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Abstract The glycosyl hydrolases are an important group of
enzymes that are responsible for cleaving a range of biologically
significant carbohydrate compounds. Structural information on
these enzymes has provided useful information on their molecular
basis for the functional variations, while the characterization of
the structural features that account for the high thermostability
of proteins is of great scientific and biotechnological interest.
To these ends we have determined the crystal structure of the
B-glycosidase from a hyperthermophilic archeon Thermosphaera
aggregans. The structure is a (B/o)s barrel (TIM-barrel), as seen
in other glycosyl hydrolase family 1 members, and forms a
tetramer. Inspection of the active site and the surrounding area
reveals two catalytic glutamate residues consistent with the
retaining mechanism and the surrounding polar and aromatic
residues consistent with a monosaccharide binding site. Compar-
ison of this structure with its mesophilic counterparts implicates a
variety of structural features that could contribute to the
thermostability. These include an increased number of surface
ion pairs, an increased number of internal water molecules and a
decreased surface area upon forming an oligomeric quaternary
structure.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Glycosyl hydrolases are a widespread group of enzymes
that hydrolyze the various stereochemical conformations of
the carbohydrate glycosidic bond. These enzymes are found
in almost all organisms and have diverse biological functions,
ranging from the essential processing of glucosides in the
mammalian brain to the cleavage of cellobiose, a biomass
degradation product. Glycosyl hydrolases and related en-
zymes have been classified into more than 60 families on the
basis of amino acid sequence homology and structural simi-
larities rather than substrate selectivities [1]. The B-glycosidase
from the hyperthermophilic archeon Thermosphaera aggre-
gans (Gly-Thermosphaera) [2,3], isolated from the Obsidian
hot pool at Yellowstone National Park (Wyoming, MI,
USA), belongs to the glycosyl hydrolase family 1 which in-
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cludes B-glucosidases, 6-phospho-B-galactosidases, 6-phospho-
B-glucosidases and some myrosinases. Family 1 belongs to a
larger superfamily called ‘clan GH-A’ which contains at least
11 families and now comprises more than 250 members rep-
resenting 18 different substrate specificities [4]. Crystal struc-
tures of some of the members of this superfamily revealed that
these enzymes adopt a (B/o)s barrel fold which is not shared
by members of different families such as the lysozymes (fam-
ilies 22-25) or glucoamylases (family 15).

Enzymatic hydrolysis of the glycosidic bond takes place via
general acid catalysis that requires two critical residues: a
proton donor and a nucleophile/base [5]. The hydrolysis oc-
curs via two major mechanisms giving rise to either an overall
retention, or an inversion of anomeric configuration [6]. In
both mechanisms, the position of the proton donor is identi-
cal, within hydrogen bonding distance of the glycosidic oxy-
gen. However, in retaining enzymes, the nucleophilic catalytic
base is in close proximity to the sugar anomeric carbon,
whereas in inverting enzymes, this base is more distant in
order to accommodate a nucleophilic water molecule between
the base and the sugar [7].

Gly-Thermosphaera has a broad [-glycosidase activity.
Analysis of the substrate specificity of the Gly-Thermosphaera
with a variety of methylumbelliferone linked sugar substrates
revealed the following preference: B-p-fucose > B-p-glucose
> B-p-galactose (data not shown). This is the same substrate
preference displayed by a homologous glycosidase from Sul-
folobus sulfataricus (Gly-Sulfolobus) [8].

One of the potential industrial applications for thermo-
stable glycosidases is the degradation of cellulose to glucose.
This reaction requires a number of enzymatic activities includ-
ing endo and exoglycosidases. Because heat is an important
component of the reaction to help to breakdown higher order
cellulose structures, the resistance to heat denaturation and
consequently high efficiency and low cost during high temper-
ature processes would be very beneficial to biotechnological
applications such as pulp and paper production. The second
important industrial application for these enzymes is the syn-
thesis of various compounds via transglycosidation or ‘reverse
hydrolysis’. Synthesis of novel polysaccharides and glycocon-
jugates may be accomplished more effectively in high concen-
trations of organic solvents or in solvent aqueous systems
rather than in pure aqueous systems. Thermostable proteins
are usually more resistant to organic solvents than are corre-
sponding mesophile derived proteins. Gly-Thermosphaera is
extremely thermostable and retains 95% of its activity after
incubation at 80°C for 130 h (unpublished observation). Ther-
mosphaera aggregans can grow between 65 and 90°C and its
optimum growth temperature is 85°C [3].
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Many observations and theories on the structural basis of
the thermostability of proteins have accumulated over the past
years [9] and have guided our analysis of Gly-Thermosphaera.
The comparison of this structure with its mesophilic counter-
parts provides considerable insight into the underlying princi-
ples of protein architecture which is of great interest for de-
signing a protein with a proper folding and stabilization and
for improving the efficiency of many industrial processes.

