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ABSTRACT: Serine hydroxymethyltransferase (SHMT) is an
important drug target to fight malaria, which is one of the most
devastating infectious diseases, with 216 million cases cited and
accounting for ~450 000 deaths in 2016. In this paper, computa-
tional studies were performed to unveil the catalytic mechanism of
SHMT using quantum mechanics/molecular mechanics (QM/
MM) methodologies. This enzyme is responsible for the
extraordinary cyclization of a tetrahydrofolate (THF) into 5,10-
methylene—THF. This process is catalyzed by a pyridoxal-S'-
phosphate (PLP) cofactor that binds L-serine and, from this, one
molecule of L-glycine is produced. The results show that the
catalytic process occurs in eight sequential steps that involve an a-
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elimination, the cyclization of the 5-hydroxymethyl—THF intermediate into 5,10-methylene—THF, and the protonation of the
quinonoid intermediate. According to the calculated energetic profile, the rate-limiting step of the full mechanism is the
elimination of the hydroxymethyl group, from which results a formaldehyde intermediate that then becomes covalently bonded
to the THF cofactor. The calculated barrier (DLPNO—CCSD(T)/CBS:ff99SB) for the rate-limiting step (18.0 kcal/mol)
agrees very well with the experimental kinetic results (15.7—16.2 kcal/mol). The results also highlight the key role played by
GluS7 during the full catalytic process and particularly in the first step of the mechanism that requires an anionic GluS7,
contrasting with some proposals available in the literature for this step. It was also concluded that the cyclization of THF must
occur in the enzyme, rather than in solution, as it has been proposed also in the past. Together, all of these results provide
knowledge and insight on the catalytic mechanism of SHMT, which can now be used to develop inhibitors targeting SHMT

and, therefore, antimalaria drugs.
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1. INTRODUCTION

Malaria is one of the most devastating infectious diseases; it is
caused by a parasitic infection transmitted by mosquitoes.
According to the last World Health Organisation (WHO)
report, 216 million new cases of malaria and ~450 000 deaths
were caused by this disease in 2016. Despite the resources and
investments allocated to find a universal cure for this disease
(2.7 billion dollars in 2016), the control and eventual
elimination of malaria is seriously questioned, because of the
resistance of parasites to antimalarial drugs. This effect has
become even more dramatic in five countries of the Greater
Mekong Subregion and at the Cambodia—Thailand border,
where Plasmodium falciparum—the species that causes the
deadliest form of malaria'—has become resistant to the major
antimalarial drugs used clinically."”

Together, all of these facts demand an urgent need for new
drug targets, which can be used to design new and more
efficient therapeutics against the malaria pathogen. Particular
attention is being given to those that provide a selective
interference with the parasite metabolism without harming the
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human host.”>* In this regard, some of the most promising
targets are enzymes involved in the de novo purine biosynthesis
in the malaria parasites, such as serine hydroxymethyltransfer-
ase (SHMT).>™®

The SHMT (EC 2.1.2.1) is a pyridoxal-5'-phosphate (PLP)-
dependent enzyme that catalyzes the reversible transfer of a
carbon-unit from the L-serine to a second cofactor, the
tetrahydrofolate (THF) (see Figure 1). At the end of the
reaction, a glycine molecule is released as well as a §,10-
methylene—THF molecule, which is a precursor in the
synthesis of purines and thymidylate.” Since the purines
biosynthesis is vital for the pathogen survival (synthesis of
nucleic acids), the inhibition of SHMT has been noted as an
important drug target for malaria.’ Furthermore, the
comparison between the tridimensional structure of the
human and P. falciparum forms of the SHMT revealed key
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Figure 1. Structure of the external aldimine (pyridoxal-$’-phosphate +
L-serine) (left) and the tetrahydrofolate (THF) cofactor (right).

differences that can help to rationalize the specific synthesis of
new inhibitors for the P. falciparum form of the SHMT."’
Despite the importance that SHMT has gathered in the last
two years, this enzyme continues to be poorly understood.
This happens due to the complex chemistry that it catalyzes,
which requires the participation of two cofactors (PLP and
THF) and the multisequential steps required for the
cyclization of the THF into the final product, 5,10-
methylene—THEF. This knowledge is very important, since it
will provide clues about the enzymatic activity and how it can
be inhibited. This information can then be used to develop

new inhibitors targeting this enzyme with potential application
as new antimalaria drugs.

Since SHMT is a PLP-dependent enzyme, the catalytic
activity of this enzyme is composed of three stages. The first
two stages are common to all PLP-dependent enzymes and
were already studied.'”'” The first stage involves the activation
of the enzyme, in which the PLP cofactor becomes covalently
bonded to an active site Lys residue and forms what is
commonly known as the internal aldimine. The second stage is
triggered when the substrate is available, and it becomes
covalently bonded to the PLP cofactor, forming the external
aldimine. The third stage is what differentiates the PLP-
dependent enzymes, and it is specific to each class of enzymes.
In the case of SHMT, the enzyme catalyzes an a-elimination of
L-Ser that is subsequently inserted into the THF cofactor. (See
Figure 2.)

