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ABSTRACT Structural analysis is useful in elu-
cidating structural features responsible for en-
hanced thermal stability of proteins. However, due
to the rapid increase of sequenced genomic data,
there are far more protein sequences than the corre-
sponding three-dimensional (3D) structures. The
usual sequence-based amino acid composition anal-
ysis provides useful but simplified clues about the
amino acid types related to thermal stability of
proteins. In this work, we developed a statistical
approach to identify the significant amino acid cou-
pling sequence patterns in thermophilic proteins.
The amino acid coupling sequence pattern is de-
fined as any 2 types of amino acids separated by 1 or
more amino acids. Using this approach, we con-
struct the � profiles for the coupling patterns. The �
value gives a measure of the relative occurrence of a
coupling pattern in thermophiles compared with
mesophiles. We found that thermophiles and meso-
philes exhibit significant bias in their amino acid
coupling patterns. We showed that such bias is
mainly due to temperature adaptation instead of
species or GC content variations. Though no single
outstanding coupling pattern can adequately ac-
count for protein thermostability, we can use a
group of amino acid coupling patterns having strong
statistical significance (p values < 10�7) to distin-
guish between thermophilic and mesophilic pro-
teins. We found a good correlation between the
optimal growth temperatures of the genomes and
the occurrences of the coupling patterns (the corre-
lation coefficient is 0.89). Furthermore, we can sepa-
rate the thermophilic proteins from their meso-
philic orthologs using the amino acid coupling
patterns. These results may be useful in the study of
the enhanced stability of proteins from thermo-
philes—especially when structural information is
scarce. Proteins 2005;59:58–63.
© 2005 Wiley-Liss, Inc.
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INTRODUCTION

Structural analysis1–24 has identified a number of struc-
tural features responsible for thermal stability of proteins;
these structural features include tighter hydrophobic pack-
ing3,4,6,18; more charged amino acids or salt bridges,3,4,13,18

or more charged residues at the protein surface8,19; the
preferential arrangement of charged residues with a 1-4
helical spacing9,11,19; the stabilization of the helices by an
increase in negative charge at the N-terminal and an
increase in helical content19; a shortened loop4; a decrease
in the entropy of unfolding18; less free cysteine amino acids
except those involved in disulfide bridges and metal bind-
ing, or those inaccessible to the solvent18,20; higher propor-
tions of charged versus polar (noncharged) amino acids,5,8

or asymmetrical substitution patterns for certain amino
acid pairs25; and more side-chain–side-chain hydrogen
bonds.6,11 However, due to the advances of genomic re-
search in recent years, the accumulation of protein se-
quences far outpaces that of the corresponding three-
dimensional (3D) structures. Hence, sequence-based
analysis is still valuable in the study of thermal stability of
proteins. The often-used sequence-based methods5,7,14,26–28

differentiate the amino acid compositions between thermo-
philic and mesophilic proteins, and show that thermophilic
proteomes exhibit significant bias in their amino acid
compositions. For example, Val, Glu, and total charged
residue content are found to be higher, while polar amino
acids like Gln, Asn, Ser, Thr, and His contents are
significantly lower in thermophilic genomes. However,
amino acid composition analysis provides a useful but
simplified picture of the relative importance of each indi-
vidual amino acid type in the thermophilic proteins. Such
analysis overlooks the coupling effects between amino acid
types on thermal stability of proteins. In this article, we
study the amino acid coupling sequence patterns for a data
set comprising 74 mesophilic and 15 thermophilic ge-
nomes. We developed a statistical approach to analyze the
amino acid coupling patterns in thermophilic proteins. We
also discuss the structural implications of these coupling
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patterns and their roles in thermal stabilization of pro-
teins.

MATERIAL AND METHODS

Let [XdZ] denote the amino acid coupling pattern of
amino acid types X and Z that are separated by d amino
acids. Since the protein sequence is directional, the sign of
d is determined by the relative positions of X and Z. If X is
closer to the N-terminal side, d is defined as positive, and if
X is closer to the C-terminal side, it is defined as negative.
Let N(XdZ) be the number of occurrences of the pattern
[XdZ]. We define the conditional probability RXdZ as

RXdZ �
N�XdZ�

N�Xd � �
, (1)

where N�Xd � � � �YN�XdY� and Y � {20 types of amino
acid}. RXdZ is the probability of amino acid Z occurring at d
amino acids from amino acid X. The coupling strength
CXdZ between X and Z of the pattern [XdZ] is given by

CXdZ �
RXdZ

P�Z�
, (2)

where P(Z) is the probability of the occurrence of amino
acid Z. CXdZ indicates the coupling strength of amino acid
Z at d amino acids from amino acid X. If CXdZ � 1, then X
and Z are positively correlated with respect to the distance
d, and if CXdZ � 1, they are negatively correlated. We use
R� XdZ

