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Trehalose synthase (TreS) catalyzes the reversible conversion
of maltose into trehalose in mycobacteria as one of three
biosynthetic pathways to this nonreducing disaccharide.
Given the importance of trehalose to survival of mycobac-
teria, there has been considerable interest in understanding
the enzymes involved in its production; indeed the structures
of the key enzymes in the other two pathways have already
been determined. Herein, we present the first structure of
TreS from Mycobacterium smegmatis, thereby providing
insights into the catalytic machinery involved in this intri-
guing intramolecular reaction. This structure, which is of
interest both mechanistically and as a potential pharmaceut-
ical target, reveals a narrow and enclosed active site pocket
within which intramolecular substrate rearrangements can
occur. We also present the structure of a complex of TreS
with acarbose, revealing a hitherto unsuspected oligosac-
charide-binding site within the C-terminal domain. This may
well provide an anchor point for the association of TreS with
glycogen, thereby enhancing its role in glycogen biosynthesis
and degradation.
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Introduction

Trehalose is a nonreducing disaccharide of glucose, which is
used by many lower organisms such as mycobacteria for key

functions such as energy storage, signaling, protein-protection
and bacterial cell wall components (Elbein 1974; Takayama
and Armstrong 1976; Crowe et al. 1984). In mycobacteria, tre-
halose is also part of a toxic lipid in the cell wall known as
trehalose-6,6′-dimycolate or cord factor, which has been identi-
fied as the main virulence factor of tuberculosis (Barry and
Mdluli 1996; Barry et al. 1998; Daffe and Draper 1998).
Accordingly, considerable attention has been directed toward
the possibility that enzymes involved in the production of tre-
halose may serve as drug targets. However, the discovery of
what appeared to be three independent biosynthetic pathways
for trehalose in Mycobacterium smegmatis (Pan et al. 2004;
Murphy et al. 2005), coupled with the absence of structural
data for the TreS enzyme, has greatly hindered efforts to
develop new antituberculosis drugs. These three proposed bio-
synthetic trehalose pathways involve the enzymes: (i) Ots-A/B,
(ii) TreY-TreZ and (iii) TreS (De Smet et al. 2000). In the
well-characterized Ots-A/B-pathway, trehalose is generated
in a two-step enzymatic reaction. In the first step
trehalose-6-phosphate-synthase (Ots-A in Escherichia coli)
condenses uridine diphosphate glucose (UDP-glucose) with
glucose-6-phosphate to produce trehalose-6-phosphate, which
is dephosphorylated in the second step by trehalose-6-
phosphatase (Ots-B in E. coli) to generate free trehalose
(Kaasen et al. 1992). In the TreY-TreZ pathway, glycogen or
malto-oligosaccharides serve as starting substrates. In an initial
step, the maltosyl moiety at the end of a substrate is isomerized
by malto-oligosyltrehalose synthase (TreY) generating a treha-
losyl moiety, which is hydrolytically released by the second
enzyme malto-oligosaccharyltrehalose trehalohydrolase (TreZ)
to produce free trehalose (Maruta et al. 1996a, b, c).
Significantly, TreS simply interconverts maltose and trehalose
(Figure 1) with an equilibrium favoring trehalose by 4.1:1
(Tewari and Goldberg 1991; Tsusaki et al. 1996). While struc-
tural data are available for the enzymes in the Ots-A/B and
TreY-TreZ pathways for trehalose synthesis, no such structure
has been described for TreS.
Interconversion of trehalose and maltose by the enzymatic

activity of TreS occurs as a two-step, double-displacement
mechanism (Koshland 1953; Boyer 1960; Zhang et al. 2011).
In the first step, the catalytic nucleophile, Asp230, attacks
the anomeric center of the nonreducing sugar of maltose in
an acid-catalyzed process, cleaving the glycosidic bond
via an oxocarbenium ion-like transition state, to form a

†Coordinates for the two structures described in this work have been deposited
in the Protein Data Bank: TreS wild-type: 3zo9; TreS acarbose complex: 3zoa.
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covalent β-glycosyl-enzyme intermediate. In the second
step, the glucose released reorients within the active site and
the 1-hydroxyl then attacks the anomeric center of the
glycosyl-enzyme, forming the trehalose and regenerating free
enzyme. Importantly, TreS interconverts maltose and trehalose
by an intramolecular mechanism and therefore does not need
external glucose or any other factor to carry out its activity
(Zhang et al. 2011).
Of further interest are other studies indicating that TreS from

