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Abstract

Structure-based differences of residual properties between 20 pairs of thermophilic and mesophilic proteins were statistically
analyzed to elucidate the factors governing protein thermostability. This study analyzed the distributions of outer residues,
inner residues, flexible residues, rigid residues, hydrogen bonds, salt bridges, cation—pi interactions, and disulfide bonds in
each protein in terms of residual structural states, which were determined as five kinds of states under residual packing value.
Their structural patterns found in thermophilic protein groups were compared with those of mesophilic protein groups for
showing distinctive difference of residual properties. The results of statistical teett)(revealed that flexible residues in
fully-exposed state and boundary state, salt bridges in exposed state, and hydrogen bonds in well-buried state could be critical
factors related with protein thermostability. Such structure-based differences of residual properties would help to develop a
strategy for enhancing protein thermostability.
© 2003 Published by Elsevier B.V.

Keywords:Flexibility; Salt bridges; Structural analysis; Systematical analysis; Thermostability

1. Introduction Proteins from thermophilic organisms show sub-
stantially higher intrinsic thermal stabilities than their
Protein thermostability has been vigorously stud- counterparts from mesophilic organisms, while re-
ied in the biophysical and biotechnological research taining the basic fold characteristic of the particular
areas, because protein instability at high temperature protein family[2]. The comparison of structures and
is main bottleneck in extending the application of sequences of homologous proteins from thermophilic
protein. Several researches have suggested that theand mesophilic organisms could provide the important
factors that may contribute to enhanced thermosta- clues to stabilize proteinf3—7]. Although proteins
bility include improved hydrogen bonding, better could be engineered to achieve stability by introduc-
hydrophobic packing, enhanced secondary structuretion of residues or structural elements found in their
propensity, helix dipole stabilization, removal of homologous counterparts isolated from thermophilic
residues sensitive to oxidation or deamination, and or hyperthermophilic organisms, it is difficult to de-
improved electrostatic interactiofis]. rive general ‘rule’ of protein thermostability from
such comparative studies, because the stabilization
modes found in these studies are different and various
mponding author. Tel-82-2-880-7411, according to prOI.em familiefs].
fax: +82-2-887-1650. As an alternative approach to get the general pat-
E-mail addressyjyoo@snu.ac.kr (Y.J. Yoo). tern of protein thermostability, systematical analyses,
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which can statistically investigate the difference be- search keyword. Secondly, related mesophilic protein
tween thermophilic and mesophilic protein groups, structures were found by comparing and aligning with
have been tried. Systematical analyses have reportecthe sequences of the thermophilic proteins. All the
the common findings of intrinsic or extrinsic factors to mesophilic protein structures showed a residue match
underlie the increased stability of thermostable protein identity of more than 35% in pairwise alignments with
groups through comparing sequences and properties intheir related thermophilic ones. Thirdly, the paired pro-
several protein familief@—15]. Although these statis-  teins were divided into structural families based on
tical studies, to some extent, succeeded to propose thestructural classification of protein (SCOP) database
characteristic factors of thermophilic proteins, their provided by MRC Laboratory of Molecular Biology
results were so general that they could not provide and Center for Protein Engineering at Cambridge, UK
practical helps to stabilize protein structure or critical [17]. Fourthly, all the protein structures were made to
information to elucidate structure stability relationship be non-redundant or representative of their sequences.
[8]. Moreover, since most of the systematic studies Fifthly, one thermophilic protein was paired with its
have concentrated on the simple investigations such ascounter part mesophilic protein in each family set.
the comparison of total numbers of residual properties When several pairs are available in same protein struc-

and the observance of their relationship with temper-
ature, they have shown a limitation to analyzing the
detailed characteristics of protein thermostability.
This study seems to be a kind of a systematical
analysis, which would suggest the thermostabilizing
factors by investigating the general difference be-
tween thermophilic and mesophilic protein groups.

