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Abstract The secondary structures and the shapes of long-
chain polyalanine (PA) molecules were investigated by all-
atom molecular dynamics simulations using a modified
Amber force field. Homopolymers of polyaminoacids such
as PA are convenient models to study the mechanism of
protein folding. It was found that the conformational
structures of PA peptides are highly sensitive to the chain
length. In the absence of solvent, straight o-helices
dominate in short (n~20) peptides at room temperature. A
shape transition occurs at a chain length n of 40—45; the
compact helix-turn-helix structure (the double-leg hairpin)
becomes favored over a straight o«c-helix. For n=60, double-
leg and the triple-leg hairpins are the only structures present
in PA molecules. An exploration of a chain organization in
a cubic cavity revealed a clear predisposition of PA
molecules for additional breaks in «-helices and the
formation of multifolded hairpins. Furthermore, under
confinement the hairpin structure becomes much looser,
the antiparallel positions of helical stems are disturbed, and
a sizeable proportion of the helical stems are transformed
from o-helices into 3q-helices.
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Introduction

Developments in computational biopolymer science greatly
assist our understanding of the mechanism of protein
folding. The crucial phases of chain folding in proteins
involve the formation of secondary structural elements such
as o-helices and (3-sheets. Insights into rules governing the
assembly of these elements is a key step in elucidating the
folding dynamics.

Homopolymers of polyaminoacids are convenient models
to study the properties of complex proteins. Computationally,
explaining the structural assembly of such synthetic peptides
presents a more tractable problem than explaining the folding
of proteins. The folding of the best-known representative of
the polypeptide group, poly(alanine) (PA), is of considerable
interest, as alanine (Ala) is generally viewed as the most helix-
stabilizing amino acid residue. Considerable effort [1-8] has
been devoted to performing coarse-grained and atomistic
simulation studies aimed at understanding the conformation-
al properties of (Ala), polymers. For short chains, typically
with n<22, these computational studies revealed that the
abundance of individual secondary structures in Ala peptides
at room temperature is significantly affected by the medium
[6-8]. The x-helix was verified to be a stable structure of
(Ala), in vacuum and in a hydrophobic medium, whereas in
aqueous solution the extended conformations of the (3-type
predominated [7, 8].

In a recent study of PA of n=60 in vacuum, we reported
[9] that the secondary structure of such long-chain Ala
peptides is more complex. The preference for helix
formation was retained in (Ala)gy, but instead of straight
helices, hairpin-like structures with two and three parallel
helical stems were formed. The finding [9] of the formation
of compact hairpin-like structures in long-chain PA in
vacuum, and presumably in nonpolar media, is directly
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relevant to the organization of integral membrane proteins.
Such proteins traverse the cell membrane in a zigzag fashion
and often fold into «-helical hairpins with antiparallel-
oriented strands separated by a short turn. The building
block helix-turn-helix is regarded as a supersecondary
structural element in integral membrane proteins [10].

As is usual in thermodynamics and kinetics studies of
biosystems, the current knowledge of PA secondary structure
is based on experiments performed in dilute solutions or on
the computer modeling of single molecules. However, the
structure and thermodynamics of proteins in a crowded
heterogeneous in vivo environment recently attracted a great
deal of interest [11-14]. In many situations, the crowding
effect due to lipids, nucleic acids, cytoskeletons and other
macromolecules in a cellular medium can be mimicked by
spatial confinement. Confining a protein to a small inert cage
can have significant effect on the unfolding of that protein. It
was argued [14] that the unfolded protein state is destabilized
by a reduction in the conformational entropy due to
confinement-induced exclusion of the more extended struc-
tures. The shape and strength of the restricting geometry may
lead to considerable changes in the properties of the protein
compared to those seen in bulk. The protein’s conformation
and mobility are particularly affected by restrictions acting in
all three dimensions, such as in spherical or cubic cavities.

In the present study we explored the folding of PA
peptides in the absence of the solvent via all-atom
molecular dynamics (MD) simulations. Two issues relevant
to PA in nonpolar, membrane-like media were addressed.
Firstly, the secondary structures and the shapes of (Ala),
molecules of intermediate lengths were examined. We show
that at a chain length slightly above =40, the hairpin-like
structure of PA becomes favored over the straight oc-helix.
Secondly, the question of how the helical structure and
organization of a PA molecule are affected by its confine-
ment to a cube was explored.

