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Abstract

Understanding the role of various interactions in enhancing the thermostability of proteins is important not only
for clarifying the mechanism of protein stability but also for designing stable proteins. In this work, we have analyzed
the thermostability of 16 different families by comparing mesophilic and thermophilic proteins with 48 various

Žphysicochemical, energetic and conformational properties. We found that the increase in shape, s location of branch
.point in side chain increases the thermostability, whereas, an opposite trend is observed for Gibbs free energy

change of hydration for native proteins, G , in 14 families. A good correlation is observed between these twohN
properties and the simultaneous increases of yG and s is necessary to enhance the thermostability fromhN
mesophile to thermophile. The increase in shape, which tends to increase with increasing number of carbon atoms
both for polar and non-polar residues, may generate more packing and compactness, and the position of b and
higher order branches may be important for better packing. On the other hand, the increase in yG inhN
thermophilic proteins increases the solubility of the proteins. This tendency counterbalances the increases in
insolubility and unfolding heat capacity change due to the increase in the number of carbon atoms. Thus, the present
results suggest that the stability of thermophilic proteins may be achieved by a balance between better packing and
solubility. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The major intramolecular interactions, namely,
hydrophobic, electrostatic, van der Waals and hy-
drogen bonds play an important role in the stabil-

w xity of protein structures 1]4 . Several investiga-
tions have been carried out to understand the
mechanism for the thermostability of proteins.

w xArgos et al. 5 observed that Gly, Ser, Lys and
Asp in mesophiles are generally substituted by
Ala, Thr, Arg and Glu, respectively, in ther-
mophiles to enhance the stability. Ponnuswamy et

w xal. 6 found a correlation between melting tem-
perature and amino acid composition of a stabiliz-
ing and destabilizing group of amino acids and
reported an empirical relation between ther-
mostability and amino acid content of proteins.
Recently, it has been shown that the ther-
mostability can be calculated from amino acid

w xcontents of proteins 7 .
w xImanaka et al. 8 proposed a new approach to

enhance the thermostability of enzymes by single
amino acid substitutions based on increase in
hydrophobicity and stabilization of helices. Me-

w xnendez-Arias and Argos 9 reported that the
decrease in flexibility and increase in hy-
drophobicity in a-helical regions are the major
factors to enhance the thermostability of proteins.
The importance of disulfide bonds, ion binding
sites and salt bridges along with hydrophobic and

w xhydrogen bonds, was stressed by Fontana 10 .
w xQuerol et al. 11 analyzed the conformational

characteristics of proteins related to thermostabil-
ity.

w xRecently, Argos et al. 12,13 examined the
thermostability of 16 different families of me-
sophilic and thermophilic proteins and found a
good correlation between the thermostability of
the familial members and an increase in the num-
ber of hydrogen bonds as well as an increase in
the fractional polar surface. Our recent studies
on protein stability upon mutations show the im-
portance of some specific amino-acid properties

w xto the stability 14,15 . In this work, we analyzed
the relation between the increase in thermostabil-
ity and various physico]chemical, energetic and
conformational properties for the meso and ther-
mophilic proteins. We found that the properties,

Gibbs free energy of hydration for native protein
Žand shape position of branch point in a side

.chain play a dominant role in enhancing ther-
mostability. We discuss the comparison of these
properties and their physical meanings in relation
to the stability of thermophilic proteins.

2. Materials and methods

2.1. Database

w xRecently, Vogt et al. 13 collected a set of 56
globular proteins from 16 different families to
analyze the relation between thermostability and
other interactions. We used the same set of data
in our present analysis. The PDB codes for all the
proteins along with the average environmental

Ž .temperatures T are given in Table 1. Theenv
temperatures were assigned to each of the pro-
teins according to those of optimal growth or
normal living environment for the species in-
volved or those from in vitro experiments for
half-life stability as stated in the literature
w x9,16]20 . We observed a direct relationship
between the average environmental temperature
Ž . Ž .T and melting temperature T of proteinsenv m
in each family and the correlation coefficient is
0.91; the corresponding regression equation is
T s24.4q0.93T . As the number of samplesm env
for T is more than T , and there is a strongenv m
correlation between T and T , we have usedenv m
T for the present study. In Table 1, we alsoenv

Žinclude the sequence identity percentage of same
.amino acid residues and rms deviation for Ca

atoms between the two proteins of highest and
lowest average environmental temperatures in
each family. The amino acid sequence and three-
dimensional structures were taken from the re-
cent release of Protein Data Bank from the

w xBrookhaven National Laboratory 21 . We used
the ‘bestfit’ module available in the package GCG

Ž8.1 Genetics Computer Group, Inc., Madison,
.USA to estimate the sequence identity and Sybyl
Ž .6.4 Tripos Associates, St. Louis, MO, USA to

compute the rms deviation. The computed aver-
age sequence identity and rms deviation for the

˚16 families are, respectively, 47.1% and 3.0 A,
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Table 1
aList of protein families used in the present study

PDB T Sequence rmsenvFamily % Secondary structure
Ž .entry 8C identity deviation

No. Name Helix Strand Turn Coil ˚Ž . Ž .ID % A

1 Malate dehydrogenase 4MDH 37.0 43 19 19 19
1BMD 72.5 46 19 19 17 54.8 2.24

2 Glycosyltransferase A 1CDG 35.0 23 30 22 24
Ž .a-amylase 1CGT 35.0 23 31 24 23

1CYG 52.5 23 29 23 26
1CIU 60.0 21 30 25 24 68.0 3.52

3 Glyceraldehyde-3- 4GPD 20.0 29 21 25 26
phosphate 1GAD 37.0 29 28 25 18
dehydrogenase 3GPD 37.0 27 22 25 26

1GD1 52.5 29 30 24 16
1CER 71.0 30 27 24 19
1HDG 82.5 31 27 23 18 44.7 2.33

4 Lactate dehydrogenase 6LDH 20.0 44 17 18 21
1LLC 35.0 26 14 38 23
5LDH 37.0 39 10 26 25
9LDB 37.0 44 20 18 18
1LLD 39.0 45 19 18 18
1LDN 52.5 46 22 19 13 35.1 3.48