M. smegmatis also possesses an amylase activity, albeit several
orders of magnitude lower than its isomerase activity. This
results in the release of maltose (thus also trehalose) from
glycogen, and this TreS amylase activity can be competitively
inhibited by the potent glucosidase-amylase inhibitor acarbose
(Figure 1; (Pan et al. 2008)). More recently, TreS has been
linked to a novel biosynthetic pathway in mycobacteria that
generates glycogen from trehalose via four enzymatic steps
mediated by TreS, maltokinase (Pep2), maltosyltransferase
(GlgE) and branching enzyme (GlgB) (Elbein et al. 2010;
Kalscheuer et al. 2010). Very recent studies have confirmed that
flux through TreS is principally in this direction, consistent
with the demonstration that TreS produces only alpha-maltose,
the anomer that is the required substrate for the subsequent
enzyme, maltokinase (Miah et al. 2013). Interestingly, inactiva-
tion of GlgE leads to rapid cell death in Mycobacterium
tuberculosis due to a self-poisoning accumulation of maltose-
1-phosphate, which is further amplified by the natural stress
response in which trehalose is accumulated. GlgE, therefore,
represents a promising target for new antituberculosis drugs
(Kalscheuer and Jacobs 2010; Kalscheuer et al. 2010).
However, since maltose uptake in mycobacteria is very poor
compared with that of trehalose, it seems likely that inhibitors
will need to be administered as “pro-drug” trehalose analogs
that can be transformed into effective GlgE inhibitors by TreS
and Pep2 (Zhang et al. 2011). Thus, while these recent studies
cast doubt on a significant role for TreS in trehalose

biosynthesis, it is likely to play an important role in attempts to
develop useful GlgE inhibitors.
Clearly, a high-resolution structure of TreS is essential to

understanding not only the isomerase and putative amylase ac-
tivities of this enzyme, but also its potential in drug develop-
ment. To that end, we have solved two structures: that of
wild-type trehalose synthase (TreS) from M. smegmatis, an or-
ganism that is a close relative and benign model for the infect-
ive organism M. tuberculosis, and of the acarbose-complexed
enzyme. The TreSs from these two organisms share 83%
sequence identity and belong to the oligo-1,6-glucosidase
subfamily 31 of GH13 family enzymes, Figure 2 (Kuriki and
Imanaka 1999; Oslancova and Janecek 2002; Stam et al. 2006).
These studies reveal an unexpected tetrameric structure for this
enzyme and a novel active site configuration that suggests that
the enzyme exists in both stable active and inactive conforma-
tions. In addition, a well-defined acarbose/carbohydrate-
binding site is identified in TreS that is remote from the active
site region, suggesting a role in the tethering of TreS to glyco-
gen, as is often seen in enzymes involved in glycogen biosyn-
thesis and degradation.

Results and discussion
Structural features of the TreS fold
Our studies have focused on determining the high-resolution
structures of TreS in its native state and in complex with the
competitive α-glucosidase inhibitor acarbose (Table I). These
structures should help us to shed light on the enzymatic mech-
anism of TreS and the putative role of acarbose in inhibiting
amylase activity. Superposition of these two structures revealed
a Cα root mean square deviation (RMSD) of 0.3 Å, indicating
an excellent match in overall fold. Notably, the two protein
molecules in the asymmetric units of both structures showed
disordered peptide segments at their N-terminal ends. These
included residues 1–28 (1–29 in the complexed structure) of
molecule A and residues 1–16 of molecule B. At the
C-terminal end, both structures miss the last seven residues
(587–593) in molecule A and the last six residues (588–593) in
molecule B. Another loop in domain C (residue 514–522) was
only disordered in molecule A.
TreS belongs to glycoside hydrolase family GH13, a group-