Model and methods

The model and methodology used were described in detail
previously [9]. Single molecules (Ala),, consisting of n=40,
45 and 60 Ala residues of the L-form were assumed. The
peptides were blocked at the N and C ends by acetyl and
methyl amide (NHMe) groups to ensure the charge
neutrality of the chain. MD simulations with all atoms
treated explicitly were carried out in a canonical NVT
ensemble without solvent. A commercial MD package,
YASARA [15], was implemented on a parallel computing
cluster. In the MD simulations, a PA molecule was placed at
the center of a standard cubic simulation cell with
dimensions of x=y=z=25 nm to speed up the computation
of van der Waals interactions using a neighbor search grid.
The cell dimensions selected are about 2.8 times the linear
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dimension of an «-helix of #=60 (the contour length L=
8.94 nm). The molecule was free to translate and rotate.
The leap-frog integration algorithm was applied. The
temperature was maintained close to the intended value by
coupling the system to an external heat bath using a
modified version [15] of a Berendsen thermostat with a
coupling time constant of 0.1 ps. A strongly fluctuating
instantaneous microscopic temperature was not used to
change the velocities at each simulation step as in the
standard Berendsen thermostat; instead, the time-average
temperature was calculated, and then the atom velocities
were rescaled [15]. The thermostat is very efficient at
relaxing a system to the target temperature, and is suitable
for long ”unattended” runs. The standard Berendsen
thermostat was employed in previous simulations of PA
structure as a function of temperature [5, 6].

The Amber-99¢ force-field [6] was used in the simu-
lations. This potential was found [6] to be superior to other
force fields at reproducing the thermodynamic and kinetic
data of PA peptides. Time steps of 0.8 fs and 1.6 fs were
selected after trial calculations for the bonded forces (bonds,
angles, dihedral angles and planarity) and the long-range
forces (electrostatic and van der Waals), respectively. A
switching cut-off of 1.4 nm was applied for both electrostatic
and van der Waals interactions. The data used to build the
MD trajectory were collected every 10 ps during simulations.

The initial structures of the PA for the simulations were
generated from an ideal right-handed o-helix by a 10 ns
simulation run at high temperatures. In an MD run, the
random-coil structure of PA was folded into a helix by
slowly decreasing the temperature using a prescribed
gradient of a stepwise decrease in temperature (see
Fig. 1). The simulation run was divided into a set of
constant-temperature sections lasting 10 ns. A variable
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Fig. 1 The simulation protocol of a stepwise decrease in temperature
with a variable temperature step A7. The preparation phase is also
depicted. The highlighted lines represent the equilibrated 5 ns parts of
the MD runs
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temperature step A7 decreasing from A7=270 K at high
temperature (1600 K) to A7=30 K at 273 K was used. The
data were collected from the last 5 ns of the constant-
temperature sections. Since the MD runs of 200 ns were
carried out for sixteen randomly chosen initial PA struc-
tures, the total simulation time for unconfined molecules
reached 3.2 ps.

For (Ala)g chains confined to a cube, impermeable walls
interacting via a hard plate potential were assumed. The cube
side D was expressed relative to the radius of gyration of
unconfined PA, D/R,,, where Ry, =134 nm for (Ala)s at
303 K. By assuming a constant D in a given simulation,
seven confinement strengths ranging from large to small
cubes were explored. For a given confinement D/R,, eight
200 ns simulation runs were performed, starting from
random initial structures of the PA.

Elements of the secondary structure of PA were assigned
according to the DSSP classification [16] based on the
grouping of the Ramachandran dihedral angles ¢ and vy in
the peptide units and an analysis of the H-bond network.
The overall helicity H and the number of continuous helical
segments Ny were used to quantify the helical structures.
The individual helical segments in the PA chain are
separated by nonhelical elements such as turns and coils.
The distance between the first and the last C, atoms in the
PA chain was used to compute the mean-square end-to-end
distance <R*>. Similarly, the mean-square radius of
gyration <Rg2> was calculated using the distances of all
C, atoms from the center of mass. The distribution
functions P(R) were evaluated by grouping the respective
values of R from the simulations into a histogram. All
quantities were calculated as ensemble averages using 4000
values.

