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Abstract: The nanoscale peptide YSGVCHTDLHAWHGDWPLPVK exhibits molecular chaperone activity and prevents protein
aggregation under chemical and/or thermal stress. Here, His mutations of this peptide and their impact on chaperone activity
were evaluated using theoretical techniques. Molecular dynamic (MD) simulations with simulated annealing (SA) of different
mutant nanopeptides were employed to determine the contribution of the scaffolding His residues (H45, H49, H52), when
mutated to Pro, on chaperone action in vitro. The in silico mutations of His residues to Pro (H45P, H49P, H52P) revealed loss of
secondary ordered strand structure. However, a small part of the strand conformation was formed in the middle region of the
native chaperone peptide. The His-to-Pro mutations resulted in decreased gyration radius (Rg) values and surface accessibility
of the mutant peptides under the simulation times. The invariant dihedral angle (φ) values and the disrupting effects of the
Pro residues indicated the coil conformation of mutant peptides. The failure of the chaperone-like action in the Pro mutant
peptides was consistent with their decreased effective accessible surfaces. The high variation of � value for His residues in
native chaperone peptide leads to high flexibility, such as a minichaperone acting as a nanomachine at the molecular level. Our
findings demonstrate that the peptide strand conformation motif with high flexibility at nanoscale is critical for chaperone activity.
Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

It is estimated that more than half of human diseases
are caused by protein-folding defects [1]. Chaperones
provide considerable protection against diseases asso-
ciated with protein misfolding and aggregation [2–5].
They act as stable complexes with the partially unfolded
and/or misfolded proteins preventing aggregation and
restoring known folding machines [6]. Critical residues
are required for the chaperone-like function of most
chaperones, including the small heat-shock protein
(sHSP) α-crystallin [7] and oligomeric GroEL chaperone
[8]. The monomeric apical domain of GroEL (residues
191–345), referred to as ‘minichaperone’, exhibits a
GroEL-like activity [8]. The residues 57–69 and 93–107
of α-crystallin are significant parts of the protein that
affect chaperone action and are known as ‘chaperone-
function peptides’ [9]. The chaperone-function peptides
in α-crystallin have a function similar to the whole
α-crystallin protein. That is, they possess the antiag-
gregation property, even in isolation from the native
α-crystallin protein [7]. These peptides have a special
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appeal owing to their chemical diversity, richness of
shapes, relative chemical and physical stability, their
simple structure, the possibility of being synthesized in
large quantity, the most favorable building blocks for
the design, and synthesis of nanostructures and their
use in bionanotechnology [10].

A 21-amino-acid peptide from the yeast alcohol
dehydrogenase (ADH) is the binding site for α-
crystallin [11]. This 21-amino-acid peptide (YSGVCHT-
DLHAWHGDWPLPVK) exhibits a chaperone-like activity
as a minichaperone. It represents the middle region
(residues 40–60) of the yeast ADH, known as the unique
region. Like all other sHSPs, this peptide is referred to
as an ‘intramolecular chaperone’, which forms stable
complexes with a wide variety of chemically or ther-
mally denatured proteins [12]. The mutation of each
of the three His residues to Pro (H45P, H49P, H52P)
results in loss of chaperone-like activity of the peptide
[12]. However, it is generally believed that the chaper-
one proteins display high amounts of Pro residues in
their primary structure [13,14]. Unfortunately it is not
easy to experimentally define the mechanisms and rea-
sons for lack of chaperone activity of the His-mutated
peptides. Understanding the physicochemical determi-
nants that underlie peptide action as nanomachine in
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chaperone activity (preventing aggregation), are funda-
mental in the rational design of nanostructures for new
drugs, which are able to interfere with the harmful
aggregated amyloid-formation process.

The combined efforts of experimental and theoret-
ical approaches have been useful in expanding our
understanding of the physicochemical properties of
peptides. Molecular dynamic (MD) simulations have
been used to faithfully estimate the physical properties
of various peptides, which are not accessible to direct
experimental observations [15–18]. MD simulation is
an important tool to understand not only the effect of
mutations on the structure, but also more importantly,
the dynamic nature of the protein molecules [18–20]. It
has been widely used for the investigation of aggrega-
tion at the molecular level [21–24]. Furthermore, the in
silico mutation analysis can provide useful information
regarding the secondary and tertiary conformation of
macromolecules, especially the functional mechanisms
contributed by the striking residues in the primary
structure [25,26].

