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Trehalose-6-phosphate hydrolase (TreA) belongs to glycoside hydrolase family

13 (GH13) and catalyzes the hydrolysis of trehalose 6-phosphate (T6P) to yield

glucose and glucose 6-phosphate. The products of this reaction can be further

metabolized by the energy-generating glycolytic pathway. Here, crystal structures

of Bacillus licheniformis TreA (BlTreA) and its R201Q mutant complexed with

p-nitrophenyl-�-d-glucopyranoside (R201Q–pPNG) are presented at 2.0 and

2.05 Å resolution, respectively. The overall structure of BlTreA is similar to

those of other GH13 family enzymes. However, detailed structural comparisons

revealed that the catalytic site of BlTreA contains a long loop that adopts a

different conformation from those of other GH13 family members. Unlike the

homologous regions of Bacillus cereus oligo-1,6-glucosidase (BcOgl) and

Erwinia rhapontici isomaltulose synthase (NX-5), the surface potential of the

BlTreA active site exhibits a largely positive charge contributed by the four

basic residues His281, His282, Lys284 and Lys292. Mutation of these residues

resulted in significant decreases in the enzymatic activity of BlTreA. Strikingly,

the 281HHLK284 motif and Lys292 play critical roles in substrate discrimination

by BlTreA.

1. Introduction

Trehalose (�-d-glucopyranosyl-1,1-�-d-glucopyranoside) is a

nonreducing disaccharide consisting of two glucose molecules

joined by an �,�-1,1-linkage. With the exception of verte-

brates, the sugar is distributed in nearly all other organisms

(Elbein et al., 2003). It essentially acts as a stress protectant

and storage carbohydrate (Goddijn & van Dun, 1999) and also

functions in metabolic signalling and regulation of carbo-

hydrate metabolism (Hounsa et al., 1998; Arguelles, 2000). In

Escherichia coli, trehalose metabolism has been well estab-

lished in both hypertonic and hypotonic conditions (Purvis et

al., 2005; Li et al., 2011; Ruhal et al., 2013). A thorough review

of the relevant literature indicated that bacterial trehalose

metabolism is mediated by several cytoplasmic enzymes,

including trehalose-6-phosphate (T6P) synthase, T6P phos-

phatase, trehalase and the glycoside hydrolase (GH) T6P

hydrolase (TreA) (Ruhal et al., 2013).

GHs belong to a number of sequence-based families. The

analyses of these families coupled with the burgeoning

number of three-dimensional structures have provided

detailed insight into the structural basis of the functions and
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catalytic mechanisms of these enzymes (Henrissat & Davies,

1997; Naumoff, 2011; Vuong & Wilson, 2010). Members of the

GH13 family exhibit little amino-acid sequence similarity but

contain four highly conserved regions (regions I–IV) with

three key catalytic residues (Matsuura et al., 1984; Nakajima et

al., 1986; Svensson, 1988; Machius et al., 1995; Brayer et al.,

1995). Region V is also conserved and GH13 family members

can be subdivided into two subfamilies based on variations

within this region: oligo-1,6-glucosidases and neopullulanases.

Notably, members of the GH13 family comprises a wide range

of carbohydrate-metabolizing enzymes with specificities for

30 different substrates (Oslancová & Janeček, 2002). They all

share conserved catalytic residues at structurally similar active

sites and proceed with substrate catalysis via a double-

displacement mechanism (Davies & Henrissat, 1995; Jensen et

al., 2004; Mosi et al., 1997; Uitdehaag et al., 1999; Yoshioka et

al., 1997), raising questions regarding the structural features of

GH13 family members that confer such a diversity of substrate

specificity.

TreA is a member of the GH13 family and as such cleaves

the �,�-1,1-glycosidic linkage of trehalose 6-phosphate to

produce glucose and glucose 6-phosphate (Oslancová &

Janeček, 2002); however, it is unable to utilize trehalose or

other substrates such as sucrose, maltose, isomaltose or

maltodextrins (Rimmele & Boos, 1994). Our previous data

suggested that Bacillus licheniformis TreA (BlTreA) belongs

to the oligo-1,6-glucosidase subfamily (Chuang et al., 2012).

BlTreA has been characterized biochemically (Chuang et al.,

2012), as is also the case for TreA from other organisms

including E. coli (Rimmele & Boos, 1994) and B. subtilis 168

(Helfert et al., 1995), but primary structure analysis showed

that BlTreA shares a high degree of sequence similarity with

B. cereus oligo-1,6-glucosidase (BcOgl), Erwinia rhapontici

isomaltulose synthase (NX-5) and Pseudomonas mesoacido-

philus trehalulose synthase (MutB). The reported structures

of the NX-5–sucrose and MutB–sucrose complexes revealed

a unique catalytic RLDRD sequence and an adjacent loop of

ten residues that determine substrate specificity (Xu et al.,

2013; Ravaud et al., 2007). In contrast, the mechanism that

determines the specificity of TreA towards 1,1-linked

6-phospho-�-glucoside substrates remains unclear.

