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SYNOPSIS

Triclosan, a known antibacterial acts by inhibiting enoyl-ACP reductase (ENR), a key enzyme of

the type II fatty acid synthesis (FAS) system. Plasmodium falciparum, the human malaria-

causing parasite harbors the type II FAS, in contrast to its human host, which utilizes type I FAS.

Due to this striking difference, enoyl-ACP reductase has emerged as an important target for the

development of new antimalarials. Modeling studies and the crystal structure of P. falciparum

ENR have highlighted the features of ternary complex formation between the enzyme, triclosan

and NAD+ (Suguna, K. et al., Biochem. Biophys. Res. Commun. 283, 224-228; Perozzo, R. et al.,

J. Biol. Chem. 277, 13106-13114 and Swarnamukhi et al., PDB:1UH5). To address the issue of

the importance of the residues involved in strong, specific and stoichiometric binding of triclosan

to P. falciparum ENR, we mutated the following residues: Ala-217, Asn-218, Met-281, and Phe-

368. The affinity of all the mutants was reduced for triclosan as compared to the wild-type

enzyme to different extents. The most significant mutation was A217V, which led to a greater

than 7000-fold decrease in the binding affinity for triclosan as compared to wild-type PfENR.

A217G showed only 10-fold reduction in the binding affinity. These studies thus point out

significant differences in the triclosan binding region of the P. falciparum enzyme from those of

its bacterial counterparts.

RUNNING TITLE: Site-specific mutants of P. falciparum enoyl-ACP reductase.

KEY WORDS: Enoyl-ACP reductase, FabI, triclosan, mutants, inhibitor, Fatty acid biosynthesis

ABBREVIATIONS: FAS: Fatty acid biosynthesis; FabI/ENR: Enoyl-ACP reductase; PfENR:

Plasmodium falciparum Enoyl-ACP reductase
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INTRODUCTION

The human malaria causing parasite, Plasmodium falciparum has been shown to harbor type II

fatty acid biosynthesis enzymes, in contrast to its human host that synthesizes fatty acids via the

type I pathway [1, 2]. The realization that the fatty acid biosynthesis pathway of the malaria

parasite could be a potential target of antimalarials, has led to renewed research in this area, as

apparent from the recent research and review articles published [1, 3-8]. Triclosan has been

shown to be effective against a broad spectrum of bacteria including E. coli [9], S. aureus [10]

and M. smegmatis [11]. Triclosan was found to inhibit the growth of P. falciparum in red blood

cell cultures with an IC50 of 0.7 µM and its efficacy demonstrated in a mouse model of P.

berghei [1].

It was shown earlier that triclosan blocks lipid synthesis in E. coli and mutations in enoyl-

ACP reductase prevent this blockage [9]. A series of E. coli mutants were isolated that were

resistant to triclosan. The MIC ratio of the various mutants with respect to the wild-type was

calculated as 95 (G93V), 12.2 (M159T) and 6.1 (F203L). Enoyl-ACP reductase, catalyzing the

last step in the elongation cycle of fatty acid biosynthesis, reduces a carbon-carbon double bond

in an enoyl moiety that is covalently linked to an acyl carrier protein. The enzyme has been

studied from various sources [1, 6-8, 11-15]. The recent investigation into the mechanism of

triclosan inhibition and selectivity in E. coli FabI, in which three mutations were characterized

namely G93V, M159T and F203L correlate well with the MIC data [9, 14]. Also, the mutation of

Gly-93 to Ser leads to diazaborine resistance, while the mutation of the analogous residue in

InhA (S94A) leads to isoniazid resistance [16]. These results also correlate with the crystal data

of E. coli FabI protein, which shows that all the three residues line a cleft at which NADH binds

[15].

