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Thymidylate synthase is a target enzyme in anticancer, antiviral, antifungal and
antiprotozoan chemotherapy. With two dUMP analogues, 5-fluoro-dUMP (FAUMP)
and 5-(trifluoromethyl)-dUMP (CF3dUMP), strong thymidylate synthase inhibitors
and active forms of drugs, the inhibition mechanism is based on the reaction
mechanism. Recent comparative studies of new dUMP analogues, containing more
than one substituent in the pyrimidine ring, showed that substitution of the
pyrimidine ring Cin=0 group in FAUMP by either Ciy=N-OH group (in
N"-h}rdmx}r-FdCMF] or Ci4)=5 group (in 4-thio-FAUMP) preserves high inhibitory
potency of the drug but may alter its specificity for thymidylate synthases from various
sources, which differ in sensitivity to slow-binding inhibition by FAUMP.
Informations suggesting mechanisms responsible for the foregoing have been

reviewed, including results of molecular modeling studies suggestizg interaction of

the pyrimidine Ciy=0 group, or its modification, with the

Thymidylate synthase (EC 2.1.1.45) catalyzes
the C(5) methylation of 2"-deoxyuridylate
(dUMP) in a concerted transfer and reduction
of the one-carbon group (at the aldehyde oxi-
dation level) of "m-methylenetetrahydmfo—
late, with concomitant production of dihydro-
folate and thymidylate. In vivo folate cofactor
and product of the reaction are usually in their
y-oligoglutamate forms, preventing transport
through the cell membrane [1, 2]. As the sole de
novo source of thymidylate synthesis in cells,
the enzyme is a target in anticancer, antiviral,
antifungal and antiprotozoan chemotherapy

A n—methylene-

[3-7]. Two dUMP analogues, 5-fluoro-dUMP
(FAUMP) and 5-(trifluoromethyl)-dUMP
(CF3dUMP), strong thymidylate synthase in-
hibitors, are active forms of drugs used in che-
motherapy, such as 5-fluorouracil, 5-fluoro-
2'-deoxyuridine and 5-fluorocytosine, and 5-
(trifluoromethyl)-2"-deoxyuridine. With both
inhibitors the inhibition mechanism is based on
the reaction mechanism, and in order to under-
stand the former, it is essential to elucidate the
latter.

The essential step of thymidylate synthase
catalysis involves formation of a ternary sub-

“Supported by the State Committee for Scientific Research (Grants No. 6 6253 92 03p/02 and

0914/P3/94/06).

Abbreviations: MEP, molecular electrostatic potential; RHF, restricted Hartree-Fock calculations.
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strate-enzyme-cofactor molecular complex
which splits, after some bond rearrangement,
into the product, thymidylate (dTMP), dihy-
drofolate and enzyme (Scheme 1), Thymidyvlate
synthase activates dUMP by nucleophilic at-
tack, at Cig) of the pyrimidine, by the cysteine
residue present in the enzyme active center. At
this step the negative charge of cysteine residue
is delocalized, probably towards the C4,=0 of
dUMP, forming the corresponding enolate
anion, the Cys) position of which is thought to
become strongly nucleophilic. The latter facili-
tates a consecutive attack of the methylene
residue, in the form of the iminium ion, result-
ing from opening of the imidazolidine ring of
the cofactor. This leads to formation of the co-
valent intermediate, ternary complex of the
enzyme with substrate and cofactor. Next, the
Ci5; hydrogen dissociates, as proton, from
dUMP pyrimidine ring, with concomitant B-
elimination of tetrahydrofolate, still remaining

bound in the active center. The latter enables
hydride transfer from the pteridine Cig, result-
ing in reduction of the pyrimidine Cis) methy-
lene group to a methyl one. The reaction is
completed by regeneration of the pyrimidine
5,6 double bond, with concomitant elimination
of the cofactor to form dTMP and enzyme (re-
viewed in [8-10]).

Most of the dUMP analogues that are good
inhibitors of thymidylate synthase, involve an
electron-withdrawing substituent at the pyri-
midine Cgsy (reviewed in [11-13]). The most
prominent examples are the already mentioned
FAUMP and CF3dUMP (Scheme 2).