ture family, the best match pair was selected as rep-
resentative set. Finally, if any protein set showed low
resolution in protein structure, contained hetero com-
pounds such as substrate or inhibitor, or composed of
abnormal residues such as ASX or GLX, the set was
not used as model system. The selected structures have
at least a resolutior:2.0 A and R-factor<0.25. The

designed 20 sets of thermophilic and mesophilic pro-
tein structures pairs were presentediable 1

However, it is distinguished from other previous sys-
tematic works in that it scrutinized the characteristic
properties of model protein group in light of residual
structure state, which might be closely correlated with
the stabilization modes of thermophilic proteins. This
study considered five kinds of residual structure states Outer residues and inner residues were selected
classified by residual packing value to find out the through comparing their residual surface area with
structural distributions of residual properties. Then, one another. In this study, outer residues were de-
the structure-based differences of residual propertiesfined as the top 10% residues showing the highest
were investigated statistically between thermophilic surface area among all the residues in a protein. Inner
and mesophilic proteins to elucidate critical factors residues were defined as the top 10% residues show-
related with protein thermostability. ing the lowest surface area. Residual surface area was
calculated by the Getarea 1.1 program, a web service
provided by the Sealy Center for Structural Biology
at the University of Texas Medical Bran¢h8]. The
residual surface area computed is the locus of the
center of a solvent molecule, as it rolls along the
protein making maximum permitted contact. The de-
All the protein structural data used in this study were fault value of a solvent molecule size is 1.4 A, being
found in Protein Data Bank (PDB) atomic coordinate representative of the size of a water molecule.
database at the Research Collaboratory for Structural Flexible residues and rigid residues were also se-
Bioinformatics (RCSB)16]. The protein model sys- lected through comparing theit-carbon flexibility
tem of thermophilic and mesophilic protein structure with one another. In this study, flexible residues were
sets was constructed as following procedures. At first, defined as the top 10% residues showing the highest
all the thermophilic protein structures were investi- «-carbon flexibility among all the residues in a protein.
gated in PDB database using “thermo” or “pyro” as Rigid residues were defined as the top 10% residues

2.2. Residual property calculation

2. Experimental

2.1. Protein model system
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Table 1

20 pairs set of thermophilic and mesophilic proteins; organism: the source organism of protein, temperature: the optimum growth temperature

of the source organism

Protein name

Thermophilic proteins

Mesophilic proteins

PDB code/organism/temperaturéC)

PDB code/organism/temperatureCy

Adenylate kinase

Che Y

Citrate synthase

EF-TS and EF-TU-TS

Endo-1.4-b xylanase

Glutamate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase
Inorganic pyrophosphatase
Lactate dehydrogenase

Malate dehydrogenase
Manganese superoxide dismutase
Methionine aminopeptidase
Phosphofructokinase

3-Phospho glycerate kinase
Reductase

Ribonuclease H

Rubredoxin

Subtilisin

Thermolysin

Triose phosphate isomerase

1zii¥lacillus stearothermophil40—65
1tmyThermotoga maritim@0-85
1ajByrococcus furiosus00
1tf@hermus thermophilis0-75
lynEiermomyces lanuginog68
1gBwrfococcus furiosug5-100
Tinegmotoga maritim@0-85
2prdermus thermophiléi80-75
li8alcillus stearothermophili40—65
1bdFhkermus flavug0-75
3hdsfmus thermophildg0-75
1x@sfrococcus furiosus00
3ptacillus stearothermophili40—65
1pBpactillus stearothermophili40-65
lebBAcillus stearothermophiléi40—-65
1riVhermus therimophilug0-75
lca®yrococcus furiosus00