Here, we sought to examine the mechanisms defining

substrate specificity by elucidating the structural elements

unique to BlTreA that are likely to function in substrate

recognition and binding. For the crystallographic analyses,

in addition to wild-type BlTreA, we generated the mutant

enzyme–substrate complex (R201Q–pPNG) composed of an

inactive form of the enzyme carrying the R201Q mutation

(Ong et al., 2014) and p-nitrophenyl-�-d-glucopyranoside

(pPNG), a substrate of BlTreA. This allowed us to assess any

differences in the stability of the genetically modified R201Q–

pPNG complex and the wild-type enzyme. Through structure

determination of BlTreA and the R201Q–pPNG complex,

together with site-directed mutagenesis, we identified four

residues, His281, His282, Lys284 and Lys292, that are critical

for determining the substrate specificity of BlTreA via their

recognition of 1,1-linked 6-phospho-�-glucosides.

2. Materials and methods

2.1. Protein preparation

Cloning of wild-type BlTreA and mutant gene constructs,

gene expression and protein purification of wild-type BlTreA

and its mutants have been described in previous reports

(Chuang et al., 2012; Ong et al., 2014). For gene expression, the

recombinant plasmids were individually transformed into

E. coli M15 cells for inducible production of BlTreA and its

variants. Purified proteins were dialyzed against 20 mM

HEPES–NaOH buffer pH 8.0 containing 150 mM NaCl and

were then subjected to size-exclusion chromatography on a

Superdex 200 gel-filtration column (GE Healthcare) equili-

brated with 20 mM HEPES–NaOH buffer pH 8.0. An eluted

protein fraction at 8 mg ml�1 was used for further crystal-

lization studies.

2.2. Site-directed mutagenesis

The QuikChange Site-Directed Mutagenesis kit (Strata-

gene, La Jolla, California, USA) was used to mutagenize

plasmid pQE-BlTreA with the indicated mutagenic primers.

After amplification, the host template DNA was removed by

digestion with DpnI and the newly synthesized mutant vector

DNA was transformed into E. coli XL1-Blue competent cells.

Individual mutant clones were identified by DNA sequencing.

2.3. TreA activity assays

TreA activity was assayed as described by Chuang et al.

(2012). All assays were performed at 30�C for 10 min in

reaction buffer (50 mM HEPES–NaOH pH 8.0, 100 mM

NaCl) containing 5 mM pPNG and a suitable concentration of

enzyme (0.10–0.79 mM). One unit of activity was defined as the

amount of enzyme required to produce 1 mmol of p-nitro-

phenol per minute. For steady-state kinetics studies, samples

were incubated at 30�C for 10 min in reaction buffer with a

range of pPNG concentrations (0.1–18.2 mM for BlTreA and

the K284A mutant and 0.1–30.6 mM for the remaining

enzymes). Kinetic parameters were estimated from least-

squares fits of initial rates as a function of substrate concen-

tration. The values of Km and kcat were calculated from the

slope of the linear part of the Michaelis–Menten plot.

2.4. Analysis of T6P hydrolysis by HPLC

Hydrolysis of T6P (Sigma–Aldrich, St Louis, Missouri,

USA) was performed at 30�C for 10 min in a reaction volume

of 30 ml consisting of 50 mM HEPES–NaOH buffer pH 8.0,

100 mM NaCl and a range of T6P concentrations (0.1–

16.4 mM). The reactions were initiated by addition of the

purified enzyme to a final concentration of 0.10–0.79 mM and

were terminated by boiling for 5 min. Preparation of 1-phenyl-

3-methyl-5-pyrazolone (PMP) derivatives was carried out

according to previously reported procedures (Honda et al.,

1989) with a slight modification. Briefly, 20 ml of the reaction

mixture was mixed with an equal volume of a solution of PMP

in 0.3 M NaOH and 0.5 M methanol. The mixture was placed

at 70�C for 30 min, cooled to ambient temperature and then
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neutralized with 20 ml 0.3 M HCl. The solution was thoroughly

mixed with 200 ml of chloroform and centrifuged at 12 000g for

10 min; the supernatant fraction containing the PMP deriva-

tive was carefully transferred to another 200 ml of chloroform

and the entire extraction process was repeated three times.

After the final extraction, the aqueous layer was recovered

and diluted to 160 ml with water.

The derivatives were then subjected to HPLC quantification

of reducing carbohydrates. Glucose and glucose 6-phosphate

standards with various concentrations ranging from 0.1 to

1.2 mM were also PMP-derivatized and simultaneously

quantified. All of the samples were passed through an analy-

tical column (Zorbax Extend-C18; 4.6 cm internal diameter �

250 cm, 5 mm, Agilent, USA) and separation of the reaction

products was performed at a flow rate of 1 ml min�1. The

mobile phase consisted of 50 mM Na2HPO4/NaH2PO4 pH 7.0

with buffers A (15% acetonitrile) and B (40% acetonitrile).

Samples were eluted with a linear gradient of 0–8% buffer B

for 10 min, followed by 8–20% buffer B for 20 min. The

retention times of the monosaccharides were determined by

comparison with standard compounds. Kinetic parameters

were derived from three independent experiments to calculate

the mean and standard deviation of the Km and kcat values.

2.5. Spectroscopic measurements

Circular-dichroism (CD) studies were carried out at 25�C

using a Jasco 815 spectropolarimeter (Jasco, Japan) equipped

with a Peltier block arrangement (PTC-423S/15), a quartz

cuvette of 1 cm path length and a spectral band pass of 4 nm.