Results and discussion
Conversion of the straight «-helix into the «-hairpins

The occurrence of hairpin structures in (Ala)gg, as reported
in [9], is a new phenomenon that was not observed
previously in MD simulations of shorter PA molecules.
This finding suggests that the conformational structures of
PA peptides may be sensitive to not only the environment
but also the chain length. It was thus interesting to establish
by simulation the minimal length of PA peptide at which
the hairpin structure will prevail over the straight oc-helix in
PA molecules at ambient temperature.

The melting/cooling curve obtained from simulating PA
molecules is plotted in Fig. 2. The disordered molecules
(Ala),, where n=40, 45, 60 gradually refold upon cooling
into «- and 3;o-helices. The overall helicity H of PA at
303 K is about 90%, which is fairly constant for all three
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Fig. 2 Temperature dependences of the overall helical contents of free
PA chains with n=40, 45, 60 (as specified in the legend) and the n=60
chain confined to a cube at Ry/D=0.39. The fraction of 3;,-helices
for n=40 is also plotted

chain lengths. The overall helicity H is given by the
contributions of three helical types, H, + Hs_jo + Hppyr. In
the most common «-helix, H-bonds form between i and i+
4 residues. This type of helix is observed almost exclu-
sively in PA at 303 K. The tighter and less frequent
structure is the 3;9-helix, featuring an H-bonds between i
and i+3 residues. Figure 2 shows that the fraction of 3,-
helices in PA increases from about zero at 303 K to a
maximum of about 25% at 700 K (near to the inflection
point of the melting curve); roughly the same fractions are
also seen for n=45 and 60 (not shown). The poly(proline) II
(PPII) structure of PA is akin to a conformation adopted by
poly(proline). In the simulations we found a negligible
proportion of such helices.

The high-helicity organization of PA chains can be
realized by numerous conformations differing in the
number of continuous helical segments Ny. The abundan-
ces of structures with a given number of helical segments
Ny at 303 K are shown in Fig. 3. It is seen that several
distinct forms of the PA molecules coexist in vacuum and
in nonpolar media at ambient temperature. Also, there are
notable changes in the helical organization of PA as a
function of the chain length. In (Ala)gy, no straight o-
helices are detected; instead, the structure with two
continuous helical segments (Ny=2) dominates. This
structure was identified [9] as the “U” shape configuration
of two antiparallel x-helices joined by a small loop region.
Figure 3 clearly shows that such a compact structure of PA,
termed a two-leg (2 L) «-hairpin, clearly prevails for n=45
as well. The simulation snapshot of this structure is shown
in Fig. 4. Nonetheless, besides the 2 L «-hairpins, straight
helices of Ny=1 are also present in (Ala)ys in an
appreciable amount. On the other hand, in a somewhat
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shorter molecule, (Ala)yg, the straight -helices are much
more abundant than the 2 L «-hairpins. Hence, one can
infer, in accord with the previous simulations [7, 8], that the
straight o-helix is the completely dominant structure in
(Ala),, molecules in a nonpolar medium when ~10<n<40
(approximately). When # is between 40 and 45, a change in
the structural preference of PA from the straight «-helix to
the 2 L «-hairpin occurs. Moreover, upon increasing the
chain length, multifolded hairpins arise in the PA chain. For
example, the fraction of three-leg (3 L) «-hairpins (as
shown in Fig. 4) increases from zero for n=40 to 10.8% for
n=60 (Fig. 3 and Table 1).

The folding of the straight x-helix into x-hairpins is clearly
manifested by the distribution function of the end-to-end
distance P(R) of PA molecules at 303 K (Fig. 5). The three
leftmost peaks in Fig. 5 correspond to the 2 L «-hairpins in
PA chains of various lengths. Obviously, the distance
between the chain ends in the U-shaped hairpins is quite
small, about R=0.5 nm. The two rightmost peaks
corresponding to chain-end separations R of about 6 nm
and 6.7 nm belong to the straight «-helices for n=40 and 45,
respectively. One can see that the magnitudes of the 2 L «-
hairpin peaks relative to those of the straight helix peaks are
about 4:1 for n=45 and about 1:4 for n=40, in accord with
the data in Table 1. Finally, the peak at R~2.5 nm, (i.e., in the
middle of Fig. 5) corresponds to the 3 L o-hairpin for n=60.

