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The crystal structure of a thermostable a-amylase from Bacillus stearothermophilus
(BSTA) has been determined at 2.0 A resolution. The main-chain fold is almost identical
to that of the known crystal structure of Bacillus licheniformis a-amylase (BLA). BLA is
known to be more stable than BSTA. A structural comparison between the crystal struc-
tures of BSTA and BLA showed significant differences that may account for the differ-
ence in their thermostabilities, as follows. (i) The two-residue insertion in BSTA, Ile181-
Gly182, pushes away the spatially contacting region including Asp207, which corre-
sponds to Ca®*-coordinating Asp204 in BLA. As a result, Asp207 cannot coordinate the
Ca’®*. (ii) BSTA contains nine fewer hydrogen bonds than BLA, which costs about 12
kcal/mol. This tendency is prominent in the (B/a);-barrel, where 10 fewer hydrogen
bonds were observed in BSTA. BLA forms a denser hydrogen bond network in the inter-
helical region, which may stabilize a-helices in the barrel. (iii) A few small voids ob-
served in the a-helical region of the (B/a)s-barrel in BSTA decrease inter-helical com-
pactness and hydrophobic interactions. (iv) The solvent-accessible surface area of

charged residues in BLA is about two times larger than that in BSTA.

Key words: a-amylase, Bacillus stearothermophilus, Ca%*-binding, crystal structure,

thermostability.

a-Amylase (a-1,4-glucan-4-glucanchydrolase, EC 3.2.1.1)
catalyzes the hydrolysis of a-D-(1,4)-glucosidic linkages in
starch and related carbohydrates, releasing a-anomeric
products. To date, a-amylases from various sources have
been isolated and characterized. The a-amylase from Bacil-
lus stearothermophilus (BSTA) is a thermostable enzyme.
Its amino acid sequence is homologous to those of B. amy-
loliquefaciens a-amylase (BAA) (66% sequence identity)
and B. licheniformis a-amylase (BLA) (65% sequence iden-
tity), but there are significant differences in the thermosta-
bilities of these amylases as follows. The half-lives of
irreversible thermoinactivation at 90°C and pH 6.5 (pH
optimum) are 2 min (BAA), 50 min (BSTA), and 270 min
(BLA) (1); the temperature optima are 60, 75, and 90°C,
respectively (2). The high degree of homology in their
amino acid sequences suggests that their three-dimen-
gional structures are also very similar. Since the crystal
structure of BLA (but not that of BAA) is known (3), solving
the structure of BSTA would enable us to examine the
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thermostability differences in terms of the differences in
their three-dimensional structures. Recently, we success-
fully obtained crystals of recombinant wild-type BSTA suit-
able for X-ray diffraction analysis (4). In this paper we
report the three-dimensional structure of BSTA. We com-
pared the structures of BSTA and BLA with respect to
overall topology, metal ion binding, hydrogen-bonding and
hydrophobic interactions, and other molecular characteris-
tics including accessible surface area and cavities. We dis-
cuss the results in relation to the thermostability difference
between the two a-amylases. In particular, a two-residue
insertion seen in BAA and another homologous a-amylase
from Bacillus sp. KSM-1378 (LAMY), relative to BLA in
sequence alignment, was previously shown by site-directed
mutagenesis to be a cause of the thermal instability (5, 6).
BSTA also has the same insertion and we provide a struc-
tural basis for the effect of the insertion on thermostability.

MATERIALS AND METHODS

Enzyme Preparation and Crystallization—The recombi-
nant a-amylase from B. stearothermophilus A631 was pro-
duced in the B. subtilis expression system, and several
isoforms were purified from the culture supernatant as
described previously (4, 7). A pl 8.2 isoform formed tiny
needle crystals under the following conditions: 35 mM Na-
acetate (pH 4.6), 35 mM CaCl,, 6.25% (v/v) 2-propanol, in
the presence of 1.23% (w/v) acarbose (a pseudo-oligosaccha-
ride inhibitor, kindly provided by Bayer as a gift) in the
drop at a protein concentration of 10 mg/ml. X-ray intensity
data were collected at the BL-6A station of the Photon Fac-
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tory using the Weissenberg camera (8). Data were pro-
cessed with the program DENZO and merged using the
program SCALEPACK (9, Table I).

