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ABSTRACT. Chorismate mutase catalyzes the first committed step toward the biosynthesis of the aromatic
amino acids, phenylalanine and tyrosine. While this biosynthetic pathway exists exclusively in the cell
cytoplasm, theMycobacterium tuberculosisnzyme has been shown to be secreted into the extracellular
medium. The secretory nature of the enzyme and its existerde tiberculosisas a duplicated gene are
suggestive of its role in hosfpathogen interactions. We report here the crystal structure of homodimeric
chorismate mutase (Rv1885c) frdvh tuberculosisietermined at 2.15 A resolution. The structure suggests
possible gene duplication within each subunit of the dimer (residued 8% and 136-199) and reveals

an interesting proline-rich region on the protein surface (residues-13@), which might act as a
recognition site for proteirprotein interactions. The structure also offers an explanation for its regulation
by small ligands, such as tryptophan, a feature previously unknown in the prototigsiciaérichia coli
chorismate mutase. The tryptophan ligand is found to be sandwiched between the two monomers in a
dimer contacting residues 6®8. The active site in the “gene-duplicated” monomer is occupied by a
sulfate ion and is located in the first half of the polypeptide, unlike in $laecharomyces cerisiae

(yeast) enzyme, where it is located in the later half. We hypothesize thM.théerculosischorismate
mutase might have a role to play in hegtathogen interactions, making it an important target for designing
inhibitor molecules against the deadly pathogen.

Chorismic acid is the last common precursor in the for multiple enzymes. Various enzymes that utilize choris-
aromatic amino acid biosynthesis pathway and is a substratemate as a substrate include chorismate mutase (CM),
anthranilate synthase, isochorismate synthase, pazuchi-
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involved in the shikimate pathway for biosynthesis of nematodes have been shown to be involved in viruleb8e (
aromatic amino acid}. The enzyme channels chorismate 21). Indeed,MtbCM when expressed heterologouslyEn
toward the biosynthesis of phenylalanine and tyrosine and coli is found to be localized in the periplasm5j. The
away from that of tryptophan and therefore represents ansecretion of the enzyme has been attributed to the 33
important check point for regulating the balance of aromatic N-terminal residues, deletion of which has been shown to
amino acids in the cell. keep the enzyme in the cytoplasm when expresséd aoli
Structures of CMs fromEscherichia coli(3), Bacillus (15). Thus, the existence &MtbCM in the extracellular space
subtilis (4), Saccharomyces cersiae (5—7), andThermus suggests that the secreted enzyme might have evolved to play
thermophilus(8) are known. Structural comparisons show a similar role inM. tuberculosisand aid in its pathogenesis.

that CMs from different Organisms have evolved into two M. tuberculosigesides inside the macrophages that p|ay
completely unrelated protein folds, suggesting separatean important role in inducing or regulating the innate and
evolutionary origins of the enzyme. On the basis of the T.cell-mediated adaptive immune responses in the host.
structural fold adopted by the protein, CMs have been Gijven the extracellular existence BitbCM and the impor-
classified into the AroH and AroQ classes. Enzymes of the tance of the *AroQ proteins in virulence in other organisms,
AroH class adopt a trimeric pseuddp-barrel fold and  secretoryMtbCM is likely to mediate interactions with the
include the monofunctional CMs frorB. subtilisand T. host macrophage cells and p|ay arole in virulence. We have
thermophilug4, 8). The AroQ class of enzymes, on the other determined the crystal structure of the unique extracytoplas-
hand, is completely helical and includes the bifunctional mic MtbCM in complex with its allosteric ligandy-
enzymes fromE. coli and the monofunctional yeast CM.  tryptophan (Trp), at 2.15 A resolution. The structure reveals
Intriguingly, despite the different tertiary structures adopted an interesting proline-rich fragment on the protein surface.
by the proteins in the two CM classes, the mode of substrate\ye believe that the proline-rich surface of the protein might
recognition in either of them is similar, suggesting a pe involved in mediating binding dfitbCM to the mac-
convergence of the catalytic mechanisaj. ( rophage cell surface receptor(s). The overall study offers an
On the basis of sequence homologies, it has emerged thatinderstanding of the important role itbCM in mediating

among the two CM classes, the AroQ CMs are more host-pathogen interactions and the mechanisms involved
prevalent in nature and are widely distributed among the therein.

