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The Crystal Structure of MCAT from Mycobacterium
tuberculosis Reveals Three New Catalytic Models
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The malonyl coenzyme A (CoA)-acyl carrier protein (ACP) transacylase
(MCAT) plays a key role in cell wall biosynthesis in Mycobacterium tuber-
culosis and other bacteria. The M. tuberculosis MCAT (MtMCAT) is encoded
by the FabD gene and catalyzes the transacylation of malonate from
malonyl-CoA to holo-ACP. Malonyl-ACP is the substrate in fatty acid
biosynthesis and is a by-product of the transacylation reaction. This ability
for fatty acid biosynthesis enables M. tuberculosis to survive in hostile
environments, and thus understanding the mechanism of biosynthesis is
important for the design of new anti-tuberculosis drugs. The 2.3 Å crystal
structure of MtMCAT reported here shows that its catalytic mechanism
differs from those of ScMCAT and EcMCAT, whose structures have
previously been determined. In MtMCAT, the Cβ–Oγ bond of Ser91 turns
upwards, resulting in a different orientation and thus an overall change of
the active pocket compared to other known MCAT enzymes. We identify
three new nucleophilic attack chains from the MtMCAT structure: His90-
Ser91, Asn155-Wat6-Ser91 and Asn155-His90-Ser91. Enzyme activity assays
show that His90A, Asn155A and His90A-Asn155A mutants all have sub-
stantially reduced MCAT activity, indicating that M. tuberculosis MCAT
supports a unique means of proton transfer. Furthermore, His194 cannot
form part of a His-Ser catalytic dyad and only stabilizes the substrate. This
new discovery should provide a deeper insight into the catalytic mecha-
nisms of MCATs.
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Introduction

Tuberculosis (TB) is caused by the bacterium
Mycobacterium tuberculosis and poses a serious threat
to public health worldwide. TB is responsible for
nearly two million deaths annually, while a third of
the global population is currently infected with the
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TB bacillus and more than eight million new cases
are diagnosed each year. The case-fatality rate for TB
can reach up to 50%, and the situation has been
exacerbated by a significant increase in multiple-
drug-resistant TB and synergism between Human
Immunodeficiency Virus (HIV) and M. tuberculosis
infection. Considerable research has been directed
towards understanding the pathology, molecular
mechanism, and drug resistance of TB in order to
discover new pharmacological targets†.
†http://www.wadsworth.org/databank/mycotubr.
htm

d.

mailto:raozh@xtal.tsinghua.edu.cn
mailto:hhwang@fudan.edu.cn
http://www.wadsworth.org/databank/mycotubr.htm
http://www.wadsworth.org/databank/mycotubr.htm
http://dx.doi.org/10.1016/j.jmb.2007.06.004


1076 Crystal Structure of MCAT
The impermeable nature of the M. tuberculosis cell
wall determines cell survival and replication within
the hostile environment of host macrophages, which
produce microbicidal molecules that are usually
sufficient to kill other bacteria.1 The mycobacterial
mycolic acid in M. tuberculosis, which is the largest
fatty acid in nature, contributes a greater density to
the mycobacterial cell envelope, the lipid bilayer
outer membrane and the inner leaflet than in other
bacterium.2 Due to the essential role of mycolic acids
in intracellular survival of M. tuberculosis, the bio-
synthesis and assembly of these structures has
become a promising target in the discovery of anti-
bacterial agents. Several components of the mycolic
acid biosynthetic pathway, such as enoyl-ACP
reductase, have already been reported as targets
for important anti-tuberculosis drugs.3–7

As an essential pathway and the first stage in
membrane biogenesis, fatty acid biosynthesis is
catalyzed by different enzymes according to differ-
ent species. These enzymes can be divided into two
types. In the type I (FAS I) system found in eu-
karyotes, the biosynthesis of fatty acids is catalyzed
by a single large, multifunctional polypeptide.
However, in the type II (FAS II) system found in
most bacteria, the reactions are carried out by a
series of small, soluble proteins that are each
encoded by discrete genes.8,9 Due to the mono-
functional nature of type II enzymes, they are more
attractive targets for the discovery of antibacterial
agents than type I.
The malonyl-CoA:acyl carrier protein transacylase

