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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
guenching and stopped-flow fluorimetry show that the ester bond-containing tea polyphenols (
epigallocatechin gallate (EGCG) and)tepicatechin gallate (ECG) are potent and specific inhibitors of
DHFR with inhibition constantsk;) 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 enzymi@hibitor 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 mdfety {p8). 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 (DHFR5,6,7,8-tetrahydrofolate:  pyrimidine precursors for the biosynthesis of DNA, RNA,
NADP* oxidoreductase, EC 1.5.1.3) catalyzes the reduction and amino acids. In addition, it is the target enzymefor
of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) antifolate drugs such as the antineoplastic drug methotrexate
in the presence of coenzyme NADPH (DHFNADPH + (MTX) and the antibacterial drug trimethoprim (TMP).
H* — THF + NADP*). This enzyme is necessary for Because of its biological and pharmacological importance,
maintaining intracellular pools of THF and its derivatives DHFR has been the subject of extensive structural and kinetic
which are essential cofactors in one-carbon metabolism. studies 8—6).

Coupled with thymidylate synthasg)(it is directly involved Recent studies have presented data that show a variety of
in thymidylate (dTMP) production through a de novo pigggical activities of tea catechins, compounds which
pathway. DHFR is therefore pivotal in providing purines and ., <titute~15% (dry weight) of green te&(8). Green tea

catechins include-)-epigallocatechin gallate (EGCG);)-
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epigallocatechin; ECG,~)-epicatechin gallate; EC~)-epicatechin; EGCG was reported to inhibit tumor invasion and angio-
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those residues believed to be functionally and structurally
critical, as identified in the crystal structure of the human
enzyme B). 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 structurd$)(

EXPERIMENTAL PROCEDURES

Materials.Highly purified tea polyphenols EGCG 05%),
ECG (>98%), EGC £98%), and EC £98%) were pur-
chased from Sigma Chemical Co. (Madrid, Spain). Green
tea extract was obtained from fresh t€afellia sinensis
leaves after steam treatment (13Q) for 2—3 min, to
inactivate enzymes. The leaves were then crushed ina 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

B filtered, concentrated up to 25% dry matter, and spray-dried.
Bovine liver DHFR was purchased from Fluka Chemical Co.
Bovine LNI:Z‘I}.:;“-;:“:; GIGENGDLYWP P LRNET YT ORMTTRS8 VEGKONLY (Madrid, Spain) and dialyzed exhaustively against distilled
Human R e water to remove the 1.5 M ammonium sulfate in which it is
:me supplied. The enzyme concentration was determined by MTX
titration of the enzyme fluorescencgrj. DHF was obtained
Bovine from Aldrich Chemical Co. (Madrid, Spain) and NADPH
Human from Sigma. The concentrations of NADPH and DHF were
Eovine determined enzymatically at 340 nm using DHFR and a

molar absorbance changad) for the reaction of 11 800
M~tcm™ at this wavelengthi(g).

Dihydrofolate Reductase Assays and Kinetic Data Analy-
sis. The activity of DHFR was determined at Z& by
decades to understand the anticarcinogenic activity of tea,following the decrease in the absorbance of NADPH and
the exact mechanisms of action are not well defined. PHF at 340 nm in a Perkin-Elmer Lambda-2 spectropho-
Therefore, deciphering the molecular mechanism by which tometer with 1.0 cm light path cuvettes. Experiments were
green tea or EGCG imparts its antiproliferative effects could Performed in a buffer containing N¢morpholino)ethane-
be important and may result in improved opportunities for Sulfonic acid (Mes, 0.025 M), sodium acetate (0.025 M),
the treatment of cancer. tris(hydroxymethyl)aminomethane (Tris 0.05 M), and NaCl

On the basis of the observation that classical (MTX) and (0-1 M), and the ionic strength remained constant at an
nonclassical (TMP and TMQ) antifolate compounds possessPtimum value of 0.15 over the pH range that was used (pH
chemical structures similar to those of some tea polyphenols®:2~9:0). The pH of the reaction was measured before and
(15), we started to work on the hypothesis that tea catechins&t€" the experiment. To prevent the oxidation of catechins,
could inhibit DHFR activity. Suppression of DNA synthesis the reaction mixture cont.a}med 1 mM ascorbic acid. Assays
by tea catechins could explain many of the observed effectsVere started by the addition of enzyme. In the absence of
on cancer inhibition by these compounds. Recently, we have!N® enzyme, the rate of absorbance change was negligible.
shown that ester-bonded gallate catechins isolated from greerf\though the DHFR-catalyzed reaction has been shown to
tea, such as EGCG and ECG, are potent inhibitors of DHFR ©CcUr Via & random mechanisii, it can be simplified to

Ficure 1: (A) Schematic view of EGCG modeled into the folate-
binding site of human DHFR. (B) Sequence alignment of bovine
and human DHFRs.

activity in vitro at concentrations found in the serum and an ordered mechanism whenever [NADPH][DHF] (i.e.,

tissues of green tea drinkers (6.1.0 uM) (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

A > B). The values of the maximum steady-state ratg.{

)2 and the Michaelis constant of DHFR for DHRY) were
determined from the curvature evident in plots of the
disappearance of NADPH and DHF versus time (10 deter-
minations). FoiK?, determinations, the initial concentration
of saturating NADPH (100uM) was considered to be
constant during the consumption of 1 DHF by the

complexes (Figure 1A). These results suggested that EGCGenzyme (6 nM). Data were fitted by nonlinear regression to
could act as an antifolate compound in the same way as MTX the integrated form1(9) of the Michaelis equation, using

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

Marquart’s algorithm Z0) implemented in Sigma Plot 2.01
for Windows @1). When NADPH is the first substrate to
bind to the enzyme, its Michaelis constaM(= ks/ki)
cannot be directly determined from this experimental pro-
cedure.Kﬁ\1 was indirectly calculated fronkc, (ks) and k;
values obtained from separate experiments.



