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Abstract Steered molecular dynamics simulations are
performed to explore the unfolding and refolding processes
of CLNO25, a 10-residue beta-hairpin. In unfolding pro-
cess, when CLNO025 is pulled along the termini, the force-
extension curve goes back and forth between negative and
positive values not long after the beginning of simulation.
That is so different from what happens in other peptides,
where force is positive most of the time. The abnormal
phenomenon indicates that electrostatic interaction
between the charged termini plays an important role in the
stability of the beta-hairpin. In the refolding process, the
collapse to beta-hairpin-like conformations is very fast,
within only 3.6 ns, which is driven by hydrophobic inter-
actions at the termini, as the hydrophobic cluster involves
aromatic rings of Tyrl, Tyr2, Trp9, and Tyrl10. Our sim-
ulations improve the understanding on the structure and
function of this type of miniprotein and will be helpful to
further investigate the unfolding and refolding of more
complex proteins.

Keywords Protein folding - Protein unfolding -
Hydrogen bond - Beta-hairpin - Steered molecular
dynamics

Introduction

It is well known that most proteins are functional in vivo
because they fold into characteristic three-dimensional
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structures (George et al. 2006). Under some conditions,
such as high temperature, extremes of pH or mechanical
forces, protein will unfold into random coil that loses bio-
chemical function (Selkoe 2003). Since folding and
unfolding are essential to life, literatures on the study of
these processes are very rich (Gao and Truhlar 2002; Gao
et al. 2006; Freddolino et al. 2010; Yang et al. 2010;
Alhambra et al. 2000; Duan et al. 2010; Shank et al. 2010).
And it has been greatly advanced in recent years by the
development of fast time-resolved techniques. For instance,
an atomic force microscope (AFM) can be used to study
unfolding by attaching one end of a protein to a substrate
and the other end to the AFM’s cantilever. It enables the
characterization of the mechanical response of protein at the
nanometer scale (Sotomayor and Schulten 2007; Best et al.
2003). Moreover, two-dimensional infrared (2D IR) spec-
troscopy, which maps vibrational coupling between
molecular groups, can be used to probe protein folding and
unfolding dynamics with picosecond time resolution (Gol-
onzka et al. 2001; Hunt 2009; Kolano et al. 2006; Ganim
et al. 2008). Hydrogen-exchange mass-spectrometry can
track the formation of secondary structures during folding
by measuring how easily protons (H" ions) are exchanged
between water and amino acids in the proteins (Tsui et al.
1999; Eyles and Kaltashov 2004; Pan et al. 2010; Chen et al.
2010; Gruebele 2010). However, a detailed understanding
of folding is still missing due to the high dimensionality of
the protein conformational spaces and by the wide range of
relevant time scales (Daniel et al. 2003).

In order to reduce complexity, a large amount of works
have been concentrated on protein secondary structure
conformational dynamics, such as f-hairpin (Munoz et al.
2006; Hughes and Waters 2006; Riemen and Waters 2010;
Klimov et al. 2002; Zhou and Berne 2002; Guo et al. 2000;
Du et al. 2004). Schulten et al. perform flow simulations on
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the 16-residue S-switch region of platelet glycoprotein Iba
(Chen et al. 2008). The flow induces its transition from a
flexible loop to a f-hairpin. Among so many synthesized
p-hairpins, photo-switchable peptide is the most popular. It
incorporates a photoresponsive element which can initiate
structural changes from a f-hairpin to an unfolded hydro-
phobic cluster and vice versa. Moroder et al. have syn-
thesized various peptides, in which an azobenzene unit was
incorporated directly in the backbone (Renner et al. 2000a,
b; Cattani-Scholz et al. 2002). An optical laser pulse
excites the molecular system and then azobenzene will
perform cis—trans photoisomerization, which cause sub-
sequent conformational dynamics of the peptide backbone
(Nguyen and Stock 2006; Olsen and Smith 2007, 2008;
Sporlein et al. 2002).

