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ABSTRACT

Protein Kkinases, representing one of the largest protein family involved in almost all
aspects of cell life, have become 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) catalyzed by DhaK from Escherichia coli (E. coli) is
reported. Two different mechanisms, previously proposed for the phosphoryl transfer
from ATP to the hydroxyl side chain of specific serine, threonine or tyrosine residues,
have been explored based on the generation of free energy surfaces (FES) computed
with hybrid QM/MM potentials. The results suggest that the substrate-assisted
phosphoryl and proton-transfer mechanism is kinetically more favorable 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 B3LYP/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, Arg178B and one Mg cation would be stabilizing
the transferred phosphate in the TS. Asp109A 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 only reveals the role of the enzyme and the particular
residues of its active site, but it can assist in the rationally design of new more specific
inhibitors.



INTRODUCTION

The transfer of a phosphoryl group from an ester or anhydride to a nucleophile® is
involved in many processes taking place in the cells of living organisms, playing and
essential role in propagation and signal transduction.”® Protein kinases catalyze the
transfer of phosphate groups to different substrates in cells, being the adenosine
triphosphate (ATP) the most important biological phosphoryl donor. An indication 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 around 540 kinases in mice and
122 in yeast, representing one of the largest protein family.® Numerous kinases are
closely involved in cancer progression.”® The common feature maintained throughout
protein kinase family is the sharing of a highly conserved catalytic center, making
possible that one inhibitor molecule could bind to several kinases, blocking regular
signaling needed for normal cellular function. However, it is also feasible that the
capability of interfering in a multitude of kinases could be beneficial in cancer
treatments, provided that the inhibitor is specific to cancerous cells.>® During the last
years many studies have been focused on drug research related with kinases and several
small-molecule kinase inhibitor drugs have been approved for the treatment of different
cancers.>®® Even so, despite its relevance for cellular control and their crucial
contribution in modern medical techniques, the entire protein phosphorylation network

has not been investigated deeply.®

Previous theoretical studies on phosphoryl transfer reactions have stressed the presence
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

considered to occur through two alternative mechanisms;***°

associative, in which
nucleophilic attack precedes the living group departure, and dissociative, in which
departure of the living group takes place before the nucleophilic attack is produced. The
reaction can in turn proceed through only one step but it does not necessarily imply a
synchronous forming and breaking bonds process since associative-like or dissociative-
like mechanism can be observed for concerted paths. Different computational studies of
ATP hydrolysis indicate the dissociative mechanism energetically more favorable than
the associative one.!”™ Others show very small energetic difference between the

associative, dissociative and concerted mechanisms.?’ And more recently, different



QM/MM 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 each system which indicates that enzymes catalyzing GTP hydrolysis are
able to stabilize different transition states modulating the reaction path.**

Studies of the phosphate transfer from ATP to serine or tyrosine residues in protein
kinases have been also widely reported.**>3' Thus, a theoretical study in cyclin-
dependent kinase (CDK2) by De Vivo 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 studied 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 general 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
(IRK).?® In this case, a catalytic Asp residue would abstract the proton from a Tyr
residue of the substrate peptide. Diaz and Field 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 et al. **° 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.



Another important debate on phosphate transfer reactions of ATP is the role of the two
magnesium ions that appear in the active site of kinases. It has been proposed that they
are useful not only to stabilize ATP binding but also to accelerate the chemical
reaction.*3 These metal ions have been reported to be greatly important to stabilize the
negative charges accumulated during the phosphate transfer and before.®** Its
indispensability in many enzymatic systems has motivated several authors to determine
the specific roles of Mg?" in catalysis. Nevertheless, as stated by Lopata et al., despite
the indispensability of the metal ion in most phosphoryl transfer and hydrolysis
catalyzing enzymes, its role was not completely clear.*®

