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The open reading frame Rv1326c ofMycobacterium tuber-
culosis (Mtb) H37Rv encodes for an �-1,4-glucan branching
enzyme (MtbGlgB, EC 2.4.1.18, Uniprot entry Q10625). This
enzyme belongs to glycoside hydrolase (GH) family 13 and
catalyzes the branching of a linear glucose chain during gly-
cogenesis by cleaving a 134 bond and making a new 136
bond. Here, we show the crystal structure of full-length Mtb-
GlgB (MtbGlgBWT) at 2.33-Å resolution. MtbGlgBWT con-
tains four domains: N1 �-sandwich, N2 �-sandwich, a central
(�/�)8 domain that houses the catalytic site, and a C-terminal
�-sandwich. We have assayed the amylase activity with amy-
lose and starch as substrates and the glycogen branching
activity using amylose as a substrate for MtbGlgBWT and
the N1 domain-deleted (the first 108 residues deleted)
Mtb�108GlgB protein. The N1 �-sandwich, which is formed
by the first 105 amino acids and superimposes well with the
N2 �-sandwich, is shown to have an influence in substrate
binding in the amylase assay. Also, we have checked and
shown that several GH13 family inhibitors are ineffective
against MtbGlgBWT and Mtb�108GlgB. We propose a two-
step reaction mechanism, for the amylase activity (134 bond
breakage) and isomerization (136 bond formation), which
occurs in the same catalytic pocket. The structural and func-
tional properties of MtbGlgB and Mtb�108GlgB are com-
pared with those of the N-terminal 112-amino acid-deleted
Escherichia coli GlgB (EC�112GlgB).

Tuberculosis is still a major killer infectious disease, at least
in developing countries. Mycobacterium tuberculosis (Mtb),7
the causative bacterial agent of tuberculosis, survives for a long
period of time intracellularly and causes latent tuberculosis. If
the organism is physiologically inactive for a long period of
time, its storage sugars become very important for its survival.
Therefore, understanding the nature of the enzymes that are
involved in the metabolism of these storage sugars is very
important. Glycogen is one of the most important storage sug-
ars in the living world and provides nutrition to the host. Fur-
thermore, the cell envelop of Mtb has a very important role
during host-pathogen interactions. The outermost layer of the
cell envelop of Mtb consists of a loosely bound structure,
known as the capsule (1–3). It has been demonstrated that the
major components of the capsular material are carbohydrates
and proteins with a very small amount of lipids (4–6). The
major carbohydrate constituent (�80%) of theMtb capsule is a
high molecular mass (�100,000 Da) �-glucan, which is com-
posed of a (34-�-D-Glc-13) core and branched at position 6,
every 5 or 6 residues, by (34-�-D-Glc-13) oligoglucosides (4,
7, 8). �-Glucan mediates non-opsonic binding of Mtb to CR3
(complement receptor3) (9) and is instrumental in blocking
CD1 expression in Mtb (10). Stokes et al. (11) have shown that
the capsular material of Mtb also displays antiphagocytic prop-
erties with certain types of macrophages.
Glycogen synthesis is an endergonic process.Glycogen, com-

posed of branched polymer chains of glucose, is synthesized
from monomers of UDP-glucose. The glycogen branching
enzyme (GlgB), also known as amylo(�134–6)transglycosylase,
catalyzes the transfer of a fragment of 6–7 glucose units from a
non-reducing end to the hydroxyl group of C6 of a glucose unit,
either on the same glucose chain or adjacent chains (Scheme 1).
This enzymebelongs to carbohydrate bindingmodule family 48
and glycoside hydrolase family 13 (GH13) (12). The details of a
plausible reaction mechanism for GlgB are discussed later.
Although GlgB is essential in several organisms, Sassati et al.
(13) and Sambou et al. (14) have shown, in particular, that a
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functional GlgB, encoded by the ORF Rv1326c, is essential for
normal growth of Mtb.
The GlgB is classified under the �-amylase family of

