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Moderate Facultative Thermophile, Bacillus coagulans: Two
Strategies for Thermostabilization of Protein Structures'

Daisuke Tsuchiya,* Takeshi Sekiguchi,' and Akio Takenaka*?

*Department of Life Science, Faculty of Bioscience and Biotechnology, Tokyo Institute of Technology, Midori-ku,
Yokohama 226; and 'Department of Fundamental Science, Faculty of Science and Technology, Iwaki Meisei
University, Fukushima 970

Received for publication, May 28, 1997

The crystal structure of 3-isopropylmalate dehydrogenase from the moderate facultative
thermophile Bacillus coagulans (BcIPMDH) has been determined by the X-ray method.
BceIPMDH is a dimeric enzyme composed of two identical subunits, each of which takes an
open a/f structure with 11 ¢-helices and 14 g-strands. The polypeptide is folded into two
domains. The first domain is composed of residues 1-101 and 257-356, and the second
domain, of residues 102-256. The latter domains of the two subunits are associated with one
another by a-dyad axis to make the dimer, locally forming a g-sheet and a four-helix
bundle. As compared with the structure of the enzyme from the extreme thermophile
Thermus thermophilus (TtIPMDH), a new short 2-sheet (residues 329-330 and 340-341)
absent in TtIPMDH is formed by the insertion of 5 residues in BcIPMDH. In terms of
determinants for thermostabilization, both consistent and inconsistent changes were found
between the two enzymes. The regions including inconsistent changes are formed by
different usages of the determinants for stabilizing the loops at different levels. Those in
BcIPMDH contain some structural redundancies in length of amino acid sequence and
flexibility of residues, which seem to be unnecessary for the enzymatic reaction. Such
redundancies are also found in the primary structure of the enzyme of the mesophile
Bacillus subtilis, but these parts are more stabilized in BcIPMDH by hydrogen bonds and
salt bridges. On the other hand, TtIPMDH is stabilized by reducing such redundant parts.
This contrast suggests that different strategies may be preferred for thermostabilization,
depending on temperature.

Key words: Bacillus coagulans, crystal structure, 3-isopropylmalate dehydrogenase,

thermostability, X-ray analysis.

Denaturation, that is, loss of higher-order structures,
interferes with protein function. To prevent this, it is
essential to understand the structural basis of the stability
of proteins. Thermal resistance is especially important for
designing new functional proteins. Guidelines for achieving
thermostabilization could not only allow the production of
more stable proteins, but also extend the effective tempera-
ture range of protein functionality.

Several determinants of the thermostabilization of
proteins have been proposed (I1-3), and many trials have
been performed to replace amino acids in order to stabilize
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proteins by design, but with limited success. Most of the
proposed determinants have been deduced from structural
comparisons between extremely different proteins, highly
thermostable and thermolabile. However, structural
knowledge of moderately thermostable proteins might give
a better understanding of the kinds of structural changes
that influence protein thermostability.

IPMDH [EC 1.1.1.85]) is an enzyme in the leucine
biosynthesis pathway (4). We have determined the crystal
structure of IPMDH from the moderate, facultative ther.
mophile Bacillus coagulans (BcIPMDH). This organism
proliferates in temperatures ranging from 25 to 61°C (5).
BcIPMDH itself is also moderately thermostable (6).
Recently the crystal structures of EcIPMDH and StIPM.
DH, which are more thermostable than BcIPMDH, have
been solved and compared with that of TtIPMDH (7). Our
crystal structure of BcIPMDH will provide information
about another level of thermostabilization, i.e., that in the
moderate thermophile, Bacillus coagulans. In this paper,
the structural characteristics of BcIPMDH are described
and compared with those of TtIPMDH, and then several
determinants of thermostabilization are examined in rela-
tion to thermostability. Finally we will discuss the nature of
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the strategies for thermostabilization in IPMDHs.

METHODS

Three crystalline forms of BeIPMDH were obtained by the
hanging drop vapor diffusion method using ammonium
sulfate or polyethylene glycol 2000 as a precipitant. The
conditions are described elsewhere (8). The trigonal form
{Table I) was used for the present analysis. X-ray diffrac-
tions of two crystals mounted with different orientations
were recorded on imaging plates with a Weissenberg
camera (9) using synchrotron radiation (1 =1.00 A) at the
Photon Factory in Japan. Data processing and reduction
were performed with the program WEIS (10) and the
CCP4 software (11).

Since the trigonal form contains one dimeric molecule in
the asymmetric unit, a dimeric probe molecule with all
alanines was constructed from TtIPMDH (12) and applied
to molecular replacement to solve the crystal structure.
The program AMoRe (13) gave a unique solution with a
reasonable molecular packing. Its plausibility was further
confirmed by the R, profile analysis (14). The initial
phases were improved by a density modification technique
with non-crystallographic symmetry averaging between
the two subunits, solvent flattening and histogram mapping
using the program DM (15). Combinations of model-build-
ing with the program O (16) and refinement of the atomic
parameters with the program X-PLOR (17) gave a final
R-factor of 0.180 for the data of 10-3.0 A resolution, with
a free- R value (18) of 0.247 for the 10% of reflection data
which were not used throughout the refinement.

