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Abstract (English version)

Kinases are enzymes that catalyse phosphorylation reactions which are
considered greatly important due to its participation in processes taking place
in the cells of living beings. Kinases are related with a variety of illnesses
including cancer, therefore, a significant part of the research in these systems
are focused in the discovery of kinase inhibitors drugs. Moreover, these
enzymes have a relevant feature; the sharing of a conserved active site which
means that the same drug can affect different kinases. This characteristic also
implies that the catalytic mechanism must be similar in all the family.

The present PhD Thesis is focused in the study of the reaction mechanisms of
the dihydroxyacetone kinases (DHAKS) based on hybrid quantum
mechanics/molecular mechanics (QM/MM) methodology. DHAKS catalyse
the phosphoryl transfer from adenosine triphosphate (ATP) to
dihydroxyacetone (Dha) generating adenosine diphosphate (ADP) and Dha
phosphate (Dha-P). The first study reported in the present PhD Thesis is the
molecular mechanism of this reaction in aqueous solution employing different
semiempirical Hamiltonians to describe the QM sub-set of atoms. Spline
corrections on the resulting free energy surfaces (FES) and DFT/MM potential
energy surfaces (PES) were additionally conducted. Thus, a comparative
structural, mechanistic and energetic study of different mechanisms (concerted
and stepwise mechanisms) were performed employing different levels of
theory. The calculations showed a strong dependency with the employed level
of theory, which is a key result to take into account for the next studies. Then,
the reaction was studied in the DHAK of the Escherichia coli (E. coli)
organism using a computational strategy based in the previous results in
aqueous solution. Two mechanisms were explored in detail: a substrate-
assisted mechanism (being ATP the substrate) and an asp-assisted mechanism.
Results determined as a more energetically favorable mechanism the process
assisted by the substrate.

In the last part of the present PhD Thesis, and in collaboration with the
experimental group of Prof. Eduardo Garcia-Junceda (Institute of General
Organic Chemistry of CSIC, Madrid), the efforts were focused on tuning the
phosphoryl donor specificity of DHAK of the Citrobacter Freundii (C.
freundii) organism from ATP to an inorganic polyphosphate (poly-P) based on
protein engineering techniques in combination with computational methods.
The directed evolution program conducted by the group of E. Garcia-Junceda
produced a mutant with remarkable poly-P activity. Therefore, in an attempt
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to elucidate the origin of this activity in the modified enzyme, the poly-P
binding step in the wild type protein and in this Glu526Lys active mutant was
analyzed by means of computational techniques. Results suggested that this
mutation favored a more adequate position of the poly-P in the active site for
the reaction to take place. Finally, in order to analyse whether the activity of
the Glu526Lys mutant can be also attributed to an effect in the chemical step,
the phosphoryl transfer reaction from poly-P to Dha in the wild type and in this
active mutant form of DHAK were explored. Results suggested negligible
effects of the mutation on the chemical step, thus confirming our previous
results.



Abstract (Spanish version)

Las quinasas son enzimas que catalizan las reacciones de fosforilacion,
consideradas de gran importancia debido a que participan en procesos que
tienen lugar en las células de los seres vivos. Las quinasas estan relacionadas
con varios tipos de enfermedades, incluyendo el cancer, por lo que una parte
importante de la investigacion en estos sistemas se estd centrando en el
descubrimiento de farmacos que actien como inhibidores de estas enzimas.
Ademas, poseen la caracteristica de que comparten un centro activo
practicamente similar en todas ellas, por lo que un mismo farmaco puede actuar
en diferentes quinasas. Esta cualidad también conlleva que el mecanismo
catalitico sea similar en toda la familia.

La presente Tesis Doctoral se ha centrado en el estudio de los mecanismos de
reaccion de las dihidroxiacetona quinasas (DHAK) empleando la metodologia
hibrida de mecéanica cuéntica/mecénica molecular (QM/MM). Las DHAKS
catalizan la transferencia del grupo fosfato desde el adenosin trifosfato (ATP)
a la dihidroxiacetona (Dha) generando adenosin difosfato (ADP) y Dha fosfato
(Dha-P). El primer estudio presentado en esta Tesis Doctoral es el mecanismo
molecular de esta reaccion en disolucién acuosa empleando diferentes
Hamiltonianos semiempiricos para describir el subconjunto de &tomos QM. Se
han realizado correcciones spline sobre las superficies de energia libre (FES)
resultantes y también se han elaborado superficies de energia potencial (PES)
al nivel DFT/MM. Asi pues, se llevo a cabo un estudio comparativo estructural,
mecanistico y energético de los diferentes mecanismos (concertado y por
pasos) empleando los diferentes niveles de teoria. Los calculos mostraron una
fuerte dependencia con el nivel de teoria empleado, resultado clave a tener en
cuenta en estudios posteriores. A continuacion, se estudio la reaccién en la
DHAK del organismo Escherichia coli (E. coli) empleando una estrategia
computacional basada en los resultados obtenidos en disolucién acuosa. Se
exploraron dos mecanismos: el mecanismo asistido por el sustrato (donde el
ATP es el sustrato) y el mecanismo asistido por el residuo Asp. Los resultados
obtenidos determinaron como el mecanismo de reaccion energeticamente mas
favorable el proceso asistido por el sustrato.

En la ultima parte de la presente Tesis Doctoral y en colaboracion con el grupo
experimental del Prof. Eduardo Garcia-Junceda (Instituto de Quimica
Organica General del CSIC, en Madrid), el trabajo se centré en modificar la
especificidad de la DHAK del organismo Citrobacter Freundii (C. freundii)
desde el ATP al polifosfato inorganico (poly-P) como dador de grupos fosfato,
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por medio de técnicas de ingenieria de proteinas en combinacion con métodos
computacionales. El programa de evolucién dirigido llevado a cabo por el
grupo de E. Garcia-Junceda produjo una mutante que presentaba actividad
notable con el poly-P. En un intento de esclarecer el origen de esta actividad
en la enzima modificada, se analizo la etapa de union del poly-P en la proteina
nativa y en la enzima con la mutacion Glu526Lys, por medio de técnicas
computacionales. Los resultados sugirieron que esta mutacion favorecia una
posicion mas adecuada del poly-P en el centro activo, facilitando asi que la
reaccion tuviera lugar. Finalmente, para analizar si la actividad observada en
la enzima mutada podia atribuirse también a un efecto en la etapa quimica, se
explord la reaccion de transferencia de fosfato desde el poly-P hasta la Dha en
las dos enzimas. Los resultados sugirieron efectos menores de la mutacién en
el paso quimico, confirmando asi los resultados obtenidos en nuestro estudio
previo.
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roteins are the most abundant organic molecules in cells. They exist

in every part of each living being since they are fundamental in the

structure and cellular function. Enzymes are proteins specialized in
the catalysis of biological reactions and are among the most remarkable of
the known biomolecules due to their extraordinary specificity and catalytic
power.! In addition, enzymes are capable of functioning in very mild
conditions of temperature and pH. One of the fundamental requirements
for live is that the organism must be able to catalyse chemical reactions in
an efficient and selective way. Thus, enzymes are responsible of catalysing
reactions corresponding to the break down of nutrient molecules, synthesis
of biological macromolecules from simple precursors and conservation
and transformation of chemical energy.?® Research concerning enzymes
has a huge relevance considering that their anomalous degree of presence
and activity in living beings may be related with diseases. Depending on
the conditions of a particular disease, a deficiency or total absence of one
or more enzymes could be the cause (e.g. inheritable genetic disorders),
however, an excessive activity of an enzyme may be the reason as well.
The diagnosis can be obtained through measurements of the activities of
enzymes in blood plasma, erythrocytes or tissues specimens.®
Numerous research works have been done to understand the origin of the
catalytic power of the enzymes.*° A deep comprehension of the enzymatic
mechanisms, that is, understanding the way in which enzymes catalyse
chemical reactions is essential to analyse biochemical processes and can
contribute to produce new medicines and catalysts.’® To achieve this
comprehension, one elementary point to consider is the comparison of the
enzyme catalysed reaction with the uncatalysed equivalent one (the
reaction in aqueous solution).! It should be pointed out that the chemical
reactivity of molecules is mainly determined by relative energies of
reactants, transition state/s, possible intermediate/s and products. These
critical structures are along a reaction path that connects reactants to
products through the minimum energy.
Computational chemistry has become a very useful tool to study the
enzymatic reactivity.!? It is capable of providing energetic and structural
information about transition state and intermediate structures and it can
make perceivable essential biochemical processes such as protein folding,
membrane transport, drug binding and conformational changes crucial to
the purpose of proteins. All of these are processes that cannot directly
observed through experimental techniques.’®!? Thus, enzymatic
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simulations contribute in the comprehension of the extraordinary rate
enhancement in enzymes and are able to elucidate different reaction
mechanisms.® The reaction free energy barriers obtained in the simulations
can be compared with experimental measurements assisting in establishing
the mechanism behind the experimental Kinetics. In addition,
improvements in methods to computationally study the reactions together
with the development of new highly parallel computer architectures allow
increasingly better to reproduce the chemical reactivity.'® Different
methods can be used for modelling enzymatic reactions and the selection
of the proper one is an important task.

In this PhD Thesis a study of the catalytic process of kinases, concretely
in the dihydroxyacetone kinases (DHAKS), is presented. These proteins
catalyse the phosphoryl transfer reaction from adenosine triphosphate
(ATP) to dihydroxyacetone (Dha) generating dihydroxyacetone phosphate
(Dha-P) and adenosine diphosphate (ADP). Kinases have many relevant
properties and applications which make their study interesting. A
representative DHAK from each of the two main existent classes has been
chosen: DHAK from the organism Escherichia coli (E. coli) and DHAK
from the organism Citrobacter Freundii (C. freundii). The methodology
employed in the studies presented in this PhD Thesis is based on the use
of hybrid Quantum Mechanical/Molecular Mechanical (QM/MM)
potentials.

The first contribution of this PhD Thesis is the study of the phosphoryl
transfer reaction from ATP to Dha in aqueous solution (Contribution | in
Chapter 7). It was carried out employing different semiempirical
Hamiltonians (AM1d, PM3 and PM®6) for describing the QM region while
the MM subsystem was treated within the OPLS (to treat part of the ATP)
and TIP3P (for the solvent water molecules) classical force fields. Free
energy surfaces (FES) from their previous potential energy surfaces (PES)
were explored for the concerted and the stepwise mechanisms, as well as
considering a mechanism assisted by the solvent water molecule.
Therefore, a comparative structural, mechanistic and energetic study of the
proposed mechanisms was performed using the different semiempirical
Hamiltonians. Bearing in mind the limitations of semiempirical methods
for describing this kind of reactions, spline corrections on the FESs were
conducted at B3LYP density functional theoretical level with the 6-
31G(d,p) basis set. Moreover, potential energy surfaces (PES) were also
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performed at BSLYP/MM level to check the reliability of the employed
computational technique.

The second contribution of this PhD Thesis, (Contribution Il in Chapter 7)
corresponds to the study of the same reaction but in the active site of
DHAK of E. coli, exploring each catalytic step by means of free energy
calculations from their corresponding previous PES. Spline corrections on
the FESs and PES were also conducted at higher level of calculation
(DFT). A current debate exist about the most favourable mechanism
catalysed by kinases, therefore, in this work the two principal
phosphorylation mechanisms discussed in the literature were explored: a
substrate-assisted mechanism, where no other residue than the ATP
substrate participate in the reaction, and the asp-assisted mechanism,
where the conserved residue Asp109A acts as a catalytic base. A detailed
structural and energetic analysis have been done of the located stationary
points where the results obtained at low and high level of theory have been
compared.

In collaboration with the group of Prof. Eduardo Garcia-Junceda of the
Institute of General Organic Chemistry of CSIC (Madrid, Spain), an
attempt of tuning DHAK protein to use an inorganic polyphosphate (poly-
P) as the phosphoryl donor has been carried out by means of protein
engineering techniques in combination with computational methods
(Contribution 1Il in Chapter 7). The group of E. Garcia-Junceda
synthetized a multi-enzyme with kinase and aldolase activity which
requires an ATP regeneration system, sometimes problematic. A very
advantageous compound as a phosphoryl donor is the poly-P. Since the
DHAK of C. freundii does not have activity with poly-P, a directed
evolution program was conducted by the group of E. Garcia-Junceda in
order to modify the specificity of the DHAK from the ATP to the poly-P.
They found mutant forms of the enzyme which presented activity with
poly-P, being the DHAK with the single mutation Glu526Lys the one that
showed the largest activity. Theoretical calculations based on molecular
dynamics simulations (MD) within QM/MM potentials allowed to study
the interaction energies in the wild type and the mutant form to analyse the
effects caused by the mutation on the binding of the poly-P. Results could
be used to explain the activity of the mutant designed by the group of Prof.
E. Garcia-Junceda.

Finally, the last contribution of the present PhD Thesis is the exploring of
the molecular mechanism of the phosphoryl transfer reaction from poly-P
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to Dha in wild type and in the Glu526Lys DHAK mutant from C. freundii
(Contribution IV in Chapter 7). The final goal of this study was to elucidate
whether the Glu526Lys substitution has catalytic effects not only in the
binding step but also in the chemical step. PES at PM3/MM level were
explored and the location of key stationary points at B3LYP/6-31G(d,p)
was carried out considering the substrate-assisted mechanism and the asp-
assisted mechanism. The similar energy barriers obtained in both proteins
supported the conclusions derived from our previous study.
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as proteinas son las moléculas organicas méas abundantes en las

células. Existen en cada una de las partes de los seres vivos puesto

que son fundamentales en su estructura y su funcion celular. Las
enzimas son proteinas especializadas en la catélisis de las reacciones
bioldgicas y estan entre las biomoléculas conocidas mas destacadas debido
a su extraordinaria especificidad y poder catalitico.> Ademas, las enzimas
son capaces de funcionar en condiciones muy suaves de temperatura y pH.
Uno de los requisitos fundamentales que necesitan los organismos para
vivir es la capacidad de catalizar reacciones quimicas de una manera
eficiente y selectiva. Asi pues, las enzimas son las responsables de
catalizar las reacciones quimicas correspondientes a la descomposicion de
moléculas de nutrientes, la sintesis de macromoléculas biol6gicas desde
simples precursores y la conservacion y transformacion de la energia
quimica.?® Todo trabajo de investigacion sobre las enzimas es de gran
relevancia considerando que su presencia y el diferente grado de actividad
en los seres vivos puede estar relacionado con enfermedades. La causa, de
una enfermedad determinada, dependiendo de las condiciones, puede ser
la deficiencia o total ausencia de una o méas enzimas (por ejemplo,
trastornos genéticos hereditarios). Sin embargo, también podria ser
generada por una excesiva actividad enzimatica. El diagnostico puede ser
obtenido por medio de medidas de la actividad de las enzimas en el plasma
sanguineo, eritrocitos o muestras de tejidos.?
Numerosos trabajos de investigacion se han realizado para entender el
origen del poder catalitico de las enzimas.*® Una profunda comprension
de los mecanismos enzimaticos, es decir entender la manera en que las
enzimas catalizan reacciones quimicas, es esencial para analizar los
procesos bioguimicos y puede contribuir a producir nuevas medicinas o
nuevos catalizadores.'® Para alcanzar esta comprension, un aspecto basico
a considerar es la comparacion de la reaccién catalizada con su equivalente
no catalizada, es decir, la reaccion en disolucion acuosa.'® Cabe sefialar
que la reactividad quimica de las moléculas estd determinada
principalmente por las energias relativas de reactivos, estado/s de
transicion, posible/s intermedio/s y productos. Estas estructuras criticas se
encuentran a lo largo del camino de reaccion que conecta reactivos y
productos a traves de la minima energia.
La quimica computacional se ha convertido en una herramienta muy util
para estudiar la reactividad enzimatica.!* Es capaz de proporcionar
informacion estructural y energética sobre compuestos correspondientes a
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estados de transicion e intermedios y puede hacer perceptible procesos
bioquimicos esenciales como el plegamiento de proteinas, el transporte de
membrana, la interaccion con farmacos y los cambios conformacionales
cruciales para el propoésito de las proteinas. Estos procesos no pueden
observarse directamente a través de las técnicas experimentales. 101214
Asi pues, las simulaciones computacionales de los sistemas enzimaticos
pueden contribuir a la comprension del aumento extraordinario de la
constante de velocidad que caracteriza las enzimas asi como esclarecer los
posibles mecanismos de reaccion.b Las barreras de energia libre de la
reaccién obtenidas en las simulaciones pueden compararse con medidas
experimentales ayudando a establecer el mecanismo que hay detras de la
cinética experimental. Ademas, las mejoras en los métodos y arquitecturas
computacionales permiten reproducir la reactividad quimica cada vez
mejor.:® Dado que se pueden emplear diferentes métodos para modelizar
las reacciones enzimaticas, la seleccion del més adecuado es una tarea
importante.

En esta Tesis Doctoral se presenta un estudio del proceso catalitico en
quinasas, concretamente, en las dihidroxiacetona quinasas (DHAKS).
Estas proteinas catalizan la reaccion de transferencia de fosfato desde el
adenosin trifosfato (ATP) a la dihidroxiacetona (Dha) generando
dihidroxiacetona fosfato (Dha-P) y adenosin difosfato (ADP). Las
quinasas tienen muchas propiedades y aplicaciones relevantes que hacen
interesante su estudio. Se ha elegido una DHAK representativa de cada
una de las dos principales clases existentes: la DHAK del organismo
Escherichia coli (E. coli) y la DHAK del organismo Citrobacter Freundii
(C. freundii). La metodologia empleada en los estudios presentados en este
trabajo estd basada en el uso de potenciales hibridos de mecéanica
cuantica/mecanica molecular (QM/MM).

La primera contribucion de la presente Tesis Doctoral es el estudio de la
reaccion de transferencia de fosfato desde el ATP a la Dha en disolucion
acuosa (Contribucién I en el Capitulo 7). Dicho estudio se llevo a cabo
empleando diferentes Hamiltonianos semiempiricos (AM1d, PM3 y PM6)
para describir la region QM vy el subsistema MM fue tratado por medio de
los campos de fuerza clasicos OPLS (para describir una parte del ATP) y
TIP3P (para describir las moléculas de agua). Se exploraron superficies de
energia libre (FES) a partir de las superficies de energia potencial (PES)
previas, para los mecanismos concertado y por pasos, considerando
también, el mecanismo asistido por una molécula de agua. Asi pues, se
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llevd a cabo un estudio estructural, mecanistico y energético de los
mecanismos propuestos. Teniendo en cuenta las limitaciones de los
métodos semiempiricos para describir este tipo de reacciones, se llevaron
a cabo correcciones spline sobre las FES con el funcional de la densidad
B3LYP y la funcién de base 6-31G(d,p). Ademas, se calcularon PES al
nivel B3LYP/MM para comprobar la validez de la técnica computacional
empleada.

La segunda contribucion de esta Tesis Doctoral (Contribucién Il en el
Capitulo 7) corresponde al estudio de la misma reaccién pero en el centro
activo de la DHAK de E. coli, explorando cada paso catalitico por medio
de FESs a partir de sus correspondientes PESs. Igualmente, se realizaron
correcciones spline sobre las FES y PES a nivel (DFT). Dado que existe
un debate actual sobre el mecanismo de reaccion de las quinasas, en este
trabajo se han explorado los dos mecanismos principales discutidos en la
literatura: el mecanismo asistido por el sustrato, donde solo el sustrato
ATP participa en la reaccion y el mecanismo asistido por el Asp, donde el
residuo Asp109A acta como base catalitica. Se ha elaborado un analisis
detallado estructural y energético de los puntos estacionarios localizados
comparando los resultados obtenidos a los diferentes niveles de calculo
tedrico.

En colaboracion con el grupo del Prof. Eduardo Garcia-Junceda del
Instituto de Quimica Orgéanica General del CSIC (Madrid, Espafia), se ha
intentado generar actividad en la proteina DHAK con un polifosfato
inorganico (poly-P) como dador de grupos fosfato por medio de técnicas
de ingenieria de proteinas en combinacion con métodos computacionales
(Contribucion 111 en el Capitulo 7). El grupo del Prof. E. Garcia-Junceda
sintetizd una multi-enzima con actividad quinasa y aldolasa que requiere
un sistema de regeneracion de ATP, a veces problematico. Un compuesto
muy ventajoso como dador de grupos fosfato es el poly-P. Como la DHAK
de C. freundii no presenta actividad con el poly-P, el grupo de E. Garcia-
Junceda llevo a cabo un programa de evolucion dirigido para modificar la
especificidad de la DHAK desde el ATP al poly-P. EI grupo encontro
varias formas mutantes de la enzima que presentaban actividad con el
poly-P siendo la DHAK con la unica mutacion Glu526Lys, la que
presentaba la mayor actividad. Calculos tedricos basados en simulaciones
de dindmica molecular (MD) con potenciales QM/MM permitieron el
estudio de las energias de interaccion en la enzima nativa y la mutada para
analizar los efectos causados por la mutacion en la union del poly-P. Los
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resultados pudieron ser empleados para explicar la actividad observada en
la enzima mutante disefiada por el grupo del Prof. E. Garcia-Junceda.
Finalmente, la ultima contribucion de la presente Tesis Doctoral es la
exploracion del mecanismo molecular de la transferencia de fosfato desde
el poly-P a la Dha en la DHAK de C. freundii nativa y con la mutacién
Glu526Lys (Contribucion IV en el capitulo 7). El objetivo final de este
estudio es esclarecer si la sustitucion Glu526Lys tiene un efecto catalitico
no solo en la etapa de union del poly-P sino también en la etapa catalitica.
Se exploraron PES al nivel PM3/MM vy se localizaron los puntos
estacionarios al nivel B3LYP/6-31G(d,p) considerando los dos
mecanismos, el asistido por el sustrato y el asistido por el aspartato. Los
valores similares de energias de activacion obtenidos en ambas proteinas
confirmaron las conclusiones de nuestro estudio anterior.
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implicated in fundamental processes occurring in cells of living

organisms. In this PhD Thesis, the phosphoryl transfer mechanisms
of DHAKS have been tried to elucidate employing hybrid QM/MM potentials.
Possible reaction pathways between Dha and the common phosphoryl donor
employed by kinases, ATP, and the cheaper inorganic poly-P have been
presented. In order to use the poly-P as a phosphoryl donor, the specificity of
DHAK has been modified and the effects caused by a single mutation over the
poly-P have been analysed. Since kinases have a conserved active site, the
mechanisms here proposed may be suitable for the whole protein family and it
can help to understand the catalytic behaviour of these enzymes.
The specific objectives that were proposed and addressed in this PhD Thesis
are the following:

Kinase enzymes catalyse phosphorylation reactions which are

e To study different phosphoryl transfer mechanisms from ATP to Dha
in aqueous solution with different semiempirical Hamiltonians.

e To determine the most favourable phosphoryl transfer mechanism from
ATP to Dha catalysed by DHAK from E. coli through the analysis of
PESs and their corresponding PMFs employing a computational
methodology derived from the study of the reaction in solution.

e In collaboration with protein engineering techniques, to modify the
wild-type DHAK from C. freundii and to evaluate the catalytic effects
of the most active mutant on the binding step of a Poly-P to the protein
based on analysis from QM/MM MD simulations.

e To explore the chemical step of the phosphoryl transfer mechanism
from poly-P to Dha catalysed by the wild type and the most active
mutant of DHAK from C. freundii through the evaluation of PESs.
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3.1. Early discoveries in enzymatic world

enzymatic behaviour and they have been capable of deepening into the

enzymatic world, carrying out the isolation of the enzymes, determining
its structure, explaining the role fulfilled and achieving successfully its
synthesis.
In 1835, Berzelius published the first general theory about chemical catalysis,
where he pointed out that a malt extract known as diastase (howadays, it is
proved that it contains a-amylase) catalysed the hydrolysis of the starch more
efficiently than sulphuric acid.®®
The impossibility of reproducing most of the biochemical reactions in the
laboratory led to some authors to suppose that living systems had a “vital
power” that allow them to elude the nature laws which govern the inanimate
substances. Among these authors was Luis Pasteur who suggested in 1850 that
the fermentation process was only possible in alive cells.®>!® The name
“enzyme” (en: in, zyme: yeast) was first used by Frederik W. Kuhne in 1878
with the attempt of emphasizing that there is something in yeast, which is not
the yeast itself, capable of catalysing fermentation reactions. In 1897, Buchner
demonstrated that molecules promoting fermentation can function even when
they are removed from cells; they proved it in the synthesis of ethanol from
glucose carried out by a yeast extract free from cells.>® From this point, a huge
advance in the biochemistry field was produced; in fact, in 1926, the Nobel
Prize J.B. Sumner isolated and crystallize for the first time an enzyme, the
urease, showing that the crystals were entirely protein.}” In the subsequent
years, other enzymes were crystallized and founded also to be proteins. During
this period J.B.S. Haldane exposed his hypothesis about the enzymatic
catalysis, mentioned in section 3.3. In 1960 the first amino acid sequence of an
enzyme, the ribonuclease A, was fully described by Stein'® and in 1967,
Phillips D.C. determined the first tridimensional structure of the lysozyme
enzyme by X-ray diffraction'® providing new knowledge to the structural
biology.

Since nineteenth century, scientists have tried to understand the

3.2. General properties of enzymes

An enzyme is usually a protein molecule built up of 20 different species of
amino acids linked together to form one or more long chains. Its molecular
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weight ranges from ten thousand to hundreds of thousands of Daltons.?’ The
long chain(s) must be folded in such a way that a three-dimensional pocket or
cleft is created into which the compounds attached, known as substrates, fit in
a very precise way.?’ This part of the enzyme where takes place the binding of
the substrate and the catalysis is the active site.?!

Enzymes can be classified into the following six classes, depending on the type
of catalysed reaction:31

1. Oxidoreductases; transfer of electrons (hydride ions or transfer atoms).

2. Transferases; transfer of specific functional groups.

3. Hydrolases; hydrolysis reactions (transfer of functional groups to
water).

4. Lyases; groups addition to double bonds or formation of double bonds
by removal of groups.

5. Isomerases; transfer of groups within molecules to generate isomeric
forms.

6. Ligases; formation of C-C, C-S, C-O or C-N bonds by condensation
reactions coupled to adenosine triphosphate (ATP) cleavage.

Each enzyme has a systematic name and a four-part classification number. 31
The official systematic name is formed adding the suffix —ase to the name of
its substrate(s) or to a word or phrase, preceded by the name of the substrate,
specifying the type of reaction catalysed. An example would be the enzyme
Dihydroxyacetone Kinase. The classification number from the Enzyme
Commission for Dihydroxyacetone Kinase is EC 2.7.1.29, where:

the first number, 2, indicates the class name: transferase;

the second number, 7, means the subclass phosphotransferase which involves
the transferring phosphorous-containing groups;

the third number, 1, denotes that it is a phosphotransferase with an alcohol
group as acceptor;

the fourth number, 29, indicates that it has a glycerone as the phosphoryl group
acceptor;

There are enzymes that require cofactors to be active, which are non-proteic
components either one or more inorganic ions, such as Mg?*, Zn?*, Mn?*, Cu?*,
etc., or organic or metallo-organic molecules called coenzymes. Some
enzymes require both.>1® A coenzyme can also act as a co-substrate when it is
only transiently associated with the enzyme (e.g., NAD", NADP"). A
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coenzyme or metal ion can act as a prosthetic group when it is permanently
bounded to the enzyme, often by covalent bonds (e.g., an heme group). A
complete catalytically active enzyme, bounded with its cofactor, is called a
holoenzyme whereas, the inactive protein without its cofactor, is denominated
apoenzyme. Enzymes undergo chemical changes due to its participation in
reactions and they must return to its original state in order to complete the
catalytic cycle.

The most remarkable properties of enzymes as catalysts are:*

- Catalytic power: The rate of enzymatic reactions is normally from 10° to
10*? higher than the corresponding non-enzymatic reactions.

- Specificity: Enzymes usually have a much higher degree of specificity with
respect to their substrates (reactants) and products than their chemical
catalysts, which also means that enzymatic reactions rarely have side products.

- Milder reaction conditions: Enzymes commonly work under neutral pH, mild
temperature and atmospheric pressure whereas efficient chemical catalysis in
the laboratory often requires extreme conditions.

- Capacity for regulation: The activity of some enzymes can vary in response
to concentration of substances different to their substrates. These regulatory
mechanisms include variation of the quantity of synthetized enzymes,
allosteric control and covalent modification of the enzymes.

Enzymes catalyse reactions at rates that are often incomprehensibly faster than
non-enzymatic counterparts. It is important to highlight that the purpose in
mechanistic enzymology is to determine the exact reaction mechanisms and
the physicochemical phenomena contributing to this enormous rates reached
by enzymes.??

It is also interesting to stand out that both pH and temperature have an effect
on enzymatic catalysis; most of the enzymes have a characteristic pH, which
is usually neutral, where they have their maximum activity. The relationship
between pH and activity depends on the acid-base behaviour of the enzyme
and substrate.>?® Due to the fact that at high temperatures enzyme may become
denatured, it exists an “optimal” temperature which is an equilibrium between
both factors.
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Nevertheless, there are a sort of enzymes which are able to evolve at higher
temperatures. They are classified as thermophiles, characterized for growing
up at a range of temperatures between 50 to 70°C and hyperthermophiles,
present at temperatures higher than 80°C. These proteins usually are in places
such as thermal waters and they exist even at temperatures up to 130°C.16:%#
Curiously, these enzymes have many common metabolic pathways with the
called mesophilic enzymes, which are those with an optimal growth between
temperatures from 24 to 40 °C. One of the differentiating key, responsible of
the stabilized protein structure of thermophilic proteins is the presence of an
overabundance of saline bridges settled forming nets. Other structural features
causing of this thermostability are; van der Waals interactions, hydrogen
bonds, disulphide bonding, the incremented size of the hydrophobic nucleus of
the protein or in the interface between its subunits or domains and the
improvement of the quality of packing.?*? Study of these properties is
important to understand correctly the evolutionary process of enzymes and the
energetics that control the protein folding, recognition and stability.?*

3.3. Enzymatic catalysis

The fundamental role of enzymes is the enhancement of reaction rates. To
understand the way in which this enhancement is produced is necessary a
kinetic description of their activity; that is, the determination of the rate and its
evolution in response to alterations of experimental parameters.

In 1913, Leonor Michaelis and Maud Menten?® expanded the idea that the
formation of the enzyme-substrate (ES) complex as a necessary step in
enzymatic catalysis, into a general theory of enzyme action that follows the
catalytic scheme (for a single-substrate enzyme catalysed reaction):>2

k1 kcat

E + S

K,

In this mechanism the enzyme (E) is combined reversibly with the substrate
(S) resulting in the ES complex in a relatively fast step. This complex reacts in
order to form a product (P) and the releasing of the enzyme in a slower step.
k, and k_, are the rate constants for the direct and reverse processes of the
formation of the ES complex. k., is the rate constant for the step of products
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formation that is supposed to be irreversible. The reaction rate for a one
substrate reaction catalysed enzymatically is:

_ Umax [S]
%0 = Ky + 5] (3.2)

Equation (3.2) is known as the Michaelis-Menten equation.

Initially, it was thought that exclusively the formation of the ES complex was
the reason of this lowering. In fact, in 1894 Emil Fischer,?” basing on this idea,
proposed that enzymes were structurally complementary to their substrates,
both rigid, and fitted like a lock and a key (see Figure 3.1a). A more recent
hypothesis was proposed by Michael Polanyi?® (1921) and Haldane (1930) and
IS based on the view that an enzyme is flexible, capable of changing. They
pointed out that the active site of the enzyme adopts an optimal conformation
to interact with the substrate, but only when the substrate is bounded (see
Figure 3.1b). The modern concept of enzymatic catalysis follows this
hypothesis and was elaborated by Linus Pauling in 1946%° who stated that an
enzyme should be complementary to the transition stated for the catalysis of
reactions, that is, optimal interactions between enzyme and substrate take place
exclusively in the transition state. An enzyme with a pocket complementary to
the reaction transition state helps to make unstable the substrate, promoting the
catalysis reaction. The increase in the free energy required to modify the
substrate is compensated by the binding energy released from the weak
interactions between the enzyme and substrate in the transition state.’

E N ES

Figure 3.1. Schematic representation of lock-and-key model (a) and induced-
fit model (b).



24 3. Enzymes

In Figure 3.2 is displayed a free energy profile of a catalysed reaction and a
non-catalysed one.®® The former corresponds to the kinetic scheme proposed
by Michaelis and Menten presented in equation (3.1).

AGE

uncat

E+P

Figure 3.2. Free energy diagram of two-step reaction catalysed by an enzyme
(orange line) compared to the non-catalysed reaction (blue line). Figure
adapted from reference®.

The non-catalysed reaction occurs in just one step, with an activation free
energy of AG* In contrast, the reaction catalysed by the enzyme consists

uncat*
in two steps: first, the enzyme substrate, known in this example as the
Michaelis-Menten complex (MC), is formed losing binding energy, AGS ;.
Secondly, the chemical reaction takes place with an energetic cost of AG?

cat*
This value is smaller than AGY, . and it can be related to the reaction rate,

k.q: by the Transition State Theory (this theory is detailed in section 5.5.):

¥
e 1) =2 exp 2D @3)

The catalytic power of an enzyme is usually expressed by the ratio k.,;/
kuncat, that is, it is proportional to the difference between the activation free
energy of the uncatalysed reaction and the catalysed one. According to the
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Figure 3.2 the reduction of the activation free energy can be expressed in terms
of the binding energy of reactants and TS:

— AG*

cat —

AGH

uncat

= AGbmd AGbmd (34)

If the enzyme speeds up the reaction, the left term of equation (3.4) should be
positive, so AG] , should be greater in its absolute value than AG1S ; (it must
be bear in mind that binding energies are always negative in value). This means
that the enzyme presents a larger affinity for the transition state than for the
reactant state, supporting the theories that assume that the catalytic role of the
enzymes is based on the stabilization of the TS versus the MC, firstly stated by
Pauling® as indicated above. Warshel and co-workers®!3 pointed out that this
stabilization is due to an electric field arranged by the active site to adjust the
charge distribution in the TS.

However, it exists a thinking that gives priority to the formation of the
Michaelis complex in the catalysis. This is better understood if it is defined an
imaginary and similar structure to the MC but in solution, MCS. The free
energy needed to arrive from reactants in solution to the MCS structure,
AGHCS, and the binding free energy of the MCS complex, AGhiss, would
follow this equation:

AGYE, = AGHCS + AGHISS (3.5)

If we replace equation (3.5) in equation (3.4):

— AGF

cat

AGH

uncat

- AGIQ/ICS + AGllngrclfi AGbmd (36)

Since AGM®® is always positive, a high catalytic power (AGY, ... — AGE , >
0) can be obtained even when the enzyme shows greater affinity to the MCS
structure than to TS. Then, in this case it is supposed that the enzyme speeds
up the reaction by means of preorganization of the substrate. Theories that
follow this idea are based on the fact that it is produced an important change
in the substrate geometry since there is a transition from separated and solvated
species towards a spatial reorganization where they are much closer. This
means that AGpi5, may contribute essentially in the catalysis.

Apart from these theories, it should be considered other effects which,

especially during the last years, has mentioned in the literature to contribute in
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a relevant way in enzymatic catalysis such as, dynamical effects or tunnelling.®
These effects are discussed in detail in section 5.5.1.
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kinase is an enzyme that catalyses the transfer of the terminal
Aphosphoryl group from ATP (or guanosine triphosphate, GTP) to a
substrate containing an alcohol, amino, carboxyl, or phosphate group
as the phosphoryl acceptor, in a process called phosphorylation (see Scheme
4.1).3% These enzymes normally hold two Mg?* ions placed into the active

site which assist the phosphorylation catalysis (the role of Mg?* ions will be
discussed in the section 4.2).3637

? KI:I) (I:I) 9 1]
_O—F"—O—I?—O—IT—O-ATP _O—I?—O—I?—O-ADF‘
o~ O- O o- O
Lz 1
Il
Substrate Substrate —Fl'—O'
Enzyme kinase o-

Scheme 4.1. Schematic representation of the phosphorylation process by a
protein kinase, concomitant with the release of adenosine diphosphate (ADP).

The first protein kinase to be purified was phosphorylase kinase in 1959 by
Krebs et al® followed in 1968 by a protein-serine kinase, the cAMP-dependent
protein kinase®. In 1979 the modification of proteins by phosphorylation on
tyrosine residues was discovered through the study of tumour viruses.*® The
following year, Hunter and Sefton found that the transforming protein of Rous
sarcoma tumour virus, pp60vsrc, has tyrosine phosphorylation activity and
thus, was classified as a kinase. This was an important discovery since it
implied that deregulated protein tyrosine phosphorylation may be important in
tumorigenesis.*! In 1980 the number of identified protein kinases starting to
increase drastically being an important factor the recognition that all the
protein kinases have a similar sequence in their catalytic domains.*? The first
evidence of this similarity came when the catalytic subunit of cCAMP-protein
kinase was related with pp60vsrc over a region of approximately 300 amino
acids which was an unexpected revelation.>*® The first kinase enzyme structure
crystallographically solved and analysed was the cAMP-dependent protein
kinase (PKA), in 1991,*4>% which provided a framework for the entire family
and sometimes has been used as a model for the rest of the family members.*®-
48

Phosphorylation reactions are involved in many processes taking place in the
cells of living organisms, contributing in an essential way in propagation and
signal transduction.**>> These reactions usually result in a functional
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modification of the target protein or substrate by changing their activity,
cellular location, or association with other proteins. Phosphorylation processes
are capable of producing contrary effects such as the increasing or decreasing
of enzyme activity and stabilization or destabilization of a protein. In addition,
some phosphorylation sites of a protein can be stimulatory while others are
inhibitory.®” An evidence of the relevance of kinases is the fact that there are
more than 500 protein kinases encoded in the human genome. In addition, it
has been found of about 540 kinases in mice and 122 in yeast, representing one
of the largest protein family.>3>4

Numerous kinases have been detected to be closely involved in cancer
progression, inflammation and autoimmune disorders®>" and the target
distribution within the human “druggable genome” shows that these enzymes
represent an attractive field of activity for medicinal chemistry (see Figure
4.1).54%%51 |n fact, it has been demonstrated that about 75% of the kinome are
in principle druggable so they could be ideally used with a therapeutic benefit
to patients.>” The proof is that some small-molecule kinase inhibitor drugs have
been approved already for the treatment of cancers.>’6263

Kinases 24%

Others 44% |

Nuclear receptors 2%

lon Channels 5% |
—— Zn?* Proteases 2%
Ser Proteases 4%

Figure 4.1. Schematic presentation of the target family distribution within the
human “druggable genome”. Figure adapted from reference °.

Members of protein kinase family has a significant common feature which is
the sharing of a highly conserved catalytic center, as indicated above,*9:5264-66
This characteristic makes possible that one inhibitor molecule can bind to
several kinases, preventing from the usual signaling needed for normal cellular
behavior. However, it may be also feasible that the capability of interfering in
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a multitude of kinases is beneficial in cancer treatments, provided that the
inhibitor is specific to cancerous cells.**>* The sharing of this conserved
catalytic domain is also responsible of a common catalytic mechanism.>*
Mainly, eukaryotic protein kinases can be divided generally into ten groups
basing on the sequence identity:>"%’

1- protein kinase A, G, and C family altogether called as AGC kinases.

2- CMGC group of kinases formed by: Cyclin-dependent kinases (CDKS),
mitogen-activated protein kinases (MAP kinases), glycogen synthase kinases
(GSK) and CDK-like kinases.

3- Calmodulin/ Calcium regulated kinases (CAMK).

4- Casein Kinase 1 (CK1) group.

5- STE group of kinases including Mitogen-activated protein kinases (MAPK)
cascade families, which are specific to serine, threonine and tyrosine
aminoacids.%

6- Tyrosine kinases (TK).

7- Tyrosine kinase like (TKL) generally phosphorylating serine/threonine
residue.

8- Receptor Guanylate Cyclases (RGC) group of kinases.
9- Protein kinase like (PKL) proteins having fold similar to kinases.

10- Atypical protein kinases (aPK); consist of proteins which do not share clear
sequence similarity with other kinases but are functioning kinase like.

Cheek and co-workers provided a more extensive classification where kinases
are classified in 12 groups, by family and fold group.®*

1- Protein S/T-Y kinase/atypical protein kinase/ lipid kinase/ ATP-grasp.

2- Rossmann-like.

3- Ferredoxin-like fold kinases.

4- Ribonuclease H-like.

5- Triose phosphate isomerase (TIM) B/a-barrel kinase.

6- Galactokinase, Homoserine kinase, Mevalonate kinase and
Phosphomevalonate kinase which are the GHMP kinases.

7- Aminoimidizole ribonucleotide (AIR)-synthetase like.
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8- Riboflavin kinase.

9- Dihydroxyacetone kinase (DHAK).
10- Putative glycerate kinase.

11- Polyphosphate kinase.

12- Integral membrane kinases.

In this classification is included the DHAK. This enzyme represents a new
unique kinase fold recently characterized and the exploration of its reaction
mechanism has been the main subject of this PhD Thesis.

DHAKSs phosphorylate dihydroxyacetone (Dha) converting it in Dha
phosphate (Dha-P), as shown in Scheme 4.2:%%:7

o o Dha-P
o i
Ho M _0—P=
=0
Ho. M _oH d- NH;

N x>
o] [e] [e] N
1 IK) 1] 1 </ |
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Scheme 4.2. Schematic representation of the phosphoryl transfer from ATP to
Dha, generating ADP and Dha-P.

Dha-P is an intermediate for the synthesis of pyruvate’®’* and it is a very
important specie for C-C bond formation since it is used as substrate donor in
several enzyme-catalysed aldol reactions.”>” DHAKSs are divided into two
classes, those using the phosphoenol pyruvate carbohydrate (PEP):
phosphotransferase system (PTS) to provide the phosphoryl group, in most
bacteria, or those using ATP as the phosphoryl donor in animals, plants and
some bacteria.®®"%"4"8 In this PhD Thesis it has worked with the main
DHAKS of each class. Nevertheless, before deepening into them, the general
possible phosphorylation mechanisms and the role of Mg?* ions in kinase
enzymes will be presented and discussed.