2. Materials and methods

2.1. Protein preparation and crystallization

The Gly-Thermosphaera gene was originally cloned using the meth-
ods previously described [10]. After DNA sequencing (Genbank ac-
cession number AF053078), PCR was used to amplify the active gene.
The resulting fragment was subcloned into an Escherichia coli expres-
sion vector using standard techniques. Following expression of the
protein in E. coli, the cells were harvested and lysed using a micro-
fluidizer. After centrifugation the lysate was heat-treated (80°C, 10
min) to denature most of the native E. coli proteins. The recombinant
Gly-Thermosphaera product which remained in solution after centri-
fugation was lyophilized.

The lyophilized protein samples were further purified on the Bio-
Cad system using the Hi-trap Q column (Pharmacia) pre-equilibrated
with buffer A (20 mM HEPES, 1 mM EDTA, pH 7.4). The column
was thoroughly washed with buffer A after the protein samples had
been loaded. Then the protein was eluted at 0.35 M NaCl over a 75 ml
linear gradient of 0.0-1.0 M NaCl in buffer A. Fractions (1 ml) were
collected and those containing the protein of interest were pooled and
dialyzed against buffer A overnight, and concentrated by ultracentri-
fugation (Amicon YM3).

The crystallization was carried out by using the hanging drop vapor
diffusion method with 4 ul drops (containing equal volumes of protein
and reservoir solution) equilibrated against 500 pl of reservoir solu-
tion at room temperature. The bipyramidal-shaped crystals were ob-
tained with 3 M sodium formate in 20 mM HEPES, pH 7.5. These
crystals appeared in 3 days and continued to grow for about a week.

2.2. Data collection

The native data set from a single crystal were collected at 100 K on
an R-AXISIIC imaging plate detector coupled with a Rigaku Rotaflex
X-ray generator running at 50 kV and 100 mA. The crystals were
transferred stepwise to mother liquor containing 30% (v/v) glycerol,
acting as a cryo protectant, before being flash frozen by liquid nitro-
gen stream at 100 K for data collection. The data set was processed
with DENZO [11] and scaled with Scalepack [11]. The space group is
P2,2,2 with two molecules (1/2 tetramer) in the asymmetric unit. The

Table 1
Data processing and refinement statistics
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unit cell parameters are a=117.51 A, b=102.21 A and ¢=95.78 /3;,
which indicates the solvent content of 52.2% based on a protein den-
sity of 1.35 g/cc. In all, 256310 observations of 45287 unique struc-
ture amplitudes to 2.4 A resolution were obtained and the data sta-
tistics are shown in Table 1.

2.3. Structure determination

The structure was determined by the molecular replacement method
using the AMORE software package [12]. The coordinates of B-gly-
cosidase from Solfolobus solfataricus (Gly-Sulfolobus) were obtained
from the Protein Data Bank (access code 1IGOW) and used as the
search model. Solutions were easily obtained by using the entire mod-
el without any side chain substitutions or deletions/insertions. A
search carried out with the data between 15.0 and 4.0 A and center
of mass cut off at 20 A, produced a solution with a correlation co-
efficient of 0.406 and an R factor of 42.7%. The following rigid body
refinement, using 10.0 and 2.4 A data with X-PLOR [13], resulted in
the Rgee and R values of 46.1% and 45.9%, respectively. The proper
side chains for the mutated residues were built into the c,-weighted
2Fo-Fc map and one round of positional refinement was carried out.
The subsequent Fo-Fc maps clearly showed electron densities for the
inserted and deleted regions between two species.

