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Abstract Since the human body for many reasons can
adapt and become resistant to drugs, it is important to
develop and validate computer aided drug design (CADD)
methods that could help predict binding affinity changes
that can result from these resistant enzymes. The free
energy perturbation (FEP) methodology is the most
accurate means of estimating relative binding affinities
between inhibitors and protein variants. In this paper, we
describe the role played by hydrophobic residues lining the
active site region, particularly "’Ile and '"®Phe, in the
binding of methotrexate to the Escherichia coli (E. coli)
thymidylate synthase (TS) enzyme, using the thermody-
namic cycle perturbation (TCP) approach. The computed
binding free energy differences on the binding of metho-
trexate to the native and some mutant E. coli TS structures
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have been compared with experimental results. Computa-
tionally, four different ‘mutations’ have been simulated on
the TS enzyme with methotrexate (MTX): "*Ile— "*Val;
Ile — "Ala; lle — Leu; and '"°Phe—""°Ile. The
calculated results indicate that in each of these cases, the
native residues ("’Ile and '"®Phe) interact more favorably
with methotrexate than the mutant residues and these
results are corroborated by experimental measurements.
Binding preference to wild type residues can be rationalized
in terms of their better hydrophobic contacts with the
phenyl ring of methotrexate.

Keywords Double topology method - Methotrexate -
MD simulations - Mutants - Relative binding free energies -
Single topology method - Thymidylate synthase

Introduction

Thymidylate synthase (TS) has emerged as an important
therapeutic target for design of anti-metabolites with
potential clinical efficacy against various proliferative and
infectious diseases. The crystal structure of an Escherichia
coli (E. coli) thymidylate synthase (TS) [1] ternary complex
containing 5-fluoro-2'-deoxyuridylate (FAUMP) and 10-
propargyl-5,8-dideazafolate (PDDF) was determined and
refined at 2.3 A resolution. Thymidylate synthase is a
dimeric protein with molecular weight of 71 kD, that
catalyzes the formation of 2’-deoxythymidylate (dTMP)
from 2'-deoxyuridylate (dUMP) using 5,10-methylenetetra-
hydrofolate (CH,-H,PteGlu) as the source of the single
carbon unit as well as the reductant. This one carbon
transfer reaction is critical to cell division since it provides
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the sole de novo source of dTMP for DNA synthesis. TS
has activated dUMP and 5,10-methylenetetrahydrofolate
[1] (CH,-H4PteGlu) leading to the formation of the
intermediate and offers additional support for the hypoth-
esis that the substrate and cofactor are linked by a
methylene bridge between C-5 of the substrate nucleotide
and N-5 of the cofactor. By correlating these structural
results with the known stereo-specificity of the TS-
catalyzed reaction, it can be inferred that the catalytic
intermediate, once formed, must undergo a conformational
isomerization before eliminating across the bond linking
C-5 of dUMP to C-11 of the cofactor. The elimination itself
may be catalyzed by proton transfer to the cofactor’s 5
nitrogen from invariant Aspl69 buried deep in the TS
active site. TS inhibition interrupts the de novo synthesis of
thymidylate from deoxyuridylate, which is crucial for DNA
synthesis in cells [2—4]. Inhibition of TS has been achieved
with analogs of both the folate cofactor and the pyrimidine
substrate [1]. Inhibitors that bind at the folate site have
attracted renewed attention, which resulted in strong TS
binding to N-10-substituted 5,8-didecazafolic acids. Most
notable among the pyrimidines is the potent anti-tumor agent
5-fluoro-2'-deoxyuridylate (FAUMP), a metabolite of the
anti-pyrimidines 5-fluorouracil and 5-fluorodeoxyuridine.
Thus, rapid proliferation of cells can be arrested by the
inhibition of TS, the rate-limiting step in the de novo
pathway to thymidine nucleotides. Consequently, a large
number of inhibitors of TS have been designed, synthe-
sized, biochemically tested and in some of these cases, their
complexes with the enzyme have also been studied by X-
ray crystallography [1, 5]. The drug design paradigm
involving iterative protein crystallographic analysis, com-
puter design, synthesis and biochemical testing of TS
inhibitors has been described [1]. In that study, E. coli
ternary complex was used as a surrogate receptor for the
iterative design of human TS inhibitors because of the
abundance of the E. coli enzyme for experimental purposes
and because of the conservation of over 75% of the active
site residues at the folate binding site in . coli and human
TS structures. The crystal structure of the TS-dUMP
complex [6, 7] shows that the completely conserved residue
Asp-229 contributes the only side chain in direct hydrogen
bonding with the pyrimidine ring of the substrate dUMP. In
the binary and ternary complexes, the carboxamide moiety
of the side chain of N229 forms a cyclic hydrogen bond
network bridging N-3 and O-4 of the uracil heterocycle.
Wild-type TS binds dCMP weakly and does not accept
dCMP as a substrate. Mutations at N229 of TS modify the
interaction of TS with dCMP.