Structure Determination—The structure of BSTA was
determined by the molecular replacement method using
the program AMoRe (10) in the CCP4 suite (11). The struc-
ture of BLA (1bpl; Protein Data Bank entry) was used as
the initial reference model. Both the rotation- and transla-
tion-function searches gave a single solution. The transla-
tion function had a correlation coefficient of 0.41 and an R-
factor of 0.450 in the 6-3.0 A resolution range. After rigid-
body refinement, which resulted in an R-factor of 0.424 in
the 6-2.5 A resolution range, the iterative process of posi-
tional and simulated annealing refinement was followed
using the program X-PLOR (I12) with the parameters of
Engh and Huber (13). Ten percent of the observed reflec-
tions were randomly removed for the cross-validation (14).
Coordinates were adjusted repeatedly against the renewed
2F, —F . and F —F_, electron density maps with the pro-
gram QUANTA (Molecular Simulations). During the course
of refinement, three Ca?* ions and one Na* ion were identi-
fied for the large peaks in the difference Fouriers map. Sol-
vent molecules were identified as positive peaks in electron
density maps within hydrogen-bonding distance of appro-
priate protein atoms or other solvent atoms. The quality of
the structure was analyzed using the programs WHATIF
(15) and PROCHECK (16). The results of analysis are sum-
marized in Table 1. The coordinates for BSTA were depos-
ited in the RCSB Protein Data Bank (accession number
1hvx).

Structural Comparison—The coordinate of BLA was
obtained from the RCSB Protein Data Bank (accession
number 1bli), which contained the mutations N190F,
Q264S, and N265Y. Structural comparison was conducted
with the program QUANTA. Accessible surface areas (ASA)
were calculated using the program GRASP (17). Cavities
were sought using the program VOIDOO (18) on both pro-
teins using a number of different parameters and protein
orientations. We also used the program VOIDOO to calcu-
late the packing densities (the ratio of the van der Waals
volume of an atom to the actual space it occupies (19)). The
real volumes were calculated by the Voronoi procedure (20)
using the programs ACCESS and VOLUME (21).

TABLE I. Crystal parameters and refinement statistics.

Space group P2,
Cell parameters (4, *) a=53.5 b=92.8 ¢c=53.1, p=109.4
Solvent content (% 41
Resolution range (A) 8.0-2.0
No. of reflections in refinement 28,367
R-factor 0.156
R,_-factor® 0.197
No. of protein atoms 3,909
No. of metal atoms 4
No. of water molecules 320
Average B-factor (A?) 9.6
Protein atoms (A?) 9.1
Metal ions (A% 5.7
Solvent atoms (4% 18.6
RMS deviations

from ideal bond lengths (A)  0.008

from ideal bond angles (°) 14

from ideal dihedral angles (") 24.2
*R-factor is defined as R = X|{F | — |Fausll /2 | Fo |- PReefactor
was calculated using 10% of the unique reflections.
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RESULTS AND DISCUSSION

Quality of the Model—The quality of the structure was
assessed using the program PROCHECK (16) and WHA-
TIF (15). In the Ramachandran plot (22), 87.4% of non-gly-
cine residues have their backbone torsion angles in the
most favoured region and 11.8% residues in the additional
allowed region. Only one residue Tyrl51 (¢ = 83°, ¢ =
—40.5%) lay in the disallowed area, although it has a well-
defined electron density map. In the omit map, where Tyr-
151 and neighboring residues were omitted from the model,
the difference electron density confirmed their correct
placement. The mean positional error of the atoms as esti-
mated from the Luzatti plot (23) is 0.21 A. Crystal parame-
ters and refinement statistics are listed in Table 1. Among
the residues from -2 to 515 deduced from the DNA se-
quence (24) and N-terminal amino acid sequence analysis
(4), residues 1-483 were visible in the electron density
maps, but the remaining residues were not, probably
because of their disordered structure. Acarbose, a substrate
analogue inhibitor is not visible at the active site in the
electron density maps, although it was added during crys-
tallization (4). The final model resulted in an K-factor of
0.156 and an R, -factor of 0.197 in the resolution range of
8.0-2.0 A. The average of B-factors is 9.6 A? for all atoms
and 9.1 A? for protein atoms. These unusually low values
are consistent with the fact that the crystals diffracted
beyond 2.0 A resolution considering the very small crystals
with maximum dimensions of 0.1 X 0.05 X 0.02 mm (4).