The experimental kinetic data available for the E. coli form of
the SHMT indicates an activation barrier limit of 15.7—16.2
kcal/mol, based on the available k., values of 686.6 + 21.7

in™! (pH 7.2, 20 °C)"* and 790 min™"! (pH 7.2, 30 °C)."*

Currently, there is no accepted mechanism for the a-
elimination catalyzed by SHMT, and only two hypotheses are
available in the literature. They diverge in the way through
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Figure 2. Scheme representing the mechanism behind the internal and external aldimine formation for PLP-dependent enzymes and the specific a-
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which the hydroxymethyl group is transferred from L-serine,
which is bonded to the PLP cofactor and form an external
aldimine, to THF. One of the hypothesis suggests that the
reaction occurs in one step, where nitrogen N1 of THF makes
a nucleophilic attack on the Cf of the L-Ser promoting the a-
elimination reaction. In the other hypothesis, the reaction
requires two steps. The first step involves the formation of a
formaldehyde molecule (through the dissociation of the
hydroxymethyl group from the external aldimine), which
then undergoes a nucleophilic attack from nitrogen N1 of the
THF cofactor.”” These two hypotheses also diverge regarding
the protonation state of GluS7, which interacts very closely
with the hydroxyl group of the external aldimine. In the first
proposal, Glu57 is proposed to be protonated, whereas, in the
second proposal, the mechanism requires an unprotonated
Glus7.7"

The role played by Glu57 in the reaction is known to be
fundamental for catalysis, since several mutagenic studies have
shown that its mutation by Gln, Leu, or Lys residues reduces
the activity of the enzyme drastically (more than 300 times),
but the role played by this residue in the mechanism continues
to be poorly understood.'"®

Some authors also suggest that the reaction of the
formaldehyde molecule with THF can occur in the solvent
and not in the enzyme.">'? However, so far, no experimental
result is currently available to provide insights into this
hypothesis.

In this paper, the catalytic mechanism of the SHMT was
studied employing computational means and using quantum
mechanics/molecular mechanics (QM/MM) methodologies.
Based on the mechanistic proposals available in the literature,
and described above, two models of the enzyme were set up to
assess the role of the protonation of the GluS7 residue in the
catalytic mechanism and also to understand if the hydrox-
ymethyl group is transferred directly to the THF cofactor or it
involves the formation of a formaldehyde intermediate in an
intermediate step. A third model was also built to study the
possibility in which the cyclization of the THF intermediate
occurs in the solvent and does not require the presence of the
enzyme.

2. METHODOLOGY

2.1. Preparing the Structure. This study was conducted
using the crystallographic structure of SHMT from Escherichia
coli deposited in the Protein Data Bank (PDB) with the
reference 1IDFO."”

Although here, it was our intention to study the SHMT
present in the Plasmodium falciparum, we have chosen to use
the PDB from Escherichia coli, because this structure contains
the external aldimine with the product of the reaction (PLP +
Glycine) and an analogue of the first THF intermediate. This
type of information is not available in the PDB file of SHMT
from P. falciparum (PDB code: 406Z).”° Although the identity
between both proteins is not very high (43%; see Figure SIA
in the Supporting Information) (BLASTP 2.8.0+),”* the
structure of both proteins (see Figure S1B in the Supporting
Information) is very similar nearby, and the region of the active
site can be almost overlapped (see Figure S1C in the
Supporting Information).

The model system that was used in the computational
studies includes one of the homodimers of SHMT that is
present in the crystallographic structure with the PDB code
1DFO. The external aldimine (PLP+Gly) present on the PDB

was used to model the quinonoid intermediate of the reaction,
adding only one proton to the Car carbon of the substrate. The
S-formyl—THEF inhibitor was used as a template to build the 5-
hydroxymethyl-THF intermediate that results from the
transfer of the hydroxymethyl group during the first step of
the reaction.

From this model, two additional models were built to
accommodate different protonation states of GluS7: Model 1
and Model 2.

An additional model was built to study if the formation of
the $5,10-methylene—THF could occur in a nonenzymatic
process. This model (called Model 3) only contains the S-
hydroxymethyl-THF molecule that results from the reaction
of the THF cofactor with the formaldehyde molecule (that
occurs inside the enzyme). To model the solvent effect, an
implicit solvent model was employed (water, ¢ = 78.3553)
using the IEFPCM formalism integrated with Gaussian09.>*

2.2. Structure Minimization. The protein, and the
external aldimine (r-Ser bounded to the PLP cofactor), as
well as the THF cofactor were solvated by using TIP3P**-type
water molecules. The protein was placed inside a water box, so
that each atom of the protein was distanced at least 12 A from
the faces. The SANDER software from the AMBER12 package
was used to add the H atoms to the model.”® The protonation
states for all amino acids were predicted by PROPKA 3.1°%*’
at pH 7.0, except for the GluS7 residue, whose protonation
state was tested in Models 1 and 2.

The parametrization of the S-hydroxymethyl-THF and
external aldimine was made by optimizing their structures
using the Hartree—Fock (HF/6-31G(d)) method to obtain the
atomic charges and the antechamber software from AMBER12
package” to assign the atom types. The fremod, prepc, and lib
files containing all the parameters and topology for the external
aldimine and 5-hydroxymethyl-THF molecules are available
in the Supporting Information (SI).

The geometry of the full system was minimized through four
sequential steps usin% the AMBERI2 package™ and the
GAFF”® and fl99SB* force fields. First, we executed a
minimization of all water molecules and, afterward, all of the
H atoms. Subsequently, all atoms from the system, except
backbone atoms, were minimized, and finally, a minimization
of all system with no constraint was conducted.

