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Abstract

Proteins from thermophilic organisms exhibit high thermal stability, but have structures that are very similar to
their mesophilic homologues. In order to gain insight into the basis of thermostability, we have analyzed the medium-
and long-range contacts in mesophilic and thermophilic proteins of 16 different families. We found that the
thermophiles prefer to have contacts between residues with hydrogen-bond-forming capability. Apart from hydro-
phobic contacts, more contacts are observed between polar and non-polar residues in thermophiles than mesophiles.
Residue-wise analysis showed that Tyr has good contacts with several other residues, and Cys has considerably higher
long-range contacts in thermophiles compared with mesophiles. Furthermore, the residues occurring in the range of
31�34 residues apart in the sequence contribute significant long-range contacts to the stability of thermophilic
proteins. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermophilic organisms produce proteins of
� �exceptional stability 1,2 . Understanding the

structural basis for the enhanced stability of pro-
teins from thermophilic organisms relative to their
mesophilic counterparts is a challenging problem.
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� �Recently, Ladenstein and Antranikian 3 re-
viewed the possible factors in the mechanism of
protein stabilization under different conditions,
such as high temperature, salt and extreme pH,
and the contributions of different interactions to
enhance the thermostability. Jaenicke and Bohm
� �4 explained the significant enhancement in the
understanding of extremophilic adaptation from
four viewpoints: the discovery of more extreme
thermophiles; complete genome sequences; new
genetic methods; and the rapidly increasing num-
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ber of high-resolution three-dimensional struc-
tures.

The analysis of three-dimensional structures of
proteins from both mesophiles and thermophiles
has provided several insights into the structural

� �basis of thermal stability. Querol et al. 5 studied
the relationship between thermal stability and
conformational characteristics of proteins. The
thermostability of 16 different families of me-
sophilic and thermophilic proteins has been ex-

� �amined by Vogt et al. 6 , who found a good
correlation between the thermostability of the
familial members and an increase in the number
of hydrogen bonds, as well as in the fractional
polar surface. Our previous analysis showed that
the increase in negative Gibbs free-energy change

Ž .for hydration of native proteins �G increaseshN
the stability of thermophiles, and this stability
may be achieved by a balance between better

� �packing and solubility 7 . Recently, Hasegawa et
� �al. 8 increased the stability of mesophilic cy-

tochrome through five substitutions and observed
that the �G may contribute to the stability,hN
consistent with the suggestion of Gromiha et al.
� �7 . Furthermore, it has been reported that the
increase in helical propensity of amino acid

� �residues 9 , salt bridges and side-chain�side-chain
� � � �hydrogen bonds 10 , ion pairs 11 and van der
� �Waals’ contacts 12 enhances the stability of

thermophilic proteins.
� �On the other hand, Hollien and Marquese 13

determined protein stability from mesophilic and
� �thermophilic ribonuclease H and Gromiha 14

analyzed the factors influencing the stability of
�-helices and �-strands in thermophilic ribonu-

� �clease H. Furthermore, Perl et al. 15 showed
that the surface-exposed residues are responsible
for the thermostability of cold shock proteins.

In spite of these studies, the important inter-
residue contacts for enhanced thermostability of
thermophilic proteins have not yet been fully
explored. Our recent studies showed that medium-
and long-range interactions are important for the

� �structure and stability of proteins 16,17 and for
understanding the stability of proteins upon mu-

� �tations 18�20 . Hence, in this work, we have
analyzed the inter-residue contacts in mesophilic
and thermophilic proteins of 16 different families.

We found that an increase in contacts between
Ž .residues of hydrogen-bond H-bond -forming

capability increases the stability. Furthermore, the
role of different amino acid residues in forming
inter-residue contacts and the contribution of
long-range contacts in terms of residue distance
to the stability of thermophiles will be discussed.