1thmThermoactinomyces vulgafis—65

linfBacillus thermoproteolyticuS3
1Badillus stearothermophilli40-65

laky$accharomyces cerevisiaé—30
3chyEscherichia coli37
1cshChicken hearB7
lefub/Escherichia coli37
1xnbBacillus circulang30-40
1hrdZlostridium symbiosuf80-37
1gadfscherichia coli37
linoEscherichia coli37
lldgPlasmodium falciparu37
4mdHPorcind37

lgmriomo sapien87
1matEscherichia coli37
2pfkEscherichia coli37
1gpgdaccharomyces cerevisiaé—30
lipfPseudomonas fluorescé?s—30
2rn2Escherichia coli37
8rxnDesulfovibrio vulgari#34-37
1st3Bacillus lentus30

1npcBacillus cereuf80
lypibaccharomyces cerevisiaé—30

showing the lowesti-carbon flexibility. The residual  Ninety-nine percent of significant cation—pi interac-
a-carbon flexibility is calculated by obtaining the tem-  tions occur within a distance of 6.0[R2].

perature B value of the-carbon atoms in the PDB
data[19].

The number of hydrogen bonds was calculated by
the Protable module of Biopolymer on SYBYL. The The residual structure index was used as a stan-
number of hydrogen bonds is calculated by counting dard index for describing residual conformational state
the number of non-hydrogen atoms in each residue in protein structure. The residual packing value for
involved donor and acceptor hydrogen bonds, which each residue was calculated by an extension of the oc-
are determined by the distance of donors and accep-cluded surface algorithif23]. Residual packing value
tors within 4.0A[20]. The number of salt bridges, equals 0.0 if there is no occluding van der Waals
the number of cation—pi interactions and the num- surface within 2.8 A of the molecular surface; equals
ber of disulfide bonds were calculated by the Protein 1.0 if 100% of the molecular surface were in contact
Explorer package 1.9 provided by the Department of with van der Waals surface of other atoms. Residues
Microbiology, University of Massachusetts, Amherst. were endowed with structure index determined under
Salt bridges are assigned to two atoms of opposite the range of its residual packing value as arranged in
charge, when the atoms were observed to be within Table 2 All the residues in a protein can be catego-
4.0A. Positively charged atoms include side chain N rized to five classes according to structure index 1-5.
atomsinLYS, ARG, and HIS while negatively charged
atoms include side chain O atoms in ASP and GLU 2.4. Statistical analysis
[21]. Cation—pi interactions are assigned to aromatic
residues, when a cationic side chain of ARG or LYS  X;; trait was defined in this study for describing the
is near an aromatic side chain of PHE, TRP, or TYR. frequency of each residual proper¥ in particular

2.3. Residual structure index
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Table 2
Relationship between structure index and residual packing value

Structure index  Residual packing value  Physical meaning

1 0.00-0.15 Fully-exposed state
2 0.15-0.30 Exposed state

3 0.30-0.45 Boundary state

4 0.45-0.60 Buried state

5 0.60-0.75 Well-buried state

structure indexi of particular protein structurg.
Therefore,X;, average trait means the average fre-
guency of each residual propert¥)(in particular
structure index of protein groupsX;, average trait
ands?, its deviation are calculated as described below:

XX

X; = oF 1
, (X — X)?

S Y @

For obtaining an average trakX;) to have a higher
value in thermophilic proteins than in mesophilic pro-
teins, the appropriate null hypothesis would be that
the average values of the traits in structure indare
equal in both groups as described below:

3)

whereX;-th, is the average value of trait in structure
indexi of thermophilic protein groups, an-ye the
average value of trait in structure indeaf mesophilic
protein groups. Therefore, an alternative hypothesis
against the null hypothesis would be as follows:

(4)

Then, test statistic of average traiX;( of both
groups could be carried out by calculationtofalue,
t; as follows:

Ho : Xi-th = Xi-Me»

Hi @ Xi-th > Xi-me

Xi-th — Xi-Me

1 =
(/N + $2y1e/ Nute)

()

where §2., and 52, are the deviations of average
traits, X; in structure index of thermophilic protein
groups and mesophilic protein groups, respectively.
Nthn and Nye are the total number (20 proteins) of
thermophilic protein groups and mesophilic protein
groups investigated in this study, respectively.
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The degrees of freedom,fd= Nth + Nyve — 2 are
38, which value is large enough to be considered as
infinite sample sets. For a one taifetest (with df. =
infinite), critical levels oft values are as followg4]:

t value d.f.= infinite (>30)
to.1 1.282
to.05 1.645
to.025 1.960
to.01 2.326
t0.005 2.576

