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Psychrophilic enzymes play crucial roles in cold adaptation of microbes and provide useful models for studies of protein evolu-
tion, folding, and dynamic properties. We examined the crystal structure (2.2-Å resolution) of the psychrophilic �-glucosidase
BglU, a member of the glycosyl hydrolase 1 (GH1) enzyme family found in the cold-adapted bacterium Micrococcus antarcticus.
Structural comparison and sequence alignment between BglU and its mesophilic and thermophilic counterpart enzymes (BglB
and GlyTn, respectively) revealed two notable features distinct to BglU: (i) a unique long-loop L3 (35 versus 7 amino acids in oth-
ers) involved in substrate binding and (ii) a unique amino acid, His299 (Tyr in others), involved in the stabilization of an or-
dered water molecule chain. Shortening of loop L3 to 25 amino acids reduced low-temperature catalytic activity, substrate-bind-
ing ability, the optimal temperature, and the melting temperature (Tm). Mutation of His299 to Tyr increased the optimal
temperature, the Tm, and the catalytic activity. Conversely, mutation of Tyr301 to His in BglB caused a reduction in catalytic ac-
tivity, thermostability, and the optimal temperature (45 to 35°C). Loop L3 shortening and H299Y substitution jointly restored
enzyme activity to the level of BglU, but at moderate temperatures. Our findings indicate that loop L3 controls the level of cata-
lytic activity at low temperatures, residue His299 is responsible for thermolability (particularly heat lability of the active center),
and long-loop L3 and His299 are jointly responsible for the psychrophilic properties. The described structural basis for the cold
adaptedness of BglU will be helpful for structure-based engineering of new cold-adapted enzymes and for the production of mu-
tants useful in a variety of industrial processes at different temperatures.

The �-glucosidases (BGs; �-D-glucoside glycohydrolases, EC
3.2.1.21) are a widely occurring group of enzymes that cleave

the carbohydrate moiety of short-chain oligosaccharides (two to
six degrees of polymerization), alkyl, and aryl �-glucosides (1, 2).
BGs have been classified into 135 glycoside hydrolase (GH) fam-
ilies, based on amino acid sequence similarity. GHs can also be
classified into two major types, retaining and inverting enzymes,
according to changes in anomeric configuration during hydrolytic
reactions. Early studies of BGs were focused on their role in de-
grading the plant polymers cellulose and xylan (3, 4). More re-
cently, these enzymes have gained commercial significance be-
cause of their biotechnological application in processes related to
preparation of plant-based foods, e.g., conversion of phytoestro-
gen glucosides in fruits and vegetables to aglycone moieties, de-
toxification of cassava, and degradation of bitter compounds in
citrus fruit juices and unripe olives (5, 6). Many mesophilic and
thermophilic BGs have been cloned, purified, and characterized
during the past 2 decades (5, 7–10). In contrast to mesophilic or
thermophilic homologues, BGs from organisms adapted to cold
environments have potential application in fields that include
food processing to prevent spoilage or changes of nutrient content
and taste, detergents, textiles, and bioremediation of polluted soils
and wastewaters at low to moderate temperatures (11–13).

To date, studies indicate that cold-adapted enzymes typically
display a high catalytic constant (kcat), low optimal temperature,
and high degree of thermolability, particularly of active center
(14–16). A cold-adapted BG of the GH1 family, termed BglU, was
previously cloned from the DNA library of Micrococcus antarcti-
cus, a psychrophilic spherical bacterium found in Antarctica (17).
BglU displays typical properties of cold-adapted enzymes, includ-
ing high catalytic efficiency at low temperatures and relative insta-
bility at high temperatures. Its optimal temperature is 25°C, and

its activity decreases greatly within 30 min at higher temperatures
(18).

Many studies and hypotheses since 2000 have addressed the
structural basis of cold adaptation in psychrophilic proteins (19–
22). However, structural data for psychrophilic enzymes remain
quite limited, and no such data are available for cold-adapted BGs.
To clarify the mechanism of cold adaptation of BglU, we mapped
its crystal structure at 2.2-Å resolution. This is the first structural
description of a cold-adapted BG of the GH1 family. We identified
the structural basis and specific amino acid residues responsible
for the psychrophilic properties of BglU by (i) comparison of its
structure and amino acid sequence to those of mesophilic and
thermophilic enzymes with which it shares �40% amino acid
identity, e.g., BglB from Paenibacillus polymyxa (23) and GlyTn
from Thermus nonproteolyticus Hg102 (24), and (ii) mutagenesis
studies. Two key features, long-loop L3 and residue His299, were
found to be essential for cold adaptation, and coordination be-
tween them is the basis for psychrophilicity of the enzyme. Our
findings help elucidate the principles that underlie relationships
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between protein architecture and cold adaptation properties of
psychrophilic GH1 family BGs and will have practical application
in structure-based engineering of cold-adapted enzymes and pro-
duction of mutants useful for low-temperature industrial pro-
cesses.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Escherichia coli
BL21(DE3) was used for production of His-tagged recombinant BglU
from expression vectors. Escherichia coli XL1-Blue was used for the con-
struction and selection of mutations. All E. coli strains were grown at 37°C,
with vigorous shaking in LB medium, unless stated otherwise. Plasmid
pET28-a(�) was used for expression of bglU gene and its mutants (18).

