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Mycolic acids and multimethyl-branched fatty acids are found uniquely in the cell envelope of pathogenic mycobacteria. These unusually long fatty acids are essential for the survival, virulence, and antibiotic resistance of Mycobacterium tuberculosis. Acyl-CoA carboxylases (ACCases) commit acyl-CoAs to the biosynthesis of these unique fatty acids. Unlike other organisms such as Escherichia coli or humans that have only one or two ACCases, M. tuberculosis contains six ACCase carboxyltransferase domains, AccD1– 6, whose specific roles in the pathogen are not well defined. Previous studies indicate that AccD4, AccD5, and AccD6 are important for cell envelope lipid biosynthesis and that its disruption leads to pathogen death. We have determined the 2.9-Å crystal structure of AccD5, whose sequence, structure, and active site are highly conserved with respect to the carboxyltransferase domain of the Streptomyces coelicolor propionyl-CoA carboxylase. Contrary to the previous proposal that AccD4 –5 accept long-chain acyl-CoAs as their substrates, both crystal structure and kinetic assay indicate that AccD5 prefers propionyl-CoA as its substrate and produces methylmalonyl-CoA, the substrate for the biosyntheses of multimethyl-branched fatty acids such as mycocerosic, phthioceranic, hydroxyphthioceranic, mycosanoic, and mycolipenic acids. Extensive in silico screening of National Cancer Institute compounds and the University of California, Irvine, ChemDB database resulted in the identification of one inhibitor with a Ki of 13.1 M. Our results pave the way toward understanding the biological roles of key ACCases that commit acyl-CoAs to the biosynthesis of cell envelope fatty acids, in addition to providing a target for structure-based development of antituberculosis therapeutics. cell wall lipid 兩 multimethyl-branched fatty acid 兩 mycolic acid 兩 tuberculosis 兩 mycocerosic acid



