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Abstract The C-terminus tail (G144-T149) of the hyper-
thermophile Sulfolobus tokodaii (Sto-RNase HI) plays an
important role in this protein’s hyperstabilization and may
therefore be a good protein stability tag. Detailed under-
standing of the structural and dynamic effects of C-terminus
tail deletion is required for gaining insights into the thermal
stability mechanism of Sto-RNase HI. Focused on
Sulfolobus tokodaii RNase HI (Sto-RNase HI) and its deriv-
ative lacking the C-terminal tail (ΔC6 Sto-RNase HI) (PDB
codes: 2EHG and 3ALY), we applied molecular dynamics
(MD) simulations at four different temperatures (300, 375,
475, and 500 K) to examine the effect of the C-terminal tail
on the hyperstabilization of Sto-RNase HI and to investigate
the unfolding process of Sto-RNase HI andΔC6 Sto-RNase
HI. The simulations suggest that the C-terminal tail has
significant impact in hyperstabilization of Sto-RNase HI
and the unfolding of these two proteins evolves along dis-
similar pathways. Essential dynamics analysis indicates that
the essential subspaces of the two proteins at different
temperatures are non-overlapping within the trajectories
and they exhibit different directions of motion. Our work
can give important information to understand the three-state
folding mechanism of Sto-RNase HI and to offer alternative
strategies to improve the protein stability.
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Abbreviations
MD Molecular dynamics
Sto-RNase HI Sulfolobus tokodaii RNase HI
ED Essential dynamics
SD Steepest decent
PME Partical mesh Ewald
RMSIP Root-mean-square inner product
RMSD Root mean-square deviations
RMSF Root-mean-square fluctuations

Introduction

Many hyperthermophilic proteins from different organisms
living in constantly hot environments have been identified
and characterized during the last few decades [1]. Thanks to
their unique structure-function properties of high thermosta-
bility and optimal activity at high temperatures, these proteins
have attracted much interest not only for academic research
but also for the biotechnological market [2, 3]. Understanding
the molecular basis of thermostability of hyperthermophilic
proteins plays an important role in designing efficient proteins
with characteristics for a particular application [4]. Sulfolobus
tokodaii (Sto) strain 7 is an aerobic thermoacidophilic
archaeon with an optimum growth temperature and pH of
80 °C and 2.5, respectively [5]. The Sto genome sequence
was reported in 2001 and encoded a variety of hyperthermo-
philic proteins [6]. These proteins are shown to exhibit high
thermostability and are capable of performing their biological
functions such as DNA replication, repair, and transcription
[7, 8]. Many investigators have made great efforts to under-
stand the structure, hyperthermophilic mechanism, and pro-
tein thermostability [5, 9–12].

Ribonuclease HI from the hyperthermophile Sulfolobus
tokodaii (Sto-RNase HI) is a monomeric protein of 149
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amino acids [5]. Sto-RNase HI is characterized by its ability to
degrade not only an RNA/DNA hybrid but also a double
stranded RNA. Recently, a truncated variant of Sto-RNase
HI, lacking six residues at the C-terminus, called ΔC6 Sto-
RNase HI, has been produced [11]. The backbone root-mean-
square deviation (RMSD) of Sto-RNase HI and ΔC6 Sto-
RNase HI is 0.57 Å, implying that C-terminal tail deletion
does not significantly affect folding, which is in agreement
with the earlier experimental studies [11]. Their overall struc-
ture (Fig. 1) consists of a central five-stranded mixed β sheet
with three antiparallel and two parallel strands and four
α-helices. The C-terminal tail of Sto-RNase HI, which is
responsible for its hyperstability, is anchored to the core region
through a disulfide bond (Cys58-Cys145), several hydrogen
bonds, and hydrophobic interactions [9]. Heat-induced
unfolding experiments [11] showed that Sto-RNase HI is a
hyperthermostable protein with a denaturation temperature of
102 °C around pH3, 24 °C higher than that of ΔC6 Sto-
RNase HI. More importantly, the flexible C-terminal tail can
be extensively modified, and this tail has been shown to play a
critical role in the designing of variants with enhanced protein
stability [11]. Many investigators have made great efforts to
understand the role of C-terminal tail in Sto-RNase HI [9, 11,
12], however, the effect of C-terminal tail deletion on the
kinetics of thermal denaturation of Sto-RNase HI at elevated
temperatures is still not fully understood.