2.3. QM/MM. The QM/MM model was built loading the
minimized structure from the previous procedure, using the
molUP plugin® for Visual Molecular Dynamics (VMD)
software.”’ The QM/MM model included the full dimer, the
two external aldimines, the two S-hydroxymethyl-THF
molecules, and a 5.0 A coating of water molecules. It was
created by following the general protocol that is widely
accepted to study enzymatic mechanisms.””

The subtractive QM/MM model methodology ONIOM was
used in all of the calculations.”> > This method allows a
model system to be split into different regions that are
computed by different theoretical levels. In this work, the
system was divided into two regions: the high-level (HL) layer,
which was calculated with density functional theory (DFT),
and the low-level (LL) layer, which was calculated with
molecular mechanics (MM).

The atoms included in the HL layer were adjusted from step
to step, since different types of reactions occur during the full
catalytic process. In the a-elimination reactions, the HL
includes the atoms from the external aldimine, THF cofactor,
and some active site residues that, in total, amounting to 106
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Figure 3. (Left) Structure of the SHMT dimer (green represents subunit A; blue represents subunit B) and licorice representation of the HL layer.
(Right) The substrate, cofactors, and the active site residues are represented in licorice and colored according to the subunit to which they belong
to (green represents subunit A; blue represents subunit B). Each molecule is identified by a circular tag.

atoms (Arg3643, Asp200, His129, Asn102, GluS7, Ser3S, and a
water molecule). In the study of the conversion of the THF
intermediate to 5,10-methylene—THF, only the THF inter-
mediate and the active site residue GluS7 were included in the
HL layer, amounting to 85 atoms. In the last stage of the
mechanism, a set of atoms similar to those used in the a-
elimination was used (121 atoms in total). (See Figure 3.) The
remaining atoms of the system were included in the LL layer.
H atoms were used as link atoms to complete the valence of
the bonds crossing between the two layers of the ONIOM
QM/MM scheme.

The geometry optimization of the HL layer was performed
using the B3LYP functional (DFT).*® The B3LYP functional
was selected because of its very good results in the study of
similar biological systems.””~** The 6-31G(d,p) basis set was
employed as available in Gaussian 09.”

We explored the reactional space through linear transit scans
along the reaction coordinates implicated in each step of the
reaction. Afterward, the transition states (TS) were optimized,
using the structures of higher energy obtained with each linear
scan. The reactant and product of each ste;) were determined
using internal reaction coordinate (IRC)™ calculations. The
TSs were confirmed by vibrational frequency calculations,
resulting in a single imaginary frequency with the correct
transition vectors assigned. The vibrational frequency calcu-
lations were also conducted for the minima, and no imaginary
frequencies were observed. The zero point energy (ZPE),
thermal, and entropic energy corrections were estimated at
310.15 K and 1.0 bar during the frequency calculation of TS
and related minima structures.

Finally, the energies of all TS, reactant, and product were
determined using DLPNO—CCSD(T)/CBS for the HL layer.
The recent domain-based local pair natural orbital-coupled
cluster method with single, double, and perturbative triple
excitations (DLPNO—CCSD(T))***” was employed, since it
allows one to calculate energies that closely fit those obtained
with the canonical method (CCSD(T)) at a much lower
computational cost.***” Moreover, several studies have already
shown the application of this new method in several
biochemistry areas.””~>> For each minima and TS of each
step, the HL layer was isolated to perform DLPNO-—

CCSD(T) single-point (SP) energy calculations using the
ORCA software (version 4.0.1.2).°> The SP energy calcu-
lations were performed using the cc-pVDZ** and cc-pVTZ>*
basis sets, and the cc-pVDZ/C**® and cc-pVTZ/C*°
correlation fitting basis sets, respectively. The combination of
the energies obtained with cc-pVDZ|cc-pVDZ/C and cc-
pVTZ | cc-pVTZ/C basis sets for the HL layer were used to
extrapolate to the complete basis set (CBS) limit, according to
Truhlar’s extrapolation approach,®” except for the exponents a
and f. The values of 442 and 2.46 were considered to
correspond to exponents o and B, respectively, in the
extrapolation, according to the ORCA documentation.

Concerning the interaction between the HL and LL layers,
the mechanical embedding method was used to perform all of
the calculations, because the electrostatic embedding scheme is
computationally very expensive, considering the size of the
system and the number of reactions studied in this work. The
activation and reaction free energies presented here were
determined by the difference between the Gibbs free energies
of TS and reactant, or product and reactant, respectively.

All the preparation of the Gaussian 09™° input files and
subsequent results analysis were made using molUP plugin®’
for VMD software.’

The structures (PDB files) for the reactant, TS, and product
of each step studied in this work are available in the Supporting
Information (SI).