T and R� XdZ
M to denote the means of RXdZ over thermo-

philic and mesophilic proteins, respectively. Similarly,
C� XdZ denotes the mean of CXdZ over all proteins. To
compute the relative occurrence of [XdZ] in thermophilic
proteins, we define

�XdZ �
R� XdZ

T

R� XdZ
M . (3)

The � value of pattern [XdZ] gives a measure of its relative
occurrence in thermophiles compared with mesophiles. If
�XdZ � 1, [XdZ] is increased in thermophilic proteins, and
if �XdZ � 1, it is decreased in thermophilic proteins. We
will refer to �XdZ as the thermophilic coefficient, or simply
the � value of [XdZ]. To check the statistical significance of
[XdZ], we carry out a statistical test on RXdZ and CXdZ

between thermophilic and mesophilic genomes. The result-
ant p value is used to determine whether the null hypoth-
esis is true. For example, in the statistical test, if the p
value is less than 10�2, we have 99% confidence that the
coupling patterns present in the thermophilic and meso-
philic samples are significantly different. Since the sample
size of the amino acid coupling pattern [XdZ] is too small
for a confident normal distribution test, we carry out the
nonparametrical Wilcoxon rank-sum test on RXdZ and
CXdZ between thermophilic and mesophilic genomes to
check the statistical significance of [XdZ]. The advantage
of nonparametric methods (such as the Wilcoxon rank-sum
test or the equivalent Mann–Whitney test) over their
parametric counterparts (such as the t test) is the absence
of assumptions regarding the sample distribution. A non-
parametric test is more powerful with small sample sizes

and with non-normal data.29 In fact, the Wilcoxon proce-
dure is applicable to both small and large samples, and its
advantage actually increases when the sample size be-
comes larger. For samples having the normal distribution,
the nonparametric test will have less power and is less
likely to give small p values, especially when the sample
size is small; however, this is not the case for the present
study (see Results and Discussion section). We have
studied 20 � 20 � 40 � 16,000 amino acid-coupling
patterns [XdZ] for X, Z over all 20 types of amino acid and
�20 � d � 20. When the separation is greater than 20
amino acids, we find that CXdZ 	 1, indicating that the
correlation between amino acids becomes insignificant
when �d� � 20. The p values of the Wilcoxon rank-sum test
for RXdZ and CXdZ are called their RS(R) and RS(C) values,
respectively. Eqs. (1) and (2) are formulated for a single-
residue coupling sequence pattern. It is not hard to
generalize these equations for a group of residue coupling
sequence patterns denoted by 
. The generalized equa-
tions are given by

R
 �

�
XdY�


Z�RXdY� � ��R� XdY
T � R� XdY

M �

�
� , (4)

C
 �

�
XdY�


Z�CXdY� � ��C� XdY
T � C� XdY

M �

�
� , (5)

where �
� is the number of the sequence patterns of the set

, and Z(RXdY) and Z(CXdY) are the standardized normal
scores based on standard normal distribution N(0,1), and
the function �(x) gives �1, 0, or 1, depending on whether x
is negative, zero, or positive.

DATA SET

Our data set comprises 89 prokaryotic genomes, 15
archaea, and 74 bacteria, obtained from the Comprehen-
sive Microbial Resource (CMR) of TIGR database (http://
www.tigr.org). Using optimal growth temperature (OGT)
45°C as the thermophilic delimitation, we further divide
this data set into two parts: the thermophilic set contain-
ing 15 genomes, which comprises 12 archeae and 3 bacte-
ria, and the mesophilic set containing 74 genomes, which
comprises 3 archeae and 71 bacteria. The OGTs of the 89
prokaryotes are available at http://pgtdb.csie.ncu.edu.tw.

RESULTS AND DISCUSSION
� Profiles of Amino Acid Coupling Patterns

Using Eq. (3), we are able to construct the � profile of the
amino acid coupling patterns. The � profile is useful in
providing a global picture of the relative occurrences of the
coupling pattern in thermophiles compared with meso-
philes. An example of the � profile for [xdC] is shown in
Figure 1(A), which shows the � values, together with
RS(R) and RS(C). Most [xdC]s have � � 1 and, hence,
appear to be decreased in thermophiles. These results are
consistent with previous reports14,18,19 that the Cys compo-
sition is in general decreased in thermophiles. However,
we note that there exist some statistically significant
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patterns with � � 1.4 [indicated by the arrow in Fig. 1(A)].
We zoom in on this region in Figure 1(B). These patterns
are mostly of the form [CdC], some instances of which are
[C3C], [C4C], and [C7C]. Rosato et al.20 previously re-
ported that cysteine clustering is closely related to the
growth temperature of the organism. Structural analy-
sis20 showed that the increased stability of the cysteine
clusters is probably due to their involvement in coordina-
tion of metal ions such as zinc, iron, or FeS groups, or in
disulfide bonds. This example shows that our approach is
able to identify and provide a more detailed description of
sequence features in thermophilic proteins than the conven-
tional composition analysis. In the following sections, we
discuss the � profiles of coupling patterns of the general
coupling pattern [xdZ], where Z denotes the particular
amino acid type and x is any amino acid type.