Prior to spectral analyses, protein samples were adjusted to

a concentration of �0.2 mg ml�1 in 50 mM HEPES–NaOH

buffer pH 8.0. Raw ellipticity data were converted to mean

residue ellipticity using the formula [�] = (�raw� 100�MRW)/

c � l, where MRW is the mean residue weight for BlTreA, c is

the concentration of BlTreA (in mg ml�1) and l is the path

length (in cm). Thermal unfolding curves were registered by

monitoring the changes in mean residue ellipticity at 222 nm

as a function of temperature using a scan rate of 2�C min�1.

The changes in ellipticity (�) were analyzed as described

previously (Greenfield, 2004).

The intrinsic fluorescence of the proteins was measured

using an FP-6500 fluorescence spectrophotometer (Jasco,

Japan) with an excitation wavelength of 295 nm. All intrinsic

fluorescence spectra were corrected for the contribution of

50 mM HEPES–NaOH buffer pH 8.0. Samples were diluted to

a protein concentration of 10 mg ml�1 with 50 mM HEPES–

NaOH pH 8.0 and emission spectra were collected with a

scanning speed of 240 nm min�1 and a response time of 1 s.

2.6. Protein crystallization and data collection

Initial crystallization screening for BlTreA was performed

manually using the hanging-drop vapour-diffusion method at

room temperature. BlTreA or R201Q–pPNG complex solu-

tion (8 mg ml�1) was mixed with an equal volume of reservoir

solution. A variety of commercial screens were used to crys-

tallize BlTreA and the R201Q–pPNG complex. The BlTreA

crystals were grown in a precipitant solution consisting of

20%(w/v) PEG 3350, 0.2 M magnesium acetate hexahydrate,

2% Tacsimate pH 5.0. For the enzyme–substrate complex, the

R201Q mutant protein was mixed with pPNG in a 1:3 molar

ratio (protein:substrate) in buffer consisting of 20 mM

HEPES–NaOH pH 8.0, 150 mM NaCl. Crystals of the

complex were grown in the presence of 20%(w/v) PEG 3350,

0.1 M magnesium acetate hexahydrate, 2% Tacsimate pH 4.0.

The crystals were flash-cooled in liquid nitrogen at 100 K.

X-ray diffraction data were collected on beamlines 13B1 and

15A1 of the National Synchrotron Radiation Research Center

(NSRRC), Taiwan. Data integration and scaling were

performed using the HKL-2000 package (Otwinowski &

Minor, 1997).

2.7. Structure determination and refinement

The initial indexing process identified the most likely

Bravais lattice to be monoclinic (C2) or triclinic (P1).

However, the data could not be successfully integrated and

scaled in space group C2. The native BlTreA crystals belonged

to space group P1, with unit-cell parameters a = 60.3, b = 97.4,

c = 108.5 Å, � = 98.2, � = 91.4, � = 108.2�, and diffracted to

2.0 Å resolution. The calculated Matthews coefficient (VM) of

1.89 Å3 Da�1 suggested the presence of four protein mole-

cules in the asymmetric unit, with a solvent content of 35.1%.

Amino-acid sequence alignment of BlTreA and BcOgl

revealed 52% identity. Consequently, the structure of BlTreA

was determined by the molecular-replacement method using

the TIM-barrel region of BcOgl (PDB entry 1uok; Watanabe

et al., 1997) as a search model and the AutoMR software from

PHENIX (Adams et al., 2010). Diffraction data in the reso-

lution range 15–4.0 Å were used in the molecular-replacement

search. The initial refinement of the preliminary model was

performed in PHENIX, with four molecules per asymmetric

unit. The protein backbone was traced from the resulting

electron-density maps and model building was performed

using Coot (Emsley & Cowtan, 2004). Multiple rounds of

structural refinement were carried out using PHENIX with

the default strategy and a random set of 5% of reflections set

aside for cross-validation and calculation of Rfree. The final

model of BlTreA had an R factor of 18.1% for all reflections

greater than 2� between 30.0 and 2.0 Å resolution and an Rfree

value of 24.5% for the randomly chosen 5% of the reflections.

The crystals of the R201Q–pPNG complex also belonged to

space group P1, with unit-cell parameters a = 60.3, b = 97.4,

c = 108.5 Å, � = 98.5, � = 91.8, � = 108.2�, and diffracted to

2.05 Å resolution. The crystals had a VM value of 1.89 Å3 Da�1

and a solvent content of 35.0%, confirming the presence of

four monomers per asymmetric unit. The structure of R201Q–

pPNG was solved as above but with the native BlTreA

structure as the search model. Fortunately, initial Fobs � Fcalc

difference density maps revealed sufficient additional electron

density to account for the presence of the pPNG molecule.

Both Mg2+ ions and pPNG molecules were introduced into the

model in corresponding peaks above 5� in the Fobs – Fcalc

electron-density map and specific environments that matched
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the binding site. All ions and ligands added to these structures

were subsequently refined by PHENIX with the default

strategy. After refinement, the R factor for the R201Q–pPNG

complex was 17.1% for all reflections between 30.0 and 2.05 Å

resolution; the Rfree value was 21.4% for a randomly chosen

5% of the reflections. Statistics of data collection and structure

refinement are listed in Table 1. The atomic coordinates and

structure factors for BlTreA and for R201Q in complex with

pPNG were deposited in the PDB (http://www.rcsb.org/) as

entries 5brp and 5brq, respectively.

