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We have investigated the mechanism of inhibition of enoyl-acyl carrier protein reduct&asofiodium
falciparum(PfENR) by triclosan in the presence of a few important catechins and related plant polyphenols.
The examined flavonoids inhibited PfENR reversibly withvalues in the nanomolar range, EGCG being

the best with 79+ 2.67 nM. The steady-state kinetics revealed time dependent inhibition of PfENR by
triclosan, demonstrating that triclosan exhibited slow tight-binding kinetics with PfENR in the presence of
these compounds. Additionally, all of them potentiated the binding of triclosan with PFENR by a two-step
mechanism resulting in an overall inhibition constant of triclosan in the low picomolar concentration range.
The high affinities of tea catechins and the potentiation of binding of triclosan in their presence are readily
explained by molecular modeling studies. The enhancement in the potency of triclosan induced by these
compounds holds great promise for the development of effective antimalarial therapy.

Introduction condensation, NADPH dependent reduction, dehydration, and
NADH dependent reductiotr.® The fourth step is carried out
by enoyl-acyl carrier protein (ACP) reductase (ENR), which
malaria,viz. cerebral malaria. Emergence of drug resistance in reduces thetrans2-enoyl bond of enoyl-_AQP supstrates to
saturated acyl-ACPs and plays a deterministic role in completing

the malarial parasite to the commonly used antimalarials has . : .
further worsened the current situation. Hence, there is an urgentthe fatty acid elongation cyclé3ENR has been validated as a

need to discover novel pathways exclusive to the parasite which ggger:ﬁilntggﬁ;lfg \tlcg ﬁzxgloezq]einstivgl negﬁ;ggbg?éﬁglsat
could be exploited for developing antimalarial agents. In this biochemical as Wéll as the structural Ievgl and also worked out
context, the discovery of a bacterial kind of fatty acid synthesis

i i i i 17
pathway inPlasmodium falciparuninas opened new avenues the mechanism of triclosan binding to'#. .
to develop novel antimalariafs® Green tea extracts (GTE) have been used extensively for

. . %o : ;
In all living organisms fatty acids are synthesized by either treating many d|§easé§. Th.ey contain a variety of sgcopdary
. metabolites, mainly flavonoids called catechins, which include
type | or type Il fatty acid synthase (FAS. Type | or the

associative type, in which a single large multifunctional protein (+) epigallocatechin gallate (EGCG)-] epicatechin gallate

- : ; . ECG), () epigallocatechin (EGC),~) epicatechin (EC),
contains all the essential domains required to complete the fatty( 1820 1 | y
acid biosynthesis, is present in eukaryotes and certain myco-ﬁfc' EG Clgssrse [?Tc])rteEthgatzéor(T)] mIE_Co(; g;%nlt;z a;nco%tgq_sEMO
bacterid In the type Il FAS (dissociative type of FAS) several sh%ws sevéral h%rmacélo ica?effect,s rangin fr%m neuropro-
discrete enzymes carry out specific reactions to accomplish fattytection21 rotec?ion from Du%:henne musculgr dg stropRgnd P
acid synthesi8.Type Il FAS is present in prokaryotes, plants, .~ ..’ P . 20.23.2 Y wn
and several protozoans including the malaria parasitéThe Icn:rig glro?nc;:gt?algigegsjivés’?garzl\gg” (?rl'\zﬂ l\l/lnTN;I':g Fl’_irﬁlvint
differences in the architectural organization of the FAS systems intadh @7 s
of the host and parasite can, therefore, be utilized for the reverse transcripta cycloxygenas ,telomeras_,squalene
development of novel antimala,riaaéﬂﬁ ' epoxidasé? type | fatty acid synthas®;*! and Ribonuclease

in Pl dium falci ety acid bi thesis takes ol A.32 Among the constituents of GTE, EGCG is the most
__InFlasmodium falciparurtatty acid bIoSyntnesis akes place  qtfactive flavonoid for treating various types of cancers and is
in a relict plastid, called the apicopldsall the enzymes of

a powerful antioxidant? Tea catechins also inhibit type I fatty
FAS are encoded by nyclea}r genes and are transporteql 1o the,cig biosynthesis inE. coli by inhibiting j-ketoacyl-ACP
apicoplast by a bipartite signal sequeielhe fatty acid reductase and enoyl-ACP reductase witBoli@ the 5-15 uM
elongation cycle contains four iterative steps: decarboxylative range3® An earlier study on inhibition of chicken FAS | by

EGCG suggested that it inhibits the reductase component, mostly

*To whom correspondence should be addressed. (N.S.) Tel.: 91-80- [-ketoacyl ACP reductase (FabG) at B range withK; of
22082820. Fax: 91-80-22082766. E-mail: surolia@jncasr.ac.in. (A.S.) S !
Tel.: 91-11-26717102. Fax: 91-11-26717104. E-mail: surolia@nii.res.in. 47.8uM. It was also stated that EGCG inhibited keto-reductase

T Indian Institute of Science. activity more potently than the enoyl-reductase actititin a
#These authors contributed equally to the work. separate study, on mammalian FAS nine of the fifteen flavonoids

8 Jawaharlal Nehru Centre for Advanced Scientific Research. : :
I National Institute of Immunology. tested gave 1§ values in the range of-2112 uM, and it was

a Abbreviations: FAS, fatty acid synthase; ACP, acyl carrier protein; found that the flavonoids containing two hydroxyl groups in
PfENR, Plasmodium falciparunenoyl-ACP reductase; Fab@:ketoacyl- the B ring and 5-, 7-hydroxyl groups in the A ring together
ACP reductase; GTE, green tea extracts; EGCG, epigallocatechin gallateiith 5 C-2,C-3 double bond in combinations were the most
EGC, epigallocatechin; ECG, epicatechin gallate; CG, catechin gallate; Pf; AT 1 . .
Plasmodium falciparumEc, Escherichia coli Ki, dissociation constant;  €ffective inhibitors** Among the flavonoids tested, morin was
TCL, triclosan. the best with an Ig value of 2.33uM, and quercetin gave

