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Molecular basis for triclosan activity involves
a flipping loop in the active site
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Abstract: The crystal structure of th&scherichia colienoyl gest that bacterial ENR are important antimicrobial tar-gets, and
reductase-NAD -triclosan complex has been determined at 2.5 Athe structural basis of triclosan inhibition may provide valuable
resolution. The 11e192-Ser198 loop is either disordered or in arinsights into the development of novel antibiotics.
open conformation in the previously reported structures of the The crystal structure of th&. coli enoyl reductase-NAD-
enzyme. This loop adopts a closed conformation in our structuretriclosan complex has been reported very recefilgath et al.,
forming van der Waals interactions with the inhibitor and hydrogen1999; Levy et al., 1990 Unlike diazaborines and isoniazid that
bonds with the bound NAD cofactor. The opening and closing of bind to the cofactor NAD covalently, triclosan interacts with both
this flipping loop is likely an important factor in substrate or ligand the enzyme and the cofactor in a noncovalent fashion. The potent
recognition. The closed conformation of the loop appears to be aoncovalent interaction§lCsg of 120 nm as reported by Levy
critical feature for the enhanced binding potency of triclosan, ancet al., 1999 have been mainly attributed to the face-to-face stack-
a key component in future structure-based inhibitor design. ing of its phenol ring to the nicotinamide ring, and the hydrogen
bonds between the phenolic hydroxyl and the hydroxyls of Tyr156
and 2 nicotinamide ribose. We have also determined the crystal
structure of the same complex independently and observed addi-
tional interactions with a flipping active site logfle192—Ser198
that is crucial for defining the molecular basis for triclosan’s potent
Triclosan, 5-chloro-22,4-dichlorophenoxyphenol, is a broad- inhibitory activity.
spectrum antibacterial and antifungal agent that it is widely used in The E. coli enoyl reductase was overexpressecincoli and
consumer products such as toothpastes, soaps, cosmetics, plastjpstified using published protocoléRafferty et al., 1998 The
and textiles(Bhargava & Leonard, 19961t inhibits specifically =~ ENR-NAD™-triclosan complex was crystallized using the vapor
the fabl gene product oEscherichia coliMcMurry et al., 1998;  diffusion sitting drop method by mixing 1:1 proteih0 mg mL™1)
Heath et al., 1999and the inhA gene product dflycobacterium  and well (0.1 M HEPES pH 7.5, 2 MNH,4),S0O;,, 5% PEG40D
smegmatigMcMurry et al., 1999, the enoyl reductasg€£NR). solutions. The crystal was flash-frozen in 80% of the well solution
ENR, catalyzing the reduction of enoyl-AQEnoyl-acyl carrier  plus 20% ethylene glycol. It belongs to the hexagonal space group
protein, are essential enzymes for the biosynthesis of fatty acid$6,22 witha=b = 79.0 A andc = 328.8 A. The benzodiazaborine
(Heath & Rock, 199h Besides being targeted by triclos&h,coli complex structuréBaldock et al., 1996minus the inhibitor and
enoyl reductase is also known to be inhibited by the antibacteriathe residues 193—-205 was used as the starting structure. Rigid body
diazaborinegBaldock et al., 1996 The enoyl reductase dlyco- refinement, iterations of model building, and refinement using
bacteriumis a target of the antitubercular drug isoniazidessen  X-PLOR (Briinger, 1987 led to the final structure. Statistics for
et al., 1995; Rozwarski et al., 199&lthough aB-ketoacyl ACP  the diffraction data set and final structural refinement are listed in
synthase has been proposed to be the primary target of the drug Table 1. There is a dimer of the ternary complex in the asymmetric
Mycobacterium tuberculosigvidluli et al., 1998. These data sug- unit of the crystal, but the RMS difference between the two mono-
mers is only 0.2 A ina-carbon positions, and the cofactor and
Reprint requests to: Xiayang Qiu, Mail Code UE0447, SmithKline Bee- inhibitor b_inding rr_10des are nearly identical in the two monomers.
cham Pharmaceuticals, King of Prussia, Pennsylvania 19406; e-maill N€ atomic coordinates of the structure have been deposited at the
xiayang_giu-1@sbphrd.com. Protein Data BankPDB) (accession 1C14
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Triclosan

Fig. 1. The flipping loop.A: Final (2F, — F) electron density for the 1le192—Ser198 loop. The electron density map is contoured at
1o. Carbon, nitrogen, and oxygen atoms are drawn in yellow, blue, and red, respedivéiyeractions of the flipping loop with
triclosan and NAD' . The flipping loop is shown in ball-and-stick models, with some of the amino acids labeled. The loop atom colors
are as defined above. The triclosan inhibitor is shown in green bonds. The adenine part of the cofactor is omitted for clarity, while the
rest of the cofactor is shown in blue bonds. Hydrogen bonding interactions are shown in dashed red lines.

