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Abstract: Recently we performed molecular dynamics (MD) simulations on the folding of the hairpin peptide DTVKLMYKGQPMTFR
from staphylococcal nuclease in explicit water. We found that the peptide folds into a hairpin conformation with native and
nonnative hydrogen-bonding patterns. In all the folding events observed in the folding of the hairpin peptide, loop formation
involving the region YKGQP was an important event. In order to trace the origins of the loop propensity of the sequence YKGQP,
we performed MD simulations on the sequence starting from extended, polyproline II and native type I’ turn conformations for
a total simulation length of 300 ns, using the GROMOS96 force field under constant volume and temperature (NVT) conditions.
The free-energy landscape of the peptide YKGQP shows minima corresponding to loop conformation with Tyr and Pro side-chain
association, turn and extended conformational forms, with modest free-energy barriers separating the minima. To elucidate the
role of Gly in facilitating loop formation, we also performed MD simulations of the mutated peptide YKAQP (Gly → Ala mutation)
under similar conditions starting from polyproline II conformation for 100 ns. Two minima corresponding to bend/turn and
extended conformations were observed in the free-energy landscape for the peptide YKAQP. The free-energy barrier between the
minima in the free-energy landscape of the peptide YKAQP was also modest. Loop conformation is largely sampled by the YKGQP
peptide, while extended conformation is largely sampled by the YKAQP peptide. We also explain why the YKGQP sequence samples
type II turn conformation in these simulations, whereas the sequence as part of the hairpin peptide DTVKLMYKGQPMTFR samples
type I’ turn conformation both in the X-ray crystal structure and in our earlier simulations on the folding of the hairpin peptide.
We discuss the implications of our results to the folding of the staphylococcal nuclease. Copyright  2007 European Peptide
Society and John Wiley & Sons, Ltd.
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INTRODUCTION

In globular proteins the main chain reverses its
direction on the surface of proteins, giving rise to
loop and turn structures. The presence of loops and
turns allows the proteins to adopt compact globular
conformations. Further, loops and turns are associated
with protein functions [1–4]. Loops usually connect
secondary structural elements like strands and helices.
Sibanda and Thornton [5] have analyzed loop sequences
and find that a majority of two-residue loop sequences
possess Gly, which predominantly assumes αL and γL

conformations [6]. Kwasigroch et al. [7] analyzed the
sequences of 243 proteins and made a loop bank
consisting of loops of three to eight amino acids in
length. They found that Gly is most frequently found
in the loops and its occurrence in loops is 1.7 times
more frequent than in the rest of the protein regions.
They concluded that in short loops, particularly in tight
turns, where the residue is required to take up αL or γL

conformation [6], Gly is preferred.
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The diffusion collision model of protein folding sug-
gests that microdomains or protein folding initiation
sites diffuse towards each other and collide, leading to
stabilization of microdomains [8,9]. Some of the protein
folding theories also suggest an initial hydrophobic col-
lapse, leading to compaction of the unfolded molecule
[10–12]. So these models directly or indirectly require
the formation of loop structures in order to bring
together microdomains or hydrophobic residues into
close proximity. Loop closure events are now considered
to be important early folding events during the process
of protein folding [13–15]. The question of whether
loops play an active role in the process of protein fold-
ing or play a passive role is being addressed vigorously
in the literature [16–20]. Gu et al. [19] investigated
the role of turns in peptostreptococal protein L. They
specifically considered two β-turns of the protein. They
found that mutation of the Gly residue in the first turn
slowed the rate of folding nearly 10 fold. This muta-
tion has little effect on unfolding. On the basis of their
results, they suggest that the first β-turn is formed in
the folding transition state. Nagi et al. [20] considered
the folding of the four-helix bundle Rop protein. This
is a dimeric protein with a helix–loop–helix monomer.
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Figure 1 Evolution of secondary structure of the peptide YKGQP as a function of time in PPII simulation. Residues are shown
on the y-axis and the secondary structure adopted by the residue at a given time is shown along the x-axis using color codes as
shown in the figure. As can be seen, G4 samples the bend conformation most of the time.

They considered two residues (Asp-Ala) in the loop that
connect the helices. When they replaced Asp-Ala with
Gly-Gly they found significant accelerations of protein
folding and unfolding. From their results they inferred
the importance of loop closure events in protein folding,
and the role played by Gly in accelerating the folding
was evident.