M



ycobacterium tuberculosis causes more human deaths than any other single infectious organism, with an estimated eight million new tuberculosis cases and two million fatalities each year (1, 2). Tuberculosis has two features that render it the deadliest infectious disease to date: its high infectivity (virulence) and its ability to enter latency for subsequent reactivation, a phenomenon that leads to a deadly synergy with AIDS (3, 4). As a result, tuberculosis is also the current leading cause of death for AIDS patients. Given the current backdrop of emerging multidrugresistant tuberculosis (MDR-TB) (5), tuberculosis treatment is entering a challenging era, where effective control requires the identification of new drugs and novel drug targets (World Health Organization, www.who.int). The cell envelope of M. tuberculosis contains one of the most sophisticated and exquisite composition of biologically active lipids. Several components are essential for both mycobacterial viability and pathogenicity, and also play an active role in modulating the host immune response (6–8). This complex structure, which is a major contributor to the intrinsic resistance of M. tuberculosis to
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most commonly used antibiotics, also represents one of the most successful targets of antimycobacterial chemotherapy. For instance, one of the front-line antimycobacterial drugs, isoniazid, targets the biosynthesis of mycolic acid, a major cell wall component that is unique to mycobacteria (9). With the reemergence of tuberculosis infections caused by MDR-TB (9), including resistance to isoniazid, other steps on the pathways involved in the biosynthesis of these unique cell wall lipids should be explored as possible targets for new antimycobacterial drugs. The most relevant lipids that form part of this cell envelope are the mycolic acids, the long-chain ␣-alkyl, ␤-hydroxy fatty acids, and the characteristic methyl-branched long-chain acids and alcohols, such as the mycocerosic and mycolipenic acids and the phthiocerols (Fig. 1A) (9, 10). Many of the genes for fatty acid synthases and polyketide synthases responsible for the biosyntheses of mycolic acid and multimethyl-branched fatty acids have been cloned and characterized (9–14). However, one question remains: What are the enzyme mechanisms that provide the building blocks for these structurally unique fatty acids? The first committed step in the biosynthesis of long-chain fatty acids in all animals, plants, and bacteria is catalyzed by acetyl-CoA carboxylase (ACC) (15). This ubiquitous enzyme catalyzes the ␣-carboxylation of acetyl-CoA to produce malonyl-CoA, which serves as the building blocks for downstream fatty acid biosynthesis (Fig. 1B). As a crucial metabolic enzyme, ACC is also the key regulation point for fatty acid biosynthesis. In actinomycetes, these enzymes usually have broader substrate specificity (15–18), which accounts for their designation as acyl-CoA carboxylases (ACCases) and, in mycobacteria, they are thought to provide the elongation units for the biosynthesis of n-saturated and branched fatty acids and for one of the precursors involved in mycolic acid biosynthesis (19). During the past three decades, much work has been devoted to the regulation, genetics, and biochemistry of ACCases (15–18). As a result of the vigorous research progress, the importance and validity of ACCase for drug discovery is recognized in both eukaryotic and bacterial organisms (15–18). The ACCase enzymatic reactions proceed stepwise. In M. tuberculosis and Streptomyces coelicolor, ACCase consists of three subunits, the ␣, ␤, and  subunits (20–22). The ␣ subunit is a di-domain protein that consists of biotin carboxylase (BC) and biotin carboxylate carrier protein (BCCP). During the first enzymatic step, BC couples carbonate with biotin to form carboxybiotin, which is attached to BCCP by a lysine residue that alternatively reaches the Conflict of interest statement: No conflicts declared. Abbreviations: ACCase, acyl-CoA carboxylase; ACP, acyl carrier protein; CT, carboxyltransferase; NCI, National Cancer Institute; PccB, propionyl-CoA carboxylase ␤ subunit. Data deposition: The atomic coordinates and structure factors of AccD5 have been deposited in the Protein Data Bank, www.pdb.org (PDB ID code 2A7S). **To whom correspondence should be addressed at: 2218 Natural Sciences 1, Mail Code 3900, University of California, Irvine, CA 92697. E-mail: [email protected]. © 2006 by The National Academy of Sciences of the USA
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Fig. 1. Chemical structures of cell wall fatty acids and ACCase mechanism. (A) The chemical structures of mycolic acids and multimethyl-branched fatty acids such as mycocerosic, phthioceranic, hydroxyphthioceranic, mycosanoic, and mycolipenic acids, which form liposugars phthiocerol dimycocerosate (PDIM), sulfated tetraacyl trehalose (SL1), diacyl trehaloses (DAT1), triacyl trehalose (TAT), and pentaacyl trehalose (PAT), respectively. A proposed cell envelope architecture is shown, adopted from ref. 10. (B) Acyl-CoA carboxylase (ACCase) provides the extender units for the biosyntheses of cell envelope fatty acids. The ␣ [biotin carboxylase (BC) and biotin carboxylate carrier protein (BCCP)] and ␤ [carboxyltransferase (CT)] subunits catalyze the first and second steps, respectively. The ␤ subunit is the key domain that determines the ACCase substrate specificity. In M. tuberculosis, there are six ␤ subunits, AccD1– 6, whose biological roles are not well defined.
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tion, the individual substrate specificities of AccD1–6 are not well defined. Recently, we have successfully reconstituted one ACCase complex from the biotinylated ␣ subunit AccA3, the carboxyltransferase ␤ subunit AccD5, and the  subunit AccE5 (Rv3281) of M. tuberculosis (20). Kinetics of the holo complex (called AceCC5) indicates that AceCC5 accepts acetyl- and propionyl-CoAs as its substrates, with a 5-fold preference for propionyl-CoA. This finding suggests that the main physiological role of this enzyme may be to generate methylmalonyl-CoA for the biosynthesis of multimethylbranched fatty acids (examples shown in Fig. 1 A) (20). Herein, we report the crystal structure and kinetic analysis of the M. tuberculosis ACCase ␤ subunit. Our structural and functional analyses elucidate the unique substrate specificity of AccD5 and its possible biological role. We also present in silico screening work that leads to the identification of AccD5 inhibitors, which may serve as drug leads for the development of new tuberculosis therapeutics. Results and Discussion Overall Structure. The AccD5 crystal structure indicates that, unlike



