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Summary
Mycolic acids are long chain α-alkyl branched, β-hydroxy fatty acids that represent a characteristic
component of the Mycobacterium tuberculosis cell wall. Through their covalent attachment to
peptidoglycan via an arabinogalactan polysaccharide, they provide the basis for an essential outer
envelope membrane. Mycobacteria possess two fatty acid synthases (FAS); FAS-I carries out de
novo synthesis of fatty acids while FAS-II is considered to elongate medium chain length fatty acyl
primers to provide long chain (C56) precursors of mycolic acids. Here we report the crystal structure
of Mycobacterium tuberculosis β-ketoacyl acyl carrier protein synthase (ACP) II mtKasB, a
mycobacterial elongation condensing enzyme involved in FAS-II. This enzyme, along with the M.
tuberculosis β-ketoacyl ACP synthase I mtKasA, catalyzes the Claisen-type condensation reaction
responsible for fatty acyl elongation in FAS-II and are potential targets for development of novel
anti-tubercular drugs. The crystal structure refined to 2.4 Å resolution revealed that, like other KAS-
II enzymes, mtKasB adopts a thiolase fold but contains unique structural features in the capping
region that may be crucial to its preference for longer fatty acyl chains than its counterparts from
other bacteria. Modeling of mtKasA using the mtKasB structure as a template predicts the overall
structures to be almost identical, but a larger entrance to the active site tunnel is envisaged that might
contribute to the greater sensitivity of mtKasA to the inhibitor thiolactomycin (TLM). Modeling of
TLM binding in mtKasB shows that the drug fits the active site poorly and results of enzyme inhibition
assays using TLM analogues are wholly consistent with our structural observations. Consequently,
the structure described here further highlights the potential of TLM as an anti-tubercular lead
compound and will aid further exploration of the TLM scaffold towards the design of novel
compounds which inhibit mycobacterial KAS enzymes more effectively.
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Introduction
Mycobacterium tuberculosis, the aetiological agent of tuberculosis (TB), causes more human
deaths than any other single infectious pathogen, with an estimated 8 million new cases and 2
million fatalities per annum worldwide 1. TB control has been made difficult in recent years
by the apparent synergy between AIDS and TB 2; 3; 4. In addition, the length and complexity
of current TB treatment regimens result in poor patient compliance, a major factor in emergence
of multidrug resistant TB (MDR-TB) 5. Given the multiple problems in fighting TB, effective
control of the disease requires the identification of new drug targets and discovery of novel
drugs.

M. tuberculosis has an unusually complex and lipid-rich cell wall which is responsible for the
pathogen's intrinsic resistance to many common antibiotics 6. The essentiality of the
mycobacterial cell wall to the survival of the pathogen implies that the pathway to its
biosynthesis is an attractive target for novel antimycobacterial chemotherapy 7. The most
distinct feature of the mycobacterial cell wall is the presence of the α-alkyl, β-hydroxy fatty
acids termed mycolic acids. These are esterified to the non-reducing termini of the
arabinogalactan-peptidoglycan cell wall core forming the inner leaflet of the cell wall
permeability barrier 7; 8. Although the longer meromycolate chain (up to 56 carbon atoms) of
the mycolic acids are modified 9, its length is essentially provided via conventional fatty acid
biosynthesis. Upon completion it is condensed with a C24-C26 fatty acid, which provides the
α-alkyl branch of the mature mycolic acid 8; 10; 11. Mycobacteria are unusual in that they
possess both known types of fatty acid synthase (FAS) 9; a mammalian-type FAS-I, which
carries all of the necessary enzymatic activities and carrier functions on a single polypeptide
12, and a bacterial type FAS-II, in which separate enzymes interact with a discrete acyl carrier
protein (ACP) that carries the growing fatty acyl chain between their active sites 13. In
mycobacteria and related genera, FAS-I conducts the de novo synthesis of intermediate length
(principally C16 and C24) fatty acids. Mycobacterial FAS-II, however, is incapable of de
novo fatty acid synthesis 14; 15; 16; 17; 18. Its ability to elongate C14- and C16-CoA primers
has been demonstrated 10; 18; 19; 20; 21 and current hypotheses suggest that FAS-I products
are elongated via FAS-II to form meromycolates 8.

In both FAS-I and FAS-II, fatty acyl elongation is initiated by a condensation reaction in which
malonyl-ACP is decarboxylated and the resulting carbanion attacks an enzyme-linked acyl
thioester derived from an acyl-CoA primer 10; 12; 19. In FAS-II the initial condensation
reaction is carried out by β-ketoacyl ACP synthase (KAS)-III, also referred to as FabH 22,
however subsequent FAS-II cycles are initiated by acyl-ACP primed β-ketoacyl ACP
synthases, KAS-I and KAS-II (KasA and KasB respectively in M. tuberculosis, FabB and FabF
repectively in E. coli) 10; 16; 22; 23.