Malaria is one of the most devastating diseases of the tropical
countriest Plasmodium falciparuntauses the fatal kind of
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ICs 0f 4.29uM. The major GTE, EGCG, inhibited type Il FAS  binary complex against five in the ternary complex. So, in the
more effectively than type | FAS. case of a binary complex of PfENR, the loop is well ordered
Recently, we observed that the substrate-binding loop regionand has a closed conformation in close proximity to the binding
in PfENR is ordered both for the binary (PfENRIADH) as site, making the active site “preformed” while in ECENR this
well as the ternary complex (PFENRNAD*—triclosan), but loop is disordered and is only stabilized in the ternary complex.
in ECENR the loop becomes ordered or stabilized only after As the catechins have multiple hydroxyl groups, they may make
the formation of ternary comple.Hence, we expected that many more hydrogen bonds and other interactions with the
these catechins will bind more tightly to PfENR than ECENR substrate-binding loop of PfENR, making it even more ordered
in binary complex itself and perhaps potentiate the inhibitory and stable.
activity of triclosan. With this hypothesis, in the present study  For the sake of convenience and to avoid confusion, we will
we conducted detailed studies with three catechins (EGCG, refer to all five compounds collectively as flavonoids. Further,
ECG, and EGC) and two related plant polyphenols (quercetin EGCG has been treated as the representative compound of the
and butein) on PfENR. Interestingly, out of the five compounds five flavonoids used, and the data is discussed throughout mostly
tested, three showed ¢gandK; values in the nanomolar range, in the context of EGCG. For the remaining four compounds,
proving that they are far better inhibitors of PfENR than its figures are provided as Supporting Information.
E. coli counterpart. We also show that the binding of these  |npibition of PfENR by Tea Catechins and Polyphenols.
flavonoids is reversible in nature. What is more, they potentiate Three of the tea catechins (EGCG, EGC, ECG) and two
triclosan binding to PfENR at levels not observed with NAB polyphenols (quercetin and butein), which gavedCin the
bringing the overall inhibition constant of triclosan in the range of 5 to 3QuM for the E. coli ENR reported recently,
picomolar range (overall inhibition constalkt* = 1.9 4+ 0.46 were selected for the present stid@yAmong the five com-
pM). We provide an explanation for the higher inhibitory activity pounds tested, EGCG was the most potentdkE 250 + 6.2
of the tea catechins and polyphenols toward PfENR as comparedyy) inhibitor of PfENR (Figure 1a). The 1§ values of other
to that of ECENR and propose that EGCG in conjugation or in- compounds are shown in Table 1. Among the two polyphenols
combination with triclosan can be used for developing more tested, quercetin gave angQvalue of 2.5+ 0.078xM and

effective antimalarials. butein 12.5+ 0.67uM. In comparison to the reported data on
) ) the E. coli counterpaf€ all these compounds showed improved
Results and Discussion ICso values (Table 1).

“Better to be deprived of food for three days than tea for  Kinetics of Inhibition by Tea Catechins and Polyphenols.
one” (an ancient Chinese proverb). This proverb reflects the Kinetic parameters for all five flavonoids were determined
importance of tea in daily life, and indeed the Chinese have individually against cofactor NADH and the substrate analogue
harnessed the medicinal values of green tea for the past 400Qrotonoyl-CoA, respectively. Earlier, it was shown that EGCG
years!® Rock et al. studied the activity of a large number of gave competitive kinetics against NADH with ECENRn the
tea catechins and plant polyphenols against various enzymesase of PfENR also, all five compounds showed competitive
of type Il fatty acid synthase (FAS) d. coli.3® It was shown kinetics with NADH (Figure 1b and Supporting Information
that these compounds inhibited the reductase steps (FabG andfigure 1). TheirK; values are shown in Table 2. With respect
Fabl) of FAS IlI, and kinetic analysis indicated that these to the substrate analogue, crotonoyl-CoA, these compounds
compounds interfere with the cofactor-binding sites of the followed uncompetitive kinetics (Figure 1c and Supporting
reductases (FabG and Fabf-Ketoacyl ACP synthase Ill  Information Figure 2). The<; values of the individual com-
(FabH) was also inhibited to some extent. The struetacdivity pounds were calculated from the Dixon pt®®EEGCG was the
relationship pointed out that the galloyl moiety of the catechins best compound with; value of 79.0+ 2.67 nM, and the least
was absolutely necessary for ECENR/EcFabG inhibition. Two effective compound was butein wit value of 2.97+ 0.077
hydroxyphenyl rings connected by a two to three carbon linker «M against crotonoyl-CoA. For the other flavonoidi§,values
was the fundamental requirement for their inhibitory efféct.  against crotonoyl-CoA are given in Table 2. Analysis of the
Docking studies reported here provide an explanation for the kinetic data clearly shows that EGCG along with the other
importance of the galloyl moiety in the inhibitory activity of  flavonoids competes with NADH for binding to PfENR and
catechins. While this manuscript was under preparation a inhibits its activity by preventing the binding of NADH. On
preliminary report describing inhibition by a miscellany of the other hand, uncompetitive kinetics with respect to crotonoyl-
flavonoids and tea catechins against three ofRlEsmodium CoA shows that crotonoyl-CoA somehow facilitates the binding
falciparumenzymes (PfFabG, PfFabz, and PfENR) appeared. of catechins. Notably, such a potentiation of the interactions of
The results for the 16 and K; values for the compounds catechins by the substrate for other enzymes has not been
common between our study and that of Deniz &t &r PfENR observed earlier.
are broadly in a similar range but differed in the kinetic Analysis of Potency AssayBinding of triclosan to both
mechanism, and also our main focus is on the potentiation of PfENR and ECENR is potentiated by NAD436:37The com-
the inhibitory activity of triclosan by triclosanPfENR—catechin petitive kinetics of tea catechins and polyphenols with PfENR
ternary complex formation, which was not explored by Deniz with respect to NADH tempted us to investigate whether these
etal3 compounds can mimic the effect of NADand potentiate

We had earlier analyzed the substrate-binding loops of severaltriclosan binding to PfENR. The effect of flavonoids on triclosan
enoyl-ACP reductases in detail. PFENR differs significantly from binding was judged by the potency assay as described in the
other enoyl-ACP reductases in the substrate-binding loop methods. From Figure 2, it is clear that the control reaction
conformationt” Comparison of the interactions of NADIn showed a linear mode of NADaccumulation with respect to
binary and ternary complexes of PfENR and ECENR clearly time (curve “a"), and addition of 150 nM triclosan to the reaction
indicate that in PIENR all five hydrogen bonds are conserved mixture impeded the rate of the reaction in a gradual manner
in the binary as well as in the ternary complex, while in the (curve “b”). The onset of inhibition was faster when tea catechin
case of ECENR only one hydrogen bond is conserved in the (EGCG) was added along with triclosan (curve “c”). Incubation
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Figure 1. a. Inhibition of PfENR by EGCG. PfENR activity was

determined in the presence of various concentrations of EGCG (10 nM . . .
to 2 uM). The percent inhibition was calculated from the residual NM in the presence of triclosan whereas it was 79.2.67 nM