For a one tailed-test at a 1% level of significance,
Hog is rejected fort > 2.326 (bo1) or t < —2.326
(—to.01). If t; > 2.326 then the probability that average
traits, X; of thermophilic protein groups are greater
thanX; of mesophilic protein groups in structure index
i is >0.99. In contrast, If; < —2.326 then the prob-
ability that average traitsg; of thermophilic protein
groups are less thax; of mesophilic protein groups
in structure index is >0.99.

3. Results and discussion

3.1. Structure-based differences of outer residues
and inner residues

To investigate the distribution of the residues show-
ing the distinctive values of surface area, outer residues
(the top 10% residues showing the highest surface
area) and inner residues (the top 10% residues showing
the lowest surface area) were used in this study. Under
99.5% level of significance, outer and inner residues
considered in such manner were found in the outer
and the inner part, respectively, which are determined
by Fraczkiewicz and Braun’s concef#8]. This re-
sult means that the defined residues could be expected
as the representative residues showing the distinctive
values of surface area. As given Trable 3 outer
residues and inner residues in both of thermophilic
and mesophilic proteins were investigated in terms of
their average frequencies according to structure index.
Regardless of thermophilic and mesophilic proteins,
outer residues were found prevalently in exposed state
(structure index 2), while inner ones were prevalently
in buried state (structure index 4). The results-tedst



S.P. Pack, Y.J. Yoo/Journal of Molecular Catalysis B: Enzymatic 26 (2003) 257-264 261

Table 3
Structural distributions of outer residues and inner residues; Thermo: average frequency (%) of thermophilic protein groups, Meso: average
frequency (%) of mesophilic proteins groups

Structure index

Outer residues

Inner residues

O wWN PR

Thermo Meso Thermo Meso
3.2125+ 0.3369 3.6544+ 0.2729 0.0000 0.0000
6.8329+ 0.3000 6.4298+ 0.2419 0.0000 0.0000

0.2093+ 0.0707
0.0000
0.0000

0.1475+ 0.0548
0.0000
0.0000

0.1391+ 0.0447
8.960F 0.4868
3.401% 0.4626

0.1128+ 0.0447
8.4356+ 0.4712
2.6597 0.3450

showed how much the structural distributions of outer with the finding that better internal packing would be
residues and inner residues (average frequencies ofdominant cause of protein thermostabilify8].

the residues according to structure index) are differ-

ent between thermophilic and mesophilic proteins, as 3.2. Structure-based differences of flexible and
presented ifmable 7 A positive value in the-test re- rigid residues

sult indicates that the structural property has a higher

numerical value in the thermophilic proteins than in It has been widely accepted that the residues with
the mesophilic ones while a negative value indicates higher flexibility could evoke local mobility of pro-
the opposite result. All thé-test values in the struc-  tein structure, whereas the ones with lower flexibility
tural distribution of outer residues are below the crit- serve local rigidity of protein structurfl]. To in-

ical value oftp 10 (1.282) and above-tg 10 (—1.282). vestigate the distribution of the residues showing the
This result means that the structural patterns of outer distinctive values of flexibility, flexible residues (the
residues have no distinctive difference between ther- top 10% residues showing the highest flexibility) and
mophilic and mesophilic proteins. On the other hand, rigid residues (the top 10% residues showing the low-
the inner residues in thermophilic proteins showed sig- est flexibility) were used in this study. Under 99.5%
nificant difference in structure index 5 compared with level of significance, flexible and rigid residues con-
those of mesophilic ones. Thetest value of struc-  sidered in such manner belonged to the flexible and
ture index 5 is 1.2862. It implies that the probability the rigid regions, respectively, which are determined
that the inner residues showing structure index 5 are by Thorpe and co-workers’ theorf25]. This result
found more frequently in thermophilic proteins thanin means that the defined residues could be expected
mesophilic ones is near to 0.90. This result indicates the representative residues showing the distinctive
that the inner residues in thermophilic proteins have a values of flexibility. As given inTable 4 flexible
tendency to have better buried and packed conforma- residues and rigid residues in both of thermophilic
tion than those of mesophilic ones. This trend agreed and mesophilic proteins were investigated in terms of

