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Abstract Human dihydrofolate reductase-like 1 (DHFRL1)
has been identified as a second human dihydrofolate reductase
(DHFR) enzyme. Although DHFRLI1 have high sequence
homology with human DHFR, dihydrofolate (DHF) exhibits
a lowered binding affinity to DHFRL1 and the corresponding
molecular mechanism is still unknown. To address this ques-
tion, we studied the binding of DHF to DHFRL1 and DHFR
by using molecular dynamics simulation. Moreover, to inves-
tigate the role the 24th residue of DHFR/DHFRLI plays in
DHF binding, R24W DHFRL1 mutant was also studied. The
van der Waals interaction are more crucial for the total DHF
binding energies, while the difference between the DHF bind-
ing energies of human DHFR and DHFRLI1 can be attributed
to the electrostatic interaction and the polar desolvation free
energy. More specifically, lower DHF affinity to DHFRLI1 can
be mainly attributed to the reduction of net electrostatic inter-
actions of residues Arg32 and GIn35 of DHFRL1 with DHF
as being affected by Arg24. The side chain of Arg24 in
DHFRLI can extend deeply into the binding sites of DHF
and NADPH, and disturb the DHF binding by steric effect,
which rarely happens in human DHFR and R24W DHFRL1
mutant. Additionally, the conformation of loop I in DHFRL1
was also studied in this work. Interestingly, the loop confor-
mation resemble to normal closed state of Escherichia coli
DHFR other than the closed state of human DHFR. We hope
this work will be useful to understand the general characteris-
tics of DHFRLI.
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Introduction

Dihydrofolate reductase (DHFR) is a widely recognized drug
target used for antibacterial [1, 2], antiparasitic [3], and anti-
cancer [4, 5]. The enzyme catalyzes the reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF) through a cat-
alytic cycle with nicotinamide adenine dinucleotide phosphate
(NADPH) as a cofactor [6, 7]. DHFR on chromosome 5 was
previously regarded as the only expressed and functional
enzyme in the human body [8]. Nonetheless, recent evidence
provided by McEntee et al. have shown that the formerly
known pseudogene DHFRP4, or dihydrofolate reductase-
like 1 (DHFRLI), is not only expressed but also shares the
functions with normal human DHFR [9]. DHFRLI is further
considered as the second human DHFR enzyme based on its
subcellular localization. Even though the sequence identity of
human DHFR with DHFRLI1 is up to 92 %, the enzyme
activity of DHFRLI is roughly two-thirds that of human
DHFR [9, 10]. Further kinetic analysis also reveals that
DHFRLI exhibits a higher K,, values of DHF (209.3 uM)
than human DHFR (20.1 uM) [9]. DHF has a remarkably
lower binding affinity to DHFRLI1 than human DHFR. It is
very interesting to study the possible molecular mechanism
and uncover the key residue(s) that accounts for the different
DHF binding affinities to these two enzymes.

The molecular mechanism about the DHF binding affinity
and the key residues in DHFR has been well studied by inves-
tigating the effect of a series of mutations of human DHFR. For
example, the single amino acid substitutions of both Phe31 and
GIn35 could moderately decrease DHF affinities by influencing
the contacts the DHFR with the p-ABA and glutamate moieties
of DHF [11, 12]. Similarly, the substitution of Leu22 of human
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DHEFR by Tyr, Phe, Trp, and Arg also showed decreased DHF
affinities [13]. In addition, molecular dynamics (MD) simula-
tion becomes a powerful method to study the ligand binding
[14-19] and the catalytic cycle of DHFR [20-22]. Tosso et al.
[17] investigated the binding energies of DHFR inhibitors by
combining MD simulation, ab initio, and density functional
theory (DFT) calculation and obtained a significant correlation
between the calculated binding energies and experimental data.
A quantum mechanics/molecular mechanics MD simulation by
Fan et al. [20] showed that M42W/G121V double mutation
could severely restrict the conformational dynamics of the M20
loop of DHFR and reduce the entropy of activation.
However, the residues at position 22, 31, and 35 in
DHFRLI are the same as human DHFR, suggesting that the
loss of DHF affinity may result from residue substitution in
other positions. There are 15 residues in DHFRLI1 different
from human DHFR (as summarized in Fig. 1), only residue 24
locates in the binding sites of DHF and NADPH and is very
close to DHF, while the other residues are far from the binding
sites (Fig. 2). Generally, the residue at the position 24 is
tryptophan (W), which is a strictly invariant residue in all
bacterial (e.g., Escherichia coli DHFR) and vertebrate
DHFRs [23, 24]. Moreover, previous mutagenesis studies re-
vealed that mutation of W by phenylalanine (F) would result in
a 50 % decrease in binding stability and a decrease in catalysis
efficiency from 69 % to 21 % under intracellular conditions
[23]. A similar site-directed mutagenesis on mouse DHFR
indicated that the mutation of residue 24 from W to arginine
(R) would significantly increase the K,, value of DHF and
disturb the catalytic activity of enzyme [24]. As for DHFRLI,
the residue at position 24 is arginine which introduces an
additional -NH3- moiety, extending deeply into the binding
pocket of DHFRL1. While the impact of such a difference on
the DHF binding affinity and the corresponding molecular
mechanisms are still unknown. Besides, it will be interesting
to investigate whether the R24W mutant would recover the
binding affinity of DHF. To address these questions, MD

