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Abstract—Thymidylate synthase (TS) is a target enzyme for a number of anticancer agents including the 5-fluorouracil metabolite,
FAUMP. The present paper reports on molecular modeling studies of the effect of substitution at C(5) position in the pyrimidine ring
of the TS substrate, dUMP, on the binding affinity for the enzyme. The results of molecular dynamics simulations show that the
binding of C(5) analogues of dUMP to TS in the binary complexes does not undergo changes, unless a substituent with a large steric
effect, such as the propyl group, is involved. On the other hand, apparent differences in the binding of the TS cofactor, resulting from
varying substitution at dUMP C(5), are observed in the modeled structures of the ternary complexes of TS. These binding charac-
teristics are supplemented with a classical QSAR model quantifying the relation between the affinity for TS and the substituent elec-
tronic and steric effects of C(5) analogues of dUMP. Based on the findings from the present work, the perspectives for finding
promising new C(5) analogues of dUMP as potential agents targeted against TS are discussed.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Thymidylate synthase (TS) (EC 2.1.1.45) is an important
enzyme with a central role in DNA synthesis. TS
catalyzes the conversion of 2’-deoxyuridine 5’-mono-
phosphate (dUMP) and 5,10-methylene-5,6,7,8-
tetrahydrofolate (mTHF) to  2’-deoxythymidine
5’-monophosphate (dTMP) and 7,8-dihydrofolate (DHF)
via reductive methylation, in which mTHF serves as
both methyl donor and reducing agent.!* The reaction
is a terminal step in the de novo biosynthetic pathway
leading to dTMP (one of the four building blocks of
DNA). Inhibition of TS blocks DNA synthesis and pre-
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vents cell proliferation. Therefore, targeting of TS for
inactivation in TS-expressing cells, such as tumor cells,
has grown to an important strategy in the development
of drugs for chemotherapy.>® Many compounds mod-
eled after the substrate (dAUMP) or cofactor (mTHF)
have been tested as TS inhibitors and some are in clini-
cal trial or on the market as drugs in anticancer, antivi-
ral or antifungal chemotherapy.” !!

Inhibitory properties and mechanisms of action of many
dUMP analogues, most of them substituted at the
pyrimidine C(5) carbon (for the labeling of the dUMP
molecule, see Fig. 1), have been extensively studied for
last decades.'? ! Affinity toward TS of dUMP C(5) ana-
logues has been shown to span a very wide range,
depending on the nature of particular C(5)-substituent.
One of the most potent inhibitors in this group is 5-flu-
oro-dUMP (FdUMP),?® an active metabolite of the
anticancer drug, 5-fluorouracil.?! Mechanism-based
inhibition of TS by FAUMP involves a time-dependent
formation of the ternary covalent complex between
TS, FAUMP, and mTHF, upon which the reaction
stops, as the fluorine substituent fails to dissociate from
the pyrimidine ring, resulting in a slowly reversible
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Figure 1. Schematic structure and labeling of the dUMP molecule.

inactivation of the enzyme. Other very strong mecha-
nism-based inhibitors of TS, characterized without
exception by the presence of strongly electron-withdraw-
ing substituents, are S5-trifluoromethyl-dUMP,2-22
5-nitro-dUMP,?* 2% 5-formyl-dUMP,?%-26-28 and 5-ethy-
nyl-dUMP.!8:2931 On the other hand, weak inhibitory
potencies against TS are usually characteristic for
dUMP analogues with bulky substituents of either ali-
phatic or aromatic nature 2631734

The affinities for TS of dUMP C(5) analogues have been
analyzed in relation to various parameters describing
physicochemical properties of C(5) substituents in order
to establish a valid quantitative structure—activity rela-
tionship (QSAR) model.?%*> Those studies were only
partially successful. They were able to distinguish
between effects related to affinity (electronic and steric)
and those that are not related to it, such as hydropho-
bicity. On the other hand, they failed to build models
of a strong statistical significance due to low observa-
tion/descriptor ratios. In the meantime, the research
focused on thymidylate synthase has been reinforced
by the availability of three-dimensional structures
from crystallography. The most prominent structural
data in this field pertain to the binary TS-dUMP3¢
and ternary TS-FAUMP-mTHF?” crystallographic
complexes. Other structural data related to dUMP or
to the reaction product, dTMP, originate from the ter-
nary TS-dUMP-5,6,7,8-tetrahydrofolate (THF)*® and
C146S TS-dTMP-DHF?*® complexes. However, the
available structural data suffer from too much incom-
pleteness to build a solid 3-D picture of how thymidylate
synthase adjusts itself structurally to the substitutions at
dUMP C(5) and how it relates to the affinity shown by
C(5) analogues of dUMP.

5-Fluorouracil is not an optimal TS-inhibitory drug
because it is inefficiently converted to FAUMP, with
the rest of it catabolized to toxic metabolites. Tumors
may also show intrinsic or acquired resistance to 5-fluo-
rouracil.** The search for effective and specific inhibitors
of TS continues, with one of the approaches focused on
new substitutions at dUMP C(5). Therefore, a better
understanding of the effect of C(5) substitution on the
affinity for thymidylate synthase may help to strengthen
the conceptual framework underlying this research.
The present paper demonstrates results of molecular

dynamics simulations for a series of binary complexes
of TS with several C(5) analogues of dUMP. The bind-
ing behaviors of those analogues are derived from the
trajectories and compared with each other. The average
structures from the trajectories are superimposed on the
structure of the ternary TS—-dUMP-THF complex. This
allows for a predictive assessment of the binding of the
cofactor to each simulated complex. The computations
are supplemented with a classical QSAR model relating
the affinity for TS, shown by a series of C(5) analogues
of dUMP, with physicochemical properties of the sub-
stituents at C(5).