PfENR activity and was plotted against log [EGCG] used. The in the absence of triclosan. For the rest of the compounds also,
sigmoidal curve indicates the best fit for the data, and thg V@lue the potencies were enhanced by triclosan (Table 2 and Sup-
was calculated from the graph. b. Inhibition kinetics of EGCG with  norting Information Figure 4).
respect to NADH. The effect of NADH on EGCG inhibition was Binding of [3H]JEGCG with PfENR. To confirm the above
determined using a Dixon plot. PTENR (30 nM) was assayed in presence kinetic data, direct binding experiments of triclosan and EGCG
of 200 uM crotonoyl CoA, 250 nM EGCG, and 5M [@], 100 uM . ' ; - " .
[m], and 200uM [ a] of NADH. The K; of EGCG was calculated from  With PfENR were designed using tritiated EGCG. Binding of
the X-intercept using the equation for competitive kinetics. c. Inhibition [H]JEGCG was conducted with PfENR in the absence as well
kinetics of EGCG with respect to crotonoyl CoA. Here PfENR was as in the presence of triclosan. The binding $1]JEGCG to
assayed at two fixed concentrations, 100 [@] and 2004M [M], of PfENR followed saturation kinetics (Figure 4a). The dissociation
%Oé?%scgﬁc'&gﬁef?gﬁ?&ﬁr?tgmgfo?ﬁg S&%mg Z?sla:in constant was calculated by saturation kinetics (eq 2a) and also
uncorlnpetitive kinetics. P piot, 9 by Scatchard plé® (eq 2b) (inset of Figure 4a), which gave
the values of 43& 8.2 nM and 512+ 28.78 nM, respectively.
We then calculated the dissociation constant of EGCG in the
of EGCG and triclosan for 30 min with PfENR further hastened presence of 1Q:M triclosan. As can be seen from the gel
the onset of inhibition (curve ‘d"). Thus, the potency assay filtration profile (Figure 4b), there is a noticeable increase in
indicated that EGCG promoted the binding of triclosan to the counts of bound®H]EGCG to PfENR in the presence of
PfENR. It also hinted that triclosan behaved as a slow tight- triclosan. The counts of bouncdH]EGCG increased from
binding inhibitor in the presence of EGCG. ~6000 cpm to~18500 cpm in the presence of 1M of
Kinetic Behavior of Tea Catechins and Polyphenols in triclosan; this clearly indicated that triclosan potentiates the
Conjugation with Triclosan. We further explored the effect  binding of EGCG to PfENR. Th&y calculated by saturation
of individual flavonoids on the dissociation constant of triclosan kinetics (Figure 4c) and Scatchard plot (inset of Figure 4c) was
with PfENR andvice-versa In the presence of NAD K; of 89 + 2.3 nM and 77.6t 5.3 nM, respectively. Finally, the
53 nM for triclosan with PfENR was calculated by Dixon plét. binding constant of triclosan was determined at fixed concentra-
In the presence of EGCG th& of triclosan came down to 1.0  tion of [BH]JEGCG (1xM) and variable triclosan concentration
+ 0.087 nM and followed uncompetitive kinetics (Figure 3a). which also followed saturation kinetics (Figure 4d). The
All the compounds tested potentiated the binding of triclosan association constant of triclosan was determined to be 22.18
to PfENR (Table 2 and Supporting Information Figure 3). 1.7uM~1 by saturation kinetics and 14 0.77uM~* by double
Whether triclosan could also potentiate inhibition of PfENR reciprocal plot (inset of Figure 4d). The dissociation constants
by these flavonoids was then examined &nébr each catechin ~ were 45.14+ 8 nM and 71+ 4.3 nM, respectively.
was determined in the presence of triclosan. In this case also The radiolabel binding results showed marked improvement
uncompetitive kinetics was observed (Figure 3b). The data in the K4 value of PHJEGCG in the presence of triclosan. The

showed a marked improvement in th& values of each
flavonoids. As a model compound, th§ of EGCG was
improved by a factor of 10 and was calculated to be8.0.56

Kq value came down from 438 nM to 89 nM reflecting almost
5 times better affinity of EGCG in the presence of triclosan.
From the above binding data it became evident that the presence
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Table 2. Comparison of Detail Kinetic Parameters of the Tea Catechins by Spectrophotometric (Dixon Plot) and Fluorescence Titration Studies

tea Kiw.r.t2 Kiw.r.t. K; of TCL Kiin presence of TCL Ki of TCL by fluorescence
catechin s NADH [uM] crotonoyl-CoA pM] [nM] [nM] quenching [nM]
EGCG 0.186+ 0.00798 0.079t 0.00267 1.0+ 0.087 8.0+ 0.56 7.29+1.02
ECG 0.291+ 0.0076 0.102+ 0.0046 8.0+ 0.084 16.0+ 0.45 28.314+5.74
EGC 3.75+ 0.054 2.0+ 0.078 8.25+ 0.081 17.56+ 0.67 52.71+ 8.61
quercetin 1.09t 0.089 0.473t 0.011 10+ 0.069 22.0£0.85 30.54+ 7.62
butein 55+ 0.1 2.974+ 0.077 13.72+ 0.42 14.0+ 0.57 71.02+ 9.67

aw.r.t.: with respect to.

0.08 a gave a sigmoidal fit, and the Eg of NADH (effective

concentration of NADH to remove 50% of bountHlEGCG)

004 b calculated from the fit was 154 1.8 uM (inset of Figure 4e).

2 c These results corroborate our kinetic data, revealing that EGCG

Z,002 competes with NADH for binding to PfENR and also that
0.00 d binding of EGCG to PfENR is reversible and not covalent.
Another line of evidence for reversible binding of EGCG to

0 200 400 600 PfENR comes from the treatment of PFENRH]EGCG

Time (sec)

complex wit 6 M guanidium hydrocholoride. After guanidium
hydrocholoride treatment, less than 9% SHJEGCG was

Figure 2. Slow onset of inhibition by triclosan in the presence of ; 4
EGCG. The potency assay shows the slow onset of inhibition by retained with the denatured PfENR on the PVDF membrane
triclosan. Curve “a” is the control reaction without EGCG and triclosan, (Figure 4f) and most of the~91—94%) dislodged triatiated

curve “b” is inhibition reaction in presence of 150 nM triclosan, curve EGCG was recovered in the filtrate, attesting to the noncovalent

“c” depicts the onset of inhibition in the presence of 250 nM EGCG  patyre of complex formation between the enzyme and the
and 150 nM triclosan without preincubation, and curve “d” shows flavonoids

further potentiation of inhibition when EGCG and triclosan were ’

preincubated with PfENR for 30 min. The Y-axis of the plot represents ~ Detailed Analysis of the Progress Curves of Triclosan
the production of NAD in mM concentration with respect to time (in  Inhibition in Presence of Tea Catechins and Polyphenols.

sec., X-axis).
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Examination of the progress curves of inhibition by triclosan

in the presence of different flavonoids yielded a similar pattern.
The control reaction was set up with individual catechins and
polyphenols without triclosan, and the rest of the reactions
contained triclosan from 0 to 700 nM. From the progress curves
(Figure 5 and Supporting Information Figure 5), it can be stated

e
o
e

that for each concentration of triclosan the initial and steady-
state velocities decrease exponentially with time and at higher
triclosan concentrations the steady-state is reached rapidly but
with a decrease in steady-state velocity).(This implies that

\\
AN

. 1/v (umol/mi/min)
R

\\
N
™,
N

-2000 -1000 O 1000 2000

b [Triclosan] pM in the presence of flavonoids, triclosan interacts with the
. PfENR—flavonoid complex rapidly to form an initial complex
E # and then slowly converts into a stronger PfENfRwvonoid—
E !,"// triclosan complex (mechanism 2).
E /f/- ,,.'/ The individual progress curves were analyzed by eq 3a, from
g 7 which a series ofkys values were determined for each
= //2 ' concentration of triclosan for each flavonoid. The determined
/,/ // kobs Values were plotted against respective triclosan concentra-
400 -200 0 200 tions using eq 4 which resulted in a hyperbolic curve (Figure 6

[EGCG] nM and Supporting Information Figure 6). The hyperbolic curve is

Figure 3. a. Effect of EGCG on the inhibition of PfENR by triclosan. diagnostic of a tWO-phase binding behavior c,)f the .|nh|l§&6?
Inhibition assay of various concentrations of triclosan in the presence @nd thus proves that triclosan followed biphasic nature of
of 50 nM [@] and 100 nM M] of EGCG was conducted to assess binding reflecting slow, tight binding behavior with PfENR in
EGCG’s effect on dissociation constant of triclosan. As seen in the the presence of EGCG and other flavonoids. The first phase
Figure triclosan followed uncompetitive kinetics with respect to EGCG. gnsists of rapid formation of weak ternary complex of PfENR