7514 Biochemistry, Vol. 44, No. 20, 2005 Navarro-Pema et al.

Fluorescence StudiesThe fluorescence of DHFR is curve fitting program. The data points shown in the figures
reduced upon binding of substrates and inhibitors, and thisare the means of at least three (normally five) repeat
property may be used as a convenient method for determiningobservations.

both the enzyme concentration and the dissociation constants Spectrophotometric Assaydltraviolet—visible absorption

of enzyme-ligand complexes. Dissociation constants for the spectra of catechins at different pHs were recorded on & UV
binding of NADPH Kﬁ) and inhibitors (EGCG or ECG)  vis Perkin-Elmer Lambda-2 spectrophotometer with a spec-
(KlE) to free DHFR were determined by fluorescence titra- tral bandwidth of 1 nm at a scan speed of 60 nrh §he

tion in an automatic scanning Perkin-Elmer LS50B spec- assay medium was like that used for kinetic assays. Reference
trofluorimeter with 1.0 cm light path cells equipped with a cuvettes contained all the components except the inhibitor
150 W xenon (XBO) light source. The formation of the in a final volume of 1 mL.

binary complex between the enzyme and the ligand was Dihydrofolate Reductase Inhibition Experimeritae slow
followed by assessing the quenching of tryptophan fluores- development of catechin inhibition was assessed by continu-
cence of the enzyme upon addition of microliter volumes of ously monitoring the disappearance of NADPH and DHF
a concentrated stock solution of ligand. Fluorescence emis-after initiation of the reaction by the addition of DHFR (3.3
sion spectra were recorded when DHFR fluorescence wasnM). Reaction mixtures contained buffer, NADPH, DHF,
excited at 290 nm. Dissociation constants of the preformed and various concentrations of EGCG or ECG. Progress
E—NADPH complex (made by addition of 0.1 mM NADPH  curves were obtained under ordered conditions ([NADPH]
to 0.254M enzyme) with inhibitors K/*) were determined > [DHF]). Experiments to determine the recovery of enzyme
by fluorescence quenching titration at 440 nm (excited at activity after inhibition by preincubation with catechins were
340 nm). All measurements were corrected for dilution, and performed as follows. DHFR (165 nM) was preincubated
the data from the titration curves were fitted as described for 70 min at 25°C in the buffer mixture containing catechin
previously (7). Titrations were performed in the same (40uM) and ascorbic acid (1 mM) in the absence or presence
buffers as described for DHFR assays. The temperatureof different concentrations of NADPH. Aliquots (26.) of
was controlled at 25C using a Haake D1G circulating the incubation mixture was then diluted 50-fold into a
bath with a heater and cooler. Stopped-flow fluorescence reaction mixture containing the buffer mixture, NADPH (100
experiments were carried out using an Applied Photo- xM), and DHF (1QuM) to give a final enzyme concentration
physics Ltd. (Leatherhead, U.K.) Pi-Star 180 spectrometer of 3.3 nM. Reaction mixtures contained Q8 catechin,

(75 W Xe light source) with a stopped-flow unit at 26 following dilution from the incubation mixtures. Recovery
(Neslab RTE-7 circulating bath). The apparatus was operatedof enzyme activity was followed by continuous monitoring
in single-mixing mode using the 2 mm path length obser- at 340 nm.

vation cell and demonstrated a dead time of approxi- Kinetic SimulationsKinetic simulation experiments have
mately 1.1 ms. The reaction of bovine liver DHFR (0.25 peen designed to distinguish between parts A and B of
uM) with NADPH or inhibitors was observed under pseudo- Scheme 2 (Table 2) and Scheme 3 (Table 3). The kinetics
first-order conditions by fluorescence at 340 nm (excitation of the reaction mechanisms described in these schemes are
at 290 nm). Concentrations of the reagents are given in thedefined by a set of differential equations, whose numerical
Results and figures. The kinetic data were fitted to expo- integrations were carried out with a Computer program
nential functions using the Pi-Star 180's nonlinear regression designed by GararSevilla et al. 22). Experimentally
determined values of the equilibrium and rate constants were
2 Notation and definitions: E, free DHFR: A, NADPH: B, DHF: P, assigned to the partial reactions defined in these schemes.
NADP*: Q, THF; I, EGCG or ECG; EGCGH, protonated species of Preincubation of the enzyme (E) with an excess of EGCG
EGCG; EGCG, deprotonated species of EGC@ina, maximum () with and without NADPH (A) generates an equilibrium
steady-state raté/fax = kealEl); keay Catalytic constanta = ks); vo, between the enzymatic species present in the samples, which

velocity of the first steady statei, velocity of the final steady state; - - - .
kobs apparent first-order inhibition rate constardjiz, maximum will vary depending on the action mechanism (E& E—,

apparent first-order inhibition rate constant at a saturating inhibitor and E*=I for Scheme 2A; E, EA, E-A—I, and E*~A—l|

concentrationksp, pseudo-first-order rate constant for the binding of  for Scheme 2B; and E,EA, E—I, and E-A—I for Scheme

| to B ke (x = 1-11), rate constants of the reaction mechanism of 3) |n simulated experiments, the concentrations of the