simulation, molecular mechanics/generalized Born surface area
(MM/GBSA) free energy calculations [25-27], and MM/
GBSA free energy decomposition analysis [28, 29] were
employed to study the binding of DHF to human DHFR,
DHFRLI, and the R24W DHFRLI1 mutant. Our results may
pave a new way for better understanding of the DHFRL1-DHF
binding mechanism by providing atomic details and conforma-
tional dynamics that are often inaccessible in experiment.

Materials and methods
Preparation of the enzyme-substrate systems

As mentioned above, there are three systems needed to be
constructed, including human DHFR-NADPH-DHF (denoted
by human DHFR), DHFRL1-NADPH-DHF (denoted by
DHFRL1), and R24W DHFRL1-NADPH-DHF (denoted by
R24W DHFRLI). The X-ray structure of human DHFR com-
plex (PDB ID: 2W3M), taken from the RCSB Brookhaven
Protein Data Bank (PDB) [30], can be directly used for DHFR
system. Considering that these two enzymes exhibit high
homologous sequences (92 %) and structural similarity
(rms is 0.0034) as indicated by previous homology modeling
of single DHFRL1 enzyme [10], we attempted to construct the
DHFRLI system based on the human DHFR system (PDB
ID: 2W3M) by simply replacing the different residues from
DHFR. In addition, in order to investigate the possible role of
the residue in position 24, the R24W DHFRL1 mutant was
also constructed by similar modifications. All the manual
modifications were accomplished by Sybyl 7.1 [31].

Force field
The minimization and molecular dynamics simulation of the

three systems were conducted by AMBER 9.0 [32] molecular
simulation package with the standard AMBERO3 force field

HSDHFRLTMIANINLNC | VAVSQNMG | GKNGDLPWPPLRNEFRYFQRMTTTSSVEGKQNL 50
HSDHFR MAeEILNC I VAVSQNMG I GKNGDLP/PPLRNEFRYFQRMTTTSSVEGKQNL 50
EcDHFR - --MISLIAALAVDRVIGMENAMPWN -LPADLAWFKRNTLN ------- KP 39

HSDHFRLT V IMGHK TWFS I PEKNRPLKPIRINLVLSRELKEPPQGAHFLARSLDDALKL 100
HSDHFR VIMGUKTWFSI PEKNRPLK[ERINLVLSRELKEPPQGAHFLERSLDDALKL 100
EcDHFR VIMGRHTWESIG---RPLPGRKNIILSSQPG--TDDRVTWVKSVDEAI| AA 84

HSDHFRUTEEPELANKVDME;:I VGGSSVYKEAMNHGHLKLFVTRIMQDFESDTFFE150
P

HsDHFR TERIPELANKVDM I VGGSSVYKEAMNH[GHLKLFVTRIMQDFESDTFF|[4 150
EcDHFR CG === - - - DVPEIMVIGGGRVYEQFL - -PKAQKLYLTHIDAEVEGDTHFP 126
HSDHFRLTEIDLEKYKLLPEYPGVLSDVQE[gKLII KYKF EV[MHEK[sID 187
HSDHFR EIDLEKYKLLPEYPGVLSDVQE|[3K[gI KYKFEV)JEK[ID 187
EcDHFR DYEPDDWESVFS---EFHDADAQNSHSYCFEILERR - 169

Fig.1 Sequence alignment of DHFRL1, human DHFR, and ecDHFR. The different residues between DHFRL1 and human DHFR are shown in purple
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Fig.2 Illustration of the different residues between DHFRL1 and human
DHFR (shown in yellow stick). Only residue 24 is located within the
binding site of DHF and is labeled by red dotted line. Figure generated
using Pymol

(f03) [33]. The general AMBER force field (gaff) [34] was
used for the parameter of substrate. The substrate DHF was
protonated to form two strong interactions with residue Glu30.
Due to lack of electrostatic parameters of substrate in the gaff’
force field, the substrate DHF was firstly minimized using HF/
6-31G* optimization with the Gaussian03 program [35], and
then the atom partial charges were obtained by fitting the
electrostatic potentials derived by the restrained electrostatic
potential (RESP) [36] fitting technique in AMBER 9.0. Then,
the partial atomic charges and gaff force field parameters for
DHF were accomplished using the antechamber module in
AMBER 9.0 [37]. Force field parameter for the cofactor
NADPH was adopted from previous simulations [38]. To
neutralize the charge of each system, counter ions of Na" were
placed in grids with the largest negative Coulombic potential
around the protein. Last, the whole system was immersed in a
rectangular box of TIP3P [39] water molecules, which extend-
ed 10 A away from any solute atoms. The buffer zone of 10 A
is reasonable and acceptable in this study, which will be
discussed in the section of results and discussion.