The Overall Structure of BSTA—BSTA consists of a sin-
gle polypeptide chain, folded into three distinct domains A,
B, and C, as commonly observed in a-amylases (Figs. 1 and
2). Domain A represents a compact core structure compris-
ing a (B/a)g-barrel. Domain B shows a variable structure
among a-amylases. It is composed of a sheet of four anti-
parallel B-strands with a pair of antiparallel B-strands,
with fairly long loops between B-strands. The Ca®*-Na*-
Ca*" binding site is located in the interior of domain B,
spanning to the interface with domain A, as described later.
Domain C forms a distinct globular unit consisting of eight
B-strands folded into a Greek key motif, and forms the
third Ca?* binding site in cooperation with domain A (Fig.
D.

Figure 3 shows a superposition with BLA. The root mean
square (RMS) difference for Ca atom pairs is 0.83 A. The
residues involved in the secondary structure elements (a-
helices and B-strands) are shown in the topological align-
ment of the enzymes (Fig. 2). The main secondary struc-
tural elements are essentially the same in both enzymes.
The two amylases display 65% amino acid sequence iden-
tity. Of the 35% total difference (169 residues) between the
two amylases, 37% (63 residues) are in a-helices.

Active Site—The active site is located on the C-terminal
side of the B-strands of the (#/a)s-barrel in domain A. From
the structural comparison with other a-amylases, Asp234,
Glu264, and Asp331 are assigned as the catalytic residues
in BSTA (Fig. 2). The residues in the active site are strictly
conserved, but some positional differences are observed
when superimposed with BLA, particularly in the catalytic
residues. This may reflect the flexible nature of catalytic
residues, which may be important for catalytic reactions.

The structure of the active site is also similar to that of
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Fig. 1. Stereoview of a ribbon model of BSTA.
This model was generated with the program
MOLSCRIPT (33). Metal ions are shown as
spheres. Active site residues are numbered and

ey O shown in liquorice. Domains are shown in differ-

ent colors.
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Taka-amylase A, which rationalizes the mutant designs
previously made by us (7) to investigate the effect of muta-
tions near the catalytic site. In the previous design we
referred to the structure of Taka-amylase A (25) and found
that Asn295 (Asn329 in BSTA) is located in close proximity
(4-5 A distance between side-chain atoms) to Asp297 (Asp-
331 in BSTA), one of the catalytic residues. The current
structure of BSTA shows that the corresponding residues
in BSTA are arranged in similar positions. In the previous
study we mutated Asn329 to Lys, Asp, and Val, resulting in
altered specific activity, and changes in the pH and temper-
ature dependence of activity (7). Noteworthy is the Asp-
329—Val mutant that showed much higher activity than
the wild-type enzyme at low temperatures (5-15°C). We
modeled the structures of these mutants and found that
they do not deviate much from the wild-type structure.
Thus, the mutated residues are close to Asp331 so that
they can affect the catalytic activity. This validates our pre-
vious interpretation that the altered catalytic properties of
the mutant enzymes are the results of the charge or hydro-
phobic effects of the mutated residues on Asp331.

The Metal Ion Binding Sites—In the course of refine-
ment, three peaks with a high level of electron density
appeared in the interior of domain B and another at the
interface between domain A and domain C. These peak
positions correspond to those of three Ca?* and one Na* in
BLA (3), and are therefore shown as Cal, Call, Calll, and
Na in Figs. 1 and 2.

