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ABSTRACT: Thymidylate synthase is an attractive target
for antibiotic and anticancer drugs due to its essential role
in the de novo biosynthesis of the DNA nucleotide
thymine. The enzymatic reaction is initiated by a
nucleophilic activation of the substrate via formation of a
covalent bond to an active site cysteine. The traditionally
accepted mechanism is then followed by a series of
covalently bound intermediates, where that bond is only
cleaved upon product release. Recent computational and
experimental studies suggest that the covalent bond
between the protein and substrate is actually quite labile.
Importantly, these findings predict the existence of a
noncovalently bound bisubstrate intermediate, not pre-
viously anticipated, which could be the target of a novel
class of drugs inhibiting DNA biosynthesis. Here we report
the synthesis of the proposed intermediate and findings
supporting its chemical and kinetic competence. These
findings substantiate the predicted nontraditional mecha-
nism and the potential of this intermediate as a new drug

lead.

hymidylate synthase (TSase) is a key enzyme in cell

proliferation, as it catalyzes a reaction essential for DNA
replication, a reductive methylation of 2’-deoxyuridine-5’-
monophosphate (dUMP) to form 2'-deoxythymidine-5'-mono-
phosphate (dTMP) using the cosubstrate NS,N10-methylene-
5,6,7,8-tetrahydrofolate (CH2H4F).l Accordingly, targeting
TSase remains one of the most successful approaches in cancer
treatment” and one of the prospective approaches in antibacterial
chemotherapy.® Structural analogs of dUMP (e.g., fluoropyr-
imidines) and CH,H,F (e.g., antifolates) are well-established
drugs targeting TSase. Despite many therapeutic advantages,
these agents lead to toxicity and development of acquired
resistance in cells." Consequently, alternative strategies to
improve selectivity and find new classes of TSase inhibitors are
pursued.*™® In this respect, mechanistic studies of TSase-
catalyzed reaction can provide invaluable insights.

The TSase-catalyzed reaction involves the consecutive
donations of a methylene and a hydride from cosubstrate
CH,H,F to dUMP. The traditionally accepted mechanism’ has
been recently scrutinized using computational’~” and exper-
imental'”'" approaches. While the role of an enzymatic cysteine
in activating the substrate (Scheme 1, step 1) and attacking the
methylene (step 2) is pretty well established, two different paths
have been proposed for the subsequent proton abstraction (step
3). According to the traditional mechanism A, transfer of the
proton from CS of the pyrimidine ring generates a covalently
bound enolate intermediate Int-A, analogous to the one forming
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Scheme 1. (A) Traditional and (B) Proposed Mechanisms of
TSase-Catalyzed Reaction
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in the solution upon proton exchange at CS of dUMP in the
presence of high concentrations of thiols."” In contrast to that,
results of QM/MM calculations® predicted that the proton
abstraction occurs via E, with C6—S bond cleavage (step 3B) to
form a nonenzyme-bound intermediate Int-B. The lability of the
S—C bond has independently been supported by structural * and
binding'* studies of the mechanism-based inhibitor $-fluoro
dUMP, which forms a reversible covalent ternary complex with
CH,H,F and TSase, analogous to the intermediate that follows
step 2. In path A, Int-A would lose H,F (step 4A, Hoffman
elimination), while in path B, Int-B would follow 1-3 SN,
reaction. Both steps 4A and 4B result in an exocyclic methylene
intermediate, which undergoes concerted hydride transfer and
C—S cleavage (again 1—3 SN, reaction) to form the products. 107
The key difference between the traditional path A and the
calculated path B is noncovalently bound nucleotide-folate
intermediate Int-B. In fact, Int-B had been originally considered
to be TSase intermediate 1516 until the discovery of nucleophilic
covalent activation of dUMP with active site cysteine and
detection of the covalently bound ternary complex in crystal
structures.' Inspired by that early prediction, several studies
reported synthesis and biological activity of stable analogues of
Int-B, including thyminyl derivatives of H,F'”'® and thymidinyl
derivatives of dihydro- and tetrahydroquinoline,'” tetrahydro-
pyridopyrimidines,”® pyrimidines,” tetrahydroquinoxalines,””
and S—deaza—5,6,7,8—tetrahydrofolate.23’24 Interestingly, the latter
compound, differing from Int-B only at the position 8 of the
folate, appeared to be a potent nanomolar competitive inhibitor
of human TSase. This intriguing fact and the prediction of QM/
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Figure 1. Chromatograms at 260 nm and UV spectra at the peak apexes for: (A) mixture of dUMP, dTMP, Int-B, H,F, and CH,H,F used as standards;
(B) Int-B after 1 min of incubation in the presence of EcTSase (note the transient formation of substrates dUMP and CH,H,F along with products
dTMP and H,F); and (C) Int-B after 30 min of incubation in the presence of EcTSase (note the disappearance of transiently formed substrates dUMP
and CH,H,F as they irreversibly react to form products dTMP and H,F). Assay conditions: 100 M Int-B, 100 nM EcTSase (dimer), 100 mM Tris-HCl
pH 7.5, 50 mM MgCl,, 25 mM DTT, 1 mM EDTA, 7 mM HCHO, 25 °C.