2. Results and discussion
2.1. QSAR

To our knowledge, two QSAR models of the relation-
ship between the activity of interaction with TS and
physicochemical properties of the C(5) substituents in
dUMP analogues have been published to date. Both
models, by Wataya et al. (+*=0.908, s = 0.461),2° and
by Jarmuta et al. (+* = 0.997, s = 0.082),%% fall short in
view of statistical relevance due to low observation num-
bers, each time of 9, and, with 3 descriptors used per
model, unsatisfactory observation/descriptor ratios of
3. An obstacle for collecting more observations was
due to both an insufficient reproducibility of the experi-
mental activities from different laboratories and the lack
of parameters for ‘non-typical’ substituents. Despite
those problems, the models were helpful in recognizing
primary substituent effects correlated with activity: elec-
tronic (represented by the resonance and inductive
terms, ¢ and F in Wataya et al., and R,.,, and Fye.
in Jarmula et al., respectively) and steric (represented
by the molar refractivity Mr in Wataya et al., and by
the Taft’s E, parameter in Jarmuta et al.).

In the present paper, we present an improved QSAR
model for a series of C(5) analogues of dUMP interact-
ing with TS. Difficulties to enlarge the observation pool
persisted and with the 11 compounds in the pool the pre-
sented model improved very slightly compared to its
predecessors. However, the electronic inductive and res-
onance effects of the substituents are represented in the
latter model by a single descriptor, resulting in a two-de-
scriptor model (where the second descriptor is a steric
one) and so improving the observation/descriptor ratio
to an acceptable value of 5.5. Eq. 1 shows the best fit
to a two-descriptor model (with the 95% confidence lim-
its for each term in parentheses):

log[1 /K] = 4.04(£0.52)05 — 2.28(£0.37) My
+1.10(£0.32) (1)
n=11, r=0992, »=0983, s=0.216, P <0.0001,
¢* = 0.971, SPRESS = 0.282.

The model explains 98.3% of the total variance in the
dependent variable and demonstrates a very good
internal predictive ability of 97.1% (see 1> and ¢°, respec-
tively). The P value is extremely low, confirming that the
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model predicts the dependent variable in a statistically
very significant manner. The three-descriptor models
were also constructed but showed virtually no improve-
ment in the percentage of the explained variance (results
not shown). The physicochemical parameters and the
binding affinity data for each compound in the series
is listed in Table 1. The plot of the predicted versus
observed log[1/K{™] is shown in Figure 3.

The most important descriptor in the present QSAR is
an electronic sigma para constant, ¢°.*! In a one-de-
scriptor model it alone explains about 57% of the vari-
ance in the dependent variable, log[l1/K{™] (one-term
equations are not shown). Although in the QSAR the
reaction center at C(6) is in the ortho position relative
to the C(5)-substituent (Fig. 1), sigma ortho constants
fitted poorly to developed models and a best fitting sig-
ma para constant was used instead. It is well known that
the electronic actions from ortho and para positions are
alike, provided no substantial steric effects of the substi-
tuent are involved.*? In general, para electronic constant
can be considered as a term wherein the inductive and
resonance effects manifest in an appropriate blend. In
Eq. 1 positive values of ¢° result in an increase of
log[1/K™]. It means that the electron-withdrawing
effects (both inductive and resonance) of the C(5) sub-
stituents, giving positive contributions to ¢°, tend to
raise the affinities of the C(5) analogues of gUMP for
TS. On the other hand, the electron-donating effects give
negative contributions to op and thus act oppositely,
tending to lower the affinity level. These results can be
rationalized in view of the initial step in the mechanism
of TS-catalyzed reaction being the nucleophilic addition
of the active site thiolate cysteine (Cys 146) to the C(6)
atom of dUMP.# The addition reaction will be the more
likely to occur, the more electrophilic C(6) is, which
renders a supportive role for electron-withdrawing
substituents at C(5). In the current series of dUMP
analogues, compounds with the most strongly
electron-withdrawing substituents, 5-nitro-dUMP and
5-formyl-dUMP, are the most active ones (see the values
of ¢ and log[1/K{™] in Table 1). The nitro and formyl
groups are engaged in conjugation with the n-electron
pair from the pyrimidine C(5)=C(6) bond. The latter
effect shifts electron density away from C(6), working
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Figure 2. Schematic structure and labeling of the THF molecule.
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Figure 3. Observed log[l/K{™] values versus log[l/Ki™] values
predicted with QSAR Eq. 1. Filled or empty diamonds indicate
residuals lower or higher than one standard deviation, respectively.

in the same direction as the electron-withdrawing induc-
tive effect of these groups and thus consolidating the
electrophilic character of C(6). This means that a coop-
erative inductive-resonance electron-withdrawing effect
of substituent may grant C(5)-analogue of dUMP with
an ‘extra’ binding affinity for TS. In comparison, the
S-fluoro and 5-chloro analogues of dUMP exhibit
strong but relatively lower affinities for TS. In the
context of electronic effects, the reason for this is that
the resonance (electron-donating) effects of the halogen
substituents are opposite to the inductive (electron-with-

Table 1. The physicochemical parameters and the binding affinity data used for deriving QSAR Eq. 1

Complex* Substituent ad My log[1 /KPP
Observed Predicted Residual

1 CH; —0.130 0.57 —0.86 -0.72 —0.14
2 C,H; —0.127 1.03 —1.55 -1.76 0.21
3 CsH; 0.050 1.50 -2.09 —2.11 0.02
4 CHO 0.473 0.69 1.79 1.44 0.35
5 CH,OH 0 0.72 -0.57 —0.54 —0.03
6 F 0.151 0.09 1.70 1.51 0.19
7 Cl 0.242 0.60 0.52 0.71 —0.19
8 Br 0.260 0.89 —0.18 0.12 -0.30
9 1 0.277 1.39 —0.89 —0.95 0.06
10 OH -0.221 0.29 —0.51 —0.45 —0.06
11 NO, 0.814 0.74 2.59 2.70 —0.11

# Complexes are numbered according to the identity of the substituent at dUMP. The numbering scheme is preserved throughout Tables 1-5.