Huang et al. [21] considered the two-strand sequen-
ces and the turn sequence connecting them from the
N-terminal β-hairpin of ubiquitin. These three peptides
are found to adopt a random coil conformation by CD
and NMR experiments. End-to-end collision rates in
these peptides were measured by fluorescence-based
measurements. They find that the turn is the most
flexible for all the three peptides and has higher end-
to-end collision rate. They suggest that chain flexibility
is an important factor during protein folding. From a
mutational study of the turn region, they attribute the
flexibility of the turn sequence TLTGK to the presence of
Gly in it. Krieger et al. [22] showed that loop formation
in short loops is accelerated by the presence of the
Gly residue. Thus, there is sufficient evidence in the
literature to suggest that loop formation is important
during protein folding and the presence of Gly in loops
seems to play an important role. While the structural
role of Gly in loops is already well understood, its
kinetic role in loop formation during protein folding
is beginning to be probed and understood better now.

In this paper, we address the role played by
the loop/turn sequence YKGQP in the refolding of
staphylococcal nuclease. In particular, we also consider
the role played by the Gly residue of the loop. Recently
H/D exchange NMR experiments have been carried out
on staphylococcal nuclease, which suggest the early
formation of the β-hairpin region during its refolding
[23,24]. In the crystal structure of the staphylococcal
nuclease, β-hairpin is formed by strand 2 and 3
and connected by type I’ reverse turn formed by
the sequence YKGQP. Molecular dynamics (MD) study
of the β-hairpin sequence DTVKLMYKGQPMTFR in
explicit water reveals that starting from the completely
unfolded conformations, the peptide folds into the
hairpin conformation with both native- and nonnative-
like hydrogen-bonding pattern [25]. These results
correlate well with the experimental hydrogen exchange
protection factors [23,24] available for the refolding of
staphylococcal nuclease [25]. In most of the folding

events observed in the folding of the hairpin peptide,
loop formation involving the region YKGQP is an
important event. In order to trace the origins of the
loop propensity of the sequence YKGQP, we performed
MD simulations of this peptide and a mutated peptide
YKAQP in explicit water under constant volume and
temperature (NVT) conditions at 300 K.

We find that the YKGQP peptide largely samples
loop/turn conformations, whereas YKAQP samples
largely extended conformations. The relative free ener-
gies of all the conformational forms were determined
for both the peptides. We find that Gly plays an impor-
tant role in determining the loop/turn propensity of
the sequence YKGQP. We also explain why YKGQP
sequence samples type II turn conformation in these
simulations, whereas the sequence as part of hairpin
peptide DTVKLMYKGQPMTFR samples type I’ turn con-
formation in both X-ray crystal structure studies and
in our earlier simulations on the folding of the hairpin
peptide. Implications for the folding of staphylococcal
nuclease are discussed.

METHODS

Materials

The coordinates of the sequence YKGQP were taken from
the crystal structure of staphylococcal nuclease (PDB code
1SNC) [26]. The ends of the peptides are protected by the
–CH3CO– group (Ac) at the N-terminus and the –NHCH3 –
group (NMe) at the C-terminus, resulting in Ac-Y2-K3-G4-Q5-
P6-NMe. MD simulations in Ac-YKGQP-NMe were performed
starting from the fully extended, polyproline II and native
type I’ turn conformations. A mutant peptide Ac-Y2-K3-
A4-Q5-P6-NMe was also considered for simulation starting
from the polyproline II conformation. In the fully extended
conformation, all φ, ψ and side-chain dihedral angles were
set to 180° except for Pro φ (−60°) and χ1 values, which
were set at 60°. The peptide in polyproline II conformation
was generated by setting all backbone dihedral angles of the
peptide to polyproline II values (φ = −76° and ψ = 149°) except
for Pro φ, which had a value of −60°.

The following abbreviations are used to indicate the
simulations performed:

Native, simulation with initial type I’ turn conformation which
is the native conformation of the peptide in the crystal
structure of staphylococcal nuclease;
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(a)

(b)

(c)

Figure 2 Free-energy landscape of the peptide YKGQP. (a) Eigenvalues obtained from the diagonalization of the Cα coordinates
covariance matrix for the peptide YKGQP as a function of eigenvector index. The inset shows the relative cumulative positional
fluctuation as a function of eigenvector index. (b) Free-energy landscape of the peptide YKGQP in the essential plane defined
by eigenvectors 1 and 2. Numerical values labeling the contour levels in the essential plane represent free energies in kJ/mol.
Clusters of conformations sampled at the minima labeled YP, Turn and Extended are shown. For the YP minimum, a typical
conformation with side chains of Y2 and P6 in van der Waals representation is also shown. (c) Projection of the free-energy surface
on eigenvector 1. Free energies (in units of kJ/mol) of the minima and barriers between them are indicated.
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Figure 3 The distribution of end-to-end distances, Y2–P6 side-chain distances and Y2(Cα)—Q5(Cα) distances for conformers
sampled by the free-energy minima labeled ‘YP’ (a), ‘Turn’ (b) and ‘Extended’ (c) (see Figure 2(b) and (c) also). Note the shorter
end-to-end distances and Y2(Cα)—Q5(Cα) distances (<0.7 nm) in YP and Turn minima, suggesting loop/turn propensity.