The mechanism of the GroEL chaperone action
was recently studied using MD simulation [27]. In
addition, the simulation has been used to evaluate
peptide folding in solution under reversible conditions
at atomic resolution, and to test the models of the
folding process [28,29]. Here, the chaperone inability of
the mutant nanomachine ADH minichaperone peptides
were investigated by MD simulations in order to
gain further insight into the mechanisms and the
biophysical properties of vital residues in secondary
and tertiary structures. Thus, theoretical modeling
may provide insight into the design of more effective
nanoscale minichaperone peptides.

Computational Schemes

All simulations were performed using the GROMACS
simulation package [30,31]. The time step of integration
was held at 1fs with the G43a1 force field [29]
in these simulations. To demonstrate the quality of
the simulation data, the root-mean-square deviations
(RMSD) of the simulated molecular systems were
determined by averaging the overtime intervals of 50 ps.
Additional details regarding the MD simulations are
described in the following sections.

Theoretical Procedures

Here we determined the effects of in silico His
mutations on the ADH chaperone peptide function
using MD simulations. The equilibrium geometries
of the ADH peptide (ten different samples) at 300 K
were first achieved using MD simulation. The lowest
energy of equilibrium structure was then employed
to design the initial configuration of the mutant
peptides. MD simulations were employed to evaluate
the mutation effects and to obtain 30 different

equilibrium geometries. The local minima geometries
(40 geometries) for all species were then obtained using
the annealing simulation and molecular mechanics
(MM) minimization methods. The calculation details are
indicated in the subsequent sections.

Molecular Dynamic Simulations

The initial configuration of the ADH peptide YSGVCHT-
DLHAWHGDWPLPVK was taken from the 2HCY PDB
code. To remove the effects of the long-range strains,
which may impact conformations in the intermolecular
X-ray coordinates, we performed a simulated study of
the ADH peptide for 10 ns. MD simulations were carried
out at NPT ensemble and periodic boundary conditions.
The electrostatic interactions were calculated using the
Particle Mesh Ewald model [32] with a 14 Å cutoff.
The ADH X-ray structure was placed in a solvent box
with approximately 3000 SPC 216 water molecules. The
distance from the cubic-box edges of the chaperone
peptide was 7 Å. The neutralization of the system
required the addition of 1 Na+ ion.

The aqueous solvent and the Na+ ions were first
subjected to the energy minimization with solute kept
fixed in its initial configuration. The solvent and the
Na+ ions were then allowed to evolve using an MD
simulation for 20 ps with a step time of 1 fs, keeping
the structure of the solute molecule fixed. The entire
system was then minimized using the steepest descent
of 1000 steps followed by the conjugate gradients of
9000 steps. In order to obtain an equilibrium geometry
at 300 K and 1 atm, the system was heated at a
weak temperature (0.1 K) and pressure (0.5 atm), and
took advantage of the Berendesen algorithms [33].
The heating time for the MD simulations at 100,
200, and 300 K was 100 ps. An MD simulation was
then conducted for 10 000 ps and ten geometries were
statistically generated during 9000–10000 ps (with
100 ps intervals), which were followed by a structural
minimization calculation. The latter minimization was
performed at the steepest descent of 1000 steps followed
by the conjugate gradients of 9000 steps. Finally
just the minimum geometry based on calculation of
hydration-free energy (�Ghydration) [34–37] was obtained
(from the mentioned ten geometries) for the chaperone
peptide.

The selected minimum geometry was employed as
a template for generation of the mutant peptides,
Mut1–Mut3. The His residues of the ADH peptide
were mutated in silico to Pro including H45P (Mut1),
H49P (Mut2) and H52P (Mut3), respectively. Each of
the structures (Mut1–Mut3), which had been proposed
as chaperone failure [12], was used as a starting point
for the additional 10 ns simulation. Thirty different
geometries were generated as indicated above for
the native chaperone peptide and only the minimum
geometries (Mut1–Mut3) were presented via calculation
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of �Ghydration. The lowest energies of the 40 different

equilibrium geometries generated from MD simulation

conformations were obtained by calculating �Ghydration

for simulated annealing (SA) procedures, described

below.

