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Abstract In order to infer the energetic determinants of
thermophilic proteins, molecular mechanics calculations
were applied to five proteins from thermophilic
eubacteria and their mesophilic homologs. The energy
function includes a hydration term as well as the elec-
trostatic contribution from the solvent in addition to the
usual conformational energy terms. We calculated en-
ergy values for three different states of each protein: the
native, near-native, and unfolded structures. The energy
difference and its components between pairs of these
states were compared. The hypothetical near-native
structures have almost the same backbone conformation
as the native structure but with largely distorted side-
chain packing, thus enabling us to extract the energy
components important for stabilizing the native back-
bone topology itself, irrespective of structural details. It
was found that the sum of the electrostatic and hydra-
tion energies, although of large positive values, were
consistently lower for the thermophilic proteins than for
their mesophilic counterparts. This trend was observed
in the energy difference not only between the native and
unfolded structures, but also between the near-native
and unfolded structures. In contrast, the energy com-
ponents regarding side-chain packing did not show any
clear tendency. These results suggest that the thermo-
philic proteins are stabilized so that the precise packing
of the native structure does not significantly affect the
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stability. Implications of this conclusion are also dis-
cussed.
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Introduction

The stabilization mechanisms of proteins from thermo-
philic organisms have attracted interest for many years.
Recently, the accumulation of both sequence and
structural data of thermophilic proteins as well as their
mesophilic homologs has made it possible to study
structural properties that may stabilize the thermophilic
proteins (e.g., Karshikoff and Ladenstein 1998; Kumar
et al. 2000; Szilagyi and Zavodszky 2000). Although
comprehensive, most of these studies are limited to sta-
tistical analysis of some structural parameters such as
amino acid composition, the number of ion pairs, the
number of cavities, etc. Thus, in these studies, the en-
ergetic bases of the thermostability were not directly
addressed. However, since early statistical studies indi-
cated the importance of ion pairs in some thermophilic
proteins, the electrostatics of thermophilic proteins were
studied intensively (e.g., Elcock1998; Xiao and Honig
1999). These studies confirmedthe importance of the
electrostatic interactions in thermophilic proteins, al-
though other energetic factors remained to be clarified.
Lazaridis et al. (1997) investigated the thermostability of
the rubredoxin from the hyperthermophilic archaeon
Pyrococcus furiosus and the one from mesophilic
Desulfovibrio vulgaris by unfolding molecular dynamics
simulation at various temperatures. Although the com-
putational complexity of the molecular dynamics simu-
lation inhibited extensive analysisto draw definitive
conclusions, some interesting insights were obtained
regarding the energetic factors and the rigidity of the
hyperthermophilic protein (Lazaridis et al. 1997).

In the present article, we study various energycom-
ponents of thermophilic and mesophilic proteins by the



molecular mechanics method. In order to find the fac-
tors that are common to different thermophilic proteins,
we have employed a computationally more feasible
method than Lazaridis et al. (1997), and have investi-
gated five protein families of reasonable sizes. Basically,
we have analyzed the energy difference between the na-
tive and unfolded structures of proteins. In addition, we
also calculated the energy of artificially constructed
near-native structures (Kinjo et al. 2001). The near-
native structures are so called because they have almost
the same backbone conformation as the native one, but
their side-chain packing is significantly distorted. From
our previous study, the near-native structures are shown
to be useful to extract the dominant factors that stabilize
the native fold (i.e., backbone topology), irrespective of
the detailed side-chain packing. To summarize our pre-
vious results, the sum of local geometry and van der
Waals terms is the dominant factor that stabilizes the
native structure, which is defined by both the backbone
topology and precise side-chain packing, whereas the
electrostatic and hydration terms are the factors that
stabilize the native topology or fold relatively indepen-
dent of the details of the side-chain packing (Kinjo et al.
2001). In the present study, we divide the energy differ-
ence between the native and unfolded structures into two
parts: one between the native and near-native, the other
between the near-native and unfolded structures. As will
be shown later, this strategy made it possible to under-
stand more clearly the stabilization mechanism of
thermophilic proteins.

