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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 3;p-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,
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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

#HTH-TH_AR)
#HTH-TH_BC)
#(HTH-ME_AR)

#HTH-ME_BC)

t test value between hyperthermophilic
and thermophilic archaeal proteins

t test value between hyperthermophilic
and thermophilic bacterial proteins

t test value between hyperthermophilic
and mesophilic archaeal proteins

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
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ME_AR SD Standard deviation of mesophilic
archaeal proteins
ME_BC SD Standard deviation of mesophilic

bacterial proteins

p value between hyperthermophilic
and thermophilic archaeal proteins
p value between hyperthermophilic
and thermophilic bacterial proteins
p value between hyperthermophilic
and mesophilic archaeal proteins

p value between hyperthermophilic
and mesophilic bacterial proteins

p(HTH-TH_AR)
p(HTH-TH_BC)
p(HTH-ME_AR)

p(HTH-ME_BC)

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
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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
p-bridge; E = f-strand; G = 3ig-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 ¢ 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 A 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 A, 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 A 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 A, 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 ASAy,, refers to the
non-polar atoms’ ASA, while the ASAp,, 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
ASAgurieq refers to the area buried by atoms belonging to
other residues, and the ASAg,,¢ refers to the exposed sur-
face area (Tsai and Nussinov 1997). Here, the ASA means
the ASA per 100 amino acids.
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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 = ASAsur/(36mVOL?):.

The ASAgyr is the exposed ASA of a protein. The VOL
is the volume, which is calculated as (Zehfus 1994)

1
VOL = ZgASAi(NiV,-).

1

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 (ASAp.). Hydrophobicity
(H) means the ratio of the buried non-polar in total non-
polar ASA, the H is calculated using following formula

H = ASA} o/ (ASASY , + ASATS).

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
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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 f-bridges and
3i0-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 f-bridge. More isolated S-bridge
can allow HTH_AR and TH_AR to resist high tempera-
tures, but not bacterial proteins. 3;g-helices often exist in
the «-helix terminal or as a connector between two
f-strands. Pal and Basu (1999) reported that a large frac-
tion of independent two-turn and longer 3;y-helices formed
novel super-secondary structural motifs with o-helices and
f-strands. These motifs may be related to protein folding or
local conformational relaxation. Szilagyi and Zavodszky
(2000) also determined that the number of 3;,-helices
decreased dramatically compared with mesophilic GAP-
DH, and these authors indicated that the 3;y-helices were
transformed mainly into «-helices and f-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 3;¢-helices, along with
o-helices and f-strands. Certainly, the inter-transition
between 3g-helices and «-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 f-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 3;o-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 39-helices are usually present on protein surface and
may form binding surfaces or active sites. The occurrence
of many shorter 31¢-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
o-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 f-bridges with greater thermostability of
archaeal proteins, which indicates that f-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 o-helix p-bridge p-strand Bend 3,0-helix Turn Blank
secondary structure with Archaeal
thermostability increasing
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,

Table 4 The change of temperature factor with protein thermostability

(TH-ME_AR) p(TH-ME_AR)

(HTH-ME_AR) p(HTH-ME_AR)

)

H-TH_AR) p(HTH-TH_AR

HHT

average

average

average

HTH_AR TH_AR ME_AR HTH_AR TH_AR ME_AR

Temperature factor

SD

SD

SD

0.455

—0.748
—0.907
—0.964

0.428

—0.794
—0.913
—-0.916

0.416

0.814

13.435
13.350
13.208

14.050
16.603
16.076

16.709
17.882
18.035

24.235
28.765
26.589

28.996
35.554
33.582

30.208
36.109
34.012

Main chainf
Side chain?