ing that also includes human pancreatic α-amylase. As illu-
strated in Figure 3D, our structure shows that TreS shares the
common GH13 domain organization, consisting of three major
domains: A, B and C. The N-terminal domain A forms the
central core of the enzyme and is composed of a (β/α)8 triose-
phosphate isomerase (TIM) barrel structure which harbors the
active site (Banner et al. 1975; Zhang et al. 2011). Domain B is
inserted between β-strand 3 and α-helix 3 of the TIM barrel and
contains one α-helix, three antiparallel β-strands and a
calcium-ion-binding site that stabilizes the interface between
domain A and domain B. Variations of this latter feature are fre-
quently seen in other structures of amylolytic enzymes (Qian
et al. 1993). The C-terminal domain C comprises a seven-
stranded antiparallel β-sandwich. The function of domain C is
unknown in TreS, but a number of GH13 enzymes have been
shown to harbor a carbohydrate-binding domain in this part of
the enzyme (Janecek et al. 2003; Christiansen et al. 2009).

Fig. 1. (a) Interconversion of α-1-4 linked maltose and α-1-1 linked trehalose
catalyzed by TreS. Numbers indicate carbon atom positions in the sugar ring.
(b) Chemical structure of the inhibitor acarbose, a pseudo-tetrasaccharide.
Asterisks indicate features that distinguish acarbose from the related substrate
maltotetraose. These features include an unsaturated ring, a methyl group in
place of a hydroxymethyl group and an N-linked “glycosidic” bond. Ring
components have been numbered with respect to the N-linkage of this inhibitor.
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The folded conformation of TreS differs in three major
aspects from that of a typical GH13 family enzyme. First, the
central N-terminal domain A varies from the classical (β/α)8
TIM barrel by having an extended loop between β-strand 7 and
α-helix 7 (designated L7, residues 338–384; Figure 4). This
additional L7 polypeptide chain segment is composed of two
α-helices along with an extended loop that contains the second
aspartic residue, Asp342, of the active site (Zhang et al. 2011).
Furthermore, unlike related α-amylase structures, this loop also
contributes to the coordination of not only the Cl− ion located
within the active site but also an additional nearby Cl− ion of
unknown function (Figure 4).
Secondly, it seems apparent from the contents of the asym-

metric unit that TreS is, at a minimum, a dimeric enzyme in
contrast to most enzymes of the GH13 family, which are found
to be monomeric (Lee et al. 2005). This observed TreS asym-
metric unit dimer is tightly held together with numerous

hydrogen bonds and van der Waals contacts (Figure 3).
Surface analyses with PISA (Krissinel and Henrick 2007;
Krissinel 2010) show that this dimeric arrangement produces
a buried surface of 962 Å2, corresponding to 4.5% of the
solvent-accessible surface per TreS monomer. Furthermore,
upon symmetry expansion of the unit cell, we have identified
the compact formation of two TreS homodimers into a tetra-
meric assembly (Figure 3D). According to this analysis, a
tetrameric arrangement of TreS produces a buried surface of
2283 Å2 that corresponds to 10.5% of the solvent-accessible
surface per monomer, with a total of 17 hydrogen bonds and
10 salt-bridges across the interfaces. Additionally, PISA mo-
lecular assembly analysis (Krissinel and Henrick 2007;
Krissinel 2010) suggests that TreS is thermodynamically
stable in both the dimeric and tetrameric states, pointing out
there may be a dynamic equilibrium between these two
structural forms.

Fig. 2. Sequence alignment between TreS ofM. smegmatis (GenBank accession ID: YP_006571064) andM. tuberculosis (GenBank accession ID: EFI32604).
Colored boxes highlight the domain organization found inM. smegmatis (Figure 3). Green indicates domain A, yellow indicates domain B, red indicates domain C
and blue indicates the extended active site loop found in domain A. Catalytic residues are shown with red letters in black boxes. Leu344 is highlighted in green and is
boxed as well.
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Interestingly, and in contrast, gel filtration results have indi-
cated that TreS can form hexamers in solution (Pan et al. 2004).
In that regard, it is noteworthy that the structure of TreS pre-
sented here has a disordered N-terminal end. If this same con-
formational instability is also present in solution, it could
contribute to an increased hydrodynamic radius of the enzyme,
thereby resulting in apparent larger molecular weights in gel fil-
tration experiments. Based on our observations of a tightly inte-
grated tetrameric structure, it would seem unlikely that TreS
can in fact form a hexameric assembly.
Thirdly, the structure of TreS has five well-defined ion-