2.4. Model refinement

The refinement of the corrected model was then continued with the
group B factor refinement followed by the simulated annealing pro-
tocols implemented in X-PLOR 3.1. Restraints were placed on bond
lengths, bond angles, non-bonded contacts and temperature factors of
neighboring atoms. The non-crystallographic symmetry restriction
was imposed and the bulk solvent correction was also applied. The
oa-weighted 2Fo-Fc maps as well as omit maps were calculated at
regular intervals to allow manual rebuilding of insertion/deletion
loops and side chains with a different rotamer. Model building was
done using O [14] and the backbone geometry was regularly checked
against a structural database with the pep flip option. Solvent mole-
cules (all regarded as water) based on higher than 36 peaks in the Fo-
Fc o5-weighted maps were added gradually and conservatively with
regard for their environment including potential interactions with hy-
drogen bond partners. This solvent model was further comprehen-
sively checked several times during the refinement by omitting all
water molecules that had high B values (> 60 A?) or made either
too close contacts with each other or with protein atoms or a too
sharp angle with potential hydrogen bonding partners. Inclusion of
individual atomic temperature factors and the removal of NCS re-
striction during the final stages was validated by a substantial decrease
in the value of Rye.. The program Procheck [15] was used to check the
quality of the structure. At the end of the refinement, the crystallo-
graphic R factor was 20.1% with the Ry, value of 24.9%. The detailed
refinement statistics are shown in Table 1.

Data statistics

Resolution Reflections Redundancy Data coverage (%) Il Ry (%0)
24 A 45287 5.6 (4.0) 98.9 (95.3) 12.4 (4.5) 6.1 (19.8)
Refinement Statistics i
Resolution range 20.0-24 A
Number of non-H protein atoms 7858
Number of solvent molecules 439

R factor for 42922 reflections (F > 20) 21.0%
Ry value for 2268 reflections (F> 20, 5%) 24.9%
rms deviation from ideal geometry .
Bond lengths 0.007 A
Bond Angles 1.473°
Dihedral angles 22.193°
Improper angles 0.738°
Average temperature factors .
Main chain atoms only 28.828 A?
All protein atoms 30.355 A?
Waters 5.288 A?

Values in parentheses correspond to the highest resolution shell (2.49-2.4).
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Fig. 1. Representative portion of the os-weighted 2Fo-Fc map with the final model showing a group of aromatic residues along with water

molecules around the active site. The map is contoured at 1.5c value.

3. Results and discussion

3.1. Description of the structure

The current refined model at 2.4 A resolution (Table 1)
contains all protein atoms and 439 water molecules. A repre-
sentative portion of the oy weighted 2Fo-Fc map with the
final model is shown in Fig. 1. The overall fold is very similar
to that of Gly-Sulfolobus [8], which shares 53% sequence iden-
tity and was used as a search model for molecular replace-
ment. When the two structures are superimposed using only
Co atoms, the equivalent Co positions (449 residues out of
481 residues) are in very good agreement (rms value of 0.84 A,
Fig. 2). The major differences only occur at three long loops
containing short B-strands: between H5 and H6, between H13
and H14 and between S6 and H15 (Figs. 2 and 3), where
insertions and/or deletions have occurred. The schematic rep-
resentation of the secondary structure of a monomer is shown

in Fig. 3. This classic (B/a)s barrel (TIM-barrel) fold has been
observed in all known structures of family 1 glycosyl hydro-
lases. The comparison with structures of other family 1 mem-
bers is summarized in Table 2.

The protein subunits are organized to form a tetramer (Fig.
4), with a 222 point symmetry, two dyads of which are crys-
tallographic, with dimensions of roughly 120X 100X 70 A
along the respective two-fold axes. The constituent monomers
each have identical subunit interactions. This tetrameric ar-
rangement is very similar to the one observed for the Gly-
Sulfolobus structure [8].