Eg":l\;?? ﬁd' ?'Ssoc'at“o': Co?izrl‘:t;(;f E tOSVZMKé ; kelka); Ktm ‘1;‘9‘: enzyme species at different NADPH concentrations, after
m MICNAEIS constants o oward A and B, respectvél[ o4 tion for 70 min, were calculated by numerical integration

= kefks, K& = (ks + ks)/ks]; KE, apparent dissociation constant of E . . X "
toward | at a particular pH valueKE = kifk): KEA apparent of the schemes in the absence of catalysis (without addition

dissociation constant of the complex EA toward | at a particular pH Of species B), using the dissociation constants presented in
value K = k/ke); K, first-order rate constant for the formation of ~ Tables 4 and 5. Recovery of enzyme activity by one of these
a slowly dissociating inhibitor complex;,, second-order rate con-  two mechanisms can be simulated (with addition of species
stant for the reaction of the El complex with K}, inhibition constant A and B) using the initial concentrations for the enzymatic
for the overall inhibition procesgK; = [ku/(K, + ku)]KF or Kf = species calculated as described above and the remaining
[kar/ (o[ A] +;11)]K|E|1;/Kli:, inhkibitingCOTtagt for the overall inhibi-f inhibitor concentration carried over with the preincubated
tion proces{ K}™* = [kyu + kg ; K, dissociation constant o

the geprotognaltiOﬁp[rotcfnzl;\otion eguiiib};ium between EH and K, enzyme (0.8M).

dissociation constant of the deprotonatigorotonation equilibrium

between EAH and EA;Kc, dissociation constant of the depro- RESULTS

tonation—protonation equilibrium between EGCGH and EGCG . . . .
KESCSH pH-independent dissociation constant for the EGCGH Inhibition of Bavine Liver Dihydrofolate Reductase by Tea

complex; KE°°® | pH-independent dissociation constant for the E  CatechinsGreen tea extracts containing significant amounts
EGCG~ complex. of tea catechins strongly inhibited the activity of bovine liver




Table 1: Possible Mechanisms for the Slow-Binding Inhibition of DHFR Assuming an Initial Slow-Binding Process and Their Relationship to the Ripga@nder Constantkf,) and Steady-State

Rateswvy and v

mechanism K ops steady-state rates
E+A - E-A+B 5 E-A-B i» E+P+Q Vo = V imax [4]8]
kz k4 KiK; +Kq[4]+ KB+ [4]B]
I ko = k(,a[l 1+ Iy
18]
b “ fo (6w a=KiKE R kel bl e ]
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(Scheme 14) K; KI
k k k
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I

* WhereKg = kofk, Ky = kefks, K5 = (ki + ks)lks, KI = kilke, andKi™ = kofks
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Table 2: Possible Mechanisms for the Slow-Binding Inhibition of DHFR Assuming an Isomerization to a Slowly Dissociating Inhibition Complex aRel&tienship to the Apparent First-Order

Rate Constantkip,) and Steady-State Ratesand vs

G00Z ‘02 'ON ‘v "[oA ‘Ansiwaydolg 9T1G.L

mechanism ks steady-state rates
k k.
E+A=—= E-A+B=—0 E-A-BL E+P+Q . =a1+a2[1] Vo = Vnax [A]1B]
+ k k. obs
R ) 2 +1] i1+ 2 ozt {121 )+ Lok
o= k”Kf(Ké‘Kﬁ +Kp [A]+K,:,‘[B]+[A][B]] Ki s Ki
kr || ko KiKE + KA[B _ Viax|41B
¥ dSm m[ ] v, = [I] ma [I]
e o =k ki KjKﬁ[HK*J +K£[A]+Kﬁ(l+K*J[B]+ ne
(slow) (Scheme 24) o < | KiKn+ Kil)+ K [B]+ [4]8] ! !
P KjKy +K,[B]
k k k
E+A=—= E-A+B=—= E-AB— E+P+Q Obsz—a1+a[2[]1]
. ks o +|1 - Voax [A]1B]
KAKE + KB[4]+ K4[B]+[4]B] 0" (1]
EA m m m
o o = kK] ( ol i o oL b ilsle L)
10
E-A-I E*-A- o =kl +k Vnax [A1B]
o, 2 = Kjo T A1y — [alx]
(slow) (Scheme 2B) KiKE + K2 (1 o J[A]+ KA[B]+[4]B]

0{3 = KIEA(

KiK2+KE[4]+ K7[B]+ [AIB]J
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Table 3: Possible Mechanism for the Slow-Binding Inhibition of DHFR Assuming the Formation of a Slowly Dissociating Complex after the ReactioRldfWihthe Enzyme Inhibitor Complex

and Their Relationship to the Apparent First-Order Rate Conskar}t &nd Steady-State Ratesand vs

steady-state rates
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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
Kﬁ (M) fluorescence quenching 4480.4
KE (uM) calculated 15+0.2
Ka (uM) integrated Michaelis equation ~ 0.430.03
Keat (S7) integrated Michaelis equation 541.1
ki (M™ts™) transient phase kinetics (340.3) x 10°
ko (s7Y) calculated 16.3+ 2.8

aWhereK?: = kealks andk, = Kiky.