MM calculations encouraged us to examine competence of Int-B
as an intermediate in the TSase-catalyzed reaction.
Intermediates of enzymatic reactions are often unstable and
are not readily accessible in their intact state. To date, only a
handful of studies have described either isolation or chemical
synthesis of the enzymatic intermediates as well as examination
of their chemical and kinetic competence in the corresponding
reactions.”> >’ We have synthesized Int-B adopting a previously
reported strategy for the synthesis of its nonreactive 8-deaza
analogue (Scheme S1).>> However, unlike previous reports we
were able to separate individual (6R)- and (6S)-diastereomers of
Int-B using C18 HPLC (see Supporting Information, SI). Since
only the (6R)-CH,H,F substrate is active with TSase, only the
(6S)-diastereomer of Int-B is expected to be formed during the
TSase-catalyzed reaction illustrated in Scheme 1, path B (note
that the stereocenter at C6 of the tetrahydropteridine-ring is the
same for (6R)-CH,H,F and (6S)-H,F or (6S)-Int-B, and the S to
R change is only due to the nomenclature rules organic chemists
follow). To ensure that the correct diastereomer is selected, we
employed enzymatic discrimination using E. coli TSase
(EcTSase). When incubated in the presence of EcTSase, only
one of the purified diastereomers of Int-B partitioned into
products dTMP and H,F and substrates dUMP and CH,H,F
(Figure 1, Table 1). This diastereomer was assigned as the
intended (6S)-Int-B, and since the steps preceding the formation
of Int-B are reversible (Scheme 1), it is expected that d{UMP and
CH,H,F should be generated transiently. Accordingly, transient
generation of dJUMP and CH,H,F was observed as illustrated in
Figure 1B. Furthermore, as expected from the fact that step S is
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Table 1. Summary of HPLC and HRMS Analyses of Standards
dUMP, dTMP, H,F, CH,H,F, and Int-B and of EcTSase-
Generated Products from Conversion of Int-B

retention time HRMS m/z (ESI-) [M — H]

sample standard TSase generated caled obsd
dUMP 10.45 10.52 307.0331 307.0324
dTMP 12.71 12.76 321.0488 321.0492
H,F 21.23 21.21 442.1475 442.1475
CH,H,F 21.63 21.62 456.1632 456.1616
Int-B 18.87 N/A 764.2041 764.2047