5 Thermolysin 1NPC 30.0 42 20 21 18
1LNF 52.5 41 17 24 17 73.0 0.91

6 Ribonuclease H 2RN2 37.0 35 30 19 15
1RIL 72.5 38 24 18 20 56.7 1.56

7 Subtilisin 1ST3 30.0 30 20 26 23
1SUP 35.0 30 20 24 25
1SCA 42.5 30 19 26 25
1THM 60.0 29 20 28 23 40.5 3.37

8 Ferredoxin 1FCA 28.0 13 18 27 42
1FDX 37.0 15 11 28 46
2FXB 52.5 20 17 32 31 30.9 6.58

9 Superoxide dismutase 3SDP 27.5 26 3 43 27
1ABM 37.0 60 13 14 13
1IDS 37.0 54 14 20 13
1ISA 37.0 51 12 22 15
3MDS 72.5 57 10 18 15 41.9 3.93

10 Phosphofructokinase 2PFK 37.0 46 20 17 17
3PFK 52.5 46 19 16 19 55.3 0.88

11 Phosphoglycerate 3PGK 27.5 34 12 27 27
kinase 1PHP 52.5 42 17 21 20 41.4 5.48

12 Triose phosphate 1YPI 27.5 43 17 18 21
isomerase 1HTI 37.0 42 16 21 21

1TIM 37.0 46 18 15 21
1TPE 41.0 45 16 17 23
1BTM 52.5 49 16 16 19 34.0 2.61

13 Rubredoxin 1RDG 35.5 17 23 29 31
6RXN 35.5 22 22 24 31
8RXN 35.5 17 23 29 31
5RXN 37.0 17 22 28 33
1CAA 110.0 17 26 30 26 66.0 0.63
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Ž .Table 1 Continued

PDB T Sequence rmsenvFamily % Secondary structure
Ž .entry 8C identity deviation

No. Name Helix Strand Turn Coil ˚Ž . Ž .ID % A

14 Hydrolase 1INO 37.0 18 33 27 22
2PRD 72.5 25 34 22 18 34.5 2.97

15 Glycosyltransferase B 2EXO 30.0 45 21 21 14
Ž .b-glycanase 1XYZ 60.0 45 20 21 14 37.0 2.61

16 Reductase 1LPF 27.5 35 29 19 17
1LVL 27.5 35 24 19 22
3LAD 37.0 34 26 21 20
1EBD 52.5 34 29 22 16 40.0 4.86

a w xT , average environmental temperature, taken from Vogt et al. 13 . Sequence identity is the percentage of same amino acidenv
residues and rms deviation is the root mean square deviation for C atoms between the two proteins of highest and lowest averagea

environmental temperatures in each family.

indicating high sequence identity and similar ter-
tiary structures of proteins in each family. The

w xDSSP algorithm 22 was used for the assignment
of secondary structures and the percentage of
secondary structural content for all the 56 pro-
teins are given in Table 1.

2.2. Amino acid properties

It has been shown that there are specific
cooperativities among amino acid residues, which
due to similarities in their various physical,
chemical, energetic and conformational proper-
ties, enable them to preserve their specific, pre-
ferred environments and spatial positions in the

w xfolded conformation of proteins 23 . We con-
sidered a set of 48 diverse amino acid properties,
which fall into various clusters analyzed by Tomii

w xand Kanehisa 24 . The numerical values of these
properties are given in Table 2. Brief descriptions
of these properties are available in our previous

w xarticles 7,25 .

2.3. Computational procedure

The amino acid composition and the average
property value for all the proteins were com-

Ž .puted. For a given property, p i , the average
Ž .value P was computed using the equation

20
Ž . Ž .p i ?n iÝ

is1 Ž .Ps 1N

( ) ( .where p i and n i are, respectively, the property
value of the ith amino acid residue and the
number of amino acids of ith type in a protein. N
is the total number of residues in a protein.

w xWe followed the method of Vogt et al. 13 to
Ž .compute the score S for a specific property. The

overall family trend for a specific property was
found by summing the property changes over
each unique family pair, weighted by the square
of the difference of adapted living temperatures
for the two compared members. The property
differences were each divided by the associated
living temperature differences for each pair in
order to standardize the characteristics. The score
Ž .S for a particular property per 108C rise inj
thermostability for a given family j is given by:

n iy1 P yP2 i kŽ .T yT 10Ý Ý i k T yTi kis2 ks1 Ž .S s 2j n iy1
2Ž .T yTÝ Ý i k

is2 ks1

where n is the number of constituents in family j.
P and T are, respectively, property value andi i

Žaverage environmental temperature given in
.Table 1 of ith family members.
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55
Table 2

aNumerical values of 48 selected physico]chemical, energetic and conformational properties of the 20 amino acidsrresidues

No Property Ala Asp Cys Glu Phe Gly His Ile Lys Leu

01 K y25.50 y33.12 y32.82 y36.17 y34.54 y27.00 y31.84 y31.78 y32.40 y31.78
2 H 0.87 0.66 1.52 0.67 2.87 0.10 0.87 3.15 1.64 2.17t
3 Hp 13.05 11.10 14.30 11.41 13.89 12.20 12.42 15.34 11.01 14.19
4 P 0.00 49.70 1.48 49.90 0.35 0.00 51.60 0.10 49.50 0.13
5 pH 6.00 2.77 5.05 5.22 5.48 5.97 7.59 6.02 9.74 5.98i
6 pK 9 2.34 2.01 1.65 2.19 1.89 2.34 1.82 1.36 2.18 2.36
7 M 89.00 133.00 121.00 147.00 165.00 75.00 155.00 131.00 146.00 131.00w
8 B 11.50 11.68 13.46 13.57 19.80 3.40 13.67 21.40 15.71 21.40l
9 R 9.90 2.80 2.80 3.20 18.80 5.60 8.20 17.10 3.50 17.60f

10 m 14.34 12.00 35.77 17.26 29.40 0.00 21.81 19.06 21.29 18.78
11 H 0.62 0.90 0.29 y0.74 1.19 0.48 y0.40 1.38 y1.50 1.06nc
12 E 1.40 1.16 1.37 1.16 1.14 1.36 1.22 1.19 1.07 1.32sm
13 E 0.49 0.35 0.67 0.37 0.72 0.53 0.54 0.76 0.30 0.65l
14 E 1.90 1.52 2.04 1.54 1.86 1.90 1.76 1.95 1.37 1.97t
15 P 1.42 1.01 0.70 1.51 1.13 0.57 1.00 1.08 1.16 1.21a

