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In order to explain different activities shown by 5-hydroxy-dUMP (substrate) and its close
analogue 5-hydroxymethyl-dUMP (slow-binding inhibitor) in the reaction catalyzed by thymidy-
late synthase, studies have been undertaken involving (i) ab initio RHF simulations, (ii) compara-
tive analysis of crystallographic structures available from CSD, and (iii) QSAR analysis of
experimental results describing thymidylate synthase interaction with various 5-substituted
dUMP analogues. Assuming substrate activity of 5-hydroxy-dUMP to be associated with proton
release from the C(5) hydroxyl in the enzyme-catalyzed reaction, acidities of 5-hydroxy and
5-hydroxymethyl substituents in dUMP molecule were compared. The results indicate the 5-
hydroxyl deprotonation to be easier and supported by resonance electronic effect, pointing to
a probable mechanism of different activities of the two dUMP analogues in thymidylate
synthase reaction. The possibility is discussed that 5-mercapto-dUMP and 5-hydroseleno-dUMP,
previously assumed to be inhibitors, could be also substrates for thymidylate synthase, as the
5-mercaptyl and 5-hydroselenidyl appear to be deprotonated even more easily than the 5-
hydroxyl. q 2000 Academic Press
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INTRODUCTION

Thymidylate synthase (EC 2.1.1.45), a target enzyme in chemotherapy, catalyzes
N5,10-methylenetetrahydrofolate (CH2H4PteGlu)-dependent methylation of dUMP
C(5). Thymidylate and dihydrofolate are the reaction products (1). Our recently
published results indicated a new substrate analogue, 5-hydroxy-dUMP (oh5dUMP),
to be a substrate, as reflected by N5,10-methylenetetrahydrofolate consumption indi-
cated by results of spectrophotometric monitoring of the reaction (2). It was very
slowly (some 20-fold slower than dUMP) processed but well recognized by the
enzyme, with a K app

i value, reflecting oh5dUMP competition with [5-3H]dUMP, in
the range of the Km value for dUMP. In contrast, a product analogue, 5-hydroxymethyl-
dUMP (hm5dUMP), behaved as a slow-binding inhibitor, exhibiting, in the presence
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of CH2H4PteGlu, time-dependent inactivation of the enzyme (2). In an attempt to
appreciate the mechanism of different influences of the C(5)–OH and C(5)–CH2OH
substituents on the interaction with thymidylate synthase, we directed our attention
to the C(5) proton release from the pyrimidine moiety, one of the key steps in a
thymidylate synthase-catalyzed reaction (3). Assuming the reaction with oh5dUMP
to involve proton release from the C(5) hydroxyl, molecular modeling RHF studies,
analysis of available structural data, and QSAR studies were undertaken, aimed at
comparison of acidities of 5-hydroxy and 5-hydroxymethyl substituents. Besides
considering a possibility that previously described 5-mercapto-dUMP (4) and 5-
hydroseleno-dUMP (5) could be enzyme substrates, the molecular modeling RHF
studies have been extended in order to assess deprotonation of the 5-mercaptyl and
5-hydroselenidyl substituents.

RESULTS

Ab Initio RHF

The ab initio RHF/6-31G** calculations were performed for the neutral and anionic
(deprotonated) forms of 1-methyl-5-hydroxy (-mercapto; -hydroseleno)-5-
aminomethyl-6-thiomethyl-5,6-dihydro-uracil (H, SH, or SeH, respectively) and 1-
methyl-5-hydroxymethyl-5-aminomethyl-6-thiomethyl-5,6-dihydrouracil (HM) mod-
els of 5-hydroxy-dUMP (5-mercapto-dUMP; 5-hydroseleno-dUMP) and 5-hydroxy-
methyl-dUMP in ternary complexes with thymidylate synthase and CH2H4PteGlu
(Fig. 1). For comparison, neutral and anionic forms of methanol, phenol, and benzyl
alcohol were also considered. The total molecular energy differences (calculated for
the molecular geometries optimized for all geometrical parameters) between anionic
and neutral forms of H (2374.5 kcal/mol) and HM (2383.6 kcal/mol) showed the
hypothetical deprotonation of the C(5) hydroxyl in H to be reminiscent of that of
phenol (2373.9 kcal/mol) and to be easier than deprotonation of HM (2383.6 kcal/
mol) or still less acidic, benzyl alcohol (2396.9 kcal/mol) and methanol (2412.4
kcal/mol) (Table 1). On the other hand deprotonation of both the C(5) mercaptyl in
SH (2348.9 kcal/mol) and the C(5) hydroselenidyl in SeH (2347.8 kcal/mol) was
much easier than deprotonation of H (Table 1).