PPII, simulation with initial polyproline II conformation of the
peptide;

Ext, simulation with initial extended conformation of the
peptide.

System for the Simulation

All the simulations were performed in cubic boxes with periodic
boundary conditions. One simulation run is performed for
each initial conformation with a total simulation time of 300 ns
for the peptide YKGQP. The cubic box sides in Native, PPII and
Ext simulations were 3.45, 3.84 and 4.02 nm, respectively,
and contained 1310, 1692 and 2156 simple point charge
(SPC) [27] based water molecules, respectively, solvating the
peptide. The simulation for YKAQP was carried out in a cubic
box of side 3.83 nm containing 1692 SPC water molecules.
For YKAQP, the total simulation length was 100 ns. The total
charge for both the peptides was +1 in electronic charge
units. In all the simulations a negative counter ion, Cl−,
was added by replacing a water molecule to achieve electrical
neutrality.

Molecular Dynamics

MD simulations were performed using the software GROMACS
(version 3.2.1) [28] and GROMOS96 (ffG43a1) force field
[29,30] on a dual xeon processor-based machines running
Red-Hat Linux 8/Fedora core 3 (http://www.redhat.com).
Except for polar hydrogens like -NH, -OH and aromatic ring
hydrogens, the united atom approximation was used. The
electrostatic interactions were treated by the Particle Mesh
Ewald (PME) method [31,32] with a Coulomb cutoff of 1 nm,
Fourier spacing of 0.12 nm and an interpolation order of
4. The van der Waals interactions were treated using the
Lennard–Jones potential and a switching function with a
cutoff distance of 1 nm and a switching distance of 0.9 nm.

The potential energy of the peptide in water was minimized
using the steepest descent algorithm with a tolerance of
100 kJ/mol/nm, and convergence was obtained in all the
cases. Subsequent to energy minimization, position-restrained
MD was carried out for 50 ps using a reference temperature of
300 K. In this procedure, the atomic positions of the peptide
were restrained and the water molecules were allowed to
equilibrate around the peptide, to remove the solvent holes.
Initial velocities required to start the procedure were generated
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Figure 4 Ramachandran plot of the residues in the YKGQP peptide corresponding to free-energy minima labeled ‘YP’ (a), ‘Turn’
(b) and ‘Extended’ (c) (see Figure 2(b) and (c) also). Note that G4 samples ε and αL regions [6] in (a) and (b), respectively. In the
Turn minimum, a type II reverse-turn conformation is sampled involving residues K3 and G4 as the corner residues. In YP
minimum, G4 samples predominantly the ε region [6].

conforming to the Maxwell velocity distribution at 300 K.
Following these equilibration procedures, MD was initiated.
A time step of 2 fs was used for integrating the equations of
motion. The LINCS algorithm was used to constrain the bonds
[33]. Coordinates were saved every 250 steps or 0.5 ps and
velocities were saved every 10 000 steps or 20 ps. The peptide
and the solvent were separately coupled to a Berendsen
temperature bath [34] at 300 K using a time constant of 0.1 ps.
All the simulations were done under NVT conditions.

The analysis tools provided by GROMACS software were
used to analyze the data. The end-to-end distance refers to
the distance between first and last residues Cα atoms. For
secondary structure assignment, the DSSP program [35] was
used, implemented in GROMACS. According to DSSP, a coil
conformation is defined by a low-curvature region without
any hydrogen bonds, and a bend conformation at ith residue
is defined involving i − 2, i − 1, i, i + 1, i + 2 residues [35],
where backbone changes direction by more than 70° at the
ith residue. We followed the standard definitions of turn
conformations [36]. Further, a turn is considered to be present
when the distance between the Cα atoms of residues i and i + 3
is less than 0.7 nm [37]. Matlab (http://www.mathworks.com)
and Octave (http://www.octave.org) were also used for some
of the analyses. Most of the graphs and figures were generated
using Xmgrace (http://plasma-gate.weizmann.ac.il/Grace),
Matlab and VMD [38].