Computer aided drug design (CADD) has been used
successfully for the discovery of several novel enzyme
inhibitors, including inhibitors of thymidylate synthase [8],
HIV-1 protease [9, 10], purine nucleoside phosphorylase
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[11] and fructose 1,6-bisphosphatase [12, 13]. The most
accurate computational method for estimating relative
binding affinities of structurally similar inhibitors to an
enzyme is the free energy perturbation (FEP) approach
using either molecular dynamics (MD) or Monte Carlo
(MC) simulations [14]. Despite its high accuracy, free
energy perturbation (FEP) calculations have primarily been
used to rationalize experimentally-determined binding
affinities [15-18] with few applications focusing on
predictions [19-22]. Rational design of inhibitors for TS
is also facilitated by the theoretical approaches which
predict binding free energy differences for similar ligands
which bind to the same active site. Earlier free energy
perturbation calculations in this regard have rationalized the
preferential binding of 10-propargyl-5,8-dideazafolate rela-
tive to 10-formyl-5,8- dideazafolate to the E. coli TS
enzyme [23-25]. Reddy et al. [25] calculated the relative free
energies for the closely related inhibitors 10-propargyl-5,8-
dideazafolic acid (PDDF) and 10-formyl-5,8-dideazafolate
(FDDF), binding to the binary complex consisting of the
enzyme E. coli TS and 5-fluoro-2'-deoxyuridylate (FAUMP).
The calculated relative binding free energy (AAGyping),
2.9 kcal mol™, is in good agreement with the experimentally
observed 3.75 kcal mol” preference for PDDF. PDDF is
more difficult for desolvation than FDDF, but the favorable
interactions in the complex more than compensate for the
desolvation costs. These investigations found that the
propargyl moiety of PDDF interacts with a backbone
carbonyl of the synthase and makes good hydrophobic
contacts with side chain atoms.

Peter Kollman er al. [26] calculated the relative free
energies of binding for dUMP and dCMP to TS and two
Asn229 mutants using AMBER 4.0, the all-atom force
field, and the TS-dUMP complex crystal structure. The
calculated relative binding free energy of dtUMP and dCMP
with TS was analyzed as the sum of two components, the
relative free energy difference of these two ligands in
solvent water and the relative free energy difference in the
protein complex. The results suggested that the TS.dCMP
binary complex is inherently less stable than the TS.dUMP
binary complex due to repulsive interactions between
dCMP and the Asn229 side chain. Lee and Kollman [27]
applied the free energy calculations using AMBER and
PROFEC program to the design and evaluation of potential
TS inhibitors with the goal of finding inhibitors that are
selective for pathogen or cancer isozymes. Recently, Reddy
et al. [28] calculated the relative binding affinities of
Fructose-1,6-bis-phosphatase (FBPase) mutants with aden-
osine monophosphate (AMP) through free energy pertur-
bation (FEP) method. The calculated relative binding free
energy results for the mutations, "*Tyr — "*Phe, *'Thr —
3Ala, 3 Thr — 3'Ser, ""Met — '"’Ala, and *°Leu —
3%Phe are in agreement with the experimental results.
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The success of the FEP approach in rationalizing binding
preferences of FBPase mutants has led us to employ the FEP
methodology to better understand the role of hydrophobic
residues at the active site of human TS. Earlier, several series of
multiple mutants of E. coli TS have been generated. For
methotrexate (MTX), a well-known inhibitor of the ligand,
binding affinities have also been measured for several mutants
of the E. coli TS enzyme. These mutations have an important
role in the enzyme activity and this is the reason why drugs
fail to work effectively for a long period on a particular
disease. Hence, knowledge on the effect of mutations on the
activity of the enzyme helps in the design of efficient and
more potent drugs. In the light of the above concept, studies
were taken up to further validate the FEP methodology for the
calculation of the relative binding free energy differences for
pairs of mutant and wild-type structures of the enzyme and
compare the free energy results with experimentally deter-
mined binding affinities reported in the literature.