Dihydroxyacetone kinases (DhaK) belong to a family of sequence-conserved enzymes
that phosphorylate dihydroxyacetone (Dha) converting it in dihydroxyacetone
phosphate (Dha-P).3*3%8 Dha-P is an intermediate for the synthesis of pyruvate® and it
is a very valuable compound in nature since it is used as phosphoryl donor in several
enzyme-catalyzed aldol reactions for the formation of C-C bonds.***® DhaK from
Escherichia coli (E. coli), the most characteristic of the PTS-dependent DhaKs, is
constituted by DhaK, DhaL and DhaM subunits.** The reaction starts with
phosphorylation of DhaM, by the small phospho-carrier protein HPr of the PTS.
Phosphorylated DhaM forms a complex with the ADP-bound DhaL subunit and
transfers the phosphate to ADP turning it into ATP. Then, the ATP linked DhaL
associates with DhaK subunit, which enclose the Dha compound bounded through a
hemiaminal bond to His218. Finally, phosphate is transferred from ATP to Dha yielding
as the product of the reaction, Dha-P and ADP. 34384142

The molecular mechanism of the enzyme catalyzed phosphate transfer from ATP to Dha
has been proposed based on the crystal structure of the E. coli DhaK-DhalL complex
bound to ADP and Dha determined by Shi and co-workers.** The analysis of
experimental results allows them to present a general catalytic mechanism for DhaK in
which residues His56, His218 and Aspl09 would be significantly involved in the
reaction progress. In particular, they divided the whole reaction in three stages: 1)
binding of Dha to enzyme through a hemiaminal bond with His218, acting the His56 as
an acid donating its proton to Dha substrate; 2) Phosphate transfer from ATP to Dha
where Asp109 acts as a base in order to prepare the Dha for the attack; and 3) release of
the reaction product, Dha-P, from the enzyme.**

Nevertheless, and despite the great contributions to the study of kinases, the explicit

reaction between ATP and Dha in DhaK from E.coli has not been studied by means of



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 estimate its catalytic efficiency.*
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 described based on the exploration of Free Energy 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 E. 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 glycerol 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
program®®. 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
program of Jensen et al.**® at pH = 7. According to the results, all residues were found
at their standard protonation state in aqueous solution, except His56A that had to 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. Afterwards, the system was solvated with a pre-equilibrated
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



classical MD simulations in the NVT ensemble at a temperature of 300 K using the
Langevin-Verlet algorithm using a time step of 1 fs. The OPLS-AA force field,*® and
the TIP3P* force fields, as implemented in NAMD parallel molecular dynamics code,*
were used to describe the protein and the water molecules, respectively. Parameters for

Dha were generated with the ParamChem application®!2

while parameters from the
CHARMM general force field v. 2b7°% were used for the ATP. Cut-offs for nonbonding
interactions between atoms were applied using a switching-force scheme, within a range
radius from 12 to 15 A with periodic boundary conditions. The time evolution of the
RMSD of the backbone atoms of the enzyme as well as the RMSD computed for just
the backbone atoms of the active site residues (those in a radios sphere of 8 A) during 5
ns of MD simulations show that the system can be considerate as equilibrated after the
MD simulations (see Figures S1 and S2 of Supporting Information). This conclusion is
supported by the inspection of the time evolution of individual key interactions
established in the active site during the equilibration MD simulation (see Figures S3, S4
and S5 of Supporting Information). The resulting system was taken as the initial
structure for the following QM/MM calculations. The Dha molecule, part of ATP
(phosphate groups and ribose ring), the side chains of residues involved in the reaction
mechanism (His218A, His56A and Aspl09A), the magnesium ions and part of the
residues in the coordination sphere of these magnesium ions (Asp30B, Asp35B,
Asp37B, Phe78A and Thr79A) were treated quantum mechanically (see Scheme 1). The
rest of the atoms of the protein and the water molecules were treated by means of the
OPLS-AA and TIP3P* force field, respectively. To saturate the valence of the QM/MM
frontier we used the link atom procedure®, placing this atom between C of the ribose
molecule and N of the adenine molecule in the case of ATP, between C, and Cg in
aspartate and histidine residues, between carboxyl carbon and C, in Phe78A and
between amino nitrogen and C, in Thr79A (see Scheme 1). Thus, the QM part involves
96 atoms with a total charge of -3.

