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New findings lead to a revised understanding of the substrates’
binding order, the role of the substrate as an activator, and the
observed lag phase in the FDTS catalyzed reaction.

Thymidylate synthases catalyze the reductive methylation of
2'-deoxyuridine-5’-monophosphate (dUMP) to 2’-deoxythymi-
dine-5'-monophosphate (dTMP), one of the DNA building
blocks. While the mechanism of the classical thymidylate synthase
(TS) is well established,' the mechanism of the newly discovered
flavin dependent thymidylate synthase (FDTS)*® is not well
understood.” Several experimental observations reported in recent
years led to two intriguing suggestions regarding the mechanism of
FDTS. The first study,® examined the oxidation of reduced
nicotinamide-adenine dinucleotide 2’'-phosphate (NADPH) under
aerobic conditions, by following the decrease in 340 nm absorption
in the presence or absence of different reactants. This study
concluded that the substrate dUMP serves as an activator in the
reductive half reaction (involving reduction of oxidized flavin
adenine dinucleotide: FAD — FADH,). This conclusion was of
substantial interest as dUMP only reacts during the oxidative half
reaction (FADH, — FAD). A second study,” examined the
oxidized flavin reduction (following 454 nm absorption) and the
findings agreed with the conclusions of ref. 8. Additionally, ref. 9
suggested that the reductive half reaction presents a lag phase
whose duration depends on dUMP concentration. This was quite
intriguing as such long lag phases are rare in most chemical and
enzymatic reactions and could present a unique kinetic phenom-
enon. In the current communication, new findings indicate a
revised binding order of ligands to the enzyme. Apparently,
dUMP is not involved in the reductive half reaction but it does
activate the oxidative half reaction even in the absence of the
methylene donor (5,10-methylene-5,6,7,8-tetrahydrofolate,
CH,Hyfolate). The new data also clarify the origin of the
dUMP-dependent lag phase and reinforce the reported activation
constant of dUMP (K. In contrast to previous interpretations,™’
dUMP actually serves as an oxidation activator, rather than a
reduction activator.

Classical thymidylate synthase (TS, EC 2.1.1.45) catalyses the
reductive methylation of dUMP by CH,Hyfolate, yielding dTMP
and 7,8-dihydrofolate (H,folate). This enzyme is a target of several
cytostatic drugs (chemotherapeutics and antibiotics).” The alter-
native TS is a flavin dependent thymidylate synthase (FDTS, EC
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2.1.1.148). The gene encoding for FDTS (ThyX) is present in
several severe human pathogens and thus FDTS represents a new
antibiotic target*”#1%!" FDTS is a homotetramer that contains
one tightly bound FAD cofactor per subunit.>'>"° In contrast to
TS, the CH,Hyfolate in the FDTS reaction is not the reducing
agent. During the reductive half reaction, oxidized FAD (yellow,
due to an absorbance band at 454 nm) is reduced to colorless
FADH, by nicotinamides, dithionite, or other reducing agents. It
remains largely unclear how the methylene group is transferred
from CH,Hyfolate to dUMP, but this enigma is beyond the scope
of this communication. Instead, we focus on the relationship
between the two half reactions and between the two competing
reactants: the natural cofactor, CH,Hyfolate, which leads to
production of dTMP, and oxygen (O,), which leads to production
of hydrogen peroxide (H,O,). The second reaction, denoted
oxidase activity, while common to most flavin containing
enzymes,” is likely to be a side reaction because several studies,
including the current one, examined FDTS from the anaerobic
hyperthermophile Thermotoga maritima.8-'¢