3. RESULTS AND DISCUSSION

The computational calculations regarding the catalytic
mechanism of SHMT were divided into three main stages:
(i) the first stage, which involved the a-elimination process;
(ii) the second stage, which involved the conversion of the
THF intermediate to S,10-methylene—THF; and (iii) the third
stage, which involved the protonation of the quinonoid
intermediate (QI) and subsequent enzymatic turnover. Each
of these stages is described and discussed in detail in the
following sections of the manuscript. Each of these stages is
described and discussed in detail in the following sections of
the manuscript. The analysis of all key interactions for the
minima and TS of each step is provided in Figure S3 in the SL
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Figure 4. Schematic representation of the two mechanistic proposals for the a-elimination of L-serine that is bonded to the PLP cofactor and forms
the external aldimine, considering different protonation states of GluS7: protonated (top) and unprotonated (bottom). The spheres represent the

phosphate group of the PLP cofactor.
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Figure S. Structures of reactant (R), transition state (TS), and product (P) of the two sequential steps associated with the a-elimination reaction
catalyzed by SHMT. Wedge—dash representation of the structures of reactant and product. Three-dimensional representation of the TS structure.
The yellow arrows correspond to the major vibrational frequency associated with the imaginary frequency of the TS. The electrostatic potential was
calculated and mapped on the surface of the molecules involved in the reaction.

3.1. First Stage: The a-Elimination. The a-elimination of
the hydroxymethyl group of the L-Ser is the main point of
discussion, with regard to the catalytic mechanism of the
SHMT. In the literature, there are two proposals for this
reaction. In the first one, it is proposed that GluS7 is
protonated and involves the nucleophilic attack of nitrogen N1
from THF to carbon Cf of the substrate, and from this results

the elimination of the hydroxymethyl group.>~"” (See the top

portion of Figure 4.)
The other hypothesis proposes that the GluS7 residue is not

protonated and, at the beginning of the reaction, it abstracts a
proton from the hydroxyl group of the substrate. From this

reaction results the formation of formaldehyde that, afterward,
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reacts with the nitrogen N1 from THF and becomes covalently
bonded to it. (See the bottom portion of Figure 4.)

3.1.1. Unprotonated Glu57. When GluS7 is not protonated,
it interacts with the hydroxyl group of the external aldimine by
a hydrogen bond, and this interaction endorses a good
alignment of the latter group with the THF cofactor. This
interaction will be very important during the two steps that are
required for the a-elimination process.

The first step is characterized by a proton transfer between
the hydroxyl group of the external aldimine and the negatively
charged Glu57. The computational calculations also show that
this reaction triggers, simultaneously, the cleavage of the bond
between carbons Car and Cf3 (the a-elimination reaction) and
the formation of a double bond between oxygen Oy and
carbon Cf (R: 1.38 A to P: 1.23 A). At the end of this reaction,
one molecule of formaldehyde is obtained, GluS7 becomes
protonated, and the PLP cofactor adopts a quinonoid
configuration that is negatively charged (Charge of PLP’s
ring: R: +0.18 au; P: —0.04 au) (see Figure S, Step 1). This
reaction requires an activation Gibbs energy of 18.0 kcal/mol,
and it is endergonic in 8.1 kcal/mol.

The TS structure of this reaction is characterized by one
imaginary frequency at 229.1i cm™" that is associated with the
vibration of the atoms involved in the reaction (see Figure S,
Step 1, center). In the TS structure, the bond that is cleaved is
perpendicular to the PLP cofactor ring (CS-Ca—C7-C2 angle
= 98.6°), a condition that is important in the chemistry of the
PLP cofactor to have the reaction kinetically favored.”**’

The second step involves the nucleophilic attack of nitrogen
N1 of THEF to carbon Cf of the recently formed formaldehyde,
and the simultaneous proton transfer from GluS7 to oxygen
Oy of formaldehyde. At the end of this reaction, a
hydroxymethyl group is obtained that becomes covalently
bonded to the THF cofactor, which becomes positively
charged (reactant (R): —1.74; product (P): —1.17). In this
step, the quinonoid intermediate that resulted from the first
step does not participate in the reaction. (See Figure S, Step
2.)

The TS of this reaction is characterized by one imaginary
frequency at 206.8i cm™", in which carbon Cf of formaldehyde
adopts an sp3 hybridization and the bond between carbon Cj
and oxygen Oy becomes elongated, preparing it for the
nucleophilic attack endorsed by the THF and the proton
transfer from GluS7, respectively.

This reaction requires a very low Gibbs activation energy
(2.0 kcal/mol), and it is thermoneutral.

3.1.2. Protonated Glu57. When GluS7 is protonated, the a-
elimination occurs in a single step. However, the computa-
tional results show that the nucleophilic attack of nitrogen N1
from THF to carbon Cf of the external aldimine is impossible
under biological conditions, since the activation barrier is too
high (AE¥ = 53.9 kcal/mol) to occur under reasonable
conditions of temperature and pressure. In addition, the
reaction is very endothermic (AEy = 46.7 kcal/mol) which
results from the lack of stabilization endorsed by Glus7,
contrasting to what was observed with the previous model.
Therefore, these results indicate that GluS7 cannot be
protonated during the a-elimination of the external aldimine
by the SHMT. (See Figure 6.)

3.2. Second Stage: Conversion of THF Intermediate
to 5,10-Methylene—THF. After the a-elimination stage, the
THEF is covalently bonded to a hydroxymethyl group and
becomes positively charged. The next step involves the

10101

[0}
o
o

5 +53.9
E 500 B R +46.7
£ 200
Y 30.0
- K
5
Q 200 +13.8
+185 e [ .
100 +12.1 +11.8
0.0

Reaction Coordinate

Figure 6. Energy profile of the two evaluated mechanisms for the a-
elimination process catalyzed by SHMT with GluS7 protonated (AE)
(gray) or unprotonated (AG) (black).

cyclization of this reaction intermediate (THF-I) to yield
one of the final products of the reaction: the 5,10-methylene—
THE.