enzymes, which includes �-amylase, isoamylase, pullulanase,
and cyclodextrin glucanotransferase. The x-ray crystal struc-
tures of several �-amylase family enzymes show that they all
have a common catalytic (�/�)8 barrel (also known as the
TIM barrel) core, an N-terminal domain, and a C-terminal
domain. Devillers et al. (15) have demonstrated that the
N-terminal domain of Escherichia coli GlgB provides support
for glucan substrate during cleavage and transfer of �(1–
4)glucan chains. The M. tuberculosis H37Rv strain harbors
open reading frame Rv1326c, which has been annotated (16) to
encode for an �(1–4)glucan branching enzyme. Our previous
study (17) has verified that the recombinant �(1–4)glucan
branching enzyme ofM. tuberculosisH37Rv (MtbGlgB) utilizes
amylose as substrate.
Any defect or deletion of the GlgB enzyme leads to glycogen

storage diseases and GlgB deficiency, a genetic disorder mainly
in the American quarter horse. The lack of GlgB is directly
linked to type IV glycogenesis (eponym:Andersen disease) (18),
which is a rare but fatal genetic disorder in infants (19) and
horses (20).
Sequence alignment and structural prediction results have

shown that GlgB and isoamylase are structurally very close
members of the GH13 family. These enzymes bind to sugars
at the 1–6 position. The crystal structure of N-terminal 112-
amino acid-deleted E. coli GlgB (EC�112GlgB) has been
reported (21). Even though sequence alignment shows good
homology between Mtb and E. coli GlgB proteins, there are
marked insertions and deletions in both sequences
(supplemental Fig. S1). Furthermore, the E. coli crystal
structure lacks the N-terminal N1 domain (residues 1–105,
MtbGlgB numbering). This domain, a �-sandwich, is

observed in several GH13 mem-
bers and is implicated in substrate
specificity, recognition, and bind-
ing (22).
Along with this background, we

still have several unanswered ques-
tions like: what are the structural
features of the full-length GlgB pro-
tein that contribute to substrate
specificity and influence its amylase
and branching enzymatic activities?
What are the structural similarities
and differences between the GlgB
enzyme from E. coli andMtb?What
are the structural features of the
GlgB enzyme that could be poten-
tially exploited toward successful
therapeutic applications, especially
against tuberculosis? To address
these questions, we have determined
the crystal structure of the full-length
protein (MtbGlgBWT) at 2.33-Å res-
olution.Our present study addsmore
light to our current knowledge and

understanding of this metabolically important enzyme.

EXPERIMENTAL PROCEDURES

Cloning of GlgB the 108-Amino Acid N1 Domain Deletion
Mutant—The cloning details of the full-length Mtb glgB gene
have already been published (17). The gene encoding theN-ter-
minal 108-amino acid deletion mutant of Mtb glgB was PCR-
amplified using the following primers: forward primer, 5�-AAT
TAA TTA GGA TCC ATG ACC CTG GGC GAG GTC GAC
CTG-3� and reverse primer, 5�-ATA TAT CTC GAG CTA
GGC GGG CGT CAG CCA CAG C-3� (BamHI and XhoI
restriction sites in the forward and reverse primers, respec-
tively, are underlined) and cloned between the BamHI and
XhoI sites of the pET29a vector (Novagen).
Protein Expression and Purification—The full-length

MtbGlgBWTproteinwasexpressedandpurifiedasdescribedpre-
viously (17) butwith somemodifications. In brief, the proteinwas
overexpressed in E. coli BL21(DE3). Protein solubility was
enhanced by the coexpression of the GroEL/GroES chaperons
(in the pKY206 vector) under a constitutive promoter. The
pKY206 transformed cells with MtbglgB were grown in LB
medium, containing tetracycline (12.5 �g/ml) and kanamycin
(30 �g/ml), to an A600 of 0.6 at 37 °C. Protein expression was
induced by 0.3 mM isopropyl �-D-1-thiogalactopyranoside.
After induction, the cells were grown initially at 30 °C for 2 h to
get enough GroEL/GroES expressed and later the culture was
shifted to 16 °C for overnight. The harvested cell pellet was
re-suspended in lysis buffer containing 50 mM Tris-HCl (pH
8.0), 300 mM NaCl, 25 mM imidazole, 5% glycerol, 1 mM phen-
ylmethylsulfonyl fluoride, and subjected to French-press. The
crude lysate was centrifuged at 38,000 � g using the JA 25.15
rotor (Beckman) for 30 min at 4 °C, and the supernatant was
incubated with Co2� containing Talon resin (Clontech) for
affinity purification. The column was washed with wash buffer

