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Flavin-dependent thymidylate synthases (FDTS) catalyze the production of
dTMP from dUMP and NS,NIO-methylene-5,6,7,8-tetrahydrofolate
(CH,Hyfolate). In contrast to human and other classical thymidylate synth-
ases, the activity of FDTS depends on a FAD coenzyme, and its catalytic
mechanism is very different. Several human pathogens rely on this recently
discovered enzyme, making it an attractive target for novel antibiotics. Like
many other flavoenzymes, FDTS can function as an oxidase, which cata-
lyzes the reduction of O, to H,O,, using reduced NADPH or other reduc-
ing agents. In this study, we exploit the oxidase activity of FDTS from
Thermatoga maritima to probe the binding and release features of the sub-
strates and products during its synthase activity. Results from steady-state
and single-turnover experiments suggest a sequential kinetic mechanism of
substrate binding during FDTS oxidase activity. CH,Hyfolate competitively
inhibits the oxidase activity, which indicates that CH,Hyfolate and O, com-
pete for the same reduced and dUMP-activated enzymatic complex
(FDTS-FADH,-NADP "—~dUMP). These studies imply that the binding of
CH,Hfolate precedes NADP " release during FDTS activity. The inhibi-
tion constant of CH,Hyfolate towards the oxidase activity was determined
to be rather small (2 um), which indicates a tight binding of CH,Hyfolate
to the FDTS-FADH,-NADP "-dUMP complex.

Thymidylate synthases [TS, encoded by the thy4 and
tymS genes — the gene that codes for TS (EC 2.1.1.45) in
mouse, rat and human is currently named zymS
rather than rhyA] catalyze the reductive methylation of
dUMP to form dTMP in nearly all eukaryotes, includ-
ing humans. This reaction employs N> N'’-methylene-
5,6,7,8-tetrahydrofolate (CH,Hgyfolate) as both the
methylene and the hydride donor [1], producing 7.,8-
dihydrofolate (Hfolate), as illustrated in Scheme 1. The
product, H»folate, is reduced to 5,6,7,8-tetrahydrofolate
(Hg4folate) by dihydrofolate reductase (encoded by the
folA gene), and then methylenated back to CH,Hyfolate.

Abbreviations

The genomes of thyA-dependent organisms have been
found to contain fol4 as well, forming a TS—dihydro-
folate reductase-coupled catalytic cycle that is essential
for thymidine biosynthesis.

Since 2002, thyX, a new gene that codes for flavin-
dependent thymidylate synthases (FDTS), has been
identified in a number of microorganisms, including
some severe human pathogens [2-5]. FDTS is a
homotetramer with four identical active sites, each of
which is formed at an interface of three of the four
subunits [6]. This is quite different from the structure
of classical TS, which is a homodimer with one active

CH,Hfolate, N® N'%-methylene-5,6,7,8-tetrahydrofolate; FDTS, flavin-dependent thymidylate synthase; H,folate, 7,8-dihydrofolate; Hafolate,

5,6,7,8-tetrahydrofolate; TS, thymidylate synthase.
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Scheme 1. The reaction catalyzed by classical TS. R is 2’-deoxyribose-5’-phosphate and R” is p-aminobenzoyl-glutamate.
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Scheme 2. The reaction catalyzed by FDTS. R is 2’-deoxyribose-5"-phosphate, R’ is p-aminobenzoyl-glutamate and R” is adenine-2’-phos-

phate-ribose-5"-pyrophosphate-ribose.

site per subunit [1]. Recent studies have suggested that
the catalytic mechanisms of TS and FDTS also differ
substantially [7-10]. Because dTMP is a vital metabo-
lite for DNA biosynthesis, this newly discovered
enzyme is a promising target for novel antibiotics that
could be designed to selectively inhibit FDTS activity
and show potentially low toxicity for humans.