P K values are in pM.
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drawing) effects and partially counterbalance them,
which is reflected in moderately positive values of ¢° for
fluorine and chlorine (Table 1). Such imbalance between
electronic effects is reversed in the case of the —OH substi-
tuent, where the electron-donating resonance effect out-
balances the -electron-withdrawing inductive effect
(reflected in a negative value of ¢°; Table 1), resulting in
a significantly lowered affinity of 5-hydroxy-dUMP for
TS.

The second descriptor used in Eq. 1 is one of the most
widely used steric parameters, molar refractivity,
Mg, ** which alone explains about 32% of the variance
in log[1/K{™]. In Eq. 1 large values of My result in a
decrease of log[l/K""], meaning that the steric effect
tends to lower the affinity for TS in the series of the
C(5) analogues of dUMP. This kind of influence is intu-
itively clear, considering the proximity of the reaction
center at C(6) that should sensitize the binding behavior
to changes in the bulk of the substituents at C(5). In the
examined series, it is best illustrated by the example of
the C(5)-halogen analogues, where the electronic effects
of the substituents are of similar magnitude (as reflected
by o in Table 1), but differences in K{™ of particular
analogues are substantial and can only be explained
due to the steric effect (see corresponding log[l1/K;™]
and My values in Table 1). Another illustration of the
steric effect in the series are the lowest affinities for TS
of the dUMP analogues substituted with the most bulky
groups such as propyl, ethyl, and iodo.

2.2. Molecular dynamics: rmsds and rmsfs in the binary
complexes

Table 2 presents the rmsds of the backbone atoms (N, C,
CA, O) relative to either the energy-minimized (columns
EQ w.r.t. MIN and AV w.r.t. MIN) or equilibrated (col-
umn AV w.r.t. EQ) structures of the investigated com-
plexes. The values within each column are quite
similar to each other, indicating no distinct differences
between the global MD behaviors of each complex.
The values in column AV w.r.t. EQ, representing the
post-equilibration part of the simulations, are smaller
than corresponding values representing the equilibration
part (except for the TS-5-ethyl-dUMP complex) or the

Table 2. The values of backbone rmsds (A) in different simulation
phases

Complex  Substituent rmsd
EQw.rt. AVwrt AV wrt
MIN* EQ MIN
1 CH; 1.13 1.04 1.20
2 C,Hs 1.12 1.15 1.23
3 Cs;H; 1.26 1.02 1.40
5 CH,0OH 1.15 0.83 1.15
6 F 1.21 0.84 1.27
7 Cl 1.07 0.97 1.15
8 Br 1.37 0.87 1.28
9 1 1.09 0.96 1.24
12 H 1.12 0.85 1.11

2EQ, MIN, and AV denote, respectively, the equilibrated, minimized
and average structures.

whole simulation (columns EQ w.r.t. MIN and AV
w.r.t. MIN, respectively), meaning that the duration of
equilibrations was sufficient to produce more stable tra-
jectories thereafter. This is further confirmed by total
potential and kinetic energies of the systems (not shown)
converging to practically stable values after up to 120 ps
of simulations (21 ps of gradual heating +99 ps of
equilibration).

Figure 4 shows the rmsfs per residue for the TS complexes
with either unsubstituted or 5-substituted dUMP, the
substitutions being either halogen (bromo) or alkyl (eth-
yl). Since we do not observe any significant differences be-
tween the data for these and other complexes in the series
(not shown), these data can be perceived as representative
for all simulations performed. The data show similar fluc-
tuation profiles for each simulated system. The majority
of the amino acids fluctuate to a moderate degree of
1.5-2.5 A. The largest fluctuations indicated by peaks
above approx. 2.5 A (for the TS-dUMP and TS-5-
ethyl-dUMP complexes) or 2 A (for the TS-5-bromo-
dUMP complex) correspond to loops belonging to
surface regions of the protein. Among the most flexible
areas are the C-terminal residues 257-264, the loop
containing phosphate-binding Arg 21 and the region
215-222. The inner parts of the protein, including regions
participating in binding and orienting the substrate, such
as the central J helix (residues 174—192) containing Asn
177 hydrogen bonded to the pyrimidine ring of dUMP,
fluctuate less intensively, showing overall good stabilities
during the courses of simulations. The catalytic Cys 146
conforms to such a trend by undergoing regular fluctua-
tions of low intensity.

2.3. Molecular dynamics: average structures of the binary
complexes

The average structures resulting from MD simulations
are characterized by (i) backbone (N, C, CA, O) and
overall (all heavy atoms) rmsds relative to the average
structure of thymidylate synthase in the complex with
its native substrate, dUMP, and (ii) distances and other
geometric parameters describing the binding positions
of ligands with respect to the enzyme active site residues
playing known mechanistic roles. Inspection of the rmsd
values (Table 3) shows that the halogen substituents
affect the backbone and overall structures less than sub-
stituents comprising at least one carbon unit (except that
the overall rmsd for —I is slightly higher than for —-CH3).
In the case of halogens, the largest rmsds correspond to
the structures containing dUMP with either most bulky
(iodo) or most polar (fluoro) substituents. In the rest of
the series, the overall rmsds increase in parallel to
increasing bulk of substituents, whereas the backbone
rmsds increase in a slightly different order (compare
My in Table 1 as a measure of substituent bulk). Both
the backbone and overall rmsds clearly indicate the
structure of the TS-5-propyl-dUMP complex, and the
overall rmsds also, but less so, the structure of the TS—
5-ethyl-dUMP complex, as two most different structures
in the series with respect to the structure of the native
complex, TS—-dUMP. Characteristically, both 5-propyl-
dUMP and 5-ethyl-dUMP are by far the least active
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Figure 4. The backbone rmsfs per residue (A) during simulations of the TS-dUMP (black), TS-5-ethyl-dUMP (red), and TS-5-bromo-dUMP (blue)

complexes.