SCHEME 1. Formation of a glycogen branch. GlgB catalyzes the transfer of a fragment of 6 –7 glucose units
from a non-reducing end to the hydroxyl group at C6 of another glucose unit, either in the same chain or an
adjacent chain.
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(50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 25 mM imidazole),
followed by protein elution using buffer containing 50mMTris-
HCl (pH 8.0), 300 mM NaCl, 250 mM imidazole, 5% glycerol.
The eluted protein was further purified using gel-filtration
chromatography on a HiLoad 26/60 Superdex-200 column
(Amersham Biosciences). Column equilibration and protein
purification were performed in buffer containing 20 mM Tris-
HCl (pH 8.0), 150mMNaCl, 2mM �-mercaptoethanol, 5% glyc-
erol. MtbGlgBWT was eluted as a monomer in gel filtration.
The purified protein was analyzed by SDS-PAGE and native
gels for purity and homogeneity. Dynamic light scattering data
also indicate a monomeric state of the MtbGlgB protein.
X-ray Crystallography—The MtbGlgBWT protein was con-

centrated to 12 mg/ml and setup for crystallization using the
hanging drop, vapor-diffusion method at room temperature
with various commercially available crystallization kits. Crys-
tals first appear after 4 weeks in JB Screen Classic 2 (Jena Bio-
science), condition D1 (100 mM MES (pH 6.5), 30% (w/v) poly-
ethylene glycol 4000). Further optimization of this condition
(using a matrix of pH 6, 6.5, and 7 and the precipitant concen-
trations 25%, 30, and 35%) produced crystals of approximate
dimensions 0.3 � 0.1 � 0.05 mm in 2 weeks.
A crystal of suitable size was transferred to a cryoprotectant

solution containing 100 mM MES (pH 6.5), 25% (v/v) glycerol,
33% (w/v) polyethylene glycol 4000. X-ray diffraction data were
collected from a single crystal at temperature 100K at beamline
LS-CAT 21-ID-G of Advanced Photon Source (Chicago, IL) on
an MAR Mosaic225 charge-coupled device detector. The dif-
fraction imageswere processed usingHKL2000 (23). The asym-
metric unit contains one full MtbGlgB WT molecule (731
amino acids,Mathew’s coefficient of 2.56Å3Da�1, solvent con-
tent 51.9%). The structure was determined by the molecular
replacement method using the Molrep program (24) with the
EC�112GlgB structure (PDB ID: 1M7X) (21) as the input
search model. Model building was carried out with the help of
Arp/wARP (25) and O (26). A model for the N1 domain was
predicted using the Geno3D server (27) and was subsequently
adjusted in electron density. The structure was refined with the
CNS program suite (28), and the geometry of the molecule was
checked with PROCHECK (29). The correctness of the model,
including the N1 domain structure, was verified with the sim-
ulated annealing omit maps option of the CNS program. Elec-
tron density for the first nine N-terminal amino acids was not
observed in the map. The electron density along residues 367–
376 and 422–433 is very poorly defined, and some of these
residues occupy the disallowed region on the Ramachandran
plot. All drawings were prepared with the MOLSCRIPT (30)
and RASTER3D (31) programs. Table 1 shows the data and
refinement statistics.
Enzyme Activity and Kinetics—The amylase activity of the

purified MtbGlgBWT and Mtb�108GlgB proteins on amylose
and starch (as substrates) was assayed as described earlier (17).
In brief, a 100-�l reaction mixture containing the required
amount of substrate in 50mM citrate buffer (pH 7.0) and 1.5�M

purifiedMtbGlgB protein. After 30 min of incubation, at 25 °C,
the reactionwas stopped usingKI/I2 solution, and the change in
optical density was recorded at 660 nm.