In E. coli, the temperature dependent regulation of fatty acid composition is modulated through
KAS-II (FabF) 24; 25. E. coli mutants which lack KAS-II activity are deficient in elongation
of palmitoleate to cis-vaccenate but show normal growth characteristics under standard culture
conditions 24; 26; 27. Overexpression of mtkasB produced longer chain polyunsaturated
hydrocarbons averaging 54 carbons in length 28. M. marinum kasB mutants grew poorly in
macrophages and showed an altered mycolate profile and cell wall permeability 29. These
results suggest the importance of KasB in mycobacteria and show that it represents an attractive
target for novel drug development against M. tuberculosis. Thiolactomycin (TLM) has been
shown to be an inhibitor of mycobacterial β-ketoacyl ACP synthases 10; 20; 23 and hence acts
as a potent anti-tuberculous agent by inhibiting both fatty acid and mycolic acid biosynthesis
18.

Sridharan et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In this work, the X-ray crystal structure of mtKasB has been determined using the molecular
replacement method. The structure has been described and shows distinct features when
compared to other known KAS-II structures 30; 31; 32; 33. To gain further knowledge of
possible interactions between TLM and mtKasB, modeling of the complex has been attempted
based on the known crystal structure of a TLM complex with KAS-I (ecFabB). The sequences
of mtKasA and mtKasB are 69.5 % identical allowing the modeling of the structure of mtKasA
based on mtKasB and thus comparisons with the mycobacterial KAS-I.

Results and discussion
Quality of the model

The mtKasB structure has been solved using a molecular replacement strategy to a resolution
of 2.4 Å. The final model has been refined to twinned R/R-free of 23.6%/18.1%. The model
consists of two molecules of mtKasB and 229 water molecules per asymmetric unit. The
electron density was clear for the both molecules in the asymmetric unit except a stretch of
residues 128 to 138 and the sidechains of residues 38, 48, 51, 55, 78, 144 and 213 of chain A
and the stretch of residues 50 to 58 and 130 to 138 and the sidechains of residues 73, 121, 123,
203, 211, 212 and 213 of chain B. Although C16-CoA was present in the crystallization drop,
electron density for the substrate was not observed consistent with mtKasB being an acyl-ACP-
primed KAS-II. Data collection and refinement statistics are given in Table 1.

Subunit structure
mtKasB shows a homodimeric assembly in the crystal structure. Each subunit has a conserved
thiolase fold 34 with a five layered αβαβα core structure similar to the structures of other
elongation β-ketoacyl ACP synthases 30; 31; 32; 33; 35 as shown by structural alignments of
the elongation condensing enzymes (Figures 1 and 2). Each subunit is composed of 12 α helices
and 15 β strands. The subunit structure consists of two domains – one defining the highly-
structured core and the other forming a capping region. Residues 1-260 and 261-415 form
topologically equivalent N- and C-terminal βαβαβαββ motifs. The secondary structural
elements of the two substructures contribute to similar parts of the core region. This structural
aspect suggests that these parts might have arisen as a result of gene duplication although the
sequence identity between these parts is only 7%. Although the N-term substructure is more
than 100 residues longer than the C-term substructure, the motifs can be superposed with a
rmsd of 1.99 Å over 80 Cα atoms. The two substructures have different number of insertions
between the helices and strand forming the core. The capping region is primarily composed of
some of these additional helical segments (α4, α6, α7 and α10).

Structure of Dimer
The homodimer observed in the asymmetric unit is the functional assembly of this enzyme,
based on the similarity to the E. coli FabF dimer that has been shown to be dimeric both in
solution and in the crystal structure 30; 36. In the crystal structure the two subunits are related
by a pseudo-two-fold axis (Figure 1). The solvent accessible surface area buried by the dimer
is about 6433 Å2, 17.7% of the entire surface area of the dimer. Extensive interactions are
formed between the subunits and these involve elements from both the core region and the
additional elements that are not part of the core. Strand β5 of the subunits come together in the
center of the dimer assembly effectively extending one of the core β-sheets to a 10-stranded
twisted β-sheet. The insertion between β4 and α8 of the N-term substructure contains the
additional elements α6 and α7. These elements contribute significantly to both the formation
of the dimer and the channel leading to the active site. The residues Ala116, Leu119, Val120
and Tyr123 of α6 of the capping region contribute significantly to the van der Waals
interactions with the helical counterpart from the partner subunit. The residues of the helix
α7 from one subunit line the channel leading to the active site of the partner subunit. Other
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interactions contributing to the dimer formation include van der Waals interactions between
residues that form the loop regions between β5 and β6 which includes α6 and α7, between
β10 and α12 and the helix α10.