prokaryotes. In most prokaryotes, CMs exist as bifunctional
enzymes possessing an associated prephenate dehydrogenag® TERIALS AND METHODS
or a prephenate dehydratase activity0)( Examples of
multiple copies of the CM gene in the same organism are Crystallization and Data Collectiorilhe M. tuberculosis
also known, where at least one of the gene products existsgene, Rv1885c, encoding CM was expressed in the hetero-
as a fusion proteini(l). The eukaryotic CMs, on the other l0gous hostE. coli BL21(DE3) and purified as described
hand, are generally monofunctional with the enzyme activity Previously @2). For production of the selenomethiony! (Se-
being regulated by the aromatic amino acifis12). Thus,  Met) CM, the gene was overexpressedkircoli BL21(DE3)
substantial variations exist among the eukaryotic and prokary-grown in minimal medium, supplemented with the 19
otic enzymes, even within the AroQ class. The crystal haturally occurring.-amino acids, except methionine, at a
structure reported in this paper corresponds to the AroQ classconcentration of 50 mg/L. Methionine was replaced with
CM of Mycobacterium tuberculosis selenoe-methionine at the same concentration, and cells were
The availability of theM. tuberculosisyenome sequence  grown for 16 h after induction with 0.1 mM IPTG at 3T.
and its re-annotation later led to the identification of two Purification of the Se-Met protein was carried out as
putative genes, encoded by Rv1885¢c and Rv0948c opendescribed previously2@). Crystals of Se-Met CM were
reading frames, encoding the CM enzyme in the organism 9rown by vapor diffusion by equilibrating 8L of protein
(13, 14). Although both these proteins have been shown to ata concentration of 5 mg/mL against a reservoir containing
possess CM activity, the amino acid sequences of the two0.2 M LizSQ, and 22% PEG 8000 in 0.1 M sodium acetate
are less than 15% identicalg, 16). M. tuberculosisCM buffer (pH 4.6) over a period of-45 days. The crystallization
(MtbCM), encoded by Rv1885c, shares20% sequence drop also contained 1 mM tryptophan pre-equilibrated with
identity with the E. coli enzyme, while the the level of the protein, which corresponds to an approximately 3.5-fold
identity with yeast CM is~10%. Despite such a low degree molar excess of the protein concentration. Crystals were
of sequence similarity, however, the Rv1885c gene product soaked in an artificial mother liquor of the same composition
has been shown to be a functional enzyme possessing CMPUt supplemented with 26% (v/v) glycerol for cryoprotection
activity (15, 16). MtbCM was shown to be monofunctional for ~1 min before freezing them for data collection. Data
in nature with no other associated enzyme activ[tﬁ)( were collected at tunable beam ID-23 at the EUrOpean
Moreover, unlike the other known prokaryotic CMs, fle ~ Synchrotron Radiation Facility (ESRF) (Grenoble, France).
tuberculosisenzyme exhibited allosteric regulation by aro- A fluorescence spectrum was measured around the Se
matic amino acids, a feature limited to the eukaryotic CMs K-absorption edge. Data were measured at the absorption
(7,12, 15). Interestingly, CM has been shown to be secreted Peak ¢ = 0.97955 A;A¢ = 1°, total ¢ = 180), inflection
in many bacteria and nematodes suclEasinia herbicola point (1 = 0.97975 A;Ag = 1°, total ¢ = 18C°), and the
Burkholderia fungorumPseudomonas aerugingsghodo-  low-energy remote poinii(= 0.9809 A;Ag = 1°, total ¢
coccus equi Salmonella typhi Salmonella typhimurium = 180°) using an ADSC Quantum-4 detector. Data were
Yersinia pestisMelidogyne jaanica andHeterodera gly- ~ Processed using MOSFLM and SCALRJ).
cines(11, 17—19). Intriguingly, the secreted CMs (designated  Structure Determination and RefinemeRasitions of Se
as *AroQ) from a few of these pathogenic bacteria and the atoms were determined by the anomalous difference Patter-
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Table 1: Data Collection Statistics of the Native and Se-Met Table 2: Refinement Statistics
Crystals no. of protein atoms 3882
native peak inflection remote no. of subunits per asymmetric unit 3