4.1. Mechanisms of phosphate transfer in protein kinases

The accessibility of low-lying d-orbitals in the phosphorus atoms makes
possible their use in bonding interactions. In consequence, the phosphorus
atom is easily capable of expanding its coordination number in order to give
pentavalent compounds.”®8 Bearing in mind this, phosphorylation reactions
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can consider to occur through two likely mechanisms:81848 associative, where
nucleophilic attack is produced before the departure of the living group, and
dissociative, where the living group departure occurs previously to the
nucleophilic attack. These reactions may take place within several steps in a
process called stepwise pathway or by means of only one step that is the case
of a concerted pathway. A stepwise pathway implies the presence of more than
one transition state structure and then, the existence of intermediates which are
pentavalent structures in associative processes (see Scheme 4.3a)) or trivalent
compounds in dissociative procedures (see Scheme 4.3b)). A concerted
pathway has one transition state, which indicates the absence of intermediate
species (see Scheme 4.3c)). Nevertheless, the description of a concerted
pathway is more complex. A concerted transition state can be synchronous;
with similar amount of bounding for the nucleophile and the living group (see
Scheme 4.4b)) or asynchronous. Simultaneously, an asynchronous transition
state can be associative-like mechanism (see Scheme 4.4a)), with a larger
degree of bond formation to the nucleophile than cleavage of the bond to the
leaving group or dissociative-like mechanism with more bond cleavage than
bond formation (see Scheme 4.4c)).
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Scheme 4.3. Schematic representation of the general mechanisms in phosphate
transfer reactions. a) Stepwise associative mechanism with the formation of a
pentavalent intermediate. b) Stepwise dissociative mechanism with the
formation of a trivalent intermediate. ¢) Concerted mechanism. Figure adapted
from reference®,
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Scheme 4.4. Schematic representation of the different possibilities in a
concerted phosphate transfer mechanism. a) Concerted asynchronous
transition state proceeding in an associative-like manner. In green has been
highlighted the bond formation with a larger degree of union than the cleavage
bond. b) Concerted synchronous transition state. ¢) Concerted asynchronous
transition state proceeding in a dissociative-like manner. In green has been
highlighted the cleavage bond with a larger degree of union than the formation
bond.

It is very common to find research works relatives to the phosphoryl transfer
from ATP, the phosphoryl donor molecule in protein kinases, to a serine or
tyrosine residues. Authors usually distinguish between phosphorylation
reactions where the conserved Asp residue acts as a base activating the serine,
or tyrosine residues for the nucleophilic attack or where this activation is
caused by the ATP substrate. The former process is categorized as an asp-
assisted mechanism and the latter is called a substrate-assisted mechanism.
Both processes are displayed in Scheme 4.5.
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Scheme 4.5. Schematic representation of the two phosphoryl transfer
mechanisms proposed in protein kKinases. In the scheme, the y-phosphate of the
ATP substrate is transferred to a Ser residue. a) Asp-assisted mechanism where
the activation of the Ser residue for the nucleophilic attack is produced by a
conserved Asp. b) Substrate-assisted mechanism where the activation of the
Ser residue for the nucleophilic attack is produced by the ATP substrate. Both
mechanisms are displayed in a concerted process for clarity. Figure adapted
from reference®.

There is an extensive debate which still remains open about the most favorable
phosphoryl transfer mechanism in kinase enzymes. Some authors consider the
asp-assisted mechanism as the most favorable one*3°287-9 while others support
the substrate-assisted mechanism as the most likely.5*%1:92

Asp-assisted mechanism

Regarding to the studies in favor of the asp-assisted mechanism, it will be
presented research works in the cAMP-dependent protein kinase (or PKA), the
cyclin-dependent kinase (CDK?2) and the insulin receptor kinase (IRK).

There are several computational studies in CAMP-dependent protein kinase (or
PKA), an enzyme that catalyse the y-phosphoryl transfer from ATP to a Ser or
Thr residue of a substrate peptide.*®8"# For example, Diaz and Field®’
conducted classical MD simulations of the catalytic subunit of PKA, Mg.ATP
and a 20-residue peptide substrate, using the CHARMM force field. They
showed that the interaction between the carboxylate group of Asp residue and
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the nucleophilic Ser was dynamically stable. Quantum mechanical (QM)
calculations were also carried out. In order to calibrate the methodology used
in the QM study, proton affinities for acetate and methyl phosphate dianion
interacting with the Mg?* ions were measured at semiempirical, ab initio and
Density Functional Theory (DFT)® levels (properties of these QM methods
will be described in section 5.1.1). Subsequently, they performed QM
B3LYP%/6-31G(d)® calculations on a cluster model of a system formed by
92 atoms containing a methyltriphosphate, two Mg?* ions, three water
molecules coordinated to the ions and the side chain of Aspl66, Lys168,
Asnl71 and Aspl84 residues. Authors located minima and transition state
structures (TSs) from a B3LYP/6-31G(d) potential energy surface (PES) which
were refined by means of single point calculations at B3LYP/6-31G(d,p) level.
They also evaluated the effect of the environment polarity (protein-solvent)
performing single-point self-consistent reaction field (SCRF) on the gas-phase
QM structures of the stationary points and made electrostatic calculations.
Their results revealed as an energetically more favorable the TS where the Asp
is ready to accept the proton resulting thus, in an asp-assisted mechanism.

A similar catalytic mechanism was suggested later, by Cheng and co-
workers.88 They performed MD and Quantum Mechanical/Molecular
Mechanical (QM/MM) calculations. These QM/MM calculations were done in
two PKA-ligand complexes. In particular, they employed the pseudobond ab
initio QM/MM approach, applying two partition schemes where the difference
was whether the ATP was fully included. Therefore, 75 atoms were involved
in the QM region for the bigger system while the smaller one enclosed 49
atoms, including the triphosphate part of the ATP. The rest of the residues of
the QM region were the same in both systems; side chains of Ser substrate,
Asp166, Lys168 and the two Mg?* ions. For searching the stationary points,
authors employed the reaction coordinate driving method. Single point
calculations at Moller-Plesset (MP2)%" and B3LYP levels of theory with the 6-
31+G(d)*® basis set were done of these stationary points, from the previous
optimized structures at B3LYP/6-31G(d). They also performed the same
calculations excluding the Lys168 from the QM part. Their theoretical results
suggest the role of Aspl66 as a catalytic base, describing the asp-assisted
mechanism as principally dissociative and the required contribution of Lys168
to stabilize the TS. In addition, they conducted MD using the AMBER force
field, of the wild type and mutated forms where the conserved Asp and Lys
residues were changed. They founded by means of the analysis of some
distances that effectively, the role of Asp was acting as a catalytic base instead
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of as a structural anchor to maintain the configuration of the active site. In fact,
the latter was suggested to be the role for the Lys residue, keeping the ATP and
the substrate peptide in a proper conformation for the nucleophilic attack.
Another examples where the asp-assisted mechanism has been analyzed in
PKA are the more recently theoretical works of Pérez-Gallegos et al.*®8° They
explored potential energy profiles of the phosphoryl transfer mechanism using
QM/MM hybrid methods with DFT (B3LYP/6-31+G(d)) and MP2
functionals. Authors studied the phosphoryl transfer in two different
substrates; the heptapeptide synthetic substrate, Kemptide*® and the 20-
residue, SP20% substrate. This comparative analysis allowed them to show that
the mechanism is not substrate dependent, finding the dissociative mechanism
more favorable than the associative one. It should be pointed out that the
authors classified the associative mechanism as a one-step reaction where the
transition state corresponds to the y-phosphoryl transfer from ATP to the Ser
residue of the peptide substrate where the nucleophilicity of this Ser is
increased by the previously proton transfer from its —OH group to one of the
oxygen atoms of the phosphate group of the ATP. The dissociative mechanism
were defined as a two steps reaction; firstly, the phosphoryl transfer to Ser
residue of the peptide substrate takes place where, in this case, the
nucleophilicity of the residue is enhanced by the conserved Asp. Consecutively
to the phosphoryl transfer, occurs the proton migration to Asp but without
potential energy barrier, although an intermediate was located. Secondly, the
Asp residue give back the proton to phosphorylated product. In the two
research works presented, the definition of the QM region as well as the
computational methods employed by the authors were the same. The QM
region contained 65 atoms which involved the two Mg?* ions, the phosphate
groups of the ATP molecule, three crystallographic water molecules and the
side chain of residues Asnl171, Asp184, Lys168, Aspl66 and Serl7kemptide
substrate in the case of the first study or Ser21spoo substrate in the second work.
The MM region was treated by means of the CHARMM force field. Moreover,
single point energy calculations were also performed at the MP2/cc-pVTZ%
level to describe the QM region while the MM subsystem was treated within
the CHARMM force field.

There are also different works in other kinase enzymes where the asp-assisted
mechanism was also supported.®>® For example, in the cyclin-dependent
kinase (CDK2), a protein that catalyses, as well, the phosphoryl transfer from
ATP to a Ser or Thr residue. Smith et al.>? analysed the reaction by means of
free energy calculations employing the QM/MM methodology. Specifically,
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they used the pseudobond ab initio QM/MM approach and they performed
Potentials of Mean Force (PMFs) for obtaining the free energies and
perturbation calculations in order to estimate the influence of surrounding
residues on the reactant and TS structures. In their computational model, the
QM region contained 48 atoms including the Mg?* ion (the active site of CDK2
hold one single ion), the triphosphate part of ATP, the side chain of residues
Aspl27, Lys129 and the substrate Ser. This QM subsystem was treated at the
B3LYP/6-31G(d) level of theory while the MM region was modeled using the
AMBER simulation package. According to their theoretical results, the
conserved Asp residue acts as an acid-base in a concerted dissociative-like
process within a single metaphosphate-like transition state.

Another kinase where the asp-assisted mechanism was observed is the IRK.
To understand the role of the autophosphorylations of this enzyme resulting in
its activated form, Ojeda-May et al®® evaluated free energies with QM/MM
methods and performed MD simulations. Their simulations displayed a
catalytic asp-assisted mechanism taking place in a stepwise manner where the
conserved Asp abstracts the proton from the Tyr residue followed by the
phosphate transfer. The calculations were done in systems of the active
conformation and the inactive one of the kinase enzyme. MD simulations were
carried out using the TIP3P potential for water molecules and the CHARMM
force field for describing the rest of the system. Free energy calculations using
the umbrella sampling method and the string method and 2-D PMFs were done.
Authors employed two types of QM/MM potential energy functions for these
calculations. The first one was the multiscale ab initio QM/MM method where
the B3LYP functional was used as a high-level QM theory and the
semiempirical AM1 as a low-level Hamiltonian. For the B3LYP calculations
the basis set used were the following; 6-31G(d) for P atoms, 6-31G for H and
O atoms and 3-21G for C, N and Mg atoms. The second type was the
semiempirical AM1/d-PhoT (AM1d)}®® QM/MM potential. The QM
subsystem established included the triphosphate part of ATP, the side chains
of the substrate Tyr and the residues Asp1132, Asn1137 and Asp1150, the two
Mg?* ions and six water molecules, comprising a total of 76 atoms. In the case
of DFT calculations, some atoms were removed from the QM part, thus, in this
case, the QM region contained 56 atoms. Authors found that the increase of
the catalytic rate in this enzyme is due to the lowering of the free energy barrier
of the proton transfer step. MD simulations supported this theory showing that
IRK phosphorylations affected the protein dynamics of the enzyme before the
proton transfer to Asp with a smaller effect after the proton is transferred.
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Substrate-assisted mechanism

As mentioned previously, there are likewise research works distinguishing the
substrate-assisted mechanism as the most favorable catalytic
pathway.%>9192.101 Here it will be presented theoretical studies in PKA, CDK2
and galactokinase (GALK) related with the finding of this mechanism.

Some studies in the kinase PKA supported this mechanism in contrast to those
mentioned above.®>° An example is the theoretical work carried out by Hart
et al.% They affirmed that there are experimental data where is questioned
whether Asp is basic enough to take the proton from the Ser residue. By means
of performing PESs using the QM/MM methodology, they obtained higher
potential energy barriers when the proton was transferred from Ser to Asp. The
QM part of the computational model was formed by 46 atoms involving the
side chains of the Ser substrate and the residues Aspl52 and Lys154, the
triphosphate part of the ATP and the two Mg?* ions. This subsystem was
described using the PM3 level of theory while the MM part was treated by
means of the AMBER force field. Authors obtained a concerted transition state
where the transfer of the proton to the oxygen atom of ATP and the phosphoryl
transfer to the Ser residue occurred in a concomitant way. The Asp residue was
suggested to have an alternative role consisting in stabilize the product of the
reaction.

Hutter et al.®* supported as well the substrate-assisted mechanism in the same
enzyme by means of semiempirical AM1 molecular orbital computations. The
guantum mechanical model of the active site was formed by the entire
molecule of ATP, the Ser substrate, the two Mg?* ions with their coordination
shells and six residues considered to be crucial for the phosphoryl transfer;
Gly55, Lys72, Aspl184, Asnl71, Lys168 and Asp 166 resulting in a total of
123 atoms. Authors performed PESs of the wild-type and a mutant model
where the conserved Aspl66 was replaced by an Ala finding similar energy
profiles. Therefore, their results showed that Asp has not an important role in
the phosphoryl transfer itself, however it is important for keeping the
configuration of the active site. Moreover, the charge group of Lys168 was
changed by a neutral one detecting that this residue was needed to
electrostatically stabilize the reaction.

The substrate-assisted mechanism was also founded in theoretical studies
related with the kinase CDK2%. De Vivo and co-workers®? reported analysis
at DFT level in gas phase, classical MD and Car-Parrinello QM/MM
simulations concluding that the Asp residue located at the active site plays a
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structural role while the abstraction of the proton from the Ser residue is due
to the ATP molecule. In the study authors considered four QM models and
each model contained the triphosphate moiety, the Mg?" ion, nine
crystallographic water molecules and the side chains of the following residues
where each one is completed with a CHs group: Asp127, Asp145, Asnl32,
Lys33, Lys129 and Thr165. The models differed in four different protonation
states which are; Aspl27 deprotonated, Aspl27 protonated, triphosphate
moiety protonated at one oxygen atom of $-phosphate and triphosphate moiety
protonated at one oxygen atom of y-phosphate. Geometry optimizations of
these models were made with the B3LYP functional. For the Car-Parrinelo
QM/MM calculations the QM region defined included the triphosphate moiety
of ATP, the Mg?* ion and the side chain of Lys129 and Ser substrate involving
a total of 32 atoms. The QM subsystem was treated with the BLYP functional
while the MM part was described through the AMBER force field. To follow
the phosphoryl transfer reaction profile, the so-called blue-moon ensemble
simulations were performed in the first model proposed (Asp deprotonated)
constraining at different values of the distinguished reaction coordinate
chosen. Authors calculated the activation free energies using thermodynamic
integration. Results allowed them to support a substrate-assisted mechanism
through a concerted associative-like TS. It should be remarked that Smith et
al. related this conclusion to the exclusion of the Asp from the QM region in
the QM/MM simulations.

Huang et al.* located the substrate-assisted mechanism in GALK where the
phosphoryl group is transferred from the ATP to the oxygen of one OH group
of the substrate galactose. QM/MM simulations within a two-layer ONIOM
method were carried out. The QM region involved ATP molecule, galactose
substrate, the Mg?* ion, two water molecules and the truncated residues
Aspl86, Arg37, Serl42, Glul74 and Arg228 resulting in a total of 49 atoms.
This QM region was treated with B3LYP-D/6-31G(d) while the MM region
was described by means of the AMBER force field. A PES was explored by
the adiabatic mapping method to study the reaction pathway, obtaining a
dissociative phosphoryl transfer mechanism by a trigonal-bypiramidal TS. MD
simulations of the system inside a box of water molecules were also conducted.
The TIP3P potential was used to describe the water molecules while the
AMBER force field was employed for treating the rest of the system. In
addition, MD simulations of five mutants of GALK were likewise performed
in order to analyse the effects of these mutations in the conformation of the
active site. Results showed that there were some residues responsible of
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restricting the mobility of ATP molecule while others residues were found to
be important to stabilize the negative charges during the phosphoryl transfer
process .

4.2. Role of Mg?* ions in phosphoryl transfer reactions

The indispensability in many enzymatic systems of the Mg?" ions has
encouraged several authors to determine its specific roles in catalysis.
Normally, kinases require two magnesium ions to catalyse the phosphoryl
transfer, however it has been discovered that the presence of the second metal
ion may provoke different effects. Thus, some kinases are activated with a
unique Mg?* and the additional one might be required for complete activation,
can produce inhibition or may participate in structural stabilization.36102103 |n
the literature, it has been discussed about the different functions that these ions
can accomplish in the active site of kinases and, in phosphoryl transfer
reactions in general. They usually contribute in the ATP binding and in the
acceleration of the chemical reaction.®®%2 In particular, experimental studies
of Bastidas and co-workers in PKA allow them to characterize the role of
Mg?* ions. In the experimental procedure followed by the authors, the catalytic
subunit of the enzyme was crystallized with the 20 amino acid substrate SP20
and with the nonhydrolyzable analog of ATP, adenosine-5’-(B,y-imido)
triphosphate (AMP-PNP). Two crystal structures were obtained corresponding
to two products proving that the presence of both metal ions in the active site
prevent from the release of ADP after the phosphate transfer reaction, due to
the affinity with the molecule. Then, only one Mg?* cation would remain in the
active site while the other one is expelled after phosphate transfer is produced.
Even so, the authors have suggested that the presence of both metal ions was
essential for an efficient phosphate transfer catalysis. The same conclusions
were suggested through the experimental and theoretical studies of Jacobsen
et al. in CDK2% by means of enzyme kinetics, crystallography and MD
simulations. The steady state kinetics of CDK2 was analysed varying
concentrations of ATP-Mg?* with fixed concentrations of Mg?*. The kinetic
data proved that the kinase required two catalytic ions being the second ion
greatly cooperative with the binding of ATP and with the other ion. In addition,
the interaction between ADP and the phosphorylated kinase were analysed
from two crystal structures; one with two Mg?* ions coordinating the ADP
phosphates and the other with a single Mg?* ion. Differences in coordination
of phosphates and Mg?* ions were noticed between both structures by means



42 4. Kinases: Dihydroxyacetone kinases

of electron density maps. These two systems were employed as the starting
models for the MD simulations. These models were solvated in a water
molecules box described by the TIP3P potential while the rest of the system
was treated within the AMBER force field. The flexibility of the phosphates in
both systems was measured by means of root mean square fluctuations
(RMSF) showing less flexibility when the system was coordinated with both
Mg?* ions consistent with and increased electrostatic stabilization

Ma?* ions affect reaction mechanisms

Mg?* ions have been also reported to be greatly important to stabilize the
negative charges present during the phosphate transfer and before.®*™ As a
matter of fact, the connection between the ions function with the classification
of a phosphoryl transfer reaction as an associative or dissociative has been
investigated. In particular, Kamerlin and Wilkie explored PESs for the
phosphate ester hydrolysis reaction with a phosphate monoanion as a model,
analyzing the influence of the metal ions in the obtained mechanisms.34 Water
exchange involving phosphate monoanion (H2PO4’) was selected as the model
system. Calculations were done at Hartree-Fock (HF),'°* MP2 and DFT
MPW1PW91 levels of theory using the 6-31++G(d,p) basis set. Solvation
effects were simulated applying a PCM correction to DFT stationary points.
The study was performed with two Mg?* ions, with a single one and with the
absence of metal ions. The obtained results allowed authors to conclude that
a stepwise associative process was more energetically favorable than a
stepwise dissociative mechanism, in presence of Mg?* ions and the contrary
occurred in the absence of the ions. In the case of a single Mg?* ion, a concerted
associative mechanism was observed displaying the largest energetic barrier.
Previously, Cleland and Hengge had exposed the same conclusion in their
review where the available information about nonenzymatic phosphate and
sulfate transfers and the kinetic and chemical mechanisms of enzymes that
catalyse similar transfers was presented.”® They referred to phosphatases,
enzymes that catalyse the hydrolysis of phosphomonoesters, explaining that an
associative mechanism is favored when Mg?* ions remove electronic density
from phosphorus atoms, promoting the nucleophilic attack. The authors also
mention that the TSs become more associative following the trend from
monoesters to triesters. Nevertheless, not all the authors explain in like manner
the effects caused by the ions on the phosphoryl transfer reaction mechanisms.
For example, Harrison and Schulten studied the hydrolysis of ATP in aqueous
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solution by means of QM/MM simulations.’® Concretely, the computational
model included the ATP molecule coordinated with an Mg?* ion, inside a cubic
box of water molecules. MD simulations were conducted describing the system
with the CHARMM force field. The QM/MM simulations were performed
using a dual grid, dual length scale method for plane-wave-based QM/MM
simulations. The QM subsystem involved the ATP, the Mg?* ion and 124
surrounding water molecules and it was treated using plane-wave Car-
Parrinello MD method based on DFT at BLYP level. They explored the
associative and dissociative alternatives and founded within the evaluation of
free energies, that the dissociative process has a lower activation barrier.
Moreover, authors proved that the charge transfer produced due to the presence
of Mg?" cation leads to lengthening of the phosphorous-oxygen bond
becoming more fluctuant but compensated by an electronic stabilization with
the ions. They supported that these stretching of the bond drives the reaction
to a dissociative process.

In a related reaction, Lopez-Canut et al. analyzed in their theoretical research
works the different mechanisms observed in the phosphoryl transfer reactions
taking place in phosphatases enzymes.1%19 |n the X-ray crystal structures
employed in these works, phosphatases have two Zn?* ions and one Mg?* or
only two Zn?* ions in the active site. One of their theoretical works showed a
relation between the inclusion of the two Zn?* ions in the QM part and the
mechanism observed.!®® Specifically, in this work the hydrolysis of the
phosphate monoester, m-nitrobenzylphosphate (m-NBP?), catalysed by
Escherichia coli alkaline phosphatase (ECAP) was studied.'® Authors
employed QM/MM hybrid potentials for evaluating free energies through the
obtaining of PMFs to study the phosphoryl transfer from m-NBP? to the
unprotonated residue, Ser102. Three different QM subsystems were defined,;
in the first one, only the substrate and the nucleophile were included. In the
second QM model, the two Zn?* metal ions were added. In the third QM
subsystem the coordination shells of the ions were also incorporated. When the
QM region used was the first presented, authors observed a concerted
mechanism due to the overestimation of the interactions produced between the
m-NBP?Z and the nucleophile. When the second model was employed the
charge transfer between the reacting fragments was excessive resulting in a
lower repulsion proceeding, as well, in a concerted associative pathway.
However, when the calculations were done with the largest QM model, the
mechanism observed was dissociative with a metaphosphate reaction
intermediate since this charge transfer was reduced due to the reception of
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electron density of the ions from their coordination shells, being the repulsion
larger.

Different reaction mechanisms were also observed in another theoretical work
of Lopez-Canut et al. but in this case, depending on the environment of the
reaction.'%” They studied the hydrolysis of the methyl p-nitrophenyl phosphate
(MpNPP?) in aqueous solution and in the active site of nucleotide
pyrophosphatase/phosphodiesterase (NPP). QM/MM hybrid potentials were
employed to obtain free energy profiles. In this case the phosphoryl group is
transferred from the MpNPP" to the considered unprotonated Thr90 residue. In
aqueous solution, the reaction was found to occur through a concerted
mechanism with an associative-like TS structure. In this process, the repulsion
between the negatively charged nucleophile and substrate is reduced favoring
their closeness. Nevertheless, in the active site of the enzyme a concerted
mechanism with a dissociative-like TS structure was observed due to the
charge distribution causing by electrostatic properties of the enzymes which
were able to favor this mechanism.

Lépez-Canut et al. also observed different types of mechanisms comparing the
hydrolysis of the phosphotriester paraoxon in aqueous solution and in the
active site of the promiscuous Pseudomonas diminuta phosphotriesterase
(PTE) enzyme with the hydrolysis of the phosphotriester compound O,O-
diethyl p-chlorophenyl phosphate (DEpCPP) in the active site of the same
enzyme.®® They employed the hybrid QM/MM methodology to estimate free
energies within PMFs and Kinetic Isotope Effects (KIES). The reaction
consisted in the phosphoryl transfer from the substrate (paraoxon and
DEpCPP) to a hydroxide anion. Authors obtained a concerted associative
mechanism of paraoxon in solution and in the active site of PTE. In contrast,
the hydrolysis of DEpCPP in the enzyme proceeded by a stepwise mechanism
with a pentacoordinate intermediate. The different coordination of the leaving
groups corresponding to the two different substrates caused a shift of the
ligands from the coordination shell of one Zn?* ion to the other. The fact of
having differences in the coordination shells of the metal ions justified the
ability of the enzyme for catalysing hydrolysis of different substrates with
different mechanisms.

Octahedral coordination sphere in Mg?* ions

Another point commented by some authors about Mg?* ions in kinase enzymes
is the octahedral coordination sphere observed in one or both of them. This
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feature was mentioned in the work of Smith and co-workers in CDKZ2,
previously explained where the Mg?* ion was observed to be coordinate with
three oxygens of ATP, the side chains of Aspl45, Asnl32 and a water
molecule.® These interactions assisted the reaction to take place in an in-line
near attack configuration.

An octahedral coordination sphere in the metal ion was also observed in the
work of Lopata et al. They studied the reaction catalysed by the wild type and
two mutant forms of deoxyuridine triphosphate nucleotidohydrolase
(dUTPase) performing QM/MM theoretical calculations and site-directed
mutagenesis experiments.t*® This enzyme catalyse the hydrolysis of
deoxyuridine triphosphate (dUTP) consisting in the transfer of a phosphate
group to a catalytic water molecule where a proton is transferred from this
water molecule to the Asp83 residue. QM/MM minimizations of the three
systems were performed in the forward and backward directions where the
system was inside a TIP3P water molecules box. In these minimizations, the
quantum region contained the dUTP molecule, nearby crystallographic water
molecules, the Mg?* ion with its full coordination shell, the Thr81 and Ile82
backbones, the amide group of GInl1l13, and the side chains of different
residues depending of the system (the wild type or the two mutant forms).
Therefore, the wild type had 132 atoms while the two mutants 137 and 108
atoms. This QM region was described at B3LYP/6-31+G(d) level of theory
while the rest of the system was treated using the CHARMM force field. In
addition, short downhill QM/MM dynamics were conducted starting from the
minimized wild type system and from one mutated form, near the TS. In this
case, the residues side chains included in QM region of the two systems were
a bit different as well, resulting in 121 atoms for the wild type system and 95
atoms for the mutated enzyme. A one-step mechanism within a dissociative TS
was observed in the three enzymatic systems. The metal ion coordination was
analysed during the reaction proving that an octahedral coordination was
essential to drive the reaction towards products since it stabilized the transition
state structures. Authors also mentioned the fact that the Mg?* to Ca®*
substitution effects are normally inhibitory in kinases although there are some
exceptions. The work of Bastidas et al.'®2 pointed out previously showed
through their MD simulations and their experimental results an octahedral
coordination for both Mg?* ions, emphasizing in the strong binding character
of specially one since it recruits a water molecule after the phosphate transfer
in order to keep on with its coordination geometry. In this way, the metal ions
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help to catalyse the reaction and to stabilize the transition state. An example of
this coordination sphere characteristic in Mg?* ions is presented in Figure 4.2.
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Figure 4.2. Octahedral coordination observed in both Mg?* cations where the
phosphoryl group has been transferred from AMP-PNP to a Ser side chain
substrate in PKA. Figure adapted from reference.1%2

4.3. Molecular mechanism of PTS-dependent DHAK from
Escherichia coli

As it has been pointed out in the beginning of this section, DHAKS are divided
into two classes, those using the PEP carbohydrate: PTS, to provide the
phosphoryl group, in most bacteria or those using ATP as the phosphoryl donor
in animals, plants and some bacteria.®% %7478 This section is devoted to DHAK
from Escherichia coli (E. coli) which is considered a prototype enzyme of the
PTS-dependent family.

The PTS is a multicomponent system in bacteria implicated in the consumption
and concomitant phosphorylation of numerous carbohydrates.**? |t was
discovered in E. coli by Kunding, Ghosh and Roseman as a system that uses
PEP for the phosphorylation of hexoses.!* The two general phosphoryl
transfer proteins of the PTS are Enzyme | (El) and the heat-stable, histidine-
phosphorylatable protein (Hpr).”>111.112
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DHAK from E. coli is a heterotetramer complex containing a central DhaK
dimer and two molecules of DhaL. Each DhaL subunit interacts with only one
DhaK subunit of the dimer. An ADP molecule and two magnesium ions are
bounded to DhaL, whereas DhaK contains a glycerol molecule covalently
bound to His218.° In Figure 4.3 is shown the complex DhaK-DhaL. This
enzyme also contains an additional subunit, DhaM. This subunit has three
domains, two of them homologous to the PTS proteins which are EI and HPr,
as pointed out before. Concretely, the N-terminal domain of DhaM has the
same fold as the I1A domain of the PTS transporter for mannose of E. coli. The
middle domain is similar to HPr and the C-terminal is similar to the N-terminal
domain of El of the PTS.

DhaK

Figure 4.3. Cartoon representation of the DhaK-DhaL subunits from the PDB
code crystal structure 3PNL. DhaL molecule is shown in mauve and DhaK
subunit is colored in blue. The glycerol molecule placed in DhaK and the ADP
molecule and magnesium ions bound to DhaL are shown as balls and sticks
model.

PEP phosphorylates three times DhaM through an EI- and HPr- dependent
reaction while DhaK and DhaL are not phosphorylated.”">78114 Thus, in the
first place, EIl catalyses the phosphoryl transfer from PEP to HPr.
Subsequently, this small phospho-carrier protein serves as phosphoryl donor
to DhaM. Phosphorylated DhaM forms a complex with the ADP-bound DhalL
subunit and transfer the phosphate to ADP turning it into ATP. Finally,
phosphate is transferred from ATP to Dha yielding the product of the reaction,



48 4. Kinases: Dihydroxyacetone kinases

Dha-P and ADP.%970.8.114 AJ| this procedure of the phosphate transfer from
PEP to Dha is schematically shown in Scheme 4.6.
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Scheme 4.6. Schematic procedure of the PTS system. Phosphoryl group is
transferred in a sequential way from PEP through EIl to HPr, then to DhaM,
subsequently to ADP bounded to DhaL, and finally to Dha placed in the DhaK
subunit. Arrows indicate the phosphate transfer reactions. DhaM is
phosphorylated three times in three histidine phosphorylation sites.!*® Figure
adapted from reference’.

The molecular mechanism of the phosphoryl transfer from ATP to Dha has
been proposed based in the crystal structure of the E. coli DhaK-DhaL complex
bound to ADP and Dha (3PNL) determined by Shi and co-workers.”® Analysis
of experimental results allowed them to present a general catalytic mechanism
for DHAK in which residues His56, His218 and Asp109 would be significantly
involved in the reaction progress. In particular, the authors divided the whole
reaction in three stages, which are presented in Scheme 4.7: 1) binding of Dha
to enzyme through an hemiaminal bond with His218. In this stage, His 56 acts
as an acid donating its proton to Dha substrate. 2) Phosphate transfer from ATP
to Dha where Aspl09 acts as a base in order to prepare the Dha for the
nucleophilic attack. 3) Release of the reaction product, Dha-P, from the
enzyme.’©
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Scheme 4.7. Catalytic mechanism of the phosphoryl transfer from ATP to Dha
in DHAK from E. coli proposed by Shi and co-workers. 1) Dha binding to the
enzyme and proton transfer from His56 to the Dha substrate. 2) Abstraction of
the Dha proton by Asp109 followed by the phosphoryl transfer to Dha. 3)
Proton transfer from Dha to His56 and cleavage of the His218 bond with the
consequent release of the Dha-P product. Figure adapted from reference.”

As noted in Scheme 4.7 this mechanism would classify as an asp-assisted
mechanism (see Section 4.1) therefore, the possibility of a substrate-assisted
mechanism has also considered in this PhD Thesis. In fact, both mechanisms
have been explored by means of theoretical methods in DHAK from E. coli
(see chapter 7.2) carrying out a comparative energetic and structural analysis
of the two mechanisms. Through this research work it has been justify whether
the mechanism proposed by Shi et al. is the most favorable one in this enzyme.
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4.4. ATP-dependent DHAK from Citrobacter freundii.
Inorganic polyphosphate as phosphoryl donor

This section in dedicated to a representative DHAK of the ATP-dependent
family which is the DHAK from Citrobacter Freundii (C. freundii). This
enzyme is a homodimer and each subunit is formed by two domains.’*7"116
The DhaK-domain is where the Dha binding site is located and in the DhalL-
domain is founded the ATP binding site coordinated with the two Mg?* ions.
In the dimer, the subunits are arranged in an anti-parallel way, therefore, the
DhaK-domain of one subunit is faced with the DhalL-domain of the other
subunit. The DhaK-domain has the same structure as the DhaK subunit of E.
coli DHAK. The ATP binding domain exhibits a novel alpha-fold. It is formed
by eight amphipathic and antiparallel alpha-helix organised following an up-
and-down geometry. They are forming a circle resulting in a barrel confining
a cavity where is located a lipid.”3116

Dhal-domain Dhal-domain

"2, ' » ‘Vv'
A ok i o LA
PG ‘-)/Q"‘i“o
X2k ALY
Y IR ES TS
R R
\ < 3 N
DhaK-domain DhaK-domain

Figure 4.4. Cartoon representation of the kinase homodimer obtained by
superposition of PDB code crystal structures 1UN8 and 1UN9. The DhaK-
domains are colored in pink and red, and the DhalL-domains are colored in
purple and grey. Shown as ball and sticks model are: Dha,
phosphoaminophosphonic acid-adelynate ester (ANP), magnesium ions and
phospholipid in orange.

In the ATP-dependent kinase, ATP/ADP exchange is fast as is schematically
shown in Scheme 4.8.7
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Scheme 4.8. Phosphoryl transfer reaction from ATP to Dha in DHAK from C.
freundii. Figure adapted from reference™.

- Aldolase activity
Aldol addition reaction has long been recognized as one of the most useful

tools that has the synthetic chemist for the creation of new C—-C bonds.”17-119
An example of an aldol reaction is displayed in Scheme 4.9:

o Li* i o __oH
Ph/ng + H” PR —> L AP
Ph ™ Ph
CHs CHs
1 2 3

Scheme 4.9. Example of an aldol addition reaction; a ketone enolate (1), acting
as a nucleophile, is added to the electrophilic carbon of an aldehyde (2),
forming a new carbon-carbon bond to give the aldol product.

There are enzymes in nature that catalyse these reactions; the aldolases. The
main group of aldolases is the one that uses Dha-P as substrate donor; Dha-P
dependent aldolases. They are among the most important biocatalysts for C-C
bond formation,’3120-124

Aldol reactions catalysed by Dha-P dependent aldolases consist in the
formation of two new stereocenters with a stereochemistry controlled by the
enzymes. Therefore, from two given substrates it is possible to obtain the four
diastereoisomers using four different aldolases which is a powerful synthetic
advantage, as shown in Scheme 4.10.73.124-126
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Scheme 4.10. Aldol reactions catalysed by the four aldolases; fuculose-1-
phosphate aldolase (Fuc-1PA), rhamnulose-1-phosphate aldolase (Rha-1PA),
fructose-1,6-biphosphate aldolase (FBA) and tagatose-1,6-biphosphate
aldolase (TBA). Figure adapted from reference!?!1%,

However, their major disadvantage is precisely their strict specificity for the
expensive and unstable Dha-P."3124126.127 Thjs molecule is overpriced to be
used in large-scale synthesis and is labile at neutral and basic pH values
causing the decrease of its effective concentration with time in the enzymatic
reaction media.'?® Therefore, an efficient method of Dha-P preparation is still
essential.”>128 Following this requirement, the group of Prof. Eduardo Garcia-
Junceda of the Institute of the General Organic Chemistry in Madrid have
elaborated a straightforward multi-enzyme system for one-pot C-C bond
formation catalysed by DHAP-dependent aldolases, based in the use of the
ATP-dependent DHAK from C. freundii for in situ Dha-P
formation.”120122123 | this system the ATP is regenerated by catalysis of
acetate kinase (AK). The fusion protein preserve both kinase and aldolase
activity with a very high catalytic efficiency.120122123 Thjs system is
presented in the Scheme 4.11.
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Scheme 4.11. Operating scheme of the multi-enzyme system for C-C bond
generation catalysed by DHAP-dependent aldolases. Dha substrate is
phosphorylated in situ by DHAK from C. freundii while the ATP is
regenerated by AK. In this scheme; RAMA: rabbit muscle aldolase. Figure
adapted from reference’.

Inorganic polyphosphate as a phosphoryl donor. Mutation in DHAK from
C. freundii

Despite of the benefits of the multi-enzyme described above there is one
disadvantage; the requirement of an ATP regeneration system since the direct
addition of ATP is often problematic due to the formation of inhibitory
products such as ADP or AMP.12%130 Fyrthermore, high concentrations of ATP
inhibit some enzymes such as phosphofructokinase.?®

Several ATP regeneration systems have been created through the employment
of biological agents including whole cells, organelles and enzymatic
systems.’®® Some of these enzymatic systems have been produced using
several combinations of phosphate donors and enzymes,*31%2 such as acetyl
phosphate (AcP) and acetate kinase, PEP with pyruvate kinase, and creatine
phosphate (PC) combined with creatine kinase.

ATP regeneration was applied to enzymatic synthesis of guanosine
monophosphate (GMP), cytidine diphosphate-choline (CDP-choline) and
other materials in the industry. These systems are suitable for particular
applications but there are problems regarding to the expensive prices of
chemicals and the lack of accessibility to a method for regenerating ATP from
AMP .3 Therefore, it is necessary to find a phosphoryl donor cheaper than
ATP and, more important, that the final product does not inhibit the kinase. A
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very good candidate is the poly-P.3"313 Inorganic poly-P is a linear polymer
of up tens to hundreds of phosphates linked by high-energy phosphoanhydride
bOﬂdS.73’133’134

Figure 4.5. Scheme of inorganic polyphosphate (a) and 3D picture of inorganic
polyphosphate formed by sixteen phosphate residues (b).

Regarding to the price of this compound, a commercial form of poly-P which
costs $9/1b is able to provide ATP equivalents that would cost over $2,000/1b
separately, while there are other phosphagens capable of regenerating ATP that
cost more than ATP, such as PEP and phosphocreatine.'?® In addition, a huge
quantity of poly-P is regularly produced as sodium hexametaphosphate (about
13 to 18 residues) for industrial uses such as food additives which also makes
poly-P inexpensive compared to other phosphoryl donors.”

Nevertheless, the wild type DHAK from C. freundii does not show catalytic
activity with the polymer. Therefore, Garcia-Junceda and co-workers initiated
an experimental directed evolution program with the aim of transforming the
specificity of the phosphoryl donor in this enzyme from the ATP to the poly-
P. They found that sixteen mutant clones exhibited an activity with poly-P as
phosphoryl donor statistically relevant and the most active mutant presented a
single mutation, Glu526Lys, located in a flexible loop. Our group have
collaborated with the experimental group of Garcia-Junceda by means of
computational calculations (see Chapter 7.3) in order to analyse the properties



4. Kinases: Dihydroxyacetone kinases 55

of the mutant form of the enzyme and thus, provide information about the
origin of its catalytic activity observed in the experimental results. Therefore,
theoretical calculations have focused on the wild type and on the most active
mutant allowing to perform a comparative study of the evolution of the
interactions between the protein and the poly-P in both systems.
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5.1. QM/MM hybrid potentials

making and bond-breaking processes in chemical reactions, charge

transfer or electronic excitation, the employment of Quantum
Mechanical (QM) methods are required. However, the description of all the
particles of an entire biomolecular system through the QM methodology is
unworkable since these theoretical methods require complex mathematical
models and thus need a large number of computational resources.™*® This
problem can be overcome by using Molecular Mechanical (MM) methods also
known as force fields, which are based on parameters derived from
experimental data. In these methods the electronic motions are ignored and the
calculation of the energy of a system is a function of the nuclear positions
which allows to apply this methodology in a region containing a high number
of atoms, with a low computational cost. Nevertheless, the MM methods are
not adequate to describe chemical reactions.****3" Therefore, the combination
of both methodologies that results in the Quantum Mechanical/Molecular
Mechanical (QM/MM) hybrid methods, first proposed by Arieh Warshel,
Michael Levitt and Martin Karplus in the 1970s,"%%14! is the most suitable
computational strategy for the study of enzymatic reactions. It allows the
inclusion of environment effects over the reaction mechanism in the
computational simulations, which is fundamental when enzymatic reactions
are the purpose of the study. Different types of QM/MM methods are available
and their use is applied to developments in drug metabolism and in drug and
biocatalyst design, having an impact not only in enzymology but also in other
subjects of biochemistry and medicinal chemistry.!*> The importance of
QM/MM potentials in comprehension of biological systems was confirmed in
2013, with the award of the Nobel Prize for Chemistry to Warshel, Levitt and
Karplus.
First of all, in order to use this hybrid methodology, the QM and the MM
regions of the system should be selected as shown in Figure 5.1.

To accurately model the electronic-structure problem involving bond-
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Figure 5.1. Schematic representation of the different regions of a QM/MM
model. In pink is highlighted the QM region, where the chemical reaction takes
place, in orange is displayed the rest of the system and the colour blue
represents the boundary conditions.

The QM region should contain, at least, the atoms which participate directly in
the formation or breaking of the covalent bonds. Usually, it includes the
substrate, the cofactor (if the system need it), may also include solvent
fragments and the amino acids of the active site of the enzyme which are
involved directly in the reaction or by means of covalent bond interactions or
electron density transfer with the substrate or cofactor.

The MM region contains the rest of the atoms in the system, that is, the rest of
the amino acids of the enzyme, the solvent molecules and counterions.
Finally, the boundary conditions are a collection of restrictions applied to the
system due to the impossibility of simulating an infinite system, as it will be
explained later on.

To be able to compute the energy and the forces of each atom in the system,
an effective Hamiltonian, Heg, is constructed and the time independent
Schrodinger equation is solved for the energy of the system, E, together with
the wavefunction, ¥ , for the electrons of the atoms in the QM part:4°

Heffkp(rl Ry, Ry) = E(Re, Ri)W (7, Re, Ry) (5.1)

¥ depends on the electrons’ coordinates (r), and on the position of both the
guantum and classical nuclei (R, and R, respectively). In this equation the
Born-Oppenheimer approximation'*® has been applied where a differentiation
in the treatment of the nuclear and electronic motion is assumed since the
nuclei has a greater mass than the electrons. Thus, their movements can be
considered independently.

This wavefunction describes the electronic density of the quantum region
under the influence of the environment. The energy is calculated for each
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position for the QM nuclei and MM atoms, using the following equation which
is solved by means of a self-consistent process:

_ (WlHeps W)
E= Gy 52)

In order to construct the effective Hamiltonian of the system, it should be
considered that QM/MM schemes can be classified, regarding to the nature of
the definition of the total energy, into two extreme schemes;*#1%° the
subtractive and the additive which is the one applied in this PhD Thesis.

