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ABSTRACT In recent years, increased interest
in the origin of protein thermal stability has gained
attention both for its possible role in understanding
the forces governing the folding of a protein and for
the design of new highly stable engineered biocata-
lysts. To study the origin of thermostability, we have
performed molecular dynamics simulations of two
rubredoxins, from the mesophile Clostridium pas-
teurianum and from the hyperthermophile Pyrococ-
cus furiosus. The simulations were carried out at
two temperatures, 300 and 373 K, for each molecule.
The length of the simulations was within the range
of 6–7.2 ns. The rubredoxin from the hyperthermo-
philic organism was more flexible than its meso-
philic counterpart at both temperatures; however,
the overall flexibility of both molecules at their
optimal growth temperature was the same, despite
59% sequence homology. The conformational space
sampled by both molecules was larger at 300 K than
at 373 K. The essential dynamics analysis showed
that the principal overall motions of the two mol-
ecules are significantly different. On the contrary,
each molecule showed similar directions of motion
at both temperatures. Proteins 2002;46:287–294.
© 2002 Wiley-Liss, Inc.
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INTRODUCTION

Enzymes that evolved from thermophile or hyperthermo-
phile organisms have attracted considerable attention
because they serve as paradigms for delineating the
factors responsible for protein stability. Hyperthermo-
philic enzymes exhibit considerable potential for a number
of biotechnological applications that require the use of
high temperatures.1,2 However, no unifying theory to
explain protein thermostability has been accepted because
stability may arise with the interplay of many factors. In
the case of aldehyde ferredoxin oxidoreductase, thermosta-
bility is associated with an increase in the packing density
of the hydrophobic core and a decrease in internal cavi-
ties.3 The electrostatic contribution to the thermal stabil-
ity of proteins in terms of salt bridges and networks of ion
pairs has been demonstrated in the case of ferredoxins4

and more recently in the DNA-binding protein Sac7d from

Sulfolobus acidocaldarius.5 Other, commonly accepted,
factors that switch a mesophilic protein to a thermophilic
one, are: improved hydrogen bonding networks,6 stabiliza-
tion of a-helices by a-helix capping,7,8 and shortening of
loops between secondary structural elements.9,10 A set of
cavity-creating single point mutations has been shown to
increase the thermal stability of T4 lysozyme.11 The role of
a single amino acid mutation in the ribonuclease P2 from
Sulfolobus solfataricus was found to be crucial for the
conformational stability of the structure at high tempera-
ture and pressure.12

Nevertheless, it is often assumed that one of the most
common strategies to enhance protein thermal resistance
is to increase the rigidity of the molecular structure,13,14

although no direct relationship between protein thermal
stability and protein flexibility can be stated a priori.
Several studies have shown that proteins that belong to
both thermophilic or hyperthermophilic organisms exhibit
reduced structural flexibility at room temperature with
respect to their mesophilic counterparts.15–18 In contrast,
experimental observations of a-amylase19 and of esterase
from the eubacterium Bacillus acidocaldarius,20 as well as
molecular dynamics (MD) simulations in subtilisin-E,21

show that proteins from thermophilic organisms are more
flexible than their mesophilic homologues.

Computational approaches have been extensively used
on both mesophilic and thermophilic proteins to study the
temperature dependence of several quantities, such as the
intraprotein Coulombic interaction,5,22 effect of point mu-
tations,11,12 redox potential,23 and flexibility.18 The length
of MD simulations was within a few hundred picoseconds;
in one case, it reached the nanosecond timescale.21

This article investigates the role played by internal
dynamic fluctuations of the polypeptide chain for the
stability of the native fold at room and high temperature.
To answer this question, we have compared the dynamic
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properties of two iron–sulfur rubredoxins (Rb) from Pyro-
coccus furiosus (RbPf), a hyperthermophilic archeon that
grows at ;100 °C, and Clostridium pasteurianum (RbCp),
which grows at ;37 °C.

The flexibility of rubredoxins was investigated by Jung
and coworkers,24 with a 30-ps MD simulation. The investi-
gators found that the hyperthermophilic rubredoxin is less
flexible than the mesophilic form. A comparable result was
achieved by Bradley et al.,25 with a 10-ps MD simulation.
Lazaridis et al.26 performed a 400-ps MD simulation,
followed by a 300-ps simulation, to study the unfolding
behavior of both RbPf and rubredoxin from mesophile
Desulfovibrio vulgaris up to 500 K.