(MCAT, EC 2.3.1.39) is a key enzyme in the FAS II
pathway and is responsible for transferring the
malonyl group from malonyl-CoA to the holo-ACP
via formation of free CoASH and malonyl-ACP,
which is the substrate required for the elongation
steps in fatty acid biosynthesis. In fact, MCAT in-
duces an upstream reaction and may be the essential
building block in the fatty acid biosynthesis cycle. In
addition, MCATcan provide acyl-ACP thioesters for
the biosynthesis of aromatic polyketides.10–12 Based
on its pivotal role inM. tuberculosis and other deadly
bacteria, MCAT has become one of the most pro-
mising targets to either inhibit or kill M. tuberculosis.
The first inhibitor of MCAT from Helicobacter pylori
(HpMCAT) has recently been reported. A natural
product called corytuberine was discovered to
inhibit HpMCAT with an IC50 value of 33.1(±3.29)
μM. Further enzymatic assay results indicate that
corytuberine inhibits HpMCAT in an non-competi-
tive manner.13

In M. tuberculosis, the FabD (Rv2243) gene has
been shown to encode MtMCAT. Interestingly,
FabD2 (Rv0649) is a novel gene, which also en-
codes a putative MCAT, although the FabD2 gene
product shares low sequence similarity with other
MCATs.14,15 FabD2 also differs from FabD in
secondary structure in different pH buffers, but
is consistent with the function of reported MCATs
in biosynthesis and possesses the typical activity of
bacterial MCATs.15 A significant strategy for the
development of anti-bacterial drugs may be to
search for lead compounds that simultaneously
inhibit the two MCATs from M. tuberculosis.
Traditional remedies are unable to keep up with

the threat posed by TB. To design and discover new
anti-TB drugs is therefore essential, and the pre-
ferred strategy is to destroy the synthesis of fatty
acids. For example, thiolactomycin (TLM) targets
two b-ketoacyl-acyl-carrier protein synthases, KasA
and KasB, which belong to the type II fatty acid
synthases.5,16 Because TLM inhibits the FAS II
enzyme in different bacterial species, it has good
potential to be developed into a broad-spectrum
antibiotic that can be used to treat various bacterial
infections including TB.17 MCAT, as a key upstream
enzyme in the fatty acid synthesis pathway, is
another main target for the design of new therapeu-
tics against TB. Pharmacological development based
on three-dimensional structure can greatly enhance
the success rate and efficiency of drug design. To
date, the crystal structures of MCAT from Escherichia
coli (EcMCAT; PDB code: 1MLA)18 and Streptomyces
coelicolor (ScMCAT; PDB code: 1NM2)11 have been
determined. Here we report the crystal structure of
MtMCAT to 2.3 Å resolution, in order to further
elucidate the mechanism of fatty acid biosynthesis
and provide an important structural basis for the
discovery of new anti-TB drugs.

Results and Discussion

Overall structure of MtMCAT

MtMCAT crystals belong to the space group P21
with one molecule in the asymmetric unit. The
crystal structure of MtMCAT was solved using
molecular replacement and refined to 2.3 Å resolu-
tion with Rwork and Rfree values of 19.8% and
23.8%, respectively (Table 1). The final model con-
tains residues 1 to 301 of the full-length MtMCAT
protein and only Leu302 is not defined in the
electron density map. One histidine residue was
located before the first methionine in our structure
and arose from the use of NdeI as the N-terminal
restriction enzyme to clone FabD cDNA into the
pET-28a vector. The final refined structure also in-
cludes 330 water molecules and one acetate mole-
cule (ACY).
This 30 kDa MtMCAT monomer is composed of

two subdomains. The larger subdomain has a hy-
drolase core and comprises of residues 1–127 and
196–301, with 12 α-helices surrounding a core of
four parallel β-strands. The smaller ferredoxin-like
subdomain contains residues 128–195 and is made
up of four antiparallel β-strands and two helices
(Figure 1). The subdomains are linked to each other
by two loops, serving as a hinge to clasp the acetate
and the active site (Figure 1).
Sequence alignment shows that MtMCAT shares

52% identity and 64%positive identitywith ScMCAT
in primary sequence. The three-dimensional struc-
tures of these two proteins are closely related,
although some notable differences are observed.



