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Abstract

Many recent approaches involving site-directed mutants have succeeded in increasing the thermostability of proteins. It is
well known that replacements with proline residues reduce the conformational degrees of freedom in the main polypeptide
chain and thus can increase protein thermostabilization. We have studied protein thermostabilization by introducing proline
substitutions in the homologous oligo-1,6-glucosidases from various Bacillus strains which grow within different tempera-
ture ranges. As a consequence, the ‘proline rule’ was proposed for protein thermostabilization. The principle of this rule is
that an increase in the frequency of proline occurrence at b-turns andror an increase in the total number of hydrophobic
residues can enhance protein thermostability. We have generated several lines of evidence supporting the theory from the
comparative analysis of oligo-1,6-glucosidases in their primary and secondary structures and molecular properties, the X-ray
crystal structure analysis of the Bacillus cereus oligo-1,6-glucosidase, and the enhancement in thermostability of the
oligo-1,6-glucosidase by cumulative replacements with prolines. As a new finding from the studies, two specific sites
Ž .second positions at b-turns and N1 positions of a-helices were found to be the most critical to protein thermostabilization
dependent on several structural prerequisites for proline substitution. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Enzyme proteins are useful biocatalysts for
various industrial applications. One major limi-
tation of these proteins is their susceptibility to
heat inactivation. In the industrial use of such
proteins, the costs of this limitation account for
significant parts of the total expenses. There-
fore, at the rise of protein engineering, exces-
sive expectations were held for protein ther-
mostabilization. This was because, by a newly
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devised method, the so-called site-directed mu-
tagenesis, it became possible to freely engineer

w xin vitro all primary structures of proteins 1 .
Many people working in the fields of biochem-
istry and biotechnology had hoped that every
useful or expensive protein could be thermosta-
bilized, once the genes responsible for the pro-
teins were cloned, by following a general strat-
egy for site-directed mutagenesis. Many at-
tempts for thermostabilization of various pro-
teins, without regard to how specific mutations
affect the thermostability of proteins, have been
reported in this last decade. Although several
successes showed the positive effect of specific
mutations on protein thermostability, it has be-
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come apparent that such mutations are seldom
applicable to other enzyme proteins. Proteins
are composed of different, long stretches of
amino acid residues, which fold with enormous
numbers of minute and various interactions. It is
unrealistic to expect that one or two amino acid
substitutions could cause the drastic enhance-
ment in the thermostability of a protein while
also preserving protein functions.

There has been much argument in the recent
reviews about whether general rules or princi-
ples for thermostabilizing proteins exist in na-

w xture 2–6 . The conclusions have been contro-
versial for a long time, but the studies to iden-
tify molecular determinants of protein structure
and functional stability are well recognized as
rather profitable for protein thermostabilization.

Ž .These studies are on, for example, i increase
w x Ž .of hydrophobic interaction 7 , ii increase of

w x Ž .packing efficiency 8 , iii stabilization of the
w x Ž .dipoles of a-helices 9 , iv stabilization of salt

w x Ž .bridges 10 , v reduction of conformational
w x Ž .strain 11 , vi reduction of the area of water

w x Ž .accessible hydrophobic surface 12 and vii
w xreduction of the entropy of unfolding 13 . These

are inferred from the comparison between ho-
mologous enzyme proteins from thermophiles
and mesophiles or from the analysis of critical
interactions to protein structures and functions.
Independent of these studies for protein engi-
neering, we focused on proline residues in
oligo-1,6-glucosidases from Bacillus strains
with different ranges of growth temperature.
Through studies on these enzymes, we have
succeeded in cumulative thermostabilization of
the protein by following a steady strategy for
proline substitutions. In this review, we intro-
duce our molecular biological studies on the
oligo-1,6-glucosidases and then show protein
thermostabilization by proline substitutions.

