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ABSTRACT: Dihydrofolate reductase (DHFR) is the subject of intensive investigation since it appears to
be the primary target enzyme for “antifolate” drugs, such as methotrexate and trimethoprim. Fluorescence
quenching and stopped-flow fluorimetry show that the ester bond-containing tea polyphenols (-)-
epigallocatechin gallate (EGCG) and (-)-epicatechin gallate (ECG) are potent and specific inhibitors of
DHFR with inhibition constants (KI) of 120 and 82 nM, respectively. Both tea compounds showed the
characteristics of slow-binding inhibitors of bovine liver DHFR. In this work, we have determined a
complete kinetic scheme to explain the slow-binding inhibition and the pH effects observed during the
inhibition of bovine liver DHFR by these tea polyphenols. Experimental data, based on fluorimetric
titrations, and transient phase and steady-state kinetic studies confirm that EGCG and ECG are competitive
inhibitors with respect to 7,8-dihydrofolate, which bind preferentially to the free form of the enzyme. The
origin of their slow-binding inhibition is proposed to be the formation of a slow dissociation ternary
complex by the reaction of NADPH with the enzyme-inhibitor complex. The pH controls both the
ionization of critical catalytic residues of the enzyme and the protonation state of the inhibitors. At acidic
pH, EGCG and ECG are mainly present as protonated species, whereas near neutrality, they evolve toward
deprotonated species due to ionization of the ester-bonded gallate moiety (pK ) 7.8). Although DHFR
exhibits different affinities for the protonated and deprotonated forms of EGCG and ECG, it appears that
the ionization state of Glu-30 in DHFR is critical for its inhibition. The physiological implications of
these pH dependencies are also discussed.

Dihydrofolate reductase (DHFR,1 5,6,7,8-tetrahydrofolate:
NADP+ oxidoreductase, EC 1.5.1.3) catalyzes the reduction
of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF)
in the presence of coenzyme NADPH (DHF+ NADPH +
H+ f THF + NADP+). This enzyme is necessary for
maintaining intracellular pools of THF and its derivatives
which are essential cofactors in one-carbon metabolism.
Coupled with thymidylate synthase (1), it is directly involved
in thymidylate (dTMP) production through a de novo
pathway. DHFR is therefore pivotal in providing purines and

pyrimidine precursors for the biosynthesis of DNA, RNA,
and amino acids. In addition, it is the target enzyme (2) for
antifolate drugs such as the antineoplastic drug methotrexate
(MTX) and the antibacterial drug trimethoprim (TMP).
Because of its biological and pharmacological importance,
DHFR has been the subject of extensive structural and kinetic
studies (3-6).

Recent studies have presented data that show a variety of
biological activities of tea catechins, compounds which
constitute∼15% (dry weight) of green tea (7, 8). Green tea
catechins include (-)-epigallocatechin gallate (EGCG), (-)-
epigallocatechin (EGC), (-)-epicatechin gallate (ECG), and
(-)-epicatechin (EC). EGCG is the most abundant (one 240
mL cup of brewed tea contains up to 200 mg of EGCG),
and many health benefits, including antioxidant, antibiotic,
and antiviral activities, have been attributed to this compound
(9-11). Some authors consider EGCG alone to be the active
anticancer component, while others suggest that other tea
constituents also have antiproliferative or anticarcinogenic
properties (12). Green tea extracts have been shown in vitro
to stimulate apoptosis of various cancer cell lines, including
prostate, lymphoma, colon, and lung (7, 12-14). Moreover,
EGCG was reported to inhibit tumor invasion and angio-
genesis, processes that are essential for tumor growth and
metastasis (12). Despite great efforts during the past two
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decades to understand the anticarcinogenic activity of tea,
the exact mechanisms of action are not well defined.
Therefore, deciphering the molecular mechanism by which
green tea or EGCG imparts its antiproliferative effects could
be important and may result in improved opportunities for
the treatment of cancer.

On the basis of the observation that classical (MTX) and
nonclassical (TMP and TMQ) antifolate compounds possess
chemical structures similar to those of some tea polyphenols
(15), we started to work on the hypothesis that tea catechins
could inhibit DHFR activity. Suppression of DNA synthesis
by tea catechins could explain many of the observed effects
on cancer inhibition by these compounds. Recently, we have
shown that ester-bonded gallate catechins isolated from green
tea, such as EGCG and ECG, are potent inhibitors of DHFR
activity in vitro at concentrations found in the serum and
tissues of green tea drinkers (0.1-1.0 µM) (15). EGCG
exhibited the kinetic characteristics of a slow-binding inhibi-
tor of DHF reduction with bovine liver DHFR but of a
classical, reversible, competitive inhibitor with chicken liver
DHFR. Structural modeling showed that EGCG can bind to
human DHFR in an orientation similar to that observed for
a number of structurally characterized DHFR inhibitor
complexes (Figure 1A). These results suggested that EGCG
could act as an antifolate compound in the same way as MTX
and TMP. In this work, we have determined a complete
kinetic scheme to explain the slow-binding inhibition and
the pH effects observed during the inhibition of bovine liver
DHFR by the tea polyphenols, EGCG and ECG. Bovine liver
DHFR is a commercially available enzyme which is 87%
homologous with human DHFR (Figure 1B), including all

those residues believed to be functionally and structurally
critical, as identified in the crystal structure of the human
enzyme (3). This suggests that kinetic analysis of bovine
liver DHFR will be a suitable model for future studies of
the inhibition of DHFR from other mammalian (including
human) sources by EGCG and ECG, and by novel com-
pounds based on their structures (16).

EXPERIMENTAL PROCEDURES

Materials.Highly purified tea polyphenols EGCG (>95%),
ECG (>98%), EGC (>98%), and EC (>98%) were pur-
chased from Sigma Chemical Co. (Madrid, Spain). Green
tea extract was obtained from fresh tea (Camellia sinensis)
leaves after steam treatment (130°C) for 2-3 min, to
inactivate enzymes. The leaves were then crushed in a CTC
(crush, tear, curl) type machine and extracted with hot water
(80 °C) at a ratio of 1:10 (w/v). The liquid extract was
filtered, concentrated up to 25% dry matter, and spray-dried.
Bovine liver DHFR was purchased from Fluka Chemical Co.
(Madrid, Spain) and dialyzed exhaustively against distilled
water to remove the 1.5 M ammonium sulfate in which it is
supplied. The enzyme concentration was determined by MTX
titration of the enzyme fluorescence (17). DHF was obtained
from Aldrich Chemical Co. (Madrid, Spain) and NADPH
from Sigma. The concentrations of NADPH and DHF were
determined enzymatically at 340 nm using DHFR and a
molar absorbance change (∆ε) for the reaction of 11 800
M-1 cm-1 at this wavelength (18).