From statistical analyses, it is suggested that hyper-
thermophilic proteins from archaea are stabilized by
different mechanisms than thermophilic eubacteria

Table 1 Target proteins from thermophilic eubacteria
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(Szilagyi and Zavodszky 2000). Moreover, the distant
evolutionary relationship between archaea andother
organisms would make the comparison difficult. There-
fore, in the present study we limit our analysis to the
proteins from thermophilic eubacteria and their homo-
logs from mesophilic organisms.

Materials and methods

Preparation of structures

All the protein structures were obtained from the Protein Data
Bank (PDB; Berman et al. 2000). We selected proteins from
thermophilic eubacteria and their mesophilic homologs that were
solved by X-ray crystallography with 2.5 A or better resolution,
and that were composed of less than 200 residues. Proteins from
thermophilic eubacteria were selected by database search with
the keyword “THERM” in the SOURCE field of the PDB file. The
thermophilic proteins thus found were used as queries for the
BLAST (Altschul et al. 1990) search against the PDB sequence
database. Only those targets whose appropriate mesophilic
homologs existed in the PDB were retained. After this, we had five
thermophilic proteins (Table 1) and their mesophilic counterparts
(Table 2). Note that, in the present study, thermophilic proteins
from archaea are not treated, but all the target thermophilic pro-
teins are from eubacteria.

For the analysis of the energy components, we calculated en-
ergies for three states of each protein: the native, near-native, and
unfolded structures. The native structure was obtained from the
X-ray structure and its energy was minimized by 500 steps of the
conjugate gradient method with the distance geometry force field
followed by 500 steps of the conjugate gradient method with the
AMBER force field (Weiner et al. 1986) without the 1-5 electro-
static term to remove close contacts. The distance geometry force
field includes only the local geometry terms and non-local soft
repulsion terms but no attractive term (Nakai et al. 1993). The
positional restraints on the backbone atoms were imposed so that

PDB?* Name Species T, oplb Resol®

1cz3A Dihydrofolate reductase Thermotoga maritima 80 2.10

1dz3A Stage 0 sporulation protein A Bacillus stearothermophilus 52.5 1.65

IsrvA GroEL apical domain Thermus thermophilus 75 1.70

Itmy CheY protein Thermotoga maritima 80 1.9

2prd Pyrophosphate phosphohydrolase Thermus thermophilus 75 2.0

“PDB codes and chain identifier

®Optimum growth temperature in °C according to Szilagyi and Zavodszky (2000)

“Resolution of the crystal structure in A

Table 2 Homologs of the target proteins

Thermophile® Mesophile® Species ID (%)° Resol®

lcz3A (164) laoeA (192) Candida albicans 52.7 1.60
1dyjA (159) Escherichia coli 53.5 1.85

1dz3A (123) IsrrA (119) Bacillus subtilis 64.6 1.9

IsrvA (145) 1kid (193) Escherichia coli 82.6 1.7

1tmy (119) 2chf (128) Salmonella typhimurium 60.7 1.8
3chy (128) Escherichia coli 59.5 1.66

2prd (174) lobwA (175) Escherichia coli 66.5 1.9

“PDB code with chain identifier. Number of residues in parentheses

Percent sequence identity with the thermophile
“Resolution of the crystal structure in A
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the minimized structure did not deviate much from the experi-
mental coordinates.

