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ABSTRACT

Serine hydroxymethyltransferase (SHMT), a pyridoxal phosphate (PLP)-dependent enzyme, is involved
in one-carbon metabolism. This enzyme catalyzes L-serine and tetrahydrofolate (THF) to glycine and 5,10-
methylenetetrahydrofolate (5,10-CH,-THF). In this study, molecular dynamics simulation was applied on wild-type
human cytosolic SHMT (hcSHMT) tetramer in complex with PLP-Lys and L-ser in order to understand its structure
and dynamics properties. The results, 1D- and 2D-RMSD plots versus simulation time of 100 ns suggest that the
system reached the equilibrium at 30 ns, and thus the snapshots from the last 20 ns were extracted for analysis. The
B-factor showed high stability of the whole tetramer in particular at the active site. The average per-residue
decomposition free energy results showed the five key residues (S53, H148, S203, PLP-lys and R402) interacted
with L-ser. Particularly, R402 had the strongest binding affinity (-10.09 kcal mol ") with L-ser. Additionally, the
hydrogen bonding calculation provides residues of S53, S203, and K257 which indicates a strong H-bond with L-
ser. PLP-lys (87%) had the strongest percentage of hydrogen bond. Thus, PLP-lys enzyme that catalyzes the
reversible transfer of a carbon-unit from the L-serine to a second co-factor, the tetrahydrofolate (THF). The water
accessibility at the active pocket observed by SASA calculation was around 68.25+18.83 A’. These effects of wild-
type hcSHMT with PLP-lys and L-ser bound can be used as the supporting evidence to understand the structure and
dynamics of wild-type hcSHMT, which can now be used to develop inhibitors targeting SHMT and, therefore,
antimalarial drugs.

Keywords: Serine hydroxymethyltransferase, Molecular dynamics simulations, pyridoxal phosphate, L-serine

1. Introduction
Serine hydroxymethyltransferase (SHMT, EC 2.1.2.1.) is a pyridoxal phosphate (PLP)-dependent enzyme

that is involved in one-carbon metabolism. This enzyme catalyzes L-serine and tetrahydrofolate (THF) to glycine
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and 5,10-methylenetetrahydrofolate (5,10-CH,-THF). It provides activated one-carbon units for the synthesis of
dTMP, choline and amino acids [1]. The 5,10-CH,-THF serves as a methyl donor for the thymidylate synthase (TS)
reaction to convert dUMP to dTMP which is a requisite precursor for DNA or RNA biosynthesis [2]. Due to its
important role in DNA or RNA biosynthesis, cell proliferation and cell survival, SHMT is one of the attractive
targets for antimalarial drug discovery and development [3, 4, 5, 6, 7, 8, 9, 10] and anticancer chemotherapy [8, 11,
12, 13]. At present, structural coordinates for SHMT are available from nine organisms. Most of them are internal
aldimines with a catalytic lysine residue linked to PLP or external aldimines with PLP linked to L-serine (L-ser) or
L-glycine. The first step of the mechanism would be valuable for provide a suitable foundation in the design of
hcSHMT inhibitors, which could be used for developing of c.

Although SHMT has gathered attention in the last two years, this enzyme continues to be poorly
understood. It requires the participation of two co-factors (PLP and THF). The multisequential steps are involved in
the cyclization of the THF into the final product, 5,10-CH,-THF. This fact is very important as it provides insight
into the enzymatic activity. The information on the molecular level can then be used for developing new
antimalarial inhibitors towards SHMT.
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Figure 1. Scheme representing the mechanism behind the internal and external aldimine formation for PLP-

dependent enzymes and the specific (- elimination reaction.

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 [14, 15]. The first stage involves the activation of the enzyme, in
which the PLP cofactor becomes covalently bonded to an active site Lys residue, commonly known as the internal

aldimine (PLP-lys). The second stage is triggered when the substrate is available, and it becomes covalently bonded
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to the PLP cofactor, forming the external aldimine (PLP-ser or PLP-Gly). 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
Ol-elimination of L-ser that is subsequently inserted into the THF cofactor. The crystal structures of human
cytosolic were successfully solved at 2.65 A (PDB code 1BJ4) [15]. For hcSHMT, its physiological roles in
nucleotide biosynthesis and involvement in cancer proliferation have been reported. Its expression level is increased
rapidly during cell division, especially in cancer cells.

In the present study, molecular dynamics (MD) simulation was performed on the hcSHMT homotetramer
with a presence of PLP-lys and L-ser (Figure 2). A better understanding of the structure and mechanism of SHMT
would be valuable for the development and discovery of better inhibitors or agents to decrease SHMT activity

which may be promising candidates for antimalarial drugs.