Molecular dynamics simulation

Since the initial structure of each system was taken from
crystal structure or simple modification, the substrate DHF
and the enzyme along with cofactor NADPH may have partial
shift from the initial structure during the MD simulation,
relatively long MD simulation of 20 ns was carried out on
each system. Before the MD simulation, energy optimization
was firstly conducted using the sander program in AMBER
9.0 to relax each system via the following three steps: first, the
water molecules/ions were optimized by restraining the pro-
tein (2500 cycles of steepest descent minimization and
2500 cycles of conjugated gradient minimization); then, the
side chains of the protein were relaxed by restraining all

backbone atoms (2500 steps of steepest descent minimization
and 2500 steps of conjugated gradient minimization); finally,
the whole system was relaxed without any restrain (5000 steps
of steepest descent minimization and 5000 steps of conjugated
gradient minimization). After that, each system was gradually
heated in the NVT ensemble from 0 to 310 K within 60 ps.
Last, 20 ns MD simulation with a 2.0 fs time step was
performed under a constant temperature of 310 K. The tem-
perature of MD simulation is set to 310 K in view of the
enzymes studied are from human. During MD simulation, the
SHAKE [40] procedure and particle mesh Ewald (PME) [41]
were employed to constrain all bonds involving at least one
hydrogen atom and deal with the long-range electrostatic
interactions, respectively. In the sampling process, the coordi-
nates were saved every 1 ps for the following binding free
energy calculation and binding affinity analysis.

MM/GBSA calculation and MM/GBSA free energy
decomposition analysis

In this work, the binding free energy of each system was
calculated using the MM/GBSA method via the following
equation (1) [42, 43]:

AGbind = Gcomplex*Gprotein*Gligand
= AEMM + AGGB + AGSA—TAS (1)
= AEyiw + AEqe + AGge + AGspa—TAS

where AE\ is the gas-phase interaction energy between
protein and ligand, which includes the van der Waals (AE ,4y)
and the electrostatic (AE ) contributions; AG g and AGga
are the polar and non-polar components of the desolvation free
energy, respectively; -TAS is the entropy contribution at
temperature 7.

In detail, the polar desolvation free energy was calculated
by the generalized born (GB) models developed by Onufriev
et al. [44], with dielectric constants of the solvent and the
solute were set to 80 and 4, respectively. The non-polar
contribution was estimated from the solvate-accessible surface
area (SASA) by LCPO method: AGsx=0.0072x ASASA
[45]. The binding free energy of each system was calculated
based on 400 snapshots evenly extracted from 10 to 20 ns MD
trajectories. It is necessary to point out that the MM/GBSA
calculation is based on the single trajectory approach [46, 47].
Finally, the normal-mode analysis was applied to calculate the
changes of conformational entropy upon the ligand binding
using the nmode module in AMBER9.0 [32]. Due to the
extremely time-consuming and high computational demand,
only 40 snapshots evenly extracted from 10 to 20 ns were used
to estimate the entropy contribution.

To calculate the interaction between ligand and each resi-
due of receptor, MM/GBSA free energy decomposition anal-
ysis was carried out using the mm _ pbsa program in
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AMBER9.0 [48]. The binding interaction of each ligand—
residue pair consists of three energy terms: van der Waals
contribution (AE4y), electrostatic contribution (AE ), and
the desolvation term (AE jesolvation), Which includes the polar
(AGgp) and the non-polar (AGgy,) terms. The AE 4, and
AE . contributions were calculated using the sander pro-
gram in AMBER9.0 [32]. The AGgg contribution was cal-
culated by the generalized Born (GB) model, while the non-
polar contribution (AG gA) was computed according to SASA
determined with ICOSA model [48]. All 400 snapshots gen-
erated for the binding free energy calculations were also used
for the energy decomposition analysis.

