

C7H10O3Na+: 165.0522, found [M+Na+]: 165.0528. 
 

(2R,3R)-3-(3-methoxypropyl)-2-hydroxy-4-butyrolactone (2R,3R-5e).  
 
The title compound was prepared using KPHMTEcoli I212A variant 

and following the procedure described for 2R,3R-5b. Starting from 2e 

([2e] = [1a] = 100 mM), 2R,3R-5e was obtained as a yellow oil (64 

mg, 40%).1H NMR (400 MHz, DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 176.9, 69.9, 69.5, 68.0, 57.9, 37.5, 

25.2. Minor lactone key selected signals: 1H NMR (400 MHz, DMSO) δ 3.83 (dd, J = 

10.6, 8.9 Hz, 1H), 2.31 (m, 1H), 1.72 – 1.59 (m, 1H). 3C NMR (101 MHz, DMSO) δ 

71.9, 70.5, 69.3, 42.2, 30.4. [α]20
D =  2.8 (c = 1, in MeOH). ESI-TOF m/z: Calcd for 

[M+Na+] C7H12O4Na+: 183.0628, found [M+Na+]: 183.0635. 

 

(2R,3R)-3-isopropyl-2-hydroxy-4-butyrolactone (2R,3R-5f).  
 

The title compound was prepared using KPHMTEcoli I202A variant and 

following the procedure described for 2R,3R-5b. Starting from 2f ([2f] = 

[1a] = 100 mM), 2R,3R-5f was obtained as a yellow oil (52 mg, 36%). 1H 

NMR (400 MHz, CDCl3) δ 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).13C NMR (101 MHz, 

CDCl3) δ 177.6, 69.2, 68.3, 46.3, 24.6, 20.8, 18.6. Selected NMR signals for the minor 

diastereomer 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ (very small signals) 71.7, 68.8, 49.9, 20.5, 

20.1. The NMR data matched that reported in the literature.13 [α]20
D =  42.4 (c = 1.1, in 

MeOH). ESI-TOF m/z:  Calcd for [M+Na+] C7H12O3Na+: 167.0679, found [M+Na+]: 

167.0674.  

 
(2R,3R)-3-Cyclopropyl-2-hydroxy-4-butyrolactone (2R,3R-5g).  
 

The title compound was prepared as described for 2R,3R-5b. Starting from 

2g ([2g] = [1] = 100 mM), 2R,3R-5g was obtained as a white solid (40 mg, 

28%). 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, 

CDCl3) δ 177.2, 70.3, 70.2, 45.5, 7.9, 4.2, 2.0. Selected NMR signals for the minor 

diastereomer 1H NMR (400 MHz, CDCl3) δ 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). 
13C NMR (101 MHz, CDCl3) δ 72.4, 69.2, 48.2, 10.5, 2.3, 2.2. [α]20

D = 2.9 (c = 1.3, in 
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MeOH). ESI-TOF m/z: Calcd for [2M+Na+] C14H20O6Na+: 307.1152, found [2M+Na+]: 

307.1166. 

 

 (2R,3R)-3-Cyclobutyl-2-hydroxy-4-butyrolactone (2R,3R-5h).  
 

The title compound was prepared using KPHMTEcoli I202A variant and 

following the procedure described for 2R,3R-5b. Starting from 2h ([2h] = 

[1a] = 100 mM), 2R,3R-5h was obtained as a white solid (30 mg, 30%). 1H 

NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, 

CDCl3) δ 177.6, 70.1, 68.2, 45.6, 33.0, 28.1, 26.2, 19.0. Selected NMR signals for the 

minor diastereomer: 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) 177.8, 71.5, 68.2, 48.0, 

36.0, 25.6, 25.6, 18.9. [α]20
D = + 2 (c = 0.8 in MeOH). ESI-TOF m/z: Calcd for 

[M+Na+] C8H10O3Na+: 179.0678, found [M+Na+]: 179.0671.  

 

(R)-3,3-dimethyl-2-hydroxy-4-butyrolactone (R-5j). 

The title compound was prepared as described for 2R,3R-5b. Starting from 

2j ([2j] = [1a] = 100 mM), R-5j was obtained as a white solid (66 mg, 

51%). 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 

MHz, CDCl3) δ 177.6, 76.5, 75.9, 41.0, 23.1, 18.9. The NMR data matched that 

reported in the literatura14. ee: ≥99% (see below), [α]20
D =  22.5 (c = 1 in MeOH), In 

our hands, commercial D-(−)-pantolactone (Sigma Aldrich 237817) [α]20
D =  28.0 (c = 

1 in MeOH). ESI-TOF m/z: Calcd for [M+Na+] C6H10O3Na+: 153.0522, found 

[M+Na+]: 153.0527.  

 

(R)-8-Hydroxy-6-oxaspiro[3.4]octan-7-one (R-5k).  

 
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 

mg, 40%).1H NMR (400 MHz, CDCl3) δ 4.41 (d, J = 9.1 Hz, 1H), 4.18 

OO

HO

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). 13C NMR (101 MHz, CDCl3) δ 177.0, 75.4, 73.1, 46.7, 26.3, 25.1, 15.8. 

The NMR data matched that reported in the literature.14 ee: ≥99% (see below), [α]20
D = 

 20.1 (c = 1 in MeOH). ESI-TOF m/z: Calcd for [M+Na+] C7H10O3Na+: 165.0522, 

found [M+Na+]: 165.0533.  

 

(R)-4-Hydroxy-2-oxaspiro[4.4]nonan-3-one (R-5l).  
 

The title compound was prepared using KPHMTEcoli I202A variant and 

following the procedure described for 2R,3R-5b. Starting from 2l ([2l] = 

[1a] = 100 mM), R-5l was obtained as a white solid (63 mg, 40%). 1H 

NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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.15 ee: ≥99% (see below). The optical rotation values [α] was determined for R-

10l (see below). ESI-TOF m/z: Calcd for [2M+Na+] C16H24O6Na+: 335.1465, found 

[2M+Na+]: 335.1461.  

 
(R)-4-Hydroxy-2-oxaspiro[4.5]decan-3-one (R-5m).  
 

The title compound was prepared using KPHMTEcoli I212A variant and 

following the procedure described for 2R,3R-5b. Starting from 2m ([2m] = 

[1a] = 100 mM), R-5m was obtained as a yellow solid (26 mg, 15%).1H 

NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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.15 ee: 98% (see below). The 

optical rotation values [α] was determined for R-10m (see below). ESI-TOF m/z: Calcd 

for [2M+Na+] C18H28O6Na+: 363.1778, found [2M+Na+]: 363.1769. 

 

(R)-4-Hydroxy-2-oxaspiro[4.6]undecan-3-one (R-5n). 
 