Molecular dynamics (MD) simulations, a powerful tool
to complement experimental results with detailed dynamics
behavior of biomolecules [13–16], have been frequently
used to study the structure function relationships of biolog-
ical macromolecules [17–23]. This technique can provide
insight into the atomic level dynamic structural effects of
C-terminus tail deletion of Sto-RNase HI that are not easily
observable with conventional experimental tools. However,
theoretical studies investigating the structural and dynamic
effects of C-terminus tail deletion of Sto-RNase HI are
mostly lacking in the currently existing literature. Therefore,
in our work, MD simulations have been carried out for Sto-
RNase HI and ΔC6 Sto-RNase HI at four different temper-
atures (300, 375, 475, and 500 K) to elucidate the

structural and dynamic consequences caused by the dele-
tion of the C-terminal tail and to evaluate its impact on
the unfolding kinetic. Then, the essential dynamics (ED)
method was applied to measure the degree of overlap
between the conformational spaces of Sto-RNase HI and
ΔC6 Sto-RNase HI, as well as to understand the detailed
dynamics properties. These characteristics can help us to
better understand the effect of C-terminal tail on structure
and stability of Sto-RNase HI. During this study, we have
specifically focused on the following: (1) characterizing
the structural and stable effects of C-terminal tail deletion
in Sto-RNase HI, (2) assessing quantitatively the essential
subspace in Sto-RNase HI and ΔC6 Sto-RNase HI by
calculating the root mean square inner product, (3) eluci-
dating the thermal unfolding pathways of the two proteins.

Materials and methods

Molecular dynamics simulations

The crystal structures of wild-type Sto-RNase HI (PDB code:
2EHG [9]) and ΔC6 Sto-RNase HI (PDB code: 3ALY [11])
were obtained from the Protein Data Bank. The protonation
states of ionizable residues were chosen on the basis of pKa
values of isolated side chain groups at pH3. All starting
structures were placed in a rectangular box with a 1.0 nm
buffer. The box was filled with SPCwater molecules [24] with
periodic boundary conditions. The overall charge of the two
systems was neutralized by adding the appropriate number of
chloride ions. The resulting systems were subjected to energy
minimization for 2000 steps of steepest decent (SD) followed
by 5000 steps of conjugate gradient minimization. Subse-
quently, the minimized systems for both Sto-RNase HI and
ΔC6 Sto-RNase HI were heated gradually from 100 K to
target temperatures (300, 375, 475, and 500 K), and then
equilibrated for 300 ps. Finally, production MD simulations
for the equilibrated systems were then carried out for 100 ns.

All MD simulations were performed using the GROMACS
software package version 4.5.3 [25, 26] and the Amber ff03
force field [27]. All bonds involving hydrogen atoms were
constrained by use of the SHAKE algorithm [28]. The time
step in all MD simulations was set to 2 fs and the temperature
was maintained by the Berendsen coupling algorithm [29] with
a 0.1 ps time constant. Long-range electrostatic interactions
were calculated using the partical mesh Ewald (PME) [30, 31]
summation scheme. Van der Waals and Coulomb interactions
were truncated at 1.2 nm. Secondary structure analysis was
performed using the program DSSP [32]. Other analyses were
performed using script included with the GROMACS [33]
distribution. The data given in the figures and tables were
obtained from the last 40 ns of the MD simulations
unless otherwise stated. The PyMOL [34] and Chimera

Fig. 1 (a) Crystal structure of wild-type Sto-RNase HI. The C-termi-
nal residues are in cyan. (b) Crystal structure of ΔC6 Sto-RNase HI
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[35] software were used to visualize the trajectories and
to produce the pictures of the molecular structures.