We have also assayed the branching activity of MtbGlgBWT
and Mtb�108GlgB by measuring the amount of glycogen
formed. The principle of the assay is: the formed glycogen is
converted to glucose (by glucoamylase), which is then specifi-
cally oxidized to produce a product that reacts with the OxiRed
probe to generate a specific color (570 nm). The glycogen assay
kit was purchased from BioVision. To make sure that both the
proteins were active, a parallel iodine assay was also performed.
2 �g of amylose was treated with 1.5 �M MtbGlgBWT and
Mtb�108GlgB, for 30min at 30 °C, in duplicate. A similar reac-
tion wasmaintained that underwent the iodine test as a control
to confirm the utilization of amylose by the proteins. After 30
min, 2 �l of the glucoamylase mixture, provided in the kit, was
added, and the sample was incubated again for 30 min at 25 °C.
After that, 50 �l of the developing reagent was added to the
reaction mixture, and the mixture was incubated at 25 °C for
another 30min beforemeasuring the optical density at 570 nm.
To estimate the amount of glycogen formed during this reac-
tion, a glycogen standard curve was prepared by using the gly-
cogen standard provided in the kit. Suitable controls were used
throughout. The experiment was repeated with a fresh batch of
proteins, and the average value of two different sets of experi-
mental results is provided.
The effects of different known inhibitors were also studied.

Stock solutions of ADP, ADP-glucose, castenospermine, nojiri-
mycin, tunicamycin, and acarbose (some of the known inhibi-
tors of the GH13 family of enzymes) were prepared in 50 mM

citrate buffer (pH 7.0). To study the effect of these inhibitors, a
100-�l reactionwas set up, which contained 0.2mg/ml amylose
in 50 mM citrate buffer (pH 7.0) and then the required amount
of the inhibitor. The reaction was started by adding 0.3 �M

purified MtbGlgB proteins. After 30 min of incubation, the
reaction was stopped using KI/I2 solution, and the change in

TABLE 1
Data collection and refinement statistics
Values in parentheses are for the last shell (2.41-2.33 Å).

Data collection
Wavelength (Å) 0.98972
Unit-cell parameters (Å) a � 109.37, b � 156.86, c � 48.02
Space group P21212
Resolution range (Å) 50–2.33
Total no. of observed reflections 524,723
Total no. of unique reflections 36,272
Redundancy 14.4 (15.6)
Completeness (%) 99.9 (100.0)
Rsym

a 0.175 (0.76)
Overall I/�(I) 12.9 (2.5)

Refinement
Resolution range (Å) 20–2.33
Rwork

b 0.193
Rfree

c 0.236
r.m.s.d. bond lengths (Å) 0.006
r.m.s.d. bond angles (°) 1.3
Average B-factors (Å2)
Protein atoms (5724 atoms) 35.37
Water molecules (323 atoms) 35.35

Ramachandran plot
Most favored regions (%) 82.2
Additional allowed regions (%) 15.2
Generously allowed regions (%) 1.0
Disallowed regions (%) 1.8 (from the 367 and 422 loops)

aRsym � 	hkl	i
�Ii (hkl) � �I(hkl)��/	hklI(hkl).
bRwork� 	�Fobs� Fcalc�/	�Fobs�, where Fcalc and Fobs are the calculated and observed
structure factor amplitudes, respectively.

c Rfree is same as Rwork, but 5.0% of the total reflections, chosen at random, were
omitted during refinement.
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optical density was recorded as described earlier. A suitable
buffer control was maintained throughout the study. To study
enzyme kinetics, 0.15 �M protein was used, and data were ana-
lyzed using SigmaPlot 8.0.