3. Results and discussion

3.1. Overall structure of BlTreA

The BlTreA crystals belonging to space group P1 contained

four molecules per asymmetric unit. All four molecules show

similar conformations, with a root-mean-square deviation

(r.m.s.d.) of 0.2–0.4 Å for the C� coordinates (Supplementary

Fig. S1). For simplicity, the structure of only one of the

molecules in the asymmetric unit is displayed in Fig. 1(a). Each

molecule can be divided into three domains: the N-domain

(residues 1–106 and 179–479), the subdomain (residues

107–178) and the C-domain (residues 480–562). The promi-

nent N-domain is known to play a central role in catalytic

activity and is sandwiched between the subdomain and the C-

domain. In addition, examination of the N-domain revealed an

atypical TIM-barrel with eight �-helices, seven �-strands and

one extended loop replacing a �-strand (residues Gly319–

Phe324). Notably, this variation in the TIM-barrel is also

found in a few other GH13 family members (Xu et al., 2013),

and the change in the secondary structure may be the result of

a single-residue interruption. Furthermore, the N-domain also

contains the active site, in which five putative residues may
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Table 1
Data-collection and refinement statistics.

Values in parentheses are for the highest resolution bin.

BlTreA R201Q–pPNG

Data collection
Source BL13B1, NSRRC BL15A1, NSRRC
Detector Q315r MX-300XE
Wavelength 0.903 0.985
Space group P1 P1
Unit-cell parameters (Å, �) a = 59.8, b = 97.6,

c = 108.3, � = 98.2,
� = 91.4, � = 108.2

a = 60.3, b = 97.4,
c = 108.5, � = 98.5,
� = 91.8, � = 108.2

Resolution range (Å) 30.0–2.0 30.0–2.05
Multiplicity 3.8 (3.8) 3.7 (3.6)
Total No. of reflections 566910 526925
Unique reflections 149079 141603
Completeness (%) 96.8 (96.0) 97.5 (95.4)
hI/�(I)i 29 (4.3) 32 (3.3)
Rmerge† (%) 3.0 (46.8) 4.9 (33.7)
Molecules in the asymmetric

unit
4 4

Refinement
R factor‡/Rfree§ (%) 18.10/24.52 17.08/21.40
R.m.s.d.

Bond lengths (Å) 0.008 0.008
Angles (�) 1.131 1.091

Average B factor (Å2) 19 25
No. of atoms

Protein 18344 18328
Ion (Mg2+) 4 4
Ligand (pPNG) 0 63
Water 1454 1663

Ramchandran statistics (%)
Favoured regions 96.7 97.1
Additionally allowed 3.3 2.9

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the intensity of

an observation and hI(hkl)i is the mean value for its unique reflection. ‡ R factor =P
hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj, where Fobs and Fcalc are the observed and calculated
structure-factor amplitudes, respectively. § Rfree is defined as Rwork but calculated using
5% of the data excluded from the refinement. Rwork =

P
hkl

�
�jFobsj � kjFcalcj

�
�=P

hkl jFobsj, where k is a scaling factor.

Figure 1
The overall structure of BlTreA. (a) Schematic representation of the
overall structure of BlTreA. The BlTreA domains are indicated by colour
(N-domain, green; subdomain, magenta; C-domain, red). A Mg2+ ion
within the N-domain is indicated by a grey ball. (b) Magnification of the
key residues in the active-site pocket. The catalytic and binding residues
are coloured cyan and gold, respectively. The 2Fo � Fc electron-density
maps are contoured at 1� and are shown in grey.



participate in substrate binding and hydrolysis (Fig. 1b). The

subdomain consists of two �-helices and five alternating �-

strands, the functions of which are unclear across the GH13

family. The C-domain is formed by two layered �-sheets: a

larger five-stranded antiparallel �-sheet and a smaller two-

stranded antiparallel �-sheet. Although the precise function of

the C-domain is unclear in TreA, several GH13 family

enzymes have a carbohydrate-binding domain in this part of

the enzyme (Janeček et al., 2003; Christiansen et al., 2009). In

addition, the C-domain interacts with a portion of the

N-domain via a network of salt bridges and hydrogen bonds

that may play a role in structural stability (Xu et al., 2013).