Essential dynamics analysis

Essential degrees of freedom of both Sto-RNase HI and
ΔC6 Sto-RNase HI were extracted from the equilibrated
portion of the trajectories on the basis of the ED method
[36, 37]. The ED method relies on the construction of the
covariance matrix of the atomic coordinate fluctuations.
After removal of the translational and rotational degrees of
freedom the covariance matrix was calculated. Then this
matrix was diagonalized to obtain the eigenvalues and ei-
genvectors, which characterize information about correlated
motions throughout the protein. The eigenvectors indicate
the directions of the motion, and the eigenvalues represent
the amount of motion along their eigenvector. Finally, the
eigenvectors are sorted according to their eigenvalues in
descending order. Generally speaking, the first 10 eigenvec-
tors can be applied to describe almost all conformational
substates accessible to the protein.

For the simulations of both Sto-RNase HI and ΔC6 Sto-
RNase HI, only Cα atoms were included in the definition of
the covariance matrices. The root-mean-square inner prod-
uct (RMSIP) [38–40] was calculated to measure the degree
of overlap between the essential subspaces (first 10 eigen-
vectors) of the two simulated systems at both the same and
different temperatures [41]. The RMSIP can be quantified as
follows:

RMSIP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where ηi
a and ηj

b are the ith and jth eigenvectors for system
a and system b, respectively; 10 means the first 10 eigen-
vectors. The RMSIP value was calculated from the equili-
brated portion of the trajectory. For diagonal elements the
RMSIP value was calculated from two equal halves of the
trajectory. The ED analysis was performed with the tool
available in the GROMACS software package.

Results and discussion

Structural stability of Sto-RNase HI andΔC6 Sto-RNase HI

To explore the impact of the deletion C-terminal on Sto-
RNase HI, MD simulation studies were undertaken on the
Sto-RNase HI and ΔC6 Sto-RNase HI at four different
temperatures (300, 375, 475, and 500 K). The backbone
RMSD referred to the crystal structure for the four parallel
simulations were calculated to characterize the structural
changes in Sto-RNase HI and ΔC6 Sto-RNase HI (Fig. 2).
As can be seen, the structures from the 300 K simulations
are in good agreement with the crystal structures exhibiting
average RMSD deviation values of 0.09 and 0.12 nm for
Sto-RNase HI and ΔC6 Sto-RNase HI respectively
(Table 1). In the trajectory run at 375 K the RMSD increase
up to an equilibrium value of 0.12 and 0.18 nm respectively
for Sto-RNase HI and ΔC6 Sto-RNase HI, showing slight
structural changes for ΔC6 Sto-RNase HI. Thus for ΔC6
Sto-RNase HI, changing temperature up to 375 K shows
little effect on the stability of its structure according to the
MD simulations. At 475 and 500 K simulations, the RMSD
of both Sto-RNase HI and ΔC6 Sto-RNase HI increase
gradually during the 100 ns simulation. However,

Fig. 2 Root mean square
deviations of the backbone
atoms of the wild-type Sto-
RNase HI (black) andΔC6 Sto-
RNase HI (red) at four
temperatures (a 300 K, b
375 K, c 475 K, and d 500 K)
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Sto-RNase HI displays lower RMSD values than that ofΔC6
Sto-RNase HI, implying the unfolding transitions of the Sto-
RNase HI occurred much later than the ΔC6 Sto-RNase HI.
This is in agreement with the observed reduced stability
of the ΔC6 Sto-RNase HI [9, 11]. The calculated radius
of gyration also shows similar trends (Table 1). At 300
and 375 K simulations the proteins structures are com-
pact similar to the crystal structures of wild-type Sto-
RNase HI and ΔC6 Sto-RNase HI, while the structures
from the 475 and 500 K simulations lose their compact-
ness. The above results indicate that the structures of
Sto-RNase HI and ΔC6 Sto-RNase HI are in the folded
state and are closer to the crystal structures at 300 and
375 K, while the structures undergo significant structural
changes leading to unfolded states at 475 and 500 K.

This leads us to deduce that low-temperature simulations
(300 and 375 K) do not have enough energy to over-
come the barrier around the starting conformation in our
limited time simulation. However, high-temperature
unfolding simulations do show the rapid denaturation of
the native structure due to the C-tail deletion.