16 P 0.83 0.54 1.19 0.37 1.38 0.75 0.87 1.60 0.74 1.30b

17 P 0.66 1.46 1.19 0.74 0.60 1.56 0.95 0.47 1.01 0.59t
18 P 0.71 1.21 1.19 0.84 0.71 1.52 1.07 0.66 0.99 0.69c
19 C 20.00 26.00 25.00 33.00 46.00 13.00 37.00 39.00 46.00 35.00a
20 F 0.96 1.14 0.87 1.07 0.69 1.16 0.80 0.76 1.14 0.79
21 B 0.38 0.14 0.57 0.09 0.51 0.38 0.31 0.56 0.04 0.50r
22 R 3.70 2.60 3.03 3.30 6.60 3.13 3.57 7.69 1.79 5.88a
23 N 6.05 4.95 7.86 5.10 6.62 6.16 5.80 7.51 4.88 7.37s
24 a 1.59 0.53 0.33 1.45 1.14 0.53 0.89 1.22 1.13 1.91n
25 a 1.44 2.13 0.76 2.01 1.01 0.62 0.56 0.68 0.59 0.58c
26 a 1.22 0.56 1.53 1.28 1.13 0.40 2.23 0.77 1.65 1.05m

027 V 60.46 73.83 67.70 85.88 121.48 43.25 98.79 107.72 108.50 107.75
28 N 2.11 1.80 1.88 2.09 1.98 1.53 1.98 1.77 1.96 2.19m
29 N 3.92 2.85 5.55 2.72 4.53 4.31 3.77 5.58 2.79 4.59l
30 H 13.85 11.61 15.37 11.38 13.93 13.34 13.82 15.28 11.58 14.13gm
31 ASA 104.00 132.20 132.50 161.90 182.00 73.40 165.80 171.50 195.20 161.40D
32 ASA 33.20 62.40 17.90 81.00 33.10 29.20 57.70 28.30 107.50 31.10N
33 D ASA 70.90 69.60 114.30 80.50 148.40 44.00 107.90 142.70 87.50 129.80
34 DG y0.54 y2.97 y1.64 y3.71 y1.06 y0.59 y3.38 0.32 y2.19 0.27h
35 G y0.58 y6.10 y1.91 y7.37 y1.35 y0.82 y5.57 0.40 y5.97 0.35hD
36 G y0.06 y3.11 y0.27 y3.62 y0.28 y0.23 y2.18 0.07 y1.70 0.07hN
37 D H y2.24 y4.54 y3.43 y5.63 y5.11 y1.46 y6.83 y3.84 y5.02 y3.52h
38 yTDS 1.70 1.57 1.79 1.92 4.05 0.87 3.45 4.16 2.83 3.79h
39 DC 14.22 2.73 9.41 3.17 39.06 4.88 20.05 41.98 17.68 38.26ph
40 DG 0.51 2.89 2.71 3.58 3.22 0.68 3.95 y0.40 1.87 y0.35c
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41 D H 2.77 4.72 8.64 5.69 11.93 1.23 7.64 4.03 3.57 3.69c
42 yTDS y2.25 y1.83 y5.92 y2.11 y8.71 y0.55 y3.69 y4.42 y1.70 y4.04c
43 DG y0.02 y0.08 1.08 y0.13 2.16 0.09 0.56 y0.08 y0.32 y0.08
44 D H 0.51 0.18 5.21 0.05 6.82 y0.23 0.79 0.19 y1.45 0.17
45 yTDS y0.54 y0.26 y4.14 y0.19 y4.66 0.31 y0.23 y0.27 1.13 y0.24
46 ¨ 1.00 4.00 2.00 5.00 7.00 0.00 6.00 4.00 5.00 4.00
47 s 0.00 2.00 0.00 3.00 2.00 0.00 2.00 1.00 0.00 2.00
48 f 0.00 2.00 1.00 3.00 2.00 0.00 2.00 2.00 4.00 2.00

No Property Met Asn Pro Gln Arg Ser Thr Val Trp Tyr
01 K y31.18 y30.90 y23.25 y32.60 y26.62 y29.88 y31.23 y30.62 y30.24 y35.01

2 H 1.67 0.09 2.77 0.00 0.85 0.07 0.07 1.87 3.77 2.67t
3 Hp 13.62 11.72 11.06 11.78 12.40 11.68 12.12 14.73 13.96 13.57
4 P 1.43 3.38 1.58 3.53 52.00 1.67 1.66 0.13 2.10 1.61
5 pH 5.74 5.41 6.30 5.65 10.76 5.68 5.66 5.96 5.89 5.66i
6 pK 9 2.28 2.02 1.99 2.17 1.81 2.21 2.10 2.32 2.38 2.20
7 M 149.00 132.00 115.00 146.00 174.00 105.00 119.00 117.00 204.00 181.00w
8 B 16.25 12.82 17.43 14.45 14.28 9.47 15.77 21.57 21.61 18.03l
9 R 14.70 5.40 14.80 9.00 4.60 6.90 9.50 14.30 17.00 15.00f

10 m 21.64 13.28 10.93 17.56 26.66 6.35 11.01 13.92 42.53 31.55
11 H 0.64 y0.78 0.12 y0.85 y2.53 y0.18 y0.05 1.08 0.81 0.26nc
12 E 1.30 1.18 1.24 1.12 0.92 1.30 1.25 1.25 1.03 1.03sm
13 E 0.65 0.38 0.46 0.40 0.55 0.45 0.52 0.73 0.83 0.65l
14 E 1.96 1.56 1.70 1.52 1.48 1.75 1.77 1.98 1.87 1.69t
15 P 1.45 0.67 0.57 1.11 0.98 0.77 0.83 1.06 1.08 0.69a