Essential Dynamics Analysis

We carried out the essential dynamics analysis of the
simulations on the peptide YKGQP and YKAQP following the
methodology described by Amadei et al. [39] and de Groot

et al. [40]. A covariance matrix of the positional fluctuations
of Cα atoms was constructed from all the three simulations
on YKGQP and diagonalized to obtain eigenvalues and
eigenvectors. A similar analysis was carried out for YKAQP
also. The eigenvalues were ordered in the descending order of
their magnitude. The highest and second highest eigenvalues
corresponding to first and second eigenvectors, account for 75
and 62% of the overall positional fluctuation in YKGQP and
YKAQP, respectively, and therefore describe the most relevant
conformational degrees of freedom. Thus, we used the first two
eigenvectors to construct the essential plane for the calculation
of the free-energy landscape.

Free Energy Calculation

The essential plane constructed from the first two eigenvectors
was divided into 20 × 20 grid cells, resulting in 400 cells.
Conformations sampled every 0.5 ps were projected on to
this plane and the number of points in each cell was
counted. Under equilibrium conditions, these counts will be
proportional to the probabilities of the conformations sampled
by the grid cells. Free energies are assigned to all the cells with
respect to the reference cell containing the maximum number
of points as described in the literature [41]. For example, the
Helmholtz free energy of the cell ‘i ’ is computed as

�Aref−−−−→i = −RT ln Ni/Nref

where Ni and Nref are the number of points in the ith and
reference cell, respectively,

R is the ideal gas constant and T is the temperature (300 K).
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RESULTS

An Overview of the Conformations Sampled by
YKGQP in Terms of Secondary Structure Assigned by
DSSP

Figure 1 shows the evolution of the secondary struc-
ture as a function of time in PPII simulation. The
green color at G4 indicates the presence of a bend
conformation. Further, we observe that the turn con-
formation involving residue K3 and G4 are interspersed
throughout, indicated by the yellow color at K3 and G4
positions. We find that the bend conformation is sam-
pled 70% of the time in the simulation. Similarly, the
turn conformation is sampled 5% of the time and coil
conformation is observed for 25% of the time (Please see
the methodology for DSSP definitions of bend, turn and
coil conformations.) These observations establish in a
general way that the sequence YKGQP has a turn/loop
propensity. Similar results are also obtained in other
simulations (Native and Ext) on the YKGQP peptide.

Free-energy Landscape of the Peptide YKGQP in the
Essential Plane Defined by the First Two Eigenvectors
Shows the Presence of Three Free-energy Minima

As explained in ‘Methods’ the simulations were carried
out with three initial starting conformations (extended,
PPII and native) for a total simulation length of 300 ns.
Table 1 shows the gross conformational features of
the YKGQP peptide in all the three simulations.
Since the gross conformational features are similar,
all the trajectories are concatenated to have better
sampling density, and essential dynamics analysis
was carried out. A similar practice has been adopted
in the literature also [41]. Root mean square inner
product (RMSIP) analysis [42,43] also showed that
all the simulations have essentially converged. The
RMSIP values for eigenvectors in essential plane are
0.90 (Native simulation), 0.97 (PPII simulation) and
0.98 (Ext simulation). Figure 2(a) shows a plot of the
eigenvalue versus eigenvector index. The inset shows
the relative cumulative fluctuation as a function of
the eigenvector index. It is clear from the figure
that first two eigenvectors account for about 75% of
the overall positional fluctuations, and therefore the
first two eigenvectors define the essential plane for
conformational sampling. Free energies are computed
in this essential plane as described in ‘Methods’.
Figure 2(b) shows the contour diagram of free energies
in the essential plane. As can be seen, there are three
free energy minima – one deep funnel-like minimum
(labeled ‘YP’) and two shallow minima (labeled ‘Turn’
and ‘Extended’) (see later for the explanation of the
labeling). Figure 2(c) shows the projection of the free-
energy surface on eigenvector 1. This figure indicates

Table 1 Summary of gross conformational features of
YKGQP in the three simulations (Native, PPII and Ext). Mean
and standard deviation values of conformational parameters
are given. RMSD is calculated with respect to backbone
conformation of the peptide in the crystal structure of the
staphylococcal nuclease. It can be seen that all conformational
parameters in all the simulations are similar

Simulation Rg

(nm)
RMSD
(nm)

End-to-end
distance

(nm)

Native 0.46 ± 0.06 0.25 ± 0.08 0.77 ± 0.23
PPII 0.46 ± 0.07 0.25 ± 0.09 0.81 ± 0.28
Ext 0.46 ± 0.05 0.23 ± 0.07 0.76 ± 0.22

the free energy of the minima and the barrier heights
between them.