In addition, the solvent accessible surface area (SASA)
for the two proteins was calculated to investigate the impact
of the deletion of six residues in the C-terminal on the
structure of Sto-RNase HI (Table 1). As can be seen, Sto-
RNase HI has higher hydrophobic SASA compared to ΔC6
Sto-RNase HI at 300 and 375 K simulations. These differ-
ences in the MD trajectories of Sto-RNase HI and ΔC6 Sto-
RNase HI mainly result from the deletion of six residues in
the C-terminal of Sto-RNase HI, which contributes to the

Table 1 Average values of
RMSD, Rg, hydrophobic SASA,
secondary structure contents,
and main chain-main chain H-
bonds in wild-type Sto-RNase
HI and ΔC6 Sto-RNase HI at
home temperature simulations

300 K 375 K 475 K 500 K

Sto-RNase HI

RMSD (nm) 0.091±0.008 0.118±0.008 0.88±0.19 1.249±0.21

Rg (nm) 1.48±0.007 1.49±0.007 1.63±0.09 1.69±0.069

Hydrophobic SASA 46.30±0.97 48.41±1.29 57.69±2.01 64.96±2.27

# of residues in β-sheets 34.56±0.78 36.64±1.04 29.9±1.19 16.28±2.69

# of residues in α-helix 54.96±0.97 54.78±1.38 49.3±1.71 40.32±2.10

Main chain-main chain H-bonds 81.16±3.06 78.54±3.66 64.9±4.23 50.46±4.89

ΔC6 Sto-RNase HI

RMSD (nm) 0.124±0.012 0.183±0.02 1.33±0.14 1.671±0.16

Rg (nm) 1.47±0.004 1.48±0.006 1.66±0.09 1.81±0.18

Hydrophobic SASA 44.35±0.98 46.41±1.18 57.03±1.79 67.11±2.15

# of residues in β-sheets 32.68±0.65 32.71±1.34 25.3±1.59 2.88±0.77

# of residues in α-helix 55.47±0.84 54.16±1.69 43.2±1.97 27.69±2.34

Main chain-main chain H-bonds 77.98±3.22 74.69±3.54 56.2±3.97 39.09±4.21

Fig. 3 Root mean square
fluctuations of the residues of
the wild-type Sto-RNase HI
(black) and ΔC6 Sto-RNase HI
(red) at 300, 375, 475, and
500 K. The β-strands and the
α-helix are represented by
block arrows and wavy arrows,
respectively
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high stability of the wild type. Such high stability of Sto-
RNase HI is consistent with our previous analysis that the
unfolding transitions of the Sto-RNase HI occurred much
later than the ΔC6 Sto-RNase HI at high temperature
simulations.

Structural flexibility

Average root-mean-square fluctuations (RMSF) values in
the MD simulation were usually considered as the criterion
for the overall flexibility of the system. Thus the RMSF of

Fig. 4 Time evolution of the
secondary structure elements of
wild-type Sto-RNase HI (a) and
ΔC6 Sto-RNase HI (b) at 300,
375, 475, and 500 K. The
β-strands and the α-helix are
represented by β and α,
respectively

J Mol Model (2013) 19:2647–2656 2651



Cα atoms on a residue basis for four different temperature
simulations were calculated for both Sto-RNase HI and
ΔC6 Sto-RNase HI (Fig. 3). The overall fluctuations
obtained at 300 K are similar to Sto-RNase HI and ΔC6
Sto-RNase HI except for the terminal regions had sharp
peaks in the RMSF plot. Obviously, the RMSF values of
these two proteins increase marginally at 375 K. However,
at 475 and 500 K simulations most of the residues become
highly mobile therefore the curve shows a lot more fluctu-
ations. This is due to the loss of secondary structure at these
high temperatures. As expected, the loop and terminal re-
gions are more flexible compared to the rest of the protein
since they have no large network of tertiary interactions. The
C-terminal residues 141, 142, and 143 of ΔC6 Sto-RNase
HI showed significantly different mobility compared to that
of Sto-RNase HI, indicating that deletion of the previous
C-terminal residues made the new C-terminus flexible. In
general, the RMSF of ΔC6 Sto-RNase HI showed greater
fluctuations than Sto-RNase HI at the same temperature
simulations. These results are in accordance with our find-
ing obtained from the essential dynamics analysis of simu-
lations which will be discussed in a later section.