RESULTS

Structural Overview—The crystal structure of the full-length
GlgB ofM. tuberculosis H37Rv (MtbGlgBWT) has been deter-
mined at 2.33-Å resolution. As shown in Fig. 1A, the GlgBmol-
ecule consists of four domains: N-terminal�-sandwich domain
N1 (residues 1–105, colored brown), N-terminal �-sandwich
N2 (residues 106–226, magenta), the central (�/�)8 domain
(residues 227–631, green), and the C-terminal �-sandwich
domain (residues 631–731, colored red). The (�/�)8 domain,
as the main body of the structure, is sandwiched between the
N2 and C-terminal �-sandwiches. It consists of the well char-
acterized (�/�)8 barrelwith eight alternating�-strands and sur-
rounded by eight �-helices. This domain contains the residues
that are involved in substrate binding and catalysis (supple-
mental Fig. S2). The central tunnel has an approximate mini-
mum diameter of �13.5 Å (measured between the 254 C� and
459 C� atoms). The loops that connect the �-helices and
�-strands in this domain do not obstruct the tunnel. This clear-
ance makes the entry of a long linear glucose chain substrate
into the active site and the exit of branched glucose chains very
easy. A DALI (32) search with the central (�/�)8 domain (resi-
dues 226–631) identified maltooligosyltrehalose trehalohy-
drolase (PDB: 2BY2), glycosyltrehalose trehalohydrolase
(1EHA), andmaltogenic amylase (1GVI) as the three top super-
imposing GH13 family structures with MtbGlgB (apart from
E. coli GlgB), with Z values 36.7, 35.0, and 34.2, respectively.
Their corresponding r.m.s.d. vales were 2.3Å for 239C� atoms,
2.5 Å for 223 C� atoms, and 2.6 Å for 265 C� atoms,
respectively.
Abad et al. (21) have given a clear description of the active

site of EC�112GlgB. In short, the catalytic active site (Fig. 1B)
superimposes well with that of other GH13 family members.
It contains the seven residues (Asp-341, His-346, Arg-409,
Asp-411, Glu-464, His-531, and Asp-532, MtbGlgB number-
ing) that are highly conserved in allmembers of�-amylase fam-
ily 13. The overall surface around the active site pocket in
EC�112GlgB, similar to that of isomaltulose synthase (also
known as PalI, Uniprot entry: Q8KR84, another GH13 family
member) (33), is highly negatively charged. This highly negative
character of the (�/�)8 barrel domain is important for sugar-
protein interactions.
TheN-terminal�-sandwichN1 domain (Fig. 1C) is very sim-

ilar to theN2 domain. These two domains superimpose with an
r.m.s.d. of 1.5 Å for 95C� atoms. The topology of this domain is
a typical immunoglobulin fold. The two � sheets of the sand-
wich are formed by strands �1, �2, �5, and �4 and strands �3,
�6, and �7, respectively. The top two hits in a DALI search,
using the MtbGlgB N1 and N2 domains, are pullulanase (PDB:
2FH8, Z � 11.6 and r.m.s.d. � 2.7 for 217 C�) and the pullula-
nase type I protein (2E8Z/11.0/3.7 for 205 residues).
Even though the ECGlgB (residues 117–728) and MtbGlgB

(residues 106–731) structures superimpose in their corre-
sponding domains with an overall r.m.s.d. of 1.12 Å for 553 C�

atoms (Fig. 1D), there are some local misalignments, especially
in the coil region between residues Thr-230 and Pro-250. Also,
due to unsuccessful attempts to crystallize the full protein, the
E. coliGlgB structure represents only the N1 domain truncated
form. Based on the significant level of sequence homology
between the N1 domains (29% identity and 49% similarity) of
the two proteins, we can expect that the N1 domain of E. coli
GlgB should also have the same �-sandwich topology.
Enzyme Activity/Kinetics—The GlgB enzyme catalyzed two

