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Abstract In this study, the structural basis for thermal

stability in archaeal and bacterial proteins was investigated.

There were many common factors that confer resistance to

high temperature in both archaeal and bacterial proteins.

These factors include increases in the Lys content, the

bends and blanks of secondary structure, the Glu content of

salt bridge; decreases in the number of main–side chain

hydrogen bond and exposed surface area, and changes in

the bends and blanks of amino acids. Certainly, the utili-

zation of charged amino acids to form salt bridges is a

primary factor. In both heat-resistant archaeal and bacterial

proteins, most Glu and Asp participate in the formation of

salt bridges. Other factors may influence either archaeal or

bacterial protein thermostability, which includes the more

frequent occurrence of shorter 310-helices and increased

hydrophobicity in heat-resistant archaeal proteins. How-

ever, there were increases in average helix length, the Glu

content in salt bridges, temperature factors and decreases

in the number of main–side chain hydrogen bonds,

uncharged–uncharged hydrogen bonds, hydrophobicity,

and buried and exposed polar surface area in heat-resistant

bacterial proteins. Evidently, there are few similarities and

many disparities between the heat-resistant mechanisms of

archaeal and bacterial proteins.
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Abbreviations

HTH_AR Hyperthermophilic archaeal proteins

TH_AR Thermophilic archaeal proteins

ME_AR Mesophilic archaeal proteins

HTH_BC Hyperthermophilic bacterial proteins

TH_BC Thermophilic bacterial proteins

ME_BC Mesophilic bacterial proteins

t(HTH–TH_AR) t test value between hyperthermophilic

and thermophilic archaeal proteins

t(HTH–TH_BC) t test value between hyperthermophilic

and thermophilic bacterial proteins

t(HTH–ME_AR) t test value between hyperthermophilic

and mesophilic archaeal proteins

t(HTH–ME_BC) t test value between hyperthermophilic

and mesophilic bacterial proteins

t(TH–ME_AR) t test value between thermophilic and

mesophilic archaeal proteins

t(TH–ME_BC) t test value between thermophilic and

mesophilic bacterial proteins

HTH_AR SD Standard deviation of

hyperthermophilic archaeal proteins

HTH_BC SD Standard deviation of

hyperthermophilic bacterial proteins

TH_AR SD Standard deviation of thermophilic

archaeal proteins

TH_BC SD Standard deviation of thermophilic

bacterial proteins

Communicated by H. Atomi.

Electronic supplementary material The online version of this
article (doi:10.1007/s00792-011-0406-z) contains supplementary
material, which is available to authorized users.

Y. Ding (&) � Y. Han � B. Zhao

Key Laboratory of Advanced Process Control for Light Industry,

Department of Computer Science and Technology,

JiangNan University, Wuxi 214122, People’s Republic of China

e-mail: yr_ding@yahoo.com.cn

Y. Cai

Key Laboratory of Industrial Biotechnology,

School of Biotechnology, JiangNan University,

Wuxi 214122, People’s Republic of China

123

Extremophiles (2012) 16:67–78

DOI 10.1007/s00792-011-0406-z

http://dx.doi.org/10.1007/s00792-011-0406-z


ME_AR SD Standard deviation of mesophilic

archaeal proteins

ME_BC SD Standard deviation of mesophilic

bacterial proteins

p(HTH–TH_AR) p value between hyperthermophilic

and thermophilic archaeal proteins

p(HTH–TH_BC) p value between hyperthermophilic

and thermophilic bacterial proteins

p(HTH–ME_AR) p value between hyperthermophilic

and mesophilic archaeal proteins

p(HTH–ME_BC) p value between hyperthermophilic

and mesophilic bacterial proteins

p(TH–ME_AR) p value between thermophilic and

mesophilic archaeal proteins

p(TH–ME_BC) p value between thermophilic and

mesophilic bacterial proteins

Introduction

Currently, nearly 100 microorganisms, with growth tem-

peratures greater than 80�C, have been discovered and

isolated (http://pgtdb.csie.ncu.edu.tw/). Most of these

families belong to the kingdom of archaea. The underlying

reasons for the ability of archaea to thrive at high tem-

peratures, while most bacteria can only live at normal

temperatures are intriguing. Within the 16S rRNA-based

universal phylogenetic tree (Pace 1997), heat-resistant

microorganisms occupy all of the short, deep branches

closest to the root, which provides strong evidence of a

hyperthermophilic last common ancestor (Stetter 2006).