The Free-energy Minimum Labeled ‘YP’ Corresponds
to the Conformational Forms Dominated by Loop
Conformation with Y2 and P6 Ring Association

Figure 3(a) summarizes the conformational features
of the conformers sampled by the YP minimum
(Figure 2(b)). The end-to-end distance distribution has a
peak around 0.64 nm and has a range of 0.54–0.7 nm.
This distribution indicates that the Cα atoms of Y2
and P6 are closer most of the time, suggesting the
formation of a loop structure. The distribution of the
Cα

Y2 –Cα
Q5 distance shows peaks at 0.7 nm and less,

suggesting the sampling of turn conformational forms,
since a turn by definition has a distance of less than
0.7 nm between the Cα atom of first residue and the Cα

atom of fourth residue [37]. Similarly, the distribution
of the distance between the Y2 and the P6 ring is
suggestive of association between the Y2 and the P6
rings in view of the short distances sampled. Figure 2(b)
shows a typical conformation sampled by YP minimum.
Thus, YP minimum samples loop conformational forms
characterized by association between the Y2 ring and
the P6 ring. These conformations largely correspond to
bend conformation at G4 in the DSSP plot (Figure 1).
Figure 4(a) shows the Ramachandran φ–ψ plot for all
the residues of YKGQP in all the three minima. For YP
minimum, it is readily seen that G4 samples most of
the time in the fourth quadrant or ε region [6] normally
not accessible to any other amino acid residues. This
also underlines the importance of the G4 residue in
determining the conformational forms sampled by the
YP minimum.

The Free-energy Minimum Labeled ‘Turn’ Samples
Turn Conformational Forms Involving Residues YKGQ

Figure 3(b) summarizes the conformational features of
conformers sampled by the ‘Turn’ minimum (Figure 2(b)
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and (c)). The distribution of end-to-end distances (dis-
tance between Cα

Y2 and Cα
P6 atoms) has a peak at

1 nm, while the distribution of Cα
Y2 –Cα

Q5 distances has
a peak around 0.62 nm, suggesting the sampling of a
turn conformation involving the residue Y2-K3-G4-Q5
since a Cα

i –Cα
i+3 distance less than 0.7 nm is consid-

ered to indicate a turn conformation [37]. Thus, this
distribution has a large number of conformers with the
Cα

i –Cα
i+3 distance less than 0.7 nm. Figure 2(b) shows

a cluster of conformations sampled by the ‘Turn’ min-
imum. Further, Figure 4(b) shows the Ramachandran
plot for all the residues of YKGQP. From this plot it
is clear that G5 samples largely the left-handed heli-
cal region and this region is energetically favorable for
Gly in comparison to any other amino acid residue.
The Ramachandran φ–ψ plots for K3 and G4 together
imply that the turn conformation sampled is close to
type II turn conformation in view of the dihedral angle
requirement for type II turn conformation [36,44,45].

The Free-energy Minima Labeled ‘Extended’
Samples Extended Conformational Forms

From the end-to-end distance (distance between Cα
Y2

and Cα
P6 atoms) and the Cα

Y2 –Cα
Q5 distance distri-

butions shown in Figure 3(c) and the Ramachandran
plot shown in Figure 4(c), it is clear that the conforma-
tions sampled are essentially extended, and a cluster of
conformations sampled by the ‘Extended’ minimum is
shown in Figure 2(b).

DISCUSSION

Role of Glycine in Determining the Loop Propensity of
YKGQP

As discussed in ‘Results’ the deep ‘YP’ minimum in the
free-energy landscape (Figure 2(b) and (c)) is largely
sampled by conformers with relatively shorter end-
to-end distances (Figure 3(a)). These conformers are
also characterized by the association of the Y2 and
the P6 rings (Figure 2(b)) possibly due to hydrophobic
interactions. The Ramachandran φ–ψ maps of the
residues of YKGQP (Figure 4(a)) show that G4 samples
largely in the fourth quadrant or ε region [6] which is
not available to any other amino acids. Thus, Gly has
a special role in determining the loop conformation
sampled by the ‘YP’ minimum in the free-energy
landscape. Similarly Gly plays a role in determining
type II turn-like conformation sampled by the relatively
shallow ‘Turn’ minimum in the free-energy landscape
(Figures 2(b), (c) and 4(b)). In view of these observations,
it can be inferred that Gly dictates the loop/turn
conformational features of the sequence YKGQP.