reactions, concurrently, in the same active site. A long glucose
chainwas cleaved at the 134 glycosidic bond (amylase activity)
and a branching glucose chain was formed by making a new
136 glycosidic bond (glycogen formation branching reaction).
Wemeasured the amylase as well as glycogen-forming efficien-
cies of MtbGlgBWT and its N1 domain deletion mutant
(Mtb�108GlgB). In the amylase activity study, when amylose
was used as the substrate, the specific activity of MtbGlgBWT
was 63.75 units/mg, whereas that for Mtb�108GlgB was 42
units/mg of protein. Similar to the specific activity, the rate of
reaction for MtbGlgBWT protein was also faster: Vmax � 1.35
mgml�l min�l, where Vmax is expressed in milligrams of prod-
uct formed by 1.5 �M enzyme; Km � 0.56 mg/ml; Kcat � 9
min�l. Also, MtbGlgB has lower amylase activity when com-
pared with that reported for E. coli GlgB. The corresponding
values for Mtb�108GlgB were Vmax � 0.62 mg ml�l min�l,
Km � 0.33 mg/ml, and Kcat � 4.13 min�l (Fig. 2, A and B).
However, the enzymatic assay using ECGlgB (21) reports equal
Km values for theWTand�112 proteins. Even though the amy-
lase activity of Mtb�108GlgB was lower when amylose was
used as substrate, both proteins showed almost equal amylase
activity when soluble starch was used as substrate.
Next we tested the branching activity of MtbGlgB using a

glycogen assay kit. The amount of glycogen formed by
MtbGlgBWTwas estimated from a glycogen standard curve to
be 1.46 �g, whereas the value for Mtb�108GlgB was 1.44 �g. 2
�g of amylose and 1.5 �M protein was used in the reaction.
BAY e4609 has been shown to be an effective inhibitor for the

E. coliGlgB enzyme (21, 34, 35). Nonetheless, we wanted to test
the effect of some of the known inhibitors of the GH13 family
proteins on MtbGlgB. Inhibitors such as ADP, ADP glucose,
tunicamycin, castenospermine, nojirimycin, or acarbose hadno
effect on the enzymatic activity of either MtbGlgBWT or
Mtb�108GlgB, when amylose was used as substrate (sup-
plemental Fig. S3). This clearly suggests the need for more
inhibitor screening experiments to identify additional inhibi-
tors, apart from BAY e4609.

DISCUSSION

Influence of the N1 Domain—Recently, Palomo et al. (36)
have studied the influence of the N-terminal domains of the
Deinococcus glycogen branching enzymes on the unique glyco-
gen-branching patterns. The present study shows that the N1
�-sandwich has a differential preference in substrate recogni-
tion and binding during amylase activity, when amylose is used
as a substrate. The N1-truncated Mtb�108GlgB protein is
�50% less active. However, to our surprise, there was no differ-
ence in substrate binding or amylase activity when starch was
used as a substrate or in the amount of glycogen formed during
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FIGURE 1. Overall structure. A, the MtbGlgBWT protein contains four domains: the N1 �-sandwich domain (residues 1–105, colored brown), the N2 �-sandwich domain
(106–226, magenta), the central (�/�)8 catalytic domain (227–630, green) and the C-terminal�-sandwich (632–731, red). B, electron density around the catalytic pocket
formed by the residues that are conserved in the GH13 family (MtbGlgB numbering). The 2Fo � Fc map is contoured at the 1.5 � level. In C: I, the N-terminal N1 domain
has the immunoglobulin sandwich fold. ii, the topological arrangement of the seven �-strands. The two sheets of the sandwich are made by strands �1, �2, �5, and
�4 and strands �3, �6, and �7, respectively. Each of the flanking helices comes from the N1 and N2 domains, respectively. iii, superimposition of the N1 (brown) and N2
(magenta) domains of MtbGlgB. The r.m.s.d. is 1.5 Å for 95 C� atoms. D, superimposition of MtbGlgB (residues 106–731 and domain colors as in A) and EC�112GlgB
(113–528, blue). The r.m.s.d. is 1.12 Å for 553 C� atoms. Note the region between residues 230 and 250 (MtbGlgB numbering) is misaligned very much.
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branching activity. Thus it is difficult to draw the same conclu-
sion as reported in the EC�112GlgB study about substrate pref-
erence. The existence of an additional N-terminal �-barrel
domain in an �-amylase has been reported for AmyB from
Halothermothrix orenii (37). However, there are marked struc-
tural differences between theN-terminal domains ofAmyB and
MtbGlgB.
Catalytic Mechanism—The substrate recognition scheme

and binding sites for several amylase family enzymes, like PalI
(33), AmyA from Halothermothrix orenii (38), �-amylase (39),