Table 4
Structural distributions of flexible residues and rigid residues; Thermo: average frequency (%) of thermophilic protein groups, Meso:
average frequency (%) of mesophilic proteins groups

Structure index Flexible residues Rigid residues

Thermo

Meso

Thermo

Meso

a s wN R

1.3946+ 0.1565
4.9970+ 0.3661
3.1204+ 0.2291
0.7044+ 0.2037
0.0562+ 0.0447

2.0419 0.2202
5.1465+ 0.3557
2.2135+ 0.2398
0.7528+ 0.1746
0.0769+ 0.0316

0.1038+ 0.0592
1.0810f 0.2225
2.9461+ 0.3384
5.3009t 0.3715
0.9714+ 0.2408

0.138A 0.0500
1.0478+ 0.2168
2.6281 0.2550
5.7065+ 0.4117
0.9473+ 0.2636
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their average frequencies according to structure index. residues have higher chance to interact with neighbor-
Flexible residues were found usually in exposed state ing residues and to be stabilized by molecular interac-
(structure index 2) and rigid ones were found in buried tions and forces. These results inferred how the flexible
state (structure index 4) although their distributions residues in thermophilic proteins would be distributed

were displayed in all around structure states. Most of to enhance the thermostability. On the other hand, the

structural biologists have agreed that thermophilic pro-
teins have more rigid conformation than mesophilic
ones[26]. However, Lazaridis et al. argued that there
is no fundamental reason for stability and rigidity to be
correlated27]. Flexibility implies the increased con-
formational entropy of folded state, and it should be
favorable to thermodynamic stability. Therefore, more
studies on protein flexibility are demanded for bet-
ter understanding the relationship of conformational
rigidity and stability [26]. This study showed how
much the structural distribution of flexible residues is
different between thermophilic and mesophilic pro-
teins, as presented ifable 7 Especially, lower fre-
guency in structure index 1 (fully-exposed state) and
higher frequency in structure index 3 (boundary state)
were observed to be distinctive patterns of flexible
residues in thermophilic proteins compared with the
patterns of mesophilic ones. Théest values of struc-
ture index 1 and 3 are-2.3958 and 2.7344, respec-
tively. These results mean that the probability that the
average frequency of flexible residues in thermophilic
proteins is lower in structure index 1 or higher in
structure index 3 than that of mesophilic proteins is

average frequencies of rigid residues did not show
any characteristic difference between thermophilic
and mesophilic proteins as arrangedrable 7 Their

t values were investigated to be below the critical
value oftg 10 (1.282) and above-tg 19 (—1.282).

3.3. Structure-based differences of hydrogen bonds
and salt bridges

Hydrogen bonds and salt bridges in both of ther-
mophilic and mesophilic proteins were investigated in
terms of their average frequencies according to struc-
ture index as shown iable 5 Hydrogen bonds and
salt bridges have been considered as important molec-
ular interactions to play critical roles in stabilizing pro-
tein structure$21]. The structure-based differences of
hydrogen bonds and salt bridges between thermophilic
and mesophilic proteins are presentedatble 7

Hydrogen bonds in structure index 5 were found
to show the characteristic difference between ther-
mophilic and mesophilic proteins since thtest value
is 1.4903 above the critical value a&f 10 (1.282).
This result indicated that hydrogen-bonding residues

over 0.99. That is to say, the boundary state (structure in thermophilic proteins would be more packed and
index 3) is observed to be more preferable state of buried residues than those of mesophilic proteins. It
the flexible residues in thermophilic proteins than the was reported that better hydrogen bonding would be
fully-exposed state (structure index 1). It has been dominant cause of protein thermostabiljy3]. This
reported that protein flexibility and rigidity would be result specified that the hydrogen bonds especially in
related with several molecular interactions such as hy- well-buried state (structure index 5) would play more
drophobic interaction, hydrogen bonding, salt bridge, significant roles of protein thermostability than the hy-
or disulfide bond[28]. In boundary state, flexible drogen bonds in other states.