In order to direct future drug design, the molecular
mechanism by which FDTS catalyzes thymidylate syn-
thesis must be clarified to reveal the enzyme-substrate
complexes and intermediates present along the reaction
pathway. In contrast to classical TS, FDTS takes the
hydride from reduced nicotinamides or other reduc-
tants, whereas CH,Hyfolate serves as the methylene
donor only and produces Hyfolate instead of Hyfolate
(Scheme 2) [2,4,5]. This difference explains the absence
of both thyA and folA in the genomes of some thyX-
dependent organisms [l1]. Preliminary studies have
shown that the FDTS mechanism is substantially dif-
ferent from the common bifunctional enzymes with
both TS and dihydrofolate reductase activities [7-9].
During the reductive half-reaction, NADPH reduces
the noncovalently bound FAD cofactor to FADH,;
during the oxidative half-reaction, the enzyme cata-
lyzes transfer of the methylene group from CH,H,fo-
late to dUMP, and FADH, serves as the reducing
agent to produce dTMP. Several proposed kinetic
mechanisms suggested that the product of the reduc-
tive half-reaction (NADP ™) leaves before CH,H,folate
binds to the enzyme [7-9]. This putative kinetic mecha-
nism, however, remains to be experimentally tested.

Like many other flavoenzymes, FDTS can function
as an NADPH oxidase, consuming molecular O, and
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producing NADP® and H,0,. Our recent studies
revealed a close connection between the synthase activ-
ity (dUMP — dTMP) and oxidase activity
(O, — H,0,) of FDTS [12,13]. To date, however,
several aspects of the proposed mechanism have not
been confirmed experimentally. Here, we report pre-
steady-state and steady-state studies on the oxidase
activity of FDTS from Thermotoga maritima, and elu-
cidate the binding and release features of its synthase
substrates NADPH, CH,Hfolate and dUMP.

Results and Discussion

Initial velocity studies of FDTS oxidase activity

Previous studies suggested that NADPH binds to the
FDTS-FAD complex, and that after flavin is
reduced, the product of the reductive half-reaction,
NADP™", dissociates before initiation of the oxidative
half-reaction [7-9]. This proposed mechanism was
examined by measuring the steady-state initial veloci-
ties of FDTS oxidase activity while varying NADPH
at several O, concentrations (8, 20, 50 and 210 pm,
1 mm). These experiments were conducted in the pres-
ence of saturating concentrations of dUMP, to ensure
examination of the dUMP-activated form of the
enzyme [12,13]. The results revealed that, in the
absence of CHj,Hyfolate, FDTS oxidase activity
exhibits Michaelis-Menten kinetics for O, with an
unusually small K, value. The apparent K, values of
O, at 100 um NADPH were 7 £ 1 pm at 37 °C and
29 £ 2 uMm at 65 °C. This may imply that either the
enzyme has a binding site for O, or, more likely, that
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an Oj-independent step becomes rate limiting as the
concentration of O, increases [14].

The double-reciprocal Lineweaver—Burk plot (1/rate
versus 1/[substrate]) of FDTS oxidase activity shows
an intersecting pattern (Fig. 1), which suggests a
sequential kinetic mechanism. If the product NADP™
leaves the enzymatic complex before O, binds, these
lines would be parallel (i.e. a ping-pong mechanism)
[15,16]. The data were globally fit to a bi-substrate
sequential mechanism (Eqn 1) [16] to estimate the
kinetic parameters:

v keat[A][B]

[?]t B KKy, + K,[B] + Kp[A] + [A][B] (1)

where [A], [B] and [E]; are the concentrations of
NADPH and O,, and total concentration of enzyme
active sites, respectively; K, is the Michaelis—Menten
constant of NADPH, K, is the Michaelis—Menten con-
stant of O,, and K, is the dissociation constant of the
substrate from the enzymatic complex. The kinetic
parameters determined from this global fitting are:
kear = 0.0830 + 0.0002s™', K, = 522 + 2 um™m, K;, =
3.61 £ 0.06 mMm, K, = 1.12 + 0.02 pum.

Assessment of the rate of product NADP™*
release by examination of the FADH,-NADP*
charge-transfer complex