2. Materials and methods

2.1. Database

� �In our previous work 7 , we have used a set of
56 globular proteins from 16 different families to
analyze the important amino acid properties for
enhanced thermostability from mesophilic to
thermophilic proteins. We have selected the pro-
teins of highest and lowest average environmental
temperature in each family for the present analy-

Ž .sis. The Protein Data Bank PDB codes for the
mesophilic proteins are: 4MDH, 1CDG, 4GPD,
6LDH, 1NPC, 2RN2, 1ST3, 1FCA, 3SDP, 2PFK,
3PGK, 1YPI, 1RDG, 1INO, 2EXO and 1LPF,
and the PDB codes for their respective ther-
mophilic proteins are: 1BMD, 1CIU, 1HDG,
1LDN, 1LNF, 1RIL, 1THM, 2FXB, 3MDS, 3PFK,
1PHP, 1BTM, 1CAA, 2PRD, 1XYZ and 1EBD.
The three-dimensional structures of all these pro-
teins have been taken from the Protein Data

� �Bank 21 .

2.2. Computation of surrounding residues and long-
range contacts

The computation of surrounding residues in a
protein molecule has been described in our ear-

� �lier articles 16,17 . The residues in a protein
molecule are represented by their C atoms. Us-�

˚ing the C coordinates, a sphere of radius 8 A is�

fixed around each residue and the composition of
surrounding residues associated with all the
residues is calculated. It has been shown that the
influence of each residue over the surrounding

˚ � �medium extends effectively only up to 8 A 22 .
For a given residue, the composition of sur-

rounding residues is analyzed in terms of the
location at the sequence level and the contribu-
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tions from ��3 residues are treated as short-
range, �3 or �4 residues as medium-range, and
��4 residues are treated as long-range contacts
� �23 . The long-range contacts are further classi-
fied into several intervals with a step of one
residue, and the results were analyzed.

2.3. Preference of surrounding residues influenced by
medium- and long-range contacts

˚The residues coming within a sphere of 8 A for
each residue in all proteins were computed, and
the residues which contribute towards medium
and long-range contacts were selected as de-
scribed above. The average preference of sur-
rounding residues is computed using the expres-
sion:

ÝNi j² :N �i j ÝN �ÝNi j

where N is the number of surrounding residuesi j
of type j around residue i. N and N are the totali j
number of residues of type i and j, respectively.

3. Results and discussions

3.1. Medium- and long-range contacts in mesophilic
and thermophilic proteins

The total number of medium- and long-range
contacts in the three-dimensional structures of
mesophilic and thermophilic proteins showed that
both these proteins have similar contacts, indicat-
ing their structural similarities. Hence, we ana-
lyzed the influence of each amino acid residue in
forming the contacts with other residues. The
average medium- and long-range contacts in me-
sophilic and thermophilic proteins are presented
in Table 1. We found that most of the residues
have approximately similar contacts, and the
residues Cys, Arg, Asn and Trp have different
behaviors in mesophilic and thermophilic pro-
teins. Cys has more long-range contacts in ther-
mophiles than mesophiles, while an opposite trend
is observed for medium-range contacts. Arg and

Table 1
Medium- and long-range contacts in mesophilic and thermo-
philic proteins

Residue Medium Long

Meso Thermo Ratio Meso Thermo Ratio

Ala 2.32 2.38 1.03 4.50 4.84 1.08
Asp 1.75 1.71 0.98 3.47 3.54 1.02
Cys 1.75 1.42 0.81 5.98 6.74 1.13
Glu 2.03 2.13 1.05 3.14 2.83 0.90
Phe 1.99 2.01 1.01 4.74 4.71 0.99
Gly 1.56 1.61 1.03 4.74 4.66 0.98
His 2.03 2.08 1.02 3.75 3.49 0.93
Ile 1.76 1.81 1.03 5.76 5.88 1.02
Lys 2.07 2.07 1.00 2.90 3.14 1.08
Leu 2.12 2.21 1.04 4.90 4.63 0.94
Met 2.27 2.38 1.05 4.36 4.61 1.06
Asn 1.78 1.81 1.02 3.99 3.64 0.91
Pro 1.39 1.36 0.98 4.25 4.43 1.04
Gln 2.11 2.26 1.07 3.21 3.10 0.97
Arg 1.96 2.14 1.09 4.01 3.93 0.98
Ser 1.63 1.67 1.02 4.03 4.18 1.04
Thr 1.57 1.52 0.97 4.72 4.78 1.01
Val 1.50 1.57 1.05 6.28 6.31 1.00
Trp 1.68 1.69 1.01 5.02 5.53 1.10
Tyr 1.91 1.82 0.95 4.73 4.70 0.99

