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Summary. Thermophilic proteins show substantially higher intrinsic ther-

mal stability than their mesophilic counterparts. Amino acid composition

is believed to alter the intrinsic stability of proteins. Several investigations

and mutagenesis experiment have been carried out to understand the

amino acid composition for the thermostability of proteins. This review

presents some generalized features of amino acid composition found

in thermophilic proteins, including an increase in residue hydrophobicity,

a decrease in uncharged polar residues, an increase in charged residues,

an increase in aromatic residues, certain amino acid coupling patterns

and amino acid preferences for thermophilic proteins. The differences of

amino acids composition between thermophilic and mesophilic proteins

are related to some properties of amino acids. These features provide

guidelines for engineering mesophilic protein to thermophilic protein.

Keywords: Thermophilic protein – Thermostability – Amino acid com-

position – Amino acid coupling pattern

Introduction

According to optimum growth temperature (OGT), or-

ganisms are classified as four groups: psychrophiles with

OGT in the range of �5 to 20 �C, mesophiles with OGT in

the range of 15 to 45 �C, thermophiles with OGT in the

range of 45 to 80 �C, and hyperthermophiles (or extreme

thermophile) with OGT above 80 �C (Vieille and Zeikus,

2001; Li et al., 2005). Hyperthermophiles were first iso-

lated more than 20 years ago. Proteins originated from

mesophiles are mesophilic proteins while that from ther-

mophiles and hyperthermophile are thermophilic proteins

(Pantazaki et al., 2007). Most hyperthermophiles be-

long to the phylogenetical domain of Archaeas, and they

are members of the genera Pyrobaculum, Pyrodictium,

Pyrococcus and Methanopyrus, whereas only two fami-

lies, Thermotoga maritime and Aquifex pyrophilus, belong

to the kingdom of Bacteria (Stetter, 1996; Trivedi et al.,

2006).

Thermophilic proteins show substantially higher intrin-

sic thermal stability than their mesophilic counterparts

with retaining the basic fold characteristic of the particu-

lar protein family (Jaenicke, 1996; Pack and Yoo, 2004).

The term protein thermostability refers to the preservation

of the unique chemical and spatial structure of a poly-

peptide chain under extremes of temperature conditions.

Thermophilic proteins can exhibit higher core hydropho-

bicity (Schumann et al., 1993), greater numbers of ionic

interactions (Vetriani et al., 1998), increased packing den-

sity (Russell et al., 1997), additional networks of hydro-

gen bonds (Jaenicke and Bohm, 1998), decreased lengths

of surface loops (Thompson and Eisenberg, 1999), stabi-

lization by heatstable chaperones (Haslbeck et al., 2005),

an increase in disulfide bond formation (Beeby et al.,

2005) and a general shortening of length (Das and

Gerstein, 2000; Tekaia et al., 2002). Protein characteristic

is believed to be related with amino acids composition

and some of these structural factors seem to be obtained

with the exchange of some amino acids (Diao et al., 2007;

Scandurra et al., 1998). And in studying proteins from

extremophiles, researchers have found no new amino

acids, covalent modifications or structural motifs that ex-



plain the ability of these molecules to function in such

harsh environments. Rather, subtle redistributions of the

same intramolecular interactions required for protein sta-

bilization at moderate temperatures are sufficient to main-

tain structural integrity at hot or cold extremes (Fields,

2001). Thus, the modifications in primary structure, that

is, amino acid composition, are believed to alter the in-

trinsic stability of proteins, and comparison of sequence

and structure of thermophilic and mesophilic proteins has

formed the basis of theoretical efforts in elucidating the

thermostability mechanisms.

Kumar et al. (2000) found that, despite high sequence

homology, the differences in amino acid distributions in

the thermophilic and mesophilic proteins are highly sig-

nificant. While some of the differences in the amino acid

distributions are likely to be the outcome of phylogenetic

differences between thermophiles and mesophiles, others

correlate with protein thermostability. It was observed that

Gly, Ser, Lys, and Asp in mesophiles are generally sub-

stituted by Ala, Thr, Arg and Glu, respectively, in ther-

mophiles to enhance the stability (Argos et al., 1979).