Figure 1. Overall structure of M. tuberculosis MCAT
(MtMCAT). The ferredoxin-like small subdomain is
shown on the left and the large hydrolase subdomain is
on the right. The structure is shown in ribbon representa-
tion and colored from blue at the N terminus to red at the
C terminus. Secondary structure elements are labeled. One
acetate molecule (ACY) is bound into the active pocket.

Table 1. X-ray data collection and refinement statistics

Parameters Wild-type MtMCAT

Data collection
Cell parameters a=37.0, b=48.9, c=77.9,

α=γ=90.0°, β=98.7°
Space group P21
Resolution (Å)a 50.0–2.3 (2.38–2.3)
No. of reflections 98,005
No. of unique reflections 14,232
Completeness (%)a 99.8 (99.1)
Average I/σ(I)a 11.1 (5.6)
Rmerge

a,b 8.1 (45.5)

Refinement
No. of reflections (N 0 σ(F)) 12,117
Rwork

c 19.76
Rfree (5% data) 23.79
r.m.s.d. bond distance (Å) 0.005
r.m.s.d. bond angle (°) 1.16
Average B-value/all
non-hydrogen atoms (Å2)

37.3

Solvent atoms 330

Ramachandran plot (excluding proline and glycine)
Residues in most favored regions 165 (92.0%)
Additional allowed regions 15 (7.6%)
Generously allowed regions 1 (Ser91, 0.4%)

a Values in parentheses correspond to the highest resolution
shell.

b Rmerge=∑h∑i|Ii(h) –bI(h)N|/∑h∑I Ii(h), where bI(h)N is the
mean of the observations Ii(h) of reflection h.

c Rwork=∑ (||Fobs|–Fcalc||)/ ∑|Fobs|; Rfree is the R factor for a
subset (10%) of reflections that was selected prior to refinement
calculations and not included in the refinement.

1077Crystal Structure of MCAT
The most significant difference is the loss of elec-
tron density in the ScMCAT structure from resi-
dues 77 to 86, which may account for a very flexible
loop. In our MtMCAT structure, however, there is
no absence of electron density in this region, which
is most likely due to the formation of a shorter
and more stable loop by residues 76 to 78. Other
differences are evident on the surface of the protein,
which do not seem to have an effect on enzyme
activity. MtMCAT also shares 32% identity and 56%
positive identity with EcMCAT in primary sequence
and their structures also have very similar folds,
with some notable differences at the surface.

One acetate bound to MtMCAT

The structural data for the native enzyme were
collected from a crystal grown in sodium acetate
and clearly indicate that a single acetate molecule is
bound to MtMCAT (Figure 2). In contrast, two
acetate molecules from the crystallization buffer are
found in the ScMCAT structure. The first acetate,
termed ACY1, is bound to Gln9 and Arg122 in order
to mimic the carboxyl end of a bound malonyl
group. The second acetate, termed ACY2, stacks
against the imidazole ring of His96 and is hydrogen
bonded with the backbone carbonyl of Gln9.11 In
MtMCAT, only one acetate equivalent to ACY1 is
found in the active site where it interacts with the
NH1 atom of Arg116 at a distance of 2.79 Å. This
acetate molecule, hereafter named ACY, is also
stabilized through a hydrogen bond between the
O atom and the His194 Nε2 atom (3.10 Å) and
through a weak interaction with the Gln9 Nε2 atom
(3.15 Å), whereas a stronger interaction occurs
betweenACY1 and residue Gln9 of ScMCAT (2.51 Å).
Significantly, the ACY1 molecule of ScMCAT binds
very close to the active Ser97 (2.40 Å), while in
MtMCAT the ACY molecule is located more than
4.10 Å from the active Ser91. This observation
concerning the placement of ACY is consistent with
the previous report by Oefner and colleagues,19 in
which the catalytic serine residue is shown not to be
involved in intermolecular hydrogen bond forma-
tion, either in the complex with glycerol or in the
complex with malonate. Our reservoir buffer also
contains acetate; however, when crystals were
grown in the crystallization buffer in the absence
of acetate, a single acetate was still observed bound
in the same site of MtMCAT. Interestingly, after
soaking crystals with substrates or inhibitors, the
resulting MtMCAT structures showed no small
molecules bound in the active site, although we
cannot explain this phenomenon (data not shown).
In each case, Ser91 and other active site residues
possess the same conformation as the structure
described here, indicating that ACY does not in-
fluence the spatial arrangement of the surrounding
residues. The precise interaction between enzyme
and substrate should be elucidated by further ex-
periments, although the ACY molecule can be con-
sidered as a substrate mimic due to its similarity to
malonate.11