Table 3. The values of backbone and overall rmsds (A) relative to the
average structure of the TS-dUMP complex

Complex Substituent Backbone rmsd Overall rmsd
1 CH; 1.08 0.91
2 C,H;s 1.23 1.31
3 CsH5; 1.55 1.61
5 CH,OH 1.25 1.09
6 F 0.71 0.86
7 Cl 0.59 0.73
8 Br 0.64 0.83
9 I 0.77 0.96

inhibitors of TS in the series, meaning that departures
from the structure of the native complex have a strong
reducing effect on the affinity for TS. Here, it should
be noted that although the activity data in the present
QSAR relate to the inhibition of mammalian (L1210)
TS, corresponding data relating to inhibition of bacte-
rial (L. casei, E. coli) TSs were also reported for the
majority of the analogues from the present series.!> A
good qualitative agreement between both data sets
(mammalian and bacterial; not shown) warrants discus-
sion of the structural features of bacterial (E. coli) TS in
correlation to activities obtained with mammalian
(L1210) TS.

In the simulations, the emphasis was laid on modeling
all studied complexes as non-covalent in order to com-
pare the binding behaviors in a uniform sample and to
allow a clear interpretation of the results. Non-covalent
complexation is typical in the binary TS complexes,
although some dUMP analogues such as 5-bromo-
dUMP and 5-iodo-dUMP have been shown to form
covalent complexes.** Taking no account of the latter
effect should not affect the present results, which are
aimed at gaining a picture of the conformational and
structural changes in the enzyme ensuing from substitu-

tions at C(5) of dUMP, rather than at analyzing the
electronic and chemical changes that associate forma-
tions of covalent complexes.

The distances between the Cys 146 sulfur and pyrimi-
dine C(6) carbon atoms (which later in the process of
catalysis form a bond with each other) are similar in
the series, except for the structure of the TS-5-propyl-
dUMP complex, wherein this distance is 5.65A,
compared to 3.27-3.40 A elsewhere in the series and
3.16 A in the crystal structure of the TS—-dUMP complex
(Table 4). The angle and distance conditions are satis-
factory for the presence of hydrogen bonding between
the pyrimidine N(3)-H and O(4) groups and Asn 177,
as well as between the pyrimidine O(2) atom and Asp
169, in all average structures except that of the TS-5-
propyl-dUMP complex, wherein O(2) and the amide
nitrogen of Asp 169 are separated by a distance of
5.23 A, at which hydrogen bond cannot be formed
(Table 4). The N(3)-H-O-Asn 177 and O(4)-H-N-
Asn 177 hydrogen bonds are very important for
recognizing and orienting the molecule of substrate in
the active site of the binary complex.*#>4¢ Our results
show that this double H-bonding is strong and persists
even if the substituent at C(5) exhibits a major steric
effect, such as the propyl group.

The sugar and phosphate moieties of the ligands main-
tain well hydrogen bonding to neighboring residues in
the active site. Apart from the TS-5-propyl-dUMP com-
plex which shows no such contacts, the sugar ring is al-
ways coordinated by the hydrogen bonds formed
between the 3’-deoxyribose hydroxyl group and at least
one residue, or both residues, of the His 207-Tyr 209
diad. A single H-bonding is present in only two com-
plexes, TS—5-methyl-dUMP (dTMP) and TS-5-iodo-
dUMP, both lacking an H-bond to the hydroxyl group
of Tyr 209 (Table 4). However, the hydrogen bonds with
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Table 4. Distances (A) from dUMP C(6) to vS of catalytic Cys 146 and the presence (+) or absence (—) of hydrogen contacts to dUMP in the binary

complexes
Complex Substituent C(6)—yS distance Hydrogen contacts with
Asn 177 Asp 169 His 207 Tyr 209 Arg 21 and Arg 166"

1 CH; 3.39 + + + - +
2 C,H;s 3.27 + + + + +
3 C:H; 5.65 + - - - +
5 CH,OH 3.29 + + + + +
6 F 3.29 + + + + +
7 Cl 3.29 + + + + +
8 Br 3.40 + + + + +
9 I 3.38 + + + - +

12 H 3.28 + + + + +

Crystal H 3.16 + + + + +

#Simulations were performed for a single TS unit. Two arginines (Arg 126" and Arg 127’) contributing from the other unit to the phosphate-binding

site were not included.

His 207 and Tyr 209 are less important in orienting the
nucleotide than the hydrogen bonds with Asn 177.43¢ In
fact, dTMP and 5-iodo-dUMP show similar orientation
to other ligands in the series (apart from 5-propyl-
dUMP), which all form H-bonding with Asn 177. In
addition, a proper positioning of ligands in the active
site is maintained by strong attractive electrostatic inter-
actions, including hydrogen bonds, between the depro-
tonated phosphate moiety and two positively charged
arginines, Arg 21 and Arg 166. The phosphate is
anchored this way in all ligands in the series (Table 4).

The conformational arrangement of the ligand mole-
cules themselves is similar in the series of average struc-
tures. In particular, the bases are in the anti orientation
relative to the sugars in all ligands except the 5-propyl-
dUMP molecule, where the base is oriented syn to the
sugar. Pyrimidine nucleotides are known to significantly
prefer the anti conformation,*’ the one found also in the
crystal structure of the TS-dUMP complex. In the
TS-5-propyl-dUMP complex structure, the propyl
moiety is too big to be accommodated at the binding site
without a substantial structural rearrangement. There-
fore, the pyrimidine ring twists and adopts the syn
orientation relative to the sugar, in order to dispose
the propyl group between the indole rings of the two
tryptophanes, Trp 80 and Trp 83, pushing them further
away from each other by 1.1-1.6 A and widening the
angle between them relative to their positions in the
crystal structure of the TS-dUMP complex (Fig. 5).
This rearrangement does not disturb the hydrogen
bonding of O(4) and N(3)-H with Asn 177, but locates
the C(6) and O(2) atoms each about 2.2-2.3 A further
from the sulfur of Cys 146 and the amide nitrogen of
Asp 169, respectively, as compared to the rest of average
structures. It has a detrimental influence on the binding
of the cofactor, as will be discussed in the next section of
the paper.