2. Objectives of the study
To study the effect of wild-type hcSHMT with PLP-L-ser bound in terms of structural stability, molecular

dynamics behavior and binding affinities.

3. Materials and methods
Initial structure and system preparation

The tetrametic structure of human cytosolic SHMT (h¢SHMT) was built by SAXS-derived molecular
envelope, which was generated by superimposing the available crystal structure (PDB code 1BJ4) as a template to
construct the tetrameric SHMT model as done in our previous study [19]. The starting configurations of SHMT
with PLP covalently bound to Lys247 were taken from our previous study [19]. The protonation states of all
ionizable amino acids (D, E, K, R, and H) were assigned at physiological pH 7.0 using PDB2PQR Version 2.0.0
[20]. To obtain the complexes between hcSHMT, L-serine, and PLP cofactor the structure of L-ser was
superimposed with crystal structure in the Protein Data Bank (PDB code 1BJ4) and (PDB code 1DFO) using
Chimera software [20]. The geometric optimization of PLP was performed at the HF/6-31(d) level of theory using
Gaussian09 software [21]. The atomic charges of PLP were developed according to standard procedure [22]. The
AMBER f{f14SB force field [23] was adopted for the protein and also for L-ser as ligand, while the atom types and
the other molecular parameters of PLP were assigned by generic AMBER force field version 2 (GAFF2) [23].
Additionally the electrostatic potential (ESP) charges of each ligand were calculated with the same method.
Subsequently, the restrained ESP (RESP) charges conversion was carried out from the ESP charges using the
ANTECHAMBER module in the AMBER package. The missing hydrogen atoms were added using Leap module
of the AMBERI16 software [24]. Following, the added hydrogen atoms were minimized with 2500 steps of steepest
descents (SD) followed by 2500 steps of conjugated gradient (CG). Afterwards, the hecSHMT complex was solvated

by TIP3P water model of 32,887 water molecules in octahedral box within 10 A from the protein surface. The
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water molecules were then minimized with 1000 steps of SD algorithm and continued by 2500 steps of CG
algorithm. The total charges with negative value of the complexes were randomly neutralized by adding 16 Na+
ions. The whole system was fully minimized using the aforementioned minimization process. All covalent bonds

involving hydrogen atoms were constrained using SHAKE algorithm. [25]
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Figure 2. Structure of tetrameric hcSHMT (a) Surface representation showing vast inter-subunit interfaces within
tight, vertically arranged dimers and contacts between the two dimers, where the secondary structure elements with

the locations of PLP covalent bound with K257 (PLP-Lys) and L-ser are given in (b).

Molecular dynamics simulation

Molecular dynamics (MD) simulation was used to study the structure and dynamic properties of
hcSHMT/L-ser. For this study, the system surrounded by the periodic boundary condition with NPT ensemble and a
simulation time step of 2 fs time step were used. The system was heated from 10 K to 298 K for 100 ps. The
simulation was then run at this temperature and a pressure of 1 atm for 50 ns using the PMEMD module in
AMBER16 program. To indicate the system stability, the root mean square displacement (RMSD) and the B-factor

were analyzed using the CPPTRAJ module with the built-in function of AMBER16. Meanwhile, the ligand-protein

residue

interaction was calculated with the per-residue decomposition of MM-GBSA binding free energy (AGbincl ).

Other structural analyses, including the average hydrogen bond formation, solvent accessible surface area (SASA),

number of contact residue and solvated interaction energy were also calculated by the CPPTRAJ module.
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4. Results
System stability of simulated models

The stability of each simulated chain of wild-type hcSHMT was determined by root mean square
displacement (RMSD) and two dimension RMSD (2D-RMSD) calculations relative to the starting structure along
the 100 ns simulation. The RMSD values of four chain complexes maintain at a fluctuation of around 1.35 to 2.26
A until the end of simulation time as shown in Figure 3(a). The RMSD results suggest that simulated systems have
reached equilibrium at 100 ns, and thus the snapshots taken from the last 20 ns of the simulation are selected for
further analysis. Moreover, the four chains of wild-type hcSHMT provide relatively similar 2D-RMSD patterns of

the complexes as shown in Figure 3(b).
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Figure 3. RMSD (a) and 2D-RMSD (b) plots for all atoms of chain A (black), chain B (blue), chain C (green) and

chain D (orange) of wild-type hcSHMT with PLP-lys and L-ser bound.
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B-factor

To assess protein mobility and dynamics of wild-type hcSHMT, the structures were subjected to last 20
ns MD simulations. The output of the simulation show the relationship between structural integrity and the B-
factor, which indicates thermal motion of the molecules. The results demonstrate that the protein structure of wild-
type hcSHMT with L-ser form is rigid at the binding pocket and the whole structure is quite stable as shown in
Figure 4. This suggests that wild-type hcSHMT with PLP-lys and L-ser bound is not a functional structure of this

enzyme. Therefore, the binding pocket is highly stable. However, some enzyme parts that solvate in the water are

U Rigid
Flexible

quite flexible along the MD simulation [26].