Near-native structures introduced in this study have almost the
same backbone conformations as the native structure, but their
side-chain conformations are significantly distorted. Although the
near-native structures are only hypothetical ones, they have been
shown to be useful to extract the energetic factors important for the
formation of the approximate native fold of a protein irrespective
of the details of side-chain packing (Kinjo et al. 2001). To generate
the near-native structure, first a random coil was generated which
was minimized for 500 steps of the conjugate gradient method.
Then the random coil was subject to 55,000 steps of a simulated
annealing molecular dynamics in four-dimensional space using the
computer program EMBOSS (Nakai et al. 1993). The temperature
was set to 500 K for the first 5000 steps, then cooled exponentially
to 1 K. Next, 3000 steps of conjugate gradient minimization was
applied with an increased weight for the fourth dimensional energy
to compress the fourth dimension and to obtain the three-dimen-
sional structure. Finally, 500 steps of conjugate gradient minimi-
zation with the AMBER force field without the 1-5 electrostatic
energy term completed the generation of a near-native structure.
Except for the final stage, the distance geometry force field was
used. Throughout the stages, the positional restraints were imposed
on the backbone atoms so that the near-native model converges to
the backbone conformation of the native structure. Since the main
optimization stages employ the distance geometry force field which
does not include any attractive term, side-chain conformations are
determined solely by steric hindrance. Other characteristics of the
near-native structure are presented in our previous paper (Kinjo
et al. 2001). Twenty near-native structures were generated with
different initial conditions (random coils and initial velocities) for
each protein and the average energy and energy components were
used for the analysis given below.

In order to compare the energetic properties of several families
of proteins at once, we employed a rough approximation of the
denatured state of the proteins, that is, we regard a set of unfolded
structures as the denatured state. The unfolded structures were
generated by almost the same procedure as the near-native struc-
tures. The differences are that the starting structure was the native
structure, that the simulated annealing molecular dynamics was
performed in the three-dimensional space, that the minimization
following the simulated annealing lasted only for 1000 steps, and
that the restraints were imposed so that the structure deviated from
the native one by the root mean square deviation (RMSD) between
8 A and 12 A (Ferrara et al. 2000). The unfolded structure thus
constructed shows a global chain topology somewhat similar to the
native structure, but is significantly expanded and contains no re-
sidual secondary structures (data not shown). Again, 20 structures
were generated with different initial velocities for each protein, and
the average energy and its components were used for the analysis
below.

When the optimization involved the distance geometry force
field, the cutoff distance of non-local interactions was set to 6 A,
while in the minimization with the AMBER force field it was set to
12 A. In the final evaluation of the total energy, no distance cutoff
was applied (see the next section).

Results

Energy function and decomposition
of energy difference

The energy function for the final evaluation of structures
is composed of the AMBER all-atom force field (Weiner
et al. 1986) together with the hydration term of Ooi et al.
(1987) and the electrostatic contribution from the solvent.
In this calculation, no distance cutoff was applied. The
hydration term of Ooi et al.(1987) is based on the acces-

sible surface area of protein atoms which was calculated
by the analytical method of Richmond (1984). The elec-
trostatic contribution from the solvent (reaction field)
was calculated based on a continuum dielectric model of
the protein-solvent system (Nakamura and Nishida 1987;
Nakamura 1996). The dielectric constants were set to 4 in
the protein region, and to 80 for the solvent and boundary
regions. The ionic strength was set to zero. The grid size of
the system was set to 1 A. With these conditions, the
Poisson equation was numerically solved to obtain the
reaction field energy of the continuum protein-solvent
system. Other details of the calculation procedure are
given in our previous paper (Kinjo et al. 2001).

In order to make the comparison of proteins of dif-
ferent sizes easier, the energy values were normalized by
the molecular weight of each protein. Hence the energy
unit cal/g is used instead of more often used kcal/mol.

The calculated energy values were analyzed as fol-
lows. Let E, be the energy of the native structure of a
protein, and E, be the average energy of the 20 unfolded
structures of the same protein. The first quantity we
investigate is the energy change between these states,
AE,_,=E,—E,, which corresponds to the enthalpy
change during the folding transition. Next, we define £,
as the average energy of the 20 near-native structures of
the protein of interest, and AE, ,=E,—En, AEL .=
E.—E,. Accordingly, we decompose AE,_, into two
terms: AE, y = AEy_m + AEn_ . We can regard AE,,
as the energy change associated with the formation of an
approximate native fold, and AE,_,, as the one with the
formation of specific packing to reach the precise native
structure.