CGTase (40), TAKA-amylase with substrate analogs (41), amy-
losucrase with D-glucose and mutated amylosucrase with
sucrose (42, 43), have been identified. A substrate binding
model has been proposed for EC�112GlgB (21). GlgB enzymes
from different organisms transfer chains of different lengths
(the number of glucose units). We propose a two-step reaction
mechanism, for the amylase reaction (breaking a 134 glyco-
sidic bond) and isomerization (the branching reaction, bymak-
ing a new 136 glycosidic bond), which happens in the same
catalytic pocket (Scheme 2). The potential catalytic triad

(Asp411, Glu464, and Asp532) and
two histidine residues (His346 and
His531) of GlgB are highly conserved
in almost all �-amylase and glyco-
syltransferase enzymes. These resi-
dues form a catalytic pocket (Fig.
1B) that binds amylose and breaks
the 134 glycosidic bond. The simi-
larity of the active site architecture
strongly suggests that the amylase
reaction occurs via a general acid
catalysis, as in all glucoside hydro-
lases (43). Glu464 acts as the general
acid catalyst to protonate the oxy-
gen of the 134 glycosidic linkage
for the amylase reaction. Asp411, the
attacking nucleophile, forms a bond
with C1 to form a �-glucosyl-en-
zyme intermediate, which is pre-
sented to the OH group at C6 of
another glucose unit, either on the
same or another chain to form a
136 glycosidic bond.
Truncation Mutants—Three

MtbGlgB N-terminal deletion mu-
tants (at residues 112, 121, and 171)
were overexpressed, purified, and
tested for enzymatic activity. As
expected (data not shown), these
proteins were less active in propor-
tion to the number of amino acids
truncated. Interestingly, the dele-
tion also affects the amount of
protein expression. In PalI (33), we

FIGURE 2. Enzyme assays and kinetic studies. A, substrate utilization curves for MtbGlgBWT and
Mtb�108GlgB proteins with amylose (i) and starch (ii) as substrates. Substrates were prepared in 50 mM citrate
buffer, pH 7.0. In a 100-�l reaction mixture, the required amount of substrate was incubated with 1.5 �M

purified protein with different concentrations of substrate and incubated at 25 °C for 30 min. The reaction was
stopped by adding KI/I2 solution, and absorbance was recorded at 660 nm. B, Lineweaver-Burke plots for
MtbGlgBWT and Mtb�108GlgB. The protein concentration was 0.15 �M, whereas the substrate concentration
was varied between 0.02 and 0.3 mg/ml at regular intervals.

SCHEME 2. Mechanism of glycogen branching. Panel 1, Glu464 acts as a general acid catalyst to protonate approximately the 7th glycosidic oxygen from a
non-reducing end. Asp411, the attacking nucleophile, forms a glucosyl-enzyme intermediate. Panel 2, The substrate fragment can be transferred to the hydroxyl
group at C6 of a glucose unit on the same or another chain for the 136 bond formation step. Panel 3, view of a glycogen branch point.
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had experimentally shown that selected truncations at the
C-terminal domain showed reduction in activity (again, pro-
portional to the length deleted). However, our attempt to pre-
pare three C-terminal truncationmutants forMtbGlgB did not
express any protein. Based on our PalI results, we predict that in
MtbGlgB also the central catalytic domain might undergo con-
formational changes, and the active site gradually becomes
inactive when the N- and C-terminal domains are truncated
and the presumable structural pressure is relieved.
Clinical Significance—Theevolutionof drug-resistant strains of