The stereochemical parameters calculated with the
program PROCHECK (19) are better than those for
ordinary protein structures determined at 3.0 A resolution.
The mean B-factor is somewhat high, 38 A? for main-chain
atoms and 43 A? for side chain atoms. This may be a
consequence of the high solvent content of the crystal and

TABLE I. Crystal data and refinement statistics for BeIPMDH.

Space group P3,21
Cell constants (A)

a=b 114.4

c 194.9
VA 2
Veorv. (%) 73
Limiting resolution (A) 3.0
Observed reflections 101,970
Independent reflections® 25,5640
Roerse (%) 5.4
Completeness (%) 85.3 (total)

62.9 (3.16-3.00 A resolution shell)
Non-hydrogen protein atoms 5,439
Solvent molecules 3
Reflections used for refinement 24,637

Resolution range (A) 10-3.0
R-factor (%) 18.0
Rireo® (%) 24.7
R.m.s. standard deviation
Bond length (A) 0.006
Bond angles () 1.30
Improper angles () 1.20
Average error (A) 0.35

*Number of subunits in the asymmetric unit. ®I > 3.00. “Calculated
using the 10% of reflection data which were not used through
refinement.
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partial conformational disorder which prevents the obser-
vation of X-ray data beyond 3.0.A resolution. Electron
densities on 2F, — F. and omit maps, however, showed good
quality even in loop regions, as seen in Fig. 1.

RESULTS AND DISCUSSION

Description of the Structure—BcIPMDH is a dimeric
enzyme composed of two identical subunits, each of which
has the molecular weight of 39,808 with 366 amino acid
regsidues (20). The crystal used for the present analysis
contains one dimeric enzyme in the asymmetric unit. The
two subunit structures have been determined independent-
ly. We located 356 residues in subunit I and 357 residues in
subunit II on electron-density maps, but 10 and 9 residues
at the C-termini of the subunit I and II, respectively, were
not assigned owing to their disordered structures. The two
subunits can be superimposed with an r.m.s. displacement
of 0.54 A between the corresponding C, positions. As the
average error of the structure is estimated to be 0.35 A
from a Luzzati plot (21), the two subunits have essentially
the same tertiary structure. There are only a few inter-
molecular contacts in the crystal, because it has a rather
high solvent content of 73% (8). Here we will describe the
structure of subunit I, because the local structures are
almost the same in the two subunits and subunit I has fewer
intermolecular contacts.

Each subunit takes an open a/f structure with 11
a-helices and 14 S-strands (Fig. 2). The polypeptide is
folded into two domains. The first domain is composed of
residues 1-101 and 257-356, and the second, of residues
102-256. The latter domains are associated with one
another by a dyad axis to make the dimer, and locally to
form a S-sheet and a four-helix bundle.

Structural Comparison between BcIPMDH and TtPM-
DH—A sequence alignment between BcIPMDH and TtIP-
MDH based on their three-dimensional structures is shown
in Fig. 3. The amino acid sequence of TtIPMDH has 10 gaps
as compared with BcIPMDH. In addition, BcIPMDH is
longer by 2 residues at the N-terminus and by 10 residues
at the C-terminus. As expected, the three-dimensional
structures are similar, with an r.m.s. displacement of 1.3
A. Figure 4 indicates local differences in C, position
between BcIPMDH and TtIPMDH. The whole structures
are well conserved, though some significant differences
occur in loop regions. A new short 8-sheet (residues 329-
330 and 340-341) absent in TtIPMDH is formed by the
ingertion of 5 residues in BcIPMDH (Fig. 3).

Crystal structures of TtIPMDH complexed with NAD
(25) and with the substrate (26) have been reported.
Although the present BcIPMDH contains neither the
cofactor nor the substrate, structural comparison among
them will give some information about the enzymatic
function.

As all residues which participate in binding to the
cofactor/substrate in TtIPMDH are conserved in B¢cIPM-
DH (Fig. 3), the same binding features can be expected in
BcIPMDH. Figure 5a shows the NAD binding site found in
TtIPMDH (25), on which the unliganded BcIPMDH and
TtIPMDH are superimposed. Comparison of the local
structures® between the two unliganded structures indi-
cates significant differences in the two loops (residues 253-
262 and 327-343). In the former loop of TtIPMDH, some
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Fig. 1. Stereo-pair diagrams of
omit maps (contoured at the 2o
level) of (a) salt-bridging resi-
dues around the loop A region, (b)
those around the loop B region,
and (c) a new g-sheet in the loop
C region. Hydrogen bondings are
indicated by broken lines. These
diagrams were produced with the
program O (16).
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conformational change of the mainchain is required for the
cofactor binding (25). In the case of BcIPMDH, the corre-

? To compare several local structures including loops between BeIPM-
DH and TilPMDH, packing effects on the conformations were
examined by calculation from the atomic coordinates. It has been
confirmed that the corresponding local structures in TtIPMDH are not

affected significantly.

sponding loop will move further than that of TtIPMDH, as
seen in Fig. 5b. Figure 3 shows that only the replacement of
the amino acid at position 256 with more flexible threonine
(TtIPMDH :Pro251—BcIPMDH:Thr256) makes such
movement possible in BeIPMDH. These features suggest
that the loop of BcIPMDH has greater flexibility than is
necessary to bind the cofactor, as discussed later. Such
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Fig. 2. A ribbon drawing of the dimeric
structure of BcIPMDH viewed down the
molecular twofold axis. The subunits I and
II are represented by saturated and unsatu-
rated colors, respectively. The new S-sheets
found in BcIPMDH are colored green. This
picture was produced with the program