The active pocket of MtMCAT

The active site of MtMCAT is located in a cavity
between the large and small domains. The catalytic
Ser91 residue belongs to a highly conserved GXSXG
motif, which forms a tight turn between α6 and
β2, known as the nucleophilic elbow. In ScMCAT,



Figure 2. ACY binding to the active site of
MtMCAT. Active-site region together with the ACY at
the final 2 |Fo|–|Fc| electron density map (shown in
pink mesh) contoured at 1.0 σ. The ACY is colored by
white C and red O.

Figure 4. Electron density map covering the catalytic
Ser91. The final 2 |Fo|–|Fc| electron density map (shown
in green mesh) contoured at 1.5 σ. Ser91 fits the electron
density map very well.
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the active Ser97 residue is stabilized by a 2.91 Å
hydrogen bond between the NH2 atom of Arg122
and the Oγ atom of Ser97,11 whereas the active Ser92
residue in EcMCAT is stabilized by a water mole-
cule.18 In both the ScMCATand EcMCAT structures,
the active Cβ–Oγ bond of serine is almost perpen-
dicular to the imidazole ring of His201. In contrast,
the Cβ–Oγ bond of Ser91 in MtMCAT is oriented
upwards by ∼100° to become almost parallel to the
imidazole ring of His194 (Figure 3). The orientation
of the Ser91 Cβ–Oγ bond also results in significant
changes in the active pocket of MtMCAT compared
Figure 3. Stereo superposition of the active site of MtMC
marine sticks, EcMCAT is represented by aquamarine sticks
molecule from theMtMCATstructure is shown in yellow and t
grey. The Cβ–Oγ bond of Ser91 from MtMCAT is rotated upw
with other MCAT structures. From a careful analysis
of the crystal structure ofMtMCAT, it is evident that
Ser91 and other residues in the active pocket fit the
electron density map very well (Figure 4) and the
mean temperature factor of Ser91 is low (∼ 20.8 Å2),
suggesting that the orientation of Ser91 in our struc-
ture is correct and credible.

His90-Ser91 catalytic dyad

The change in orientation of the active Ser91
Cβ–Oγ bond in MtMCAT results in a change in the
AT, EcMCAT and ScMCAT. MtMCAT is represented by
, and ScMCAT is represented by violet sticks. The ACY
he ACY1 molecule from the ScMCATstructure is shown in
ards by about 100° (indicated by arrows).



Figure 5. The relationship between residues and small
molecules in the active site. The distance between His90
and Ser91 is 3.04 Å, which is shorter than the distance
(3.30 Å) between His194 and Ser91, implying that His90
and not His 194 forms a dyad with Ser91, the active
residue in MtMCAT. Ser91 is stabilized by one water
molecule (Wat6). The ACY molecule, which mimics the
malonyl group of the substrate, is stabilized by Arg116,
Gln9 and His94. The purple broken lines represent
hydrogen bonds.

Figure 6. Asn155-Wat6-Ser91 and Asn155-His90-
Ser91 nucleophilic attack chains. The green dash repre-
sents the Asn155-His90-Ser91 proton transfer chain and
the purple dash represents the Asn155-Wat6-Ser91 proton
transfer chain. The two chains are not found in the E. coli
or S. coelicolor MCAT structures.
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whole spatial relationship of the active pocket
compared with ScMCAT and EcMCAT. In our
MtMCAT structure, the distance between the Nε2

atom of His90 and the Oγ atom of Ser91 is about
3.04 Å. In contrast, the respective distances in the
ScMCAT and EcMCAT structures are greater than
5 Å. The distance between Ser91 and His194 in
MtMCAT is 3.3 Å, but the corresponding distance is
only 2.66 Å and 2.83 Å in ScMCAT and EcMCAT,
respectively. As a result, the active Ser91 residue in
MtMCAT is more conversant with His90 than with
His194 (Figure 5). According to a previous report,
Ser97 is the primary nucleophile in the active site of
ScMCAT, whereas His96 is a surrogate nucleophile
and His201 plays the role of a general base in
the serine-histidine catalytic dyad of the enzyme.20