TheK; of triclosan was calculated to be 1 nM from tkéntercept. b. _ : : i . .
Effect of triclosan on the inhibition of PFENR by EGCG. EGCG gave .TCL EGCG (Etii " meChamsmlz) WErI;]ICh SlgWIY ISOmerizes
uncompetitive kinetics with respect to 50 n|[and 100 nM @] of into a more stable ternary complex (B mechanism 2).

triclosan as can be seen from the Dixon plot. Theof EGCG was Determination of ko or ke and kon Or ks for Triclosan in

calculated to be 8.6 0.56 nM in the presence of triclosan. the Presence of Tea Catechins and PolyphenoBissociation
of triclosan promoted the binding ofHJEGCG to PfENR. We rate constants for triclosan in the presence of tea catechins and
expect a similar effect on triclosan binding by EGCG to PfENR polyphenols Ks) were calculated from the dilution assay, where
as already demonstrated by the kinetic data. the dissociation of triclosan was monitored by the regain of
Reversible Binding of EGCG to PfENR. As can be seen  activity of PfENR after 1000-fold dilution as mentioned in the
from Figure 4e, NADH was able to displace bouRHJEGCG methods.ks was calculated directly by plotting the NAD
from the enzyme, and at 1QoM of NADH almost 91-93% formed against time in eq 3a using nonlinear least-squares fit.
[BHJEGCG complexed with PfENR was removed from the Keeping EGCG as a model compound, kbgor ks of triclosan
enzyme. The nonlinear regression analysis of the binding datain the presence of EGCG was calculated to bex.607> 4+
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Figure 4. a. Binding of BHJEGCG to PfENR in the absence of triclosan. Binding #]EGCG to PfENR was analyzed by a filter-binding assay

as described in Experimental Section and followed saturation kinetics with dissociation constantof343&M, where HIEGCG and FH]-
EGCG are the bound and free concentration $1]JEGCG, respectively. The inset shows the Scatchard plot of the data. b. Gel filtration profile
of [*BH]JEGCG binding to PfENRA 2 mL Sephadex G-25 column was used for gel filtration experiments with a void volMphef[680 uL. The

gel filtration profile shows the plot of the fraction numbers versus radioactive count. Counts in the presengevbtriddosan (TCL) [a] the
counts were dramatically increased near the void volume as can be seen from the gel filtration profile. c. Bifthiig@E[ in the presence of
triclosan. Binding was assessed using PVDF membranes as described in the text. In the presengeTdE 10 *H]EGCG again showed saturation
behavior. A nonlinear least-squares fit of the data yieldéd ealue of 89+ 2.3 nM. The Scatchard plot for the data is shown in the inset which
also gave a similaK; value. d. Influence of triclosan ofH]EGCG binding. fHJEGCG showed saturation binding in the presence of increasing
concentrations of TCL, giving a binding constant of 4677.7 nM. Double reciprocal plot of the same is shown in the inset. In all the above cases,
saturation curves were plotted using eq 2a and the Scatchard plot by using eq 2b. e. Effect of NADH on the stability of the] IHIEETCG
complex. A quantity of 8g of PfENR was incubated with/M [3H]JEGCG for 20 min and then effect of NADH studied at increasing concentrations
of NADH. NADH was able to displace boun@{]EGCG from the enzyme in a concentration dependent manner, proving that binding of EGCG
is reversible and both (EGCG and NADH) compete for the same binding site on PfENR. Inset shows the nonlinear regression analysis of the above
data. The best fit of the data gave a sigmoidal fit, and theo&&lue of NADH was calculated be 155 1.8 uM. f. Effect of the denaturant, 6

M guanidium hydrochloride, on the dislodgment #i[EGCG from the PfENR-[(HJEGCG complex. A quantity of &g of PfENR was incubated

with 1 M [3H]EGCG for 20 min and then treated wi6 M guanidium hydrochloride f&3 h before taking the counts. The guanidium hydrochloride
treatment showed a retention of only-8% of tritiated EGCG on the PVDF membranes. Sample 1 is the control reaction containing PFENR and
[BHIEGCG, and sample 2 contained control reaction mixture &M guanidium hydrochloride.

0.078 x 107® s71. For all the other catechins thes data generated after fitting the data to eq 3a. Progress curves gave
aresummarized in Table 3. The regain of activity after dilution the values okyps Values ofks were determined by fitting the
indicates that triclosan and flavonoids do not make a covalent values ofkops With experimentally determineki; values in eq
adduct with PfENR (Figure 7 and Supporting Information Figure 4. The values oks against each tea compound are given in
7) and thus supports thtH{]JEGCG binding data in the presence  Taple 3. The low value oks is responsible for the slow
of NADH concluding that binding of EGCG with PfENR i isomerization of the weak ternary complex into more stable
reversible in nature. The very slow dISSOC!atIOI’l rate constant ternary complex of PFEENRTCL—EGCG.
(ks) reveals that the ternary complex [Eis highly stable and
accounts for the extremely potent inhibition by triclosan inthe ~ The overall inhibition constank{*) of triclosan was calcu-
presence of tea catechins and polyphenols. lated by eq 5 using the valueséf, ks, andks of triclosan with
The association rate constant or isomerization rate or onsetrespect to individual tea extracts and polyphenols (Table 3).
of inhibition (ks) of triclosan at fixed concentration of flavonoids ~ Out of the five compounds tested, triclosan gave the Kgst
were calculated from the progress curves discussed abovevalue of 1.9+ 0.46 pM with EGCG. The overall inhibition
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Figure 5. Progress curves. For each concentration of triclosan, a
progress curve was generated using eq 3a. In the standard reaction . o .
mixture (as described in Experimental Section), a 100 nM EGCG Figure 7. Dissociation rate constanksj of the PfENR-triclosan—
solution was added which served as the control reaction. Triclosan wasEGCG complex. PfENR was incubated with an equimolar quantity of

added to the control reaction at various concentration’ild nM] as triclosan and 10uM EGCG solution for 30 min as described in
indicated in the figure. Experimental Section. The reaction mixture was diluted 1000 times

with competing NADH and crotonoyl CoA. Oxidation of NADH to
NAD™ was plotted against time. The data were analyzed by nonlinear
regression using eq s of triclosan thus calculated was 1:6 10°°

st
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Figure 6. Dependence of PfENR inhibition on triclosan concentration
in the presence of EGCG. The initial rate constakb( for each
triclosan concentration added was calculated from the progress curves
using eq 3a. Thekys thus calculated and the respective Triclosan
concentrations were fitted to eq 4, and the best fit gave a hyperbolic Figure 8. Effect of triclosan concentration on tryptophan fluorescence.
curve demonstrating a two-phase inhibition mechanism. A 5 uM PfENR solution preincubated with 100 nM EGCG was used
in this study. triclosan was added sequentially from 0 tq:80 The
fluorescence was measured at°h The samples were excited at 290
Table 3. Determination of the Overall Inhibition Constant of Triclosan nm, and the emission was monitored at 340 nm. Change in fluorescence