Shortened-loop L3 mutagenesis by fusion PCR. Two mutants were
constructed by this procedure: delta-L3 (10 amino acids deleted [315 to
324], PQPVVPTDSP) and delta-L3/H299Y. For construction of loop L3
mutants, fusion PCR was performed as described by Walker et al. (25) and
Yu et al. (26), using BglU as the template and the primer pairs listed in
Table 1. In brief, three rounds of PCR were conducted, with primers P1
and P2 for round 1, P3 and P4 for round 2, and P1 and P4 for round 3.
Rounds 1 and 2 were performed using Pfu polymerase under the following
conditions: a 1-min denaturation at 95°C, followed by 30 cycles of a 1-min
denaturation at 95°C, a 1-min annealing at 60°C, and a 1-min extension at
68°C. Two chimeric fragments were obtained, with �30-bp overlapping
region. The fragments were gel purified, mixed, and amplified (fusion
reaction) using Pfu polymerase under the following conditions: 2 min of
denaturation at 95°C, followed by eight cycles consisting of a 30-s dena-
turation at 95°C, a 5-min annealing at 60°C, and a 1-min extension at
72°C. Primers 1 and 4 were added, and PCR was performed as follows: 2
min of denaturation at 95°C, followed by 30 cycles of a 30-s denaturation
at 95°C, a 30-s annealing at 55°C, and a 1-min extension at 72°C.

Site-directed mutagenesis. BglU was used as the template for all clon-
ing and mutagenesis procedures. Plasmid pET28-a(�) was used for ex-
pression procedures. The primers used are listed in Table 1. Homology
searches for protein sequences were performed using the BLAST and
FASTA programs. Mutant genes were prepared by site-directed mutagen-
esis with PCR amplification. PCR products were sequenced to confirm the
identity of the desired mutations by the primer-walking technique using
an automated sequencer (model ABI 3730xl; Applied Biosystems, USA).
Sequence information for the mutant enzymes was analyzed using the
DNAman program (v5.1; Lynnon Biosoft).

Two overlapping complementary oligonucleotides, Pf and Pr, for each
mutation were designed, containing the corresponding nucleotide
changes. Each plasmid was amplified by using 1 U of Pfu polymerase in a
linear extension reaction by PCR under the following conditions: 1-min
denaturation at 95°C, followed by 18 cycles consisting of a 1-min dena-
turation at 95°C, a 1-min annealing at 60°C, and a 5-min extension at
68°C. The reaction products were cooled to 20°C and then treated with

DpnI for 1 h at 37°C to hydrolyze the methylated parental plasmid
strands. Then, 1 �l of DpnI-treated DNA was used to transform E. coli
XL1-Blue.

De novo synthesis of BglB and GlyTn gene sequences. Gene se-
quences of BglB (PDB 2Z1S), GlyTn (PDB 1NP2), and their mutants were
de novo synthesized, and the sequences were confirmed by Sangon Biotech
Co. (Shanghai, China).

Expression and purification of recombinant BglU and its mutants.
The recombinant plasmids were transformed into E. coli BL21(DE3) and
cultured at 37°C in LB medium containing 50 �g/ml kanamycin. IPTG
(isopropyl-�-D-thiogalactopyranoside) was added to a final concentra-
tion of 0.5 mmol liter�1 when the optical density at 600 nm reached 0.7,
and the culture was continued for another 6 h at 16°C. Cells were har-
vested by centrifugation, washed twice with 50 mmol liter�1 phosphate
buffer (pH 6.5), suspended in the same buffer, and disrupted by sonica-
tion. Insoluble debris was removed by centrifugation (10,000 � g, 4°C, 20
min; Sigma rotor 12159-H). The supernatant was applied to Ni-NTA
agarose (Novagen) and purified according to a standard protocol (Ni-
NTA His-Bind resin kit; Novagen). Eluates were pooled, concentrated by
using an Amicon Ultra-15 (Millipore), and stored at �20°C.