The progress of the reductive half-reaction was moni-
tored by recording UV-Vis spectra continuously in
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Fig. 1. Steady-state sequential mechanism of FDTS oxidase activ-
ity. Data are presented as a Lineweaver-Burk double-reciprocal
plot. Experiments were performed at 37 °C. NADPH concentrations
used were (O, red line) 400 uwm, (@, orange line) 200 pm, (O, green
line) 100 pm, (M, blue line) 25 pum and (&, purple line) 10 um.
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anaerobic single-turnover experiments. The decrease in
absorbance at 450 nm follows the reduction of
enzyme-bound FAD. When NADPH is used as the
reducing agent, the spectra also show an increase in
the absorbance of a wide band (550-900 nm) with an
isosbestic point at 510 nm (Fig. 2A). This wide band is
not observed during FAD reduction by dithionite, and
is identified as a charge-transfer complex between the
reduced flavin and the oxidized nicotinamide [17-19].
The first-order rate constant of the formation of the
charge-transfer complex was found to be identical to
that of FAD reduction (Fig. 2A), which, together with
the isosbestic point, indicates that the two changes
occur simultaneously and represent the same process.
This observation demonstrates the stability of the
enzyme-bound FADH,~NADP " complex formed dur-
ing the reductive half-reaction, and suggests the close
proximity of the oxidized nicotinamide ring to the
reduced isoalloxazine ring. This observation is signifi-
cant because no other structural information is cur-
rently available regarding the binding site of the
nicotinamide cofactor.

After completion of the reductive single-turnover
experiment, the rate of NADP™ release from the
FDTS-FADH,-NADP"-dUMP complex was mea-
sured by following the disappearance of the charge-
transfer band, while no change was observed at
450 nm (Fig. 2B). The rate constant of NADP™
release was determined to be 0.00135 £ 0.00005 s™" at
37 °C (Fig. 2B). By comparison, the first-order rate
constant of FADH, oxidation by O, was determined
to be 0.131 + 0.010 s™' at 0 °C in the oxidative single-
turnover experiment. Thus, NADP ™" release from the
enzyme is at least two orders of magnitude slower than
FADH, oxidation by O,, indicating that NADP™ has
a very high affinity for the reduced enzyme. This sug-
gests that NADP ™ does not leave the FDTS-FADH,—
NADP *~dUMP complex at the end of the reductive
half-reaction, but remains bound to the enzymatic
complex during the oxidative half-reaction. This obser-
vation supports the sequential mechanism suggested
above from steady-state kinetic measurements. Neither
the rate of FAD reduction nor that of FADH,—
NADP* formation is dependent on dUMP concentra-
tion, which confirms our previous suggestion that
dUMP does not influence the reductive half-reaction
[13].

Assessment of NADP* binding to the oxidized
enzyme from product inhibition studies

Because NADP' appears to bind tightly to the
reduced enzyme, it is of interest to assess its binding to
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Fig. 2. The kinetics of FADH,~NADP™ charge-transfer complex dur-
ing the reductive half-reaction of FDTS. (A) Spectra of 10 um
(active-site concentration) tmFDTS-FAD being reduced anaerobi-
cally by 200 um NADPH in 200 mm Tris/HCI buffer (pH 7.9) at
37 °C. Each spectrum was sampled at a different time during one
single-turnover experiment. The absorbance of FAD (450 nm)
decreases as the charge-transfer band of the FADH,~NADP* com-
plex (650-900 nm) increases. (Inset) A typical time course of the
enzyme-bound FAD reduction by NADPH. The decrease of absor-
bance at 450 nm is presented as red traces, and the increase of
the charge-transfer band from 550 to 900 nm is presented as blue
traces. Fitting each time course (black curves in the inset) to an
exponential equation yields a first-order rate constant, both equal
0.025 + 0.002 s™". (B) Continuation of the experiments described in
(A), but the first spectrum was recorded after the last one in (A),
and the spectra were recorded in intervals of 30 min. The wide
charge-transfer band disappears slowly while the enzyme remains
reduced and with no change in total enzyme concentration (as
judged from absorbance at 230-300 nm). The decrease in charge
transfer band is interpreted as NADP™ release. The inset presents
the exponential fitting (black curve) of the time course of absor-
bance change at 600 nm (blue traces). The first-order rate constant
of disappearance of the charge-transfer band was determined to be
0.00135 + 0.00005 s™".
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the oxidized enzyme. In addition, product inhibition
studies can discriminate between the steady-state
ordered and random mechanisms, which is not easy to
do via initial velocity measurements in the absence of
products [15,16]. Therefore, the effect of NADP™ on
initial velocities was examined by measuring the
steady-state initial velocities of FDTS oxidase activity
with 100 um NADPH at both saturating (210 um) and
sub-saturating (10 um) O, concentrations. These
measurements show no observable inhibition up to the
solubility limit of ~ 550 mm NADP* under the exper-
iment conditions. Regardless of the enzymatic complex
from which NADP " dissociates, the lack of any inhib-
itory effect corroborates the low affinity of NADP™
for the oxidized enzyme, despite its high affinity for
the reduced enzyme.