Results and discussion
Overall structure and dynamics

As described above, the initial structures of all three systems are
based on the crystal structure of human DHFR complex with
NADPH and DHF (PDB ID: 2W3M). To explore the confor-
mation dynamics of these three systems, the root mean square
deviation (RMSD) of the protein backbone atoms were calcu-
lated with the reference of the starting structure (after energy
optimization and temperature rise period) (Fig. 3). The RMSD
plot indicates that the RMSD values of all three systems
achieve equilibrium in a short time and fluctuate around
~1.3 A. Whole conformational changes of all three complexes
are little in view of the smaller RMSD (~ 1.3 A). It is notewor-
thy that the RMSD of human DHFR is slightly smaller than
that of DHFRL1 and its mutant, which may be due to the fact
that the initial structures of both DHFRLI and its mutant are
constructed based on the human DHFR, and the mutated
residues may cause partial conformational adjustments.
Moreover, the RMSD of the binding site was also calcu-
lated to further support the thermodynamic stabilities and the
results were shown in the Supplementary data. It can be seen
that the residues of binding site remain stable during the MD
simulation for the three systems (Fig. S1). As mentioned
above, the buffer zone was set to 10 A in this study, rather

than 12 A in general. The total energy of each system was
calculated to check the thermodynamic stabilities and further
validate the buffer zone value. As shown in Fig. S2, the total
energy of each system remains constant during MD simula-
tion, which implies the buffer zone of 10 A is reasonable.
Nevertheless, all three systems are well equilibrated after
10 ns, so it is reasonable to do the binding free energy
calculation and free energy decomposition based on the tra-
jectories from 10 to 20 ns.

Binding free energies estimated by MM/GBSA

MM/GBSA free energy calculation was employed to estimate
the binding affinities of ligand with enzymes, and the results
were based on the trajectories extracted from 10 to 20 ns.
Table 1 shows the binding free energies and the energy com-
ponents of three systems. Previous studies have shown that the
K,, value of DHF for human DHFR and DHFRLI1 are 20.1
and 209.3 uM, respectively [9]. The corresponding experi-
mental binding free energies are —6.41 and —5.02 kcal mol™,
respectively. These data imply that DHF has stronger binding
affinity to human DHFR than DHFRLI. The calculated bind-
ing free energy of DHF to human DHFR is —42.40 kcal mol™,
stronger than the value of DHFRL1 (—38.92 kcal mol™). The
calculated binding free energy of R24W DHFRL1 mutant
decreases to —44.15 kcal mol™, similar to the value of human
DHFR (—42.40 kcal mol™) rather than DHFRLI (—38.92 kcal
mol™). This means that the mutation of R24W could consid-
erably recover the binding affinity of DHF, which is in accord
with previous hypothesis [9].

It is obvious that the predicted binding free energies can
correctly rank the binding affinities of ligands, but the predicted
values are much stronger than the experimental ones.
MM/GBSA have made reasonable predictions for some sys-
tems, while the absolute binding free energy calculated by this
method usually have large deviation from the experimental value
[14, 46, 49]. Our overestimated binding affinities may be due to
the fact that the snapshots from single trajectory of MD simula-
tion were used to calculate the binding affinities, which tends to
exaggerate the binding free energy values [46, 47]. Moreover,

Fig. 3 Time evolution of the
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Table 1 Binding free energy of components of the three systems calculated by MM/GBSA (all values are given in kcal mol™)

System AEvdw AE&H&: AGGB AGSA AEe]e+AGGB TAS AGbind
Human DHFR —48.63+£5.26 —40.74+5.44 25.54+3.93 =7.17£0.19 —15.20+2.63 —28.59+2.58 —42.40+4.33
DHFRL1 —49.19+4.04 —38.43+4.57 27.81£3.75 —6.93+0.15 -10.62+1.87 —27.82+2.75 —38.92+4.01
R24W DHFRLL1 —49.14+4.13 —33.07+4.31 18.84+3.55 —7.11+0.27 —14.23£2.18 —26.34+2.65 —44.15+4.26

the ligand DHF is protonated in this study so that the pterin ring
of DHF can form two stable interactions with residue Glu30 (one
is hydrogen bond, and another is ion-ion interaction, rather than
two hydrogen bonds in the crystal structure). In this way, the
interactions of pterin ring and the residue Glu30 may enlarge,
and ultimately the total binding affinities of ligand may be
overestimated. The aim of our study is to rank the binding
affinities of ligands and investigate the different binding modes
in three systems, rather than give the accurate predictions of the
absolute binding free energies. Previous studies also showed that
MM/GBSA is usually used to rank the binding affinity for some
systems [46]. Thus the predicted binding free energies in this
study may be suitable to rank the binding affinity of ligand and
investigate the following binding modes analysis.