the dimeric yeast carboxyltransferase (yeast CT) (16, 27), AccD5 is a 360-kDa hexamer (Fig. 2A), similar to PccB (ACCase CT domain) from S. coelicolor and the 12S domain (a methylmalonyl-CoA transcarboxylase) from Propionibacterium shermanii (23, 28). AccD5 has a sequence identity of 67% and 50% with PccB and 12S domain, respectively. Each monomer of AccD5 consists of two domains (N and C domains), and both domains have a crotonase fold consisting of seven ␤-strands and ␣-helices (Fig. 6, which is published as supporting information on the PNAS web site) (29). The ring-shaped hexamer forms two stacks of tightly interacting trimer rings, A–B–C and D–E–F. The six active sites are located at the interfaces of dimer pairs A–D, B–E, and C–F (Fig. 2B), whose interactions are highly conserved between AccB, PccB, AccD4, PNAS 兩 February 28, 2006 兩 vol. 103 兩 no. 9 兩 3073
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active sites of the ␣ and ␤ subunits (Fig. 1B). Subsequently, the ␤ subunit (carboxyltransferase, CT) transfers the carboxyl group from biotin to acyl-CoA. The  subunit, a unique feature of actinomycetes ACCases, is required for the holo complex activity (␣–␤–) (20–22). Because acyl-CoA participates only in the second step, the ␤ subunit has been proposed to control the ACCase substrate specificity in recognizing different acyl-CoAs. This hypothesis has been confirmed recently by our laboratory on the basis of the crystal structure of the S. coelicolor ACCase ␤ subunit (PccB, propionylCoA carboxylase ␤ subunit) and relevant mutational studies (22, 23). Significantly, sequence analysis of the M. tuberculosis genome reveals genes encoding six ACCase ␤ subunits (accD1–6) (19). This abundant number of ␤ subunits is highly unusual, compared with other organisms, which generally have only one or two ACCases (15). Presumably, each ␤ subunit in M. tuberculosis serves a different biological role and provides different extender units for the biosyntheses of different polyketides and fatty acids. Despite the obvious importance of these ACCases in providing building blocks for fatty acid and polyketide biosyntheses, very little is known about the biochemistry and individual physiological roles of AccD1–6. Until recently, the only tuberculosis ACCase characterized was isolated from crude extracts, and it showed, at least in vitro, higher affinity for propionyl-CoA compared with acetyl- or butyryl-CoA (24). Furthermore, the ␣ (AccA3) subunit has been copurified with AccD4 and AccD5, and this tri-domain complex has been hypothesized to provide the extender unit required for mycolic acid biosynthesis (25). In a related Corynebacterium study, long-chain fatty acyl-CoAs (ranging from C16 to C26) have been proposed as the ACCase substrates during mycolic acid biosyntheses (26). These previous results indicate that AccD4, AccD5, and AccD6 are the most likely candidates to provide extender units for cell envelope lipids (9). However, because of the absence of molecular informa-



Fig. 2. The AccD5 crystal structure. (A) Overall structure of AccD5 as two stacks of trimers. Only minor differences are observed among the six monomers, with an rms deviation of ⬍0.4 Å. The threefold axis of monomers A–B–C and D–E–F is indicated. The loops in red are regions that are different between AccD5 and PccB. The N-domain helices (␣1, ␣2, and ␣3) of monomer A, B, or C interact extensively with the C-domain helices (␣18, ␣19, and ␣20) of monomer D, E, or F. (B) Stereoview of the dimeric, di-domain interactions, shown between monomers A (in yellow) and D (in blue) are important for protein stability, enzyme catalysis, and substrate specificity.