In P. falciparum ENR, alanine is present at the place corresponding to Gly-93. The other

two residues (M159 and F203) are conserved. Thus, the residues in PfENR corresponding to

Gly-93, Met-159 and Phe-203 of E. coli FabI are Ala-217, Met-281 and Phe-368. On the basis of

modeling studies, the residues Ala-217, Met-281 and Phe-368 were implicated in triclosan

binding [6]. Consistent with the above observations, the crystal structure of PfENR solved with

NAD+ and triclosan demonstrated that the mode of triclosan binding was very similar to that

observed in E. coli-NAD+-triclosan complex [8]. The residues Ala-217, Asn-218, Met-281 and

Phe-368 are present close to the triclosan binding site of PfENR. Hence, to characterize the role
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played by these residues of P. falciparum ENR in triclosan binding, we generated the following

mutants: A217V, A217G, N218A, N218D, M281A, M281T, F368A and F368I.

The mutants were expressed, purified by Ni-NTA affinity chromatography and

characterized by determining the kinetic constants for their binding to substrates and the

inhibitor, triclosan. The study reports that as in the case of E. coli FabI, substitution of Ala-217

by an amino acid with a bulkier side chain is not tolerated for triclosan binding. The other mutant

enzymes also have reduced affinity for triclosan probably due to abrogation of important

contacts between the side chains of the amino acids and triclosan.

MATERIALS AND METHODS

Materials

Media components were obtained from Hi-media (Delhi, India). β-NADH, β-NAD+, crotonoyl-

CoA, imidazole and SDS-PAGE reagents were obtained from Sigma Chemical Co., St. Louis,

MO. Triclosan was obtained from Kumar organic products (Bangalore, India). His-bind resin

and anti-His tag antibody were obtained from Novagen (Madison, USA). Protein molecular

weight marker was obtained from MBI (Fermentas Inc., USA). Anti-mouse rabbit antibody and

prestained molecular weight marker were obtained from Bangalore Genei (Bangalore, India). All

other chemicals used were of analytical grade.

Strains and plasmids

E. coli DH5α cells were used during the cloning of the mutants. pET-28a(+) vector (Novagen)

and BL21 (DE3) cells (Novagen) were used for the expression of mutant PfENRs. Primers for

constructing the mutants were obtained from Sigma.

Construction of A217V, A217G, N218A, N218D, F368A and F368I mutants

The single point mutants of Ala-217 to Val (A217V), Ala-217 to Gly (A217G), Asn-218 to Ala

(N218A), Asn-218 to Asp (N218D), Phe-368 to Ala (F368A) and Phe-368 to Ile (F368I) were

generated by PCR overlap extension method. A pET 28a(+)-derived vector [7] containing the

sequence of pfenr (GenBank accession number AF332608) was used as the template plasmid for

all the reactions. For making the A217V mutant, the two PCR products with overlapping ends

were generated by using the “PlasF” primer together with “A217VF” and “A217R” together with

“PlasR”. The PCR cycles used were: 1 x {95º C, 3 min}; 25 x {95º C, 1 min, 50º, 1 min, 72º C, 1

min}; 1 x {72º C, 7 min}. The combined PCR product was digested with NcoI and BamHI and
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cloned into pET28a(+) digested with the same enzymes. A217G, N218A, N218D, F368A and

F368I were generated in a similar manner using the primers listed in Table 1. The correct

sequences of all constructs were verified by DNA sequencing.

Construction of M281A and M281T mutants

M281A mutant was generated by amplification of the wild-type pfenr plasmid using M281AF

and M281AR primers. The PCR cycles used were: 1 x {95º C, 3 min}; 19 x {95º C, 1 min, 62º, 1

min, 72º C, 6 min 30 sec}; 1 x {72º C, 7 min}. The PCR product was digested with DpnI and

transformed into E. coli DH5α cells. The colonies were screened by digesting with XhoI as the

primers lead to a silent mutation in pfenr leading to the generation of XhoI site. M281T mutant

was generated in a similar manner using the primers listed in Table 1. The correct sequences was

verified by DNA sequencing.