RIBBONS (22).
BsIPMDH 20 30 40 50 60 70 < .
XRciA1LPG DG GPEU1es Acdllksvae rfnhetetfy g1iG6AAIDe hhnP1PEeTv aacknadfil  Pig- 3. Primary and secondary
BCIPMDHE 10 20 10 40 50 60 70 structures of three IPMDHs (12,
okmk1AvLP6 06] 6PEUmda Airllktvld ndgheavtEn ali6GAAIDe agtP1PEell dicrrsdfil 20, 23, 24). Upper-case letters,
—— =  ——— lower-case letters, and hyphens,
TtIPHMDH 18 68 % e I 2 g
respectively, indicate identical
mkvﬂvl.PG D6/ 6PED tea HlkULralde aeglglaykv fprGHHIDa fqufPEpTr kgveeaefAvL I T S ——
B, a, B8 a, a, B gaps. BcIPMDH has sequence iden-
IPMDH 90 100 110 120 130 140 e Ot;hGO% WLII%JH ThMI:iH and
eUBPKWD qnlselRPEk6L Lei B KqldLFANLE PvKy fesledrSPL Kk[yidnl.lllt vIUBELT661 51% with TtIP . The identity
BCIPMDH 80 90 100 110 120 140 between BsIPMDH and TtIPMDH
L6aUGEPKIW® hnpaslRPEXGL | gl KemgLFANLEPvKa yatllnaSPL KrErvenUl]l vIDRELTEGL i8 54%. Residues which may contact
¢ IPMDH 88 98 IO'B 118 128 138 with: fhe slsimte (26) &Dd/Ol‘ the
L6sUGBPKINY  g1prkiRPEL6LL 818 Kead LFANLY Paky fpgleriSPL KeEiarglpy 11UBELT6R;  Cofactor (25) are shown with out-
H>— B S T— — - lined letters. «-Helical and §8-
By a, Ba By stranded regions are represented
BSIPMDH 150 162 172 182 192 202 212 with rectangles and arrows, respec-
Y F6qPskryv ntegEqEavdTl £¥krtEiERv iregFkmaat nxngcsunm ﬂNULEssrlllJ RevaEdvage tively. The numbering of the secon-
BCIPMDH 150 160 170 180 210 dary structures is shown at the
Y F6rPserrg p--gEnEvvdll a¥trefiERi iekanlaqi ﬁrkklaSUDX HNULEBarml.U ReiaEetakk bottom.
—_—> D> — T +
TtIPMDH 147 155 165 5 205
% F6ePrgms- ----EaEawnTe r¥skpEvERv arvaFeaark RrkthUD'}( HNULEvgatllJ RxtvEevgrg
—>— —+ = { >
B. LoopA B as Ba a,
BsIPMDH 222 232 24 262 272 282
£PDUxLeHml ULUnaanliy aanfDUvUTeNmFE.ﬂILSi] eﬂSmltGSlI] mLPSASLass gLlhlfEPVD©
BcIPMDH 220 270 280
yPDUelsHml (1]13] utanlia nquFI]UiIJT eNmF 61 ILSLU eHSvitGSlB ol PSASLrad rfgmyEPUN B
.¢ = >
TtIPMDH 25 265 274
yPUUaLeHc;y ug am.aMhl.vz sParFDUvIJT gNiF6 D ILS&] IHSvlpGSJ. ﬁ 1LPSASLgrg -tpvfEPUB &
—D— — )} }— —
B, a, B ay By LoopB B
BsIPMDH 292 302 312 322 332 342 352
SAPY JAGk6m ANPfaailSA AmllrtsfGL eeefAkaveda Unkvlasgkr trilarseef sstqaiteev
BcIPMDH 290 300 310 320 330 340 350
SAPY JAGg6x ANPlgtvLSA AlmlrysF6L ekefAaaieka Uddvlqdgyc tgdlgvangk vvstieltdr
TtIPMDH 284 294 304 314 323 329 339
SHAP) JA6K6i ANPtaailSA AmmlehaFGL velArkveda Uakalle -tp ppDlg----g sagteaftat
- ——L — ]
ay Ao ﬂu Loop C Bua ay
BsIPMDHA 362
kaaimsenti 8nv (365 amino acid residues)
BcIPHMDH 360
lieklnnsaa rprifq (366 amino acid residues)
TtIPMDH
vlirhla (345 amino acid residues)
—

ay
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/Arg 149

(b1)

Fig. 8. Local structures around loop A of BeIPMDH (al) and
TtIPMDH (a2), loop B of BcIPMDH (b1) and TtIPMDH (b2), and
loop C of BcIPMDH (cl) and TtIPMDH (c2). These loops and the
other parts in subunit I are shown in green and blue, respectively. The

non-Pro—Pro replacement is one of the general rules for
thermostabilization of proteins (28-30), and is consistent
with the difference in thermostability between the two
enzymes. The loop region of residues 327-343 is length-
ened by 5 residues in BcIPMDH to form a new short 8-
sheet as mentioned above (Fig. 5a). However, it should be
noted that Asp333 and its neighbors which are close to the
cofactor are retained among the three structures. For this
reason, the large difference observed in this loop does not
affect the cofactor binding. In addition, this loop contains

D. Tsuchiya et al.

(a2)

Lys197'

Asp98

(c2)

two B-strands connected by loop A form a #-sheet with a strand from
the other subunit (orange). Broken lines indicate possible hydrogen
bonds. All the pictures were produced with the program RIBBONS
(22).

three proline residues (Pro323, 324, and 325; see Fig. 3) in
TtIPMDH.