Dihydrofolate Reductase Assays and Kinetic Data Analy-
sis. The activity of DHFR was determined at 25°C by
following the decrease in the absorbance of NADPH and
DHF at 340 nm in a Perkin-Elmer Lambda-2 spectropho-
tometer with 1.0 cm light path cuvettes. Experiments were
performed in a buffer containing 2-(N-morpholino)ethane-
sulfonic acid (Mes, 0.025 M), sodium acetate (0.025 M),
tris(hydroxymethyl)aminomethane (Tris 0.05 M), and NaCl
(0.1 M), and the ionic strength remained constant at an
optimum value of 0.15 over the pH range that was used (pH
5.5-9.0). The pH of the reaction was measured before and
after the experiment. To prevent the oxidation of catechins,
the reaction mixture contained 1 mM ascorbic acid. Assays
were started by the addition of enzyme. In the absence of
the enzyme, the rate of absorbance change was negligible.
Although the DHFR-catalyzed reaction has been shown to
occur via a random mechanism (18), it can be simplified to
an ordered mechanism whenever [NADPH]. [DHF] (i.e.,
A . B). The values of the maximum steady-state rate (Vmax

)2 and the Michaelis constant of DHFR for DHF (Km
B) were

determined from the curvature evident in plots of the
disappearance of NADPH and DHF versus time (10 deter-
minations). ForKm

B determinations, the initial concentration
of saturating NADPH (100µM) was considered to be
constant during the consumption of 10µM DHF by the
enzyme (6 nM). Data were fitted by nonlinear regression to
the integrated form (19) of the Michaelis equation, using
Marquart’s algorithm (20) implemented in Sigma Plot 2.01
for Windows (21). When NADPH is the first substrate to
bind to the enzyme, its Michaelis constant (Km

A ) k5/k1)
cannot be directly determined from this experimental pro-
cedure.Km

A was indirectly calculated fromkcat (k5) and k1

values obtained from separate experiments.

FIGURE 1: (A) Schematic view of EGCG modeled into the folate-
binding site of human DHFR. (B) Sequence alignment of bovine
and human DHFRs.
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Fluorescence Studies.The fluorescence of DHFR is
reduced upon binding of substrates and inhibitors, and this
property may be used as a convenient method for determining
both the enzyme concentration and the dissociation constants
of enzyme-ligand complexes. Dissociation constants for the
binding of NADPH (Kd

A) and inhibitors (EGCG or ECG)
(KI

E) to free DHFR were determined by fluorescence titra-
tion in an automatic scanning Perkin-Elmer LS50B spec-
trofluorimeter with 1.0 cm light path cells equipped with a
150 W xenon (XBO) light source. The formation of the
binary complex between the enzyme and the ligand was
followed by assessing the quenching of tryptophan fluores-
cence of the enzyme upon addition of microliter volumes of
a concentrated stock solution of ligand. Fluorescence emis-
sion spectra were recorded when DHFR fluorescence was
excited at 290 nm. Dissociation constants of the preformed
E-NADPH complex (made by addition of 0.1 mM NADPH
to 0.25µM enzyme) with inhibitors (KI

EA) were determined
by fluorescence quenching titration at 440 nm (excited at
340 nm). All measurements were corrected for dilution, and
the data from the titration curves were fitted as described
previously (17). Titrations were performed in the same
buffers as described for DHFR assays. The temperature
was controlled at 25°C using a Haake D1G circulating
bath with a heater and cooler. Stopped-flow fluorescence
experiments were carried out using an Applied Photo-
physics Ltd. (Leatherhead, U.K.) Pi-Star 180 spectrometer
(75 W Xe light source) with a stopped-flow unit at 25°C
(Neslab RTE-7 circulating bath). The apparatus was operated
in single-mixing mode using the 2 mm path length obser-
vation cell and demonstrated a dead time of approxi-
mately 1.1 ms. The reaction of bovine liver DHFR (0.25
µM) with NADPH or inhibitors was observed under pseudo-
first-order conditions by fluorescence at 340 nm (excitation
at 290 nm). Concentrations of the reagents are given in the
Results and figures. The kinetic data were fitted to expo-
nential functions using the Pi-Star 180’s nonlinear regression

curve fitting program. The data points shown in the figures
are the means of at least three (normally five) repeat
observations.

Spectrophotometric Assays.Ultraviolet-visible absorption
spectra of catechins at different pHs were recorded on a UV-
vis Perkin-Elmer Lambda-2 spectrophotometer with a spec-
tral bandwidth of 1 nm at a scan speed of 60 nm s-1. The
assay medium was like that used for kinetic assays. Reference
cuvettes contained all the components except the inhibitor
in a final volume of 1 mL.

Dihydrofolate Reductase Inhibition Experiments.The slow
development of catechin inhibition was assessed by continu-
ously monitoring the disappearance of NADPH and DHF
after initiation of the reaction by the addition of DHFR (3.3
nM). Reaction mixtures contained buffer, NADPH, DHF,
and various concentrations of EGCG or ECG. Progress
curves were obtained under ordered conditions ([NADPH]
. [DHF]). Experiments to determine the recovery of enzyme
activity after inhibition by preincubation with catechins were
performed as follows. DHFR (165 nM) was preincubated
for 70 min at 25°C in the buffer mixture containing catechin
(40µM) and ascorbic acid (1 mM) in the absence or presence
of different concentrations of NADPH. Aliquots (20µL) of
the incubation mixture was then diluted 50-fold into a
reaction mixture containing the buffer mixture, NADPH (100
µM), and DHF (10µM) to give a final enzyme concentration
of 3.3 nM. Reaction mixtures contained 0.8µM catechin,
following dilution from the incubation mixtures. Recovery
of enzyme activity was followed by continuous monitoring
at 340 nm.