A convenient indicator of the shape of a chain molecule
is the ratio of the mean-square end-to-end distance to the
mean-square radius of gyration. The size ratio <R2>/<Rg2>
is about 12 for rod-like objects, about 6 for random coils,
and of the order of unity for compact objects. The
temperature dependences of the computed size ratios
plotted in Fig. 6 validate that the PA molecules invariably
show random-coil behavior at high temperature. Further-
more, the data for 303 K corroborate that the average shape
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Fig. 3 Distribution functions of the number of continuous helical
segments Ny at 303 K in free PA peptides with n=40, 45, 60 (as given
in the legend) and in PA with n=60 confined to a cube at R,o/D=0.39
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Fig. 4 Simulation snapshots illustrating some typical structural
elements of PA chains. The helices are shown as ribbons, the
nonhelical parts as fubes. The straight «-helix is reduced in size by
a factor of 0.4 relative to the other two forms. The actual proportions
of these structures in a PA of length # is given in Table 1; the bottom
3 L o-hairpin is a minority element

of the PA molecule is greatly modified by the chain length.
The rod-like shape of PA predicted for n=40 in Fig. 6 is in
full agreement with the dominance of the straight «-helix
presented in Table 1. Similarly, the low value of the ratio
<R2>/<Rg2> for n=60 in Fig. 6 is a consequence of the very
small distances between the chain ends R in the compact
hairpin structures. The size ratio of ~5 for n=45 follows
fwhen the corresponding values for the minority straight oc-
helix and the majority 2 L «-hairpin structure are averaged.

The depicted transition of PA molecules from a rod-like
«-helix into a compact hairpin is intriguing. It is well
recognized that in chain molecules, abrupt changes in their
shape can be induced by various kinds of stimuli, such as a
change in temperature, solvent, pressure, ionic strength, etc.
Recently, a shape transition induced by confinement was
described for semi-flexible chains in channels and cavities
[17]. The case of PA molecules is quite noteworthy
considering that the shape transition is triggered by a small
change in the length of the molecules.

The driving force for the folding of long-chain PA
molecules into hairpins in a nonpolar medium is an
attraction between helices. When the chain is sufficiently
long, the free-energy penalty for the formation of a
disordered loop in a straight helix is surmounted by the
attractive energy gained by assuming a hairpin structure.
The stabilization energies AE of the «-hairpins at 303 K,
expressed relative to the corresponding straight «-helix of
length n and divided by the number of Ala residues in the
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Table 1 Proportions of the different structural forms of (Ala), (in %) at 303 K and their relative energies AE per PA residue (shown in square

brackets; values are in kJ mol ! n1)

n a-Helix 2 L a-hairpin 3 L a-hairpin 4 L hairpin SL

40 79.7 [0] 20.3 [-1.65] - - -

45 18.4 [0] 81.6 [-2.05] - - -

60 - 89.2 [-2.50] 10.8 [-1.35] - -

60" - - 75.0 [-1.36] 12.5 [0.02] 12.5 [-0.26]

* For PA in a cube of Ry/D=0.39

chain, are listed in Table 1. A comparison of AE between
the 2 L and 3 L hairpins for n=60 suggests that stability of
the folded structures diminishes with the number of folds
(hairpin legs). Figure 8 shows the total potential energy AE
broken down into the individual energy contributions
employed in the Amber-99¢ force-field [6]. Although the
total energy is the primary quantity to consider in the force-
field calculations, it is a common approach to use the
individual energy terms in a qualitative analysis, particu-
larly when considering the difference between two con-
formations [4]. Qualitatively, the Coulomb and VAW terms
have a clear physical origin. However, the other force-field
terms for bonded interactions are somewhat artificial and
are presented in Fig. 7 for the sake of completeness. It is
seen in Fig. 7 that the van der Waals energy term AEvygw
makes a major contribution to the total stabilization energy.
All other energy terms are smaller and show a trend for
mutual compensation. As the PA molecules become shorter,
the stabilization energy AFE per residue (as well as its
contributions) diminishes slightly. For PA molecules that
are longer than n=40-45, which show a preference for oc-
hairpins over straight o-helices, the energy analysis
suggests that the van der Waals attraction between
optimally packed antiparallel «-helices is largely responsi-
ble for the folding of PA helices.
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Fig. 5 Distribution functions for the end-to-end distances P(R) of PA
molecules with lengths =40, 45, 60 (as given in the legend)