0 5 10 15 20 25 30
[Triclosan] uM

in the Presence of Tea Catechins Using Ste_ady-StaFe Kinetics. Rate [Fo _ F], after Correcting for inner filter effect, was p|0tted against
Constantsks, ks, andK* Values Were Determined Using egs 3, 4, and  triclosan concentrations using eq 6. The best fit of the data yielded a
5, Respectively hyperbolic curve.
isomerization rate dissociationrate  gyerall inhibition
tea constant [k] of constantkg] of constant of ) ) ) ) )
extracts triclosan, [103] s  TCL,[10°5 s  TCL [K*] [pM] triclosan (Figure 8 and Supporting Information Figure 8). The
EGCG 8.4+ 024 16+ 0078 1.9+ 0.46 Ki of triclosan against each of the five flavonoids were calculated
9.011+ 0.6 11.314 1.84 11.024 2.48 after fitting the data to eq 6. Before calculatiKgandks from
EGC 5.4+ 0.097 7.4+ O.GEF‘ 109+ 8.6 fluorescence data, the corrections for inner filter effect were
ce 1862§i (2)-?’351 3041121 g-‘zl? 55%‘2; é%g made using eq 8. In the presence of EGCG, triclosan gaSe a
78408 20,014 7.35 13254 17 value of 7.29i 1.02 nM; theK;s for th_e rest of @he compounds
quercetin 3.1 0.0788 8.7+ 0.334 280.6+ 11.78 are shown in Table 2. For calculatirkg, the time course of
. 11.5+ 2.02 80.01+ 14.80 892.3+ 61.8% fluorescence quenching for 30 min was monitored, resulting in
butein 2.1£0.108 13.0+£0.809  798.33+ 64.47 a rapid fluorescence decrease for the initial phase followed by
11.28+ 4.1 70.18+ 20.3 800.54+ 46.3%

a slow decrease, which proves the binding to be a two-step
ks value was obtained from the dilution assay methadvalue was mechanism (Figure 9). The initial rapid fluorescence decrease
determined by putting the value &, kobs (Obtained from progress curve — genjcts the formation of the reversible PfENBatechin-
arlaIyS|s), and; (obtaln_ed from the Dixon plot) in eq 4. The.correspondlng tricl t | d th d oh is th |
Ki* was calculated using eq 5ks andks values as determined from the riciosan ternary complex, an € second p a'se 1S ,e slow
plot of keps versus [triclosan]. conversion to the tight ternary compleks of triclosan in
presence of EGCG calculated from the slow decrease of
fluorescence using eq 7 was 0.00%20.84 x 107> s™L The
constant K;*) of triclosan in the presence of EGCG is roughly data obtained from fluorescence studies are in agreement with
50 times better than in the presence of NA@here it is 96 the enzyme inhibition kinetics data.
pM.14 Docking of Tea Catechins and Polyphenols with PfENR
The values of kinetic constants varied when different methods and ECENR. Docking studies with AutoDock show that tea
were employed (Table 3). The value of overall inhibition catechins and flavonoids indeed occupy NADinding site
constant K;*) also varied accordingly. Depending upon the (Figure 10a). Docking energies for all five flavonoids are
method used for calculating kinetic constants, the valui;of summarized in Table 4. The main reason for the high affinities
varied from 1.9 to 11.02 pM. But in both the cases the data of these compounds for ENRSs is the extensive hydrogen-bonding
suggest the common theme that inhibition of PfENR by triclosan network involving their hydroxyl groups. Overall, the number
is potentiated by EGCG and other flavonoids examined. of favorable interactions is more in the case of flavoroid
Fluorescence StudiesWe analyzed the triclosan binding to  PfENR complex compared to the flavoneiEcENR complex,
PfENR—flavonoid complexes by monitoring the rapid fluores- accounting for the higher affinity of the flavonoids for PfENR
cence decreasd~{ - F), at 340 nm after each addition of (Table 5). As a model case we compared the interactions of
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Figure 9. Time-dependent fluorescence quenching of PfENR by
triclosan in the presence of EGCG. A/BM PfENR solution was
incubated with 5uM EGCG, and the time course of fluorescence
guenching was followed for 20 min and served as a control reaction.
The excitation and emission wavelength were set at 295 and 340 nm,
respectively. To the control reaction was addedu®0triclosan, and

the time course of fluorescence decrease was monitored for 20 min. A
rapid fall in fluorescence intensity suggests the quick formation of the
PfENR—-EGCG-triclosan ternary complex, which undergoes slow
transition to the more stable ternary complex.

1200

Table 4. Summary of Mean Docking Energies of the Catechins As
Determined from Their Individual Binary Complexes with PfENR

tea mean docked energy
extracts [kcal/ mol] ICsp values with PfENR
EGCG —18.00 0.250t 0.062
ECG —15.27 0.500t 0.016
EGC —-12.31 7.0+ 0.085
guercetin —-12.01 12.5+ 0.67
butein —11.46 2.5+ 0.078

EGCG with PfENR and ECENR. Cluster analysis of the docked
conformations from 100 independent docking simulations was
done wih 1 A rmsd. Though there were some individual
conformations across the PfENR active-site, the most populated
clusters with 20 and 9 conformations were found occupying
the pocket where the adenine half of NADinds (Figure 10a).
The spread of the entire ensemble of 100 conformers of EGCG
examined for PfENR and ECENR are shown, respectively, in
Supporting Information Figures 9a and 9b. The galloyl moiety
plays a major role in the affinity of EGCG with both ENRs. It
occupies the same pocket as the adenine ring of NADthe
cofactor-binding site of the enzyme. Its phenol ring makes an
aromatic stacking interaction with the side-chain Trp35 of
PfENR similar to that of the adenine ring of NADH. It is also
involved in hydrophobic interactions with Leu120. In the case
of ECENR the galloyl moiety makes T-shaped aromatic interac-
tions with Phe93.

Journal of Medicinal Chemistry, 2007, Vol. 50, M@14

Figure 10. a. Ensemble of the docked conformations of the two biggest
clusters (cluster sizes 20 and 9) from 100 docking runs of EGCG on
PfENR. For the sake of clarity, not all 100 conformations are shown.
PfENR is shown in ribbons, NADH as a reference in yellow balls and
sticks, and EGCG conformations in sticks of different colors. b.
EGCG-PfENR and EGCGECENR docked complexes superimposed
on each other. To compare the two complexes, top conformations of
biggest clusters in the respective complexes are shown. EGCG is
represented as a ball and stick model and the enzyme in ribbons. PfENR
is represented as brown ribbons with the corresponding EGCG colored
in yellow, and ECENR is represented in blue ribbons with the
corresponding EGCG colored in green. c. Ensemble of triclosan
conformations docked with the PFENFEGCG binary complex. EGCG

is represented in balls and sticks, and triclosan conformations in sticks.