Enzyme assay and kinetic parameters. The BG activity was assayed by
measuring the increase in absorbance at 400 nm resulting from the release
of p-nitrophenol from p-nitrophenyl-�-glucoside (pNPG) (27). The re-
action mixture (0.5 ml) contained 0.2 �g of enzyme except the mutant
delta-L3 (20 �g), and 50 mmol liter�1 phosphate buffer (pH 6.5) with 5
mmol liter�1 pNPG (final concentration). The mixture was incubated for
5 min, and the reaction was stopped by the addition of 1 ml of 1 mol
liter�1 Na2CO3. One unit (U) of BG activity was defined as the amount of
enzyme that caused release of 1 �mol of p-nitrophenol per min. The
values of the kinetic constants Km and Vmax of the Michaelis-Menten
equation were determined by nonlinear regression plot using the
SPSS19.0 software program. The kinetic constant kcat and the catalytic
efficiency ratio kcat/Km were determined based on the Km and Vmax values.

The optimal temperature and thermal stability were analyzed as de-
scribed previously (18). The melting temperature (Tm) was determined by
differential scanning fluorimetry (DSF). In brief, DSF was performed us-
ing �0.2 mg of protein/ml in phosphate-buffered saline added with 5%
glycerol with SYPRO Orange (Invitrogen, catalog no. S6650; final concen-
tration, 5�). The mixture was monitored in hard-shell 96-well skirted
PCR plates (Bio-Rad, catalog no. HSP-9601) using a 40-�l volume and a
Bio-Rad CFX96 RT-PCR system (excitation wavelength, 450 to 490 nm;
emission wavelength, 560 to 590 nm).

Crystallization and data collection. Crystallization was performed at
4°C using sitting-drop vapor diffusion with a drop ratio of 1 �l of 20-
mg/ml protein solution in 50 mmol liter�1 Tris-HCl and 500 mmol li-
ter�1 NaCl to 1 �l of reservoir solution. Crystals were grown by the hang-
ing-drop vapor diffusion method. BglU crystals were obtained by mixing
1 �l of reservoir solution (0.1 mol liter�1 Tris-HCl, 0.2 mol liter�1 MgCl2,

TABLE 1 Primers used for mutations

Mutation and primer Sequence (5=-3=)a

delta-L3
P1 CGCGGATCCATGATGAACCACTTATC
P2 GCCGGGAAGGTCACATACTCGCTGCCGACAAACTGGCCGG CGGGCAGCGGAT
P3 ACGTTTCAGGCCATCCGCTGCCCGCCGGCCAGTTTGTCGGCAGCGAGTATGT
P4 CCCAAGCTTTTATGCCATTGTACGG

H299Y
Pf CTTGGGCGTGAACTACTACCACGATGACAACG
Pr CGTTGTCATCGTGGTAGTAGTTCACGCCCAAG

delta-L3/H229Y All of the above
a Restriction sites are indicated by underlining.
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and 30% [vol/vol] PEG4000). Crystals were flash-cooled in a nitrogen
stream at 100K. X-ray diffraction data (2.2-Å resolution) for BglU were
collected on an R-Axis IV�� image plate detector using a Rigaku rotating
anode X-ray generator.

Structure determination and refinement. Data sets were processed
using the Mosflm program (28) and then scaled and reduced using the
SCALA program of the CCP4 suite (29). Initial phases for BglU were
obtained by the molecular replacement method using the Phaser program
of the CCP4 suite. The crystal structure of Paenibacillus polymyxa �-glu-
cosidase B (BglB; PDB ID 2Z1S) (23) was used as a search model. Model
building and refinement were conducted using the COOT (30), CNS (31),
and PHENIX (32) programs. Several cycles of refinement were used to
obtain acceptable root mean square deviation (RMSD) and Rfree values.
Data collection and refinement statistics are presented in Table 2. Stereo-
chemical properties were evaluated using the PROCHECK program (33).
Figures were prepared using the PyMOL program (34).

Protein Data Bank accession number and mutant gene accession
numbers. Coordinates and structure factors for BglU were deposited
in the Protein Data Bank (http://www.wwpdb.org) under accession
number 3W53. Sequences of mutant genes delta-L3, H299Y, and delta-
L3/H229Y were deposited in GenBank database under accession numbers
KU198288, KU198286, and KU198287, respectively.

RESULTS
Psychrophilic �-glucosidase BglU adopts a TIM barrel fold
structure, as do its mesophilic and thermophilic counterparts.
The crystal structure of BglU, a psychrophilic BG from Micrococ-
cus antarcticus, was determined by the molecular replacement
method using the structure of BglB (23) as a search model and
refinement at 2.2-Å resolution with R factor 0.161 and Rfree 	
0.199 (Table 2). The final model contains 3,714 protein atoms, 1
Tris molecule, and 442 water molecules. BglU exists as a monomer
in the asymmetric unit, in accordance with its monomeric state in
solution. The overall structure of BglU (Fig. 1) adopts a typical
(
/�)8 “TIM barrel fold” (named after triosephosphate isomer-
ase), as also observed in other GH1 family members (23, 24).