Many studies on short peptides (four to five residues)
reveal that the turn formation is due to local sequence
propensity of the peptide sequence. In short peptides,

the choice of the amino acid at specific positions is
critical [46,47]. For example, Gly residue at the i + 2
position is frequently observed in type II turn and type
I’ turn because this residue readily takes up the αL

conformation required for type II turn conformation
[36,48,49]. In a recent MD simulation study on YPGDV
peptide, it was found that the most populated cluster
obtained from the 2 ns self-guided MD simulation
featured a type II turn conformation involving Gly in
the i + 2 position adopting φ and ψ values unfavorable
for other amino acid residues [50]. Scully and Hermans
[51] also find that Gly is most stable in a type II turn
conformation on the basis of free-energy calculations.
In our peptide YKGQP, a Gly residue is present at the
i + 2 position, which enables the peptide to adopt a type
II conformation more readily as discussed in ‘Results’.

On Why YKGQP Adopts Type II Turn Instead of Type I’
Turn as Observed in the Crystal Structure of
Staphylococcal Nuclease and in the MD Simulations
of the β-Hairpin Peptide DTVKLMYKGQPMTFR from
Nuclease

In our simulations on YKGQP, we observed sampling
of type II turn conformations involving YKGQ. However,
in the crystal structure of the nuclease, YKGQ adopts
type I’ turn conformation connecting the β-strands of
the hairpin peptide DTVKLMYKGQPMTFR. Similarly,
when we carried out MD simulations of the folding of
the hairpin peptide, we observed sampling of native
hairpin conformation, with YKGQ adopting type I’
turn conformation in some of the simulations [25].
The reason why we did not observe a type I’ turn
conformation for the peptide YKGQP is that in a short
peptide only local interactions play an important role
in determining the turn conformation. In contrast,
in a β-hairpin, long-range interactions between the
strands modulate the local interactions of the turn
region and the right-handed twist in the β-strands
could induce a type I’ turn conformation in the turn
region [52]. Similar observations were made earlier
by Chothia [53] and Mattos et al. also [54]. Since in
the YKGQP peptide the strand residues are missing,
long-range interactions are absent and therefore the
peptide’s conformation is driven by local interactions
only, leading to type II turn conformation as observed
in our simulations. This is substantiated by the
observation that the sequence YKGQ undergoes a
transition from a type II to type I’ turn conformation
during folding of the hairpin peptide. We made this
observation when we reanalyzed the trajectories of our
earlier work (see Ref. 25 for methodology and results)
on the folding of the β-hairpin peptide [25] (Figure 5). In
some of the folding simulation of the β-hairpin peptide
DTVKLMYKGQPMTFR, one of the early events in folding
of the hairpin is the formation of a type II turn involving
the YKGQ residues (Figure 5(a)). This conformation
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(a)

(b)

(c)
G10

Figure 5 The folding of the β-hairpin peptide DTVKLMYGQPMTFR starting from polyproline II conformation in which the region
YKGQ samples type II turn conformation at about 3.18 ns. In the present simulations of the peptide YKGQP, the sequence
samples type II conformation. This is superposed on the sequence region YKGQP of the hairpin peptide (a). As can be seen, there
is a good match between the turn conformation sampled during the folding of the hairpin peptide and the turn conformation
sampled in the simulations of the smaller peptide YKGQP. During the folding of the bigger-hairpin peptide at a later time, 3.5 ns,
the pleated structure of the hairpin is evident (b). Once the folding of the bigger hairpin peptide is complete, the hairpin adopts a
right-handed twist and the turn region involving YKGQ adopts type I’ turn conformation. This conformation is superposed on the
structure of the hairpin from the crystal structure of the nuclease showing a good match (root mean square deviation = 0.174 nm)
(c). Stereo diagrams showing (a), (b) and (c). In all the figures the conformation of the bigger peptide is shown in CPK color scheme.
The superposed conformations are shown in green color.

superposes well with that obtained in the current
simulations on YKGQP alone. Subsequently, with the
alignment of strands and formation of hydrogen bonds
between the strands, type II turn conformation is lost
and the peptide samples a pleated sheet structure
with an open YKGQ turn (Figure 5(b)). Gradually, the
twist of the β-hairpin develops, and eventually type I’
turn conformation is assumed by the YKGQ residues
(Figure 5(c)). This twisted β-hairpin conformation with
type I’ conformation at the turn region persists during
equilibrium. Thus, it appears that the right-handed
twist in the β-hairpin conformation is necessary to
stabilize type I’ conformation of the turn. The presence

of Gly in the i + 2 position of the turn sequence YKGQ
facilitates type I’ turn formation.