Materials and methods
Thermodynamic-cycle perturbation approach

The thermodynamic cycle-perturbation (TCP) approach
(Fig. 1) is a method for computing the relative changes of
binding free energy using non-physical paths connecting
the desired initial and terminal states. This approach
enables calculation of the relative change in binding free
energy difference (AAGy;,q) between two related TS
mutants, by computationally simulating the ‘mutation’ of
one to the other. The relative solvation free energy change
between wild type and mutant of TS is computed using the
following equation (Fig. 1):

AAG = AGyq — AGgss (1)
The relative binding free energy change between wild

type and mutant of TS is computed using the (Fig. 1)
following equation:

AAGiing = AGeom — AGyq = —kpT In(k2/k1) )

where kg is the Boltzmann constant, T is the absolute
temperature, and k1 and k2 refer to the experimentally

measured binding constants for wild type (TS(W):MTX)
and mutant (TS(M):MTX) complexes respectively. The free
energy change for converting wild type into mutant is
computed by perturbing the Hamiltonian of reactant (initial)
state TS(W) into that of the product (final) state TS (M).
This transformation is accomplished through a parameter-
ization of terms comprising the interaction potentials of the
system with a change of state variable that maps onto
reactant and product states when that variable is 0 and 1,
respectively. The total free energy change for the mutation
from the initial to the final state is computed by summing
‘incremental® free energy changes over several windows
visited by the state variable changing from 0 to 1. This
approach enables calculation of the relative change in
binding free energy difference between two related com-
pounds by computationally simulating the ‘mutation’ of
one to the other. The relative solvation and binding free
energy changes for the two TS mutants with MTX inhibitor
is computed using either single or double topology method.

A double topology [8, 24, 25] or thread method (Fig. 2)
is used for large changes in mutations such as '’Phe —
"f[le and a single topology (Fig. 3) is used for small
changes in the mutations such as "’Ile — "°Val. In the
thread method, for the amino acid residues which are
mutated, both the starting and ending topologies are defined
with their correct geometries, one beginning the simulation
entirely as dummy atoms and the other ending the
simulation entirely as dummy atoms. Dummies are topo-
logically connected to real atoms, but have no charges or
van der Waals parameters associated with them. At
intermediate points of the non-physical transformation, all
atoms of both topologies have fractional Lennard-Jones
parameters and charges and interact simultaneously with
the environment, but not with each other. The main
advantage of this double topology method over the more
commonly used single topology method is that it does not
require direct ‘mapping’ of the reactant atoms to the
product atoms and is thus more appropriate to treat
mutations such as Phe — Ile, involving residues which
are topologically and chemically distinct. The transforma-
tions were achieved using the window method as imple-
mented in the Galaxy program [29] and a two-stage
procedure previously shown to enhance convergence [8].