16 P 1.05 0.89 0.55 1.10 0.93 0.75 1.19 1.70 1.37 1.47b

17 P 0.60 1.56 1.52 0.98 0.95 1.43 0.96 0.50 0.96 1.14t
18 P 0.59 1.37 1.61 0.87 1.07 1.34 1.08 0.63 0.76 1.07c
19 C 43.00 28.00 22.00 36.00 55.00 20.00 28.00 33.00 61.00 46.00a
20 F 0.78 1.04 1.16 1.07 1.05 1.13 0.96 0.79 0.77 1.01
21 B 0.42 0.15 0.18 0.11 0.07 0.23 0.23 0.48 0.40 0.26r
22 R 5.21 2.12 2.12 2.70 2.53 2.43 2.60 7.14 6.25 3.03a
23 N 6.39 5.04 5.65 5.45 5.70 5.53 5.81 7.62 6.98 6.73s
24 a 1.25 0.53 0.00 0.98 0.67 0.70 0.75 1.42 1.33 0.58n
25 a 0.73 0.93 2.19 1.20 0.39 0.81 1.25 0.63 1.40 0.72c
26 a 1.47 0.93 0.00 1.63 1.59 0.87 0.46 1.20 0.46 0.52m

027 V 105.35 78.01 82.83 93.90 127.34 60.62 76.83 90.78 143.91 123.60
28 N 2.27 1.84 1.32 2.03 1.94 1.57 1.57 1.63 1.90 1.67m
29 N 4.14 3.64 3.57 3.06 3.78 3.75 4.09 5.43 4.83 4.93l
30 H 13.86 13.02 12.35 12.61 13.10 13.39 12.70 14.56 15.48 13.88gm
31 ASA 189.80 134.90 135.10 164.90 210.20 111.40 130.40 143.90 208.80 196.40D
32 ASA 41.30 60.50 60.70 71.50 94.50 48.70 52.00 28.10 39.50 50.40N
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33 D ASA 147.90 74.00 73.50 93.30 116.00 62.80 78.00 115.60 167.80 145.90
34 DG y0.60 y3.55 0.32 y3.92 y5.96 y3.82 y1.97 0.13 y3.80 y5.64h
35 G y0.71 y6.63 0.56 y7.12 y12.78 y6.18 y3.66 0.18 y4.71 y8.45hD
36 G y0.10 y3.03 0.23 y3.15 y6.85 y2.36 y1.69 0.04 y0.88 y2.82hN
37 D H y4.16 y5.68 y1.95 y6.23 y10.43 y5.94 y4.39 y3.15 y8.99 y10.67h
38 yTDS 3.56 2.13 2.27 2.31 4.47 2.12 2.42 3.28 5.19 5.03h
39 DC 31.67 3.91 23.69 3.74 16.66 6.14 16.11 32.58 37.69 30.54ph
40 DG 1.13 3.26 y0.39 3.69 5.25 3.42 1.74 y0.19 5.59 6.56c
41 D H 7.06 3.64 1.97 4.47 6.03 5.80 4.42 3.45 13.46 14.41c
42 yTDS y5.93 y0.39 y2.36 y0.78 y0.78 y2.38 y2.68 y3.64 y7.87 y7.95c
43 DG 0.53 y0.30 y0.06 y0.23 y0.71 y0.40 y0.24 y0.06 1.78 0.91
44 D H 2.89 y2.03 0.02 y1.76 y4.40 y0.16 0.04 0.30 4.47 3.73
45 yTDS y2.36 1.74 y0.08 1.53 3.69 y0.24 y0.28 y0.36 y2.69 y2.82
46 ¨ 4.00 4.00 3.00 5.00 7.00 2.00 3.00 3.00 10.00 8.00
47 s 0.00 2.00 0.00 3.00 5.00 0.00 1.00 1.00 2.00 2.00
48 f 3.00 2.00 0.00 3.00 5.00 1.00 1.00 1.00 2.00 2.00

aAbbre¨iations: K 0, compressibility; H , thermodynamic transfer hydrophobicity; H , surrounding hydrophobicity; P, polarity; pH , isoelectric point; pK 9,t p i
equilibrium constant with reference to the ionization property of COOH group; M , molecular weight; B , bulkiness; R , chromatographic index; m, refractive index;w l f
H , normalized consensus hydrophobicity; E , short and medium range non-bonded energy; E , long-range non-bonded energy; E , total non-bonded energync sm l t
Ž .E qE ; P , P , P , and P are, respectively, a-helical, b-structure, turn and coil tendencies; C , helical contact area; F, mean rms fluctuational displacement; B ,sm l a b t c a r
buriedness; R , solvent accessible reduction ratio; N , average number of surrounding residues; a , a and a are, respectively, power to be at the N-terminal,a s n c m
C-terminal and middle of a-helix; V0, partial-specific volume; N and N are, respectively, average medium and long-range contacts; H , combined surroundingm l gm

Ž .hydrophobicity globular and membrane ; ASA , ASA and D ASA are, respectively, solvent accessible surface area for denatured, native and unfolding; DG , GD N h hD
and G are, respectively, Gibbs free energy change of hydration for unfolding, denatured and native protein; D H , unfolding enthalpy change of hydration; yTDS ,hN h h
unfolding entropy change of hydration; DC , unfolding hydration heat capacity change; DG , D H and yTDS are, respectively, unfolding Gibbs free energy,ph c c c
unfolding enthalpy and unfolding entropy changes of chain; DG, D H and yTDS are, respectively, unfolding Gibbs free energy change, unfolding enthalpy change and

Ž . Ž . Žunfolding entropy change; ¨ , volume number of non-hydrogen side chain atoms ; s, shape position of branch point in a side-chain ; f , flexibility number of
. 0 0 w x w x w x w x w x w x w xside-chain dihedral angles . Notes: K and V 34 ; H 35 ; H 33 ; P, pH , pK 9, B and R 36 ; M and m 37 ; H 38 ; E , E and E , 39 ; P , P , P , P a ,t p i l f w nc sm l t a b t c, n

w x w x w x w x w x w x w x w xa and a 40 ; C 41 ; F 42 ; B 43 ; R 44 ; N 45 ; N and N 27 ; H 46 ; ASA , ASA , D ASA, DG , G , G , D H , yTDS , DC , DG , D H ,c m a r a s m l gm D N h hD hN h h ph c c
w x w x 0 3 Ž y1 5.yTDS , DG, D H and yTDS 7 ; ¨ , s and f 26 . K in m rmolrPa =10 ; H , H , H , H , DG , G , G , D H , yTDS , DG , D H , yTDS , DG, D H andc t p nc gm h hD hN h h c c c