Table 5
Structural distributions of hydrogen bonds and salt bridges; Thermo: average frequency (%) of thermophilic protein groups, Meso: average
frequency (%) of mesophilic proteins groups

Structure index Hydrogen bonds Salt bridges

Thermo

Meso

Thermo

Meso

g~ wNE

1.7641+ 0.2711
30.2723+ 1.3253
57.6807+ 2.0316
64.0355+ 2.9790

8.5852+ 1.1950

2.070G+ 0.2864
30.5112+ 1.6773
57.4965k 1.6670
62.0848t 2.9207

6.4256+ 0.8198

0.0759+ 0.0447
3.073H 0.3742
4.0756+ 0.4006
1.405H 0.2345
0.0672+ 0.0316

0.1293+ 0.0447
2.0630Gt 0.2480
3.4571 0.3536
1.283% 0.1517
0.044A 0.0224
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Table 6
Structural distributions of cation—pi interactions and disulfide bonds; Thermo: average frequency (%) of thermophilic protein groups, Meso:
average frequency (%) of mesophilic proteins groups

Structure index Cation—pi interactions Disulfide bonds

Thermo Meso Thermo Meso
1 0.0000 0.0000 0.0000 0.0000
2 0.0342+ 0.0316 0.039%+ 0.0387 0.0000 0.0000
3 0.2432+ 0.0922 0.3540f 0.1432 0.0369+ 0.0316 0.0106
4 0.4150+ 0.1323 0.4796+ 0.1414 0.0369t 0.0316 0.0106
5 0.1202+ 0.0975 0.0000 0.0000 0.0000

Salt bridges in structure index 2 were observed 3.4. Structure-based differences of cation—pi
to show the characteristic difference between ther- interactions and disulfide bonds
mophilic and mesophilic proteins since thtest value
is 2.2516 above the critical value @fy2s (1.960). This Cation—pi interactions and disulfide bonds in both
result indicated that salt bridges in thermophilic pro- of thermophilic and mesophilic proteins were investi-
teins would be important factors especially in exposed gated in terms of their average frequencies according
part of proteins. A significant increase in the number to structure index as shown ifiable 6 Cation—pi
of salt bridges has been reported for most structures interactions and disulfide bonds have been also con-
of thermostable protein,29,30] Several compara-  sidered as important molecular interactions to play
tive studies between proteins from thermophilic and critical roles in stabilizing protein structurf21].
mesophilic organisms investigated that the number The structure-based differences of cation—pi inter-
of salt bridges increases in thermostable proteins actions and disulfide bonds between thermophilic
[5,29-32] However, all the comparative studies did and mesophilic proteins are presented Tiable 7
not report a significant increase in the number of salt Cation—pi interactions and disulfide bonds did not
bridges in thermophilic proteins. Unlike other com- show a meaningful difference between thermophilic
parison studies, this work showed common occurrence and mesophilic proteins in terms of structure states.
of increased salt bridges throughout thermophilic However, the residues with cation—pi interactions in
proteins, especially in exposed state (structure index thermophilic proteins were observed to have better
2). Salt bridges could be expected to stabilize the packed forms than those of mesophilic ones. The
exposed part of a protein structure, which might be t-test value is 1.232, which is near to the critical value
more flexible and less stable than buried part. of tp.10 (1.282).