Ponnuswamy et al. (1982) found a correlation between

melting temperature and amino acid composition of a

stabilizing and destabilizing group of amino acids and

reported an empirical relation between thermostability

and amino acid content of proteins. Much more investi-

gations have been carried out recently to understand the

amino acid composition for the thermostability of proteins

(Singer and Hickey, 2003; Pack and Yoo, 2004, 2005;

Liang et al., 2005; Sadeghi et al., 2006; Trivedi et al.,

2006; Yokota et al., 2006; Lin et al., 2007). This review

will present some generalized features of amino acid com-

position and amino acid coupling pattern found in ther-

mophilic proteins.

Difference of amino acid composition between

mesophilic and thermophilic protein

The first statistical analyses comparing amino acid com-

positions in mesophilic and thermophilic proteins indi-

cated that the properties most correlated with the pro-

teins of the thermophile include higher residue volume,

higher residue hydrophobicity, more charged amino

acids (especially Glu, Arg, and Lys), and fewer un-

charged polar residues (Ser, Thr, Asn, and Gln) (Haney

et al., 1999). As more experimental data accumulate (in

particular, complete genome sequences), more results of

the correlation of amino acid and thermostability are

gained. The results demonstrated the properties of side

chain of amino acids were determinants for thermosta-

bility of protein though thermophilic and mesophilic

proteins have both similar polar and nonpolar contribu-

tion to the surface area and compactness (Sadeghi et al.,

2006).

According to the properties of side chain of amino

acids, amino acids are classified as four groups: (1) non-

polar (2) polar, uncharged (3) polar charged or (4) aro-

matic. The difference of these four groups of amino acids

composition between mesophilic and thermophilic protein

is highlighted below.

Non-polar amino acids

The nonpolar amino acids are characterized by having no

polar atoms (only carbon and hydrogen) in their side

chains. They include Glycine (Gly, G), Ala (Alanine, A),

Val (Valine, V), Leu (Leucine, L), Ile (Isoleucine, I), Pro

(Proline, P), and Met (Methionine, M). A general feature

of globular proteins is that such hydrophobic residues are

found in the protein interior, while polar residues occur on

the surface.

The hydrophobic amino acids content is marginally

higher in thermophilies than that in mesophilies and these

residues can increase rigidity and hydrophobicity of pro-

teins (Chakravarty and Varadarajan, 2000). Pack and Yoo

(2004) found that there were the lower frequency in ex-

posed state and the higher frequency in well-buried state

of Ala (with one methyl group) in thermophilic proteins

than those in mesophilic ones. It indicated that, in ther-

mophilic proteins, the amino acids with the short alkyl

group would tend to interact more closely with neigh-

boring residues and have better packed form in protein

structure. A higher Ala content in thermophilic proteins

reflects the fact that Ala is the best helix-forming residue

(Argos et al., 1979). Although the helices from thermo-

philic proteins contain a smaller fraction of beta-branched

residues (Val, Ile, and Thr) than helices in mesophilic

proteins, and beta-branched residues were found to desta-

bilize a-helix, most systematical analyses showed that

thermophilic proteins had higher frequency of Ile and

Val compared with mesophilic ones (Chakravarty and

Varadarajan, 2000; Kumar et al., 2000).

Among hydrophobic residues, Ala, Val, Leu, and Ile

belong to the aliphatic amino acids. It has been widely

accepted that the aliphatic amino acids would contribute

to the hydrophobic interaction, which is main force for

maintaining conformational stability in inner part of pro-

tein (Creighton, 1997). The aliphatic index is defined as

the relative volume of a protein occupied by aliphatic side

chains. The aliphatic index of a protein is calculated
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according to the following formula: Aliphatic index¼
X(Ala) þ a �X(Val) þ b � (X(Ile)þX(Leu)), where

X(Ala), X(Val), X(Ile), and X(Leu) are mole percent

(100�mole fraction) of alanine, valine, isoleucine, and

leucine. The coefficients a and b are the relative volume

of valine side chain (a¼ 2.9) and of Leu=Ile side chains

(b¼ 3.9) to the side chain of alanine. The aliphatic index

can be regarded as a positive factor for the increase of

thermostability of globular proteins (Ikai, 1980). Lu et al.