space group  C2 2 2 2 no. of atoms per asymmetric unit 4167
a(A) 1245 124.6 124.8 124.9 no. of waters per asymmetric unit 218
b (A) 83.8 841 843 844 resolution range (A) 562.15
c(A) 62.7 62.9 63.0 63.0 Ruon® (%) 18.0(19.6)
B (deg) 93.4 93.5 93.5 93.6 rec’ (%) 22.4(29.3)
wavelength (A) 1.00 097955  0.97975  0.9809 rmsd from ideal values
resolution 70-2.15  30-2.2 30-2.2 30-2.2 bond distances (A) 0.017

range (A) bond angles (deg) 1.466
no. of unique 36542 (2491) 32649 (4702) 32844 (4736) 32846 (4733)  averageB-factor (A?)

reflections overall 42.4
redundancy 3.6 (1.7) 3.9(3.9) 3.9(3.9) 3.9(3.9) main chain 40.3
cor(]g/p;eteness 96.7 (75.6) 99.2(98.7) 99.2(98.7) 99.1(98.5) side chain 445

0

averagd/o(l) 10.1(2.8) 18.6 (6.8) 16.8 (4.6) 15.0 (2.7) \évlj}g{e ion zé:ézé
Rmergd (%) 10.9 (28.2) 5.2(15.7) 5.5(27.1) 6.3 (43.7) Trp-ligand 50.5
anomaloluts 98.9(98.0) 99.0(98.0) 98.8(97.8) structure validation

((:(%np eteness Procheck Ramachandran plot (%)
anomalous 19(1.9)  1.9(19  1.9(1.9) core 96.2

multiplicity " 5|1"0V\l’)(?d 3.3

#Values in the parentheses are for the highest-resolution shel2.19 OC’?;cs)hg)éore (all atoms) 3.81 (99th percentile)
b2.15 A for native CM and 2.322.20 A for the Se-Met CM crystal). Clashscoref < 40) 0 (100th percentile)
® Rnerge= 3 I — V3 (1, whereln are the intensities anidhl] rotamer outliers 1.44%
is the average intensity over all observations. B deviations of>0.25 A 0

PDB entry 2A02

son method using RSP33), and the two positions that were 2 Ryork = Y |Fo — Fel/3 |Fo|. ® Values in parentheses represent those
dentfed were used as nput for SHARBA. Phases were [0 18 OIS ) 028 5, e e
Ca!Culated using SHARP foIIo_wed by density madification the R-factor calculated from a subset of reflections (5%) éxclur(;eed from
using the solvent flipping option of SHARP. The electron (sfinement.

density maps generated with the correct hand were of
exceptional quality. A molecular model for 160 residues was aps and were included in the later parts of the refinement.
constructed using WARPNTRACRS). The molecular model  poreover theF, — F. difference maps showed large
was re_fmed against the native data (_:ollected preVIou_st at sonnected density at theSo level, which water molecules
beam line BL41XU of SPring-89). Refinement was carried  ¢oy|d not account. Since the crystallization buffers contained
out using the target maximum likelihood function as available 1 pm Trp, and the crystals could not be grown in its absence
in REFMAC (26) and CNS 27). Models were built in O o Trp molecules were modeled in this density in the later
(28) by usingoa-weighted F, — Fc andFo — Fe electron  giages of refinement. The Trp ligands were seen to be
density maps. Structure quality was assessed with PRO-ggngwiched symmetrically between two monomers in a
CHECK (29) and MOLPROBITY 80). Figures were pre-  gimer, contacted by residues Pro66, Ile67, and Glu6s. The

pared using MOLSCRIPT and RASTER3BI( 32). Struc- R-factor andRye of the final model are 0.180 and 0.224,
tural superpositions were carried out in @8) using C respectively (Table 2).