Since miniproteins play an important role in the study of
protein folding, numerous f-hairpin miniproteins have
been designed recently. Honda et al. (2008) obtained the
crystal structure of a f-hairpin miniature protein, termed
CLNO25, which is a synthetic molecule consisting of 10
naturally occurring amino acids. The linear sequence of
amino acids of CLNO025 is Tyrl-Tyr2-Asp3-Pro4-Glu5-
Thr6-Gly7-Thr8-Trp9-Tyr10 (see Fig. 1). The f-hairpin is
stabilized by an electrostatic interaction between the
charged termini; cross-strand hydrogen bonds; Ar—Ar
interactions between Tyr2 and Trp9, Tyrl and Tyr10, Tyrl
and Trp9, and Tyr2 and Tyr10; as well as a CH-n inter-
action between Try2 and Pro4. Despite its small size, its
essential characteristics, revealed by its crystal structure,
solution structure, thermal stability and free energy surface
are consistent with the properties of natural proteins.

The existence of this kind of miniprotein deepens our
understanding of natural proteins. However, we have
known little about the details of folding and unfolding
process for CLNO25 yet. In this paper, we study the
unfolding of CLNO025 by mechanical stretching using
steered molecular dynamics (SMD) simulation, which
mimics AFM experiment and reveals the molecular
mechanisms underlying mechanical function (Guzman

Fig. 1 Crystal structure of CLN025. The f-hairpin is stabilized by
the hydrogen bonds and hydrophobic interaction between nonpolar
side chains of Tyrl and Tyr10, Tyr2 and Trp9
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et al. 2008, 2009; Lu and Schulten 1999; Hamdi et al.
2008; Rief et al. 1997; Lim et al. 2008; Zeng et al. 2010).
Because of computational limits, the pulling velocities
used in SMD are orders of magnitude higher than those in
an AFM experiment, leading to drastic overestimation of
the unfolding forces. However, the resulting force-exten-
sion profiles can illustrate qualitative details that are con-
sistent with those observed by AFM (Gao and Truhlar
2002; Lu and Schulten 2000). Furthermore, we also sim-
ulate the refolding of stretched CLNO025 by free MD
simulation.

Theoretical methods

Simulations were performed with the molecular dynamics
code NAMD 2.7 with the CHARMM?27 force field (Phillips
et al. 2005). The protein was solvated in a rectangle box of
5.9 x 4.8 x 4.1 nm>. One chloride and three sodium ions
were used to neutralize the charge of the system. An energy
minimization of 1,000 steps using the steepest descent
algorithm was followed by a 1-ns position-constrained
NPT simulation in order to equilibrate water and ions. A
subsequent NPT simulation of 10 ns was performed with
the peptide released. The temperature (7 = 310 K) and
pressure (p = 1 bar) were controlled by langevin thermo-
stats and barostats. The bonds were constrained using the
Shake method in all simulations. The simulation utilized
particle mesh Ewald summation with a 12-A cutoff for
nonbonding interactions and an integration step of 2 fs
(Pineda et al. 2007; Saen-Oon et al. 2008; Cramer and
Truhlar 1999; Wu et al. 2007; Huang et al. 2008; Liu et al.
2009; Zhao et al. 2010; Yang et al. 2011).

For the steered MD simulations, constant velocity SMD
method was used to stretch peptides along two ends of the
protein. In this technique virtual harmonic force is applied
to the Co atom of Tyr10, with the N atom of Tyrl fixed
simultaneously. The force constant of Hookean spring is
7 keal mol™' A™2 The pulling velocity is 0.01 A ps— .
For comparison, we have performed another unfolding
pathway simulation. We attach a spring at the Co atom of
residue Gly7 while the Co atom of residue Asp3 is held
fixed (Li et al. 2009). It helps us to study how much the
attraction between two termini contributes to the stability
of the f-hairpin structure. Moreover, we have also done the
simulations in vacuum in order to study the role of water in
unfolding of CLNO25.