binding sites. One is a hepta-coordinated calcium-ion-binding
site located �13 Å from the active site at the interface between
domain A and domain B (Figure 4). The coordinating residues
involved include Asn132, Asp200, Tyr234, Leu235, Glu237
and two water molecules. This parallels other GH13 amylases
such as human pancreatic α-amylase, which have a homolo-
gous calcium-ion-binding site that is involved in maintaining
structural integrity (Vallee et al. 1959; Levitzki and Steer 1974;
Lifshitz and Levitzki 1976). Interestingly, calcium ions are
usually absent in the oligo-1,6-glucosidase subfamily to which
TreS belongs, since an atom of another residue, usually a
lysine, occupies the calcium position in this enzyme subfamily
(Oslancova and Janecek 2002). In addition, for TreS we have
identified a hexa-coordinated magnesium ion located in a
solvent-accessible loop (L1, residues 50–60, Figure 4) of
domain A, �25 Å from the catalytic center. This location is
homologous to that of a calcium-ion site found in trehalulose

Fig. 3. Illustration of the domain architecture of our TreS structure and
representative GH13 family members. Protein surfaces of domains A, B and C
are shown in green, yellow and red, respectively. Additional domains are shown
in blue. Awhite star indicates the position of the catalytic center. (a) human
pancreatic α-amylase (PDB ID: 1hny); (b) malto-oligosyltrehalose synthase
TreY (PDB ID: 1iv8); (c) trehalulose synthase MutB (PDB ID: 2pwe); (d) the
asymmetric unit dimer of TreS from our studies of theM. smegmatis enzyme
(PDB ID: 3zo9). A schematic of the expected tetrameric assembly by two TreS
homodimers is shown in the lower right of frame (D).

Table I. Structure determination statisticsa

Wild-type TreS TreS/acarbose complex

Wavelength (Å) 0.9795 0.9795
Resolution range (Å)a 34.92–1.84 (1.906–1.84) 34.82–1.85 (1.916–1.85)
Space group I 41 I 41
Unit cell (Å) 127.55, 127.55, 217.76 127.18, 127.18, 216.95
Total reflections collected 614,630 1,005,262
Unique reflectionsa 139,127 (14,429) 143,064 (13,711)
Multiplicity 4.42 7.03
Rmerge (%)a 6.2 (52.2) 8.2 (68.9)
Completeness (%)a 92.85 (96.41) 97.99 (94.25)
Mean I/sigma (I)a 14.52 (3.53) 17.09 (3.33)
R-factora 0.1630 (0.2096) 0.1650 (0.2140)
R-freea 0.1954 (0.2570) 0.1981 (0.2626)
Total number of atoms 10,273 10,192
Protein atoms 9209 9193
Ions/ligands 11/0 11/44
Water 1053 944
Protein residues 1120 1119
RMS (bonds) 0.007 0.007
RMS (angles) 1.11 1.11
Average B-factor 32.5 33.7
Protein atoms 31.8 33.2
Ligands – 46.9
Ions 26.6 28.2
Solvent 38.7 38.2

aValues in parenthesis refer to the highest resolution shell.

Fig. 4. Ion binding in the structure of TreS. Domains are indicated by large
capital letters and follow the same coloring scheme as Figure 2. For clarity,
loops have been smoothed and only one enzyme molecule of the asymmetric
unit is shown. Ion positions are indicated by colored spheres (red = Cl−,
green = Ca2+, magenta =Mg2+). Chloride (i) is located in a homologous
position compared with the allosterically activating chloride ion of the human
α-amylases (Brayer et al. 1995; Maurus et al. 2005). Chloride (ii) and (iii) are
located in loops L7 (residues 338–384) and L1 (residues 43–77), respectively,
which surround the active site. Chloride (iv) binding would appear to be due to
crystal packing interactions and is not present in the second molecule of this
enzyme in the asymmetric unit. The sidechains of the catalytic triad composed
of Asp230 (nucleophile), Glu272 (acid/base catalyst), and Asp 342 (substrate
binding), along with the conserved active site residue Arg228, are shown using
orange stick representations.
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synthase MutB (Ravaud et al. 2007). In TreS, interactions with
this magnesium ion come from Asp51, Asn53, Asp55, Ile57,
Asp59 and one water molecule, suggesting that this magnesium
ion may be structurally required, similar to the calcium in
MutB. Both TreS calcium and magnesium interactions satisfy
the expected distances to their electron donors according to lit-
erature values (Dokmanic et al. 2008).
Four additional chloride ion-binding sites were detected in