For all simulations, any residues further than 25 A from the Ogs oxygen atom of ATP
were kept frozen during the simulations. As well as in NAMD calculations, cut-offs for
nonbonding interactions were applied using a switching function, within a radius range

from 12.0 to 15.0 A, employing periodic boundary conditions.
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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 TIP3P 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
methods and has been shown to produce a huge stabilization in the energy of
phosphorane compounds, resulting from the use of a minimal valence basis.>
Therefore, it has been used extensively to successfully model phosphorus and phosphate
groups.>”® In fact, the semiempirical Hamiltonian PM3 was already 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. It is important to point out that, despite
AM1d/MM calculations provided more accurate energy values for the study of the
reaction in solution,”® considering that the energies obtained at low-level (LL)/MM 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
structures obtained in the protein environment when combining with the MM force
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 appropriate 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



to constrain the system along the selected values of the reaction coordinates by
employing a force constant of 2500 kJ mol™ A™. The value of the force 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
selected coordinate. Each window consisted of 15 ps of equilibration followed by 20 ps
of production. The Verlet algorithm was used to update the velocities. The initial
structures in each window of the 2D-PMFs were selected from the corresponding
previously generated PESs at the corresponding level of theory, whereas the 1D-PMFs
were performed starting from the transition state structure. 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 generation of FESs requires the evaluation of a large number of structures by means
of QM/MM MD simulations. Consequently, calculations are usually restricted to the use
of semiempirical Hamiltonians, as it is the case in the present study. In order to reduce
the errors associated with the quantum low-level PM3 employed in our simulations,

following the studies of Truhlar et al.,**®

an interpolated correction term was applied to
any value of the reaction coordinate &, selected to generate the FES. Then, a continuous
new energy function was generated that corrects the PMFs, as previously performed in

our laboratory:®%

E = ELL/MM + S[AEﬁL(f)] 1)

where S denotes a spline under tension 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 semiempirical PM3 Hamiltonian
was used as LL method, while the B3LYP method was 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. HL single energy calculations are computed on
optimized geometries obtained in the corresponding PESs at LL.
In those chemical steps explored by means of 2D-PMFs, the correction term is
expressed as a function of two coordinates &; and &,, being the new energy function:
E=Eum+ S[AEf(¢1,&,)] 2
In equation 2, S is adjusted to a set of points corresponding to the HL single energy
calculations on geometries optimized at PM3 method, as previously explained. All the



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, after 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 structure was used 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 HE2iss6 to the oxygen atom O4 of Dha. The distance between nitrogen atom of
His218A and the carbon atom of Dha, d(NE2uis218-C1), and the antisymmetric

10



combination of the distances describing the hydrogen transfer from His56A to Dha,
d(NE2hisse-HE2spse)-d(O4-HE24iss6), were used as distinguished reaction coordinates
to generate a 2D-PMF. The resulting FESs at PM3/MM level and with spline
corrections at BALYP:PM3/MM level are shown in Figure 2a and 2b, respectively,

while the free energy barriers are reported in Scheme 2.
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Scheme 2. Schematic representation of the initial step of the phosphorylation reaction
mechanism corresponding to the formation of a covalent bond between Dha and the
enzyme DhaK from E. coli. Values of the free energies barriers computed at PM3/MM

level, in kcal-mol™, are reported in brackets.

The analysis of Figure 2a reveals that the transformation from reactants to the
intermediate 12PM3 can take place through a stepwise or a concerted mechanism. In the
former, first the proton from His56A is transferred to Dha, obtaining a stable
intermediate 11°M3. Then the formation of a covalent bond between Dha and His218A
takes place through the TSEM3, reaching the intermediate 12PM3. The proton transfer can
also take place concomitant with the NE2y;s215-C1 covalent bond formation through the
concerted TSEM3,. Analysis of the structure of TSEM3 shows that the bond formation
between Dha and His218A is in a very advanced stage of the reaction (distance