The presence of four additional residues that adopt a
b-sheet conformation has been considered the main origin
of thermostability in rubredoxins.27 The x-ray-based study
also showed that the presence of a Glu instead of a Pro in
the primary structure of RbPf gives rise to a salt bridge
that also involves residues Ala-1 and Phe-29. It was found
that the side-chain of Lys-6 is linked to Glu-49 by means of
a salt bridge, and that this linkage apparently contributes
to the difference in thermal stability between the two
homologous rubredoxins.28 However, the results obtained
from the comparison between RbPf and the remaining
elements of a whole set of rubredoxins from mesophilic
bacteria29 appear to exclude the role of specific amino acids
to explain the extraordinary thermal stability of RbPf. In
agreement with an earlier study by Eidsness et al.,30

Giuliani et al.29 conclude that global interactions (i.e.,
spread over the whole molecule), more than local stabiliz-
ing interactions, should be considered in the case at hand.

The present study reports the results of four MD simula-
tions (6–7.2 ns long) on RbCp and RbPf at two characteris-
tic temperatures of growth; 300 and 373 K, respectively.
The principal finding is that although both proteins share
about 59% sequence identity, the hyperthermophilic rubre-
doxin is more flexible than the mesophilic rubredoxin at
both simulated temperatures. However, both proteins
have the same overall flexibility at their optimal growth
temperature. The conformational space sampled by both
molecules is larger at 300 K than at 373 K. Finally,
essential dynamics analysis of the trajectories shows that
the internal motions of the two proteins are significantly
different.

MATERIALS AND METHODS
Definitions

RbPf300 and RbPf373 designate the MD simulations of
rubredoxin from hyperthermophile Pyrococcus furiosus at
300 and 373 K, respectively, whereas RbCp300 and
RbCp373 stand for the corresponding MD simulations of
rubredoxin from mesophile Clostridium pasteurianum at
300 and 373 K, respectively. In Figures 1–7 and Tables I
and II, the numbering of the primary structures is the one
corresponding to RbCp. According to the sequence align-
ment between the two molecules, the numbering of pri-
mary structure in RbPf is shifted downward by one unit.

Molecular Dynamics

The starting configurations for both hyperthermophilic
and mesophilic rubredoxins were obtained from the Pro-
tein Data Bank (PDB), entry code 1IRO44 and 1CAA27 for
Clostridium pasteurianum and Pyrococcus furiosus rubre-
doxins, respectively. The reference bond angles and dis-
tances around the iron atom of the FeS4 cluster were taken
from the crystal structures of the proteins in their oxidized
state. The simulations were performed in the NVT en-
semble, using the GROMACS simulation software pack-
ages,31 implemented on a parallel architecture. A modifica-
tion of the GROMOS87 force field was used with additional
terms for aromatic hydrogens32 and improved carbon–
oxygen interaction parameters.33 The SHAKE algorithm34

was used to constrain bond lengths, with a time step of 2 fs.
All starting structures were immersed in a rectangular
box of SPC water molecules.35 All simulations were per-
formed with a periodic boundary condition at the desired
temperature using an external bath36 with a coupling
constant t 5 0.002 ps, equal to the integration timestep.
Nonbonded cutoffs of 1.0 nm and 1.4 nm for Lennard-Jones
and Coulomb potentials, respectively, were used. The pair
lists were updated every 10 steps. For all systems, the
solvent was relaxed by energy minimization, followed by
10 ps of MD at 300 K, while restraining protein atomic
positions with a harmonic potential. The systems were
then minimized without restraints and their temperature
brought to 300 K in a stepwise manner: 10-ps-long MD
runs were carried out at 50, 100, 200, and 250 K before the
production runs were started at 300 K. An initial coordi-
nates set for simulations at 373 K was taken from the
configuration after 2,000 ps of simulations at 300 K for
both systems. This structure was gradually brought to 373
K in a similar manner with respect to the first thermaliza-
tion. The total length of the simulations was 7.2 ns at 300
K and 6.0 ns at 373 K. For both systems at both tempera-
tures, the structures of the trajectories were collected
every 0.1 ps. Secondary structure content was calculated
using the software Dictionary of Secondary Structure of
Protein (DSSP).37 The root-mean-square deviation (RMSD)
of a selected element with respect to its reference value is
defined as

RMSD 5 Î1
N O

i 5 1

N

~ri 2 r0!
2

where ri represents the element position at time i and r0

the reference value. The root-mean-square fluctuation
(RMSF) of a selected element with respect to its average
value is defined as

RMSF 5 Î1
N O

i 5 1

N

~ri 2 ^r&!2

where ri represents the element position at time i and ^r&
the average value.
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Essential Dynamics

Quantitative characterization of the dynamic properties
of each system relied on principal component analysis of
the covariance matrix of the positional fluctuations of the
Ca atoms.38–40 The covariance matrix was built from the
equilibrated portion of the trajectories, and its diagonaliza-
tion afforded the principal directions of the large-ampli-
tude concerted motions (principal eigenvectors) that char-
acterize the essential subspace of the internal dynamics of
a protein. The dynamic signature of a protein was defined
by the subspace corresponding to the first 10 eigenvectors
with largest eigenvalues of the covariance matrix of the
fluctuations.