Archaea possess unique characteristics that are distinct

from bacteria (Stetter 1999) which implies that archaeal

and bacterial proteins are different in the molecular basis of

stability. Therefore, elucidation of the differences in the

structural basis for thermostability in archaeal and bacterial

proteins can provide insight into alternative mechanisms by

which thermophilic proteins could withstand higher tem-

peratures, and can also improve our understanding of

evolutionary processes.

During the past four decades, the molecular basis of

protein thermal stability has expanded as a research area.

Investigations of protein thermostability using experimen-

tal and theoretical approaches include site-directed muta-

genesis (Sommaruga et al. 2008; Kotzia and Labrou 2009;

Jaouadi et al. 2010), structural comparison (Smith et al.

1999; Robinson-Rechavi et al. 2006), and molecular

dynamics simulation (Lazaridis et al. 1997; Liu and Wang

2003; Liu et al. 2008). Protein thermostability is influenced

by many factors, such as amino acid preference, secondary

structure propensity, the number of salt bridges, the num-

ber and type of hydrogen bonds, hydrophobic packing, the

amount and type of solvent accessible surface area, loop

size and cavity number, and the B-factor (Robinson-

Rechavi et al. 2006; Fukuchi and Nishikawa 2001; Farias

and Bonato 2003; Szilagyi and Zavodszky 2000; Ge et al.

2008; Missimer et al. 2007; Makhatadze et al. 2003; Vogt

et al. 1997; Paiardini et al. 2008; Chan et al. 1995; Eriksson

et al. 1992; Ishikawa et al. 1993; Parthasarathy and Murthy

2000).

Site-directed mutagenesis and molecular dynamics

simulation are effective methods to investigate single

protein thermostability. Another advantageous method is

systematic analysis of specific protein families from the

same domain by structural comparison. These types of

analytical approaches provide significant insight into spe-

cific mechanisms, but it is difficult to determine the com-

mon rules of protein thermostability.

Additionally, the dataset used in structural comparison

is composed of proteins with different thermostabilities, or

even different superkingdoms of life. As mentioned, most

thermophilic proteins are from archaea, and most meso-

philic proteins are from bacteria. Structural comparisons

are usually between thermophilic archaeal and mesophilic

bacterial proteins. Therefore, the structural differences

between thermophilic and mesophilic proteins may be

related to either protein thermostability or features of

specific superkingdoms.

Studies in recent years have indicated that there are dis-

parities in the heat-resistant mechanism between archaeal

proteins and bacterial proteins (Trivedi et al. 2006).

Hyperthermophilic archaea use ‘‘structure-based’’ physical

mechanisms, while some bacteria use ‘‘sequence-based’’

physical mechanisms to cope with the ambient temperature

(Berezovsky and Shakhnovich 2005). Archaeal organisms

resist high temperatures by substituting non-charged polar

amino acids with Glu, Lys and non-polar amino acids with

Ile on protein surfaces (Mizuguchi et al. 2007).

In this paper, the protein structures of all prokaryotes

with sequenced genomes were selected and classified into

bacterial and archaeal proteins to study structural differ-

ences that confer thermal stability. Some common features

allow both archaeal and bacterial proteins to resist high

temperatures. However, there are many factors that only

influence either archaeal or bacterial protein thermostabil-

ity. We determined that there are few similarities and many

disparities between the heat-resistant mechanisms of

archaeal and bacterial proteins. Therefore, the archaeal and

bacterial proteins should be distinguished when consider-

ing protein thermostability.
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Materials and methods

Dataset

Almost all heat-tolerant microorganisms are prokaryotes.