Cal is strictly conserved in all a-amylases. Cal and Call
form a linear triad with a sodium ion as described in BLA,
but there are some differences between the two c-amylases,
as follows. (i) The side-chain OD1 of Asp204 in BLA is
involved in the binding of Call, but the side chain of the
corresponding residue Asp207 in BSTA is positioned away
from binding to Call. Instead, a water molecule partici-
pates in coordinating Call (Fig. 4a). (ii)) Asn104 in BLA is
replaced by Aspl05 in BSTA, but both residues are in-
volved in the coordination to Cal.

Calll contributes to bridging between two loops, one of
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which comes from Aa6 of domain A and the other protrudes
between CB1 and CB2 of domain C (Fig. 4b). There are
some differences in the coordinating residues to Calll:
Tyr302 in BLA is replaced by Phe305 in BSTA and His406
in BLA by Ser406 in BSTA.

Interpretation of the Thermostability Difference Based on
Structural Comparison with BLA—The nature of the ther-
mostability of various enzymes has been extensively inves-
tigated. Although certain criteria stand for the thermo-
stability of proteins in general, it appears that the thermo-
stability of a particular enzyme is a reflection of its unique
structure. Here we compare the structures of BSTA and
BLA and discuss their thermostability difference.

The superposition of the Ca-models (Fig. 3) and the topo-
logical alignment (Fig. 2) of BSTA and BLA show that the
length and position of individual secondary structural ele-
ments are almost identical in both enzymes. Moreover, as
shown in Table II, the total solvent accessible surface area,
volume, and molecular packing densities of both molecules
are very similar. The total void volumes of both BSTA and
BLA are very small in general compared with other protein
molecules. Thus, it is difficult to account for the thermosta-
bility difference on the basis of the overall structure. It is
likely that the thermostability difference can be ascribed to
the local structural environment.

BSTA has four very short insertions and deletions of 1 to
2 residues in the amino acid sequence as compared to BLA
(Fig. 2). The two-residue insertion in BSTA, Ile181-Gly182,
pushes away the spatially contacting region, including
Asp207, which corresponds to Ca?*-coordinating Asp204 in
BLA. As a result, the side-chain of Asp207 cannot coordi-
nate Call, although a water molecule contributes to the re-
storation of the Call coordination geometry (Fig. 5). BAA
and a semi-alkaline a-amylase LAMY also possess the two-
residue insertion at exactly the same position as in BSTA:
Glu178-Gly179 in BAA (Fig. 2) and Thr183-Gly184 in
LAMY (5, 6). Previously, when the three-dimensional struc-
tures of none of these a-amylases were known, Suzuki et al.
(5) and Igarashi et al. (6) erroneously regarded the inser-
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tion as Argl79-Glyl80 (BSTA numbering), which is two = BSTA. Curiously, however, the deletion of Arg-Gly in BAA
residues upstream and conserved among BAA, LAMY, and and LAMY by site-directed mutagenesis resulted in an

Domain A AB1 Acxl AB2

BSTA 1:AAPFNGTMMQYFEWYLPDDGTLHWTKVANEANNLSSLGITALWLPPAYKGT 50
BLA 1:-ARLNGTLHOYFEWYMPNDGOERRRLONDSAYLAEBHGITAVNIPPAYRGT 49

BAA 1:---VNGTLMQYFEWYTPNDGQHWKRLONDAEHLSDIGITAVWIPPAYKGL 47
SEE SSSSTRE % 8% * * * k% * Fhkkhdk
A2 AB3

BSTA 51:SRSDVGYGVYDLYDLGEFNQKGTVRTKYGTKAQYLO-ATQOAAHAAGMQVYADVVF 104
BLA 50:SQADVGYGAYDLYDLGEFHQKGTVRTKYGTKGE-LQOSAIKSLHSRDINVYGDVVI 103
BAA 48:SQSDNGYGPYDLYDLGEFQQKGTVRTKYGTKGELQ-DAIGSLHSRNVQVYGDVVL 101