Inhibition of thymidylate synthase by FEdUMP
involves time-dependent formation of a ter-
nary covalently bnund EﬂmplE‘X of the enzyme
with FAUMP and N>' —math}rlenetetrah}rdm—
folate, in a reaction similar to that involving
dUMP. However, at this step the reaction stops,
as the C5) fluorine atom fails to dissociate (due
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Scheme 1. Mechanism of the reaction catalyzed by thymudylate synthase.
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to the strength of the C-F bond). This results in
a slowly reversible enzyme inactivation.
Thymidylate synthase inactivation is caused
also by CF3dUMP but the inhibitor binds to the
enzyme in the absence of N w-methylenetetra-
hydrofolate. The nucleophile cysteine attack, at
C g of the pyrimidine, by cysteine residue leads
to activation of the trifluoromethyl group and
release of fluoride ion, followed by reaction of
the resulting Ci5=CF, group with a nucleo-
phile (tyrosine residue) of the enzyme, forming
a covalent complex [14].

A rare example of a dUMP analogue that is
Ciyy-substituted and, nevertheless, a strong
thymidylate synthase inhibitor, is N‘J’—hydmx}h
2'-deoxycytidine-5-monophosphate (N'-OH-
dCMP; Scheme 2). Like FAUMP, it inactivates
the enzyme via time-dependent formation of a
ternary covalently bound complex with thymi-
dylate synthase and N*'%-methylenetetrahy-
drofolate [15, 16]. However, unlike with
FAUMTP, this mechanism-based process is ar-
rested at some step prior to abstraction of the
Cys5) hydrogen [17].

Recently, in search of potent and selective
thymidylate synthase inhibitors, several new
dUMP analogues, containing more than one
substituent in the pyrimidine ring, including
N*-hydroxy-5-fluoro-2'-deoxycytidine-5-mo-
nophosphate (N*-OH-FACMP), 2-thio-FAUMP,
4-thio-FAUMP, 24-dithio-FAUMP and 2A4-di-
thio-dUMP were tested (Scheme 3). Com-
parative studies showed that substitutionof the

Ci4)=5 group (in 4-thio-FdUMP) preserves high
inhibitory potency of the drug but may alter its
specificity for thymidylate synthases from vari-
ous sources, which differ in sensitivity to slow-
binding, inhibition by FAUMP (Table 1). This
phenomenon seems to be due to some interplay
between the substituents at C(4yand C(s) in their
interaction with the enzyme [17, 18]. An addi-
tional support for this interpretation comes
from the finding that specificity of 2-thio-
FAUMP for inactivation of thymidylate syn-
thases (Table 1) paralleled that of FAUMP [18,
19].

All three FAUMP analogues inactivate the
enzyme in time- and N> -methylenetetrahy-
drofolate-dependent manner. However, al-
though in all three cases the inactivation
mechanisms are apparently based on the reac-
tion mechanism, they are not necessarily ident-
ical. Enzyme inactivation by either
2-thio-FdUMP or 4-thio-FAUMP seems to be
due to the presence of the 5-fluoro substituent,
since both 2-thio-dUMP and 4-thio-dUMP be-
have as thymidylate synthase substrates [19,
20)]. Thus, although neither 2-thio nor 4-thio
substituent in FAUMP molecule appears to in-
fluence the inactivation mechanism, only the
latter influences its selectivity.

In N*-OH-FACMP molecule, the Ci4=N-OH
substituent is probably the cause of inactiva-
tion, and the 5-fluoro substituent potentiates
this process [17]. To explain the latter phenome-
non, pointing clearly to an interplay between

pyrimidine ring Ci4)=0 group in FAUMP by  the Ci4)=N-OH and C5-F substituents, an in-
either C(4y=N-OH group (in N*-OH-FACMP)or  tramolecular hydrogen bonding N*-O-H - F-
2
H,0,F0— i e
OH
FAUMP
NHOH 0
(1 "L
| I
H,0,P 0 4 Hzo,row
OH OH
NOH-dCMP §-CF dUMP

Scheme 2. Structures of FAUMP, 5-trifluoromethyl-dUMP and N‘}-hydmxyad{:MP.
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Scheme 3. Structures of dAUMP, FAUMP and their 2- andjor 4-substituted analogues.

C(sywas hypothesized, influencing anassumed  found to be the only inhibitory form [17]. How-
syn-anti, relative to N(3), equilibrium of rota-  ever, results of ab initio quantum mechanical
mers around the C(4-N" bond (Scheme 4), and  calculations brought such a mechanism into
resulting in stabilization of the rare speciesanti,  question [21]. Thus, an interplay between the

Table 1
Parameters of interaction of thymidylate synthases from different sources with dUMP, FAUMPand
FdUMP analogues [17-19, 24, 32].

