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The structure of the proline amino acid allows folded polyproline
peptides to exist as both left- (PPII) and right-handed (PPI) helices.
We have characterized the free energy landscapes of hexamer,
nanomer, and tridecamer polyproline peptides in gas phase and
implicit water as well as explicit hexane and 1-propanol for the
nanomer. To enhance the sampling provided by regular molecu-
lar dynamics, we used the recently developed adaptively biased
molecular dynamics method, which describes Landau free energy
maps in terms of relevant collective variables. These maps, as
a function of the collective variables of handedness, radius of
gyration, and three others based on the peptide torsion angle
ω, were used to determine the relative stability of the different
structures, along with an estimate of the transition pathways con-
necting the different minima. Results show the existence of sev-
eral metastable isomers and therefore provide a complementary
view to experimental conclusions based on photo-induced elec-
tron transfer experiments with regard to the existence of stable
heterogeneous subpopulations in PPII polyproline.
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T he concept of molecular chirality is used to describe mole-
cular structures that are not superposable on their mirror

images. Chiral molecules are quite prevalent in biological sys-
tems, which are primarily homochiral systems. For example, most
proteins contain only L-amino acids, while DNA is made up
primarily of D-deoxyribose. The relationship between chirality
and helical polypeptide structure was first mentioned by Pauling
(1) in reference to the α-helix. The naturally occurring L-amino
acids predominantly form right-handed helices, whereas their
stereoisomers D-amino acids favor left-handed helices. Indeed,
right-handed helices are prevalent in biology, not only in peptides
(with structural motifs such as α-helix , 310 helix, and π helix) but
also in the double-helical structure of B- and A-DNA. Although
much less common, left-handed helices with the same chiral units
as right-handed helices also exist, such as those found in PPII and
in Z-DNA.

In this paper, we investigate the free energy landscape of several
short polyproline peptides. Proline is unique among the natural
amino acids in that its side chain is cyclized to the backbone,
restricting its backbone dihedral angle to φ = −75◦, giving proline
an exceptional rigidity and a considerably restricted conforma-
tional space. Polyproline is known to form helical structures with
two well-characterized conformations: a left-handed polyproline
helix (PPII) is formed when the sequential residues all adopt
backbone dihedral angles (φ, ψ) of (−75◦, 146◦), with all prolyl
bonds in the trans-isomer conformation (i.e. backbone dihedral
angle ω = 180◦) with 3 residues per turn; and a more compact
right-handed polyproline helix (PPI) is formed with all sequen-
tial residues adopting dihedral angles of roughly (−75◦, 160◦) and
all prolyl bonds assume a cis-isomer conformation (i.e. backbone
dihedral angle ω = 0◦) with 3.3 residues per turn. Of the 20 nat-
ural amino acids, only proline is “comfortable” in the cis-isomer
conformation, and proline seems to be quite effective in stabiliz-
ing left-handed helices. The probability distribution for cis-trans
prolyl bonds is affected by neighboring amino acids (2, 3), pH
and ionic strength (4), solvent (5–11) and chain length (12). It

has been noted experimentally that the PPII structure is favored
in water, benzyl alcohol, and most of the other solvents, while
the PPI structure is favored in the presence of aliphatic alcohols
like propanol (12–15). The two forms can reversibly interconvert
by means of changes in solvent composition (5, 7, 10, 16, 17), as
analyzed via circular dichronism (CD) spectroscopy experiments
(12, 18–20). It is also known that the five-membered pyrrolidine
ring may adopt distinct up- and down-puckered conformations
(21), which were deemed to be almost equally probable based on
X-ray analyses of peptides (22) and proteins (23). Although these
studies also suggest a correlation between puckering and the dis-
tribution of cis-trans bonds, it is now known that the prolyl ring
can flip between its two states irrespective of the cis-trans nature
of the peptide bond (24). The puckering preference of both the
PPII and PPI structures has also been investigated in refs. 9 and
25–27.