Fig. 1 TCP cycle for calculat- AG, AG )
ing binding affinities of thymi- ~ Lowild(83s) TSuia(aq) . TSy : MTX(aq)
dylate synthase complexed with
methotrexate
AGqs Solvation AGyg Binding AG com
TSmut (gas) AG3 Tsmutzaq) AGZ Tsmut : MTX(aQ)
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(A— B)

(B—» A)

Fig. 2 Molecular threading of Phenylalanine (molecule A) and
Isoleucine (molecule B). Common atoms are the atoms of the amino
acid backbone. The non-common atoms are the side chain atoms
which for A=0 are real atoms for molecule A and dummy atoms for
molecule B (dashed structure). At the completion of the transforma-
tion (A=1), the side chain atoms for molecules A are dummy atoms
and for molecule B are real atoms

In the first stage, the atomic charges of molecule A (the
starting topology consisting of real atoms) were slowly
turned off while the Lennard-Jones parameters of the atoms
of molecule B (the starting topology consisting of dummy
atoms) were slowly turned on. During the second stage, the
Lennard-Jones parameters of molecule A were turned off
while the charges of molecule B were turned on. In each
stage, the transformation occurred over a total of 21
windows with each window consisting of 4.0 ps and
16.0 ps for equilibration and data collection, respectively
for each mutation. Thus, each mutation required 860 ps of
molecular dynamics simulation length to complete the
mutation between two amino acid residues.

Force field parameters

All molecular dynamics and FEP calculations were per-
formed with the AMBER program using an all atom force
field [30, 31] and the SPC/E model potential [32, 33] to
describe water interactions. The SPC/E water model, which
provides a density, diffusion constant, and dielectric
constant in excellent agreement with experiment, was
chosen. This potential reproduces pertinent properties of
bulk water quite well. Electrostatic charges and parameters
for the TS wild type mutant residues were taken from the
AMBER database. For methotrexate (Fig. 4), the partial
charges were obtained by fitting wave functions calculated
with Gaussian 98 program [34] and HF/ 6-31G* basis set

H HD
H—(I?,—H HD—I|-|—HD
H-C-H H-C-H
H—CH; -— H'XCH3

>.___OH
HoN™ ™y HoN \[(OH

o o)
ILE VAL

Fig. 3 Single topology definition of Ile and Val. The chemical
definition with “D” prefix indicate dummy atoms

@ Springer

H,N N N
TYL I
N~ = N

N
NH,

Fig. 4 Structure of methotrexate

level with CHELPG [35]. All equilibrium bond lengths,
bond angles, and dihedral angles for nonstandard residues
of methotrexate were taken from ab initio optimized
geometries. Missing force field parameters were estimated
from similar chemical species within the AMBER database.
The hydrogens of the crystallographic water, the inhibitor
and the protein dimer were added using the EDIT module
of AMBER.

System setups for solvent and complex simulations

Relative solvation (AAG,) and relative binding (AAGy;q)
free energies for mutants complexed to thymidylate synthase
were calculated using the thermodynamic cycle perturbation
(TCP) approach in conjunction with molecular dynamics
(MD) simulations. The protein, the inhibitor and the solvent
water were modeled using the AMBER all-atom force field.
The AMBER Hamiltonian consists of energy contributions
from bond length, bond angle and dihedral angle changes
from equilibrium geometry, as well as van der Waal’s,
electrostatic and hydrogen bond interactions. All molecular
dynamics (MD) simulations were performed using the
AMBER program, employing standard MD techniques: the
use of Verlet algorithm [36] for integrating the equations of
motion with a 2 fs time step and the SHAKE option [37] was
used for constraining all bond lengths. Constant temperature
(T=298 K) is maintained by velocity scaling and a residue
based cutoff of 15.0 A was used for non-bonded interactions.
However, all interactions among the solute atoms and atoms
of the charged residues were included regardless of distance.
Protein atoms beyond 25.0 A from the center of the mutating
groups were frozen. The protein was immersed in a 26.0 A
sphere of solvent centered at the same point and solvent
molecules were subjected to a half-harmonic restraint near
the boundary to prevent solvent evaporation.