2.4. Superimposing binary complexes with the ternary
TS—-dUMP-THF complex

The chemistry related to the catalytic reaction of thymi-
dylate synthase depends on proper alignment of sub-
strate and cofactor molecules in the ternary complex.
The substrate, bound to TS and properly oriented,

forms a binding surface for the cofactor. The cofactor
binds as the second in order, following substrate
binding, with the pterin ring stacked parallel to the
pyrimidine ring.*®4° In the present series of binary com-
plex structures, all ligands except one are oriented in
similar way as the native substrate, dUMP, in the crystal
complex with TS. As discussed in detail earlier in the pa-
per, an alteration to binding orientation of the nucleo-
tide and some reorganization to the structure of the
binding pocket were present in the TS-5-propyl-dUMP
complex (Fig. 5). For the rest of average structures, the
binding characteristics were largely similar, resulting in
only minor differentiation between the architectures of
the binding pockets of each complex. Nevertheless,
some protein regions adjacent to the cofactor-binding
site, such as especially the segment containing Trp 80
and Trp 83, showed structural differences to a relatively
larger extent (not shown). In our superimposition
approach, we proceed to assess with how much efficien-
cy the cofactor would bind to each binary complex in
the examined series. The latter is investigated by
addressing two main questions: How the cofactor mole-
cule aligns against each substrate analogue? How much
stabilization it gains upon the binding via favorable
hydrophobic contacts to the protein? Both issues will
be successively discussed in the following paragraphs.

The alignment of the cofactor molecule against the mol-
ecules of each C(5)-analogue of dUMP, calculated using
the superimposition approach, is illustrated by examples
presented in Figure 6. The substrate analogues can be
divided in two groups, depending on the occurrence,
or lack of occurrence, of a deviation from parallel orien-
tation between the pyrimidine (nucleotide) and pterin
(cofactor) rings. In the first group, the orientation is
completely (or almost completely) parallel, meaning a
solid stabilization of the cofactor position in the ternary
complex due to favorable stacking interactions between
both rings. The first group is represented by six com-
pounds, characterized by the presence at C(5) of hydro-
gen or substituents, such as fluoro, methyl, chloro,
hydroxymethyl, and bromo, whose steric effects corre-
spond to the My values in the range of up to 1 (see
Table 1). In the first group, distances between the pyrim-
idine and pterin rings are similar, as illustrated by a dis-
tance separating the cofactor N(5) and nucleotide C(5)
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Figure 5. Substrate binding-pocket arrangements in the binary com-
plexes, modeled, TS-5-propyl-dUMP (top) and crystal, TS-dUMP
(bottom). Carbon atoms are green, oxygen atoms are red, nitrogen
atoms are blue, phosphorus atom is violet, and sulfur atom is yellow.
Both ligands preserve the hydrogen bonding with Asn 177 (dashed
lines). The pyrimidine ring of 5-propyl-dUMP is oriented such that to
allow the propyl group at C(5) to penetrate between the indole rings of
Trp 80 and Trp 83. In comparison to dUMP, its O(2) atom lacks
hydrogen bonding to Asp 169 and its C(6) atom—proper alignment for
nucleophilic addition of Cys 146. Other binding-pocket residues and
hydrogens are omitted for clarity.

atoms (which are bonded to each other through a meth-
ylene bridge upon formation of covalent bondage
between components of the ternary complex), ranging,
in individual superimpositions, from 3.10 A to 3.36 A.
In the second group, there are the three remaining com-
pounds that contain substituents such as ethyl, propyl,
and iodo, whose steric effects correspond to the Mg
values in the range of above 1 and so are stronger
compared to the first group. According to our superim-
positions, the THF molecule binds to the TS-5-propyl-
dUMP complex differently than in the rest of models.
Resulting from the S5-propyl-dUMP molecule being
bound in an unusual orientation (see discussion in the
previous section), the THF molecule finds a most

adaptive location for binding, such that the pterin ring
is twisted about 40° relative to the pyrimidine ring and
looses part of the favorable stacking contacts to it
(Fig. 6). The pyrimidine C(5) to pterin N(5) distance is
3.97 A, with N(5) overlapping against nucleotide O(4)
rather than C(5). In the case of the TS-5-ethyl-
dUMP-THF and TS-5-iodo-dUMP-THF complex
models, stabilization to the pterin ring is affected less
severely, as alterations to the native orientation of this
ring are less detrimental and involve its relatively small
deviation from the parallel alignment with respect to
the pyrimidine ring (Fig. 6). Compared to the first
group, distances between pyrimidine C(5) and pterin
N(5) are larger and equal to 3.60 A and 3.85 A in the
models of the complexes containing 5-iodo-dUMP and
5-ethyl-dUMP, respectively. In addition, the overlap-
ping between N(5) and C(5) is poorer.