Kinetic Simulations.Kinetic simulation experiments have
been designed to distinguish between parts A and B of
Scheme 2 (Table 2) and Scheme 3 (Table 3). The kinetics
of the reaction mechanisms described in these schemes are
defined by a set of differential equations, whose numerical
integrations were carried out with a computer program
designed by Garcı´a-Sevilla et al. (22). Experimentally
determined values of the equilibrium and rate constants were
assigned to the partial reactions defined in these schemes.
Preincubation of the enzyme (E) with an excess of EGCG
(I) with and without NADPH (A) generates an equilibrium
between the enzymatic species present in the samples, which
will vary depending on the action mechanism (E, E-A, E-I,
and E*-I for Scheme 2A; E, E-A, E-A-I, and E*-A-I
for Scheme 2B; and E, E-A, E-I, and E-A-I for Scheme
3). In simulated experiments, the concentrations of the
enzyme species at different NADPH concentrations, after
reaction for 70 min, were calculated by numerical integration
of the schemes in the absence of catalysis (without addition
of species B), using the dissociation constants presented in
Tables 4 and 5. Recovery of enzyme activity by one of these
two mechanisms can be simulated (with addition of species
A and B) using the initial concentrations for the enzymatic
species calculated as described above and the remaining
inhibitor concentration carried over with the preincubated
enzyme (0.8µM).

RESULTS

Inhibition of BoVine LiVer Dihydrofolate Reductase by Tea
Catechins.Green tea extracts containing significant amounts
of tea catechins strongly inhibited the activity of bovine liver

2 Notation and definitions: E, free DHFR; A, NADPH; B, DHF; P,
NADP+; Q, THF; I, EGCG or ECG; EGCGH, protonated species of
EGCG; EGCG-, deprotonated species of EGCG;Vmax, maximum
steady-state rate (Vmax ) kcat[E]); kcat, catalytic constant (kcat ) k5); V0,
velocity of the first steady state;Vs, velocity of the final steady state;
kobs, apparent first-order inhibition rate constant;kobs

max, maximum
apparent first-order inhibition rate constant at a saturating inhibitor
concentration;kapp, pseudo-first-order rate constant for the binding of
I to E; kx (x ) 1-11), rate constants of the reaction mechanism of
DHFR; Kd

A, dissociation constants of E towardA (Kd
A ) k2/k1); Km

A and
Km

B, Michaelis constants of DHFR toward A and B, respectively [Km
A

) k5/k1, Km
B ) (k4 + k5)/k3]; KI

E, apparent dissociation constant of E
toward I at a particular pH value (KI

E ) k7/k6); KI
EA, apparent

dissociation constant of the complex EA toward I at a particular pH
value (KI

EA ) k9/k8); k10
f , first-order rate constant for the formation of

a slowly dissociating inhibitor complex;k10
s , second-order rate con-

stant for the reaction of the EI complex with A;KI
/, inhibition constant

for the overall inhibition process{KI
/ ) [k11/(k10

f + k11)]KI
E or KI

/ )
[k11/(k10

s [A] + k11)]KI
E}; KI

//, inhibition constant for the overall inhibi-
tion process{KI

// ) [k11/(k10
f + k11)]KI

EA}; KE, dissociation constant of
the deprotonation-protonation equilibrium between EH and E;KEA,
dissociation constant of the deprotonation-protonation equilibrium
between EAH and EA;KC, dissociation constant of the depro-
tonation-protonation equilibrium between EGCGH and EGCG-;
KI

EGCGH, pH-independent dissociation constant for the E-EGCGH
complex; KI

EGCG-
, pH-independent dissociation constant for the E-

EGCG - complex.
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Table 1: Possible Mechanisms for the Slow-Binding Inhibition of DHFR Assuming an Initial Slow-Binding Process and Their Relationship to the Apparent First-Order Constant (kobs) and Steady-State
RatesV0 andVs

a

a WhereKd
A ) k2/k1, Km

A ) k5/k1, Km
B ) (k4 + k5)/k3, KI

E ) k7/k6, andKI
EA ) k9/k8.
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Table 2: Possible Mechanisms for the Slow-Binding Inhibition of DHFR Assuming an Isomerization to a Slowly Dissociating Inhibition Complex and Their Relationship to the Apparent First-Order
Rate Constant (kobs) and Steady-State RatesV0 andVs
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DHFR (Figure 2A). To detect which components of these
extracts were responsible for such inhibition, we assayed
DHFR activity in the presence of EC, EGC, ECG, or EGCG
(Figure 2A). The results showed that both ECG and EGCG
were potent inhibitors of the bovine enzyme; however,
polyphenols lacking the ester-bonded gallate moiety (e.g.,
EGC and EC) did not inhibit DHFR. These results indicate
that the ester-bonded gallate moiety is essential for inhibition
of bovine liver DHFR. When DHFR activity was continu-
ously assayed after addition of enzyme to assay mixtures
containing ECG or EGCG and enzyme substrates (NADPH
and DHF), the resulting progress curves displayed time-
dependent decreases in the reaction rates and finally attained
steady-state velocities which varied as a function of inhibitor
concentration (Figure 2B,C), suggesting the slow establish-
ment of a steady state between the enzyme, inhibitor, and
enzyme-inhibitor complex (23). This slow-binding inhibition
has previously been reported for the inhibition of DHFR from
several biological sources with folate analogues such as MTX
and deazafolates (23, 24). Provided that the concentration
of free inhibitor is not substantially altered by the formation
of any enzyme-inhibitor complex, the progress curve for
such inhibition can be described by eq 1:

whereV0, Vs, andkobsrepresent the initial steady-state velocity,
the final steady-state velocity, and the apparent first-order
inhibition rate constant, respectively. Plots ofkobs against
inhibitor (EGCG or ECG) concentration (Figure 3) gave
hyperbolic dependencies.