TABLE 2 Data collection and refinement statistics

Parameter Value(s) for parameter

Space group C2221
a

Unit cell parameters
a, b, c (Å) 57.28, 84.67, 184.77

, �, � 90, 90, 90

Resolution (Å) 61.55–2.20
No. of unique reflections 22,807
Completeness (%) 97.9 (87.4)
Rmerge (%) 3.9 (7.3)
Mean I/�I� 32.6 (14.2)
Redundancy 6.4 (3.5)
Rwork/Rfree (%) 16.13/19.97

No. of molecules
Protein 3,714
Water 442
Tris 1

B factor (Å2)
Mean 13.70
Protein 12.95
Water 20.02
Tris 12.96

Ramachandran plot (%)
Favored 96.8
Allowed 3.2
Disallowed 0

RMSDb

Bond length (Å) 0.0073
Bond angle (°) 1.070

a Numbers in parentheses indicate values in the highest-resolution shell.
b RMSD, root mean square deviation.

FIG 1 Ribbon representation of the overall structure of BglU. The 
-helices and �-strands of the TIM barrel are shown by salmon and sky blue. Loops L1, L2,

B, and 
C are orange. L5, �C, and �D are green/cyan. L3 is yellow. L4 and other residues are gray.
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BglU, the first psychrophilic BG ever reported, shows similar-
ities in sequence and structure to other GH1 family enzymes, in-
cluding its mesophilic and thermophilic counterparts. Sequence
alignments showed that BglU shows 49% identity with mesophilic
BglB (PDB ID 2Z1S) (23) and 42% identity with thermophilic
GlyTn (PDB ID 1NP2) (24) (Fig. 2). Structure superposition (Fig.
3) showed that the structure of BglU is similar to those of BglB and
GlyTn, with Ca atom RMSD values of 1.5 and 1.2 Å, respectively.

Substrate-binding pocket. A large, deep pocket is present on
the surface of BglU (Fig. 4) and has a depth of 20 Å, an inner

surface area of 1,088 Å2, and a volume of 1,858 Å3 as calculated by
CASTp. Glu170 and Glu377, the two residues directly related to
enzyme activity, are located at the bottom, indicating that this is the
substrate-binding pocket of the enzyme. The pocket is at the top of
the TIM barrel core and is surrounded mainly by the residues of loops
L1, L2, L3, L4, and L5, helix 
F, and strand �B. One Tris molecule is
located at the bottom of the pocket. Residue Glu431 forms two hy-
drogen bonds with two hydroxyl groups of Tris via its carboxyl group.
Residue Glu170 forms one hydrogen bond with the third hydroxyl
group of Tris via its carboxyl group. Residues Glu170 and Glu377

FIG 2 Sequence alignment of BglU and its mesophilic (2Z1S) and thermophilic (1NP2) homologues in the GH1 family. Sequence alignment was performed
using the ClustalW (v2.0) and ESPript programs. Conserved sequences are indicated by boxes, and similar sequences are indicated by colored background.

-Helix, �-sheet, random coil, and beta turn are labeled 
, �, �, and T, respectively. Secondary structures and their designations are shown. �-Strands and

-helices are represented by arrows and coils, respectively. Residues Glu170 and Glu377 are indicated by purple circles; His299 and His301 are indicated by yellow
triangles; Lys163, Glu218, Asn228, Ala368, and Thr383 are indicated by cyan diamonds; Gly261 and Ala389 are indicated by blue stars.
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form two hydrogen bonds with the amino group of Tris via their
carboxyl groups. One water molecule is involved in the protein-Tris
interaction and is bonded by a hydrogen bond network. Jeng et al.
(35) reported that the active site of TrBgl2 and NkBgl is also occupied
by a Tris molecule. The Tris molecule is presumed to mimic the sub-
strate, as reported previously for other GH1 family members (23, 24),
because both are rich in hydroxyl groups.

The 20-Å depth of the substrate-binding pocket of BglU is
consistent with the length of a tetrasaccharide molecule. A cello-
tetraose molecule was modeled into the substrate-binding pocket

by homologue modeling, using the BglB-cellotetraose complex
structure as a template. In this model, the conserved residues
Glu377, Glu170, Glu431, Trp424, Phe440, Trp126, His125, and
Tyr300 interact mainly with the first nonretaining monosaccha-
ride. Residues Ile177, Glu183, His184, Asn255, His301, Trp349,
Try250, and Trp434 interact mainly with the second nonretaining
monosaccharide. Residues from loop L3 (see below) interact with
the third and fourth nonretaining monosaccharides, such as
Ser327. Most residues involved in recognition of the first and sec-
ond monosaccharides are conserved (Fig. 3B).