Architecture of the active site
The Cys-His-His active site triad is located approximately 15 Å from the surface of the enzyme
at the bottom of a molecular tunnel lined by primarily hydrophobic groups from the protein.
The mouth of this tunnel measures about 12 Å at its widest part. The residues Phe237, Pro280,
Thr313, Thr315, and Phe405 lining the tunnel are conserved in the four other KAS-II structures
determined to date (Synechocystis sp, 1E5M 31; Thermus thermophilus, 1J3N33;
Streptococcus pneumoniae, 1OX0 32 and E. coli 1KAS 30) and A. thaliana mitochondrial
KAS (1W0I37).

Alignment of the available structures of the elongation condensing enzymes clearly indicates
that the residues Cys170, His311 and His346 of mtKasB are highly conserved and positioned
appropriately to function as the catalytic residues. Biochemical and mutagenesis studies of
condensing enzymes 38; 39; 40; 41 also show that these residues are the catalytic residues.
Cys170 is located at the N-terminus of helix α9 similar to other KAS-II structures. This location
has been proposed to promote activation of its sulfhydryl group. Currently, it is accepted that
the dipole moment of this helix enhances the nucleophilicity of the sulfur atom by lowering its
pKa 42. In subunit A a water molecule (Wat4) is hydrogen bonded to the backbone carbonyl
oxygens of Cys170 (2.7 Å) and Val348 (2.5 Å) (Figure 3a). Wat4 is also within hydrogen-
bonding distance from the backbone carbonyl oxygen of Gly349 (2.8 Å) and backbone amide
nitrogens of Ser172 (3.5 Å) Gly173 (2.9 Å), and Gly352 (3.0 Å). A water molecule is conserved
in this position in S. pneumoniae, T. thermophilus and Synechocystis sp. KAS-II, apo and acyl-
bound ecFabB (KAS-I) structures (1DD8 35 and 1EK4 43 respectively) and A. thaliana
mitochondrial KAS37 suggesting that it may play a structural role such as orienting or
maintaining the position of Cys170 in the active site. Incidentally, this water molecule is seen
only in subunit A of mtKasB and not in subunit B.

Interestingly, His311 and Ala312 were found to be in two different conformations in subunits
A and B of mtKasB (Figure 3b). Ala312 is unique to mtKasB with a glycine occupying the
position in the other KAS-II structures. His311 has phi/psi values of −104.6°/55.0° in subunit
A and −86.4°/−13.2° in subunit B. Similarly, Ala312 has phi/psi values of −91.9°/118.3° in
subunit A and −30.6°/116.3° in subunit B. Comparison of the environment around His311 in
the two subunits showed that the difference in the Ala312 conformations is caused by a change
in the conformation of Lys341. The conserved Lys341/Glu355 pair is assumed to control the
electronic state of His311 32; 42. Despite the differing backbone conformations, the Nδ of
His311 interacts with Lys341 in both the subunits (2.5 Å and 3.4 Å in subunits A and B
respectively). Hence, this change in the backbone conformation might not affect the catalytic
role of His311. The Lys341-Glu355 salt-bridge interaction is not seen in subunit A of mtKasB
(Nζ of Lys341 is at distances of 3.8 Å and 3.4 Å from the sidechain carboxylate oygens of
Glu355).

There is also significant difference in orientation of the imidazole ring of the other catalytic
histidine residue His346 in the two subunits of mtKasB. The plane of the ring in subunint B is
about 50° rotated about the Cβ-Cγ bond from that seen in subunit A. Also there are variations
in the orientation of the imidazole plane when comparing mtKasB and other KAS-II structures
(for eg. rotations of about 75° in the S. pneumoniae KAS-II structure and about 45° in the T.
thermophilus structure when comparing with the orientation in subunit A). In all the other
KAS-II structures, Nε of this His residue interacts with the sulfur of the catalytic Cys residue
with an average distance of 3.27 Å between these two atoms. However, in mtKasB it is farther
away and does not interact with the sulfur (3.6 Å in subunit A and 4.0 Å in subunit B). Nδ of
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His346 is hydrogen bonded to the backbone amide of the conserved Leu348 in mtKasB hence
orienting the sidechain so that the Nε points toward the active site.