AccD5, and AccD6 (black ellipses in Fig. 7, which is published as supporting information on the PNAS web site). Although the eukaryotic yeast CT has only 11% sequence identity with AccD5, the structural features at the dimer interface are still highly conserved, demonstrating the importance of dimeric di-domain interactions for the protein stability of CT domains. In addition, the intratrimer interactions A–B–C or D–E–F, important for hexamer formation, are highly conserved between PccB and AccD5, but not conserved between AccD4 and AccD6 (Fig. 2) (23, 28). Indeed, size-exclusion chromatography and native gels showed that AccD5 is a hexamer, whereas AccD4 and AccD6 have different oligomeric states (data not shown). Therefore, the oligomeric architecture of AccD4 and AccD6 may be different from the hexameric ring structures of PccB, 12S, and AccD5 (23, 28). Two Different Loops Between PccB and AccD5. The major differences



between PccB and AccD5 lie in two surface loops between residues 282–293 and 473–485 (Fig. 2). These two regions are also the least conserved (Fig. 7). Residues 282–293 fortify A–B–C interaction, but do not change the overall fold or active site geometry of AccD5. The most distinct difference between AccD5 and PccB lies in the 473–485 loop between ␣17 and ␣18 that defines the propionyl-CoA pocket entrance, which is important for binding the coenzyme bisphosphate group (23, 28). However, except for the phosphatebinding residues, the CoA-binding motif remains conserved. Because of the importance of the dimeric di-domain interactions for protein stability, enzyme mechanism, and substrate specificity of the CT domains (23, 28), the near-identical overlap between PccB and AccD5 indicates that these important molecular properties



should be highly conserved between AccD5 and PccB, which accepts propionyl- and butyryl-CoA as its substrates (22). The AccD5 Active Site. PccB is homologous to AccD4, AccD5, and



AccD6 (Fig. 7) with sequence identities of 27%, 67%, and 25%, respectively. The key residues of the PccB mechanism involve two pairs of oxyanion-stabilizing residues: Gly-419 and Ala-420 hydrogen-bond with the carbonyl group of biotin, whereas Gly-182 and Gly-183 hydrogen-bond with the carbonyl group of propionyl-CoA (23). These four residues are also conserved in both AccD4 (Gly-410, Ala-411, Gly-182, Gly-183), AccD5 (Gly-434, Ala-435, Gly-193, Gly-194) and AccD6 (Gly-356, Ala-357, Gly-147, Gly148). Indeed, these four residues are highly conserved in positions when the structures of PccB and AccD5 are overlaid (Fig. 3A), suggesting that the catalytic mechanism is conserved among PccB, AccD4, AccD5, and AccD6 (Fig. 7) (23). Substrate Specificity. The substrate specificity of AccD1–6 has been



an unsolved mystery, whose solutions require detailed analyses of these CT domains. The structural similarity between PccB and AccD5 offers an excellent opportunity to analyze AccD5 in molecular details. Similar to PccB, the tentative biotin and acyl-CoAbinding pockets of AccD5 are located at the conserved dimeric di-domain interface (Figs. 2B and 3). These two pockets are identified by overlapping the crystal structures of apo-AccD5 and substrate-bound PccB. Significantly, all of the biotin-binding residues are conserved (Fig. 7, green triangles) Therefore, the biotinbinding motif is highly conserved among CTs such as 12S, PccB, AccB, and AccD4–6. Further, residues in the acyl-CoA-binding