Comparison of the dynamic properties of two proteins
was obtained by the root-mean-square inner product,
RMSIP, between the corresponding dynamic signatures
(first 10 eigenvectors).41,42

RMSIP 5 Î1
10 O

i 5 1

10 O
j 5 1

10

~hi
a z hj

b!2

where hi
a and hj

b are the ith and jth eigenvectors from set a
(first protein) and set b (second protein), respectively.

RESULTS AND DISCUSSION
Comparison of Starting Structures

The structure of RbPf has been determined both in
solution, by nuclear magnetic resonance (NMR) spectros-
copy,43 and in the crystal, by x-ray crystallography.27 The
three-dimensional structure of RbCp has been elucidated
by x-ray crystallography.44 Both molecules (Fig. 1) consist
of 53 residues, belonging to the mainly b class45,46 and
containing four cysteine residues bound to an iron atom to
form a loop structure, commonly defined as a “knuckle”
(Cys-X-X-Cys-X-X).47 Their primary structures are 59%
identitical with RMS displacement of their Ca positions of
0.05 nm in best aligned regions. Rubredoxin from RbPf has
a higher b-sheet content than its mesophilic counterpart:
residues 1–6, 9–14, and 47–51, for RbPf,27 and residues
4–6, 11–14, and 49–51 for RbCp,44 respectively.

Global Structural Stability

The potential interaction energies (solute/solute 1 solute/
solvent) trajectories are shown in Figure 2. The energies
are approximately constant at 300 K over the whole
simulation. At 373 K, a constant value is reached within
the first 300 ps of the simulation. As reported in the
experimental section, the initial coordinates for the simu-
lations at 373 K were taken from the conformation after 2
ns of simulation at 300 K.

Figure 3 shows the trajectories of the RMSD with
respect to the crystal structure. At 300 K, the RMSD
increases up to an equilibrium value of 0.27 and 0.19 nm
for RbPf and RbCp, respectively. At 373 K, the RMSD
has an almost constant value of 0.28 and 0.21 nm for
RbPf and RbCp, respectively. The largest deviations at
both temperatures for RbPf are localized on residues

22–28 and 30 –37; for RbCp, they are localized in
residues 21–24 and 41– 45. It should be pointed out that,
at equilibrium, the protein samples different regions in
the allowed conformational space, so that the RMSD can
show a damped profile. The subsequent analyses have
been performed by discarding the first 1.2 ns for the
simulations at 300 K and the first 0.5 ns for the
simulations at 373 K.

Despite these deviations that occur in the molecular
structure, both rubredoxins do not undergo significant
unfolding processes, as evidenced by the radius of gyration
(data not shown) and by the secondary structure content
calculated during the simulations (Table I). Table I reports
the average number of residues in a given secondary
structure calculated by DSSP.37 For comparison, the DSSP
values for the PDB structure and for the energy-mini-
mized structure are reported. Both systems retain most of
their crystallographic secondary structures at 300 K, with
only the 310-helix content reduced during the simulations.
Interestingly, at 373 K, RbCp loses a residue in the b-sheet
conformation, whereas RbPf gains one residue in the same
secondary structure.

Dynamics

Figure 4 compares the RMSF of RbPf and RbCp on a
residue basis, at both temperatures. The first interesting

Fig. 1. Graphic representation of the molecular structure of rubredoxin
from Clostridium pasteurianum (A) and Pyrococcus furiosus (B) in their
oxidized state. Picture generated using Molscript50 and Raster3D soft-
ware.51
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result is that RbPf is more flexible than its mesophilic
counterpart at both temperatures. This result is in agree-
ment with that observed experimentally in esterase,20

from Bacillus acidocaldarius, and a-amylase,19 in which
thermostability is experimentally related to higher flexibil-
ity, and by MD simulation in subtilisin-E.21

The overall flexibility can be calculated by the trace of
the diagonalized covariance matrix of the atomic posi-
tional fluctuations. We have obtained the following values
for RbCp: 0.60 nm2 at 300 K and 0.42 nm2 at 373 K.
Similarly for RbPf we had 1.12 nm2 at 300 K and 0.67 nm2

at 373 K, thus confirming what shown in Figure 4. It
should be pointed out that the overall flexibility of both
molecules at their growth temperature is almost the same:
0.60 nm2 for RbCp300 and 0.67 nm2 for RbPf373. It is
worth noting that the calculated flexibility of both RbCp373
and RbPf373 is smaller than the corresponding flexibility
at 300 K.