Comparison of Determinants for Thermostabilization
between BcIPMDH and TtIPMDH —In order to investigate
the origin of thermostability of proteins, several determi-
nants for their thermostabilization have been proposed. We
discuss below which determinants can well explain the
difference in thermostability between BcIPMDH and
TtIPMDH.

Replacement with preferred amino acid: It is reasonable

J. Biochem.
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Fig. 4. Comparison of tertiary
structures between Bc¢IPMDH and
TtIPMDH. (a) R.m.s. displacements of
C. atoms of each subunit (solid line for
subunit I and broken line for subunit IT)
from TtIPMDH, calculated by least-
squares fitting. Zero values indicate
deletions of amino ecid residues in
TtIPMDH. (b) A stereo-pair diagram of
the C, structures superimposed between
BcIPMDH (solid line for subunit I) and

T
200
residue number

(a)

(b)

to consider that thermophilic proteins contain more amino
acids with properties that inhibit thermal denaturation
than do the mesophilic ones. By comparing amino acid types
between mesophilic and thermophilic proteins, Argos et al.
(31) found several preferred substitutions of amino acids in
thermophilic proteins. A series of mutants of T4 lysozyme
showed that non-Pro—Pro and Gly—non-Gly exchanges
contribute to the thermostability of proteins, affording a
reduction in entropy of the unfolded state (28). Such a
contribution to thermostability was also found in the other
proteins (29, 30). Ishikawa et al. suggested that replace-
ment of Gly by a residue which is forced to have a left-
handed-helical conformation releases steric hindrance of
the C, atom and enhances thermostability (32). Amaki et
al. demonstrated that replacement of free cysteine resi-
dues can improve thermostability (33).

Figure 6 shows the frequency of amino acid exchanges
between BcIPMDH and TtIPMDH. The most frequent
exchange is Asp—Glu in the BcIPMDH— TtIPMDH direc-
tion. This exchange agrees with the rule of Argos et al. (31).
Ala—Arg and Ile—Val exchanges are also frequently
observed, but the latter is reversed in direction from the
preferred exchange (Val—Ile). Although the latter ex-
changes seem to be inconsistent, no large differences occur
in hydrophobic interactions, because they are compensated
by the surrounding amino acids.

Another striking difference in relation to thermostability
is the number of proline residues (18 in BeIPMDH and 25

Vol. 122, No. 6, 1997

TtIPMDH (broken line).

in TtIPMDH). The increase of proline residue stabilizes the
protein by reducing the entropy of the unfolded state. This
situation is also found in EcIPMDH and StIPMDH (7). The
number of glycine residues increases from 31 in BcIPMDH
to 36 in TtIPMDH. Although such an increase in general
raises the entropy, glycine is sometimes effective to release
torsional strain in loop regions (32). However, TtIPMDH
still contains some strains. The number of non-glycines
with main-chain torsion angle of ¢ > 0is 3 in BcI[PMDH and
4 in TtIPMDH. Therefore, increasing number of prolines in
TtIPMDH is consistent with higher thermostability, but
increasing the number of glycines seems to be inconsistent
with it.

BceIPMDH has two cysteine residues, which are replaced
with other amino acids in TtIPMDH. Such exchanges may
lead to thermostabilization of TtIPMDH, as demonstrated
by Amaki et al. (33). Site-directed mutagenesis of the two
cysteines (Cys61 and Cys330) to serines, however, caused
no significant change of thermostability (Sekiguchi, unpub-
lished data).

Ion-pairs and hydrogen bonds: Ion-pairs and hydrogen
bonds have high enthalpic effects on protein folding. Perutz
pointed out that introduction of a few salt bridges is
effective in protecting proteins from denaturation by heat
(34). Ion-pairs and/or hydrogen bonds play major roles in
thermostabilization of indole-3-glycerol phosphate syn-
thase from Sulfolobus solfataricus (35), glutamate dehy-
drogenase from Pyrococcus furiosus (36), and malate
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Thr256 (Pro251)
(b)

Tt|
Be GIA|L|I|V|P|P|M|D|EB|K|R|IB|Q|C|S|T|Y|B|W
G 21| 2 2 1 1

A 19 1|2 114 1

L 11251244 |112]1]1}]2 1 1)1

I 1)1 5|16 1 1(1 1

v 6]12]1]15 1 1
P 16

r [ 1|1

M 11111 3 2 1

D 1)2 12} 5|2 1

) 3|32 1]2 1511 )3 1

K 2 111 111({7]2 1 2
R 1 1 1 6218 111

N 1]3§1 1 1[4 1

Q 1 1 1]1]2 1
C 1(1

S 4 1 1]1]2 9

T 1]2 12 1 1 116

Y 2 113

H 1 1 2
L 2

Fig. 6. Frequency of amino acid exchanges between BcIPMDH
and TtIPMDH. Residues with no corresponding counterparts were
neglected in the counting.
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Fig. 5. (a) A stereo-pair diagram of the
NAD binding site found in TtIPMDH
(dark line) (25), on which the unliganded
BeIPMDH (open line; the present work)
and TtIPMDH (shaded lines) (12) are
superimposed. Two loops containing
Asp333 and Thr256 are discussed in the text.
(b) Difference of the local structure
around Thr256. The unliganded TtIPMDH
and its NAD complex are superimposed on
BcIPMDH. The corresponding residues in
TtIPMDH are indicated in parentheses. The
adenosine moiety of NAD is drawn. These
diagrams were produced with the program
MOLSCRIPT (27).