Trp have more medium- and long-range contacts,
respectively, in thermophilic proteins. The higher
number of medium-range contacts exhibited by
Arg might be due to the presence of a greater
number of ion pairs and salt bridges in ther-
mophilic proteins, which are reported to be im-
portant factors for enhancing protein ther-

� �mostability 10,11 .

3.2. Long-range contacts in different residue inter�als

The number of long-range contacts for differ-
ent residue intervals in mesophilic and ther-
mophilic proteins have been computed and the
difference between these two sets of proteins is
depicted in Fig. 1. In this figure, the dominating
long-range contacts in thermophiles have signifi-
cant positive values and high long-range contacts
in mesophiles are below zero. Interestingly, we
found a stretch of high long-range contacts at
residue distances 31�34 in the sequence, which
might contribute to the stability of thermophilic
proteins. This interval is close to the limit of
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Fig. 1. Plot connecting residue distance and the difference in number of long-range contacts between mesophilic and thermophilic
proteins.

Ž .residue distances 20�30 to form long-range con-
Ž . � �tacts for maintaining the ��� barrel fold 24 .8

Furthermore, we observed high long-range con-
tacts in the C-terminal domain of thermophilic
proteins for residue intervals 63�71, 76�83 and
94�100, and in that of mesophilic proteins for
residue intervals 72�75 and 84�92. These residue
distances for the formation of long-range contacts
may influence the stability of thermophilic pro-
teins.

3.3. Number of long-range contacts �ersus number
of residues

The percentage of residues for different num-
bers of long-range contacts in mesophilic and
thermophilic proteins are displayed in Fig. 2. From
the figure, we observed high peaks at 3�5 long-
range contacts in thermophilic proteins, whereas
the corresponding number was 2�4 in mesophilic
proteins. This result indicates the importance of
long-range contacts to the stability of ther-
mophilic proteins.

3.4. Residue pairs influenced by medium- and long-
range contacts

We have computed the preference of each
amino acid residue to be surrounded by each of
the 20 amino acid residues due to medium- and
long-range contacts, and the average preference.
The residue pairs with preference above the aver-
age have been selected for further analysis.

3.4.1. Medium-range contacts
An appreciable number of residue pairs

between two hydrophobic residues has been
observed in both mesophilic and thermophilic
proteins. We selected the residue pairs which are
mainly observed in thermophiles, but not in meso-
philes, and vice versa; the results are given in
Table 2a. We found that the thermophiles have
more residue pairs influenced by medium-range
contacts than mesophiles. This result demon-
strates the feature of forming a wide range of

Ž .residue pairs inter-residue contacts in ther-
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Fig. 2. Number of long-range contacts vs. percentage of residues in mesophilic and thermophilic proteins: open circles, mesophilic;
and filled circles, thermophilic.

mophilic proteins other than specific interactions,
such as hydrophobic clusters, which are observed
in both mesophilic and thermophilic proteins.
Classification of residues into polar, hydrophobic
and H-bond-forming capability revealed that the
thermophilic proteins have a significant number
of inter-residue contacts between residues of H-
bond-forming capability. Recent structural analy-
sis on a set of mesophilic and thermophilic pro-
teins also showed that an increase in the number

� �of hydrogen bonds increases the stability 6 . Fur-
thermore, we observed that, apart from hy-
drophobic residue pairs, thermophilic proteins
prefer to form contacts between hydrophobic and
polar residues. The Tyr residue prefers to have
contacts with residues Asp, Ile, Lys, Ser and Val
in thermophiles, while its contacts in mesophiles
are fewer.