Binding of EGCG and ECG to the Enzyme.The binding
of EGCG or ECG to free DHFR was assessed by following
the decrease in enzyme fluorescence that occurs upon
formation of the enzyme-inhibitor complex. When bovine
liver DHFR fluorescence is excited at 290 nm, its emission
spectrum shows a maximum at 340-350 nm. The binding
of EGCG or ECG quenches this fluorescence (Figure 4A,B).
The data for the resulting titration curves were used forKI

E

determinations (Table 5). The data showed that dissociation
constants of free DHFR for EGCG (120 nM) and ECG (82
nM) were lower than those for NADPH (4.8µM) (Tables 4
and 5). The binding of the inhibitors to the free enzyme was
investigated at pH 7.6 using stopped-flow fluorescence
kinetics. Under pseudo-first-order conditions, the apparent
rate of reaction increased linearly with inhibitor concentration
and showed no evidence of saturation at higher concentra-
tions (Figure 4C). Assuming a simple association step
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Table 4: Kinetic Constants for the Reaction of Bovine Liver DHFR
with NADPH and DHF at 25°C and pH 7.6

constant technique value

Kd
A (µM) fluorescence quenching 4.8( 0.4

Km
A (µM) calculateda 1.5( 0.2

Km
B (µM) integrated Michaelis equation 0.43( 0.03

kcat (s-1) integrated Michaelis equation 5.1( 1.1
k1 (M-1 s-1) transient phase kinetics (3.4( 0.3)× 106

k2 (s-1) calculateda 16.3( 2.8

a WhereKm
A ) kcat/k1 andk2 ) Kd

Ak1.

P ) Vst + (V0 - Vs)[1 - exp(-kobst)]/kobs (1)

E + I y\z
k7

k6
EI
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the observed rate (kapp) can be approximated by the relation-
shipkapp ) k6[I] + k7, wherek6 andk7 are the rate constants
for the association and dissociation, respectively. Thus, a plot
of kapp against [I] is a straight line with a slope ofk6 and an
intercept of k7 (Figure 4C). Following this scheme, the
second-order rate constants for the reaction of DHFR and
EGCG or ECG were obtained (Table 5). In each of these
experiments, the intercept value ofk7 was too small to be
measured; however, it could be calculated from theKI

E

expression (KI
E ) k7/k6) (Table 5).

To investigate the binding of tea inhibitors to the E-NAD-
PH complex at pH 7.6, the emission spectrum of this
complex was recorded when the complex was excited at 350
nm. It has been reported that after addition of MTX or TMP
to the E-NADPH complex ofLactobacillus casei, DHFR
fluorescence was quenched due to the formation of the
ternary E-NADPH-I complex (25). Addition of EGCG or
ECG to the preformed E-NADPH complex produced
changes in the fluorescence of this complex (data not shown).
The dissociation constants for the binding of inhibitor to the
E-NADPH complex (KI

EA) were calculated to be 56.2 and
45.4 µM for EGCG and ECG, respectively, which are
approximately 500 times higher than the corresponding
dissociation constants for the binding of inhibitors to the free
enzyme (KI

E) (Table 5). Therefore, it can be concluded that
the binding of NADPH to the enzyme hindered the subse-
quent binding of the inhibitors to the binary complex.

Mechanisms for Explaining the Slow-Binding Inhibition
of Dihydrofolate Reductase.Although the DHFR-catalyzed
reaction has been shown to occur via a random mechanism
(18, 26), it can be simplified to an ordered mechanism
whenever [NADPH]. [DHF]. Under such conditions and
considering that EGCG and ECG are structural analogues
of DHF, the possible mechanisms that explain the slow-
binding inhibition of bovine liver DHFR are depicted in
Tables 1-3. Table 1 includes mechanisms assuming an initial
slow-binding process. Recently, we have proposed such a
mechanism for the slow-binding inhibition ofStenotroph-
omonas maltophiliaDHFR by MTX (27). Table 2 shows
mechanisms in which an enzyme-inhibitor complex is
formed rapidly and then undergoes slow isomerization
(conformational change) to a slowly dissociating E*-I
complex. Scheme 2B, included in this table, has been used
to explain the slow, tight-binding inhibition by MTX of
DHFR from different biological sources, includingStrepto-
coccus faeciumA and Escherichia coli (17, 23). These
authors present kinetic evidence that MTX reacts with the
E-NADPH complex and not with the free enzyme. More

Table 5: Kinetic Constants for the Inhibition of Bovine Liver DHFR with Tea Catechins at 25°C and pH 7.6

constant technique I) EGCG I) ECG

KI
E (nM) fluorescence quenching 120( 20 82.0( 15

steady-state kinetics 97.6( 16 74.3( 16
KI

EA (µM) fluorescence quenching 56.2( 8.1 45.4( 6.9
k6 (M-1 s-1) transient phase kinetics (1.4( 0.2)× 105 (1.8( 0.4)× 105

k7 (s-1) calculateda (1.7( 0.5)× 10-2 (1.4( 0.6)× 10-2

(1.4( 0.4)× 10-2 (1.3( 0.6)× 10-2

k10
s (M-1 s-1) steady-state kinetics 22.5( 2.0 6.3( 0.8

k11 (s-1) steady-state kineticsb (1.8( 0.2)× 10-4 (8.8( 1.1)× 10-4

KI
/ (nM) calculateda 8.9( 3.3 47.8( 10

7.2( 2.6 43.1( 12

a Wherek7 ) KI
Ek6 andKI

/ ) [k11/(k10
s [A] + k11)]KI

E. b k11 values represent the mean of those calculated from Figures 3 and 5C.

FIGURE 2: Inhibition of bovine liver DHFR activity by tea
polyphenols. (A) Relative DHFR inhibition by a green tea extract
(GT at 50µg/mL) and tea catechins (EC, EGC, ECG, and EGCG
at 100µM) with respect to a control experiment with no compound
added. Each bar represents the mean of five separate experiments.
(B and C) Progress curves for the slow-binding inhibition of bovine
liver DHFR by EGCG and ECG, respectively. All the experiments
in this figure were carried out at pH 7.6 and 25°C in the presence
of NADPH (100µM), DHF (10 µM), and DHFR (3.3 nM).
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controversial is the structural reason for this slow isomer-
ization process. Although the interaction of the side chain
of MTX with amino acids at the active site of the enzyme,
such as Ile-50, Phe-31, and Leu-28, has been proposed as
the origin of the slow-binding inhibition, no really convincing
evidence for this interaction has been presented. The mech-
anism described in Table 3 assumes that the origin of the
slow-binding inhibition is the formation of a slowly dis-
sociating complex after the reaction of NADPH with the
enzyme-inhibitor complex. Although the formation of
ternary complexes between DHFR, coenzyme, and inhibitors
has been comprehensively demonstrated (25, 28), these
mechanisms have not been used to explain the slow-binding
inhibition of DHFR, probably due to the high values
calculated for the second-order rate constants of the reaction
of NADPH with E-MTX and E-TMP complexes. Tables
1-3 also show the analytical expressions forkobs, V0, andVs