The structural role of proline depends on the position it occu-
pies in a protein. When in the middle of α helices and β sheets,
proline acts as a structural disruptor, but it is generally found at the
beginning of α helices and edge of β sheets, as well as in turns. It has
been noted that cis-trans isomerization of X-Pro peptide groups is
one of the rate-determining steps for folding and unfolding of
various proteins (28–32) and several studies have investigated
the cis-trans isomerization of proline-containing peptides (33–
37). The role that PPII conformations play in the nonstructured
states of polypeptides has also been much discussed (38–41), and
experimental and theoretical evidence shows that the presence of
nonproline residues decreases the PPII helix content in a pro-rich
environment (39, 40). Proline oligomers also have considerable
interest in their own right. Traditionally, the relatively rigid struc-
ture of PPII has been used as a “molecular ruler” in structural
molecular biology, especially for the validation of spectroscopic
rulers in Föster resonance energy transfer (FRET) experiments
(42). However, both FRET and photoinduced-electron trans-
fer (PET) studies show deviations of experimentally observed
end-to-end distances of polyproline from theoretical predictions.
Recently, Doose et al. used PET techniques to probe the struc-
ture and dynamics of PPII with 1–10 residues in aqueous solution
(43). The authors showed that “polyproline samples exhibit static
structural heterogeneity with subpopulations of distinct end-to-
end distances that do not interconvert on the scales from nano- to
milliseconds”. This heterogeneity was attributed to interspersed
cis isomers that disrupt the otherwise ideal all trans PPII structure,
in agreement with theoretical studies based on conformational
energy calculations (44, 45) and previous simulation results (40).
The authors concluded that the stability of these heterogeneous
subpopulations, caused by prolyl cis-trans isomerization, requires
characterization of the cis isomers in order for polyproline to be
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used as a molecular ruler, for instance to calibrate FRET effi-
ciency measurements. From a computational point of view, such a
characterization is rather difficult because cis-trans isomerization
in polyproline is much slower than the formation and rupture of
hydrogen bonds in an α-helix-coil transition. Indeed, characteristic
time scales for prolyl isomerization range from tens to hundreds of
seconds at room temperature (2, 46), implying solvent-dependent
barriers of the order of 10 to 20 kcal/mol (24, 27, 47–49).

Given these high barriers, traditional molecular dynamics (MD)
simulations cannot explore the relevant conformational space
for the wide range of cis-trans transitions. Rather, based on the
recently developed adaptively biased molecular dynamics (ABMD)
method (50), accurate free energy landscapes of short polyproline
peptides in a few selected environments, as a function of several
relevant-order parameters or collective variables, have been cal-
culated. The ABMD method belongs to the general category of
umbrella sampling methods with a time-dependent potential and
has recently been implemented in the AMBER-10 modeling pack-
age (51). Different sets of collective variables have been used to
study not only the two helical conformations of the polyproline
peptide but also the transition pathways and the many conforma-
tions that are neither PPI nor PPII. The results provide a com-
plementary view to the conclusions of Doose et al. (43) about the
existence of stable heterogeneous subpopulations. Finally, all rel-
evant simulation details are provided in the SI Text with clarifying
Figs. S1–S3.

Free Energy Methods and Collective Variables
To calculate accurate free energy maps, we used the ABMD
method (50), with supplementary equilibrium umbrella sampling
runs (52). In addition, steered molecular dynamics (SMD) runs
were used to investigate specific pathways on these free energy
maps (53). The ABMD method belongs to the general category
of umbrella sampling methods with a time-dependent potential
and provides for an elegant way of computing the potential of
mean force or free energy as a function of a collective variable
σ(r1, . . . , rN):

f (ξ) = −kBT ln p(ξ), [1]

where p(ξ) =< δ[ξ − σ(r1, . . . , rN )] > is the probability density
of the collective variable (the angular brackets denote an ensem-
ble average; kB, the Boltzmann constant; T , temperature). The
method estimates the Landau free energy of a reaction coordinate
from an evolving ensemble of realizations and uses that estimate to
bias the system dynamics to flatten an effective free energy surface
(which may not be exactly the same as the total conformational
energy). Finally, all relevant simulation details are provided in the
SI Text.