Inhibition of FDTS oxidase activity by
CH,H,folate

CH,Hyfolate appears to inhibit FDTS oxidase activ-
ity, and the addition of 400 um CH,Hgfolate com-
pletely suppresses this activity under atmospheric O,
concentrations (210 uMm). In order to investigate the
nature of inhibition of FDTS oxidase activity by
CH,Hyfolate, steady-state initial velocities were mea-
sured while varying CH,Hyfolate concentrations at
several O, concentrations (8, 12.5, 20 and 210 pm,
1 mMm), in the presence of a saturating concentration
of dUMP. The initial velocities under an atmospheric
O, concentration were also studied in the absence of
dUMP, and although the rates are slower [13], dUMP
does not seem to affect the nature of CH,Hyfolate
inhibition of the oxidase activity. To examine the
relation between CH,Hufolate and O,, and to ascer-
tain the binding constant of CH,Hufolate to the
reduced and dUMP-activated enzyme, we used a sim-
plified model in which CH,Hufolate is treated as a
dead-end inhibitor [15,16] of the oxidase activity. The
validity of this simplification is examined and verified
in the Appendix.

To determine the inhibition pattern of CH,H,folate
toward O,, initial velocities were analyzed by the
secondary slope and intercept replots of the Linewe-
aver—Burk double-reciprocal plot (Fig. 3A) [16]. The
slope of the double-reciprocal plot increases linearly
with the concentration of CHj,Hyfolate (Fig. 3B),
although the intercept is independent of the concen-
tration of CH,Hfolate (Fig. 3C). According to this
analysis, CH,Hyfolate appears to be a competitive
inhibitor of O, in FDTS oxidase activity. The initial
velocities were thus fit to the competitive inhibition
model to estimate the kinetic parameters [15,16]:
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Fig. 3. Competitive inhibition of FDTS oxidase activity by CHyHy4-
folate. (A) The Lineweaver-Burk double-reciprocal plot (1/rate ver-
sus 1/[0,]). CH,yHfolate concentrations used were (O, red line)
0 um, (@, orange line) 12.5 pm, (O, green line) 25 pwv, (M, blue line)
50 um and (<&, purple line) 100 um. (B) Secondary slope-replot of
the Lineweaver-Burk plot (A), which increases linearly with
[CH,H,folate]. (C) Secondary intercept-replot of the Lineweaver—
Burk plot (A), which is independent of [CH,H,folate]. Experiments
were performed at 37 °C.

L _ kcat[s] (2)
Bl g, <1 +%) + 5]

where k., is the first-order rate constant, describing
the maximal reaction rate per enzyme active site; [S],
[I] and [E]; are the concentrations of O,, CH,Hyfolate

FDTS as oxidase

and total concentration of enzyme active sites, respec-
tively; K, is the Michaelis—-Menten constant of O,
and K; is the inhibition constant of CH,Hufolate.
The kinetic parameters determined from this fitting
were: ke = 0.0127 + 0.0004 s, K, =7 + 1 um,
K; = 1.9 £ 0.3 pMm. The inhibition pattern was also
analyzed by globally fitting the initial velocities to the
mixed-type inhibition model [15], which is a general
equation for competitive, noncompetitive or uncompet-
itive inhibition. The results also suggest that the inhibi-
tion is best described by the competitive pattern. A
detailed analysis is presented in the Appendix. In
summary, the observed competitive inhibition of
CH»Hufolate towards O, indicates that CH,Hyfolate
and O, compete for the same enzymatic complex
(FDTS-FADH,-NADP "-dUMP).

The sequential binding order of NADPH and O, in
FDTS oxidase activity, together with the competitive
inhibition pattern between O, and CH,Hyfolate, sug-
gests that the binding order of NADPH and CH,H,fo-
late in FDTS synthase activity is also sequential. This
conclusion disagrees with the kinetic schemes proposed
in previous studies, in which NADP™ leaves before the
oxidation of FADH, [7-9]. A recent kinetic study on
the synthase activity of FDTS from Mycobacterium
tuberculosis corroborates our data [20]. The presence
of NADP™ in complexes during the oxidative half-
reaction is important in various attempts to mimic
these complexes, which may assist in the design of
inhibitors and drugs, as well as in the crystallization of
the long-sought enzymatic complexes with nicotin-
amide cofactors and/or folate derivatives.