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 deazafolate8, 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:

P=ud+ (vg — v[1 — exp(—Kypd)l/Kqps )

whereuwy, vs, andkypsrepresent the initial steady-state velocity,
the final steady-state velocity, and the apparent first-order
inhibition rate constant, respectively. Plots kefs against
inhibitor (EGCG or ECG) concentration (Figure 3) gave
hyperbolic dependencies.

Binding of EGCG and ECG to the Enzyniée binding
of EGCG or ECG to free DHFR was assessed by following
the decrease in enzyme fluorescence that occurs upon
formation of the enzymeinhibitor complex. When bovine
liver DHFR fluorescence is excited at 290 nm, its emission
spectrum shows a maximum at 34850 nm. The binding
of EGCG or ECG quenches this fluorescence (Figure 4A,B).
The data for the resulting titration curves were useddpr
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 (4,8M) (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

k7
E+I-k:EI
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Table 5: Kinetic Constants for the Inhibition of Bovine Liver DHFR with Tea Catechins &C2&nd pH 7.6

constant technique + EGCG |I=ECG
KF (nM) fluorescence quenching 12020 82.0+ 15
steady-state kinetics 97616 74.3+ 16
KEA (uM) fluorescence quenching 56428.1 454+ 6.9
ks (M~ts™) transient phase kinetics (1#40.2) x 10° (1.8+0.4) x 1°
k7 (s7Y) calculated (1.7+0.5) x 1072 (1.4+0.6) x 102
(1.4+0.4) x 102 (1.3+£0.6) x 1072
Klo(M s steady-state kinetics 225520 6.3+ 0.8
kiz (s71) steady-state kinetiés (1.8£0.2) x 104 (8.8+1.1)x 10
K} (nM) calculated 8.9+3.3 47.8+ 10
7.2+ 2.6 4314+ 12

aWherek; = KIEk6 andK} = [ku/(KJA] + k11)]K|E. b ky; values represent the mean of those calculated from Figures 3 and 5C.

the observed raté{,) can be approximated by the relation-
shipkapp= ke[l] + k7, whereks andk; are the rate constants
for the association and dissociation, respectively. Thus, a plot
of kapp@gainst [1] is a straight line with a slope kf and an
intercept ofk; (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 lof was too small to be
measured; however, it could be calculated from Hfe
expression K& = ki/ks) (Table 5).

To investigate the binding of tea inhibitors to the RAD-
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 caseiDHFR
fluorescence was quenched due to the formation of the
ternary EENADPH—I complex @5). Addition of EGCG or
ECG to the preformed ENADPH 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 K*) were calculated to be 56.2 and pes 30
45.4 uM for EGCG and ECG, respectively, which are B
approximately 500 times higher than the corresponding
dissociation constants for the binding of inhibitors to the free ° 5 10 15 20 25 a0
enzyme K[) (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 Reductasélthough the DHFR-catalyzed
reaction has been shown to occur via a random mechanism
(18, 26), it can be simplified to an ordered mechanism
whenever [NADPHP> [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 C
slow-binding process. Recently, we have proposed such a 0 ‘ s ! ‘
mechanism for the slow-binding inhibition &tenotroph- 0 5 10 15 20
omonas maltophilieEDHFR by MTX (27). Table 2 shows
mechanisms in which an enzymmmhibitor complex is
formed rapldly and then undergoes Sl.OW |§0merlzat|0n Ficure 2: Inhibition of bovine liver DHFR activity by tea
(conformational change) to a slowly dissociating#*  polyphenols. (A) Relative DHFR inhibition by a green tea extract
complex. Scheme 2B, included in this table, has been used(GT at 50ug/mL) and tea catechins (EC, EGC, ECG, and EGCG
to explain the slow, tight-binding inhibition by MTX of  at 100uM) with respect to a control experiment with no compound

DHFR from different biological sources, includirBjrepto- added. Each bar represents the mean of five separate experiments.
- S ! (B and C) Progress curves for the slow-binding inhibition of bovine

coccus faeciumA .and, Esqherlchla coli(17, 23). Thgse liver DHFR by EGCG and ECG, respectively. All the experiments

authors present kinetic evidence that MTX reacts with the in this figure were carried out at pH 7.6 and 25 in the presence

E—NADPH complex and not with the free enzyme. More of NADPH (100uM), DHF (10 M), and DHFR (3.3 nM).
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Ficure 3: Concentration-dependent inhibition of bovine liver
DHFR by EGCG (A) or ECG (B). Nonlinear regression analysis —~ 15F
of the progress curves presented in panels B and C of Figure 2 to @
eq 1 yields the values ok, at different EGCG or ECG «;%
concentrations. Results are the mearthe standard deviation of 10
triplicate determinations.
5 |
controversial is the structural reason for this slow isomer-
ization process. Although the interaction of the side chain 0 s . .
of MTX with amino acids at the active site of the enzyme, 0 80 100 150
such as lle-50, Phe-31, and Leu-28, has been proposed as [1] (uM)

the origin of the slow-binding inhibition, no really convincing  Figure 4: Titration and stopped-flow fluorescence experiments for
evidence for this interaction has been presented. The mechihe binding of tea catechins to bovine liver DHFR. Quenching of

anism described in Table 3 assumes that the origin of theenzyme fluorescence by the addition of EGCG (A) and ECG (B)
slow-binding inhibition is the formation of a slowly dis- (cf. Experimental Procedures). (C) Dependence of the pseudo-first-