In each simulation, the system was initially equilibrated
for 20 ps followed by 4 ps of equilibration and 16 ps of data
collection for each window. A total of 21 windows and
840 ps of MD simulations were used for each complete
mutation. Error bars are estimated for each window by
dividing the window statistics into eight groups and
computing the standard deviation. The root mean square
of these errors is reported in Table 1 as a measure of
statistical uncertainty in the results for each complete
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Table 1 Relative solvation and binding free energies in kcal mol™

S.No. Mutation AAG, AAGying AAGexp©

1 Ile—"*Val -0.50+04  0.80+0.55  0.55
“Tle—"’Ala -0.60+04  1.80+0.50  1.40
PIle—"Leu -0.40+£0.4  1.20+£0.55  0.95

4* 176phe—1"%lle  2.90+0.7 1.70£0.80  1.20

5P 176phe—"""lle  2.80+0.4 1.65+£0.50  1.20

* The relative binding free energy was calculated using 4 ps for
equilibration and 16 ps for data collection in each window using 21
windows

® The relative binding free energy was calculated using 8 ps for
equilibration and 32 ps for data collection in each window using 21
windows

¢ Experimental data. Villafranca JE, Matthews DA (unpublished data)

mutation. In order to understand the dependence of error
bars on the length of MD simulation, we have calculated
relative binding free energies between '"*Phe : MTX —
781le : MTX using 840 ps and 1680 ps (8 ps of
equilibration and 32 ps of data collection in each window
for 21 windows) of MD simulations and compared the error
bars between these two simulations. The calculated results
(Table 1) indicated that error bars were reduced significantly
when the simulation length is doubled and the changes in the
final relative binding free energies between the mutants
(1.70 kcal mol™" vs. 1.65 kcal mol™) is not significant.
Therefore, the error bars will depend upon the length of the
MD simulation significantly, but not the relative free energies.

Structural analysis

The starting point for our simulations is a high resolution
(2.0 A) structure of the E. coli TS enzyme. The protonation
state of the histidines at the ring nitrogens inferred was
deduced from hydrogen bonding and electrostatic interac-
tions in the vicinity of the amino acid residue. As described
in our earlier work [23], a bias toward protonation of both
histidine nitrogens was applied in order to reduce the net
charge on each monomer of the dimeric enzyme to — 4e.
These simulations do not employ counter ions. While such
an electrostatic model has limitations, it is emphasized that
our focus is on relative free energy differences due to
‘mutations’ in hydrophobic side chains. In addition, we
used infinity cutoff for all non-bonded interactions between
charged residues and the inhibitor (MTX) to eliminate any
cutoff effects on the final results. We also, measured the
residence times for a few charged and neutral residues in
the binding site and noticed no significant differences
between charged and neutral residues movements. In order
to check the fidelity of the structure during MD calcu-
lations, a comparison of the X-ray structure has been made

with an average structure computed from a 20 ps trajectory
of molecular dynamics calculations collected after a 20 ps
equilibration of the minimized TS (wild-type) : MTX
complex. RMS deviations of 1.1 A and 1.8 A are obtained
for the main chain and side chain atoms respectively.

Results and discussion

The crystal structure TS:MTX complex provides the
information regarding hydrophilic and hydrophobic resi-
dues (Fig. 5) in the binding site, but fails to reveal
information regarding their relative contributions to binding
affinity. This is true for hydrogen bonds whose strength
varies from 2 to 4 kcal mol” depending on the bond
distance and bond angle, as well as the electronic nature of
the donor and acceptor groups. In addition, the local
environment is often an important factor with the strongest
hydrogen bonds formed in poorly solvated regions of the
binding site cavity. Since the contribution of individual
hydrogen bonds to ligand binding affinity is considered
valuable information for the design of new inhibitors,
analogues of the lead inhibitor are frequently prepared
wherein the individual heteroatoms that form hydrogen
bonds with the protein are replaced with non-hydrogen
bonding atoms or substituents. For similar reasons, site-
directed mutagenesis is often used to replace binding site
residues containing side-chains that interact with the
inhibitor through a hydrogen bond with residues whose
side-chains are incapable of forming hydrogen bonds. Data
generated from the analogues and site-directed mutants can
be used to determine the role of specific binding site

Fig. 5 Hydrophobic interactions of amino acids Ile-79 and Phe-176
with methotrexate (shown in yellow). The amino acid residues within
10 A are shown (bond distance A)
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interactions in enzyme catalysis and inhibitor binding
affinity. While this information is very valuable for
optimizing lead candidates, it also entails an enormous
amount of time and manpower to prepare and characterize
the analogues and site-directed mutants. Therefore, it is
important to develop and validate computer aided drug
design (CADD) methods that could help predict binding
affinity changes between wild-type and mutants of thymi-
dylate synthase.