The role of the conserved Lys341 in the catalysis of the KAS enzymes has been analyzed by
biochemical and structural studies44; 45. Based on the biochemical studies it was suggested
that the interaction between Lys341 and His311 may not be structural in chracter and that
Lys341 may play a more important role in the transacylation half reaction than in the
decarboxylation half reaction of the catalysis of the KAS enzymes with Cys-His-His catalytic
triad. In this work, we observed different conformations of the His311 and Ala312 due to slight
changes in the Lys341 sidechain conformation in mtKasB. Wang et al observed significant
conformational changes of the catalytic histidines and lack of plastensimycin binding to
ecFabF (KAS-II) Lys335Ala mutant. These observations suggest that a structural role for this
conserved at this position cannot be ruled out. It now seems clear that the conserved lysine
plays a critical stereochemical role in orienting the sidechain of the other catalytic histidine
His34644.

Comparison of KAS II structures
Alignment of mtKasB, KAS-I/II, and A. thaliana mitochondrial KAS structures revealed
interesting structural rearrangements of the capping region of mtKasB (rmsd of alignments are
given in the legend to Figure 2). Most of the deviations are seen in the insertion segments and
the capping region. There is significant rearrangement of the segment containing the helices
α6, α7 and α10, all of which are part of the capping region. The α6 helices of the partner subunits
contribute to the dimer interface in all of the structures. Analysis of crystal packing of mtKasB
dimers showed that α4 of subunit B of a dimer lies approximately parallel to α6 of subunit A
and prevents a closer approach of α6 of partner subunits in a symmetry-related dimer. This
kind of crystal packing is not observed in any of the other KAS-I/II structures.

The apparent rearrangement of the α10 of mtKasB involves a shift along its axis towards the
surface of the protein. mtKasb has a unique Arg residue at position 200 in the short 4-residue
stretch connecting β6 and α10. Ser or Ala is found at the equivalent position in othe KAS-II
structures. These shorter sidechains point toward the acyl-binding channels of the
corresponding KAS-II structures. The long Arg sidechain in mtKasB forces this residue to take
a β-conformation exposing the sidechain to solvent. mtKasB also has an Ala at position 203
compared to a conserved Pro at the equivalent position in all the other KAS-II structures. A
further analysis of α10 showed that the expected backbone hydrogen bonds of an α-helix are
formed only in the segment between residues 203 and 210 and not seen in that between residues
207 and 213 in mtKasB. The electron density for the residues of α10 of mtKasB is clear and
thus the elongation of this helix cannot be attributed to errors in building the structural model.
Thus, the unique Arg200 residue and the the observed hydrogen bonding pattern might explain
the difference in arrangement of α10 in mtKasB compared to that in other KAS-II structures.
Arg213 located at the loop following α10 is one of the residues at the mouth of the active site
tunnel. The unique arrangement of α10 described above “pushes” the loop containing Arg213
further towards the surface of the molecule. This makes the mouth of the active site tunnel
appear constricted in mtKasB in comparison with the other KAS-I/II structures.

It should be noted that α10 spans both the active site tunnel and the acyl binding channel thus
forming a structural link between these two cavities. Hence any change in its structure could
affect both the channels at the same time. mtKasB elongates acyl chains longer than 16 carbons
in length. The distal end of the acyl binding channel defined by the ecFabB-acyl intermediate
structures is closed by α6. Hence, it is intriguing how longer acyl chains could be
accommodated in mtKasB in this short channel. Attempts to model a C12 acyl chain in the
defined channel in mtKasB shows that it is not of sufficient length to accommodate longer acyl
chains.
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Acyl binding channel
The acyl binding channel of elongation condensing enzymes was defined with the structure of
the KAS-I (ecFabB)-C12/C10 complexes (1EK4/1F91) 43. Comparison of KAS-I/II structures
clearly indicates that Gly114, Ala169, Phe209 and Phe405 lining the channel are conserved.
Gly114 of mtKasB appears to be conserved in its position as a bigger sidechain cannot be
accommodated in the space available. It is clear that the phenyl ring of Phe405 (Phe392 in
1EK4) has to be rotated about the CB-CG bond in order accommodate the head part of acyl
chains. Alignment of 1EK4 and mtKasB structures also showed that the β-turn between the
strands β12 and β13 which contains Phe405 has shifted by about 2 Å, in turn moving the
sidechain of this residue towards the active site tunnel. As a consequence, the active site tunnel
in mtKasB appears more occluded than in the ecFabB-acyl intermediate. In the acyl-bound
structure, the backbone amide nitrogens of Phe405 and Ala169 (Ala162 in 1EK4) interact with
the oxo-group of the acyl chain. Phe209 is equivalent to Phe201 in 1EK4, the latter dictating
the U-shaped conformation of the acyl chain in the acyl-bound structure.