Triclosan and the NAD cofactor molecules are clearly defined ferty et al., 1995 the ribose hydroxyl is the one forming the
in the electron density maps. The density for the protein, includingcovalent attachment to the boron atom in diazaborifigsdock
that of the flexible 1le192—Ser198 logjFig. 1A), is also of good et al., 1996, and the Lys163 NZ is believed to stabilize a negative
quality. Triclosan is a simple molecule made up of two aromaticcharge in the transition-statdRafferty et al., 1995 Given the
rings. The phenol ring of the inhibitor is nestled into a hydrophobiclikely high reactivity of these functional groups, there is a possi-
pocket and may mimic the binding mode of the enolate anionbility of rather potent binding at this position. The phenoxy ring of
intermediate(Levy et al., 1999. It stacks almost parallel to the triclosan is mostly involved in van der Waals contacts with the
nicotinamide ring of NAD", nearly perpendicular to Tyrl46 and bound NAD", the main chains of Gly93—Ala95, the hydrophobic
Phe203, and at an angle of about @0th Tyr156. The phenol ring  side chains of Leu100, Tyr156, Met159, Ala196 and lle200, and a
also makes hydrophobic contacts with residues Alal196-Alal9Touple of water molecules. The ether oxygen linker, being 3.2 A
and 1le200, while its 5-chloro group projects into a hydrophobicaway from the 2hydroxyl of the nicotinamide ribose, contributes
pocket composed of Pro191 and Met206. Moreover, the phenolito the binding contacts as well.
hydroxyl of the inhibitor makes a hydrogen bot&i4 A) with the In E. coli enoyl reductase, 11e192-Ser198 is a flexible loop
Tyr156 hydroxyl and is 2.9 A away from the Bydroxyl of the  above the active site. This loop is disordered in the ENR-NAD
nicotinamide ribose and 4.4 A away from Lys163 NZ. The Tyr156 binary complexBaldock et al., 1998and adopts an open confor-
hydroxyl is the putative catalytic base for donating a protBaf- mation (averageB of 70 A?) in the diazaborine ternary complexes
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Table 1. Data acquisition and refinement statistics (Fig. 1B). We call this loop the flipping loop because it opens or
_ _ closes in the presence or absence of triclosan, and possibly the
Maximum resolution 25A enoyl substrate. Aside from numerous van der Waals interactions
No. of observations 112,233

between Ala196-197 and triclosan, the loop also interacts with the

No. of unique reflections 21,505 bound NAD* cofactor(Fig. 1B). The dipole of the one-turn helix
Redundancy 5.2 . . .
Crystal mosaicity 03 is positioned to bind the pyrophosphatalal96 N to O1PA,
Completenesglast shell 96:7%(93%) 3.2 A), a feature that is often seen in nucleotide binding proteins
Rmerge (last shell 0.063(0.265 (Hol et al., 1978. Thr194 makes hydrogen bonds with the pyro-
Refinement resolution 7.0-25A phosphatéOG1 to O1PN, 2.6 Aand nicotinamidéOG1 to N7N,
No. of reflections in refinemerftl > 25(1)] 17,765 3.1 A). The backbone oxygen of 1le192 also hydrogen bonds with
No. of nonhydrogen atoms 4,164 the nicotinamideg3.1 A to N7N and O7N. The clever design of
No. of solvent atoms 238 these specific interactions, as well as the amino acid sequence
R-factor 0.199 conservation in this loop regicfRafferty et al., 1995 propose an
Efl'\jles deviati 0.263 important role for the flipping loop in ligand binding.
ovations Triclosan(Heath et al., 1999; Levy et al., 1998nd benzodi-
Bonds 0.010 A X Jo ) )
An azaborine(Baldock et al., 1996 make similar interactions with
gles 2.0 . . ;i - . . .
Dihedrals 23.9 amino aled res@ues lining the active site cavityig. 2).. The .
Impropers 1.6 phenol ring of triclosan matches the portion of the diazaborine
Ramachandran plot bicyclic ring that makes face-to-face stacking interaction with the
Favored 89% nicotinamide ring. The phenol hydroxyl of triclosan and the boron
Disallowed 0 oxygen in diazaborines make a similar hydrogen bond with Tyr156
AverageB factors and 2 nicotinamide ribose. The phenoxy ring of triclosan and the
Protein 20'2 tosyl group of benzodiazaborine, though oriented differently, in-
lle192-Ser198 34 teract with a similar set of protein atoms as well. Based only on
NAD* and triclosan 20 A