To further investigate the contribution of each energy term
to the binding affinity, the four individual energy components
(AE iy AE o1, AG g, and AG g4) were carefully compared.
The van der Waals and non-polar contributions of DHF bind-
ing to human DHFR are —48.63 and —7.17 kcal mol™, respec-
tively, similar to DHFRLI1 (—49.19 and —6.93 kcal mol™), but
the net electrostatic (AE ., + AG gp) contributions of DHF
binding to human DHFR and DHFRL1 are different with the
corresponding values of —15.20 and —10.62 kcal mol™. It is
obvious that the van der Waals interaction are more crucial for
the total DHF binding energies, while the difference between
the DHF binding energies of human DHFR and DHFRLI1 can
be attributed to the net electrostatic (AE ., + AG gp) interac-
tions. In addition, the contributions of conformational entropy
(TAS) of human DHFR and DHFRL1 are —28.59 and
—27.82 keal mol™, respectively, the contributions of confor-
mational entropy is also minor. As for the R24W DHFRLI
mutant, the van der Waals and non-polar contributions are
—49.14 and —7.11 kcal mol™, respectively, similar to the
values of wild-type DHFRL1 (—49.19 and —6.93 kcal mol™).

More interestingly, the increased binding affinity of DHF
to the R24W DHFRL1 mutant can also be attributed to the net
electrostatic (AE .. + AGgp) contributions with the value
changing from —10.62 to —14.23 kcal mol'. Meanwhile, the
values of conformational entropy (T'AS) for the three systems
are very close. As suggested by above results, the loss of DHF
binding to DHFRL1 may be due to the difference of residues
at position 24 and the reduced binding energies arise from the
decrease of net electrostatic (AE ., + AG gp) contributions.
The following free energy decomposition and binding mode
analysis will elucidate the corresponding structural features of

the binding regions around the 24th residue in DHFRL]
enzyme.

MM/GBSA free energy decomposition analysis

To better characterize the detailed binding mode between en-
zyme and ligand, MM/GBSA free energy decomposition anal-
ysis was employed to decompose the total binding free energies
into ligand-residue pairs, which would provide more quantita-
tive information about the contribution of each residue (shown
in Fig. 4). The residues Ile7, Val8, Ala9, Glu30, Phe31, Arg32,
Phe34, GIn35, 11e60, Asn64, Leu67, and Valll5 of human
DHEFR together with cofactor NADPH, have strong interactions
with the ligand DHF (Fig. 4a). The key residues captured from
the MM/GBSA free energy decomposition are in agreement
with the contacted residues observed in the crystal structure
(PDB ID: 2W3M). In the case of DHFRLI, the residues Ile7,
Val8, Ala9, Arg28, Glu30, Phe31, Phe34, 1le60, Asn64, Leu67,
Lys68, Arg70, Valll5, and cofactor NADPH, are key residues
for DHF binding (Fig. 4b). It can be seen that the contributions
of Arg24, Phe31, Arg32, GIn35, Leu67, Lys68, and Arg70 in
DHFRLI are distinct from human DHFR. To further obtain the
detailed information, the van der Waals and net electrostatic
interactions between ligand and residue are separately calculat-
ed and the results are shown in Fig. 4d and e. There are four
residues in DHFRL1 which have considerably different van der
Waals interactions with ligand: Arg24, Phe31, GIn35 and Leu67
(Fig. 4d). Specifically, van der Waals interactions between DHF
and residues Phe31, GIn35 in human DHFR (—3.21 and
—1.21 kcal mol™") are stronger than those in DHFRLI1 (-2.34
and —0.36 kcal mol™), while the interactions between DHF and
residues Arg24 and Leu67 in human DHFR (-0.15 and
—1.64 kcal mol™) are weaker than those in DHFRL1 (—0.99
and —2.18 kcal mol™). On the whole, the total van der Waals
interactions of DHF with human DHFR are close to DHFRLI.

On the other hand, there are three residues in DHFRLI1 that
were identified to have different net electrostatic interactions
with DHF: Arg28, Arg32, and GIn35 (Fig. 4e). The net
electrostatic interactions of Arg32 and GIn35 in human
DHFR are —1.01 and —0.7 kcal mol™, respectively, which
are stronger than the corresponding values in DHFRL1
(—0.16 and —0.25 kcal mol™). However, the residue Arg28
in human DHFR (—0.79 kcal mol™") is weaker than in
DHFRLI (—1.35 kcal mol™). These data indicate that the loss
of DHF affinity observed in DHFRL1 is mainly attributed to
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Fig.4 Decomposition of'the total binding free energies per residue for human DHFR (a) and DHFRLI1 (b). The difference of free energy decomposition
between R24W DHFRLI1 and DHFRLI (¢). The van der Waals (d) and net electrostatic (e) interaction spectrums of three systems

the reduction of the net electrostatic interaction, especially for ~ understand the impact of amino acid mutations on the binding
the residues Arg32 and GIn35. mode of DHF, the differences of the contribution of each

Moreover, the MM/GBSA free energy decomposition anal-  residues between R24W DHFRL1 mutant and DHFRL1 were
ysis of the R24W DHFRL1 mutant was also studied. To better ~ calculated and the results are depicted in Fig. 4c. The R24W