Some interesting differences in the residues lining the acyl binding channel were observed
when comparing the structures of ecFabB-acyl complex and mtKasB. By comparing the
structures of complexes of ecFabB with C10 and C12 acyl chains (1EK4 and 1FJ1), it was
suggested that Glu200 moves to accommodate a longer acyl chain 43. In mtKasB, the
equivalent residue is Gly208 and in the other KAS-II structures, it is a glycine or an alanine.
Gln113 in ecFabB was found to be in different conformations in the A and B subunits of the
structure and the electron density for this residue was well-defined in the complex structure in
comparison with the apoenzyme. The sidechain of Gln113 also interacts with the backbone
carbonyl group of Gly107 in subunit A. In mtKasB, Gln113 is substituted by Leu121 and
Gly107 by Leu115. In other KAS-II structures, Ile is found in the place of Gly107 of ecFabB.
It is seen that the substitution of a Gly107 in ecFabB with a longer side chain in KAS-II
necessitates a compensatory change in the residues equivalent to Met197 of ecFabB to one
having a smaller sidechain to avoid a clash between the sidechains in these positions. Hence,
in mtKasB Met197 is substituted by Pro205 and by Ser, Gly or Ala in the other KAS-II
structures. In ecFabB, Met197A along with Met138B delineate opposite sides of the acyl
binding channel. The latter residue is conserved between ecFabB and mtKasB but substituted
by Ile or Leu in the other KAS-II structures. It should be noted that Pro205, Gly208 and Phe209
of mtKasB are located in α10. These substitutions may reflect the necessary changes required
to bind substrates specific to the KAS-II enzymes of different organisms.

The structures of ecFabB/F-cerulenin complexes46; 47 were also compared with mtKasB
structure. It is clear from this comparison that Leu115 of mtKasB has to be reoriented for CER
binding. Olsen et al. observed that the equivalent residue Ile154 in A. thaliana mitochondrial
KAS would require a similar reorientation to facilitate CER binding37. The structural
alignment also clearly shows that Tyr144B of mtKasB (Ile183 in A. thaliana mitochondrial
KAS, Ala137 in ecFabB and Thr137 in ecFabF) will not allow the orientation of CER seen in
the above complexes in mtKasB. The energetic barrier to reorient Tyr144B in mtKasB to allow
a similar CER binding mode as seen in the complexes is expected to be high. Hence we predict
that beyond the C7 position CER in mtKasB would proceed in a direction different from that
seen in the above complexes.

Modeling of mtKasB-TLM complex
TLM is a natural product that reversibly inhibits β-ketoacyl ACP synthases. The structure of
an ecFabB-TLM complex 46 (PDB code: 1FJ4) has been determined and shows the mechanism
of inhibition of this KAS-I enzyme. Although TLM is a poor inhibitor of condensing enzymes,
it provides an avenue for rational design of analogues that could be better inhibitors of this
class of enzyme. Crystallization of an mtKasB-TLM complex was attempted towards this end.
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The crystals did not diffract well enough to get useful data required to determine the structure
of the complex, hence, modeling of TLM in the mtKasB structure was performed with the
knowledge of ecFabB-TLM complex structure. Energy minimization was done using the
program Sybyl and the Discover module of the program package Insight 2000.

The structural model shows that the isoprenoid branch of TLM is sandwiched between the
peptide bonds 279-280 and 405-406 similar to that in the ecFabB-TLM structure (Figure 4).
The model also shows that the active site tunnel in the model is significantly constricted in
comparison with that in the ecFabB-TLM structure. The model suggests that the β-turn between
β12 and β13 and the loop connecting β8 and α12 might have to undergo significant
rearrangements to create an appropriate binding pocket for the TLM. This is in contrast to the
ecFabB-TLM complex structure where only minimal distortion is required to fit the TLM 46.
The movement of the main chain in the segment of residues from 403 to 409 spanning β12,
β13 and the β12-β13 turn results in partial stacking of the phenyl ring of Phe405 with the
thiolcatone ring of TLM (Figure 4). The distortion in the loop formed by residues 272-286
between β8 and α12 is partly due to a two residue (Pro282-Asn283) insertion in mtKasB in
comparison with the loop in ecFabB and moves Pro280 to the appropriate position for TLM
binding. This two residue insertion occurs in all the other KAS-II structures and A. thaliana
mitochondrial KAS (Figure 2). It is also seen from the model that the conserved Asp273 in
mtKasB has to swing away from its position in the apo structure to avoid a clash with the
isoprenoid moiety of TLM (Figure 4)

Kremer et al. demonstrated that hydrophobic chain substituents at the C5 position with varying
chain length and saturation showed better in vivo inhibition activity than TLM 20. In contrast,
Kim et al. 48 reported that their studies revealed very little tolerance for substitution at C5 of
TLM in assays of condensing enzymes derived from both E. coli and M. tuberculosis. The
significant modifications that seem to be required to the TLM binding site in mtKasB as
suggested above by our model may explain the high IC50 values reported for TLM and its
analogues 23, 48.