NEZ2his218-Clpha is 1.58 A) while the transferring proton is located between its donor and
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acceptor atom (distances NE24iss6-HE 24isss and O4pna-HE24isss are 1.22 and 1.29 A,
respectively). A full list of the key interatomic distances of 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 kcal-mol™, respectively) suggesting the possibility of
competitive mechanisms. Nevertheless, the corrected FES at B3LYP:PM3/MM level
(Figure 2b) shows the absence of the intermediate 11°M3, and the emergence of two
concerted but very asynchronous mechanisms. Interestingly, the free energy barriers,
11.8 and 10.8 kcal-mol™, are significantly lower than the values obtained at PM3/MM
level. The NE2-C1 bond is almost formed in the TS1RFLPM3 but the proton transfer
from His56A to Dha is in an early stage of the process. By contrast, TS2RF1:PM3
describes a situation where the proton transfer is almost completed but the formation of

the covalent bond between Dha and His218A is in an early stage of the process.
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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 (panel
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 (see 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 FESs
at DFT:PM3/MM level, and computing of PESs at DFT/MM level.

PM3/MM FESs of the phosphorylation reaction.

Once Dha is bounded to the enzyme (12PM3), the y-OH group of Dha should be
activated in order to make feasible the phosphate transfer from ATP. Thus, in the
substrate-assisted mechanism the proton from Dha is directly transferred to the ATP
whereas Aspl09A has just a structural role (see Scheme 3). In the asp-assisted
mechanism, Asp109A abstracts the proton from Dha and generates an oxyanion suitable
for the attack of the ATP y-phosphorus atom (see Scheme 4). As mentioned in the
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,
threonine or tyrosine residues, while the later was proposed by Shi and co-workers

based on crystal structures analysis.*
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Substrate-assisted mechanism. A 2D-PMF was generated to explore the proton transfer
from Dha to ATP and the phosphate transfer from ATP to Dha. Thus, starting from the
12PM3 structure, two anti-symmetric combinations of distances, d(O5pna-H5pha)-
d(OG3atp-H5pra) and d(PGatp-OB3ate)-d(PGater-O5pha), Were used to generate the
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
to the His56A, d(O4pna-HE24iss6)-d(NE2pisss- HE2wiss6), together with the inter atomic

15



distance defining the Clpn, - HE2yiss6 breaking bond, were used to generate the FES.

The resulting FESs computed at PM3/MM level are shown in Figure 3.
a b

d(PGprp - OB34pp) - d(PGprp - O5pp, ) / A
d(04 - HE2yyi556 ) - d(NE2yig56 - HE2y56) / A

d(O5phs - H5pha) - d(0G3rp - H5pha ) / A d(NE2y;15 - C1) / A

Figure 3. PM3/MM FESs of the substrate-assisted mechanism for the phosphorylation
reaction catalyzed by DhaK from E.coli. Proton transfer from Dha to the transferring
phosphoryl group of ATP followed by the phosphoryl transfer to Dha (a), releasing of
the final products where the proton returns to His56A and it takes place the cleavage of
the bond with His218A (b). Values of the isoenergetic lines on the 2D-PMFs are in

kcal-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 (12PM3 to 13PM3) does not take place
concertedly with the phosphoryl transfer itself (1I3PM3 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 kcal-mol™, the free energy barrier of the phosphoryl transfer step
from the intermediate 13PM3 is just 3.6 kcal-mol™. The complete migration of the
phosphate group is reached in the 14°™3 intermediate that appears to be much more
stable than the I3PM2 intermediate and even more stable than the initial 12PM3
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

representative structure of the TS of the phosphoryl transfer step, 13°M3 to 14PM3  js
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presented in Figure 4. The TSPM3, describes an asynchronous breaking and forming

bonds process with the phosphoryl transfer in an early stage of the process. The
distances from the transferring phosphorous atom to the donor and acceptor atoms are
1.77 + 0.04 and 2.57 + 0.05 A, respectively, with a distance between the donor and
acceptor oxygen atoms of 3.98 + 0.09 A, and an angle of OB3a1p-PGatp-O5pha Of 134.8
degrees. Hydrogen bond interactions are established in this TS between the oxygen
atoms of the phosphate and residues Ser80A, Thr79A and Argl78B, together with
interactions with a Mg®* cations and a C-H bond of Gly78B. The Asp109A, on the
contrary, is interacting with the substrate. It should be mentioned that, based on activity
measurements on site-directed mutants, Shi et al.** proved that the conserved residues
His218A, His56A and Aspl09A were important for the catalytic activity of the DhakK,

which would be in agreement with the description of TSEMS,.