0.366
0.336

0.362
0.361

0.720
0.780

0.359
0.280

Whole chain{

p(TH-ME_BC)

#(TH-ME_BC)

)

-ME_BC

) p(HTH

t(HTH-ME_BC

)

-TH_BC

t(HTH-TH_BC) p(HTH

average

average

HTH_BC TH_BC ME_BC HTH_BC TH_BC ME_BC
average

SD

SD

SD

6.471 0.000

0.000
0.000
0.000

5.622
4.782

0.002

3.065
2.560

2.511

13.335
14.013
13.926

15.016
16.903
17.006

16.076
18.795
19.141

23.834
27.758
26.079

27.594
33.687
31.910

33.923
39.533
37.683

Main chain
Side chainl

0.000

9.643

0.011

0.000

9.467

4.629

0.012

Whole chain?

1 Indicates the factor increases with the growth of protein thermostability

| Indicates the factor decreases with the growth of protein thermostability

The bold and italic number indicates the p value is smaller than 0.05

The bold number indicates the average value of factor in some kind of protein

The bold and italic factor indicates it is a major influence factor
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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 3y-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

@ Springer

proteins from mesophilic archaea other than halophiles
would further add to the accuracy of our calculations.

Acknowledgments This work was supported by the National Nat-
ural Science Foundation of China (21001053), the National High
Technology Research and Development Program (2009AA02C210),
the Fundamental Research Funds for the Central Universities (JUS-
RP11126) and the innovation team-building project of Jiangnan
University (JNIRT0702).

References

Alsop E, Silver M, Livesay DR (2003) Optimized electrostatic
surfaces parallel increased thermostability: a structural bioinfor-
matic analysis. Protein Eng 16(12):871-874

Berezovsky IN, Shakhnovich EI (2005) Physics and evolution of
thermophilic adaptation. Proc Natl Acad Sci USA 102(36):
12742-12747

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H,
Shindyalov IN, Bourne PE (2000) The protein data bank.
Nucleic Acids Res 28(1):235-242

Bougault CM, Eidsness MK, Prestegard JH (2003) Hydrogen bonds in
rubredoxins from mesophilic and hyperthermophilic organisms.
Biochemistry 42(15):4357-4372

Brouns SJ, Wu H, Akerboom J, Turnbull AP, de Vos WM, van der
Oost J (2005) Engineering a selectable marker for hypertherm-
ophiles. J Biol Chem 280(12):11422-11431

Chakravarty S, Varadarajan R (2000) Elucidation of determinants of
protein stability through genome sequence analysis. Febs Letters
470(1):65-69

Chan MK, Mukund S, Kletzin A, Adams MWW, Rees DC (1995)
Structure of a hyperthermophilic tungstopterin enzyme, aldehyde
ferredoxin oxidoreductase. Science 267(5203):1463—-1469

Collaborative Computational Project 4 (1994) The CCP4 suite:
programs for protein crystallography. Acta Crystallogr D Biol
Crystallogr 50(Pt 5):760-763

Das R, Gerstein M (2000) The stability of thermophilic proteins: a
study based on comprehensive genome comparison. Funct Integr
Genomics 1(1):76-88

Dill KA (1990) Dominant forces in protein folding. Biochemistry
29(31):7133-7155

Eisenhaber F, Argos P (1993) Improved strategy in analytic surface
calculation for molecular-systems—handling of singularities and
computational-efficiency. J Comput Chem 14(11):1272-1280

Eisenhaber F, Lijnzaad P, Argos P, Sander C, Scharf M (1995) The
double cubic lattice method—efficient approaches to numerical-
integration of surface-area and volume and to dot surface contour-
ing of molecular assemblies. J Comput Chem 16(3):273-284

Eriksson AE, Baase WA, Zhang XJ, Heinz DW, Blaber M, Baldwin
EP, Matthews BW (1992) Response of a protein-structure to
cavity-creating mutations and its relation to the hydrophobic
effect. Science 255(5041):178-183

Farias ST, Bonato MC (2003) Preferred amino acids and thermosta-
bility. Genet Mol Res 2(4):383-393

Fraczkiewicz R, Braun W (1998) Exact and efficient analytical
calculation of the accessible surface areas and their gradients for
macromolecules. J Comput Chem 19(3):319-333