3.4.2. Long-range contacts
The residue pairs influenced by long-range con-

tacts observed in thermophiles, but not in meso-
philes, and vice versa, are presented in Table 2b.
We found that the number of preferred long-
range contacts is fewer in both mesophiles and

thermophiles compared with medium-range con-
tacts. However, we derived the same conclusion,
that the thermophiles have more residue pairs
and a wider range of interactions with other
residues than mesophiles, influenced by long-
range contacts. Furthermore, significant contacts
are observed between residues of H-bond-form-
ing capability and between hydrophobic and polar
residues.

The statistical significance of the residue pairs
observed in enhancing the thermal stability of
thermophilic proteins has been assessed using
resampling techniques. Several sets of proteins
belonging to different structural classes have been
used to represent the mesophilic proteins, and
the residue�residue contacts for each set were
computed. The results showed that the ther-
mophiles have more residue pairs than all sets of
proteins, influenced by both medium- and long-
range interactions. Furthermore, the residue pairs
observed for enhanced thermostability are similar
to those obtained from the comparison of me-
sophilic and thermophilic proteins in 16 different
families. This result verifies the significance of the
observation presented in the study.
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Table 2
Residue pairs influenced by inter-residue contacts

Mesophilic only Thermophilic only

( )a Medium-range contacts
D�M, D�S, E�F, E�H, E�T, E�Y, F�G, A�F, D�I, D�Q, D�Y, E�I, E�M, E�Q,
F�I, F�K, F�T, H�S, K�N, L�Q, L�S, E�R, F�M, F�P, F�Q, G�R, H�K, H�T,
M�R, N�P, N�Q, P�P, S�V I�M, I�R, I�T, I�Y, K�Q, K�Y, L�M,

L�N, L�P, N�T, Q�R, R�T, R�V, S�Y
V�Y

( )b Long-range contacts
D�Y, F�N, I�K, K�K, K�S, L�N, L�S, A�R, D�P, E�R, E�T, F�K, F�P, G�Q,
N�P, N�V, P�P, R�Y I�P, L�P, L�R, L�Y, N�Q, P�R, P�V,

R�V, T�Y, Y�Y

3.5. Comparison with other studies

� �Vogt et al. 6 reported that an increase in
hydrogen bonding and fractional polar surface
increase the stability of thermophilic proteins.

� �Xiao and Honig 25 found that electrostatic in-
teractions are more favorable in thermophiles.

� �Recently, Kumar et al. 10 showed that salt
bridges and side-chain�side-chain hydrogen bonds
increase the stability in most of the thermophilic
proteins. In this work, we have delineated the
preferred residue pairs for enhancing the thermal
stability of thermophilic proteins. Furthermore,
we found that, apart from hydrophobic contacts,
thermophiles have an appreciable number of con-
tacts between polar and non-polar residues com-
pared to mesophiles. The higher occurrence of
contacts between residues of H-bond-forming ca-
pability reflects the importance of H bonds in
enhancing the stability of thermophilic proteins
� �6,10 .

4. Conclusions

The analysis of inter-residue contacts in meso-
philic and thermophilic proteins provides an in-
sight into the stability of thermophilic proteins.
We found that the thermophilic proteins have a
wide variety of inter-residue contacts other than
hydrophobic interactions. The higher occurrence

Ž .of residue pairs between i residues of H-bond-
Ž .forming capability and ii hydrophobic and polar

residues may enhance the stability. Furthermore,
the residues in thermophilic proteins have an
average of three�five long-range contacts,
whereas two�four long-range contacts are
observed in mesophilic proteins.
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