* 2 &%2 IR R R R RS I E A SRR SR RS * % * * %k * k%

Domain B
Bl B2 B3

BSTA 105:DHKGGADGTEWVDAVEVNPSDRNQEISGTYQIQAWTKFDFPGRGNTYSSFK 155
BLA 104:%HKGGADATEDVTAVEVDPADRNRVISGEHLIKAWTHFHFPGRGSTYSDFK 154
BAAR 102:NHKAGADATEDVTAVEVNPANRNQETSEEYQIKAWTDFRFPGRGNTYSDFK 152

2¥- 28928 -8 5282 % * % * * %% & S0 % L 2 & B &

ih Call al ‘I’v: i
g £ . wntew e -
BSTA 156:WRWIAFOGVDNDESRRLORIIRFRGIGRAW DWEVDTERGRYDYLMYARLDHDH

BLA 155:WHWYHFDGIDWDESRKLNRIYKFQG--KAWDWEVSNEFGNYDYLMYARIDYDH 205
BAA 153:WHWYHFDGADWDESRKISRIFKFRGEGKAWDWEVSSENGNYDYLMYADVDYDH 205

* ThkhkhkEkk kkEkEkk ok * * t £ B khkkdkkk Kk IEE R R R RS EEE I * *

aTno
&VO

Domain A AL A4 Aok

A Cal
BSTA 209:PBVVTSLK!HGIW!VITIHIDG!RLDAVKuIKPﬂFPPDHLS!V&SQEGKPL 259
BLA 206:PDVAAEIKRWGTWYANELQLDGFRLDAVKEIKFSFLRDWVNHVREKTGKEM 256
BAA 206:PDVVAETKKWGIWYANELSLDGFRIDAAKHIKFSFLRDWVQAVRQATGKEM 256

| S * % %S 22 * PEEF & BREAETES . $ * % * % x

A5 Aas AB6 A :
A atl

BSTA 260:FTVGEYWSYDINKLHNYIMKTNGTMSLFDAPLHNKFYTASKS CGAFDMRTL 310

BLA 257:FIVAEYWSYDLGALENYLNKINFNHSVFDVPLHYQFHAASTQ GGG YDMRKL 307

BAA 257:FTVA EYWONNAGKLENYLNKTNFNHSVFDVPLHFNLQAASSQGGGYDMRRL 307

2tk Rk% * k% *x % T e * k% * * * % * k% *

A6l Ap7 Al

A
BSTA 311:MTNTLMEDQPTLAVIFVDNHDTEPGQALQSWVDPWFKPLAYAFILTRQEG 360
BLA 308:LNSTVVSKHPLKAVIFVDNHDTQPGQOSLESTVQTWFKPLAYAFILTRESG 357
BAA 308:LDGTVVSRHPEKAVIFVENHDTQPGQSLESTVQTWFKPLAYAFILTRESG 357

* * * ok ok kK SREE 5% % 2 * A A A S E SRR R RS *

AB8 ATl A8

ig. 2. Topological alignment of
BSTA 361:YPCVFYGDYYG--IPQYN-IPSLKSKIDPLLIARRDYA 395 gsg,mmﬂﬂf(vmmt e s
BLA 358:YPQVFYGDMYGTKGDSQREIPALKEKIEPILKARKQYA 395 fiigth atmtations NIOH G205,
BAA 358:YPQVFYGDMYGTKGTSPKEIPSLKDNIEPILKARKEYA 395 and N265Y as shown {n dark

*x tE R R &4 * % * % ** * * * *x s
brown boxes) along with the
amino acid sequence alignment

Domain C

@ qe @ o of BAA. The alignment is based on
; the superimposed models. Residues
BSTA 396:YGTQHDYLDHSOIIGWIREGVTEKPGSGLAALIT 'GPGGRKWMYVGKQHA 445 that belong to a-helices and -
BLA 396:YGAQHEDYFDHHDIVGWTREGDSSVANSGLAALIT DGPGGAKRMYVGRQONA 445 strands are marked in blue and yel-
BAA 396:YGPQHEDYIDHPDVIGWTREGDSSAAKSGLAALITDGPGGSKRMYAGLKNA 445 low, respectively. Residues involved
td 2ekd 24 ¢ I EE RS REEEEREREEETRE %X K% ® * in calcium and sodium ionbinding
> sites are indicated by Cal, Call,
ar @6 Q7 g% Calll, and Na, respectively. The cata-
BSTA 446:GKVFEDLTGNRSDTVEINSDGWGEFKVNGGSVSVHVPR 483 Iyticsite residues are indicated by
BLA 446:GETWHDITGNRSEPVVINSEGWGEFHVNGGSVSIYVQR 483 the letter A in green. Secondary
BAA 446:GETWYDITGNRSDTVKIGSDGWGEFHVNDGSVSIYVOK 483 structural elements are named. Con-
* £ xR 2 % ¥ A4EEE 3% SR8 * smvalmmmoaddsanzmaﬂmdvdm
asterisks. Residues not determined
by X-ray studies are written in thin