atoms. Overall Structure of M. tuberculosis Chorismate Mutase.
RESULTS The final .refined.structure consistls of residues-299 in
three chains designated-AC. We did not observe electron
Crystallization, Structure Determination, and Refinement. density for the 34 N-terminal residues. These residues are
In an attempt to understand the structural basis of the im- probably disordered or cleaved during heterologous expres-
munomodulatory nature dtbCM, the crystal structure of  sion in E. coli. It has previously been shown that the
the enzyme was determined. Se-N#bCM was crystallized recombinant protein when expressedEncoli is secreted
in space groupC2 in the presence of Trp. Cell parameters from the cytoplasmic spacd%, 16). Secretion ofMtbhCM
and scaling with the diffraction amplitudes of the native is facilitated by the presence of a signal sequence comprising
crystals suggested that the Se-MétbCM crystals were 33 residues at the N-terminus, which is cleaved after secretion
isomorphous with the native crystals (Table 1). Anomalous (16). The absence of electron density for the first 34 residues
Patterson maps led to the identification of two strong peaks at the N-terminus hence might suggest cleavage of the signal
corresponding to the Se positions, which were refined using peptide from the polypeptide chain prior to crystallizations.
SHARP. The initial map allowed the construction of a  The M. tuberculosisenzyme is an all-helical protein,
molecular model with 160 residues in each chain. Unexpect- similar to theE. coliand yeast CMs. The polypeptide chain
edly, WARPNTRACE constructed three chains in the asym- is folded into eighta-helical segments, numbered-&
metric unit, whereas only two molecules were anticipated (Figure 1a). Helix 3, spanning residues-9a019, forms the
from the Matthews coefficient3@). The asymmetric unit  longest helix and is involved in dimerization across the two
therefore contains one and one-half dimers. The final subunits. This helix also contributes to the allosteric site for
structure contains, in addition to the three polypeptide chains,the binding of Trp residues involved in enzyme regulation,
218 water molecules. Five sulfate ions were also clearly as discussed below. Helix 7 (residues 4396) is juxtaposed
visible in theoa-weighted F, — F. and F, — F. density with respect to helix 8 (residues 1#290) in such a manner
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H2 Surface area calculations reveal that two of the three
molecules in the asymmetric unit bury an area of 1591 A
suggesting that these molecules form a biological dimer
(Figure 1b). The third molecule in the asymmetric unit forms
the biological dimer across the crystallographic 2-fold
symmetry axis. The two dimers are essentially identical in
the crystallographically independent subunits, and the sub-
sequent discussion pertains to chains B and C, which are
related through noncrystallograpic 2-fold symmetry.

Dimerization is mediated through residues spanning helix
3 in both subunits, with the two helices placed antiparallel
to one another. A majority of the interactions are mediated
by association between side chains of the two adjacent
subunits through salt bridges and hydrogen bonding. One
of the interactions is formed by an extensive hydrogen
bonding network through the guanidino group of Arg103.
The guanidino group of Arg103 forms a hydrogen bond with
the main chain carbonyl oxygen of Lys117 in the other
subunit, and with the side chain amide of GIn190 of the same
subunit. Another crucial network brings the side chain
carboxyl oxygens of Glu68 and Glul06 into close contact
with the N group of Lys117. Moreover, this interaction
appears to be crucial in relaying the allosteric effects of Trp,
since the Trp forms a hydrogen bonding network (Trp-
Tyr110-Glu68-Lys117-Glu106), whereas Glul06 is a part
of the active site (Figures 3 and 4). Thus, intimate side
chain—side chain and side chaimain chain interactions
contribute to the association of the monomers in the
biological dimer.
FicUre 1: Overall structure oM. tuberculosisCM. (a) The eight Structural Analysis and Comparison with E. coli CM
helices shown in the monomer are numbered serially. Two parts Suggest Possible Gene Duplication in MtbCe MtoCM
of the structure that arise out of gene duplication are colored in . .
different shades of blue. The Pro-rich region connecting these two structure can be thought to COUS'St of two distinct Segments'
halves is colored red. The disulfide linkage between residues 16035—119 and 136-199, as mentioned above. Comparison of
and 193 is also shown. (b) The dimer is shown in the same the two halves oMtbCM reveals a weak degree of similarity.
Oriedntgtigp \;\:ithtghehgwno gﬁg\:\?ﬂs ﬁ]ogfpelg dtiﬁ%fgngltyihzhﬁ] flell?:égrigf Superposition between the two halves, i.e., residues 35
the dimeric Cyl\a. IEositibns of sulfate iohs, to mark the active site 1:!'9 and residues 13199, yielded a structural a_Ilg_nm.ent
in each monomer. are indicated. with a rmsd of 2.13 A for 51 €atoms. Structural similarity