Table 7

t-test results showing the structure-based difference of residual properties between thermophilic and mesophilic proteins; the bold values
are significant at the 10% levelp§o (1.282)), the bold and underlined values are significant at 2#%s5((1.960)), and the bold italic

and underlined values are significant at 1&x{ (2.326))

Residual property Residual structure state
Index 1; Index 2; Index 3; Index 4; Index 5;
fully-exposed state exposed state boundary state buried state well-buried state
Outer residues —1.0192 1.0460 0.6909 0.0000 0.0000
Inner residues 0.0000 0.0000 0.4158 0.7751 1.2862
Flexible residues —2.3958 —0.2929 2.7344 —0.1804 —0.3779
Rigid residues —0.4506 0.1069 0.7506 —-0.7314 0.0675
Hydrogen bonds —0.7757 —0.1118 0.0701 0.4676 1.4903
Salt bridges —0.8443 2.2516 1.1575 0.4347 0.5809
Cation—pi interactions 0.0000 —0.0980 —0.6506 —0.3336 1.2332

Disulfide bonds 0.0000 0.0000 0.8317 0.8317 0.0000
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4, Conclusion

Up to now, there have been several systematical

analyses to obtain thermostabilizing factors by in-
vestigating the difference of residual properties in
thermophilic and mesophilic protein groups. This
study is distinguished from other systematic works in

that it considered three-dimensional structure states of

residues when it analyze the information of residual
properties related with protein thermostability. Struc-
tural distributions of residual properties were statis-
tically compared between 20 pairs of thermophilic

and mesophilic proteins. This study revealed several

structural patterns, which prevailed in thermophilic
proteins compared with mesophilic proteins: (1) lower
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[6] K.S. Yip, T.J. Stillman, K.L. Britton, P.J. Artymiuk, P.J. Baker,
S.E. Sedelnikova, P.C. Engel, A. Pasquo, R. Chiaraluce,
V. Consalvi, R. Scandurra, D.W. Rice, Structure 3 (1995)
1147.

[7] P.C. Michels, D. Hei, D.S. Clark, Adv. Protein Chem. 48
(1996) 341.

[8] B.V. Burg, V.G. Eijsink, Curr. Opin. Biotech. 13 (2002) 333.

[9] P. Argos, M.G. Rossmann, U.M. Garu, H. Zuber, G. Frank,
J.D. Tratschin, Biochemistry 18 (1979) 5698.

[10] V.Z. Spassov, A.D. Karshikoff, R. Ladenstein, Protein Sci. 4
(1995) 1516.

[11] G.L. Warren, G.A. Petsko, Protein Eng. 8 (1995) 905.

[12] A. Karshikoff, R. Landenstein, Protein Eng. 11 (1998) 867.

[13] G. Vogt, P. Argos, Fold. Des. 2 (1997) S40.

[14] G. Vogt, S. Woell, P. Argos, J. Mol. Biol. 269 (1997) 631.

[15] A. Szilagyi, P. Zavodszky, Structure 8 (2000) 493.

frequency in fully-exposed state and higher frequency [16] H.M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat,

in boundary state of flexible residues; (2) higher fre-

guency in exposed state of salt bridges; (3) higher

frequency in well-buried state of hydrogen bonds;
(4) higher frequency in well-buried state of inner

H. Weissig, I.N. Shindyalov, P.E. Bourne, Nucleic Acids Res.
28 (2000) 235.

[17] A.G. Murzin, S.E. Brenner, T. Hubbard, C. Chothia, J. Mol.
Biol. 247 (1995) 536.
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residues. Such structure-based differences of residual[19] S. Parthasarathy, M.R. Murthy, Protein Sci. 6 (1997) 2561.
properties can be considered as general and critical [20] 1.K. McDonald, J.M. Thornton, J. Mol. Biol. 238 (1994) 777.

patterns related with protein thermostability. These
results agreed with the previous findings identified
from other studies, in addition, specified the findings
in terms of their structural patterns. Therefore, this
present work might help to develop a strategy for
enhancing protein thermostability.
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