(1998) compared the difference of amino acid composi-

tion between 110 pairs of homologous thermophilic and

mesophilic proteins and found that thermophilic proteins

have higher average hydropathy and aliphatic index due to

higher Leu composition.

Gly is known as the residue for making void volume

or cavity in inner part of protein structure (Creighton,

1997). Thermophilic proteins have fewer Gly in a par-

ticular region of the structure (Panasik et al., 2000).

However, another study showed that there is no typical

pattern of Gly occurrence in thermophilic proteins (Pack

and Yoo, 2004).

Pro residue, with their pyrolidine ring, can only adopt a

few configurations and has the lowest conformational en-

tropy, and thus restrict the configurations allowed for the

preceding residue. It is known as the residue for making

rigid conformation or turn conformation in protein struc-

ture (Watanabe et al., 1997). Some analysis showed that

thermophilic proteins have higher frequency of Pro (Xu

et al., 2003; Pack and Yoo, 2004; Sadeghi et al., 2006).

Pro has been used to increase the protein stability in the

several mutational studies (Veltman et al., 1996; Van den

Burg et al., 1998) and hence an increase of Pro content

may be due to the increase of the thermophilic protein

rigidity. This indicated that the rigid conformation or turn

conformation of thermophilic proteins might have better

packed forms than those of mesophilic ones.

The side chain of Met includes a sulfur atom but re-

mains hydrophobic in nature. Met is known as thermola-

bile amino acid due to its tendency to undergo oxidation

at high temperature. Some systematical analyses reported

that thermophilic proteins have lower frequency of Met

compared with mesophilic proteins (Kumar et al., 2000;

Xu et al., 2003). Beta-glucosidase A (BglA) from thermo-

stable bacteria shows lower content of Met than do BglA

and other enzymes of the family from mesophilic organ-

isms (Lopez-Camacho et al., 1996).

Increase of overall hydrophobic group in thermophilic

proteins could be due to the role of the hydrophobic effect

that destabilizes the unfolded forms and it will increase

with the temperature (Ikai, 1980; Britton et al., 1995).

Polar, uncharged amino acids

These are amino acids that possess oxygen, sulfur and=or

nitrogen in the side chain and are therefore polar, but

cannot have their side chain ionized and thus do not carry

an overall charge. The polar nature of the side chain

means that these amino acids are ready to interact with

water (hydrophilic). This group includes Asparagine (Asn,

N), Glutamate (Gln, Q), Cysteine (Cys, C), Serine (Ser, S)

and Threonine (Thr, T).

Asn and Gln are known as thermolabile amino acids

due to their tendency to undergo deamination at high tem-

perature (Catanzano et al., 1997). Ser and Thr are known as

the best residues for interacting with the waters surrounding

protein (Mattos, 2002). Since the water that is interacted

with Ser and Thr would be released at higher temperature,

the local protein structure around water-binding site could

be changed to be unstable enough to evoke protein in-

stability (Denisov et al., 1997; Nagendra et al., 1998).

There have been several reports that the uncharged polar

residues contents, especially Ser, Thr, Gln, were much low-

er in thermophiles than that in mesophiles (Chakravarty

and Varadarajan, 2000; Kumar et al., 2000; Pack and Yoo,

2004). These replacements may also minimize problems

related to deamidation of Asn and Gln by Ser and Thr at

high temperatures (Tomazic and Klibanov, 1988).

The side group of Cys also contains a sulfur atom.

Unlike Met, the sulfur group in Cys comes at the end of

the hydrocarbon chain and it therefore has the potential to

be more reactive. Like Met, Cys is also known as thermo-

labile amino acids due to undergo oxidation at high tem-

perature (Russell et al., 1994). So it has lower frequency

in thermophilic proteins (Kumar et al., 2000; Xu et al.,

2003). Gromiha et al. (1999) found that strong preference

of replacements is observed for the mutations from

meso to thermophile, Met!Ala, Cys!Ala, Trp!Tyr,

Met!Leu, Cys!Val and Cys! Ile. Interestingly, five

of the mutations are strongly favored from Cys and Met

residues to other hydrophobic residues. 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

reactivity of sulfur atoms than that of carbon atoms. The

substitution of Met and Cys by more stable amino acids

has proved to be effective in the stabilization of different

proteins, as it is the case of subtilisin (Estell et al., 1985),

lysozymes (Perry and Wetzel, 1986), and BglA (Lopez-

Camacho et al., 1996).