TreS. One of these sites is homologous to the allosterically acti-
vating chloride site in the human α-amylases (Maurus et al.
2005) and is located�8 Å from the TreS catalytic center. The co-
ordination sphere of this chloride site (labeled (i) in Figure 4) is
composed of the conserved active site residue Arg228, the back-
bone amides of Glu343 and Arg339, plus one water molecule. A
further chloride ion site is located in the vicinity of each of the
extended loops L1 and L7, both of which project out of the cata-
lytic domain A. These loops surround the active site and their
chloride ion-binding sites are within�13 and �16 Å, respective-
ly, of the TreS enzymatic center. The chloride ion of loop L7 (la-
belled (ii) in Figure 4) is coordinated by residues His341 and
Arg374, as well as the backbone amides of His341, Asn340,
Arg375 and one water molecule. The chloride site of loop L1
(labeled (iii) in Figure 4) is composed of Arg47 and backbone
amides of Leu46 and Arg47 plus three water molecules. While
the chloride ion labeled (iv) is clearly present in our structure, its
binding site is positioned in a highly solvent-exposed location
and likely only forms due to crystal packing interactions.

Functional aspects of the TreS catalytic site
A comparison of the TreS active site structure with those of the
related GH13 family enzymes human α-amylase, TreY and

MutB is presented in Figure 5. A distinctive feature of the cata-
lytic center of GH13 enzymes is a highly conserved triad of car-
boxylic acid-containing residues: a nucleophilic Asp; an acid/
base catalyst Glu; a substrate-coordinating Asp residue
(Svensson 1994). In TreS these three residues are indeed found
in homologous positions within the TIM barrel scaffold with
Cα RMSDs of 0.30, 1.13 and 1.27 Å, respectively, compared
with the same residues in human α-amylase, TreYand MutB.
Notably, however, the side chain of the catalytic Asp230 nu-

cleophile of TreS adopts a novel conformation wherein its side
chain χ1 torsional angle is flipped �90°, compared with the
equivalent residue in the other GH13 family structures
(Figure 5). In these other structures, the carboxyl group of the
Asp230 equivalent typically interacts with the catalytic partner
acid/base glutamate residue in readiness to attack the glycosidic
bond of an incoming substrate. Instead, the alternate conform-
ation of Asp230 in TreS places its carboxylic acid group within
hydrogen bonding distance of a nearby conserved Asp128 on
the neighboring β-strand 3, an interaction that has not been seen
previously in other members of the GH13 family.
This unexpected conformation of the side chain of Asp230

appears to be prompted by the unusual placement of the side
chain of Leu344, which projects into the active site region of
TreS. Leu344 placement is the result of another novel feature of
the TreS structure wherein the active site loop L7, residues
338–384, adopts a different conformation within the active site
of TreS compared with TreY, MutB or human α-amylase.
Interestingly, the essential substrate-coordinating aspartate
(Asp342 in TreS) sits at one end of this refolded loop but
retains a position comparable with that seen in related GH13
enzymes. By contrast, in the other GH13 family enzyme struc-
tures examined, the L7 loop is folded differently to form a part