- : ' order rate constantk{,y for the binding of EGCG and ECG to
sociating complex after the reaction of NADPH with the  poyine Jiver DHFR on inhibitor concentration. Stopped-flow

enzyme-inhibitor complex. Although the formation of  fluorescence experiments were carried out at pH 7.6 an8iC25
ternary complexes between DHFR, coenzyme, and inhibitorsusing an enzyme concentration of 0,28l.

has been comprehensively demonstratgl, 8), these

mechanisms have not been used to explain the slow-bindingments carried out in our laboratory for the binding of EGCG
inhibition of DHFR, probably due to the high values or ECG showed time course traces that fit to a single-
calculated for the second-order rate constants of the reactiorexponential function which has a linear dependence on
of NADPH with E-MTX and E-TMP complexes. Tables inhibitor concentration (Figure 4C). Although hysteretic
1-3 also show the analytical expressions Ky vo, andus behavior has been described for bovine liver DHFR, this
deduced for the proposed mechanisms. In addition to theseprocess should occur over a time scale different from that
mechanisms, the origin of this slow-binding behavior could of the slow-binding inhibition of the enzyme. In fact,
be explained by a model in which the inhibitor binds only Appleman et al. 4 compared the hysteretic behavior of
(or preferentially) to one of two slowly interconverting DHFR from various sources and reported that human and
conformations of the enzyme, as presented in the context ofbovine DHFR exhibited such behavior on a time scale almost
MTX binding to E. coli DHFR (29, 30). A kinetic charac- 1000 times shorter than that of the bacterial enzymes, i.e.,
teristic of this hysteretic mechanism, when determined by in the 56-150 ms range.

stopped-flow fluorescence quenching, is the presence of a Origin of the Slow-Binding Inhibition of Béne Liver
slow inhibitor concentration-independent process due to the Dihydrofolate Reductase by Tea CatechiBénding and
slow isomerization of the enzym29). Stopped-flow experi-  inhibition experiments were designed to distinguish between
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the mechanisms presented in Tables31 Two kinetic
features 81) are characteristic of an initial slow binding of
the inhibitor (mechanisms proposed in Table 1): (i) the initial
reaction velocities ) should be independent of inhibitor
concentration and (ii) a plot ok.ns against the inhibitor
concentrations should give a straight line with no saturation
kinetics (see expressions f&g,s and vp 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 &,s 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-El complex.

The two features described above are not enough to
distinguish between the mechanisms listed in Tables 2 and
3, because each predicts variationgg@¥ersus the inhibitors
and saturation kinetics ¢ps versus 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 ouM8
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
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readjustment of the concentrations of the enzyme species to

rapidly reach the final steady-state ratg).(The experimental
dependencies ofs on the concentration of NADPH are
shown in Figure 5B. This parameter decreased as the
concentration of NADPH increased to a final saturating

Ficure 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 (4@M) (trace b), and with EGCG (40M)

and NADPH (40uM) (trace c). Assays were initiated by addition

value. Simulation experiments designed to reproduce theseto reaction mixtures ([NADPH} 100uM and [DHF] = 10 uM

experimental conditions using Schemes 2A, 2B, and 3 show
that only Scheme 3 can explain the data. These observe
dependencies are the result of the dependences ahn
NADPH concentration, which is included as part of e
parameter (Table 3). The results of the experimental and
simulated assays presented in Figure 5 demonstrate that th
slow-binding inhibition of bovine liver DHFR is due to the
formation of a slowly dissociating ternary complex<E-
NADPH) after the reaction of NADPH with the binary-
complex (Table 3). Scheme 2A predicts inhibition of DHFR
after its incubation in both the absence and presence of

at pH 7.6; for trace a, the reaction medium was supplied with 0.8

M EGCG) of aliquots of the preincubation mixture. (B) Experi-

mental () and simulated values af using Scheme 2A4), 2B
(m), or 3 (@). Experimental values were obtained as described in
the legend of Figure 6A by DHFR preincubation experiments with
EGCG (40uM) at different NADPH concentrations. For simulated
xperiments, 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 (100u«M), DHF (10 M), and EGCG (0.&M). The rate
constants used for the simulation were as folloks= 3.4 x 1(f

NADPH, and therefore, Scheme 2A can be discarded as anyj-1g1 k, =16 s, k= 1.2 x 100 M1 5%, ks = 0.5 L, ks =

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 MTXT, 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

51sLks=kg=14x 1PM1sL ks =ks=17x 102571,
Ko=22x102%s K,=22Mts? andk; = 1.8 x 104sL

(C) Kix'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 valuek.gf at different
concentrations of EGCG®) and ECG [J). Nonlinear regression
analysis of curves okys vs [EGCG] and [ECG] at different
NADPH concentrations to the equatids = (o, + o[l])/( oz +