Results and discussion

The stable structure of CLNO025 is obtained after a 10-ns
free MD simulation at 310 K and compared with the
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crystal structure. The stability of the used structure can be
reflected by the small and constant overall root mean
square displacement (RMSD) values (2.4 &+ 0.6 A) after
500 ps (see Fig. 2a). We also calculate the average RMSD
over time of each residue in the protein with the VMD
software package (Humphrey et al. 1996). The most mobile
residues are Tyrl0 and Trp9, with average RMSD value
being 3.81 and 2.67 A, respectively. The most stable res-
idues are Glu6 and Tyr7, whose average RMSD values are
both 0.89 A. Trp9 and Tyr10 are mobile for the reason that
they both incorporate an aromatic sidechain so that many
rotamers are possible.

The oxygen hydrogen (O-H) distances of the interstrand
backbone H-bonds are presented in Fig. 2b—f. We use the
five cross-strand H-bond distances as key quantities for
monitoring conformational dynamics as well as stability
along the trajectory. The diagrams show that there are only
three stable hydrogen bonds, i.e. Asp3: NH---O: Thr8,
Tyrl: O---HN: Tyrl0, Asp3: O---HN: Gly7. In addition,
Asp3: OD1 and Asp3: OD2 can form hydrogen bond with
HN: Thr6 alternately. The other hydrogen bonds can last
less than 20% of the equilibration duration time.

Then, SMD simulation has been performed with the
equilibration structure. Figure 3a represents the force
extension profile when pulling force is along the N-terminus
and C-terminus during the unfolding process. It is observed
that the force fluctuates between negative and positive values
after 0.2 ns, which means that it is easy to be unraveled along
the terminal direction. The phenomenon is very different

from what happens in other peptides, where force is always
positive. As the C-terminus detaches from the N-terminus,
stable hydrogen bonds break soon by continuous attacks
from water molecules (Rhee et al. 2004; Li et al. 2010;
Shelimov et al. 1997).

The unfolding sequence can be well explained by the
study of change in the interaction energy between different
residues (Hatfield et al. 2010; Das and Mukhopadhyay
2009). From Fig. 3b, it can be noted that major contribu-
tion to the interaction energy is from Asp3-Thr6 and Tyrl-
Tyrl0. Other interaction energies are far less than the
above two and are not shown. One can also see that the
interaction energy from Tyrl-Tyrl0 significantly changes
within 0.11 ns and disappears after another 0.25 ns. The
H-bond between Asp3 and Thr6 is not stable and broken
after 0.36 ns.

Figure 3c shows the extension profile of constant
stretching force simulation with force being 100 pN. It
demonstrates a clear three-phase process. In phase I, the
extension varies around 4.6 A, corresponding to terminal
attraction’s resistance. In phase II, the protein extends
rapidly from 4.6 to 23 A, without much resistance. In phase
I, the plateau region is observed to form a distinct hyper-
unfolded state in which the central kink of the hairpin is
straightened (Bryant et al. 2000). As mentioned above, the
f-hairpin can unfold easily without large barrier in the
unfolding process when pulling is along the termini. This
demonstrates that the f-hairpin is dominantly stabilized by
the electrostatic interaction between the charged termini.
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Fig. 3 Mechanical unfolding of CLNO25 in aqueous solution when
pulled from the termini. a Force-extension curve of a 1.6 ns constant
velocity SMD simulation. Not long after the beginning of the
simulation, the force fluctuates between negative and positive values,
which means that it is easy to be unraveled along the terminal
direction. b Interaction energy between different residues along the
unfolding pathway in (a). Only the important ones are shown. “3-6”
means interaction energy between residue Asp3 and Thr6. ¢ Constant
force simulation (100 pN). CLNO25 only resists for 0.4 ns. The
plateau at the end represents that protein becomes completely
unfolded

Mechanical unfolding process of CLNO2S5 in gas phase
when it is pulled from the termini is shown in Fig. 4. A
sudden jump of the extension corresponds to a sharp
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Fig. 4 Mechanical unfolding of CLNO025 in gas phase when pulled
from the termini. Data shown are time evolution of (a) extension,
(b) force, (c) interaction energy, respectively. A sudden jump of the
extension corresponding to force and interaction energy’s sharp
decrease

decrease of force and interaction energy. There are two
clear force peaks in Fig. 4a, which is different from that in
aqueous solution. One can observe that hydrogen bonds
can survive for a much longer time with the absence of
water. And the interaction energy between Tyrl and Tyr10
also increases from 75 to 100 kcal/mol.