Chain A
AU

Figure 4. Normalized B-factor at last 20 ns MD simulation of wild-type hcSHMT with PLP-lys and L-ser bound.

Distances between C7 atom of PLP-lys and N atom of L-ser

To determine the occurrence of external aldimine (PLP bound with L-ser) the distance between C7 atom
of PLP (covalently bound with K257) and N atom of L-ser along the simulation was measured. The result shows
that distances between C7 atom of PLP-lys and N atom of L-ser are stable. Meanwhile, the distributions of
distances show peaks around 4 to 10 A (Figure 5.). This result suggests that the distances between the C7 atom of
PLP-lys and N atom of L-ser are in the position that might form the external aldimine.
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Figure 5. Distances between the C7 atoms of PLP-lys and N atom of L-ser in chain A (black), chain B (blue), chain

C (green) and chain D (orange) for wild-type hcSHMT.
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Intermolecular interactions of protein-ligand interface

The per-residue decomposition free energy (AG:iijue) calculation based on the molecular
mechanics/generalized born surface area (MM-GBSA) method was performed at last 20 ns in order to evaluate the
key residues of wild-type hcSHMT involved in L-ser bound. The average contribution of each amino acid for L-ser
of all chain complexes are plotted in Figure 6. Only the residues which show the energy contribution less than -1.0
kcal/mol or higher than 1.0 kcal/mol are considered and plotted. The negative and positive decomposition free
energy values represent the structural stabilization and destabilization, respectively. In the case of wild-type
heSHMT with PLP-lys and L-ser bound, there are five key residues (S53, H148, S203, PLP-lys and R402) playing
a role as important residues for stabilizing the active site of the enzyme with L-ser bound. The results show that

residue

R402 residue had the strongest binding affinity toward PLP binding ( AGbind of -10.09 kcal mol ', red) because of

the salt bridge effect between phosphate group of PLP-lys and side chain of R402.

E75 n :‘:’
1 a}
-~ 0 ] 1'41 T - $203 =
o) R402 z
£ §53 H148 5203 PLP-lys 32
£ -3 H148 02
S s
X -0 L-ser
i o
o S53
QA 49, Ra02 PLP-lys

100 200 300 400
Residue
Figure 6. The average value of per-residue energy (kcal mol-1) of wild-type hcSHMT structure with PLP-lys and
L-ser bound. The important amino acids for ligand binding are shaded based on their decomposition energy, where
the highest and lowest energies are ranging from gray to red, respectively.

The hydrogen bond (H-bond) formation is one of the important factors that can determine the binding
strength of ligand-protein interactions. The intermolecular hydrogen bonds were calculated using the two criteria:
(i) distance between hydrogen donor (HD) and hydrogen acceptor (HA) < 3.5 A, and (i) the angle of HD -
H***HA = 120°. The hydrogen bond strengths are divided into 3 levels: low (10-39%), moderate (40-69%), and
strong (70—-100%) interactions represented by the gradient of greenish, bluish and reddish grid cells, respectively
(Figure 7.). It shows the average percentage of H-bond at the last 20 ns for the four chains of wild-type hcSHMT. A
similar H-bond pattern across ligand-protein interface is found in complexes with a strong interaction between the
backbone atoms of L-ser and hcSHMT. The results indicate strong occupation ranging from 71 to 100%, as
illustrated in Figure 7 with the numbers of reddish cells of S53(79%), S203(82%) and PLP-lys(87%). These
intermolecular hydrogen bonds support the ligand binding to wild-type hcSHMT, but it is not the main force for

ligand-protein complexation as discussed above in term of molecular mechanics energy.
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Figure 7. The average percentage of hydrogen bond occupation between L-ser and hcSHMT in four chain

complexes. (a) The structure of H-bond interactions between L-ser and hcSHMT (b) at last 20 ns.
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Figure 8. Average number of H-bond between hcSHMT with L-ser bound (a). Average number of contact atoms
between the binding pocket of tetrameric wild-type heSHMT with L-ser bound within 5.0 A cutoff at last 20 ns (b).
The average number of contact atoms and the average number of H-bond at the binding pocket around the
ligands point to hcSHMT which bonded PLP with L-ser bound had on average 8 contact atoms Figure 8(b) and
average number of H-bond had on average around 8 bonds Figure 8(a). This indicates that the contact atoms and H-
bond between hcSHMT with L-ser has been found from the beginning until the end of MD simulations, suggesting

that L-ser which bonded hcSHMT is stable in the binding pocket of wild-type hcSHMT.