˚2 ˚ 0 3yTDS in kcalrmol; P in Debye; pH and pK 9 in pH units; E , E and E in kcalrmolratom; B , C , ASA , ASA and D ASA in A ; F in A; V in m rmoli sm l t l a D N
Ž y6 .=10 ; DC , in calrmolrK and the rest are dimensionless quantities.ph
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Table 3
Number of families increasingrdecreasing thermostability for 24 selected properties

Number of Property
families

Increased
010 H , P, pH , M , B , m, C , R , N , a , V , ASA ,t i w l a a s c D

D ASA, -TDS , DC , ¨h ph
11 R , E , P , Nf l b l
14 s

Decreased
10 a , D Hm h
14 GhN

2.4. Computation of preferred residue exchanges
from meso to thermophilic proteins

We estimated the preference of residues re-
placed from meso to thermophilic proteins by
aligning their sequences in all 16 families. The
proteins having the highest and lowest average
environmental temperature have been selected in
each family and these sequences have been
aligned using the bestfit module of GCG 8.1. We
selected all the 380 possible mutations and the
total number of occurrences for each type of
mutations has been computed. This preference of
residue exchanges was normalized by dividing the
total number of each type of the 20 amino acid
residues present in mesophilic proteins. The pref-

Žerence between two residue pairs e.g. Ala]Asp
.and Asp]Ala was deduced by extracting the dif-

ference between these pairs.

3. Results and discussion

3.1. Amino acid properties that increase
thermostability

Considering each of the 48 amino acid proper-
Ž . Ž .ties, we computed the score S , using Eq. 2 , for

all the 16 families given in Table 1. A careful
survey of the results shows that some families
increase the average property value with increase
in thermostability, whereas, some families de-
crease. The overall behavior of the 16 considered

families for 24 selected amino acid properties is
given in Table 3.

From this table, it is interesting to note that the
Žshape, s position of branch point in a side chain;

e.g. 0 for Ala, 1 for Ile, 2 for Leu, 0 for Met and 2
.for Phe, etc. increases with an increase in ther-

Ž .mostability for 14 out of the 16 families 87.5% .
Ž .This result shows that the increase in b- ss1

Ž .or g- ss2 branched amino acid residues en-
hances the thermostability. Surprisingly, s is one
of the best properties to predict the activity and

w xstability of mutant proteins in buried regions 26 .
The two families with decreased thermostability
by increased s are phosphofructokinase and re-
ductase, both of which are oligomers with more
than 300 residues per chain.

We observed an opposite trend for Gibbs free
energy change of hydration for native protein
Ž .G . G decreased with increased ther-hN hN
mostability in the same 14 families. The decrease
in G theoretically increases the stability byhN
increasing the exposure of polar atoms for native
proteins. This observation is consistent with the

w xresult obtained by Vogt et al. 13 that the net
changes in accessible surface area of polar-atoms
increase with an increase in stability. Note that
our observation showed this behavior for 14 fami-
lies while it was observed in 13 families by Vogt

w xet al. 13 .
Table 3 shows that the other properties, chro-

Ž .matographic index R , long-range non-bondedf
Ž . Ž .energy E , b-strand tendency P and averagel b

Ž .long-range contacts N increase with an in-l
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crease in thermostability for more than two-thirds
of the families tested. Interestingly, the proper-
ties, E , P and N are responsible for the long-l b l

range interactions and these interactions are im-
w xportant to stabilize proteins 27]30 . Further-

more, the set of properties R , E and P isf l b

Table 4
aDifference in preference of residue substitutions from mesophile to thermophile in all 16 families

Ala Asp Cys Glu Phe Gly His Ile Lys Leu Met

Ala 0.0 0.5 y10.1 y1.2 y3.9 0.1 y6.6 y1.8 y1.8 y3.5 y10.4
Asp y0.5 0.0 0.0 y1.0 y1.2 2.7 y2.0 y0.3 y4.3 3.2 0.7
Cys 10.1 0.0 0.0 1.8 1.1 6.8 0.7 7.6 1.8 3.5 y1.2
Glu 1.2 1.0 y1.8 0.0 0.5 y1.0 y5.3 1.9 y3.7 1.8 y1.2
Phe 3.9 1.2 y1.1 y0.5 0.0 1.2 y0.4 5.4 2.1 6.9 1.2
Gly y0.1 y2.7 y6.8 1.0 y1.2 0.0 y1.6 y0.1 y1.9 y0.9 0.2
His 6.6 2.0 y0.7 5.3 0.4 1.6 0.0 0.9 3.5 1.8 y4.0
Ile 1.8 0.3 y7.6 y1.9 y5.4 0.1 y0.9 0.0 y1.2 y3.3 y4.7
Lys 1.8 4.3 y1.8 3.7 y2.1 1.9 y3.5 1.2 0.0 0.7 y4.0
Leu 3.5 y3.2 y3.5 y1.8 y6.9 0.9 y1.8 3.3 y0.7 0.0 y8.6
Met 10.4 y0.7 1.2 1.2 y1.2 y0.2 4.0 4.7 4.0 8.6 0.0
Asn y1.0 1.2 y4.8 y0.5 0.7 4.1 y1.2 1.0 3.8 0.9 y2.5
Pro 6.4 0.2 0.0 3.4 1.1 3.4 y2.5 0.0 y2.7 5.2 y0.7
Gln 5.0 0.7 y1.0 2.6 1.7 3.0 y2.3 0.4 3.1 2.4 0.2
Arg 2.5 0.3 0.7 y1.7 0.1 y0.8 y1.1 0.4 y2.7 2.7 0.1
Ser 1.1 y0.5 y3.9 4.0 y1.2 1.9 y1.0 1.0 1.7 2.1 1.4
Thr 1.6 0.7 y4.9 y1.6 y1.6 0.8 0.5 0.3 2.3 y0.8 y2.1
Val 2.2 y1.0 y8.3 0.1 y2.7 2.4 0.5 y4.1 y0.5 y4.0 y6.3
Trp 3.7 1.6 0.0 0.0 3.5 0.7 0.0 y1.2 0.0 2.9 3.2
Tyr 0.7 0.3 y3.5 y0.4 5.7 1.5 1.2 0.0 2.0 0.9 y1.2
Gap 21.9 0.0 y1.8 y5.2 2.7 y0.2 y1.0 7.9 2.5 19.7 4.5