deduced for the proposed mechanisms. In addition to these
mechanisms, the origin of this slow-binding behavior could
be explained by a model in which the inhibitor binds only
(or preferentially) to one of two slowly interconverting
conformations of the enzyme, as presented in the context of
MTX binding to E. coli DHFR (29, 30). A kinetic charac-
teristic of this hysteretic mechanism, when determined by
stopped-flow fluorescence quenching, is the presence of a
slow inhibitor concentration-independent process due to the
slow isomerization of the enzyme (29). Stopped-flow experi-

ments carried out in our laboratory for the binding of EGCG
or ECG showed time course traces that fit to a single-
exponential function which has a linear dependence on
inhibitor concentration (Figure 4C). Although hysteretic
behavior has been described for bovine liver DHFR, this
process should occur over a time scale different from that
of the slow-binding inhibition of the enzyme. In fact,
Appleman et al. (4) compared the hysteretic behavior of
DHFR from various sources and reported that human and
bovine DHFR exhibited such behavior on a time scale almost
1000 times shorter than that of the bacterial enzymes, i.e.,
in the 50-150 ms range.

Origin of the Slow-Binding Inhibition of BoVine LiVer
Dihydrofolate Reductase by Tea Catechins.Binding and
inhibition experiments were designed to distinguish between

FIGURE 3: Concentration-dependent inhibition of bovine liver
DHFR by EGCG (A) or ECG (B). Nonlinear regression analysis
of the progress curves presented in panels B and C of Figure 2 to
eq 1 yields the values ofkobs at different EGCG or ECG
concentrations. Results are the mean( the standard deviation of
triplicate determinations.

FIGURE 4: Titration and stopped-flow fluorescence experiments for
the binding of tea catechins to bovine liver DHFR. Quenching of
enzyme fluorescence by the addition of EGCG (A) and ECG (B)
(cf. Experimental Procedures). (C) Dependence of the pseudo-first-
order rate constant (kapp) for the binding of EGCG and ECG to
bovine liver DHFR on inhibitor concentration. Stopped-flow
fluorescence experiments were carried out at pH 7.6 and 25°C
using an enzyme concentration of 0.25µM.
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the mechanisms presented in Tables 1-3. Two kinetic
features (31) are characteristic of an initial slow binding of
the inhibitor (mechanisms proposed in Table 1): (i) the initial
reaction velocities (V0) should be independent of inhibitor
concentration and (ii) a plot ofkobs against the inhibitor
concentrations should give a straight line with no saturation
kinetics (see expressions forkobs and V0 in Table 1). The
experimental data did not agree with either of these
characteristics: it is evident from the progress curves (Figure
2B,C) that the initial activity decreases as a function of
inhibitor concentration and saturation kinetics were clearly
obtained from a representation ofkobs versus inhibitor
concentration (Figure 3). Therefore, it can be concluded that
the inhibition of DHFR by tea catechins is not due to the
formation of a slowly dissociating E-I complex.

The two features described above are not enough to
distinguish between the mechanisms listed in Tables 2 and
3, because each predicts variations ofV0 versus the inhibitors
and saturation kinetics ofkobsversus inhibitor concentration.
Inhibition of DHFR by EGCG occurs in the absence of
catalysis (preincubation experiments), and the results of
enzyme activity recovery in a standard DHFR assay may
indicate the type of inhibition. Preincubation of DHFR with
EGCG in the absence of NADPH, for 70 min (sufficient time
to reach equilibrium), did not produce any observable
inhibition in the recovered enzyme activity as compared with
a control experiments assayed in the presence of 0.8µM
EGCG (inhibitor concentration carried over from the pre-
incubation experiments with the enzyme aliquot) (Figure 5A,
traces a and b). However, preincubation of the enzyme for
the same time with EGCG plus NADPH resulted in
considerable loss of enzymatic activity (Figure 5A, trace c).
The activity reached a value which was ca. 30% of the
control activity. Results show that after the addition of
preincubated aliquots to the DHFR assay medium there is a
readjustment of the concentrations of the enzyme species to
rapidly reach the final steady-state rate (Vs). The experimental
dependencies ofVs on the concentration of NADPH are
shown in Figure 5B. This parameter decreased as the
concentration of NADPH increased to a final saturating
value. Simulation experiments designed to reproduce these
experimental conditions using Schemes 2A, 2B, and 3 show
that only Scheme 3 can explain the data. These observed
dependencies are the result of the dependence ofVs on
NADPH concentration, which is included as part of theKI

/

parameter (Table 3). The results of the experimental and
simulated assays presented in Figure 5 demonstrate that the
slow-binding inhibition of bovine liver DHFR is due to the
formation of a slowly dissociating ternary complex (E-I-
NADPH) after the reaction of NADPH with the binary E-I
complex (Table 3). Scheme 2A predicts inhibition of DHFR
after its incubation in both the absence and presence of
NADPH, and therefore, Scheme 2A can be discarded as an
inhibition mechanism. Although the mechanism presented
in Scheme 2B (Table 2) could represent a possibility for the
inhibition of DHFRs isolated from other biological sources
with other antifolates, such as MTX (17, 23), several pieces
of experimental evidence presented here show that it is not
the case for the inhibition of bovine DHFR by tea cat-
echins: (i) simulated experiments of this mechanism did not
fulfill the observed dependencies; (ii) the values for the