dehydrogenase from Thermus flavus (37). Tanner et al
suggested that hydrogen bonding between a charged side
chain and a neutral partner is correlated with thermo-
stability among four different D-glyceraldehyde-3-phos-
phate dehydrogenases (38).

The numbers of ion-pairs counted with three different
distance criteria are listed in Table II. The buried ion-pairs
with residue accessibility (39) less than 0.2 were discri-
minated on the basis of different effects in the interior (I).
Although the difference in number of buried ion-pairs is not
clear, the total number of ion-pairs in TtIPMDH is more
than that of BcIPMDH, in accordance with their thermo-
stabilities. TtIPMDH contains more solvent-exposed ion-
pairs than BcIPMDH. However, according to Dao-pin et al.
(40), such ion-pairs have little effect on thermostability.
Therefore, it is difficult to rationalize the relative thermo-
stabilities in terms of the number of ion-pairs alone.

Hydrogen bonds were assigned according to the criteria
defined by Baker and Hubbard (41). Table III shows the
number of hydrogen bonds (hydrogen bonds through water
molecules are neglected). The buried hydrogen bonds were
also discriminated with the same residue accessibility as
for the buried ion-pairs. The numbers of buried hydrogen
bonds are almost the same in BeIPMDH and TtIPMDH, but
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TABLE II. Number of ion-pairs counted with several cutoff
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TABLE HI. Number of hydrogen bonds.®

distances. Be¢IPMDH TUIPMDH
Cutoff distance Total ion-pairs Buried" ion-pairs Total hydrogen bonds T 662 614
A BdIPMDH  THPMDH BIPMDH  TUPMDH Buried® hydrogen bonds 305 311
3.0 21 32 5 4 Hydrogen bonds between
4.0 57 68 12 9 Polar atoms 542 502
5.0 76 88 14 15 Polar and charged atoms 83 78
*Residue accessibility less than 0.2. Charged atoms 37 34

solvent-exposed hydrogen bonds are increased in BcIPM-
DH. In any count of hydrogen bonds by atomic charge
(Table IIT) BcIPMDH has a greater number than TtIPM-
DH. Although Tanner et al. pointed out a preference of
hydrogen bonds between polar and charged atoms for
thermostabilization (38), this is reversed between the two
IPMDHs.

Stabilization of secondary structure: BcIPMDH is com-
posed of 11 a-helices and 14 #-strands per subunit (Fig. 3),
each of which should be stabilized to maximize overall
stabilization. These secondary structures can be stabilized
with hydrogen bonding at the ends by so-called capping (3,
42) and with electrostatic interaction between the helix
dipole and a charged atom (43). Residues with 8-branched
side-chains (Val, Ile, and Thr) or glycine residues destabi-
lize a helix when they are in an internal position (44, 45).
Prolines at the second sites of g-turns and at the N-termini
of a-helices contribute to thermostabilization in oligo-1,6-
glucosidase (30).

Capping of the termini of helices is found in both
BcIPMDH and TtIPMDH. Residues participating in cap-
ping, Ser343 for the N-terminus of helix a,, and Arg124 for
the C-terminus of helix a; of BcIPMDH are, however,
absent in TtIPMDH. In terms of helix capping, BecIPMDH
seems to be more stabilized than TtIPMDH. On the other
hand, helices in EcTIPMDH and StIPMDH are less capped
than in TtIPMDH (7).

The numbers of residues with 8-branched side-chains at
a helix-internal position are the same in BcIPMDH and
TtIPMDH. Each enzyme contains one glycine at the helix
internal position. There are no significant differences in
helix-internal stabilization between the two enzymes.

As mentioned above, TtIPMDH has 7 more proline
residues than BcIPMDH. Two of them are located at the
N-termini of «-helices, participating in their stabilization.
Other prolines except the three contiguous ones (residues
323, 324, and 325 in TtIPMDH) are found near the termini
of secondary structures. TtIPMDH is thus stabilized by
introducing prolines, unlike BcIPMDH which preferen-
tially employs electrostatic capping of helices as a thermo-
stabilization strategy.