In this paper, the objective is to study the protein structures

of all prokaryotes with sequenced genomes. The prokary-

otes were taken from the NCBI database. These protein

structures of selected prokaryotes were retrieved from the

PDB database (Berman et al. 2000) using PISCES to

eliminate sequences redundancies (Wang and Dunbrack

2003). These proteins are grouped into three classes

according to protein thermostability based on the PGTdb

database (Huang et al. 2004). In the analysis, hyper-

thermophiles are defined as microorganisms with optimal

growth temperatures greater than 85�C, while those with

optimal growth temperatures between 40 and 85�C were

classified as thermophiles. The final dataset is composed of

18 hyperthermophilic archaea, 16 thermophilic archaea,

2 mesophilic archaea, 2 hyperthermophilic bacteria, 39

thermophilic bacteria, and 185 mesophilic bacteria. The

details are listed in Table S1. From the dataset, we can see

that most hyperthermophiles are archaea and most meso-

philes are bacteria.

Compute the structural parameters

The properties of secondary structure

The DSSP program was used to compute the proteins

secondary structure. The DSSP program was developed by

Kabsch and Sander (1983) to compute protein secondary

structure. There are seven secondary structures that can be

computed by the DSSP, H = alpha helix; B = isolated

b-bridge; E = b-strand; G = 310-helix; T = turn; S =

bend; blank = rest.

The content of secondary structure refers to the number

of secondary structure elements per 100 amino acids in a

protein structure. The number of secondary structures,

average length of each secondary structure, and the dis-

tribution of 20 types of amino acids in secondary structure

were calculated in Perl. Then we carried out t test to

determine which factor is important.

Hydrogen bonds

The hydrogen bonds of each protein were computed by

HBPlus3.0 (Linux) (McDonald and Thornton 1994). The

parameters were set as in Vogt’s paper (Vogt et al. 1997).

The hydrogen bonds were classified into six types: main–

main chain, side–side chain, main–side chain, charged–

charged, uncharged–uncharged, and charged–uncharged.

Here, the number of hydrogen bond indicates number per

100 amino acids in each protein.

Salt bridges

The positively charged amino acids are Lys, Arg and His,

and the negatively charged amino acids are Asp and Glu.

When the nitrogen atoms in Lys, Arg and His are within

4 Å of the side chain carbonyl oxygen atoms in Asp and

Glu, salt bridges are formed. For a given pair of salt bridge

forming residues, if more than one nitrogen–oxygen pair of

atoms can be within 4 Å, the salt bridge was counted only

once (Kumar et al. 2000). First, we computed all atom–

atom distances in each protein, and then, we selected the

atoms from charged amino acid with a distance of less than

4 Å between them. Using the above definition for a salt

bridge, the salt bridges were computed using a Perl pro-

gram. In this paper, we statistically computed all salt

bridges in the selected protein chain, the ratio of salt bridge

network to the total number of salt bridges, the composi-

tion of each charged amino acid in the total number of salt

bridges, the ratio of total charged amino acid formed salt

bridges and the ratio of each type of charged amino acid in

the salt bridges. The number of salt bridges indicates the

number of salt bridges per 100 amino acids in each protein.

Solvent accessible surface area

The solvent accessible surface area (ASA) is the surface

area of a protein that is accessible to a solvent. The ASA is

calculated with a solvent of a particular radius to ‘probe’

the surface of the molecule. In this paper, the ASA is

calculated following Lee and Richards’ (1971) definition.

The ‘probe radius’ is 1.4 Å, which approximates the radius

of a water molecule. The ASC (The Analytic Surface

Calculation Package Linux) (Eisenhaber and Argos 1993;

Eisenhaber et al. 1995) can calculate the proteins’ ASA.