not reversible, thermodynamically (long reaction times) both
Int-B and the transiently formed dUMP and CH,H,F are fully
consumed forming products dTMP and H,F (Figure 1C).
Surprisingly, incubation of the other diastereomer of Int-B with
EcTSase resulted in a slow formation of CH,H,F and DTT-
trapped dTMP, which was observed only upon addition of
formaldehyde in the reaction mixture (Figure S2). This
observation suggests that the enzyme can still bind the (6R)-
diastereomer of Int-B and catalyze its conversion to (6R)-H,F
and exocyclic methylene-dUMP (step 4B) leading to dissociation
of (6R)-H,F and its chemical trapping by formaldehyde
producing (6S)-CH,H,F, which is accumulated but cannot be
consumed by TSase. The remaining exocycylic intermediate was
in turn trapped by dithiotreitol (Figure S2; note that reaction of
(6R)-diastereomer in the reverse direction would result in
generation of dUMP and (6S)-CH,H,F even in the absence of
formaldehyde, however dUMP and (6S)-CH,H,F were not
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Scheme 2. Minimal Kinetic Model of EcTSase-Catalyzed Reaction with Microscopic Rate Constants Resulting from Global Fit of
the Experimental Data Described in the Text”
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“The minimal model has to have a minimum number of steps needed to define the reaction’s kinetics. It is obvious that several of the steps involve
multiple microscopic steps. For example, the E-Int-B conversion to E-products (8.9 s™) involves equilibrium step 4 and irreversible step 5 (Scheme
1) and is the product of the equilibrium and kinetic constants.

detected under the conditions of current experiment). simplified. To facilitate the global fit, we have independently
Analogous formation of exocyclic intermediate adducts with measured the kinetics of binding of dUMP and dTMP and
thiols has been observed in poorly preorganized mutants of included the progress curves for dUMP and CH,H,F turnover
EsTSase.”' In contrast, when formaldehyde was excluded from detected spectrophotometrically at 340 nm (see SI). When
the reaction mixture containing reactive (6S)-diastereomer of fitting the data to the model illustrated in Scheme 2, a good
Int-B, formation of the natural (6R)-CH,H,F was still observed agreement with literature steady-state parameters®> was found
indicating that its NIONS-methylene originates from Int-B as (Table 2). The first-order rate constant for Int-B consumption
follows from the Scheme 1B. Noteworthy, none of the
diastereomers revealed reactivity in the absence of TSase up to Table 2. Steady-State Kinetic Parameters of EcTSase-
80 min incubation under assay conditions in the absence or Catalyzed Turnover of dUMP, CH,H,F, and Int-B
presence of formaldehyde. In short, the fact of (6S)-Int-B but not o .
the (6R)-diastereomer partitioning to both products and kinetic parameter measured from global fit to Scheme 2
substrates of the reaction supports its chemical competence as ke 87! 87£02 8.8£05
an intermediate of TSase-catalyzed reaction. Thus, further in the K, aumes WM 2402 32+01
text Int-B will refer exclusively to (6S)-diastereomer of Int-B. Ko, cromar MM 15 +1 13+2
To determine the steady-state kinetic parameters for Int-B e/ Koy, catpagp HMT' 57! 0.58 + 0.04 0701
turnover, we have obtained progress curves of Int-B enzymatic Keormp 57 N/A 15.1 £ 0.1
consumption and CH,H,F and H,F generation at five Ky 1w UM N/A 100.0 + 0.1
concentrations of Int-B ranging from 23 to 220 M and globally Keae/ Koo kM 571 N/A 0.151 + 0.001
fit the data to the minimal kinetic model given in the Scheme 2.
Figure 2 presents an example of progress curves at [Int-B] = 23 (kcat’lm) was double that for substrate CH,H,F, supporting that
Int-B is kinetically competent as an intermediate of the EcT Sase-
<20 . . . catalyzed reaction. Note that k1, is effectively a sum of rate

constants for Int-B turnover in the forward and reverse direction,
consequently it exceeds the rate constant for the products
formation. The second-order rate constant (k,/Kp, 1) for Int-B
y consumption was almost S-fold less than that for CH,H,F
J turnover indicating Int-B’s slower binding to the enzyme. This
result is not surprising considering that in order to prevent

Concentration,u
)