Stability of the Loop Conformation

Loop conformation in the deep YP minimum is observed
most of the time in comparison to other conformations
in the YKGQP peptide (Figure 2). The stability of
these conformations appears to be governed by the
hydrophobic interaction between Y2 and P6 side chains
facilitated by the flexibility of the Gly residue. Similar
hydrophobic interactions are observed to stabilize a
type I turn in the peptide YPGDV in MD simulations
due to the hydrophobic interactions between Pro and
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Val [55]. In another simulation study on AYPYD peptide,
the peptide was found to be sampling a type VI reverse-
turn conformation, which was similar to the NMR-
derived structure, and was stabilized by hydrophobic
interactions between two Tyr and Pro interactions [56].
Mohanty et al. [57] studied a similar peptide SYPFDV
and its variants (SYPYD and SYPFD) in water using
MD simulation and observed a type VI turn. The
preference for type VI turn conformation was attributed
to the local propensity of cis Pro, to the electrostatic
interactions between opposite charges of termini and
to the hydrophobic interactions between Tyr/Phe and
Pro residues [57]. Interaction between Tyr and Pro side
chains is also observed in simulations on phakellistatin
and antamanide peptides [58].

The Modest Free-energy Differences and Barriers
Between the Minima in the Free-energy Landscape
of the Peptide YKGQP

As can be seen from the Figure 2(c), the Turn and
Extended minima have free energies of about 5 kJ/mol
with respect to deep YP minimum. The barrier between
the minima corresponding to turn and extended
conformational form is about 1.5 kJ/mol (Figure 2(c)).
From YP to Turn minima there is a barrier of about
7 kJ/mol and from Turn to YP minima there is a
barrier of about 2 kJ/mol (Figure 2(c)). Thus, the
free-energy differences and barrier are modest, and
conformational forms can interconvert easily between
the free-energy minima. Thus, it is relatively easy
to sample turn/loop conformational forms for this
sequence. Similar observations were also made in other
simulation studies of small peptides. For example,
Fuchs et al. [59] studied the conformational features
of a designed peptide GDNP using MD simulations. The
free-energy landscape of the peptide at 300 K showed
two major conformations: extended and type VIII β-turn
conformations. The extended conformation is sampled
more frequently than the turn conformation with a free-
energy difference of about 4.2 kJ/mol between them.
On going from the extended to the turn conformation
(along two different paths) the transition state energy
barriers were ∼13 and ∼15 kJ/mol. They inferred from
the small free-energy differences and the low barrier
heights between the extended and turn conformations
that one conformational form easily interconverts to the
other at room temperature.

Yang et al. [52] determined the free energy of various
turns and observed that the turn conformation is
less stable than the extended conformation and the
free-energy difference associated with various turn
types vary between 1.6 and 7.7 kcal/mol depending
on turn type and sequence. Similar observations
were also made by Nakajima et al. [60]. In contrast,
in our simulation we observed the conformation
corresponding to YP minimum to be more stable

than extended and turn conformations, although we
observed small free-energy differences between the
turn, extended and loop with Y2 and P6 contact
conformations.

Glycine to Alanine Mutation Largely Reduces the
‘Loop/Turn’ Propensity of the Sequence YKAQP

In order to test the role of Gly in determining the
conformational features of the sequence YKGQP, we
have carried out G4 → A4 mutation resulting in the
YKAQP peptide. MD simulation on this peptide was
carried out for 100 ns as described in ‘Methods’.
Figure 6 compares the end-to-end (Cα

Y2 –Cα
P6) and

Cα
Y2 –Cα

Q5 distance distributions for both the peptide
YKGQP and YKAQP. It is readily apparent that loop
conformations with end-to-end distances less than
0.7 nm are largely suppressed in the peptide YKAQP.
Similarly, turn conformational forms characterized by
Cα

Y2 –Cα
Q5 distances less than 0.7 nm are significantly

suppressed in the YKAQP peptide (Figure 7(a)). In the
YKAQP peptide, no conformers are observed with YP
association and turns involving YKAQ.

The Free-energy Landscape of YKAQP in Essential
Plane Defined by the First Two Eigenvectors Shows
the Presence of Two Free-energy Minima

Figure 7(a) shows the free-energy landscape computed
for the peptide in the essential plane defined by
the first two eigenvectors. They correspond to 62%
of overall positional fluctuation and hence describe
the most relevant conformational degrees of freedom.
There are two free-energy minima. The deep minimum
corresponds to extended conformational forms and the
relatively shallow minimum corresponds to bend/turn
conformational forms. As can be seen from Figure 7(b),
the free-energy difference between the minima is
modest. In comparison to YKGQP, in this case the
dominant conformational form sampled is extended.
We no longer see any minima for Y2- and P6-associated
conformational forms. The only other conformational
form sampled is a bend or a turn conformation,
which is like a type VIII reverse-turn [48] conformation
involving K3-A4-Q5-P6 residues. This is evident from
the Ramachandran φ, ψ map for the residues A4
and Q5 in ‘Bend/Turn’ minimum (Figure 8). Thus,
mutating G4 → A4 leads to the loss of the Y2- and
P6-associated loop conformational form and the Y2-K3-
G4-Q5 turn conformational form. This establishes that
for preferential sampling of loop conformation Gly is
essential.