Here, formal charge is used to divide atoms into polar and

non-polar atoms (Tsai and Nussinov 1997). When the

formal charge of an atom is less than 0.25, the atom is

regarded as a non-polar atom. The ASANon refers to the

non-polar atoms’ ASA, while the ASAPol refers to the polar

atoms’ ASA. If the ASA of residue X is greater than 50%

of the ASA calculated for tripeptide GLY–X–GLY in an

extended conformation, then this residue is regarded as an

exposed residue. If the ASA is less than 20% of the ASA

calculated for the tripeptide GLY–X–GLY, it is regarded as

an internal residue (Fraczkiewicz and Braun 1998). The

ASABuried refers to the area buried by atoms belonging to

other residues, and the ASASurf refers to the exposed sur-

face area (Tsai and Nussinov 1997). Here, the ASA means

the ASA per 100 amino acids.

Extremophiles (2012) 16:67–78 69

123



Compactness

The compactness (Z) was calculated according to the def-

inition proposed by Zehfus and Rose (1986). The Z is

defined as the ASA of a structure divided by its minimum

possible surface area (Tsai and Nussinov 1997), so the Z is

calculated as

Z ¼ ASASurf=ð36pVOL2Þ
1
3:

The ASASurf is the exposed ASA of a protein. The VOL

is the volume, which is calculated as (Zehfus 1994)

VOL ¼
X

i

1

3
ASAiðNiViÞ:

The VOL can be calculated using the program VIODOO

(Kleywegt and Jones 1994).

Hydrophobicity

According to the types of atoms, the ASA include non-polar

ASA (ASANon) and polar ASA (ASAPol). Hydrophobicity

(H) means the ratio of the buried non-polar in total non-

polar ASA, the H is calculated using following formula

H ¼ ASANon
Buried= ASANon

Buried þ ASANon
Surf

� �
:

The number and volume of cavity

The packing density of a protein is related to the number

and volume of cavities in the protein structure. A cavity is

defined as the spatial structure that can accommodate at

least one water molecule in the protein structure. The

program VIODOO (Kleywegt and Jones 1994) is used to

compute the number and volume of cavity in the protein

structure.

The temperature factor

The temperature factor is a parameter of protein structure

determined by X-ray. The PDB file of the protein records

the temperature of each atom. The program BAVERAGE

in ccp4-5.0.2 (Collaborative Computational Project 4

1994) can compute the average temperature of side chain

and main chain.

Results and discussion

Secondary structural properties

Secondary structure contents

Secondary structure contents, especially helices and sheets,

play an important role in stabilizing proteins. The data for

archaeal proteins in Table S2 demonstrate that the contents

of B and G increase with greater protein thermostability. In

other words, HTH_AR have more isolated b-bridges and

310-helices in structures than TH_AR and especially

ME_AR. For bacterial protein, the contents of B, E, T, S,

and blank decrease with greater protein thermostability. The

p values of B, T, and blank between HTH_BC and ME_BC

and between TH_BC and ME_BC are smaller than 0.05.

Therefore, B, T and blank are major factors that influence

bacterial protein thermostability. There is no common trend

for secondary structure content in archaeal and bacterial

proteins. However, there is a negative relationship between

B, T and blank for bacterial protein thermostability, as

opposed to the positive relationship between B, T and blank

for archaeal protein thermostability.

Sheet hydrogen bonding patterns that are too short will

be designated as isolated b-bridge. More isolated b-bridge

can allow HTH_AR and TH_AR to resist high tempera-

tures, but not bacterial proteins. 310-helices often exist in

the a-helix terminal or as a connector between two

b-strands. Pal and Basu (1999) reported that a large frac-

tion of independent two-turn and longer 310-helices formed

novel super-secondary structural motifs with a-helices and

b-strands. These motifs may be related to protein folding or

local conformational relaxation. Szilagyi and Zavodszky

(2000) also determined that the number of 310-helices

decreased dramatically compared with mesophilic GAP-

DH, and these authors indicated that the 310-helices were

transformed mainly into a-helices and b-strands. Accord-

ing to the statistical method results in Table S2, the ther-

mostability of hyperthermophilic archaeal proteins is

related to the motif formed by 310-helices, along with

a-helices and b-strands. Certainly, the inter-transition

between 310-helices and a-helices seems to play a key role.