Fukuchi S, Nishikawa K (2001) Protein surface amino acid compo-
sitions distinctively differ between thermophilic and mesophilic
bacteria. J Mol Biol 309(4):835-843

Ge M, Xia XY, Pan XM (2008) Salt bridges in the hyperthermophilic
protein Ssh10b are resilient to temperature increases. J Biol
Chem 283(46):31690-31696



Extremophiles (2012) 16:67-78

77

Hakamada Y, Hatada Y, Ozawa T, Ozaki K, Kobayashi T, Ito S
(2001) Identification of thermostabilizing residues in a Bacillus
alkaline cellulase by construction of chimeras from mesophilic
and thermostable enzymes and site-directed mutagenesis. FEMS
Microbiol Lett 195(1):67-72

Haney P, Konisky J, Koretke KK, Luthey-Schulten Z, Wolynes PG
(1997) Structural basis for thermostability and identification of
potential active site residues for adenylate kinases from the
archaeal genus Methanococcus. Proteins 28(1):117-130

Haney PJ, Badger JH, Buldak GL, Reich CI, Woese CR, Olsen GJ
(1999) Thermal adaptation analyzed by comparison of protein
sequences from mesophilic and extremely thermophilic Mer-
hanococcus species. Proc Natl Acad Sci U S A 96(7):3578-3583

Huang SL, Wu LC, Liang HK, Pan KT, Horng JT, Ko MT (2004)
PGTdb: a database providing growth temperatures of prokary-
otes. Bioinformatics 20(2):276-278

Hubbard SJ, Argos P (1994) Cavities and packing at protein
interfaces. Protein Sci 3(12):2194-2206

Ishikawa K, Okumura M, Katayanagi K, Kimura S, Kanaya S,
Nakamura H, Morikawa K (1993) Crystal-structure of ribonu-
clease h from thermus-thermophilus hb8 refined at 2.8-angstrom
resolution. J Mol Biol 230(2):529-542

Jaouadi B, Aghajari N, Haser R, Bejar S (2010) Enhancement of the
thermostability and the catalytic efficiency of Bacillus pumilus
CBS protease by site-directed mutagenesis. Biochimie 92(4):
360-369

Kabsch W, Sander C (1983) Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geomet-
rical features. Biopolymers 22(12):2577-2637

Karpen ME, de Haseth PL, Neet KE (1992) Differences in the amino
acid distributions of 3(10)-helices and alpha-helices. Protein Sci
1(10):1333-1342

Karshikoff A, Ladenstein R (1998) Proteins from thermophilic and
mesophilic organisms essentially do not differ in packing.
Protein Eng 11(10):867-872

Karshikoff A, Ladenstein R (2001) Ion pairs and the thermotolerance
of proteins from hyperthermophiles: a ‘traffic rule’ for hot roads.
Trends Biochem Sci 26(9):550-556

Kleywegt GJ, Jones TA (1994) Detection, delineation, measurement
and display of cavities in macromolecular structures. Acta
Crystallogr D Biol Crystallogr 50(Pt 2):178-185

Knapp S, de Vos WM, Rice D, Ladenstein R (1997) Crystal structure
of glutamate dehydrogenase from the hyperthermophilic eubac-
terium Thermotoga maritima at 3.0 angstrom resolution. J Mol
Biol 267(4):916-932

Kotzia GA, Labrou NE (2009) Engineering thermal stability of
L-asparaginase by in vitro directed evolution. Febs Journal
276(6):1750-1761

Kumar S, Bansal M (1998) Geometrical and sequence characteristics
of alpha-helices in globular proteins. Biophys J 75(4):1935-1944

Kumar S, Ma B, Tsai CJ, Nussinov R (2000a) Electrostatic strengths
of salt bridges in thermophilic and mesophilic glutamate
dehydrogenase monomers. Proteins 38(4):368-383

Kumar S, Tsai CJ, Nussinov R (2000b) Factors enhancing protein
thermostability. Protein Eng 13(3):179-191