Ser80A Thr79A
o Gly788
Asp109A $
/
a

Argl788 Asp30B

Asp35B

Figure 4. Representative snapshot of the TSPM3, structure obtained at PM3/MM
corresponding to the phosphoryl transfer step, 13PM3 to 14PM3 | in the substrate-assisted

mechanism. Dashed lines represent important interactions and distances are reported in

A

As observed in Figure 3b, the release of the products from the protein can be reached by
means of a stepwise mechanism through an intermediate 15°M3 (with free energy
barriers of 19.6 and 7.5 kcal-mol™) or in a competitive single step (with a free energy

barrier of 21.6 kcal-mol™).

Asp-assisted mechanism. In order to study the first step of this mechanism, and based
on the experience achieved from the study of the previous mechanism, a 1D-PMF has
been explored using the antisymmetric combination of distances corresponding to the
transfer of proton from Dha to Asp109A, d(O5pha-H5pha)-d(H5pha-OD2asp109). Next, the
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phosphate is transferred from ATP to Dha which corresponds to the conversion from the

intermediate 1337 to the intermediate 14,5 in Scheme 4. In this case, a 1D-PMF was

performed using the antisymmetric combination d(PGatp-OB3atp)-d(PGatp-O5pha).
Any attempt to search for a concerted proton and phosphate transfer process, by means
of exploring 2D-FESs, was unsuccessful. After 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,
Pﬁé‘fﬁ. The employed distinguished reaction coordinates are the distance d(NE2uis21s-
C1) and the anti-symmetric combination d(NE2uisss-HE2piss6)-d(04- HE2iss6). 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 one of the
oxygen atoms of phosphate group of Dha-P (OG2a71p) has been additionally studied,
what is referred in Scheme 4 as the conversion from Pri® to PPM3. Hence, a 1D-PMF
was computed using the anti-symmetric combination of distances d(OD2asp109-H5pha) -
d(H5pna-OG2ate). The corresponding FESs for the full transformation from 1237 to
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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Figure 5. PM3/MM FESs of the chemical steps of the asp-assisted mechanism for the
phosphorylation reaction catalyzed by DhaK from E.coli. Values of the isoenergetic
lines on the 2D-PMF are in kcal-mol™. Proton transfer from Dha to Aspl09A (a),
phosphoryl transfer from ATP to Dha (b), releasing of the products where the proton
returns to His56A and it takes place the cleavage of the bond with His218A (c), proton
transfer from Asp109A to ADP, reaching the final products (d).

The analysis of the FESs presented in Figure 5 shows how the phosphoryl transfer step,

from I354 to 145%7, presents the highest energy barrier, 21.7 kcal-mol™. Nevertheless,

the transformation from 12,37 to 13,5, and especially the transformation from 14,37

to P§£§,3 also take place through similar free energy barriers; 19.4 and 21.5 kcal-mol™,
respectively. A detail of a representative structure of the TS for the phosphoryl transfer
step is shown in Figure 6 while key interatomic distances of all transition states are
reported in Table S3 of Supporting Information. As in the case of the substrate-assisted
mechanism, the transferred phosphate is stabilized in the ng“ggp_msp by hydrogen
bond interactions with three residues, Ser80A, Thr79A and Argl78B, and by one of the

Mg®* 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 established 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 OB3atp-PGatp-O5pns angle on the TSFIAY, 144, (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.

Gly78B
(™
N Ser80A

- T

l’ |‘
\
.
:

Asp109A

Figure 6. Representative snapshot of the TSIF’;‘fép_MASp obtained at PM3/MM level
corresponding to the phosphoryl transfer step, 133> to 14337, in the asp-assisted

mechanism. Dashed lines indicate important interactions and key distances are reported

in A.