@ Springer



J Mol Model (2013) 19:5187-5198

5193

mutation largely increases the interactions of DHF with the
residues Phe31, Arg32, GIn35, Thr56, Ile60, and NADPH,
while moderately decreases the interactions with residues
Arg24, Leu67, and Lys68. More specifically, the R24W muta-
tion enhances van der Waals contributions of the residues
Phe31, GIn35, Thr56, and Ile60 but decreases those of the
residues Arg24 and Leu67 (Fig. 4d). Meanwhile, the mutation
also increases net electrostatic contributions of the residues
Arg32 and GIn35 (Fig. 4e). As mentioned above, the differ-
ences of binding modes between human DHFR and DHFRLI
can also be attributed to these residues (Fig. 4d and e). The
binding of DHF to R24W DHFRL1 mutant resembles to
human DHFR. In other words, the R24W mutation may induce
significant change of the structure of binding site in DHFRL1
so as to recover the binding mode of DHF in human DHFR.

Binding modes of DHF in DHFR, DHFRL1, and DHFRLI
mutant

To further investigate the binding modes of three systems, the
last snapshot of each system is shown in Fig. 5. As indicated
from Fig. 5a and b, although DHF is well accommodated in
the binding pocket of DHFRLI, its corresponding binding

mode is apparently different from that of human DHFR. The
obvious difference is the conformation of pterin ring of DHF.
In detail, pterin ring of DHF in human DHFR has strong
hydrogen bond interactions with Ile7, Val8, and Glu30
(Fig. 5a), while pterin ring of DHF in DHFRL1 has hydrogen
bond interaction with Val8, Arg24, Glu30, and Thr136
(Fig. 5b). Moreover, two new hydrogen bonds are created
between Arg24 and NADPH (Fig. 5b) in the case of
DHFRLI. This may be interpreted by the fact that the side
chain of Arg24 extends deeply into the binding pocket of
DHFRLI, and disturbs the normal hydrogen bond networks.
In addition, the hydrogen bond interactions of DHF in R24W
DHFRLI1 mutant are very similar to human DHFR (Fig. 5c¢).

The differences of hydrogen bond interactions are probably
caused by the structural differences of the side chain of residue
24. The side chain of Arg24 is not only longer than that of
Trp24, but also more flexible than Trp24. To elucidate the
possible effect of residue 24 on hydrogen bond network, the
distances between the side chain of residue 24 and DHF,
NADPH were separately calculated (Fig. 5d and e).
Figure 5d depicts the case of DHF (Trp24@NE1-DHF@O1
for human DHFR and R24W DHFRLI1; Arg24@CZ-
DHF@O1 for DHFRLI), and Fig. 5e¢ shows the case of

Q

——DHFR ——DHFRL1 —— R24W DHFRL1

Distance between :24@CZ or NE1
and DHF@O1 (A)

Time (ns)

1]

——DHFR —— DHFRL1

— R24W DHFRL1

16 4

-
[

F-
1

Distance between :24@CZ or NE1
and NADPH@O2 (A)
-]
L

Time (ns)

Fig.5 Illustration of the interactions of DHF with DHFR (a), DHFRLI1 (b), and R24W DHFRL1 (c¢). The distances between the side chain of residue 24

and DHF (d) and NADPH (e). Figures generated using Pymol

@ Springer



5194

J Mol Model (2013) 19:5187-5198

Fig. 6 Illustration of the hydrogen bond interactions between the N-
terminal of loop I and its neighboring loop in human DHFR (a),
DHFRLI (b), and R24W DHFRLI (c¢), and the corresponding ones of

NADPH (Trp24@NE1-NADPH@O?2 for human DHFR and
R24W DHFRLI; Arg24@CZ-NADPH@O2 for DHFRL1).
In the cases of human DHFR and R24W DHFRL1 mutant, the
distances between the NE1 atom of Trp24 and two oxygen
atoms O1 (DHF), O2 (NADPH) remain nearly constant
around 6 A during the entire 20 ns MD simulation, indicating
that the side chain of Trp24 do not form specific contacts with
DHF and NADPH.

As for DHFRLI, the side chain of Arg24 could extend
deeply into the binding sites of DHF and NADPH as shown in

S\ . ‘ I N
the C-terminal of loop I with G-H loop in human DHFR (d), DHFRL1
(e), and R24W DHFRLI (f). Figures generated using Pymol

Fig. 5d and e. The distances between CZ atom of Arg24 and
the two oxygen atoms (O1 and O2) largely fluctuate around
12 A at the first 7 ns, then quickly decrease to 8 A within 2 ns,
and finally achieve equilibrium at 10 ns with an average value
of 3.9 A. These data well support the hypothesis that Arg24
forms strong hydrogen bond interactions with DHF and
NADPH. In addition, Arg24 becomes stable in the binding
pocket of DHFRLI1 after10 ns, which implies that the above
binding free energy calculation based on the snapshots
extracted from 10 to 20 ns is reasonable and acceptable.