Overexpression and purification of wild-type and mutant PfENRs

Wild-type and mutant PfENRs were expressed and purified as described earlier [7]. Briefly, the

plasmid containing pfenr was transformed in BL21(DE3) cells. Cultures were grown at 37 ºC for

12 hrs., pelleted and resuspended in 20 mM Tris-Cl buffer containing, 500 mM NaCl and 5 mM

imidazole, pH 7.4. The cultures were lysed by sonication followed by purification of the His-

tagged PfENR on Ni-NTA agarose column using an imidazole gradient. PfENR eluted at 400

mM imidazole concentration. The purity of the protein was confirmed by 10% SDS-PAGE. The

fractions containing pure protein were pooled and concentrated using 10 kDa centripreps

(Amicon) for further experiments. The pET 28a(+) constructs harboring the mutated pfenr

sequences were transformed into BL21(DE3) cells and the mutant proteins purified using the

same protocol as mentioned for the wild-type PfENR. E280 of mutant ENRs was estimated using

the ProtParam tool at http://tw.expasy.org/tools/protparam.html.

Enzyme assay

All experiments were carried out on a Jasco V-530 UV-Vis spectrophotometer. Enoyl-ACP

reductase was assayed at 25 °C by monitoring the decrease in A340 due to the oxidation of

NADH using crotonoyl-CoA as a substrate [7]. The standard reaction mixture in a total volume

of 100 µl contained 20 mM Tris-Cl buffer pH 7.4, 500 mM NaCl, 100 µM crotonoyl-CoA and

100 µM NADH. The Km for each substrate was determined by varying the concentrations of that

substrate while keeping the concentration of the other substrate constant. The kinetic parameters
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were obtained by fitting initial velocity data to Michaelis-Menten equation by non-linear

regression analysis using GraphPad Prism software.

Enzyme inhibition studies

The inhibition of PfENR activity was monitored by the spectrophotometric assay performed as

described above except that triclosan was added prior to the initiation of the reaction by addition

of crotonoyl-CoA. The studies were performed in the presence of 1% DMSO used for

solubilizing the inhibitors. In order to study the inhibition of ENR by triclosan by steady state

approach, a modified protocol was followed as described in [17]. Enoyl-ACP reductase was

preincubated with the respective inhibitor and various concentrations of the coenzymes at 4 °C

for 5 hours. This was warmed to 25 °C and assay started by the addition of crotonoyl-CoA. The

mechanism of inhibition was identified by studying the dependence of the apparent inhibition

constant (Ki′) on the substrate concentration. The Ki′ was determined using the equation:

v = vo/(1+[I]/ Ki′) (1)

where vo is the uninhibited rate and v is the rate in the presence of the inhibitor.

The substrate dependence of Ki′ for competitive, uncompetitive and mixed noncompetitive

kinetics is defined by equations 2, 3 and 4 respectively.

Ki′ = Kis([S]+Km)/Km (2)

Ki′ = Kii([S]+Km)/[S] (3)

Ki′ = KisKii([S]+Km)/(Kis[S]+KiiKm) (4)

RESULTS

We have previously demonstrated the inhibition of P. falciparum ENR by the well-known

antibacterial, triclosan and determined the inhibition constants for the same [1, 7]. Here, we have

examined the effect of mutations that span the triclosan binding region, on the affinity of

triclosan as well as its substrate binding and enzymatic activity.

Expression and purification of wild-type and mutant ENR

Wild-type and mutant ENRs were purified as described previously [7]. The mobility of the

mutant proteins as analyzed by SDS-PAGE was similar to the wild-type protein (supplementary

data). The expression of the recombinant His-tagged wild-type and mutant ENR was also

analyzed using anti-His antibody and a band corresponding to the position of band in SDS-

PAGE was obtained (supplementary data). The expected molecular mass of ENR as calculated
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using the ProtParam tool at http://kr.expasy.org/tools/ was Mr 38166. The molecular weight of

purified ENR was further confirmed by MALDI mass spectrometry to Mr 38163 (±2) Da. The

molecular weights of the mutant ENRs were also confirmed by MALDI and were found to be of

the expected molecular masses.