The title compound was prepared using KPHMTEcoli I202A variant and 

following the procedure described for 2R,3R-5b. Starting from 2n ([2n] = 
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[1a] = 100 mM), R-5n was obtained as a yellow solid (20 mg, 11%). 1H NMR (400 

MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 

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.15 ee: 98% (see below). The optical rotation values [α] was 

determined for R-10n (see below). ESI-TOF m/z: Calcd for [M+Na+] C10H16O3Na+: 

207.0992, found [M+Na+]: 207.0981. 

 

The reactions combining KPHMTEcoli, and DpkAPsyrin were carried out as follows: 

(2S,3R)-3-Methyl-2-hydroxy-4-butyrolactone (2S,3R-5b).  
 

The title compound was prepared as follows. The aldol reaction ([2b] = [1] 

= 100 mM) was performed as described for 2R,3R-5b, and then was 

submitted to reduction with DpkAPsyrin catalysis  using the procedure 

described for 2S,3S-5b. Compound 2S,3R-5b was obtained as a yellow oil (61 mg, 

53%). 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 

MHz, D2O) δ 180.1, 73.3, 71.5, 38.5, 12.8. Selected NMR signals for the minor 

diastereomer: 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, D2O) δ 72.8, 69.9, 

34.7, 10.9. [α]20
D =  53.4 (c = 1 in MeOH). ESI-TOF m/z: Calcd for [M+Na+] 

C5H8O3Na+:139.0366, found [M+Na+]: 139.0375. 

One-pot enzymatic cascade for the stereoselective synthesis of 2-hydroxy-4-
butyrolactones derivatives (5a,b). 

 
Scheme S5. One-pot enzymatic cascade for the stereoselective synthesis of 2-hydroxy-

4-butyrolactones derivatives (5a,b) combining aldolases (YfaUEcoli and KPHMTEcoli) 

and ketoreductases (DpkAPsyrin and KPREcoli). 
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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 (YfaUEcoli wt, 60 mg of lyophilized powder at 0.5 mg protein mg–1 lyophilized 

powder, 30 mg of protein, 3 mg protein mL–1 final concentration in the reaction or 

KPHMTEcoli wt, 1.1 mL of 9.3 mg mL–1 stock solution 20 mM TEA buffer pH 7.0, 100 

mM NaCl, and 50% (v/v) of glycerol, 1 mg protein mL–1 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, 1eq, 0.1 M in the reaction) and MCl2 (100 μL of a 0.1 M stock 

solution in water, 10 mol, 1 mM in the reaction, M2+ = Ni2+ or Co2+for YfaUEcoli wt 

and KPHMTEcoli wt respectively) were added. Then, ketoreductase (KPREcoli ,0.9 mL of 

a stock solution 52 U mL–1 ,4 mg mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, 

and 50% (v/v) of glycerol, 4.7 U mL–1 final concentration in the reaction or DpkAPsyrin, 

2.5 mL of a stock solution 2.6 10–2 U mL–1, 4 mg mL–1 in 20 mM TEA buffer pH 7.0, 

100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10–3 U mL–1 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–1, 5.2 mg mL–1 in 10 mM HEPES buffer 

pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4 U mL–1 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, 

2S,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). 

 

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)  

Typical procedure: A dried three-necked round bottomed flask was charged 

with anhydrous CH2Cl2 (20 mL) under N2 atmosphere. Then, R-5j (100 

mg, 0.8 mmol, 1.0 eq) was added and the mixture was cooled at –15 

°C. The reaction was started by addition of 4-bromobenzoyl chloride 

(9) (219 mg, 1.0 mmol, 1.3 eq) and Et3N (161 L, 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 CH2Cl2 

(200 mL), transferred to a separation funnel and extracted with 1 M HCl (200 mL), 5% 

NaHCO3 (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%).1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 172.6, 165.2, 132.4, 132.0, 129.5, 128.1, 

76.7, 76.2, 41.0, 23.6, 20.5. ee: ≥99%. [α]20
D =  16.9 (c = 1 in MeOH). 

 

rac-4,4-Dimethyl-2-oxotetrahydrofuran-3-yl 4-bromobenzoate (rac-10j).  

Synthesis of rac-10j was performed as described for R-10j. Starting 

from commercial DL-pantolactone (100 mg, TCI EUROPE P0010), 

affording rac-10j as a white solid (54 mg, 22%). NMR spectra were 

indistinguishable from that of R-10j. 
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Figure S5. HPLC analysis on chiral stationary phase (CPHPLC) of R-10j from KPREcoli 

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–1 at 30 °C and detection at 254 

nm. Isocratic elution Hexane:iPrOH 90:10 (v/v). tr (R) = 19.7 min, tr (S) = 29.6 min. 

 

(R)-2-Oxotetrahydrofuran-3-yl 4-bromobenzoate (R-10a).  

The synthesis of R-10a was performed as described for R-10j. Starting 

from a solution of R-5a (30 mg) in anhydrous acetonitrile (5 mL), R-

10a was obtained as a yellow oil (64 mg, 76%).1H NMR (400 MHz, 

CDCl3) δ 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). 13C NMR (101 MHz, 

CDCl3) δ 172.9, 165.3, 132.4, 132.0, 129.5, 128.1, 68.8, 65.5, 29.6. ee: ≥99%. [α]20
D = 

 15.6 (c = 1.2 in MeOH). 

 
(S)-2-Oxotetrahydrofuran-3-yl 4-bromobenzoate (S-10a).  

 
The synthesis of S-10a was performed as described for R-10j. Starting 

from a solution S-5a (30 mg) in anhydrous acetonitrile (5 mL), S-10a 

was obtained as a yellow oil (20 mg, 20%). NMR spectra were 

Minutes

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0 27,5 30,0 32,5 35,0 37,5 40,0

m
A

U

0

250

500

750

1000

1250

1500

1750

2000

m
A

U

0

250

500

750

1000

1250

1500

1750

2000
DAD-243 nm

E194-30-exp15(DL-pantolac) E191exp68 40min

Spectrum Max Plot

E191-172-exp66(D-pantolactone) ID10B 40min

Spectrum Max Plot

E194-30-exp15(Muestra KPR)ID10 B 40 min

A) 

B) 

C) 

R-10j from KPREcoli 

R-10j from commercial D-(−)-
pantolactone  

rac-10j  



S28 
 

indistinguishable from that of R-10a. ee: ≥99%. [α]20
D = 14.7 (c = 1 in MeOH). 

 

rac-2-Oxotetrahydrofuran-3-yl 4-bromobenzoate (rac-10a).  

The aldol precursor 3a was prepared following the procedure described 

for 2R,3S-5b. Starting from sodium pyruvate 2a (440 mg, 4 mmol, 1 eq, 

1 M concentration in the reaction) and 1a (120 mg, 4 mmol, 1 eq, 1 M in 

the reaction). Chemical reduction: after 24 h of the aldol reaction, 

NaBH4 (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.  