3.2. Catalysis and the putative active center

Catalysis by B-glycosyl hydrolases involves two essential
carboxylates, one acting as the proton donor and the other
as the nucleophile. Two conserved glutamates near the car-
boxy-terminal end of the (B/a)s barrel have been implicated to

Fig. 2. Wire stereo representation of the two superimposed hyperthermophilic B-glycosidases. The main chains of the Gly-Thermosphaera and
the Gly-Sulfolobus structures are shown as a thick wire and a thin wire, respectively. The overall folding of the two structures are very similar
except the three loops shown on the top portion of the molecules in this figure.
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sst: 1-3 H14: 290-296
S1: 7-14 SS4: 297-298
H1: 15-19 $S5: 304-306
H2: 31-38 H15: 306-310
H3: 39-45 S6: 315-321
H4: 62-72 $56:322-329
S2: 75-81 SS7: 332-335
H5: 82-86 SS8: 343-349
$S2: 96-100 SS9: 351-356
Ss3: 107-111 SS10: 358-361
He: 124-142 H15: 364-378
S3: 143-151 S7:381-388
H7: 155-158 Hi6: 396-414
H8: 160-167 S8: 417-424
H9: 178-197 SS11: 427-429
S4:201-208 SS12: 438-441
H10: 208-218 SS13: 443-447
H11: 230-255 SS14: 450-454
$5: 260-272 H17: 455-468
H12: 277-289 H18: 471-478

Fig. 3. Schematic drawing of the secondary structure arrangement in the Gly-Thermosphaera structure. The core B-strands forming the (B/ot)s
barrel, approximately perpendicular to the plane of the paper, are depicted as triangles. The B-strands surrounding the barrel, almost along the
plane of the paper are depicted as arrows. The a-helices approximately perpendicular to the plane of the paper and almost along the plane of
the paper are depicted as shadowed circles and shadowed rods, respectively. The first turn of the H9 and H15, and the last turn of the HIS
form 3y, helices. All secondary structure elements are denoted by letters followed by numbers and the first and the last residue numbers of
each secondary structure element are indicated on the right panel of the figure.

serve these roles from previously determined glycosyl hydro-
lase family 1 crystal structures [10]. Indeed, in the Gly-Ther-
mosphaera structure as well as in the Gly-Sulfolobus structure,
the highly conserved Glu-208 and Glu-386 are found at the
proposed site in B-strands four and seven, respectively (Figs. 3
and 5) [16]. Glu-208 is preceded by Asn-207 which is also
typical for members of the ‘4/7 superfamily’ enzymes [16].
The exact role of this invariant asparagine residue is not clear.

Glu-386 has been identified in family 1 as the catalytic
nucleophile by covalent modification with a mechanism-based
inhibitor of the equivalent residue in the Agrobaterium enzyme
[17] and later confirmed by mutational studies [18]. In the
Gly-Thermosphaera structure, Glu-208, which acts as a proton
donor, is 5.05 A away from Glu-386 (between Cg atoms from
both residues, the closest distance is 3.88 A between Oy atom
of Glu-208 and O, atom of Glu-386). This is consistent with
the retaining mechanism [19]. In the inverting mechanism, the
distance would be larger (around 10 /OX) to accommodate a
water molecule between the nucleophilic base and the sub-
strate [4]. The covalent intermediate in the retaining mecha-
nism has recently been trapped using a mechanism-based in-

Table 2
Structural comparison of the glycosyl hydrolase family 1 members

hibitor, 2-fluoro-glycoside, and crystallographically observed
in a related B-glycosidase from Cellulomonas fimi [20] and
myrosinase from Sinapis alba [21]. The active site architecture
of the covalent intermediate clearly showed the substrate co-
valently bound to the catalytic nucleophile and the proton
donor near enough to protonate the bound glycoside sub-
strate and deprotonate an incoming water molecule during
hydrolysis.

The surrounding residues, which would stabilize the sub-
strate, determine the substrate specificity. The accumulated
findings demonstrate the remarkable versatility of the TIM-
barrel fold, which evolution has finely tuned to generate many
different substrate specificities around the same catalytic reac-
tion with a similar disposition of identical catalytic residues
on the same ancestral structure [19]. The active center in this
type of glycosyl hydrolase is typically surrounded by aromatic
groups which, along with polar residues, constitute the glyco-
side binding site [8,22,23]. In the Gly-Thermosphaera struc-
ture, these include Tyr-321, Trp-424, Phe-440, Phe-341, Trp-
360 and Phe-358 on one face and Phe-219, Phe-224, Trp-35,
Trp-32, Trp-432 and Trp-152 on the other face (Fig. 5). In