Gel filtration and circular dichroism analyses of the mutants

Changes in the overall shape or the quaternary structure of the molecule potentially introduced

by mutagenesis was first probed using size exclusion chromatography. Wild-type PfENR elutes

as a single peak at a volume of 7.6 ml on a Superdex-200 gel-filtration column (supplementary

data). The mutants eluted at the same volume as their wild type counterpart. The elution

positions of the wild-type and mutants of PfENR correspond to a relative molecular weight of

150 (±10) kDa indicating the enzymes to be a homotetramer and that the mutations did not alter

the overall shape or the quaternary structure of PfENR. CD spectroscopy was used to investigate

potential perturbations in the secondary and tertiary structure of PfENR mutants, which indicated

that the various amino acid substitutions had no effect on the overall folding of the resultant

mutant protein (supplementary data).

Kinetic analysis of the mutants

As can be seen in Table 2, the kinetic constants (Km and kcat) for A217V, A217G, M281A,

M281T, F368A and F368I remain unchanged with respect to the wild-type ENR. Thus, the

mutations do not affect the catalytic efficiency of the enzyme. Interestingly, N218A and N218D

mutants had an increase in the Km for NADH as compared to the wild-type. The Km value of

wild-type PfENR for NADH was calculated earlier as 33 µM [7]. N218A and N218D had a Km

value 73 µM and 100 µM respectively. Such a change for the E. coli enzyme has not been

observed.

Inhibition constants of wild-type and mutant PfENR

Earlier studies on the E. coli and Staphylococcus aureus FabI have shown that triclosan forms a

ternary complex with NAD+, the oxidized co-factor [16, 18-21]. Moreover, a ternary complex

formation between ENR from P. falciparum, triclosan and NAD+ was also demonstrated in our

earlier studies [1, 7]. These observations were confirmed by the crystal structure of PfENR [8].

Both our modeling studies and the crystal structure of the ternary complex of PfENR with

triclosan and NAD+, show that the ring A of triclosan in addition to interacting face-to-face with

the nicotinamide ring of NAD+, also makes additional van der Waals interactions with certain
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PfENR residues including Phe-368 [6, 8]. Ring B is located in a pocket bounded by

pyrophosphate and nicotinamide moieties of NAD+, by the peptide backbone residues 217-231

and by the side chains of Asn-218, Val-222, Tyr-277 and Met-281 (Fig. 1). In order to analyze

the contribution of these residues towards triclosan binding, we mutated key residues that

interact with the ring A and B of triclosan. Also, mutations in these residues have been found to

confer resistance to E. coli FabI towards triclosan.

The value of Ki' for the inhibition of different mutants by triclosan with respect to NAD+

was estimated in the presence of 250 µM NADH and varying concentrations of NAD+. The

curve was fitted to competitive, uncompetitive and noncompetitive inhibition using equations 2,

3 and 4. The inhibition constants of triclosan with respect to the different mutants are shown in

Table 3.

Residues interacting with Ring B of triclosan

The Ki of triclosan for A217V (232 (±5) nM) is far greater than the wild-type PfENR (0.03 (±

0.001) nM), demonstrating its low affinity for A217V (Figure 2A). The A217G PfENR mutant

also showed lower affinity towards triclosan as compared to the wild-type ENR with a Ki of 0.57

(±0.05) nM (Figure 2B). N218A and N218D had a Ki of 2.1 (±0.1) and 1.5 (±0.04) nM,

respectively. M281A and M281T had a Ki of 9.34 (±0.81) and 10.0 (±0.89) nM, respectively. A

plot of Ki versus different concentrations of NAD+ is shown as Figure 2A and B for two

representative examples, A217V and A217G. In all the cases the curve fits well to uncompetitive

kinetics demonstrating the preference of triclosan for binding to PfENR as well as its mutant

counterparts in the presence of NAD+.

Residues interacting with Ring A of triclosan

A Ki of 7.2 (±0.9) and 6.3 (±0.56) nM was obtained for F368A and F368I PfENR mutants,

respectively while that for its wild-type counterpart was found to be 0.03 nM implying the

importance of this interaction for binding of triclosan to PfENR.