The benzopyran moiety of EGCG occupies a cavity which PfENR is shqwn in ribbons. Atom colors; C in gray, O in red, N i!’]
otherwise accommodates the phosphate group of the adenin®!ue, and Cl in green. Hydrogens are not shown for sake of clarity.

half of NAD™ in both PfENR and ECENR. The hydrogen bonds
are comparatively longer in the case of ECENR than those in
the case of PfENR and hence weaker. As calculated from the
LPC-CSU server, the benzopyran moiety contrisute most

of the unfavorable contacts with the two enzymes. The number
of such contacts is more in the case of ECENR compared to
PfENR, as calculated from the LPC-CSU server. There is a

Docking studies were performed using AutoDock program as detailed
in the methods. The figures were generated using Weblab Viewerlite
and rendered using POV-Ray.

of P. falciparumcompared tcE. coli (Table 5). This explains
the higher affinity of EGCG for PFENR compared to ECENR.
Docking of Triclosan with the EGCG—PfENR Complex.

striking difference in the interactions of the non-galloyl phenol Triclosan was docked with the binary complex of EGCG and
ring with PfENR and ECENR. In the former it occupies the same PfENR to achieve the ternary complex. As mentioned in the
space as occupied by the ribose and phosphate groups of thabove section, EGCG occupies the adenine binding pocket of
nicotine moiety of NAD', but in ECENR many conformations  the cofactor-binding site. Cluster analysis was performed for
occupy the space which accommodates ribose of the adeninehe docked conformations of triclosan from the 100 independent
moiety of NAD*, a flip of 187, and it further extends in this  runs. The clusters with highest number of conformations lie in
pocket to make more interactions with the enzyme (Figure 10b). the pocket where the nicotinamide moiety of NARould bind
Overall, the favorable interactions between EGCG and ENR otherwise. The biggest cluster had 51 conformations with a few
are more, and unfavorable contacts significantly less, in the casesmaller clusters. The ensemble of these conformations is shown
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Table 5. Comparison of All the Stabilizing and Destabilizing Contacts Made by EGCG in Binary Complexes with PfENR and ECENR

contacts made in hydrogen hydrophobic aromatic-aromatic hydrophilic-hydrophobic acceptor-acceptor

binary complexes bonds contacts contacts contacts [destabilizing] [destabilizing]
ECGC-PfENR 27 21 10 19 2
ECGC-EcFabl 18 34 6 24 2

in Figure 10c, while the entire ensemble of 100 conformations the catechin molecules specific to PfENR is to chemically
of triclosan is shown in the Supporting Information Figure 9c. manipulate the essential galloyl scaffold of these catechins by
Stacking of the aromatic rings of triclosan and NAI the rational drug design using the PfENR structure. The above
ternary complex of PFEENRNAD T —triclosan plays a major role  findings hold great promise for the fight against malaria, as the
in the binding of triclosai®#!similar stacking interactions are  tea catechins are nontoxic, inexpensive, and abundant in nature.
also observed between the phenyl rings of triclosan and non- _ )
galloyl phenyl ring of EGCG. This would contribute enormously EXxperimental Section
in the formation of a strong PIENREGCG-triclosan ternary Materials. Green tea catechins, butein, quercetin, crotonoyl-CoA,
complex (Figure 10c). Rigorous molecular dynamics simulations 3-NADH, 8-NAD*, and all the PAGE reagents were purchased
on this docked ternary complex might shed more light on the from Sigma-Aldrich, and kanamycin A and IPTG were purchased
formation of a stable ternary complex starting from an initial from Merck. Triclosan was a gift from Kumar Chemicals, Banga-
complex. Iorg' o ress f PfENR.O ion of PfENR

While both polyphenols and catechins are able to potentiate PVEréxpression o 'R. DVerexpression of FIENR was

e : : achieved essentially following the published protégatith the

the affinity of triclosan by ternary comple>§ formation to the only difference thatyall buffersg contgined 10%pglycerol. Purity of
same extent as_NAD the Iqwer concentration of the former the enzyme was checked by SDS-PAGE. Purified enzyme was
compound required to achieve the effect as compared to thatgiored in—20 °C at a concentration of 5 mg/mL till further use.
required of NAD" is a favorable property which can be utilized Assay of PfENR.Enzyme assays and inhibition studies were
for treating malaria and bacterial infection, which are dependent performed on a UV-vis spectrophotometer (Jasco) at&5in 20
on Type Il FAS for their growth. Moreover, the tea catechins mM Tris/HCIl and 150 mM NaCl, pH 7.814The standard reaction
and polyphenols exhibit their potentiation of triclosan at mixture of 100uL contained 200uM crotonoyl-CoA, 100uM
nanomolar concentrations but the concentration of NAD NADH, and 30 nM PfENR. All the inhibitors were dissolved in
required to potentiate the inhibitory activity of triclosan is in PMSO. 1% DMSO was used in the standard reaction mixture. The
the high micromolar to millimolar range. At such a high reaction proceeds by reduction of crotonoyl-CoA to butyryl-CoA

concentration, its administration is likely to cause rearrangement‘r':’r':]héae oidg;gg I?/fri\'?n?fl') to NAD" which is monitored at 340
in the metabolism itself. Administration of tea catechins and 0 '

lated polvoh | ired hi h ff o Determination of ICs Values.ICsg values of the tea catechins
related polyphenols required to achieve the same effect Is In 5y holyphenolic compounds for PIENR were determined by

the nanomolar to low micromolar range, and a much higher piotting the percent inhibition of PFENR at various concentrations
concentration of the same are tolerated by the host without anyof these compounds. In the standard reaction mixture mentioned

apparent side effect. above, various concentrations of EGCG or other catechins were
_ added and the percent inhibition was calculated from the residual
Conclusions enzymatic activity. The percent activity thus calculated was plotted

This study shows that certain medicinally important secondary @%as":r: ;ﬁ/gzg; cb(;n;e:ct);a;it;‘oena(r)frg;g:;gic;;\;etglga/ onoids. The data

metabolites found in the most commonly consumed beverage, = iation of Dissociation Constants Ki). TheK; of individual
tea, inhibit enoyl-ACP reductase (PfENR) &flasmodium  f15y0n0ids were determined with respect to NADH and crotonoyl-
falciparumat nanomolar concentrations. These tea catechins andcoa in separate experiments. With respect to NADH, data were
related polyphenols also inhibit mammalian FAS but witkia  collected against three fixed concentrations of NADH 450, 100

in the micromolar range, which is far greater than iasmo- uM, and 200uM) while varying the catechin concentration from 1
diumcounterpart. The vast differencelis of EGCG between  nM to their respective I§ values and keeping crotonoyl-CoA
the host and the parasite ENR underscores the significance ofconcentration fixed at 208M. For K; with respect to crotonoyl-
this study. We have also shown that flavonoids binding to COA, data were collected against two fixed concentrations of
PfENR are reversible in nature and they bind near the cofactor- crotonoyl-CoA (10Q«M and 200uM) and catechin concentration
binding site of PfENR. Most importantly, we have shown that was \Iiamt:"d tfrlogn l%/ln,'\é\/lllt?hth% I% value, Wh"f N%DbH colg_centrag;)tn
the binding of triclosan is potentiated by tea catechins:acet was kept at 106M. © data were analyzed by a Jixon pror.