Energy difference between the native, near-native,
and unfolded structures

Table 3 summarizes the average radius of gyration (R,)
calculated for all heavy atoms of each protein together
with the RMSD of the near-native and unfolded struc-
tures from the native one. The near-native structures
have slightly larger R, because of their imperfect pack-
ing. The unfolded structures show much larger R, than
the native structure, indicating that they are indeed un-
folded. The RMSD of the unfolded structures are all
close to 12 A, which is the upper limit of the RMSD
restraints imposed (see above).

The upper block of Table 4 shows AE,,_, (the energy
difference between the native and unfolded structures)
and its components, and some combinations of the
components. Thermophilic proteins show lower total
energy changes than their mesophilic counterparts in
four out of five families of proteins (the only exception is
Itmy). To the contrary, only one thermophilic protein,
2prd, shows lower energy in vacuo than its mesophilic
homolog. These observations suggest that the solvent
effect may be crucial for the stabilization of thermophilic
proteins. The electrostatic energy has been shown to be
important for the stabilization of thermophilic proteins
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Table 3 Radius of gyration

calculated for all heavy atoms Protein® Native Near-native® Unfolded®
(in A) tlcz3A 15.3 15.5 (0.16, 1.81) 22.5 (11.8)
mlaoeA 16.2 16.3 (0.14, 1.88) 23.4 (11.9)
mldyjA 15.1 15.3 (0.17, 1.99) 21.9 (11.7)
t1dz3A 16.5 16.6 (0.11, 1.66) 22.9 (11.7)
mlstrA 13.0 13.1 (0.16, 1.69) 20.5 (11.8)
tIsrvA 13.8 13.9 (0.15, 1.59) 21.1 (11.7)
mlkid 16.5 16.6 (0.13, 1.60) 23.9 (11.8)
t1tmy 12.7 12.8 (0.14, 1.52) 20.3 (11.7)
m2chf 13.1 13.4 (0.13, 1.76) 21.0 (11.8)
m3chy 13.1 13.3 (0.12, 1.65) 21.0 (11.8)
t2prd 15.0 15.2 (0.15, 1.75) 223 (11.9)
mlobwA 15.1 15.2 (0.13, 1.74) 222 (11.8)

4The PDB code and chain identifier with the first letter “t” or “m” indicating that the protein is either
thermophilic or mesophilic, respectively i

®The numbers in the parentheses are RMSD (A) from the native structure; the first number was
calculated for backbone atoms, the second for all heavy atoms

‘RMSD (A) from the native structure calculated for backbone atoms

(Xiao and Honig 1999). In our case, the electrostatic
energy is defined as the sum of the Coulomb and
reaction field terms in Table 4. Although most of the
thermophiles show lower electrostatic energy than
their mesophilic homologs, 1cz3A does not. However,
AE,_(EH) (the sum of the electrostatic and hydration
terms in AE,_,) is consistently lower for all the ther-
mophiles than in the mesophiles. This observation con-
firms the importance of the solvent effect.

In the previous study (Kinjo et al. 2001), we have
shown that the “packing energy”, i.e., the sum of bond
length, bond angle, torsion angle, and van der Waals
terms (Vorobjev et al. 1998), is the dominant factor for
determining the precise native structure. Table 4 shows
that the packing energy, AE,_, (pack), of each protein is
of a large negative value but only two thermophiles,
1cz3A and 2prd, show lower AE, , (pack) than their
mesophilic counterparts. Furthermore, the difference in
AE,_, (pack) of these two thermophiles from their cor-
responding homologs are small (-0.1 and —0.15 cal/g,
respectively) compared to the difference in AE,_, (EH)
(-1.5 to —3.8 cal/g, respectively). Thus, the relative sta-
bility of the thermophilic proteins is dominated by the
difference in AE,, , (EH). The electrostatic and hydration
energies have been shown to be important for deter-
mining the approximate native fold regardless of the
specific side-chain packing (Kinjo et al. 2001). There-
fore, the trend of AE,, , (pack) and AE,, , (EH) in Table 4
suggests that the relative stability of the thermophilic
proteins is associated with the approximate backbone
topology rather than the precise side-chain packing. This
point is further discussed in the following paragraphs.