Table 2 Hydrogen bond analyses of loop I and its neighboring loop calculated from last 10 ns trajectories

Donor Acceptor Human DHFR DHFRLI1 DHFRLI1(R24W)
Occupied Distance Occupied Distance Occupied Distance
(%) A) (%) A (%) A)
116@O0 :NADPH@H72-:-NADPH@N7N 67.44 2.97+0.12 96.04 2.88+0.12 69.90 2.95+0.13
‘F142@O :‘N13@HD21-:N13@ND2 78.42 2.94+0.13 0.02 2.82+0.01 81.06 2.95+0.12
:N13@OD1 ‘F142@H-F142@N 26.44 3.00+0.12 — — 17.02 3.04+0.11
:G17@O0 :E145@H-:E145@N 88.58 2.91+0.12 98.20 2.87+0.11 94.38 2.92+0.12
:E145@0OD1 ‘N19@H-:N19@N — — 16.10 2.93+0.12 — —
:E145@0D2 ‘N19@H-N19@N — — 7.76 2.97+0.13 — —
P26@O K173@HZ1-K173@NZ 16.30 2.88+0.13 — — 0.60 2.89+0.14
P26@O K173@HZ2-K173@NZ 15.74 2.87+0.13 — — 1.14 2.89+0.14
P26@O :K173@HZ3-:K173@NZ 12.54 2.88+0.13 — — 0.42 2.89+0.16
:E172@OE1 N29@H-N29@N 69.94 2.93+0.12 — — — —
:E172@OE2 ‘R28@H-R28@N 64.62 2.93+0.13 — — — —
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Conformations of loop I in human DHFR, DHFRLI,
and DHFRL1 mutant

It has been well accepted that loop I, residues 11-27 (equiv-
alent to the M20 loop of Escherichia coli DHFR) [50-52]
plays an important role in enzyme’s catalysis and substrate
binding. The residue at position 24 is also located in loop L. It
will be very interesting to study the possible conformations of
loop I in DHFRLI and its mutant. Compared to Escherichia
coli DHFR, human DHFR appears to be more rigid, especial-
ly for loop I. The conformation of loop I in human DHFR is
invariably closed [50]. To better characterize the conformation
of loop I, hydrogen bond analysis was applied on the three
systems based on the last 10 ns trajectories, and the results are
shown in Fig. 6 and Table 2. For each complex, the N-terminal
(residues 11-19) and C-terminal (residues 20—27) of loop I are
depicted, respectively. For human DHFR two hydrogen bonds
are formed between Asnl3 and Phel42, and another one
hydrogen bond is formed between Aspl45 and Glyl7
(Fig. 6a and Table 2). The three hydrogen bonds maintain
the conformation of the N-terminal of loop I. It can be seen
that similar hydrogen bond patterns are found in the R24W
DHFRL1 mutant (Fig. 6¢c and Table 2). As for DHFRLI,
besides the above three hydrogen bonds, a new one is formed
between Aspl145 and Asnl9, with hydrogen bond occupan-
cies 0of 16.10 and 7.76 %, respectively (Fig. 6b and Table 2). It
is likely that the conformation of N-terminal of loop I in
DHFRLI is similar to the normal closed state of Escherichia
coli DHFR [50] due to the additional hydrogen bond formed
by Asp145 and Asn19 (corresponding residues in Escherichia
coli DHFR is Asp122 and Glul7). Moreover, the new hydro-
gen bond might facilitate the formation of a short (3-sheet
(residues 13—17) in DHFRL1 (Fig. 6b). In addition, Glyl7
forms a strong hydrogen bond with the nicotinamide group of
NADPH, and the corresponding hydrogen bond occupancies
in human DHFR, DHFRLI1, and R24W DHFRLI1 are 67.44,
96.04, and 69.90 %, respectively.

The conformations of C-terminal of loop I were also stud-
ied. The C-terminal of loop I of the human DHFR has weak
hydrogen bond interaction with G-H loop (residues 159-174)
via Pro26 and Lys173 (Fig. 6d and Table 2). It is in good
agreement with previous studies [50, 51]. As for DHFRL1 and
R24W DHFRLI1 mutant (Fig. 6 e and f), the C-terminal of
loop I is disengaged from G-H loop. It may be attributed to the
fact that the residue 172 in human DHFR is glutamic acid,
which has strong hydrogen bond interaction with two residues
(Arg28 and Asn29) in «-helical segment «l (residues 28-39),
while the corresponding residue at the position of 172 in
DHFRLI and its R24W mutant is glycine. The interactions
of G-H loop with oI in human DHFR help narrow the distance
between G-H loop and the C-terminal of loop 1. Importantly,
the C-terminal of loop I in all three systems consists of a
‘PXPP’ fragment (X represents Trp24 in human DHFR, or

Arg24 in DHFRL1), which can increase the rigidity of loop I.
Meanwhile, in the cases of human DHFR and R24W
DHFRL1 mutant, the distance between the side chain of
Trp24 and the oxygen atom (O1) of DHF is almost the same
(Fig. 5d), which also implies the C-terminal of loop I is rigid
enough and may not be affected by the G-H loop. Taking the
two terminals of loop I together, the conformation of loop I of
DHFRLI is very similar to normal closed state of Escherichia
coli DHFR other than the closed state of human DHFR.