The mesophile–mesophile homologue comparison

showed that the reduction of the uncharged polar residues
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has specific role in the thermostability of thermophilic

proteins (Sadeghi et al., 2006). The decrease in the con-

tent of uncharged polar residues in thermophilic proteins

is likely to minimize deamination, oxidation and back-

bone cleavage involving Asn, Gln and Cys that are in-

duced by temperature (Tomazic and Klibanov, 1988). It

is also assumed that a reduction in uncharged polar resi-

dues will diminish the hydrogen bonding capability, while

some could be retained by switching to charged amino

acids.

Polar charged amino acids

Five amino acids, Arginine (Arg, R), Lysine (Lys, K),

Histidine (His, H), Aspartate (Aspartic acid, Asp, D) and

Glutamate (Glutamic acid, Glu, E) belong to this group.

The side chains of them are not only polar but can also

carry a positive charge or negative charge and are there-

fore highly hydrophilic. Lys and Arg both have pKs

around 10.0 and are therefore always positively charged

at neutral pH. His, with a pK of 6.5, can be uncharged or

positively charged depending upon its local environment.

Asp and Glu are only two amino acids with negatively

charged side chains. In each case the pK of the side chain

carboxyl group is about 4.4, so confer a negative charge

on the proteins. The charged amino acids would contri-

bute to the electrostatic interaction, which is an important

force for maintaining conformational stability in the outer

part of protein (Dill, 1990; Ladbury et al., 1995; Creighton,

1997; Vogt et al., 1997; Kumar et al., 2000). More charged

residues are found in hyperthermophilic proteins than in

mesophilic proteins, mostly at the expense of uncharged

polar residues (in particular Gln), except His having lower

frequency in thermophilies (Chakravarty and Varadarajan,

2000; Pack and Yoo, 2004).

An increase in charged residues would provide less

labile residues while retains the hydrogen bonding capac-

ity (Sadeghi et al., 2006). Charged residues may be in-

volved in larger numbers of stabilizing ion pairs and net-

works, although location of ion pairs within molecular

structures also appears to be important in determining

stability (Xiao and Honig, 1999).

The most striking feature of thermostable proteins,

when compared to mesophilic proteins, is the decrease

in the number of lysine residues, residues that are mainly

replaced with arginine and glutamic acid residues. Higher

frequency of Arg was known as the characteristic feature

of thermophilic proteins, especially in exposed state,

which would stabilize the exposed part of protein struc-

ture (Chakravarty and Varadarajan, 2000; Kumar et al.,

2000; Das et al., 2006). The reason for this is that Arg d-

guanido moiety has a reduced chemical reactivity due to

its high pKa and its resonance stabilization. The d-gua-

nido moiety provides more surface area for charged inter-

actions than Lys amino group does. Arg has higher ten-

dency to participate in salt-bridge interaction (ion pair)

and the salt-bridge involved in Arg shows more stabilizing

effect on protein structure. So Arg residues would be

better adapted to high temperatures than Lys residues

(Mrabet et al., 1992). A comparison between thermo-

philes and hyperthermophiles shows that the number of

charged amino acids (which may include Lys) is very high

in hyperthermophiles, whereas thermophiles have a pref-

erence of Arg over Lys (Trivedi et al., 2006).

Asp is unstable at high temperatures and therefore

its percentage decreases in hyperthermophiles (Szilágyi

and Závodszky, 2000). This finding contradicts Tanaka

et al. (2004) who report that Asp interactions are critical

for thermal stability particularly in hyperthermophiles.

Although Asp residues particularly in Asp-Pro combina-

tion may be susceptible to hydrolysis of peptide bonds,

they get protection by either substitution or by higher

conformational rigidity (Vieille and Zeikus, 2001).