Implications for the Folding of Hairpin Sequence
from Staphylococcal Nuclease

In the MD simulations of the peptide YKGQP, Y2- and
P6-associated conformational forms are preferentially
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Figure 6 End-to-end (Cα
Y2 –Cα

P6) and Cα
Y2 –Cα

Q5 distance distributions for YKGQP and YKAQP peptides in the simulations
starting from polyproline II conformation. Note the suppression of shorter end-to-end distances and Y2(Cα)—Q5(Cα) distances
(<0.7 nm) in the YKAQP peptide, suggesting that YKGQP has greater loop/turn propensity.

sampled and can lead to the nucleation of hairpin
formation as observed in the simulations of longer pep-
tide DTVKLMYAGQPMTFR [25]. However, since type II
turn conformation involving Y2-K3-G4-Q5 is sampled
to a certain extent and since the free-energy differ-
ence between type II turn and Y2- and P6-associated
conformational form is modest, the chance of turn
conformation nucleating the hairpin formation is not
negligible. There is some experimental 1H NMR evi-
dence for sampling of turn conformational forms for the
sequence YKGQP [61]. In our earlier folding simulations
of the hairpin peptide (DTVKLMYKGQPMTFR) [25], we
found that the formation of contact between tyrosine
and proline residues is an important event in the folding
of the hairpin in two of the simulations. This correlates
with the observation that Y2 and P6 residues establish
contact in YKGQP also for a large part of the time as dis-
cussed earlier. Similarly, in another two simulations on
the hairpin peptide DTVKLMYKGQPMTFR, formation of

type II turn involving YKGQ is an important event dur-
ing the folding of the hairpin (Figure 5). As discussed
earlier, Gly in the i + 2 position facilitates formation of
a type II turn. Thus, the formation of Y2 and P6 contact
or formation of type II turn involving YKGQP in hair-
pin folding is essentially a property of the sequence
YKGQP. Since the formation of loop/turn involving
YKGQ is important for the folding of the hairpin and
since Gly plays a role in determining the formation of
the loop/turn conformation, a mutant such as G4 → A4
should reduce the folding rate of the hairpin. Further,
since it is shown both from simulation [25] and exper-
iment [23,24] that the formation of hairpin is an early
event in the refolding of nuclease, the G4 → A4 muta-
tion should affect the folding of nuclease also. Thus,
loop propensity of YKGQP driven by Gly is important
for the folding of β-hairpin and therefore for the folding
of nuclease.
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(a)

(b)

Figure 7 Free-energy landscape of the peptide YKAQP. (a) Free-energy landscape of the peptide YKAQP in the essential plane
is defined by eigenvectors 1 and 2. Numerical values labeling the contour levels in the essential plane represent free energies
in kJ/mol. Clusters of conformations sampled at the minima labeled ‘Bend/Turn’, Extended are shown. (b) Projection of the
free-energy surface on eigenvector 1 for the peptide YKAQP. Free energies (in units of kJ/mol) of the minima and barriers between
them are indicated.

General Implications for Protein Folding

From the free-energy landscape views of both the
peptides YKGQP and YKAQP, it is clear that the
minima in the free energies are sampled by well-defined
conformational forms. The peptides, despite being small
in length, do not sample conformations randomly.
Instead, they sample ‘folded’ turn/loop structures or
‘unfolded’ extended structures in equilibrium with each
other. Thus, there are conformational biases built in
even in small peptides and these biases can be present

when these small peptides are part of the parent
proteins and the parent proteins are in an ‘unfolded’
state beginning to fold. Such biases ultimately lead the
unfolded protein to a folded state.

CONCLUSIONS

The free-energy landscape of the peptide YKGQP shows
minima corresponding to loop, turn and extended
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conformational forms. We find that Gly plays an
important role in determining the conformational
features of turn and loop conformers and thus the
loop propensity of the sequence. This loop propensity is
important for directing the folding of β-hairpin. Further,
it is clear that the type II conformational preference of
the peptide YKGQP is modulated to type I’ conformation
when the sequence is part of the hairpin peptide owing
to interactions between flanking strands.
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