Molecular surface and interior: In general, many hydro-
phobic residues are packed inside the protein to form a
hydrophobic core, whereas hydrophilic residues tend to be
located outside. Replacement of hydrophobic residues in
the core with hydrophilic ones leads to thermal destabiliza-
tion (46). Buried polar atoms with no hydrogen-bonding
partner will make the protein unstable (47). Increase of
cavities in proteins is a measure of such destabilization
(48). )

There is no significant difference between the numbers of
completely buried polar atoms without hydrogen-bonding
partners (187 atoms in BcIPMDH, and 186 atoms in
TtIPMDH). On the other hand, there are more charged
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*Hydrogens attached to the polar atoms were generated with the
QUANTA/CHARMm program system (Molecular Simulations).
"Residue accessibility less than 0.2,

atoms with no partners in BeIPMDH (13 atoms) than in
TtIPMDH (8 atoms). This increase is localized at the
subunit interface (Fig. 7). The four-helix bundle of TtIPM-
DH is formed mainly by hydrophobic interaction. Leu246
in TtIPMDH is replaced with a charged residue (Glu251) in
BcIPMDH. In addition, Ala220 in TtIPMDH is replaced
with a polar Ser225. These differences are clearly correlat-
ed with the difference in thermostability between the two
enzymes, as pointed out on the basis of site-directed
mutagenesis studies (49) and X-ray analyses of TtIPMDH
(12) and EcIPMDH (7).

Total volumes of cavities were calculated by using the
program VOIDOO (50). The values, 4.4 X 10? A3 in BcIPM-
DH and 7.1 X 10? A® in TtIPMDH, indicate that TtTPMDH
contains more vacant space. In the largest cavity, Gly235 in
TtIPMDH is replaced with Glu241 in BcIPMDH to fill the
space and to form a capped structure at the N-terminus of
helix a3 through a hydrogen bond. This difference is not
consistent with the difference in thermostability. A similar
inconsistent cavity change was found in a comparison
between TtIPMDH and EcIPMDH/StIPMDH (7).

Another determinant proposed by Chan et al. (51) is the
ratio of molecular surface to enclosed volume. Although the
ratio was calculated for the two IPMDH’s according to
Tanner et al. (38), there was no significant difference.

Two Strategies for Thermostabilization—The possible
determinants of the difference in thermostability between
BcIPMDH and TtIPMDH are summarized in Table IV.
Among them, introduction of prolines in TtIPMDH and
stabilization of its hydrophobic core are likely to be largely
responsible for the extreme thermostabilization. However,
several determinants seem to show inconsistent changes, as
described above. It is important to note that BcIPMDH is
produced in the moderate thermophile, Bacillus coagulans.
Since organisms utilize suitable determinants to adapt
their proteins to different temperatures, it is necessary to
consider the preferences for determinants and their usage,
i.e., how they are combined and where they are introduced.
Based on this idea, we have thoroughly examined the
regions including these inconsistent changes in detail, and
found three characteristic regions including loop struc-
tures, loop A with residues 150-154, loop B with residues
268-272, and loop C with residues 327-343, which contain
more hydrogen bonds than those in TtIPMDH. These
regions in BcIPMDH differ in usage of determinants for
thermostabilization from those in TtIPMDH.

For a full discussion, it i8 necessary to include a less
thermostable protein. BsSIPMDH, IPMDH from the meso-
phile Bacillus subtilis, is less thermostable than the
moderately thermostable BcIPMDH (6, 52). The amino
acid sequence of BsIPMDH is closer to that of BcIPMDH
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TABLE IV. Comparison of the structures in the terms of
determinants for thermostabilization between B¢cIPMDH and
TtIPMDH.

Consistent change*

Asp—Glu replacement
Increasing number of prolines

Inconsistent change®

Increasing number of glycines

Decreasing number of hydrogen
bonds

Increasing number of ion-pairs Increasing volume of cavities

Stabilization of hydrophobic core Decreasing capped helix termini

*With the proposed preference.

than to that of TtIPMDH (see Fig. 3). Moreover, BsIPMDH
has the same number of residues as BcIPMDH, except for
the loss of 3 residues in the C-terminal and insertion of 2
residues in loop A. Thus, it may be inferred that minor
changes of primary structure occurred during adaptation to
a slightly changed environment in BcIPMDH, while more
drastic changes were involved for the higher thermo-
stability of TtIPMDH. Although the three-dimensional
structure of BsIPMDH has not yet been determined, it is
possible to analyze the changes between BcIPMDH and
BsIPMDH from a comparison of their sequences and the
three-dimensional structure of BcIPMDH.

Loop B links the two adjacent 8-strands which take part
in forming a central 8-sheet in the protein core. Since the
region is distant from the active site, it may be possible to

D. Tsuchiya et al.

Fig. 7. Four-helix-bundle structures in
the subunit interfaces of BcIPMDH (a) and
TtIPMDH (b). Left is a view along the dyad axis
of the dimer and its side view is on the right. The
two subunits are drawn in different shades.
Those of TEIPMDH are related by the crystallo-
graphic symmetry. These pictures were pro-
duced with the program RIBBONS (22).