In the literature, there are two hypotheses for this reaction.
Some authors propose that this reaction does not require
participation of the enzyme, and therefore, it could occur in the
cytoplasm of the cell (water environment). Other authors
suggest that the reaction must continue inside of the enzyme
since the cyclization process is a rather complex task and the
enzyme will be very important to catalyze this process.'>"’
Each of these two hypotheses is discussed below.

3.2.1. Enzymatic Catalysis. Under enzymatic catalysis, the
formation of S5,10-methylene—THF requires five steps, which
include (i) three proton transfers, (ii) the formation and
release of one water molecule, and (iii) the cyclization process.
In most of these reactions, GluS7 plays an active role, and it is
directly involved in the catalysis. The quinonoid intermediate
(PLP cofactor) is neither involved in any of these reactions nor
does it affect the cyclization process. However, it was kept in all
of the models used to study these reactions, because it remains
in the quinonoid intermediate stage, waiting for the final
reaction, where it is protonated.

3.2.1.1. Proton Transfer Reactions. The first two steps
consist of three proton transfers. The first step involves the
intramolecular proton transfer from nitrogen N1 to nitrogen
N4, resulting in the migration of the positive charge that was
concentrated at nitrogen N1, in the reactant, to nitrogen N4.
This reaction has a very small Gibbs activation energy (AG* =
0.7 kecal/mol), and it is exergonic in 8.5 kcal/mol.

The low activation energy results from the configuration of
the TS structure (1230.6i cm™), in which both N atoms are
very close to each other, favoring the proton transfer (N1-N4
= 2.69 A). The proximity between both atoms is endorsed by
GlyS7 that establishes two hydrogen bonds with the THF
intermediate: one with the hydroxyl group (1.47 A) and
another with the proton that is bonded to nitrogen N4 (2.57
A). The stabilization of the product of the reaction relies on
the better delocalization of the positive charge (mesomeric
effect) that is provided by the benzyl group that is attached to
nitrogen N4. (See Figure 7, Step 3.)

The second step involves two coupled proton transfers: one
between nitrogen N4 to oxygen Oy and another between
oxygen Oy and Glu57. The full process is almost spontaneous
(AG* = 1.3 kcal/mol), and the reaction is very exergonic in 8.3
kecal/mol (see Figure 7, Step 4). The low activation energy of
this reaction is only possible because of the proximity of the
atoms involved in the chemical reaction at the TS structure
(639.6i cm™"). The higher stabilization of the product (THEF-
III) of this reaction is due to the absence of point charges in
the active site, which contrasts with the reactants where
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Figure 7. Structures of reactant (R), transition state (TS), and product (P) of the two sequential steps associated with the three proton transfers
catalyzed by SHMT. Wedge—dash representation of the structures of reactant and product. Three-dimensional representation of the TS structure.
The yellow arrows correspond to the major vibrational frequency associated with the imaginary frequency of the TS. The electrostatic potential was
calculated and mapped on the surface of the molecules involved in the reaction.
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nitrogen N4 of the THF intermediate (THF-II) was positively
charged, and GluS7 was negatively charged. This effect can be
seen in the electrostatic maps represented in Figure 7. The key
role played by GluS7 in these two steps reinforces, once again,
its importance in the catalytic process, as well as the
importance of its protonation state at the beginning of the

catalytic process.
3.2.1.2. Dehydration Reaction. The next step of the

cyclization process involves the formation of a carbocation

through the elimination of a water molecule.

Our initial attempts to study this reaction involved the direct
protonation of the hydroxyl group by GluS7 that led to the
formation of a water molecule, which should dissociate
subsequently (Figure 7, Step 4).

Although this step is rather straightforward, the computa-
tional results indicate that this reaction is only possible when
the hydroxyl group does not interact with nitrogen N4 by a
hydrogen bond. Only in this conformation, it was possible to
characterize a TS structure for the dehydration process. This

new conformation is possible through the rotation of the N1—
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Cp bond from the product of the previous step by —125.0° and
requires an energy cost of 9.6 kcal/mol (see Figure 8).

In the new conformation of the THF intermediate (THF-
III), the elimination of the water molecule requires a Gibbs
activation energy of 5.4 kcal/mol, and the reaction is slightly
endergonic in 3.0 kcal/mol.

The small activation energy of this reaction results from the
good alignment between GluS7 and the hydroxyl group of the
THF intermediate in the TS structure (113.6i cm™) (see
Figure 9). Although, in this new conformation, GluS7 does not
interact directly with nitrogen N4, it establishes a hydrogen
bond with a water molecule (1.83 A) that interacts with
nitrogen N4 by another hydrogen bond (2.00 A).

At the end of this step, the release of the water molecule
restores the negative charge of GluS7 and generates a positive
charge at nitrogen N1 that becomes bonded to carbon Cf by a
double bond (N1—Cp R: 1.43 A to P: 1.32 A). The formation
of the new point charges in the THF intermediate (THEF-IV)
are very important, since they polarize the Cf-N1 bond that
will be crucial to increase the electrophilic character of the Cf
atom, which is required for the cyclization of the THF
intermediate (THF-IV) in the next step.