The length of secondary structure

The average length of secondary structures, especially

loop length, affects protein thermostability (Thompson and

Eisenberg 1999; Russell et al. 1994). The average lengths

of all protein secondary structures are listed in Table S3.

For archaeal proteins, the average length of E and S

increases with greater thermostability. Thus, the heat-

resistant archaeal proteins have longer b-sheets and loops

than mesophilic proteins. The p value of G between

TH_AR and ME_AR is 0.008, which indicates a remark-

able reduction in the average length of G. Therefore, heat-

resistant archaeal proteins have many shorter 310-helices

in their structures. For bacterial proteins, the average

length of B decreased and the average length of H and T

increased with greater thermostability. Remarkably, the

p(HTH–TH_BC), p(HTH–ME_BC) and p(TH–ME_BC)

of H are all less than 0.05, which indicates that the
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average length of H is a major factor determining bacterial

protein thermostability.

Thompson and Eisenberg (1999) found that thermo-

philic sequences had fewer exposed loop regions than

mesophilic sequences. There are also deleted, exposed loop

regions in thermophilic sequences that reduce the entropy

of unfolding. According to our result presented in Table

S3, the short loop does not contribute to the thermostability

of archaeal proteins. Karpen et al. (1992) determined that

short 310-helices are usually present on protein surface and

may form binding surfaces or active sites. The occurrence

of many shorter 310-helices may be one reason that heat-

resistant archaea can grow in a high-temperature environ-

ment. The helix content does not affect bacterial protein

thermostability, but the average helix length does confer

stability.

The distribution of amino acids in secondary structures

Thermophilic and mesophilic proteins differ in the distri-

bution of amino acids in secondary structures, especially in

a-helices (Haney et al. 1997; Russell et al. 1997). As shown

in Table 1, several types of amino acids exhibit no sig-

nificant change in b-bridges with greater thermostability of

archaeal proteins, which indicates that b-bridges do not

affect thermostability. Lys changes dramatically in most of

the remaining secondary structures, which indicates that

Lys significantly affects thermostability. For bacterial

proteins, the content of Ala and Gln decreases dramatically

and the content of Glu and Lys increases sharply in most

secondary structures when thermostability increases.

Obviously, the decreased Gln content may minimize

deamidation. Ala is the best helix-forming residue (Kumar

and Bansal 1998), but the underlying reason that the Ala

content is lower in hyperthermophilic bacterial proteins is

still unknown. As shown in Table 1, the helix content is

higher in mesophilic bacterial proteins than in heat-resis-

tant proteins indicating the reason that the Ala content is

lower in hyperthermophilic bacterial proteins. Furthermore,

these results show that the helix content does not contribute

much to the thermostability of bacterial proteins. Glu is a

thermolabile amino acid, but some thermophilic proteins

are known to have a high Glu content (Chakravarty and

Varadarajan 2000; Haney et al. 1999). Here we show that

there is a higher content of Glu and Lys in most secondary

structures. Lys and Glu are charged amino acids and can

form salt bridges to stabilize protein structure. However,

Asp and Arg are also charged amino acids; we discuss later

why there is not a higher content of these two amino acids

in bacterial proteins.

In summary, Lys contents are higher in most secondary

structures of thermo-tolerant archaeal and bacterial pro-

teins. Therefore, Lys plays an important role in maintaining

thermostability for proteins of both kingdoms. In addition,

the bends and blanks of amino acids change significantly

for these two protein types, and bend and blank are highly

related to protein thermostability. The number and length

of these two secondary structures and, the distribution of

amino acids can affect protein thermostability.