The ABMD method was used to calculate the free energy
landscapes of short polyproline peptides [Ace-(Pro)n-Nme, n =
6, 9, 13], as a function of several sets of collective variables. These
collective variables are carefully chosen as to reflect the “slow
modes” of the system, which are ultimately responsible for the
large-scale molecular structure—i.e., the changes associated with
the cis-trans isomerization. The “fast modes” of the system, which
take place on a relatively short time scale, are properly sampled
and de facto integrated out when calculating the Landau free
energy. An important example of a fast mode is provided by the
puckering of the pyrrolidine ring. The solvated transition barrier
between the puckered up and down states of the system is of the
order of a few kBT (54), so that at T = 300 K, the ring oscillates
rapidly between the two puckering conformations (see SI Text and
Fig. S2), which are then integrated in the ensemble average of the
slow modes. As a first set, we considered the collective variables of
handedness (H) and the radius of gyration (Rg), which are natural
because polyproline peptides are characterized by not only PPII
and PPI but also by more compact “globular” conformations. The

Fig. 1. Geometrical construction involved in the definition of handedness:
H < 0 for left-handed and H > 0 for right-handed structures.

definition of H is illustrated in Fig. 1. Moving through the helical
turns, a sequence of four points A, . . . , D is defined. These points
determine the vectors

−→
AB and

−→
CD. The midpoints of these vectors

(E and F) form the vector
−→
EF. The handedness of these points is

then defined as

HABCD =
−→
EF · −→

CD × −→
AB

|−→EF|.|−→CD|.|−→AB|
. [2]

Such a definition discriminates between PPI (HABCD > 0)
helices and PPII (HABCD < 0) helices. To complete the definition,
the four-point contributions are then summed along the backbone,
thereby defining the collective variable H for the entire peptide:
H = ∑n−3

i=1 Hi,i+1,i+2,i+3. Roughly speaking, the magnitude of H is
a measure of the number of turns associated with the helices. For
polyproline, the position of the nitrogen atoms was found to be a
good choice for the location of the A, . . . , D points.

Even though the handedness is enough to differentiate between
PPI and PPII, many compact structures are characterized by the
same value of H . To remove this degeneracy, we considered the
free energies associated with the radius of gyration Rg of the heavy

atoms: Rg =
√∑

a
ma
mΣ

(ra − RΣ)2. Here, RΣ = ∑
a(ma/mΣ)ra is

the center of mass, mΣ = ∑
a ma, and the sums run over all atoms

except hydrogen. Note that Rg is not the only quantity that can be
used to characterize the spatial extent of a peptide’s conforma-
tion. Experimentally, results are often discussed in terms of the
peptide’s “end-to-end” (dend) distance. Free energy maps based
on either of these two variables capture essentially the same phys-
ical content, as demonstrated in the SI Text where several maps
based on dend are shown in Figs. S4–S6.

We have also defined other collective variables specifically asso-
ciated with the cis-trans isomerization. The torsion angle that
describes this transition has value ω = 0◦ for the cis (C) isomer,
and ω = 180◦ for the trans (T) isomer. Thus, we define Ω as the
sum of the cosines of the ω angles, which for an n-mer peptide is

Ωn−mer =
n−1∑
i=1

cos ωi. [3]

For a cis-trans prolyl bond, cos ωi is +1 (−1) and, therefore, Ωn−mer
can take any of the following values: −n + 1, −n + 3, . . ., n − 3,
or n − 1. The collective variable Ω, like H , is degenerate. For a
sequence with nb = n−1 bonds, the number of conformations with
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Fig. 2. Free energy landscapes (kcal/mol) as a function of collective variables
(H, Rg). Landscapes are shown for a 6-mer (Top), 9-mer (Middle), and 13-mer
(Bottom) polyproline peptide: in vacuo (A) and in implicit water (B). Exam-
ples of transition paths between PPI and PPII are shown: The solid line passes
through the global minimum whereas the dashed line avoids it. A ribbon
representation is used for some of the structures associated with some of the
major minima, with cis-trans prolyl bonds highlighted in red (blue), respec-
tively. In the 13-mer case, all the prolyl bonds of both E and F structures are
cis, but the prolyl amide bond in the amidated terminal of the peptide (not
shown) is trans in E and cis in F .

nC cis bonds and nT trans bonds (with nb = nC+nT ) is nb!/(nC!nT !).
Naturally, perfect PPI is characterized by Ωn−mer = n − 1 and
perfect PPII by Ωn−mer = −(n − 1).