Fig. 5. (a) Superposition of active site residues and loop L7 of TreS (orange), human pancreatic α-amylase (blue), trehalulose synthase MutB (green) and
malto-oligosyltrehalose synthase TreY (cyan), with residue numbering according to the TreS structure. With the exception of the nucleophilic Asp230 in TreS, the
catalytic residues for the other α-glucosidase enzymes are in comparable positions within the superposed structures (arrow indicates conformational change in TreS).
The active site conformation of the bound inhibitor acarbose (gray sticks) in the active site of human α-amylase structure (blue) is shown (Maurus et al. 2005) in an
overlay to evaluate the ligand-binding pocket in comparison with that of TreS. Importantly, the active site loop L7 of TreS (orange) protrudes into the catalytic center,
suggesting that the structure we have determined is that of an inactive form of the enzyme. In addition, the side chain of Leu344 at the extremity of this loop projects
into the active site to a position that would be <2 Å from the nucleophilic aspartate in the amylase structure. This feature presumably accounts for the displacement of
the Asp230 catalytic nucleophile of TreS. (b) A cross sectional surface representation of TreS in the vicinity of the active site pocket. The narrow entrance to the
active site from the surface of TreS is indicated by a dashed arrow and is delimited in this structure by the conformation of loop L7 and the positioning of the side
chain of Leu344 in particular. A further consequence of the placement of Leu344 is a steric conflict with the side chain of the catalytic nucleophile Asp230, which as
a consequence adopts a buried conformation, therefore becoming solvent and substrate inaccessible.
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of the S-1 binding site with the equivalent of Leu344 projected
away from the active site toward α-helix 7 of the TIM barrel.
Our analyses suggest that TreS exists in both active and in-

active forms, with our structure being representative of the in-
active conformation. This idea is reinforced by a modeled
overlay of the inhibitor acarbose as bound in the active site of
human α-amylase (Maurus et al. 2005) and based on corre-
sponding catalytic site amino acids in the active site of TreS. As
illustrated in Figure 5, in this model the Leu344 side chain of
TreS would block inhibitor binding at the −1 subsite, and thus
would also prohibit substrate access. Even if substrate were to
enter, the side chain of Leu344 in this inactive form of TreS
would spatially conflict with the expected orientation of the
catalytic nucleophile Asp230, prohibiting it from nucleophilic
attack.
A comparison with the active site of MutB is instructive,

since this is also a GH13 enzyme that isomerizes a disacchar-
ide, namely sucrose to isomaltulose plus trehalulose. Both the
catalytic and the conserved residues responsible for substrate
binding in MutB adopt very similar positions in the active site
of TreS, with the exception of the displaced Asp230 in TreS
(Figure 6). Binding of the glucose moiety of the sucrose sub-
strate in MutB is mediated by hydrogen bonds and hydrophobic
interactions with a conserved tyrosine and phenylalanine, and
two equivalent aromatic residues, Tyr93 and Phe194, are found
in homologous positions in TreS. Likewise, an important
hydrogen bonding arginine in MutB also coincides with
Arg421 in a homologous position in TreS. Moreover, the active
site pocket in MutB is narrow and enclosed, a feature also seen
in TreS, consistent with the need for such enzymes to tightly

control substrate movement such that the reaction remains
intramolecular and hydrolysis is minimized. Clearly, it would
be desirable to structurally characterize complexes with bound
substrate or the covalent intermediate. Unfortunately, all
attempts to date to obtain such structures of TreS have been un-
successful.

Defining the acarbose-binding site of TreS
Earlier results suggested that TreS exhibits an α-amylase activ-
ity, which can be competitively inhibited by the potent
α-glucosidase inhibitor acarbose (Pan et al. 2008). To evaluate
the binding of acarbose to TreS we soaked wild-type TreS crys-
tals in 100 mM acarbose and solved the structure of the
complex by X-ray diffraction methods to a resolution of 1.84 Å
(Table I; PDB ID 3zoa). As shown in Figure 7, the resultant
electron density observed in a Fobs − Fobs difference map very
clearly resolved the bound conformation of acarbose.
Furthermore, the directionality of the binding of this short poly-
meric inhibitor within its binding site on TreS could be unam-
biguously identified.
Surprisingly, bound acarbose was not found near the active