2. Special features of proline

Proline differs from all other amino acids
because the side chain curls back to the preced-

ing peptide-bond nitrogen and forms the five-
Ž .member pyrrolidine ring Fig. 1 . Strictly speak-

ing, from such a structural viewpoint proline is
an a-imino acid rather than an a-amino acid.
Since the pyrrolidine ring imposes rigid con-
straints on the N–C a rotation, the conformation
of the proline residue in a polypeptide chain is

w xultimately limited 14,15 . Therefore, proline has
less backbone configurational entropy than other
amino acid. Schimmel and Flory demonstrated
that the conformation energy of proline in
polypeptide chains depends mainly on its con-
formational angles of w and that there are two
minima at wsy558 and q1458 for an isolated

w xproline residue 15 . MacArthur and Thornton
subsequently revealed from X-ray crystallo-
graphic analysis data of the Brookhaven Protein

w xData Bank 16 that the conformations of 963
trans proline residues are clustered in the mean

Ž . Ž .values of f, w s y618, y358 for the a

Ž . Ž .region and of f, w s y658, 1508 for the b

w xregion 14 . The pronounced feature appears as
well in the limited regions for proline residues

w xin the Ramachandran plots 14,17 . It is also
noted that the conformation adopted by proline

w xis affected by the preceding residue 18 .
Proline residues occurring in proteins have a

unique propensity for secondary structures due
to their structural peculiarity. Notably, they have
a preference for second positions of b-turns

Fig. 1. Molecular structure of proline.
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w x19–21 . From an up-to-date analysis based on
3899 b-turns of 205 proteins, this preference
has been extensively rationalized. In addition,
prolines have been found to occur frequently at
the first positions of type I, II and VIII b-turns
w x22 . On the other hand, it is generally under-
stood that proline plays a significant role as a
helix-breaker due to the absence of N-hydrogen

w xto form a helix interior hydrogen-bond 20,23 .
In globular proteins, helices containing proline
in their middle positions are very rare. About
one third of proline residues in proteins occur in
random coils and flexible loops, which are
structures other than a-helix, b-sheet and b-turn
w x14,22 . However, with the recent increase in
the number of well-determined three-dimen-
sional protein structures, the high frequency of
proline occurrence in the N-terminal first turns
of a-helices has been reported as an important

w xexception 24–26 . In the first turns, proline
residues are predominantly found at the N1
positions. At this N1 position, a kink in the
peptide-backbone introduced by proline can

w xthermodynamically stabilize an a-helix 26 .
Furthermore, von Heijne reported that a proline
residue within the first three positions does not
destabilize an a-helix because amide nitrogens
of the first four residues in an a-helix do not

w xform hydrogen bonds 27 . Thus, proline can
play the critical role of helix initiator as well as
of helix breaker.

These structural features of proline are bio-
logically significant for many proteins. For ex-
ample, proline-rich motifs in human immunode-

Ž .ficiency virus HIV-1 Nef protein are critical in
binding to SH3 domains of a subset of Src
kinases, and in the enhanced growth of Nefq

w xviruses 28 . Despite of the general lack of
proline residues in helices of globular proteins,
it has been speculated that proline plays a cru-
cial role in the transmembrane helices of hor-
mone receptors and of energy- and signal-trans-

w xducing proteins 29,30 . In these proteins, the
mutation of critical proline residues to other
amino acid residues leads to the drastic loss of
protein function due to the increase of flexibility

in the conformation of the residues around the
w xbinding sites 30 . Besides, peptidyl proline

Ž .cis–trans-isomerase PPIase catalyzes the in-
terconversion of the cis and trans isomers of
the peptidyl-prolyl bonds in peptide and protein

w xsubstrates 31 . Some of the PPIases bind clini-
cally useful immunosuppressants such as cy-

w xclophilins and FK506 31 . As the frequency of
organ transplantation in the medical field in-
creases, much attention has been paid to the
peptidyl proline bond. Thus, the structural prop-
erties of proline, unique among the amino acids,
are crucial for the function of a wide range of
proteins.

Another important feature is that proline can
stabilize proteins from their structural peculiar-
ity. It is our great concern to determine how
proline residues have contributed to the evolu-
tion of thermostable proteins and to discover the
principles of protein thermostabilization used by
nature.