Secondary structure evolution

A close analysis of the time evolution of the secondary struc-
ture of Sto-RNase HI and it derivativeΔC6 Sto-RNase HI can
present further information about their structural flexibilities.
As a result, the dynamics consequences of C-terminal tail
deletion in Sto-RNase HI can be thus addressed. The nature
of the structural transitions during the simulations was inves-
tigated by examining the evolution of the secondary structure
as a function of time (Fig. 4). Figure 4 shows that at both 300
and 375 K the secondary structure is quite conserved. The
average number of residues that are conserved in β-sheets and
the α-helix is given (Table 1) for comparison between the
different simulations. As can be seen, the average number of
residues in β-sheets and the α-helix at 300 and 375 K are
similar, confirming minor structural differences. On the con-
trary, both Sto-RNase HI and ΔC6 Sto-RNase HI lose their
original secondary structure elements considerably at 475 and

500 K (Fig. 4). Compared to Sto-RNase HI, the unfolding of
ΔC6 Sto-RNase HI is much faster and already starts after 2–
4 ns at 500 K. After 60 ns simulations, the secondary and,
thus, the tertiary structure are almost completely lost in ΔC6
Sto-RNase HI whereas these of Sto-RNase HI are still partial-
ly structured. Moreover, the orders in which they lose their
secondary elements are dissimilar to each other. The triple-
stranded antiparallel β-sheet at N-terminal inΔC6 Sto-RNase
HI undergoes unfolding very quickly, while in Sto-RNase HI,
the β-sheet begins unfolding after 80 ns and the β3-sheet
seems to be stable within the time scale of the simulation
retaining its structure to a larger extent. Helixes 2 and 4 exhibit
a pronounced conformational flexibility in both Sto-RNase HI
andΔC6 Sto-RNase HI. For helixes 1 and 3, a lower stability

Table 2 Root mean square inner
products (RMSIP) between the
first 10 eigenvectors for MD
simulation trajectories at differ-
ent temperatures

W stands for Sto-RNase HI and
C for ΔC6 Sto-RNase HI

W300 W375 W475 W500 C300 C375 C475 C500

W300 0.689 0.689 0.399 0.323 0.452 0.412 0.341 0.289

W375 0.65 0.409 0.382 0.412 0.506 0.418 0.362

W475 0.420 0.426 0.435 0.334 0.394 0.365

W500 0.461 0.375 0.362 0.412 0.317

C300 0.774 0.698 0.543 0.335

C375 0.79 0.541 0.336

C475 0.508 0.337

C500 0.553

Fig. 5 Superimposition of ten configurations obtained by projecting
the Cα motion onto the first eigenvector at 300 (I) and 375 K (II) of
wild-type Sto-RNase HI (a) and ΔC6 Sto-RNase HI (b). Arrows are
used as qualitative indicators of the motion direction
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is observed forΔC6 Sto-RNase HI compared to the wild-type
protein. Remarkably, strands 4 and 5 are completely gone after
50 ns in ΔC6 Sto-RNase HI, while in the wild type they
disappear partially after 60 ns but reform later. Most impor-
tantly, the β5-sheet in Sto-RNase HI seems to be stable within
the time scale of the simulation, which is in agreement with
the earlier experimental studies that the C-terminal tail plays a
critical role in hyperstabilization of Sto-RNase HI [11]. In

generally, the sequence of unfolding events is different in
these two proteins. These different melting processes were
also in qualitative agreement with the earlier experimental
studies [11] which indicate lower thermal stability of ΔC6
Sto-RNase HI than Sto-RNase HI.