site of TreS, but �40 Å away in a well-defined surface pocket
between oligomerization interfaces of TreS (Figure 7). Forming
a curved semicircle like conformation, bound acarbose interacts
closely with a loop (553A–558A), particularly Thr555 and
Tyr557, of domain C, while being further bracketed by another
loop (534B–536B) of a related enzyme molecule, and helix
(473A–486A) from opposite sides. A mainly hydrophobic area
within the binding site is made up of Trp476, Met480, Phe577
and Trp579, which make contact with the −1 and +1 subsites of
acarbose. Furthermore, LIGPLOT+ analysis (Laskowski and
Swindells 2011) of the binding interfaces indicates that the
binding pocket is composed of 13 residues located on two adja-
cent C-terminal domains and the preceding helix α8 of the TIM
barrel of domain A (Figure 7C). Additionally, this assessment
identified six hydrogen bonds between the ligand and its
binding site. Four of these are direct interactions: Arg534
NH2-O2C, Arg534 NE-O2C, Thr555 OG1-N4B and
Trp579N-04A, while another two are via water molecule 985
(W985-O2A and W985-O3A), which is coordinated by
Gly574 and water 800. Furthermore, the protein-binding inter-
face covers 505 Å2 or 63% of the total accessible surface area
of the acarbose molecule.
Other studies have shown acarbose to bind in the active sites

of α-glycosidases, where it acts as a transition state analog in-
hibitor (Mosi et al. 1998; Brayer et al. 2000). In this case,
however, acarbose binds in a remote site that is unlikely to
possess amylase activity given the lack of appropriate catalytic
residues in its binding pocket. This casts some doubt on the
proposed inherent amylase activity, which might perhaps have
arisen from contamination. However, the results with acarbose
are very interesting, since acarbose is seen to bind to the
domain C of TreS, a region of many GH13 enzymes that has
previously been suggested to function as a carbohydrate
binding module (CBM). This situation is very similar to that
observed in glycogen phosphorylase, another enzyme with a
deep and contained active site pocket. In that case also acarbose
was found to bind to an external-binding module (known then
as the glycogen storage site) rather than within the active site

Fig. 6. Superposition of active site residues of TreS (orange) and trehalulose
synthase MutB (green), with residue numbering according to the TreS structure.
With the exception of the side chain of the nucleophilic Asp230 in TreS, other
catalytic residues are in comparable positions between the superimposed
structures. Also drawn in yellow is the disaccharide substrate sucrose of MutB,
as found bound in the active site of this enzyme. Leu344 of TreS (shown in
magenta) overlaps with the sucrose molecule of MutB, hence prohibiting ligand
access to the catalytic Asp230.
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(Goldsmith et al. 1987). In fact, such ancillary modules for
carbohydrate binding are very common in glycoside hydrolases
(Janecek et al. 2003), where they presumably target the enzyme
to its appropriate substrate.
Structural analysis of the TreS acarbose-binding site shows

similarities to other carbohydrate-binding sites (Tibbot et al.
2002; Boraston et al. 2004; Flint et al. 2004). A possible function
for a CBM may lie in the report that TreS plays an important role
in the formation of glycogen from trehalose (Elbein et al. 2010).
This connection has been fleshed out recently in the form of the
GlgE pathway, wherein it was demonstrated that TreS is directly
involved in the formation of glycogen from trehalose via four
enzymatic steps (Kalscheuer et al. 2010; Miah et al. 2013). It,
therefore, makes sense that TreS would remain closely associated
with this ultimate reservoir of glucose moieties.

Methods
Protein isolation and purification
TreS was purified from cell free extracts of M. smegmatis as
previously described (Pan et al. 2004). Purified enzyme pre-
parations showed one major band on sodium dodecyl sulfate
gels at 68 kDa (Pan et al. 2008).

Crystallization and diffraction data collection
Mycobacterium smegmatis TreS was crystallized at a protein
concentration of 20 mg/mL using the hanging drop vapor diffu-
sion technique at 20°C. The protein solution, containing 40 mM

sodium phosphate buffer at pH 6.0 was mixed with reservoir so-
lution (0.1 M sodium cacodylate buffer at pH 6.5, 0.2 M MgCl2
and 10–14% polyethylene glycol (PEG) 1000) in a 1:1 ratio to a
total volume of 4 μL on a siliconized cover slip. Crystals appeared
after 1 day and grew to full size within 1 week. For cryoprotec-
tion, crystals were stabilized in 0.1 M sodium cacodylate buffer
at pH 6.5, 0.2 M MgCl2, 22% PEG 1000 and 30% glycerol
overnight at 4°C. Soaking experiments were carried out by
adding 100 mM acarbose to the stabilization buffer and incu-
bating crystals overnight at 4°C. All crystals were flash frozen
in liquid nitrogen prior to data collection at the Stanford
Synchrotron Radiation Lightsource, Stanford, CA. Diffraction
data were collected at cryogenic temperature (100 K) with a
PILATUS 6M detector at beamline BL-12. Diffraction data
were integrated, scaled and reduced to structure factor ampli-
tudes using the XDS software package (Kabsch 2010). Table I
contains a summary of data collection and processing statistics.
Data truncation was performed by using an I/sigma(I) criterion
of 3 for the highest resolution shell. We also used a split half
correlation CC(1/2) criterion of 50% to avoid discarding highly
significant data (Karplus and Diederichs 2012).