In the Fobs � Fcalc map, we

observed an extra electron

density of over 5� around resi-

dues Asp24, Thr26, Asn28, Val30,

Asp32 and Glu77, which we then

tried to model using different

metal ions. Since a calcium ion

was found in other GH13 family

enzymes such as MutB (PDB

entry 2pwh; Ravaud et al., 2007)

and previous data also showed

that calcium ion could stimulate

the enzymatic activity of BlTreA

(Chuang et al., 2012), we first

modelled a calcium ion into the

extra density. However, the

Fobs � Fcalc map around the calcium ion showed negative

densities after refinement. This indicated that calcium ion is

not the correct ion. Because the crystallization condition of

BlTreA contained 20%(w/v) PEG 3350, 0.2 M magnesium

acetate hexahydrate and 2% Tacsimate pH 5.0, we attempted

to add a magnesium ion at the position of the extra Fobs� Fcalc

density. Fortunately, the magnesium ion fitted well after

refinement, showing that it was the correct ion. Furthermore,

our previous study showed that magnesium could not stimu-

late the enzymatic activity of BlTreA (Chuang et al., 2012),

and the location of the magnesium is far away from the active

site. Hence, we speculate that it is likely to contribute to
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Figure 2
Structural and sequence comparison of BlTreA, BcOgl and NX-5. The enzymes are colour-coded with BlTreA in green, BcOgl in magenta and NX-5 in
cyan. Loop280–299 in BlTreA and the corresponding loops in BcOgl (loop281–300) and NX-5 (loop321–339) are shown in black, yellow and red, respectively. A
stereo representation of the long loop region is shown in the black box. The additional short �-helix structures in BlTreA and BcOgl are indicated by the
red arrow. A stereo representation of the long loop region is shown in the black box. The sequence alignment was performed using the Biology Work
Bench from the San Diego Supercomputer Center and was displayed with BoxShade. The conserved, identical and similar residues are coloured green,
yellow and cyan, respectively.

Table 2
Specific activity and kinetic constants of BlTreA and its mutants.

pPNG T6P

Enzyme
Specific activity†
(U mg�1)

Km

(mM)
kcat

(s�1)
kcat/Km

(s�1 mM�1)
Km

(mM)
kcat

(s�1)
kcat/Km

(s�1 mM�1)

Wild type 222.4 � 0.3 (417.5 � 4.8) 5.8 � 0.3 30.3 � 0.6 5.3 2.5 � 0.3 46.7 � 1.2 18.9
D203E ND‡ —§ — — — — —
E254D ND — — — — — —
D329E ND — — — — — —
H281A 98.9 � 2.6 (151.3 � 5.9) 12.2 � 2.0 12.4 � 0.8 1.0 5.3 � 0.6 19.1 � 1.3 3.6
H282A 151.6 � 3.4 (207.6 � 9.2) 11.4 � 0.9 22.6 � 0.1 2.0 4.9 � 0.9 34.8 � 2.3 7.2
K284A 197.0 � 3.6 (250.2 � 3.8) 7.4 � 0.8 25.6 � 1.5 3.5 3.2 � 0.1 39.5 � 2.7 12.2
K292A 12.1 � 0.3 (21.4 � 1.7) 13.6 � 0.1 0.3 � 0.1 0.02 5.9 � 0.3 0.4 � 0.1 0.1

† The purified enzymes were assayed for TreA activity using either pPNG or T6P (values in parentheses) as the substrate. One
unit of TreA activity is defined as the amount of enzyme that catalyzes the hydrolysis of T6P to produce 1 mmol of glucose
equivalent per minute. ‡ No detectable activity towards pPNG and T6P. § Not measured.
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Figure 3
Multiple sequence alignment of BlTreA and other GH13 family enzymes. The amino-acid sequences are shown for Bacillus licheniformis TreA (BlTreA;
Swiss-Prot Q65MI2), B. amyloliquefaciens TreA (BaTreA; Swiss-Prot E1UNN1), B. subtilis TreA (BsTreA; Swiss-Prot P39795), Pseudomonas
fluorescens TreA (PfTreA; Swiss-Prot Q9F8X2), Escherichia coli TreC (EcTreC; Swiss-Prot P28904), B. cereus oligo-1,6-glucosidase (BcOgl; Swiss-Prot
P21332), Klebsiella sp. LX3 isomaltulose synthase (PalI; Swiss-Prot Q8KR84), P. mesoacidophila sucrose isomerase (MutB; Swiss-Prot Q2PS28) and
Erwinia rhapontici isomaltulose synthase (NX-5; Swiss-Prot D9MPF2). BlTreA residues involved in catalysis and transition-state stabilization are
indicated by open circles and closed squares, respectively. The putative residues responsible for T6P binding are indicated by blue triangles. The inserted
residue that may disrupt �-sheet formation is marked by a green triangle. Sequence alignments were generated with MULTALIN (Corpet, 1988) and
ESPript (Robert & Gouet, 2014). The secondary structures are designated according to the crystal structure of BlTreA.



structural stability rather than the enzymatic activity. The

presence of the magnesium ion is also consistent with the

corresponding position in the structure of the related family

member NX-5 (PDB entry 4how; Xu et al., 2013); in contrast, a

water molecule was observed in the corresponding positions in

the PalI structure (PDB entry 1m53; Zhang et al., 2003).

To date, several structures of the oligo-1,6-glucosidase

subfamily, including oligo-1,6-glucosidase (BcOgl; PDB entry

1uok) and isomaltulose synthase (NX-5; PDB entry 4how),

have been solved and shown to share substantial structural

similarity. Structural comparison of these proteins with

BlTreA shows overall r.m.s.d.s of 1.6 and 2.2 Å over 500 C�

atoms, respectively. The main structural differences within

these enzymes are the arrangement of the subdomain and its

active-site regions within the N-domain. The subdomain of

BlTreA forms more compact structures with two extra short

�-strands (�4 and �8), whereas the corresponding region of

BcOgl and NX-5 forms a random-coil or loop structure. In the

active-site regions, the structures of BlTreA and BcOgl differ

significantly from that of NX-5. These

proteins contain a conserved long loop over

the active-site catalytic pocket (Fig. 2).