U . Potency AssayPotency assays for triclosan inhibition of PFENR
versaby steady-state kinetics and also by radiolabeRéd-[ were designed as described earlte®é The effect of addition of

EGCG-binding experiments, bringing the overall inhibition  te5 catechins and polyphenols &®alues) without preincubation
constant of triclosan to less than 2 pM. The inhibition by and with 30 min preincubation with triclosan (150 nM) on the
triclosan followed a biphasic mode with a slow, tight-binding activity of PfFENR (30 nM) were studied. The formation of NAD
mechanism. Thus, the above findings suggest that these teavas monitored at 340 nm after the addition of 200 crotonoyl-
catechins and polyphenols, especially EGCG, can be used inCoA and 10uM NADH. The control reaction was set up without
the formulation of antimalarial therapy’ either alone or in the addltlon of triclosan with tea Cat.eChinS and 1% DMSO. The
conjugation with triclosan as a combination drug. The only &ccumulation of the product [NAD in each case was plotted
caveat for this assumption is that EGCG, the prime tea catechin,292/nst time. t K of Tricl . -
nonspecifically targets some other pathwaygircoli as well Cal?:ctﬁirr?;maarﬂjorll’g lﬁegoll'rll'ﬁgf(?r:)flqricplz)?szenn(\jﬁtho rets ee;e:)
as humans. However, the fact that EGCG potentiates the bindin yp . ' b

. . Svarious tea extracts and polyphenols was also determined by Dixon
of triclosan to PfENR andice-versasuggests that the chances |35 At two different catechin concentrations (aroundd@alue

of EGCG inhibiting other pathways is minimized, as the major of individual catechins), the triclosan concentration was varied from
amount of EGCG is likely to be utilized by triclosan for making 0 to 700 nM. Likewise, th&; of each flavonoid was determined
a stable ternary complex with PfENR. Another way to make at two fixed concentration of triclosan (50 nM and 100 nM) while
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varying the concentration of the individual flavonoids. All the data below to getkyys for each concentration of triclosan used. Kg

of individual experiments were repeated thrice, and the mean valuevalues are fitted to eq 4 along witk; and ks values to get the
was taken for data analysis. Tl values were determined for  value ofks.

each experiment from th¥-intercept of the Dixon plot® The dissociation rate constantis)( for triclosan for various

Analysis of PH]JEGCG Binding to PfENR. Binding studies of flavonid—PfENR complexes were determined by dilution method.
[BHIEGCG were carried out with PfENR in the absence and PfENR (154M) was incubated with 1M triclosan and 1«M
presence of triclosan employing two methods, gel filtration chro- of individual tea catechins and polyphenols for 3.0 min. The reaction
matography and filter-binding assay. Binding studies were carried Was started with 1000-fold dilution of the PfENficlosan-EGCG
out at 25°C for 20 min in 20 mM Tris, 150 mM NaCl, pH 7.4,  ternary complex with buffer containing competing NADH and
containing 1uM [3H]EGCG (specific activity 5 Ci/ mmol), varying ~ crotonoyl-CoA to a final concentration of 1Q(M and 250uM,
concentration of triclosan, 1% DMSO, and«g of PfENR in 50  respectively. The reaction was monitored at 340 nm, and the
uL of volume. Briefly, for gel filtration chromatography 2 mL formation of (NAD') was plotted as a function of time using eq
Sephadex G-25 column was packed and equilibrated with the 3a to get the dissociation constant by nonlinear regression analysis
reaction buffer. For each run, 56 of the reaction mixture was ~ ©f the data. o
loaded and 20 fractions of 100 were collected at 0.25 mL/ min Calculation of Overall Inhibition Constant (K¥). After the
flow rate. All the fractions were spotted on Whatman 3 filter paper determination of;, ks, andks values, overall inhibition constant
and dried before taking the counts. In the filter-binding assay IS calculated by putting their values into eq 5.
method, the reaction mixtures were directly applied on the activated ~ Evaluation of the Kinetic Data. Initial rate constants were
polyvinylidene difluoride (PVDF) membrane fixed in a filtration ~ determined using a Dixon plét, assuming the reaction to be
assembly. The filters were washed with 240 of reaction buffer competitive for tea catechins against NADH and uncompetitive for
and dried. Dried filters were transferred to vials containing 5 mL t€a catechins against triclosan. The data were plotted using the
scintillation fluid, and the radioactivity was measured using a following Dixon equations for competitive and uncompetitive
Hewlett-Packard liquid scintillation counter. kinetics, respectively.

To check the binding ofSHIEGCG alone, five concentrations K. x [I]
of [BH]JEGCG (0.1 to 1Q«M), as indicated in Figure 4a, were taken. 1_ m + 1 (1a)

The concentration oPH]JEGCG (bound) was plotted againdH]- U Vimaex K x [§ K
EGCG (free) to get the binding constant. To determine the binding Vina| 1+ 75
constant of EGCG in the presence of triclosan, the above experi-
ments were repeated in the presence ofubMtriclosan (Figure 1 [n 1
4c). Finally, to determine the binding constant of triclosan in the 7 V. xK
presence of EGCG, various concentrations of triclosan were used maT oy (1 + —m)
(25 nM to 1uM as indicated in Figure 4d) with AM [3H]EGCG.
The binding constants for the above experiments were determined
from saturation plots and also by a Scatchard plot or double
reciprocal plot using egs 2a and 2b described under Evaluation o
the Kinetic Data.

Reversible Binding of [BHJEGCG to PfENR. The effect of
NADH on the stability of PFENR-[(HJEGCG complex was studied
employing the filter-binding assay. Binding studies were carried

(1b)

whereK, is the Michaelis constan¥/yax is the maximal catalytic
frate at saturating substrate concentrat§n[|] is the concentration
of inhibitor, andK; is the dissociation constant of the inhibitor (eq
lais for competitive kinetics and 1b is for uncompetitive kinetics).

The binding of fHIEGCG to PfENR was analyzed by saturation
and Scatchard pl&t using eqs 2a and 2b, respectively.

out at 25°C in 20 mM Tris, 150 mM NaCl, pH 7.4. PfENR (83) [Somae % [Se

was incubated with 1,0M [3H]JEGCG (specific activity 5 Ci/mmol) =" (2a)
for 20 min and then varying concentrations of NADH-100 M) Ko+ [Ss

were added into 50L reaction volumes. The reaction mixture was

spotted on PVDF membrasand washed with 200L of reaction where [, is the bound, §s is free, and fomax is the maximum

buffer and dried. The counts were taken as described above. Thebinding of the ligand being analyzed, akg is the dissociation
data was analyzed by linear as well as nonlinear regression methodsconstant.

Whether H]JEGCG forms covalent or noncovalent complexes
with the enzyme was also examined by subjecting the PFENR @: __1 n[El;
[BH]JEGCG complex to treatment vhit6 M guanidinimum hydro- [ Kids, Kqg
chloride. PfENR (8ug) was incubated with 1.@M [*H]EGCG
(specific activity 5 Ci/mmol) for 20 min and then incubated with  wheren is the number of identical and independent ligand-binding
6 M guanidium hydrochloride fo3 h at 25°C followed by spotting  sites per molecule of enzyme, arf{is the total concentration of
the denatured complex on PVDF membranes. Subsequently, theenzyme.
sample was washed with 2QfL of the reaction mixture buffer Time dependent reversible inhibition can be described by any
followed by drying and counting forPHJEGCG retained on the  of the two mechanisms described bel#4°In mechanism 1, the
membranes and in the wash as described above. The control reactioinhibitor and enzyme react with each other in a single-step
contained all the above-mentioned components except 6 M bimolecular reaction to form an effective enzysighibitor com-
guanidium hydrochloride and was incubated for the same time plex. This kinetics results either from slow association or sometimes
period before taking the counts. slow dissociation of the inhibitor.