' between the two halves &fitbCM is therefore suggestive

that Cys160 forms a disulfide linkage with Cys193 (Figure of a possible gene duplication event iftbCM. The two
1a). Helix 8 leads to a segment of polypeptide, which appearshalves are connected via a highly flexible proline-rich region
to be an unwound helix, but cannot be classified into a occurring between helices 3 and 5. This intervening proline-
defined secondary structure. Cys193 is placed just after helixrich loop appears to form an “intergenic” region connecting
8 in the unwound part of the polypeptide. Formation of the the gene-duplicated polypeptide iftbCM.
disulfide linkage between Cys160 and Cys193 would not E. coliCM exists as a homodimer with each polypeptide
have been possible if the geometry of this stretch was adopting an all-helical fold consisting of three helices in each
maintained as a typicat-helix. subunit B). Sequence comparisons EtbCM with E. coli

The three polypeptide chains can be superimposed veryCM reveal a low level of pairwise sequence identity of
well with a root-mean-square deviation (rmsd) between <20%. MoreoverE. coliCM is a small protein of 90 amino
chains A and B of 0.62 A for 165 ©€atoms and between acids, whileMtbCM is larger and consists of 199 amino acid
chains A and C of 0.50 A for 165%atoms. The only deviant  residues. Despite these differences, however, structural
stretch in the three polypeptide chains is the region spanningcomparisons oMtbCM with the E. coli monomer yield a
residues 119130. Electron density at the loop region superposition with a rmsd of 1.97 A for 78*@ositions
spanning these residues is poorly defined in all the three (Figure 2a). This superposition aligns helices3lof E. coli
chains. This region is a proline-rich fragment, which connects CM with helices -3 of MtbCM. Moreover, the same rigid
two distinct segments of the polypeptide. Thus, despite minor body transformation also aligns the second monoméet.of
differences in residues 13430, the overall conformation  coli CM with helices 5, 7, and 8 ditbCM. Thus, a single
of the protein is essentially the same in all the three chains. polypeptide chain oMtbCM can simultaneously be super-

Mode of DimerizationSize exclusion results have previ- imposed onto both chains of th& coli CM dimer. Such a
ously shown thaMtbCM exists as a dimerl§, 16). Since superposition results in an overall rmsd of 1.42 A for 117
the crystal asymmetric unit contains three CM molecules, C* atoms. Since the two halves bftbCM are structurally
calculation of the buried surface area across different homologous to each other and both halves can be simulta-
monomers was used to identify the physiological dimer. neously superimposed with tle coli CM dimer, MtbCM
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Ficure 2: Comparisons of the overall structureshdf tuberculosisE. coli, and yeast CMs. (a) Stereoview of the superposed CMs from

M. tuberculosigred), E. coli (green), and yeast (bludf. coli CM is shown in its dimeric state, while the yeast avidtuberculosisCMs

are shown in their monomeric form. A remarkable conservation of the four-helix folds is seen. Positions of the active site sulfate ions in
MtbCM are shown. (b) Stereoview of the different modes of dimerization in the yeast CNWth@M. The two chains of yeast CM are
colored in different shades of red, while thosevbftuberculosisare colored in different shades of blue. Despite similar tertiary structures,

the two proteins form dimers in a very different manner. (c) Structure-guided sequence alignment of CNi4. fudmerculosisE. coli,

and yeast. ThMtbCM sequence is colored pink. The two identical polypeptides.afoli CM are colored orange and blue. The yeast CM
sequence is colored yellow (C-terminus) and green (N-terminus). The conserved active site residues are colored cyan. The C-terminus of
yeast CM aligns well with the N-terminus &4tbCM. Arrows indicate residues that interact with the allosteric Trp, while asterisks denote
the active site residues. Positionsocehelices inE. coli (black bar above the sequences) as weN&sCM (blue bar below the sequences)

are also shown for comparison.
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might indeed be a result of gene duplication. Gene duplica-
tion within the MtbCM cannot be discerned by sequence
analysis between the two halvesMtbCM, or between the