The total Hamiltonian for a subtractive scheme would be:

ﬁeff = HQM(QM,Link) + ﬁMM(QM,MM) (5.3)
— Hymom,Link) + Hpe

Equation (5.3) describes a scheme with link atoms (see later on in this section)
where the QM region is separated and threated at a QM level (ﬁQM(QM,Lmk)).
The MM methodology is applied to both, the QM and the MM region
(ﬁmm(qm,mm) and subsequently is subtracted the classical energy
corresponding to the QM region (ﬁMM(QM,Link)). The main advantage is that
no explicit QM/MM coupling terms are required. The Hg. term will be
developed then, in this section. Examples of a subtractive schemes are the
integrated molecular orbital/molecular mechanics (IMOMM) method**¢ or the
n-layered integrated molecular orbital and molecular mechanics (ONIOM)
approach,147-149

Regarding to the additive QM/MM scheme, the effective Hamiltonian, ﬁeff,
consists of:

Heff = ﬁQM + Hyy + HQM/MM + Hpc (5.4)
Each of its components are developed below:

ﬁQM describes the electrons, nuclei and interactions among the atoms of the

QM part. It depends on the quantum method used and corresponds to an
electronic Hamiltonian of the subsystem in vacuum:

—

HQM = Ei + VU + Via + Vaﬁ (55)
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(5.6)
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Equations (5.5) and (5.6) represent the sum of the kinetic energy of the
electrons and the potential energy for the electron-electron repulsion, nucleus-
electron attraction and nucleus-nucleus repulsion. In this equation i, j are
electronic coordinates, a, f are nuclear coordinates, r is the electron-electron
or nucleus-electron distance, R is the nucleus-nucleus distance, Z is the nuclear
charge and V is the kinetic energy or Laplacian operator.

Hy, describes the interactions between the atoms defined by means of
molecular mechanics. As stated in the beginning of the section, the MM energy
is calculated by means of a force field. This term can take out of the integral
(equation 5.2), since it only depends on the MM atoms and not on the electronic
coordinates of the QM atoms. It is depicted as:

Hyy = Eym (5.7)

Evm = Epondea + Enon-bondea (5-8)

Where Epondea 1S:

Ebonded = Ebonds + Eangles + Edihedrals

. . (5.9)
2 2

Epondea = Z Ekb(b —bo)* + z Eke(g —6p)° +

bonds angles

),

dihedrals

N| =

Vo1 + cos(nd — 6)]

In the first term of the equation (5.9), k, is the force constant for the bond, b
is the actual bond length and b, is its equilibrium distance. In the second term
ko corresponds to the force constant for the angle, 6 is the actual angle and 6,
is the equilibrium value for the angle. Lastly, in the third term V;, means the
force constant of the dihedral angle, n is its periodicity, @ corresponds to the
dihedral angle and § to its phase.

The E,on—bondea term of the equation (5.8) is represented as:
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Enon—bonded = Eelectrostatic + Evan der Waals

£ 1 u4; | z Aij  Bjj (5.10)
non—bonded 47‘[606 rij T.i1,2 T-6-
ij pairs ijpairs Y Y

In the first term of this equation, g; and g; are the fractional charges of atoms
i and j, ry; is the distance between the two particles, 1/4me, is the standard
term when electrostatic interactions are calculated and € is the dielectric
constant. In the second term A;; and B;; are positive constants whose values
depend on the types of atoms i and ;.

As can be seen, the atoms are represented by punctual charges with their
corresponding van der Waals parameters, in order to calculate the interactions
between those that are not connected by a bond. The short distance interactions
are evaluated using terms related to bond distances, angles and dihedrals that
describe the connectivity of the molecule. Therefore, the set of energetic terms
and parameters describing the system constitute a force field. The generic form
of the bond and angle terms is usually quadratic (harmonic potential), while
for the torsion term, developments of Fourier series are employed and for
electrostatic and van der Waals terms, Coulomb and Lennard-Jones
expressions are normally employed respectively.*>® Non-bonded terms should
calculate for all atom pairs but those which are separated by 3 or 4 bonds
depending on the force field thus, eliminating from the non-bonded calculation
the contribution of the directly bonded atoms (1-2 interactions) and those
which are separated by two bonds (1-3 interactions). Contributions of atoms
separated by three bonds (1-4 interactions) are calculated or not depending on
the force-field employed, although this interaction is usually scaled
multiplying by a factor (see Figure 5.2).1° The force field and the
parametrization employed for the calculations in this PhD Thesis are based in
CHARMM2215%153 gnd OPLS-AA™ force fields to describe the proteins, and
the TIP3P* force field for the water molecules.
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Figure 5.2. Representation of the 1-2, 1-3 and 1-4 interactions in the methanol
molecule (CH30H).

ﬁQM /mm describes the interactions between the QM and MM atoms and it can

be defined as the contribution of three terms: electrostatic, van der Waals and
polarization.

7 7 1
HQM/MM = HS%\?I?MM + HTQJIC\l/IV/VMM + HSL/MM (5.11)

ﬁgfj/MM term is usually removed from the equation in most implementations

since the polarization of the MM subsystem would result in solving the total
Hamiltonian in a self-consistent manner due to the change of the quantum
wavefunction because of the charges variation.

Removing this polarization term and due to the fact that the MM atoms are
represented by punctual charges and van der Waals parameters as pointed out
above, this Hamiltonian is expressed as:'*

~ CIM am  Bam
H =-) —+ E 3 E { ——} 5.12
oM /MM TlM Rum Rclr%/l RgM ( )

Where q,, is the charge of the classical atoms, Z, is the nuclear charge of the
quantum atoms, the subscript i refers to the electrons of the QM atoms, the
subscript a is the nuclei of the QM atoms and the subscript M refers to the MM
atoms.

The first term of the equation (5.12) represents the electrostatic interactions
between the MM atoms and the electrons of the QM part. The second term is
the electrostatic interactions between the MM atoms and the nuclei of the QM
atoms. The last term describes the van der Waals interactions between the MM
and QM atoms, being A and B the parameters of a 6-12 Lennard-Jones
potential that models these interactions, presented also in the equation (5.10).
These parameters are transferable among systems since they are exclusively
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dependent on the type of atoms involved.t® In this equation, just the first term
contains the electrons’ coordinates, so, it must be incorporated in the self
consistent field (SCF) procedure with que quantum Hamiltonian. The
remaining terms are constant for a given set of atomic coordinates, like the
MM Hamiltonian (H,,).

Hy refers to the attempt of simulating a condensed phase (in this case, a
solvent) which is infinite at an atomic level, with a finite number of molecules
and thus, the environment of the system is well imitated. There are different
approximations to model the environment of a system but the most widely
used, which is the employed in this PhD Thesis, is the method of periodic
boundary conditions (PBC). Following this approach, the system is introduced
in a solvent box which is replicated in an infinite way in the three dimensions
of the space, as indicated in Figure 5.3. Therefore, system molecules situated
in the unit cell interacts with replicated images being able to simulate the
environment formed by solution through long-distance interactions.
Obviously, the finite system should have a regular shape in order to fill the
space when it is replicated, what is achieved using very regular boxes such as
cubic or orthorhombic ones.

The employment of PBC implies the use of the minimum image convention
which assumes that each particle only interact with its nearest copy in the
system when the non-bonding energy is calculated.*® This fact makes the
method cheaper and easier to implement, but it means that the cutoff distance
for truncation of the non-bonding interactions must be less than or equal to half
the length of the side of the periodic box.
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Figure 5.3. Schematic representation of the employment of PBC where the
central square cell highlighted is replicated in the three dimensions of space.
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Cutoff methods evaluate the non-bonding energy over all the atom pairs of the
system with a reasonable computational cost and without losing precision in
results. The strategy consists in set up truncation distances from which the non-
bonded interactions are ignored. Then, only pair interactions inside the cutoff
radio defined will be considered. There are different truncation functions that
can be applied.*® The one used in this PhD Thesis is a Switch function; it
computes all the interactions inside a radius (r,,), from which it is smoothed
to zero at the outer cutoff (v, +¢). Thus, all pairs with distances greater than r,, ¢
will not include in the interaction calculations:

1 T < Ton
(Tosz - TZ)Z(TOfo + 27"2 - 3T0n)

(rosz - rozn)B
0 r > TOff

(
S(T) = J Ton <T = Toff (5.13)

I

\

Moreover, in most of the molecular systems under study, a covalent bond has
to be cut when the MM and QM regions are separated which implies that a
particular molecule must be divided between the QM and the MM region. As
pointed out in the beginning of this section, in the study of the reactions in
biological systems there are frequently some aminoacids in the active site
which are involved actively in the reaction, thus, they participate in the
breaking and forming of covalent bonds. Therefore, part of these residues
should be in the QM region as well as residues implicated in charge transfer
with the reactant system. Besides deciding where cutting will occur, it is
required to do approximations in order to satisfy the valences of the QM atoms.
Among the methods for performing the partition of a molecule, the one applied
in this PhD Thesis in the link atom methodology**®*>’ in which the MM part
of the bond is replaced by an atom, usually a hydrogen atom since the C and H
electronegativities are similar (see Figure 5.4). This link atom is used to
saturate the valences of the truncated bond and is invisible to the MM region
because the interactions between the link atom and the MM atoms are not
considered.
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Figure 5.4. Representation of the link atom methodology for the frontier atoms
treatment in the ATP molecule. The H atom coloured in blue is the link atom.

Usually, the selected boundary atom is non-polar to allow a correct separation
of the two electrons of the bond: one will stay in the QM region and the other
will be removed in the MM region.

Finally, the total energy of the system can be expressed as the sum of the values
of each term of the Hamiltonian:

Applying the integral of the equation (5.2) and considering that Eg. can be
divided in QM and MM, the energy expression results in:

_ <W|ﬁQM + HQM/MM + ﬁBCQMIqJ)

(W[v) + Eym + Egcum (5.15)

The forces on the QM nuclei, F,, and MM atoms, F,,, are obtained
differentiating the energy equation (5.15) with respect to the coordinates of the
QM nuclei and MM atoms respectively.4

oE
=— 1
F(X aRa (5 6)
0E
Fy = —— (5.17)

Ry,
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5.1.1. QM methods

As pointed out previously, QM methods are employed to describe the
electronic rearrangement that occurs in chemical reactions, when breaking and
forming bonds takes place. The Born-Oppenheimer approximation allows to
ignore the electron-nuclear correlation, however, the correlation between
electrons is a challenge when poly-electronic systems are the object of study.
Therefore, the aim of QM methods is to solve the Schrédinger equation getting
an approximate wavefunction and energy for the electronic problem. The
complex mathematical models required by these methods restricts their use to
a reduced number of atoms that corresponds to the QM region selected in
Figure 5.1. Depending on the QM method employed the methodological
approximations to achieve this goal will be different and thus, the accuracy and
the expense of the calculations. Therefore, depending on these approximations,
QM methods can be generally divided into three types: ab initio, density
functional theory (DFT) and semiempirical approaches.©

- Ab initio methods; Hartree-Fock theory

The ab initio QM methods make use of the Hartree-Fock (HF) theory,'*® which
was the first approach to solve the electronic problem. The HF approach is also
called Self Consistent Theory since it follows an iterative process to solve the
Schradinger equation until reaching the autoconsistency or convergency. The
group of ab initio methods concern quantum mechanical calculations obtained
exclusively from theoretical principles, without including experimental data.
HF methodology basically assumes that the electrons are distinguishable and
independent from each other which is clearly an approximation since the
electrons are indistinguishable. In addition, it considers that the electrons move
in the field of the average potential originated by the rest of the electrons which
is also an approximation because the movement of the electrons depends on
the instantaneous position of the other electrons, that is, their movements are
correlated. However, there are different methods which introduce the
correlation energy: the conventional methods, originated from the HF function,
called post-Hartree-Fock methods, and the non-conventional methods that
include the electronic correlation in an alternative way, which are based in the
Density Functional Theory (DFT).1%°
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- Methods based in Density Functional Theory

DFT was developed by Pierre Hohenberg and Walter Kohn in 1964.% They
affirmed through the Hohenberg-Kohn theorem that the energy of the ground
electronic state of a system can be determined if its electronic density is known.
This theorem was improved by Kohn and Sham who postulated that a system
with 2N electrons without interacting and described by molecular orbitals
would present the same electronic density than the real system, with
interactions, if the correlation and exchange functional were exactly known.
Since these methods include correlation effects they are more accurate than HF
with a computational cost relatively cheaper. In addition, DFT methods have
been employed in many computational studies of phosphoryl transfer reactions
in gas phase, with implicit solvent models or in the active site of enzymatic
systems.8789.160-163 Among the methods that follows this theory, the functional
Becke three-parameter Lee-Yang-Parr (B3LYP)* % has been the one selected
to use in this PhD Thesis. This functional has been employed in a variety of
systems,'®41%7 including works of phosphate hydrolysis®®1%71% and in
phosphoryl transfer reactions in kinases*®8%1%° giving activation energies in
agreement with results of experimental measurements. It has shown to render
phosphate compounds with good geometries and energies in a feasible
computational time.

- Semiempirical methods

Semiempirical methods have been developed with the main objective of
studying systems of chemical interest with a much lower computational cost.
Therefore, they are employed frequently to study big systems such as
biomolecules. These methods only consider the valence electrons since these
electrons indicate the chemical properties of the elements. The intern electrons
of the atoms are integrated inside a core with the nucleus. Another
approximation included in semiempirical methods is the Zero Differential
Overlap which implies that a lot of the monoelectronic and most of the
bielectronic integrals are annulated. The rest of the integrals are made equal to
parameters which result from least square adjustments with the aim of
reproducing values of particular magnitudes for a set of molecules.*® These
parameters are introduced to compensate the fact that some terms of the
Hamiltonian are not computed explicitly and can be derived from experimental
properties or from ab initio calculations on model systems. The semiempirical
methods used in this PhD Thesis are: the Austin Model 1 (AM1),'7° the
modified semiempirical Hamiltonian AM1/d-Prot (AM1d),'% the parametric
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method number 3 (PM3)'"* and the parametric method number 6 (PM6).17?
Semiempirical Hamiltonian AM1d has been developed to model phosphoryl
transfer reactions since it includes d-extension for the phosphorus atom. It has
modified parameters for oxygen and hydrogen atoms and the rest of the atoms
are described at the AML1 level. AM1d has been employed in the study of
phosphoryl transfer reactions providing results in very good accordance with
DFT calculations and with experimental results, 108109173174 The PM3
Hamiltonian is normally 3-4 orders of magnitude faster than DFT methods and
it has proved to produce a huge energy stabilization in phosphorane
compounds resulting from the employment of a minimal valence basis.'®
Therefore, it has been employed to properly model phosphorous and phosphate
groups.®>1177 In spite of its inaccuracy to model phosphoryl transfer reactions
due to the lack of d orbitals, its low computational cost allows to perform
statistical simulations to rapidly explore free energy surfaces and to set up in a
practicable manner an optimal computational protocol.}”” PM6 is a more
complete optimization parameter resulting from several changes to the core-
core approximations into the Neglect of Diatomic Differential Overlap
(NDDO) methodology. The addition of d orbitals to the main-group elements
and the introduction of diatomic parameters were the most important
modifications.!"®

In this PhD Thesis, it has been made a comparative study among the
semiempirical methods AM1d, PM3 and PM6 to analyse the phosphoryl
transfer reaction from ATP to Dha in aqueous solution. It has been proved that
the employment of different Hamiltonians results in different reaction
mechanisms and different values of activation and reaction energies. The study
of the reaction in aqueous solution presented low free energy barriers at PM3
semiempirical level as well as good reaction product energies and suitable
geometries for all the stationary points. When this phosphoryl transfer reaction
was explored in the active site of the DHAK enzyme it was founded an effect
of the enzymatic environment and specially, of the two Mg?* ions resulting in
better geometries likewise when the PM3 Hamiltonian was used. Therefore,
this semiempirical method was thought to be the best to study the phosphoryl
transfer reaction on the active site of the DHAK enzyme.

Most of results in this PhD Thesis have been obtained through the evaluation
of free energy surfaces (see section 5.4) which requires the analysis of a large
number of structures using QM/MM MD simulations. Therefore, calculations
are normally limited to the employment of semiempirical methods being
needed to reduce the errors related with their use. The way of doing it in this
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work is based on the studies of Truhlar et al.,}"®8! and consist in applying an
interpolated correction term to any value of the reaction coordinate, &, selected
to produce the free energy surface (FES). Thus, a continuous new energy
function is generated which corrects the potential on mean force (PMF) (see
section 5.4):182.183

E = ELL/MM + S[AEI{-ILL(E)] (5.18)

In equation (5.18), E;;/my is the calculated energy where the QM subsystem
is described with a low-level (LL) methodology, that is, with semiempirical
methods, S means a spline under tension function!®*®® and AEHL is a
correction term evaluated from the single-point energy difference between a
high-level (HL) and a LL calculation of the QM subsystem. As pointed out
above, the B3LYP method is selected for the HL energy calculation employing
the 6-31G(d,p) basis set.

S is adjusted to a defined grid depending on the reaction step studied. Single-
point energy calculations at HL are computed on optimized structures in the
corresponding PESs performed at LL.

In the case of reaction steps analysed within 2D-PMFs, the correction term is
expressed as a function of two coordinates, & and &, resulting in this energy
function:%

E = Eyymum + S[AE[F (61, 82)] (5.19)

Where S is adjusted to an ensemble of points corresponding to the HL single-
point energy calculations on geometries optimized with semiempirical
methods, as previously explained.

5.2. Potential Energy Surfaces

The potential energy of a particular structure gives information about its
stability. Differences between potential energies of different structures
determine which one is more stable and thus, more likely to be detected
experimentally.

A reactant system is described by the following Hamiltonian:8’



72 5. Computational methods

— ~ ~

Hzﬁe"’ nt Ven + ee+IZ1n (5.20)

Where:

K, is the kinetic energy of the electrons,

K, is the kinetic energy of the nuclei,

V., is the potential energy of electrostatic interaction between electrons and
nuclei,

1. is the energy of electrostatic repulsion between electrons,

1., is the energy of electrostatic repulsion between nuclei.

The potential energy surface (PES) arise in the context of the Born-
Oppenheimer approximation**® which allows the separation between the
nucleus and the electron motion owing to the huge difference between their
masses, as explained at the beginning of the section 5.1. Therefore, the
electrons move much faster than the nuclei and thus, the latter is supposed to
be static, while the electrons are moving at a specific positions around them.
If this approximation is applied to the time independent Schrodinger equation,
the equation 5.1 was obtained where a solution for each nuclear configuration
for the electronic system is achieved depending on the coordinates of the
quantum and classical nuclei (R, and Ry). Therefore, if the location of the
nuclei is considered fix, K, would be 0 and V,, constant. Adding this
internuclear repulsion energy (¥,,,) to the electronic energy E (R, Ry), the
potential energy is obtained which is the total energy of the molecule or set of
molecules corresponding to a fix configuration of the nuclei:*¢’

V(Ra Ry) = E(Rg, Ry) + Vi (R, Ryy) (5.21)

Then, a PES is a representation of the potential energy for different relative
positions of the nuclei and each point represents a structure of the molecular
system being possible going from reactants to products and thus, describing
the reaction. 1%

For describing a given system using Cartesian coordinates, 3N variables
(degrees of freedom) are required being N the total number of atoms of the
system. The employment of Cartesian coordinates removes implicitly the
rotational and translational normal modes, even so, when the energy is
represented versus the intern coordinates, a PES of 3N-5 dimensions would be
obtained which is impossible to visualize (3N-6 vibration modes or
independent coordinates plus the energy). In a chemistry process exists an
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intern coordinate or combination of these which govern the transition between
the different species, that is, parameters that change in a substantial way during
the reaction. It is possible to represent the potential energy according to this
coordinate obtaining a very satisfactory approximation of the chemical
reaction. This coordinate is called reaction coordinate which obviously depend
on the nature of the chemical process that is being studied. In any case, it
should be pointed out that some experience is needed to choose the best
distinguished reaction coordinate in each case.

Once the distinguished reaction coordinate or coordinates are chosen, each
point of the PES will be computed varying (but keeping frozen in each
calculation) this or these coordinates and minimizing the rest of the
coordinates. An example of a PES is shown in Figure 5.5.

MINIMUM

S S S T S
INTERMEDIATES/PRODUCTS B NN 1
...... CHERARRR = | FIRST-ORDER SADDLE POINT
- Al

/ N R © .~ TRANSITION STATE
{41 =
|\~

06— .” 4 / /[ MINIMUM ENERGY PATH
N / (MEP)

MINIMUM
+ REACTANTS

Figure 5.5. Potential energy surface (PES) in a 2-D and 3-D representation.
The stationary points of interest have been pointed out as a dots and the
minimum energy path from reactants towards products has been displayed as
a dashed line.

As can be seen in Figure 5.5, the obtained PES allows to localize the different
stationary points in the reaction process corresponding to reactants, products,
intermediates and transition states.

In order to accomplish with the condition of stationary point, the gradient must
be 0 and to characterize it in a PES, the Hessian should be known.

The eigenvalues of the Hessian can be determined by diagonalizing the matrix,
that is;

|H — AI|=0 (5.22)
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Where H is the Hessian, I is the identity matrix, A are the eigenvalues and the
straight lines denotes the determinant. There is an eigenvector associated with
each eigenvalue satisfying the following equation:

Where F is the diagonalized Hessian matrix and ; is the eigenvector which
represents the principal curvature direction and the normal modes. There will
be 3N eigenvalues and eigenvectors, being N the number of atoms in the
system.

Depending on the results obtained after the diagonalization of the Hessian
matrix, the most relevant stationary points obtained in a PES can be classified
as minima or first-order saddle point (see Figure 5.5):

- Minima: All the eigenvalues obtained are positive. This means that an
infinitesimal displacement of the geometry of the system along the direction
defined by any of its eigenvectors, will lead to an increase in energy. The
minima are the reactants, products and possible intermediates.

- First-order saddle points: All the eigenvectors obtained are positive minus
one. If the displacement is along the eigenvectors associated to the positive
eigenvalues, the energy will increase. However, an infinitesimal displacement
along the eigenvector corresponding to the negative eigenvalue causes a
decrease of the energy. This eigenvector associated to the negative eigenvalue
is known as the transition vector and indicates the direction from the transition
structure towards reactants and products.

Locating transition structures is more difficult than locating minima since it
should be found a point which is a maximum in one direction but a minimum
in all the others. Then the algorithm has to perform a discerning balance
process between both types of search. The J. Baker algorithm, the one applied
in the calculations of this PhD Thesis, which uses the first- and second-
derivative information, is the most widely used and seems to be one of the most
adequate methods available.
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5.2.1. Intrinsic reaction coordinate (IRC)

A reaction path that connects reactants to products through the minimum
energy can be followed in a given coordinate system as displayed in Figure
5.5. This reaction path is defined as the steepest descent path or minimum
energy path (MEP) from the transition state down to the reactants and down to
the products. If mass-weighted Cartesian coordinates are used, this path is
called the intrinsic reaction coordinate (IRC).*&

The IRC was proposed by Fukui in 1970%%%1% and represents the path that,
departing from the transition structure, leads to the reactants and products,
following the direction of the gradient.®® In the initial point the transition
structure has a zero gradient, thus the initial direction of the IRC should be
previously specified by the transition vector (the unique negative eigenvalue
of the hessian).

Mathematically the IRC can be obtained as the solution of the following
differential equation system:

di _—§@)
a5~ 13|

(5.24)

Where s is the path length from the transition structure or simply, the reaction
coordinate and it is computed by:

(@)? = ) [(dx)? + (dy)? + (dz)?] (5.25)

l

Where the subscript i refers to each atom and s adopts positive or negative
values depending on whether the displacement is towards products or
reactants, respectively. Fukui®®'®® demonstrated that if mass-weighted
Cartesian coordinates are used the requirement of following the gradient
coincides with the path that would follow the system if, starting from the
transition structure, it would go to reactants and products following a zero
Kinetic energy trajectory, that is, an infinitely slow trajectory:

g = xiJm; (5.26)

Where x; refers to an atom i Cartesian coordinate (X, y, z) and m; to its mass.
Therefore, the IRC is the reaction path which results from the solution of the
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differential equation system (5.24) expressed in mass-weighted Cartesian
coordinates. This is a useful tool which provides a certain way of knowing
which reactants and products connect a transition state of a given reaction.

5.3. Molecular dynamics

The energy profile of a reaction in condensed media can be schematically
represented as:

Transition state

AE,* AE} | AE? AE} AE

Potential Energy

Reactant

Figure 5.6. Schematic potential energy diagram of a reaction in a condensed
media. Figure adapted from reference?®.

As it can be observed in Figure 5.6, in a reaction taking place in condensed
media, there are many reactant structures, transition structures and product
structures. This is due to the effect of the environment: there is a wide range of
accessible structures which are minima or saddle points in the PES, with
similar geometries and energies. Therefore, the properties of the transition state
will be the average properties of all the transition structures, and the same
occurs with the reactant and product states.

As shown in Figure 5.6, an energetic barrier (AEf) is obtained when one
reactant structure and one transition state structure is picked up. This energy
can be different if other structures for reactants and transition state are selected,
(AE;:), although they provide almost the same chemical information.
Moreover, the same argument can be used for the reaction energies.
Consequently, the isolated study of the PESs is not enough, and the evaluation
of as much configurations as possible is required to obtain average properties,
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which will be comparable to experimental data. Thus, it is necessary statistical
simulations by means of MD or Monte Carlo simulations (MC) which allow
the exploration of many different conformations existing in the system. MD
simulations has been selected for the calculations in this PhD Thesis.

In order to carry out MD, the Newton’s equation of motion for a particle should
be known:

977

Fi(t) = m;d;

Once is known the force acting over a particular nucleus ﬁi(t), the position
(7;(t)) and the velocity (v;(t)) in the previous instant, it is possible to calculate
the new position after a time At. Among the different methodologies the Verlet
method* has been selected. The standard Verlet method considers that if the
positions of the atoms in the system at a time ¢ are #;(t) then the position of
the atoms at time t + At can be calculated from a Taylor expansion, leading to
the following equations:

Fi(t
7(t + Ab) = 27:(t) — 7 (t — At) + At? # (5.28)

B () = ziAt (7t + AY) — 7(t — AD)) (5.29)

Equation 5.28 describes the positions of the particles at a time t + At while
equation 5.29 describes the velocities of the particles, 7;(t) at a time t.
Nevertheless, the velocities at a time t can only be computed once the positions
at a time t + At have been obtained. Thus, at the beginning of the simulation,
when t=0, a different formula is needed. To overcome this problem, the
Langevin Verlet algorithm is employed,’®* which arises from a slight
modification of the previous equations:

At?
7;(t + At) = 7 (t) + Atv; () + ﬁFi(t) (5.30)
i

B;(t + At) = B;(b) + ZA—r; (F;() + F;(t + AD)) (5.31)
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Within this algorithm, random forces depending on the velocities are
introduced. In addition of having the necessary equations for knowing the
position and the velocity of a particle at a particular time, it is necessary to fix
some conditions and parameters required for conducting molecular dynamics
simulations:

Conservation conditions

The accuracy of a simulation can be checked by the conservation conditions of
certain properties, concretely the total momentum, M, the angular momentum,
L and the total energy;

N
M=) p, = cnst. (5.32)
i=1
N
L= z T;Ap; = cnst. (5.33)

i=1

Timestep

It should be considered which value is going to choose as the timestep. The
factor which normally limits the upper size of the timestep is the nature of the
highest frequency motions in the system which means that the timestep should
be less than this, therefore, it will be possible to describe accurately the fastest
vibration. In the practice, values of about 1 fs (1fs = 10"%s) are found to be the
largest reasonable when Verlet algorithms are employed.

Velocities initial values

Another point to consider is how to choose the initial values of the velocities
for the atoms. A highly convenient procedure is to choose the velocities in such
a manner that the system will have a particular temperature at the beginning of
the simulation. From statistical thermodynamics it is known that the velocities
of the atoms in a classical system are distributed according to the Maxwell-
Boltzmann distribution. According to this, the probability of each component
of the i;, atom velocity having a value betweenv and v + dv, if the
temperature of the systemis T is:
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Fw)dv = j 2;7; —exp (— ZZ”T v2> dv (5.34)
B B

Where kj is the Boltzmann constant. The values of the velocities on the atoms
can be selected by treating them as independent Gaussian random variables
for the distribution defined in the equation 5.34 which has a mean value of zero
and a standard deviation of /kzT /m;. Since the values are assigned randomly,
the temperature of the system will not be exactly T, however, there is a popular

expression which fix the temperature of the system by relating it with the
average of the kinetic energy:

T = 2K) (5.35)
Where (K) is the averaged kinetic energy and Ny is the number of degrees of
freedom of the system.
An instantaneous temperature, T;, can be defined once the initial velocity
values have been selected. The expression is the same that the previous one but
removing the average:

2K
Nyskg

T, (5.36)

Thermodynamic ensemble

Working at constant volume (V), temperature (T) and total number of particles
(N), is known as canonical or NVT ensemble. In order to keep constant the
temperature an extern thermostatic bath is employed coupled with the system,
as the originally proposed by Nosé and Hoover.1%1% A coupling to an external
system means that energy can be transferred into and out of the system. This
transfer properly formulated allows the algorithm to control the temperature.
Berendsen et al.?®> modify the equation of motion to accomplish the coupling,
in the following way:

- _ = 1 - Tbath
a;(t) = mFi(t) + 5= v;(t) -1 (5.37)
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Where Ty4:, 1S the temperature of the external bath, T; is the instantaneous
temperature defined in equation (5.36) and t; is the coupling constant which
determines the strength of the coupling to the external bath.

This added term works as a frictional force, which makes that, when T; is
higher than the desired value, the force is negative, so the particles are slowed
down and, therefore, the kinetic energy and temperature are reduced. Whereas,
if T, is lower than the required value, the invers process happens since the
frictional force is positive and energy is supplied to the system.

5.4. Evaluation of Free Energies. Potential of Mean Force

Prediction of free energy barriers and reaction free energies has a huge
importance for understanding enzymatic activity. In relation to the
thermodynamics or the concepts of statistical mechanics, it can be affirmed
that the free energy is the indispensable main driving force of enzymes in the
thermodynamic limit. If the reaction free energy is negative, the forward
reaction is more favourable while a positive value promotes the backward
reaction.!

Working under the canonical ensemble conditions, the observable obtained for
the free energy is the Helmholtz potential, A, which measures the “useful”
work obtained from a system isolated from its surrounding environment at a
constant temperature, and it is defined as:

A = _kBTanNVT (538)
Where Qpyr is the partition function for a system formed by N

indistinguishable particles for the working conditions mentioned. It gives the
probability to find the system in a certain state:

1 o
Quwvr = T J e~ ABI/k8T) gy i (5.39)

It is possible to calculate the free energy of a system from a simulation,
rewriting the previous partition function as an average where Quyyr IS a
property that depends on the energy of each configuration:
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Qnvr X (eV7ksT) (5.40)

It might be thought that a feasible way to calculate the free energy is to evaluate
the average ({(e"/*8T)) along the trajectory from a molecular dynamics
simulation, calculate the partition function and hence the free energy.
However, this approach is impractical since the impossibility of exploring all
the configurations allowing the system evolving freely. In this case it would be
easier for the system to access to low-energy zones since simulations will
preferentially explore the configurations with a lower potential energy because
they have higher probabilities. To avoid this problem, the Umbrella Sampling
technique,'®” proposed by J.P. Valleau and G.M. Torrie, is employed. This
method allows to explore high-energy zones that would not be explored if the
system was left to evolve freely, making sure that all regions along the reaction
coordinate are sampled with similar probability.

Hence, on each MD simulation or window, an umbrella potential function is
applied which restricts sampling to a limited range of values of the chosen
coordinate, &, ;, as shown in Figure 5.7a. This restriction is reached by placing
a bias, an additional artificial energy term along the reaction coordinate.!* A
common choice is an harmonic potential form characterized by a force constant
k..mp and a reference value of the coordinate whose value is changed at each

window, &7

1
Vi, (§0.) = 5 k(o = &5 )? (5.41)

At this point, an observable associated to the free energy which depends on the
reaction coordinate is needed. The Potential of Mean Force (PMF) is the
thermodynamic concept associated to the evolution of a system along a
coordinate and the free energy changes associated with this. The PMF, U(&,),
has the same equation as the Helmholtz potential but the averages are made on
all the degrees of freedom of the system except along the one that corresponds
to the distinguished coordinate, &. It is defined as:

UE0) = ¢ = kyTin( | dFO(EE) = p)e" /") (5.42)
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Where &, is the value of the degree of freedom & for which the PMF is
computed, &(7) is the function that relates & to the atomic coordinates 7, C is
an arbitrary constant which includes all that is independent of § and Dirac delta
function selects only those combinations of the atomic coordinates which give
the reference coordinate value, &o.

However, it is more common to write the PMF in terms of the ensemble
average of the probability distribution function of the coordinate which is
expressed as:

[ dF8(E ) — Eper /et

{p(o)) = [ a7 e—vcoat (5.43)

then, the PMF is:

U(§o) = c'=kpTIn{p(§o)) (5.44)

Where ¢’ is another arbitrary constant.

To perform a correct computation of the whole density along &, (to obtain each
value of (p(&,)) ), a series of calculations should carry on for sampling in
different regions of the space (or windows), but this regions should overlap in
order to cover the whole configurational space and make the integration
possible.

(p(Eo))

PMF (&)

b &

Figure 5.7. Representation of the Umbrella Sampling technique, where the
energy profile is divided into several windows or MD simulations (a).
Representation of the WHAM method where the complete distribution
function is obtained from the distribution functions of each window (b).
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Finally, the reconstruction of the full distribution function is performed from
the separate distributions of each window, which is a fundamental step in the
PMF calculation, obtaining the averaged free energy of the system, which,
eventually, can be compared to the experimental data. The Weighted
Histogram Analysis (WHAM),%® elaborated by S. Kumar and co-workers, is
an efficient procedure for doing this (see Figure 5.7b). It allows to construct an
optimal estimate for the average distribution function from the biased
distribution function for each window.

If it is supposed that there are N windows and each of one has an umbrella
potential, Vyp;, and an associated biased distribution function,
(p(0,1))piasea, the following equations will allow to calculate the average
distribution function, (p(&,)), and the PMF from a set of window distribution
functions:**

N
(p(f )) = 21’:1 ni(p(fo’i»biased
0 1 (5.45)
N ) nje—KBT(Vumb,j(So)—PMF(fo_,-))
]:
2 _PMF(£o,) 2 Vi i)
e KBT o) _ j<p(€0)e KgT umb,i\s0 dfo (546)

Where n;,; represents the number of employed data for calculating the
probability distribution function of the corresponding window (frequency
histograms in Figure 5.7b) and PMF(fo_i/j) is a window free energy. The
coupling between the different windows is achieved by iterating in a self-
consistent way. The procedure is to start by guessing a set of values for the
free energies of each windows, PMF(SOJ-) and with these, calculate (p(&,))
for the complete range of &, from equation (5.45)*°. This estimation of the
distribution function is then used to determine the window free energies from
equation (5.46) and the process is repeated until there are not changes either in
the free energies or in the total density function.

5.5. Transition State Theory

The most important theoretical basis related with the enzymatic rate constant
and therefore, capable of providing an estimation of the kinetic rate, is the
Transition state theory (TST).!! The TST was developed by Eyring, Evans and
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Polany in 1935.19:2% |t is a semi-classical theory where the dynamics along
the reaction coordinate are treated classically, while the perpendicular
directions take into account the quantization of, for example, the vibrational
energy.t®’

Since the generation of PES and the collection of a sufficiently great number
of trajectories to realize a statistical average for the obtaining of the reaction
rate is extremely difficult, a more straightforward theory is required. The TST
theory allows the Born-Oppenheimer approximation and is based on the
definition of a region in the space that contains all the nuclear configurations
corresponding to the saddle point, dividing the PES of the reaction in two
zones, reactants and products. Any structure placed in a very small distance
from the saddle point region defined is called activated complex. The set of all
the activated complex is denominated transition structure.

TST theory is based on the following postulates: 187201

- The reactant region of phase space is populated according to a Maxwell
Boltzmann distribution corresponding to the temperature of the system. There
is thermal equilibrium between reactants and TS during the entire reaction;

- The Born—Oppenheimer separation of electronic and nuclear motion is valid,
thus, only one potential energy surface is involved. Processes in which
electronic motion follows nuclear motion without an electronic state change
are called electronically adiabatic, which strictly means that the electronic
guantum numbers are conserved;

- The nuclear motion is classical;

- All trajectories crossing the transition state toward products must have
originated on the reactant side and must cross the hypersurface only once. This
condition is now usually called the ‘‘no recrossing’’ assumption. If the reaction
coordinate were indeed globally separable, there would be no recrossing. Thus
this condition is sometimes replaced by the assumption that the reaction
coordinate is separable.

In this chemical reaction:

Ki k
Al ——»  Products (5.47)
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Where A is the transition state of the first postulate, K* is the equilibrium
constant between A and A¥, and k is the first-order rate constant. The reaction
rate is:

kgT
Ureaction = U[Ai] = % [A*] (5-48)

Bearing in mind the definition of the equilibrium constant, K7, and its
relationship with the Gibbs’ free energy:

[A¥]
R | 5.49
K 7 (5.49)
AG* = —RTInK* (5.50)

the concentration of the species in the transition state is obtained:

—AGH
[4%] = [A]eCRT) (5.51)
and, comparing equation (5.48) to equation (5.51):

keT . act
Vreaction = % [A]e( RT) = [TST [4] (5.52)

The rate constant for the reaction will be:

4
kTST(T) = kBTTe(—ARLT (5.53)

kTST from equation (5.53) provides the crossover velocity in only one sense
through the division surface of the TS. According to this expression, the
reaction rate can be estimated if it is known the free energy between reactants
and the transition state, AG’. It should be emphasised that different choices of
the reaction coordinate will result in different realisations of TST and different
activation free energies. TST is designed to provide the reaction rate constant,
and it does not describe the way from reactants to products.
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5.5.1. Variational Transition State Theory (VTST)

The approximations pointed out in the previous postulates imply that TST is
not able to explain different phenomena which are mainly two: tunnelling and
recrossing:187.201,202

Tunnelling: As stated above, the treatment of the system motion along the
reaction coordinate is classical. It would be more accurate to describe this
motion quantumly which consider the possibility of tunnelling.?®® This
phenomenon allows the reaction to occur even when there is not energy enough
to overcome the energetic barrier (see Figure 5.8a). This is the case of reactions
where very light atoms are involved, such as hydrogen atoms. Therefore, there
are trajectories that according to TST have no possibility of reaching products
from reactants while from the quantum point of view, they have non-zero
probability of evolving into products.

Recrossing: This limitation arises from the fact of having assume that all the
trajectories that overcome the dividing surface from reactants towards products
are reactive. Nevertheless, reaction dynamic studies prove that once the
dividing surface is reached, the trajectory could go back again to reactants
producing a recrossing phenomenon, as shown in Figure 5.8b. Depending on
the reaction system, recrossing can be more or less relevant.

a b

Figure 5.8. a; Tunnel effects consider a certain probability for some particles
to react even when their energy is less than the barrier. b; The system, after
crossing the dividing surface towards products, could get back to reactants.

Nevertheless, there is a way of quantifying these effects though the variational
transition state theory (VTST) which relates the actual rate for the reaction to
that obtained from TST:202204-207

k(T) = I'(T,E)k™(T) (5.54)
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Being k(T) the rate constant of a reaction and I'(T,§) the generalized
transmission coefficient which contains the product of the two contributions at
a temperature T:

r(T,§) = k(My(T,$) (5.55)

Where k(T) emerges from the contribution of quantum mechanical tunnelling
and y (T, ) is the coefficient responsible of the rate correction from recrossing
of reactive trajectories.

Since some years from nowadays, there is a debate about whether the
dynamical effects have a relevant role in catalysis.*?%212 |t is easy to think
that some dynamical effects can affect for example, the motion of reactant
fragments to be closer and properly oriented in order to react and can also
origin conformational changes resulting in an adequate electrostatic
distribution to the reaction take place. Nevertheless, in 2010, Warshel and
Kamerlin?% and six years later, in 2016, Warshel and Bora?'® have emphasized
in the need of a clear and specific definition of dynamical effects since some
authors, supporters of the importance of dynamical effects in catalysis, have
not been clear about the meaning of this term, leading to confusion. In these
reviews authors proposed some definitions, starting from the point that as
atoms are always moving in any chemical process, it does not have sense to
classify the movement of the atoms as “dynamical effects”. For example, they
affirm that a dynamical effect is produced when the probability of reaching the
TS does not follow the Boltzmann distribution, therefore, there will be non-
Boltzmann motions that can be assorted as real dynamical effects. Thus, these
effects require deviations from the original TST being the transmission factor
significantly smaller than one. Regarding to the existent debate previously
mentioned, in some works dynamical effects are mentioned to contribute in
enzymatic catalysis in a significant way.!3+214215 Among the reasons given by
the authors are that the long MD simulations provide the suitable conformation
to produce the catalytic reaction or that the trajectories are capable of guiding
the reaction toward a concerted or a stepwise mechanism. On the other hand,
other authors point out that dynamics doesn’t affect in a relevant way, the rate
constant of the enzymatic reaction.?%8-211:216 These authors explain that using a
clear and physically-based definition of the dynamical proposal, the facts
observed by the supporters of dynamical effects can properly explain without
appealing to this term. Therefore, in these cases authors support the
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employment of the TST theory as sufficiently adequate to describe rate
constants. It should be also mentioned that, normally, the transmission factor
has a value of 0.8 in enzyme and 0.6 in solution'!, which means that they are
too similar for considering that these effects can have a relevant impact in
catalysis.

Specially in the last years, the contribution of quantum tunnelling has been
accepted to occur in almost all enzymes that involve hydrogen transfer, making
the reaction dependent on the width of the barrier as well as on the height,
according to some authors.?!"2!8 Reactions involving quantum tunnelling has
been also related with dynamical effects, specifically as regards to
environmental motions, causing and impact in the rate constant.?** There are
authors who suggest that the presence of tunnelling prevent from the use of
TST in enzymatic reactions.?!%?2% Nevertheless, the phenomena is not new and
is common in chemical reactions in solution.??! In addition, there are studies
that affirm that the quantum mechanical contributions, are similar for the
reaction in solution and in the enzyme and therefore, they are not decisive in
enzymatic catalysis.>33216

All in all, either the tunnelling or the recrossing trajectories can have a minor
effect on reactions involving the transfer of heavy particles as the phosphoryl
group studied in the present PhD Thesis. Consequently, these effects have not
been estimated in the reported studies
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tried to be elucidated. First of all, in order to determine the catalytic power

of these enzymes, a study of the analogous uncatalysed reaction in solution
was considered. This first study was also used to test different methods in order
to optimize the computational protocol to be applied in the following studies.
Therefore, the phosphoryl transfer from ATP to Dha in aqueous solution
employing QM/MM methods has been analysed using different Hamiltonians
for describing the QM region. A concerted, stepwise and assisted by the
solvent mechanisms were studied, although the latter presented higher
potential energies than the others. Therefore, it was not considered for further
calculations. FESs for the two most favorable mechanisms revealed a
significant dependency on the results with the QM method employed with
relevant consequences. The first conclusion was that AM1d/MM and
PM6/MM levels were able to describe the concerted mechanism but any effort
to describe it at PM3/MM level was in vain. In the case of the stepwise
mechanism, AM1d/MM and PM3/MM described the two stages while the
second step was not possible to be located with PM6/MM in terms of free
energies being the intermediate (where the Dha-P is protonated) more stable
than the final products. Regarding the comparison of the FESs topology, in the
case of the concerted mechanism, the TS was approximately located in the
same quadratic region at AM1d/MM and PM6/MM levels resulting in similar
degrees of phosphoryl and proton transfer. However, in the first step of the
stepwise mechanism, the protonation in one of the phosphate group oxygen of
ATP took place firstly, followed by the phosphoryl transfer in the case of
AM1d/MM while at PM6/MM level the opposite process occurred, in both
cases within a TS. Using PM3/MM, this first stage of the stepwise mechanism
was described following a similar reaction path than in the AM1d/MM
calculations but within two steps clearly differentiated, with the presence of an
intermediate. In this intermediate the ATP was protonated in its terminal
phosphate group. The TS structures obtained in the second stage of the
stepwise mechanism using these latter Hamiltonians were also similar although
there were divergences in the energetics. When spline B3LYP/MM corrections
were carried out on the FESs, significant changes were produced in the
topology of the surfaces for the PM3/MM and PM6/MM calculations. When
the high level corrections were applied to the concerted PM6/MM mechanism
the transfer of the proton took place before de phosphoryl transfer, unlike in
the original surface. AM1d/MM free energy surfaces corrected at high level of
theory resulted in a similar topologies than the original ones. The

I n the present PhD Thesis, the molecular mechanism of DHAKS has been
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representation of the entire free energy profiles corresponding to the explored
mechanisms using the different Hamiltonians at semiempirical/ MM and
semiempirical:B3LYP/MM levels showed lower energy barriers for the
PM3/MM stepwise mechanism.