In addition to the exploration of the two mechanisms, a reaction path from I4X§"p3 to

14PM3 has been traced by computing a 1D-PMF using the antisymmetric combination of
the bond-breaking and bond-forming distances describing the proton transfer from
Aspl09A to one of the negatively charged phosphate oxygen atoms of Dha-P:
d(OD2asp109-H5pha)-d(H5pna-OG2a71p). The resulting free energy profile, presented in
Figure 7, reveals that the 14PM3 intermediate located when exploring the substrate-
assisted mechanism is significantly more stable than the 14}:1;’{)3. This, together with the
comparison of the energy barriers for each step, supports the proposal of the substrate-
assisted mechanism as being more favourable than the asp-assisted mechanism. Key
interatomic distances of the located transition state are reported in Table S4 of

Supporting Information.
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Figure 7. PM3/MM 1D-PMF corresponding to the transition from 14,4 to 14PM3,

In order to analyse the impact of the positively charged Arg178B, additional PM3/MM
PESs of the most relevant chemical step, from intermediate 12 to intermediate 14, have
been computed in both mechanisms by including this residue in the QM sub-set of
atoms. Argl78B is interacting with the terminal phosphate oxygen and could
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
residue Argl78B in the QM part, and the obtained PESs are depicted in Figure S11, S12
and S13 of Supporting Information. The resulting PESs show that the inclusion of this
residue in the QM region produces a decrease in the energy barrier of the proton transfer
from Dha to Aspl09A in the asp-assisted mechanism but this decrease is not large
enough to change the trend obtained with the smaller QM region. Comparing the
potential energy barriers of the two mechanism (see Supporting Information) shows that
the substrate-assisted mechanism (with potential energy barriers of 22 and 10 kcal-mol
1) is still more favourable that for the asp-assisted mechanism (with potential energy
barriers of 25 and 18 kcal-mol™).

B3LYP:PM3/MM FESs of the phosphorylation reaction.

According to the PM3/MM FESs, it appears that the substrate-assisted mechanism
would be kinetically more favourable than the asp-assisted mechanism. Then, the
correction of the PM3/MM FESs at B3LYP:PM3/MM level has been focused just on
the former. The resulting surfaces are presented in Figure 8 while a schematic

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
interesting 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 (12°F7°M3 to |3PFTFM3

Dha would be transferred to the phosphate group (I3°F""M3 to 14PFTPM3) " The

) and later the proton from

intermediate 13°FT-PM3

corresponds to structures where the phosphate is already
transferred to the Dha, in contrast to the 13", Nevertheless, the distance between the
phosphor atom of the transferring phosphate group (PGatp) and the O5py, is noticeable
larger (1.87 A) than the final distance measured in, for instance, 14°F7"™3(1.67 A).

Another important effect of correcting the PM3/MM FESs is, as observed when
comparing Figure 3b with Figure 8b, that the reaction coordinate of the TSPFTLPM3
appears to be displaced to values significantly closer to PPFT:PM3 than in the previous

TSEM3. This is valid not only with regard to the proton transfer but also the breaking
bond between the Dha and His218A. The transformation from 14°FTPM3 g pDFT:PMS

through the intermediate 15°F7°M3

obtained from the PM3/MM FES (Figure 3b), but with a first TS, TSEFTPM3 appearing

in @ more advance stage of the NE2y;s»18-Clpha breaking bond. Interestingly, different

is only slightly different to the description we

reaction paths computed for the counterpart reaction in solution were also obtained
when the QM atoms were described at semiempirical or DFT levels, in our previous
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 kcal-mol™ and 3.6 kcal-mol
! were obtained for the transformation from 12°™2 to 13" and from 13"™ to 14”3,
respectively, the free energy barriers when the surfaces are corrected at DFT level are
44.3 and 53.6 kcal-mol™?, for the transformation from 12°7F7"M3 to 13 PFT"M3 and from 13
DFTPM3 {0 14 PFTPM3 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
the release of the phosphorylated Dha, the transformation from 14°FTFM3 g pPFTPM3
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 B3LYP/MM level.