Solvent accessibility at the hcSHMT binding pocket

Solvent accessible surface area (SASA) is the surface area of solvent molecules that can access to a
binding pocket, which might play an important role for ligand binding to proteins. To study the effect of solvent
accessibility on the wild-type heSHMT binding pocket, the SASA calculation on L-ser as well as 5 A sphere of L-
ser was performed in Figure 9(b) (i.e., 139-141, 192-194, 218, 220-245, 247-251, 287, 291-293, 392, 396). The
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results are summarized and compared to Figure 9. The average SASA value over the last 20 ns of wild-type
hcSHMT binding pocket was 68.25+18.83 A’. As a result from this method it can be concluded that L-ser has quite

low of SASA value which mean L-ser has good binding affinity with hcSHMT shown by the close interaction with

hcSHMT binding pocket.
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Figure 9.The average solvent accessible surface area (SASA) within a 5A sphere of L-ser bound with wild-type

hcSHMT in four chains and the area of calculation for solvent accessible surface area.

5. Discussion

In the present study of tetrameric wild-type hcSHMT using Molecular dynamics simulation we show the
protein stability and dynamics at the binding pocket and at the entire system. In this work we focus on the first step
of mechanism in which PLP-dependent enzyme with L-ser bond catalyze the reversible transfer of one carbon from
L-ser to tetrahydrofolate (THF) (see Figure 1) in the way through which the hydroxymethyl group is transferred
from L-serine. At the end of the reaction, a glycine is released.

Analytical techniques including RMSD, 2D-RMSD, B-factor, the number of H-bond and the number of
contact atom are showing the stability of tetrameric wild-type hcSHMT, The results of RMSD along the 100 ns
indicate that the systems reached the equilibrium at ~80 ns as well as 2D-RMSD are showing a green area at last 20
ns, which means the system of tetrameric wild-type hcSHMT is stable. These results are also supported by the
number of contact atoms, the number of H-bond and B-factors because the number of contact atoms between L-ser
with hecSHMT are showing the number of contact atoms around 8 atoms from the beginning of last 80 ns until 100
ns which indicates that the binding pocket of wild-type hcSHMT is stable as well as the number of H-bond is stable
during the last 20 ns. Likewise, the B-factor of the protein was quite stable along the 20 ns simulation that supports
equilibrium times at least 20 ns.

According to intermolecular interactions of L-ser, residues of PLP-lys, S53, and S203 show strong H-
bond with L-ser respectively; PLP-lys (87%) had the strongest percentage of hydrogen bond with C7 of PLP-lys
which is the position that form the external aldimin. Thus, PLP-lys enzyme catalyzes the reversible transfer of a

carbon-unit from the L-serine to a second cofactor, the tetrahydrofolate (THF) (see Figure 1). Similar to per-residue
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residue

decomposition free energy analysis, PLP-lys are showing strong binding affinity with L-ser (AGbind of -1.31 kcal
mol_l). These result support the mechanism which first step is L-ser bonding to PLP (external aldimine).

The result of per-residue decomposition free energy analysis has found four residues of wild-type
hcSHMT (S53, H148, S203, and R402) which play a role as important residues for stabilizing the active site with
L-ser bound. Moreover, the average per-residue decomposition free energy result show that the R402 has the
strongest binding affinity (AGZ:;W of -10.09 kcal mol-l) with L-ser due to the salt-bridge interaction effect
between the R402 side chain and the carboxyl group of L-Ser [17]. In particular, solvent accessible surface area
(SASA) is supporting that L-ser has good binding affinity with hcSHMT shown by the close interaction with
hcSHMT binding pocket.

E’75 was found to play a key role in the result of per-residue decomposition free energy analysis
(AG;:;R of 1.51 keal mol') and H-bond. This is consistent with the mutagenic studies that show that any
mutations to Glu75 caused a drastic inhibitor of enzyme [27-29]. Additionally, Glu75 works as a proton pump that
handles the charge transfers across the mechanism and establishes a link between the external aldimine and the

THEF cofactor [30].

6. Conclusion

Our current study of tetrameric wild-type hcSHMT has shown for the first time that interaction between
L-ser with hcSHMT and the key in stabilization of tetrameric structures. The structures of the molecules described
in this report provide a better understanding of the structure and mechanism of SHMT, which is valuable for
establishing a suitable foundation in the design of hcSHMT inhibitors, which could be used for the development of

anticancer drugs.
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