3. Oligo-1,6-glucosidases from various Bacil-
lus strains with different growth temperature

The molecular and catalytic properties of p-
nitrophenyl-a-D-glucopyranoside-hydrolyzing

Žoligo-1,6-glucosidases dextrin 6-a-glucano-
.hydrolase, E.C.3.2.1.10 from six Bacillus

species strains with different ranges of growth
Žtemperature B. cereus ATCC7064 which grows
w xat 10–408C 32 ; B. coagulans ATCC7050 at

w x30–558C 33 ; B. thermoamyloliquefaciens
w xKP1071 at 30–668C 34 ; B. thermoglucosida-

w xsius KP1006 at 42–698C 35 ; B. caldotenax
KP1213 below 858C, but optimum at 65–728C
w x36 ; B. flaÕocaldarius KP1228 at 51–828C
w x. Ž .37 see Fig. 2 have been progressively inves-
tigated. The first five oligo-1,6-glucosidases are
molecularly homologous monomeric globular
proteins with a similar molecular weight, while
the most thermostable enzyme from the extreme
thermophile B. flaÕocaldarius KP1228 consists
of two identical subunits with a molecular
weight similar to those of other monomeric
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Ž .Fig. 2. Growth temperature range of six Bacillus strains. A B.
Ž . Ž .cereus ATCC7064; B B. coagulans ATCC7050; C B. ther-

Ž .moamyloliquefaciens KP1071; D B. thermoglucosidasius
Ž . Ž .KP1006; E B. caldotenax KP1213; F B. flaÕocaldarius

KP1228.

w xenzymes 36,37 . The thermostability of each
enzyme is well correlated with the range of
growth temperature suitable for the correspond-
ing strain. From the detailed comparison of
those oligo-1,6-glucosidases in terms of ther-
mostability, amino acid composition and struc-
tural parameters calculated from the amino acid
composition, it was proposed that enhanced
thermostability of Bacillus oligo-1,6-gluco-
sidases would be gained by increasing the fre-

Žquency of proline occurrence at b-turns pre-
.sumably their second sites and by increasing

Žthe total numbers of hydrophobic residues the
.proline rule, formerly named the proline theory

Ž . w xFig. 3 34 . This relationship has been found to
hold for sixteen bacterial enzymes from four

Žother different groups a-glucosidases, pullu-
lanases, neopullulanases and 3-isopropylmalate

. w xdehydrogenases 36 . Moreover, it was sug-
gested that the proposal for Bacillus oligo-1,6-
glucosidases has the nature of a general princi-

w xple for increasing protein thermostability 38 .
To provide additional lines of evidence to con-
firm the proposal we began analyses of the gene
encoding each oligo-1,6-glucosidase, using
molecular biological techniques.

Gene cloning and the following DNA se-
quencing were undertaken, focusing on the
oligo-1,6-glucosidases of B. cereus ATCC7064
w x w x39 , B. coagulans ATCC7050 40 and B. ther-

w xmoglucosidasius KP1006 41,42 . Then their
Ž .primary structures were clarified Fig. 4 . The

features of the three enzymes are summarized in
Table 1. Total amino acid numbers and molecu-
lar weights are about 560 and 66 000 in all
cases. The identities in primary structure among
three enzymes are 57–72%. In particular, the B.
cereus enzyme and the B. thermoglucosidasius

Ž .enzyme have the highest identity 72% . As the
high identity is reflected in the DNA sequence,
the genes for these two enzymes could be fused
and thus chimeric genes were constructed as
mentioned at the end of this chapter. The num-
ber of proline residues, which was of greatest
interest to us, was 19 for the B. cereus enzyme,
24 for the B. coagulans enzyme and 32 for the

w xB. thermoglucosidasius enzyme 39,40,42 . The
proline contents were comparable to those of
the intact enzymes purified from the bacillary
strains, respectively. The correlation of proline

Fig. 3. Strong correlation between the increase in the proline
contents of six Bacillus oligo-1,6-glucosidases and the increase in

Ž .their thermostability T . The proline contents of the oligo-1,6-m
Ž . w xglucosidases from B. cereus ATCC7064 v 39 , B. coagulans