The middle and lower blocks of Table 4 show AE,, ,
(the energy difference between the near-native and un-
folded structures) and AE,_,, (the energy difference be-
tween the native and near-native structures),
respectively. Also shown are their components and some
combinations of the components. As mentioned above,
AE,_, i1s associated with the enthalpy change during
the formation of the approximate native fold, whereas

AE,_, is associated with the formation of the specific
side-chain packing to reach the precise native structure.

Thermophilic proteins from four out of the five
families show lower total AE,, , values than the corre-
sponding mesophiles. The thermophile 1tmy has lower
AE,, , than any other homolog, although it has higher
AE, , than its mesophilic homolog 3chy (the upper
block of Table 4). The opposite trend is found for
IsrvA, which has higher AE,, , than 1kid. As implied in
the analysis of AE,_,, AE,_, (EH) is consistently lower
for the thermophiles than for the mesophiles. None of
the thermophiles shows AFE,, , (pack) lower than the
mesophiles. Therefore the relative stability of the ther-
mophiles associated with the formation of the approxi-
mate fold is also dominated by AE,,_, (EH).

The stabilization by the formation of the specific side-
chain packing can be seen in AE, . The stability of
thermophilic proteins is not so conspicuous in AE, , as
in AE,_, and AE,,,_,. Three out of five thermophiles show
lower total AE,_,, than their mesophilic homologs. Only
two thermophiles, 1cz3A and 2prd, show lower AE,_,
(pack) than their mesophilic homologs. The AE,
(pack) of the thermophilic 1tmy is significantly higher
than those of 2chf and 3chy. This observation shows
that although good packing stabilizes some thermophilic
proteins, it is not the universal mechanism for the
thermostability of thermophiles, which confirms the
statistical analysis by Karshikoff and Ladenstein (1998).
AE, , (EH) are lower for the thermophiles than for the
mesophiles, except for 1dz3A. The AE,, ,, (EH) of 1dz3A
is less stable than the AE,_,, (EH) of 1srrA by 1.35 cal/g.
However, this difference is overwhelmed by the differ-
ence in AE, , (EH) (-5.07 cal/g). Two thermophiles,
IsrvA and 1tmy, show significantly lower AE, ,, (EH)
than the corresponding mesophiles (-2.02 cal/g and
—2.78 cal/g, respectively). For these thermophilic pro-
teins, the solvent effect also helps to stabilize the specific
side-chain packing.

The side-chain packing of the near-native structures
are largely distorted, and the electrostatic and hydration
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Table 4 Total energy and its components (cal/g). The energy value of thermophiles is typed in boldface if it is lower than the corre-