But thermophilic proteins showed higher frequency of

Glu both in buried and exposed state. Related with anoth-

er higher frequency of Arg, the higher frequency of Glu

could be explained as counter trend for making salt-bridge

in thermophilic proteins (Gromiha et al., 1999). Farias

and Bonato (2003) found that the EþK=QþH ratio

was >4.5 in hyperthermophiles, <2.5 in the mesophiless,

and 3.2–4.6 in thermophiles. The index is used to identify

thermophilic proteins (Farias et al., 2004).

Thermal stability of proteins in thermophiles through

comprehensive genome comparison, focusing on the oc-

currence of salt bridges, also showed that thermophiles

have a greater content of charged residues than meso-

philes, both at the overall genomic level and in alpha

helices, and the charged residues in helices tend to be

preferentially arranged with a 1–4 helical spacing and

oriented so that intra-helical charge pairs agree with the

helix dipole (Das and Gerstein, 2000). These results imply

that intra-helical salt bridges are more prevalent in ther-

mophiles than mesophiles and thus suggest that they are

an important factor stabilizing thermophilic proteins.

Hence, higher ratios for charged amino acids, especially

at the protein surface, increase ion interactions and en-

hanced occurrence of salt bridges and ion pairs in thermo-

philic proteins which provide thermal stability to proteins

(Xiao and Honig, 1999; Szilágyi and Závodszky, 2000;

Fukuchi et al., 2003; Nakashima et al., 2003; Saunders
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et al., 2003; Suhre and Claverie, 2003; Tanaka et al.,

2004). The ratios of these amino acids are important for

flexibility or lack of it in proteins (Parthasarathy and

Murthy, 2000); they help in tetramerization (L-isoaspar-

tyl-O-methyltransferase from Sulfolobus tokodaii) and are

critical for thermal stability (Tanaka et al., 2004). However,

a recent study by Sadeghi et al. (2006) showed that there’s

also an increase in charged amino acid content in some

mesophilic proteins. This will eliminate their role as a pos-

sible mean to enhance the protein thermostability, and an

increase in charged residue content could be an indirect

consequence of a decrease in the uncharged polar residues.

Aromatic amino acids

Phenylalanine (Phe, F), Tryptophan (Trp, W), and Tyrosine

(Tyr, Y) are aromatic amino acids. They have a benzene-

like ring structure in their side chain. Phe is highly hydro-

phobic and is found buried within globular proteins. Tyr

is Phe with an extra hydroxyl (�OH) group that can act

as a donor or an acceptor in hydrogen bond, and in con-

sequence has significantly different properties. It is polar

and very weakly acidic. Trp is far more like Phe than Tyr.

It is a hydrophobic residue with a bulky double rings side

chain and tends to be found buried inside globular pro-

teins. The presence of the nitrogen group makes Trp a

little less hydrophobic than Phe. They are known as the

participants for cation-pi interaction, which is another in-

teraction for maintaining conformational stability in pro-

tein structure (Ma and Dougherty, 1997).

The study on 24 pairs of structurally similar thermo-

philic and mesophilic proteins has shown that the thermo-

philic proteins have a large number of pair-wise aromatic

interactions compared with the mesophilic homologue.

The additional aromatic clusters identified in the thermo-

philes are smaller in size and are largely found on the

protein surface. The aromatic clusters are found to be

relatively rigid regions of the surface and often the addi-

tional aromatic cluster is located close to the active site

of the thermophilic enzyme (Kannan and Vishveshwara,

2000). Thermophilic proteins showed higher frequency

of Trp in well-buried state (Pack and Yoo, 2004).

Hyperthermophilic proteins also contain slightly more ar-

omatic residues than mesophilic proteins do, especially

Tyr, while Trp occurs with a similar proportion in both

thermophilic and mesophilic chains (Kumar et al., 2000).

Due to large side chain, Tyr may be useful both in short

range local interactions and in long range interactions.