Ž . w x Ž .ATCC7050 e 40 , B. thermoamyloliquefaciens KP1071 I

w x Ž . w x34 , B. thermoglucosidasius KP1006 \ 42 , B. caldotenax
Ž . w x Ž . w xKP1213 l 36 , B. flaÕocaldarius KP1228 ' 37 .
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Fig. 4. Comparison of the primary sequence and secondary structural assignments of three bacillary oligo-1,6-glucosidases. The sequences
Ž . Ž . Ž .are shown in the order. B. thermoglucosidasius KP1006 Bth , B. coagulans ATCC7050 Bco and B. cereus ATCC7064 Bce . Identical

residues are black-boxed. The critical prolines are indicated with a dotted cross. Each secondary element is shown with a bar.

content with protein thermostability was proved
to be consistent as shown in Fig. 3. The oligo-
1,6-glucosidases expressed in E. coli cells are
molecularly and catalytically identical with the

corresponding intact enzymes. Throughout our
studies we have used temperatures for 50%

Ž .inactivation T by 10 min incubation as them

standard for thermostability.
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Table 1
Comparison of the oligo-1,6-glucosidases from B. cereus ATCC7064, B coagulans ATCC7050 and B. thermoglucosidasius KP1006

The proline residues of the three oligo-1,6-
glucosidases were classified according to their

Ž . w xprimary sequence alignment Fig. 5 40 . As
the enzymes showed high identity in primary
structure, all proline residues could be assigned
to corresponding residues in other primary se-
quences except for Pro293 unique in the B.

Ž .coagulans enzyme Fig. 4 . These three en-
zymes share 15 common proline residues. The
15 proline residues are essential for maintaining

Fig. 5. Classification of common and uncommon proline residues
of the three oligo-1,6-glucosidases. The vertical direction shows
the increase in thermostability in an arbitrary unit. The three
circles represent the B. thermoglucosidasius KP1006, B. coagu-
lans ATCC7050 and B. cereus ATCC7064 oligo-1,6-gluco-
sidases. The numbers shown indicate the proline residues in
individual positions.

the enzyme structure and function. On the other
hand, the rest of the proline residues in these
enzymes, representing 21 proline residues plus

w xPro293 unique to the B. coagulans enzyme 40 ,
were supposed to occur independently of the
basic requirements for the protein structure and
function, but instead might be critical to protein
thermostabilization. The 21 proline residues
were replaced with rather hydrophilic residues
such as Glu, Lys or Thr at equivalent sites in

w xless thermostable enzyme 40,43 .
It was necessary to know whether other local

spots or interactions in the oligo-1,6-gluco-
sidases might dominate their thermostability.
For example, two limited regions in the amino
acid sequence of the a-amylase from Bacillus
licheniformis were shown to be responsible for

w xthermostability 44 . Since these regions play a
crucial role in holding the structure with a Ca2q

ion, the motifs in the a-amylase were intro-
duced into another protein to elevate the protein

w xthermostability 45 . Oligo-1,6-glucosidases
show significant similarities with such glucan

w xhydrolyzing enzymes in structure 39,46 . So the
existence of such local spots or interactions was
examined by investigating the thermostability of

w xthe chimeric oligo-1,6-glucosidases 47 . As
stated above, the genes for the B. cereus oligo-
1,6-glucosidase and the B. thermoglucosidasius
oligo-1,6-glucosidase were fused by the use of
the commonly and equivalently existing restric-

w xtion site DraI 39,41,42 . An N-terminal seg-
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ment consisting of 170 amino acid residues of
the B. cereus enzyme or the B. thermoglucosi-
dasius enzyme was ligated to the remainder of
the other to generate gene fusions. The two
types of chimeric enzymes thus constructed were
produced in E. coli MV1184, purified to homo-
geneity and compared with the B. cereus en-
zyme and the B. thermoglucosidasius enzyme
in terms of thermostability. The thermostability
of the chimeric enzymes shifted from those of
the B. cereus and B. thermoglucosidasius en-
zymes, such that there was a correlation be-
tween an increase in proline content and a rise
in thermostability. Therefore, we concluded that
there are no significant regions or sites in oligo-
1,6-glucosidases that dominate thermostability.