Hydrogen bonding is one of the dominant interactions in
maintaining an intact secondary structure, which plays an
important role in protein folding and stabilization [32]. The

Fig. 6 The free energy
landscapes of wild-type Sto-
RNase HI (A) and ΔC6 Sto-
RNase HI (B) versus the
principal components PC1 and
PC2 at 300 (a), 375 (b), 475 (c),
and 500 (d) K, with deeper
color indicating lower energy

J Mol Model (2013) 19:2647–2656 2653



analysis of the hydrogen bonds shows that there is a con-
comitant decrease in number of intact hydrogen bonds with
temperature increasing for Sto-RNase HI and ΔC6 Sto-
RNase HI, and Sto-RNase HI has more hydrogen bonds
than ΔC6 Sto-RNase HI at the same temperature simula-
tions (Table 1). On the basis of the above analysis, this is
reasonable as the structure of ΔC6 Sto-RNase HI becomes
more distorted as the simulation temperature is raised.

Essential dynamics analysis

The ED analysis on the Cα atoms was carried out to evaluate
the dynamic properties of Sto-RNase HI andΔC6 Sto-RNase
HI in the simulations. The overall flexibility of Sto-RNase HI
and ΔC6 Sto-RNase HI were evaluated by calculating the
trace of the diagonalized covariance matrix of the atomic
positional fluctuations.We have obtained the following values
for Sto-RNase HI: 0.411 nm2 at 300 K, 0.849 nm2 at 375 K,
8.781 nm2 at 475 K, and 10.57 nm2 at 500 K. Similarly for
ΔC6 Sto-RNase HI we have 0.544 nm2 at 300 K, 0.955 nm2

at 375 K, 9.267 nm2 at 475 K, and 13.668 nm2 at 500 K, thus
confirming the overall increased flexibility of ΔC6 Sto-
RNase HI than Sto-RNase HI with temperature increasing.
The tendency of this kind of change can also be seen from the
evolution of the secondary structure elements of Sto-RNase
HI andΔC6 Sto-RNase HI. In addition, the overall flexibility
of ΔC6 Sto-RNase HI is larger than the corresponding flex-
ibility of wild-type Sto-RNase HI at the same temperature. It is
consistent with our previous analysis that the rate of unfolding
is faster in ΔC6 Sto-RNase HI compared to Sto-RNase HI.

To estimate quantitatively the essential subspaces in Sto-
RNase HI and ΔC6 Sto-RNase HI, we calculated RMSIP
between the first 10 eigenvectors of each simulation (Table 2).
Between the same proteins, the RMSIP values are high at
lower temperatures (300 and 375 K) while they are signifi-
cantly low at higher temperatures (475 and 500 K), indicating
that the highest degree of overlap occurs within the individual
trajectories obtained at lower temperatures (300 and 375 K).
However, the RMSIP values of the two different proteins at
lower as well as at higher temperatures are significantly low,
implying that essential subspaces explored from the simula-
tions of the two different proteins overlap insignificantly. In
light of this, it may be hypothesized that these two proteins
display different direction of motions at different simulated
temperatures. To further characterize and visualize the dynam-
ical differences between Sto-RNase HI and ΔC6 Sto-RNase
HI, the first three eigenvector was analyzed at 300 and at 375 K
(Fig. 5). Since the partial unfolding of Sto-RNase HI andΔC6
Sto-RNaseHI at high temperatures, the data are not analyzed at
475 and 500 K. As can been seen from Fig. 5, the dominant
motion mainly involves the loop and both the C-terminal tails
for Sto-RNase HI andΔC6 Sto-RNase HI. The arrows indicate
the dynamical behaviors of the three-dimensional correlated
motion of the involved regions. Notably, the motion of loop1
and loop2 is different at 300 and 375 K in these two proteins.
However, the amplitude of the fluctuations is higher in ΔC6
Sto-RNase HI. These results further verify RMSIP data. In
summary, these results demonstrate that Sto-RNase HI and
ΔC6 Sto-RNase HI show rather different principal directions
of motions with different amplitudes.