This apparent paradox can be explained in terms of
conformational space sampling, as can be observed by the
essential dynamics analysis. Figure 5 shows that, at 300
K, at least two subspaces are sampled, while at 373 K only
one subspace is sampled. The projection of the trajectories
at 373 K onto the eigenvectors obtained at 300 K provides
evidence that the subspace at 373 K for RbCp [Fig. 5(C)] is
close to region 2 of Figure 5(A) and the subspace at 373 K

for RbPf [Fig. 5(D)] is close to region 2 of Figure 5(B). It
should be pointed out that the eigenvectors at 373 K [Fig.
5(E,F)], although close, do not coincide with those at 300 K.
Thus, it can be concluded that, at high temperature, only
one subspace, among those allowed at room temperature,
is sampled. This can be explained in terms of conforma-
tional entropy: at 300 K, we have almost equivalent free
energy minima, with different entropy values. At high
temperature, the low entropy minima are less populated
on respect to the high entropy minima. Within each
minimum the fluctuation is larger at 373 K than at 300 K,
as expected.

To characterize the structural differences among the
two regions at 300 K, we have compared the RMSD of their
Ca atoms with respect to the crystal structure. The results
are reported in Figure 6. For RbCp (Fig. 6, bottom), the two
structures differ in region 36–43, that includes the two
catalytic cysteines, 39 and 42, of the active site. Briefly, the
protein region responsible for the large sampled space at
300 K involves primarily loops 1 and 2 of the mesophilic
rubredoxin.

The comparison between the two regions of RbPf (Fig. 6,
top) at 300 K shows that they differ in the stretch 19–38.
This deviation is caused by a rigid-body displacement of
the loop 1 with respect to the stretch of residues ranging
from 29 to 38. The amino acids with large RMSD in both
molecules largely correspond to the region with recurrent
hydrophobic residue content, as detected by Giuliani et

Fig. 2. Trajectories of the potential interaction energy (solute/solute 1
solute/solvent) of RBPf and RbCp at 300 K (A) and 373 K (B) over the
whole trajectories.

Fig. 3. Trajectory of the root-mean-square deviation with respect to
the crystal structure of hyperthermophilic RbPf (black) and mesophilic
RbCp (gray) rubredoxin at 300 K (top) and 373 K (bottom). The
thermalization time from 300 up to 373 K is not shown.

290 A. GROTTESI ET AL.



al.29 by a recurrence quantification analysis (RQA). Accord-
ing to Giuliani et al.,29 the recurrent hydrophobicity
patterns involves in RbCp residues 5–10 and 37–42; in
RbPf residues 6–10, 22–25, 27–29, 35–38, 40–42, and
46–48.

The overall concerted motions of the two proteins at both
temperatures were monitored by the essential dynamics
analysis.40 Table II reports the comparison of the essential
subspaces of the proteins. We calculated the root-mean-
square inner product RMSIP (see Materials and Methods)
between the first 10 eigenvectors of each simulation. It has

been reported48,49 that this number accounts for the
(dis)similarity of the essential motions. For reference
values, we have divided each trajectory in two halves and
have calculated the inner product between the first 10
essential eigenvectors of each half. The values obtained
represent the expected reference values that indicate a
similarity in the motions and are taken as thresholds for a
comparison among different trajectories. We have there-
fore calculated the inner product between the equili-
brated part of the trajectories of the two molecules at the
two temperatures. The results show that each molecule
has similar motions at both temperatures. On the
contrary, the motions of the different rubredoxins are

TABLE I. Average Number of Residues in a Given Secondary Structure of RbPf and RbCp
Calculated in the Equilibrated Part of the Trajectories at 300 K and 373 K,

According to DSSP Software*

RbPf RbCp

300 K 373 K X-ray min 300 K 373 K X-ray min

310-helix 3.0 (0.7) 2.7 (1.1) 9 3 3.3 (1.3) 0.3 (1.0) 9 6
b-Sheet 9.7 (1.4) 10.7 (1.6) 10 10 9.2 (1.2) 8.7 (0.7) 8 8
Bridge 0.7 (1.4) 1.6 (1.3) 4 4 0.6 (0.9) 0.0 (0.0) 4 4
Bend 13.1 (3.1) 8.3 (3.1) 2 2 13.3 (2.2) 14.1 (1.8) 1 1
Turn 6.5 (3.5) 10.1 (2.8) 14 20 9.1 (2.6) 11.8 (1.4) 14 17
Coil 20.1 (3.2) 19.5 (2.5) 14 14 17.6 (2.5) 18.0 (1.4) 17 17

RbPf, rubredoxin Pyrococcus furiosus; RbCp, rubredoxin Clostridium pasteurianum.
*Standard deviations are given in parentheses. The corresponding reference values in the crystal structure and the
values in the energy-minimized starting structure are also reported.