In the MtMCAT structure, however, His90 (corre-
sponding to His91 and His96 in EcMCAT and
ScMCAT, respectively) is not a surrogate nucleo-
phile but a key component for nucleophilic attack.
The active site Ser91 is the exclusive catalytic resi-
due, and it is His90 rather than His194 that forms a
catalytic dyad with Ser91. The distance between the
Nε2 atom of His194 and the Oγ atom of Ser91 (3.3 Å)
is too far to form any bond and serine will pre-
ferentially select the closest histidine as its partner
to initiate nucleophilic attack. So, in the MtMCAT
structure, Ser91 and His194 cannot form a catalytic
dyad. Instead, His90 replaces His194 and the proton
transfer chain is changed.

Asn155-Wat6-Ser91 nucleophilic attack chain

Interestingly, a second proton transfer chain
found in the MtMCAT structure is composed of
Asn155, the water molecule Wat6 and Ser91
(Figure 6). The distance between Asn155 and
Wat6 is 3.02 Å, while the distance between Wat6
and Ser91 is 2.76 Å (Figure 6). The water plays an
important role in bridging Ser91 and Asn155, and
thus can support proton transfer by accepting a
proton from Ser91 and donating a proton to
Asn155. As a consequence, the Ser91 residue can
be polarized by Asn155 and initiate nucleophilic
attack. A similar chain has also been observed in
other structures. For instance, Kim and colleagues
reported that in the precursor CAD structure, a
water molecule (Wat1) donates a proton to a
hydrogen acceptor (Asn244β) and accepts a proton
from the hydroxyl group of Ser1β, thereby assist-
ing in nucleophilic attack by the hydroxyl group of
the serine in intramolecular cleavage.21

Asn155-His90-Ser91 nucleophilic attack chain

His90 is located 3.13 Å from Asn155 and could
become negatively charged via the transfer of one
proton to Asn155, thus initiating nucleophilic attack
on the substrate. However, taking into consideration
the placement of malonyl-CoA in the complex
structure solved by Oefner and colleagues,19 the
His90-Asn155 nucleophilic attack dyad cannot occur
at this site because the distance between His90 and
the substrate is too far for nucleophilic attack. We



Figure 7. Kinetic analysis of wild-type MtMCAT and
mutants towards malonyl-CoA using a fluorometric
coupled enzyme assay. Data for wild-type MtMCAT and
H90A and N155A mutants are shown. No data is shown
for the H90A-N155A double mutant as the activity was
too low to measure accurately.
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therefore propose a third nucleophilic attack chain
comprised of Asn155-His90-Ser91 (Figure 6). We
postulate that the lone residue (His90), as in several
other serine hydrolases, is sufficient to activate Ser91
for direct nucleophilic attack on the substrate,21–26

but additional interactions may assist His90 in
activating Ser91. Wang and colleagues reported a
water-mediated hydrogen bond between His254
and Asn251 to assist in polarizing the active
Ser201 in the crystal structure of rhomboid family
intramembrane protease.27 In our structure, His90
and Asn155 are within direct hydrogen bonding
distance and do not require the presence of a water
molecule to mediate the interaction. His90, polar-
ized by Asn155, could accept one proton from Ser91,
which would then become negatively charged
through the loss of a proton, enabling it to initiate
a nucleophilic attack on the substrate.