Another possibility is to consider the “interface” between bonds
and define the collective variable � as

�n−mer =
n−2∑
i=1

cos (ωi + ωi+1). [4]

For an n-mer, there are n − 1 prolyl bonds and n − 2 interfaces.
If two neighboring bonds have the same dihedral angle ω, then
their interface contributes cos (ωi + ωi+1) = +1; otherwise it
gives −1. Correspondingly, �n−mer can take on any of the val-
ues −n + 2, −n + 4, . . . , n − 4, n − 2. �n−mer removes some of the
degeneracy associated with Ω. For |Ω| = n − 1, there is only one
value of �(� = n−2); for Ω = 0 (which exists only for odd values
of n), there are (n − 2) values of �; for |Ω| = m (with m �= n − 1
and m �= 0), there are n − 1 − m values of Ω.

Finally, given the binary nature of this torsion angle and consid-
ering that for an n-mer there are 2n−1 possible configurations of the
bonds, it is possible to define a collective variable that avoids the
degeneracy problem entirely. First, one maps the cis-trans bond
conformations into binary numbers by using bi = (cos ωi + 1)/2
and then converts the sequences {bi} into a decimal number:

�n−mer({bi}) =
n−1∑
i=1

bi2i−1. [5]

Therefore � is a number ranging from 0 (PPII) to 2n−1 − 1 (PPI).
This new collective variable acts like a label for each possible con-
formation. It can be related to Ω via Ωn−mer = ∑n−1

i=1 (2bi − 1).
Notice that the decimal number thus assigned does not have

any physical meaning: It is just a label for the different isomers.
The collective variable � is only convenient for the investigation
of relatively short polypeptides because the number of minima
associated with � increases exponentially with peptide length.

Results and Discussion
We now discuss the free energy landscapes of Ace-(Pro)n-Nme
peptides (n = 6, 9, 13) both in vacuo and for selected solvated
environments (implicit water, hexane, and 1-propanol).

Fig. 2A shows the (H , Rg) free energy map for the peptides in
vacuo. For discussion purposes, we focus primarily on the nanomer
free energy map. It displays three sets of minima: Three minima
(f, g, h) with H > 2 correspond to PPI; a broad basin with several
minima (d, e) between −1.5 < H < 2 with Rg < 7 correspond
to twisted and globular structures; and three minima (a, b, c) with
H < −0.95 and Rg > 7, correspond to PPII. A ribbon represen-
tation of the typical structures in these minima is also shown in
Fig. 2A. A quantitative description of the minima (location, depth)
and characteristic isomer is given in Table S1. The isomer associ-
ated with minimum (a) corresponds most closely to the ideal PPII
structure (RMSD = 0.4 Å), whereas that associated with (h) is
closest to PPI (RMSD = 1.0 Å). There are qualitative changes
in the free energy maps as the length of polyproline is increased.
Although the same three classes of minima are found on all three
maps, their relative importance changes. For short 6-mers, the free
energy favors the formation of PPII structures, as opposed to PPI.
For the longer 13-mer, the trend is reversed, and PPI is favored.
The 9-mer appears to correspond to an intermediate case, such
that PPI and PPII structures are approximately balanced. Such a
change with peptide length has also been noted experimentally in
alcohol environments. Free energy maps for polyproline in implicit
water (Fig. 2B) are qualitatively similar, except that PPII is favored
over PPI for all chain lengths, in agreement with experimental
results (12). In implicit water, the free energy minima associated
with PPII are of the same magnitude as those associated with the
compact structures, and they form a “broad valley” with relatively
low barriers.