Hydrogen bonds

Hydrogen bonds are classified into six types: main–main

chain, side–side chain, main–side chain, charged–charged,

uncharged–uncharged, and charged–uncharged. As shown

in Table 2, the results of our studies indicate that total

hydrogen bonds, side–side chain hydrogen bonds, and main–

side hydrogen bonds negatively relate to archaeal protein

thermostability. Other types of hydrogen bonds have no

obvious effects on archaeal protein thermostability. Fur-

thermore, there are more main–main chain hydrogen bonds,

main–side chain hydrogen bonds, uncharged–uncharged

hydrogen bonds, and charged–uncharged hydrogen bonds

for ME_BC compared to HTH_BC and TH_BC. Therefore,

we do not assert whether hydrogen bonds can improve pro-

tein thermostability because different types of hydrogen

bonds have different effects on thermostability. Notably,

main–side hydrogen bonds decrease with greater thermosta-

bility for both archaeal and bacterial proteins. Furthermore,

the main–side hydrogen bonds and the uncharged–

uncharged hydrogen bonds are major factors based on

p(HTH–TH_BC), p(HTH–ME_BC) and p(TH–ME_BC).

Hydrogen bonds play an important role in maintaining

protein structure. However, the influence of hydrogen

bonds on protein thermostability has always been contro-

versial (Dill 1990; Pace et al. 1996). Some studies have

Table 1 The significantly

changed amino acid in

secondary structure with

thermostability increasing

a-helix b-bridge b-strand Bend 310-helix Turn Blank

Archaeal

Decrease DQST – – S – – CDW

Increase – – K KP E K K

Bacterial

Decrease ADGHQST QG MQS AQ AQ AQT ADLQS

Increase EK K EFIKPRV K KG KR EHIK
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shown that the numbers and types of hydrogen bonds could

increase protein thermostability (Vogt et al. 1997; Zhang

et al. 2007; Bougault et al. 2003; Shortle 1992; Brouns et al.

2005), while others have presented different conclusions

(Szilagyi and Zavodszky 2000; Panasik et al. 2000; Lo

Leggio et al. 1999). Kumar et al. (2000) divided hydrogen

bonds into three classes (i.e., main–main chain, main–side

chain, and side–side chain hydrogen bonds) and determined

that only side–side chain hydrogen bonds increased in the

monomers of most thermophilic proteins. Therefore, not all

hydrogen bond types can affect thermostability.

Salt bridge

The ratio of salt bridge networks to total salt bridges is

higher in HTH_AR than TH_AR, which is also higher than

ME_AR, as shown in Table S4. From the amino acid

composition of salt bridge, our results indicate that as

protein thermostability increases, the content of Lys and

Glu in the salt bridge also increases. From analysis of the

ratio of salt bridge formed by charged amino acids, most

Arg, Lys and Glu residues were determined to participate

in salt bridge formation. This result indicates that hyper-

thermophilic and thermophilic proteins may select for

some types of charged amino acids to form salt bridges. In

heat-tolerant archaeal proteins, Glu can be used to form salt

bridges more efficiently than Asp. Arg can be used to form

salt bridges more efficiently than Lys because Arg is

smaller than Lys.

For bacterial proteins, the total number of salt bridges

increases dramatically with greater thermostability because

p(HTH–ME_BC) is 0.021 and p(TH–ME_BC) is 0.

Accordingly, salt bridges significantly contribute to the

ability of the organism to withstand high temperatures.

From the charged amino acid content in salt bridges, only

Glu was determined to significantly increase. Thus, heat-

tolerant bacterial proteins maximize the use of the nega-

tively charged amino acid Glu to form salt bridges, while

mesophilic bacterial proteins utilize the negatively charged

amino acid Asp. The ratio of charged amino acids forming

salt bridges also increased remarkably in heat-resistant

proteins, especially for Glu and Asp. While the number of

charged amino acids in mesophilic proteins is equivalent

the number of heat-resistant proteins, the thermostability is

quite distinct due to the greater utilization of negatively

charged amino acids to form salt bridges.