The inhibition constant (K; = 1.9 = 0.3 um)
obtained from this experiment is a direct measure of
the dissociation constant of CH,Hjfolate from the
FDTS-FADH,-NADP "-dUMP-CH,H,folate  com-
plex. This measurement affords a good estimate of the
binding constant of CH,Hufolate to the FDTS—
FADH,-NADP*—-dUMP complex (1/K;~ 0.5 pm™"),
which reflects the high affinity of CH,Hyfolate for the
reduced and dUMP-activated enzyme. This complex
seems to be unique to FDTS, therefore, such informa-
tion may assist in the rational design of inhibitors and
drugs. This is significant because, hitherto, no specific
inhibitors or drugs targeting FDTS have been identi-
fied. The current finding may also direct efforts
towards the crystallization of complexes of FDTS with
FADH,, dUMP, NADP " and folate derivatives under
anaerobic conditions. Solving structures with nicotin-
amide and folate entities would help identify the bind-
ing sites of both NADPH and CH,Hfolate, and
provide important structural information for FDTS
studies.
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Scheme 3. The proposed binding and release kinetic mechanism of FDTS (see text for details). E,eq and Eqx represent the reduced and the
oxidized enzymatic complexes, respectively. Adopted from Chernyshev et al. [13]. All the arrows represent reversible process but the forma-

tion of dTMP that appears to be irreversible.

Kinetic scheme

Based on the results presented here and in previous
studies [7-9,12,13], thymidylate synthesis catalyzed by
FDTS follows a sequential kinetic mechanism with
respect to all its substrates, as illustrated in Scheme 3.
The reaction is composed of a reductive half-reaction
and an oxidative half-reaction, and NADP" only
leaves the enzymatic complex after the oxidation of
flavin. Because dUMP acts as an activator for the
oxidative half-reaction, but not for the reductive
half-reaction [12,13], we propose that it binds at the
beginning of the oxidative half-reaction. After dUMP
binds to and activates the enzyme, CH,Hyfolate and
O, compete for the reduced and dUMP-activated
enzymatic complex. To date, no direct evidence has
been shown to support the exact order of product
release after the oxidation of FADH,, so Scheme 3
follows a ‘first come, last leave’ principle.

Conclusions

The oxidase activity of Thermotoga maritima FDTS
was exploited to probe several aspects of the kinetic
mechanism of FDTS-catalyzed thymidylate synthesis.
CH,Hgyfolate and O, appear to be competitive sub-
strates of FDTS, supporting the notion that both com-
pete for the same reduced form of the enzyme (i.e. the
FDTS-FADH,-NADP "~dUMP complex). The bind-
ing constant of CH,Hgyfolate to the reduced form of
the enzyme 1is determined to be rather large
(1/K; = 0.5 uMm), suggesting a tightly bound reactive
FDTS-FADH,-NADP "—-dUMP —-CH,H.folate com-
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plex. Binding constants of a substrate to a preactivated
enzyme are usually difficult to measure. We developed
a method to assess such a binding constant, by study-
ing an alternative activity of the enzyme where the
substrate of interest acts as an inhibitor (or competi-
tive substrate, see Appendix). The high binding affinity
of CH,Hyfolate to the reactive enzymatic complex,
and the observation that the oxidase activity of FDTS
is faster than the synthase activity, implies that steps
following CH,Hyfolate binding are rate-limiting for
the oxidative half-reaction of FDTS synthase activity.
These results agree with previous observations that the
presence of CH,Hyfolate slows the consumption of
NADPH under aerobic conditions [§]. In addition, the
oxidase activity of FDTS calls for caution when study-
ing the synthase activity under aerobic conditions,
which has been the case in many previous studies
[2,5,8,9,20,21]. Aerobic experiments in which nonsatur-
ating CH,Hyfolate concentrations were used may need
to be revisited, whereas the results of kinetic measure-
ments with saturating concentrations of CH,Hyfolate
should be valid, as the oxidase activity of the FDTS
would be completely suppressed.