4. X-ray crystallographic analysis of
oligo-1,6-glucosidase from B acillus
cereus ATCC7064

From the classification of proline residues in
the three oligo-1,6-glucosidases, our major con-
cern was elucidating the structures of the 21
proline substituted-sites which are expected to
be critical to protein thermostabilization. We
needed a high resolution structure of the B.
cereus oligo-1,6-glucosidase to help explain the
significance of those residues for thermostabil-
ity. One of the requirements for the work was
the ability to produce pure samples of the pro-
tein in quantities large enough for us to obtain
crystals suitable for X-ray crystallography.

A simple procedure to purify more than 100
mg of the B. cereus oligo-1,6-glucosidase was
established by the use of an overproducing clone
w x48 . The purified enzyme was crystallized and
grown at 258C in two weeks by using a hanging
drop vapor diffusion method with 53% saturated
ammonium sulfate. The crystals, 1.0=0.3=0.3
mm in size, have the shape of hexagonal bipyra-
mids and belong to the space group P 6 with2

˚ ˚lattice constants of as106.1 A, cs120.0 A
w xand gs1208 48 . The crystal structure was

first determined by the X-ray diffraction method

˚ w xat 3.0 A resolution 49 and then refined to 2.0
˚ ˚A resolution by use of the new 2.0 A data set
w x46 .

The molecular structure of the B. cereus
oligo-1,6-glucosidase consists of three domains:

Žthe N-terminal domain residue 1 to 104 and
. Ž175 to 480 , the subdomain residues 105 to

. Ž174 and the C-terminal domain residues 481
. Ž .to 558 Fig. 6 . The overall chain folding is

similar to those of Aspergillus oryzae a-amylase
w x w x50 , pig pancreas a-amylase 51,52 and Bacil-

w xlus licheniformis a-amylase 53 that are com-
mon to starch hydrolases and related enzymes
w x Ž .54 . The N-terminal domain takes a bra -8

w xbarrel, the so called TIM-barrel structure 55 .
The topological eight-fold symmetry in the N-
terminal domain is disturbed by the addition of
the subdomain and additional five a-helices
Ž X X X Y Z.Na 6 , Na 7 , Na 8 , Na 8 , Na 8 . The sub-
domain takes a loop-rich structure containing an

Ž .a-helix Sa1 and a three stranded antiparallel
Ž .b-sheet Sb 1, Sb 2, Sb 3 . The subdomain and

Ž X Y.the two a-helices Na 8 , Na 8 in the N-do-
main make a much deeper cleft than those of

Ža-amylase. Three catalytic residues Asp199,
.Glu255, Asp329 , deduced from the primary

structure comparison of the oligo-1,6-gluco-
w xsidase with a-amylases 39,56 , are located at

the bottom of the cleft. The mutation of the
three catalytic residues of the oligo-1,6-gluco-
sidase to asparagine or glutamine deprived the

w xprotein of its enzyme function 57 . In addition,
His103 and His 328, predicted to be part of the
substrate binding site, are located around the
active site. The rigid specificity of oligo-1,6-
glucosidases toward a-1,6-glucosidic bonds is
distinct from those of a-amylases, cyclodextrin
glucanotransferase and other a-glucosidases
which all act on a-1,4-glucosidic bonds. It
would be intriguing to clarify the determinants
of substrate specificity from the point of view of
potentially controlling substrate specificity by
protein engineering. On the other hand, the
C-terminal domain is located on the opposite
side relative to the active site cleft. The C-
terminal domain has a b-barrel structure of
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Ž . Ž . Ž .Fig. 6. Ribbon model of B. cereus oligo-1,6-glucosidase. a The view perpendicular to the axis of the bra -barrel; b the view along8
Ž .the axis of the bra -barrel.8

eight antiparallel b-strands folded in the double
Greek key motif with distortion of the isolated
sixth b-strand Cb6.

Several characteristics of the 21 sites are
revealed from the refined structure of the B.