These results demonstrate that salt bridges are the most

important factor determining heat resistance in archaeal or

bacterial proteins. Previous studies have shown that salt

bridges and salt bridge networks are major factors that

affect protein thermostability (Alsop et al. 2003; Hakamada

et al. 2001; Karshikoff and Ladenstein 2001; Das and

Gerstein 2000). However, archaeal and bacterial proteins

are very different in the ability to form salt bridges under

high-temperature resistance.

Surface area, compactness and hydrophobicity

As shown in Table 3, the number of buried residues, buried

polar surface area, and hydrophobicity increases in archa-

eal proteins with greater protein thermostability, while

there is a decrease in the exposed polar surface area. The

total polar surface area, total non-polar surface area, buried

polar surface area, buried non-polar surface area, exposed

polar surface area, exposed non-polar surface area,

hydrophobicity and compactness are related to thermosta-

bility for bacterial proteins, which is significantly different

than archaeal proteins.

Chan et al. (1995) determined that the growth of buried

atoms contributes to the extreme thermostability of alde-

hyde ferredoxin oxidoreductase (AOR) from Pyrococcus

furiosus, and the results of this present study corroborate

that conclusion. Increasing polar surface area is related to

protein thermostability (Haney et al. 1997; Vogt and Argos

1997). From the average solvent-contact surface area

(ASA), Knapp et al. (1997) determined that the ASA is not

related to protein thermostability. If the surface area is

divided into non-polar surface area, polar surface area, and

charged-residue surface area, the surface of thermophilic

glutamate dehydrogenase has fewer hydrophobic residues

and more charged residues. However, Kumar et al. (2000)

determined that heat-resistant and mesophilic proteins had

similar surface areas and packing densities, and these

authors concluded that heat-resistant and mesophilic pro-

teins had similar hydrophobicity cores. Our results indicate

that the polar surface area in archaeal proteins can affect

protein thermostability.

Haney et al. (1997) ascertained that heat-resistant pro-

teins have an increased hydrophobicity. The results in

Table 3 show that hydrophobicity is greater in heat-tolerant

archaeal proteins compared to mesophilic proteins, which

is consistent with Haney’s conclusion. Kumar et al. (2000)

found that thermophilic protein compactness was similar to

mesophilic proteins. Karshikoff and Ladenstein (1998)

computed the cavity volume and compactness of many

thermophilic and mesophilic proteins, and compactness did

not affect protein thermostability. From our results, com-

pactness has no relationship to protein thermostability in

archaeal proteins.

Cavity number and volume

Both cavity number and volume are related to protein

packing density. Cavity volume is very small compared to

whole protein volume. However, protein packing density is

very important when considering the energy that stabilizes
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protein structure (Eriksson et al. 1992; Ishikawa et al.

1993). The number of cavities can affect packing density

and structure regularity. The data in Table S5 shows that

cavity number has no influence on archaeal and bacterial

protein thermostability, but that cavity volume does affect

thermostability. Furthermore, cavity volume is larger in

heat-tolerant archaeal proteins than mesophilic proteins,

but smaller in heat-tolerant bacterial proteins than meso-

philic proteins.

Cavity volume decreases with greater thermostability

(Russell et al. 1994), and our results are consistent with this

conclusion for bacterial proteins. Vogt et al. (1997) deter-

mined that approximately half of the families studied had a

higher packing density with greater thermostability. How-

ever, Yip et al. (1995) indicated that mesophilic and ther-

mophilic glutamic dehydrogenase had similar packing

densities. In this paper, we determined that cavity volume

may affect archaeal and bacterial protein thermostability,

while cavity number does not alter thermostability.