Modeling of mtKasA structure
The high sequence identity between mtKasB and mtKasA has allowed modeling of the structure
of the latter using the mtKasB structure determined in this work as a template and as expected,
the two structures are almost identical (rmsd of 0.6 Å). The positions of the catalytic site
residues of mtKasA (Cys167, His307 and His341) and the active site environment are
conserved. The Glu355/Lys341 interaction of mtKasB is also conserved in mtKasA (Glu350/
Lys336). The residues of α6 and α10 and those lining the acyl binding channel are mostly
conserved in the mtKasA model.

The residues lining the active site tunnel are also conserved in the two structures and hence the
conservation of the hydrophobic nature of the tunnel in mtKasA. Superposition of the mtKasA
model over the mtKasB structure shows that the loop following α6 is shorter in mtKasA than
in mtKasB. In mtKasA, a segment of this loop has the sequence 209MRAMST214 whereas in
mtKasB the sequence is 212MRIVMST218. In mtKasB Ile214, Val215 and Phe239 form a
hydrophobic core in the active site tunnel (Figure 5). The substitution of 214IV215 of mtKasB
by single residue (Ala211) in mtKasA results in loss of this hydrophobic core in the latter
structure.

Interestingly, IC50 of TLM for mtKasA is lower than that for mtKasB (20 μM vs. 90 μm) 23.
Kim et al reported IC50's of two TLM analogues for mtKasA that are lower (8 and 16 fold)
than that for mtKasB48. The MIC of TLM for M. bovis BCG strain overexpressing mtKasA is
lower than that for mtKasB (80 μg/mL vs 100 μg/mL) 20. It would be interesting to investigate
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if an increased accessibility resulting from a more open active site tunnel in mtKasA as
consequence of the shorter loop could account at least partly for these lower values.

Synthesis of TLM analogues and structural and biochemical studies will be required to
determine structure activity relationships that could be used in further steps of development of
inhibitors of mtKasB and mtKasA. In this regard, IC50 values against mtKasA were higher than
TLM for analogues (Table 2) 1 (63 μM), 2 (86 μM), 3 (46 μM) and 4 (66 μM) prepared prior
to our structural insight into mtKasB and mtKasA. Analogues 1-4 also possessed IC50 values
greater than 150 μM against mtKasB. Although, compound 3 possessed a weaker IC50 value
against mtKasA, it is much more potent in vivo possessing a minimum inhibitory concentration
(MIC) of 34 μM, in comparison to TLM, which possessed an MIC value of 142 μM against
Mycobacterium bovis BCG. These results suggest that analogues with improved activities may
now be synthesized in a more rationale way aided by the use of the crystal structure of mtKasB
and modelling studies of mtKasA presented in this current report.

Methods
Cloning, overexpression and purification of mtKasB

The mtkasB gene (Rv2246) was cloned from M. tuberculosis H37Rv genomic DNA using the
upstream primer 5′-aagaagacatatggttaccgggaaagcctttccc-3′ with a NdeI restriction site (bold
letters) and the downstream primer 5′-aagctcgagtcagtaccgtccgaaggcgattgc-3′ with a XhoI
restriction site. The amplified product was then digested with the restriction enzymes and
ligated with similarly cut pET28b plasmid DNA (Novagen) to form pET28-mtkasB; the
construct was verified by nucleotide sequencing. For overexpression of mtkasB, Rosetta (DE3)
cells (Novagen) were transformed with pET28-mtkasB. Transformants were selected on Luria-
Bertani (LB) agar medium containing kanamycin (50 μg/mL) and chloramphenicol (34 μg/
mL) at 37° C. A single colony was picked and used to inoculate 5 mL of LB medium containing
50 μg/mL kanamycin and 34 μg/mL chloramphenicol. This culture was grown to an
OD600nm of 0.6 Units at 37° C and used to inoculate a 100 mL starter culture. This starter
culture was grown to an OD600nm of 0.6 Units at 37° C and used to inoculate 4 liters of LB
medium. After this culture reached an OD600nm of 0.8 Units, it was cooled to 20° C. IPTG was
added to a concentration of 1 mM to induce mtKasB overexpression and the medium was
further incubated for 12 hrs at 20° C.