Fig. 4. Root-mean-square fluctuations per residue of RbPf and RbCp
computed at 300 K (top) and 373 K (bottom). F, RbPf300; }, RbPf373; h,
RbCp300; ‚, RbCp373.

Fig. 5. Projection of the Ca atoms trajectory along the first two
principal components of the covariance fluctuations matrix of the RbCp
(A) and RbPf (B) at 300 K. The numbers indicate different regions.
C,D: Projections of the trajectories at 373 K onto the principal components
of A and B, respectively. E,F: Projection of the trajectories of RbCp (E)
and RbPf (F) at 373 K onto their first two eigenvectors.
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significantly different when compared at both simulated
temperatures.

Figure 7 illustrates the motion along the first eigenvec-
tor at 300 K. It should be noted that the motion of loops 1
and 2 is different in the two molecules. In fact, in RbCp it
leads to partial exposure of the core of the protein to the
solvent, which also affects the active site, by orthogonally
sliding loop 2 with respect to the b-sheet plane, a move-
ment previously observed in Jung et al.24 On the contrary,
in RbPf the principal motion at 300 K is due to the
traslation of loop 1 toward the core of the protein, which is
coupled to a concerted motion of the 29–38 stretch in the
opposite direction. It is important to note that the active
site region is not altered by these motions.

CONCLUSIONS

We report the results obtained by long MD simulations
of two rubredoxins from mesophilic (RbCp) and hyperther-
mophilic (RbPf) organisms. The aim was to study the
structural and dynamic differences between the two en-
zymes.

Within the time scale of the simulations, we show that
the flexibility of the protein from the hyperthermophilic
organism is larger than its mesophilic counterpart. This
finding is in agreement with reported experimental data
on a-amylase19 and esterase20 and MD data on subtilisin-
E.21 This represents a novelty with respect to the most
common theory of thermostability. Previous MD simula-
tions on rubredoxins of few tens of picoseconds24,25 yielded
opposing conclusions, most certainly due to the different
length of the simulations, which in the present case is a
few nanoseconds.

The overall flexibility of both molecules at their optimal
temperature of growth is the same, as evidenced by the
trace of the diagonalized covariance matrix of atomic
fluctuations. This coincidence could be related to the
optimal activity of each molecule.

TABLE II. Root-Mean-Square Inner Product Between the
First 10 Eigenvectors of Different Trajectories

RbCp300 RbCp373 RbPf300 RbPf373

RbCp300 0.765a 0.774 0.465 0.412
RbCp373 — 0.865a 0.474 0.470
RbPf300 — — 0.712a 0.740
RbPf373 — — — 0.778a

RbCp, rubredoxin Clostridium pasteurianum; RbPf, rubredoxin Pyro-
coccus furiosus.
aThese values refer to the RMSIP obtained by comparing the two
halves of the corresponding trajectory.

Fig. 6. Root-mean-square deviation per residue with respect to the
crystal structure of RbCp (bottom) and RbPf (top) calculated within each
region of Figure 5A and B. RbCp300: region 1 (F); region 2 (h). RbPf300:
region 1 (F), region 2 (h).

Fig. 7. Projection of the motions along the first eigenvector at 300 K.
A: RbCp. B: RbPf. Arrows, direction of the motion.
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Another (quite surprising) result was obtained analyz-
ing the conformational space sampled by the two proteins
at different temperatures: two regions were sampled at
low temperature and only one at high temperature (see
Fig. 5). This behavior can be attributable to different
conformational entropy of the allowed sampled minima at
300 K; thus, at higher temperature, the region with higher
entropy values is more populated.

The essential dynamics analysis shows that the internal
motions of each protein are similar at both temperatures.
By contrast, the principal motions are significantly differ-
ent in the two proteins.

We can conclude that, according to this picture, the
thermostability in rubredoxin is obtained by a different
dynamic behavior of the hyperthermophilic protein with
respect to the mesophilic protein. The greater flexibility
facilitates its adaptation to the larger kinetic energy. The
difference in flexibility is coupled to a difference in the
directions of internal motions.
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