Structural Data from CSD

The comparative analysis was made of crystallographic structures (available from
Cambridge Structural Database (CSD), all solved at high precision, as indicated by
AS1 flag (6)), of 5-substituted analogues of uridine and 28-deoxyuridine, including
5-hydroxyuridine (7), 5-methoxyuridine (8), 5-hydroxymethyl-28-deoxyuridine (9),
and 5-methoxymethyl-28-deoxyuridine (10), modeling the corresponding analogues
of dUMP. In 5-hydroxy-uridine, and its close analogue 5-methoxy-uridine, an influence
of the resonance between the valence p electrons of O(5) and the pyrimidine ring
(Fig. 2) is reflected by a considerably shorter C(5)–O(5) bond (1.359 and 1.358 Å,
respectively) than C(7)–O(7) bond in the –CH2OH group of 5-hydroxymethyl-28-
deoxyuridine (for two sites of O(7): 1.407 and 1.395 Å), as well as C(7)–O(7) in the
–CH2OCH3 group of 5-methoxymethyl-28-deoxyuridine (1.438 Å). The last two
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FIG. 1. The top row shows modeling of nucleophilic attack (SCH(2)
3 simulating cysteine residue in

thymidylate synthase active center) on the substrate analogue (5R-1-methyluracil, 5R 5 OH, CH2OH,
SH, or SeH, simulating oh5dUMP, hm5dUMP, sh5dUMP, or seh5dUMP, respectively). The second row
corresponds to cofactor attachment at C(5), modeled by the methyleneimine cation reaction with the
incipient enolate of the former reaction. The bottom two rows represent the proton release from model
ternary complexes with 5R 5 OH, CH2OH, SH, and SeH.

substituents cannot induce the resonance because of the screening by the –CH2–
group; therefore both C(7)–O(7) bonds may be considered strictly single. The C(5)–

O(5) bond in each of the former two structures is by confrontation partly double.
Figure 3 shows 12 possible resonance structures of the uracil ring in 5-hydroxyuridine
(oh5Urd), between them those (printed bold) with the C(5) and O(5) connected by
double bonds and with a single positive charge on the hydroxylic O(5). The structures
in the latter group tend obviously to promote dissociation of the proton from the
hydroxylic group. Their total contribution to the hybrid of all possible resonance
structures amounts to 27.7%, as estimated by the HOSE (harmonic oscillator stabiliza-
tion energy) method (11).
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TABLE 1

The Total Molecular Energies, E (in hartrees), and the Anion-Neutral Form Energy Differences,
DE (in kcal mol21), of Methanol, Phenol, Benzyl Alcohol, (H), (HM), (SH), and

(SeH) Molecular Complexes

E (neutral form) E (anion) DE

Methanol 2115.046710 2114.389538 2412.4
Phenol 2305.573755 2304.977959 2373.9
Benzyl alcohol 2344.603136 2343.970556 2396.9
5-OH model (H) 21058.150473 21057.553710 2374.5
5-CH2OH model (HM) 21097.181871 21096.570552 2383.6
5-SH model (SH) 21380.792335 21380.236289 2348.9
5-SeH model (SeH) 23380.867806 23380.313591 2347.8

Note. 1 hartree 5 627.5 kcal mol21.

Quantitative Structure–Activity Relationship (QSAR)

A QSAR study was made of the data describing thymidylate synthase interaction
with various 5-substituted dUMP analogues. All of the analogues, 5-substituted with
–F, –Cl, –Br, –I, –OH, –CH2OH, –CH3, –C2H5, and –C3H7, had been previously
tested as inhibitors of L1210 thymidylate synthase-catalyzed tritium release from
[5-3H]dUMP and the corresponding K app

i values were determined (as 0.02 (12); 0.3,
1.53, 7.68 (unpublished); 3.2, 3.7 (2); 12.5, 35.6, 122 (13), respectively, all values
in mM). A model has been designed where the dependent variable was activity of
interaction with TS, in the form of log(1/Kapp

i ), whereas the independent variables
were the parameters from the vdWaterbeemd data set (source: substituent descriptors
compiled by Dr. H. van de Waterbeemd, including disjoint principal properties DPPs,
www.pharma.ethz.ch/qsar/datasets/vdw1.html) describing the electronic (inductive
Fnew and resonance Rnew constants), steric (Taft’s Es parameter), and hydrophobic
(n-octanol/water pAR partition coefficient) influences of the substituents (14). The
data representing all variables were sampled from the Gaussian population. The
number of observations was not very high (9), but the data were collected under fully
reproducible experimental conditions to reduce nonsystematic errors. The multiple
regression analysis was performed using GraphPad InStat version 3.01 for Windows

FIG. 2. Structures of 5-hydroxy/methoxyuridine and 5-hydroxymethyl/methoxymethyl 28-deoxyuridine.
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FIG. 3. Full set of resonance structures of the uracil ring in oh5Urd. Structures tending to promote
dissociation of the proton from the hydroxylic group are shown in bold (6,9–12).