[IN)] was used forkis (o2 parameter) determinations.
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dissociation constants of the inhibitors, calculated from antifungal activity of EGCG. This tea compound exhibited
fluorimetric changes at pH 7.6, were ca. 500 times lower stronger activity againgtielicobacter pyloriand Candida
for binding to the free enzyme than for the binding to the albicansat neutral rather than acid pi9,(32). These results
E—NADPH binary complex (Table 5); and (iii) dissociation led us to study the effect of pH on the inhibition of DHFR
constant determinations using steady-state kinetics, EGCGby tea catechins. Such an effect could arise from the
as inhibitor and assuming Scheme 2B, should yield the value protonation state of bound inhibitor or be related to residues
of K (see Table 2). However, such calculations gave a in the active site of the enzyme. Thus, it has been shown
value for the dissociation constant of 71 nM which is closer that the protonation state of MTX, TMP, and pyrimethanine
to the K" value calculated from fluorimetric titrations than modulates the binding of these antifolates to DHFRs from
to the KFA value (Table 5). several sources3B). The absorption spectrum of EGCG is

Further evidence that favors the mechanism presented instrongly affected by the pH (Figure 6A). The absorbance
Table 3 versus those described in Table 2 was obtained bymaximum at 273 nm undergoes a bathochromic displacement
representations ok.ps versus inhibitor concentration at to 322 nm, which is greatest at alkaline pH (p+b.0).
different concentrations of NADPH. The mechanisms pre- Similar spectroscopic characteristics were observed for the
sented in Table 2 predict an independent relationship betweerpther galloylated catechin, ECG (data not shown). To

X (K& = Kl + ki1) (a2 parameter in Table 2) and determine if the spectral changes in EGCG and ECG
NADPH concentration, while the mechanism in Table 3 solutions occurring with pH were due to an irreversible
predicts a linear dependencekdf* (K" = kS [NADPH] + o_xid:_;ltion reacf[ion orto a reve_rsible protona_ttion step, a pH
ki) (a2 parameter in Table 3) with the concentration of tltrat|pn experiment was carried (.)u.t.. A slightly alkaline
NADPH. The results of the experiment designed to test this Solution of EGCG (pH 8.2) was acidified to pH 6.8 by the
dependence are shown in Figure 5C and confirm Scheme 32ddition of dilute HCI, and a change in the spectrum of
as the inhibition mechanism of DHFR by tea catechins. ~EGCG was observed (Figure 6B), indicating a reversible

Kinetic Characterization of the Inhibition of Bine Liver protonation reaction. The absorption spectra of the nongal-
Dihydrofolate Reductase by Tea Catechi@fservation of ~ loylated counterparts, EC and EGC, showed no significant
the steady-state kinetics of DHFR with its natural substrates, changes in the pH range of 6:8.0 (data not shown).
NADPH and DHF, is difficult because of the enzyme’s low Therefore, the spectral changes with pH observed in EGCG
Kn values. To more accurately determine this parameter, can be attributed to the ester bond gallate moiety witka p
progress curves with excesses of NADPH with respect to of 7.8. At acidic pH, EGCG is mainly present as the
DHF were analyzed using the integrated Michaelis equation protonated species EGCGH, whereas at pH values near
(Table 4). This analysis permits the calculatiorVafx (Kea) neutrality, it evolves toward the deprqtonated species EGCG
and KB, However, when NADPH is the first substrate to Which is stabilized by resonance (Figure 6C). The presence
bind to the enzyme, its Michaelis constarhtﬁ](z Ks/ks) of tvyo pH-dependent species of EGCG with t.he_ p055|b_|l|ty
cannot be directly determined from this procedu(é.was of different _hydrogen bond and/or_ electrostatic interactions
indirectly calculated fromkea (ks) and k, values obtained cpuld pe of m'gerest for fgrther studies on thg many important
from separate experiments. Other kinetic parameters necesPiological actions described for tea catechigs, 35).
sary for subsequent calculations are also included in Table To determine if the protonation state of EGCG had an
4. Plots ofkyps versus the concentration of inhibitor (EGCG  important effect on the inhibition of bovine liver DHFR, we
or ECG) (Figure 3) were fitted by nonlinear regression to carried out a complete kinetic characterization of this
the equations that resulted from resolving Scheme 3 (Tableinhibition at different pH values. The variation of the
3). The calculated constants are given in Table 5. The valueapparent dissociation constakt for the EEEGCG com-
of ke (ke = Ki[A] + ki) was calculated at different  plex between pH 5.5 and 9.0, as determined by fluorescence
concentrations of NADPH using a fixed concentration ratio titration, is illustrated in Figure 6D. Thk§|E decreased with
of NADPH and DHF (INADPH]/[DHF] = 5). A plot of an increase in pH to a minimum value of approximately 69

e versus [NADPH] (Figure 6) was fitted by linear nM. Such behavior can be explained by the presence of two