FIG 3 (A) Structure superposition of BglU on the thermophilic counterpart GlyTn (A chain) and the mesophilic counterpart BglB. BglU, GlyTn, and BglB are
colored in salmon, light blue, and pale green, whereas their loop L3 is shown in red, blue, and cyan, respectively. The cellotetraose molecule modeled into the
substrate-binding pocket is shown as sticks. (B) Detail of substrate-binding pocket with cellotetraose. Residues His125, Trp126, Glu170, Tyr300, Glu377, Trp424,
and Glu431, Phe440 (indicated in cyan) interact mainly with the first nonretaining monosaccharide group, whereas residues Glu183 (also with the third
monosaccharide group), His184, His301, Ile177, Asn225, Trp250, Trp349, and Trp434 (indicated in green) interact mainly with the second nonretaining
monosaccharide. Residues from loop L3, which is indicated in violet but with residue Ser327 emphasized in steel blue, interact with the third and fourth
nonretaining monosaccharides. The figures were prepared using the PyMOL program.

FIG 4 Comparison of optimal temperatures of BglU and its mutants. (A) BglU, H299Y, delta-L3, and delta-L3/H299Y. (B) BglU, BglB, and BglB-Y301H. The
maximal activity (385.6 U/mg) of BglU was defined as 100%. The experiments were performed in triplicate or quadruplicate.
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Loop L3 and His299 constitute the major difference between
BglU and its mesophilic and thermophilic counterparts in
terms of both structure and sequence. Sequence alignment and
structural comparison between BglU and its mesophilic and ther-
mophilic counterparts (BglB and GlyTn) revealed that the long-
loop L3 and His299 constitute the major difference in terms of
both sequence and structure (Fig. 2 and 3A). Loop L3 of BglU is 28
amino acid residues longer than that of BglB or GlyTn. This long-
loop L3 has a unique structure and surrounds the entrance to the
active site. Because BglB and GlyTn do not have this long loop,
their substrate-binding pockets are more accessible than that of
BglU. The long-loop L3 increases the solvent-accessible area, mo-
bility, and flexibility of the BglU structure and is evidently an
important factor contributing to substrate recognition and low-
temperature activity of the enzyme.

Loop L3 can be divided into two parts: an N-terminal noncon-
served part (residues 307 to 342) and a C-terminal conserved part
(residues 343 to 349). The N-terminal part is not conserved
among BglU, BglB, and GlyTn. It forms an O-ring-like structural
motif and exclusively comprises the entrance of the substrate-
binding pocket in BglU. It is the primary feature accounting for
the difference of loop 3 between BglU and other GH1 enzymes.
This part is 35 residues long in BglU, but it is only 7 residues long
in BglB and GlyTn. In the modeled BglU-cellotetraose complex
structure, the N-terminal part contributes to interactions with the
third and fourth nonretaining monosaccharides via van der Waals
interaction. The corresponding segments in BglB, GlyTn, and
other GH1 members have similar (�7 amino acids) lengths and
structures but totally different amino acid compositions.

The C-terminal part of loop L3 is conserved in GH1 enzymes
and has sequence motif PXTXX[M/I]GW. This part mainly inter-
acts with the second monosaccharide via van der Waals interac-
tion, e.g., the side chain of residue Trp349.

The side chain of His299 forms a hydrogen bond with a water
molecule, termed W1, which is accessible to the solvent. An or-
dered chain consisting of water molecules W1, W2, W3, W4, and
W5 was found to be present in a tunnel extending from the protein
surface to the catalytic site. Residues located around this tunnel,
including His299, Tyr300, His301, Asn350, Val351, Gly379,
Ala380, and Ser381, form a complicated hydrogen bond network
with atoms in the water molecule chain and help stabilize the
chain (see Fig. 7).

Similar water molecule chains have been observed in BglB and

GlyTn. In BglB, the chain is evidently involved in substrate bind-
ing (24). Structure superpositions revealed that the chain is con-
served except that His299 and adjunct water molecule W1 in BglU
are structurally replaced by a Tyr residue in the other two en-
zymes, i.e., Tyr301 in BglB and Tyr283 in GlyTn. Other residues
involved in water molecule chain binding are identical. Hydrogen
bonds other than those formed by His299 and W1 in BglU are
identical in the three enzymes. We hypothesized that replacement
of this Tyr residue in mesophilic BglB and thermophilic GlyTn
with His in psychrophilic BglU is related to the cold adaptedness
of BglU.

Loop L3 and His299 play key roles in cold adaptation of BglU.
To clarify the role of loop L3 and residue His299 in cold adapted-
ness, we constructed a deletion mutant of loop L3, a site-directed
mutant of H299Y, and a loop L3 deletion/His299Y substitution
double mutant. As a reference, an Y301H mutant of BglB was
constructed to clarify the role of residue Tyr301 in BglB (corre-
sponding to His299 in BglU).