DISCUSSION

Triclosan inhibits enoyl-ACP reductase (one of the enzymes of the FAS pathway) from E. coli

and P. falciparum very potently. However, its affinity for the enzyme from M. tuberculosis is

10,000 fold lower [22]. Also, another diphenyl ether, 2-2' dihydroxydiphenyl ether, inhibits the

enzyme from E. coli 1000 fold more potently as compared to the P. falciparum enzyme [1, 7].
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The crystal structures of enoyl-ACP reductase (FabI) from E. coli [19-21], M. tuberculosis [13]

and P. falciparum [8] are now available. Yet, the reasons for such large differences in the

binding affinities are still not clear. Thus, stressing the need to understand the structural features

that govern such differences in the affinities of the enzyme from different sources. Multiple

sequence alignment of ENR from different organisms comparing the P. falciparum ENR with its

counterparts from other organisms is shown in Figure 3. In this paper, we have taken a

mutational approach to study the triclosan binding site of ENR from P. falciparum, which

highlights the subtle differences in the binding site of PfENR as compared to enoyl-ACP

reductases from other sources. Thus, the knowledge of these differences would help in the design

of potent inhibitors of FabI.

The role of a particular amino acid residue of a protein towards interaction with a ligand

can be judged by site-directed mutagenesis. Hence, we performed a series of mutations spanning

the triclosan binding site of ENR. The expression of recombinant ENR-His tagged fusion protein

and the purification of the ENR was confirmed by using anti-His antibody. To exclude the

possibility that the triclosan binding to mutant ENRs was decreased due to the introduction of

gross structural changes, we first analyzed the oligomerization status and conformation of wild-

type and mutant ENR by gel-filtration and circular dichroism (CD) spectroscopy (supplementary

data). Thereafter, we performed a thorough analysis of the binding of PfENR mutants to

triclosan.

We had earlier demonstrated that triclosan acts as a potent inhibitor of P. falciparum

ENR [7]. As the concentration of NAD+ increases during the course of the reaction catalyzed by

ENR and since NAD+ potentiates inhibition of ENR by triclosan, a modified protocol was

followed. The reaction mixtures containing NAD+ were preincubated for 5 hrs. at 4 ºC in order to

achieve a steady-state before starting the assay. Also, this would mean that the concentration of

NAD+ does not change significantly during the course of assay [17]. Triclosan demonstrated

uncompetitive kinetics with an inhibition constant of 0.03 nM at saturating NAD+ concentration,

demonstrating that triclosan binds to the enzyme-NAD+ complex with far greater affinity

compared to the enzyme alone [7]. Indeed an increase in the binding constant of triclosan

towards PfENR in the presence of NAD+ has been observed in surface plasmon resonance

experiments (Kapoor et al., accompanying paper).
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Single amino acid substitutions (G93V, M159T and F203L) in the sequence of E. coli

FabI have been shown to confer resistance to triclosan [9]. The structure of the E. coli-NAD+-

triclosan complex revealed that these residues make direct contacts with triclosan. The mutation

of Gly-93 to Val specifically led to a 100 fold decrease in the MIC, which can be attributed to the

steric contacts between the side chains of Val and triclosan [9, 14, 22]. This is also the site for

G93A/S/C/V E. coli mutants resistant to diazaborine, again through the introduction of adverse

steric contacts [15]. Although, the Mycobacterium smegmatis InhA mutant, S94A leads to

triclosan resistance [11], the same mutation does not affect the affinity of triclosan for InhA from

Mycobacterium tuberculosis [22]. Consistent with these observations, the mutation of Ala-217 to

Val of P. falciparum ENR led to a dramatic decrease in the affinity of triclosan, as apparent from

the value of inhibition constant (Ki) (Table 3). The E. coli mutant G93V showed 9000-fold

reduced affinity for triclosan as compared to the wild-type FabI [14]. As can be seen in Figure 1,

Ala-217 comes close to the 2,4-dichlorophenoxy ring (ring B) of triclosan. Thus, it seems

reasonable to conclude that even in the case of PfENR, the mutation of Ala-217 to Val leads to

unacceptable steric contacts between the side chain of Val and triclosan, leading to reduced

affinity of triclosan for the enzyme. Interestingly enough, the substitution of Ala by a smaller

amino acid Gly, also led to decreased affinity but to a limited extent. There was a 19-fold

decrease in the inhibition constant of A217G mutant with respect to the wild-type. The 2-chloro

atom of the ring B of triclosan is positioned close to the side chain of Ala-217 [6, 17]. The

decrease in the affinity of A217G mutant for triclosan could be due to loss of contacts between

triclosan and the side chain of alanine. In contrast, E. coli enzyme has a glycine at the

corresponding position and its replacement by alanine reduced the affinity considerably for

triclosan. Thus, despite having a nearly similar tertiary structure and the binding pocket, the

malarial enzyme differs strikingly from its bacterial counterpart.