3.2.1.3. Cyclization. The cyclization of the THF
intermediate (THF-IV) to yield the S,10-methylene—THF
molecule requires two sequential steps: (i) an intramolecular
nucleophilic attack and (ii) a deprotonation.
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The first step involves the nucleophilic attack of nitrogen N4
to carbon Cf of the THF intermediate (THF-IV), from which
results a S-membered ring. This reaction is favored by the
correct orientation of carbon Cp, in relation to nitrogen N4,
which is endorsed by the hydrogen bond that GluS7
establishes with one water molecule present in the active site
and the latter one with nitrogen N4. For this reason, the TS
structure (205.0i cm™) is very close to the reactant of this
reaction, from which results a spontaneous reaction (see Figure
10, Step 6). The positive charge that was lodged at nitrogen
N1 of the THF intermediate (THF-IV) migrates at the end of
the reaction to nitrogen N4, where it is better delocalized due

to the presence of the neighbor benzyl group that is bonded to
the nitrogen N4. The Gibbs reaction energy of this reaction
reflects this stabilization being exergonic in 16.9 kcal/mol.
The next step of the cyclization process involves the proton
transfer from nitrogen N4 of the THF intermediate (THF-V)
to GluS7. This reaction proceeds with the participation of a
water molecule that catalyzes the proton transfer between both
groups. The TS of this reaction is characterized by one
imaginary frequency at 670.7i cm™'. At the end of the reaction,
Glu57 becomes protonated and one of the final products of the
enzymatic catalysis, 5,10-methylene—THEF, is obtained.
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This step is almost spontaneous, requiring a Gibbs activation
energy of 1.1 kcal/mol, and the reaction is slightly endergonic
in 0.5 kcal/mol (see Figure 10, Step 7).

Overall, it can be concluded that the cyclization process
requires a Gibbs activation energy of 1.1 kcal/mol and it is
exergonic in 16.4 kcal/mol.

3.2.2. Nonenzymatic Catalysis. The last section described
the synthesis of the $5,10-methylene—THF molecule under
enzymatic catalysis. This section describes the energy profile of
the same reaction that resembles the cytoplasm, and it is
modeled as a water environment.

Under enzymatic catalysis, the full process requires five
sequential steps, in which GluS7 plays an active role involving a
conformational rearrangement (the rotation of the N1-Cpj
bond) of the THF intermediate (THF-I(S)). In the cytoplasm,
the cyclization process requires only three steps and does not
require any conformational rearrangement of THF.

The first step of the reaction in the cytoplasm is very similar
to that which occurs during the enzyme catalysis (see Figure
11, Step 1, and Figure 7, Step 3). It involves the proton transfer
from nitrogen N1 to nitrogen N4 of the THF reaction
intermediate (THF-I(S) versus THF-I).

In the cytoplasm, the reaction is marginally slower, requiring
a Gibbs activation energy of 1.4 kcal/mol (versus 0.7 kcal/mol
in the enzymatic catalysis). The most significant difference is
observed in the free energy of the reaction. In the cytoplasm,
this step is endergonic in 0.7 kcal/mol, whereas, under
enzymatic catalysis, it is exergonic in 8.5 kcal/mol. This
difference comes from the stabilization of the product of the
reaction that is provided by the enzyme, and mainly by GluS7,
which, in the cytoplasm, is absent.

The next step involves the dehydration process. This is
where the differences between both mechanisms are observed.
In the cytoplasm, the abstraction of the proton bonded to
nitrogen N4 by oxygen Oy occurs in a single step without
requiring any conformational rearrangement of the reaction
intermediate. At the end of this step, one water molecule is
formed, and the same reactional product is obtained. Despite
the simplicity of the reaction, the energetic cost for this
reaction in the cytoplasm is much higher than under enzymatic
catalysis. In the cytoplasm, this step requires a Gibbs activation
energy of 10.2 kcal/mol (versus 5.4 kcal/mol), which means
that the dehydration process is ~3000 times slower than when
it happens with enzymatic catalysis. As expected, the Gibbs free
energy of reaction is almost the same for the dehydration,
whether the reaction occurs under enzymatic catalysis (AGg =

10105

+3.0 kcal/mol) or in the cytoplasm (AGg = +1.9 kcal/mol)
(see Figure 11, Step 2, and Figure 9, Step 5).

The last step required for the cyclization of the THF
intermediate (THF-III(S) versus THF-IV) involves the
nucleophilic attack of nitrogen N4 to carbon Cf. This reaction
is spontaneous in both the cytoplasm and the enzyme (AG* =
—3.5 keal/mol versus AGT = —1.4 kcal/mol), which means
that both processes are energetically similar (see Figure 11,
Step 3, and Figure 10, Step 6). However, it requires only one
step, instead of two. This energy difference is explained by the
greater freedom of the structure in the cytoplasm, which allows
an easier cyclization of the 5-membered ring of THF without
the geometric constraints imposed by the active site of the
enzyme. However, once more, the enzyme is able to provide
further stabilization of the reactional product (AGy = —16.9
kcal/mol versus AGg = —6.8 kcal/mol), contributing to a more
favorable reaction.