change the local structure with little effect on the enzymatic
function. In fact, the structure around loop B of BcIPMDH
(Fig. 8(b1)] is rather different from that of TtIPMDH [Fig.
8(b2)]. Arg268 in BcIPMDH forms a hydrogen bond with
the carboxyl oxygen of Met99, which belongs to another
loop (residues 98-102), and at the same time Arg268 forms
a salt bridge with Asp270 within loop B (see also Fig. 1b for
their electron densities). Lysl73 also forms hydrogen
bonds with two carbonyl oxygens of the loop. Since Lys173,
Arg268, and Asp270 are not conserved in BsSIPMDH (Fig.
3), similar hydrogen bonds can not be formed in BsIPMDH
even though the length of the loop is the same as that of
BcIPMDH. Although such solvent-exposed interactions are
less effective for thermostabilization than buried ones (1),
these hydrogen bonds and a salt bridge slightly increase the
thermal resistance of BcIPMDH. In contrast, the corre-
sponding loop of TtIPMDH contains distinct determinants
for thermostabilization. Although in TtIPMDH there are
two hydrogen bonds through GIn97 and one ion-pair
between Asp98 and Arg264 [Fig. 8(b2)], they do not
contribute greatly to the extreme thermostability because
they are located on the molecular surface. Instead, loop B of
TtIPMDH contains a gap of amino acid sequence (Fig. 3).
Such shortening of the loop length is effective for thermo-
stabilization of proteins (7, 53-55). Conversely, loop B of
BceIPMDH is unnecessarily long to construct the framework
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of the protein molecule. Moreover, Gly273 in BcIPMDH is
replaced with a proline residue (Pro267). This replacement
suggests that BcIPMDH contains surplus flexibility which
may be removed with no effect on the function, as is also
found at position 256 of BcIPMDH where the amino acid is
the flexible threonine (Fig. 5b). These two changes could
make TtIPMDH more resistant thermally. At loop B, with
unnecessary length and surplus flexibility in the moderate
thermophile, a salt bridge and hydrogen bonds exert
enthalpic effects for stability. The extreme thermophile
requires a drastic change of tertiary structure with high
entropic effects. In addition, Gly263, which has glycine-
specific dihedral angles (¢ =176°, = —141°), releases the
strain of the main chain conformation caused by the drastic
change required for the extreme thermostabilization.

The region around loop A [Fig. 8(al)] also has more
hydrogen bonds than the corresponding region of TtIPMDH
(Fig. 8(a2)]. Argl48 of BcIPMDH forms two intersubunit
salt bridges with Glu195” and Glu202’ in the dimer (see also
Fig. 1a for their electron densities). Asp158 is located near
the N-terminus of the helix ¢, in the other subunit to form
a capped structure. The aspartate residue also forms a
hydrogen bond with Ser146. Other salt bridges are found
between Glul95" and Argl98’, and between Glul47 and
Arg149 in each subunit. All these residues are conserved in
both BcIPMDH and BsIPMDH, suggesting the presence of
similar interactions in BsSIPMDH. However, Glul47 and
Argl49 in BcIPMDH are replaced with Lysl47 and
Tyr149, respectively, so that the salt bridge between the
two residues is difficult to form in BsIPMDH. The salt
bridge will contribute to the moderate thermostabilization
as found in loop B. On the other hand, the region around
loop A of TtIPMDH has .only one salt bridge between
Argl44 and Glul90'. Therefore, the region must contain
distinct determinants. Loop A of BcIPMDH is longer than
required to invert the chain direction, and protrudes into
the solvent region without interactiond with the rest of the
protein. As might be expected, loop A of TtIPMDH is
shortened by 3 residues (by 5 residues from BsIPMDH) to
form a sharp, compact turn. However, little shortening of
the length is observed from BsIPMDH to BcIPMDH, and,
moreover, one proline residue (Prol51) is introduced in
BcIPMDH. In the loop of BcIPMDH, there is a glycine
residue (Gly152) with a left-handed-helical conformation
of (¢, ¥)=(53, 24) to release torsional strain of the
main-chain. Since loop A of TtIPMDH is sufficiently
reduced, the protein does not require any other determi-
nants, except for a salt bridge between Argl44 and
Glu190’. On the other hand, for intermediate stabilization,
BcIPMDH not only utilizes hydrogen bonds and salt
bridges, but also in part mimics the usage of other determi-
nants in loop B of TtIPMDH. Since this region is also
distant from the active site, these changes should have little
effect on the function. In the cases of EcIPMDH and
StIPMDH which are less thermostable than TtIPMDH, the
corresponding loop A is also longer than that of TtIPMDH
and forms two additional hydrogen bonds absent in TtIPM-
DH (7).

The loop C region contains a new short £-sheet in
BcIPMDH (Fig. 8(c1)], which is presumably important to
stabilize this region. The corresponding loop of BsSIPMDH
has the same length. It would be interesting to know
whether or not the loop has such a secondary structure in

Vol. 122, No. 6, 1997

1101

BsIPMDH, since the amino acid sequence is different (Fig.
3). By contrast, the corresponding loop C of TtIPMDH has
no such B-sheet. Instead, TtIPMDH deletes 5 residues to
make the loop less redundant [Figs. 3 and 8(c2)]. Further-
more, the conformation of this loop is extremely restricted
by the three contiguous proline residues and the subsequent
B-turn [Fig. 8(c2)]. Here it is important to note that
Asp333 in the loop C region of BcIPMDH can be well
superimposed on the corresponding residue of TtIPMDH,
which participates in NAD binding (Fig. 5a). In order to
stabilize the structure with no change in affinity for the
cofactor, BcIPMDH forms a S-sheet through hydrogen
bonds. TtIPMDH employs different strategies, deletion of
unnecessary residues and replacement with proline resi-
dues, to reduce redundancy as an entropic effect. In addi-
tion, three glycine residues are introduced in the loop of
TtIPMDH. One of them, Gly328, takes left-handed-helical
dihedral angles of (¢, ¢)=(64, 81), to release confor-
mational strain caused in the loop.