Structure determinations
A preliminary molecular replacement solution for the M. smeg-
matis TreS structure proved particularly challenging and was
found by using a derivative starting model of the GH13
α-glucosidase GSJ (PDB ID: 2ze0), the known enzyme

Fig. 7. (a) Structure of the TreS/acarbose complex. The acarbose-binding site (within the white circle) is found in a crevice at the interface between two monomers of
TreS (only a dimer is shown) and is located�40 Å from the active site of this enzyme (white asterisk). (b) The detailed structure of the observed acarbose-binding
site and the overall fit of this inhibitor to a Fobs − Fobs electron density map (green mesh) contoured at the 3σ level. (c) LIGPLOT+ (Laskowski and Swindells 2011)
representation of the interactions formed to acarbose in its binding site. Green dashed lines represent hydrogen bonds with residues (red letters) and water molecules
(blue spheres). Residues involved in hydrophobic interactions are shown as red semicircles.
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structure of closest sequence homology (28% identity). Our de-
rivative model was constructed by first aligning the TreS and
GSJ amino-acid sequences and then deleting or pruning non-
conserved residues from the TreS sequence using the program
CHAINSAW (Stein 2008). Although the resulting starting
model contained <50% of the initial TreS sequence, a unique
molecular replacement solution was found using the automated
molecular replacement mode in PHASER (McCoy 2007) with
a log-likelihood gain of 220.5 and a TFZ score of 16.6. This
preliminary model was then initially refined by simulated
annealing employing PHENIX (Adams et al. 2010), with two
molecules per asymmetric unit. The resulting electron density
maps were in good agreement with existing parts of the mol-
ecule. However, for regions not included in the model to this
point, the electron density was of poor quality and did not
allow the construction of missing parts of the molecule. To
improve the quality of the electron density map, maximum like-
lihood density modification (Terwilliger 2000) was carried out,
which led to improved electron density maps. These eventually
allowed the remaining amino acids to be built with confidence.
The structure of TreS complexed with the amylase inhibitor

acarbose was solved by molecular replacement using the un-
complexed TreS structure for phasing. Unfortunately, initial
Fobs − Fcalc difference maps did not reveal sufficiently good
additional electron density to account for the inhibitor mol-
ecule. Notably, however, since the data sets from the uncom-
plexed and acarbose-complexed crystals had a 99%
cross-correlation and showed <1% difference in unit cell di-
mension and resolution, we were able to calculate a bias free
Fobs − Fobs map that clearly demonstrated the differences
between these two data sets and produced excellent electron
density about the bound acarbose inhibitor. Subsequent refine-
ment of the complexed structure assessed an acarbose occu-
pancy of 57% in the binding site. The average B-factor for the
inhibitor at 47 Å2 was found to be �40% higher than for the
protein (average B = 34 Å2).
Ion binding in both the TreS and TreS/acarbose complex

structures was determined by evaluating Fobs − Fcalc difference
density maps. Peaks larger than 5σ were screened for spherical
electron density shape and specific environments that match
ion-binding sites. Candidates were particularly closely evalu-
ated for ligand distances and coordination to electron donors/
acceptors with nearby protein or solvent atoms by comparison
with literature values (Harding 1999, 2000, 2001, 2004, 2006).
All ions added to this structure were subsequently refined using
PHENIX (Adams et al. 2010). The backbone dihedral angles
for both protein structures were distributed within the
most favored (91.2–91.5%) and additionally allowed regions
(8.7–8.5%) of the Ramachandran map. One Ramachandran
outlier (0.1%) was observed in the complexed structure. Table I
contains an extensive statistical analysis of the resultant TreS
and TreS/acarbose complex structures obtained.
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