Gly-Sulfolobus

6-P-B-galactosidase®

B-glucosidase® Myrosinase® B-glucosidase A4

Gly-Thermosphaera 1.56 A (342)
Gly-Sulfolobus 1.46 A (371)
6-P-B-galactosidase® - -
B-glucosidase® - -
Myrosinase® - -

0.84A (449)

1.36 A (357)
2.05 A (364) 1.16 A (308)
1.79 A (358) 1.24 A (340)
- 1.40 A (438)

1.41 A (356) 1.49 A (363)
1.56 A (368)
1.77 A (416)
2.04 A (424)

2.02 A (398)

The root mean square values between two structures were calculated by a least square fit after superposing the structurally equivalent C, atoms of
the two molecules in comparison (the number of equivalent C,, atoms are indicated in parenthesis). The hyperthermophilic proteins are indicated as

bold letters.

26-phospho-f-galactosidase structure from a mesophilic bacterium Lactococcus lactis.

bB-glucosidase structure from white clover Trifolium repens.
“Myrosinase structure from white mustard seed Sinapis alba.
dB-glucosidase A structure from Bacillus polymyxa.



Y.-I. Chi et al.|[FEBS Letters 445 (1999) 375-383

379

Fig. 4. Raster 3D [43] rendered a ribbon diagram showing the tetrameric arrangement of the subunits. The catalytic glutamates and the cystein
residues forming a disulfide bond are indicated as ball and stick representations. The oxygen atom and sulfur atoms are represented in red and

yellow, respectively. Each monomer has identical subunit interactions.

addition, an extensive hydrogen bond network (Fig. 6) stabil-
izes the ionization states of key residues around the active site
and may play a role in modulating the ionization state of the
catalytic residues and in controlling the local charge balance
during the reaction [20]. This pocket-shaped active site top-
ology with essential catalytic residues and supporting neigh-
boring residues (Fig. 5) is optimal for the recognition of a
monosaccharide as a substrate and has been observed in -
galactosidase, B-glucosidase, sialidase, neuraminidase and B-
amylase structures [1]. In contrast, for the recognition of a
polysaccharide, cleft-shaped or tunnel-shaped active site top-
ologies are typically observed as seen in endoglucanase from
Thermonospora fusca [24] and cellobiohydrolase II from Tvi-
choderma reesei [25].

3.3. Thermostability

Many different crystal structures of proteins from thermo-
philic organisms have provided valuable information on the
molecular basis of thermostability. The comparison of these
structures with their mesophilic counterparts suggests that
thermostability is achieved by subtle structural differences re-

siding over the entire molecule without large changes in the
overall polypeptide chain folding. These factors include in-
creases in the number of hydrogen bonds, the number of sur-
face ion pairs, subunit interactions and hydrophobic residue
substitutions as well as a reduction of the surface area by
shortening the connecting loops and/or a decrease in the num-
ber of cavities [9].

Among the members of the glycosyl hydrolase family 1, five
more structures, other than the Gly-Thermosphaera structure,
have been previously determined by crystallographic methods.
They are the structures of Gly-Sulfolobus [8], 6-phospho-f3-
galactosidase from a mesophilic bacterium Lactococcus lactis
[22], B-glucosidase from white clover Trifolium repens [23],
myrosinase from white mustard seed Sinapis alba [21] and
B-glucosidase A from Bacillus polymyxa [26]. When these
structures are compared, there is an increase in the number
of ion pairs in the hyperthermophilic enzymes (Table 3). For
example, of the 24 arginine residues in Gly-Thermosphaera,
only five do not participate in salt bridges with acidic residues.
For the remaining charged residues, more than half of them
are involved in either surface ion pairs or internal ion pairs.
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Fig. 5. Ball and stick representation of the aromatic residues sur-
rounding the active site at the C-terminal end of the TIM-barrel-
folded molecule shown as a wire representation. The catalytic resi-
dues are also shown as a ball and stick model and labelled.