Effect of residue 24 on the DHF binding

It is clear that the binding modes of DHF in three systems are
closely related with residue 24. To identify structural

N\ g
1 R70

i
K68

2

Fig. 7 The superposition of the binding modes of DHF in DHFR and
DHFRLI (a), and in DHFR and R24W DHFRLI1 (b). Figure generated
using Pymol
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differences and elucidate possible effect of residue 24 on DHF
binding, the last snapshots of DHF in three systems were
superimposed (Fig. 7). It can be seen that the binding mode
of DHF in each complex agrees well with the results from
binding free energy decomposition analysis (Fig. 4a, b, and c).
The Arg24 in DHFRLI inserts into the binding sites of DHF
and NADPH and causes a significant steric hindrance on DHF
binding. More specifically, the hydrogen bonds formed by
Arg24 and NADPH destabilize the pterin ring of DHF so that
the latter is rotated and close to Phe34 (Fig. 7a). Meanwhile,
the glutamate moiety of DHF is switched near to the residues
Asn64, Leu67, Lys68, and Arg70, and far away from the
residues GIn35 and Phe31 (Fig. 7a). The differences of the
DHEF binding in two enzymes also agree with the results from
the MM/GBSA free energy decomposition analysis. For ex-
ample, Phe31 in human DHFR is close to DHF with a strong
binding free energy contribution (3.9 kcal mol™), while
Phe31 in DHFRLI is far from DHF with a decreased binding
free energy contribution (—2.74 kcal mol™") (Fig. 4a and b).
The contribution of GIn35 in human DHFR (—2.12 kcal mol ™)
is stronger than that of DHFRL1 (—0.81 kcal mol™).

Superimposition of R24W DHFRL1 mutant and human
DHFR (Fig. 7b) shows that the binding modes of DHF in
these two complexes are almost the same excepting a little
rotation of the terminal of glutamate moiety of DHF. In other
words, although there are other different residues existed
between human DHFR and R24W DHFRLI, the mutation
at residue 24 may recover the binding affinity of DHF to
DHFRLI.

Conclusions

In this work, combination of different molecular modeling
techniques were applied to study the molecular mechanism
of DHFRLI1 with lowered DHF binding affinity. The initial
structure of DHFRL1 complex with DHF was constructed
based on the crystal structure of human DHFR complex with
DHEF. In addition, to investigate the possible impact of residue
at position 24 on DHF binding, the R24W DHFRL1 mutant
was designed. Twenty ns molecular dynamics simulation was
performed on the systems of human DHFR, DHFRLI, and
R24W DHFRLI1, and the results show that the van der Waals
interaction is more crucial for the total binding energies, but
the net electrostatic contributions (AE,, + AGgp) are re-
sponsible for the different binding affinities of DHF between
human DHFR and DHFRLI. In the case of R24W DHFRLI1
mutant, the binding affinity of DHF largely recovered. And
the calculated binding free energy of DHF to mutant
(—44.15 kcal mol™) is similar to the value of human DHFR
(—42.40 kcal mol™") rather than DHFRL1 (~38.92 kcal mol™).
Interestingly, the increased binding affinity of DHF with
R24W DHFRLI1 can be attributed to the enhanced net

@ Springer

electrostatic interactions. According to the free energy decom-
position and structure analysis, the loss of DHF affinity in
DHFRLI1 is mainly characterized by the reduction of net
electrostatic interactions of residues Arg32 and GIn35. It is
interesting to find that the R24W DHFRL1 mutant would
increase the net electrostatic interactions, especially for resi-
dues Arg32 and GIn35. Moreover, hydrogen bond analysis
reveals that the conformation of loop I in DHFRL1 may be
similar to normal closed state of Escherichia coli DHFR
rather than the closed state of human DHFR.

Structure analysis also reveals that the distinction of bind-
ing modes between human DHFR and DHFRL1 may attribute
to the different behaviors of residue 24. The side chain of
residue 24 in DHFRL1 may extend deeply into the binding
sites of DHF and NADPH, then disturb the normal hydrogen
bond networks, and finally affect the DHF binding by steric
hindrance. As for the R24W DHFRL1 mutant, the steric effect
would disappear, and the binding affinity of DHF in DHFRL1
would recover. We hope this work gives some valuable infor-
mation on understanding the molecular mechanism of DHF
binding to DHFRLI1.
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