DFT:PM3

TS5 I

d(PGprp - OB3p) - d(PGprp - O5p, ) / A
d(04 - HE24456 ) - d(NE2yyiq56 - HE2y45556) / A

d(O5phs - HSpna) - d(0G3rp - H5pp, ) / A d(NE25515- C1) / A

Figure 8. BALYP:PM3/MM FESs of the substrate-assisted phosphoryl transfer reaction
from ATP to Dha catalyzed by DhaK from E.coli. Values of the isoenergetic lines are in
kcal-mol™. Phosphoryl transfer from ATP to Dha followed by the proton transfer from
Dha to the transferred phosphoryl group (a), releasing of the final products where the

proton returns to His56A and it takes place the cleavage of the bond with His218A (b).
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Scheme 5. Schematic representation of the substrate-assisted mechanism for the
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from E. coli obtained at DFT:PM3/MM level. Values of free energy barriers, in

kcal-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 to explore the reaction mechanism and to select initial structures to be refined
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 (IRCs) 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 are shown in Scheme 6,

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

transfer step of the substrate-assisted and asp-assisted 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 E.coli

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

in kcal-mol™, are reported in brackets.

25



DFT DFT
. TSizasp-14asp 14455

s

|4DFT

DFT
TSpi-p

Potential Energy (kcal-mol™)
3

Potential Energy(kcal-mol?)
B

DFT DFT
12 J40FT poFT 12381

\

5 reaction progress reaction progress

Figure 9. B3LYP /MM potential energy profile of the substrate-assisted (a) and asp-
assisted (b) phosphoryl transfer reaction mechanisms from ATP to Dha catalyzed by

DhaK from E.coli.
Ser80A ;
Thr79A ’,b

Gly788

Asp109A

His218A
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Figure 11. Transition State structure located at B3LYP/MM level, TSDLL, 1aasp:
corresponding to the phosphoryl transfer step, 12357 to 143, in the asp-assisted
mechanism. Dashed lines represent important interactions while key distances are
reported in A.

The located TSs and their corresponding IRCs confirm that, in both mechanisms, the
transformation from I12PFT to 14PFT takes place in a single step, in contrast to the
PM3/MM or the DFT:PM3/MM calculations that describe the process through an
intermediate 13 (see Scheme 3, 4 and 5). Nevertheless, the comparison of Figure 4 and 6
with Figure 10 and 11 shows that the TSs of the phosphoryl transfer at DFT/MM level
are not so different from the average TS structures located at PM3/MM level. Thus, the
TSRFT, located for the substrate-assisted mechanism is also describing an asynchronous
but concerted process with the phosphoryl transfer in an early stage of the process: the
distances from the transferring phosphorous atom to the donor and acceptor atoms are
1.99 and 2.27 A, respectively. And regarding the asp-assisted mechanism, the
TSDasp-14asp 1S also resembling the TS located at PM3/MM level, TSEAS, j4asp- The

distances from the transferring phosphorous atom to the donor and acceptor atoms of
3.06 and 2.03 A, respectively, again describe an asynchronous phosphory! transfer step
where the phosphoryl is in an advance stage of the reaction. A difference is detected
with regard to the proton transfer from the Dha to the ATP or the Asp109A, depending
on the mechanism. As can be deduced from Figure 10 and 11, the DFT/MM
calculations render TSs where the proton is not completely transferred to the acceptor
atom, while in the TS structures derived from the PM3/MM calculations the proton was.

The angle of OB3atp-PGarp-O5pna measured in TSR], and TSPag,-14asp 1S 149.1 and

167.2 degrees, respectively, which do not correspond neither to a perfect alignment of
the three atoms but significantly more linear than in the structures deduced from the TSs
obtained at PM3/MM level. The distances between the donor and acceptor oxygen
atoms, O5pps — OB3atp, 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 Arg178B, Ser80A and Gly78B, together with the Mg®* 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 to a weak

interaction. A table listing the values of the inter-atomic distances in the TSs are
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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 from the B3LYP/MM PESs
further support the substrate-assisted mechanism by comparison with the asp-assisted
mechanism: 30 and 34 kcal-mol™?, respectively. In addition, a very exothermic (ca. -25

kcal-mol™) and barrier-less profile was obtained when trying to connect 14351 with

14PFT indicating a much more favourable product when the reaction proceeds by means
of the substrate-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 I4PFT into products
would be feasible in a thermo-neutral single step (reaction energy equal to 0.2 kcal-mol
1) with a low energy barrier of 7.7 kcal-mol™ (see Scheme 6).