As known from crystallographic studies, apart from
overlapping with the pyrimidine ring, cofactor position
in the binding pocket is stabilized to a large extent by
numerous hydrophobic contacts made by the pterin
and PABA rings to side chains of some proximal amino
acid residues, including the following sextet: Ile 79, Trp
80, Trp 83, Leu 143, Leu 172, and Phe 176.3 To define
and compare maps of contacts made to the cofactor
in the models of each ternary complex in the series,
we plotted hydrophobic interactions involving the
THF molecule as determined by a distance cutoff of
4 A using the LIGPLOT program.® The residues,
which are engaged in interactions, are listed in Table
5. The most thorough and complete stabilization of
cofactor position was observed in the model of the ter-
nary complex involving FAUMP, where the five hydro-
phobic residues of Ile 79, Trp 80, Trp 83, Leu 172, and
Phe 176, and the base of FAUMP, form together a sym-
metric shell around the cofactor rings. From this shell,
hydrophobic contacts are made in a seemingly coopera-
tive manner to all carbon atoms of the PABA and pterin
rings (Fig. 7a). These contacts correspond very well (all
present) to cofactor contacts in the crystal structure of
the TS-FAUMP-mTHF complex (not shown). In the
crystal structure, the mTHF molecule has an additional
contact to Leu 143, which in our model is positioned
about 0.5 A further from the cofactor and slightly out-
side of the 4 A range. Other structures, showing hydro-
phobic contacts of the cofactor molecule with as much
as five residues in the binding pocket, include complexes
with dUMP and dTMP. The combination of residues
making contacts in the model of the TS-dTMP-THF
complex is the same compared to the model of the
TS-FAUMP-THF complex, whereas in the model of
the native complex, TS-dAUMP-THF, the stabilizing
contacts are provided through another (but similar)
combination of residues, including Trp 80, Trp 83,
Leu 143, Leul72, and Phe 176. The contacts in the
model reproduce quite well those present in the crystal
structure of the TS-dUMP-THF complex, except that
in crystal Leu 172 is shifted to a distance of above
4.5 A away from the cofactor. In addition, in the crystal
structure the side chain of Val 262 is closer and provides
two contacts to the cofactor, one for the PABA and the
other for the pterin ring.
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5-ethyl-dUMP

5-propyl-dUMP

Figure 6. Three modes of alignment of the cofactor, THF, with respect to dUMP or its C(5)-analogue, present in the models of the ternary
complexes: parallel (left), deviated from parallel (middle), and deviated from parallel as well as disturbed (right). The slopes of the solid lines
connecting THF N(5) and dUMP C(5) are indicative of the degree of overlapping (left and middle), or of the lack of overlapping (right), of these
atoms. The alignments shown are from the TS—-dUMP-THF (left), TS-5-ethyl-dUMP-THF (middle), and TS-5-propyl-dUMP-THF (right)
complexes. This figure and Figure 5 were prepared with the PYMOL program.>!

Table 5. Hydrophobic contacts to the PABA and pterin rings of the cofactor as evaluated using 4 A cutoff in the TS ternary complexes

Complex Substituent No. of residues contacting Residues contacting PABA and/or pterin rings
PABA and/or pterin rings

1 CH; 5 Ile 79, Trp 80, Trp 83, Leul72, Phe 176

2 C,Hs 3 Ile 79, Leul72, Phe 176

3 C;H, 5 Ile 79, Trp 80, Trp83, Leul43, Phel76

5 CH,OH 4 Ile 79, Trp80, Trp83, Phe 176

6 F 5 Ile 79, Trp 80, Trp 83, Leu 172, Phe 176

Crystal F 6 Tle 79, Trp 80, Trp 83, Leu 143, Leu 172, Phe 176

7 Cl 4 Ile 79, Trp 83, Leu 172, Phe 176

8 Br 4 Ile 79, Leu 172, Phe 176, Ala 263

9 I 3 Trp 80, Leu 172, Phe 176

12 H 5 Trp 80, Trp 83, Leu 143, Leul72, Phe 176

Crystal H 5 Trp 80, Trp 83, Leu 143, Phe 176, Val 262

The reach of stabilizing contacts to the cofactor in the
complexes containing dUMP and FAUMP looks very
reasonable, considering that dUMP is the native sub-
strate, and FAUMP—a strong mechanism-based TS
inhibitor and one of the most active dUMP analogues
in the series. On the other hand, dTMP has one of the
weakest activities in the series, but in spite of that, in
the model of the TS-dTMP-THF complex, the THF
molecule appears both well positioned for catalysis
and stabilized through contacts with protein to a level
comparable to that in the models and crystal structures
of the complexes containing dUMP and FAUMP. It was
shown that the chemical steps of catalysis, occurring
once the productive alignment of ligands and catalytic
residues is reached, involve only minor conformational
rearrangements.® Therefore, the binding of ligands in
the ternary product complex, C146S TS—-dTMP-DHF,
at the point prior to complex dissociation, was found
to closely resemble the binding in a tight ternary com-
plex formed between TS, the substrate, dUMP, and a
cofactor analogue, CB3717.52 It was proposed that TS
accomplishes the substrate/product discrimination
through a water-mediated mechanism in which the
enzyme uses a bound water molecule to disfavor binding
of dTMP.*

Except of dTMP (and excluding the least active 5-pro-
pyl-dUMP for its different mode of binding), cofactor

stabilization through hydrophobic contacts at the bind-
ing site shows a qualitative correlation with the activity
of C(5) analogues of dUMP in the TS reaction (see Ta-
bles 5 and 1, respectively). The complex models of mod-
erately active C(5) analogues, such as, in decreasing
order of activity, 5-chloro-dUMP, 5-bromo-dUMP
and 5-hydroxymethyl-dUMP, show cofactor contacts
to four hydrophobic residues each. The complex models
of the second and third least active C(5) analogues in the
series, 5-ethyl-dUMP and 5-iodo-dUMP, respectively, in
addition to a poor overlapping between the pterin
(cofactor) and pyrimidine (C(5)-analogue) rings, show
cofactor contacts to only three hydrophobic residues
each. The plot of cofactor interactions in the model of
the TS-5-iodo-dUMP-THF complex, indicating the
lack of contacts to three carbon atoms of the pterin ring,
is shown in Figure 7b.