Ž .cereus oligo-1,6-glucosidase. i Of the 21
residues, 7 residues occur in b-turns, 4 residues
in a-helices and 9 residues in loops. Only one

residue, Cys515, occurs in a b-strand. This
distribution of the residues agrees well with the
statistical data for proline residues in the previ-

w x Ž .ous reports by Thornton et al. 14,22 . ii In
addition, the residues in b-turns are all present
at the second positions, and the residues in
a-helices are found at the N1 positions of the

Ž .first helical turns. iii Most residues tend to
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have large solvent accessibility. This tendency
is prominent in the residue at b-turns and a-
helices because the structures often occur at the

Ž .surface of proteins. iv The conformations of
the residues are within the regions of two favor-
able clusters for proline residues with the excep-

Ž .tions of three residues Lys132, Glu216, Lys558
Ž .in loops and one residue Cys515 in the b-

Ž .strand see Section 2 . These structural charac-
teristics for the 21 sites have given much infor-
mation for cumulative thermostabilization of the
B. cereus enzyme by site-directed mutagenesis.

5. Cumulative thermostabilization of
oligo-1,6-glucosidase by proline substitutions

The fall in thermostability of a thermostable
counterpart by proline-removing substitution is
not direct evidence for the enhancement in ther-
mostability by proline residues. The inference

that the thermostability of a thermolabile coun-
terpart is increased by proline-introducing sub-
stitutions should be tested directly. Thus, we
have cumulatively introduced proline residues
by site-directed mutagenesis on the oligo-1,6-
glucosidase gene from B. cereus ATCC7064
w x58 .

Nine substitution sites were randomly se-
lected from the 21 sites presumed to be critical
to protein thermostabilization as in the previous

Ž .chapters Fig. 7 . These sites were equally di-
vided into three secondary structures; flexible

Ž . Žloop Glu216, Glu270, Glu378 , b-turn Lys121,
. ŽGlu208, Glu290 and a-helix Asn109, Glu175,

.Ile403 . Mutations were cumulatively under-
w xtaken using the Kunkel method 59 in this

order, at the positions Lys121™Glu175™
Glu290™Glu208™Glu270™Glu378™
Thr261™Glu216™Asn109. The resulting mu-
tant enzymes were individually named as Mut-N
where N was the number of proline residues

Fig. 7. Topology of secondary structure elements of B. cereus oligo-1,6-glucosidase. a-Helices and b-strands are shown by circles and
rectangles, respectively. Positions of critical sites for proline substitutions are indicated with black dots.
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introduced by site-directed mutagenesis. Fur-
Žthermore, three additional residues Lys457

Ž . Ž . Ž ..b-turn , Thr440 loop and Ile403 a-helix
of the mutant enzyme Mut-9 were replaced with
proline residues in the same manner and then
named as Mut-10, Mut-11 and Mut-12, respec-

Ž .tively Fig. 7 . The last mutant enzyme Mut-12
contained 12 more proline residues than the
wild-type enzyme.

It is an absolute requirement that in the at-
tempts aimed at accomplishing protein ther-
mostabilization by site-directed mutagenesis,
mutations must not impair the functions of a
target protein. The specific activities of the mu-
tant oligo-1,6-glucosidases after purification
were comparable to that of the wild-type eyzyme
w x39 . The retention of specific activity by 12
mutant enzymes suggests that in all cases the
proline substitutions were smoothly incorpo-
rated into the enzyme structure without any
drastic change in function. Since most of the 21
sites have the well-fitted conformations for pro-
line residues, the mutations at those sites pre-
sumably do not affect the catalytic conformation
of the enzyme.

The effect of proline substitutions on ther-
mostability of the B. cereus oligo-1,6-gluco-
sidase was investigated by the comparison in

ŽDT DT , the difference between these Tm m m

values of the B. cereus enzyme and of its
. Ž .mutants Fig. 8 . As a whole, the proline sub-

stitutions incrementally improved the thermosta-
bility of mutant enzymes; in other words, the
common effect of the cumulative proline intro-
duction by site-directed mutagenesis was addi-
tive on thermostabilization. The overall en-
hancement in thermostability achieved was
5.68C. Moreover, a striking result was that the
extent of thermostabilization was dependent on
the secondary structure. In contrast to the mod-
est effect of proline introductions on the posi-

Žtions in flexible loops Glu216, Glu270, Glu378,
.Thr440 , the increase in thermostability was

most remarkable when proline residues were
introduced at second positions of b-turns
Ž .Lys121, Glu208, Glu290, Lys457 and at N1

Fig. 8. Additive thermostabilization by cumulative proline intro-
ductions into the B. cereus oligo-1,6-glucosidase. The number of
proline residues introduced into each mutant corresponds to the
mutant number N in Mut-N. ', v and I indicate second
positions of b-turns, N1 positions of a-helices and flexible loops,
respectively, at which the last proline residues were introduced
into the mutants.