Simulated Annealing Procedures

The heating/annealing cycles facilitate the avoidance
of local minima and provide the best solution to the
global minimum. The SA MD’s full-energy minimization
strategy is necessary to enable the molecule to

Figure 1 Root-mean-square deviations (RMSDs) of the main-chain atoms (backbone) versus simulation time (ps). The native
peptide has steady-state conformation after 4000 ps, whereas the mutant peptides (Mut1–Mut3) take steady-state conformation
after 6000 ps. There are notable differences in the native and mutant peptides RMSD values.

Figure 2 The Rg values for the native chaperone and mutant peptides during simulation times. Symbols (Mut1–Mut3) indicate
the H6P, H10P and H13P mutant peptides, respectively.
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overcome energy barriers [38,39] between different
conformations, and to prevent the system from getting
stuck in a particular region of the conformational
space. Thus, SA method was employed to obtain
more local minimized geometries of each species and
conformational sampling of each equilibrium geometry
at 300 K.

The minimum structure from the MD geometries of
the native and mutant chaperone peptides were used
for SA calculations. Each of the indicated structures
was placed in the solvent box, as previously described.
In this SA method, heating treatment up to 1000 K
was first performed on the four systems with a 50 ps
duration, keeping all parameters the same as before.
This was then followed by the annealing treatment
on these systems. The strategy, being decreased in
temperature from 1000 to 50 K, was followed by an
increase from 50 to 1000 K. The time duration for
each increase or decrease in temperature was 100 ps.
Performing in this manner, the SA of 2 ns resulted
in 40 near-local minima structures (ten structures for
each starting system). The inspection of the annealed
systems showed no indication of any bond breakage
or tension in the structures as expected. Thus, the
use of temperatures as high as 1000 K did not have
any effect on the destruction of the aforementioned
structures. In order to obtain local minima structures,
the annealed geometries were then optimized by taking

advantage of the steepest descent of 1000 steps (down
to a gradient of <100 kJ/mol/nm) followed by the
conjugate gradients of 9000 steps (down to a gradient
of <10 kJ/mol/nm). Finally four minimum geometries
from the 40 generated structures of the native and
mutant (Mut1–Mut3) peptides were presented based
on the calculation of �Ghydration.

RESULTS

Coordination of Extracted Chaperone Peptide

The analysis of the secondary ordered conformation
of the native chaperone peptide is shown in Table 1
(first line). The results indicated that the first four
residues, from the free initial chaperone peptide
that was directly extracted of 2HCY PDBexhibitstrand
coordinates. The next seven residues were related
to the helix conformation, while the remaining ten
residues participated in the random coil. However, this
coordination was related to the state that was induced
by excessive strain on the ADH protein. The real
conformation of this peptide in the free state should be
different from the starting structure directly extracted
from 2HCY PDB. Thus MD simulation was utilized to
remove excessive strains and generate a well-defined
peptide structure.

Table 1 Secondary structure of the chaperone peptides directly taken from the PDB 2HCY (native X-ray) and after 10 000 ps
simulation of native and mutant peptides. The symbols ‘s’, ‘h’, and ‘l’ indicate the contribution to the strand of each of the residues
of helix and loop (coil) secondary structures in the related peptides, respectively. The residues 1–21 correspond to the amino
acids 40–60 of the yeast ADH

Amino-acid sequence Y
1

S
2

G
3

V
4

C
5

H
6

T
7

D
8

L
9

H
10

A
11

W
12

H
13

G
14

D
15

W
16

P
17

L
18

P
19

V
20

K
21

Native X-ray s s s s l l h h h h h h h l l l l l l l l
Native simulated l l l l l l h h h h h h l l l l l l l l l
Mut1 simulated l l l l l l h h h l l l l l l l l l l l l
Mut2 simulated l l l l l l h h h h l l l l l l l l l l l
Mut3 simulated l l l l l l h h h l l l l l l l l l l l l