The mutation of Asn-218, Met-281 and Phe-368 also made the enzyme resistant towards

triclosan, albeit to different extents. As illustrated in Figure 1, all three residues are located close

to the inhibitor-binding site of the ternary complex of ENR-triclosan and NAD+. The ring B of

triclosan was located in a pocket interacting with pyrophosphate and nicotinamide moieties of

NAD+, by peptide backbone residues 217-231 and by side chains of Asn-218, Val-222, Tyr-277

and Met-281 [6]. The mutation of Asn-218 to Asp led to a 50-fold decrease in the affinity of the

malarial enzyme for triclosan. The mutant M281T had 333-fold reduced affinity for triclosan.
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This could be because of the loss of van der Waals contacts between the 4-chloro atom of ring B

and hydrophobic side chain of Met-281 [6, 8]. In order to rule out the possibility that the addition

of the beta-branched threonine could introduce indirect effects due to the perturbation of the

local structure, M281A mutant was made, that showed Ki similar to M281T.

As observed from the crystal structure of the ternary complex of P. falciparum with

triclosan and NAD+, the ring A of triclosan makes van der Waals interactions with the side chain

of Phe-368 [6]. Also, the 4-chloro atom of triclosan makes several van der Waals contact with

Phe-368 [6, 17]. The mutation of Phe-368 to Ala and Ile led to 240 and 210-fold decrease in the

affinity of enzyme for the inhibitor highlighting the importance of stacking and the van der

Waals interactions between ring A of triclosan and Phe-368 of the enzyme.

Thus, to conclude the strong affinity of P. falciparum ENR for triclosan is compromised

due to critical mutations at its active site. Because of the subtle but significant differences

observed in these studies for the contribution of key residues to the binding affinity of PfENR for

triclosan in contrast to its bacterial counterparts, it should be possible to design better and

specific analogs of triclosan as antimalarial agents that spare the bacterial enzyme. Also, several

point mutations reduced inhibitory potency of triclosan without affecting the catalytic properties

of the enzyme, indicating that resistant strains could arise under the pressure of the biocide

triclosan. Our findings thus hint to the need for the design and development of more effective

inhibitors and more importantly their usage in combination therapies to ward off the emergence

of drug resistance strains [23].
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Table 1

Overview of oligonucleotide primers used to generate the PfENR mutants.

Primer Sequence

PlasF 5'-ACGTCCCATGGTGCATCATCATCATCATCATAATGAAGATATTTGTTTT

ATTGCTGGTATAGG-3'

PlasR 5'-ATATGGATCCTCAATCATCTGGTAAAAACATTATATTTAATCCGTTATCC

ACATATATTGTCTG-3'

A217GF 5'-CTCGTTCATTCTTTAGGCAACGCTAAAGAAGTTCAAAAAG-3'

A217GR 5'-CTTTTTGAACTTCTTTAGCGTTGCCTAAAGAATGAACGAG-3'

A217VF 5'-CTCGTTCATTCTTTAGTTAACGCTAAAGAAGTTCAAAAAG-3'

A217VR 5'-CTTTTTGAACTTCTTTAGCGTTAACTAAAGAATGAACGAG-3'

N218AF 5'-CGTTCATTCTTTAGCTGCGGCTAAAGAAGTTC-3'

N218AR 5'-GAACTTCTTTAGCCGCAGCTAAAGAATGAACG-3'

N218DF 5'-CGTTCATTCTTTAGCTGATGCTAAAGAAGTTC-3'

N218DR 5'-GAACTTCTTTAGCATCAGCTAAAGAATGAACG-3'

M281AF 5'-GGCTATGGTGGAGGTGCGTCGAGCGCTAAAGCTG-3'