However, the corresponding region in

BlTreA and BcOgl has an additional short

�-helix structure that is not observed in

the NX-5 structure. Thus, although these

enzymes share similar hydrolytic mechan-

isms, we hypothesized that the variable

loops around the active site may contribute

to the diversity of substrate recognition of

GH13 family members.

3.2. Structural features of the active site

From the sequence comparison (Fig. 3),

Asp203, Glu254 and Asp329 of BlTreA were

deduced to be the catalytic residues. More-

over, these residues also provide structural

stability to the active site. This catalytic triad

is highly conserved among members of the

GH13 family. The initial aspartate acts as a

catalytic nucleophile, the glutamate as a

general acid/base and the second aspartate

participates in stabilization of the transition-

state complex (Uitdehaag et al., 1999). In

addition to the catalytic residues, two other

conserved residues, His106 and His328,

near the active site are also important

for substrate binding. Structural super-

imposition of BlTreA, BcOgl and NX-5

using these conserved residues shows a

moderate difference in His328 and Asp329,

with r.m.s.d.s of 0.7 and 0.9 Å, respectively

(Supplementary Fig. S2).

To verify the importance of the catalytic

triad in BlTreA, Asp203, Glu254 and

Asp329 were individually mutated by site-

directed mutagenesis and the changes in catalytic activity were

assayed. Table 2 summarizes the activities of wild-type BlTreA

and its variants. As expected, mutations of any of these three

residues of the catalytic triad (D203E, E254D and D329E)

resulted in a loss of catalytic activity towards either pPNG or

the T6P substrate. This corroborates the proposition that wild-

type BlTreA shares a similar catalytic mechanism with other

GH13 members (Davies & Henrissat, 1995).

3.3. Structure of the R201Q–pPNG complex

Having identified the catalytic triad of BlTreA, we further

investigated how the structural features of the active-site

residues contribute to substrate binding and catalysis. We

determined the crystal structure of the inactive R201Q mutant

(Ong et al., 2014) in complex with the p-nitrophenol derivative

pPNG, which effectively allowed us to precisely define

substrate-recognition and binding interactions. In the struc-

ture of the enzyme–substrate complex, electron density
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Figure 4
Stereoview of the binding modes in R201Q–pPNG. (a) The binding mode between BlTreA and
the glucosyl ring of pPNG. Water molecules are shown as cyan spheres. (b) The binding mode
between BlTreA and the p-nitrophenol moiety of pPNG. (c) Structural alignment of R201Q–
pPNG with NX-5–sucrose (PDB entry 4hph) showing the differences in substrate orientation.
The bound pPNG (green) and sucrose (magenta) molecules are shown as sticks. (d) The
binding mode of sucrose in the NX-5–sucrose complex. The bound sucrose is coloured
magenta.



correlated with the pPNG molecule was clearly observed in

the centre of the active-site pocket (Supplementary Fig. S3).

The pPNG appears to interact with the BlTreA active site

through its glucosyl ring and the p-nitrophenol moiety (Fig. 4).

The glucosyl ring of pPNG interacts with the seven active-site

residues, His106, Asp203, Glu254, Phe280, Asn327, His328

and Asp329, and three water molecules via a network of

hydrogen bonds (Fig. 4a). The p-nitrophenol moiety of pPNG

also interacts with five other residues, Asp63, Phe148, Gln171,

Arg414 and Arg418, of BlTreA through a network of

hydrogen bonds (Fig. 4b). Notably, the p-nitrophenol moiety

of pPNG is bound to the active-site pocket of the enzyme by

multiple weak interactions, suggesting that this is a key

structural feature contributing to the rapid and facile release

of substrate upon hydrolysis/cleavage. This same phenomenon

has been observed in the NX-5 complex structure (Xu et al.,

2013).

In addition, a structural comparison between apo-form

BlTreA and our derived pPNG complex showed no significant

differences, with an r.m.s.d. of 0.1 Å for 560 C� atoms.

Superimposition of 12 residues (Asp63, His106, Phe148,

Gln171, Asp203, Glu254, Phe280, Asn327, His328, Asp329,

Arg414 and Arg418) in the substrate-binding pocket of apo

BlTreA and the R201Q–pPNG complex revealed subtle

structural changes, in particular for Arg414 in the active site,

with an r.m.s.d. of 0.15 Å for 12 C� atoms (Supplementary Fig.