Moreover, we perform SMD simulations from the
middle residues: the o carbon of Asp3 is held fixed while
that of Gly7 is harmonically constrained to a moving
restraint point. Two collective variables, radius of gyration
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(Rg) of the core and the number of hydrogen bonds are
calculated from the molecular structures along the
unfolding pathway. Rg is defined as the root mean square
distance of the four aromatic sidechain atoms of the
hydrophobic core Tyrl, Tyr2, Trp9, and Tyrl0 residues
from their collective center of mass. The number of
hydrogen bonds is calculated by counting the number of
donor—acceptor pairs in which the distance between N and
O is less than 3 A and the angle N-H---O is larger than
130°.

The Force—time curve is overlaid with plots of the
number of hydrogen bonds and the radius of gyration of the
hydrophobic core sidechains in Fig. 5. There are two main

. T T - T v 3000
12 47— Hbond
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. - 2000
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‘e - 1000 g
2 4 Z
-0
0 T T T T
0.0 0.4 08 1.2 16

Time(ns)

Fig. 5 Unfolding pathway of the f-hairpin when pulled from middle
residues in aqueous solution. Force—time curves are overlaid with
plots of the number of hydrogen bonds and the radius of gyration of
the hydrophobic core sidechains. All traces have been smoothed by
boxcar averaging

Fig. 6 Molecular dynamics
snapshots demonstrating the
unfolding pathway under
tension applied at the middle
residues. In aqueous solution
(left ) and in vacuum (right).
Compared with snapshots in
aqueous solution, the
C-terminus does not detach
from the N-terminus through the
whole simulation time in
vacuum

Ons

0.2ns

force peaks, which are marked by black rows. The first
force peak indicates the resistance of hydrogen bonds, the
number of which drops from 9 to 4 within 0.3 ns. The
second force peak represents the resistance of hydrophobic
core, as can be seen by the rise in the radius of gyration of
the core following the force peak.

Figure 6 depicts molecular dynamics snapshots of the
unfolding pathway when we pull along the middle residues.
Compared with snapshots in aqueous solution, the C-ter-
minus does not detach from the N-terminus during the
whole simulation time in vacuum. In aqueous solution, the
three hydrogen atoms of N-termini may form hydrogen
bond with three surrounding water molecules while in
vacuum, the N-termini is hidden in the innerside of the
f-switch and forms hydrogen bonds with Asp3 and Thr6.
Either pulled from the terminal or middle residues, the
f-hairpin unfolds slower in vacuum than in aqueous solu-
tion because enhanced electrostatic interactions at the ter-
minal positions of the peptide can contribute to the stability
of the f-hairpin.

Since a two-state kinetic model of protein folding is
valid, (Zwanzig 1997) it would be tested by time evo-
lution of the backbone dihedral angles (Fig. 7). Transi-
tion from folded state to unfolded state will be
accompanied by sudden change of backbone dihedral
angles. Regardless at which site we pull the f-hairpin in
aqueous solution, at the terminal or at middle residues,
its final backbone dihedral angles are the same, which is
shown in Table 1.

To study the refolding of CLNO025, we perform molec-
ular dynamics simulations starting from a partially unfol-
ded state. Figure 8a is the RMSD of MD structures from
crystal structure. The collapse to f-hairpin-like