FIGURE 5: Effect of NADPH on the inhibition of bovine liver
DHFR by tea catechins. (A) Progress curves for the recovery of
the DHFR activity after preincubation for 70 min without EGCG
(trace a), with EGCG (40µM) (trace b), and with EGCG (40µM)
and NADPH (40µM) (trace c). Assays were initiated by addition
to reaction mixtures ([NADPH]) 100 µM and [DHF] ) 10 µM
at pH 7.6; for trace a, the reaction medium was supplied with 0.8
µM EGCG) of aliquots of the preincubation mixture. (B) Experi-
mental (0) and simulated values ofVs using Scheme 2A (4), 2B
(9), or 3 (b). Experimental values were obtained as described in
the legend of Figure 6A by DHFR preincubation experiments with
EGCG (40µM) at different NADPH concentrations. For simulated
experiments, the concentration distribution of the initial enzyme
(3.3 nM) into the different enzymatic species at different NADPH
concentrations, after reaction for 70 min, was calculated by
numerical integrations of the schemes in the absence of catalysis
(without addition of B species). These calculated values were used
to initiate the simulation of recovery of activity in the presence of
NADPH (100µM), DHF (10 µM), and EGCG (0.8µM). The rate
constants used for the simulation were as follows:k1 ) 3.4× 106

M-1 s-1, k2 ) 16 s-1, k3 ) 1.2 × 107 M-1 s-1, k4 ) 0.5 s-1, k5 )
5.1 s-1, k6 ) k8 ) 1.4 × 105 M-1 s-1, k7 ) k9 ) 1.7 × 10-2 s-1,
k10

f ) 2.2× 10-3 s-1, k10
s ) 22 M-1 s-1, andk11 ) 1.8× 10-4 s-1.

(C) kobs
max vs NADPH concentration. Progress curves were obtained

at a constant [NADPH]/[DHF] ratio of 5. Nonlinear regression of
the progress curves to eq 1 yields the values ofkobs at different
concentrations of EGCG (b) and ECG (0). Nonlinear regression
analysis of curves ofkobs vs [EGCG] and [ECG] at different
NADPH concentrations to the equation [kobs ) (R1 + R2[I])/( R3 +
[I])] was used forkobs

max (R2 parameter) determinations.
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dissociation constants of the inhibitors, calculated from
fluorimetric changes at pH 7.6, were ca. 500 times lower
for binding to the free enzyme than for the binding to the
E-NADPH binary complex (Table 5); and (iii) dissociation
constant determinations using steady-state kinetics, EGCG
as inhibitor and assuming Scheme 2B, should yield the value
of KI

EA (see Table 2). However, such calculations gave a
value for the dissociation constant of 71 nM which is closer
to theKI

E value calculated from fluorimetric titrations than
to theKI

EA value (Table 5).
Further evidence that favors the mechanism presented in

Table 3 versus those described in Table 2 was obtained by
representations ofkobs versus inhibitor concentration at
different concentrations of NADPH. The mechanisms pre-
sented in Table 2 predict an independent relationship between
kobs

max (kobs
max ) k10

f + k11) (R2 parameter in Table 2) and
NADPH concentration, while the mechanism in Table 3
predicts a linear dependence ofkobs

max (kobs
max ) k10

s [NADPH] +
k11) (R2 parameter in Table 3) with the concentration of
NADPH. The results of the experiment designed to test this
dependence are shown in Figure 5C and confirm Scheme 3
as the inhibition mechanism of DHFR by tea catechins.

Kinetic Characterization of the Inhibition of BoVine LiVer
Dihydrofolate Reductase by Tea Catechins.Observation of
the steady-state kinetics of DHFR with its natural substrates,
NADPH and DHF, is difficult because of the enzyme’s low
Km values. To more accurately determine this parameter,
progress curves with excesses of NADPH with respect to
DHF were analyzed using the integrated Michaelis equation
(Table 4). This analysis permits the calculation ofVmax (kcat)
and Km

B. However, when NADPH is the first substrate to
bind to the enzyme, its Michaelis constant (Km

A ) k5/k1)
cannot be directly determined from this procedure.Km

A was
indirectly calculated fromkcat (k5) and k1 values obtained
from separate experiments. Other kinetic parameters neces-
sary for subsequent calculations are also included in Table
4. Plots ofkobs versus the concentration of inhibitor (EGCG
or ECG) (Figure 3) were fitted by nonlinear regression to
the equations that resulted from resolving Scheme 3 (Table
3). The calculated constants are given in Table 5. The value
of kobs

max (kobs
max ) k10

s [A] + k11) was calculated at different
concentrations of NADPH using a fixed concentration ratio
of NADPH and DHF ([NADPH]/[DHF] ) 5). A plot of
kobs

max versus [NADPH] (Figure 5C) was fitted by linear
regression, yielding second-order rate constants of 22.5 and
6.3 M-1 s-1 for the reaction of the E-EGCG and E-ECG
complexes with NADPH, respectively. The values ofk11

calculated from they-axis intercepts of this representation
agree with those calculated from steady-state inhibition
experiments (Table 5). As can be seen, the values ofKI

E,
obtained from the steady-state kinetics of the mechanism
involving no binding of the inhibitors to the E-NADPH
complex, were similar to the values calculated in fluorescence
quenching experiments. Therefore, it can be concluded that,
under the experimental conditions used in these experiments,
EGCG and ECG do not bind to the E-NADPH binary
complex. The inhibition constants for the overall inhibition
process (KI

/) were also calculated (Table 5).
pH Studies.Recent studies have presented data suggesting

that the pH could be important for the biological activity of
tea catechins, and more specifically for the bactericidal and

antifungal activity of EGCG. This tea compound exhibited
stronger activity againstHelicobacter pyloriand Candida
albicansat neutral rather than acid pH (9, 32). These results
led us to study the effect of pH on the inhibition of DHFR
by tea catechins. Such an effect could arise from the
protonation state of bound inhibitor or be related to residues
in the active site of the enzyme. Thus, it has been shown
that the protonation state of MTX, TMP, and pyrimethanine
modulates the binding of these antifolates to DHFRs from
several sources (33). The absorption spectrum of EGCG is
strongly affected by the pH (Figure 6A). The absorbance
maximum at 273 nm undergoes a bathochromic displacement
to 322 nm, which is greatest at alkaline pH (pH>9.0).
Similar spectroscopic characteristics were observed for the
other galloylated catechin, ECG (data not shown). To
determine if the spectral changes in EGCG and ECG
solutions occurring with pH were due to an irreversible
oxidation reaction or to a reversible protonation step, a pH
titration experiment was carried out. A slightly alkaline
solution of EGCG (pH 8.2) was acidified to pH 6.8 by the
addition of dilute HCl, and a change in the spectrum of
EGCG was observed (Figure 6B), indicating a reversible
protonation reaction. The absorption spectra of the nongal-
loylated counterparts, EC and EGC, showed no significant
changes in the pH range of 6.0-8.0 (data not shown).
Therefore, the spectral changes with pH observed in EGCG
can be attributed to the ester bond gallate moiety with a pK
of 7.8. At acidic pH, EGCG is mainly present as the
protonated species EGCGH, whereas at pH values near
neutrality, it evolves toward the deprotonated species EGCG-,
which is stabilized by resonance (Figure 6C). The presence
of two pH-dependent species of EGCG with the possibility
of different hydrogen bond and/or electrostatic interactions
could be of interest for further studies on the many important
biological actions described for tea catechins (34, 35).