Asn Pro Gln Arg Ser Thr Val Trp Tyr Gap
Ala 1.0 ]6.4 y5.0 y2.5 y1.1 y1.6 y2.2 y3.7 y0.7 y21.9
Asp y1.2 y0.2 y0.7 y0.3 0.5 y0.7 1.0 y1.6 y0.3 0.0
Cys 4.8 0.0 1.0 y0.7 3.9 4.9 8.3 0.0 3.5 1.8
Glu 0.5 y3.4 y2.6 1.7 y4.0 1.6 y0.1 0.0 0.4 5.2
Phe y0.7 y1.1 y1.7 y0.1 1.2 1.6 2.7 y3.5 y5.7 y2.7
Gly y4.1 y3.4 y3.0 0.8 y1.9 y0.8 y2.4 y0.7 y1.5 0.2
His 1.2 2.5 2.3 1.1 1.0 y0.5 y0.5 0.0 y1.2 1.0
Ile y1.0 0.0 y0.4 y0.4 y1.0 y0.3 4.1 1.2 0.0 y7.9
Lys y3.8 2.7 y3.1 2.7 y1.7 y2.3 0.5 0.0 y2.0 y2.5
Leu y0.9 y5.2 y2.4 y2.7 y2.1 0.8 4.0 y2.9 y0.9 y19.7
Met 2.5 0.7 y0.2 y0.1 y1.4 2.1 6.3 y3.2 1.2 y4.5
Asn 0.0 y0.5 y4.0 y3.1 y1.0 3.7 2.0 0.4 0.8 y4.1
Pro 0.5 0.0 y2.0 y1.5 y0.1 y0.1 0.7 y1.6 0.0 y8.5
Gln 4.0 2.0 0.0 3.6 y1.2 y0.3 2.2 y1.6 1.6 0.8
Arg 3.1 1.5 y3.6 0.0 0.0 y0.5 2.6 y2.5 y0.7 0.7
Ser 1.0 0.1 1.2 0.0 0.0 4.3 1.2 y1.2 3.1 0.7
Thr y3.7 0.1 0.3 0.5 y4.3 0.0 2.8 y4.0 1.6 y7.6
Val y2.0 y0.7 y2.2 y2.6 y1.2 y2.8 0.0 y2.7 y0.8 0.2
Trp y0.4 1.6 1.6 2.5 1.2 4.0 2.7 0.0 9.8 y4.5
Tyr y0.8 0.0 y1.6 0.7 y3.1 y1.6 0.8 y9.8 0.0 y3.2
Gap 4.1 8.5 y0.8 y0.7 y0.7 7.6 y0.2 4.5 3.2 0.0

a The residues in rows and columns represent, respectively, for meso and thermo. Positive sign indicates that the mutation from
meso to thermo is favorable and the negative sign shows that the mutation from meso to thermo is unfavorable. The topmost six
preferred mutations are shown in bold.
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among one of the best sets to predict the stability
w xof buried mutations in strand segments 14,15 .

This shows that the increase in long-range inter-
actions enhance the stability. It is evident that the
enhancement in thermostability is achieved not
only due to hydrogen bonds but also by long-range
interactions. A striking feature is that the four
properties R , E , P and N can explain thef l b l

w xobservation of Argos et al. 5 that the residues
Gly, Ser, Lys and Asp in mesophiles are generally
substituted by Ala, Thr, Arg and Glu, respec-
tively, in thermophiles to enhance the stability,
since these quantities are increased by the respec-
tive amino acid changes.

We normalized the score of each property ob-
tained for all the 16 families by assigning the
highest score for each property as "1 and
observed that the highest scores for most of the
properties are acquired by the family glycosyl-
transferase B. Further analysis shows that approx-
imately one-third of the families have the highest
score for the property, shape. The other eight
properties, ASA , yTDS, DG, H , B , K 0, pHN nc r i
and P have the highest score in at least one of
the families.

3.2. Physical interpretation for shape and yGhN

Inspection of s values for 20 amino acids shows
the following behavior: among the non-polar
residues, s value increases with an increase in the

Ž . Ž . Ž .number of carbon atoms; p L )p V sp I )
Ž .p A . We observed a similar type of behavior for

the other set of properties R , E , P and N thatf l b s
also increase the stability. Furthermore, this type
of pattern is observed for a set of properties,
which have significant correlation with stability

w xupon buried mutations 14,15 . We observed a
similar trend among the polar residues. The value
for the property, s, increases with increase in the

Ž . Ž . Ž .number of carbon atoms; p R )p K ; p E )
Ž . Ž . Ž .p D ; p Q )p N . This shows that the ther-

mostability may be ascribed to the increase in s,
that generates more packing and compactness,
etc., and the position of b- and higher order
branches may be important for better packing.
Moreover, the preference of residue substitutions
from mesophilic to thermophilic proteins in Table

Fig. 1. Plot connecting average environmental temperature
and average shape for a set of six selected families.`: malate
dehydrogenase; ': glyceraldehyde-3-phosphate dehydroge-
nase; X: thermolysin; v: phosphoglycerate kinase; D: hydro-
lase; q: glycosyltransferase B.

4 shows that the gaps in meso are filled by hy-
drophobic amino acids with higher preferences,
yielding better packing of thermophilic proteins.
In Fig. 1, we show the relationship between aver-
age shape and average environmental tempera-
ture for a set of six selected families. From this
figure, we observe that the shape increases from
meso to thermo with an increase in environmen-
tal temperature.