The (Ω, Rg) and (Ω, �) free energy maps for n-mers in implicit
water are shown in Fig. 3 (gas phase results are qualitatively

Fig. 3. Shown are (Rg, Ω) and (�, Ω) free energy landscapes (kcal/mol) for
a 6-mer (Top), 9-mer (Middle), and 13-mer (Bottom) polyproline in implicit
water.
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Fig. 4. Free energy in the NΩ,� representation. The solid line is obtained
from the (Ω, �) map by enumerating the minima and plotting the corre-
sponding free energy values; the dotted line is obtained by using the � results
combined with Eq. 6. (Inset). Free energy profile (kcal/mol) of a hexamer
polyproline in vacuo, as a function of the single collective variable �.

similar and shown in the SI Text and Fig. S7). Because for an n-mer
polypeptide there are n − 1 peptide bonds, Ω runs between ±5,
±8 and ±12 for the different length peptides. Allowed values for
Ω are centered on even values for the 9,13-mers, and about odd
values for the 6-mer. The free energy minima associated with the
Ω values are also elongated in the Rg direction, forming narrow
valleys, which is a reflection of the underlying structures seen in
the ribbon representations of Fig. 3A. For example, the flipping of
a single bond within an all-trans helix does not greatly modify the
helical structure if the bond is near the end, but it produces a sharp
turn when it is in the center. For the nanomer, the deepest minima
correspond to globular and PPII structures. Because the PPII-like
helices are more stretched, they have more flexibility in terms of
Rg , unlike PPI-like structures which are more rigid. This flexibility
translates into a net decrease of the elongation of the free energy
contours as one moves from PPII to PPI. Finally, because for n−1
bonds there are n−2 possible “interfaces” between them, the pos-
sible values of � vary between ±4, ±7, and ±11 for the 6−, 9−,
and 13-mer, respectively. For the nanomer, � = 7 corresponds to
either a complete PPI or PPII helix because both of these struc-
tures have no cis-trans interfaces. In contrast, Ω = 0 and � = −7
correspond to a situation of all alternating cis-trans bonds.

The 1D free energy profile as a function of � for a hexamer in
vacuo is shown as an inset in Fig. 4. The label � runs between
0 (PPII) and 31 (PPI) because there are 32 possible isomers
involved. To make the connection with this collective variable
and other ABMD variables, we have calculated the correspond-
ing values of Ω and � for each of the possible combination of bi’s.
Because of the inherent degeneracy, multiple �’s may have the
same value for Ω and �. Suppose that �1, �2, . . . , �m all have the
same values of Ω and �. In such a case, the probability of finding
a structure with a given value of Ω and � is the sum of the prob-
abilities related to �1, �2, . . . , �m. We can therefore define a new
phase space—labeled with NΩ,�—and relate the free energies in
this space to those in � space via

exp
(−FNΩ,�

kBT

)
=

m∑
i=1

exp
(−F�i

kBT

)
. [6]

To illustrate this explicitly, consider the (Ω, �) free energy plot for
a 6-mer shown in Fig. 3. This map is characterized by 14 distinct
minima, which we map onto the single variable NΩ,�, which now
runs from 1 to 14. Moving from left to right, and then bottom
to top, we label each minima in (Ω, �) space by a number NΩ,�,

Table 1. The values of the order parameters �, Ω, �, and NΩ,� for
different configurations of a 6-mer polyproline peptide

NΩ,� Ω � � Sequence

1 −5 4 0 TTTTT
2 −3 0 2, 4, 8 TCTTT, TTCTT, TTTCT
3 −3 2 1, 16 CTTTT, TTTTC
4 −1 −4 10 TCTCT
5 −1 −2 5, 9, 18, 20 CTCTT, CTTCT, TCTTC, TTCTC
6 −1 0 6, 12, 17 TCCTT, TTCCT, CTTTC
7 −1 2 3, 24 CCTTT, TTTCC
8 1 −4 21 CTCTC
9 1 −2 11, 13, 22, 26 CCTCT, CTCCT, TCCTC, TCTCC
10 1 0 14, 19, 25 TCCCT, CCTTC, CTTCC
11 1 2 7, 28 CCCTT, TTCCC
12 3 0 23, 27, 29 CCCTC, CCTCC, CTCCC
13 3 2 15, 30 CCCCT, TCCCC
14 5 4 31 CCCCC