0.2ns
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Fig. 7 Time evolution of the backbone dihedral angles ®; (f) and ‘¥ (¢) of the ten amino acids of CLN025 when pulled from termini (lef?); pulled
from middle residues (right). @; involves the backbone atoms C—N,, ;—Cu;;—C; 1. ¥; involves the backbone atoms N—Ca—~C—N;

conformations is very fast, with only 3.6 ns. Then the
10-residue peptide stays in folded state until 20 ns. The
reason why it refolds rapidly is that in initial structure, the
turn has not been disrupted thoroughly. As is shown by

previous experimental results,
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p-hairpin formation is

initially driven by the bending propensity of the turn seg-
ment (Ji and Zhang 2008; Lewandowska et al. 2010;
Munoz et al. 1997).
Figure 8b is the radius of gyration of the hydrophobic
core. The resemblance between (a) and (b) indicates that
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Table 1 Average backbone dihedral angles of folded and unfolded

state

Folded state

Unfolded state

Pro 4 @
Pro 4 ¥
Glu5 @
Glus5 ¥
Thr 6 ¥
Thr 8 ®
Thr 8 ¥
Trp 9 ¥

—75°
—25°
—100°
—50°
—15°
—100°
150°
125°

—150°

150°

—150°

150°
180°
100°
0°
0°

Other backbone dihedral angles have no obvious differences between
the two states

0 5 10 15 20 25 30
Time(ns)
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Rg of core(A)
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|
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Fig. 8 Refolding of CLN025. a The RMSD of MD structures from
crystal structure. b The Rg of the hydrophobic core. The resemblance
between a and b indicates that the main driving force behind protein
structure formation is hydrophobic interactions

the main driving force behind protein structure formation is
hydrophobic interactions. The number of hydrogen bonds
during the refolding simulation is far smaller than that in

the equilibration simulation, so there is no evidence that the
formation of hydrogen bonds between backbone peptide
groups plays any significant role in the initial stage of
folding.

We calculate the evolution of backbone dihedral angles
during refolding, just like what we have done during
unfolding. Whether in folded or unfolded state, Thr 6 ® is
about 75°. But in our refolding simulation, it is trapped in
—100°. Tyrl @ and Tyr2 ¥ encounter the same situation.
Tyrl ® is trapped in 50°, while it varies between —50°and
—150° in folded/unfolded state. And Tyr2 ¥ is trapped in
25°, while it is about 150° in folded/unfolded state. That is
to say, the fS-hairpin is misfolded. The misfolded state is
not stable and soon stretches to unfolded state (Fig. 9), and
it will take a long time for these three angles to find the
right answers.

Conclusion

In summary, molecular simulations are performed to study
unfolding and refolding process of CLNO025, a 10-residue
f-hairpin. CLNO025 is mainly stabilized by electrostatic
interaction between the charged termini, so when it is
pulled along the termini, the f-hairpin can unfold easily
without large barrier. It is characterized by the force’s
fluctuation between negative and positive values not long
after the beginning of simulation. Without water, interac-
tion between termini is strengthened, and then the
unfolding process is harder. Different from pulling along
the termini, pulling along middle residues have two peaks.
The first force peak indicates the resistance of hydrogen
bonds and the second one represents the resistance of
hydrophobic core. They share something too. In both
conditions, the f-hairpin unfolds slower in vacuum than in
aqueous solution. And their final backbone dihedral angles
are the same, which is in accord with the two-state folding
model. Moreover, in refolding process, the resemblance
between profile of RMSD and Rg’ evolution indicates that
the main driving force behind protein structure formation is
hydrophobic interactions. The collapse to p-hairpin-like
conformations is very fast, with only 3.6 ns. But it is a
misfolded state rather than a folded state. The misfolded
state is not stable and soon stretches to unfolded state. And
it is time-consuming for Tyrl @, Tyr2 ¥ and Thr 6 @ to go
back to the right path. The simulation improves our
understanding of this kind of miniprotein. It helps us
investigate how large the area of ideal proteins is, whereas
the sequence space of a 10-residue polypeptide is relatively
limited and easier to be explored than naturally occurring
proteins.

@ Springer



564

G.-J. Zhao, C.-L. Cheng

Fig. 9 Refolding snapshots of Ons
CLNO25. The collapse to
p-hairpin-like conformations is
very fast, with only 3.6 ns. But
it is a misfolded state rather than
a folded state. The misfolded
state is not stable and soon
stretches to unfolded state
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