sponding values of any other mesophiles

Protein®  Total® Local® vdw¢ Coul® HB' 00t Rea" Vac' Pack’ EHX
AE,
tlcz3A  -13.53 0.05 -28.91 ~18.03 -2.65 8.29 27.72 -49.54 -28.85 17.98
mlaoeA —10.30 0.83 -28.16 -25.08 -2.49 10.60 34.00 -54.90 -27.33 19.52
mldyjA -10.81 0.40 -29.10 ~17.41 -2.56 11.11 26.76 —48.68 -28.70 20.45
tldz3A  -15.79 0.25 -25.43 ~12.68 -2.61 6.01 18.67 -40.47 -25.18 12.00
mlsrrA  —14.88 1.94 -29.68 -19.56 -2.86 7.61 27.67 -50.16 -27.74 15.72
tlstvA  —15.57 1.11 -29.23 -21.66 -2.69 7.03 29.87 -52.47 -28.12 15.24
mlkid  —14.72 -0.50 -29.08 -21.64 ~2.90 8.79 30.61 ~54.12 -29.58 17.76
t1tmy ~15.60 1.17 ~27.66 -25.35 -3.03 7.03 32.25 ~54.88 -26.49 13.93
m2chf  —12.87 0.65 -30.89 -22.41 -3.05 9.16 33.66 ~55.69 -30.24 20.41
m3chy  —18.04 ~1.18 -32.03 21.72 -3.23 9.19 30.93 -58.16 -33.21 18.40
t2prd -12.36 -0.39 -30.29 -22.26 -2.76 10.16 33.18 -55.70 -30.68 21.08
mlobwA  -8.19 -0.22 -30.35 -9.36 -2.53 9.86 24.42 —42.46 -30.57 24.92
AE,
tlcz3A -3.19 5.41 -23.13 ~13.44 -2.30 6.87 23.39 ~33.46 ~17.72 16.83
mlaceA  —0.66 5.75 -22.43 -17.27 -2.04 8.65 26.69 -35.99 ~16.68 18.07
mldyjA  -2.33 5.01 -22.81 ~12.07 -2.23 8.58 21.19 -32.11 ~17.80 17.70
tldz3A  -8.59 3.29 -21.75 -9.93 -2.39 4.86 17.33 -30.78 ~18.46 12.26
mlsrtA  —5.62 4.84 -25.32 ~13.97 -2.48 6.47 24.83 -36.92 -20.47 17.33
t1srvA -5.30 5.41 -24.94 ~16.21 -2.53 6.67 26.30 -38.28 -19.53 16.76
mlkid -6.30 4.63 -25.53 ~17.64 -2.66 7.68 27.23 ~41.20 -20.90 17.27
t1tmy -8.03 3.13 ~24.85 -17.79 -2.69 6.52 27.64 —-42.19 -21.72 16.37
m2chf -5.85 483 -25.52 ~12.52 -2.60 6.10 23.87 -35.81 -20.69 17.44
m3chy ~6.90 4.07 -26.29 ~14.07 -2.73 7.01 25.12 -39.02 2222 18.05
t2prd -2.19 4.70 ~24.58 -14.07 -2.39 7.32 26.82 -36.33 ~19.88 20.07
mlobwA  —0.24 3.67 —24.67 -8.82 -2.23 8.15 23.65 ~32.04 -20.99 22.98
AE,
tlcz3A  —10.34 -5.36 -5.78 -4.59 —0.35 1.41 433 ~16.08 -11.14 1.15
mlaceA  —9.64 -4.93 -5.72 -7.81 -0.45 1.95 7.30 ~18.90 ~10.65 1.45
mldyjA  -8.48 -4.61 -6.29 -5.34 -0.33 2.53 5.57 -16.57 -10.90 2.76
tldz3A  -7.20 -3.04 -3.68 -2.75 -0.22 1.15 1.34 -9.68 -6.72 -0.26
mlsrtA  -9.26 -2.90 -4.36 -5.59 -0.38 1.14 2.84 ~13.24 ~7.26 -1.61
tlstvA  —10.27 —4.30 -4.28 -5.45 -0.16 0.35 3.57 -14.19 -8.58 -1.52
mlkid -8.42 -5.13 -3.55 ~4.00 -0.23 1.11 3.38 ~12.92 -8.68 0.50
tltmy -7.56 -1.97 -2.81 -7.56 -0.35 0.51 4.61 ~12.68 -4.78 -2.44
m2chf -7.03 -4.18 -5.37 -9.89 -0.45 3.06 9.80 -19.88 -9.55 2.97
m3chy  —11.15 -5.25 ~5.74 -7.65 -0.50 2.18 5.81 -19.14 ~11.00 0.34
t2prd -10.17 -5.09 -5.72 -8.19 -0.37 2.84 6.36 -19.37 -10.81 1.01
mlobwA -7.95 -3.89 ~5.69 —0.54 -0.30 1.70 0.77 ~10.42 -9.58 1.94