Lazaridis T, Lee I, Karplus M (1997) Dynamics and unfolding
pathways of a hyperthermophilic and a mesophilic rubredoxin.
Protein Sci 6(12):2589-2605

Lee B, Richards FM (1971) The interpretation of protein structures:
estimation of static accessibility. J Mol Biol 55(3):379—400

Liu HL, Wang WC (2003) Protein engineering to improve the
thermostability of glucoamylase from Aspergillus awamori based
on molecular dynamics simulations. Protein Eng 16(1):19-25

Liu J, Yu HM, Shen ZY (2008) Insights into thermal stability of
thermophilic nitrile hydratases by molecular dynamics simula-
tion. J Mol Graph Model 27(4):529-535

Lo Leggio L, Kalogiannis S, Bhat MK, Pickersgill RW (1999) High
resolution structure and sequence of 7. aurantiacus xylanase I:
implications for the evolution of thermostability in family 10
xylanases and enzymes with (beta)alpha-barrel architecture.
Proteins 36(3):295-306

Makhatadze GI, Loladze VV, Ermolenko DN, Chen XF, Thomas ST
(2003) Contribution of surface salt bridges to protein stability:
guidelines for protein engineering. J Mol Biol 327(5):1135-1148

McDonald IK, Thornton JM (1994) Satisfying hydrogen bonding
potential in proteins. J Mol Biol 238(5):777-793

Missimer JH, Steinmetz MO, Baron R, Winkler FK, Kammerer RA,
Daura X, Van Gunsteren WF (2007) Configurational entropy
elucidates the role of salt-bridge networks in protein thermosta-
bility. Protein Sci 16(7):1349-1359

Mizuguchi K, Sele M, Cubellis MV (2007) Environment specific
substitution tables for thermophilic proteins. BMC Bioinformat-
ics 8:S15

Pace NR (1997) A molecular view of microbial diversity and the
biosphere. Science 276(5313):734-740

Pace CN, Shirley BA, McNutt M, Gajiwala K (1996) Forces
contributing to the conformational stability of proteins. FASEB
J10(1):75-83

Paiardini A, Sali R, Bossa F, Pascarella S (2008) “Hot cores” in
proteins: comparative analysis of the apolar contact area in
structures from hyper/thermophilic and mesophilic organisms.
BMC Struct Biol 8:14

Pal L, Basu G (1999) Novel protein structural motifs containing two-
turn and longer 3(10)-helices. Protein Eng 12(10):811-814

Panasik N, Brenchley JE, Farber GK (2000) Distributions of
structural features contributing to thermostability in mesophilic
and thermophilic alpha/beta barrel glycosyl hydrolases. Biochim
Biophys Acta 1543(1):189-201

Parthasarathy S, Murthy MRN (2000) Protein thermal stability:
insights from atomic displacement parameters (B values).
Protein Eng 13(1):9-13

Robinson-Rechavi M, Alibes A, Godzik A (2006) Contribution of
electrostatic interactions, compactness and quaternary structure
to protein thermostability: lessons from structural genomics of
Thermotoga maritima. J Mol Biol 356(2):547-557

Russell RJ, Hough DW, Danson MJ, Taylor GL (1994) The crystal
structure of citrate synthase from the thermophilic archaeon,
Thermoplasma acidophilum. Structure 2(12):1157-1167

Russell RJ, Ferguson JM, Hough DW, Danson MJ, Taylor GL (1997)
The crystal structure of citrate synthase from the hypertherm-
ophilic archaecon Pyrococcus furiosus at 1.9 A resolution.
Biochemistry 36(33):9983-9994

Shortle D (1992) Mutational studies of protein structures and their
stabilities. Q Rev Biophys 25(2):205-250

Smith CA, Toogood HS, Baker HM, Daniel RM, Baker EN (1999)
Calcium-mediated thermostability in the subtilisin superfamily:
the crystal structure of Bacillus Ak.1 protease at 1.8 angstrom
resolution. J Mol Biol 294(4):1027-1040