CONCLUSIONS

An exhaustive theoretical study of the phosphoryl transfer reaction from ATP to Dha
catalyzed by DhaK from E. 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
O5 atom of Dha. Thus, in the substrate-assisted mechanism, the proton from Dha is
directly transferred to the ATP while in the asp-assisted mechanism, Asp109A abstracts
the proton from Dha and generates an oxyanion suitable for the attack of the ATP y-
phosphorus atom. Our results suggest that, regardless of the level of theory employed in
the calculations, the former would be kinetically more favourable than the later. This
conclusion, in agreement with the computational studies of De Vivo et al. for the
phosphoryl transfer catalyzed by CDK2,% and the early studies on cAMP-PKA by Hart
et al.,%” is also supported by the fact that the intermediate located when exploring the
substrate-assisted mechanism appears to be significantly more stable than the one

obtained when studied the asp-assisted mechanism. Our calculations show that after the
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binding of Dha to the enzyme through a hemiaminal bond with His218A, the phosphate
is transferred from ATP to Dha, acting Aspl09A not as a base but likely having an
important structural role by posing the Dha and other residues of the active site in the
proper orientation to stabilize the TS. The Dha would transfer the proton directly to one
of the oxygen atoms of the transferring phosphate. Then, a reduction of the activity of
the enzyme after mutation of residue Asp109A* can not unequivocally demonstrate its
role as a base but it can be also indicating an important structural role in the reaction, as
we are proposing based on the analysis of the TSs. Thus, considering that Asp109A is
not involved in forming or breaking covalent bonds during the substrate-assisted
mechanism, we suggest that measurements of O KIEs on the oxygen atoms of
Aspl109A could report valuable information on the reaction mechanism.

It is important to stress that significant different mechanistic details and energetics are
deduced from the different computational methods. Nevertheless, the structures of the
TSs corresponding to the phosphate transfer at DFT/MM level significantly resemble
the ones obtained at PM3/MM level although subtle nuances can be identified. The TSs
suggest that residues such as Gly78B, Thr79A, Ser80A, Argl78B and one of the Mg?*
cations of the active site would be stabilizing the transferred phosphate. His218A and
His56A would have a decisive role in the preceding chemical steps. This analysis of the
role of the key residues of the active site would be partly supported by the kinetic
studies of Shi et al.**, based on activity measurements on site-directed mutants, that
indicated the importance of the conserved residues His218A, His56A and Asp109A for
the catalytic activity of DhaK.

If Kinetics come into focus, dramatic differences are obtained depending on the
computational method. Thus, the study based on PM3/MM FESs suggests that the rate
limiting step of the substrate-assisted mechanism corresponds to the release of the
substrate with a free energy barrier of 21.6 kcal-mol™, while the phosphor transfer step
presents a free energy barrier of 3.6 kcal-mol™®. When the FESs are corrected at
B3LYP:PM3/MM level, the free energy barrier for the release of the phosphorylated
Dha is decreased to 12.2 kcal-mol™ while the phosphoryl transfer step becomes the rate
limiting step with a barrier of 47.7 kcal-mol™. This dramatic effect 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.
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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 Asp109A) 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, respectively, 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
experimental rate constants.>*** Nevertheless, considering the impact of introducing
statistical simulations (when going from the PM3/MM PES to the PM3/MM FESs), an
effect on the barrier could also be expected if calculation of PMFs 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 of 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 trend.

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
residues of the active site along the equilibration MD simulation of the system; time
evolution of the distances between ATP and the Mg®* ions, and between His56A and
Aspl09A with the Dha during the equilibration MD simulations; PESs for all the
explored steps at PM3/MM and B3LYP/MM level; PESs from 12 to 14 for both studied
mechanisms including the Argl78B residue in the QM part and potential energy
profiles from 12 to 14 for both studied mechanisms including the Arg178B residue in the
QM part; key interatomic distances for all the located TSs; and Cartesian coordinates of
the QM atoms of the TS corresponding to the phosphoryl transfer located at PM3/MM
and B3LYP/MM level.
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