� Profiles of [xdZ]

The figures of the � profiles of the coupling patterns of
the form [xdZ] can be found in the Supplementary Mate-
rial.

[xdE] and [xdV]

We found that [xdE] occurs more in thermophiles, and
this observation is consistent with previous reports14,19

that Glu content is usually higher in the thermophilic
proteins. Specifically, the most statistically significant
[RS(C) and RS(R) � 10�5] patterns are [KdE], [RdE],
[EdE], and [DdE]. The first 3 patterns usually occur in
helices when d � 3. For example, using the nonredundant
Protein Data Bank set (nr-PDB) with sequence homologs
removed using the sequence-similarity cutoff BLAST p
value � 10�7, we found that 58% of both [K3E] and [R3E],
and 53% of [E3E] occur in helices. These results are in
accordance with the previous report19 that both local salt
bridges and helical conformations are significantly in-
creased in thermophilic proteins.

The � profile of [xdV] (see Supplementary Material) is
similar to that of [xdE], though the nonpolar valine and
the charged glutamate are completely different types of
amino acids. These are the coupling patterns [DdV],
[KdV], [NdV], and [YdV] that are significantly increased in
thermophiles. The structural implications of these pat-
terns are not clear, though these patterns frequently occur
in �-helices or -sheets, and a higher proportion of second-
ary structures is known to be an important contributor to
increased thermal stability.19

[xdP] and [xdC]

The � profile of [xdP] is similar to that of [xdC]. Most
instances of [xdP] are increased in thermophiles (� � 1),
though with relatively high p values. It is reported19 that
the Pro composition is increased in thermophilic proteins.
There exist a few statistical significant patterns with � �
1.4 (indicated by the arrow in the figure in the Supplemen-
tary Material), which are [CdP] and [PdP]. We found from
structural analysis that [PdP]s (or proline clusters) are
often involved in the formation of the polyproline II helix.

The helical conformation, together with the reduced confor-
mational entropy, may contribute to protein stability.

[xdQ], [xdT], and [xdH]

The coupling patterns involving polar amino acids are
usually decreased in thermophiles. It is reported5,14,18

that the Gln composition, as well as other polar amino
acids like Ser, Gln, Asn, Thr, and Cys, are decreased in
thermophiles. Specifically, the coupling patterns with p
values � 10�6 are [EdQ], [GdQ], [RdQ], and [QdQ]. The
homo-amino acid coupling pair [QdQ] presents a special
case in sequence coupling patterns. Figure 2 shows the
homo-amino acid coupling patterns for 20 amino acid
types. Only [EdE], [CdC], and [PdP] show statistically
significant instances that are increased in thermophilic
proteins (see also the previous sections).

Most instances of [xdT] have � � 1. We notice that the
particular pattern [(charged residue)dT] is significantly
decreased in thermophiles. For example, [E3T] has � �
0.72, RC(R) � 9.6 � 10�8 and RC(C) � 2.4 � 10�8. Though
Glu is usually increased in thermophiles, the coupling
pattern [E3T] is in fact decreased in thermophiles. The �
profile of [xdH] shows a similar shape to that of [xdT].
Interestingly, we observe that [(charged residue)dH] is
also significantly decreased in thermophilic proteins.

Other Coupling Patterns

[xdL] does not show any significant bias toward thermo-
philes. However, a particular instance, [CdL], is decreased
in thermophiles with statistical significance. Other pat-
terns like [xdM], [xdF], [xdW], and [xdG] also show similar
neutral � profiles. [xdI], unlike [xdL], is increased in
thermophiles. For the patterns involving aromatic amino
acids, [xdF] and [xdW] are decreased in thermophilic
proteins, but [xdY] is increased. For patterns involving
charged amino acids, [xdE], [xdK], and [xdR] are increased
in thermophilic proteins, but interestingly, [xdD] is de-
creased. For patterns involving polar amino acids, [xdS]
and [xdN] are in general decreased in thermophilic pro-
teins. The � profile of [xdA] pattern is similar to that of
[xdN] and is decreased in thermophiles, despite the fact
that alanine and asparagine are 2 different types of amino
acids.