Žpositions of a-helices Asn109, Glu175, Thr261,
. w xIle403 39 . The increase in DT caused fromm

one introduced proline residue steadily occurred
within the range of 0.8–1.48C for second posi-
tions of b-turns and of 0.4–1.48C for N1 posi-
tions of a-helices, respectively. The differences
of enhancement in thermostability could be ex-
plained by pointing out how each substitution
site has the advantages for proline introduction
in secondary structure, conformation, accessible
solvent accessibility, hydrophobicity and pre-
ceding residues. Structural and statistical analy-
ses indicate a preference for proline residues at
the second positions of b-turns and N1 posi-
tions of a-helices. The conformations of those
residues at second positions of b-turns and N1
positions of a-helices are within the region
adapted for proline residues and thus accommo-
date their backbones to the preferred conforma-
tion for proline residues without any conforma-
tional strain. Those residues at the second posi-
tions of b-turns and N1 positions of a-helices
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are exposed to the solvent with a larger surface
area. Since the residues replaced with proline
are hydrophilic amino acids such as Glu, Lys
and Thr, the hydrophobic environment should

w xbe enhanced in the limited region 43 . In addi-
tion, the residues preceding the 21 critical sites
in the B. cereus enzyme are mostly conserved
in more thermostable counterparts together with

w xthe proline residues 40,46 . Therefore, the cu-
mulative proline substitutions could minimize
the change of mutant enzymes in structure and
function. Second positions of b-turns and N1
positions of a-helices have more prerequisites
than sites in other secondary structures.

We have demonstrated that the increase in
thermostability is essentially due to the entropy
decrease of backbone unfolding caused by pro-
line substitution on the basis of the proline rule
w x13,58 . The entropic effect can presumably
work out most efficiently at second positions of
b-turns and N1 positions of a-helices. Proline
residues in flexible loops would give no effect
on protein thermostability in the case of the
oligo-1,6-glucosidase. Flexible loops have more
interactions with water molecules on the protein
surface and thus show rather high mobility.
Although much attention has been paid to the

w xstabilization of loops 2 , the necessity of pro-
line residues at flexible loops seems to vary
depending on the structure and the environment
around substitution sites.

The finding that proline residues introduced
at the critical site in b-turns and a-helices can
contribute most efficiently to the enhancement
of protein thermostability is of significance from
an evolutionary point of view. We demonstrated
that the proline substitution in oligo-1,6-gluco-
sidases supports the neutral theory of evolution,
and that the proline substitution is an important

wfactor in their selection by thermostability 60–
x62 . From the results of thermostabilization by

cumulative proline substitutions, it could be pre-
dicted that nature introduces proline residues to
the most reasonable positions of b-turns andror
of a-helices as one of the strategies for protein
thermostabilization. Therefore, proline residues

in b-turns and a-helices have more significance
than those in other elements.

6. Thermostabilization of other proteins by
proline substitutions

The thermostabilization of T4 lysozyme by
proline substitution was reported by Matthews

w xet al. 13 . The lysozyme mutant Ala82™Pro
showed the elevation of T by 0.78C. Althoughm

the significance of prolines in protein ther-
mostability and protein engineering was already

w xdemonstrated 38 , this was the first report prov-
ing the thermostabilization by site-directed mu-
tagenesis for proline introduction with the ex-
perimental evidence. In the paper, the enhanced
thermostability was attributed to the decrease of
the configurational entropy of unfolding of the
polypeptide backbone by proline introduction
and the resulting increase of free energy of
unfolding, considering the consistent result by
Gly™Ala substitution in the same protein.
Thereafter, this entropic stabilization by proline
substitutions has been applied to the stabiliza-

w xtion of other proteins, hen egg lysozyme 63 ,
w xhuman lysozyme 64 , E. coli ribonuclease HI