M. tuberculosisand E. coli sequences, but is strikingly
evident from comparisons of the two structures.

Despite significant similarity between the. coli and
MtbCM structures, the most noticeable deviation occurs in
the shortening of helices 1 and 5 d&fitbhCM, which
correspond to helix 1 of both subunitsiBf coli CM. These
two helices inMtbCM appear to be two-thirds as long as
the corresponding helices in tke colienzyme. While helix
1 of MtbhCM appears to be truncated at the N-terminus, helix
5 is truncated at its C-terminus. Similarly, larger deviations
toward the C-terminal region of the polypeptide, such as
unwinding of helix 8 ofMtbCM, are also observed.

Comparison with the Yeast Chorismate Mutalee level
of pairwise sequence identity between e tuberculosis
and yeast CMs is less than 10%, yet the tertiary structure of
the MtbCM superposes well with that of yeast CM, with a
rmsd of 1.52 A for 114 € atoms. Structural comparisons
between yeast CM anllitbCM using C+ atoms reveal that
the N-terminal half oMtbCM (residues 35119) superposes
very well with the C-terminal half of yeast CM (residues
141-256). This resulting alignment matches helices3lof
the M. tuberculosisprotein with helices 8, 11, and 12 of
yeast CM (Figure 2b). Interestingly, the second half of the
M. tuberculosigrotein, i.e., helices 5, 7, and 8, aligns well

R4 1

M. tuberculosis

Ficure 3: Comparison of th&. coliandM. tuberculosisCM active
sites. Superposition of th&. coli (cyan) andM. tuberculosis
(magenta) CMs shows a remarkable conservation of the substrate
binding residues. The absence of a crucial glutamate at position
73 inMthCM is compensated by Glu106, which is now positioned
for interaction with the substrate through H-bonding. The endo-
oxabicyclic transition state analogue colored brown is a part of the
E. coli CM structure (PDB entry 1IECM).

in MtbCM, while two are conservative replacements, i.e.,

with helices 2, 4, and 7 of yeast CM, respectively. It is

Ser84Thr and GIn88Glu (numbers corresponding toBhe

interesting to note that the structural alignment matches thecoli sequence; Figure 2c). The major variation is the

C-terminal domain of yeast CM with the N-terminal half of
MtbCM and vice versa (Figure 2c).
An important difference in the yeast ail tuberculosis

replacement of a glutamate, Glu52 i coli CM, with a
valine, Val73, inMtbCM. Glu52 in E. coli CM has been
shown to be crucial, where its side chain carboxyl is