Since the spline corrections seems to provide different results depending on
the original semiempirical/MM free energy surface, PES at B3LYP/MM level
were conducted in order to look for the most reliable path. The obtained PES
resembled more to the AM1d/MM results justifying also the small changes
observed when these original free energy surfaces were corrected. Moreover,
these BALYP/MM PESs showed not very stable products in both concerted
and stepwise mechanisms. These results could explain the fact that the
concerted mechanism and the second step of the stepwise mechanism were not
found through PM3/MM and PM6/MM levels respectively.

As the next step of this PhD Thesis, the reaction was investigated in the active
site of the enzyme. Thus, a detailed theoretical study of the phosphoryl transfer
mechanism was carried out in the DHAK from E. coli. Mainly, two
phosphorylation paths have been explored: a substrate-assisted mechanism,
where the activation of the Dha for the nucleophilic attack is due to the ATP
substrate, and an asp-assisted mechanism where this activation is produced by
the conserved Asp109A residue. Obtained results suggested that the former is
kinetically more favorable than the later where the Aspl09A was proved to
play a structural role placing the Dha and other residues in the proper
orientation for the reaction to take place. This conclusion was reinforced by
the energetics of the intermediates obtained after the phosphate transfer where
the one corresponding to the substrate-assisted mechanism was more stable
than the equivalent one located in the asp-assisted mechanism. Interesting
conclusions were derived from the evaluation of FESs. The key step of the
molecular reaction corresponding to the proton and the phosphoryl transfer
was shown to be stepwise at PM3/MM level, within a presence of an
intermediate, and concerted at B3LYP/MM level in both explored
mechanisms. Nevertheless, the analysis of the representative snapshots of
located TS structures obtained at PM3/MM and B3LYP/MM were structurally
similar in each one of the mechanisms regarding to the phosphoryl transfer
process; while in the substrate-assisted path the TS was characterized by being
in an earlier stage of the procedure, in the asp-assisted path was in an advance
stage of the reaction. The analysis of the role of the surrounding residues
showed that there were some of them responsible of stabilizing the TS within
both methods, in particular, Gly79,B Thr79A, Ser80A, Argl79B, one of the
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Mg?* cations. Aspl109A also played a structural role in the case of the
substrate-assisted mechanism properly orientating the Dha and some residues
of the active site.

It should be pointed out some effects regarding the differences in the energetics
depending on the employed method. In the case of the first step of the reaction
mechanism, corresponding to Dha binding to the enzyme and the proton
transfer from His56A to Dha, spline corrections at B3LYP:PM3/MM rendered
different reaction paths than the original PM3/MM surface. While in the
original surface a stepwise mechanism was displayed, two competitive
asynchronous processes were observed in the corrected surface. Corrections in
the phosphoryl transfer step of the substrate-assisted mechanism likewise
revealed some changes. According to the B3LYP:PM3/MM surface, the
phosphoryl transfer takes place firstly, followed by the proton transfer to the
oxygen of ATP. This is just the opposite timing obtained in the original
PM3/MM surface. Evaluation of the PM3/MM free energy barriers in the
substrate-assisted mechanism determined the stage corresponding to the
release of the phosphorylated substrate as the rate limiting step, with a barrier
of 21.6 kcal-mol™. In contrast, the rate limiting step in the substrate-assisted
mechanism derived from B3LYP/MM calculations was the phosphory! transfer
being the barrier 30.0 kcal-mol™. However, it must be kept in mind that a
change in the value of the barrier could be expected if statistical simulations
were carried out to generate FESs.

In collaboration with the group of Prof. Eduardo Garcia-Junceda of the
Institute of General Organic Chemistry of CSIC (Madrid, Spain), an attempt
of tuning DHAK enzyme to use poly-P as the phosphoryl donor has been
carried out through protein engineering techniques in combination with
computational methods. Theoretical calculations based on MD simulations and
QM/MM calculations allowed to study the interaction energies in the wild type
and the mutant form of the kinase, to analyse the effects caused by the
mutation, Glu526Lys, on the binding on the poly-P. The average values of the
computed interaction energies showed a higher binding energy between the
poly-P and the enzyme in the mutated system. Analysis of the contribution of
each single residue and the Mg?* ions in the interaction energy (electrostatic
plus van der Waals) with the poly-P proved that this energy increased in the
case of the residues Lys382A and Arg475A and in a remarkable way, with the
Mg?* ions. Therefore, it was concluded that the mutation did not provoke an
interaction attractive effect between the poly-P and the new mutated residue
Lys, but rather an indirect consequence, pushing the poly-P towards de active
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site and favoring the reaction to take place. This approaching to the active site
also implied an enhancement of the repulsive energy of the Asp residues
coordinating with the Mg?* ions. Results from the Root Mean Square
Fluctuation (RMSF) evaluated from the MD simulations showed that the
mutated system presented a higher mobility, in particular, in the flexible loop,
where the mutation was located. Specifically, the mobility of Arg519, Ala520
and Ser521 was detected to be higher after the mutation. This fact could be
related with a better accommodation of the poly-P in the active site and it
suggested that attempts to modify the specificity to poly-P should be focused
in these residues.

The final study of the present PhD Thesis was the chemical step of the
phosphoryl transfer reaction from the poly-P to the Dha in DHAK from C.
freundii in the wild type and in the most active mutant. The substrate-assisted
mechanism and the asp-assisted mechanism were analysed. The exploration of
the PM3/MM potential energy surfaces showed the substrate-assisted
mechanism as the most favorable reaction path in both, the wild type and the
mutated protein. Location of the key stationary points at B3LYP/6-31G(d,p)
level of theory in the most favorable mechanism displayed similar potential
energy barriers for the two systems showing that the mutation has tiny effects
on the chemical step, thus confirming our preliminary conclusions deduced
from our previous study.

The results presented in this PhD Thesis provide valuable information on one
of the most important reactions in Nature. The conclusions can be used not
only to have a better understanding of the reaction, but also for further studies
in other related kinases. The specific details of every system may be taken
advantage to develop more potent drugs with less side-effects. On the other
side, continuation of the tuning of DHAK can be based on the proposal and
exploration of additional mutations that favor the binding step of the poly-P
and reduce the activation free energy barrier of the chemical step. Successful
results could open the door to the use of cheaper and more environmental
friendly catalysts in industry, or the optimization of protocols to design new
high value chemicals.
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Phosphaoryl transfer reactions are ubiguitous in biology, being involved in processes ranging from energy
and signal transduction to the replication genetic material. Dihydroxyacetone phosphate (Dha-P), an
intermediate of the synthesis of pyruvate and a very important building block in nature, can be generated
by converting free dihydroxyacetone (Dhal through the action of the dihydroxyacetone kinase enzyme. In
this paper the reference uncatalyzed reaction in solution has been studied in order to define the foun-
dations of the chemical reaction and to determine the most adequate computational method to describe
this electronically complex reaction. In particular, the phospherylation reaction mechanism between
adenosine triphosphate (ATP) and Dha in aquecus solution has been studied by means of quantum mech-
anics/molecular mechanics (QM/MM) Molecular Dynamics (MD) simulations with the QM subset of atoms
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described with semi-empirical and DFT methods. The results appear tc be strongly dependent on the
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level of calculation, which will have to be taken into account for future studies of the reaction catalyzed

by enzymes. In particular, PM3/MM renders lower free energy barriers and a less endergonic process than

AMId/MM and PM&/MM methods. Nevertheless, the concerted pathway was not located with the former
www.rsc.org/cbe combination of potentials.

When a phosphate group is transferred from ATP to one of

the simplest carbohydrates, for cxample dihydroxyacetone
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Phosphoryl transfer, a chemical process that consists of the
transfer of the phosphoryl group from a phosphate ester or
anhydride to a nucleophile,” is involved in a wide range of bio-
logical processes, from energy and signal transduction to
the replication of genetic material.* Protein kinases catalyze
the transfer of phosphate groups from adenosine triphosphate
(ATP) to different substrates, ATP functions as a chemical
energy carrier’ since it is a derivative of the nucleic acid
adenine that has three high-energy phosphate bonds at the 5
position. It is the most important biological phosphoryl denor
required for many enzymatic reactions.”

Departament de Quimica Fisica i Analitica, Universitat Jaumre 1, 12071 Castelldn,
Spain. E-mail: reastill@ugi.cs, motiner(@agi.es

* Eleetronic supplementary information [ES1) ay
stepwise meehanisms of the phosphoryl transfer reaction from A1P to Dha in
aqueous solution ohtained at AM1d/MM [Fig. $1), PM3MM (Fig, $2) and PM6/
MM (Fig. $3). The AM1d/MM, PM3/MM solvent assisted mechanism (Fig.
structures of stationary points of the solvent assisted mechanism at the AM1d/
MM level [Fig. §5) and structures of stationary points of the solvent assisted

ble: PES of the concerted and

mechanism at the PM3/MM level (g, $6). Potential energies of the mech:
at AM1d/MM, PM3/MM and PM&/MM (Table $1) and corrected energies at
B3LYP [Table §2). Cartesian coordinates of QM atoms of located stationary

points. See DOIL: 10.1039/c50b01079a
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(Dha), Dha-P is obtained (sec Scheme 1).° Dha-P is an inter-
mediate for the synthesis of pyruvate” and it is a very impor-
tant C; building black in nature since it is used as a
phosphoryl donor in several enzyme-catalyzed aldol reactions.”
The phosphorylation of Dha is catalyzed in nature by the
action of the dihydroxyacetone kinase enzyme.

The function of kinases has been observed to be deregu-
lated in many human pathological disorders such as cancer.
Accordingly, a large number of kinase inhibitors have been
developed.™ Nevertheless, despite their multiplicity only a
part of the kinome has been so far targeted with some speci-
ficity and potency, leaving open a broad range of options for

Scheme 1 Schematic reaction between ATP and Dha in aqueous solu-
tion, generating ADP and Dha-P. Grey region contains atoms treated
quantum mechanically while the adenosine group and water molecules
(not shown for clarity purposes) are represented by classical force fields
Link atom in ATP is represented as a dot.
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future research, Moreover, after decades of research, the mole-
cular mechanisms of phosphoryl transfer reactions remain a
hot topic of debate in the literature,'* including the contro-
versy of whether the non-enzymatic and the enzymatic reaction
proceed by the same molecular mechanism. Remarkably,
these reactions present very small non-enzymatic rates and
thus require enormous rate accelerations from biological cata-
lysts." The large changes in the charge distribution between
reactants and transition states (TSs) offer a good advantage for
the reaction to be catalyzed'? and, consequently, a deep knowl-
edge of the reaction in solution becomes even more relevant.
Finally, from the computational point of view, a study of the
reaction in solution, apart from its interest to quantify the
catalytie proficieney of the enzyme, can be used for the cali-
bration and validation of the theoretical approaches to be used
in subsequent studies of the corresponding enzyme-catalyzed
reaction.” Tn this regard, and as remarked by Kamerlin, an
additional difficulty for the theoretical study of the phasphoryl
transfer reactions is due to the availability of low-lying d-orbi-
tals on the phosphorus atom which allows the existence of
phosphorus pentavalent species as intermediates. Moreover,
phosphoryl transfer reactions can potentially occur through
multiple equally viable mechanisms, even in solution.>”

The phosphoryl transfer from phosphate derivatives to
hydroxide ions or to water, namely the hydrolysis reaction, has
received a lot of attention in the past few years.”>"*'® Regard-
ing the general mechanisms of phosphate derivative hydro-
lysis, a dcbate has been established around whether the
reaction proceeds by an associative or dissociative mechanism
from the early systematic work of Florian and Warshel.'” As
stated by Warshel and co-workers, some recent computational
studies failed to consider the clear distinction between these
two paths,” Another question of debate is whether the proton
from the attacking water molecule is transferred to the termi-
nal phosphate oxygen in a direct way or assisted by additional
molecules.' This latter possibility was originally
explored by Hu and Brinck."” More recently, the competition
between dissociative/solvent-assisted and associative/substrate-
assisted pathways for a number of phosphate and monoester
hydrolysis has been examined by Williams, Kamerlin and co-
wotkers.”® The authors also considered both direct proton
transfer and proton transfer we an intervening leaving group,
showing the difference as negligible, and that the substrate-
assisted mechanism is only favored with poor leaving groups.
Nevertheless, the specifie reaction between ATP and Dha has
not been studied yet by means of computational methods. The

water

study of this reaction in solution can provide the bedrock for
the understanding of the basic chemistry of Dha kinases.
Density functional theory (DFT) and ab fnitio methods have
been used in many computational studies of phosphoryl trans-
fer reactions in the gas phase or with implicit solvent
models.”**** Nanetheless, the remarkable computation cost
of these methods prevents their use to perform MD simu-
lations, which have been shown to be an effective approach to
get reaction free energy profiles. An alternative is employing
semiempirical methods to treat the QM sub-set of atoms in

10180 | Ty, Ftomel Cher, 2015, 13, 1077310150
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hybrid QM/MM computational schemes. In the last few years,
a modified semiempirical Hamiltonian AM1/d-ProT (hereafter
simply named as AM1d] has been developed to model phos-
phoryl transfer reactions.** AM1d incorporates d-extension for
the phosphorus atom and meodified AM1 parameters for
oxygen and hydrogen atoms, while the remaining atoms are
described at the AM1 level. This semiempirical potential has
been shown to provide results in very good agreement with
high-level DFT calculations in the study of the hydrolysis of
phosphorus compounds.*! 27

Another semiempirical method that is typically 3-4 orders
of magnitude faster than DFT mecthods, the PM3 method,*®
has shown to produce a huge stabilization in the energy of
phosphorane compounds, resulting from the use of a minimal
valence basis.”® Nevertheless, and despite its accuracy (o
model phosphoryl transfer reactions is limited because of the
lack of d orbitals,**** due to its low computational cost, it can
be used in order to perform statistical simulations to rapidly
explore free-energy surfaces and to establish in a reliable yet
computationally feasible way an aptimal computational proto-
col.'* Several modifications that have been made to the NDDO
core-core interaction term have resulted in a more complete
parameter optimization called PM6.** The most important of
these changes were the addition of d orbitals to main-group
elements and the introduction of diatomic parameters.™®

A proper comparison between different semiempirical
Hamiltonians combined with a common MM force ficld
would allow determining which is the most appropriate one to
be used when running long QMMM MD simulations. Within
this target in mind, a theoretical study of the phosphoryl trans-
fer reaction from ATP to Dha in aqueous solution, carried out
by means of hybrid QM/MM potentials, is reported in the
present paper. Different semiempirical Hamiltonians such as
AM1d, PM3 and PM6 have been employed to describe the QM
region of the system, while the standard B3LYP hybrid func-
tional has been considered as the reference QM method. As
stated above, this study will be the basis for further QM/MM
studies of the reaction in the active site of Dha kinases.

Computational methods
Building the system
The initial coordinates of ATP and Dha were taken from the
X-ray structure of Escherichia coli dihydroxyacetone kinase,
with PDE entry 3PNL.” The original ADP moleeule was modified
to ATP by adding a phosphate group. Then, the two specics,
ATP and Dha, were solvated with a pre-equilibrated cubic box of
water molecules of side 55.8 A. Any water molecules with an
oxygen atom lying within 2.8 Aof any non-hydrogen atom of
the two solute species were removed. For all simulations, atoms
belonging to molecules found at a distance less than or equal to
25 A of one of the phosphorus atom of ATP were defined as flex-
ible. The rest of the atoms were kept frozen.

In order to run the simulations with hybrid QM/MM poten-
tials, the sub-set of atoms treated quantum mechanically are

The jourral = @ The Royal Soc ety of Cherisne 2515
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those of Dha and part of ATP (phosphate groups and ribose
ring, as shown in Scheme 1). When exploring the possible
mechanisms assisted by solvent, a water molecule was also
treated quantum mechanically. To saturate the valence of the
QM/MM frontier we used the link atom procedure,* placing
this atom between € of the ribose molecule and N of the
adenine molecule (see Scheme 1). The number of QM atoms is
41, while the system with water molecules contains a total of
17 425 atoms.

The part of the ATP not included in the QM region was
described by means of the OPLS-AAY force field and water
molecules with the TIP3P foree ficld,”® as implemented in the
fOYNAMO library.*! AM1d/MM and PM3/MM calculations
have been carried out with fDYNAMO whercas PM6/MM and
B3LYP/IMM calculations were performed by combining
fDYNAMO with the Gaussian09 pmgram}h In the case of the
DFT/MM caleulations, the employed basis set was 6-31G(d,p).

Simulations

First of all, the system was optimized using a combination of
the steepest descent method and Ibfgsb algorithm after relax-
ation by means of 100 ps of Langevin Dynamics using the NVT
ensemble at 300 K with a time step of 1 fs. A switched cutoff,
from 14 to 16 A, was employed for all non-bonded interactions
between MM atoms (including the frozen atoms), while the

Viewr Article Online
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QM region was allowed to interact with every flexible MM
atom.

Two phosphorylation reaction paths have been explored
without direct participation of water molecules (see Scheme 2);
a concerted mechanism and a stepwise mechanism.

The former is the direct transfer of a phosphate group from
ATP to Dha, simultaneously with a proton transfer from Dha
to the resulting ADP. In the latter the transfers are consicered
in two steps.

To explore both reaction mechanisms, potential energy sur-
faces (PESs) were computed by scanning the appropriate com-
of the
transfers. Later free energy surfaces were computed in terms of
potentials of mean force (PMFs).*® In particular, a two-dimen-
sional QM{MM PMF (2D-PMF) was computed to study the con-
certed mechanism using, as distinguished reaction
coordinates, the distance between the phosphor PG atom of
ATP and the 05 atom of Dha, d(PG-05), and the antisymmetric
combination of the distances describing the hydrogen transfer
from Dha to ATP: d(0O5-H5)-d(H5-0B3). In the case of the
stepwise mechanism, two different PMFs have been explored.
In the first one, a 2D-PMF was generated using the distance
d(PG-05) as one of the reaction coordinates and the anti-
symmetric combination Jd(05-H5)-d(H5-0G1) as the other
one. The second PMF was traced using the antisymmetric

bination intcratomic  distances  that define both
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Scheme 2 Representation of the two possible reaction mechanisms corresponding to the phosphoryl transfer from ATP to Dha.
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combination @(0G1-H5)-{H5-0B3) as the distinguished reac-
tion coerdinate, obtaining a 1D-PMF. The umbrella sampling
approach” was used to constrain the system along the selected
values of the reaction coordinates by employing a force con-
stant of 2500 kJ mol ' A2,

The probability distributions were put together by means of
the weighted histogram analysis method (WHAM)* to obtain
the full probability distribution along the reaction coordinate.

The values of the foree constant used for the harmonic
umbrella sampling were determined to allow full overlap of
the different windows traced in the PMF evaluation, but
without losing control over the sclected coordinate. Each
window consisted of 15 ps of equilibration followed by 20 ps of
production. The Verlet algorithm was usced to update the
velocities. The initial structures in each window of the
2D-PMFs were selected from the corresponding previously gen-
erated PESs at the corresponding level of theory, whereas the
1D-PMI's were performed starting from the transition state
structure.

Because of the large number of structures that must be
evaluated during free energy caleulations, QM/MM calculations
are usually restricted to the use of semiempirical Hamiltonians.

In order to reduce the errors associated with the quantum
level of theory employed in our simulations, following the
studies of Truhlar ez al.™ "' a spline under tension'™ is used
to interpolate this correction term at any value of the reaction
coordinates, £, and &, in the casc of the 2D-PMFs, or only one

View Article Online
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coordinate, £, for the 1D PMF, Thus, for correction of the
2D-PMFs, we obtain a continuous function in a new energy
function to obtain corrected PMFs:***

E = Ey o + S[AE (616)] (1)

where § denotes a two-dimensional spline function, and its
argument is a correction term evaluated from the single-point
energy difference between a high-level [HL) and a low-level
(LL) calculation of the QM subsystem. The selected semiempi-
rical Hamiltonians were used as the LL method, while the
B3LYP/6-31G(d,p) method was sclected for the HL energy cal-
culation. S is adjusted to a defined grid depending on the reac-
tion mechanism studicd and the semiempirical Hamiltonian
employed. HL single energy calculations are computed on opti-
mized geometries obtained in the corresponding PESs at LL.
In the case of the 1D-PMFs, the second step of the stepwise
mechanism, the correction scheme is defined as:

Eyp i + S[AE(S

and § is adjusted to a set of points corresponding to the HL
single energy calculations on geometries optimized at AM1d
and PM3 methods, as previously explained. HI calculations
were cartied out using the Gaussian09 programn.

The possible solvent-assisted mechanisms have been
explored in terms of PESs since, as demonstrated in the next
section, the obtained energy barriers were much higher than
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Scheme 3 Representation of the two possible solvent assisted reaction mechanisms corresponding to the phosphoryl transfer from ATP to Dha.
10182 O Charm, 2015, 13, 1€ 1man Ths jourral 15 € The Roval Soc ety of Cheristne 2015




7. Publications

103

“
I
el
&
£
<
£
El
g
El
s
z
£
=2
S
3
E
El
2
<
a
v
8
E
B
<
o
H
o
T
Z
z
&

Organic & Biomolecular Chemistry

the ones obtained without the participation of explicit water
molecules. Then, the much more expensive computing of free
energy surfaces was considered as not required to discard
these possible paths. Due to the large amount of key coordi-
nates involved in these mechanisms, several anti-symmetrical
combinations of distances were tested. The most efficient way
to control the process was achieved using, as distinguished
reaction coordinates, two antisymmetric combination of dis-
tances: the distances describing the hydrogen transfer from
Dha to the quantum water molecule, d(05-H5)-d(H5-Ow), and
the antisymmetric combination describing the transfer of the
phosphate group, d(OB3-PG)-d(PG-05) (sce Scheme 3).

Results and discussion

As stated in the previous section, the first step in our study
was the exploration of the PESs corresponding to the concerted
and stepwise mechanisms of the phosphoryl transfer reaction
from ATP to Dha in aqueous solution. A QM/MM scheme was

AM1d/MM AM1d/B3LYP/MM

o
o

-
9
w
2.
T
I-
n.
T
W
o)
5.

concerted mechanism
d(05-H5) ~ d(H5-0B3)

o
a

d(05-H5)~ d[H5-0G1)
d(05-Hs) - d(H5-0G1)

stepwise mechanism
™
-

Froq Enorgy (keal/mol)
Free Energy (keal/mol)

d(0G1-Hs)-d(0B3-HS)

d(0G1-HS}-8{083-H5)
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used, with the QM region treated with different semiempirical
Hamiltonians: AM1d, PM3 and PM6. Then, the resulting PESs
(see Fig. $1-83 of the ESIT) were used to generate the free
energy surfaces in terms of 1D- and 2D-PMFs. The results are
shown in Fig. 1 (AM1d/MM), Fig. 2 (PM3/MM) and Fig. 3
(PM6/MM), while averaged values of selected interatomic dis-
tances of the states located along the reaction paths (reactants,
TSs and product states) are listed in Table 1. As observed in
Fig. S4,1 the PESs obtained after exploring the solvent-assisted
mechanism render potential energy barriers much higher than
the ones obtained without the participation of explicit water
molecules and, consequently, the 2D PMFs were considered as
not necessary to be computed for this mechanism (geometries
of stationary points located on the PES of this mechanism are
reported in Fig. $5-S7 of the ESIT).

Concerted mechanism

Analysis of Fig. 1-3 reveals that different Hamiltonians can
render not only different values of activation and reaction
energies, but also significant different reaction mechanisms.
The first and most dramatic difference when exploring the
concerted mechanism is that any attempt to locate a reaction
path with the PM3/MM method was unsuccessful. On the con-
trary, the concerted TS obtained by means of AM1d/MM and
PM6/MM levels are quite similar, according to the averaged
values of the distances PG-03, PG-OB3, O5-H5 and H5-OB3
listed in Table 1. As observed, both methods describe a TS
where the breaking PG-OB3 bond and the PG-05 forming
bond are in a very advanced stage of the reaction, while the H5
transfer would present the opposite behavior being in an
carlier stage of the process.

PM3/MM PM3:B3LYP/MM
= =
g- 8
2 z
3 3
1 -
@, 2
7 .

HE

©
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£

Slc d

3

gl 1

8

“l1 3
H i
i i

d(0G1-H5)-9(083-H5) 4(OG1-H5)-4(083-H5)

Fig. 1 Free energy surfaces of the concerted and stepwise mechanisms
of the phosphoryl transfer reaction from ATP to Dha in aqueous solu-
tion, obtained as 1D- and 2D-PMFs at AM1d/MM level (panels a, c and e)
and with spline corrections at the B3LYP/MM level (panels b, d and f}).
Energies are given in kcal mol ! and distances in A.

s jounal is © The Roval Socety of Chamistry 20L%

Fig. 2 Free energy surfaces of the stepwise mechanism of the phos-
phoryl transfer reaction from ATP to Dha in aqueous solution, obtained
as 1D- and 2D-PMFs at the PM3/MM level (panels a and c) and with
spline corrections at B3LYP/MM level (panels b and d). Energies are
given in kcal mol™* and distances in A.
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Fig. 3 Free energy surfaces of the concerted and stepwise mechanisms
of the phosphoryl transfer reaction from ATP to Dha in aqueous solu-
tion, obtained as 1D- and 2D-PMFs at PM6/MM level (panels a and c)
and with spline corrections at the B3LYP/MM level (panels b and d).
Energies are given in kcal mol™ and distances in A.
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According to the coordination of the phosphorous atom at
the TSs, these structures cannot be defined as associative TSs
since the PG-OB3 distance in both TSs corresponds to a com-
pletely broken bond (3.91 and 3.49 A in AM1d/MM and PM6/
MM, respectively). Interestingly, as observed in Fig. 3a, an
additional local minimum is located in the reactant valley of
the PM6/MM free energy surface that corresponds to reactants
with a PG-035 bond significantly shorter (2.42 A) than that in
reactant structures obtained at AM1d/MM (3.79 A) and the
absolute minimum of reactants obtained with the PM6/MM
level (3.11 A). The corrections of these free energy surfaces at
the B3LYP/MM level render two different scenarios. Thus,
while the AM1d:B3LYP/MM surface can be considered as quite
similar to the original AM1d/MM (the quadratic region of the
TS appears at values of the two reaction coordinates very close
to those obtained in the original AM1/MM surface), the posi-
tion of the TS at the PM6:B3LYP/MM surface is significantly
shifted with respect to the original position at the PM6/MM
one. Thus, according to the corrected surface, the TS would be
described by a H5 atom almost completely transferred (05-H5
and OB3-H5 distance ca. to 1.62 and 1.07 A, respectively),
while the forming PG-O3 bond would be in a much earlier
stage of the reaction (PG-03 distance ca. 2.3 A).

From the energetics point of view, the barrier obtained at
the AM1d/MM level is much higher than the one deduced
from the PM6/MM calculations: 35 and 14 keal mol™", respect-
ively. At this point, this huge difference can be related to the

Table 1 QM/MM averaged key distances (in A} obtained in the states located along the free energy reaction path of the phosphoryl transfer from

ATP to Dha in aqueous solution

Distances PG-O5 PG-OB3 PG-PB 05-H5 0OB3-H5 0OG1-H5
AM1d/MM concerted mechanism

R 3.79 L 0.03 1.90 £ 0.05 3.37 L0.07 0.97 £ 0.03 2.311L0.04 3.43 1 0.61
TSc 2.02 +0.03 3.91:0.15 4.93 £0.18 1.07 £0.03 1.57 + 0.04 3.67 +0.10
P 1.78 +0.02 4.33+0.33 5.44+0.27 3.19 +0.04 0.97 +0.03 4.79 +0.22
AM1d/MM stepwise mechanism

R 3.70 £ 0.03 1.71 = 0.04 3.01 £ 0.07 1.01 £ 0.03 3.74+£0.44 1.86 + 0.04
1 2.22 +0.03 1.75 = 0.05 3.03 +0.07 2.01 +0.04 3.33+0.08 1.01 +0.03
I 1.68 £ 0.03 3.82£0.13 1.16 £ 0.24 3.12 £ 0.20 1.88 £ 0.01 1.03 £0.03
TS2 1.71 + 0.04 3.52=0.12 4.43 +£0.22 3.54 £ 0.16 1.18 + 0.03 1.34 + 0.04
P 1.71 +0.03 3.54+0.16 4.95 +0.18 4.08 +0.12 1.04 + 0.03 1.76 + 0.04
PM3/MM stepwisc mechanism

R 3.61 1 0.03 1.77 £ 0.04 3.34 L 0.05 0.97 10.02 4.12 1 0.15 1.72 1 0.03
TS1-1 3.62 +0.03 1.74 = 0.04 3.31+0.06 1.14 +0.03 3.53+0.13 1.16 + 0.03
Ty 3.73 +0.03 1.71 = 0.04 3.27 £ 0.06 1.71 +0.03 3.43 £ 0.09 0.97 + 0.02
TS1-2 2.41+£0.03 1.76 = 0.04 3.33£0.05 1.77 £0.03 3.31£0.10 0.96 + 0.02
1 1.74 £ 0.04 3.86 £ 0.11 5.04 £ 0.16 3.42 £0.15 1.77 £ 0.03 0.97 £ 0.02
TS2 1.77 + 0.04 3.52£0.11 4.82+0.14 3.60 +0.16 1.13 £ 0.04 1.16 + 0.04
P 1.79 £0.04 3.75£0.20 5.21+0.15 3.65£0.28 0.97 £ 0.02 1.76 £ 0.03
PM6/MM concerted mechanism

R 3.11 +0.03 1.74 = .05 3.11 £ 0.06 1.02 + 0.04 2.01 +0.05 3.25 + 0.54
R2 2.12 £ 0.03 1.76 = 0.05 3.16 £ 0.06 1.01 £0.01 2.05 £ 0.05 3.16 £ 0.20
TSe: 2.09 1 0.03 3.49 £ 0.62 1.69 1 0.63 1.15 £ 0.03 1.45 £ 0.04 3.62 1 0.17
P 1.76 £ 0.03 3.72£0.20 4.68 £ 0.24 1.75 £ 0.04 1.05 £ 0.03 4.17 £ 0.15
PM6/MM stepwise mechanism

R 3.67 L 0.03 1.78 L 0.06 3.13 L 0.07 1.02 £ 0.03 4.14 £ 0.21 1.77 1 0.04
R2 2.28 £ 0.03 3.24 £ 0.09 1.04 £ 0.03 4.17 £0.12 1.86 £ 0.04
s 2.22 £0.03 2.84 £ 0.07 1.42 + 0.04 3.58 £ 0.08 1.24 + 0.04
I 1.65 £ 0.02 6.99 £ 0.85 2.46 +0.05 8.21 £ 0.60 1.03 £0.01
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relative position of the two species, Dha and ATP, in the reac-
tants. As deduced from the interatomic distances reported in
Table 1, PM6/MM reactant state structures are described by
the two species significantly closer to each other than the reac-
tant state structures located at the AM1d/MM level. This is con-
firmed by the inspection of PG-05 and OB3-H3 distances
which are smaller in the PM6/MM results (3.11 and 2.01 A,
respectively) than in the AM1d/MM results (3.79 and 2.31 A,
respectively). Then, the TS would be closer to the reactant state
in the PMG/MM free energy surface than in the AM1d/MM
and, consequently, a smaller barrier is obtained.

When the surfaces are corrected at the B3LYR/MM level, the
resulting free cnergy barriers arc 34 and 55 keal mol™' at
AM1d:B3LYP/MM and PM6:B3LYP/MM levels, respectively.

As observed, while the original AM1d/MM surface presents
a topology quite close to the corrected AM1d:B3LYP/MM one,
which is associated with very close free energy barriers (35 and
34 keal mol™, respectively), the fact that corrections of the
PM6/MM surface render a dramatically different picture of the
topology provokes significantly different barriers (14 and
55 keal mol ', respectively).

Stepwise mechanism

As indicated in the Computational methods seetion, the first
step of this mechanism, from reactants to the intermediate, as
depicted in Scheme 2, has been explored through the elabo-
ration of a 2D-PMF and the second step, from the intermediate
te preducts, by a 1D-PMF. The resulting free energy surfaces
are shown in Fig. 1-3. The reaction pathway of the first step
obtained by means of AM1d/MM and PM6/MM levels shows a
mechanism where the transfer of the phosphate group and the
proton transfer oceurs simultaneously leading to the inter-
mediate 1. However, despite the advance of the phosphate
transfer is equivalent in both cases and located in an early
stage of the pracess (distances PG-05 equal to 2.22 + 0.03 A),
the location of the TS on both surfaces is clearly different.
Thus, while TS1 in the AM1d/MM surface describes an almost
completely transferred proton (distances of 05-H5 and OG1-
H5 equal to 2.01 = 0.04 Aand 1.01 + 0.03 A, respectively), the
PM6/MM method describes a TS1 with the position of the
transferred proton almost in between the donor and acceptor
atoms (distances of 05-H5 and OG1-H5 equal to 1.42 + 0.04 A
and 1.24 + 0.04 A, respectively). Moreover, a second minimum
corresponding to the reactant state (R2) is obtained in the
PM6/MM free energy surfaces (see Fig. 3c), where the two
speeics are in a signifieant close contact (distance PG-05
cqual to 2.28 = 0.03 A). This behavior is similar to the one
already detected when exploring the concerted mechanism
with this PM&/MM method, where a reactant complex closer to
the TS was detected (see Fig. 3a).

The surface obtained at the PM3/MM level is dramatically
different from the two surfaces obtained with AM1d/MM and
PM6G/MM. In this case, an additional minimum corresponding
te an intermediate, labeled as Io in Fig. 2a, is located. Accord-
ing to the averaged values of the interatomic distances, Iy
corresponds to structures where the proton has been trans-
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ferred to the OG1 atom (distance OG1-H5 equal t© 0.97 +
0.02 ;\_) while the phosphate is still anchored to the ADP (dis-
tance PG-05 equal to 3.73 + 0.03 A). Then, this first step of the
PM3/MM stepwise mechanism is, in fact, a stepwise mechan-
ism controlled by T51-1 and T51-2, as [abeled in Fig. 2a.

TS1-1 is associated with the proton transfer and TS1-2 with
the phosphate transfer. T81-2 is similar to the TS1 obtained
within the AM1d/MM method, as can be confirmed by analysis
of key distances listed in Table 1.

When these free energy surfaces are corrected with spline
functions at the B3LYP/MM level, interesting observations can
be noted. First, the topology of the AM1d:B3LYP/MM surfacce is
almost coincident with the original AM1d/MM, describing a
process controlled by TS1 that is basically associated with the
phosphate transfer while the proton has been already trans-
ferred to the acceptor oxygen atom OG1. On the contrary, the
effect of the corrections on the PM3/MM and PM6/MM free
energy surfaces is more dramatic. Thus, the minimum corres-
ponding to the I, intermediate located on the PM3/MM dis-
appears after HIL corrections and, consequently, the step is a
concerted process, as obtained with the other two methods.
This step is, nevertheless, described by a quite associative TS1,
with a very advanced PG-05 forming bond, and a proton H5
in an early stage of the transfer to the OG1. Finally, the correc-
tions on the PM6/MM surface render a free energy surface
where the second reactant minimum (R2 in Fig. 3¢) has dis-
appeared and the quadratic region of the TS1 appears as a
quite extended region. This region covers structures that range
from situations where the proton is in between its donor and
acceptor atom to TS structures where the proton has been
completely transferred to the OG1 atomn (see Fig. 3d).

From the energetics point of view, the free energy barriers
of the first step deduced from the AM1d/MM, PM3/MM and
PM6/MM methods are 26, 14 and 12 keal mol™', respectively.
After spline corrections at the B3LYP/MM level, these barriers
are transformed into 37, 31 and 45 keal mol ™!, respectively. As
observed, there is a clear trend in increasing the values, less
dramatic in the case of the AM1d/MM method. From the
thermodynamic point of view, PM3/MM and PM6/MM
describe a first step of the stepwise mechanism as almost ther-
moneutral while an endergonic reaction is obtained with the
AM1d:B3LYP/MM (8 keal mol™).

The free energy surfaces of the second step (from Ito P as
depicted in Scheme 2) corresponding to the proton transfer
from the protonated Dha-P to the ADP to generate the final
products, Dha-P and protonated ADP, are shown in Fig. 1 and
2 for the AM1d/MM and PM3/MM results, respeetively.

‘The first observation that must be noticed is that any effort
to transfer the proton from OG1 to OB3 did not render any
stable conformation when employing the PM6/MM level.
When the step was studied with the AM1d/MM and the PM3/
MM methodology, barriers of 7 keal mol™ and 18 keal mol™,
respectively, were obtained.

Analysis of the key interatomic distances reported n
Table 1 reveals an AM1d/MM TS2 with a more advanced
proton transfer (H3-0G1 and H5-OB3 distances of TS2 at the

L Cherm., 2015, 13 5-10150 | 10185
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AM1d/MM level are 1.34 + 0.04 A and 1.18 + 0.03 A, respect-
ively) than in the PM3/MM TS2 (H5-OG1 and H5-OB3 dis-
tances of TS2 at the PM3/MM level are 1.16 + 0.04 A and 1.13 +
0.04 A, respectively).

Moreover, by comparing I with P, more stabilized products
are achieved from PM3/MM calculations than from the AM1d/
MM caleulations (2 keal mol ' and 6 keal mol *, respectively).

View Article Online

Organic & Biomolecular Chemistry

The corrected free energy profiles show a slight increase of the
barrier in the case of AM1d:B3LYP/MM (ca. 5 keal mol ) and,
in contrast, a slight decrease when using PM3:B3LYP/MM
(ca. 3 keal mol™).

The overall free energy profiles for concerted and stepwise
mechanisms obtained at the different levels of calculations are
compared in Fig. 4 while representative snapshots of struc-

Free Energy (Kcal/mol)

Free Energy corrected (Kcal/mol)

RC s

Fig. 4 QM/MM free energy profiles of the two possible reaction mechanisms corresponding to the phosphoryl transfer from ATP to Dha: the step-
wise mechanism (solid lines) and the concerted mechanism (dashed lines). A panel displays the results from QM/MM calculations with the QM
region treated by AM1d (green line}, PM3 (blue line) and PM6 (red line). B panel displays the results from AM1d:B3LYP/MM (green line), PM3:B3LYP/
MM (blue line) and PM6:B3LYP/MM (red line) methods.
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Fig. 5 Representative snapshots of structures of the TSs obtained with the different methods. Water molecules are not displayed for clarity pur-
poses. TSc corresponds to the TS of the concerted mechanism while TS1-1, TS1-2, and TS2 corresponds to the different TSs along the stepwise
mechanism.
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tures of the located TSs are depicted in Fig. 5. The corres-
ponding relative energies to reactants are listed in Table S1 of
the ESL¥ As observed in Fig. 4, in the AM1d/MM method, the
stepwise mechanism is favored over the concerted one, but the
two mechanisms are very endergonic. The free energy profiles
obtained with PM6/MM present lower barriers but with this
methodology, it is impossible to localize the final products
through the stepwise mechanism. PM3/MM also shows very
low free encrgy barriers, compared with AM1d/MM, to obtain
the intermediates and the final product, achieving a high
stabilization of both. Keeping in mind the low barriers
obtained at the PM3/MM level, an alternative possible solvent-
assisted mechanism was explored for the rate limiting step of
this profile. Nevertheless, the energy barrier was 29 keal
mol™!, once again much higher than the corresponding step
without the participation of a quantum water molecule (see
PES in Fig. 84 in the ESTY).

I'ree energy profiles obtained after B3LYP/MM corrections
[see panel B of Fig. 4) show how the highest barriers are
obtained with the PM6:B3LYP/MM method, Iree energy bar-
riers of the stepwise mechanism obtained with AM1d:B3LYP/
MM and PM3:B3LYR/MM are quite similar for the first step,
but much smaller with the latter method.