Hubbard and Argos (1994) stated that the cavity volume

and number increased with higher molecular weight. If

reduction of the cavity number and volume can increase

protein thermostability, the molecular weight of thermo-

philic proteins should be smaller than that of mesophilic

proteins’. In our study, bacterial thermophilic proteins

had small cavity volumes, which is consistent with the

Hubbard’s conclusion.

Temperature factor

The temperature factors can determine the mobility of

residues. Higher temperature factors confer higher flexi-

bility to protein structures. According to the results in

Table 4, the temperature factors for main chain, side

chain and whole side chain do not greatly increase

thermostability for archaeal proteins. However, these

three types of temperature factors change greatly for

bacterial proteins. Thus, temperature factors contribute

significantly to bacterial protein thermostability, but have

no effect on archaeal protein thermostability. These data

indicate that side chain temperature factors are greater in

both archaeal and bacterial proteins than main chain

temperature factors, which is consistent with the greater

mobility of side chains compared to main chains. By

calculating the average temperature factor, we find that

main–main, side–side and whole chain temperature fac-

tors are all positively related to protein thermostability

for both archaeal and bacterial proteins. Therefore, pro-

tein flexibility is an important factor in the degree of

protein thermostability.

Protein stability is related to the balance of flexibility

and rigidity (Wray et al. 1999). Tsou proposed the theory

for the conformational flexibility of enzyme active sites, T
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which explains the requirement for enhanced flexibility in

this region of the proteins (Tsou 1993; Zhang et al. 1999).

Similarly, not only is the enzyme and substrate interaction

required for conformational flexibility when there is heat

stimulus, but proteins can accelerate conformational

change to increase flexibility and cope with this stimulus.

In addition, there was less Ser and Thr in mesophilic pro-

teins (Parthasarathy and Murthy 2000), which indicates

that Ser and Thr are less flexible. Glu and Lys increase and

Ser and Thr decrease in high-temperature factor regions of

thermophiles in comparison to mesophiles. Accordingly,

we deduced that the change of these amino acid compo-

sitions may guarantee high protein structure flexibility.

Meanwhile, more salt bridges are formed with increased

Glu and Lys to improve structure rigidity. Therefore, heat-

tolerant proteins must balance structural rigidity and flex-

ibility to withstand the extreme heat.

Conclusions

We conclude that some factors may assist both archaeal

and bacterial proteins in high-temperature resistance. There

are many common factors that determine the resistance of

archaeal and bacterial proteins to high temperature, and

these include increases in Lys content, secondary structure

bend and blank, and Glu content in salt bridges; decreases

in main–side chain hydrogen bonds, exposed surface area,

and changes in the bend and blank of amino acids. Cer-

tainly, the most exciting result is the use of charged amino

acids to form salt bridges. Even when the amount of

charged amino acids is the same, the number of formed salt

bridges may vary between heat-resistant proteins and

mesophilic proteins. In both heat-resistant archaeal and

bacterial proteins, most Glu and Asp participate in the

formation of salt bridges. Some factors only influence

either archaeal or bacterial protein thermostability. There

are many shorter 310-helices and increased hydrophobicity

in heat-resistant archaeal proteins. However, there are

increases in average helix length, Glu content in the salt

bridge, and temperature factors and decreases in the main–

side chain hydrogen bond, the uncharged–uncharged

hydrogen bond, hydrophobicity, and the buried and

exposed polar surface area in heat-resistant bacterial pro-

teins. Evidently, there are few similarities and many dis-

parities between the heat-resistant mechanisms of archaeal

and bacterial proteins. Therefore, when studying protein

thermostability, it should be taken into account that the

factors/mechanisms underlying the thermostability of

archaeal and bacterial proteins may differ.

Certainly, a further increase in the number of hyper-

thermophilic bacteria would further add to the generality of

our conclusions; and, a further increase in the number of

proteins from mesophilic archaea other than halophiles

would further add to the accuracy of our calculations.
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