In contrast to the suggestions from previous studies
[7-9], our data indicate that the product of the reductive
half-reaction, NADP™, does not leave the enzymatic
complex after the reductive half-reaction [20]. The find-
ings identify a potentially stable complex of reduced
FDTS with dUMP, NADP* and folate derivatives
(Scheme 3). The existence of such complexes may lead
to new directions in inhibitor and drug design, as well
as to direct attempts to gain structural information of
FDTS complexes with folates and nicotinamides. The

FEBS Journal 276 (2009) 2801-2810 © 2009 The Authors Journal compilation © 2009 FEBS
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lack of such information is currently a major obstacle
to understanding FDTS in general.

Materials and methods

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise specified. Formaldehyde solu-
tion (37.3% by weight) was purchased from Fisher Scientific
(Pittsburgh, PA, USA). CH,Hyfolate was a generous gift
from Eprova Inc. (Schaffhausen, Switzerland). All chemicals
were used as purchased without further purification. Thermo-
toga maritima FDTS (tmFDTS) enzyme was expressed and
purified as previously described [6].

Analytical methods

A Varian Cary 300 Bio UV-Vis spectrophotometer was
used for concentration determinations and steady-state
kinetic measurements. A Hewlett-Packard 8453
diode-array UV-Vis spectrophotometer was used in single-
turnover experiments. All the measured velocities were
normalized by the concentration of enzyme active sites. All
the reported concentrations refer to the final reaction
mixture. FDTS concentration refers to its active-site
concentration as determined from 450 nm absorbance of
bound FAD (450 = 11 300 M "em™) [12]. To analyze the
data from steady-state initial velocity measurements, kinetic
parameters were assessed from least-square nonlinear
regression of the data to the appropriate rate equation with
GRAFIT 5.0. For graphical presentation and further analysis,
we used the Lineweaver—Burk double-reciprocal plot and
secondary replots to further discriminate the kinetic
patterns [16].

series

Steady-state kinetic measurements

Initial velocities of FDTS oxidase activity were measured
with the coupled horseradish peroxidase (type VIA)/
Amplex Red assay, by following the oxidation of Amplex
Red by H,O, as indicated by the increase of absorbance at
575 nm (es75 = 67 000 M~ em™") [22]. Experiments were
performed at 37 °C in 200 mm Tris/HCI buffer (pH 7.9),
with 100 pm dUMP (to ensure examination of the dUMP-
activated enzyme) [13], 50 pMm Amplex Red, 1 unitmL™!
horseradish peroxidase and 2 um FDTS. Reactions were
initiated by addition of FDTS. The final volume of the
reaction mixture was 210 pL. Three different Tris/HCI buf-
fers were prepared: (a) buffer under an atmospheric concen-
tration of O, (210 um), (b) buffer under 1 atm of purified
argon ([O,] = 0), and (¢) buffer saturated with O, (1 atm
of pure oxygen, [O,] = 1050 um). In order to obtain
various O, concentrations, different combinations of these
buffers were mixed in the preparation of each experiment.
Air-tight syringes were used to transfer the solutions under
anaerobic conditions controlled by a dual manifold Schlenk

FDTS as oxidase

line. Control experiments were performed under an argon
atmosphere with the same experiment techniques, where no
oxidase activity was observed.

The apparent Michaelis-Menten constant of O, at
100 um NADPH was determined with O, concentrations
ranging from 2 to 990 uMm. The binding order of NADPH
and O, was studied by varying the NADPH concentration
from 10 to 400 um over an O, concentration range of 8§ uM
to 1 mm. The product inhibition by NADP " was examined
with 100 um NADPH at both saturating (210 pm) and sub-
saturating (10 uM) O, concentrations. NADP* concentra-
tions ranged from 0 to its solubility limit (~ 550 mM) in
200 mm Tris/HCI buffer (pH 7.9) at 37 °C. The inhibition
of FDTS oxidase activity by CH,Hyfolate was studied by
varying the CH,Hyfolate concentration from 0 to 100 pm
over an O, concentration range of 8 um to 1 mm. This inhi-
bition study was conducted in the presence of fixed concen-
trations of NADPH (100 pum) and formaldehyde (10 mm, to
stabilize CH,Hyfolate).