Sommaruga S, De Palma A, Mauri PL, Trisciani M, Basilico F, Martelli
PL, Casadio R, Tortora P, Occhipinti E (2008) A combined
approach of mass spectrometry, molecular modeling, and site-
directed mutagenesis highlights key structural features responsible
for the thermostability of Sulfolobus solfataricus carboxypepti-
dase. Proteins Struct Funct Bioinformatics 71(4):1843-1852

Stetter KO (1999) Extremophiles and their adaptation to hot
environments. Febs Letters 452(1-2):22-25

Stetter KO (2006) Hyperthermophiles in the history of life. Philos
Trans Roy Soc B Biol Sci 361(1474):1837-1842

Szilagyi A, Zavodszky P (2000) Structural differences between
mesophilic, moderately thermophilic and extremely thermophilic
protein subunits: results of a comprehensive survey. Structure
8(5):493-504

@ Springer



78

Extremophiles (2012) 16:67-78

Thompson MIJ, Eisenberg D (1999) Transproteomic evidence of a
loop-deletion mechanism for enhancing protein thermostability.
J Mol Biol 290(2):595-604

Trivedi S, Gehlot HS, Rao SR (2006) Protein thermostability in
Archaea and Eubacteria. Genet Mol Res 5(4):816-827

Tsai CJ, Nussinov R (1997) Hydrophobic folding units derived from
dissimilar monomer structures and their interactions. Protein Sci
6(1):24-42

Tsou CL (1993) Conformational flexibility of enzyme active sites.
Science 262(5132):380-381

Vogt G, Argos P (1997) Protein thermal stability: hydrogen bonds or
internal packing? Fold Des 2(4):S40-S46

Vogt G, Woell S, Argos P (1997) Protein thermal stability, hydrogen
bonds, and ion pairs. J Mol Biol 269(4):631-643

Wang G, Dunbrack RL Jr (2003) PISCES: a protein sequence culling
server. Bioinformatics 19(12):1589-1591

Wray JW, Baase WA, Lindstrom JD, Weaver LH, Poteete AR,
Matthews BW (1999) Structural analysis of a non-contiguous
second-site revertant in T4 lysozyme shows that increasing the

@ Springer

rigidity of a protein can enhance its stability. ] Mol Biol 292(5):
1111-1120

Yip KSP, Stillman TJ, Britton KL, Artymiuk PJ, Baker PJ,
Sedelnikova SE, Engel PC, Pasquo A, Chiaraluce R, Consalvi
V et al (1995) The structure of pyrococcus-furiosus glutamate-
dehydrogenase reveals a key role for ion-pair networks in
maintaining enzyme stability at extreme temperatures. Structure
3(11):1147-1158

Zehfus MH (1994) Binary discontinuous compact protein domains.
Protein Eng 7(3):335-340

Zehfus MH, Rose GD (1986) Compact units in proteins. Biochemistry
25(19):5759-5765

Zhang HL, Song SY, Lin ZJ (1999) Crystallographic B factor of
critical residues at enzyme active site. Sci China Ser C Life Sci
42(3):225-232

Zhang W, Mullaney EJ, Lei XG (2007) Adopting selected hydrogen
bonding and ionic interactions from Aspergillus fumigatus
phytase structure improves the thermostability of Aspergillus
niger PhyA phytase. Appl Environ Microbiol 73(9):3069-3076



	Comparison of the structural basis for thermal stability between archaeal and bacterial proteins
	Abstract
	Introduction
	Materials and methods
	Dataset
	Compute the structural parameters
	The properties of secondary structure
	Hydrogen bonds
	Salt bridges
	Solvent accessible surface area
	Compactness
	Hydrophobicity
	The number and volume of cavity
	The temperature factor


	Results and discussion
	Secondary structural properties
	Secondary structure contents
	The length of secondary structure
	The distribution of amino acids in secondary structures
	Hydrogen bonds
	Salt bridge
	Surface area, compactness and hydrophobicity
	Cavity number and volume
	Temperature factor


	Conclusions
	Acknowledgments
	References