Conclusions

In this paper, we have studied the phosphoryl transfer reaction
between adenosine triphosphate (ATP) and Dha in aqueous
solution within different hybrid QM/MM potentials. In particu-
lar, different semiempirical Hamiltonians have been employed
to deseribe the sub-set of atoms treated quantum mechanieally,
that bagically contains the two involved species; ATP and Dha, A
deep understanding of the reaction, which is considered as ubi-
quitous in biology due to the relevance of the formed products,
as well as the comparative analysis between different methods,
can have implications for further studies of the catalyzed reac-
tion by the action of dihydroxyacetone kinase,

The first conclusion that can be derived from the calcu-
lations is that the possible solvent-assisted mechanisms
render significant higher potential energy barriers than the
corresponding steps without explicit participation of a water
molecule. This possibility was then discarded and attention
was focused in exploring the free energy surfaces of the rest of
the proposed reaction paths. After exploring the free energy
surfaces obtained in terms of 1D and 2D-PMFs for the con-
certed and stepwisc mechanisms at AM1d/MM, PM3/MM and
PM6/MM levels, interesting conclusions can be derived. First
of all, we have demonstrated the high dependency of the
results on the selected Hamiltonian. Thus, while AM1d/MM
and PM6/MM methods can describe a concerted mechanism,
any attempt to obtain this mechanism with PM3/MM was
unsuccessful. Regarding the stepwise mechanism, AM1d/MM
and PM3/MM were able to describe both steps, phosphate
transfer and hydride transfer but, in the case of the PM6/MM
method, the second step was not located, the intermediate

A5 oumal is © The Rovel Soc ety of Chamistry 2
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(protonated Dha-P) being much maore stable than the products
(protonated ADP). A comparison of the topology of the free
energy surfaces of the concerted mechanism obtained with
AM1d/MM and PM6/MM methods shows a similar location of
the quadratic region of the TS, defined by a phosphate transfer
in an advanced stage of the process but a proton transfer still
bound to the Dha moiety. On the contrary, regarding the step-
wise mechanism, the location of the TS of the first step
obtained with AMI1d/MM is quite different from the one
obtained with PM6/MM (the phosphate group is transferred
after protonation from Dha according to the AMId/MM
mcthed while the opposite timing is obtained with the PM6/
MM). PM3/MM renders a surface that deseribes this step in
two-steps; first the transfer of the proton from Dha followed by
the protonated phosphate group transfer. This second step is,
in fact, similar to the TS1 located with AM1d/MM. The last
step of the stepwise mechanism obtained with AM1d/MM and
PM3/MM is quite similar regarding the TS, although differ-
ences are obtained regarding the thermodynamics of the
reaction,

When combining all energetic data of every single step, the
full free energy profiles (depicted in Fig. 4] show that the step-
wise mechanism appears as more favorable than the concerted
one when atoms included in the QM region of our QM/MM
scheme are described with semiempirical Hamiltonians, being
PM3/MM the method rendering the lowest free energy barriers
for this stepwise mechanism. This result is reasonable,
keeping in mind that the TS of the concerted mechanism
requires a non-inline attack (sce Fig. 5), associated with a
higher energy transient conformation. Moreover, the reaction
described hy the PM3/MM method is almost thermoneutral,
while AM1d/MM and PM6/MM methods show endergonic pro-
cesses, At this point, we must keep in mind that the different
products, obtained with the different methods and by explor-
ing the different mechanisms, correspond to different product
complexes that can differ in the particular confermations and
stabilizing inter-molecular interactions. If the reaction was
explored up to the completely solvent separated species, the
reaction energy should not depend on the mechanism.

Keeping in mind the limitations of the semiempirical
methods to describe this kind of reaction that involves phos-
phor atoms, spline corrections at the B3LYP/6-31G(d,p)/MM
level have been applied to the previous free energy surfaces.
The topology of the resulting high level AMLA:B3LYP/MM free
energy surfaces is similar to the previously obtained AM1d/
MM onces. The free energy barriers are, nevertheless, slightly
raised. On the contrary, high level corrections have s
effects on the PM3/MM surfaces, where the two steps located
on the first step of the stepwise mechanism are transformed
into a concerted one, and the position of the quadratic region
of the TS1 is shifted, becoming closer to the position of the
AM1d/MM TS1. The B3LYP/MM correction slightly decreases
the free energy barrier. Finally, the effects of the corrections
on the PM6/MM surfaces of the concerted mechanism and the
first step of the stepwise mechanism are also noticeable. The
TS of the concerted mechanism describes a reaction where the

gnificant
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proton transfer takes place prior to the phosphate transfer,
while the original TS1 is transformed into a flat and wide
quadratic region in the corrected surface.

After this analysis, it appears quite obvious the dependency
of the resulting mechanism on the employed method. More-
over, it seems that corrections at the B3LYP/MM level render
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Fig. 6 Potential energy surfaces of the concerted {a) and stepwise
mechanisms {b and c} of the phosphoryl transfer reaction from ATP to
Dha in agueaus solution obtained at the BILYP/MM level. Energies are
reported in keal mol * and distances in A
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different results depending on the original structures gener-
ated during the exploration of the 1D and 2D-PMFs. Thus, in
order to look for a convincing proof of the most trustworthy
reaction path, PESs have been generated at the B3LYP/MM
level of theory. We must keep in mind that B3LYP/MM MD cal-
culations are prohibitive from the computational point of view.
The resulting surfaces are reported in Fig. 6, while structures
of the located TSs are displayed in Fig. 7.

As observed, and by comparison with the free energy sur-
faces displayed in Fig. 1-3, and the corresponding PESs
reported in the ESL¥ the results obtained at AM1d/MM are the
ones that resemble the most to the BILYP/MM PESs. This
explains the small effect on the topology of the free energy sur-
faces after B3LYP/MM corrections. Thus, we can confirm the
re-parametrized AM1d Hamiltonian as the maost convenient
semiempirical method to be used in QM/MM MD simulations
to explore the reactivity of phosphoryl transfer reactions in
terms of free energy surfaces.

The fact that products appear as a shallow minimum in the
B3LYP/MM PES of the concerted mechanism (see Fig. 6a)
could be considered in agreement with the fact that no concerted
mechanism was obtained at the PM3/MM level. Moreover, as
observed in Fig. 6c, the product complex is less stable than the
intermediate in the stepwise mechanism and shows an almost
negligible baclowvard barrier to transform into the intermediate.
This could be also considered in agreement with the fact that
this sceond step was not located at the PM6/MM level.

:.—0

el

TS2

Fig. 7 Representative snapshots of structures of the TSs obtained with
the B3LYP/MM method. Water molecules are not displayed for clarity
purposes.
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As mentioned, the result of the comparative analysis
between different hybrid QM/MM methods applied to the
phosphoryl transfer reaction between ATP and Dha in aqueous
solution can have implications for further studies of the cata-
lyzed reaction by the action of dihydroxyacetone kinase. Never-
theless, keeping in mind the features of the reaction, basically,
the highly charged involved species, dramatic differences can
be expected when including the effect of the protein enviren-
ment. In particular, positively charged residues and Mg ions,
that are present in the active site of the kinases, can have an
important role in stabilization of transient species. From the
technical point of view, these residues should most probably
be included in the QM region during the QM/MM beecause of
the presumably large charge reorganization. The analysis of
the timescale of protein metions invelving these residues will
allow having a dynamic description of the process. This predic-
tion is based on the previous comparative analysis of chemical
reactivity in protein and aqueous environments. Finally, it is
important to point out that this study can shed some light in
the debate about the kinds of T'Ss governing similar reactions
involving phosphate groups.
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Figure S1. PES of the concerted and stepwisc mechanisms of the phosphoryl transfer
reaction from ATP to Dha in aqueous solution obtained at AM1d/MM level. Energics

are given in keal mol"! and distances in A.
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Figure S5. Geometries of the stationary points of the stepwise solvent-assisted
mechanisms of the phosphoryl transfer reaction from ATP to Dha in aqueous solution
obtained at AM1d/MM level. Distances in A.
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Table S1. QM/MM free energies relative to reactants of the two possible reaction
mechanisms corresponding to the phosphoryl transfer from ATP to Dha. Table shows the
results from QM/MM calculations with the QM region treated by AM1d/MM, PM3/MM
and PM6/MM. Energies are given in kcal- mol ™,

AMI1d/MM PM3/MM PM6/MM
Concerted mechanism Stepwise mechanism Concerted mechanism
R 0.00 R 0.00 R 0.00
TSc 34.59 TS1-1 13.24 TS 14.0
P 11.63 To -1.45 P 051
Stepwise mechanism TS1-2 14.09 Stepwise mechanism
R 0.00 1(TS1-2) -2.82 R 0.00
TS1 26.40 1(TS2) -2.82 TS1 11.69
I(TS1) 8.29 TS2 15.91 I -3.39
1(T82) 8.29 P -0.26
TS2 15.49
P 14,13

Table §2. QM/MM free energies relative to reactants of the two possible reaction
mechanisms corresponding to the phosphoryl transfer from ATP to Dha. Table shows the
results from QM/MM calculations with the QM region treated by AM1d:B3LYP/MM,
PM3:B3LYP/MM and PM6:B3LYP/MM. Energies are given in kcal-mol ™.

AMI1d:B3LYP/MM PM3:B3LYP/MM PM6:B3LYP/MM

Concerted mechanism Stepwise mechanism Concerted mechanism

R 0.00 R 0.00 R 0.00

TS. 34.22 TS1 30.92 TS. 55.32

r 13.62 I(TS1) -9.70 P 25.42

Stepwise mechanism 1(TS2) -9.70 Stepwise mechanism

R 0.00 TS2 5.75 R 0.00

Ts1 37.28 P 1.25 TS1 45.01

1 20.36 1 722
Iprofile 20.36
TS2 33.44
r 28.51
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Tables S4: Cartesian coordinates of the QM atoms of the localized stationary points.

AM1d/MM
Concerted R TSc P
mechanism
C1 DHA -7.599 0.988 -0.198 -7.248 0.940 -0.229 -7.174 0.875 -0.172
C2 DHA -6.364 1.796 -0.459 -6.100 1.865 -0.590 -5.916 1.683 -0.475
H21 DHA -6.650 2.843 -0.777 -6.360 2.346 -1.578 -6.107 2.268 -1.420
H22 DHA -5.689 1.834 0.459 -6.073 2.658 0.212 -5.767 2.399 0.383
C3 DHA -8.423 0.359 -1.289 -8.170 0.423 -1.319 -8.151 0.510 -1.277
H31 DHA -9.117 -0.428 -0.874 -8.933 -0.274 -0.871 -9.010 -0.072 -0.835
H32 DHA -9.014 1.164 -1.816 -8.701 1.306 -1.770 -8.542 1.465 -1.723
04 DHA -8.032 0.879 1.004 -7.583 0.738 0.948 -7.523 0.634 0.994
05 DHA -5.643 1.243 -1.572 -4.849 1.267 -0.722 -4.764 0.924 -0.705
H5 DHA -4.871 0.692 -1.227 -3.995 2.254 -0.670 -2.630 2.575 0.540
06 DHA -7.605 -0.338 -2.240 -7.490 -0.326 -2.296 -7.581 -0.328 -2.256
H6 DHA -7.295 0.307 -2.959 -7.280 0.270 -3.049 -7.395 0.224 -3.043
C1' ATP 5.252 1.568 0.113 5.209 1.531 0.075 5.253 1.546 0.124
H1' ATP 5.987 2.255 0.635 5.984 2.194 0.559 6.041 2,199 0.605
C2' ATP 5.167 1.934 -1.381 5.152 1.903 -1.418 5.230 1.865 -1.383
H2' ATP 4.803 1.100 -2.048 4,750 1.074 -2.061 4.868 1.001 -2.003
02' ATP 6.470 2.229 -1.894 6.434 2.172 -1.918 6.521 2.143 -1.858
HT2 ATP 6.865 3.035 -1.443 6.807 2.937 -1.440 6.858 2.940 -1.408
C3' ATP 4186 3.127 -1.401 4,182 3.104 -1.426 4.236 3.042 -1.480
H3' ATP 3.611 3.212 -2.366 3.548 3.126 -2.349 3.588 2.962 -2.390
03' ATP 4.968 4.330 -1.232 4.957 4.282 -1.313 4.992 4236 -1.518
HT3 ATP 4.390 5.116 -1.430 4.401 5.019 -1.610 4.368 4.957 -1.695
C4' ATP 3.296 2.927 -0.155 3.342 2.916 -0.145 3.408 2.948 -0.182
04' ATP 3.942 1.888 0.669 3.944 1.867 0.647 3.994 1.940 0.671
H4' ATP 3.273 3.841 0.509 3.370 3.849 0.481 3.455 3.910 0.391
C5' ATP 1.884 2.469 -0.508 1.902 2.504 -0.431 1.965 2.527 -0.439
H51 ATP 1.790 1.358 -0.664 1.839 1.401 -0.643 1.901 1.418 -0.610
H52 ATP 1.493 3.012 -1.419 1.513 3.061 -1.327 1.570 3.052 -1.352
05' ATP 1.043 2.740 0.651 1.136 2.748 0.730 1.201 2.805 0.718
PA ATP 0.033 4.078 0.663 0.045 4.218 0.719 0.153 4.299 0.689
0OA1 ATP 0.897 5.286 0.349 0.897 5.437 0.455 1.101 5.529 0.492
0A2 ATP -0.753 3.976 1.945 -0.875 4.032 1.964 -0.822 4.064 1.893
0OA3 ATP -0.896 3.860 -0.639 -0.757 4.073 -0.812 -0.588 4.171 -0.894
PB ATP -1.777 2.572 -1.228 -1.826 2.759 -1.482 -1.671 2.864 -1.535
OB1 ATP -2.466 3.321 -2.362 -2.369 3.580 -2.717 -2.330 3.499 -2.804
0OB2 ATP -0.826 1.468 -1.651 -0.923 1.498 -1.748 -0.847 1.537 -1.647
OB3 ATP -2.807 2.187 -0.089 -3.023 2.724 -0.306 -2.844 3.086 -0.259
PG ATP -3.120 0.672 0.683 -3.627 0.201 0.838 -3.825 0.163 0.744
0G1 ATP -3.545 -0.286 -0.458 -3.861 -1.022 -0.133 -4.010 -1.301 0.127
0G2 ATP -1.813 0.280 1.371 -2.096 0.417 1.120 -2.279 0.573 0.826
0G3 ATP -4.280 0978 1621 -4.670 0.704 1.870 -4.660 0.650 1.991
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AM1d/MM
Stepwise TS1 | TS2
mechanism
C1 DHA -7.263 -0.755 0.837 -7.387 -0.818 0.841 -7.402 -0.852 0.840
C2 DHA -5.771 -0.546 0.799 -5.881 -0.724 0.855 -5.905 -0.813 0.858
H21 DHA -5.401 -0.439 1.861 -5.530 -0.805 1.924 -5.536 -0.731 1.926
H22 DHA -5.332 -1.472 0.319 -5.487 -1.615 0.282 -5.505 -1.753 0.363
C3 DHA -8.143 -0.109 -0.182 -8.174 -0.042 -0.175 -8.199 -0.106 -0.174
H31 DHA -8.092 1.013 -0.091 -8.030 1.057 0.007 -8.088 1.008 -0.031
H32 DHA -7.835 -0.436 -1.217 -7.808 -0.303 -1.206 -7.879 -0.402 -1.218
04 DHA -7.790 -1.535 1.723 -7.961 -1.577 1.646 -7.989 -1.603 1.707
05 DHA -5.392 0.579 0.056 -5.459 0.467 0.265 -5.433 0.315 0.077
H5 DHA -4.593 1.701 -1.204 -4.740 1.898 -1.255 -2.264 2.091 -0.193
06 DHA -9.512 -0.554 -0.077 -9.538 -0.406 -0.156 -9.587 -0.486 -0.121
H6 DHA -9.937 -0.153 0.722 -9.943 -0.006 0.626 -10.039 -0.054 0.648
C1' ATP 6.187 2.151 -0.333 6.211 2.141 -0.276 6.204 2.150 -0.330
H1' ATP 7.235 2.583 -0.309 7.273 2.528 -0.279 7.258 2.570 -0.321
C2' ATP 5.325 2.907 -1.365 5.390 2.954 -1.297 5.338 2.526 -1.344
H2' ATP 4996 2.282 -2.244 4966 2322 -2.121 4977 2.309 -2.216
02' ATP 6.123 3.921 -1.996 6.213 3.885 -1.963 6.148 3.923 -1.988
HT2 ATP 6.134 4.751 -1.450 6.435 4.598 -1.346 6.177 4.755 -1.446
C3' ATP 4.128 3.486 -0.576 4.272 3.620 -0.463 4.171 3.530 -0.531
H3' ATP 3.131 3.132 -0.981 3.247 3.356 -0.845 3.156 3.208 -0.926
03' ATP 4.183 4.916 -0.746 4487 5.013 -0.590 4.263 4.961 -0.689
HT3 ATP 3.391 5.317 -0.265 3.874 5.459 0.012 3.525 5.387 -0.146
c4' ATP 4.350 3.114 0.906 4470 3,129 0.988 4.408 3.139 0.944
04' ATP 5.650 2.445 0.989 5.708 2.400 1.037 5.695 2.444 1.002
H4' ATP 4.467 4.025 1.568 4.594 3998 1.692 4.550 4.041 1.614
C5' ATP 3.313 2.146 1.494 3.376 2.190 1.527 3.365 2.184 1.543
H51 ATP 3.778 1.541 2.324 3.854 1.467 2.247 3.825 1.582 2.377
H52 ATP 2.830 1.485 0.721 2.900 1.616 0.686 2.874 1.521 0.776
05' ATP 2.266 2.883 2.178 2.410 2.877 2.284 2.323 2935 2.223
PA ATP 1.209 3.853 1.307 1.243 3.960 1.376 1.340 3.976 1.354
OAL ATP 1.980 5.072 0.818 2.096 5.203 0.889 2.130 5.227 0.9%0
OA2 ATP 0.058 4.133 2.239% 0.055 4.267 2.360 0.120 4.200 2.213
OA3 ATP 0.895 2.794 0.135 0.937 2.857 0.118 1.191 3.067 0.028
PB ATP -0.471 2.304 -0.721 -0.578 2.252 -0.802 -0.152 2.472 -0.772
OB1 ATP -0.921 3.548 -1.470 -1.033 3.557 -1.589 -0.701 3.647 -1.572
0OB2 ATP 0.135 1.147 -1.514 0.135 1.083 -1.617 0.401 1.254 -1.507
0B3 ATP -1.487 1.807 0.374 -1.582 1.707 0.346 -1.169 2.089 0.356
PG ATP -3.209 1.165 0.396 -3.657 0.949 0.512 -3.865 0.808 0.451
0G1 ATP -3.583 1.714 -1.083 -3.834 1.579 -1.152 -3.381 1.637 -0.791
0G2 ATP -2.755 -0.273 0.445 -2.902 -0.434 0.586 -3.014 -0.462 0.580
0G3 ATP -3.621 1.980 1.588 -3.826 2.005 1.669 -3.957 1.703 1.687
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PM3/MM
Stepwise R TS1-1 Ip TS1-2
mechanism
Cl DHA -7.895 -0.842 0.948 -7.854 -0.838 0.958 -7.916 -0.874 0.950 -7.562 -0.871 0.973
C2 DHA -6.437 -0.424 0.807 -6.389 -0.425 1.017 -6.471 -0.366 0.885 -6.038 -0.772 1.010
H21 DHA -5.918 -0.677 1.853 -5.969 -0.662 2.015 -6.003 -0.666 1.949 -5.670 -1.010 2.028
H22 DHA -5.934 -0.995 0.099 -5.858 -1.068 0.284 -5.952 -0.950 0.191 -5.662 -1.564 0.330
C3 DHA -8.839 -0.197 -0.044 -8.710 -0.234 -0.133 -8.798 -0.323 -0.147 -8.322 -0.100 -0.087
H31 DHA -8.856 0.900 0.124 -8.618 0.871 -0.111 -8.736 0.786 -0.138 -8.137 0984 0.048
H32 DHA -8.472 -0.379 -1.071 -8.340 -0.582 -1.114 -8.416 -0.670 -1.125 -7.955 -0.384 -1.050
04 DHA -8.277 -1.695 1.748 -8.308 -1.670 1.748 -8.336 -1.707 1.759 -8.148 -1.619 1.759
05 DHA -6.356 0.958 0.695 -6.217 0.915 0.752 -6.393 0.958 0.789 -5.566 0.460 0.618
H5 DHA -5.517 1,118 0.201 -5.255 1.071 0.156 -4.943 1.236 -0.054 -5.172 1.344 -0.935
06 DHA -10.133 -0.739 -0.029 -10.055 -0.639 -0.098 -10.133 -0.765 -0.113 -9.696 -0.391 -0.131
H6 DHA -10.562 -0.413 0.753 -10.467 -0.163 0.613 -10.531 -0.374 0.656 -10.102 0.059 0.601
C1'ATP 6.279 2.243 -0.250 6.275 2.240 -0.246 6.287 2.231 -0.221 6.244 2.225 -0.271
H1' ATP 7.323 2.606 -0.133 7.318 2.604 -0.121 7.334 2.580 -0.085 7.283 2.601 -0.150
C2' ATP 5.531 3.110 -1.287 5.530 3.106 -1.285 5.567 3.106 -1.270 5.485 3.103 -1.291
H2' ATP 5.245 2.530 -2.192 5.249 2.524 -2.190 5.300 2.529 -2.183 5.158 2.524 -2.182
02' ATP 6.335 4.111 -1.858 6.334 4.108 -1.853 6.383 4.106 -1.822 6.298 4.079 -1.894
HT2 ATP 6.589 4.706 -1.163 6.591 4.698 -1.154 6.650 4.683 -1.116 6.573 4.682 -1.213
C3' ATP 4.277 3.618 -0.523 4.271 3.610 -0.527 4.299 3.610 -0.531 4.265 3.648 -0.501
H3' ATP 3.366 3.124 -0.939 3.365 3.104 -0.940 3.398 3.114 -0.967 3.325 3.214 -0.920
03' ATP 4.131 5.009 -0.670 4.116 4.997 -0.688 4.158 5.000 -0.678 4.186 5.048 -0.601
HT3 ATP 3.355 5.224 -0.128 3.337 5.214 -0.153 3.367 5.216 -0.164 3.409 5.276 -0.064
Cc4' ATP 4.496 3,207 0.964 4,491 3.212 0.964 4.487 3,193 0.959 4,477 3.187 0.971
04' ATP 5.706 2.452 1.042 5697 2449 1.043 5.696 2.443 1.062 5671 2.404 1026
H4' ATP 4678 4.091 1.617 4676 4.102 1.607 4653 4.072 1.623 4.675 4.045 1.654
C5' ATP 3.335 2.358 1.557 3.331 2.371 1.571 3.317 2.335 1.518 3.290 2.349 1.531
H51 ATP 3.734 1.626 2.286 3.733 1.656 2316 3.699 1.592 2.246 3.663 1.590 2.245
H52 ATP 2.827 1.779 0.760 2.825 1.776 0.786 2.823 1.767 0.705 2.775 1.805 0.715
05' ATP 2.409 3.089 2.298 2.400 3.105 2.301 2.378 3.057 2.250 2.380 3.093 2.273
PA ATP 1.226 4.135 1.528 1.210 4.135 1.529 1.217 4.136 1.511 1.220 4.162 1.482
0A1 ATP 2.021 5.333 0.991 2.008 5.321 0973 2.011 5.310 0.949 2.061 5.369 1.015
QA2 ATP 0.139 4.439 2.546 0132 4.447 2.548 0.153 4.426 2.546 0.141 4.490 2.502
OA3 ATP 0.686 3.185 0.303 0.628 3.152 0.338 0.616 3.205 0.279 0.623 3.243 0.290
PB ATP -0.360 2.396 -0.822 -0.371 2.401 -0.842 -0.376 2.445 -0.864 -0.492 2.326 -0.734
0B1 ATP -1.028 3.551 -1.581 -1.032 3.559 -1.591 -1.136 3.557 -1.595 -1.124 3.462 -1.577
OB2 ATP 0.471 1.351 -1.586 0.485 1.361 -1.577 0.437 1.387 -1.594 0.420 1.343 -1.533
OB3 ATP -1.371 1.489 0.087 -1.465 1.461 -0.046 -1.431 1.505 0.035 -1.496 1.513 0.180
PG ATP -2977 0.996 0.654 -2.977 0990 0.695 -2.876 1.003 0.771 -3.782 0.849 0.660
OG1 ATP -3.989 1.180 -0.532 -4.173 1.165 -0.386 -4.039 1.305 -0.422 -4.217 1.364 -0.907
OG2 ATP -2.630 -0.505 0.920 -2.624 -0.505 0.899 -2.606 -0.491 0.905 -3.141 -0.515 0.720
0G3 ATP -3.231 1.908 1.887 -3.127 1934 1.896 -3.125 1.901 1.967 -3.801 1.880 1.758
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PM3/MM
Stepwise
mechanism

TS2

P

Cl DHA

-7.736 -0,982 0.962

-7.702 -0.961 0.973

-7.757 -1.018 0.963

C2 DHA

-6.217 -0.881 0.950

-6.185 -0.837 0.985

-6.240 -0.200 0.873

H21 DHA

-5.789 -1.241 1.908

-5.784 -1.093 1987

-5.756 -1.386 1.744

H22 DHA
C3 DHA

-5.840 -1.547 0.148
-8.517 -0.211 -0.080

-5.790 -1.592 0.273
-8.489 -0.215 -0.082

-5.918 -1.450 -0.034
-8.596 -0.208 -0.002

H31 DHA

-8.320 0.874 0.044

-8.314 0.874 0.034

-8.459 0.870 0.225

H32 DHA

-8.173 -0.500 -1.092

-8.137 -0.507 -1.08%

-8.252 -0.377 -1.040

04 DHA

-8.283 -1.718 1.782

-8.259 -1.700 1.787

-8.268 -1.781 1.785

05 DHA

-5.825 0.429 0.717

-5.789 0.433 0.615

-5.881 0.428 0.795

H5 DHA

-2.816 1.587 -0.612

-2.492 1.626 -0.444

-2.160 1.672 -0.213

06 DHA

-9.891 -0.495 -0.084

-9.859 -0.523 -0.08%

-9.954 -0.563 -0.026

HE6 DHA

-10.276 -0.040 0.656

-10.254 -0.071 0.647

-10.328 -0.311 0.812

C1' ATP

6.235 2.222 -0.224

6.243 2.231 -0.276

6.236 2.209 -0.217

H1' ATP

7.279 2.577 -0.090

7.283 2.605 -0.160

7.280 2.569 -0.088

C2' ATP

5.512 3.096 -1.274

5.484 3.104 -1.301

5.505 3.081 -1.261

H2' ATP

5.227 2.509 -2.176

5.168 2.525 -2.197

5.203 2.495 -2.158

02' ATP

6.342 4.073 -1.848

6.290 4.090 -1.895

6.327 4.056 -1.847

HT2 ATP

6.586 4.682 -1.161

6.559 4.691 -1.210

6.603 4.652 -1.161

C3' ATP

4.257 3.627 -0.531

4.253 3.637 -0.518

4.263 3.625 -0.504

H3' ATP

3343 3.156 -0.971

3.321 3.183 -0.936

3.338 3.174 -0.943

03' ATP

4.139 5.023 -0.655

4.151 5.035 -0.631

4171 5.023 -0.617

HT3 ATP

3.363 5.242 -0.112

3.382 5.261 -0.085

3.395 5.254 -0.084

C4' ATP

4.437 3.193 0.955

4470 3.190 0.958

4444 3.175 0976

04' ATP

5645 2.437 1.060

5671 2421 1020

5.649 2.417 1.070

H4' ATP

4.609 4.062 1.630

4.661 4.055 1.634

4.619 4.035 1.663

C5' ATP

3.240 2.345 1476

3.292 2.346 1.526

3.248 2.325 1495

H51 ATP

3.591 1.545 2.156

3.671 1.590 2.241

3.593 1.534 2.187

H52 ATP

2,720 1.845 0.634

2776 1.795 0.715

2.735 1.813 0.657

0O5' ATP

2.345 3.078 2.245

2378 3.084 2.275

2.345 3.064 2.252

PA ATP

1.202 4.195 1.490

1.226 4.166 1.512

1.226 4.196 1.523

OA1ATP

2,062 5.394 1.059

2.040 5.369 1.022

2.052 5.390 1.053

0A2 ATP

0.089 4.432 2.502

0116 4.445 2.505

0.093 4.402 2.496

0A3 ATP

0.679 3.408 0.183

0.686 3.276 0.248

0.710 3.385 0.183

PB ATP

-0.260 2.454 -0.928

-0.352 2.481 -0.862

-0.201 2.566 -0.963

0B1 ATP

-1.069 3.556 -1.701

-1.014 3.618 -1.662

-1.044 3.626 -1.683

0B2 ATP

0.749 1.586 -1.700

0.471 1.402 -1.577

0.662 1.548 -1.666

OB3 ATP

-1.177 1.496 -0.091

-1.452 1.658 -0.008

-1.206 1.569 -0.051

PG ATP

-4.120 0.727 0.910

-4.057 0.748 0.785

-4.139 0.768 0.801

OG1 ATP

-3.778 1.406 -0.603

-3.635 1.352 -0.659

-3.857 1.426 -0.593

0G2 ATP

-3.372 -0.592 0.981

-3.336 -0.601 0.971

-3.373 -0.592 0.916

0G3 ATP

-4.015 1.759 2.006

-3.977 1.776 1.927

-3.988 1.730 2.008
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PM6/MM

Concerted R TSC P
mechanism

C1l DHA -7.037 1.692 0.836 -6.738 1.630 0.844 -6.365 1.528 0.872
C2 DHA -5.962 0.622 0.700 -5.690 0.516 0.738 -5.279 0.478 0.670
H21 DHA -6.021 -0.021 1.606 -5.869 -0.089 1.657 -5.427 -0.317 1.431
H22 DHA -6.105 0.005 -0.208 -5.915 -0.121 -0.138 -5.364 0.026 -0.339
C3 DHA -8.299 1.527 -0.009 -8.048 1.487 0.054 -7.672 1.382 0.081
H31 DHA -9.213 1.584 0.615 -8.933 1.558 0.717 -8.547 1.456 0.756
H32 DHA -8.341 2.338 -0.773 -8.114 2.308 -0.697 -7.745 2.202 -0.671
04 DHA -6.964 2.641 1.587 -6.647 2.611 1.557 -6.286 2.478 1.623
05 DHA -4.657 1.229 0.702 -4.341 0.935 0.795 -4.010 1.102 0.839
H5 DHA -4.098 0.802 -0.051 -3.795 1.199 -0.397 -3.387 1.478 -0.946
06 DHA -8.254 0.317 -0.758 -8.082 0.287 -0.713 -7.714 0.179 -0.681
HE DHA -8.763 -0.413 -0.271 -8.648 -0.408 -0.241 -8.316 -0.491 -0.221
C1' ATP 5.102 1.618 -0.240 5.089 1.619 -0.248 5.070 1.634 -0.265
H1' ATP 5.933 2.167 0.263 5.924 2.169 0.245 5.909 2.190 0.217
C2' ATP 4.790 2.221 -1.619 4.769 2.218 -1.627 4.737 2.222 -1.645
H2' ATP 5.005 1.543 -2.474 4.978 1.535 -2.480 4.929 1.530 -2.495
02' ATP 5.537 3.391 -1.926 5.522 3.381 -1.942 5.497 3.376 -1.975
HT2 ATP 5.992 3.809 -1.137 5.977 3.802 -1.156 5.960 3.799 -1.194
C3' ATP 3.287 2.627 -1.538 3.268 2.631 -1.537 3.241 2.649 -1.544
H3' ATP 2.627 1.944 -2.121 2.604 1952 -2.119 2.565 1.984 -2.130
03' ATP 3.083 3.890 -2.135 3.069 3.898 -2.127 3.051 3926 -2.118
HT3 ATP 3.849 4.506 -1.961 3.847 4.505 -1.967 3.849 4.514 -1.982
C4' ATP 2.940 2.645 -0.031 2.926 2.645 -0.029 2.903 2.651 -0.037
04' ATP 3946 1.799 0612 3.937 1.802 0.610 3.927 1.823 0.602
H4' ATP 3.051 3.665 0.397 3.036 3.664 0.399 2.992 3.668 0.399
C5' ATP 1.609 1.988 0.347 1595 1.983 0.358 1.588 1.958 0.341
H51 ATP 1.753 0.991 0.816 1.756 0.994 0.838 1.783 0.972 0.811
H52 ATP 0.950 1.837 -0.541 0.938 1.828 -0.528 0.928 1.796 -0.541
05' ATP 0.972 2.743 1.368 0.957 2.744 1.373 0.926 2.692 1.362
PA ATP 0.048 4.068 0.919 0.028 4.061 0.914 -0.013 4.005 0.904
OA1 ATP 1.000 5.059 0.283 0.981 5.054 0.284 0.916 4.979 0.217
OA2 ATP -0.735 4.337 2.154 -0.772 4.342 2.135 -0.789 4.324 2.128
0A3 ATP -1.002 3.638 -0.283 -1.032 3.598 -0.277 -1.132 3.491 -0.195
PB ATP -1.544 2.400 -1.245 -1.611 2.398 -1.254 -1.528 2.514 -1.435
0B1 ATP -2.684 2.957 -2.052 -2.681 3.026 -2.102 -2.560 3.314 -2.197
OB2 ATP -0.327 1.880 -2.000 -0.378 1.836 -1.942 -0.286 1.967 -2.105
OB3 ATP -2.204 1.278 -0.296 -2.507 1.275 -0.442 -2.466 1.257 -0.897
PG ATP -1.880 0.317 1.099 -2.272 0.294 1.117 -2.650 0.160 1.308
0G1 ATP -2.806 -0.845 0.685 -2.979 -0.984 0.661 -3.307 -1.245 1.204
0G2 ATP -0.396 -0.085 1.025 -0.758 -0.021 1.086 -1.267 0.075 0.644
0G3 ATP -2.266 1.099 2.330 -2.598 1.203 2.269 -2.536 0.821 2.685
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PM6/MM
Stepwise
mechanism

TS1

Cl DHA

-7.585 -0.858 0.855

-7.602 -0.872 0.860

C2 DHA

-6.073 -0.702 0.815

-6.086 -0.786 0.875

H21 DHA

-5.714 -0.750 1.876

-5.743 -0.799 1.927

H22 DHA

-5.670 -1.625 0.315

-5.692 -1.670 0.318

C3 DHA

-8.397 -0.125 -0.180

-8.399 -0.130 -0.182

H31DHA

-8.273 0.970 -0.062

-8.276 0.964 -0.048

H32 DHA

-8.076 -0.416 -1.207

-8.074 -0.426 -1.206

04 DHA

-8.110 -1.593 1.682

-8.138 -1.602 1.685

05 DHA
H5 DHA

-5.700 0.495 0.073
-5.083 1.811 -1.128

-5.691 0.413 0.219
-4.827 2.067 -1.350

Q6 DHA

-9.764 -0.515 -0.104

-9.769 -0.511 -0.113

HE6 DHA

-10.216 -0.049 0.647

-10.208 -0.049 0.649

C1' ATP

6.203 2.142 -0.304

6.212 2.141 -0.305

H1'ATP

7.252 2.526 -0.295

7.262 2.524 -0.303

C2' ATP

5.370 2.950 -1.332

5.376 2.942 -1.330

H2' ATP

4.973 2.335 -2.168

4.966 2.323 -2.154

02' ATP

6.209 3.882 -1.988

6.211 3.873 -1.996

HT2 ATP

6.421 4.646 -1.387

6.435 4.627 -1.385

C3'ATP

4.245 3.618 -0.500

4.258 3.612 -0.495

H3' ATP

3.222 3.375 -0.886

3.235 3.362 -0.875

03' ATP

4.456 5.024 -0.617

4.474 5.016 -0.629

HT3 ATP

3.764 5.481 -0.023

3.800 5.480 -0.028

C4' ATP

4.448 3.169 0.963

4461 3.166 0.968

04’ ATP

5.683 2.407 1.023

5712 2413 1.024

H4' ATP

4613 4.026 1.656

4612 4.026 1658

C5' ATP

3.340 2.239 1.493

3.356 2.234 1.503

H51 ATP

3.785 1.541 2.236

3.821 1.521 2.224

H52 ATP

2.860 1.655 0.686

2,878 1.661 0.687

0O5' ATP

2.366 2.965 2.230

2.384 2.965 2.238

PA ATP

1.316 4.009 1.333

1.306 4.024 1.364

OA1ATP

2,155 5.241 0.998

2,118 5.282 1.036

0A2 ATP

0.163 4.247 2.300

0.149 4.257 2.315

0A3 ATP

1.053 3.153 0.023

1.064 3.181 0.028

PB ATP

-0.364 2.294 -0.724

-0.394 2.279 -0.749

OB1 ATP

-0.971 3.440 -1532

-1.001 3.425 -1.554

0B2 ATP

0.318 1.196 -1.562

0.288 1.182 -1.589

OB3 ATP

-1.118 1.735 0.465

-1.107 1.736 0.461

PG ATP

-3.861 0.885 0.420

-3.989 0.863 0.414

0G1 ATP

-3.934 1.495 -1.114

-4.024 1.504 -1.136

0G2 ATP

-3.101 -0.396 0.458

-3.139 -0.369 0.436

0G3 ATP

-3.978 1.801 1.510

-4.002 1.902 1.493
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AM1d/MM
Solvent J R-w TS1-w l-w
C1l DHA -7.493 0.924 -0.260 -7.358 0.812 -0.442 -7.560 0.937 -0.227
C2 DHA -6.207 1.638 -0.543 -6.010 1.321 -0.916 -6.283 1.654 -0.577
H21 DHA 6,449 2.690 -0.883 6,192 2.385 -1.253 -6.545 2,725 -0.837
H22 DHA -5.540 1.671 0.381 -5.302 1.340 -0.044 -5.567 1.629 0.300
C3 DHA -8.370 0.325 -1.324 -8.359 0.323 -1.464 -8.412 0.307 -1.301
H31 DHA 8,077 -0.437 -0.886 9,126 -0.337 -0.971 9,122 -0.452 -0.877
H32 DHA -8.956 1.150 -1.828 -8.874 1.222 -1.901 -8.977 1.128 -1.831
04 DHA -7.945 0.910 0.944 -7.680 0.863 0.756 -7.993 0.874 0.986
05 DHA -5.524 1.032 -1.655 -5.527 0.583 -1.985 -5.724 1.056 -1.690
H5 DHA -4.645 0.644 -1.353 -4.449 0.297 -1.924 -3.264 0.171 -2.273
06 DHA -7.612 -0.395 -2.305 -7.768 -0.462 -2.469 -7.659 -0.415 -2.288
He DHA -7.284 0.246 -3.019 -7.350 0.144 -3.113 -7.081 0.251 -2.799
C1' ATP 52486 1.569 0.126 5.323 1.575 0.135 5.241 1.568 0.133
H1' ATP 5.984 2.254 0.647 6.118 2.220 0.613 5.972 2.256 0.659
C2' ATP 5.162 1.933 -1.367 5.279 1914 -1.367 5.161 1.934 -1.361
H2' ATP 4.801 1.098 -2.036 4.896 1.062 -1.992 4.800 1.100 -2.030
02' ATP 6.467 2.227 -1.879 6.563 2.185 -1.860 6.465 2.228 -1.871
HT2 ATP 6.860 3.036 -1.432 6.915 2.975 -1.408 6.860 3.037 -1.423
C3' ATP 4,181 3.125 -1.389 4.293 3,101 -1.428 4,181 3.128 -1.383
H3' ATP 3.607 3.210 -2.355 3.645 3.056 -2.341 3.611 3,218 -2.351
03' ATP 4,964 4.328 -1.218 5.052 4.294 -1.410 4.962 4.329 -1.203
HT3 ATP 4.388 5.115 -1.418 4.468 5.006 -1.711 4.392 5.118 -1.416
C4' ATP 3.289 2.925 -0.144 3.469 2974 -0.131 3.286 2.921 -0.142
04' ATP 3.938 1.891 0.684 4,070 1.961 0.703 3.929 1.884 0.685
H4' ATP 3.262 3.841 0.519 3.500 3.927 0.459 3.252 3.836 0.523
C5' ATP 1.880 2.461 -0.502 2.029 2.547 -0.392 1.884 2.449 -0.508
H51 ATP 1.789 1.350 -0.664 1.982 1.450 -0.630 1.812 1.341 -0.688
H52 ATP 1.491 3.003 -1.415 1.614 3.124 -1.264 1.491 3.015 -1.405
05" ATP 1.029 2.721 0.653 1.286 2.750 0.795 1.040 2.670 0.660
PA ATP 0.018 4.050 0687 0.091 4.132 0.763 0.030 3.999 0.708
0OA1ATP 0.863 5.262 0.341 0.905 5.406 0.350 0.832 5.221 0.322
0A2 ATP -0.755 3.944 1.976 -0.786 3.989 2.044 -0.764 3.917 1.978
0A32 ATP -0.994 3.845 -0.561 -0.726 3.638 -0.715 -0.862 3.679 -0.625
PB ATP -1.696 2.528 -1.281 -2.022 2.523 -1.209 -1.851 2.542 -1.217
OB1 ATP -2.401 3.267 -2.409 -2.636 3.444 -2.316 -2.350 3.255 -2.452
0B2 ATP -0.615 1.531 -1.646 -1.076 1.228 -1.891 -0.864 1.345 -1.691
0B3 ATP -2.799 1.833 -0.373 -2.905 1.974 0.026 -2,.922 2,092 -0.203
PG ATP -3.085 0.574 0.738 -3.158 0.290 1.194 -3.174 0.529 0.803
0G1 ATP -3.662 -0.515 -0.188 -3.783 -0.811 0.258 -3.558 -0.638 -0.096
0G2 ATP -1.743 0.236 1.379 -1.653 0.078 1.650 -1.729 0.370 1.283
0G3 ATP -4.151 1.070 1.702 -4.099 1.045 2.184 -4,148 1.012 1.836
Ow HOH -2.304 -0.540 -2.443 -3.276 -0.250 -2.351 -2.628 -0.510 -2.371
Hw HOH -1.844 0.227 -1.984 -1.650 0.416 -1.929 -1.314 0.443 -1.846
Hw HOH -2.921 -0.901 -1.755 -3.234 -1.061 -1.873 -2.796 -1.151 -1.611