Fig. 3. The AccD5 active site. (A) Structural overlap between AccD5 and PccB near the active site. Two sets of oxyanion-stabilizing residues are highly conserved, including the NH of G193 and G194 and the NH of G434⬘ and A435⬘. The structural similarity strongly suggests a similar enzyme mechanism. (B) Although surfaces outside of the pocket are quite different, the size and shape of the acyl-CoA-binding pockets themselves are very similar between PccB and AccD5, whose pockets are too small to accommodate the 16-carbon palmitoyl-CoA. 3074 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0510580103
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Fig. 4. The in silico inhibitor leads of AccD5. (A) The lead compounds from the first round of in silico inhibitor screening against the AccD5 active site, in which only NCI-65828 showed extensive enzyme inhibition. (B) The lead compounds from the second round of in silico screening of 3,000 chemical homologs that resemble NCI-65828. The IC50 values of these analogs range from 25 to 300 M, with ⬎50% lacking inhibitory effect on AccD5.
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substrate (both with Km values of 220–240 M), with a 5-fold preference for propionyl-CoA (kcat兾Km is 258 and 50 M⫺1䡠min⫺1 for propionyl- and acetyl-CoA, respectively) (20). However, AceCC5 has no detectable activity for palmitoyl-CoA or palmitoyl-ACP (Table 1, which is published as supporting information on the PNAS web site) (20). In previous studies, we have shown that the acyl-CoA specificity is primarily determined by the CT domain (23), namely AccD5 in this case. Therefore, on the basis of structural and kinetic analysis, we conclude that AccD5 is a CT domain that has a high preference to carboxylate propionyl-CoA and produces methylmalonyl-CoA, the basic building block for multimethyl-branched fatty acids such as mycocerosic, phthioceranic, hydroxyphthioceranic, mycosanoic, and mycolipenic acids (Fig. 1 A) (10, 14, 30). Structure-Based Drug Design. Inhibitors that target cell envelope lipids have already been proven to be frontline tuberculosis therapeutics, such as isoniazid (31, 32). The unusual cell envelope of M. tuberculosis contains many multimethyl-branched fatty acids that are important for antibiotic resistance, pathogen survival, and virulence (10, 14, 30). Therefore, inhibitors aimed at the biosyntheses of these multimethyl-branched fatty acids have high potential to become new antituberculosis therapeutics. AccD5 has been strongly implicated as one of the essential ACCases important for cell envelope lipid biosynthesis (25, 26). In this work, we have shown that AccD5 produces methylmalonyl-CoA that is essential for the biosyntheses of multimethyl-branched fatty acids. Further, a comparison of the AccD5 and yeast CT structures indicates that the substrate-binding pocket is very different between the bacterial and eukaryotic CT domains (27). Consistent with this observation, we found that the activity of AccD5 cannot be inhibited by diclofop and haloxyfop, two inhibitors that specifically inhibit the eukaryotic ACCase CT domains (27). Our result indicates the potential for AccD5 inhibitors that specifically inhibit the pathogen ACCase, but not the human enzyme. To identify inhibitors of AccD5, we have used DOCK and ICM-PRO (33, 34) for extensive in silico screening applied to compounds from the National Cancer Institute (NCI) diversity set (1,990 compounds) and the University of California, Irvine, ChemDB database (35), which contains more than four million compounds compiled from commercial vendors and other publicly available sources. The search was restricted to the binding pockets of biotin and propionyl-CoA. Results were scored by ligand-AccD5 binding PNAS 兩 February 28, 2006 兩 vol. 103 兩 no. 9 兩 3075
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pocket are also highly conserved surrounding the acyl, pantetheine, ribose, and adenine ring, whereas residues that interact with the bisphosphate group such as Q472, R471, and F468 are partially conserved among AccD4–6 and PccB. The high sequence homology strongly suggests that the acyl-CoA-binding pocket size and shape are similar among these four enzymes. On the basis of studies of Corynebacterium glutamicum, a close relative of M. tuberculosis, the ACCase substrates for mycolic acid biosynthesis in M. tuberculosis have been suggested to be C16–C26 acyl-CoAs or acyl carrier proteins (ACPs) (25, 26). It was further proposed that both AccD4 and AccD5 are involved in mycolic acid biosynthesis (25, 26). On the other hand, the substrates for mycocerosic acid biosynthesis have been proven to be propionyl-CoA, which can be condensed to produce the multimethyl-branched structure (Fig. 1 A) (10, 24, 30). To distinguish the biological roles of AccD4, AccD5, and AccD6, it is important to determine the substrate specificities of these CT domains. Previously, we identified residue 422 of PccB (corresponding to C437 of AccD5) as an important residue for the substrate specificity of CTs (23): a smaller residue at this position (such as Cys, Asp, or Ala) corresponds to a higher specificity for propionyl-CoA (versus acetyl-CoA), whereas a larger residue (such as Leu or Ile) corresponds to a higher specificity for acetyl-CoA (versus propionyl-CoA) (23). In AccD4, AccD5, and AccD6, this residue is Ala, Cys-437, and Ile, respectively (Fig. 7). Further, the crystal structures of AccD5 and PccB reveal that, although surfaces outside of the AccD5 and PccB substrate pockets are different, the size and shape of the substratebinding pockets themselves are highly similar between AccD5 and PccB (Fig. 8, which is published as supporting information on the PNAS web site). The acyl-CoA-binding pockets for both AccD5 and PccB have no space to accommodate a long acyl group (such as the 16-carbon palmitoyl-CoA or -ACP, Fig. 3B). In fact, docking simulations of palmitoyl-CoA or palmitoyl-ACP indicate that it is physically impossible to accommodate such a long-chain acyl group in the substrate-binding pocket. Therefore, the structures strongly suggest that, at least for AccD5 (if not for AccD4 and AccD6 as well), the substrate of AccD5 should be a short-chain acyl-CoA such as acetyl- or propionyl-CoA, as opposed to long-chain acyl-CoAs, such as palmitoyl-CoA proposed to be the substrate for AccD4 and AccD5 (25, 26). The structural analysis of the AccD5 active site is consistent with the kinetic assay, which indicates that holo AceCC5 (AccA3–AccD5–AccE5) accepts acetyl- and propionyl-CoAs as its