The number of ion pairs found in the Gly-Thermosphaera
structure is almost twice as high as the number found in the
myrosinase despite the shorter polypeptide chain length (Ta-
ble 3). The list of ion pairs in the Gly-Thermosphaera mono-
mer is shown in Table 4. These ion pairs exert cross-linking
effects within a folded protein structure to prevent it from

Y.-I. Chi et al.|[FEBS Letters 445 (1999) 375-383

unfolding at high temperature. This dramatic increase in the
number of ion pairs has been observed previously in many
different proteins from hyperthermophiles [27-29]. One of the
most remarkable ion pair contributions to protein stability in
these examples is seen in the structure of glutamate dehydro-
genase from Pyrococcus furiosus where a striking series of ion
pair networks are found on the surface of the protein subunits
and at both interdomain and intrasubunit interfaces [29]. An-
other striking feature, potentially linked to the thermostability
of Gly-Thermosphaera, is the increase in the number of inter-
nal waters. Water molecules are rarely found within hydro-
phobic cavities except when they have specific functions such
as proton relay [30] or substrate binding [31]. Even though
buried waters are typically defined as ones that cannot be
connected by a continuous series of water-water hydrogen
bonds to bulk water molecules [32], we included those waters
residing in the cavities, connected by a chain of waters to the
surface waters (thus called ‘cleft waters’ [32]). The total num-
ber of water molecules reported in a presenting crystal struc-
ture depends on certain factors such as resolution and crys-
tallization condition. Therefore, we used the ratio of internal
waters to the total number of water molecules in the PDB
data bank files for the comparison, instead of the total abso-
lute number of internal waters. A total of 96 internal water
molecules were found for the Gly-Thermosphaera dimer in the
asymmetric unit, which accounts for 22% of the total number
of water molecules (Table 3, also see Section 2 for the criteria
used for inclusion of water molecules). These internal water
molecules are found mostly in the form of chains, rather than
as isolated molecules, to facilitate the formation of hydrogen
bond networks. These buried water molecules may stabilize a
protein structure by providing the otherwise missing van der
Waals interactions for those atoms bordering a cavity and
hydrogen bonding to otherwise unsatisfied protein hydrogen
bonding groups [32]. This type of increase in the internal
hydrogen bonding network associated with water molecules

Fig. 6. Ball and stick stereo representation of the hydrogen bond network associated with water molecules at the core of the active site. The

water molecules are shown in pink.
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Comparison of some of the features between hyperthermophilic and mesophilic glycosyl hydrolase family 1 members that are generally known

to affect the thermostability

Number of Number of Internal water Functional Number of Number of

residues ion pairs ratio* unit proline disulfide
Gly-Thermosphaera 482 40 22% (96/439) tetramer 30 1
Gly-Sulfolobus 489 37 25% (72/286) tetramer 26 0
6-P-B-galactosidase® 468 32 16% (67/417) dimer 20 0
B-glucosidase® 490 22 12% (53/436) dimer 26 1
Myrosinase® 501 25 9% (62/672) dimer 26 3
B-glucosidase A4 448 28 10% (160/1541) dimer** 18 0

The same proteins as shown in Table 2 were used in these comparisons and the symbol denotations for each protein are identical to those in Table
2. The hyperthermophilic proteins and the features affecting their thermostability are also indicated as bold letters.

*internal water ratio = (number of internal waters)/(total number of waters) X 100.

“*The B-glucosidase A structure from Bacillus polymyxa was reported as an octamer which is in fact made of a crystallographic tetramer of the
dimers containing similar interacting surfaces to other related family 1 glycosidase dimers.

has also been observed in other thermophilic protein struc-
tures [33,34].

Reduction of the surface area is another factor implicated
in thermostability seen in many thermostable proteins [35,36].
In the Gly-Thermosphaera structure, shorter connecting loops
and a decrease in the number of cavities do not seem to be
contributing factors for thermostability because some loops
(e.g. the loop between S2 and S3 strands) are even longer
than their mesophilic counterparts. However, it is noteworthy
to point out that the active form of this enzyme is a tetramer,
whereas the mesophilic counterparts are active as dimers (Ta-
ble 3). The surface area buried at the tetramer interface for
each monomer is 2.231 A2 (using a probe radius of 1.4 A)
which accounts for a 14% reduction of the solvent-accessible
surface area upon tetramer formation. This type of oligo-
merization through ‘sticky patches’ via intersubunit hydro-
phobic contacts as a means of achieving thermostability has
also been observed in a number of enzymes [35,37,38].