CMs is the mode of dimerization of the two subunits (Figure important in stabilizing the transition state. The corresponding
2b). The yeast CM exists as a strong dimer that is evident Glu198 in yeast CM is also crucial for the enzyme activity
from a large buried surface area of 4078 Between the  as demonstrated through site-directed mutagenesis studies
two monomers. The site of dimerization in yeast CM lies at (34). Intriguingly, despite this important differenddtbCM
the interface comprised of helices 2, 4, 8, and 11 and seems to have retained its activifys( 16). This is most likely
connecting loop regions 50s and 80s (nomenclature asdue to the presence of Glu106, which occurs at a structurally
described in ref7). Dimerization of MtbCM, on the other  analogous position, thereby compensating for the loss of a
hand, involves contributions from helix 3 and the loop carboxyl group at position 73 (Figure 3). The side chain of
spanning residues 649 and buries a much smaller area of Glu106 in MtbCM is appropriately placed to mediate the
1591 A&. Thus, despite similar tertiary structures among the necessary interactions with the substrate. Therefore, despite
different CMs, the quaternary associations between thethe alteration at a crucial residue MtbCM, the active site
individual monomers are very different (Figure 2b). geometry is maintained by a compensating mutation.
Active Site Residues of MtbCNIhe active site oE. coli Another residue that has been shown to play an important
CM is made up by contributions from both its subunits. On role in CM catalysis is Glu109 (GIn88 i&. coliand Glu246
the other hand, the active site MtbCM lies within each in yeast). This glutamate is involved in interactions with the
polypeptide chain and is contributed by residues in helices ether O of the substrate and thereby has been shown to
1-3 and 5. The active site is therefore made up of restrict the enzyme activity to acidic pt34). Comparison
contributions from both the N-terminal and C-terminal halves of enzyme activities at different pHs shows that the yeast
of the polypeptide. This is very similar to the case for yeast CM has a pH optimum in the acidic range of pH& while
CM where a single polypeptide folds into a functional unit. the E. coli enzyme shows maximal activity at the physi-
Since the yeasf7j andM. tuberculosisCMs (this work) are ological pH of 7.4. This effect of pH on enzyme activity
believed to have evolved from duplication of an ancestral has been attributed to the presence of glutamate in the yeast
CM gene, formation of the active site in a single polypeptide (Glu246) and glutamine in thg. coli (GIn88) enzymes34).
chain appears to be a consequence of this duplication eventin MtbCM, the residue at the corresponding position is a
Although the overall level of sequence identity among the glutamate (Glu109) and is therefore expected to behave like
E. coli, yeast, and\. tuberculosisCM sequences is very the yeast enzyme, yet paradoxically, the tuberculosis
low, the structure-guided sequence alignment shows aenzyme has a pH optimum of 7.85). The difference in
remarkable conservation of the active site residué$tbCM the pH profile of MtbCM cannot, therefore, be explained
(Figure 2c). Of the seven residues contributing to the active easily, and perhaps detailed electrostatics calculation can shed
site of the AroQ class of CMs, four residues are conserved more light on it.
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The active site oMtbCM is seen to be blocked due to
the presence of a sulfate ion in the structure. The presenc
of the ion is attributed to its inclusion in the crystallization
buffers. Side chains of residues Arg72, Arg134, Lys60, and
GIn76 interact with the ion, making a strong ionic associa-
tion. Interaction with the sulfate ion places the side chains

of these residues so that the active site is completely closed
for entry to the substrate. It therefore appears that sulfate

ion acts as an inhibitor of the enzyme by blocking entry of
the substrate into the active site.

Interactions of the Allosteric Regulator with MtbCM.

Biochemistry, Vol. 45, No. 23, 2006003

a

Difference electron density maps showed the presence of a

Trp at the dimer interface of the enzyme. This site is occupied
in both dimers in the crystal asymmetric unit. The binding
site of Trp overlaps with the 2-fold symmetry axis; hence,
two “half-Trp’s” have been modeled at this site in different
orientations with each tryptophan being modeled with half-
occupancy. Similarly, the Trp at the interface of the non-
crystallographically related dimers is also present at the
noncrystallographic 2-fold axis and has therefore been
modeled with half-occupancy in two different conformations.
The conformation of Trp modeled on the noncrystallographic
2-fold axis is the same as that modeled on the crystal-
lographic 2-fold axis. Within a dimer, the two half-Trp’s
make identical interactions with both monomers, and interac-
tions of one of the Trp’s are depicted in Figures 1b and 4.
The Trp at the dimer interface interacts extensively with
residues from both subunits (Figure 4). While interactions

with one subunit are mostly of the hydrogen bonding type,

it makes van der Waals interactions with the other subunit.
The carboxyl group of tryptophan bound at the dimer
interface interacts with the main chain amide group of
residues lle67 and Glu68. The amino group of Trp forms a
close contact with the hydroxyl OH group of Tyr110, while

the indole NH group is involved in interaction with the main

chain carbonyl oxygen of Leu65. The indole ring also forms

Ficure 4: Interactions of the allosteric ligand, tryptophan, at the
dimer interface. (a) ThE, — F. difference map shows large density
at the interface of the two monomers. Two Trp molecules could
account for the density when they were constrained symmetrically.
Two Trp molecules were therefore modeled with half-occupancy

several van der Waals interactions with residues from anothereach as mentioned in the text in detail. (b) Tryptophan interacts

subunit in the dimer. Binding of Trp at the dimer interface
creates a network of interactions involving the allosteric Trp,
Tyr110, Glu68, Glul06, and Lys117 (Figure 4).