BglU mutant delta-L3 (25 amino acids), in comparison to
BglU, showed a lower catalytic activity (kcat 	 0.46 � 103 s�1

versus 6.7 � 103 s�1), substrate-binding ability (Km 	 19.39 mmol
liter�1 versus 5.9 mmol liter�1), Tm (�25°C versus 36.5°C; the Tm

of delta-L3 was too unstable to determine [see Fig. 6B]), and op-
timal temperature (20°C versus 25°C) (Fig. 5A and Table 3). Cat-
alytic activity was undetectable (�1%) when loop L3 was further
shortened to �25 amino acids (including substitution by the L3 of
GlyTn) and in H299Y double mutants (data not shown). These
mutants were therefore not studied further. These findings indi-
cate that shortening of loop L3 in BglU significantly reduced cat-
alytic activity, substrate-binding ability, thermostability, and op-
timal temperature.

In comparison to H299Y, delta-L3/H299Y had a lower catalytic
activity (kcat 	 1.48 � 103 s�1 versus 5.70 � 103 s�1), Tm (34.0°C
versus 43.5°C), and optimal temperature (35°C versus 45°C) and a
slightly lower substrate-binding ability (Km 	 5.2 mmol liter�1

versus 4.0 mmol liter�1). Low-temperature activity (i.e., high ac-
tivity at low temperatures) was lost in delta-L3/H299Y but was
retained in H299Y (Fig. 5A). Taken together, our findings indicate
that (i) loop L3 is essential for low-temperature catalytic activity of
BglU and relative thermostability at low temperatures and that (ii)
loop L3 is essential for substrate-binding ability; however, the loss
of such ability resulting from loop L3 deletion is restored by mu-
tation of His299 to Tyr.

FIG 5 Relative activity at various temperatures of BglU and its mutants (A), the Tm value from the derivative of the fluorescent signal (B), and the fluorescence
adsorption of BglU, BglB, and their mutants (C). The calculated Tm values were 36.5°C for BglU, 43.5°C for H299Y, 34°C for delta-L3/H299Y, 47°C for BglB, and
40.5°C for BglB-Y301H. BglU and its mutant enzymes were maintained at various temperatures as shown for 40 min. For each protein, activity at 0 min was
defined as 100%. The Tm was determined by differential scanning fluorimetry (DSF). The experiments were performed in triplicate or quadruplicate.
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Compared to BglU, H299Y had a higher Tm (43.5°C versus
36.5°C) (Fig. 6), optimal temperature (45°C versus 25°C) (Fig.
5A), and catalytic activity (kcat 	 22.64 � 103 s�1 versus 6.7 � 103

s�1) and a slightly higher substrate-binding ability (Km 	 3.99
mmol liter�1 versus 5.9 mmol liter�1). In comparison to delta-L3,
delta-L3/H299Y had a higher Tm (35°C versus �25°C) (Fig. 6),
optimal temperature (35°C versus 20°C), substrate-binding abil-
ity (Km 	 5.2 mmol liter�1 versus 19.39 mmol liter�1), and cata-
lytic activity (kcat 	 7.72 � 103 s�1 versus 0.46 � 103 s�1). These
findings indicate that the mutation of His299 to Tyr results in
significant increases of thermostability, optimal temperature, sub-
strate-binding ability, and catalytic activity.

This concept is supported by findings for mutation of corre-
sponding residue Tyr301 to His in mesophilic BglB. Compared to
BglB, the BglB-Y301H mutant had reduced Tm (40.5°C versus
47°C) (Fig. 5B and C) (36, 37) and optimal temperature (35°C
versus 45°C) (Fig. 4B). BglB-Y301H displayed no low-tempera-
ture activity because of the absence of long-loop L3.

DISCUSSION

BglU, the first reported psychrophilic BG, shows typical features
of cold adaptation: high activity at low temperature, a low optimal
temperature, low thermostability, and a large difference between
optimal temperature (25°C) and Tm (36.5°C) (38). Like other psy-
chrophilic enzymes, BglU is inactivated by temperature prior to
structure unfolding. This difference indicates that the active site
and catalytic intermediates of BglU have strong heat lability. A

long-loop L3, �28 amino acids longer than loops described for
other BGs, is a unique structure in BglU. It increases the solvent-
accessible area, mobility, and flexibility of the BglU structure.
When long-loop L3 was shortened to medium length (25 amino
acids, in mutant delta-L3), and at the even shorter length (7 amino
acids) in mesophilic (BglB) and thermophilic (GlyTn) counter-
part enzymes, the catalytic activity was greatly reduced. The
shorter the length, the lower the observed activity.