 

Figure S6. CPHPLC chromatogram of R-10a from KPREcoli catalysis (A), S-10a from 

DpkAPsyrin catalysis (B) rac-10a (C). Conditions: CHIRALPACK® ID, flow rate 1 mL 

min–1 at 30 °C and detection at 254 nm. Isocratic elution hexane:iPrOH 90:10 (v/v). tr 

(R) = 32.9 min, tr (S) = 43.0 min. 

 

(R)-7-Oxo-6-oxaspiro[3.4]octan-8-yl 4-bromobenzoate (R-10k).  

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 

(115 mg, 76% yield). 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 
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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).13C NMR 

(101 MHz, CDCl3) δ 171.7, 164.9, 132.0, 131.6, 129.1, 127.7, 45.9, 27.1, 26.6, 15.9. ee: 

≥99%. [α]20
D =  44.7 (c = 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 

described for 2R,3S-5b, starting from 2k (150 mg, 1 eq, 0.1 M 

concentration in the reaction) and 1a (30 mg, 0.1 M 

concentration in the reaction). Chemical reduction of aldol 

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.  

 

Figure S7. CPHPLC chromatogram of R-10k from KPREcoli catalysis (A) and rac-10k 

(B). Conditions: CHIRALPACK® ID, flow rate 0.8 mL min–1 at 30 °C and detection at 

254 nm. Isocratic elution hexane:iPrOH 90:10 (v/v). tr (R) = 19.2 min and tr (S) = 27.8 

min. 

 

(R)-3-Oxo-2-oxaspiro[4.4]nonan-4-yl 4-bromobenzoate (R-10l). 

Synthesis of title compound was performed as described for R-10j 

starting from R-5l (65 mg). R-10l was obtained as a yellow oil (96 
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mg, 68% yield). 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 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%. [α]20
D =  35.1 (c = 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, 

starting from 2l (164 mg, 1 eq, 0.1 M concentration in the 

reaction) and 1a (30 mg, 1 eq, 0.1 M concentration in the 

reaction). Chemical reduction was carried out as described for 

rac-10a. Benzoylation of rac-5l (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.  

 

Figure S8. CPHPLC chromatogram of R-10l from KPREcoli catalysis (A) and rac-10l 

(B). Conditions: CHIRALPACK® ID, flow rate 0.8 mL min–1 at 30 °C and detection at 

254 nm. Isocratic elution Hexane:iPrOH 90:10 (v/v). tr (R) = 18.8 min and tr (S) = 22.8 

min. 

  

Minutes

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0 27,5 30,0 32,5 35,0 37,5

m
A

U

200

400

600

800

1000

1200

m
A

U

200

400

600

800

1000

1200

DAD-246 nm

E194-106-exp51(rac ID 10B)

Spectrum Max Plot

E194-108-exp52(KPR ID 10B)

A) 

B) 
rac-10l   

R-10l   



S31 
 

(R)-3-Oxo-2-oxaspiro[4.4]nonan-4-yl 4-bromobenzoate (R-10m).  
 

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). 1H NMR (400 

MHz, CDCl3) δ 7.95 (d, J = 8.6 Hz, 1H), 7.62 (d, J = 8.6 Hz, 

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). 13C NMR (101 MHz, CDCl3) δ 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%. [α]20
D =  

12.7 (c = 0.75 in MeOH). 
rac-3-oxo-2-oxaspiro[4.5]decan-4-yl 4-bromobenzoate (rac-10m).  

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 1a (30 mg, 1 eq, 0.1 M 

concentration in the reaction). Chemical reduction was performed 

as 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.  

 

Figure S9. CPHPLC chromatogram of R-10m from KPREcoli catalysis (A) and rac-10m 

(B). Conditions: CHIRALPACK® ID, flow rate 1 mL min–1 at 30 °C and detection at 

254 nm. Isocratic elution Hexane:iPrOH 90:10 (v/v). tr (R) = 25.6 min, tr (S) = 29.2 

min. 
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(R)-3-oxo-2-oxaspiro[4.6]undecan-4-yl 4-bromobenzoate (R-10n).  
 

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). 1H NMR (400 

MHz, CDCl3) δ 7.95 (dd, J = 8.7, 2.3 Hz, 2H), 7.70 – 7.58 (m, 

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). 13C NMR (101 MHz, 

CDCl3) δ 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%. [α]20
D =  31.2 (c = 0.4 in MeOH).  

 

rac-3-oxo-2-oxaspiro[4.6]undecan-4-yl 4-bromobenzoate (rac-10n).  

The aldol precursor 3n was prepared following the procedure 

described for 2R,3S-5b, starting from 2n (283.4 mg, 1 eq, 0.1 M 

concentration in the reaction) and 1a (50 mg, 1 eq, 0.1 M 

concentration in the reaction). Chemical reduction was performed 

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. 

 

 

Figure S10. CPHPLC chromatogram of R-10n from KPREcoli catalysis (A) and rac-10n 

(B). Conditions: CHIRALPACK® ID, flow rate 1 mL min–1 at 30 °C and detection at 
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254 nm. Isocratic elution Hexane:iPrOH 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 

 

Reactions were carried out at analytic level as follows: The reactions (500 µL total 

volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer 

(1000 rpm) at 25ºC. 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 μL 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 

HBPAPputida wild-type (125 µL of a stock solution 0.029 U mL–1, 4 mg mL–1 in 50 mM 

TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.007 U mL–1, 1 

mg protein mL–1 final concentration in the reaction, for enzyme reactions with 1b-c, and 

1e). Or HBPAPputida H205A (132 µL of a stock solution 0.009 U mL–1, 3.8 mg mL–1 in 

50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) of glycerol, 0.00324 

U mL–1, 1 mg mL–1 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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Scheme S7. Biocatalytic reduction of aldol adducts (R-6b-g) catalyzed by DpkAPsyrin 

and KPREcoli. 

 

Biocatalytic reduction catalyzed by KPREcoli or DpkAPsyrin: Reactions were carried 

out at analytic level as follows: The reactions (500 µL total volume) were conducted in 

Eppendorf tubes (1.5 mL) and placed in a vortex mixer (100 rpm) at 25 ºC. The 

reduction mixture solutions (250 µL) were prepared by adding; KPREcoli (125 µL of a 

stock solution of 52 U mL–1 ,4 mg mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, 

and 50% (v/v) of glycerol, 13 U mL–1 final concentration in the reaction) or DpkAPsyrin 

(125 µL of a stock solution of 2.6 10–2 U mL–1, 4 mg mL–1 in 20 mM TEA buffer pH 

7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10–3 U mL–1 final concentration in 

the reaction), GDH (83 µL of a stock solution 20.8 U mL–1, 5.2 mg mL–1 in 10 mM 

HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.5 U mL–1 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 μL), 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. 

 
 

Scheme 8. One-pot two-step synthesis of 4-substituted-2-hydroxy-4-butyrolactones 8 

by tandem biocatalytic aldol-reduction reactions catalyzed by HBPAPputida and 

DpkAPsyrin. 