Table 2 Prediction of the secondary structure of the chaperone peptides with the PROF program [40]. The sequences indicated
below are related to the native and mutant peptide residues. The symbol, ‘l’ indicates each of the residues contributing to the loop
(coil) secondary structure. Blank cells denote the inability of PROF program to predict structure. The residues 1–21 correspond
to the amino acids 40–60 of the yeast ADH

Amino-acid sequence Y
1

S
2

G
3

V
4

C
5

H
6

T
7

D
8

L
9

H
10

A
11

W
12

H
13

G
14

D
15

W
16

P
17

L
18

P
19

V
20

K
21

PROF secondary prediction (native) l l — — — — l — — — — — — l l l l l l l l
PROF secondary prediction (Mut1) l l — — — l l l — — — — — l l l l l l l l
PROF secondary prediction (Mut2) l l — — — l l l l l l — l l l l l l l l l
PROF secondary prediction (Mut3) l l — — — — l l l l l l l l l l l l l l l
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MD Simulation of Native and Mutant Chaperone
Peptides

Due to PDB deficiency of the 21-amino-acid ADH
chaperone peptide, we extracted its initial coordinates
from the PDB structure of the 2HCY. MD simulation
method was then applied, which allowed approaching
the native form of the free peptide and stabilization
of the structure. Figure 1 shows the RMSDs of the
native and mutant chaperone peptide backbones under
MD simulation times. After a 4000 ps simulation, the
RMSDs of the native conformation were kept at 0.4 nm
for 6000 ps, indicating that after elimination of the
unfavorable long-range forces from the X-ray geometry
the chaperone peptide acquired a rather stable form.
Considering conformational sampling from final MD
simulation conformers showed almost all peptides
(native and Mut1–Mut3) tend to loose their ordered
nanostructure (especially strand) to coil coordinates
(Table 1). The tendency to lose ordered conformation
among mutant peptides was more predominant than
the native peptide.

Assessments of Gyration Radius (Rg) during
Simulation Times

Changing gyration radius (Rg) of all peptides versus
simulation time agreed with RMSDs values further
supporting the validity and sufficiency of 10 000 ps MD
simulation time with the quality of the simulation data
(Figure 2). Assaying Rg, which was the criterion of the
tertiary structural volume, indicated that the His-to-
Pro mutations caused a decrease in Rg values under
the simulation times. After averaging the Rg values in
the final 3000 ps of the simulation time (steady-state
conformation population) the Rg values in the range
of nanoscale were obtained for each peptide (Figure 3).
Figure 3 illustrates the role of Pro in decreased tertiary
structural volume. Figures 2 and 3 show that the
mutations of His residues resulted in decreased Rg

values and surface accessibility. The tertiary structure
of the peptides, based on stick style, is shown in
Figure 4. The disruption property of the Pro mutant

Figure 3 The average Rg values for the native chaperone and
mutant peptides during the final 3000 ps simulation time.
Symbols (Mut1–Mut3) indicate the H6P, H10P, and H13P
mutant peptides, respectively.

peptides, due to loss of ordered conformation, resulted
in lower Rg values in these peptides.

Coordination of Native and Mutant Chaperone
Peptides by PROF Program

The results from the application of PROF program are
summarized in Table 2. These results indicate that each
mutant peptide illustrated a greater coil conformation
than the native peptide, which confirms aforementioned
MD simulation data. The PROF program is very simple
and can predict protein structure with more than 70%
accuracy [40].

Acquiring the Real Peptide Conformation by SA

The native state of a protein is generally believed to be
a global free-energy minimum. Thus, the SA technique
is a powerful method for acquiring the real peptide
conformation [38,39]. The SA results, only the lowest
energy structure of each conformation, are presented
in Table 3. These results show that Pro mutations
promoted the entire random coil structure of the
chaperone peptides. However, in the structure of the
native peptide a small part of the strand conformation
was observed in the middle region due to the presence

Table 3 Secondary structure of the native and the mutated chaperone ADH peptides, which were simulated annealed. The
symbol ‘s’, ‘h’ and ‘l’ indicate each residue contribution to the strand, helix and loop (coil) secondary structure in the related
peptides. The residues 1–21 correspond to the amino acids 40–60 of the yeast ADH

Amino-acid sequence Y
1

S
2

G
3

V
4

C
5

H
6

T
7

D
8

L
9

H
10

A
11

W
12

H
13

G
14

D
15

W
16

P
17

L
18

P
19

V
20

K
21

Native l l l l l s s s s s s s l l l l l l l l l
Mut1 l l l l l l l l l l l l l l l l l l l l l
Mut2 l l l l l l l l l l l l l l l l l l l l l
Mut3 l l l l l l l l l l l l l l l l l l l l l
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of His residues. Figure 5 depicts the superposition
stick-style tertiary structure of the native and mutant
peptides determined by SA, which are related to the
collapsed conformations of Pro mutant peptides.