All 32 = 25 possible conformations of the prolyl bonds are presented. The
acetylated end is at the left and the amidated end at the right.

i.e., N−5,4 = 1 (PPII), N−3,0 = 2, N−3,2 = 3, . . . , N5,4 = 14 (PPI).
Table 1 gives the �, Ω, �, and NΩ,� values for all 32 possible
configurations of a 6-mer polyproline, and Fig. 4 plots the free
energy as computed from the variable � for the 14 different states
NΩ,� and compares it with the ABMD runs with (Ω, �). The corre-
spondence between them is quite good, with only small, expected
free energy differences (see also Fig. S8).

Now we turn to explicit solvent results. We investigated a
nanomer in explicit nonpolar hexane and in 1-propanol, with free
energy maps shown in Fig. 5. In hexane, the phase space associated
with the PPI helices is reduced, as compared with the gas-phase
and implicit water results: The only minima identified correspond
to PPII and globular structures. By contrast, 9-mer polyproline
in 1-propanol shows minima for the compact and PPI structures.

Fig. 5. Free energy landscapes (kcal/mol) of a 9-mer polyproline in hexane
(A) and 1-propanol (B), as obtained from ABMD runs followed up with
umbrella corrections.
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Table 2. Free energy difference (in kcal = mol) of all cis PPI and
all trans PPII [f (PPI)-f (PPII)], for 6-, 9-, and 13-mer Ace-(Pro)n-
Nme, in vacuo, in implicit water, and in explicit solvents hexane
and propanol (for 9-mer), obtained from ABMD simulations with
different sets of collective variables

Environment (H,Rg) (Ω,Rg) (Ω,�) �

6-mer
In vacuo 5.12 5.22 6.02 5.63
Water 4.88 5.20 5.33 5.15

9-mer
In vacuo 1.05 1.42 1.24 1.52
Water 4.53 5.32 6.08 6.43
Hexane 18.13 19.68 20.12 −
Propanol −6.98 −6.13 −8.19 −

13-mer
In vacuo −7.21 −6.22 −6.65 −
Water 6.47 9.60 8.05 −

The fields marked by blank lines were not computed.

Again, these results, agree with trends observed in experiments.
What is the origin of this differing behavior of polyproline in the
two different solvents? First, the characteristic ring of polyproline
precludes the nitrogen atom of the prolyl bond from engaging
in hydrogen bonding. This feature not only affects the structure
of the helices but also the interaction with solvents. The cis-trans
conformations are linked to the orientation of the carboxyl groups
C = O: In PPI, these groups are almost parallel to the axis of the
compact helix and are shielded from the solvent by proline rings; in
PPII, the C = O groups are mainly perpendicular to the axis of the
helix, and because the helix is more elongated, the carboxyl oxygen
is more exposed to solvents. Indeed, results for different radial
distributions linking the carboxyl oxygen and different atoms in
the solvent showed the following: (i) the distances between oxy-
gen in C = O and hexane atoms are shorter in PPII than in PPI
(therefore hexane favors PPII); (ii) the distances between O and
propanol atoms are shorter in PPI than PPII (therefore propanol
favors PPI); and (iii) the distances related to the hexane atoms
in both cases are shorter than the distances related to propanol
(therefore the effects of hexane are stronger than the effects of
propanol).

As a short summary, Table 2 gives the calculated free energy dif-
ferences between the PPI and PPII structures, as obtained from
the different runs with different collective variables. There is good
agreement between all the different numerical values.