In the model of the TS-5-propyl-dUMP-THF complex,
positions of both ligands are strongly disadvantageous
in the context of catalysis. The THF molecule contacts
five hydrophobic residues (Table 5), suggesting that it
is well stabilized at the binding site. Positioned as it is,
however, the cofactor molecule is not correctly disposed
to bind to C(5) of the pyrimidine ring of the nucleotide
(Fig. 6). Moreover, the initiation of catalysis by the
nucleophilic addition of Cys 146 to pyrimidine C(6)
appears very problematic in this model, providing that
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Figure 7. LIGPLOT drawings of THF-nucleotide and THF-protein contacts in the modeled ternary complexes, (a) TS-5-fluoro-dUMP-THF,
(b) TS-5-iodo-dUMP-THF and (c) TS-5-propyl-dUMP-THF. Hydrophobic contacts are indicated by spoked arcs. Hydrogen contacts to THF in
(c) are depicted with dashed lines. Fum 265, Tum 265 and Pru 265 denote, respectively, 5-fluoro-dUMP, 5-iodo-dUMP, and 5-propyl-dUMP.

Hydrogens are omitted for clarity.

Cys 146 is not only unusually distant from C(6) (¢f. Ta-
ble 4) but also misoriented. Its sulfur atom is located at a
hydrogen bonding distance to O(4) of the cofactor pter-
in ring, rather than facing the pyrimidine ring (Fig. 7¢).

3. Conclusions

Some of the C(5) analogues of dUMP are potent inhib-
itors of thymidylate synthase. Their potency increases
with electron-withdrawing character of the C(5) substi-
tuent and when their steric effect is smaller. Here, we
present a 2D-QSAR model quantifying this dependence
in a statistically relevant manner. We also present the
results of 3D-molecular modeling, where we study the

effect of C(5) substitution on the binding to TS of both
dUMP analogues (in the binary complex) and the cofac-
tor (in the ternary complex). We observe that the pres-
ence of C(5) substituents does not impair the binding
of dUMP analogues in the binary complex, except of
5-propyl-dUMP, which contains the largest substituent
of all studied here analogues. The consequences of vary-
ing substitution at C(5) become much more apparent
upon the binding of the cofactor to the complexes
formed between TS and each dUMP analogue. In the
model of the TS-5-propyl-dUMP-THF complex, both
the nucleotide and the cofactor are bound in a highly
unfavorable manner from the catalysis point of view,
which offers a rationale for a lack of activity of 5-pro-
pyl-dUMP as a mechanism-based inhibitor of TS.3! In
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the rest of the models of ternary complexes, the binding
of the cofactor is either (i) virtually unaltered relative to
the TS-dUMP-THF complex, or (ii) altered through a
decrease in the level of stabilization of the THF mole-
cule at the binding site, or (iii) altered as indicated in
(i1) as well as through a change in the orientation of
the THF molecule. In general, the cases (i), (ii) and
(iii) correspond to the most, medium, and least active
C(5) analogues of dUMP in that group, respectively.

Our results show that relatively small changes in the
ligand-binding characteristics may result in considerable
differences in the affinity of C(5) analogues of dUMP to
TS. In the case of substituent comprising three carbon
units (propyl), the impact of the steric effect is detrimental
to the binding to such extent that it dramatically lowers
the affinity of 5-propyl-dUMP. These data suggest that
correspondingly unfavorable binding characteristics
would occur in other cases where a substituent at C(5)
shows similar or stronger steric influence than the propyl
group. The experimental data that conform to such rea-
soning, such as low affinities for TS shown by dUMP ana-
logues with large substituents at C(5), are frequent.?6-31-34
On the other hand, among the C(5) analogues of dUMP
characterized by the presence of substituents with lower
steric effects, quite a number showed good inhibitory
activities against TS,'®293! but none, apart from
FAUMP, was as yet successful in terms of anti-TS chemo-
therapy. In view of this, and given our results, we think
that the odds for success in searching for new C(5)
analogues of dUMP that would turn out to be good mech-
anism-based inhibitors against TS and future chemother-
apeutic agents are, in general, not high. One of the
premises for such prediction is that a desired combination
of substituent size and electronic effects, that is, a signifi-
cantly lower steric effect compared to the propyl group
(necessary in view of the results of molecular modeling)
and a considerable -electron-withdrawing influence,
respectively, will not be frequent in the potential pool of
C(5) analogues with no tested affinities for TS. Neverthe-
less, we can think of a few new candidate analogues, con-
taining at C(5) substituents characterized by promising
combination of effects, such as especially nitroso (-NO),
nitrate (-ONO,), and fluorosulfonyl (-SO,F). Their pre-
dicted affinities reflected by log[1/K;™] calculated from
QSAR Eq. 1 are 3.59, 1.99, and 2.79, respectively, all
the values pointing to the possibility of a very strong inhi-
bition (compare with Table 1). Those potential dUMP
analogues and strong TS inhibitors might thus be worth
future investigation.

Recently, several newly developed approaches related to
the TS-targeted anticancer research have been reported,
such as the enzyme-catalyzed therapeutic activation
(ECTA)!-333% or approaches devising miscellaneous
FAUMP or 5-fluorouracil pro-drugs, including the one
utilizing FAUMP[N] oligodeoxynucleotides (ODNs).>>
While those approaches are beyond the scope of this
paper, they address the deficiencies in the treatment by
5-fluorouracil (see Introduction) and thus are worth to
note here as promising strategies for the research utiliz-
ing dUMP analogues as novel chemotherapeutic agents
targeted against TS.

4. Methods
4.1. QSAR

Binding affinities to thymidylate synthase of a series of
dUMP analogues, C(5)-substituted with —-CH;, —C,H3s,
7C3H7, *CHO, *CHQOH, *OH, *NOz, *F, *Cl, 7BI',
and -1, determined as K;™ values describing inhibition
of the reaction of L1210 TS-catalyzed tritium release
from [C(5)-"H]dUMP in the presence of the cofactor,
result from previous studies performed in this laborato-
ry,>1%¢ with the exception of the K™ values for 5-nitro-
dUMP and 5-formyl-dUMP that were collected from
the literature.'> No other C(5) analogues of dUMP,
for which both K; values for inhibition of L1210 TS
and established substituent parameters would exist, were
available.