To estimate the importance of hydrophobic residues to
the binding affinity of MTX to TS , the following four
mutations were carried out using FEP method: (i) "Ile :
MTX — Val : MTX (ii) “Ile : MTX — ®Ala : MTX
(iii) "Ile : MTX — Leu : MTX, and (iv) '"®Phe :
MTX — '"®Ile : MTX. These simulations examine the
strength of the contribution of electrostatic (AG,.) and van
der Walls (AG,4w) forces in the form of intra-molecular
and inter-molecular components between the MTX and TS.
The calculated and experimental binding free energy results
of four different mutants are given in Table 1. The first
three mutations are to understand the effect of replacing
Ile with Val, Ala and Leu. The shortest distance between
Cs of Ile with any carbon of the phenyl ring in
methotrexate is 3.82 A. So, in the first mutation, a deletion
of that carbon, (i.e., replacing Ile with Val) is expected to
have a minor change in the binding affinity. The relative
binding free energy computed for the mutation "’Ile —
val with MTX is 0.80 kcal mol™, which is consistent
with our rationalization and the experimental value of
0.55 kcal mol”. A considerable loss in binding can be
expected by the replacement of "’Ile — "®Ala because of
the loss of three methyl carbons which contribute to the
hydrophobic interactions of the protein to the phenyl of
MTX. The relative solvation free energy (AG,,) for the
mutation "*Tle — 7®Ala is —0.60 kcal mol™' and the relative
binding free energy (AGying) is 1.80 kcal mol™, which is in
good agreement with the experimental value of
1.40 kcal mol'. The third mutation in the series
Ile — "Leu is interesting in view of the identical number
of atoms for the reactant and product states. The computed
relative binding free energy value (1.2 kcal mol™) for that
mutation compares favorably with the experimental value
of 1.0 kcal mol'. As shown in Table 1, in all three
mutants the desolvation cost for Ile is less than other
mutants. As a result, the loss of binding affinitity for these
mutants is a combination of both desolvation costs as well
as a loss of hydrophobic interaction in the complex. It is
notable that the calculated relative free energy difference
arises from the van der Waal’s part of the free energy
simulation. The order of hydrophobic interactions, Ile > Val >
Leu > Ala, is consistent with calculated and experimental
relative binding affinities of MTX with corresponding TS
mutants. The calculated relative solvation and binding

@ Springer

affinity for fourth mutation, 176phe — '"lle, is
2.9 kcal mol'and 1.7 kcal mol respectively, which is
consistent with the experimental value of 1.2 kcal mol™.
The desolvation cost (2.9 kcal mol™) of '7°Phe as compared
to '7*Ile was compensated by good hydrophobic interactions
of '7°Phe with MTX.

Conclusions

We have validated the FEP methodology for predicting
binding affinities of thymidylate synthase mutants with
methotrexate inhibitor. The results of the calculated relative
free energies indicated that val, "Ala, ’Leu and ""°Ile
play an important role through hydrophobic interactions,
which are affecting the binding affinity of methotrexate to
thymidylate synthase. Any changes in these hydrophobic
interactions due to mutations on the protein will have
significant effect on the binding affinity of MTX to
thymidylate synthase, particularly for the mutant of
76phe to '"°Ile. The solvation free energies and the
relative binding affinities of the mutant residues showed
that the hydrophobic interactions of methotrexate have an
important role with the binding pocket of thymidylate
synthase. These CADD methods will also have several
applications from basic research applications to better drugs
design. Understanding the binding pocket of a protein can
allow a researcher to design potent drug candidates for a
given drug target. Often people grow resistant to drugs, and
one could use CADD methods for designing novel drugs
when patients show resistance to the current drugs, such as
for AIDS and cancer. Finally, this could potentially lead to
designing novel inhibitors which could work with these
new variants.
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