M281AR 5'-CAGCTTTAGCGCTCGACGCACCTCCACCATAGCC-3'

M281TF 5'-GGCTATGGTGGAGGTACCTCGAGCGCTAAAGCTG-3'

M281TR 5'-CAGCTTTAGCGCTCGAGGTACCTCCACCATAGCC-3'

F368AF 5'-GCTAGCCAAAATTATACAGCGATAGATTATGCAATAGAG-3'

F368AR 5'-CTCTATTGCATAATCTATCGCTGTATAATTTTGGCTAGC-3'

F368IF 5'-GCTAGCCAAAATTATACAATTATAGATTATGCAATAGAG-3'

F368IR 5'-CTCTATTGCATAATCTATAATTGTATAATTTTGGCTAGC-3'

The mutation sites have been underlined.
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Table 2

Kinetic constants for NADH and crotonoyl-CoA with respect to wild-type and mutant PfENR

kcat (s-1) Km (µM)

(Crotonoyl-CoA)

Km (µM)

(NADH)

Wild-type 1.62 (±0.06) 160 ± 5 33 ± 3

A217V 1.2 (±0.02) 150 ± 4 28 ± 4.2

A217G 0.9 (±0.1) 173 ± 6 35 ± 2.2

N218A 152 ± 4 73 ± 5

N218D 1.5 (±0.07) 165 ± 7 100 ± 10

M281A 168 ± 5 39 ± 4

M281T 1.1 (±0.07) 155 ± 3.4 25 ± 12

F368A 152 ± 6 31 ± 3

F368I 1.05 (±0.15) 147 ± 2 35 ± 14

Table 3

Inhibition constants (Ki) for triclosan binding to wild-type and mutant PfENR

Enzyme Inhibition constant (Ki) (nM)

Wild-type 0.03 (± 0.001)

A217V 232.0 (±5.0)

A217G 0.57 (±0.05)

N218A 2.10 (±0.10)

N218D 1.50 (±0.04)

M281A 9.34 (±0.81)

M281T 10.0 (±0.89)

F368A 7.20 (±0.90)

F368I 6.30 (±0.56)

Biochemical Journal Immediate Publication. Published on 13 May 2004 as manuscript BJ20040302

Copyright 2004 Biochemical Society



17

Figure Legends

Figure 1 Schematic representation of the triclosan binding pocket of P. falciparum ENR.

Triclosan and NAD+ are shown in black. The residues mutated in the present study are shown in

dark grey. The figure was generated in WebLab ViewerLite and rendered using POV-Ray.

Figure 2 Inhibition of A217V (A) and A217G (B) PfENR mutants by triclosan. Plot of

apparent inhibition constant (Ki') versus NAD+ concentration fits best to uncompetitive inhibition

(solid line) with a Ki of 232 (±5) nM and 0.57 (±0.05) nM for A217V and A217G, respectively.

Best fits for competitive (dashed line) and noncompetitive (dotted line) are also shown.

Figure 3 Multiple sequence alignment of ENR from P. falciparum (Ac. No. AF332608) with

ENR from B. napus (Ac. No. P80030), E. coli (Ac. No. P29132), M. tuberculosis (Ac. No.

P46533. The residues mutated in the present study are shown by *. Color scheme: Conserved

residues shown in bold with black background, negative residues indicated by -, positive by +,

aliphatic by l, aromatic by a, tiny by t, small by s, big by b, charged by c, polar by p and

hydrophobic by h (all below the alignment). The figure was generated using CHROMA [24].

Figure 4 Structure of triclosan showing the ring A and B.
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P.falci MNKISQRLLFLFLHFYTTVCFIQNNTQKTFHNVLQNEQIRGKEKAFYRKEKRENIFIGNK60
B.napus ---MAATAAASSLQMATTRPSISAASSKARTYVVGANPRNAYKIACTPHLSNLGCLRNDS57
E.coli ------------------------------------------------------------
M.tuber ------------------------------------------------------------
Consensus/100% ............................................................