The presence or introduction of disulfide bonds to a protein
has been shown to enhance its thermostability [39,40]. The

Table 4
List of ion pairs found in the crystallographic structure of the B-gly-
cosidase from Thermosphaera aggregans

Internal ion pairs
Arg-78/Glu-386

Arg-397/Asp-394
His-159/Asp-31

Arg-85/Glu-19
His-151/Glu-386

Intersubunit ion pairs
Arg-171/Asp-170
Lys-71/Glu-473

Arg-462/Glu-463

Surface ion pairs
Arg-100/Glu-179
Arg-118/Glu-121
Arg-141/Glu-70
Arg-143/Glu-70
Arg-166/Glu-40
Arg-247/Asp-308
Arg-306/Asp-308
Arg-323/Glu-361
Arg-452/Asp-65
Lys-125/Asp-120
Lys-144/Asp-6
Lys-195/Asp-120
Lys-283/Glu-373
Lys-296/Asp-292
Lys-419/Asp-381
His-66/Asp-137

Arg-100/Glu-180
Arg-141/Asp-67
Arg-141/Asp-137
Arg-165/Glu-40
Arg-247/Asp-250
Arg-254/Asp-110
Arg-312/Asp-250
Arg-377/Asp-292
Arg-455/Asp-428
Lys-136/Glu-140
Lys-187/Glu-184
Lys-253/Asp-314
Lys-286/Glu-214
Lys-410/Glu-365
His-37/Glu-53
His-130/Glu-133

disulfide bond (Cys-343/Cys-355) in the Gly-Thermosphaera
structure may contribute to its slightly higher thermostability
than the Gly-Sulfolobus structure which has none (data not
shown). This feature was also seen in the myrosinase from
white mustard seed Sinapis alba where the presence of three
disulfide bonds, in the context of otherwise similar structural
features to other mesophilic proteins, is thought to be respon-
sible for its stability against denaturation [41] and its maximal
activity at temperatures between 55°C and 65°C [42].

An increase in proline residues has been suggested to be a
factor in the thermostability of some other enzymes by reduc-
ing the flexibility and providing more hydrophobicity [35].
However, the number of proline residues in this group of
enzymes does not seem to be correlated with thermostability
(Table 3).

3.4. Sequence comparison with other hyperthermophilic
B-glycosidases

When we compare the structures of Gly-Thermosphaera and
Gly-Sulfolobus, the differences are only prominent at three
solvent exposed loop regions where insertions and/or deletions
have occurred (Fig. 2). Moreover, the majority of internal
waters (52 out of 72 reported internal waters for the Gly-
Sulfolobus structure) are found at the same locations in the
two known structures of the hyperthermophilic B-glyco-
sidases.

In a sequence comparison of B-glycosidases from hyperther-
mophilic archea whose sequences are known, 28% of the res-
idues are strictly conserved (Fig. 7). Among these, there ap-
pears to be a greater degree of conservation of residues which
participate in the formation of ion pairs, in particular those
which form buried ion pairs. All nine residues forming inter-
nal ion pairs are strictly conserved and three out of six resi-
dues forming intersubunit ion pairs are conserved (Table 4Fig.
7). However, only 13 out of 53 residues (26%) forming surface
ion pairs are conserved, consistent with the average sequence
conservation among these sequences. From these findings,
mutations which affect the buried ion pairs are likely to be
more detrimental to the molecule’s integrity than those muta-
tions in surface ion pairs.

In summary, the thermostability of the Gly-Thermosphaera
structure appears to be mostly attributed to the increased
ionic interactions, the increased number of internal water mol-
ecules to enhance the internal packing by hydrogen bond
formations and the oligomerization to reduce the surface
area and to enhance the intermolecular packing interactions.
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Fig. 7. Sequence alignment of four B-glycosidases or its family members from three hyperthermophilic archea. The overall sequence identity
within the alignment is 28%. The red color denotes those residues involved in ion pair formations which are strictly conserved among these spe-
cies. The two catalytic glutamate residues are underlined. The positions marked by an asterisk or a dot contain identical residues or similar res-
idues, respectively. The sequence numbers are based on Gly-Thermosphaera. The four different sequences in the alignment are from Thermo-
sphaera aggregans, Sulfolobus solfataricus, Pyrococcus furiosus (B-glucosidase and B-mannosidase).

Furthermore, the residues participating in the internal ion pair
formation are strictly conserved among this type of enzymes
in hyperthermophilic archea.
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