Recently, we measured the single turnover reduction of FDTS
from 70 maritima by NADPH under oxygen depleted conditions'®
in the absence of CH,H folate and with various concentrations of
dUMP. The reduction of enzyme-bound FAD by NADPH was
measured (454 nm absorbance) over time and a sigmoidal lag
phase was observed.” The duration of the lag-phase decreased with
increasing concentration of dUMP leading to the determination of
effective binding constant (Kp), at 37 and 80 °C (the optimal
growth temperature of 7. maritima). Since the observed lag-phase
in FAD reduction may result from residual oxygen in the reaction
mixture,'”?!' we repeated the same experiments, in the presence of
an in situ oxygen-consuming system (10 mM glucose, 60 units of
glucose oxidase under purified Ar). Under these strictly anaerobic
conditions, no lag phase was detected and FAD reduction was
independent of dUMP concentration (Fig. 1). Contrary to
previous suggestions,*> dUMP does not appear to be
involved in the FAD reduction and there is no indication that
it binds before NADPH. However, the rate of the oxidase activity
(O, — H»0,) was clearly dependent on the concentration of
dUMP (Fig. 2). We determined the functional constants for
dUMP binding (Kp by measuring the decrease in 340 nm
absorbance as probe for NADPH oxidation under aerobic
conditions using 0.1 mM NADPH, and various concentration of
dUMP. The initial velocities were fitted to single activator kinetics
with finite rates at low and high concentrations of dUMP (lines in
Fig. 2):

V= Vo + V. [dUMPJ/(K; + [dUMP]) (1)
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Fig. 1 Single turnover FDTS-bound FAD’s reduction rate vs. dUMP
concentration under anaerobic conditions at 37 °C. Inset, the 012 pM
range, where the dUMP effect on steady state rates is pronounced (see
Fig. 2 and ref. 9).
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Fig. 2 The dependence of FDTS’s oxidase activity on dUMP concen-
tration at 37 °C (squares) and 65 °C (circles).

where V and V., are the reaction rates with no dUMP and at
saturating dUMP, respectively. The values of K; at 37 and
65 °C were 1.6 + 0.3 and 2.7 + 0.6 mM, respectively. These
K;is are within experimental errors from those obtained in ref. 9
using the duration of the apparent lag phase (1.4 + 0.1 and
2.1 + 0.1 uM at 37 and 80 °C, respectively). The similarities in
the values of Ky determined from the duration of the lag phase
and from the oxidase activity are consistent with a common
origin. The fact that the lag phase was not observed under
strictly anaerobic conditions indicates that this phenomenon
primarily stems from the kinetics of the oxidase reaction,
rather than from other factors, like conformational rearrange-
ments of the enzyme’ or reorientation of the substrates,'® as
was previously proposed.

Additional experiments resulted in several other important
findings: (i) the possibility that dUMP serves as a substrate in an
oxygenase reaction was eliminated by conducting the FDTS
catalyzed reaction with [2-'*CJdUMP, NADPH, and oxygen (no
CH,Hyfolate). The products were analyzed using HPLC and no
new radioactive peak developed during the reaction even after all
the oxygen and NADPH were consumed; (i) The formation of
H,0, was confirmed using the Amplex Red/horseradish perox-
idase assay.”> Unfortunately, this assay could not be used
quantitatively because NADPH is also oxidized by H,O, under
the assay conditions; (iii) The apparent Ky, for O, was determined
to be 9.0 + 0.5 uM by measuring initial velocities of NADPH

oxidation in the absence of CH,Hfolate, with varying concentra-
tions of O,, and saturating dUMP (100 uM); and (iv) Previous
findings®® indicated that dUMP binding to FDTS in the absence
of CH,Hyfolate increases the rate of NADPH oxidation by a
factor of about ten.

All the observations discussed above can be understood within
the model illustrated in Fig. 3. At the top, the gray lines represent
the dUMP dependent O, reduction to HO, by NADPH (detected
by following 340 nm absorbance). At the bottom, the black lines
represent the oxidation state of the enzyme bound flavin (detected
by following 454 nm absorbance). Since the FAD reduction is rate
limiting, the 454 nm absorbance does not decrease significantly in
the presence of O,. The FAD is reduced (at a dUMP independent
rate) only after the O, concentration drops below its Ky, leading
to apparent lag-phase (black lines). This finding suggests that the
reductive half reaction does not require dUMP, and a new
examination of the substrates binding order is presented below.