regression, yielding second-order rate constants of 22.5 andoK’s that modulate the binding of EGCG to the enzyme. A
6.3 M1 s for the reaction of the EEGCG and EECG basic K (pKc = 7.8) arises from the ester bond gallate
complexes with NADPH, respectively. The values kaf moiety of the inhibitor, which has been previously calculated
calculated from they-axis intercepts of this representation from Figure 6A, while a more acidickp (around 7) could
agree with those calculated from steady-state inhibition represent thel value of a residue in the active site of the
experiments (Table 5). As can be seen, the valuelleof free enzyme (Kg). Essential active site residue Glu-30 is a
obtained from the steady-state kinetics of the mechanismpossible candidate identified by molecular modeling of the
involving no binding of the inhibitors to the ENADPH interaction between EGCG and DHFR which shows the
complex, were similar to the values calculated in fluorescence possibility of hydrogen bonding between a phenolic OH
quenching experiments. Therefore, it can be concluded that,group and Glu-30 (©-O distance of 2.7 A)15). The pH
under the experimental conditions used in these experimentsdata appear to indicate a dramatic effect on the binding of
EGCG and ECG do not bind to the-BNADPH binary EGCG following disruption of this hydrogen bond. A scheme
complex. The inhibition constants for the overall inhibition for the interaction of free DHFR with the two ionization
process K[) were also calculated (Table 5). forms of EGCG (EGCGH and EGCQ is shown in Table

pH StudiesRecent studies have presented data suggestingé. This model considers that the enzyme with protonated
that the pH could be important for the biological activity of Glu-30 cannot bind to any ionization form of the inhibitor.
tea catechins, and more specifically for the bactericidal and Data analysis according to the equations derived from this
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Ficure 6: Effect of pH on the ionization state of EGCG and on its interaction with bovine liver DHFR. (A)\i&ible absorption spectra

of 0.1 mM EGCG at different pH values®} 5.9, (1) 6.6, @) 6.9, ©) 7.5, (a) 8.0, and [0) 8.9. The inset is a representationfah, vs

pH. (B) An EGCG (0.1 mM) solution at pH 8.51) was acidified to pH 6.0®) by the addition of dilute HCI. (C) Schematic representation
of the effect of pH on EGCG showing the proposed species EGCGH and EGD¥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 Corfcentration

K FOCC" KE = a+ fH +f’
EGCG =——= E-EGCG o+H
Kg + o =Kk,
=" F K|n B =(KFOM (K + Ke)/ Ky
+ — KEGCGH | g
EGCGH E-EGCGH 7=*%i E
K[EGCGH é‘ — (KIEGCGH KC)/KIEGCGV

Parameter Values for the Variation with pH of the Binding of EGCG to Bovine Liver

DHFR
K EGCCH (nM) KEGCC™ (nM) PKg PKc
605 + 52 69.9+7.1 6.810.1 7.8+0.1

a Dissociation constants obtained by fluorescence titration were analyzed according to the equation displayed in this table to yield the parameter
values.

mechanism (Table 6) yields values of 6.8 and 7.8 ide p  residue responsible for this interaction, possibly Glu-30.
and K¢, respectively. The value of the pH-independent Although this is favorable for the reaction of the binary
dissociation constant for the protonated and deprotonatedcomplex with its natural substrate DH86), the protonation

forms of the inhibitor ((IEGCGH and KIEGCG, respectively) of this protein residue hinders the binding of EGCG to the

can also be calculated from this analysis (Table 6). The dataE~NADPH complex and could explain the high values of
suggest that the enzyme in its deprotonated form has aK™ determined by fluorescence titration at pH 7.6.
slightly higher affinity for the deprotonated form of the

inhibitor. The apparent dissociation constants calculated for DISCUSSION

the binding of EGCG to the ENADPH complex K™) Antifolate compounds such as MTX are widely used in
showed different pH dependencies (data not shown). Thechemotherapy. Chemotherapeutic agents can elicit a number
data suggested a singl& @f around pH 7.9, which could  of cellular responses, including growth arrest and activation
be the result of the addition ofga and p<c. The results of apoptosis or programmed cell death. It has been suggested
clearly showed that after the binding of NADPH to the free that apoptosis is an important and ubiquitous mode of death
enzyme there is an increase in thK pf the active site  for cells treated with chemotherapeutic drugs. Antifolates
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inhibit DHFR, preventing the regeneration of THF, and leastin part, its specificity for the growth inhibition of tumor
bringing the folate cycle to a halt. The resulting lack of dTTP cells.

causes a nucleotide imbalance, which leads to a misincor- A comparison of the antifolate activity of EGCG and ECG
poration of nucleotides into the DNA and eventually to the can be observed in Table 5. Both compounds are potent
death of the cell by apoptosis. MTX-induced apoptosis in inhibitors of DHFR at physiological pH. Although ECG can
hepatocytes has been recently demonstredéd Green tea  bind slightly better to the free enzyme, this compound is
extracts have been shown in vitro to stimulate apoptosis of |ess effective than EGCG due to the fact that ECG can
various cancer cell line§(12—14). EGCG has been shown  dissociate more rapidly from the ternary inhibitory complex.
to inhibit several cancer-related proteink2), including These data are reflected by the overall inhibition constant
urokinase, nitric oxide synthase, telomerase, and tumorK¥ which is 5 times higher for ECG than for EGCG (Table
necrosis factoo. However, nonphysiological concentrations 5). In any case, the overall inhibition constants of bovine
of EGCG were used in some earlier studies. To determine |iver DHER for EGCG and ECGK) are in the nanomolar
the molecular targets responsible for the cancer preventiverange, and therefore, they are less potent inhibitors of DHFR
effects of green tea, one must work at concentrations of thethan MTX, which has a calculatel{! in the picomolar

molecules that are present physiologically in tea drinkers. range 3). The “soft” character of these tea compounds
Previous studies have indicated that EGCG or other catechingould be developed for use in the prevention and treatment
are present in low micromolar concentration rangé8).(  of cancer with significantly reduced side effects compared
Therefore, we have shown that gallated tea polyphenols actio those of the DHFR inhibitors currently in use in
as DHFR inhibitors in vitro and in vivolQ), at concentra-  chemotherapy, such as MTX. The soft character of EGCG
tions usually found in the blood and tissues of tea drinkers. together with its ability to induce apoptosis through DHFR

DHFR has been isolated and characterized from a wide inhibition provides a convincing explanation for the epide-
variety of bacterial and animal source3(39—41). These ~ Miological data on the prophylactic effects of diets high in
enzymes differ with respect to their type of inhibition by 9allated polyphenols for certain forms of cancer.