Fig. 5. After extensive in silico screening, the ligand NCI-65828 was found to inhibit AccD5 competitively with an experimental Ki of 13.1 M. (A) Docking of NCI-65828 in the acyl-CoA-binding pocket of AccD5 matches the binding motif of an acyl-CoA, in which the anionic sulfate of NCI-65828 binds the entrance of the CoA pocket and the hydrophobic moiety binds the hydrophobic interior of the CoA pocket. (B) The Lineweaver–Burk plot shows that NCI-65828 is a competitive inhibitor of AccD5.



energy to produce a ranked list of small molecules. To increase the consistency of the docking simulations, multiple (two to five) rounds of in silico screening were performed against each small molecule library, and only the ligands that were repetitively predicted to be the tight-binders by both ICM and DOCK were selected for further experimental screening. The top nine predicted tightbinders are shown in Fig. 4A. Among these nine candidates, only one compound inhibits both the holo complex (AccA3–AccD5– AccE5) as well as the single AccD5 domain (NCI-65828, Fig. 4A), with an IC50 of 10 M. The holo complex and AccD5 inhibitions were assayed by the pyruvate kinase coupling method (22) and malate dehydrogenase–citrate synthase (MD-CS) assay, respectively. Using the ChemDB similarity search algorithm (35), we found 3,000 chemical analogs in ChemDB that have chemical structures similar to that of NCI-65828, and we conducted the second round of in silico screening. As in the initial screening, only the top 10 ligands that were consistently predicted to be the tight-binders by both ICM and DOCK were selected for further experimental screening. We found that the IC50 values of these chemical analogs of NCI-65828 range from 25 M to no inhibition (Fig. 4B). We conclude from the two rounds of drug screening effort that (i) the naphthalene ring, two phenyl rings, diazo groups, and sulfate are important for AccD5 binding (Fig. 5A) and (ii) different aromatic substituents on the naphthalene ring result in a large change of IC50 (Fig. 4B). Therefore, subsequent modification of the naphthalene ring substituents should further improve the IC50 of NCI-65828 analogs. To further characterize the lead compound, NCI-65828, we conducted a detailed inhibition study of NCI-65828 against AccD5 at different concentrations of the substrate, malonyl-CoA, and the inhibitor. We found that in the absence of an inhibitor, malonylCoA binds AccD5 with a Km of 250 M, similar to the Km of acetyl-CoA or propionyl-CoA from the forward direction (Km ⫽ 220 and 240 M, respectively). The double-reciprocal plot (1兾v versus 1兾[malonyl-CoA] clearly indicates that NCI-65828 inhibits AccD5 competitively against malonyl-CoA, with a Ki of 13.1 M (Fig. 5B). Therefore, using extensive in silico effort, we have identified an inhibitor (NCI-65828) that binds AccD5 with an affinity 20-fold higher than its substrates, acetyl- or propionyl-CoA. Biological Significance. In summary, two important outcomes are revealed from the above results: (i) The biological role of AccD5. Because of the importance of cell envelope lipids to the pathogenesis of M. tuberculosis, 10% of its genome is devoted to fatty acid biosynthesis (10). Because ACCase is the committing enzyme of fatty acid biosynthesis, the pathogen has an unusually high number of ACCase CT 3076 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0510580103