The fact that dUMP appeared to enhance NADPH consump-
tion led Myllykallio, Liebl, and their co-workers to propose that
dUMP binds to the free, oxidized, enzyme and enhances the
reductive half reaction.® They proposed an ordered binding
mechanism that is illustrated in Scheme 1(A). McClarty and co-
workers, on the other hand, conducted steady-state studies by
following tritium release from [5-"H]JdUMP, and reported that
their kinetic examination of the two natural substrates, dUMP and
CH,Hyfolate, resulted in a parallel pattern in a double reciprocal
plot analysis (Lineweaver—Burke).!” That pattern suggested that
CH,Hyfolate binds to the reduced (FADH,) enzyme, transfers its
methylene to the enzyme, and that the product Hyfolate is released
before dUMP binds. These observations lead to the kinetic scheme
illustrated in Scheme 1(B)."°

We conducted similar steady-state experiments while following
[2-CJdUMP conversion to [2-'*CJdATMP and an intersecting
double reciprocal plot of dUMP vs. CH,Hyfolate suggested that
these two substrates bind sequentially as illustrated in
Scheme 1(C).'"* Similar analysis of the relationship between

340 nm OD - Initial velocity

Increasing dUMP

454 nm
single
turnover

=/

Time

Absorbance

Fig. 3 Illustration of the relationship between rate of NADPH oxidation
(340 nm absorbance, in grey) and the lag phase observed in ref 9 (454 nm
absorbance, in black). While consuming the oxygen the 340 nm
absorbance decreases (grey lines), but the 454 nm absorbance is hardly
affected indicating that the FAD is still oxidized, and in accordance with
the reductive half reaction being rate limiting.” Only after the oxygen is
mostly consumed, is FAD reduced. The oxidative half reaction (grey) is
dUMP dependent, but the reductive half reaction (black) appears
independent of dUMP concentration.
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Scheme 1 Proposed kinetic mechanisms for FDTS. (A) Graziani et al.
(2006),'® (B) Griffin er al. (2005),'° (C) Agrawal er al (2004)'*, (D) this
work (see text).

NADPH and dUMP or CH,Hufolate also indicated that the
product of the reductive half reaction (NADP") is not released
from the enzyme until both dUMP and CH,Hyfolate bind, and
presumably until the end of the oxidative half reaction.
Scheme 1(D) illustrates this mechanism, where the bottom path
(oxidase activity) is faster than the top path (TS activity).® We
suggest that O, and CH,Hyfolate compete for the reduced enzyme
(FDTS bound FADH,) after dUMP binding. dUMP enhances
the rate of the oxidative half reaction and while the oxidase
reaction is faster than the reaction with CH,Hyfolate, this cofactor
slows down the consumption of NADPH in the presence of O»,% in
accordance with substrate competition.

In summary, two new sets of experiments were conducted in
order to examine the role of dUMP as an activator, rather than a
substrate of FDTS. In contrast to previous reports, the substrate of
the oxidative half reaction ({UMP) does not affect the reductive
half reaction (Fig. 1). In the absence of the second substrate
(CH,Hyfolate), dUMP enhances the reaction of molecular oxygen
with the reduced enzyme (Fig. 2) with an “effector” binding
constant (Ky) close to 2 uM. This constant presented a weak
temperature dependency (e.g., about 1 uM per 30 °C). This
relatively tight binding with a weak temperature dependency is
typical of entropy driven processes. A plausible molecular
explanation may involve a dUMP induced protein rigidity prior
to O, reduction. The lower oxidase activity in the absence of
dUMP may result from multiple conformations with only a small
fraction of reactive conformations. The binding of dUMP may
induce conversion of the protein into the more reactive ensemble
of conformations.

Future efforts will examine whether dUMP also activates its
reaction with CH,Hyfolate. Allosteric substrate (dUMP) activation
will be pursued under anaerobic conditions with CH,Hyfolate as

the oxidizing agent (Hill constant values larger than unity may
indicate such substrate activation). Additionally, the nature of the
competition between CH,Hyfolate and O, for the reduced enzyme
will be examined via Kinetic analysis of their mutual inhibition.
While the oxidase activity might not be natural to FDTS from the
anaerobic 7. maritima, it may serve as a probe for hidden features
such as the tight binding of dUMP to the reduced enzyme, a much
stronger interaction than predicted from Ky, values of dUMP.'®
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