The reactions combining HBPAPputida and DpkAPsyrin. were carried out as follows:  

 
(2S,4R)-4-(hydroxymethyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8b).  
 

Aldol addition (1st): The reaction (1 mmol scale, 8.3 mL total 

volume) was conducted in a round-bottom flask (100 mL) at 25 °C 

for 24 h and orbitally stirred at 250 rpm. Sodium pyruvate 2b (91.6 

mg, 1 mmol, 1 eq, 0.1 M in the reaction) and glycolaldehyde dimer 1b (50 mg, 1 mmol 

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–1, 4 mg mL–1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 

50% (v/v) of glycerol, 0.007 U mL–1, 1 mg protein mL–1 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 

(2nd). 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–1, 5.2 

mg mL–1 in 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) of glycerol, 3.4 

U mL–1 final concentration in the reaction) and DpkAPsyrin (4.15 mL of a stock solution 

2.6 10–2 U mL–1, 4 mg mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% 
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(v/v) of glycerol, 6.5 10–3 U mL–1 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 HCO2
– 

form, column: 44 cm, Ø = 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 HCO2H (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%). 1H NMR (400 MHz, D2O) δ 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). 13C NMR (101 MHz, 

D2O) δ 180.0, 79.5, 67.0, 62.9, 31.9. Minor diastereomer selected key signals 1H NMR 

(400 MHz, D2O) δ 4.50 (dd, J = 3.0, 0.9 Hz, 1H), 3.83 (dd, J = 13.0, 2.6 Hz, 1H). 13C 

NMR (101 MHz, D2O) peaks detected by HSQC experiment: δ 73.1, 62.1. [α]20
D =  

49.6 (c = 1, in MeOH), dr: 98:2. ESI-TOF m/z: Calcd for [M+Na+] 

C5H8O4Na+: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. 

Starting from 1c ([1c] = [2a] = 100 mM in the reaction, Valdol reaction 

= 10,6 mL. 2S,4R-8c was obtained as a yellow oil (54 mg, 29%). In 

this case the product was eluted 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. 1H NMR (400 MHz, MeOD) δ 

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). 13C NMR (101 MHz, MeOD) δ 179.5, 106.2, 77.7, 67.7, 57.4, 56.7, 32.2. No 

signals were detected from minor diastereomers [α]20
D =  35.7 (c = 0.5, in MeOH), dr: 

98:2. ESI-TOF m/z: Calcd for [M+Na+] C7H12O5Na+:199.0577, found [M+Na+]: 

199.0566. 

 

(2S,4R)-4-(chloromethyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8d).  
 

Synthesis of aldol adduct 6d was prepared using HBPAPputida H205A 

variant with the procedure described 2S,4R-8d, starting from 1d ([1d] 

= [2a] = 100 mM in the reaction, Valdol 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. 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) δ 177.1, 76.5, 67.5, 46.8, 33.5. Minor 

diastereomer selected key signals 1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 MHz, CDCl3) peaks detected 

by HSQC experiment: δ 68.8, 49.4. The NMR data matched that reported in the 

literature.16 [α]20
D =  59.7 (c = 0.5, in MeOH), dr: 94:6. ESI-TOF m/z: Calcd for 

[M+Na+] C5H7ClO3Na+: 172.9976, found [M+Na+]: 245.0779. 

 

(2S,4R)-4-((benzyloxy)methyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8e).  
 

The synthesis of aldol intermediate 6b was conducted in an 

Erlenmeyer (50 mL). Reaction volume was 5.3 mL. 

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–1, 4 mg mL–1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 

50% (v/v) of glycerol, 0.007 U mL–1, 1 mg protein mL–1 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): 1H NMR (400 MHz, D2O) δ 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).13C 

NMR (101 MHz, D2O) δ 177.6, 137.3, 128.7, 128.7, 128.5, 128.4, 73.0, 73.3, 66.7, 

67.4, 37.0, and (2S,4R-8e) 1H NMR (400 MHz, D2O) δ 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).13C NMR (101 MHz, D2O) δ 179.8, 137.3, 128.7, 128.7, 128.5, 

128.4, 78.0, 73.0, 70.9, 66.6, 32.2. [α]20
D =  33.3 (c = 0.5, in MeOH), dr: 94:6. ESI-

TOF m/z: Calcd for [M+Na+] C12H14O4Na+: 245.0784, found [M+Na+]: 245.0779. 

 

(2S,4R)-4-((benzylthio)methyl)-2-(hydroxy)-4-butyrolactone (2S,4R-8f).  
 
Synthesis of aldol adduct 6f was prepared using HBPAPputida H205A 

variant with the procedure described 2S,4R-8e, starting from 1f ([1f] 

= [2a] = 100 mM in the reaction, Valdol reaction = 10.2 mL). The Aldol 

reduction with DpkAPsyrin was performed as describe for 2S,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% NaHCO3 (100 mL) was added, toluene was removed and 

the aqueous solution was extracted with CH2Cl2 (3 × 50 mL). Aqueous phase was then 

acidified to pH 2 with 3 M HCl and extracted with EtOAc (3 × 50 mL). The organic 

layer was washed with water (3 × 50 mL) and brine (3 × 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%). 1H NMR (400 

MHz, CDCl3) δ 7.40 – 7.22 (m, 5H), 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). 13C NMR (101 MHz, CDCl3) δ 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: 1H NMR (400 MHz, CDCl3) δ 4.56 

– 4.42 (m, 1H), 2.01 (dt, J = 12.7, 10.3 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ no 

signals detected. [α]20
D =  30.4 (c = 0.5, in MeOH), dr: 87:13. ESI-TOF m/z: Calcd for 

[M+Na+] C12H14SO3Na+: 261.0556, found [M+Na+]: 261.0551. 

 

(2S,4R)-4-(2-phenoxypropan-2-yl)-2-(hydroxy)-4-butyrolactone (2S,4R-8g).  
 

Synthesis of aldol adduct 6g was prepared as described for 2S,4R-

8e. Starting from 1g ([1g] = [2a] = 100 mM in the reaction, Valdol 

reaction = 6 mL). The Aldol reduction with DpkAPsyrin was performed 

as describe for 2S,4R-8b. Lactonization reaction and purification 

were carried out as described for 2S,4R-8f was obtained as a white solid (52 mg, 34%). 
1H NMR (400 MHz, CDCl3) δ 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). 13C NMR (101 

MHz, CDCl3) δ 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. [α]20
D =  47.2 (c = 0.5, in MeOH), dr: 

98:2. ESI-TOF m/z: Calcd for [M+Na+] C13H16O4Na+: 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 H2O 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/mMa eeb/% 
3a YfaUEcoli wt 85 - 

3S-3b 

YfaUEcoli W23V 

92 98 
3S-3c 95 99 
3S-3d 88 98 
3S-3f 89 99 
3S-3g 98 98 
3S-3h 98 94 
3R-3b KPHMTEcoli wt 94 95 
3R-3c KPHMTEcoli wt 98 95 
3R-3d KPHMTEcoli I212A 97 96 
3R-3e KPHMTEcoli I212A 82 -c 

3R-3g KPHMTEcoli wt 84 87 
3R-3h KPHMTEcoli I202A 80 75 

3j KPHMTEcoli wt 88 -d 

3k KPHMTEcoli wt 80 -d 

3l KPHMTEcoli wt 96 -d 

4R-6b HBPAPputida wt 82 94 
4R-6c HBPAPputida wt 85 87 

aConcentration was estimated on the basis of the conversion percentage of the aldol 

addition at 24h. bDetermined by HPLC on a chiral stationary phase in our lab using 

procedure published in previous works 9.cNot determined. dNot applicable.  