MTX and other folate analogue&3, 24). Thus, both MTX Another conclusion drawn from this study is that, in
and TMP can be considered as slow tight-binding inhibitors addition to considering the physiological concentration of
of the enzyme fronE. coli, but only MTX gives this type ~ EGCG, it is also important to consider the pH of the
of inhibition with the chicken liver enzyme. For the first time, environment in which this catechin acts. The pH controls
we have demonstrated the direct binding of EGCG and ECG both the ionization of critical catalytic residues of the enzyme
to DHFR, using fluorescence quenching and stopped-flow and the protonation state of EGCG and, therefore, the
fluorimetry. These compounds exhibited characteristics of effective concentrations of the protonated and unprotonated
slow-binding inhibitors in bovine enzyme. Experimental data forms (Figure 6C). It is expected that each form will exhibit
confirm that both compounds are competitive inhibitors with @ different affinity and interaction with different molecular
respect to DHF, which bind preferentially to the free enzyme. target(s) responsible for the cancer preventative effects of
The origin of their slow-binding inhibition is the formation ~EGCG @4, 35). Thus, for DHFR inhibition, the deprotonated
of a slow dissociation ternary complex by the reaction of form has been proposed to be the more effective inhibitor
NADPH with the E-1 complex. Although it is known that ~ (Table 6). Arg-70 in human DHFR (a highly conserved
MTX can bind efficiently to the free enzymdT) and that residue also found in the bovine liver enzyme) has been
NADPH can form a ternary complex by binding to the Shown using X-ray crystallography to interact with the
E—MTX complex @5), this kind of mechanism has never a—parboxylate of the _termlnaJ.—qutgmate moiety of folic
been proposed as the origin of the MTX slow tight-binding ac!d or M.T.X. (3). Mutation of this residue was found to result
inhibition of DHFR. Instead, a mechanism in which MTX N insensitivity to MTX (@2). Structural modeling of EGCG
inhibits by binding to the ENADPH complex has been |nt_o hum_an DHFR 15)_|n_d|cates that the compo_und 1S
suggested3, 25). The reasons for this proposal are that in oriented in a manner similar to that of MTX or folic acid

: : ith the ionizable ester-bonded gallate moiety close to Arg-
the presence of saturating concentrations of NADPH there V' ! R X
will Ft))e little or no free engzyme with which the inhibitors 70 (Figure 1A). The pH-dependent ionization of this gallate

can interact. However, in the presence of inhibitors, the .COUld favor formation of a hydrogen bond or electrostatic

. . _ interaction with Arg-70, thus explaining the higher affinity
apparent Michaelis qonstant for_NADPHKﬁI 1+ [IVK), .. _that we have observed for deprotonated EGCG (Table 6).
and therefore, even if the experiments are performed with a

Additionally, it appears that the ionization state of an essential
100-fold excess of NADPH over the calculati value,  residue (probably Glu-30) is critical for catechin-dependent
the enzyme may be not saturated by this substrate, allowinginnibition of the bovine enzyme. In fact, when this residue
the entrance of inhibitor to the free enzyme. These resultsjg protonated, EGCG loses its efficiency as an inhibitor of
could have important physiological consequences. Although pHFR. EGCG could be defined as a slightly basic inhibitor,
gallated tea polyphenols are structural analogues of DHF, and therefore, these pH dependencies could explain why the
they can compete effectively with the other substrate, pH controls the antimicrobial or antifungal action of EGCG
NADPH, as a consequence of the random order mechanismagainstH. pylori or C. albicans for which this compound
Tumor cells, which grow rapidly, have considerable require- is active at pH 7.0 but not at pH5.0 @, 32). This result
ments for both NADPH and DHF. Intracellular depletion of may condition possible treatments with tea catechins. For
one or both substrates could facilitate the inhibition of DHFR example, in the treatment of gastrointestinal diseases associ-
by these tea compounds in tumor cells. Therefore, the ated with H. pylori, such as chronic gastritis, peptic
inhibition of DHFR by EGCG and ECG could explain, at ulceration, and gastric cancer, a new, safe, and effective
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therapeutic regime against infection could perhaps comprise 9. Mabe, K., Yamada, M., Oguni, I., and Takahashi, T. (1999) In

catechins combined with a proton pump inhibit8). (We
are currently examining the possible inhibitiontef pylori
DHFR by tea catechins. Similarly, the pH could also be

important in the effect of EGCG on cancer cells. It has been 11.

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 12.

are more acidic or alkaline4g), small changes in the

intracellular pH could be important for catechin action, and ;5

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 psoriasisq—11, 14, 44). Moreover, EGCG has consid-
erable potential as a “lead compound” for the development
of new anticancer drug4.6). 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 anencephal§5). 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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