0 y excessive stabilization of intermediate, the enzyme has to balance

0 400 800 1200 . . .1 .
Time. s its extremely slow release with slow binding. Note that effectively
' irreversible binding of transient intermediates allows enzymes to
Figure 2. An example of a progress curve of the 23 uM Int-B (blue) be productive catalysts, as “losing” intermediates during catalytic
partitioning into H,F (green) and CH,H,F (red) in the presence of 100 cycle would not be efficient and is not common at all.
nM EcT Sase. Dots represent experimental points and lines that originate Consequently, the dissociation equilibrium constant of an
from the global fit of the partitioning data as well as to full progress intermediate would be extremely low and effectively zero on

curves for dJUMP and CH,H,F turnover, to Scheme 2 using KinTek
Explorer. A complete set of progress curves can be found in the SI. Each
progress curve was reproduced in at least two independent experiments.

the time scale understudy. Binding of intermediates is not a
natural path in enzyme evolution, as they are commonly made in
the active site, which is consistent with slow binding of an
intermediate. Furthermore, the reaction catalyzed by EcT Sase is
#M, and a complete set of progress curves is presented in Figure ordered with dUMP binding followed by CH,H,F to form a

S1. The invoked model is featuring irreversible binding of Int-B productive Michaelis complex.”® Consequently, binding of the
and its reversible conversion to CH,H,F and dUMP, which can bisubstrate adduct (Int-B) to the predominant conformation of
be released from enzyme active site in an ordered fashion. the free TSase in solution is a relatively rare event. Binding of Int-
Consequently, formation of products in the forward direction B must be accompanied by a slow conformational change of the
proceeds through direct formation from Int-B upon its binding active site and Int-B itself (i.e., “induced-fit”). Attempts to assess
to the enzyme or its reformation from the transiently generated the transient-state binding kinetics of Int-B were complicated by
substrates. Clearly, the equilibrium step between E:dUMP and its reactivity.
EInt-B as well as the following irreversible step are in fact In order to distinguish between paths A and B (Scheme 1), we
combinations of several chemical and possibly physical steps. have globally fit the same data set used to fit Scheme 2 to fit an
However, since experimental data acquired in this work cannot alternative model (Scheme S2B) in which Int-B is irreversibly
define each individual microscopic step, the kinetic model was converted to the substrates dUMP and CH,H,F, which in turn
8058 DOI: 10.1021/jacs.6b03826
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react forward through Int-A to form dTMP and H,F.
Qualitatively, this alternative sequence of events would lead to
the same observed outcome as the Scheme 2. However, the
alternative fit results in irreversible conversion of the binary E-
dUMP complex to the E-Int-A complex (Table S2). Clearly, this
outcome is not consistent with the experimental evidence for the
kinetic mechanism of EcT Sase-catalyzed reaction and specifically
with the fact that hydride transfer is the first irreversible step in
the reaction.”* Consequently, the kinetics of Int-B partitioning
supports its proposed role as an intermediate of TSase-catalyzed
reaction. However, given the experimental and fitting errors, our
experimental data do not completely rule out some contribution
of pathway A or the existence of Int-A along the reaction
coordinate, if below our detection limit.

In summary, this work provides a critical supporting evidence
for the existence of a noncovalently bound nucleotide-folate
intermediate (Int-B) in the TSase-catalyzed reaction, as
predicted by QM/MM calculations. The traditional mechanism
suggests the formation of a covalently bound enolate Int-A
(Scheme 1A). The findings do not distinguish between
concerted and stepwise step 4B (Scheme 1). A stepwise 4B
means that Int-B forms Int-A followed by step 4A. Such path is
not consistent with the calculations predicting Int-B, and at any
rate, the important finding is that the mechanism has to involve
formation of the noncovalently bound Int-B. Several lines of
evidence support a concerted rather than stepwise path.

The current findings have both intellectual and practical
merits: First, prediction made by QM/MM computations is
tested and supported by subsequent experiments, and second,
Int-B may inspire design of new class of TSase targeting drugs.
Although previous attempts to mimic Int-B had identified a few
potent inhibitors of TSase,”"** none of those studies had been
followed up. We hope that the current investigation will remind
researchers of the possibility of bisubstrate analogues in TSase-
targeted drug discovery.
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