95 (GraphPad Software, San Diego, CA, www.graphpad.com). The variables made
a significant contribution, with the exception of the pAR parameter, as was reflected
by its high local P value. In addition, a high variance inflation factor of the pAR

indicated that multicollinearity might be a problem. After exclusion of pAR, that
problem was no longer observed in the sample. Finally, the best fit to the model
showed the equation

log(1/Ki) 5 0.70 Fnew 1 1.31 Rnew 2 3.31 Es 2 0.64. [1]

The final model has a very good statistical basis, as indicated by the following
parameters (Fig. 4):

coefficient of determination R2 5 99.67%;
adjusted R2 5 99.48%;
multiple R 5 99.84%;
F value 5 506.3;
P value , 0.0001.

The activity (log(1/K app
i )) of the investigated systems can be estimated with the

help of the electronic (inductive and resonance) and steric effects of the 5-substituents,
but does not depend on the hydrophobic properties. Surprisingly, the oh5dUMP system
is only slightly more active (K app

i 5 3.2 mM) than hm5 dUMP (K app
i 5 3.7 mM),

despite the smaller size (Es 5 20.69 for –OH and 20.03 for –CH2OH) and pretty
strong electronoaccepting inductive effect of the –OH group (Fnew 5 0.46 for –OH
and 0 for –CH2OH), with both effects (steric and inductive) increasing the predicted
activity of oh5dUMP (see Eq. [1]). The observed equalization of both activities may
apparently be explained by the resonance effect of the –OH group (Rnew 5 21.89
for –OH and 0 for –CH2OH), tending to decrease activity of oh5dUMP (see Eq. [1])
and, at the same time, supporting dissociation of the C(5)–hydroxyl proton.
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FIG. 4. Contributions of the terms constituting Eq. [1] to the calculated log(1/K app
i ) values. The

log(1/K app
i ) calculated from the QSAR model (20.50 for oh5dUMP and 20.54 for hm5dUMP) are in

good agreement with the experimentally observed log(1/K app
i ) values (20.51 and 20.57, respectively).

DISCUSSION

Results of ab initio RHF simulations and structural data analysis indicate different
activities of oh5dUMP (substrate) and hm5dUMP (slow-binding inhibitor) in thymidy-
late synthase reaction to be correlated with different acidities of the 5-hydroxy and
5-hydroxymethyl groups, with the 5-hydroxyl being more easily deprotonated or its
proton more easily abstracted. Deprotonation of the 5-hydroxyl appears to be supported
by its resonance electronic effect, as reflected by QSAR. In accord with such an
explanation, there exists an experimental evidence of deprotonation of 5-hydroxyl of
pyrimidine nucleoside analogues. The ultraviolet absorption spectra of 5-hydroxy-
uridine (oh5Urd) and 5-hydroxy-28-deoxyuridine (oh5dUrd) at various pH values
showed in aqueous solutions bathochromic shifts caused by the C(5)–OH proton
dissociation, described by the pKa values of 7.83 for oh5Urd and 5.95–8.6 for oh5dUrd
(15). If an easy deprotonation of the 5-hydroxyl group in thymidylate synthase-
catalyzed reaction is the cause of the substrate activity of oh5dUMP, substrate activity
may be expected to be demonstrated also by other 5-substituted derivatives of dUMP
with similar substituents, such as –SH or –SeH, which at physiological pH and under
conditions of the reaction would release their own protons at least as easily as
oh5dUMP. The ab initio RHF results indicate such a trend: the C(5) mercaptyl in 5-
mercapto-dUMP and c(5) hydroselenidyl in 5-hydroseleno-dUMP are even more
easily deprotonated in thymidylate synthase reaction than C(5) hydroxyl in 5-hydroxy-
dUMP. Moreover, there exists an experimental evidence of easy deprotonation of 5-
mercaptyl, with a pKa value of 5.34, measured for 5-mercapto-dUMP at physiological
pH in aqueous solution (4). The latter nucleotide has been shown to be a classic (not
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a slow-binding) inhibitor of thymidylate synthase-catalyzed reactions, competitive
with respect to dUMP, with Ki in the range of 1028 M (4). It should be noted that
the authors tested potential time dependence of the inhibition, apparently expecting
this dUMP analogue to be a mechanism-based, slow-binding inhibitor. Substrate
activity of 5-mercapto-dUMP has not been considered but in view of our results with
5-hydroxy-dUMP, and considering the acidity of 5-mercaptyl (Table 1; cf. Ref. (4)),
it appears to be quite probable. The same may be true for 5-hydroseleno-dUMP,
showing similar inhibitory potential toward thymidylate synthase-catalyzed reactions
(5) and acidity (Table 1; cf. Ref. (5)) of the substituent at C(5) similar to those of 5-
mercapto-dUMP.

ACKNOWLEDGMENTS
Supported by the State Committee for Scientific Research, Grant 4P05F 030 11 p02. The authors are

indebted to Prof. T. Kulikowski for his valuable assistance with projecting the QSAR calculations.

REFERENCES
1. Carreras, C. W., and Santi, D. V. (1995) Annu. Rev. Biochem. 64, 721–762.
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