The residue His299 is unique to BglU. In comparison with
BglU, H299Y had significantly higher catalytic activity, optimal
temperature, and thermostability (Fig. 5A, Fig. 6A to C). Similar
trends were seen in comparisons between delta-L3/H299Y and
delta-L3. Large differences between Tm and optimal temperature
were not seen for delta-L3/H299Y or H299Y. These mutants have
properties of mesophilic or psychrotrophilic rather than psychro-
philic enzymes, indicating that the mutation of His299 to Tyr may
stabilize the active site and the catalytic intermediate. In view of
the fact that His299 is involved in stabilizing an ordered water
molecule chain accessible to the substrate-binding pocket, the
properties of the mutants suggest that His299 and the chain play
key roles in the catalytic reaction. His299 and the chain contribute
to the low optimal temperature and thermolability of BglU and, in
particular, to the greater heat lability of the active center than the
overall structure.

The structure of BglU includes an ordered water molecule
chain comprised of five water molecules, termed W1 to W5 in

TABLE 3 Kinetic parameters for BglU and its mutantsa

Enzyme or mutant

Mean � SEM

Km

(mmol/liter)
Vmax � 104

(�mol min�1 mg�1)
kcat � 103

(s�1)
kcat/Km � 106

(liter mol�1 s�1)

BglU 5.9 � 0.57 0.843 � 0.1 6.7 � 0.7 1.14 � 0.13
H229Y 3.99 � 0.14 2.83 � 0.04 22.64 � 0.07 5.7 � 1.00
delta-L3 19.39 � 1.27 0.058 � 0.01 0.46 � 0.09 0.0238 � 0.002
delta-L3/H299Y 5.2 � 0.6 0.909 � 0.19 7.27 � 1.5 1.48 � 0.19
a Kinetic parameters were determined using pNPG as the substrate at 25°C. The experiments were performed in triplicate.

FIG 6 Substrate-binding pocket of BglU. (A) Electronic potential surface of BglU (left) showing the large, deep cavity for substrate binding, and a section of BglU
showing the inner surface (right, green grid) of the substrate-binding pocket. Residues Glu170, His299, His301, and Glu377 and a Tris molecule in the pocket are
indicated by sticks (right). (B) Closer inspection of the binding mode of the Tris molecule, in yellow, located at the substrate-binding pocket. Residues Gln25,
His125, Glu170, Glu377, and Glu431 interacting with the Tris molecule are indicated by sticks.
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sequence from the protein surface to the active site. The side
chains of His299 and His301 interact via hydrogen bonds with the
outer and inner molecules W1 and W3, respectively, to stabilize
the chain (Fig. 7). This hydrogen-bonded network also involves
the catalytic residues Glu170 and Glu377. In BglB and GlyTn,
His299 of BglU is substituted by Tyr (Tyr297 and Tyr283, respec-
tively). These Tyr residues interact directly with the main chain at
the site corresponding to Asn352 of BglU, preventing the existence
of W1 and blocking the pathway of W2 to W5 accessible to the
protein surface. In brief, His299 and water molecule W1 of BglU
are structurally substituted by Tyr297 of BglB and Tyr283 of
GlyTn.

We presume that Tyr299 in H299Y similarly prevents the ex-
istence of W1 and interacts directly with the main chain at site
Asn352, as the corresponding residue does in BglB and GlyTn
(Fig. 7). According to our proposed model, this interaction stabi-
lizes the conformation of segment 347 to 352, which is located at
the bottom of the substrate-binding pocket and interacts directly
with the substrate. Tyr299 stabilizes the conformation of His301
via the water molecule chain and the hydrogen-bonded network.
Segment 347-352 and residue His301 are involved in catalysis and
prefer a stable conformation, accounting for the fact that optimal
temperature and thermostability of H299Y are higher than those
of BglU. The conserved water molecule chain is essential for trans-
ferring protons from the solvent to the active site. His299, located
on the protein surface, initiates the proton transfer and is involved
in subsequent catalytic reaction. A proton is transferred from
His299 to W1, W2, and W3 in turn, to His301, and then to the
substrate. It is easier to deprotonate a Tyr than a His residue at
position 299, accounting for the fact that enzyme activity of
H299Y is higher than that of BglU. Differing deprotonating veloc-
ities of His and Tyr residues at different pHs may explain the
observed differences in optimal pH between BglU and its mutants.
The functional pH range of H299Y is wider than that of BglU (data
not shown).

Why does M. antarcticus utilize a psychrophilic BG, BglU? This
bacterium is found in the Antarctic region and has presumably
become adapted to survive in a permanently cold environment.
The optimal temperature for growth of M. antarcticus is 16.8°C,
and growth is possible even at 0°C (17). BglU is an essential en-