The differences of amino acids composition between

thermophilic and mesophilic proteins mentioned above

are related to some properties of amino acids. Gromiha

et al. (1999) found that the increase in shape(s) and the

decrease in Ghn of amino acid increase the thermostability

of proteins in 14 families. Shape(s) is location of branch

point in side chain of amino acids of b-branched amino

acid is 1, g-branched amino acid is 2; (Ghn) is Gibbs free

energy change of hydration of amino acid, and the de-

crease in Ghn theoretically increases the stability of pro-

tein by increasing the exposure of polar atoms. A good

correlation is observed between these two properties. The

increase in shape, which tends to increase with increasing

number of carbon both for polar and non-polar residues,

may generate more packing and compactness. On the

other hand, the increase in Ghn in thermophilic proteins

increases the solubility of the proteins. This can explain

that Gly, Ser, Lys, Asp, and Trp in mesophiles are gener-

ally substituted by Ala, Thr, Arg, Glu, and Tyr in thermo-

philes to enhance thermostability.

Amino acid coupling and neighboring patterns

in thermophilic proteins

Amino acid composition analysis provides a useful but

simplified picture of the relative importance of each in-

dividual amino acid type in the thermophilic proteins.

However, such analysis overlooks the coupling effects

between amino acid types on thermal stability of proteins.

To analyze the amino acid coupling patterns in thermo-

philic protein, a statistical approach was developed by

Liang et al. (2005) and this approach is proved to be able

to identify and provide a more detailed description of

sequence features in thermophilic proteins than the con-

ventional composition analysis.

The amino acid coupling sequence pattern is defined as

any 2 types of amino acids separated by 1 or more amino

acids. In this pattern, [XdZ] denote the amino acid cou-

pling pattern of amino acid types X and Z that are sepa-

rated by d amino acids. The sign of d is determined by the

relative positions of X and Z, d is defined as positive if X

is closer to the N-terminal side and it is defined as nega-

tive if X is closer to the C-terminal side (Liang et al.,

2005). The amino acid coupling sequence patterns for a

data set comprising 74 mesophilic and 15 thermophilic

genomes was analyzed and it was found that thermophiles

and mesophiles exhibit significant bias in their amino acid

coupling patterns as follows:

(1) Patterns [CdC], such as [C3C], [C4C] and [C7C], are

increased in thermophiles, though Cys show lower

frequency in thermophilic proteins. Structural analy-
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sis showed that the increased stability of the cysteine

clusters is probably due to their involvement in co-

ordination of metal ions such as zinc, iron, or FeS

groups, or in disulfide bonds (Rosato et al., 2002).

(2) [xdE] and [xdV] show similar patterns, specifically for

patterns [KdE], [RdE], [EdE], [DdE] and [DdV]

[KdV], [NdV], and [YdV]. Patterns [KdE], [RdE],

[EdE] usually occur in helices when d¼ 3. The struc-

tural implications of [xdV] coupling patterns are not

clear, though these patterns frequently occur in a-he-

lices or b-sheets, and a higher proportion of second-

ary structures is known to be an important contri-

butor to increased thermal stability (Chakravarty

and Varadarajan, 2002).

(3) The coupling patterns of [xdP] are similar to that of

[xdC]. Most instances of [xdP] are increased in ther-

mophiles, especially for [CdP] and [PdP]. [PdP]s (or

proline clusters) are often involved in the formation of

the polyproline II helix. The helical conformation,

together with the reduced conformational entropy,

may contribute to protein stability (Liang et al., 2005).

(4) The coupling patterns involving polar amino acids are

usually decreased in thermophiles, such as [xdQ],

[xdT], and [xdH]. Though Glu is usually increased

in thermophiles, the coupling pattern [E3T] is in fact

decreased in thermophiles. It was interesting to find

that [(charged residue)dH] is also significantly de-

creased in thermophilic proteins.

(5) Other coupling patterns: [xdL] does not show any

significant bias toward thermophiles but for [CdL],

which is decreased in thermophiles with statistical

significance. [xdI] 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 thermo-

philic proteins. 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 dif-

ferent types of amino acids.

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. The following sets are

denoted which contains the following thermophilic 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 cou-

pling 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] (Liang et al., 2005).

The pattern based on dipeptide composition patterns

can also be used for discrimination of thermophilic and

mesophilic proteins. Zhang and Fang (2006a, b) system-

atically analyzed the distribution of two neighboring ami-

no acids in the sequences of thermophilic and mesophilic

proteins. It was observed that the occurrence of EE, KK,

RR, PP, KI, VV, VE, KE and VK, which were apt to

located in the a-helix, were significantly higher in ther-

mophilic proteins, while the occurrence of QQ, AA, EQ,

LL, QA, QL, NN, KQ, QG, RQ, QT and AQ, which were

apt to located in the b-sheet turn or the coil, were signifi-

cantly lower. This maybe because a-helix might increase

the rigidity of a protein and protect it against unfolding,

while the loop-deletion would enhance the thermostability

of a protein (Thompson and Eisenberg, 1999).