L = |

Em | Kj (slow binding) (nM) ]

Enzyme source Wit I T = 1

for | Fdump | 2Thio- | 4-Thio- | N-OH- | N.-OH- 1

dUMP | | FdUMP | FdUMP | dCMP FACMP |

Mouse : | I I !

Ehrlich carcinoma { 13 1 55 79 60 ! 50 20 |
L1210 | 26 | 13 a1 1 63 73 |
L1210 FdUrd-resistant | 2.5 120 297 | 14 8 | 9
' Thymus .42 26 | i *
Rat ' : | : | :

] ] .

Colon tumour K-12 32 | 120 | 400 : _
Lﬁggeneraﬁng liver I 34 i 10 f Hd B5() | 890 i 50 i
l Man i ' : 1
| Colon tumour HCT-8cells | 28 | 130 140 i 1
|Leukemia CCRF-CEM cells, 23 | £ 1 180 ' |
i Tapeworm ! | i
| Hymenolepis diniinuta | 54 | 114 632 | 910 920 5. |
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Schenie 4. Amino-imino and syn-anti equilibria for
N*-OH-FACMP and hypothetical stabilization of
the syn rotamers by intramolecular hydrogen bond-
ing [15].

Ci4y=N-OH and Cs5)-F, as well as between the
Ci4=5 and C5)-F groups, seems to be due to
alteration in the pyrimidine C4) region rather
than to some intramolecular bonding,.

It should be noted that a crucial role has been
ascribed to dUMP Cy4=0 and a non-dissoci-
ated Ny3)-H groups of the pyrimidine moiety in
the specificity of enzyme binding, via an active
center asparagine residue and anordered water
molecule [22, 23]. This phenomenon, resulting
in the discrimination by thymidylate synthase
active center between dUMP and dCMP, with
the asparagine residue proposed to stabilize, by
hydrogen bnnd:ng. the partial negative charge
developed on O" of covalently bound dUMP
[8], has been suggested to be mechanism-based
[22]. Since strong mechanism-based inactiva-
tion by FAUMP or 4-thio-FAUMP of thymidy-
late synthase has been shown to depend on a

non-dissociated Ni3-H group [24], the active
center asparagine appears to be involved in the
interaction (cf. Scheme 5). The same is probably
true for N*-OH-FACMP and N*-OH-dCMP, as
(i) the most stable appear to be their imino
forms ([21] and references therein), with a non-
dissociated N¢3-H and Cy4j=N-OH (imitating
the C(4)=0) groups (Scheme 4); (ii) comparison
of thymidylate synthase inactivation by
OH-dCMP and dCMP showed a lack of activity
of the latter [17], indicating again a strong de-
mand for the structure involving N3-H and
Cgy=N- groups; and (iii) thymidylate synthase
slow-binding inhibition by FACMP [25] and
2-thio-FACMP (unpublished), both involving
-Ni3=C4)(-NH3)- structure, was about 10*-fold
weaker than by NYOH-FdCMP [17], involving
-N3)(-H)-Cyyy(=N-OH)- structure. Hence, sub-
stitution in FAUMP (or dUMP) of the pyri-
midine C4=0 with a substituent preserving
the non-dissociated N3)-H group, and capable
of serving as hydrogen acceptor in a hydrogen
bond, might hinder pyrimidine recognition by
thymidylate synthase, sensitizing it to vari-
ations of nonconservative amino-acid resi-
due(s) in the enzyme active center.

The latter explanation is supported, at least in
case of the Ci4)=S substitution, by the results
presenting the Molecular Electrostatic Poten-
tial (MEP) for the optimized molecular struc-
tures, calculated with the ab initio RHF /6-31G**
method for a rectangular mesh of 51 x 51 grid
points separated by 0.2 A. One mesh belonged
to the molecular plane and the other one was
located 1.6 A above the plane. In Table 2 se-
lected MEP values were gathered for the grid
points located 1.6 A strictly above the C(s) and
below (or above) the C, carbon atoms of the
pyrimidine ring. The minimal MEP values in
the vicinity (within the sphere of 3.0 A) of the Y
atom (Y = O, 5, N) at the Cyy and the position
of the bottom of the MEP well were added ( Leé,