 

Steady-State Kinetic Studies of ketoreductases.  

The kinetic parameters for KPREcoli and DpkAPsyrin were determined in a continuous 

assay method monitoring the oxidation of NADPH to NADP+ at 340 nm (NADPH ε340 

= 6.22 mM–1 cm–1) 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-HCl 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 mol 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 KPREcoli. (A). Initial reaction rate 

(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected 

to perform the enzyme assay (B) and Vo vs substrate concentration (0.2 (Kmapp) ≤ [S] ≤ 

20.2 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments.  

 

 

Figure S12. Reduction of 3S-3b to 2R,3S-4b 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 Vo vs substrate concentration (0.07 

(Kmapp) ≤ [S] ≤ 4.5 (Kmapp)), 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 KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.3 (Kmapp) ≤ [S] ≤ 

19.3 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments. 

 

 

Figure S14. Reduction of 3S-3d to 2R,3S-4d catalyzed by KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.11 (Kmapp) ≤ [S] 
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≤ 5.8 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments. 

 

 

Figure S15. Reduction of 3S-3f to 2R,3S-4f catalyzed by KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.08 (Kmapp) ≤ [S] 

≤ 2.8 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments. 

 

 

Figure S16. Reduction of 3S-3g to 2R,3S-4g catalyzed by KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 
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selected for the enzyme assay (B) and Vo vs substrate concentration (0.07(Kmapp) ≤ [S] 

≤ 4(Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments. 

 

 

Figure S17. Reduction of 3S-3h to 2R,3S-4h catalyzed by KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.015 (Kmapp) ≤ [S] 

≤ 0.9 (Kmapp)), 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 (α = 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 KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.2 (Kmapp) ≤ [S] ≤ 

5(Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method (C). 

Each point is the mean of three independent experiments. 

 

 

Figure S19. Reduction of 3R-3c to 2R,3R-4c catalyzed by KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.14 (Kmapp) ≤ [S] 

≤ 8.6 (Kmapp)), 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 KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.11 (Kmapp) ≤ [S] 

≤ 6.1 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments. 

 

 

Figure S21. Reduction of 3R-3e to 2R,3R-4e catalyzed by KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.05 (Kmapp) ≤ [S] 

≤ 3.3 (Kmapp)), 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 KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.4 (Kmapp) ≤ [S] ≤ 

21.7 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments. 

 

Figure S23. Reduction of 3R-3h to 2R,3R-4h catalyzed by KPREcoli. (A). Initial reaction 

rate (Vo) vs the enzyme concentration. The arrow shows the enzyme concentration 

selected for the enzyme assay (B) and Vo vs substrate concentration (0.09(Kmapp) ≤ [S] 

≤ 4.4 (Kmapp)), 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 KPREcoli. (A). Initial reaction rate 

(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected 

for the enzyme assay (B) and Vo vs substrate concentration (2.5(Kmapp) ≤ [S] ≤ 

150(Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method 

(C). Each point is the mean of three independent experiments. 

 

 

 

Figure S25. Reduction of 3k to 2R-4k catalyzed by KPREcoli. (A). Initial reaction rate 

(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected 

for the enzyme assay (B) and Vo vs substrate concentration (0.7(Kmapp) ≤ [S] ≤ 40 

(Kmapp)), 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 KPREcoli. (A). Initial reaction rate 

(Vo) vs the enzyme concentration. The arrow shows the enzyme concentration selected 

for the enzyme assay (B) and Vo vs substrate concentration (5(Kmapp) ≤ [S] ≤ 290 

(Kmapp)), adjusted to a Michaelis-Menten model by non-linear regression method (C). 

Each point is the mean of three independent experiments. 

 

 

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 Vo vs substrate concentration (0.03(Kmapp) ≤ [S] ≤ 1.3 

(Kmapp)), 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 2S,3S-4b 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 Vo vs substrate concentration 

(0.05(Kmapp) ≤ [S] ≤ 3 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear 

regression method (C). Each point is the mean of three independent experiments. 

 

 

Figure S29. Reduction of 3S-3c to 2S,3S-4c 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 Vo vs substrate concentration 

(0.07(Kmapp) ≤ [S] ≤ 4.1 (Kmapp)), 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 (Vo) vs the enzyme concentration. The arrow shows the enzyme 

concentration selected for the enzyme assay (B) and Vo vs substrate concentration 

(0.13(Kmapp) ≤ [S] ≤ 6.3 (Kmapp)), adjusted to a Michaelis-Menten model by non-linear 

regression method (C). Each point is the mean of three independent experiments. 

 

 

Figure S31. Reduction of 4R-6b to 2S,4R-7b 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 Vo vs substrate concentration 

(0.09(Kmapp) ≤ [S] ≤ 4.6 (Kmapp)), 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 S32. Reduction of 4R-6c to 2S,4R-7c 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 Vo vs substrate concentration 

(0.01(Kmest) ≤ [S] ≤ 0.6 (Kmest)), 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-5l were obtained at room 

temperature. Compound R-5l (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, Ø 1.4 cm) 

after 48 h at 25 °C. The X-ray diffraction analysis on the R-5l indicates that KPREcoli 

rendered R-5l having R configuration (Figure S33).  

 

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 MoKα radiation (λ = 0.71073 Å). 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 

F2 with full-matrix least-squares techniques using the program SHELXL17 (Table S5 

and S6).  

 

Table S5. Crystal data and structure refinement for R-5l. 
 

Identification code  R-5l  

CCDC number 2208404 

Empirical formula  C8H12O3  

Formula weight  156.18  

Temperature  173(2) K  

Wavelength  0.71073 Å  

Crystal system  Orthorhombic  

Space group  P 21 21 21  

Unit cell dimensions a = 5.9887(4) Å α = 90° 

 b = 9.1619(6) Å β = 90° 

 c = 14.1820(7) Å γ = 90° 

Volume 778.14(8) Å3  

Z 4  

Density (calculated) 1.333 Mg/m3  

Absorption coefficient 0.101 mm–1  

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<=l<=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(I)] 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.Å-3  

 

Table S6 Atomic coordinates (x 104) and equivalent isotropic displacement parameters 

(Å2x 103) for R-5l. U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor. 