S4). As these 12 residues are conserved among TreA, BcOgl,

Pal, MutB and NX-5 (Fig. 3), these results provide further

evidence that BlTreA may share a similar catalytic mechanism

with other GH13 family members. Although BlTreA adopts

the same catalytic mechanisms as other GH13 family enzymes,

structural comparison of the R201Q–pPNG complex with the

NX-5–sucrose complex corroborates the similar positioning of

the bound pPNG substrate but suggests different orientations

(Fig. 4c), and the number of hydrogen bonds in BlTreA–

pPNG is smaller than the number apparent in the NX-5–

sucrose complex (Fig. 4d). The substitution of Arg201 with

Asn in BlTreA shortens the length of the side chain and leads

to a loss of the electronic properties of residue 201. In addi-

tion, no interaction was observed between Asn201, pPNG and

the other residues in the binding pocket, and our previous data

showed that Arg201 is essential for the enzymatic activity of

BlTreA (Ong et al., 2014). Hence, these results showed that

Arg201 is essential for activity, not only contributing to the

hydrophilic interaction of the ligand but also stabilizing the

orientation of the conserved catalytic residue Glu254. With

a double-displacement mechanism, the

substrate will induce a change of the BlTreA

conformation to an intermediate form in the

first step. The R201Q mutant protein could

bind the substrate but lost the substrate-

catalysis activity. Therefore, our structural

data may describe a kinetically trapped

complex of pPNG with BlTreA that is no

longer poised for the final step of substrate

hydrolysis.

3.4. Difference in the active-site pockets of
enzymes similar to BlTreA

The overall structures of BlTreA, BcOgl

and NX-5 are similar, but the enzymes differ

in their substrate specificity. Although

BlTreA is known to catalyze the hydrolysis

of the phosphorylated disaccharide T6P to

yield glucose 6-phosphate and glucose, it

does not hydrolyze longer oligosaccharides

(Chuang et al., 2012). NX-5 has a high

selectivity for sucrose, which is converted

to isomaltulose (�80%) and trehalulose

(�13.8%) with trace amounts of glucose and

fructose (Cheetham, 1984; Ren et al., 2011).

However, isomaltotriose is the best

substrate for several oligo-1,6-glucosidases

(Suzuki et al., 1982). These differences in

substrate specificity may be partially

explained by the dissimilar shapes of the

active-site pockets of these enzymes.

To investigate the catalytic difference

among similar enzymes, we calculated the
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volumes of the substrate-binding pocket in BlTreA, BcOgl

and NX-5 by using the 3V (Voss Volume Voxelator) server

(http://3vee.molmovdb.org/; Voss & Gerstein, 2010). The

results showed that the aforementioned enzymes have pocket

volumes of 1288, 1371 and 1395 Å3, respectively. Although

there is no significant difference in the volumes of their

binding cavities, the shapes of the binding pockets are very

different among these three enzymes (Supplementary Fig. S5).

Furthermore, we compared the R201Q–pPNG complex

structure with those of BcOgl (PDB entry 1uok) and NX-5–

sucrose (PDB entry 4hph; Xu et al., 2013). As shown in Fig. 2,

the most prominent structural differences are in the catalytic

regions consisting of a cleft and an extended loop. In addition,

the two helices �18 and �19 of BlTreA show a remarkable

conformational disparity from those of BcOgl and NX-5.

Interface analyses with PISA (Krissinel & Henrick, 2007)

revealed several interactions based on hydrogen bonds and

salt bridges that form between the extended loop and the two

helices (�18 and �19) in these three enzymes. Interestingly, the

BlTreA extended loop (residues 280–299) adopts different

orientations compared with BcOgl and NX-5, with r.m.s.d.s

of 1.5 and 2.0 Å, respectively (Fig. 2). The main structural

differences in these three enzymes may account for the

differing size and shape of the entryways to the active-site

pockets. The extended long loop was located close to the

active-site pocket and formed the edges of the catalytic cleft

in these three enzymes. As shown in Fig. 5(a), the catalytic

groove of BlTreA is much narrower than the corresponding

structures in the other two enzymes and is uniquely

constricted by the long loop (residues Phe280–Asp299) that

accommodates the disaccharide substrate. In contrast, the

catalytic grooves of BcOgl and NX-5 are wider and conse-

quently may accommodate longer oligosaccharides (Figs. 5b

and 5c). Without the extended long loop serving as an edge,

the catalytic centre of BlTreA would be easier to access, which

might lead to loss of its substrate selectivity. Based on these

observations, we speculate that the long loop acts as a clamp to

assist substrate recognition or binding.

The catalytic cleft region of BlTreA contains both aromatic

and polar residues, which are also presumed to play key roles

in substrate recognition and binding; however, the residues

in the extended loops over the active site vary among the

proteins. In NX-5 (PDB entry 4how) and MutB (PDB entry

2pwh) these loops contain a unique 325RLDRD329 motif that is

implicated in substrate specificity (Xu et al., 2013; Ravaud et

al., 2007). Not surprisingly, this RLDRD sequence is not

present in BcOgl or BlTreA, as these two enzymes are func-

tionally different from NX-5 and MutB. The corresponding

residues in BlTreA, 284KADYP288, exhibit structural dispa-

rities in their side-chain orientations compared with NX-5.

Since we used the natural substrate derivative pPNG lacking

one phosphate group to resolve the protein–ligand structure,

we are not able to observe any interaction between the ligand

and the extended loop (residues 280–299) of BlTreA.

However, this extended loop contains several positively

charged residues, forming an ideal platform for a salt bridge or

hydrogen-bond interactions with the phosphate group of the

natural substrate. Therefore, we speculate that this long loop

may act as a gate to regulate the entry of substrates into the

active site of BlTreA.

3.5. Key residues that that regulate substrate specificity via
the phosphate group of T6P

The activity of BlTreA is directed towards highly negatively

charged phosphorylated disaccharides, an attribute that differs

from other members of the GH13 family (Chuang et al., 2012).