Enzyme activity assays

After locating three potential new proton transfer
chains in MtMCAT, we constructed three mutants,
H90A, N155A and H90A-N155A, for enzyme
activity assays in order to clarify their roles in the
active site of MtMCAT. In a series of experiments,
the concentration of holo-AcpM was kept constant
while different concentrations of malonyl-CoA
were introduced into the reaction mixture. All
data were input into the software OriginPro7.5
(OriginLab Corporation) for automatic calculation
of the Hill parameters (Table 2) and plotting of
curves (Figure 7). Since the activity of the double
mutant H90A-N155A is too low to be measured
accurately, the data are not shown here. The results
of our enzyme activity assays show little difference
between the Km of wild-type and mutant MCATs,
although there are substantial differences in their
Vmax. Of the three mutants assayed, the double
mutant has the lowest activity, followed by H90A.
The catalytic activity of N155A is the highest of the
three mutants assayed and is approximately 50% of
the activity of the wild-type enzyme. These results
provide strong evidence to support our hypothesis
that His90 serves as the base in the Ser-His catalytic
dyad, while Asn155 enhances the proton transfer
ability of His90. Mutating His90 to alanine causes
MCAT to undergo a substantial loss of activity, but
the mutant still retains weak activity because the
Asn155-Wat6-Ser91 chain is unperturbed and can
support the catalytic process. When Asn155 is
mutated to alanine, the activity is reduced to half
of the wild type MCAT activity, but it retains higher
Table 2. Comparison of Km and Vm for wild-type
MtMCAT and mutants with malonyl-CoA as substrate

Type Wild-type His90A Asn155A
His90A-
Asn155A

Km (μM) 16.77 19.11 17.55 —
Vm (RFU/min) 123.01 39.65 63.06 —
activity than the H90A mutant. This suggests that
Asn155 can participate in nucleophilic attack, but is
not a critical residue and its function is accessorial.
The double mutant undergoes a complete loss of
activity, since all three proton transfer chains are
abolished. Ser91 could not be polarized without
His90 and Asn155, which is consistent with our
structural observations. The wild-type and mutant
MCATs all possess similar Km values, indicating that
His90 and Asn155 are not responsible for substrate
binding or recognition.
We observe three new protein transfer pathways

from our MtMCAT structure, none of which is
identical to the classical pathway identified from
structures of EcMCAT and ScMCAT. In the
ScMCAT structure, there is no water molecule
linking Asn161 and Ser97 for proton transfer and
the two residues are located far away from each
other. In EcMCAT, although there is one water
molecule between the equivalent asparagine and
serine residues, they are also too far to support
proton transfer. Analysis of the Ramachandran plot
(Table 1) shows that Ser91 is located in a
generously allowed region, suggesting that the
orientation of Ser91 might be influenced by strong
interactions. Both Wat6 and His90 interact with the
serine, effectively pulling the Cβ–Oγ bond of Ser91
and turning it towards them. With no interactions
on the other side of the Cβ–Oγ bond of Ser91 to
balance these interactions, except for one weak
interaction between His194 and Ser91, the net
result is that the Cβ–Oγ bond of Ser91 is rotated
by ∼100° relative to the equivalent serine in other
similar MCAT structures (Figure 3). This reorienta-
tion of the Ser91 Cβ–Oγ bond destroys the classical
His194-Ser91 catalytic dyad and establishes three
new proton transfer chains for catalysis: His90-
Ser91, Asn155-Wat6-Ser91 and Asn155-His90-Ser91.
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As a result, the catalytic mechanisms of MtMCAT
differ from the classical mechanism of ScMCAT and
EcMCAT. MtMCAT catalyzes malonate transfer via
a ping-pong bi-bi mechanism using serine as a
catalytic residue. When malonyl-CoA binds to the
enzyme, the Arg116 and His194 residues recognize
and stabilize it. The thioester carbonyl of the
malonyl carboxylate group inserts into the oxya-
nion hole created by glutamine and valine. At the
same time, Ser91 is polarized by His90 or Asn155
through Wat6, and initiates a nucleophilic attack on
the thioester carbonyl in order to liberate CoA from
malonyl-MCAT. Subsequently, holo-ACP binds to
the enzyme and the malonate is transferred to
holo-ACP from the malonyl-MCAT intermediate.
Our biochemical experiments and those of our

colleagues provide further evidence for the three
proton transfer chains proposed here. A study by
Kremer et al. reports that the H194A mutant of
MtMCAT is unable to bind malonyl-CoA but does
possess catalytic activity, albeit considerably lower
than the wild-type MtMCAT. Indeed, the catalytic
activity of the H194Amutant is higher than for other
mutants, including Q9A, R116A, Q243A, S91T and
S91A. Of these, only S91A completely loses its cata-
lytic activity. All of these observations suggest that
residue His194 of MtMCAT is not a component of
the catalytic dyad or triad and does not participate
in nucleophilic attack. Instead, our structural analy-
sis indicates that its role should be to bind and
stabilize the substrate. The decreased catalytic
activity of the H194A mutant can therefore be ex-
plained by its decreased substrate binding ability.28