domains, AccD1– 6 (six, compared with one or two ACCases in humans and Escherichia coli). Despite their importance to pathogenesis, the precise biological roles and substrate specificities of AccD1– 6 are not well understood. Here, we have presented the crystal structure and inhibition kinetics of an M. tuberculosis ACCase CT domain, AccD5. Although AccD5 was proposed to form a complex with AccD4 and accept palmitoylCoA or palmitoyl-ACP as its substrates (25, 26), both structural and functional work presented herein has shown that AccD5 is structurally and functionally similar to PccB of S. coelicolor, and it accepts propionyl-CoA as its primary substrate to produce methylmalonyl-CoA, the building block for multimethyl-branched fatty acids of the cell envelope, such as mycocerosic, phthioceranic, hydroxyphthioceranic, mycosanoic, and mycolipenic acids that form phthiocerol dimycocerosate (PDIM), sulfated tetraacyl trehalose (SL1), diacyl trehaloses (DAT1), triacyl trehalose (TAT), and pentaacyl trehalose (PAT), respectively (Fig. 1 A) (10). PDIM, SL1, DAT1, TAT, and PAT have been shown to be important for pathogen survival and invasion (10). (ii) AccD5 as a structure-based drug design target. For decades, ACCases have been the targets of many herbicides (36). Recently, with the increasing appreciation of its importance in metabolic regulation and the availability of ACCase sequences from different genomes, ACCases have become intensely pursued targets for infectious disease, cancer, and obesity therapeutics (16, 17). The importance of ACCases as drug targets for infectious disease has been validated by bacterial genetic and physiological experiments, which found that ACCase is used almost exclusively as the downstream extender unit provider for fatty acid biosynthesis (37, 38). Here, we have presented the structure-based in silico drug design of AccD5, the CT domain of an M. tuberculosis ACCase. Using the four-million compound ChemDB database developed at the University of California, Irvine, extensive in silico docking followed by enzyme inhibition studies have identified a series of AccD5 inhibitors (Fig. 4), the best of which has a Ki of 13.1 M and binds AccD5 competitively with 20-fold higher affinity than its substrates (Fig. 5B). In conclusion, the above results help define the biological role of AccD5 and pave the way for the application of ACCase as a potential target for tuberculosis therapeutics. Materials and Methods Protein Expression and Purification. Recombinant AccD5 was expressed in E. coli. Cultures were grown in LB broth with 50 g䡠ml⫺1 kanamycin. At OD600 ⫽ 0.6–0.8, the protein expression was induced by 0.1 mM isopropyl ␤-D-thiogalactoside (IPTG) at 28°C overnight. The cells were harvested by centrifugation (5,000 ⫻ g for Lin et al.