H His-H" H His-H* H HisH"
| : [ . -
N 0. N
~H. K TH R O r-'/ “H. ,.H’é\H
tAsnl—C ‘o (Asn)=—C or (Asn— o
B % CHyH,PteGlu % F
HN £ a R 2 “HN CHy HyPteGiu
o T _"SEnz T S-Enz H
A R R

Scheme 5. Possible involvement of the active center asparagine in thymidylate synthase inactivation by

FAUMP (R = 2-deoxyribose-5'-phosphate).
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A., unpublished). Positive MEP values below
the C4) carbon facilitate the nucleophilic attack
of the negatively charged cysteine residue. Ne-
gative MEP values in the vicinity of the Y atom
suggest an increased tendency to stabilize the
incipient enolate anion that is thought to be
formed just after cysteine addition to the Cy,
atom. Weakly positive or negative MEF values
above the C5) carbon facilitate the electrophilic
attack of the incipient iminium ion resulting
from opening of the imidazolidine ring of
N:"In-meth}rlenetetrah}rdmfnlate {(Scheme 1}
The 4-thio-substituted (but not 2-thio-sub-
stituted) derivatives of either 1-methyl-uracil
or its 5-fluoro congener, models of 4-thio-sub-
stituted derivatives of either dUMP or FdUMP,
appear to show impaired filness into the net-
work of hydrogen bonds in the enzyme active
center cleft not only due to its excessive mole-
cular volume but also due to reduction of elec-
tron density in interaction regions (distant
shallow MEP well). However, the same does
not seem to apply to the 4-hydroxyimino sub-
stituent, affecting MEP values around the Cs,
and Cig) rather than around Cgyy (Table 2).

An additional suggestion, concerning partici-
pation of the pyrimidine Cyy=0 group, or its
modification, in thymidylate synthase reaction,
is provided by initial results of molecular
modeling studies on a possible influence of the
N methylenetetrahydrofolate Nijgy on this

reaction (Les, A., unpublished). The quantum
mechanical ab initio Restricted Hartree Fock
(RHF/3-21G) calculations have been per-
formed for a series of model compounds that
mimic the essential building blocks of the ter-
nary complex. The molecular geometry par-
ameters (bond lengths, bond angles and
tetrahedral angles) were varied until the mini-
mal total energy was obtained. The Gaussian 92
code was used in the geometry optimization.

Preliminary results were obtained for neutral
systems modeling three possible reaction paths
that can occur when the imidazolidine ring of
the cofactor is opened and the incipient methy]
group is attached to the C5) carbon atom of the
dUMP pyrimidine ring (Scheme 6). The theore-
tically predicted energy difference between the
A and C products is estimated to be some 10
keal - mol ™, in favour of A. The product of
reaction B is highly energetic and should not
compete with the two others. An interesting
conclusion that emerges from the above theore-
tical studies is that the OH-group can block the
N(;0) nitrogen atom of the cofactor making im-
possible the Ci5, hydrogen abstraction.

A more detailed study of this situation was
performed for another model system simulat-
ing the involvement of the N’"-h}rdmxy-dCMP
(Scheme 7). The ionized (deprotonated) cys-
teine residue of thymidylate synthase active
center was modeled by the thiomethyl anion

Table 2
Molecular electrostatic potentials (in 107 atomic units®) of several 1-methyl-uracil analogues,
substituted at C(z), C(s) and C(5) with Rz, R4 and Rs, respectively

| .

| it

MEP i Distance | MEP MEP |
Rz R4 Rs | in—%]ane"' | fromY*® above C5) | below Cig) |
i | (10”2 | (&) {lu'3a.ug) | 100D 5
i o | o H o -9 | 119 s ' |
o | 5 . H | < | 17 8 | 36 |
5 | 0 H , -85 | 125 B | 39 .
S | S H | -58 | 170 19 | 45 J
I o | o F | -8 | 118 27 | 35
0 | 5 F o 10 n . 1|
S i o] . F ; -79 ; 1.28 | 39 | 45 {
5 | S @ F ' -58 : 1.84 . 41 ; 52
0 | NOH | H -86 | 134 | - 18 !
0 N-OH | F 75 12 | 17 | 2 |

"MEP in-plane denotes the bottom of the MEP well found in the vicinity (sphere of 3.0 A radius) of Y, at the distance

pbresented in the next column.
107 atomic unit = 0.6275 keal - mol™ = 0.027211 eV,

%Y denates O, 5, or N atoms in Ciy=0, Ciy=5 and Cig=~-OH residues, respectively.
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Scheme 6. Models of possible
(A, B, and C) reaction channels
in the course of ternary complex

{S-CH;.;}‘_}. The resulting molecular anion is
stable during the optimization of the geometry.
The most interesting feature of the system is the
strong intramolecular N-OH - Ny hy-
drogen bond. The theoretical caleulations sug-
gest that the hydrogen atom can reside almost
in the middle of the Nioxime)-N;y distance.
The estimated energy output of some +15
keal - mol™! suggests that the formation of such
a ternary complex should be a weakly en-
dothermic reaction. However, such an energy
loss can easily be recovered by possible forma-
tion of two-three hydrogen bonds with the
environment.