BSTA 484 :KTTVSVSARPITTRPWEGEFVRWTEPRLVAWP 515 letters.
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Fig. 3. Stereoview of superimposed Ca-models of BSTA
(red) and BLA (gray). BSTA is numbered every 20 resi-

dues.

Fig. 4. Stereoview of the superposition
of the amino acid residues involved in
metal-binding in BSTA (shown by ele-
ment; atoms are colored in: C- green,
N- blue, and O- red) and in BLA
(gray). Water molecules (w) are shown as
small spheres. A water molecule involved
in Call-binding in BSTA is marked with
an asterisk: (a) Cal-Na-Call triad; (b)
Calll.
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increase in thermostability. Apparently, the deletion of
either Arg-Gly or the next two residues downstream, the
actual insertion site, removes the bulge created by the two
extra residues (Fig. 5), and thus seems to have similar con-
sequences on the thermostability by affecting Call binding.
However, Argl79 in BSTA forms a salt bridge with Glu129
(Fig. 5), which may contribute to thermostability. Therefore,
the deletion of Ile181-Gly182 rather than Arg179-Gly180 is
expected to result in a higher thermostability We predict a
similar enhancement of thermostability by deleting the
actual insertion rather than Arg-Gly for BAA and LAMY.
Site-directed mutagenesis of this region in BSTA is cur-
rently under way in our laboratory.

Table IIT shows the total number of hydrogen bonding
interactions in each domain of BSTA and BLA, where the
numbers of hydrogen bonding interactions between main-
chain and sidechain atoms and between side-chain and
side-chain atoms are simply compared between BSTA and
BLA. In total, BSTA has nine fewer hydrogen bonds than
BLA, which costs about 12 kcal/mol (26). This tendency is
prominent in domain A comprising the (f/a)s-barrel, where
10 more hydrogen bonds are observed in BLA, forming a
denser hydrogen bond network in the inter-helical region of
the (B/ajg-barrel, which may stabilize a-helices in the bar-
rel. On the other hand, in domain B, BSTA has six more
hydrogen bonds (including four more salt bridges) than
BLA. Therefore, domain B of BSTA appears to be more sta-
ble than that of BLA, but this may not have much effect on
the thermostability of the entire molecule.

By careful inspection of the structures, we found a region
that differs in local hydrogen bonding and hydrophobic
stacking interactions between BSTA and BLA as shown in
Fig. 6, (a) and (b). BLA forms 16 hydrogen bonds around

TABLE II. Accessible surfaces, cavities, and volumes.
BSTA BLA
Total solvent accessible surface area 17,479 17,388
(ASA; Ay
Total (% of total) ASA of polar residues 5,133 (29)
Total (% of total) ASA of hydrophobic

5,081 (29)
2,214 (12.7) 2,141 (12)

residues
Total (% of total) ASA of charged 2,645 (15) 4,899 (28)
residues
Volumes and voids (A%):
Volume of molecules 88,470 87,930
Total void volumes® 46 18
Molecular packing densities 1.17 1.19

Hydrophobic residues Ala, Ile, Leu, Met, Phe, Pro, Trp, Val
Polar residues Ser, Gln, Asn, Gly, Thr, Cys, Tyr
Charged residues Asp, Arg, Glu, His, Lys