The finding of compact hairpin-like structures in long-
chain PA is significant for investigations of various helix-
forming peptides and for membrane protein modeling. The
study of Ala-rich peptides, with a high content (~90%) of Ala
residues, greatly enhanced our understanding of the stability
of o-helices [18, 19]. Recent experiments [18] using the
small-angle X-ray scattering technique revealed that the «-
helix is much less rigid and less resistant to being broken
than usually thought. As a result, the Ala-rich o-helical
peptides behave as somewhat compact semi-broken rods
rather than straight cylindrical rods [18]. In a related paper
[19], the mechanism of folding of Ala-rich peptide Fs-21
(composed of 21 residues) was investigated by MD in water
using the implicit solvent approach. Among the numerous
conformations detected, the helix-turn-helix structure was
found to be the favored one at 300 K in water. This hairpin-
like structure was stabilized mainly by hydrophobic inter-
actions. The compact hairpin-like structures observed in our
simulations of PA peptides in vacuum closely resemble the
organization of integral membrane proteins. Proteins traverse
the cell membrane in a zigzag fashion and fold in the form of
stacked a-helices. Transmembrane o-helices vary consider-
ably in length, typically ranging from 15 to 40 residues long.

12
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- ®- n=45
9 --A - n=60
—<— Cube 0.39

R2/Rg?

300 600 900 1200 1500
TIK]
Fig. 6 Temperature dependence of the size ratio <R2>/<Rg2> for free

PA chains with lengths n=40, 45, 60 (as given in the legend) and a PA
chain with =60 confined to a cube at R,o/D=0.39
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Fig. 7 Difference AE between the potential energy of the 2 L «-
hairpin and that of the corresponding straight «-helix of the same
length n. Individual contributions to the potential energy are labeled

The upper limit of this range coincides fairly well with the
critical PA molecule length required for compact o-hairpins
to dominate over rod-like «-helices, as established in our
simulations.

PA peptide in a cubic cavity

Confining a PA molecule to a small inert cavity can have a
significant effect on the folding equilibrium. The results for
(Ala)go chains confined to a cube are presented below. The
confinement strength is expressed as the ratio of the cube’s
size to the radius of gyration of the unconfined molecule,
D/Ry, or by its inverse value Ryo/D. A radius Ryo=1.34 nm
was computed for (Ala)gy at 303 K. The variations in the
overall helicity H and its components H, and H3 1, with the
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Fig. 8 Dependence of the overall helical fraction and the fractions of

4L hairpin

5L

Fig. 9 Hairpin-like structures of PA specific to cubic confinement
with Ry0/D=0.39. The o-helices are shown as ribbons, the 3¢-helices
as tubes of the same color, and nonhelical parts as bright tubes

confinement strength R,o/D are presented in Fig. 8. Practi-
cally no effect is discernible with weak confinement. For
moderate confinement, a reduction in the overall helicity
takes place. This actually involves an even larger drop in the
fraction of o-helices but an increase in the fraction of 3(-
helices (up to the value of about 16%). Very strong
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Fig. 10 Potential energy differences AE (relative to the corresponding
straight oc-helix) of the hairpin-like structures of PA under confinement
(see Fig. 9). Individual contributions to the potential energy are labeled

a-helices and 3¢-helices on the confinement strength Ryo/D of (Ala)go
in the cube at 303 K. The moderate confinement region Ryo/D=0.39
addressed in the analysis is highlighted
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confinement with R,y/D=0.61 brings about a significant
reduction in the overall helicity H~50% (Fig. 8). Such
behavior implies extensive confinement-induced melting of
PA helices into disordered structures. In the following we
will focus on characterizing the (Ala)gy structure for
moderate confinement (Ryo/D=0.39).