 

 x y z U(eq) 

O(1) 4931(4) 7397(2) 4334(1) 33(1) 

O(2) 2558(3) 5162(2) 5316(1) 35(1) 

O(3) 4827(4) 3606(2) 4601(2) 41(1) 

C(1) 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) 

C(4) 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(7) 8943(5) 6236(4) 2285(2) 40(1) 

C(8) 9213(4) 5740(3) 3306(2) 28(1) 

 

In addition, Cu K- radiation (λ = 1.5406 Å) 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-5l with Cu K- radiation. 

 

Identification code  R-5l c13_cu  

CCDC number 2208405 

Empirical formula  C8H12O3  

Formula weight  156.18  

Temperature  293(2) K  

Wavelength  1.54178 Å  

Crystal system  Orthorhombic  
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Space group  P 21 21 21  

Unit cell dimensions a = 6.0593(5) Å α = 90°. 

 b = 9.2089(7) Å β = 90°. 

 c = 14.3338(11) Å γ = 90°. 

Volume 799.82(11) Å3  

Z 4  

Density (calculated) 1.297 Mg/m3  

Absorption coefficient 0.820 mm-1  

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<=l<=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 [I>2sigma(I)] R1 = 0.1178, wR2 = 0.3220  

R indices (all data) R1 = 0.1419, wR2 = 0.3904  

Absolute structure parameter -0.04(16)  

Extinction coefficient n/a  

Largest diff. peak and hole 0.325 and -0.750 e.Å-3  
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Computational Methods. 

Protein complexes were modeled with the package Schrödinger Suite 2022-2,18 through 

its graphical interface Maestro.19 The Protein Preparation Wizard20 included in Maestro 

was used to prepare the protein structure by removing solvent molecules and ions, 

adding hydrogens, setting protonation states21 and running a restrained minimization 

using the OPLS4 force-field.22 The program MacroModel23 with the same force field 

and GB/SA water solvation conditions24 was used for further molecular mechanics 

calculations. The program QSite19, 25-26 was used for the QM/MM calculations. 

Molecular models of the pre-reactive 4-hydroxy-2-oxoacids bound into the active sites 

of KPREcoli and DpkAPsyrin were generated from the reported crystal structures of both 

enzymes.27-28 In particular, KPREcoli was modeled from chain B of PDB structure 

2OFP,27 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 was performed on the 

active site of chain A of PDB structure 2CWH,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 

KPREcoli the QM/MM boundary was defined by placement of hydrogen caps between 

the Cα and Cβ 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 DpkAPsyrin the boundary was established 

through hydrogen caps between the Cα and Cβ 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 Å of the substrate and the NADPH molecules were simultaneously 

optimized using the default OPLS2005 force-field,29 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 method30 implemented in MacroModel to find the best poses for the C-

3 substituents (R1 and R2 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.  

 

 

Figure S68. Active sites of KPREcoli (A) and DpkAPsyrin (B) with bound 3a, as example 

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 KPREcoli. 
These models were built starting from PDB structure 2OFP 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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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 (1i), 3-

nitrobenzaldehyde (1j), 4-nitrobenzaldehyde (1k), 3-chlorobenzaldehyde (1l), 4-

chlorobenzaldehyde (1m), 2-Hydroxy-3-methoxybenzaldehyde (1n), trans-

Cinnamaldehyde (1o), 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, HBPAPputida, GDH and DpkAPsyrin expression, purification and 

activity determination were performed as describe in previous works (Table S1).1-2  

 

Table S1. Typical enzyme concentration obtained in this work. 

Enzymes Concentration/ mg mL–1 

HBPAPputida 4.0a (0.029 U mL–1U mL–1)b 

HBPAPputida H205A 3.8a (0.009 U mL–1U mL–1)b 

DpkAPsyrin 4.0a (2.6 10–2 U mL–1)b 

GDH 5.2a (20.8 U mL–1)b 

a
mg protein mL–1 lyophilized powder. bEnzyme activity assays were described in previous work.1-2 

HPLC analysis. 

a) HPLC analysis was performed on a RP-HPLC XBridge® C18, 5 μm, 4.6 × 

250 mm column (Waters). The solvent system used was: solvent (A): 0.1% 

(v/v) trifluoroacetic acid (TFA) in H2O and solvent (B): 0.095% (v/v) TFA in 

CH3CN/H2O 4:1, flow rate 1 mL min−1, 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 µL) and diluted with methanol (500 µL). 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 µm). 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 1H (400 MHz) and 13C (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 µL) 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 μL 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 µL of a 0.029 U mL−1 stock solution, 4 mg mL−1 in 50 mM 

TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) glycerol, 0.007 U mL–1, 1 mg 

mL−1 protein mL−1 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. 

 

 

 

Aldehyde 

 

Aldol 

adduct 3 

 

Aldol conversion 

at 24 (%)
a 

Sodium pyruvate 1eq. 

1a 3a 50 

1b 3b 90 

1c 3c 70 

1d 3d 94 

1e 3e 70 

1f 3f 85 

1g 3g >95 

1h 3h >95 

1i 3i 85 

1j 3j 78 

1k 3k 70 

1l 3l 81 

1m 3m 64 

1n 3n 59 

1o 3o 40 

1p 3p 20 
aAldol conversion measured by HPLC using 1eq of pyruvate. bAldol conversion 

measured by HPLC using 3eq of pyruvate. cNot 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 µL total 

volume) were conducted in Eppendorf tubes (1.5 mL) and placed in a vortex mixer (1000 

rpm) at 25 ºC. To a solution of the aldehydes (1a-p) dissolved in DMF (20% v/v in the 

reaction), a solution of sodium pyruvate (2) (25 μL of a 2.0 M aqueous stock solution, pH 

6.5-7.0, final concentration 100 mM), DpkAPsyrin (125 µL of a stock solution of 2.6 10–2 

U mL–1, 4 mg mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of 

glycerol, 6.5 10–3 U mL–1 final concentration in the reaction), GDH (83 µL of a stock 

solution 20.8 U mL–1, 5.2 mg mL–1 in 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and 
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50% (v/v) of glycerol, 3.5 U mL–1 final concentration in the reaction), a solution of 

NADP+  y glucose (42 µL,  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 µL of a 0.029 U mL−1 stock solution, 4 mg mL−1 

in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) glycerol, 0.007 U 

mL-1, 1 mg mL−1 protein mL−1 final concentration in the reaction) (Table S2). Samples 

were withdrawn immediately after the addition of aldol substrate (0 h) and after 24 h and 

analyzed by HPLC as described above.  

Table S2. Biocatalytic reduction of aldol adducts 3a-p catalyzed by DpkAPsyrin. 