*Voids were detected with the program VOIDOO (I8) using probe

radius 1.5 A and atom fattening factor 1.09.
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Aal, Aa2, and Aa8. GIn20, Lys23, Arg24 in Aal and Glu82
in Aa2 of BLA are replaced by Thr21, Thr24, Lys25, and
GIn83 in BSTA, respectively, resulting in the loss of seven
hydrogen bonds. A hydrophobic core is observed in BLA
between four tyrosine rings (Tyr10O, Tyr31, Tyr363, and
Tyr367) and hydrophobic residues from Aa8, Aal, Aa2,
AB2, and AB3. The corresponding region in BSTA gener-
ates two small contiguous voids (Fig. 6a, arrows) with a
total volume of 26 A? that are obviously derived from the
change of residues Asp28, Tyr31, Leu90, and Met366 in
BLA to Lys25, Asn32, Ala91, and Tyr369 in BSTA. The
local differences in this region may contribute to the ther-
mostability difference between BSTA and BLA.

As seen from the data in Table II, the percentage of the
total accessible surface area (ASA) comprising charged resi-
dues in BLA is about two times greater than in BSTA.
Histidine residues contribute largely to this difference,
because BLA has 13 more histidines than BSTA, of which
seven histidines replace hydrophobic residues partially
exposed in BSTA, assuming Tyr to be a hydrophobic resi-
due. The remaining six histidine residues are replaced by
polar residues. Since hydration of nonpolar groups appar-
ently destabilizes proteins (27), the above substitutions
may contribute in part to the stabilization of BLA.

Criteria such as the number of Asn and Gln (28) or Pro
(29) residues, the Arg/Arg+Lys ratio (30), and the helices-
content/protein-content ratio of B-branched residues (31)
show no significant correlation with the thermostability of
BAA, BSTA, and BLA, and, therefore, might not contribute
to the thermostability differences.

Recently, Declerck et al. (32) investigated the relation-
ship between thermostability and structure using the
mutation analysis of BLA, and found that some of the
amino acid changes contribute to the differences in thermo-
stability between BLA, BAA, and BSTA. In BLA, replace-
ment of Ala269 by Lys caused a reduction in the thermo-
stability. However, the corresponding residue, Lys272, in
BSTA may not be destabilizing because it forms a salt
bridge with Asp190, which is Ser in BLA and thus cannot
form such a salt bridge.

In the present comparison of the crystal structures of
BSTA and BLA, we found significant differences that may
account for their thermostability difference, as follows. (i)
The insertion of I1e181-Gly182 pushes away the spatially
contacting region including Asp207, which corresponds to
the Ca?**-coordinating Asp204 in BLA. As a result, a water
molecule coordinates the Ca?* in place of the side chain of
Asp207. (ii) BSTA contains nine fewer hydrogen bonds
than BLA This tendency is prominent in the (B/o)g-barrel,
where BSTA has 10 fewer hydrogen bonds. (iii) A few small
voids observed in the a-helical region of the (B/a),-barrel

TABLE III. The number of hydrogen bonding interactions in BLA and BSTA, excluding main-chain to main-chain hydrogen

bonds.
H en bonds Main-chain to side-chain atoms Side-chain to side-chain atoms Total

BSTA BLA BSTA BLA BSTA BLA
Domain A 81 80 40 (18r 51 (18) 121 131
Domain B 29 30 17 (9) 10 (5) 46 40
Domain C 26 30 14 (3) 14 (3) 40 44
Domain A/B® 4 5 10 (5) 9 4) 14 14
Domain A/C* 4 4 2 (0) 3 () 6 7
Total 144 149 83 (35) 87 (32) 227 236

*Number of salt bridges. "Inter-domain between A and B. ‘Inter-domain between A and C.
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domain in BSTA decrease inter-helical compactness and
hydrophobic interactions. (iv) The percentage of solvent-
accessible surface area of charged residues in BLA is about
two times larger than that in BSTA.

We wish to thank Prof N. Sakabe and Drs. N. Watanabe, M.
Suzuki, and N. Igarashi of the Photon Factory, High Energy Accel-
erator Research Organization, for their help in data collection
using the Weissenberg camera and synchrotron radiation.
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