In the three loop regions, BcIPMDH and BsIPMDH seem
to have some redundant parts with unnecessary lengths of
amino acid sequence, but in BcIPMDH these are moderate-
ly stabilized by salt bridging and/or hydrogen bonding
which are brought about by replacement with appropriate
amino acids. As residues on the molecular surface have
little role in the stability (1), it is reasonable to consider
that such hydrogen bonding is an appropriate determinant
for moderate thermostabilization. On the other hand,
TtIPMDH does not contain such unnecessary residues.
Furthermore, all proline residues are utilized to restrict the
main-chain conformations in loop regions. These prolines
play an important role in the extreme thermostabilization
by reducing surplus flexibility without altering the en-
zymatic function. Such “unnecessary” regions can be
regarded as “structural redundancy” in protein structure.
The difference in usage of determinants at such redundant
parts suggests two distinct strategies for thermostabiliza-
tion in the two different organisms, B. coagulans and T.
thermophilus. For moderate thermostabilization, the
region with some structural redundancy is reinforced by
salt bridges and/or hydrogen bonds whereas such redun-
dancy i8 reduced without reinforcement for extreme ther-
mostabilization. Similar reduction is, in part, applied for
the thermostabilization of BcIPMDH. Prolines are exten-
sively used in both the moderate and the extreme thermo-
philic proteins. A direct correlation between the number of
prolines and thermostability (15 in BsIPMDH, 18 in
BcIPMDH and 25 in TtIPMDH) is in agreement with other
observations (56, 57). In addition, when drastic changes of
loop conformation occur due to the extreme thermostabil-
ization, some glycines are effectively utilized to release
strains caused on the backbone. This is presumably one of
the reasons why TtIPMDH has more glycines than BcIPM-
DH. The increase of hydrogen bonds in BcIPMDH is thus
consistent with the moderate thermostabilization. The
other determinants which seem to be inconsistent with
those of TtIPMDH (Table IV) can be ascribed to such
hydrogen bondings and result in additional advantages for
BcIPMDH.

Another example in which a highly thermostable protein
uses a less-redundant structure rather than a structure
reinforced by hydrogen bonds is as follows. Kelly et al.
indicated some determinants for thermostabilization in
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Fig. 9. Stereo-pair diagrams of local structures (residues 176-
178 and 198-207) of ¢cMDH (a) and tMDH (b). The broken lines
indicate hydrogen bonds. The corresponding residues, 201-204 in
c¢cMDH are missing in tMDH. The side chains are suppressed for
clarification. The diagrams were produced with the program MOL-
SCRIPT (27).

malate dehydrogenase of Thermus flavus (tMDH) (37) by
comparing its structure with that of the cytoplasmic
enzyme of porcine heart (¢(MDH) (58). We inspected the
two structures with their coordinates (“4MDH” for cMDH
and “1BMD” for tMDH in PDB). The region of residues
198-207 in ¢cMDH has a B-sheet with two anti-parallel
strands linked by a 8-turn (Fig. 9a). For an adaptation to
higher temperatures, it seems possible to remove the 4
residues around the turn because they are distant from the
active site and protrude into the solvent region. In fact, in
tMDH, which is more thermostable than cMDH, these
residues are removed even though this occurs in a region of
well-defined secondary structure (Fig. 9b).

CONCLUSION

The present analysis of moderately thermophilic BcIPM-
DH has made it possible to compare the structure with
extremely thermophilic TtIPMDH. Some apparently in-
consistent changes found in BcIPMDH reveal a difference in
usage of thermostabilization determinants between the two
proteins. Although many more enzymes would have to be
studied to reach a general conclusion, the present compari-
son leads us to the following conclusion for the present
cases. For moderate thermostabilization, the tertiary
structure is reinforced through salt bridges and hydrogen
bonds, which are made possible by replacement with
appropriate amino acids. When it is no longer possible to
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adapt to an extremely high temperature by such replace-
ments, a drastic change of the tertiary structure is re-
quired, in which structural redundancies are reduced for
extreme thermostabilization. When strains arise in the
backbone, glycine residues are introduced to release them.
Thus, there seem to be at least two strategies for thermo-
stabilization in nature. One is “reinforcement of structure”
with enthalpic effects which results in minor changes of
thermostabilization. The other is “reduction of structural
redundancy,” which causes entropic reduction of unfolded
proteins and is required when the former strategy is
insufficient to stabilize the structure at higher temperature.
This proposal should be confirmed by analyses of several
other enzymes.

The two strategies are applicable to designing moderate-
ly or extremely thermostable proteins. Most of the redun-
dant parts are located in loop regions. There are two types
of loops in general. One connects two secondary structures.
Such a loop can be a target for adjusting protein thermo-
stability. However, it should be noted that a long insertion
of amino acids makes the situation more complicated. The
second type of loop is concerned with function. In such a
loop, it is difficult to reduce the structural redundancy, but
it may be possible, as found in loop C and at the Thr256
replaced with Pro in TtTPMDH. For practical application, a
database of known structures used in crystallographic
model building (16) may facilitate the design of thermo-
stabilized protein structures.
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