Significant Amino Acid Coupling Patterns

The net thermal stability of proteins usually results
from a multitude of different coupling patterns, and no
single outstanding sequence or structural feature can
adequately account for thermophilic proteins. We identify
from the amino acid coupling pattern the most significant
ones with p values � 10�7 for both RS(R) and RS(C). We
denote this set by 
, which contains the following thermo-
philic amino acid coupling patterns: [C(�2)P], [C1P],
[C3C], [C4C], [C6C], [C7C], [K(�7)E], [K(�4)E], [K3E],
[K4E], and [H(�4)V], and the following mesophilic amino
acid coupling patterns: [C(�4)L], [C(�3)L], [C(�2)L], [C2L],
[C3L], [D(�5)T], [D(�4)T], [E(�8)T], [E(�4)T], [E1Q],
[E3T], [E4T], [G(�3)Q], [K(�4)T], [K2T], and [K3T].
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Identification of Thermophilic and Mesophilic
Proteins Using Amino Acid Coupling Patterns

Most sequenced thermophilic genomes are archaea (as
also reflected in our thermophile data set—12 archaea and

3 bacteria), and it is possible that some of the amino acid
coupling patterns between thermophilic and mesophilic
proteins may be due to phylogenetic differences instead of
temperature adaptation. We compute C
 for the set 

using Eq. (5) for both bacteria and archaea. Figure 3 shows
the C
–OGT plot for both archaea and bacteria genomes.
The amino acid coupling patterns can clearly distinguish
between thermophiles and mesophiles of both bacteria and
archaea. The results show that we can identify the amino
acid coupling patterns that are indeed due to temperature
adaptation. Furthermore, we observe a good linear correla-
tion between C
 and OGT (the correlation coefficient is
0.89). This is encouraging, since the linear relationship is
obtained without adjustable parameters.28

To distinguish thermophilic proteins and their meso-
philic orthologs presents a much harder challenge, be-
cause these orthologs usually share higher degrees of
sequence similarity. Define � and � as the occurrences of
thermophilic and mesophilic amino acid patterns of the set

, respectively. We compute � and � for both thermophilic
and mesophilic orthologs of the clusters of orthologous
groups (COG) families.30 To avoid sampling bias toward
either thermophiles or mesophiles, we selected the COG
groups under the consideration that each COG group
should cover both bacteria and archaea and have proper
proportions of thermophiles and mesophiles. Since our
sequence patterns are sampled from prokaryotes, we
exclude the eukaryotic sequences, if any, from the COG
groups. The resultant selected GOG groups are COG0003,
COG0068, COG0121, COG0156, COG0430 and COG1042.
The �–� plot of these COG families is shown in Figure 4,
with each point (�,�) representing 1 ortholog. Thermo-
philic proteins are generally well separated from their
mesophilic orthologs, with most thermophilic orthologs
clustering in the lower right area of the �–� region, while
the mesophilic orthologs cluster in the upper left regions.

GC Content and Amino Acid Coupling Patterns

Though GC content is the dominant influence on amino
acid composition, it has been shown that GC pressure and

Fig 1. (A) The�, RS(R), and RS(C) profiles of the amino acid coupling
pattern [xdC]. The � values are plotted in black (scale on the right), and the
RS(R), and RS(C) values in red and blue, respectively (logarithmic scale
on the left). The abscissas are the amino acid coupling patterns [xdC]
sorted according to ascending � values. The dotted line indicates the
threshold � � 1. The arrow indicates the region of the statistical significant
patterns with � � 1.4. (B) The zoom-in view of this region.

Fig. 2. The � profiles of 20 homo-amino acid cou-
pling patterns [XdX].
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thermophily are essentially independent of each other.14

We compute C
 for both bacteria and archaea. Figure 5
compares C
s and the corresponding GC contents of the
genomes. While C
 clearly distinguishes between thermo-
philes and mesophiles, both thermophiles and mesophiles
scatter over a range of similar the GC contents.

CONCLUSIONS

We present a statistical analysis of the relationship
between coupling patterns and thermophily of genomes.
Though no single outstanding pattern can adequately
account for protein thermophily, it is possible to distin-
guish between thermophiles and mesophiles using a set of

thermophilic and mesophilic amino acid coupling patterns.
However, despite the dominant influence of GC content on
amino acid composition, we found that that GC content
and thermophily are essentially independent of each other,
as previously reported.14 Furthermore, we are able to
distinguish thermophilic proteins from their mesophilic
orthologs using these amino acid coupling patterns. Our
approach may be useful in elucidating the relationship
between sequence features and protein thermal stability.
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