The melting curve of the PA molecule in the cube at Ryo/D
=0.39 is shown in Fig. 2. The overall helicity H is slightly
reduced relative to free chains. Accordingly, the folding
pattern shown in Fig. 4 for the free chains should change for
the PA molecule confined in the cube. Such confinement-
induced modification of the secondary structure of PA is
highlighted by a comparison of the number of continuous
helical segments Ny between PA (n=60) in a free space and
in the cube (Fig. 3). Instead of 2 L o-hairpins, the 3 L o-
hairpin is the most abundant structure of PA in the cube at
303 K. Moreover, two additional structures with Ny=4 and
Ny=5 are present in the cube to a considerable extent.

The hairpin-like structures of PA at 303 K found in
simulations of the cube with R,o/D=0.39 are depicted in
Fig. 9. The images represent the simulation snapshots that
were compatible (within £10%) with the average values of
the quantities H, R and Ny. The 3 L «-hairpin in a cube,
which is practically identical to the equivalent structure in
free chains, is displayed in Fig. 9, together with two extra
hairpin-like structures observed under confinement. The
4 L hairpin involves four helical stems: two of the «-helix
type (in the forefront in Fig. 9) and two of the 3;(-helix
type (at the back in Fig. 9). The average end-to-end
distance of this structure is R~0.7 nm. The 5 L structure
with Ny=5 and of R~0.5 nm, which distantly resembles the
hairpin, involves four parallel, mostly «-helical stems and
one short 3;¢-helix oriented almost perpendicular to the
four others.

An examination of the nature of the hairpin-like
structures of PA in the cubic cavity using the data in
Fig. 3 and Fig. 9 and the distribution functions of the end-
to-end distance P(R) (not shown) allow the identification of
two effects that arise due to confinement. First, new short
breaks occur within the helical stems (legs) of the 2 L and
3 L «-hairpins. As a result, the number of continuous
helical segments Ny increases, meaning that it is no longer
identical to the number of legs in a hairpin. Furthermore,
the antiparallel position of the helical stems is perturbed by
these breaks (the 5 L structure in Fig. 9). Second, a sizeable
fraction of the helical stems in the hairpins are transformed
from «-helices into 3;y-helices (the 4 L hairpin and 5 L
structure in Fig. 9). The 3;p-helix is thinner and more
flexible than the «-helix and so is better adapted to being
squeezed under confinement.

The potential energies of three hairpin-like structures of
PA shown in Fig. 9 are presented in Fig. 10. The most
abundant conformation in the cube is the 3 L oc-hairpin. Its

energy AE per residue, —1.36 kJ mol ' n™', is practically
identical to that in free space (Table 1). The remaining two
conformations in the cube, the 4 L hairpin and 5 L, show
much smaller stabilization energies and thus much smaller
and similarly abundant populations (Table 1). A breakdown
of the total potential energy AE in the cube into
components (Fig. 10) is somewhat different from that
derived for a free PA molecule (see Fig. 7).

Conclusions

The folding of (Ala), peptides in the absence of solvent was
examined via all-atom MD simulations. It was found that
conformational structures of PA peptides are highly sensitive
to not only the medium but also the chain length. In vacuum
and in a nonpolar medium, straight «-helices dominate in
short (n~20) peptides at room temperature. For chain lengths
nof40-45, a shape transition occurs such that the compact
double-leg hairpin structure becomes favored over the
straight o-helix. For n=60, double-leg and triple-leg hairpins
are the only structures present in PA molecules. Upon
examining the helical organization of PA molecules in a
cubic cavity, an increase in the number of breaks in helical
segments and an inclination to form multi-leg hairpins was
found under moderate confinement. Under strong confine-
ment, a considerable reduction in the overall helicity of PA
molecules was observed because the helical chains melt due
to packing requirements. The described self-organization of
long PA molecules into compact structures resembles the
organization of integral membrane proteins into stacked oc-
helices. The typical length of a protein «-helix traversing a
membrane is comparable to the critical length of a PA
molecule at which helical rods break into «-hairpins.
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