The foregoing result suggests an explanation
of the mechanism of thymidylate synthase in-
activation by l\rl’—h}rd roxy-dCMP, in particular
the arrest of liberation of the Ci5; hydrogen in

formation.

the enzyme-inhibitor-cofactor complex. Al-
though formation of the N*-OH -.- Nijp) hy-
drogen bond has been hypothesized [17], its
preventing the C5) hydrogen abstraction was
not suspected. Besides, the possibility of inter-
action between the pyrimidine Ciy=0 and
Ns'm-mcth],rlenetetrahyd rofolate Nygy re-
flected by the abortive reaction channel C
(Scheme 6) that under conditions of the unin-
hibited reaction is probably prevented by the
structure of enzyme active center, indicates
why inactivation by Cig-substituted dUMP
analogues might be sensitive to variations of
nonconservative amino-acid residue(s) in ac-
tive centers of different thymidylate synthases.

In striking contrast to the 2-thio and 4-thio
analogues of dUMP, whichare good substrates,
and to the 2-thio and 4-thio analogues of
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Scheme 7. Model of N%- -hydroxy-dCMP complex with the enzyme and cofactor. The lower panel shows the
stereo view of the resulting molecular anion. The intramolecular N-OH - N(10) bond is characterized by
O - N distance of 24 A, H - Ny10) distance of 1.2 A and the OHN(10) angle of 172°.

FAUMP, which are good slow-binding inhibi-
tors of thymidylate synthase, 2,4-dithio-dUMP
is not a substrate and 2,4-dithio-FAUMP is not
a good inhibitor. Instead, 2,4-dithio-dUMP is a
weak inhibitor, competitive vs dUMP and al-
though 2 4-dithio-FAUMP behaves as a typical
slcrw -binding inhibitor of the enzyme, it is 10°-
10*fold less potent than the corresponding 2-
thio and 4-thio congeners (Table 3).

Theoretical comparison, based on calcula-
tions of the HOSE indices [26], of pyrimidine
ring approximate electron distributions, re-
flected by participations of hypothetical limi-
ting structures (not shown) with the same
global charge, but different localization of elec-
tron pairs forming 1 bonds, and thus different

local polarity, for available nucleoside struc-
tures of Urd, 2-thio-Urd, 4-thio-Urd and 2,4-di-
thio-Urd [27-30] was made. This pointed to
higher participation of two structures forming
aromatic hybrids, analogous to Kekulé struc-
tures, with negative charges localized on Cp
and Cyy), and positive charges on Nij3and N3,
in 2 4-dithiouridine (16.8%) than in monothio-
substituted (about 12%) or nonsubstituted
uridine (6.1%). The result, indicating enhanced
aromaticity [31] of the 24-dithio-substituted
pyrimidine ring, was further supported by
comparison of the aromaticity indices [33]. It
suggests that lack of substrate activity of 2,4-di-
thio-dUMP may result from increased pyri-
midine ring aromaticity of the latter, leading to
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Table 3
Interactions of 2 andfor 4 thio-substituted analogues of AUMP and FAUMP with L1210 thymidylate
synthase
5> _Compound ____ Activity Emor K | Reference
dUMP Substrate 105 | 19
{2-Thio-dUMP i Substrate 2x10° | 19
!4-Thio-dUMP | Substrate 107 [ 20
124-Dithio-dUMP | Inhibitor (C") Ix10” ! 33
I FAUMP Inhibitor, 5-BY 2x107 | 24
2-Thio-FAUMP . Inhibitor, 5B 1x10° | 18
|4-Thio-FAUMP ' Inhibitor, 5-B 107 | 24
{2,4-Dithio-FdUM ! Inhibitor, 5-B 107 33

AClassic; "Slow-binding,

resistance of Cg) to nucleophilic attack by the
enzyme active center cysteine.
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