The increased number of carbon atoms in-
creases the hydrophobicity in proteins. On the
other hand, it also increases the insolubility of
native proteins and creates high heat capacity

Ž .changes DC upon unfolding because DC isp p
proportional to the number of carbon atoms in

w xthe protein interior 7,31 . This large DCp
destabilizes the proteins at a higher temperature
than room temperature. The thermophilic protein
may overcome this situation by increasing the
hydration energy for native proteins. This in-
crease in hydration energy for native proteins
increases the solubility and reduces the magni-
tude of DC in thermophilic proteins.p

In order to test this, we examined the relation-
ship between solubility and thermostability of
proteins. We assume that the solubility of native
proteins is represented by their total hydration
free energy, yGtotal sÝyG , and the normal-hN hN
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Table 5
aHydration free energy as a measure of solubility for all the native proteins in 16 families

total total² : ² :Family PDB N T yG yG Family PDB N T yG yGenv hN hN env hN hN
Ž . Ž . Ž Ž . Ž . Žno. entry 8C kcalrmol kcalrmolr no. entry 8C kcalrmol kcalrmolr

. .ID residue ID residue

1a 4MDH 333 37.0 387 1.162 8c 2FXB 81 52.5 90 1.111
1b 1BMD 327 72.5 429 1.312 9a 3SDP 195 27.5 235 1.205
2a 1CDG 686 35.0 834 1.216 9b 1ABM 198 37.0 259 1.308
2b 1CGT 684 35.0 824 1.205 9c 1IDS 207 37.0 265 1.280
2c 1CYG 680 52.5 890 1.309 9d 1ISA 192 37.0 233 1.214
2d 1CIU 683 60.0 861 1.261 9e 3MDS 203 72.5 282 1.389
3a 4GPD 333 20.0 357 1.072 10a 2PFK 320 37.0 426 1.331
3b 1GAD 330 37.0 383 1.161 10b 3PFK 319 52.5 415 1.301
3c 3GPD 334 37.0 370 1.108 11a 3PGK 415 27.5 489 1.178
3d 1GD1 334 52.5 414 1.240 11b 1PHP 394 52.5 507 1.287
3e 1CER 331 71.0 413 1.248 12a 1YPI 247 27.5 303 1.227
3f 1HDG 332 82.5 415 1.250 12b 1HTI 248 37.0 290 1.169
4a 6LDH 329 20.0 384 1.167 12c 1TIM 247 37.0 290 1.174
4b 1LLC 325 35.0 392 1.206 12d 1TPE 250 41.0 300 1.200
4c 5LDH 333 37.0 410 1.231 12e 1BTM 252 52.5 324 1.286
4d 9LDB 331 37.0 411 1.242 13a 1RDG 52 35.5 49 0.942
4e 1LLD 319 39.0 388 1.216 13b 6RXN 45 35.5 52 1.156
4f 1LDN 316 52.5 427 1.351 13c 8RXN 52 35.5 47 0.904
5a 1NPC 317 30.0 373 1.177 13d 5RXN 54 37.0 64 1.185
5b 1LNF 316 52.5 396 1.253 13e 1CAA 53 110.0 57 1.075
6a 2RN2 155 37.0 224 1.445 14a 1INO 175 37.0 215 1.229
6b 1RIL 166 72.5 243 1.464 14b 2PRD 174 72.5 230 1.322
7a 1ST3 269 30.0 273 1.015 15a 2EXO 312 30.0 398 1.276
7b 1SUP 275 35.0 241 0.876 15b 1XYZ 347 60.0 466 1.343
7c 1SCA 274 42.5 250 0.912 16a 1LPF 477 27.5 540 1.132
7d 1THM 279 60.0 267 0.957 16b 1LVL 458 27.5 570 1.245
8a 1FCA 55 28.0 48 0.873 16c 3LAD 476 37.0 519 1.090
8b 1FDX 54 37.0 40 0.741 16d 1EBD 455 52.5 526 1.156

a ² : totalT , average environmental temperature; N, number of residues in a protein; yG syG rN.env hN hN
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Fig. 2. Plot connecting average environmental temperature
and normalized hydration energy per residue for a set of six
selected families. The explanation to symbols are as in Fig. 1.

² :ized hydration energy per residue, yG shN
total ŽyG rN N is the total number of residues inhN

.a protein , which is a good measure to compare
the solubilities of individual proteins in water. In
Table 5, we present the solubility and average
environmental temperature of all proteins in the
16 families. The direct relationship between solu-
bility and average environmental temperature for
a set of six selected families are shown in Fig. 2.
Interestingly, from this figure and Table 5, we
observe that the solubility increases from meso to
thermo with an increase in environmental tem-
perature. This may provide a physical meaning
for the increase in yG with increase of stabil-hN
ity.

3.3. Relationship between DG and Dshapeh N

Ž .Ribonuclease H RNase H is one of the fami-
lies in which more than 80% of the properties
increase with increase in thermostability. We ana-
lyzed the changes in G and shape betweenhN

Ž . Žmesophilic E. coli and thermophilic Thermus
.thermophilus RNase H using a set of aligned

w xsequences 32 . A plot showing the difference of
G and shape from meso to thermo RNase H ishN
displayed in Fig. 3. From this figure, we observe

that yDG is proportional to Dshape. A de-hN
tailed analysis shows that the replacements from

Ž . Ž .Arg in Thermus to residues L6 coil , K91 helix ,
Ž . Ž . Ž .K96 coil , V106 helix , K122 strand and A144

Ž . Žhelix give largest changes in yG more thanhN
.5 kcalrmol and shape. Similarly, the replace-

Ž .ments from Arg in mesophile to C45 strand ,
Ž . Ž .K79 helix and A111 helix shows the largest

negative changes in these quantities. Surprisingly,
all these residues are located on the surface but
are not fully exposed to solvent; the fractional
accessible surface area of these residues is
between 23 and 63%. We note that these residues
are present in all secondary structures, helix,
strand and coil.

We observed a direct relationship between
yG and shape for all the 20 amino acidhN

Ž .residues rs0.77 and the residue Arg is the
most effective in replacement from mesophile to
thermophile. This good correlation reveals that
the simultaneous increases of yG and shapehN
are necessary to enhance thermostability from
mesophile to thermophile. Also, this feature ex-

w xplains the observation of Argos et al. 5 that the
residues Gly, Ser, Lys and Asp in mesophiles are
generally substituted by Ala, Thr, Arg and Glu,
respectively, in thermophiles, all of which tend to
move closer to the regression line and towards
the upper right direction. Furthermore, we specu-
late from this preference that Phe and Trp may
be replaced by Tyr to enhance thermostability.