P.falci MKHVHNMNNTHNNNHYMEKEEQDASNINKIKEENKNEDICFIAGIGDTNGYGWGIAKELS120
B.napus ALPASKKSFSFSTKAMSESSESKASSGLPIDLRGKR---AFIAGIADDNGYGWAVAKSLA114
E.coli -----------------------------GFLSGKR---ILVTGVASKLSIAYGIAQAMH28
M.tuber ---------------------------MTGLLDGKR---ILVSGIITDSSIAFHIARVAQ30
Consensus/100% .............................h.bpsKp...hhlsGlhsp.thtahlAp.h.

P.falci KRNVKIIFGIWPPVYNIFMKNYKNGKFDNDMIIDKDKKMNILDMLPFDASFDTANDIDEE180
B.napus AAGAEILVGTWVPALNIFETSLRRGKFDQSRVLPDGSLMEIKKVYPLDAVFDNPEDVPED174
E.coli REGAELAF------------TYQNDKLKG-------RVEEFAAQLGSDIVLQC--DVAED67
M.tuber EQGAQLVLT-----------GFDRLRLIQ-------RITDRLPAKAPLLELDVQNEEHLA72
Consensus/100% ..ssplhh............shpp.+h.........p..pb...bs..h.hps..-..b.

**
P.falci TKNNKRYNMLQNYPIEDVANLIHQKYGKINMLVHSLANAKEVQKD---LLNTSRKGYLDA237
B.napus VKANKRYAGSSNWTVQEAAECVRQDFGSIDILVHSLANGPEVSKP---LLETSRKGYLAA231
E.coli ASIDTMFAELG------------KVWPKFDGFVHSIGFAPGDQLDGDYVNAVTREGFKIA115
M.tuber SLAGRVTEAIG-------------AGNKLDGVVHSIGFMPQTGMGINPFFDAPYADVSKG119
Consensus/100% s..sp.h..................hsphshhVHSlt.h..s.bs...h..ssb.sh..t

*
P.falci LSKSSYSLISLCKYFVNIMKPQSSIISLTYHASQKVVPGYGGGMSSAKAALESDTRVLAY297
B.napus ISASSYSFVSLLSHFLPIMNPGGASISLTYIASERIIPGYGGGMSSAKAALESDTRVLAF291
E.coli HDISSYSFVAMAKACRSMLNPGSALLTLSYLGAERAIPNYN-VMGLAKASLEANVRYMAN174
M.tuber IHISAYSYASMAKALLPIMNPGGSIVGMDFD-PSRAMPAYN-WMTVAKSALESVNRFVAR177
Consensus/100% hp.StYShhthhphh.shhpP.tt.lshsa..sp+hhPsYs.hMs.AKttLEtssRhhA.

P.falci HLGRNYNIRINTISAGPLKSRAATAINKLNNTYENNTNQNKNRNSHDVHNIMNNSGEKEE357
B.napus EAGRKQNIRVNTISAGPLGSRAAKAIG---------------------------------318
E.coli AMGPE-GVRVNAISAGPIRTLAASGIKD--------------------------------201
M.tuber EAGKY-GVRSNLVAAGPIRTLAMSAIVG--------------------------------204
Consensus/100% .hG...slR.NhltAGPl.sbAhptI..................................

*
P.falci KKNSASQNYTFIDYAIEYSEKYAPLRQKLL-STDIGSVASFLLSRESRAITGQTIYVDNG416
B.napus ----------FIDTMIEYSYNNAPIQKTLT-ADEVGNAAAFLVSPLASAITGATIYVDNG367
E.coli -----------FRKMLAHCEAVTPIRRTVT-IEDVGNSAAFLCSDLSAGISGEVVHVDGG249
M.tuber -GALGEEAGAQIQLLEEGWDQRAPIGWNMKDATPVAKTVCALLSDWLPATTGDIIYADGG263
Consensus/100% ...........hp.hb.h....sPl.bph...p.ltpssshLhS.b..thsG.hlasDsG

P.falci LNIM—-FLPDDIYRNENE432
B.napus LNSMGVALDSPVFKDLNK385
E.coli FSIA--AMNELELK----261
M.tuber AHTQLL------------369
Consensus/100% hp................

Figure 3
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