Mtb has created a significant concern.Mutational studies using
the H37Rv�glgB/pVVglgBtb strain have shown the inability of
the bacterium to survive, and this promising result should be
further exploited tomake use of GlgB as an attractive therapeu-
tic target against Mtb. Also, comparison of the sequences of
GlgB from several pathogenic and non-pathogenic bacterial
genera clearly presents a case of domain closeness among them
(supplemental Fig. S1). This sequence similarity indicates a
good possibility of potential drugs, based on the MtbGlgB
structure, for treatment against a wide spectrum of bacterial
infection. A recent screening study for inhibitors against
human pancreatic �-amylase (34) has shown that the two
potential lead compounds are very ineffective against other
closely related GH13 members. Binderup et al. (35) have used
BAY e4609, a pseudo oligosaccharide in a branching enzyme
inhibition study. However, many known GH13 family inhibi-
tors have no effect on either MtbGlgBWT or Mtb�108GlgB.
This warrants amore thorough drug screening against this pro-
tein, which is very likely a potential and important drug target
in the fight against Mtb.

Acknowledgments—We thank J. S. Brunzelle for assistance in data
collection at the beamlines of sector 21 (LS-CAT).We also thankChu-
Young Kim and Kinya Hotta for their help in redrawing Scheme 2.

REFERENCES
1. Chapman, G. B., Hanks, J. H., and Wallace, J. H. (1959) J. Bacteriol. 77,

205–211
2. Hanks, J. H. (1961) Int. J. Leprosy 29, 74–83
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P., and Daffé, M. (1995)Microbiology 141, 1609–1620
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and Jackson, M. (2008)Mol. Microbiol. 70, 762–774

15. Devillers, C. H., Piper, M. E., Ballicora, M. A., and Preiss, J. (2003) Arch.
Biochem. Biophys. 418, 34–38

16. Cole, S. T., Brosch, R., Parkhill, J., Garnier, T., Churcher, C., Harris, D.,
Gordon, S. V., Eiglmeier, K., Gas, S., Barry, C. E., 3rd, Tekaia, F., Badcock,
K., Basham, D., Brown, D., Chillingworth, T., Connor, R., Davies, R., Dev-
lin, K., Feltwell, T., Gentles, S., Hamlin, N., Holroyd, S., Hornsby, T., Jagels,
K., Krogh, A., McLean, J., Moule, S., Murphy, L., Oliver, K., Osborne, J.,
Quail, M. A., Rajandream, M. A., Rogers, J., Rutter, S., Seeger, K., Skelton,
J., Squares, R., Squares, S., Sulston, J. E., Taylor, K., Whitehead, S., and
Barrell, B. G. (1998) Nature 393, 537–544

17. Garg, S. K., Alam,M. S., Kishan, R. K., and Agrawal, P. (2007) Prot. Express
Purif. 51, 198–208

18. Brown, B. I., and Brown, D. H. (1966) Proc. Natl. Acad. Sci. U.S.A. 56,
725–729

19. Andersen, D. H. (1956) Lab. Invest. 5, 11–20
20. Valberg, S. J.,Ward, T. L., Rush, B., Kinde, H., Hiraragi, H., Nahey, D., Fyfe,

J., and Mickelson, J. R. (2001) J. Vet. Intern. Med. 15, 572–580
21. Abad, M. C., Binderup, K., Rios-Steiner, J., Arni, R. K., Preiss, J., and Gei-

ger, J. H. (2002) J. Biol. Chem. 277, 42164–42170
22. Machovic, M., and Janecek, S. (2006) Cell. Mol. Life Sci. 63, 2710–2724
23. Otwinowski, Z., and Minor, W. (1997)Methods Enzymol. 276, 307–326
24. Vagin, A., and Teplyakov, A. (2000) Acta Crystallogr. D Biol. Crystallogr.

56, 1622–1624
25. Perrakis, A., Morris, R., and Lamzin, V. S. (1999) Nat. Struct. Biol. 6,

458–463
26. Jones, T. A., Zou, J. Y., Cowan, S. W., and Kjeldgaard, M. (1991) Acta

Crystallogr. Sect. A 47, 110–119
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