To determine if the protonation state of EGCG had an
important effect on the inhibition of bovine liver DHFR, we
carried out a complete kinetic characterization of this
inhibition at different pH values. The variation of the
apparent dissociation constant (KI

E) for the E-EGCG com-
plex between pH 5.5 and 9.0, as determined by fluorescence
titration, is illustrated in Figure 6D. TheKI

E decreased with
an increase in pH to a minimum value of approximately 69
nM. Such behavior can be explained by the presence of two
pK’s that modulate the binding of EGCG to the enzyme. A
basic pK (pKC ) 7.8) arises from the ester bond gallate
moiety of the inhibitor, which has been previously calculated
from Figure 6A, while a more acidic pK (around 7) could
represent the pK value of a residue in the active site of the
free enzyme (pKE). Essential active site residue Glu-30 is a
possible candidate identified by molecular modeling of the
interaction between EGCG and DHFR which shows the
possibility of hydrogen bonding between a phenolic OH
group and Glu-30 (O‚‚‚O distance of 2.7 Å) (15). The pH
data appear to indicate a dramatic effect on the binding of
EGCG following disruption of this hydrogen bond. A scheme
for the interaction of free DHFR with the two ionization
forms of EGCG (EGCGH and EGCG- ) is shown in Table
6. This model considers that the enzyme with protonated
Glu-30 cannot bind to any ionization form of the inhibitor.
Data analysis according to the equations derived from this
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mechanism (Table 6) yields values of 6.8 and 7.8 for pKE

and pKC, respectively. The value of the pH-independent
dissociation constant for the protonated and deprotonated
forms of the inhibitor (KI

EGCGH and KI
EGCG-

, respectively)
can also be calculated from this analysis (Table 6). The data
suggest that the enzyme in its deprotonated form has a
slightly higher affinity for the deprotonated form of the
inhibitor. The apparent dissociation constants calculated for
the binding of EGCG to the E-NADPH complex (KI

EA)
showed different pH dependencies (data not shown). The
data suggested a single pK of around pH 7.9, which could
be the result of the addition of pKEA and pKC. The results
clearly showed that after the binding of NADPH to the free
enzyme there is an increase in the pK of the active site

residue responsible for this interaction, possibly Glu-30.
Although this is favorable for the reaction of the binary
complex with its natural substrate DHF (36), the protonation
of this protein residue hinders the binding of EGCG to the
E-NADPH complex and could explain the high values of
KI

EA determined by fluorescence titration at pH 7.6.

DISCUSSION

Antifolate compounds such as MTX are widely used in
chemotherapy. Chemotherapeutic agents can elicit a number
of cellular responses, including growth arrest and activation
of apoptosis or programmed cell death. It has been suggested
that apoptosis is an important and ubiquitous mode of death
for cells treated with chemotherapeutic drugs. Antifolates

FIGURE 6: Effect of pH on the ionization state of EGCG and on its interaction with bovine liver DHFR. (A) UV-visible absorption spectra
of 0.1 mM EGCG at different pH values: (b) 5.9, (4) 6.6, (9) 6.9, (O) 7.5, (2) 8.0, and (0) 8.9. The inset is a representation ofA322 vs
pH. (B) An EGCG (0.1 mM) solution at pH 8.5 (0) was acidified to pH 6.0 (b) by the addition of dilute HCl. (C) Schematic representation
of the effect of pH on EGCG showing the proposed species EGCGH and EGCG-. (D) pH dependence of the apparent dissociation constant
of bovine liver DHFR for EGCG. The inset shows data points were fitted by nonlinear regression to the equation in Table 6.

Table 6: Mechanism for Explaining the pH Dependencies of the Apparent Inhibition Constant and Its Relationship to Proton Concentrationa

a Dissociation constants obtained by fluorescence titration were analyzed according to the equation displayed in this table to yield the parameter
values.
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inhibit DHFR, preventing the regeneration of THF, and
bringing the folate cycle to a halt. The resulting lack of dTTP
causes a nucleotide imbalance, which leads to a misincor-
poration of nucleotides into the DNA and eventually to the
death of the cell by apoptosis. MTX-induced apoptosis in
hepatocytes has been recently demonstrated (37). Green tea
extracts have been shown in vitro to stimulate apoptosis of
various cancer cell lines (7, 12-14). EGCG has been shown
to inhibit several cancer-related proteins (12), including
urokinase, nitric oxide synthase, telomerase, and tumor
necrosis factorR. However, nonphysiological concentrations
of EGCG were used in some earlier studies. To determine
the molecular targets responsible for the cancer preventive
effects of green tea, one must work at concentrations of the
molecules that are present physiologically in tea drinkers.
Previous studies have indicated that EGCG or other catechins
are present in low micromolar concentration ranges (38).
Therefore, we have shown that gallated tea polyphenols act
as DHFR inhibitors in vitro and in vivo (15), at concentra-
tions usually found in the blood and tissues of tea drinkers.