The cells were harvested by centrifuging at 3000 × g for 30 minutes and the pelleted cells were
resuspended in buffer A (20 mM Tris pH 7.5, 0.5 M NaCl, 2 mM β-mercaptoethanol) at 4° C.
DNase I at a final concentration of 10 μg/mL and protease inhibitor cocktail (Calbiochem)
were added to the suspension before lysis using a French pressure cell at 1000 psi. The crude
lysate was clarified by centrifugation at 10,000 × g for 60 minutes maintaining the temperature
at 4° C. The clarified lysate was filtered (0.22 microns) before subsequent chromatographic
purification steps performed at 4° C.

mtKasB was purified to near homogeneity using nickel affinity and gel filtration
chromatography techniques with performance being monitored using SDS-PAGE. The
clarified lysate was passed through the Ni2+-charged HiTrap chelating agarose columns
equilibrated with buffer A. The columns were washed with 5 column volumes of buffer A to
remove unbound and loosely bound contaminant proteins. mtKasB bound to the matrix in the
columns was eluted using a stepwise gradient of imidazole concentration using 20 mM Tris
pH 7.5, 0.5 M NaCl, 2 mM β-mercaptoethanol, 0.5 mM imidazole as buffer B. The bound
protein was found to elute with 150 mM imidazole. The eluted protein was dialyzed against
gel filtration buffer (20 mM Tris pH 7.5, 10 mM NaCl, 10% glycerol, 1 mM EDTA, 1mM
DTT) to remove imidazole. mtKasB was concentrated and further purified using a Superdex
200 gel filtration column (Amersham Pharmacia).

Sridharan et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mtKasB eluted in two peaks from the gel filtration column. The fractions of the higher
molecular weight peak contained a small fraction of mtKasB and contaminating proteins and
were not used any further. Most of the mtKasB eluted in the fractions of the second peak,
corresponding to the expected elution volume of mtKasB dimer (m.wt. of approximately 88
kDa). These fractions were pooled, concentrated to 30 mg/mL and stored at −80° C in the gel
filtration buffer or used directly for crystallization purposes. TLM analogues (Table 2)
previously reported by Senior et al. 49 were assayed against mtKasB and mtKasA using
methods previously described by Schaeffer et al. 50.

Crystallization and data collection
Initial screening for crystallization of mtKasB was done using the hanging drop vapor diffusion
method. Crystallization conditions obtained commercially from Hampton Research (Crystal
Screen and Crystal Screen II) and Emerald Biostructures (Wizard Screens I and II) were
screened. Wizard screen II condition 39 (100 mM CAPS pH 10.5, 20 % w/v PEG 8000, 200
mM NaCl) produced crystals that diffracted poorly to 8 Å resolution. Optimization of the
above crystallization condition was carried out with additives and detergents (from Hampton
research) using sitting drop plates in the presence of C16-CoA. Finally, addition of 5 mM C16-
CoA, 0.3 μL Spermine HCl as additive and 0.1 μL Foscholine-9 as detergent with the above
crystallization buffer produced crystals that diffracted to 3 Å resolution.

X-ray intensity data was collected at the synchrotron facility at the Center for Advanced
Microstructures and Devices (CAMD), Louisiana using a MarCCD system under cryogenic
conditions. Several crystals were screened to find one that diffracted better than 3 Å resolution.
One of the crystals diffracted to 2.4 Å resolution and was used to collect a total of 180° of data
using 1° oscillation range per frame.

Structure determination
The diffraction data was indexed using HKL2000 51 which showed that mtKasB crystallized
in the space group R3 with unit cell dimensions of a=b=198.68 Å, c=71.83 Å, α= β =90°, γ
=120°. The data were further integrated and scaled using the program HKL2000. The crystal
structure of mtKasB was solved using molecular replacement method. First, an initial structural
model of mtKasB was generated by submitting the protein sequence to and using the first
approach mode of the SwissModel software server
(http://swissmodel.expasy.org/SWISS-MODEL.html) 52. In this mode, the software
automatically chooses the structural templates from the Protein Data Bank (PDB) to build a
model for the sequence submitted. This structure was used as the search model to obtain initial
phases. Molecular replacement rotation and translation searches to determine the correct
orientation of the search model in the unit cell were done using the MolRep program 53 of the
CCP4 suite 54. Although a clear solution was obtained, initial electron density maps (2mFo-
DFc) obtained after a few cycles of coordinate and B-factor refinement, carried out using the
Refmac 55 program of the CCP4 suite, was poor with many discontinuities along the main
chain of the electron density and poor or non-existent density for the sidechains of many
residues. However, model building using XtalView 56 was attempted to fit as many residues
as possible in the available map. After a few rounds of iterative model building and refinement
there was no improvement in the quality of the electron density map. Further, the R-factor/R-
free factor remained high at 36%/25% after several steps of refinement without further
improvement. At this point, data twinning was suspected and the data was analyzed for
twinning, using Yeates' Twinning Server (http://nihserver.mbi.ucla.edu/Twinning/) 57, CCP4,
and the Crystallography and NMR System (CNS) 58 suites. Analysis of these results indicated
that the diffraction data was merohedrally twinned with a twin fraction of 41%. When the
structure was refined using scripts in the CNS suite that take data twinning into account (the
detwin_partial.inp script was used which incorporates the twin fraction directly into the
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refinement target) the structure and electron density maps improved dramatically, During the
final few rounds of model building, water molecules were also added to the model. Iterative
refinement and model building yielded the final model of mtKasB with an R-factor of 18.1%
and an R-free of 23.6%. and good stereo chemistry. The data and structure are deposited in the
Protein Data Bank (PDB code 2GP6).