7. Publications

127

AM1d/MM
Solvent T52-w P-w
Cl DHA -7.446 0.907 -0.203 -7.250 0.869 -0.152
C2 DHA -6.076 1.505 -0.429 -5.903 1.562 -0.291
H21 DHA -6.141 2,285 -1.242 -5.871 2,133 -1.263
H22 DHA -5.700 1.974 0.528 -5.723 2.236 0.595
C3 DHA -8.322 0.340 -1.292 -8.158 0.371 -1.257
H31 DHA -9.043 -0.413 -0.866 -8.902 -0.370 -0.837
H32 DHA -8.876 1.193 -1.779 -8.708 1.249 -1.706
04 DHA -7.955 0.882 0.980 -7.777 0.807 1.017
05 DHA -5.242 0.458 -0.773 -4.869 0.582 -0.320
H5 DHA -3.332 0.650 -2.095 -3.434 0.449 -2.477
06 DHA -7.613 -0.394 -2.304 -7.498 -0.359 -2.302
Hé DHA -7.279 0.243 -3.011 -7.299 0.253 -3.083
C1' ATP 5.235 1.569 0.134 5236 1.570 0.134
H1' ATP 5.964 2.259 0.660 5.964 2.259 0.663
C2' ATP 5.156 1.935 -1.360 5.160 1.936 -1.360
H2' ATP 4.796 1.100 -2.028 4.799 1.101 -2.028
02' ATP 6.461 2.228 -1.870 6.466 2.228 -1.868
HT2 ATP 6.854 3.040 -1.425 6.857 3.040 -1.422
C3' ATP 4.176 3.128 -1.382 4.181 3.129 -1.384
H3' ATP 3.607 3.219 -2.351 3.616 3.222 -2.355
03' ATP 4.956 4.329 -1.199 4.960 4.331 -1.199
HT3 ATP 4.382 5.118 -1.403 4.380 5.119 -1.389
C4' ATP 3.276 2.919 -0.145 3.277 2917 -0.151
04' ATP 3.920 1.882 0.683 3.921 1.883 0.681
H4' ATP 3.238 3.833 0.520 3.231 3.830 0.515
C5' ATP 1.876 2.447 -0.523 1.879 2.440 -0.535
H51 ATP 1.803 1.337 -0.685 1.806 1.327 -0.677
H52 ATP 1.499 2.997 -1.437 1.512 2.974 -1.461
05’ ATP 1.007 2.695 0.618 1.003 2.715 0.593
PA ATP 0.031 4.057 0.638 0.034 4.078 0.584
0A1ATP 0.907 5.267 0.383 0.932 5.283 0.373
0A2 ATP -0.798 3.932 1.887 -0.837 3.956 1.802
0A3 ATP -0.761 3.901 -0.774 -0.728 3.966 -0.860
PB ATP -1.818 2.806 -1.394 -1.812 2.871 -1.451
OB1 ATP -1.985 3.317 -2.820 -1.691 3.075 -2.968
0B2 ATP -0.872 1.486 -1.547 -1.065 1.475 -1.176
0B3 ATP -3.064 2.725 -0.572 -3.187 3.160 -0.923
PG ATP -3.403 0.121 1.006 -3.665 0.122 0.936
O0G1 ATP -3.679 -1.123 0.217 -3.848 -1.305 0.379
0G2 ATP -1.925 0.290 1.259 -2.155 0.357 1.041
0G3 ATP -4.342 0.814 1.917 -4.432 0.708 2.105
Ow HOH -2.873 -0.147 -2.196 -2.885 -0.320 -2.217
Hw HOH -1.373 0.615 -1.629 -1.608 0.668 -1.455
Hw HOH -3.255 -0.853 -1.587 -3.288 -0.818 -1.424
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AM1d/MM
Solvent

d

R-w

TS.~w

P-w

Cl DHA
C2 DHA

-7.334 -0.667 0.597
-5.922 -0.355 0.186

-7.354 -0.687 0.608
-5.910 -0.390 0.395

-7.371 -0.688 0.639
-5.905 -0.424 0.533

H21 DHA

-5.466 0.364 0.92%

-5,567 0.013 1.406

-5.566 -0.149 1.580

H22 DHA

-5.328 -1.318 0.136

-5.350 -1.327 0.088

-5.390 -1.350 0.126

C3 DHA

-8.513 -0.126 -0.149

-8.479 -0.113 -0.183

-8.471 -0.104 -0.186

H31 DHA

-8.622 0.984 0.010

-8.560 1.002 -0.023

-8.551 1.011 -0.030

H32 DHA

-8.421 -0.361 -1.251

-8.365 -0.356 -1.279

-8.353 -0.351 -1.281

04 DHA

-7.523 -1.415 1.625

-7.619 -1.483 1.587

-7.696 -1.516 1.575

05 DHA

-5.903 0.239 -1.126

-5.563 0.680 -0.482

-5.482 0.700 -0.243

H5 DHA

-5.048 0.753 -1.296

-4.964 0.443 -1.809

-4.890 0.420 -2.092

06 DHA

-9.725 -0.795 0.255

-9.718 -0.752 0.188

-9.725 -0.729 0.164

H6 DHA

-10.100 -0.377 1.075

-10.068 -0.367 1.037

-10.067 -0.368 1.027

C1' ATP

6.139 2.145 -0.346

6.155 2.143 -0.344

6.159 2.142 -0.344

H1' ATP

7.179 2.594 -0.328

7.199 2.584 -0.330

7.203 2.581 -0.329

C2' ATP

5.263 2.886 -1.377

5.281 2.888 -1.370

5.287 2.889 -1.371

H2' ATP

4.950 2.259 -2.263

4.957 2.264 -2.251

4964 2.265 -2.252

02' ATP

6.043 3.915 -2.008

6.063 3.924 -1.989

6.071 3.925 -1.988

HT2 ATP

6.066 4.750 -1.472

6.016 4.758 -1.451

6.017 4.762 -1.454

C3' ATP

4.052 3.432 -0.586

4.079 3.440 -0.577

4.084 3.442 -0.579

H3'ATP

3.064 3.048 -0.993

3.086 3.053 -0.976

3.090 3.056 -0.977

03' ATP

4.069 4.865 -0.739

4.087 4.870 -0.757

4.096 4.872 -0.762

HT3 ATP

3.262 5.244 -0.267

3.279 5.251 -0.264

3.293 5.258 -0.265

C4' ATP

4.296 3.080 0.895

4.327 3.091 0.907

4.331 3.095 0.905

04' ATP

5599 2.419 0.977

5.629 2.426 0.982

5.631 2.425 0.982

H4' ATP

4.395 4.004 1.549

4.447 4.019 1.548

4.456 4.022 1.546

C5' ATP

3.280 2.126 1.526

3.298 2.144 1.543

3.298 2.152 1.540

H51 ATP

3763 1.573 2.378

3771 1.566 2.387

3.765 1.574 2.386

H52 ATP

2772 1.409 0.821

2,793 1.454 0.811

2.792 1.463 0.807

05" ATP

2.269 2.909 2214

2276 2.933 2.203

2276 2.943 2.197

PA ATP

1.184 3.837 1.352

1321 3.973 1.285

1.326 3.988 1.277

0A1 ATP

1.861 5.139 0.944

2109 5.262 1.028

2.133 5.269 1.027

0A2 ATP

-0.031 3.966 2.236

0.081 4.206 2.123

0.090 4.232 2.115

0A3 ATP

1.093 2.831 0.084

1.294 3.245 -0.152

1.271 3.245 -0.142

PB ATP

-0.271 2.361 -0.755

-0.094 2.281 -0.585

-0.118 2.264 -0.582

OB1 ATP

-0.717 3.632 -1.455

-0.906 3.398 -1.247

-0.933 3.384 -1.230

0B2 ATP

0.224 1.157 -1.549

0.321 1.167 -1.569

0.365 1.188 -1.577

OB3 ATP

-1.144 1.900 0.492

-0.266 1.676 0.807

-0.357 1.625 0.780

PG ATP

-2.785 1.295 0.448

-3.701 1.115 0.244

-3.773 1.094 0.200

OG1 ATP

-3.287 1.693 -0.936

-3.526 1.737 -1.126

-3.499 1.683 -1.221

0G2 ATP

-2.476 -0.196 0.633

-3.097 -0.268 0.396

-3.084 -0.257 0.344

0G3 ATP

-3.407 1.987 1.657

-3.968 1.884 1.504

-3.933 1.940 1.441

Ow HOH

-4.106 0.360 -3.045

-4.269 0.267 -2.787

-4.257 0.212 -2.814

Hw HOH

-3.330 0.658 -2.489

-3.323 0.670 -2.586

-3.322 0.804 -2.408

Hw HOH

-4.384 -0.541 -2.757

-4.165 -0.709 -2.961

-4.164 -0.777 -2.948
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PM3/MM
Solvent

11-w

TS2-1-w

12-w

Cl DHA
C2 DHA

-7.783 -0.980 0.976
-6.263 -0.877 0944

-7.784 -0.987 0.989
-6.264 -0.890 0.956

-7.799 -0.988 0.955
-6.277 -0.908 0.895

H21 DHA

-5.818 -1.322 1.857

-5.818 -1.350 1.862

-5.816 -1.494 1.715

H22 DHA

-5.902 -1.466 0.077

-5.906 -1.464 0.079

-5.942 -1.349 -0.064

C3 DHA

-8.578 -0.194 -0.044

-8.582 -0.186 -0.017

-8.591 -0.190 -0.058

H31 DHA

-8.404 0.889 0.117

-8.419 0.895 0.172

-8.400 0.891 0.104

H32 DHA

-8.227 -0.444 -1.063

-8.224 -0.407 -1.040

-8.249 -0.442 -1.080

04 DHA

-8.318 -1.729 1.792

-8.321 -1.741 1.800

-8.334 -1.722 1.784

05 DHA

-5.876 0.450 0.824

-5.880 0.439 0.863

-5.882 0.418 0.985

H5 DHA

-2.867 1.593 -0571

-2.955 1.664 -0.615

-2.947 1.542 -0.580

06 DHA

-9.945 -0.508 -0.062

-8.945 -0.514 -0.049

-9.962 -0.487 -0.067

HE DHA

-10.339 -0.109 0.704

-10.349 -0.124 0.717

-10.353 -0.050 0.680

C1' ATP

6.225 2.217 -0.175

6.229 2.218 -0.189

6.222 2.224 -0.189

H1' ATP

7.264 2.575 -0.014

7.267 2.579 -0.024

7.260 2.585 -0.029

C2' ATP

5.524 3.099 -1.235

5.530 3.107 -1.246

5.521 3.102 -1.255

H2' ATP

5.249 2.517 -2.142

5.258 2530 -2.157

5.253 2.517 -2.162

02' ATP

6.371 4.070 -1.793

6.376 4.084 -1.795

6.362 4.079 -1.811

HT2 ATP

6.581 4.695 -1.110

6.565 4.719 -1.114

6.570 4.706 -1.129

C3'ATP

4.259 3.638 -0.514

4.262 3.641 -0.526

4.250 3.637 -0.541

H3'ATP

3.348 3.178 -0.974

3.354 3.181 -0.991

3.345 3.167 -1.001

03' ATP

4.152 5.036 -0.631

4.151 5.039 -0.639

4.133 5.033 -0.670

HT3 ATP

3.373 5.257 -0.093

3.373 5.260 -0.102

3.355 5.259 -0.135

C4' ATP

4.406 3.190 0.971

4405 3.188 0.958

4.398 3.203 0.948

04' ATP

5.603 2.420 1.096

5.602 2.416 1.082

5.597 2.436 1.080

H4' ATP

4.570 4.052 1.658

4568 4.048 1.648

4.55¢ 4.073 1.626

C5' ATP

3.186 2.351 1.453

3.183 2.348 1.430

3.186 2.360 1.437

H51 ATP

3.513 1.527 2.116

3506 1.517 2.086

3.516 1.539 2.101

H52 ATP

2670 1.886 0.589

2.668 1.893 0.559

2.668 1.891 0.575

05" ATP

2.281 3.079 2.225

2284 3.067 2.207

2.283 3.078 2.212

PA ATP

1.159 4.217 1.485

1160 4.223 1.49%

1.166 4.234 1.508

0A1 ATP

2.043 5.400 1.052

2.045 5.391 1.053

2.041 5.393 1.043

0A2 ATP

0.073 4.467 2.526

0.087 4.463 2.544

0.080 4.463 2.533

OA3 ATP

0.564 3.456 0.193

0518 3.473 0.194

0.534 3.459 0.199

PB ATP

-0.256 2.464 -0.985

-0.282 2.451 -0.929

-0.220 2.413 -0.898

OB1 ATP

-1.082 3.544 -1.785

-1.160 3.549 -1.783

-1.111 3.532 -1.775

0B2 ATP

0.847 1.700 -1.732

0.802 1.707 -1.698

0.852 1.717 -1.704

0OB3 ATP

-1.175 1.460 -0.200

-1.234 1.495 -0.177

-1.188 1.471 -0.177

PG ATP

-4.167 0.737 0.999

-4.168 0.732 0.980

-4.168 0.686 1.051

O0G1 ATP

-3.826 1.399 -0.523

-3.885 1.383 -0.552

-3.858 1.220 -0.510

0G2 ATP

-3.427 -0.588 1.069

-3.415 -0.591 1.046

-3.408 -0.629 1.157

0G3 ATP

-4.043 1768 2.092

-4.029 1.761 2.077

-4.010 1.770 2.093

Ow HOH

-3.751 3.480 -2.211

-3.484 3.507 -2.319

-3.624 3.594 -2.469

Hw HOH

-4.024 2.907 -1.482

-3.836 2.938 -1.646

-3.940 3.382 -1.613

Hw HOH

-2.777 3.514 -2.158

-2.239 3.471 -1.978

-2.084 3.388 -1.913




130

7. Publications

PM3/MM
Solvent TS2-2-w P-w

C1l DHA -7.784 -1.040 0.998 -7.805 -1.009 0.987
C2 DHA -6.266 -0.905 1.056 -6.287 -0.909 1.027
H21 DHA 5.860 -1.411 1,954 -5.871 -1.322 1.965
H22 DHA -5.849 -1.420 0.167 -5.885 -1.519 0.188
C3 DHA -8.524 -0.316 -0.105 -8.553 -0.222 -0.070
H31 DHA -8.290 0.767 -0.055 -8.346 0.861 0.057
H32 DHA -8.179 -0.688 -1.089 -8.200 -0.505 -1.07%
04 DHA -8.366 -1.759 1.811 -8.391 -1.732 1.796
05 DHA 5919 0.429 1.082 -5.924 0.408 0.951
H5 DHA -3.995 2.202 -1.171 -3.343 2.180 -1.560
06 DHA -9.909 -0.548 -0.114 -9.934 -0.480 -0.100
He DHA -10.279 -0.073 0.620 -10.309 -0.071 0.671
C1' ATP 6.239 2.212 -0.180 6.253 2.217 -0.201
H1' ATP 7.279 2.569 -0.023 7.295 2.576 -0.055
C2' ATP 5.536 3.081 -1.248 5.539 3.101 -1.251
H2' ATP 5.269 2.489 -2.152 5.269 2.520 -2.161
02' ATP 6.374 4.056 -1.811 6.368 4.089 -1.807
HT2 ATP 6.582 4.685 -1.131 6.464 4.785 -1.168
C3' ATP 4.265 3.614 -0.534 4.274 3.621 -0.517
H3' ATP 3.362 3.134 -0.987 3.367 3.140 -0.961
03' ATP 4,142 5.009 -0.677 4.145 5.016 -0.653
HT3 ATP 3.373 5.239 -0.132 3.388 5.243 -0.092
C4' ATP 4.423 3.196 0.960 4.450 3.191 0.970
04' ATP 5618 2.425 1.091 5.644 2416 1.079
H4' ATP 4593 4.073 1.626 4,633 4.060 1.644
C5' ATP 3.213 2.366 1476 3.239 2.363 1.489
H51 ATP 3546 1.569 2.168 3571 1.553 2.164
H52 ATP 2,696 1.864 0.634 2,710 1.879 0.643
05' ATP 2.309 3.106 2.229 2.346 3.101 2.258
PA ATP 1.203 4.261 1.505 1.220 4.245 1.553
0OA1ATP 2.076 5.430 1.060 2.069 5.412 1.064
0A2 ATP 0.085 4.466 2.502 0.109 4.469 2.547
0A32 ATP 0.636 3.542 0.131 0.637 3.487 0.209
PB ATP -0.036 2.354 -0.874 -0.093 2.388 -0.818
OB1 ATP -1.124 3.385 -1.716 -0.970 3.585 -1.706
0B2 ATP 1.024 1.813 -1.805 0.883 1.734 -1.750
0B3 ATP -0.763 1.320 -0.067 -1.009 1.477 -0.078
PG ATP -4.19% 0.789 0.875 -4.163 0.695 0.915
0G1 ATP -4.200 1.264 -0.667 -4.150 1.103 -0.574
0G2 ATP -3.426 -0.541 1.018 -3.359 -0.630 1.135
0G3 ATP -3.983 1.848 1.967 -4.009 1.754 2.053
Ow HOH -3.813 3.129 -1.925 -3.739 2.934 -2.067
Hw HOH -3.927 3.885 -1.373 -4.300 3.364 -1.431
Hw HOH -2.057 3.126 -1.676 -1.894 3.412 -1.704
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ABSTRACT

Protein kinases, representing one of the largest protein family involved in almost all
aspeets of cell life, have beecome one of the most important targets for the development
of new drugs to be used in, for instance, cancer treatments. In this paper an exhaustive
theoretical study of the phosphoryl transfer reaction from adenosine triphosphate (ATP)
to dihydroxyacetone (Dha) calalyzed by DhaK from Escherichia coli (E. coli) is
reported. Two different mechanisms, previously proposed for the phosphoryl transfer
from ATP o the hydroxyl side chain of specilic serine, threonine or Lyrosine residues,
have been cxplored based on the generation of free encrgy surfaces {FES) computed
with hybrid QM/MM potentials. The results suggest that the substrare-assisted
phosphoryl and proton-transfer mechanism is kinetically more [avorable than the
mechanism where an aspartate would be activating the Dha, Although the details of the
mechanisms appear to be dramatically dependent on the level of theory employed in the
calculations (PM3/MM, B3LYP:PM3/MM or BILYP/MM), the transition states (TSs)
for the phosphoryl transfer step appear to be described as a concerted step with different
degrees of synchronicity in the breaking and forming bonds process in both explored
mechanisms, Residues of the active site belonging to different subunits of the protein
such as Gly78B, Thr79A, Ser80A, Argl78B and one Mg2 cation would be stabilizing
the transferred phosphate in the TS. Aspl09A would have a structural role by posing the
Dha and other residues of the active site in the proper orientation. The information
derived from our calculations not enly reveals the role of the enzyme and the particular
residues of its active sile, but it can assist in the rationally design of new more specific

inhibitors,
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3 INTRODUCTION

g The transfer of a phosphoryl group from an ester or anhydride to a nucleophile' is
g involved in many processes taking place in the cells of living organisms, playing and
8 essential role in propagation and signal transduction.®” Protein kinases catalyze the
?0 transfer of phosphate groups to different substrates in cells, being the adenosine
::; triphosphate (ATF) the most important biclogical phosphoryl donor. An indication of
13 the relevance of kinases is the fact that there are more than 500 protein kinases encoded
]g in the human genome. In addition, it has been found around 540 kinases in mice and
1? 122 in yeast, representing one of the largest protein family.® Numerous kinases are
18 closely involved in cancer progression.”” The common feature maintained throughout
;g protein kinase family is the sharing of a highly conserved calalytic center, making
g; possible that one inhibitor molecule could bind to several kinases, blocking regular
23 signaling needed for normal cellular function. However, it is also feasible that the
gg capabilily of interfering in a multitude of kinases could be benelicial in cancer
gg treatments, provided that the inhibitor is specific to cancerous cells.2? During the last
28 years many studies have been focused on drug research related with kinases and several
gg small-molecule kinase inhibitor drugs have been approved for the treatment of different
g; cancers.”? Even so, despite its relevance for cellular control and their crucial
33 contribution in modern medical techniques, the entire protein phosphorylation network
gg has not been investigated dccpl}ng

36

37

38 Previous theoretical studies on phosphoryl transfer reactions have stressed the presence
ig of low-lying d-orbitals on the phosphorus atoms that allows the existence of phosphorus
:; pentavalent species as intermediates.'"™"* The reaction of phosphate transfers has been
32 considered 1o occur through two alternative mechanisms;™'® associative, in which
45 nucleophilic attack precedes the living greup departure, and dissociative, in which
3? departure of the living group takes place before the nucleophilic attack is produced. The
::S reaction can in turn proceed through only one step but it docs not necessarily imply a
50 synchronous forming and breaking bonds process since associative-like or dissociative-
g; like mechanism can be observed for concerted paths. Different computational studies of
gi ATP hydrolysis indicate the dissociative mechanism encrgetically more favorable than
55 the associative one.”"® Others show very small energetic difference between the
g? associative, dissociative and concerted mechanisms.® And more recently, different
58

59

60
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QMMM studies™  of the ATP hydrolysis in myosin indicates the flexibility of the
hydrolysis mechanism of this enzyme which presented similar free energies, and the
dissociative mechanism like the most favorable within a metaphosphate compound.

In addition, studies of guanosine triphosphate {(GTP) hydrolysis catalyzed by different
(GTPases concluded that different types of GTP hydrolysis reaction pathways can be
obtained in cach system which indicates that enzymes calalyzing GTP hydrolysis arc
able to stabilize different transition states modulating the reaction pa‘fh‘ﬂ’24

Studies of the phosphate transfer from ATP to serine or tyrosine residues in protein
kinases have been also widely reported. ™ Thus, a theorctical study in cyclin-
dependent kinase (CDK2) by De Vive et al.> proposed that an Asp residue located in
the active site would play a structural role whereas the activation of the Ser nucleophile
was proposed to be due to a proton transfer to ATP. The authors suggested a substrate-
assisted mechanism through a single concerted transition state (TS). Smith and co-
workers studicd the phosphoryl transfer reaction to a Ser residue catalyzed by a CDK2
using QM/MM methods.” Their results support a concerted dissociative mechanism
through a metaphosphate-like TS, where an Asp residue, rather than ATP as previously
proposed, would be acting as the gencral base to activate the Ser nucleophile. They
associated the conclusions of De Vivo et al. to the exclusion of the Asp from the QM
region. Based also on QM/MM methods and classical MD simulations, a similar
catalytic mechanism was suggested by Ojeda-May et al. in insulin receptor kinase
([RK).% In this case, a catalytic Asp residue would abstract the proton from a Tyr
residue of the substrate peptide. Diaz and Ficld suggested the same catalytic role for
Asp residue from DFT calculations on a cluster model of the active site of cAMP-
dependent protein kinase (PKA), where the ATP phosphate would be transferred to a
Ser side chain residue.™ Later, Cheng and co-workers conducted combined ab initio
QM/MM methods in the same enzyme supported likewise the role of the Asp residue as
a catalytic base and describing the reaction mechanism as mainly dissociative.”! Even

so, the previously performed work of Hart et al™ supported the substrate-assisted
reaction as well, since they obtained higher potential energy barriers when the proton
was transferred from Ser to Asp in PKA. More recently, based on the generation of
QM/MM PESs, Pérez-Gallegos ct al. 29 analyzed the phosphate transfer from ATP to
a Ser residue catalyzed by PKA and concluded that the catalytic mechanism was not

substrate dependent, with the active site Asp acting as a general acid-base catalyst.
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3 Another important debate on phosphate transfer reactions of ATP is the role of the two
4 5 . . . . .

5 magnesium ions that appear in the active site of kinases. It has been proposed that they
g ar¢ uscful not only to stabilizc ATP binding but also to accclerate the chemical
8 reaction.”>* These metal ions have been reported to be greatly important to stabilize the
9 . . 13

10 negative charges accumulated during the phosphate transfer and before’** Its
;‘; indispensability in many cnzymatic systems has motivated several authors to determine
13 the specific roles of Mgll in catalysis. Nevertheless, as stated by Lopata et al., despite
]g the indispensability of the metal ion in most phosphoryl transfer and hydrolysis
jl? catalyzing enzymes, its role was not completely clear.”

18 Dihydroxyacetone kinases (DhaK) belong to a family of sequence-conserved enzymes
19 . . . .

20 that phosphorylate dihydroxyacetone (Dha) converting it in  dihydroxyacetone
g; phosphate (T)ha—F')"h"M'jg Dha-P is an intermediate for the synthesis of pyruva‘tcg4 and it
23 is a very valuable compound in nature since it is used as phosphoryl donor in several
24 . - . . - 3 -

25 cnzyme-catalyzed aldol reactions for the formation of C-C bonds.”** DhaK from
gg Escherichia coli (. coli), the most characteristic of the PTS-dependent DhaKs, is
28 constituted by DhaK, Dhal. and DhaM subunits.*’ The reaction starts with
29

10 phosphorylation of DhaM, by the small phospho-carricr protein HPr of the PTS.
g; Phosphorylated DhaM forms a complex with the ADP-bound Dhal. subunit and
33 transfers the phosphate to ADP turning it into ATP. Then, the ATP linked DhaL
34 . . - -

15 associates with DhaK subunit, which enclose the Dha compound bounded through a
gs hemiaminal bond to His218. Finally, phosphate is transferred from ATP to Dha yielding
38 as the product of the reaction, Dha-P and ADP 334142

ig The molecular mechanism of the enzyme catalyzed phosphate transfer from ATP to Dha
:; has been propesed based on the crystal structure of the £ coli DhaK-Dhal. complex
43 bound to ADP and Dha determined by Shi and co-workers.™ The analysis of
44 . . . .
45 experimental results allows them to present a general catalytic mechanism for DhaK in
3? which residues His56, His218 and Aspl09 would be significantly involved in the
48 reaction progress. In particular, they divided the whole reaction in three stages: 1)
49 - . N . . . .

50 binding of Dha to enzyme through a hemiaminal bond with His218, acting the His56 as
g; an acid donating its proton to Dha substrate; 2) Phosphate transfer from ATP to Dha
53 where Asp109 acts as a basc in order to prepare the Dha for the attack; and 3) releasc of
54

55 the reaction product, Dha-P, from the enzyme,™

g? Nevertheless, and despite the great contributions to the study of kinases, the explicit
58 reaction between ATP and Dha in DhaK from E.cofi has not been studied by means of
59

60
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computational methods, The analysis of the reaction by computational tools in Dhak
can provide a better understanding of the behavior of these enzymes and a valuable
contribution to clarify the molecular mechanism of phosphoryl transfer reactions. The
recent QM/MM computational study of the counterpart reaction in aqueous solution
carried out in our laboratory can be used to establish the methodological basis for the
study of the reaction in the active site of DhaK and to cstimaie ils catalytic cl'ﬁcicncy.43
In the present paper, we present an exhaustive theoretical study of the phosphoryl
transfer reaction from ATP to Dha catalyzed by DhaK from E. coli. The possible
reaction mechanisms are deseribed based on the exploration of Free Encrgy Surfaces
(FESs) computed by means of MD simulations with hybrid QM/MM potentials. The
information derived from the calculations will allow not only revealing the role of the
enzyme and the particular residues of the active site, but can have potential applications

in the rational design of new more specific inhibitors.

COMPUTATIONAL METHODS

The initial coordinates were taken from the X-ray structure of £. coli DhaK, with PDB
entry 3PNL.* This structure has two domains, DhaK and Dhal, differentiated as chain
A and chain B. The chain A has 356 amino acids and the glvcerol substrate while chain
B contains 211 amino acids, ADP and two magnesium ions. The original ADP molecule
was modified to ATP by adding a phosphate group manually within the help of Molden
pmgm.m“. The glycerol molecule was modified to Dha changing one alcohol functional
group by a ketone group.

The protonation state of titratable residues has been determined using the PropKa

45.46
program of Jensen er al.

at pH = 7. According to the results, all residues were found
at their standard protonation state in aqucous solution, except His56A that had o be
double protonated, The coordinates of the hydrogen atoms were added using the
fDYNAMO library.*” Then, 21 sodium ions were added to neutralize the negative
charges of the system. Alterwards, the syslem was solvated with a pre-cquilibrated
orthorhombic box of water molecules with dimensions 100x80x80 A®. Water molecules
with an oxygen atom lying within 2.8 A of any heavy atom of ATP, Dha or protein were
removed, The resulting system consists in 62823 atoms.

Once the model was generated, in order to relax energetically unfavorable interactions,

series of optimizations using the conjugate gradient method followed by 5 ns of
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1

2

3 classical MD simulations in the NVT ensemble at a temperature of 300 K using the
g Langevin-Verlet algorithm using a time step of 1 fs. The OPLS-AA force field,” and
g the TIP3P* force ficlds, as implemented in NAMD parallel molecular dynamics code,™
8 were used to describe the protein and the water molecules, respectively. Parameters for
?0 Dha were generated with the ParamChem application™" while parameters from the
1; CHARMM general foree field v. 2b7° were used for the ATP. Cut-ofTs for nonbonding
13 interactions between atoms were applied using a switching-force scheme, within a range
]g radius Irom 12 to 15 A with periedic boundary conditions. The time evolution of the
jl? RMSD of the backbone atoms of the enzyme as well as the RMSD computed for just
18 the backbone atoms of the active site residues (those in a radios sphere of 8§ A) during 5
;g ns of MD simulations show that the system can be considerate as equilibrated aller the
g; MD simulations (see Figures S1 and S2 of Supporting Tnformation). This conclusion is
23 supported by the inspection of the time evolution of individual key interactions
gg cstablished in the active site during the equilibration MD simulation (sce Figures 83, §4
gg and S5 of Supporting Tnformation). The resulting system was taken as the initial
28 structure for the following QM/MM calculations. The Dha molecule, part of ATP
gg (phosphate groups and ribosc ring), the side chaing of residues involved in the reaction
g; mechanism (His218A, His56A and Aspl09A), the magnesium ions and part of the
33 residues in the coordination sphere of these magnesium ions (Asp30B, Asp35B,
gg Asp37B, Phe78A and Thr79A) were treated quantum mechanically (see Scheme 1). The
gs rest of the atoms of the protein and the water molecules were treated by means of the
38 OPLS-AA and TIP3P* force ficld, respectively. To saturate the valence of the QM/MM
ig frontier we used the link atom prucedure”, placing this atom between C of the ribose
:; molecule and N of the adenine molecule in the case of ATP, between C, and Cp in
43 aspartate and histidine residues, between carboxyl carbon and C, in Phe78A and
3; between amino nitrogen and C,, in Thr79A (see Scheme 1). Thus, the QM part involves
3? 96 atoms with a total charge of -3.

48 Tor all simulations, any residucs further than 25 A from the Op; oxygen atom of ATP
gg were kept frozen during the simulations. As well as in NAMD calculations, cut-offs for
g; nonbonding interactions were applied using a switching function, within a radius range
53 from 12.0 to 15.0 A, cmploying periodic boundary conditions.

55

56

57

58

59
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Scheme 1. Schematic representation of the active site of the DhaK. Grey region

contains atoms treated quantum mechanically. Link atoms are represented as black dots.

The OPLS-AA and TTP3P force fields, as implemented in fDYNAMO library, were
used to describe the protein atoms of the MM region and the water molecules,
respectively. The semiempirical Parameterized Method Number 3 (PM3)™, as
implemented in fDYNAMO, was initially selected to treat the QM region during the
QM/MM calculations. PM3 is typically 3-4 orders of magnitude faster than DFT
mcthods and has been shown to produce a huge stabilization in the cnergy of
phosphorane compounds, resulting from the use of a minimal valence basis.™
Therefore, it has been used extensively to successfully model phosphotus and phosphate
gl'nups.‘;?'[’o In fact, the serniempirical Hamiltonian PM3 was alrcady tested to study the
counterpart reaction in solution in our group, by means of QM/MM models,” showing
that optimized structures with PM3/MM method rendered structures with all P-O bonds
with reasonable interatomic distances. Tt is important to point out that, despite
AMId/MM calculations provided more accurate energy values for the study of the
reaction in solution,” considering that the encrgics obtained at low-level (LLYMM are
later improved at high-level (HL)/MM with spline corrections (as explained below), we
selected the PM3 Hamiltonian as the LL QM method due to the more reasonable
structurcs oblained in the protein environment when combining with the MM [orce
fields during the QM/MM MD simulations and energy optimizations.

In order to explore the full reaction mechanism of the DhaK catalysed reaction, PESs
were first performed by scanning the appropriatc combination of the interatomic
distances to explore every single possible chemical step. Later FESs were computed in

terms of potentials of mean force (PMFs). The umbrella sampling approach® was used
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1

2

3 to constrain the system along the sclected values of the reaction coordinates by
4 . . IR

5 employing a force constant of 2500 kJ mol™" A~ The value of the force constant used
g for the harmonic umbrella sampling were determined to allow full overlap of the
8 different windows traced in the PMF evaluation, but without losing control over the
9 . . . R

10 selected coordinate. Each window consisted of 15 ps of equilibration followed by 20 ps
;‘; of production. The Verlet algorithm was used 1o update the velocitics. The initial
13 structures in each window of the 2DD-PMFs were selected from the corresponding
]g previously generated PESs at the corresponding level of theory, whereas the 1D-PMFs
jl? were performed starting from the transition state structure. The probability distributions
18 were put together by means of the weighted histogram analysis method (WHAM).” to
19 . e e . .

20 obtain the full probability distribution along the reaction coordinate.

g; The generation of FESs requires the evaluation of a large number of structures by means
23 of QM/MM MD simulations. Consequently, calculations are usually restricted to the use
24 - . .. o - .

25 of semicmpirical Hamiltonians, as it is the case in the present study. Tn order to reduce
gg the errors associated with the quantum low-level PM3 employed in our simulations,
28 following the studies of Truhlar et al.,”** an interpolated correction term was applied to
29

10 any valuc of the reaction coordinate &, sclected to gencrate the FES. Then, a continuous
g; new energy function was generated that corrects the PMFs, as previously performed in
33 our laboratory:****

34

35 E = Epp g + SIAEFN ()] 1y

g? where S denotes a spline under tension function,™™ and its argument is a correction
38 term evaluated from the single-point energy difference between a high-level (HL) and a
39

40 low-level (LL) calculation of the QM subsystem. The semiempirical PM3 Hamiltonian
:; was used as LL method, while the B3LYP method was selected for the HL energy
43 calculation cmploying the 6-31G(d.p) basis sct. S is adjusted lo a defined grid
44

45 depending on the reaction step studied. TIL single energy calculations are computed on
3? optimized geometries obtained in the corresponding PESs at LL.

48 In those chemical steps explored by means of 2D-PMFs, the correction term i3
49

50 expressed as a function of two coordinates &, and &, being the new energy function:

51

52 E= ELL/MM + S[AEI{;_L(ELQ)] (2)

gi In cquation 2, S is adjusted 1o a set ol points corresponding to the TIL single energy
55 calculations on geometries optimized at PM3 method, as previously explained. All the
56

57
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B3LYP calculations were carried by combining fDYNAMO with Gaussian09

program.”’

RESULTS AND DISCUSSION

As stated in the Introduction section, the aim of the work presented here is the study of
the molecular mechanism of the phosphoryl transfer reaction from ATP to Dha
catalyzed by DhaK. A detail of the active site of the starting structure in the reactant
state, aller equilibrated through QM/MM MD simulations as described in previous
section, is shown in Figure 1. As observed in the figure, the reacting species are well
oriented for the phosphoryl transfer. ATP is coordinated to the Mg>™ cations while Dha
is stabilized by hydrogen bond interactions, mainly with Aspl09A and His56A. The
stability of these interactions is confirmed not only by the analysis of this snapshot but
by the time evolution of these distances, as deposited in the Supporting Information.
This initial structurc was uscd as starting point to generate PESs for every chemical step
involved in the mechanisms to be studied (PM3/MM PESs are deposited as Figures S3,

S4 and S5 in the Supporting Information material).

Figure 1. Representative snapshot of the active site of the DhaK in the reactants state
after the QM/MM MD simulations. ATP, Dha, two Mg®* ions and the key amino acids

involved in the reaction mechanisms are shown as balls and sticks.

In the initial catalytic step, as depicted in Scheme 2, Dha is anchored to the enzyme
through the formation of a covalent bond between the nitrogen atom NE2 of His218A
and the carbon atom C1 of Dha. The nearby His56A acts as an acid, transferring the
proton HE2yj;ss6 to the oxygen atom O4 of Dha. The distance between nitrogen atom of

His218A and the carbon atom of Dha, d(NE2j;5:5-Cl), and the antisymmetric
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1
2
3 combination of the distances describing the hydrogen transfer from His56A to Dha,
4 C . .
5 A(NE211i556-HE2115p36)-d( O4-HE21p556), were used as distinguished reaction coordinales
? to generate a 2D-PMF. The resulting FESs at PM3/MM level and with spline
8 corrections at BALYP:PM3/MM level are shown in Figure 2a and 2b, respectively,
9 . . .
10 while the free energy barriers are reported in Scheme 2.
11
12
13 N Hi

4. e
]g N o OY\ASPms

o
16 Ho Aoy
17 N
o «ﬁ]\'”"‘z‘s TSP,
- H
20 RPM3 \ﬂ-‘:) N]/\ms%
[
21 N O?AASP(OQ
22 TSPM OH o
23 we o_L_o
o4 (18.3) H + H
N
25 oM ¢
26 H AINHZ <u]\,"”521a
’ 34)
gg (\:]/\H‘ESS OY\ASP'\UB 1M
o
29 oH
30 HO~ O
31 Nt
32 <N Il Hiszs
&

gg [2PM3
gg Scheme 2. Schematic representation of the initial step of the phosphorylation reaction
37 mechanism corresponding to the formation of a covalent bond between Dha and the
38
39 enzyme DhaK from £ cofi. Values of the free energies barriers computed at PM3/MM
33 level, in keal-mol”, are reported in brackets.
42
43 ) )
44 The analysis of Figure 2a reveals that the transformation from reactants to the
32 intermediate 12PM* can take place through a stepwise or a concerted mechanism. In the
47 former, first the proton from His56A is transferred to Dha, obtaining a stable
48
49 intermediate 11”M3. Then the formation of a covalent hond between Dha and His2 18A
50 . . . »
51 takes place through the TSFM3, reaching the intermediate 122, The proton transfer can
gg also take place concomitant with the NE2g;014-C1 covalent bond formation through the
54 concerted TSEME. Analysis of the structure of TSEM3 shows that the bond formation
55
56 between Dha and His218A is in a very advanced stage of the reaction (distance
g; NEZ24is218-Clpn, is 1.58 A) while the transferring proton is lecated between its donor and
59
60
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acceptor atom (distances NE2yis6-HE24iss6 and Odpn-HE2pis6 are 1.22 and 1.29 A,
respectively). A full list of the key interatomic distances ol the located transition states
on the FES are reported in Table S1 of the Supporting Information. From the energetic
point of view, the free energy barrier of the rate limiting step of the stepwise
mechanism, obtained at PM3/MM level, is only slightly lower than the concerted
mechanism (15.9 and 18.3 keal-mol™, respectively) suggesting the possibility of
competitive mechanisms. Nevertheless, the corrected FES at B3LYP:PM3/MM level
(Figurc 2b) shows the absence of the intermediate 11PM3] and the emergence of two
concerted but very asynchronous mechanisms. Interestingly, the free energy barriers,
11.8 and 10.8 keal-mol™, arc significantly lower than the values obtained at PM3/MM
level. The NE2-C1 bond is almost formed in the TSIRFEPM3 but the proton transfer
from HisS6A to Dha is in an early stage of the process. By contrast, TS2ZRF 15 M3
describes a situation where the proton transfer is almost completed but the formation of

the covalent bond between Dha and TTis218A is in an carly stage of the process.

ANE2y55 - HE2y56) - (04 - HE2y055) / A
ANE2, 56 - HE2,50) - (04 - HE2,,5) / A

d(NE2y0- C1) / A d(NE2y56 - C1) / A
Figure 2. FESs of the first step of the phosphoryl transfer reaction from ATP to Dha
catalyzed by DhaK from E. coli corresponding to the formation of a covalent bond
between Dha and the enzyme. Surfaces obtained as 2D-PMFs at PM3/MM level (pancl
a) and with spline corrections at B3LYP:PM3/MM level (panel b). Values on the

isoenergetic lines are in kcal'mol™'.

Then, after describing the first step of the DhaK in which the Dha is bounded to

His218A (sce Scheme 2), the rest of the reaction mechanism has been studied at three
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levels of theory, exploration of the FESs at PM3/MM, correction of the resulting FIESs
at DFT:PM3/MM level, and computing of PESs at DFT/MM level.

PM3/MM FESs of the phosphorylation reaction.

W~ LW =

10 Once Dha is bounded to the enzyme (12P™3), the y-OH group of Dha should be
activated in order to make feasible the phosphate transfer from ATP. Thus, in the
13 substrate-assisted mechanism the proton [rom Dha is directly translerred to the ATP
15 whereas Aspl09A has just a structural role (see Scheme 3). In the asp-assisted
16 mechanism, Aspl09A abstracts the proton from Dha and generates an oxyanion suitable
18 for the attack of the ATP y-phosphorus atom (scc Scheme 4). As mentioned in the
20 Introduction section, the first mechanism was supported by theoretical studies of the
phosphoryl transfer reaction from ATP to the hydroxyl side chain of specific serine,
23 threonine or tyrosine residucs, while the later was proposed by Shi and co-workers

25 based on crystal structures analysis.“
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41 Scheme 3. Schematic representation of the substrate-assisted mechanism for the
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intermediate Lo products, PPM3 in DhaK from E.

44 coli oblained at PM3/MM level. Values of free energy barriers, in kecal'mol”, are

46 reported in brackets.
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Scheme 4. Schematic representation of the asp-assisited mechanism for the

38 phosphorylation reaction from 123} intermediate to products, PP in DhaK from £.
40 cofi obtained at PM3/MM level. Values of the free energy barriers, in keal-mol™, are

42 reported in brackets.

45 Substrate-assisted mechanisim. A 2D-PMF was generated to explore the proton transfer
47 from Dha to ATP and the phosphate transfer from ATP to Dha. Thus, starting from the
48 12PM3 siructure, two anti-symmetric combinations of distanees, d(O3py-115pp,)-
50 d(OG3arp-HSpe) and d(PGatp-OB3ate)-d(PGate-O5pmy), were used to generate the
52 FES. In the next stage, consisting into the release of the phosphorylated Dha from the
protein, the anti-symmetric combination of distances defining the proton transfer back

55 to the His56A, d(Odpn-HE2uisse)-d(NE2kisse- HE2hisse), together with the inter atomic
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distance defining the Clph, - HE24i56 breaking bond, were used to generate the FES.
The resulting FESs computed at PM3/MM level are shown in Figure 3.

d(PGyrp - OB3,r5) - d(PGrp - 0504, ) / A
d(04 - HE2y56 ) - d(NE2ygi56 - HE2yqi056) / A

A-|5

d(O5pp, - HSppa) - d(0G3a7p - HSpp, ) / A A(NE2yip255 - C1) / A

Figure 3. PM3/MM FESs of the substrate-assisted mechanism for the phosphorylation
reaction catalyzed by DhaK from E.cofi. a) Proton transfer from Dha to the transferring
phosphoryl group of ATP followed by the phosphoryl transfer to Dha; and b) releasing
of the final products where the proton returns to HisS6A and the bond with His218A is

cleft. Values of the isocnergetic lines on the 2D-PMFs arc in keal-mol.™

The first conclusion that can be derived from the analysis of the FESs presented in
Figure 3 is that, according to panel a, the activation of the phosphate by the transferring
of a proton from Dha to the phosphate of ATP (12PM? to 13°M?) does not take place
concertedly with the phosphoryl transfer itself (I3"M3 to 14PM3) Interestingly, the
phosphate transfer step presents free energy barriers significantly lower than the rest of
the steps. Indeed, while the rest of the steps have free energy barriers in the range
between 19.6 to 21.6 keal'mol”', the free energy barrier of the phosphoryl transfer step

from the intermediate 13PM3

is just 3.6 keal'mol”. The complete migration of the
phosphate group is reached in the 14PM? intermediate that appears to be much more
stable than the 13PM® intermediate and even more stable than the initial [2PM3
intermediate. Key interatomic distances of the transition state structures located on the
quadratic regions of the FESs are reported in Table S2 of the Supporting Information. A
M3 1o [4PM3,

representative structure of the TS of the phosphoryl transfer step, 13" is

presented in Figure 4. The TSIP;fi, describes an asynchronous breaking and [orming
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1

2

3 bonds process with the phosphoryl transfer in an early stage of the process. The
4 . -

5 distances (rom the transferring phosphorous atom to the donor and acceplor aloms arc
? 1.77 £ 0.04 and 2.57 + 0.05 A, respectively, with a distance between the donor and
8 acceptor oxygen atoms of 3.98 + 0.09 A, and an angle of OB3arp-PGa7p-O5mn, of 134.8
9 R . . . .