As His194 cannot assist Ser91 to initiate nucleophilic
attack, other proton transfer chains are required to
replace the His194-Ser91 dyad in order to achieve
nucleophilic attack. His90-Ser91 is the most likely
choice, and our enzyme kinetic assays of wild-type
MtMCAT and mutants indicate that H90A under-
goes a greater loss of activity than N155A, but does
not completely lose activity. These observations are
consistent with the existence of three new proton
transfer chains. His90 acts as the base for nucleo-
philic attack with Ser91, while Asn155 can also
accept a proton from Ser91 via His90 or Wat6. The
existence of three new chains in MtMCAT is not
concurrent and, without further experimental evi-
dence, it is not clear which is the predominant
proton transfer chain. Based on our enzyme kinetic
assay results, we postulate that His90-Ser91 should
be the most important chain.
Conclusions

Our structural studies of MtMCAT indicate a
strikingly different catalytic mechanism from other
known MCAT enzymes. M. tuberculosis can survive
and replicate in the hostile environment of host
macrophages because of its thick cell membranes,
which protects it from lethal microbicidal molecules.
Our structural analysis of MtMCAT could provide
useful insights into the mechanistic basis for this
unusual flexibility in the choice of nucleophilic
attack chains in the active site of the enzyme. The
three possible catalytic pathways shown here differ
from all other reported pathways for MCAT en-
zymes. This difference may be important for the
production of thicker and stronger membranes by
M. tuberculosis, and may aid the design of inhibitors
specific to MtMCAT.
Materials and Methods

Expression and purification of M. tuberculosis MCAT

A cDNA fragment (FabD) encoding M. tuberculosis
MCAT was cloned into the bacterial expression vector
pET28a (Novagen) with a His tag at the N terminus. The
recombinant plasmid was transformed into E. coli strain
BL21 (DE3) and over-expressed. Cells were cultured at
310 K in 1 l of LB medium containing 50 mg ml−1

kanamycin to an A600nm of 0.6–0.8. The cells were then
induced with 1 mM isopropyl-β-D-thiogalactopyrano-
side (IPTG) and continuously incubated at 310 K for a
further 4 h to an A600nm of 2.0. The cells were harvested
by centrifugation, resuspended in lysis buffer (20 mM
Tris–HCl (pH 7.9), 500 mM NaCl, 5 mM imidazole, 10%
(v/v) glycerol) and homogenized by sonication. The
soluble cell lysate obtained by centrifugation at 15,000g
for 30 min was applied onto a Ni2+-chelating affinity
column (1.5 ml Ni2+–NTA agarose) pre-equilibrated with
lysis buffer. The contaminant protein was thoroughly
washed off with wash buffer (20 mM Tris–HCl (pH 7.9),
500 mM NaCl, 20 mM imidazole, 10% glycerol) for at
least ten bed volumes and the target protein was eluted
with 20 mM Tris–HCl (pH 7.9), 500 mM NaCl, 200 mM
imidazole, 10% glycerol for about 10 ml. The eluted
sample was then concentrated using an Ultrafree 10,000
NMWL filter unit (Millipore) to 500 μl and further
applied onto a Superdex-75 size-exclusion chromato-
graphy column (Pharmacia) with buffer A (20 mM
Tris–HCl (pH 7.5), 150 mM NaCl). The target peak
corresponding to a molecular weight of about 30 kDa
(a monomer) was collected and loaded onto a Resource
Q anion-exchange chromatography column (Pharmacia)
equilibrated with buffer B (20 mM Tris–HCl (pH 7.5),
100 mM NaCl). After washing the unbound protein
with three bed volumes, a linear gradient of 0.1–1.0 M
NaCl in the same buffer was applied. MCAT was
finally eluted with approximately 0.35 M NaCl. The
purified sample was concentrated and transferred into
a buffer containing 20 mM Tris–HCl (pH 7.5) and
50 mM NaCl. The purity of protein was then analyzed
on SDS–PAGE (better than 90% purity) and was judged
to be suitable for crystallization.
Construction of MCAT mutants