Coupled Enzyme Assay. The enzyme assay of holo-AceCC5 complex (AccA3–AccD5–AccE5) follows the rate of ATP hydrolysis by biotin carboxylase spectrophotometrically (22). The production of ADP was coupled to pyruvate kinase and lactate dehydrogenase, and the oxidation of NADH was followed at 340 nm. For the AccD5 inhibition assay, to directly observe the carboxyltransferase reaction, we followed the rate of acetyl-CoA formation from the reverse direction (malonyl-CoA turning into acetyl-CoA) by using the malate dehydrogenase兾citrate synthase (MD-CS) assay based on a previously reported protocol that detects the formation of NADH at 340 nm (27). The IC50 of a given inhibitor was determined with this assay at 5–300 M inhibitor concentrations in the presence of Km concentration (200 M) of malonyl-CoA, saturation concentration (10 mM) of biocytin, and 10 M AccD5 in 100 mM Tris (pH 7.0) buffer. Protein Crystallization. Crystals of AccD5 were grown in sittingdrop trays at room temperature by vapor diffusion. The protein buffer was 10 mM Hepes, pH 7.0兾2 mM DTT. Drops were generated by mixing 1 l of the purified protein solution with 3 l of well buffer above 500 l of the well solution. Two crystallization conditions were found that gave crystals with the same space group and cell dimensions: (i) 1.5 M ammonium sulfate at pH 6.5 (0.1 M Bis-Tris) with 0.1 M sodium chloride, and (ii) 15% polyethylene glycol 4000 at pH 5.6 (0.1 M sodium citrate) with 0.2 M ammonium acetate. The crystals were fragile and readily dissolved in different cryoprotectants at room temperature. Subsequently, the AccD5 crystals were transferred to the 4°C cold room for 24 h, and flash-frozen in liquid nitrogen therein, using 2 M lithium sulfate as the cryoprotectant.



Radiation Laboratory (SSRL) and Advanced Light Source (ALS) to a resolution of 2.9 Å. Diffraction intensities from the three datasets were integrated and reduced by using the program HKL2000 and scaled by using SCALEPACK (Table 2, which is published as supporting information on the PNAS web site) (39). Molecular Replacement and Refinement. The initial phase of apo-



AccD5 was determined by molecular replacement, using the crystal structure of PccB, and the program CNS (40). After rebuilding the structure by using QUANTA, further refinement was performed by using CNS (40). A preliminary round of refinement using torsion angle simulated annealing, followed by energy minimization, positional and individual B-factor refinement reduced Rcrys to 29%. Subsequent rounds of model building and refinement were carried out by using the maximum likelihood approach implemented within CNS to an Rcrys of ⬍20% (Rfree ⬍ 25%). The water molecules were then added and edited both visually and with an automated water picking program (CNS) (Table 2) (40). Docking Simulation. ICM from Molsoft (San Diego) and DOCK from



the University of California San Francisco (33) were used for all computer simulations and compared to identify AccD5 inhibitors. For ICM, the AccD5 Protein Data Bank file was converted to ICM objects. Small-molecule ligands were read in SDF format from databases or were created in the ICM molecular editor. The AccD5 docking site was identified from the structure overlap between AccD5 and substrate-bound PccB. Compounds from the University of California, Irvine, ChemDB database (35) and the full NCI diversity set (http:兾兾dtp.nci.nih.gov兾) were docked at thoroughness level 1 or 10 on a Linux server. The in-house DOCK program was modified to run robustly on a large Linux cluster. Results were sorted by binding energy to produce a prioritized list of small molecules.



every 100 AccD5 crystals screened. Three x-ray diffraction datasets of AccD5 crystals were collected at the Stanford Synchrotron
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Data Collection. On the average, one dataset could be collected for
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BIOCHEMISTRY



15 min), followed by sonication to lyse the cells and centrifugation to remove cell debris (21,000 ⫻ g for 45 min). The lysis buffer was 50 mM Tris䡠HCl兾300 mM NaCl兾10% glycerol兾10 mM imidazole at pH 8.0. The lysate was passed through 10 ml of Qiagen Ni-NTA His-bind Resin, washed twice with 30 ml of 10 mM imidazole and 20 mM imidazole, then eluted with 30 ml each of 40, 60, 80, 100, and 500 mM imidazole. The protein was eluted at 60–100 mM imidazole fractions, buffer-exchanged to 10 mM Hepes, pH 7.0兾2 mM DTT by dialysis, and concentrated by Centricon YM-10 to 5 mg兾ml.
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