10 degrees. Hydrogen bond interactions are established in this TS between the oxygen
::; atoms of the phosphate and residues Ser80A, Thr79A and Argl78B, together with
13 interactions with a Mg”™ cations and a C-H bond of Gly78B. The Aspl09A, on the
]g contrary, is interacting with the substrate. Tt should be mentioned that, based on activity
jlg measurements on site-directed mutants, Shi et al** proved that the conserved residues
18 His218A, His56A and AsplO9A were important for the catalytic activity of the DhaK,
19 . . . o .

20 which would be in agreement with the description of TS[,.

21 SerBOA 79 ? -

22 N el gn‘ [~} e

23 S

24

25 iy

26

27

28

29

30 Arg1 78R Asp308

31 ¢ "

a2 v e

3 ]

34 Figure 4. Representative snapshot of the TSfi';, structure obtained at PM3/MM
35 p p . .

16 corresponding to the phosphoryl transfer step, 13"M3 to 14PM3 in the substrate-assisted
gg mechanism. Dashed lines represent important interactions and distances are reported in
39 A.

40

41

:g As observed in Figure 3b, the release of the products from the protein can be reached by
44 means of a stepwise mechanism through an intermediate 15°™% (with free energy
45

46 barriers of 19.6 and 7.5 keal-mol™) or in a competitive single step (with a free energy
3; barrier of 21.6 keal mol™).

49

50 . . . .

51 Asp-assisted mechanism. In order to study the first step of this mechanism, and based
gg on the experience achieved from the study of the previous mechanism, a |D-PMF has
54 been explored using the antisymmetric combination of distances corresponding to the
55

56 transfer of proton from Dha to AsplO9A, d(O5mm.-H5pn,)-d(HSmha-OD2agp100). Next, the
g; phosphate is transferred from ATP to Dha which corresponds to the conversion from the
59

60
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PM3

intermediate [3,55 to the intermediate 14532

Asp in Scheme 4. In this case, a 1D-PMF was
performed using the antisymmetric combination  d{PG a1p-OB3 4)-d(PG 4 15-O5 ha).
Any attempt to search for a concerted proton and phosphate transfer process, by means
of cxploring 2D-FESs, was unsuccessful. Afler the phosphate transfer, Dha-P
dissociates from the enzyme by breaking the hemiaminal bond with His218A and the
abstraction of the proton by His56A. This can be considered as the inverse step of the
initial step of the reaction mechanism shown in Scheme 2. Therefore, a 2D-PMF was
explored to study the release of Dha-P from the enzyme and arriving to the products,
Pﬂ\gg. The employed distinguished reaction coordinates are the distance d(NE2gis -
C1) and the anti-symmetric combination d(NE2piss6-HE2ni56)-d(04- HE2pi56). At this
point, we must bear in mind that Aspl09A is still protonated whereas in the starting
structure it was deprotonated. Consequently, a migration of this proton to onc ol the
oxygen atoms of phosphate group of Dha-P {OG2.rp) has been additionally studied,

what is referred in Scheme 4 as the conversion from P;SMPR to PPM?_ Hence, a 1D-PMF

was computed using the anti-symmetric combination of distances d(OD2asp109-H5pa) -
d(H5pRa-OG241p). The corresponding FESs for the full transformation from 125;‘:},3 w0
PPM3 computed at PM3/MM level are displayed in Figure 5 and the free energy barrier

of every step are reported in Scheme 4.
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30 Figure 5. PM3/MM FESs of the chemical steps of the asp-assisted mechanism for the
32 phosphorylation reaction catalyzed by DhaK from £.coli. Values of the isoenergetic
lines on the 2D-PMF are in kcal'mol”. a) Proton transfer from Dha to Aspl09A; b)
35 phosphoryl transfer from ATP to Dha; ¢) releasing of the products where the proton
37 returns to HisS6A and the cleavage of the bond with His218A is cleft; and d) proton
transfer [rom Aspl109A to ADP, reaching the final products.

42 The analysis of the FESs presented in Figure 5 shows how the phosphoryl transfer step,
32 from I3§¥p3 to 14,':2:,3. presents the highest energy barrier, 21.7 keal-mol™. Nevertheless,

the transformation from IZKQ’E o 132':[;, and especially the transformation [rom 1422'},3

48 to P,:s"ff also take place through similar free energy barriers; 19.4 and 21.5 keal-mol™,
49 respectively. A detail of a representative structure of the TS for the phosphoryl transfer
51 step is shown in Figure 6 while key interatomic distances of all transition states are
53 reported in Table S3 of Supporting Information. As in the case of the substrate-assisted
mechanism, the transferred phosphate is stabilized in the TSE’,’{;_MASP by hydrogen
56 bond interactions with three residues, Ser80A, Thr79A and Argl78B, and by one of the

58 Mgz_ cations located in the active site. Gly78B also interacts with the transferring
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phosphate, although by a weaker C-H---O interaction. The protonated Aspl09A is
interacting with Dha but, as in the previous mechanism, with the hydroxyl group.
According to the distances cstablished between the phosphor atom with the donor and
acceptor oxygen atoms (2.32 + 0.06 and 1.98 + 0.06 A, respectively), we would be
describing this process as a concerted asynchronous phosphoryl transfer but, in contrast
to the substrate-assisted mechanism, the TS would be in an advance stage of the
reaction. The distance between the donor and acceptor oxygen atoms (4.07 + 0.11 A)
and the OB3 41p-PGa1p-O3 i, angle on the TS&DA%—MAW (158.7 degrees) are similar to
the values obtained in the TS of the phosphoryl transfer step obtained in the substrate-

assisted mechanism, within the statistical uncertainty.

Asprosa

Hiszagh

Figure 6. Representative snapshot of the TSHQ‘ED_MASP obtained at PM3/MM level

PM3 to 14PM3

corresponding to the phosphoryl transfer step, 13,5, Asp - in the asp-assisted

mechanism. Dashed lines indicale important interactions and key distances arc reported

inA.

PM3

Aoy 10

In addition to the exploration of the two mechanisms, a reaction path from 14
14PM3 has been traced by compuling a 1D-PMF using the antisymmetric combination of
the bond-breaking and bond-forming distances describing the proton transfer from
Aspl09A to onc of the ncgatively charged phosphate oxygen atoms of Dha-P:
d(OD2 asprw-H5ppa)-d(H3pni-OG2 a1e). The resulting free energy profile, presented in
Figure 7, reveals that the 14™% iniermedialc located when exploting lhe substrate-
assisted mechanism is significantly more stable than the 14111];1_,3. This, together with the
comparison of the energy barriers for each step, supports the proposal of the subsrrare-
assisted mechanism as being more favourable than the asp-assisted mechanism. Key
interatomic distances of the located transition state are repotted in Table S4 of
Supporting Information.
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Figure 7. PM3/MM 1D-PMF corresponding to the transition from 1455, to 147M?,

22 In order to analyse the impact of the positively charged Argl78B, additional PM3/MM
24 PESs of the most relevant chemical step, from intermediate T2 to intermediate 14, have
25 been computed in both mechanisms by including this residue in the QM sub-set of
27 atoms. Argl78B s inlcracting with the terminal phosphate oxygen and could
59 preferentially favour the asp-assisted mechanism by stabilizing the O- group in Dha and
the y-phosphate from ATP. A schematic representation of the active site including the
32 residue Argl 78B in the QM part, and the obtained PESs arc depicled in Figure S11, 812
34 and S13 of Supporting Information. The resulting PESs show that the inclusion of this
35 residue in the QM region produces a decrease in the energy barrier of the proton transfer
37 from Dha to Aspl09A in the asp-gssisted mechanism but this decrease is not large
a9 enough to change the trend obtained with the smaller QM region, Comparing the
40 potential energy barriers of the two mechanism (see Supporting Information) shows that
42 the substrate-assisted mechanism (with potential energy barriers of 22 and 10 keal-mol”
44 l) is still more favourable that for the asp-assisted mechanism (with potential energy

45 barriers of 25 and 18 keal mol™).

49 B3ILYP:PM3/MM FESs of the phosphorylation reaction.

50 According to the PM3/MM FESs, it appears that the substrate-ussisted mechanism
52 would be kinctically more favourable than the asp-assisted mechanism. Then, the
54 correction of the PM3/MM FESs at B3LYDP:PM3/MM level has been focused just on
the former. The resulting surfaces arc presented in Figure 8 while a schematic

57 representation of the mechanism obtained at this level of theory is shown in Scheme 5.
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The comparison between these and the previous FESs shown in Figure 3 render
mteresting conclusions. The first observation is that the B3LYP:PM3/MM results
describe the first two steps in the reverse order than the PM3/MM calculations; first, the
phosphoryl transfer would take place (12DFT‘PM3 to 13DFT'PM3) and later the proton from
Dha would be transferred to the phosphate group (13”7 to I4”"™™%) The

intermediate  [3PFFTM3

corresponds to structures where the phosphate is alrcady
transferred to the Dha, in contrast to the 13" Nevertheless, the distance between the
phosphor atom of the transferring phosphate group (PGarp) and the O5py, is noticeable
larger (1.87 A) than the final distance measured in, for instance, 14773 (1 67 A).

Another important effect of correcting the PM3/MM FESs is, as observed when
comparing Figure 3b with Figure $b, that the reaction coordinate of the TSEFEP™M?

appears to be displaced to values significantly closer to PPFTPM3 than in the previous

TSi2%. This is valid not only with regard to the proton transfer but also the breaking

DET-PM3 DET-PM3

bond between the Dha and His218A. The transformation from 14 o P
through the intermediate T5™T™F 35 only slightly different to the description we
obtained from the PM3/MM FES (Figure 3b), but with a first TS, TSEFTFM3  appearing
in a more advance stage of the NE2yi015-C1s, breaking bond. Tnterestingly, different
reaction paths computed for the counterpart reaction in solution were also obtained
when the QM atoms were deseribed at semiempirical or DFT levels, in our provious
QM/MM study of the phosphoryl transfer reaction in solution.”

Regarding the free energy barriers, it is unavoidable to stress the dramatic variations of
for the phosphoryl transfer step when comparing the PM3/MM  with  the
B3LYP:PM3/MM FESs. While free energy barriers of 19.9 keal-mol™ and 3.6 kcal-mol
! were obtained for the transformation from 12" to 13" and from 13" to 14"V,
respoctively, the free energy barriers when the surfaces are corrected at DFT level are
44.3 and 53.6 kcal-mol™, for the transformation from [2PT7FM o 13 PFTPMG 40 from 13
PFTPM 4 14 PFEPME - respectively. This effect can be derived from the fact that the
PM3/MM sampling does not properly cover and explore the representative structures of

the B3LYP/MM space. As observed in Scheme 5, the DFT:PM3/MM corrections for

DFET:PM3 PDFT'W\W

the release of the phosphorylated Dha, the transformation from 14 o
render free energy barriers that are now significantly lower than the original values
obtained at PM3/MM level (see Scheme 3). It appears that there are significant biases

from the low-level methods indicating a not marginal contribution of degrees of
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freedom other than the ones employed in the distinguished reaction coordinate. Then, in
order to check the reliability of the correction scheme for this reaction, the next step in

our study was to compute PESs at BALYP/MM level.

O©BNOUNDWN =S
Y
o

_..
>

d(PGyrp - OB3yrp) - d(PGirp - O5pha ) / A

d(04 - HE2yy56 ) - d(NE2y,56 - HE2yy56) / A

5 as o o5

24 (05 0n, - H5ppa) - d(0G340p - HS0n ) / A AINE2y05- C1) / A

i

26 Figure 8. B3LYP:PM3/MM FESs of the substrate-assisted phosphoryl transfer reaction
28 from ATP to Dha catalyzed by DhaK from Z.coli. Values of the isoenergetic lines are in
20 keal-mol™. a) Phosphoryl transfer from ATP to Dha followed by the proton transfer
31 from Dha to the transferred phosphoryl group; and b) releasing of the final products
33 where the proton returns to His56A and the bond with His218A is cleft.
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Scheme 5. Schematic representation of the substrate-assisted mechanism for the
phosphorylation reaction from 12PFTPM3 jntermediate to products, PPTTPME in Dhak
from £ coli obtained at DFT:PM3/MM level. Values of free energy barriers, in

keal-mol™, are reported in brackets.

B3LYP/MM Potential Energy Surfaces.

The B3LYP/MM PESs, deposited as Figures S6 and S7 of the Supporting Information,
were used o explore the reaction mechanism and o select initial structures to be relined
as TS structures. The nature of the located and characterized TSs were confirmed by
computing the Hessian for the QM subset of atom in the presence of the protein and

solvent. Then, intrinsic reaction paths (TRCs) were traced down to the reactants and
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products valleys to confirm the obtained mechanism. The schematic representation of

the mechanisms that are deduced from the B3LYP/MM PESs arc shown in Scheme 6,

the potential encrgy profiles are shown in Figure 9, and the TSs of the phosphoryl

transfer step of the substrate-assisted and asp-assisied mechanisms are reported in

Figures 10 and 11.
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Scheme 6. Schematic representation of the substrate-assisted (a) and asp-assisted (b)

mechanisms for the phosphorylation reaction from ATP to Dha in DhaK from £.cofi

deduced from PESs computed at B3LYP/MM level. Values of potential energy barriers,

in keal-mol™, are reported in brackets.
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Figure 9. B3LYP /MM potential energy profile of the substrate-assisted (a) and the

asp-assisted (b) phosphoryl transfer reaction mechanisms from ATP to Dha catalyzed

by DhaK from £.coli.
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Figure 10. Transition State structurc located at B3LYP/MM level, TSPFL,,

corresponding to the phosphoryl transfer step, 12PFT 1o 14PFT in the substrate-assisted
mechanism. Dashed lines represent important interactions while key distances are

reported in A.
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15

16 Figure 11. Transition State structure located at B3ILYP/MM level, TSPZ';EP,MASP.
17

18 corresponding to the phosphoryl transfer step, I2AD§; to 14%; , in the asp-assisted
;[9) mechanism, Dashed lines represent important interactions while key distances are
21 reported in A.

22

23

gg The located TSs and their corresponding IRCs confirm that, in both mechanisms, the
gg transformation from 12PFT to 14PFT takes place in a single step, in contrast to the
28 PM3/MM or the DFT:PM3/MM calculations that describe the process through an
29 . . . .

20 intermediate 13 (see Scheme 3, 4 and 5). Nevertheless, the comparison of Figure 4 and 6
g; with Figure 10 and 11 shows that the TSs of the phosphory! transfer at DFT/MM level
33 are not so different from the average TS structures located at PM3/MM level. Thus, the
34

a5 TSE Y, located for the substrate-assisied mechanism is also describing an asynchronous
g? but concerted process with the phosphoryl transfer in an carly stage of the process: the
38 distances from the transferring phosphorous atom to the donor and acceptor atoms are
39 . .

40 1.99 and 2.27 A, respectively. And regarding the asp-assisted mechanism, the
:; TSET;D_MAW is also resembling the TS located at PM3/MM level, TS%“,J.{ip_l4Asp. The
:2 dislances [rom the transferring phosphorous atom to the donor and acceptor atoms ol
45 3.06 and 2.03 A, respectively, again describe an asynchronous phosphoryl transfer step
46 . . . .

47 where the phosphoryl is in an advance stage of the reaction. A difference is detected
::S with regard to the proton transfer from the Dha to the ATP or the Asp109A, depending
50 on the mechanism. As can be deduced from Figure 10 and 11, the DFT/MM
51 . .

52 calculations render TSs where the proton is not completely transferred to the acceptor
gi atom, whilc in the TS structures derived from the PM3/MM calculations the proton was.
55 The angle of OB3x1p-PGa1p-O5phs measured in TS, and TS%T;IJ,MASP is 149.1 and
56

57 167.2 degrees, respectively, which do not correspond neither to a perfeet alignment of
58

59

60
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the three atoms but significantly maore linear than in the structures deduced from the TSs
obtained at PM3/MM level. The distances between the donor and acceptor oxygen
atoms, O5pna — OB3ate, is 4.10 A for the substrate-assisted mechanism, very close to
the values deduced at PM3/MM level, but significantly larger, 5.05 A in the case of asp-
assisted mechanism. Structural analysis of both TSs are also supporting the role of key
residues such as Argl78B, SerB0A and Gly78B, together with the Mgz‘ cation of the
active site. According to the interatomic distances, an interaction is detected between
the transferring phosphate and Thr79A but, again, it would correspond o a weak
interaction. A table listing the valucs of the inter-atomic distances in the TSs are
reported in Table S5 of the Supporting Information. From the energetic point of view,
as observed in Figure 9, the barriers that can be deduced [tom the B3SLYP/MM PESs
further support the substrate-assisted mechanism by comparison with the asp-assisted

mechanism: 30 and 34 keal-mol™, respectively. In addition, a very exothermic (ca. -25

DFT

keal-mel ™y and barrier-less profile was obtained when trying to conncet T4pep with

[4PFT indicating a much more favourable product when the reaction proceeds by means
of the subsirate-assisted mechanism, in agreement with the PM3/MM free energy
profile presented in Figure 7. The exploration of the reaction in terms of FESs at DFT
level is prohibitive at present, but considering the previous results, smaller values of the
free energy barriers would be expected if statistical simulations were carried out.

Finally, according to the DFT/MM results, the conversion from [4PFT inio products
would be feasible in a thermo-neutral single step (reaction energy equal to 0.2 keal-mol”

'Y with a low energy barricr of 7.7 keal-mol™ (see Scheme 6).

CONCLUSIONS

An exhaustive theoretical study of the phosphoryl transfer reaction from ATP o Dha
catalyzed by DhaK from £. coli is reported in the present paper. Two mechanisms have
been explored according to previous proposals published in the literature for related
phosphate transfer reactions. The study has been carried out at three different levels:
first calculations of FESs at PM3/MM level; second the semiempirical QM description
of the FESs has been improved at DFT level by means of spline corrections; and finally
the reaction mechanisms have been explored based on B3LYP/MM PESs. The two
explored mechanisms basically differ on the species involved on the activation of the

05 atom of Dha. Thus, in the substrate-assisted mechanism, the proton from Dha is
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1

2

3 directly transferred to the ATP while in the asp-assisted mechanism, AsplO9A abstracts
g the proton from Dha and generates an oxyanion suitable for the attack of the ATP -
g phoesphorus atom. Qur results suggest that, regardless of the level of theory employed in
8 the calculations, the former would be kinetically more favourable than the later. This
?0 conclusion, in agreement with the computational studies of De Vivo et al. for the
;‘; phosphoryl transfer catalyzed by CDK2,” and the carly studics on cAMP-PKA by Iart
13 et al, ¥ is also supported by the fact that the intermediate located when exploring the
]g substrate-assisted mechanism appears (o be significantly more stable than the one
jl? obtained when studicd the asp-assisted mechanism. Our calculations show that after the
18 binding of Dha to the enzyme through a hemiaminal bond with His218A, the phosphate
;g is translerred from ATP (o Dha, acting Aspl09A not as a base but likely having an
g; important structural role by posing the Dha and other residues of the active site in the
23 proper orientation to stabilize the TS. The Dha would transfer the proton directly to one
gg of the oxygen atoms of the transferring phosphate. Then, a reduction of the activity of
gg the enzyme after mutation of residue Asp109A>' can not unequivocally demonstrate its
28 role as a base but it can be also indicating an important structural role in the reaction, as
gg we arc proposing basced on the analysis of the TSs, Thus, considering that Asp109A is
g; not involved in forming or breaking covalent bonds during the subsirate-assisted
33 mechanism, we suggest that measurements of O'" KIEs on the oxygen atoms of
gg Aspl09A could report valuable information on the reaction mechanism,

36

37

38 Tt is important to siress that significant different mechanistic details and energetics arce
ig deduced from the different computational methods, Nevertheless, the structures of the
:; TSs corresponding to the phosphate transfer at DFT/MM level significantly resemble
43 the ones obtained at PM3/MM level although subtle nuances can be identified. The TSs
3; suggest that residues such as Gly78B, Thr79A, Ser80A, Argl78B and one of the Mgz
3? cations of the active site would be stabilizing the transferred phosphate. His218A and
48 His56A would have a decisive role in the preceding chemical steps, This analysis of the
gg role of the key residues of the active site would be partly supported by the kinetic
g; studies of Shi et al.'”, based on activity measurements on site-directed mutants, that
53 indicated the importance of the conserved residues His218A, His536A and Aspl109A for
gg the catalytic activity of Dhak,

g? If kinetics come into focus, dramatic differences are obtained depending on the
58 computational method. Thus, the study based on PM3/MM FESs suggests that the rate
%
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limiting step of the substrate-assisted mechanism corresponds to the telease of the
substrate with a free energy barrier of 21.6 keal-mol”’, while the phosphor transfer step
presents a free energy barrier of 3.6 keal-mol”. When the FESs arc corrected al
B3LYP:PM3/MM level, the free energy barrier for the release of the phosphorylated
Dha is decreased to 12.2 keal-mol” while the phosphoryl transfer step becomes the rate
limiting step with a barrier of 47.7 keal-mol ™. This dramatic cffect can be derived from
the limitations of the semiempirical PM3 Hamiltonian that, despite providing reasonable
structures for the phosphoryl transfer TSs, the sampling obtained at this level does not
properly cover and explore all the representative structures of the B3LYP/MM space.
Consequently, the spline corrections technique applied to the PM3/MM FESs can not
provide a complete picture of all possible single molecule reaction paths. Nonetheless,
the potential energy barriers of the phosphoryl transfer step (coupled to the proton
transfer from Dha to the ATP or to the Aspl09A) deduced from the B3LYP/MM PESs,
which is the rate limiting step, are 30.0 and 34.0 kcal-mol™ for the substrate-assisted
and asp-assisted mechanisms, vespectively, thus supporting the former mechanism as
the kinetically favoured reaction path. This potential energy barriers appear to be
overestimated by comparison with the free energy barrier that can be deduced from

343 . . . . .
3138 Nevertheless, considering the impact of introducing

experimental rate constants.
statistical simulations (when going from the PM3/MM PES to the PM3/MM FESs), an
effect on the barrier could also be expected if caleulation of PMFEs were feasible at
DFT/MM level by exploring a huge number of possible different conformations.
Finally, since some of the steps of the process involve the transfer ol a light particle, the
inclusion of quantum tunnelling effects could slightly lower the effective energy
barriers. However, a dramatic effect is not expected and, in any case, similar in both

mechanism that would not change the observed tend.

SUPPORTING INFORMATION

The Supporting Information is available free of charge on the ACS Publications website
at DOI:

Time evolution of the RMSD of the backbone atoms of the full enzyme and of the
residucs of the active site along the cquilibration MD simulation of the system; time
evolution of the distances between ATP and the Mg ions, and between HisS6A and
Aspl09A with the Dha during the equilibration MD simulations; PESs for all the
explored steps at PM3/MM and BILYP/MM level; PESs from 12 to T4 for both studicd
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mechanisms including the Argl78B residuc in the QM part and potential energy
profiles from 12 to 14 for both studied mechanisms including the Argl 78B residue in the
QM part; key interatomic distances for all the located TSs; and Cartesian coordinales of
the QM atoms of the TS corresponding to the phosphoryl transfer located at PM3/MM
10 and B3LYP/MM level.
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Figure 81: Time evolution of the RMSD of the backbone atoms of the enzyme during 5
ns of MDD simulations.
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Figure §2: Time evolution of the RMSD computed for the backbone atoms of just the
active site residues (those in a radios sphere of 8 A: Chain A: residues 50-57, 76-81, 105-
110, 148-150, 216-219; ChainB: residues 30-40, 76-82, 120-124, 127-133, 176-180, 190-
196) during 5 ns of MD simulations.
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Figure 83. Time evolution of the distance between the Mg?* ion and the oxygen atom
OB3 of ATP (blue line) and the other Mg?™ ion with the oxygen atom QA1 of ATP
(orange line), during the 5 ns of MD simulations.
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Figure 84, Time evolution of the distance between the hydrogen atom H6 of Dha and the
oxygen atom OD1 of Aspl09A during the 5 ns of MD simulations.
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Figure S5. Time evolution of the distance between the hydrogen atom HE2 of His56A
and the oxygen atom O4 of Dha during the 5 ns of MD simulations.
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Figure S6: PM3/MM potential energy surface of the first step for the phosphorylation
reaction from ATP to Dha catalyzed by DhaK from £. coli. Values of the isoenergetic

d(NElepsi - HElkmsil - d(04 - "Ezﬂspsi l / A

2

d(NEZH!dlll - cl) I A

lines on the 2D-PES are in keal-mol ™.,

Table S1. Key interatomic distances with their standard deviations of the transition states

3

located on the PM3/MM PMFs of the first step of the phosphoryl transfer reaction from
ATP to Dha catalyzed by DhaK from E. c¢oli. The values are determined from an average
of 100 ps of MD constraining the distinguished reaction coordinate distances.

Distances TSEM3 (4) TSI, (4) TSEME(A)
NE2isnsa — C1 3.17+0.03 2.32+0.03 1.58+0.03
NE 2,564 — HEZhissen 1.39+0.04 1.69:+0.03 1.2240.04
04— HE 21155561 1.14+0.03 1.004:0.02 1.2940.05
PGarr — O5pua 5.75+0.30 5.76+0.29 4.31+0.30
PGatr — OB34rp 1.78+0.04 1.77£0.04 1.800.04
OSpya — HSpu, 0.98+0.03 0.98+0.03 0.95+0.02
0G3atr — HSpa 5.67+0.55 5.86+0.27 3.16+0.70
OD2aspi09s — HSpma 1.91£0.55 1.77=0.11 3.93+0.98
OBt — HSpha 7.29£0.46 7.37+0.25 5.30+0.67
OG2a1r — H3pn 5.03+0.39 5.01+0.25 3.93+0.58
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Figure S7. PM3/MM potential energy surfaces of the chemical steps of the substrate-
assisted mechanism for the phosphorylation reaction from ATP to Dha catalyzed by
DhaK from E. coli. a) Proton transfer from Dha to the transferring phosphoryl group of
ATP followed by the phosphoryl transfer to Dha; and b) releasing of the final products
where the proton returns to HisS6A and the bond with His218A is cleft. Values of the
isoenergetic lines on the 2D-PES are in keal-mol™.
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Figure S8. PM3/MM potential energy surfaces of the chemical steps of the asp-assisted
mechanism for the phosphorylation reaction from ATP to Dha catalyzed by DhaK from
E. coli. a) Proton transfer from Dha to Aspl09A; b) phosphoryl transfer from ATP to
Dha; ¢) releasing of the products where the proton returns to His56A and the bond with
His218A is cleft; and d) proton transfer from Aspl09A to ADP, reaching the final
products. Values of the isoenergetic lines on the 2D-PES are in kcal-mol™.
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Table S2. Key interatomic distances with their standard deviations of the transition states
Jocated on the PM3/MM PMFs of the chemical steps of the substrate-assisted mechanism
for the phosphorylation reaction from ATP to Dha catalyzed by DhaK from E. coli. The
values are determined from an average of 100 ps of MD constraining the distinguished
reaction coordinate distances.

Distances TSEM3(A) | TSPM3,(A) | TSHEL(A) | TSRMA(A) | TSIMS(A)
NE2piz11 — C1 1.53£0.04 | 1.53+0.04 | 2.40+0.03 | 3.01+0.03 | 1.58+0.03
NE2uigsos — HE2mses | 1.9240.27 [ 5.0440.45 | 1.724£0.03 | 1.4520.04 | 1.21+0.04
04 — HEZmson 0.97+0.03 | 0.970.03 | 1.00£0.02 | 1.1320.03 | 1.36:0.05
PGare— OSim 3.4810.04 | 2.5710.05 | 1.78+0.04 | 1.78+0.04 | 1.75+0.04
PGuarr — OB3arr 1.77£0.03 | 1.77+0.04 [ 3.64+0.14 | 3.72+0.14 | 3.83=0.19
O3t — OB3arr 4.58+0.09 | 3.98+0.09 | 5.09+0.13 | 5.2320.16 | 5.05x0.14
O5pia — H5pua 1.14+0.03 | 1.7240.03 | 2.64+£0.14 | 2.78=0.16 | 3.23+0.30
OG3atp — HSph 1.170.04 | 0.97+0.02 | 0.95+0.02 | 0.95+0.02 | 0.96=0.02
OD2.441093 — H5p1a 5.54£0.27 | 6.072027 | 6.18+0.23 [ 6.3120.19 | 6.46+0.25
OB3atr — HSpia 34640.08 | 3.0740.07 | 3.1740.14 | 3.1820.17 | 2.27% 0.64
OG21v— HSpa 3.14£0.12 | 2.8940.14 | 2.9440.21 | 2.82+0.22 | 2.79+0.27
OG2ur— HGluwa | 3.19+0.38 | 2.2040.34 | 447+0.25 | 4.55+0.27 | 5.23+0.33
OG2arp— HArieros 2.69+0.16 | 2.61+0.15 | 2.62+0.15 | 2.69+0.16 | 2.91+0.24
0G24 — Hsersua 2.0340.15 | 1.97+0.14 | 1.78+0.10 | L8IZ0.11 | 1.93+0.34
OG2urr— HAZgywe | 2.6140.19 | 2.56+0.17 | 2.54+0.14 | 2.6120.17 | 3.05+0.38
0G3s1r - HEvqums 3.6540.26 | 3.24+0.57 | 3.87+0.22 | 4.0020.21 | 4.17+0.28
OG3atr - MG 1.86:0.03 | 1.86+0.03 | 2.48t0.04 | 2.4950.04 | 2.49+0.04
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Table 83. Key interatomic distances with their standard deviations of the transition states
located on the PM3/MM PMFs of the chemical steps of the asp-assisied mechanism for
the phosphorylation reaction from ATP to Dha catalyzed by DhaK from £. coli. The
values are determined from an average of 100 ps of MD constraining the distinguished
reaction coordinate distances.

Distances ‘ TSFZ’A%p*ISAsp(A, ‘ TSE‘#{ip*MAsp(A) ‘ Tsllttn‘gzprAsp(A) ‘ TSEK‘;%*P(A) |
NEZnizis — C1 1.52+0.04 1.52+0.03 1.5740.03 3.02+0.17
NE2nissea — HE2Hisson 3.77+0.57 1.95+0.30 1.22+0.04 1.01+0.03
Od - HE 2155 0.95£0.02 0.97+0.03 1.34+0.05 1.91£0.25
PGare — O50na 5.15+0.25 1.98+0.06 1.79+0.04 1.77+0.04
PGate — OB3a1r 1.78+0.04 2.32+0.06 3.5540.12 3.55+0.12
O50m — OB3arr 6.82+0.24 4.07£0.11 5.1440.12 5.1240.12
OS50m — HS5pm 1.18£0.04 1.74+0.06 3.03+0.23 2.8340.13
0G3a1e — HSpha 5.13£0.24 4.0340.12 4.1740.12 3.7140.09
OD2aspings — HSvha 1.14+0.04 (.99+0.03 0.98+0.03 1.11+0.03
OB3are — H3pm 6.77£0.23 5.10£0.18 5.82+0.15 5.20£0.15
0G24 — HSpna 4.80+0.26 3.02+0.23 1.74+0.07 1.20+0.04
OG2a1p — HATIT9A 2.64+0.14 2.90£0.22 3.45+0.19 3.43+0.18
OG2are — Hsersna 1.90+0.11 1.8940.16 2.6540.42 3.51+0.39
0OG2arp — HA2cpmsn 2.5020.17 2.69+0.21 4.03+0.27 4.14+0.29
0G3a1e — HAThe791 2472012 2.5340.13 2.5440.13 2.6340.15
OG3arr - MG 1.85+0.03 1.86+0.03 1.87+0.03 1.87+0.03
0G3a1r — HH1largi7se 1.95+0.11 2.39+0.30 3.43+0.14 3.53+0.12
OGLare — HH12srgimn 1.86+0.13 2.09+0.23 3.43+0.02 3.56+0.26
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Distances

TSip-1a(d)

NE2ui211 = C1 1.52+0.03
NE2nisssa — HE2miss64 3.780.70
04 — HE2jjiss6a 0.96+0.02
PGatp — OS5pha 1.93+0.07
PGatr — OB3atr 1.9240.07
O5pps — HSpua 2.8240.16
OG341r — H5pha 3.3840.13
OD2sp109a — HSpia 1.3440.05
OB3.rr — HSpta 3.8240.11
OG24xp — H5pna 1.07+0.03

Table S4. Key interatomic distances with their standard deviations of the transition state
Jocated on the PM3/MM PMF of the chernical step corresponding to the transition from
I4g§p3 to 14PM3 for the phosphorylation reaction from ATP to Dha catalyzed by DhaK
from E. coli. The values are determined from an average of 100 ps of MD constraining
the distinguished reaction coordinate distances.
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d(PGrp - OB3,rp) - d(PGarp - 051, ) / A

d(OSps - HSpns) - d(0G3 47~ HSpy, ) / A

Figure S9. B3LYP/MM potential energy surface of the substrate-assisted phosphoryl
transfer reaction from ATP to Dha catalyzed by DhaK from £. coli. Values of the
isoenergetic lines are in kcal-mol™.

d(O5pha - HSpna ) - d(0D2,,5100 - HSons) / A

0

d(PGyrp - OB3yp ) - (050, - PGarp) / A

Figure S10. B3LYP/MM potential energy surface of the asp-assisted phosphoryl transfer
reaction from ATP to Dha catalyzed by DhaK from E. coli. Values of the isoenergetic

lines arc in kcal-mol™.
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Distances TS (A) TS hep-12asp(A)
T | 1.55 1.55
NE2miss62 — HEZmissea 1.88 1.97
04 — HE 2,561 1.00 1.00
OS5pna — HSpha 1.51 1.36
OD2aspinss — HSnia 6.82 1.13
OG3a1p — H3pha 1.02 3.91
PGare — OB3arr 1.99 3.06
PGare — OSpna 2.27 2.03
O5pna — OB3arr 4.10 5.05
OB34yp — HSpia 3.35 5.74
OG2are — H5pha 2.99 2.98
OG2are — HArnera 2.72 3.00
OG2arp — Hsernon 1.85 1.85
OG2arr — HA2Givrsw 2.36 245
OG1are — HHI1 24170 1.70 1.56
OGlare — HE srz1788 2.34 2.72
OG3a1r - MG 2.00 2.10

Table S5. Key interatomic distances of the transition states located at B3SLYP/MM level
of the chemical steps of the substrate-assisted and asp-assisted phosphoryl transfer
reactions from ATP to Dha catalyzed by DhaK from E. coli.
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Figure S11. Schematic representation of the active site of DhaK adding the residue
Argl78B. Grey region contains atoms treated quantum mechanically. Link atoms are
represented as black dots.

d(PGarp - OB3,rp) - d(PGarp - O5pp, ) / A

d(OS,,,.. HSppa) - d(0G3,rp - HS.,,,)/A

Figure S12. PM3/MM potential energy surface for the transformations from 12P¥ to
4"™3 following the subsirate-assisted mechanism catalyzed by DhaK from E. coli,
including Argl78B in the QM part. Values of the isoenergetic lines on the 2D-PES are in
kcal-mol ™,
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Figure S13. PM3/MM potential energy surfaces of the more relevant chemical steps of
the asp-assisted mechanism for the phosphorylation reaction from ATP to Dha catalyzed
by DhaK from E. coli, including Arg178B in the QM part. a) Proton transter from Dha to
Aspl09A; and b) phosphoryl transfer from ATP to Dha.
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Figure S14

TPM3
TSi3asp-14sp

TSEM3
TS P Asp-13Asp TSI

12PM3

RC

. PM3/MM potential energy profiles of the more relevant chemical steps of

the substrate-assisted (blue line) and asp-assisted (orange line) mechanisms for the
phosphorylation reaction from ATP to Dha catalyzed by DhaK from E. coli, including

Argl78B in

the QM part.
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Table 86. Cartcsian coordinates of the QM atoms of the TSAY, paasp localized at

PM3/MM level of the asp-assisted phosphoryl transfer reaction from ATP to Dha
catalyzed by DhaK from E. coli.

Dha

Cl -2.9988603821 -1.2234492628 -3.6708257192
c2 -1.6396761118 -0.7676623245 -2.9132391705
H21 -1.6314924817 0.3582326051 -2.9447642152
H22 -1.8016050591 -1.0334340806 -1.8410418178
c3 -4.2610222821 -0.7527367361 -2.8602341638
H31 -5.1992260049 -0.9181533019 -3.4262643579
H32 -4.3315556082 -1.3240846861 -1.9083713559
04 -3.0150208217 -0.7173300779 -4.9628625903
05 -0.5431392252 -1.2792507240 -3.4503144805
H5 -1.1354919431 1.5452083559 -1.7860681227
06 -4.2750771085 0.6235034134 -2.6292419065
H6 -3.6548773167 0.8188780072 -1.9240687791
ATP

c1' 9.4473643384 -5.5320981206 2.8358564068
H1' 10.4009214788 -4.9691286648 2.9676380863
c2' 9.6470716316 -7.0610903343 2.8456047613
H2' 11.1375381222 -8.0060574060 2.1561348735
02' 11.0244785236 -7.3598270796 2.8579308166
HT2 9.1940172998 -7.5991295805 3.7077190516
c3' 8.9867208801 -7.4649172795 1.4904539664
H3' 7.9991372555 -7.9584614565 1.6351325016
03' 9.8491150296 -8.3144487408 0.7687344174
HT3 9.9087885196 -0.1417412273 1.2526971091
c4' 3.8508431357 -6.1146285588 0.7367783984
04 8.7679623410 -5.0965699152 1.7478345433
H4' 9.7732462121 -5.9021711442 0.1434316939
C5' 7.6062312535 -6.0428899342 -0.1881871455
H51 6.7177233700 -5.6759707554 0.3615478701
H52 7.3678850477 -7.0609341177 -0.5573208654
o5’ 7.9065119561 -5.2069119852 -1.2566274753
PA 6.9051530086 -4.7829796009 -2.6198493337
0Al 6.4238540779 -6.0475892106 -3.4413148337
OA2 7.9692162152 -3.8500025855 -3.2817516752
OA3 5.6222835346 -3.9240513747 -1.9306524996
PB 3.8722802508 -4.3339359432 -2.1362190544
0B1 3.8383441951 -5.5186139035 -3.2366919363
0B2 3.4736947006 -4.6750215743 -0.7062267417
0B3 3.1093856333 -3.0596878090 -2.7650153611
PG 1.0866799294 -1.9392292542 -2.6496218504
0G1 0.3730636326 -2.7676756846 -1.5488212215
0G2 1.6072346901 -0.5448317439 -2.2525520916
0G3 1.4051500422 -2.5421272940 -4.0878185578
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Hisssa

CB -8.3000067826 -0.3002185048 -7.9937392740
HB1 -8.1226795324 -0.2008493142 -7.2611478067
HB2 -7.9324108774 0.7221274916 -8.1900603695
CG -7.2160343925 -1.0562327561 -7.3339613174
ND1 -6.9846299525 -2.4382533334 -7.3994838501
HD1 -7.5543755642 -3.0895614407 -7.8820209382
CE1 -5.8638411175 -2.7368837342 -6.6499047527
HE1 -5.3988395953 -3.7176479825 -6.5234522869
NE2 -5.3935764339 -1.5800705335 -6,1038084258
HE2 -3.8646351075 -0.9563716086 -5.3800360032
Cb2 -6.2225731156 -0.5412057401 -6.5087933113
HD2 -6.0486185939 0.4864482982 -6.1952945849
Hisziga

CB -2.5218112321 -6.1325793426 -5.1820682716
HB1 -1.6489636931 -5.9701165438 -5.8434091833
HB2 -2.1698662810 -6.8820236463 -4.4496103491
CG -2.8002737264 -4.8655012336 -4.4697585290
ND1 -3.4852003482 -4.8440938833 -3.2467243142
HD1 -3.7742902904 -5.6552178466 -2.7482693266
CE1l -3.6470737530 -3.5428972971 -2.8363241682
HE1 -4.1667286812 -3.1638451272 -1.9408690712
NE2 -3.0354217596 -2.7445188643 -3.7796407504
CD2 -2.5053996761 -3.5422902277 -4.7989685123
HD2 -1.6299475381 -3.1316064758 -5.6550805307
Aspiosa

CB -1.4821651273 2.5268802260 1.2758638602
HB1 -2.1709100080 3.3685298977 1.4942388101
HB2 -1.7875374405 1.7520795547 20080876826
CG -1.8782374936 2.0317367739 -0.0801294948
oD1 -2.8631442332 1.5763530322 -0.4072059869
oD2 -0.9482203775 2.1447250892 -1.0529084296
MG

MG ‘ 4.8851230679 -6.5306254669 -4.4296073954
MG ‘ 2.8166787599 -3.6753610180 -4.4850629358
Aspaos

CB 6.6832707798 -9.9504853892 -5.4748606317
HB1 6.7927061005 -9.8740515172 -6.5681342773
HB2 7.6761084796 -9.6222385431 -5.1072143080
CG 5.7444731521 -8.8382867279 -4.9766654362
oD1 4.9135468492 -8.9801355635 -4.0624351694
oD2 5.7832563968 -7.7117236258 -5.5840970627
Aspasa

CB (0.9719351055 -7.2195801025 -5.8110833004
HB1 0.1443479990 -7.0416777149 -5.0936001354
HB2 0.5857476136 -6.8011090795 -6.7580510927
CG 2.1538356996 -6.3271190215 -5.3533066198
oD1 1.8372129098 -5.1353126229 -5.1113700412
0oD2 3.2814778692 -6.9328536248 -5.3360970560
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Aspazs

CB 4.6347354934 -4.3156733954 -7.8299703357
HB1 3.6138047436 -4.3746133169 -8.2586458236
HB2 5.0182905760 -3.3529980143 -8.2199886682
G 4.3978099267 -4.1159912548 -6.3461245594
oDn1 4.7412702153 -4.9411545144 -5.4597473570
oD2 3.8644143614 -3.0323379397 -5.9010627329
Phessa

CA -0.2757833650 -2.4856911772 -7.7296901130
HA -1.1051533910 -2.1456281373 -7.0569175308
C 1.0034260953 -2.0412770163 -7.0575238704
0 1.9315355480 -2.7228685555 -6.6418432871
Thrysa

N 1.2156084164 \ -0.6241081486 \ -6.9412039234
H | 0.3559358833 | -0.1279634226 | 7.0708652467

Table 87. Carlesian coordinates of the QM atoms of the TSEM3, localized at PM3/MM
level of the substrate-assisted phosphoryl transfer reaction from ATP to Dha catalyzed
by DhaK from E. coli.