4See the caption of Table 3. For the names of the proteins, see
Tables 1 and 2

*Total energy

“Local energy, which is the sum of bond length, bond angle, tor-
sion, and improper torsion terms

The sum of 1-4 and 1-5 van der Waals terms

°The sum of 1-4 and 1-5 Coulomb interaction terms

energy components are known to stabilize the native
backbone topology even in the absence of the specific
side-chain packing (Kinjo et al. 2001). Thus we can
conclude that the thermophilic proteins are stabilized by
the force that stabilizes the backbone topology rather
than by the force that stabilizes the specific and precise
side-chain packing of the native structure.

Discussion

From Table 4, we can see that AE,_, (pack) and AE,
(pack) are large negative values whereas AE,, ,, (EH) and
AE,, . (EH) are large positive values. This means that

'Hydrogen bond term

€Hydration free energy term of Ooi et al. (1987)

"Electrostatic contribution from the solvent, i.e. reaction field
energy

'Total energy in vacuum, which is equal to Total-Oo—Rea
JPacking energy which is the sum of Local and vdW terms

*The sum of Coul, Rea, and Oo terms

while the packing energy stabilizes the native and near-
native structures, the EH energy destabilizes them.
Therefore, the conspicuous tendency that AE,_, (EH)
and AE,, , (EH) are always lower for the thermophilic
proteins than for the mesophilic ones indicates that the
relative energetic stability of the thermophilic proteins is
due to destabilization of their unfolded state. This ten-
dency is not seen in AE, ,, (EH) and not all the ther-
mophiles show lower AE,_,, (EH). Therefore the main
difference of the thermophilic from the mesophilic pro-
teins resides in between the near-native and unfolded
states. The near-native structures are a set of
hypothetical structures which represent a group of
structures somewhere between the native and unfolded
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B ally more flexible or entropically more stable compared

SEAISION St to the mesophilic proteins. The entropic stabilization of a

T t thermostable protein was observed by hydrogen ex-

f);” Il'u change and neutron scattering experiments (Fitter and

/] AGY \ Heberle 2000). At a glance, this conclusion contradicts

_ i ".H the results of Lazaridis et al. (1997). However, the protein
P . they investigated was from an archaeon. It is suggested
/ | (1 that one of the factors that stabilizes the proteins from

M m— L " e archaea is better packing, but it is not the case for the
unfolded state proteins from thermophilic eubacteria (Szilagyi and
Zavodszky 2000). In any case, our conclusion is limited
\ to the proteins from thermophilic eubacteria. Since the
| thermal fluctuations at high temperature make it difficult
to maintain the precise side-chain packing, it may be
possible that the thermophilic proteins have evolved so
that they can rapidly re-cross the transition state to re-
cover the native state. Perl et al. (1998) compared the
Fig. 1 The suggested stabilization mechanism of thermophilic folding and unfolding kinetics of thermophilic cold-

proteins. AG* and blue arrows, the activation free energy of

o T3 : L shock proteins with their mesophilic homolog. In that
folding; AG*, and red arrows, the activation free energy of . .
unfolding; AG and green arrows, the free energy of folding and ~Study, the large difference between the thermophiles and
unfolding. “7” and “M” stand for the unfolded state of

the mesophile was observed in the unfolding rather than
thermophilic and mesophilic proteins, respectively in the folding, which contradicts our prediction. How-
ever, the transition state of the cold-shock protein is
known to be extremely anomalous (Plaxco et al. 1998).
states, in which overall backbone topology or fold is well ~ Similar experimental studies on other proteins are re-
formed but the side-chain packing is not fully achieved. ~quired to validate our results.
On the one hand, since the overall native topologyis well ) ) )
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