A classical QSAR was developed with the BuildQSAR
program®’ using the multiple linear regression analysis.
The dependent variable was log[1/K;*"]. The databank
of physicochemical descriptors (independent variables),
supplied with BuildQSAR, was supplemented with addi-
tional parameters from the vdWaterbeemd data set*!
and then loaded to the program. The model pre-selec-
tion was performed using the genetic algorithm method
as implemented in BuildDSAR. Since the observation
number n was only 11, we opted for two-descriptor
models, in order to keep the observation/descriptor ratio
higher than 5:1, as is necessary to consider a QSAR
model statistically relevant.’® A few pre-selected models,
characterized by highest correlation coefficients r (or
goodnesses of fit %) and lowest standard deviations s,
were further analyzed, with non-collinearity and the sig-
nificance level P serving as additional selectors. The best
QSAR equation, selected in accordance with those crite-
ria, was inspected and validated using the ‘leave-one-
out’ technique (results not shown). An internal estimate
of the predicting ability of the final QSAR is given by
the goodness of prediction ¢* based on the standard er-
ror of predictions SPRESS.

The descriptors used in the QSAR equation are the mo-
lar refractivity Mg*’ and the ¢9 electronic parameter.”!
These descriptors are discussed in detail, along with
their application, elsewhere.>**° Briefly, My is a mea-
sure of overall bulk and polarizability; it can be used
for a substituent or for the whole molecule. The o)
parameter is a Hammett para substituent constant
reported in the unified sigma-zero scale by Sjostrom
and Wold (SW). The SW scale is the result of statistical
processing of data for a large number of different
reaction series, thus being of a general nature, that is,
not referred to a particular system.

4.2. Molecular dynamics (MD)

Simulations were initiated from the crystallographic
structure of the binary complex of Escherichia coli TS
with dUMP (reference code 1bid)*¢ from the Protein
Data Bank. Crystallographic waters were discarded.
Hydrogen atom positions were generated with the
LEAP module of the AMBER 6.0 molecular modeling
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software package.®' The phosphate group of dUMP was
kept fully deprotonated. Its charge of —2 was counter-
balanced by two +1 charges placed on the arginine res-
idues (Arg 21 and Arg 166) hydrogen-bonded to the
phosphate. The following groups, -H, -CHj3, —C,Hs5,
-Cs3H,;, -CH,OH, -F, —Cl, -Br, and -1, were inserted
at C(5) of dUMP, resulting in the 9 systems for MD sim-
ulations. Each system was solvated in a cubic box of
TIP3P water molecules® extended up to 9 A away from
the solute, which resulted in 28574-28607 molecules per
simulation (dependent on the system). Eleven sodium
counterions were added per system to neutralize the
net charge of the protein.

All systems were energy-minimized using the mixed
steepest-descent and conjugate-gradient minimization
procedures, and then gradually heated to 300 K in three
7ps intervals (0K — 100K, 100K — 200K, and
200 K — 300 K). Next, MD equilibrations at 300 K
for 99 ps, followed by data production runs for
1000 ps, were carried out.

All simulations were performed using the SANDER
module of AMBER. The Cornell et al.®? all-atom force
field parameters and charges were used. Simulations
were performed in the NpT ensemble with a constant
temperature of 300 K and a constant pressure of
1 atm. The temperature and pressure coupling parame-
ters were both 1 ps. Periodic boundary conditions and
an atom-based cutoff of 8 A for non-bonded van der
Waals interactions were applied. The long-range electro-
static interactions were calculated using the particle-
mesh Ewald (PME) procedure.®*® A 1fs time step
and the SHAKE algorithm® to constrain bonds to
hydrogen atoms were used. A total of 1000 snapshots
were saved during each data production run, one snap-
shot per each 1 ps of molecular dynamics simulation.

Missing force field parameters for the dUMP analogues
were obtained using available crystallographic data and
by performing additional ab initio RHF/6-31G* geome-
try optimizations using the Gaussian98 program.®’ The
partial atomic charges for the dUMP analogues were
derived from electrostatic potentials, calculated at the
RHF/6-31G* theory level, using restrained electrostatic
potential (RESP) fitting method.®®* The RESP charges,
the additional force field parameters as well as force field
atom type assignment for the dUMP analogues used in
this work are available from the authors upon request.

4.3. Analysis and post-processing of the data from MD
trajectories

A Dbasic statistical analysis of the MD trajectories was
performed with the ptraj module of AMBER. Root-
mean-square-deviations (rmsds) were calculated to as-
sess the conformational stability during the simulation
courses. The conformational flexibility was analyzed in
terms of root-mean-square-fluctuations (rmsfs). Com-
puting the average structures from simulations was per-
formed in two steps. First, water and counterions were
stripped and the positions of remaining atoms in the
structure were time-averaged over the 1000 ps of the

data production run. Second, the average coordinates
were briefly minimized with SANDER to ensure a rea-
sonable local geometry. Once computed, each average
structure was (i) analyzed using a visual inspection,
and (ii) superimposed by the least-squares fitting to
the crystal structure of the ternary complex of E. coli
TS with dUMP and THF (PDB reference code:
1kzi).3® Each superimposition was performed over skel-
etal atoms of the pyrimidine ring using the DS Visual-
izer program.’® The cofactor-binding site residues in
the average structure from MD simulation and the
molecule of THF from the crystal structure were opti-
mized (using a fast, Dreiding-like force field as imple-
mented in DS Visualizer) to allow a correlated
reorientation and relieve minor steric clashes. The
superimpositions were then inspected with emphasis
on the binding of THF against each C(5)-analogue of
dUMP. Here it should be noted that the superimposi-
tion approach used in this work capitalizes on a proven
similarity between the binding modes of dUMP in the
binary and ternary TS complexes,”’ as well as on a
nearly identical binding to E. coli TS of the molecules
of THF (Fig. 2) and the cofactor mTHF?® (differing
from THF by the presence of a five-membered ring
closed via a methylene carbon bonded to N(10) and
N(5)).
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