The structural model of mtKasA was generated in SwissModel 52 using the structure of
mtKasB as the template. The sequence of mtKasA and the structure of mtKasB were submitted
to the server and the first approach mode was used to generate the mtKasA structural model.
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Figure 1.
Ribbon representation of mtKasB dimer. The two subunits are shown in magenta and cyan.
The positions of the active site residues are shown as red spheres and labeled. The segments
shown in black and labeled 1 and 2 correspond to the regions showing large deviations when
compared to KAS-I/II structures. These segments are also refered to in Figure 2.
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Figure 2.
Structure based alignment of KAS-I/II sequences. A structure based alignment was generated
for KAS-I/II sequences using Protein structure comparison service SSM at European
Bioinformatics institute59 (http://www.ebi.ac.uk/msd-srv/ssm) and Boxshade
(http://www.ch.embnet.org/software/BOX_form.html). The red stars mark the active site
residues. The stretches of sequence marked by the black line above the mtKasB sequence and
labeled 1 and 2 refer to the segments colored in black in Figure 1. Ssp_KASII - Synechocystis
sp. KAS II (PDB code of the structure used in alignment: 1E5M, rmsd of alignment with
mtKasB reported by the SSM service: 1.6 Å), Tth_KASII - T. thermophilus KAS II (1J3N, 1.5
Å), Eco_KASII - E.coli FabF (1KAS, 1.6 Å), Spn_KASII - S. pneumoniae KAS II (1OX0, 1.7
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Å), Eco_KASI - E.coli FabB (1DD8, 1.7 Å), mtKasA - M. tuberculosis KasA (0.6 Å),
Ath_KAS - A. thaliana mitochondrial KAS (1W0I, 1.7 Å).
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Figure 3.
a) active site in subunit A of mtKasB. For clarity some of the residues that hydrogen bond with
Wat4 and described in the text are not shown. b) active site in subunit B of mtKasB. In both a
and b electron density contoured at 1.0σ level is shown in blue.
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Figure 4.
Superposition of TLM binding sites in ecFabB-TLM complex (1FJ4, green) and mtKasB-TLM
model (magenta). The greem dotted lines indicate interactions of TLM O2 with active site
histidines in ecFabB-TLM complex.
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Figure 5.
a) Superposition of mtKasA model (gold) and crystal structure of mtKasB (magenta). The
structures are shown in worm representation. The Cα atoms of the active site residues Cys170,
His311 and His341 are shown as spheres. The black frame encloses the region of a loop at the
entrance to the active site tunnel where the structures are different. b) A magnified view of the
region shown in the black frame in a) representing the difference in the structure of the loop
between mtKasA and mtKasB. The residues of this loop that are different between the two
structures are labeled. This loop region follows the helix α6.
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Table 1
Data collection and refinement statistics for mtKasB structure determination

Data collection:

Space group R3
Cell dimensions (a, b, c in Å, α°, β°, γ°) 198.7, 198.7, 71.8, 90, 90, 120
Resolution (Å) 50-2.39
Completeness % (last shell) 98.6 (88.4)
I/σ(I) (last shell) 31.7 (2.5)
No. of total reflections 230006
No. of unique reflections 41266
Rsym % (last shell) 5.3 (43.1)
Refinement:
Resolution (Å) 50-2.4
No. of reflections in test set 1911
No. of reflections in working set 35874
No. of protein molecules in asu 2
No. of protein atoms in asu 6192
No. of water molecules in asu 229
Twinned R-factor (%) 23.6
Twinned Rfree factor (%) 18.1
RMS deviations:
Bond lengths (Å) 0.007
Bond angles (°) 1.15
Average B-factors (Å2):
Main chain 53.9
Side chain and waters 54.4
RMS B main chain 0.75
RMS B side chain 0.89

Rsym = Σ |I - <I>| / Σ I, where <I> is the average intensity over symmetry equivalents.
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Table 2
Structures and IC50 values against mtKasA of TLM analogues 1-4

No. R-group IC50 (μM)

1 63

2 86

3 46

4 66
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