Evaluation of Dihedral Angles (φ) during MD
Simulation

Figure 6 shows that the dihedral angles (φ) of the Pro
residues are stable, remaining within a small range
throughout the whole simulation time. In contrast,
the dihedral angle φ related to the His residues
varied considerably. This high variation and flexibility
provided His residues the possibility of interacting with
other residues forming suitable secondary structures,
such as a strand.

DISCUSSION

The MD simulations of peptide stability and folding
are currently an area of intense activity. The computa-
tional studies of helix and sheet-forming peptides are

reliably used to assess physicochemical properties of
various peptides [28,29,41–58]. The MD simulations,
starting from a fully extended random conformation
of the peptide (all backbone dihedral angles in trans),
were recently performed at different temperatures to
study peptide folding [28,29]. If a region of the molecule
is highly strained the MD simulation attempts to
release the strain leading to a native conformation,
which is possible to evaluate by changes in RMSDs.
Here, variations in RMSDs of the mutant peptides
were greater than native peptide during MD simulation
times. The RMSDs of the mutant peptides increased
within 6000 ps and then fluctuated in nanoscale about
0.5–0.6 nm. The large RMSDs of the mutant peptides
were due to drastic structural changes in the initial
conformation of the mutant peptides. Evaluation of Rg

values confirmed that more conformational changes
occurred in the mutant peptides. The native peptide
with 1 nm Rg value has high chaperon action and
operates as a nanomachine in vitro, whereas mutant
peptides (Mut1–Mut3) with lower Rg values lacked any
chaperone potency. In addition, the results from MD

Figure 4 Simulated stick-style tertiary structures of native and mutant peptides. Images of simulated peptides were generated
with DS Viewer Pro. In all panels, dark stick lines denote native peptide structure, and gray stick lines in A, B and C panels, denote
mutant (Mut1–Mut3) peptide conformations, respectively. During 9000–10 000 ps MD simulations, statistically ten geometries
from each peptide were generated as a conformational sampling, and only the lowest energy structure of each conformation is
shown.

Figure 5 Simulated annealing (SA) stick-style tertiary structures of native and mutant peptides. Images of SA peptides were
generated with DS Viewer Pro. In all panels, dark stick lines denote native peptide structure, and gray scales lines in A, B and
C panels denote mutant peptides structure (Mut1–Mut3) respectively. Only the lowest energy structure from the ten sampling
geometry of each conformation is shown.
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MD SIMULATIONS OF NANOMECHANIC CHAPERONE PEPTIDES 1179

Figure 6 φ distribution for the Pro and His residues during simulation. Filled and dashed lines denote φ values of His and
Pro mutant peptides during the simulation time, respectively. Symbols (Mut1–Mut3) indicate the H6P, H10P and H13P peptides,
respectively.

simulation and PROF program predictions illustrate
that the His mutations resulted in decreased secondary
ordered helix conformation that was accompanied by an
increased coil conformation (Tables 1 and 2). Pro is an
unusual amino acid (imino acid), and replacing the His
residues with Pro disrupts the peptide structure lead-
ing to decreased Rg values and surface accessibility. The
chaperone action involves interactions with target pro-
tein and protein complex formation [6]. Furthermore,
the effective-surface accessibility is important for the

construction of a stable substrate protein-chaperone
complex and prevention of aggregation.