Fig. 7 Several snapshots of
Sto-RNase HI (a) andΔC6 Sto-
RNase HI (b) during the
unfolding simulations at 500 K.
The time of each representative
conformation are indicated
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Unfolding pathway

The structural changes of Sto-RNase HI and ΔC6 Sto-
RNase HI is investigated via characterization of the free
energy landscapes of eight trajectories at different temper-
atures (Fig. 6). We can see that Sto-RNase HI and ΔC6
Sto-RNase HI have different free energy changes at four
temperatures. The essential subspace and the structural
fluctuations in these two proteins can be extremely differ-
ent with increasing temperature. The deeper color regions
at 475 and 500 K are smaller than that at other lower
temperatures, indicating Sto-RNase HI and ΔC6 Sto-
RNase HI undergo remarkable structural changes. Such
large structural fluctuations at higher temperature may be
associated with an initial unfolding process that changes
the essential coordinate definition. The earlier experimen-
tal studies have also shown that the deletion of C-terminal
tail leads to lower stability of ΔC6 Sto-RNase HI com-
pared to Sto-RNase HI [9, 11]. We want to further inves-
tigate the differences in the stability of Sto-RNase HI and
ΔC6 Sto-RNase HI using thermal unfolding studies by
carrying out MD simulations at elevated temperatures.
Thereby several representative snapshots at different times
along the unfolding processes of the studied proteins are
displayed (Fig. 7). As shown in Fig. 7a, the unfolding
processes of the Sto-RNase HI began with the melting of
β-strand at the C-terminal. This was followed by the
unfolding of β5 around 19.85 ns. The distortion of the
α4 happened at around 50 ns. The unfolding of the entire
triple-stranded β-sheet happened at around 69.81 ns. The
β3 strand firstly separated from the other two strands,
which is followed by a complete collapse of the entire
triple-strand β-sheet at about 90 ns. In fact, the distorted
β3 strand did not induce the unfolding of the whole
protein. From the snapshot at 100 ns, it is found that the
distorted triple-stranded β-sheet was refolded. Compared
to the wild-type protein, the unfolding of the ΔC6 Sto-
RNase HI evolved much more quickly which was also
indicated by the change of RMSD. Different to the Sto-
RNase HI, the β3 strand was firstly melted in the mutant
as shown in Fig. 7b and then a distortion of the C-
terminal α-helix was observed around 7.87 ns. Similar
to the Sto-RNase HI, the N-terminal strands were rela-
tively stable and stayed until 50.4 ns. In brief, the most
prominent differences between Sto-RNase HI and ΔC6
Sto-RNase HI are detected for the stability of the C-terminal
strands 1, 2, and 3. There are several elements of secondary
structure (helixes 1 and 3, strands 3 and 6) that are retained
until the end of the simulation in Sto-RNase HI. The
unfolding pathway analysis leads us to conclude that the
rate of unfolding is faster in ΔC6 Sto-RNase HI compared
to Sto-RNase HI and the sequence of unfolding events is
different in these two proteins.

Conclusions

Focused on the hyperthermophilic protein Sto-RNase HI
and its derivative lacking the C-terminal tail form (ΔC6
Sto-RNase HI), we performed MD simulations at four dif-
ferent temperatures (300, 375, 475, and 500 K) to investi-
gate the effect of C-terminal tail on the structure and
stability of Sto-RNase HI.

Detailed analysis of these MD trajectories in terms of
secondary structure content, solvent accessibility, intramo-
lecular hydrogen bonds indicate that the deletion of the
C-terminal tail in Sto-RNase HI substantially changes the
structure and overall fluctuations with respect to the wild
type Sto-RNase HI structure. The unfolding studies of Sto-
RNase HI and ΔC6 Sto-RNase HI suggest that the rate of
unfolding is faster in ΔC6 Sto-RNase HI compared to Sto-
RNase HI and the sequence of unfolding events is different
in these two proteins. The overall flexibility calculated by
the trace of the diagonalized covariance matrix displays
higher flexibility of ΔC6 Sto-RNase HI than Sto-RNase
HI at the same temperature. The ED analysis also indicates
that Sto-RNase HI and ΔC6 Sto-RNase HI exhibit different
principal directions of motion.

MD simulations and ED analysis provide the above
structural and dynamic properties, which are inaccessible
in the static crystal structure. This study can provide argu-
ment for further experimental and theoretical investigation
into Sto-RNase HI.
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