FADH, oxidation by O,

Single-turnover experiments of the oxidative half-reaction
were conducted to examine the oxidation of the enzyme
bound FADH, by O,. Experiments were performed at 0 °C
in 200 mm Tris/HCI buffer (pH 7.9) with a dUMP concen-
tration range of 0—1 mm. FDTS-bound FAD (10 pm) was
first reduced to FADH, by titrating with one equivalent of
sodium dithionite [23] under anaerobic conditions. The
anaerobic conditions were controlled by the Schlenk line.
Reactions were then initiated by addition of O,-containing
buffer ([O,] = 14 um in the final reaction mixture). The
final volume of the reaction mixture was 300 pL. FADH,
oxidation was followed by increase of absorbance at
450 nm (e450 = 11 300 M~""cm™") [12]. Data from each time
course were fit to an exponential equation to obtain the
rate constant for this reaction.

Formation of the FADH,-NADP™ charge-transfer
complex

In order to examine the formation of the FADH,~NADP ™
charge-transfer complex, single-turnover experiments were
conducted on the reductive half-reaction under anaerobic
conditions (Ar) maintained by a glucose/glucose oxidase
(type X) Oj-consuming system [13]. Experiments were per-
formed at 37 °C in 200 mm Tris/HCI buffer (pH 7.9) with
10 mM glucose, 100 unitsmL™" glucose oxidase, 200 pm
NADPH and 10 pm FDTS, at various concentrations of
dUMP (0-200 um). Reactions were initiated by addition of
NADPH stock solution. The final volume of the reaction
mixture was 300 pL. The reduction of FAD and formation
of the FADH,-NADP™ complex were followed by changes
in the absorbance at 450 nm [12] and in the charge-transfer
band from 550 to 900 nm [17-19], respectively. Data from
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each time course were fit to an exponential equation to
obtain the rate constant for this process.
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Appendix

Here we present the details of the two analytical
procedures used: (a) determination of the inhibition
pattern of CH,Hyfolate, which is treated as a dead-
end inhibitor for FDTS oxidase activity; and (b)
examination and validation of the assumption that
using the inhibition constant from (a) leads to direct
assessment of the binding constant of CH,Hyfolate
to the reduced and dUMP-activated enzymatic
complex.

(a) Analysis of the inhibition pattern of FDTS
oxidase activity by CH,H,folate

The traditional analysis to determine the inhibition
pattern [16] has been shown in the Results and Discus-
sion. Here we present an alternative way to analyze
the same data. The inhibition pattern of CH,Hyfolate
is examined by fitting the steady-state initial velocities
to the mixed-type inhibition model (Eqn Al). As pre-
sented below, this general model can distinguish
between various patterns of dead-end inhibition with a
single substrate and a single inhibitor:

L kcat [S] (Al)

[El, B K, (1 +%) +[S] (1 +0%)

where k., is the first-order rate constant of the reac-
tion when [S] approaches infinity and [I] approaches
zero; [S], [I] and [E]; are the concentrations of O,,
CH,Hyfolate and total concentration of enzyme active
sites, respectively; K, is the Michaelis-Menten con-
stant of O,; and K; is the inhibition constant of
CH,Hyfolate. The coefficient o is the ratio between the
dissociation constants of the inhibitor from the enzyme
(EI) and from the enzyme-substrate complex (ESI),
which reflects the difference in the inhibitor’s affinities
for these two different enzymatic complexes. The mag-
nitude of o discriminates between various types of
inhibition [15]: when o < < 1, the inhibition is uncom-
petitive; when o ~ 1, it is noncompetitive; and when
o >> 1, it is competitive. Fitting our data to
Eqn (A1) yields a value for o that is much larger than
unity (o = 101 + 46; Table Al), thus the second term
of the denominator approaches [S], and the mixed
inhibition model (Eqn Al) is reduced to the competi-
tive inhibition model (Eqn 2).
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Table A1. The kinetic parameters determined from the fittings of
data for the inhibition of FDTS oxidase activity by CH,H,folate to
competitive and mixed-type inhibition (Eqns 2 and A1, respectively).