Both MD and PROF program studies suggested that
the peptides in the mutant form tend to form a random
coil structure. That is, the simulated native and mutant
peptides lose most of their secondary ordered struc-
tures during the 10 000 ps simulation time exhibiting
a tendency for conformational transition. The ten-
dency to form coil conformation in mutant peptides
(Mut1–Mut3), by eliminating the local barrier energy
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via SA method, confirmed the aforementioned results.
However, the native peptide has a propensity to form a
small part of strand conformation in the middle region.
The results of SA method are more reliable and it is
believed that by eliminating the local barrier energy one
can approach the real conformation. Our data are in
agreement with the experimental CD results showing
that all the mutant peptides exhibit a greater extent of
random coil structure compared with native ADH pep-
tide [12]. However, the CD spectropolarimetry provides
data that only approximates the secondary structure of
macromolecules. In contrast, NMR, X-ray crystallogra-
phy, and the theoretical methods are able to elucidate
structures in more details. In this context, theoretical
results indicated the vital role of seven residues that
construct ordered strand nanostructure conformation
in the native nanoscale chaperone peptide.

Another physical parameter that explains the reason
for the collapse of tertiary structure of mutant peptides
is constancy of thedihedral angle φ. The mutation of
Pro to Leu in prion protein results in an increase in
the variation of the dihedral angle φ promoting the β-
sheet construction. Thus, Pro is critical in preventing
the transition from random to the β-sheet structure
[18]. Therefore, the invariant � value can demonstrate
the disrupting effects of Pro residues leading to the
random coil conformation of the mutant peptides.
The high variation of the � value for His residues
in the ADH chaperone peptide could lead to higher
flexibility of the native peptide, such as minichaperone
action. However, the flexibility of the mutant peptides
was lower because of constant � values. Thus, the
native chaperone nanopeptide could easily interact
with aggregation prone state macromolecules, while
the mutant peptides could not. Furthermore, it appears
that the strand section of the peptide in its native
state consists of the major part for the chaperone-like
activity of the peptide. These theoretical findings agree
with a previous report regarding the substitution of the
Phe residues with Gly in the chaperone 19-amino acid
peptide from the α-crystallin. The substitutions caused
a 20-fold decrease in chaperone action and the mutated
peptide did not show a secondary structure. The α-
crystallin, as a small heat shock chaperone protein, has
a considerable secondary structure [12]. These findings
demonstrate that Pro mutations were conflicting with
the secondary ordered conformation. Mutation of each
of the His residues to Pro caused the loss of its crucial
strand nanostructure and led to coil structure with
low surface accessible area in the tertiary conformation
resulting in lack of chaperone action.

The chaperone proteins interact with the aggregation-
prone state of macromolecules. These interactions
mask the aggregation surfaces and culminate in
antiaggregation effects. The loss of secondary ordered
structure with the collapsing tertiary conformation,
and decreased effective-surface accessibility of the

Pro mutant chaperone peptides, caused failure in
antiaggregation activity. Thus, the strand conformation
of the peptide is critical for its chaperone activity,
and the His mutation to Pro leads to disruption
of this region. These calculations establish a link
between sequences and nanostructured conformation
of nanopeptides with antiaggregation propensities and
suggest that special residues may be targeted in
new minichaperones for drug design. On the basis
of this finding we propose the reliable model to
design new sequences with selected properties for
nanobiotechnological applications.

CONCLUSIONS

Theoretical techniques are presently a reasonable
alternative for atomic-resolution investigation of many
complex processes, despite recent progresses in the
development of experimental analysis techniques.
The in vitro mutations of minichaperone (21 amino
acid) H45P (Mut1), H49P (Mut2) and H52P (Mut3)
illustrated the failure action of this peptide as a
nanomachine. In order to determine the main factor(s)
that contribute to the chaperone activity, we used
MD simulation for 10 ns followed by SA of 2 ns.
Our results show that the ordered secondary strand
nanostructure with seven residues is critical for the
chaperone activity of the peptide. The replacement
of the histidine residues with proline (a structure-
disrupting amino acid) prevented the transition from
random structure to secondary ordered structure. This
was associated with a fixed dihedral angle φ leading
to the disruption of tertiary conformation and failure
in chaperone action. These findings provide additional
insight into physicochemical and functional properties
of chaperone systems on the nanoscale. In addition,
this knowledge can be exploited for the development of
new minichaperones with ordered atomistic structure
and rationally designed nanostructures with potentially
important applications in biotechnology, molecular
medicine, and drug delivery.
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