Therefore, we compared the surface potential of the BlTreA

binding pocket with the homologous structures in BcOgl

and NX-5 to determine whether surface charge affects the

substrate-binding specificity. As shown in Fig. 6, the catalytic

region of BlTreA exhibits the most positive charge, which is

contributed by the four basic residues His281, His282, Lys284

and Lys292 (Fig. 6b). Interestingly, our sequence analysis

suggests that these residues are only conserved in trehalose-6-

phosphate hydrolases and not in other GH13 family members

(Fig. 3). The other GH13 enzymes that hydrolyze non-

phosphorylated substrates, including NX-5, have nonpolar

residues in this region (Fig. 3). Therefore, it is likely that the
281HHKK284 motif in BlTreA plays an important role in the

binding and recognition of the phosphate group in T6P. In

addition, these four basic residues are oriented towards the

active site, suggesting involvement in substrate catalysis. To

confirm this, we adapted the T6P molecular model from the
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Figure 5
Comparison of the active-site pockets of enzymes similar to BlTreA. (a) BlTreA. pPNG is shown as a stick model. (b) NX-5. Bound sucrose is shown as a
stick model. (c) BcOgl. The loops are shown as cyan cartoon models.



PDB (http://www.rcsb.org/) and then constructed a docking

model using the High Ambiguity Driven protein–protein

DOCKing (HADDOCK) online server (de Vries et al., 2010;

Kelley & Sternberg, 2009; http://haddock.science.uu.nl/

index.html). The following docking-restraint definition only

used the minimum residues Asp203, Glu254 and Asp329 of

BlTreA, which are confirmed catalytic residues. The structure

with the highest HADDOCK6 score was selected as the best-

modelled structure of the BlTreA–T6P complex. As shown in

Fig. 7, the docked model suggests that the sugar group of T6P

is located at the core of the active-site pocket, whereas the

phosphate group is directed towards the surface of the active

site, where there are potential interactions between T6P and

the His281, His282, Lys284 and Lys292 residues. In addition,

sequence analysis of BlTreA-related enzymes indicates that

the putative residues His281, His282, Lys284 and Lys292 are

totally conserved within T6P hydrolases. Hence, these four

residues are likely to be responsible for interaction with the

phosphate group and constitute promising candidates for

modulating BlTreA substrate specificity.

As we used a substrate derivative in our complex structure,

we were not able to provide direct evidence as to how the
281HHKK284 sequence interacts with the phosphate group. To

verify the function of the individual residues, we constructed

the corresponding variants via alanine-scanning mutagenesis.

To characterize these BlTreA mutants, we used circular-
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Figure 6
Molecular surfaces showing the electrostatic potentials of BlTreA, NX-5 and BcOgl. (a) The three molecules are shown with positive charges indicated in
blue and negative charges in red. The active-site pockets are indicated by yellow boxes. A positive charge dominates the active site of BlTreA. (b)
Magnification of the active site of BlTreA shows the four residues that contribute to the positive charge. The structures were generated on the same scale
and in the same orientation.



dichroism and tryptophan-fluorescence spectra to examine

both secondary and tertiary structure. The results indicated

no significant change in the overall structure of the mutant

proteins (Supplementary Fig. S6). BlTreA and its mutant

variants were further assayed for TreA activity towards pPNG.

As shown in Table 2, the alanine mutants retained 5–89% of

the activity relative to the wild-type enzyme. The conse-

quences of the mutations were clearly reflected by a 127–234%

increase in the Km value of BlTreA, while the catalytic effi-

ciencies (kcat/Km) for the mutants showed a decrease in the

range 34–99%. Steady-state kinetic parameters of BlTreA and

its variants were also determined with T6P as the substrate.

The Km and specific activity values for wild-type BlTreA were

2.5 mM and 417.5 U mg�1, respectively; however, the mutant

enzymes exhibited a 128–236% increase in the value of Km

and only preserved 5–60% of the enzyme activity (Table 2).

In addition, the mutant proteins showed a dramatic loss in

catalytic efficiency of 35–99%. These results are consistent

with residues His281, His282, Lys284 and Lys292 playing an

essential role in the proper binding of substrate to BlTreA.

Taken together, our structural analyses and the biochemical

data provide new insight into the identity of the residues that

determine the specificity of T6P recognition and binding in

BlTreA and related hydrolase-family proteins.

4. Conclusions

In summary, we have determined the apo and enzyme–

substrate complex structures of BlTreA. Structural compar-

isons among BlTreA, BcOgl and NX-5 revealed that these

three enzymes are structurally similar but have different

active-site conformations. In particular, the surface-charge

difference around the active-site pocket is presumed to be

one of the key factors in distinguishing substrate specificity.

Structural information together with biochemical analysis of

a series of mutant proteins highlights a 281HHLK284 motif in

BlTreA that may interact with the phosphate moiety of T6P.

Furthermore, a unique Lys292 residue evidently plays a

functional role in establishing the distinct catalytic properties

of T6P hydrolases relative to other closely related members of

the GH13 family. Collectively, our results show the importance

of loop280–299 near the active site in substrate specificity and

binding. These data underscore the importance of the known

catalytic triad of residues in regulating substrate specificity.
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