Determination of Isomerization Rate or Association Rate Ks
or kon) and Dissociation Rate Constantsk or k) of Triclosan
in the Presence of FlavonoidsThe association rate constaniks)(
of triclosan with PfENR in the presence of different tea catechins
and polyphenols were determined by monitoring the onset of In mechanism 2, the inhibition takes place in two steps, in the
inhibition in the enzyme reactions, which contained A80NADH, first step the enzyme binds rapidly with the inhibitor forming EI
200 uM crotonoyl-CoA, individual flavonoids at their respective ~ complex which, then slowly isomerizes to a more stable and
ICso values, and various concentrations of triclosan (0 to 700 nM). effective EI* complex
The reaction was started by the addition of 30 nM of PfENR. For
each concentration of triclosan, the formation of NA®as plotted E+| ik El Bt El*
against time by nonlinear regression method using eq 3a discussed ke ks

(2b)

E+1 *% El (mechanism 1)

(mechanism 2)
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In both the mechanisms it is presumed that the slow-binding
inhibition step is reversible.

The biphasic progress curves which are typical for slow, tight-
binding inhibition were fitted to eq 3&3%4%42using a nonlinear
least-squares fitting procedure.

(Uo - Us)[l - exp(_kobs x 1)]
+
kobs

whereP is the concentration of the product formed at any given
timet, v, is the initial velocity,vs is the final steady-state velocity,

P =

xt+ C (3a)

kobs is the apparent first-order rate constant for the establishment

of the final steady-state equilibrium, a@is a constant, nonzero
Y-intercept ternf2 Corrections were made for the variation of the

steady-state velocity with the inhibitor concentrations using eqs 3b @1dAex @ndAem

and 3c as described earlier by Morrison and Wétsh.

_ kSQ
RS .
Q=[(K/ +1,— E) +4K/E]"*— (K/ +1,—E)  (3¢)

whereK;’ = Ki*(1 + SKyy), |; and E; are the total inhibitor and
enzyme concentrations, respectivelyis the rate constant of the
product formation

kl k7
E+S<k—2>ES—>E+P

The relationship betweeK;, ks, ks, and kops is described by
eq 4.

1
Kons = Ks 1 Ks —E 4
b [s) ., (I
() (&)
The overall inhibition constari* is calculated by eq 5.
R
A Q&+@) ©

Fluorescence Analysis of Triclosan Binding in the Presence
of Tea Catechins and PolyphenolsFluorescence analysis of
triclosan binding was done as mentioned elsewieusing a
JobinYvon Horiba fluorimeter. The excitation and emission mono-
chromator slit widths were adjusted at 3 nm. All the reactions were
performed in 3 mL quartz cuvettes with constant stirring at@5

Sharma et al.

ks can be considered negligible at the early onset of inhibition, so
ks can be directly calculated from the following equatin,

ksll]
= 7
wherekyps is the rate constant for the loss of fluorescence.

The inner filter effect was corrected by using the following
equatiornt*

Fe = Fani10g [(Aex + Acr)/2] (8)
whereF. is the corrected fluorescence aRds the measured one,
are the absorbance of the reaction solution at the
excitation and emission wavelengttespectively.

Docking of Inhibitors with P. falciparumand E. coli ENRs.

All the docking simulations were done using AutoDock 3%ind
MOE [Molecular Operating Environmentj.

Preparation of the Receptor and Ligand Molecules.The
crystal structures of PFENR (PDB Code: 1NHG) and EcFabl (PDB
Code: 1QSG) submitted to PDB (www.rcsb.org) by Perozzo et
al.** and Stewart et al respectively, were used for docking
studies. The structure coordinates were converted into mol2 format
with MMFF94 charges assigned using the MOE suite of progfdms.
The molto2pdbgs utility (provided with AutoDock program) was
used to prepare the input receptor file containing fragmental volume
and solvation parameters. Inhibitors were also built using MOE
and energy-minimized with MMFF94 charges. The AutoTors utility
[provided with AutoDock program] was used to define torsion
angles in the ligands prior to docking.

Docking Simulations.Grid maps for docking simulations were
generated with 80 grid points (with 0.375 A spacingiry, and
z directions centered in the active site using the AutoGrid utility
of AutoDock program. LennaréJones parameters 420 and
12—6 (supplied with the program package) were used for modeling
H-bonds and van der Waals interactions, respectively. The distance-
dependent dielectric permittivity of Mehler and Solméjevas used
in the calculation of the electrostatic grid maps. The Lamarckian
genetic algorithm (LGA) with the pseudo-Solis and Wets modifica-
tion (LGA/pSW) method was used with default parameters except
the “maximum number of energy evaluations” which was increased
to 2.5 million from 250 thousand. Hundred independent runs were
conducted for each inhibitor.

Modeling of the Ternary Complex. The ternary complex
PIENR-EGCG-TCL was achieved by first docking the tea
catechins with PfENR to generate the binary complex and then
docking triclosan to this binary complex. Briefly, the top-ranked
conformation of the biggest cluster in the set of 100 runs of EGCG

Samples were excited at 295 nm, and emission was recordedgocking with PFENR was chosen. Now this binary complex was
between 300 to 500 nm. Change in the fluorescence intensity atprepared as the receptor (as described above), and triclosan was
the emission maximum of PfENR (340 nm) was then used for the docked using AutoDock with this binary complex, using the same
studies of triclosan binding. _ _ protocol as mentioned above. Since the receptor remains rigid
_For the binding studies, %M PfENR was incubated with  during the docking simulation by AutoDock, the docked complexes
different flavonoids at their Saturatlng concentrations in 20 mM were energy_minimized to 0.1 kcallmoL keeping the receptor and
Tris and 150 mM NaCl, pH 7.4. The PfENRatechin complex  the ligand flexible. This accounts for the minor structural changes
was titrated with increasing concentrations of triclosan from 0 t0 that take place in the receptor as well as in the ligand. The ligand
30 uM. The difference in fluorescence intensity upon triclosan receptor interactions were calculated using LPC/CSU Server [http:/
binding was analyzed using the following equatitns calculate ligin.weizmann.ac.il/cgi-bin/lpccsu/LpcCsu.cgil.
the K; value of triclosan.
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AF ax

(1
whereF, — F is the rapid fluorescence changéf max is maximum
change in fluorescenc; is dissociation constant, and fs the
inhibitor concentration. Supporting Information Available: Kinetic plots of flavonoids

The onset of inhibition was calculated from the time course of other than EGCGK;, progress curveskos s [triclosan], ks, and

fluorescence quenching at 340 nm after adding triclosan to the fluorescence titration curves) along with detailed docking simulation
PfENR—catechin solution for 20 min. For tight-binding inhibitors,  figures showing the spread of all 100 conformations of the docked

Fo—F= 6)
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ligand. This material is available free of charge via the Internet at
http:// pubs.acs.org.
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