3.4. Comparison with other studies

w xQuerol et al. 11 suggested that several proper-
ties, such as, increase in hydrogen bonds, hy-
drophobic packing, secondary structural propen-
sity and helix-dipole stabilization increases the
thermostability and the relative importance of

w xthese properties is still not clear. Vogt et al. 13
found that the increase in hydrogen bonds and
increase in fractional polar surface increases the
stability. In the present analysis, we found that
the properties, shape and free energy of hydra-
tion are important for thermostability. Remark-
ably, instead of individual properties, the simulta-
neous increase of these two properties are very
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Ž .Fig. 3. Difference of yG and shape from meso to thermophilic RNase H mutations with same residues are not shown . The amino acid residues at mutant sites ofhN
Ž . ŽThermus and E. coli are shown by single letter code. The helical and strand segments are indicated by cylinders a I, a II, a III, a IV and aV and arrows bA, bB, bC,

. .bD and bE , respectively. The amino acid sequence of Thermus RNase H was used as a reference. v: shape; `: yGhN
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important to enhance the thermostability from
mesophile to thermophile, suggesting that the
stability of thermophilic proteins may be achieved
by a balance between better packing and solubil-
ity which show opposite effect on stability each
other.

w xFurthermore, in comparing with Vogt et al. 13
we found that the enhancement in thermostabil-
ity is achieved not only due to hydrogen bonds
but also by long-range interactions. Interestingly,
the properties responsible for long-range interac-
tions, E , P and N can explain the Argos’sl b l
replacements that have not been revealed so far.
We also found that Phe and Trp may be replaced
by Tyr to enhance thermostability, which has not

w xbeen observed by Argos et al. 5 .

3.5. Hydrophobicity and entropy show opposite
effects

A detailed analysis on the effect of hy-
drophobicity on thermostability shows two dif-
ferent trends. One set of families increases stabil-
ity with increase in hydrophobicity and another
set of families decreases the stability with in-
crease in hydrophobicity. The hydrophobic char-
acters are represented by the properties H , H ,t p
E , N and DC and the entropic effect is repre-l s ph
sented by the unfolding chain entropy change
Ž .yTDS . Fig. 4 shows the opposite effect ofc

w x w xyTDS 7 and H 33 on thermostability. Fromc p
this figure and Table 3, we observe that these five
properties increase the stability for nine to 11
families. When we carefully examine the details

Žof the behavior of these properties H , H , E ,t p l
.N and DC on thermostability, we find that thes ph

five families, malate dehydrogenase, lactate dehy-
drogenase, phosphofructokinase, phosphoglycer-
ate kinase and reductase show a decrease in
stability due to an increase in properties influ-
enced by hydrophobicity and long-range interac-
tions. Interestingly, we observed a common be-
havior among these five families. The entropic
effect highly influences these families, which have
positive values for yTDS . This shows that thec
main contribution for stability to these five fami-
lies are due to the chain entropic effect and not
from hydrophobicity. This mechanism can directly
be observed from Fig. 4 that the normalized score
for yTDS is highly positive for these five fami-c
lies while H and other four properties showp
highly negative scores.

3.6. Influence of secondary structures on
thermostability

We analyzed the influences of different sec-
ondary structures, helix, strand, turn and coil on
thermostability by computing the score, S, using

Ž .the secondary structural content % of proteins

Fig. 4. Normalized scores for the properties, H and yTDS obtained for all the 16 families. white H ; black: yTDS .p c p c
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Ž .in each family Table 1 . We observed an opposite
trend between helical and turn content to the
thermostability. While nine families increase the
stability with increase in helical content, nine
families decrease the stability with increase in the
turn content. A similar behavior is also observed
for strand content. The correlation coefficient
between scores obtained for helix and turn in 16
families is y0.64. The increase in coil content
decreases the thermostability for approximately
75% of the considered families.

3.7. Residue substitution preference from meso to
thermophile

We examined our speculation, Phe and Trp
may be replaced by Tyr to enhance thermostabil-
ity, by aligning the sequences of mesophilic and
thermophilic proteins in each family. We selected
all the 380 possible mutations and analyzed the
preference of each mutation by computing the
total occurrences of all possible mutations in 16
families. We normalized the values, and the dif-
ferences in preference of residue substitutions
from mesophilic to thermophilic proteins in all 16
families are given in Table 4. From Table 4 we
found that the thermophilic proteins favor muta-
tion from Cys to AlarValrIle, TrpªTyr, Leuª
Ala, etc. This clearly indicates the possibility of
general substitution from Trp in mesophiles to
Tyr in thermophiles to enhance the stability in

w xaddition to those proposed by Argos et al. 5 .
Furthermore, from this table, strong preference
of replacements is observed for the mutations,
MetªAla, CysªAla, TrpªTyr, MetªLeu,
CysªVal and CysªIle. Interestingly, five of the

Žmutations occur from Cys and Met sulfur-con-
.taining residues to other hydrophobic residues

and such mutation removing sulfur atom are
strongly favored from meso to thermophile. This
may be due to the fact that the size of the sulfur
atoms is so different from other atoms, and they
might not pack easily among the other more
similarly sized atoms or due to the higher reactiv-
ity of sulfur atoms than that of carbon atoms. We
also found that the gaps in meso tend to be filled
by Ala, Leu, Pro, Ile and Thr, which may be
related to better packing in thermophilic proteins.

Table 4 contains 30 preferred mutations with
values greater than 4.0. Interestingly, 25 of them
Ž .83.3% agree well with our suggestion that the
simultaneous increase of yG and shape ishN
necessary to increase thermostability from me-
sophile to thermophile.

Thus, these results suggest that the stability of
thermophilic proteins may be achieved by a
balance between better packing and solubility
which show an opposite effect of stability on each
other.

4. Conclusions

The comparative analysis on the relation
between thermostability and amino acid proper-
ties for a family of meso and thermophilic pro-
teins revealed important factors for the stability
of thermophilic proteins. We found that the
properties, Gibbs free energy change of hydration
for native protein and shape play a dominant role
in the thermostability of proteins. The simultane-
ous increase of negative hydration and shape is
necessary to increase the thermostability from
mesophilic to thermophilic proteins. Also, the
properties, long-range non-bonded energy, b-
strand tendency and average long-range contacts
enhance the thermostability. The properties that
increase the stability are related to an increase in
the number of carbon atoms within polar and
non-polar amino acids. These results imply the
importance of packing in the stability of ther-
mophilic proteins. On the other hand, solubility
increases in thermophilic proteins, which tends to
counterbalance the increase in insolubility due to
the increased number of carbon atoms of ther-
mophilic proteins. Thus, the stability of ther-
mophilic proteins may be achieved by a balance
between better packing and solubility.
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