w x65,66 , Bacillus stearothermophilus neutral
w x w xprotease 67 , Bacillus sp. protease 68 and

w xmurine immunoglobulin light-chain 69 .
Recently, additional interpretations have been

presented for protein thermostabilization. Vieille
and Zeikus demonstrated that proline residues
located in constrained loops or turns often
strengthen the stabilizing interactions between
the two adjacent thermostabilizing core ele-
ments, based on the idea that protein rigidity
induced by the compactness of loops and turns

w xis significant for protein thermostability 2 . This
is in good agreement with the fact that ther-
mostable enzymes from thermophilic microor-
ganisms are often shorter than those in their

w xcounterparts from mesophiles 70,71 . Ohage et
al. developed the idea that structural motifs with
predominantly local interactions can serve as
templates with which patterns of sequence pref-
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erences can be extracted from the database of
protein structures. This idea was derived from
the finding that mutants with increased b-turn
propensities due to proline substitution display

w xincreased folding cooperativities 69 .
Protein thermostabilization by proline substi-

tutions has the advantage that it can be applied
at different sites in a protein. However, the
selection of appropriate sites for proline intro-
duction is very important. Some sites might not
allow the proline-specific conformation as
shown in the previous chapters, or proline intro-
duction might disrupt hydrogen bonds or hy-
drophobic interactions necessary to maintain the
thermostability and structure. If a proline residue
is imprudently mis-substituted for the residues
in such sites, it may destroy both secondary and
tertiary structures as well as protein function
and thermostability and, furthermore, result in

w xundesirable kinks in the backbone 72,73 . To
avoid the disadvantages and to utilize the advan-
tages for thermostabilization which result from
proline introduction, it is advisable to select the
substituting sites with high proline preference
based on the statistical database or structural

w xmotifs 69 . As shown in the case of the oligo-
1,6-glucosidase, the most effective sites are the
second positions of b-turns and the N1 posi-

w xtions of a-helices 58 . Residue preference is a
valuable clue in engineering a protein for ther-
mostabilization. In trials, it is recommendable to
exclude the possibility that there is any steric
hindrance in the substitution site by referring to
knowledge of the three dimensional structure.

Another important matter for protein ther-
mostabilization by site-directed mutagenesis is
whether the stability increases must be additive
w x74,75 . Since the effect of individual proline
substitutions on protein thermostability is ex-
pected to be small based upon the results re-
ported so far, it is necessary that a number of
the point mutations causing replacements with
proline cumulatively increase the protein ther-
mostability. The cumulative effects of a few
replacements with various amino acid residues
were proved in T4 lysozyme and alkaline pro-

w xtease 76,77 . Thereafter, through the utilization
of the information on promising single muta-
tions for thermostabilization, the combination of
more replacements in a protein distinctively
yielded an overall increase of thermostability
w x58,67,78–80 . This feature suggests that the
additivity is derived from the sum of steady
thermostabilization in many local regions of a
protein. The cumulative mutations and their ad-
ditive thermostabilization should take place dur-
ing the protein evolution. Therefore, the effects
of proline substitutions depend in part on how
far each region around the substitution sites is
separated and on how independent the interac-
tions between the regions are. In case of the
oligo-1,6-glucosidase, the sites for cumulative
mutations are spread over the surface of the
protein molecule in light of its crystallographic

w xstructure 46 . It is noted that the substitution
sites must be apart from the active site to retain
the protein functions. Thus, we must keep in
mind that cumulative substitutions often cause

w xthe drastic loss of enzyme activities 78 though
it is also possible for substitutions to improve

w xthe enzyme functions by chance 80 .
There should be many appropriate sites for

proline substitutions to accomplish thermostabi-
lization in a protein. The substitution sites are
more usual than the sites to construct a disulfide
bridge between two cysteine residues for protein

w xthermostabilization 81 because of the general
abundance of a-helices and b-turns in proteins.
Therefore, promising sites for proline substitu-
tions should occur in a protein much more
frequently than, for example, the sites for cys-
teine substitutions. The combination of multiple
mutations following such promising strategies
as the proline rule has been found to be a
significant method improving protein thermosta-
bility.
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