All the TS structure of these reactions were checked using
the vibrational frequency analysis and are characterized by a
single imaginary frequency for each TS. Those frequencies
correspond to the vibration of the atoms directly involved in
each step and can be found in Figure 11.

Looking at the overall results for the cyclization of the THF
intermediate in the cytoplasm, it can be concluded that,
although the reaction in the water requires fewer steps (three
instead of four steps), the reaction, from the kinetic and
thermodynamic point of view, is favored with enzymatic
catalysis. Under enzymatic catalysis, the rate-limiting step of
the cyclization process is the dihedral rotation across the N1—
Cp bond and requires 9.6 kcal/mol, whereas, in the cytoplasm,
the rate-limiting step is the elimination of the water molecule
with an activation barrier of 10.2 kcal/mol (see Figure 12).
When the reaction occurs in water, the process is almost
thermoneutral (—4.2 kcal/mol), whereas with enzymatic
catalysis of the same process originates a product that is
highly stabilized in 28.5 kcal/mol (see Figure 12).

In sum, these results show that the production of the 5,10-
methylene—THF can occur in the cytoplasm and without
enzymatic catalysis, but it would be much slower. However,
taking into account that this process requires the migration of
the THF intermediate to the cytoplasm, which implies an
additional energetic cost (dissociation and desolvation effects),
the full process will be even slower. For this reason, the
cyclization of THF intermediate (THF-I) has to occur through
an enzymatic process catalyzed by the SHMT.
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Figure 13. Structures of reactant (R), transition state (TS), and product (P) of the protonation of the quinonoid intermediate (QI) catalyzed by
the SHMT. Wedge—dash representation of the structures of reactant and product. Three-dimensional representation of the TS structure. The
yellow arrows correspond to the major vibrational frequencies associated with the imaginary frequency of the TS. The electrostatic potential was
calculated and mapped on the surface of the molecules involved in the reaction.
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Figure 14. Overview of the catalytic mechanism of the PLP-dependent enzyme SHMT obtained in this work.

3.3. Protonation of the Quinonoid Intermediate.
Once the 5,10-methylene—THEF is formed, the active site has
protonated GluS7 and a quinonoid intermediate (Figure 10,
Step 7) that must be converted to an internal aldimine in order

to enhance the enzymatic turnover and the release of one
molecule of Gly.

Note that whether the $5,10-methylene—THF is released
from the SHMT active site to the cytoplasm before or after the

10106 DOI: 10.1021/acscatal.8b02321
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Figure 15. Complete energy profile (DLPNO—CCSD(T)/CBS::ff99SB) for the catalysis of L-serine and THF into glycine and S,10-methylene—

THEF by the SHMT.

protonation of the quinonoid intermediate is unknown. For
this reason, we chose to maintain the 5,10-methylene—THF
inside the active site during this step. We observed that it is
neither involved in any chemical step nor is it involved in the
catalytic process.

This step involves a proton transfer from GluS7 to carbon
Ca of the QI, through a water molecule that catalyzes the
reaction. This water molecule is the one that was generated at
Step S in Figure 9, which, in this final step, plays an important
role in the continuity of the catalytic process. This reaction has
a Gibbs activation energy of 9.0 kcal/mol, and it is exergonic in
6.1 kcal/mol. The TS was validated through the vibrational
frequencies analysis, showing a single imaginary frequency
assigned to the atoms that are intrinsically related to the
reaction (775.0i cm™"). This reaction is favored because the QI
is negatively charged and, therefore, it meets good conditions
to act as a nucleophile and becomes protonated (see Figure
13).

At the end of this reaction, GluS7 becomes negatively
charged, restoring its initial protonation state, and an external
aldimine with a Gly bonded to the PLP cofactor is obtained.
After the transimination reaction—which is a process that is
common to all PLP-dependent enzymes—Gly is released from
the active site, and the PLP cofactor becomes bonded to the
active site Lys229, forming an internal aldimine, which makes
the enzyme ready for a new catalytic cycle, once the substrate
becomes available.

4. CONCLUSION

In this work, the catalytic mechanism of the SHMT was
studied by computational means that employ QM/MM
methodologies. This enzyme catalyzes the reversible con-
version of L-serine and THF to glycine and 5,10-methylene—
THEF, with the help of the PLP cofactor. The reaction requires
eight sequential steps that can be divided into three main
stages: the a-elimination, the cyclization of the S5-hydrox-
ymethyl-THF intermediate into S5,10-methylene—THF, and
the protonation of the quinonoid intermediate (QI).

The full mechanism is represented in Figure 14. In the first
step, the hydroxymethyl group of the substrate is eliminated in
the form of a formaldehyde molecule that, in the second step,
undergoes a nucleophilic attack by the nitrogen N1 of the THF
cofactor. The resulting THF intermediate (THF-I) undergoes

an intramolecular reaction that involves a proton transfer from
the nitrogen N1 to nitrogen N4 (Step 3) and finally to GluS7
(Step 4). Afterward, a conformational rearrangement of the
THF intermediate (THF-III) occurs, which is required for the
elimination of a water molecule that enhances the electrophilic
nature of carbon Cp, which, in turn, is required for the next
step (Step S). Subsequently, carbon Cf becomes suitable to
undergo a nucleophilic attack by nitrogen N4, producing a 5-
membered ring THF intermediate (Step 6). Immediately after,
GluS7 abstracts the remaining proton from the nitrogen N4
and originates the final product S,10-methylene—THF (Step
7). Finally, the water molecule that was released in Step S
assists, in the final step, the proton transfer from the GluS7 to
the carbon Ca of the QI producing an external aldimine with
the glycine bonded to the PLP cofactor (Step 8). At the end of
this reaction, the release of 5,10-methylene—THF and L-Gly
(after the transimination reaction) from the active site occurs,
and the enzyme is ready for a new enzymatic cycle.