DHFR has been isolated and characterized from a wide
variety of bacterial and animal sources (23, 39-41). These
enzymes differ with respect to their type of inhibition by
MTX and other folate analogues (23, 24). Thus, both MTX
and TMP can be considered as slow tight-binding inhibitors
of the enzyme fromE. coli, but only MTX gives this type
of inhibition with the chicken liver enzyme. For the first time,
we have demonstrated the direct binding of EGCG and ECG
to DHFR, using fluorescence quenching and stopped-flow
fluorimetry. These compounds exhibited characteristics of
slow-binding inhibitors in bovine enzyme. Experimental data
confirm that both compounds are competitive inhibitors with
respect to DHF, which bind preferentially to the free enzyme.
The origin of their slow-binding inhibition is the formation
of a slow dissociation ternary complex by the reaction of
NADPH with the E-I complex. Although it is known that
MTX can bind efficiently to the free enzyme (17) and that
NADPH can form a ternary complex by binding to the
E-MTX complex (25), this kind of mechanism has never
been proposed as the origin of the MTX slow tight-binding
inhibition of DHFR. Instead, a mechanism in which MTX
inhibits by binding to the E-NADPH complex has been
suggested (23, 25). The reasons for this proposal are that in
the presence of saturating concentrations of NADPH there
will be little or no free enzyme with which the inhibitors
can interact. However, in the presence of inhibitors, the
apparent Michaelis constant for NADPH isKm

A (1 + [I]/ KI),
and therefore, even if the experiments are performed with a
100-fold excess of NADPH over the calculatedKm

A value,
the enzyme may be not saturated by this substrate, allowing
the entrance of inhibitor to the free enzyme. These results
could have important physiological consequences. Although
gallated tea polyphenols are structural analogues of DHF,
they can compete effectively with the other substrate,
NADPH, as a consequence of the random order mechanism.
Tumor cells, which grow rapidly, have considerable require-
ments for both NADPH and DHF. Intracellular depletion of
one or both substrates could facilitate the inhibition of DHFR
by these tea compounds in tumor cells. Therefore, the
inhibition of DHFR by EGCG and ECG could explain, at

least in part, its specificity for the growth inhibition of tumor
cells.

A comparison of the antifolate activity of EGCG and ECG
can be observed in Table 5. Both compounds are potent
inhibitors of DHFR at physiological pH. Although ECG can
bind slightly better to the free enzyme, this compound is
less effective than EGCG due to the fact that ECG can
dissociate more rapidly from the ternary inhibitory complex.
These data are reflected by the overall inhibition constant
KI

/ which is 5 times higher for ECG than for EGCG (Table
5). In any case, the overall inhibition constants of bovine
liver DHFR for EGCG and ECG (KI

/) are in the nanomolar
range, and therefore, they are less potent inhibitors of DHFR
than MTX, which has a calculatedKI

/ in the picomolar
range (23). The “soft” character of these tea compounds
could be developed for use in the prevention and treatment
of cancer with significantly reduced side effects compared
to those of the DHFR inhibitors currently in use in
chemotherapy, such as MTX. The soft character of EGCG
together with its ability to induce apoptosis through DHFR
inhibition provides a convincing explanation for the epide-
miological data on the prophylactic effects of diets high in
gallated polyphenols for certain forms of cancer.

Another conclusion drawn from this study is that, in
addition to considering the physiological concentration of
EGCG, it is also important to consider the pH of the
environment in which this catechin acts. The pH controls
both the ionization of critical catalytic residues of the enzyme
and the protonation state of EGCG and, therefore, the
effective concentrations of the protonated and unprotonated
forms (Figure 6C). It is expected that each form will exhibit
a different affinity and interaction with different molecular
target(s) responsible for the cancer preventative effects of
EGCG (34, 35). Thus, for DHFR inhibition, the deprotonated
form has been proposed to be the more effective inhibitor
(Table 6). Arg-70 in human DHFR (a highly conserved
residue also found in the bovine liver enzyme) has been
shown using X-ray crystallography to interact with the
R-carboxylate of the terminalL-glutamate moiety of folic
acid or MTX (3). Mutation of this residue was found to result
in insensitivity to MTX (42). Structural modeling of EGCG
into human DHFR (15) indicates that the compound is
oriented in a manner similar to that of MTX or folic acid
with the ionizable ester-bonded gallate moiety close to Arg-
70 (Figure 1A). The pH-dependent ionization of this gallate
could favor formation of a hydrogen bond or electrostatic
interaction with Arg-70, thus explaining the higher affinity
that we have observed for deprotonated EGCG (Table 6).
Additionally, it appears that the ionization state of an essential
residue (probably Glu-30) is critical for catechin-dependent
inhibition of the bovine enzyme. In fact, when this residue
is protonated, EGCG loses its efficiency as an inhibitor of
DHFR. EGCG could be defined as a slightly basic inhibitor,
and therefore, these pH dependencies could explain why the
pH controls the antimicrobial or antifungal action of EGCG
againstH. pylori or C. albicans, for which this compound
is active at pH 7.0 but not at pH<5.0 (9, 32). This result
may condition possible treatments with tea catechins. For
example, in the treatment of gastrointestinal diseases associ-
ated with H. pylori, such as chronic gastritis, peptic
ulceration, and gastric cancer, a new, safe, and effective
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therapeutic regime against infection could perhaps comprise
catechins combined with a proton pump inhibitor (9). We
are currently examining the possible inhibition ofH. pylori
DHFR by tea catechins. Similarly, the pH could also be
important in the effect of EGCG on cancer cells. It has been
widely described that the pH inside of cancer cells varies
with respect to their normal counterparts. Although there has
been a great deal of discussion about whether cancer cells
are more acidic or alkaline (43), small changes in the
intracellular pH could be important for catechin action, and
could also be related to the described specificity of these
compounds on cancerous versus normal cells.

The data reported in this study clearly demonstrate why
antifolates and tea polyphenols have served in similar clinical
applications such as antibiotics or in the treatment of cancer
and psoriasis (9-11, 14, 44). Moreover, EGCG has consid-
erable potential as a “lead compound” for the development
of new anticancer drugs (16). The structure of EGCG could
be modified to optimize the interaction of the compound with
DHFR from a desired biological source or to improve its
pharmaceutical properties, for example, to reduce side effects,
increase half-life in vivo, reduce the cost of synthesis,
improve bioavailability, or increase suitability for a particular
method of administration. However, the results also sound
a note of caution. Epidemiological studies have linked high
levels of green tea consumption by women, around the time
of conception and in pregnancy, to an increased incidence
of spina bifida and anencephaly (45). These are neural tube
defects associated with folic acid deficiency. In green tea
drinkers, EGCG’s antifolate activity would be expected to
significantly decrease folic acid levels and minimize the
positive effects of folic acid supplements. Thus, this new
research provides a possible biochemical explanation for the
epidemiological link between heavy green tea drinking and
an increased incidence of birth defects.
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