The site of binding of the allosteric regulators, Trp and
Tyr, in yeast CM also lies at the dimer interface. However,
this allosteric site is placed very far from the substrate-
binding pocket and therefore enacts a large helical movemen
during the allosteric transition in yeast CM)(Interestingly,
in MtbCM, while one face of helix 3 contributes to residues
involved in monometrmonomer contacts and the allosteric
site, the other face contributes to residues involved in the
interaction with the substrate. As a result, the allosteric site
in MtbCM is close to its substrate binding site. It is therefore
likely that helix 3 might play an important role in allostery
and hence the regulatory effect observed inNhdubercu-
losis enzyme.

Pro residues dominate the peptide segment between th
apparently duplicated regions of thiMdtbCM polypeptide
(residues 126128). This region adopts a left-handed poly-
Pro-1l conformation. Since such conformational regions are
known to bind to cell signaling proteins, such as the SH3
domains 85), it is likely that the secretelfitbCM binds cell
surface signaling proteins.

with one of the CM polypeptides through main chain and side chain
interactions, facilitating a hydrogen bonding network across the two
subunits.

DISCUSSION

The shikimate pathway involved in the biosynthesis of
fmany important aromatic compounds such as siderophores,
menaquinones, and aromatic amino acids has been shown
to be indispensable irM. tuberculosis (36, 37). CM
constitutes one of the key enzymes at the branch point in
this pathway and is involved in the biosynthesis of aromatic
amino acids. Recently, two independent studies have shown
that the product of the gene, Rv1885c, friMntuberculosis
possesses a monofunctional CM activiys,(16).

Biosynthesis of aromatic amino acids in most organisms
is carried out exclusively in the cytoplasm, and hence, the
role of CM is believed to be confined to the cytosol.
éntriguingly, howeverMtbCM has been shown to be secreted
in the extracellular mediunig, 16). CMs from several other
bacteria, includingk. herbicola S. typhimurium and P.
aeruginosahave also been shown to exist in the periplasm
(11, 17). The periplasmic nature of the various CMs has
however remained perplexing. Earlier studies suggest the role
of the secretory CMs in virulence among a few of these
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pathogens such & typhimuriunrandRhodococcus eq0, Clearly, cell signaling experiments and those probing its
21). It is interesting to note that products of the genes possible immunomodulatory nature will enhance our under-
upstream and downstreamMtbCM are secretory in nature  standing of its function.

(13). It therefore appears that the entire region on lthe

tuberculosisgenome flanking Rv1885¢ might be involved NOTE ADDED IN PROOF

in pathogenesis and might represent an important virulence We have noticed the structure bftbCM reported in a

determinant. It i.S pertinent to note _that while a duplicate set different crystal form in the absence of the allosteric ligand,
of CMs occurs in theM. tuberculosisgenome, only one of Trp. Okvist, M., Dey, R., Sasso, S., Grahn, E., Kast, P., and

the gene products is secreted into the extracellular SpaceKrengeI, U. (2006) 1.6 A crystal structure of the secreted

This obseryation strongly sug_gests that while the pytosqlic chorismate mutase from mycobacterium tuberculosis: Novel
enzyme might have retained its role in the aromatic amino fold topoly revealed). Mol. Biol, 357, 1483-1499
acid synthesis pathway, the secreted enzyme is likely to have ' ' T '

evolved a distinct role, such as the one aiding the bacterium ACKNOWLEDGMENT
in its pathogenesis. _ . .

Structural analysis suggests that evolution of the CM gene  The kind help of the beamline staff at SPring-8 and ESRF
might have undergone a gene duplication event as suggesteds gratefully acknowledged. We thank Fred Vellieux for help

by the S|m||ar|ty of the two halves d¥l. tuberculosisCM. during data collection at ESRF and Amit Sharma and ICGEB
Such evidence was not discernible from prior sequence for access to the computer graphics facility. We are also
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