Model

parameter Competitive® Mixed-type®

Keat (s71) 0.0127 + 0.0004 0.0134 + 0.0005
Ky (uv) 7+ 1 8+ 1

K) (um) 1.9+03 25+04

o NA 101 + 46

@ Fitted to Eqn (2) in the main text. ° Fitted to Eqn (A1).

The F-test (a statistical test of validity of going from
a complicated model to a simpler one) [24] suggests
that the mixed-type inhibition (Eqn Al) does not pro-
vide a statistically better fit than the competitive inhi-
bition (Eqn 2 in the main text). Furthermore, kinetic
parameters for both fittings were determined to be
identical within experimental error (Table Al). In
accordance with the linearized analysis presented in
the main text, the current analysis indicates that the
inhibition of FDTS oxidase activity by CH,Hyfolate is
best described by a competitive pattern.

(b) Estimating the binding constant of
CH,H,folate to the reduced and dUMP-activated
enzymatic complex from its apparent inhibition
constant

The analysis of data from the inhibition study of
FDTS oxidase activity with CH,Hyfolate, presented
above, treated CH,Hfolate as a dead-end inhibitor.
Yet, when the reduced complex is activated by dUMP
[13], CH,Hyfolate is actually an alternative substrate
competing with O,. Here we examine the validity of
treating CH,Hyfolate as a dead-end inhibitor to assess
its binding constant to the reactive enzymatic complex.

The initial velocity of the oxidase activity, in the
presence of CH,Hufolate, can be best described by the
equation for a bi-substrate system with an alternative
second substrate [15]:

y keat[B]
= (A2)
[E]L K, [I] Kiu [I} KmA
K’”BO AT, +Kﬁ[AJ>+[B] (1 " [A1>

where [A], [B], [I] and [E], are the concentrations of
NADPH, O, and CH,Hyfolate, and total concentra-
tion of enzyme active sites, respectively; K, , K, and
K, are the Michaelis—-Menten constants of NADPH,
0, and CH,H,folate, respectively; K,, is the dissocia-
tion constant of NADPH from the FDTS-FAD-
NADPH-dUMP complex, and K;; is the dissociation
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constant of CH,Hyfolate from the FDTS-FADH,—
NADP " -dUMP-CH,Hfolate complex (i.e. the
reciprocal of its binding constant to the reactive
FDTS-FADH,~NADP “—dUMP complex). Equation
(A3) can be derived from Eqn (A2):

v _ kcat[B}
[E], K [ K[l Koy
Kmﬁ(l-l-[A]-ﬁ-KmI +Kii[A]) +[B](l+ [A])
1 J]:C;%’”A [B]
_ [A]
1+ Kia ﬁ Kiu[l]
Koy [A] Ko Kii[A] 4 [B]
1+ [ A’]‘
1 jc%ém/\ [B]
_ [A]
Kia (1] Ki[1]
1+ Tt
Koy I[éi L IEH[A] + [B]
1+ Al 1+ Al
1 fla{tm/‘ ’
_ (A]
ar 1
A]
Koy —o | 1+ 7% 18]
A 1a 1 Kiq
il () (i)
kB )

Equation (A3) has the same form as Eqn (2) in the
main text, where
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kcal
cat — Km

(A4)

(A5)

K
[A]

1, K

Ko T Ky[A]

K, = (A6)

Therefore, with a fixed concentration of substrate A
(NADPH), fitting our data to Eqn (2) in the main text
provides the estimated values for the parameters k.,
K, and Kj. To test whether Kj, which is K; in Eqn (2)
in the main text, can represent Kj;, which is the dissoci-
ation constant of CH,Hyfolate from the reduced enzy-

matic complex, Eqn (A6) is transformed to Eqn (A7):

Kiq K
1 1 _|_ ia
, Al (Al
KI B 1 Kiq = Ki Kj; Kig (A7)
K_rm - Ki; [A} Ko [A]
Under the conditions of our experiments

(INADPH] = 100 pm), %>>1, and If—"‘<< I, so

%>> % Eqn (A7) is therefore reduced to Eqn (A8):
Kiy
1A]_
1& =
Al

KI/ =~ K,‘ Kii (AS)

Thus, the apparent K| value for CH,H,folate deter-
mined in the inhibition study is a reasonable estimate of
the dissociation constant (Kj;) of CH,Hyfolate from
the FDTS-FADH,-NADP"-dUMP-CH,H,folate
complex.
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