The MCAT His90A mutant was constructed by repla-
cing the CAC codon for His90 with GCC. The mutant
Asn155Awas constructed by replacing the AAC codon for
Asn155 with GCC. The MCAT His90A-Asn155A double
mutant was constructed by simultaneously replacing the
CAC and AAC codons with GCC. All constructs were
transformed into E. coli strain BL21 (DE3). The expression
and purification protocols are the same as for the wild-
type enzyme described above.
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Crystallization and X-ray data collection

The purified protein was concentrated using an
Ultrafree 10,000 NMWL filter unit (Millipore) to 25 mg
ml−1 in a solution containing 20 mM Tris–HCl (pH 7.5),
30 mM NaCl. The preliminary crystallization condi-
tions were obtained by the sparse-matrix sampling tech-
nique29 with the hanging-drop vapour-diffusion method
using Crystal Screen I and Crystal Screen II reagent kits
(Hampton Research). Crystals suitable for X-ray diffrac-
tion were obtained from 30% (w/v) PEG 4000, 0.1 M
Tris–HCl (pH 8.5), 0.2 M sodium acetate. 1 μl of protein
solution was mixed with 1 μl of reservoir solution
and equilibrated against 200 μl of reservoir solution at
291 K. Crystals grew in two weeks and initially diffracted
to 4.0 Å resolution, but following optimization they
grew in four to five days and diffracted to at least 2.5 Å
resolution.
X-ray diffraction data for the M. tuberculosis MCAT

protein were collected in-house at 291 K using a Rigaku
MM-007 X-ray generator (λ=1.5418 Å) and a Mar345dtb
detector. The crystal was flash cooled for data collection
and no cryoprotectant was used. Diffraction data were
integrated, scaled and merged using the program
HKL2000.30
Structure determination and refinement

Initial phases were obtained by molecular replace-
ment with the program CNS.31 The search model
consisted of a single MCAT monomer from the
previous ScMCAT structure (PDB code: 1NM2). Model
building was performed iteratively in O32 with rounds
of simulated annealing, energy minimization, and B
factor refinement in CNS. The figures were drawn
using PYMOL (DeLano Scientific, San Carlos, CA). Data
collection and refinement statistics are summarized in
Table 1.
Coupled enzyme assay

The purified wild-type and mutant enzymes were
subjected to enzyme characterization using the coupled
enzyme method33 with minor modifications. All enzy-
matic reactions were conducted in a final volume of
100 μl and performed in 96-well microtiter plates using
Fluoroskan Ascent (Thermo Electron Corporation).
Enzymes were diluted to twice the final assay concentra-
tion in 50 mM phosphate buffer (pH 6.8), 1 mM EDTA,
1 mM DTT, and 0.1 mg/ml BSA. Malonyl-CoA was
prepared at four times the final assay concentration in
50 mM phosphate buffer (pH 6.8), 1 mM EDTA, 1 mM
DTT. ACP and PDH (pyruvate dehydrogenase) were
diluted together at four times their final concentrations in
the same buffer supplemented with 8 mM pyruvic acid,
1 mM NAD, and 0.8 mM TPP. The final concentrations of
all ingredients were 50 mM phosphate buffer (pH 6.8),
1 mM EDTA, 1 mM DTT, 2 mM pyruvic acid, 0.25 mM
NAD, 0.2 mM TPP, 0.03 nM MCAT, 60 μM ACP, 15
munits/100 μl PDH, and 25 μM malonyl–CoA. All
solutions and the microplate reader were pre-equili-
brated at 37 °C. The components were pipetted in the
following order: 50 μl MCAT solution, 25 μl ACP/PDH
mix, and then 25 μl malonyl–CoA solution to start the
reaction. NADH fluorescence was immediately measured
at the excitation wavelength (340 nm) and the emission
wavelength (465 nm) for 5 min.
Protein Data Bank accession code

The ataomic coordinates have been deposited in the
RCSB and are available under accession code 2QC3.
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