According to the calculated energy profile (Figure 15), the
rate-limiting step of the entire mechanism is where the
elimination of the hydroxymethyl group occurs, forming a
formaldehyde intermediate that becomes immediately bonded
to the THF cofactor. The a-elimination reaction requires an
activation energy boost of 18.0 kcal/mol. These results closely
fit the experimental kinetic data that predicted an activation
barrier of 15.7—16.2 kcal/mol.'>'*%°

Note that SHMT is also capable of catalyzing the reverse
reaction, in other words, the conversion of glycine and §,10-
methylene—THF into L-serine and THF. Analyzing the energy
profile in the reverse order (Figure 15), all the steps are
feasible under biological conditions, agreeing with the
experimental evidence of reversible catalysis. However, there
is no kinetic result regarding the kinetics of the reverse reaction
catalyzed by the SHMT from E. coli. There is only a kinetic
study using Hydrogenobacter thermophilus from which it was
concluded that the reaction is almost 4 times slower in the
reverse direction.’’ Based on this evidence, a slower
conversion of glycine to L-serine might be expected. This
also agrees very well with the mechanism proposed in this
work, since the rate-limiting step, for the reverse reaction,
would be 29.7 kcal/mol, which, compared with the rate-
limiting step of the direct catalytic step, would lead to a slower
reaction.
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The results obtained with this work also provide new
insights into the catalytic process and on the a-elimination and
the production of the 5,10-methylene—THF molecule.

Regarding the two proposals that are available in the
literature for the a-elimination reaction, the results presented
in this paper indicate that the reaction proceeds with the
formation of the formaldehyde molecule as an intermediate,
and, only then, it becomes covalently bonded to nitrogen N1
of the THF cofactor. In this process, GluS7 cannot be
protonated, since it plays a key role in holding the proton of
the hydroxymethyl group (see Figure 15). Although structural
studies showed a close proximity between GluS7 and the
hydroxyl group of the substrate, from which was suggested that
the GluS7 was protonated,16’17, the calculations showed that
this configuration of the active site does not allow the a-
elimination. Such reaction was only possible to model when we
considered the GluS7 in an anionic form at the beginning of
the reaction. When GluS7 is anionic, the hydroxyl group from
the substrate establishes a hydrogen bond with the GluS7,
according to the experimental evidence that shows a close
proximity between the GluS7 residue and the Oy atom of the
substrate.

GluS7 was found to play a key role in several reactions of the
mechanism, namely, Steps 1, 2, 4, S, 7, and 8. This is consistent
with the mutagenic studies that show that any mutations to
GluS7 caused a drastic inhibition of the enzyme.'®'® This is
the first time where the role played by this residue is explained.
Furthermore, GluS7 is a key residue to handle most of the
proton transfers that are required for the reaction to occur,
holding a negative charge during some steps (steps 3 and 6) to
provide conditions for intermediate reactions to happen. Then,
Glu57 becomes protonated during the remaining steps of the
mechanism. In summary, GluS7 works as an proton pump that
handles the charge transfers across the mechanism and
establishes a link between the external aldimine and the
THF cofactor. (See Figure 16.)
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Figure 16. Schematic representation of the behavior of the main
groups and charges across the entire catalytic mechanism.

In the literature, there are also two different proposals
suggesting that the conversion of the THF intermediate to
5,10-methylene—THF can alternatively occur outside the
enzyme through a nonenzymatic mechanism (in the
solvent).">'? In this work, both proposals were studied, and
the results showed that the reaction is thermodynamically and
kinetically favored under enzymatic catalysis. The results
presented in the manuscript are also consistent with the
experimental evidence observed,'> confirming that the
conversion of the THF to 5,10-methylene—THEF is very fast
and almost spontaneous. Overall, this stage of the mechanism

(Step 3 to Step 7) is very exergonic and has low free activation
energies, agreeing with the experimental observation of an
almost-spontaneous process. In addition, the steps involved in
the cyclization of the THF are important to prepare the
enzyme for the final step where a proton is transferred to the
QI to produce the glycine. This evidence agrees with the fact
that the THF cyclization must occur inside the active site of
the SHMT.

Moreover, our results agree with the proposal of
Dunathan,””> which postulates that the bound complex that
is formed or cleaved during the reaction involving the PLP
cofactor must be placed perpendicular to the conjugated
system of the PLP. The hydroxymethyl group is released
almost perpendicular to the PLP cofactor (CS-Ca—C7-C2
angle = 98.6°), and the protonation of the QI occurs in the
same way (H—Ca—C7-C2 angle = 115.7°).

Together with the previous stages that are common to all
PLP-dependent enzymes, this work provides, for the first time,
and with an atomistic level of detail, a portrait of the entire
mechanism catalyzed by the SHMT. We believe that this
knowledge provides valuable information for the rational
molecular design of new drugs against malaria.
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