 

Aldehyde 

 

Aldol 

adduct 3 

 

Reduction conversion 

at 24 (%)
a
 

1a 3a 50 

1b 3b >95 

1c 3c >95 

1d 3d >95 

1e 3e >95 

1f 3f >95 

1g 3g >95 

1h 3h >95 

1i 3i >95 

1j 3j 62 

1k 3k 30 

1l 3l >95 

1m 3m >95 

1n 3n - 

1o 3o - 

1p 3p - 

1q 3q - 
ameasured by HPLC 
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Synthesis of arylbut-3-enoic acids (3). 

(E)-2-oxo-4-phenylbut-3-enoic acid (3a). 

Synthesis of (E)-2-oxo-4-phenylbut-3-enoic acid (3a). Typical 

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-1 stock solution, 

4 mg mL-1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) glycerol, 

0.007 U mL-1, 1 mg mL-1 protein mL-1 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 HCl. The compound was extracted with 

AcOEt (3x100 mL). This organic phase was washed with pure H2O (3x100 mL), then 

with saturated NaCl solution (3 x 100 mL), dried over anhydrous MgSO4 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: H2O+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 H2O (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%). 1H NMR (400 MHz, DMSO) δ 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) δ 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.3-4 
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(E)-4-(2-nitrophenyl)-2-oxobut-3-enoic acid (3b). 

The title compound was prepared as described for 3a. Starting from 1b 

([1b] = 150mg, 50 mM and [2] = 328mg, 150 mM in the reaction), 3b 

was obtained as an orange solid (184 mg, 84%). 1H NMR (400 MHz, 

DMSO) δ 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) δ 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.4 

(E)-4-(2-fluorophenyl)-2-oxobut-3-enoic acid (3c).  

The title compound was prepared as described for 3a. Starting from 1c 

([1c] = 110mg, 50 mM and [2] = 293, mg, 150 mM in the reaction), 3c 

was obtained as a yellow solid (88 mg, 51%).1H NMR (400 MHz, 

DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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).  

The title compound was prepared as described for 3a. Starting from 1d 

([1d] = 150mg, 50 mM and [2] = 352, mg, 150 mM in the reaction), 3d 

was obtained as a yellow solid (179 mg, 80%).1H NMR (400 MHz, 

DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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.4 

 

(E)-4-(2-bromophenyl)-2-oxobut-3-enoic acid (3e). 

The title compound was prepared as described for 3a. Starting from 1e 

([1e] = 150mg, 50 mM and [2] = 268 mg, 150 mM in the reaction), 3d 

was obtained as a yellow solid (184 mg, 89%). 1H NMR (400 MHz, 
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DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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).  

The title compound was prepared as described for 3a. Starting from 1f 

([1f] = 160mg, 50 mM and [2] = 228 mg, 150 mM in the reaction), 3f 

was obtained as a yellow solid (160 mg, 77%). 1H NMR (400 MHz, 

DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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.4 
 

 

(E)-4-(2,6-difluorophenyl)-2-oxobut-3-enoic acid (3g).  

The title compound was prepared as described for 3a. Starting from 1g 

([1g] = 150mg, 50 mM and [2] = 349 mg, 150 mM in the reaction), 3g 

was obtained as a yellow solid (175 mg, 78%). 1H NMR (400 MHz, 

DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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 Hz), 

112.7, 112.5. 

 

(E)-4-(2-chloro-6-fluorophenyl)-2-oxobut-3-enoic acid (3h).  

The title compound was prepared as described for 3a. Starting from 1h 

([1h] = 150mg, 50 mM and [2] = 312 mg, 150 mM in the reaction), 3h 

was obtained as a yellow solid (144 mg, 67%). 1H NMR (400 MHz, 

DMSO) δ 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).  13C NMR (101 MHz, DMSO) δ 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-oxo-4-(thiophen-2-yl)but-3-enoic acid (3i).  

The title compound was prepared as described for 3a. Starting from 1i 

([1i] = 120mg, 50 mM and [2] = 353 mg, 150 mM in the reaction), 3i 

was obtained as a yellow solid (185 mg, 95%). 1H NMR (400 MHz, 

DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 

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 (3l).  

The title compound was prepared as described for 3a. Starting from 1l 

([1l] = 150mg, 50 mM and [2] = 352 mg, 150 mM in the reaction), 3l 

was obtained as a yellow solid (94 mg, 42%). 1H NMR (400 MHz, 

DMSO) δ 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). 13C 

NMR (101 MHz, DMSO) δ 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). 

The title compound was prepared as described for 3a. Starting from 

1m ([1m] = 150mg, 50 mM and [2] = 352 mg, 150 mM in the 

reaction), 3l was obtained as a yellow solid (163 mg, 73%). 1H NMR 

(400 MHz, DMSO) δ 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).13C NMR (101 MHz, DMSO) δ 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.4 

 

(E)-4-(1H-indol-3-yl)-2-oxobut-3-enoic acid (3q).  

The title compound was prepared as described for 3a. Starting from 

1q ([1q] = 130mg, 50 mM and [2] = 296 mg, 150 mM in the reaction), 

3q was obtained as a yellow solid (130 mg, 67%). 1H NMR (400 MHz, 

DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 166.0, 143.9, 138.2, 135.4, 125.4, 123.6, 122.2, 

120.6, 115.3, 113.3. 
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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). 

Typical procedure: the reaction (0,5 mmol scale, 20 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 the 

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 μL 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−1 stock solution, 4 mg mL−1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 

50% (v/v) glycerol, 0.007 U mL-1, 1 mg mL−1 protein mL−1 final concentration in 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–1, 5.2 mg mL–1 in 10 mM HEPES buffer pH 6.5, 

50 mM NaCl, and 50% (v/v) of glycerol, 3.4 U mL–1 final concentration in the reaction) 

and DpkAPsyrin (5.0 mL of a stock solution 2.6 10–2 U mL–1, 4 mg mL–1 in 20 mM TEA 

buffer pH 7.0, 100 mM NaCl, and 50% (v/v) of glycerol, 6.5 10–3 U mL–1 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%).1H NMR (400 MHz, DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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). 

The aldol precursor 3b was prepared and purified as described for 3a, 

starting from 1b (150 mg, 1 eq, 0.1 M concentration in the reaction) 

and 2 (109 mg, 1 eq, 0.1 M concentration in the reaction). Chemical 

reduction was carried out as follows: Typical procedure: A dried 

three-necked round bottomed flask was charged with anhydrous MeOH (25 mL) under 

N2 atmosphere. Then, CeCl3*7H2O (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 HCl 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. 

 

Figure S1. CPHPLC chromatogram of S-4b from DpkAPsyrin catalysis (A) rac-4b. (B). 

Conditions: CHIRALPACK® ID, flow rate 1 mL min–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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).  