However, there is no single outstanding pattern which

can adequately account for protein thermophily, applicable

to distinguish between thermophiles and mesophiles in

combination with the amino acids composition analysis

and different amino acids coupling or neighboring patterns.

Amino acid preference in different thermophilic

proteins

Compared to the amino acids differences among different

thermophilic proteins, amino acid preference exists and

this preference may vary from protein to protein within

an organism or may be taxon specific (Kawashima et al.,

2000; Trivedi et al., 2006). For example, Ile is preferred in

Methanococcus (McDonald et al., 1999) and Picrophilus

torridus (Futterer et al., 2004), whereas Val or Gly is

preferred over Ile in others. A comparative study between

hyperthermophilic Archaea Methanococcus jannaschii

and thermophilic Eubacteria Bacillus stearothermophilus

(with OGT 85 and 60 �C, respectively) shows that Lys

and Tyr is preferred over Arg in M. jannaschii but Gly

is preferred over Ile and Ala over Tyr in B. stearothermo-

philus (McDonald et al., 1999). Almost universal prefer-

ence for Glu and Lys over Gln and His in hyperthermo-

philes is reported (De Farias and Bonato, 2002; Farias and

Bonato, 2003). It is apparent that the variations in prefer-

ence for other amino acids between mesophiles, thermo-

philes and hyperthermophiles are not only organism

specific but are also protein specific within the organism

(Trivedi et al., 2006).
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Conclusions

Compared to mesophilic proteins, the change of amino

acid composition in thermophilic proteins can be catego-

rized into six distinct aspects: (1) an increase in non-polar

amino acids, especially hydrophobic and Pro residues

which contribute to the hydrophobic interactions; (2) an

increase in charged amino acids, especially Arg and Glu

residues which contribute to the ionic interactions; (3) an

increase in aromatic amino acids, especially Tyr residue

which contribute to the cation-pi interactions; (4) a de-

crease in Met and uncharged polar residues which are

thermoliable amino acids; (5) certain amino acid coupling

patterns; and (6) amino acid preference should be consid-

ered for thermophilic proteins from different thermo-

philes. These features of amino acid composition are re-

lated to some properties of amino acids, especially shape

(s) and Ghn of amino acid.

However, amino acid composition difference is only the

fundamental factor of the factors that support the protein

thermostability. Other structural factors including ad-

ditional hydrogen bonds, additional electrostatic inter-

actions, additional hydrophobic interactions, additional

disulfide bonds, more rigid, compact packing, conforma-

tional strain release, stability of a-helix, reduction of the

entropy of unfolding, are important (Vieille and Zeikus,

2001). Post-translational modifications of amino acids

could also affect protein stability through changing the

characteristic of amino acid (Cacciatore et al., 2005;

Gredicak et al., 2007). Glycosylation and lysyl methyla-

tion showed stabilizing effects as post-translational mod-

ifications (Olsen and Thomsen, 1991; Febbraio et al.,

2004; Eichler and Adams, 2005; D’Auria et al., 2006).

It is suggested that prior to translation there may be

certain mechanisms prevailing in these organisms that

would provide charges to uncharged amino acids or vice

versa, but possibly such changes remain undetected in

the in vitro analysis (Trivedi et al., 2006; Bartesaghi

et al., 2007).

Still, the factors mentioned above show complicated

correlations among each other, and it is also necessary

to notice the inconsistency of findings from different stud-

ies. Additional information on differences of amino acids

composition between thermophilic and mesophilic pro-

teins and its mechanism surely await discovery as more

investigations being done and more proteins sequences

available for comparison (Schmidinger et al., 2006;

Vercauteren et al., 2006; Kuric, 2007). This information

will help us to engineer mesophilic proteins to thermo-

philic proteins using a more ‘‘rational’’ approach.
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