these interactions, it is not clear why ftriclosan is such a potent
inhibitor while the boron-less analogue of diazaborine, unable to
bind covalently, is inactivdGrassberger et al., 1984With the
flipping loop observed in our structure, it is likely that the boron-
less diazaborine analogue, having a bulky bicyclic ring, forces the
(Baldock et al., 1996 In the open conformation, the loop is on the active site loop to adopt an unfavorable, high energy conformation.
surface of the protein, does not form any secondary structure, an@riclosan, however, has a small ether linker that permits the for-
does not contribute to the inhibitor or cofactor binding. In the mation and proper positioning of the one-turn helix in the active
published triclosan complex structures, this loop was either nosite and allows the flipping loop to adopt a favorable, low energy
mentionedLevy et al., 1999 or not observedHeath et al., 1999 conformation. Therefore, being able to stabilize the flipping loop is
However, we have clearly observed this loop in a closed conforprobably a crucial factor for the triclosan’s enhanced potency.
mation (Fig. 1A). The 1le195-Ser198 part of the loop actually  The crystal structure of the triclosan complex is likely to make
forms a one-turn helix that helps to define the active site cavitya more significant impact on future drug design than those of the

Fig. 2. Stereoviews comparing the interactions of triclosan to those of benzodiazaborine. Our triclosan complex structure is in yellow,
with the C, O, N, and Sor P) atoms shown in yellow, red, blue, and green, respectively. Triclosan is shown in red bonds.
Benzodiazaborine is shown in blue bonds. Most parts of the benzodiazaborine céimglieding the cofactorare nearly identical to

those of the triclosan complex and are hence omitted. Some of the active site residues are removed for clarity. The fligietP2op

on the left, Serl98 on the rights in an open conformation in the structure of the diazaborine com(algan), but in a closed
conformation in that of the triclosan compléarange.
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isoniazid and diazaborine complexes. Isoniazid is a prodrug thaBriinger AT. 1987X-PLOR version 3.1, A system for X-ray crystallography and

needs to be activated by théycobacteriumcatalase-peroxidase NMR New Haven, Connecticut: Yale University Press.
KatG (R i | ]3_/9 Yl'h . d | Ip bind Dessen A, Quemard A, Blanchard JS, Jacobs WR Jr, Sacchettini JC. 1995.
atG (Rozwarski et al., 1998 The activated molecule binds co- Crystal structure and function of the isoniazid targetMfcobacterium

valently to the nicotinamide ring of the NADH cofactor. Because  tuberculosis Science 2671638-1641.
it is small and acts as a suicide substrate analog, its structure witfrassberger MA, Turnowsky F, Hildebrandt J. 1984. Preparation and antibac-

the enzyme is not a suitable template for the design of noncovalent tg;'::nag%ﬁffgggnew 1,2,3-diazaborine derivatives and analoglibted

inhibitors. The diazaborines, relying on a covalent interaction beweath RJ, Rock CO. 1995. Enoyl-acyl carrier protein reductdakl) plays a
tween a boron atom and the NADcofactor, are toxic compounds determinant role in completing cycles of fatty acid elongatiorEincoli.

and also not ideal templates for drug desiBaldock et al., 1996 J Biol Chem 27653826542,
Th truct f the triclosan complex has revealed an effectivgeath RJ, Rubin JR, Holland DR, Zhang E, Snow ME, Rock CO. 1999. Mech-
€ structure o p anism of triclosan inhibition of bacterial fatty acid synthesisBBiol Chem

and completely noncovalent strategy for the inhibition of bacterial 27411110-11114.
enoyl reductases. The structure offers valuable insights for thé&lol WG, van Duijnen PT, Berendsen HJ. 1978. The alpha-helix dipole and the

. S . : roperties of proteindNature 273443—-446.
structure-based design of novel noncovalent inhibitors against th'EevS CQN, Roujeigikova A, Sedelnikova S, Baker PJ, Stuitie AR, Slabas AR,

important antibacterial target, and the flipping loop observed in  Rice Dw, Rafferty JB. 1999. Molecular basis of triclosan activitature
our structure will be a key component in such an effort. 398:383-384.
McMurry LM, McDermott PF, Levy SB. 1999. Genetic evidence that InhA
of Mycobacterium smegmatis a target for triclosanAntimicrob Agents
Chemother 4%11-713.
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