The title compound was prepared as described for S-4b starting from 

1a (150 mg). The (3a and S-4a mixture) was obtained as a yellow solid 

(90 mg, 40%). 3a 1H NMR (400 MHz, DMSO) δ 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) δ 186.6, 164.9, 148.0, 134.3, 132.0, 129.6, 122.0. S-4a 1H NMR (400 MHz, 

DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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 (1st): 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 µL 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-1 stock solution, 4 mg 

mL-1 in 50 mM TEA buffer, 50 mM NaCl, 0.5 mM EDTA and 50% (v/v) glycerol, 0.007 

U mL-1, 1 mg mL-1 protein mL-1 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 (2nd). 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–1, 5.2 mg mL–1 in 10 mM HEPES buffer pH 6.5, 50 mM NaCl, and 50% (v/v) 

of glycerol, 3.4 U mL–1 final concentration in the reaction), and DpkAPsyrin (7.0 mL of a 

stock solution 2.6 10–2 U mL–1, 4 mg mL–1 in 20 mM TEA buffer pH 7.0, 100 mM NaCl, 

and 50% (v/v) of glycerol, 6.5 10–3 U mL–1 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%).  
1H NMR (400 MHz, DMSO) δ 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) δ 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). 

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, 

90%). NMR spectra were indistinguishable from that of S-4a.  

 

Figure S2. CPHPLC chromatogram of S-4a from DpkAPsyrin catalysis (A) rac-4a. (B). 

Conditions: CHIRALPACK® ID, flow rate 1 mL min–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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). 

The title compound was prepared as described for S-4b, starting from 1c 

(110 mg) S-4c was obtained as a white solid (138 mg, 72%). 1H NMR 

(400 MHz, DMSO) δ 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, 0H), 6.48 (dd, J = 16.1, 

5.2 Hz, 1H), 4.72 (dd, J = 5.1, 1.4 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 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). 

Synthesis of title compound was performed as described for rac-4b 

starting from 3c (70 mg). rac-4c was obtained as a white solid (59 mg, 

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–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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).  

The title compound was prepared as described for S-4b, starting from 1d 

(130 mg). S-4d was obtained as a white solid (138 mg, 71%). 1H NMR 

(400 MHz, DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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). 

Synthesis of title compound was performed as described for rac-4b 

starting from 3d (100 mg). rac-4d was obtained as a white solid (95 mg, 

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–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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).  

The title compound was prepared as described for S-4b, starting from 1e 

(150 mg). S-4e was obtained as a white solid (163 mg, 78%).1H NMR 

(400 MHz, DMSO) δ 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). 13C NMR (101 MHz, 

DMSO) δ 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). 

Synthesis of title compound was performed as described for rac-4b 

starting from 3e (100 mg). rac-4e was obtained as a white solid (90 mg, 

90%). NMR spectra were indistinguishable from that of S-4e. 

Minutes

0 2 4 6 8 10 12 14 16 18

m
A

U

200

400

600

800

1000

1200

1400

m
A

U

200

400

600

800

1000

1200

1400

DAD- 215 nm
E200- 108- exp58( RacI D 10B) 20 mi n 

Spect rum M ax Pl ot
E200- 78- exp38( DpkA I D 10B) 20 mi n di l ui do

rac-4d 

S-4d 



Sección experimental capítulo 3.3 

S16 
 

 

Figure S5. CPHPLC chromatogram of S-4e from DpkAPsyrin catalysis (A) rac-4e (B). 

Conditions: CHIRALPACK® ID, flow rate 1 mL min–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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).  

The title compound was prepared as described for S-4b, starting from 3f 

(160 mg). S-4f was obtained as a white solid (158 mg, 75%).1H NMR 

(400 MHz, DMSO) δ 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) δ 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). 

Synthesis of title compound was performed as described for rac-4b 

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. 
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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–1 at 30 °C and detection at 254 

nm. Isocratic elution hexane + 0,1%TFA: iPrOH + 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-4g).   

The title compound was prepared as described for S-4b, starting from 

1g (130 mg). S-4g was obtained as a white solid (138 mg, 70%). 1H 

NMR (400 MHz, DMSO) δ 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, DMSO) δ 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). 

Synthesis of title compound was performed as described for rac-4b 

starting from 3g (100 mg). rac-4g was obtained as a yellow solid (90 

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–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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).  

 The title compound was prepared as described for S-4b, starting from 

1g (130 mg). S-4h was obtained as a white solid (160 mg, 85%). 1H 

NMR (400 MHz, DMSO) δ 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). 13C NMR (101 MHz, DMSO) δ 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).  

Synthesis of title compound was performed as described for rac-4b 

starting from 3h (100 mg). rac-4h was obtained as a white solid (90 

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–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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). 

 The title compound was prepared as described for S-4b, starting from 3f 

(100 mg). S-4i was obtained as a white solid (94 mg, 57%). 1H NMR 

(400 MHz, DMSO) δ 7.42 (d, J = 5.0 Hz, 0H), 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). 13C NMR (101 MHz, DMSO) δ 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). 

Synthesis of title compound was performed as described for rac-4b 

starting from 3i (45 mg). rac-4i was obtained as a white solid (43 mg, 96 

%). 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–1 at 30 °C and detection at 254 nm. 

Isocratic elution hexane + 0,1%TFA: iPrOH + 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 ε340 = 6.22 mM–1 

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-

HCl 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 mol 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 Vo vs substrate concentration (0.01 (Kmapp) ≤ [S] ≤ 0.6 

(Kmapp)), 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:Et2Ol 2:1 (v/v) (3 mL). Crystals were obtained by 

evaporation in glass vials (6 mL, 3.5 cm, Ø 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 precisión C-C  0.0084 A 0.0088 A 0.0162 A 

Wavelength 1.54178 0.71073 0.71073 

 

Cell 

a=3.9579(2) 

b=5.8045(3) 

c=38.6073(17) 

=90 =90 =90 

a=9.4407(4) 

b=10.4356(6) 

c=20.2586(9) 

=90 =90 =90 

a=9.5962(3) 

b=10.4564(4) 

c=20.4188(9) 

=90 =90 =90 

Temperature 120 K 120 K 120 K 

Volume 886.95(8) 1995.87(17) 2048.86(14) 

Space group P 21 21 21 P 21 21 21 P 21 21 21 

A)

B) R2 = 0.98
C) R2 = 0.97

0.00 0.02 0.04 0.06 0.08 0.10 0.12
0.000

0.005

0.010

0.015

[DpkAPsyrin]assay/g/mL

V
o

/m
M

m
L

-1

0 10 20 30 40 50 60
0.000

0.005

0.010

0.015

[Pyruvate]/mM

V
o

/ 
m

o
l*

m
L

/m
in



Sección experimental capítulo 3.3 

S22 
 

Hall group P 2ac 2ab P 2ac 2ab P 2ac 2ab 

Moiety formula C10 H9 F O3 C10 H9 Cl O3 C10 H9 Br O3 
Sum formula C10 H9 F O3 C10 H9 ClO3 C10 H9 Br O3 
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 

F000 408.0 880.0 1024.0 

F000’ 409.56 881.63 1022.26 

h,k,lmax 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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