Dha

Cl -2.8265367275 -1.0594915193 -3.8733540018
Cc2 -1.315099803% -0.5770846503 -3.5266256005
H21 -1.3078582628 0.5093569082 -3.7580783646
H22 -1.2384131379 -0.6853762038 -2.4198305367
c3 -3.7997916126 -0.4135275918 -2.8225853804
H31 -4.8602370111 -0.6213491479 -3.0710337136
H32 -3.5885801790 -0.8281633350 -1.8177339707
04 -3.1276138707 -0.7155635709 -5.1801759132
05 -0.3569620667 -1.2110610930 -4.1635467064
H5 0.6103180663 -2.6158076707 -4.5068548596
06 -3.6891259838 0.9771158538 -2.8176893275
H6 -3.1989520949 1.2467366841 -2.0185072758
ATP

c1' 9.4092189190 -5.4876166459 2.8950834103
H1' 10.3383489150 -4.8825777579 2.9239161667
Cc2' 9.6890586719 -7.0093982247 2.7888822496
H2' 11.2754419620 -8.0153571748 2.3888210543
02' 11.0875381231 -7.1839176802 2.8072464285
HT2 9.2717632945 -7.5754388632 3.6529016660
Cc3' 8.9946414257 -7.4312442950 1.4563083582
H3' 7.9973652191 -7.8831436852 1.6712583178
03' 9.7314201616 -8.3198243556 0.6572133151
HT3 9.8432826798 -9.1269780380 1.1639437195
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ca' 8.8424416515 -6.0859281095 0.6975290789
04' 8.7174630058 -5.0717750331 1.7060981144
H4' 9.7673789075 -5.8569738682 0.1141769856
C5' 7.6069613295 -6.0553187017 -0.2339531125
H51 6.7104429647 -5.6773906631 0.2944804016
H52 7.3812169603 -7.0819391281 -0.5852196541
05' 7.9057009667 -5.2431435020 -1.3269681090
PA 6.8915151168 -4.8496759323 -2.6590482436
OAL 6.3943466431 -6.1144803430 -3.4735061340
0A2 7.8612506026 -3.8843638075 -3.3241208809
0A3 5.5381070079 -4.1019898179 -1.9919146221
PB 3.8729128902 -4.6212767687 -2.0810542778
OB1 3.7724710603 -5.7700807738 -3.1733647772
0OB2 3.4243272157 -4.8245726961 -0.6671520794
OB3 2.9982067831 -3.3535905594 -2.7987042439
PG 1.6554268241 -2.2131805689 -2.4780521366
0G1 0.6967391874 -2.8718338692 -1.5177118655
0G2 2.1393186785 -0.8216725069 -2.2884309457
0G3 1.4672621441 -2.7360401230 -4.0916849796
Hissea

CB -8.3143483860 -0.2530601903 -8.0381239333
HB1 -9,1423316496 -0.0615321864 -7.3310437984
HB2 -7.8802849498 0.7341167254 -8.2777623150
cG -7.2995442605 -1.0366404795 -7.3075860805
ND1 -7.0784878912 -2.4193671806 -7.3896161322
HD1 -7.6146355717 -3.0502496195 -7.9337864167
CE1 -6.0377863001 -2.7545326541 -6.5455237994
HE1 -5.6026527245 -3.7450336718 -6.3994535091
NE2 -5.6108897008 -1.6185601811 -5.9270943461
HE2 -4,0727138154 -0.8709047360 -5.3414021558
CD2 -6.3804227711 -0.5553420357 -6.3814659685
HD2 -6.2126204454 0.4639424745 -6.0343215838
Hisziza

CB -2.5046133787 -6.0530150022 -5.1354166790
HB1 -1.6194085755 -5.5244808452 -5.7857162750
HB2 -2.1789045024 -6.7769026086 -4.3649833968
CcG -2.7733492394 -4.7499564077 -4.4756348913
ND1 -3.4946008127 -4.6524004612 -3.2773179291
HD1 -3.8322995204 -5.4279820733 -2.7584966505
CE1 -3.6023692695 -3.3279149829 -2.9059549087
HE1 -4.1500812437 -2.9276868223 -2.0401382574
NE2 -2.9361679267 -2.5870061071 -3.8529865338
cb2 -2.4194091573 -3.4488018362 -4.8305919331
HD2 -1.8252001311 -3.0757646936 -5.65900534465
Aspigaa

CB -1.5470576654 2.7366689630 1.4319640017
HB1 -2.2319861195 3.5583299297 1.7054265824
HB2 -1.8782352416 1.8892745353 2.0526072784
CG -1.8688625657 24372245332 -0.0442684979
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oD1 -2.8563733326 1.7194415611 -0.3483817934
oD2 -1.1255847007 2.9387042799 -0.9286309768
MG
MG | 4.8650071327 -6.6484047297 -4.4268401680
MG | 2.7230097035 -4.0358223829 -4.5280830157
Aspaos
CB 6.6830388752 -10.0104585659 -5.4829121910
HB1 6.8145054810 -9.8327526379 -6.5745034098
HB2 7.6635868460 -9.6727436148 -5.0931131380
CG 5.7089388559 -8.9411071323 -5.0018961241
oD1 4.8851461192 -9.0829760799 -4.0796599462
oD2 5.6631602840 -7.8264075552 -5.6412560795
Aspass
CB 0.8787749399 -7.3447644392 -5.8086624724
HB1 -0.0125252584 -7.2883484830 -5.1416298376
HB2 0.4875106438 -6.9618226106 -6.7722827925
CG 1.8417301472 -6.2896770881 -5,2856401103
0oD1 1.3272264710 -5.1519212828 -5.0208095373
0oD2 3.0813162280 -6.4422134809 -5.0956791621
Aspiz
CB 4.6596547246 -4.3301621395 -7.8632145972
HB1 3.6654664950 -4.3446784040 -8.3545823218
HB2 5.0765312235 -3.3526673046 -8.1713042683
CcG 4.3538508376 -4.2564607132 -6.3887628739
oD1 4.6599401393 -5.1805906660 -5.5862536526
0oD2 3.7608898279 -3.2473992127 -5.8651405493
Phessa
CA -0.2704337256 -2.5501934155 -7.7861180195
HA -1.0925695678 -2.2122528395 -7.1047425192
C 0.9991097601 -2.1142417812 -7.0931978491
| O ) 18615582118 -2.8278420678 -6.5769932008
Thrsa
N ‘ 1.2686330934 -0.7104658034 -7.0558049031
H ‘ 0.4485312651 -0.1974721389 -7.3189758348

Table S8. Cartcsian coordinates of the QM atoms of the TSIDZT;F,,HASP localized at
B3LYP/MM level of the asp-assisted phosphoryl transfer reaction from ATP to Dha

catalyzed by DhaK from E. coli.

Dha

Ccl -3.0333609231 -1.3149799014 -3.4958818440
Cc2 -1.8706761787 -1.2216844609 -2.4274281111
H21 -2.3555549952 -0.8670638293 -1.5044230070
H22 -1.5544403654 -2.2457484447 -2.2453075209
c3 -4.3240137243 -0.6413450656 -2.9672689777
H31 -5.1345123953 -0.8242603305 -3.6799295522
H32 -4.6119363091 -1.0903337132 -2.0019344506
04 -2.7332067924 -0.8483104132 -4.7624035698
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05 -0.7306518767 -0.4549530761 -2.6932681950
H5 -0.6956718902 0.5036524574 -1.7282688974
Q6 -4.1341831232 0.7477626965 -2.8725439155
H6 -3.5942982370 0.9557080869 -2.0768212278
ATP

cl' 9.2611321409 -5.5215486328 3.0096757890
H1' 10.1889531535 -4,.9347294732 3.0415941248
c2' 9.6136077524 -7.0138354659 29059649792
H2' 11.1638331070 -7.9008286906 2.2043279319
Q2' 11.0203616071 -7.1470060925 2.8075056798
HT2 9.2355743441 -7.5877878530 3.7670077656
Cc3' 8.9128372238 -7.4608125053 1.5801121887
H3' 7.9258885322 -7.8838424739 1.8168156380
03' 9.7034823360 -8.3427239285 0.8262472466
HT3 9.7015843225 -9.2730948463 12092241568
o 8.7459816612 -6.1284370199 0.8265616098
04' 8.4666103762 -5.1756675180 1.8686628822
H4' 9,7078332165 -5.8914516416 0.3466227444
C5' 7.6503257451 -6.0789850961 -0.2278873028
H51 6.6685415814 -6.0131363020 0.2626367975
H52 7.6812731703 -6.9962656096 -0.8261420498
Q5' 7.8824583566 -4,9411550338 -1,0516745115
PA 7.0311587281 -4.6714716399 -2.4508550237
0OAl 6.6851301674 -6.0050439962 -3.0946044953
0A2 7.9400742392 -3.72479259771 -3.2046835243
0A3 5.7108585867 -3.9142497042 -1.9263192304
PB 4.0404855455 -4.4361170931 -1.8930364254
0OB1 3.9816603845 -5.8140477672 -2.5882664308
0OB2 3.6539911169 -4.4004639415 -0.4411782030
0OB3 3.4067927679 -3.3529181452 -2.8137179387
PG 0.9057837643 -1.63094952338 -2.4701754448
0G1 0.5059738235 -2.2251605444 -1.1352529421
0G2 1.9637541608 -0.5781136887 -2.5312927455
0G3 0.7453271206 -2.5419865662 -3.7080653496
Hissea

CB -8.2807206595 -0.2599580440 -8.0101815836
HB1 -9.0940702389 -0.2229481044 -7.2736085626
HB2 -7.9911317916 0.7761758757 -8.2017125577
CG -7.1068312601 -0.9658778405 -7.3936867531
ND1 -6.8813146808 -2.3272221862 -7.4341630648
HD1 -7.4930981612 -3.0058311191 -7.8753152385
CE1 -5.7440508516 -2.5944453859 -6.7402691624
HE1 -5.3468738480 -3.5936122466 -6.6431260062
NE2 -5.2131771513 -1.4841912397 -6.2420735524
HE2 -3.5634287766 -0.8674528811 -5.3022957614
Cb2 -6.0718502778 -0.4732203244 -6.6348734103
HD2 -5.9082154086 0.5490051549 -6.3355374403
Hiszi1aa

CB -2.5774774719 -6.0771063094 -5.2765785164
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HB1 -1.7477374175 -5.8402177124 -5.9419612904
HB2 -2.2082594689 -6.8560278284 -4.6070640363
CG -2.9181123304 -4.8694258498 -4.4716096600
ND1 -3.5417003776 -4.9562761591 -3.2409529490
HD1 -3.7854583980 -5.8858705852 -2.8292710338
CE1 -3,7463146715 -3.7176448196 -2.7570143422
HE1 -4.2327071572 -3.4759974887 -1.8264031998
NE2 -3.2706248014 -2.8363423011 -3.6446883440
Ccb2 -2.738092891% -3.5382003452 -4,7049363972
HD2 -2.2424343358 -3.0286191263 -5.5061220809
Aspiooa

CB -1.3451919606 2.3607973184 1.1438664892
HB1 -2.0585360119 3.1950855710 1.1839540641
HB2 -1.6847017839 1.6728570149 1.9289414452
CG -1.6096027877 1.6462386066 -0.1994727404
0oD1 -2.7918988043 1.4872546408 -0.5415147095
0oD2 -0.5729722925 1.2110249803 -0.8529381048
MG

MG | 4.9904978399 -6.5674737574 -4,1523470269
MG | 2.3987358593 -3.5861867543 -4.4679034147
Aspaos

CB 6.9541412013 -10.0486565329 -5.5249180443
HB1 6.9560691568 -9.8678913160 -6.6158796947
HB2 7.9799266251 -9.8041818968 -5.2196603346
ce 60527163539 -8.9425564110 -4,9080191135
0oD1 5.5321534905 -9.0883078424 -3.7869664757
0oD2 59323617580 -7.8571433613 -5.5885505717
Aspasa

CB 0.7606740638 -7.5123422492 -5.6801746174
HB1 -0.0042992126 -7.4952319176 -4.8957870163
HB2 0.3012686706 -7.0094438698 -6.5379438756
cG 1.9297338598 -6.6205256158 -5.1747215498
oD1 1.6260265558 -5.4005027707 -4.9944462587
oD2 3.0493181966 -7.1608484863 -4.9666231056
Aspazs

CB 4.6552077353 -4.4665605591 -7.9949157093
HB1 3.6411393261 -4.6256259525 -8.3822851688
HB2 4.9575716526 -3.4794101515 -8.3624694232
CG 4.4860053371 -4.3463558849 -6.4564758476
QD1 5.0296535333 -5.1871354889 -5.7045619517
0oD2 3.7651003788 -3.3709228345 -6.0520218553
Pheysa

CA -0.6745076611 -2.2102755451 -7.7438551358
HA -1.5599576790 -1.8613020735 -7.2019244121
C 0.5313093372 -1.7809991112 -6.9573586632
(9] 1.2821726073 -2.5686116397 -6.4557514898
Thl‘79A

N 0.7220003464 -0.4428289922 -7.1086894358
H -0.0656523880 0.1949725804 -7.1222469040
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Table §9. Cartesian coordinates of the QM atoms of the TSR, localized at BALYP/MM
level of the substrate-assisted phosphoryl transfer reaction from ATP to Dha catalyzed
by DhaK from E. coii.

Dha

C1 -2.7773028732 -1.2282716627 -3.6992131711
c2 -1.3614131631 -1.0076046224 -3.0980110964
H21 -1.2048479194 0.0804538629 -3.1829226708
H22 -1.4732980867 -1.2060829434 -2.0107608994
Cc3 -3.8314153539 -0.4550927239 -2.8609111247
H31 -4.8169540618 -0.6172295287 -3.3226648098
H32 -3.8570112104 -0.8717284673 -1.8422247911
04 -2.8271865453 -0.8738967168 -5.0448971864
Q5 -0.3492370766 -1.7339120525 -3.6691682033
H5 0.4021249547 -2.9960822954 -4.0044978694
06 -3.5332590895 0.9114358902 -2.8411424016
H6 -3.0733403834 1.1413027611 -1.9615162232
ATP

c1' 9.3027742720 -5.4961676635 2.9776545234
H1' 10.2274784091 -4.9057874436 3.0063577222
c2' 9.6625095937 -6.9882051815 2.8863315124
H2' 11.2169117795 -7.8983080454 22132606326
02' 11.0680658835 -7.1066511899 2.7616340576
HT2 9.3073008405 -7.5527556100 3.7621099875
c3' 8.9330117805 -7.4629976365 1.5867206377
H3' 7.9464744336 -7.8660907962 1.8598102076
03' 9.6853686404 -8.3735116751 0.8303420294
HT3 9.6940244017 -9.2904757842 1.2456790148
c4' 8.7576089263 -6.1484419680 0.8044469634
o4' 8.5167688988 -5.1618474553 1.8198213867
H4' 9.7009192150 -5.9365417406 0.2774769635
c5' 7.6175478749 -6.1374532928 -0.2009959766
H51 6.6544952344 -6.1268034292 0.3261667190
H52 7.6727335329 -7.0376749777 -0.8212125838
05' 7.7476631140 -4.9670059435 -1.0148689312
PA 6.9337020347 -4.7479392138 -2.4206436613
OAl 6.4700215116 -6.0910633714 -2.9631937309
0A2 7.8440368704 -3.8780536706 -3.2468632978
0A3 5.6393459189 -3.8523451399 -1.9521021321
PB 4.0202586769 -4,3083404796 -1.8429414564
0OB1 3.7916412269 -5.3306946205 -3.0133791931
0B2 3.7087130186 -4.7456122751 -0.4524296650
0B3 3.3486991839 -2.9829729518 -2.4069369696
PG 1.5328730793 -2.1789531398 -2.4841203222
0G1 0.9128791789 -2.6055898073 -1.1823857262
0G2 20825085649 -0.8370267476 -2.8097755461
0G3 1.3088854774 -3.3187335503 -3.6742006147

522



7. Publications

191

Hisssa
CB -8.3380524959 -0.1688614343 -8.0634850270
HB1 -9.1553208429 0.0069545549 -7.3525248222
HB2 -7.9607097210 0.8200058627 -8.3370136432
CG -7.2366443880 -0.9083389089 -7.3563558217
ND1 -7.0418087046 -2.2740397060 -7.3938558720
HD1 -7.6461168114 -2.9343902674 -7.8729647051
CEl -5.8526781171 -2.5730766401 -6.6391795050
HE1 -5.5809969194 -3.5807245871 -6.5303512320
NE2 -5.4306703015 -1.4798648148 -6.0990600516
HE2 -3.7566019137 -1.0314912800 -5.3771829668
Cb2 -6.2398567198 -0.4458828228 -6.5290855511
HD2 -6.0628014135 0.5698840658 -6.2143224406
Hiszisa
CB -2.6156662971 -6.1153640474 -5.1951416300
HB1 -1.7718261882 -5.9205882921 -5.8596092018
HB2 | -2.2739714696 -6.8700085549 | -4.4829713457
CG -2.9130160171 -4.8491682309 -4.4489680168
ND1 -3.5752057174 -4.8241437438 -3.2316444639
HD1 -3.8888031295 -5.6887604089 -2.7692514517
CE1l -3.6585319506 -3.5487929265 -2.7943652560
HE1 -4,1512925666 -3.2216219231 -1.8933571344
NE2 -3.0620401632 -2.7543158748 -3.6858787459
cp2 -2.5883906474 -3.5488175260 -4.7104434458
HD2 -2.0603947970 -3.1073304542 -5.5304348824
Aspiooa
CB -1.4416605350 2.6118388820 1.3072662409
HB1 -2.0966635611 3.4712091909 1.5174248063
HB2 -1.7850726068 1.8008214762 1.9545102147
CG -1.6890090369 2.2756798832 -0.1975621649
0oD1 -2.5401305581 1.3506525597 -0.4239653689
0oD2 -1.1071667884 2.9716494929 -1.0572043485
MG
MG | 4.9362697501 -6.7079179262 ‘ -4.1873262767
MG 2.9804706074 -4.1013363472 ‘ -4.4447961073
Aspaas
CB 6.9160222656 -10.0921787975 -5.5423060183
HB1 6.9106701437 -10.0137514833 -6.6325688953
HB2 7.9470046862 -9.8687611721 -5.2391224082
¢ 6.0441211868 -8.9690827922 -4.9354146509
oD1 5.5199710039 -9.0607174285 -3.8047876330
0oD2 5.9378087401 -7.8939999836 -5.6308588086
Aspasa
CB 0.7803158107 -7.6323415280 -5.6516943941
HB1 0.0705704674 -7.5954282290 -4.8161194865
HB2 0.2744190254 -7.1394110697 -6.4857012634
CG 1.9946665887 -6.7732072144 -5.2413782581
) 0oD1 1.8522907607 -5.5253095449 -5.3486877827
0oD2 3.0361284209 -7.3607570785 -4.8020353979
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Aspazs

CB 4.6620122317 -4.4566948911 -7.9795177741
HB1 3.6340931849 -4.6400741439 -8.3159496893
HB2 4.9469728319 -3.4788534197 -8.3785224803
CG 4.5612477241 -4.3446909441 -6.4588662388
0oD1 4.8647929629 -5.3308404232 -5.7354901999
oD2 4.,0794225530 -3.2731846567 -5.9559483443
Phessa

CA -0.6187552392 -2.2449424758 -7.7640863326
HA -1.4680194238 -1.8699221524 -7.1823152801
C 0.6340082961 -1.8140537180 -7.1140157672
o} 1.4603665899 -2.5869143062 -6.6646648883
Thryoa

N 0.7765616448 -0.4656669844 -7.2224396014
H | -0.0477373064 0.1259937557 -7.1785557609
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7.3. Evaluation of the effects of the mutation Glu526Lys in
DHAK from C. freundii on the binding of poly-P
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Abstract: Dihydroxyacetone (DHA) kinase from Citrobacter freundii provides an easy entry for the
preparation of DHA phosphate; a very important C3 building block in nature. To modify the
phosphoryl donor specificity of this enzyme from ATP to inorganic polyphosphate (poly-P); a
directed evolution program has been initiated. In the first cycle of evolution, the native enzyme
was subjected to one round of error-prone PCR (EP-PCR) followed directly (without selection) by
a round of DNA shuffling. Although the wild-type DHAK did not show activity with poly-P,
after screening, sixteen mutant clones showed an activity with poly-phosphate as phosphoryl
donor statistically significant. The most active mutant presented a single mutation (Glu526Lys)
located in a flexible loop near of the active center. Interestingly, our theoretical studies, based on
molecular dynamics simulations and hybrid Quantum Mechanics /Molecular Mechanics (QM/MM)
optimizations, suggest that this mutation has an effect on the binding of the poly-P favoring a more
adequate position in the active center for the reaction to take place.

Keywords: biocatalysis; computational chemistry; DHAP-dependent aldolases; dihydroxyacctone
kinase; enzyme directed evolution; quantum mechanics/molecular mechanics

1. Introduction

Dihydroxyacetone (DHA) kinase from Citrobacter freundii (C. freundii) provides an easy entry
for the preparation of DHA phosphate, a very important C; building block in nature since it
is used as phosphoryl donor in several enzyme-catalyzed aldol reactions [1]. Aldol addition
reaction is one of the most useful tools that have the synthetic chemist for the construction of
new C-C bonds [2-4]. Dihydroxyacetone phosphate (DHAP)-dependent aldolases are among the
most important biocatalysts for C-C bond formation [5-10]. Their major synthetic advantage is
that the stereochemistry of the two newly formed stercogenic centers is controlled by the enzymes
and, morcover, the four DHAP-dependent aldolases are stereocomplementary; so, from two given
substrates, it is possible to obtain the four diastercoisomers. However, it is also well known that
their major drawback is their strict specificity for DHAP. Although several chemical and enzymatic
routes of DHAP synthesis have been described in the literature, an efficient method of DHAP
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preparation is still essential [11]. Tn this sense, our research group has developed a straightforward
multi-enzyme system for one-pot C-C bond formation catalyzed by DHAP-dependent aldolases,
based in the use of the recombinant ATP-dependent DHA kinase from C. freundii CECT 4626, for
in situ DHAP formation [12-15]. This enzyme has the highest described catalytic efficiency for DHA
phosphorylation, about one order of magnitude higher than the rest of the enzymes that have been
also used for the preparation of DHAP [16]. The multi-enzyme system was completed with the
in situ regeneration of ATP catalyzed by acetate kinase (Figure 1). Thereafter, we have reported the
enginecering of a new bifunctional enzyme that displays both aldolase and kinase activities in the
samce protein [17,18].

HO\)?\/OH Ho\)oK/opoaz'

DHA ATP AP DHAP
N 2
& o Lgapa e 2 I oros
- 4 = OPO
Acetate  Acetyl-P Aldehyde N R™ 7Y

OH
Figure 1. Multi-enzyme system for C-C bond formation catalyzed by DHAP-dependent aldolases,
based in the in situ phosphorylation of DHA catalyzed by DHAK from Citrobacter freundii (C. freundii).

DHA: Dihydroxyacetone; DHAK: dihydroxyacetone kinase; AK: acetate kinase; RAMA: rabbit muscle
aldolase; DHAP: dihydroxyacetone phosphate.

Dihydroxyacetone kinase (DHAK) from C. freundii presents several features that make it a very
interesting enzyme. It is a homodimer and each subunit is formed by two domains [19]. The
K-domain is where the DHA binding site is located and in the I-domain is founded the ATP binding
site (Figure 2).

L-Domain

[Mg,ATP}
Phospholipid 2€\~ Y,

K-Domain
Linker
Figure 2. Crystallographic structure of DHAK from C. freundii strain DSM 30040 (pdb 1un9). In the

N-terminal domain—K-domain—is where the DHA binding site is located. The ATP binding site is
found in the C-terminal—L-domain.
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In the dimer, the subunits are arranged in an anti-parallel way, therefore, the K-domain of
one subunit is faced with the L-domain of the other subunit. The ATP binding domain is a barrel
formed by eight amphipathic alpha-helix stabilized by a lipid. DHAK is the only kinase known to
have an all-a nucleotide-binding domain representing a new fold group in the kinase classification
scheme, as its fold is unlike any other kinase with known structure [20]. From the functional point
of view, we have demonstrated that this enzyme presents a promiscuous activity [21]. Besides the
phosphorylation of DHA, DHAK is able to catalyze, in the same active center, the cyclization of
flavin adenine dinucleotide (FAD) to cyclic flavin mononucleotide (FMN). This catalytic promiscuity
is modulated by the divalent cation that forms the complex with the phosphorylated substrate.
The manganese concentration acts as a switch to turn on or off the kinase (natural) or the cyclase
(promiscuous) activity.

One disadvantage of the multi-enzyme system described above is the need for ATP regeneration,
To eliminate the ATP regeneration system, it is necessary to found a phosphoryl donor cheaper than
ATP and, more importantly, that the final product does not inhibited the kinase. A good candidate itis
the inorganic polyphosphate (pely-I*). Inorganic polyphosphate (poly-P) is a linear polymer of up to
hundreds of orthophosphate (P}) residues linked by high-energy phosphoanhydride bonds [22-26].
A large amount of poly-P is routinely produced as sodium hexametaphosphate (about 13 to 18
phosphate residues) for food additives and other industrial uses, making it a phosphoryl donor
inexpensive compared to ATD, acetyl-P and phosphoenolpyruvate (PEP). In addition, poly-P usually
does not promote inhibition on phosphotransferases [27].

Nowadays, Computational Chemistry has emerged as a powerful tool for the analysis of reaction
mechanisms in complex environments such as enzyme-catalyzed processes and the information
obtained from these studies provides clues to guide the development of new and more efficient
biological catalysts [28-31]. Therefore, a thorough computational based characterization of active
mutants, by comparison with the wild-type enzyme, could provide information about the evolution
of the substrate-protein interactions and, consequently, on the origin of the measurable activities. The
results can also be used to deduce wihich residues of the active site are responsible for the preferential
stabilization of the complex and thus, using an active mutant as starting point, to design a new
catalyst capable of enhancing the rate constant of the chemical step. Herein, we describe the results
obtained after a round of error-prone PCR (EP-PCR) followed (without previous selection) by a round
of DNA shulffling. Theoretical calculations, based on molecular dynamics (MD) simulations and
hybrid Quantum Mechanics/Molecular mechanics {QM/MM) optimizations, have been performed
to study the effects of mutations on the most active mutant (Glu526Lys). A proposal of the origin of
the activity will be then based on the simulations.

2. Results and Discussion

2.1. Substrate Specificity of the Wild-Type DHAK

Previously, to begin our program of Directed Evolution, we analyzed the substrate specificity
of the wild-type DHAK towards the phosphoryl donor. Kinase activity of the enzyme was assayed
with the five natural nucleoside triphosphates, ATT, GTP, CTP, TTP and UTP; inorganic triphosphate;
and poly-I. Only ATP was substrate of the enzyme, displaying a catalytic efficiency (ke /Kn) of
6.9 x 10757 M~ (Kpg 3.5 x 107* £ 0.01 mM and ke 24.02 £ 0.37 s~ 1). None of the other phosphoryl
donors assayed showed activity with the wild-type DHAK, at least in the limit of detection of
our assay.

2.2. Generation of a DHAK Mutani Library

Given the particular structure of the DHAK (two domains connected by an 18 amino acids linker;
Figure 2), we envisioned a “cassette” strategy in which it is possible to take off only the ATP-binding
domain and carry out on it the evolution process, keeping the DHA-binding domain unmodified. To

27837



198 7. Publications

Int. . Mol. Sci. 2015, 16, 27835-27849

accomplish this strategy, we took advantage of the presence in the linker region of a unique restriction
site for the endonuclease Adel that allow to cut-off from the pRSET-dhak plasmid, the I-domain where
the ATP binding site is located (Figure 3).

Adel Hindill

EP-PCR ARRRARY
PRSET-dhak >
amp’ . Library of
o L-domain variants
DNA
Shuffling
R
ARy
~ < Ligation and transformation AARARRY
Ry
- Adel  Hindill
Shuffled library of

Clones of shuffled library L-domain variants

Figure 3. Directed evolution approach applied to modify the phosphoryl donor specificity of the
DHAK from C. freundii.

To introduce genetic diversity into the sequence of the L-domain, we performed a round of
EP-PCR followed directly—without previous selection—by a round of DNA shuffling. The 620 pb
doml fragment was amplified under standard EP-PCR conditions [32-34], optimized to introduce 2-3
mutations per kilobase. The mutation rate (2.9 bases change/Kb) was verified by DNA sequencing
of six randomly picked colonies of the 1.-domain library. The analysis of these sequence showed
that DNA polymerase used in the PCR reaction (Tig pol) is more likely to mutate AT (67%) than GC
(33%). These results were in agreement with the mutational tendency previously described in the
literature [35]. The library of 1-domain variants obtained in the EP-PCR step was carefully digested
with DNase I, and fragments in the range of 50-100 bp were selected. The purified fragments were
reassembled in a PCR reaction without primers. The number of reactions cycles (60) and the amount
of DNA used as template (20% © /v, see Experimental Section) were optimized to obtain PCR products
with an average size closed to full-length of the 1.-domain sequence (see Experimental Section).

Finally, the purified full-length 1-domain sequences were amplified using standard PCR with
specific primers and shuffled library of ATP-binding domains was re-introduced in the pRSET-dhak
plasmid, restoring the whole dhak gene.

2.3. Screening of the DHAK Mutant Library

The mutant library was screened for their ability to phosphorylate DHA using poly-P as
phosphoryl donor. Activity was measured by a coupled enzymatic assay, in which DHAP formed
during the reaction in presence of poly-P was reduced to a-glycerophosphate with concomitant
oxidation of NADH to NAD*. Assay samples were prepared on 96 well plates and time-dependent
decrease of NADH absorbance at 340 nm was spectrophotometrically monitored. In the primary
screening, the activity was assayed in cell free extracts {(CFE) from each clone of the shuffled library.
Unspecific NADH oxidation was measured in reaction mixtures lacking DHA and subtracted to
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the slope (activity) obtained in presence of DHA (Figure 4). Thus, the resulting slope should be
proportional to the kinase activity using poly-P as phosphoryl donor substrate. A control population
integrated by clones expressing the wild-type DHAK was analyzed following the same screening
process. Both the mutant (M) and the control (C) populations followed a normal distribution
according to the Kolmogorov—Smirnov test for normality [36]. The standard normal distribution of
poly-P dependent activity in population M with respect to population C was obtained calculating the
standard activity Z for cach of the individuals of M according Equation (1).

7 bm— Hat)

1
. M
o] o]
u-GDH OH
HO\)K/OH 7DHA§K - Ho oo 7_T. HO\/:\/OPOAZ'
DHA DHAP 1 a-glycerophosphate

1.08

1.06

1.04

A34O nm /AU

1.02

000 : : - : : =

0 100 200 300 400 500 600

tis

Figure 4. Enzymatic assay used to evaluate the poly-P-dependent kinase activity in the DHAK mutant
library and time-dependent decrease of NADH absorbance at 340 nm corresponding to the mutant
3E4. (¢) Unspecific NADH oxidation measured in absence of DHA and (@) slope obtained in presence
of DHA. For details, see Section 3.6.

The statistical parameter Z tells us how much and in what direction—above or below—is away
from the mean of the mutant population (1) each individual value of slope (x) in the population
M with respect to the standard deviation (r¢) of the slope values in the control population C.
Thus, clones with a value of Z = 3, had a probability =98% that the slope measured was greater
than the mean of the slope values in the control population. After carrying out the statistical
analysis, we found 16 clones with 7 = 3 (Figure 5). Although the statistical analyses employed
returned an extremely high number of positives, we decided to express and purified the 16 positive
mutants identified. The expression of the putative DHAK mutants was carried out as described
in the Experimental Section and analyzed by SDS-PAGE. In all cases, a band of about 63 kDa
corresponding to DHAK weight could be detected in the CFE, indicating that the mutant proteins
were expressed soluble. Activities of the 16 DHAK mutants were determined after purification by
affinity chromatography (IMAC). In seven of the mutants identified as positive in the statistical
analyses (2D1, 3C3, 3H2, 5C1, 6A3, 6D5 and 6D6), it was impossible to detect any kinase activity
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using poly-P as phosphoryl donor. Another group of mutants (2C1, 2H3, 4B3, 5A2, 5B1 and 6F2)
was barely in the limit of detection of the employed assay. Finally, three mutants—1H2, 3E4 and
5F12—were clearly positive with polyphosphate-dependent kinase activities in the order of 10 mU
per mg of protein (see Table S1). The mutant 1H2 showed the highest activity with poly-P (13.4 mU
per mg of protein). This mutant presented a specific activity with ATP of 9.2 U per mg of protein,
similar to the specific activity showed by the wild-type DHAK (10.7 U per mg of protein) and three
orders of magnitude higher than the activity showed with poly-D.

4

T 1mz

Clones population M

Figure 5. Graphic representation of the Z-scores of DHAK mutant population M.

2.4, Computational Studies of the Wild-Type and the Mutant TH2

According to the experimental results, the computational studies were focused on the wild-type
and the most active mutant: the 1H2 that presents only the mutation Glu526Lys, located on a flexible
loop of the L-domain, in the surrounding of the ATP-binding site. This substitution could suggest
a stronger electrostatic interaction between the positively charged lysine and the negatively charged
poly-P. Nevertheless, our MD simulations suggest that mutation does not have any direct effect on
the distance between the poly-P and the amino acid on position 526.

As observed in Figure 6, this distance is even shorter in the wild type than in the 1H2 (see
red and blue lines, respectively). Interestingly, replacing the Glu residue on position 526 with a Lys
provokes, instead, a significant approximation of the poly-P to the active site of the protein. Thus,
despite both wild-type and 1H2 MD simulations starting from the same geometry, a significantly
shorter distance between the closest phosphate group of poly-P and any of the Mg cations is reached
after 500 ps in the 1H2 than in the wild-type. Thus, it seems that poly-T is better accommodated
into the 1H2 mutant active site than in the wild type, in agreement with an experimentally observed
higher catalytic activity. This effect can be shown on Figure 7, where an overlapping of both systems
after the MD simulations, centered in the Mg cations, is presented. Apparently an indirect effect is
produced under mutation of the protein since, despite a movement of the loop containing residue 526,
no approximation is chserved between the negatively charged poly-P” and the new positively charged
Lys 526. In fact, pely-P appears to be closer to the residue 526 in the wild-type than in the mutant, as
indicated in Figure 6. This is probably due to a bending of the poly-P that favors the approximation
to the active site while the new cation preferentially interacts with the solvent.
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Figure 6. Time evolution of the distances between the closest atom of poly-F and the magnesium
atoms in the wild-type (purple line), the magnesium atoms in the 1H2 mutant (black line), the residue
526 in the wild-type (red line), and the residue 526 in the 1H2 mutant (blue line). Results obtained
from the 10 ns MD simulation.

Lys 526A

Figure 7. Overlapping of representative snapshots of the average structures in the last 500 ps of the
MD simulations obtained with the wild type (gold) and 1H2 mutant (blue) complexed with the poly-I.
Magnesium cations are represented as green balls. Poly-P docked in the L-domain of the TH2 mutant
(blue) and wild-type (gold) DHAK are shown as sticks. The Lys that substitutes to the Glu in position
526 in the mutant, and aspartate resicues that interact with ATP in the wild-type DHAK, are also
shown as sticks.

Tn order to confirm and quantify the interaction energy established between the poly-P and both
proteins, 10 structures were selected from the MD trajectories to perform QM/MM optimizations.
Keeping in mind that no covalent bond is established between the poly-P and the protein, the
QM-MM interaction energy term can be directly related with the interaction between protein and
poly-P. The average value of QM-MM interaction energy term of the 10 selected structures of the
wild-type and mutant were —5100 + 1100 and —7900 + 1600 kJ- mol~", respectively. According to
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these results, and although an expectedly large dispersion is obtained in potential energy values,
the mutation has a clear effect in increasing the binding energy. The origin of the enzyme-(poly-P)
interaction can be analyzed by decomposing the total interaction energy in a sum of contributions per
residues. The averaged interaction energies, electrostatic plus van der Waals, of individual residues
and the two magnesium cations of both systems with the poly-P is depicted in Figure 8. Bottom panel
of Figure § shows the difference between the values obtained in the wild-type and the 1H2 mutant.
Then, residues presenting positive values on this figure mean that they interact better with the mutant
than with the wild-type. As observed, there are some residues, such as Lys382A, Argd75A, Lys514A
and Arg207B, which present favorable interactions on both systems. On the contrary, Arg519A is
stabilizing the complex only in the wild-type while the interaction of the poly-P with Mg?* cations is
enhanced after mutant. A graphical comparison of both systems, shown in bottom panel of Figure 8,
suggests that the increase in the activity if IH2 can be due to an enhancement of the interactions with
Lys382, Arg475 and, in a dramatic way, with the magnesium cations.

500.0

E 56 Glu214B| Glu 2228

S 5A35E4H3IS53U0LURRAESNGSARAALERIAIRTYILRI0REAEE

T 5000

5 /

-1000.0 Arg 519 A
Lys 382 A Arg 207 B
J— Y Arg475A
-2000.0 Lys 514 A
-2500.0
1500.0
T Asp 385 A

3 Asp 387 A |AsP 474 A

.; 500.0 AspSSOA/

o2 0.0 1l )

B op PRREEE IR RO R RN ARANEREAE AR TR IR IRTERENN
-1000.0 / Mg?*
15000 - Lys 382 A Arg 475 A Lys 514 A Arg2078
-2000.0
1500.0

Mg2*
1000.0

5 5000 Lys 382 A Arg 475 A

E

2 ey N R R R R R R R I

E TR LLES U AL SesaahiA E IR I B B T I R I S M S

" /

-1000.0 Asp 387 A
sp 380 A p474 A
-1500.0 Asp 385 A Arg 519 A

Figure 8. Ceontribution of individual amino acids to (poly-P)-protein interaction energy (Eint, in
K- mol™1) for the wild type (top panel), TH2 mutant (middle panel) and differences between both
systems (bottom panel). Residues are ordered according to the sequence, and the Mg”™ ions are
added at the end, Results derived from the QM-MM interaction term of the QM /MM optimizations.

On the other hand, non-favorable interactions with Asp380A, Asp385A, Asp387A and Asp474A,
and the loss of the originally favorable interaction observed with Arg519A in the wild-type,
are observed after mutation. It is important to point out that approximation of the negatively
charged poly-P to the active site is ineludible associated with a repulsive interaction with the
aspartate residues (especially those anchoring the Mg?" cations and, in particular Asp380A, Asp385A
and Asp387A).
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Finally, analysis of the Root Mean Square Fluctuation (RMSF) of the key residues computed from
the last 5 ns of the MD simulation on the wild-type and 1H2 mutant show that the later present a
greater mobility, especially on the flexible loop, what could be related with the better accommodation
of the poly-P. In particular, Arg519 mobility, together with Ala520 and Ser521, significantly increases
after mutation of residue 526 (Figure 9). Therefore, further efforts to improve the phosphoryl donor
specificity of DHAK from ATP to an inorganic poly-P should be focused in residues around Arg519
in the protein sequence. Finally, it is important to point out that these conclusions derived from the
interactions that are important for poly-I” fixation should be further tested by studying the next step
of the catalytic process; the chemical reaction.
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Figure 9. Root Mean Square Fluctuation (RMSF, in A) of key residues computed from the last 5 ns of
the ML) simulation on the wild-type (blue bars) and TH2 mutant (red bars).

3. Experimental Section

3.1. Materials and General Procedures

UV /Visible spectra were recorded on a Spectra Max Plus 384 spectrophotometer at 25 “C.
SDS-PAGE was performed ina Mini-Protean 3 Cell Electrophoresis Unit (BioRad, Hercules, CA, USA)
using 10% and 5% acrylamide in the separating and stacking gels, respectively. Gels were stained
with Coomassie brilliant blue R-250 (Applichem GmBH, Darmstadt, Germany). Electrophoreses
were always run under reducing conditions, in the presence of 5% [-mercaptoethanol. Protein and
DNA gels were quantified by densitometry using GeneGenius Gel Documentation and Analysis
System (Syngene, Cambridge, UK) equipped with the analysis software GeneSnap and GeneTools
(Syngene, Cambridge, UK). a-GDH and TIM were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Restriction enzymes, Tag polymerase and T4-DNA ligase were purchased from MBI
Fermentas AB (Vilnius, Lithuania). Citrobacter freundii CECT 4626 was provided from the Spanish
Type Culture Collection (Valencia, Spain). E. coli BL21 (DE3) competent cells were purchased from
Stratagene Co. (San Diego, CA, USA}. PCR primers were purchased from Isogen Life science (Utrecht,
The Netherlands) and the pRSET-A expression vector was purchased from Invitrogen Co. (Carlsbad,
CA, USA). IPTG was purchased from Applichem GmBH (Darmstadt, Germany). Plasmids and PCR
purification kits were from Promega (Madison, WL, USA) and DNA purification kit from agarose
gels was from Eppendorf (Hamburg, Germany). Nickel-iminediacetic acid (NiZ*-1DA) agarose was
supplied by Agarose Bead Technologies (Madrid, Spain}. All other chemicals were purchased from
comumnercial sources as reagent grade.
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3.2. Error-Prone PCR Generated Library

The dhak gene encoding DHAK was cloned in the pRSET expressicn vector as previously
described [21]. EP-PCR was performed on the 620 pb dhak fragment encoding the L-domain of
DHAK using the following specific primers: leftward primer, 5-GCGTAGCGCACGCGT-3" (Adel
site underlined) and rightward primer, 5 TTCTAAAGCTTTTAGCCCAGCTCACT-3 (Hindlll site
underlined). The reaction mixture was prepared in a final volume of 100 uL. containing 1 pM of
each primer, dNTPs (0.2 mM each), 3.0 mM MgCl,, 50 mM KCI, 0.2 mM MnCl,, 1% DMSO, and 0.5 U
Tag polymerase. EP-PCR was carried out using the following program: 94 “C for 2 min (1 cycle);
94 °C for 1.0 min, 55 “C for 1.0 min, 72 “C for 42 s (40 cycles); and 72 C for 10 min (1 cycle). To verify
the obtained mutation rate, a part of the L-domain variants library of was cloned in the plasmid
p(_;EMf’;"?—T Easy and transformed in E. coli DH5x cells.

3.3. In Vitro Recombination by DN Shuffling

DNA shuffling was done according to the method of Stemmer [37,38]. The pool of 1-demain
variants obtained by EP-PCR was digested during 5 min at RT with 0.14 U of DNase T in Tris-HCI
buffer (50 mM; pH 7.4) containing MgCl, 1 mM. DNA fragments in the range of 50-100 bp were
purified from the agarose gel. After that, 20% ©v/v of the punﬁed DNA Fragmentq were recombined
in a PCR reaction without primers containing dNTPs (0.4 mM each), MgCl, (3.0 mM) and Tag
polymerase (0.5 U). The thermal cycling program was: 94 °C for 2 min (1 cycle); 94 *C for 1.0 min,
55 °C for 1.0 min, 72 °C for 42 5 (60 cycles); and 72 “C for 10 min (1 cycle). Finally, after 1:100
dilution of this primerless PCR product into a PCR mixture containing the specific primers described
above, a single product of 620 bp corresponding to the length of the L-domain was amplified using 40
additional cycles. The resultant shuffled library of L-domain variants was ligated into the plasmid
pRSET-dfiak, previously digested with the endonucleases Adel and Hindll. The digested plasmid
contained the gene sequence encoding K-domain of the protein, which was necessary for restore
the complete size of dhak gene in conjuncton with L-domains variants. The