zyme in cellular metabolism and is necessary (in combination
with other enzymes) to maintain sufficient activity for growth at 0
to 16°C. In view of the environmental temperatures typically en-
countered by M. antarcticus, BglU presumably maintains signifi-
cant enzyme activity below 10°C. None of the mesophilic or ther-
mophilic BGs so far described is capable of efficient catalytic
activity at temperatures below 10°C. The present findings, as ex-
plained above, indicate that both long-loop L3 and Tyr299 pro-
mote low-temperature activity in GH1 enzymes. The lowest en-
zyme activity was seen for the mutant delta-L3, which lacks both
long-loop L3 and Tyr299. Activity was higher when either long-
loop L3 (BglU) or Tyr299 (delta-L3/H299Y) was present. The
highest activity was observed for H299Y, which has both long-
loop L3 and Tyr299. At a moderate temperature, the activity of
delta-L3/H299Y became similar to that of BglU, but there was no
low-temperature activity; i.e., delta-L3/H299Y had the properties
of a mesophilic enzyme. The low-temperature activity of H299Y
was significantly higher than that of delta-L3/H299Y. These find-
ings all indicate that low-temperature activity in these BGs is con-
trolled by long-loop L3.

Aside from its high activity at low temperature, BglU shows
typical thermolabile properties similar to those of other cold-
adapted enzymes. Thermostability and optimal temperature were
increased significantly for all the H299Y mutants, suggesting that
His299 controls thermolability in psychrophilic BGs. Cold adap-
tation properties result from the combined effects of various se-
quences and secondary structures in psychrophilic enzymes.
Cross talk between loop L3 and residue Tyr (His299) contributes
to the diversity of enzyme activity, optimal temperature, and ther-
mostability. Loop L3 of a certain length, and Tyr, can substitute
for each other to maintain a certain level of enzyme activity, but
different strategies using various lengths of loop L3 or Tyr299
allow for adaptation to different temperatures. The results of our
mutagenesis assay indicate that a long, flexible loop L3 can readily
change its construction with low active energy, allowing efficient
substrate binding. Cold-adapted bacteria such as M. antarcticus
therefore tend to utilize a combination of long-loop L3 structure
and His299 to retain high activity at low temperatures and become
inactive immediately to avoid wasting substrates when tempera-
tures are not suitable for cell growth (i.e., �25°C). Mesophilic and

FIG 7 Structure superposition of the ordered water molecule chains, as well as residues His299 and His301, of BglU (green), BglB (yellow), and GlyTn (gray).
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thermophilic BGs such as BglB and GlyTn display no (or very low)
activity at low temperature because of the absence of long-loop L3
and are not suitable for survival of cold-adapted bacteria. Tyr299
requires more active energy for efficient enzyme activity, and the
rigid structure of short-loop L3 promotes thermostability in BGs.
Mesophilic and thermophilic bacteria therefore tend to utilize a
combination of Tyr299 and very short (7 amino acids) loop L3 for
survival in their higher-temperature environments.

Why do microbes living in cold environments not utilize the
cold-resistant combination of long-loop L3 and Tyr299 to facili-
tate low-temperature activity? The combination of long-loop L3
and His299 presumably resulted from evolutionary selection in
M. antarcticus during the process of adaptation to the perma-
nently cold environment in Antarctica. There was no need to re-
tain high activity at higher temperatures. Both long-loop L3 and
His299 are flexible, and this flexibility increases the overall ther-
molability of BglU; i.e., the enzyme can be more easily degraded to
save energy and food when the environment becomes unsuitable
for cell growth. His299 is less efficient than Tyr for degradation of
substrates by BGs, but the loss of such capability from utilizing
His299 is compensated by long-loop L3. The stability and high
activity of long-loop L3 and Tyr at high temperatures would lead
to wastage of food and energy in the case of microbes for which cell
growth is limited at high temperature. Increased understanding of
these molecular mechanisms will help us construct “super GH1
enzymes” with optimal combinations of amino acid residues and
structures to achieve higher enzyme activity and proper thermo-
stable in laboratory and industrial applications.

In summary, the present findings demonstrate that long-loop
L3 and residue His299 are jointly responsible for the cold-adapted
(psychrophilic) properties of BglU and are essential for proton
transfer during the enzyme reaction. Each of the structures and
residue replacements involved in the psychrophilic properties of
BglU has its own specific effect on temperature-dependent en-
zyme activity or stability. Many previous studies have demon-
strated an inherent trade-off between the rigidity necessary for
enzyme stability and the flexibility required for enzyme activity.
Our results suggest that thermostability can be improved at no
cost to low-temperature activity and vice versa. High stability is
not necessarily incompatible with high catalytic activity at low
temperatures. There is no strict inverse relationship between sta-
bility and low-temperature activity (39). The fact that enzymes
displaying both properties are not found in nature most likely
reflects the effects of evolutionary processes rather than any in-
trinsic physical-chemical limitations on protein structure and
function.

The present findings will facilitate the design of novel enzymes
useful in a variety of industrial processes (e.g., food production
and sewage treatment) at different temperatures. The structural
basis for the cold adaptedness of BglU described here will be help-
ful for structure-based engineering of new cold-adapted enzymes
and for the production of mutants useful in such industrial pro-
cesses.
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