To further characterize the ABMD-based free energy maps, we
performed SMD runs that use the topology of these landscapes to
steer the polyproline peptide between PPI and PPII. The aim here
is not to compute accurate free energy differences but rather to
compare pathways associated with different mechanisms in a qual-
itative way. Here, we choose selected trajectories, such as those
given by the lowest free energy path (LFEP) method (55) in the
(H , Rg) plane, paths on the (Ω,�) plane, paths where Ω is the only
variable, etc.

Two LFEP paths identified between PPI and PPII are shown
in Fig. 2. One such path passes through the global minimum
(solid line), but a second path avoids it (dotted line). This second
path is characterized by considerably lower free energy barri-
ers, as shown in Fig. 6A. It is plausible that the two different
paths are associated with different transition mechanisms. Specif-
ically, for the path avoiding the global minimum, sampling of
intermediate conformations along the path is mostly consistent
with a zipper-like mechanism, in which changes take place via
the successive switching of neighboring prolyl bonds (i.e., for 6-
mer undergoing a PPII→PPI transition, this would take the form
TTTTT→CTTTT→CCTTT. . . →CCCCC). Nucleation begins
primarily at the ends or in their near vicinity, with a rate that
appears to be length dependent. In contrast, for the path through
the global minima, bond flipping takes place in a less-ordered

fashion. The helix seems to undergo melting before reassembling
again. This view is supported by examining the structures along the
path. The corresponding work done by carrying out SMD along
the two paths from PPI to PPII is shown in Fig. 6B. There is less
work done along the path that avoids the global minimum. There
are many degeneracies associated with the H and Rg collective
variables, and as a result the work function is just monotonically
increasing. It is possible to overcome some of the ambiguities
related to the degeneracy in the minima by steering the system
from a pure PPI structure to a pure PPII structure by using differ-
ent collective variables. We have tried this both by using the 1D
variable Ω and also by choosing a path in the (Ω, �) phase space by
keeping � at its highest possible value (Fig. 6C). In both cases, the
total work is less than in the other two trajectories, indicating that
it is much more natural for the system to move along such a path.
The work as a function of time (Fig. 6D) shows eight periodic look-
ing barriers that correspond to the flipping of each of the bonds
and that can be interpreted as a more clear signature of a zipper-
like mechanism. We have studied these pathways and others not
shown here. The SMD runs can give a qualitative description of
different pathways as well as possible accompanying mechanisms,
but unless all trajectories are examined, it is difficult to make quan-
titative assertions. The zipper-like mechanism is a highly probable
mechanism for helix conversion but not necessarily the most prob-
able mechanism. As another example, the work for the zipper-like
mechanism is compared in Fig. 6D with that corresponding to an
extreme case where all the bonds (except one) flip simultaneously.
The cosines of each of the prolyl bonds for both mechanisms are
shown in Fig. 6E and 6F. The huge barrier linked to the “en masse”
mechanism would make this transition rather improbable.

Summary
This work presents a comprehensive study of polyproline as a par-
adigm of molecules whose conformational phase space contains

Fig. 6. Paths and work done via SMD for a nanomer in vacuo. (A) Free energy
profiles for the LFEP paths shown in Fig. 2A as function of normalized path
length (s) in (H,Rg) space, (solid line passes through the global minimum and
dotted line avoids it). (B) Work done via SMD for the paths shown in A. (C)
A trajectory associated with a zipper-like mechanism in the (Ω, �) space. (D)
Work done via SMD for the path shown in C (dashed line) and for another
trajectory associated with an “en masse” flipping of the cis-trans bonds (solid
line). (E and F) Time evolution of the cosines for each individual prolyl bond.
Here, (E) is associated with the zipper-like transition and (F) with the “en
masse” flipping mechanism (except for one bond).
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left-handed and/or right-handed helices. The free energies were
calculated as a function of a variety of relevant collective vari-
ables: handedness H , radius of gyration Rg , and the variables Ω,
�, and �, associated specifically with the cis-trans isomerization
of the peptide bond. The theoretical framework developed here
may readily be used for a quantative description of other heli-
cal molecules involving bistable changes in the relevant molecular
conformation (e.g., the anti\syn flipping of nucleotides in B- to
Z-DNA transistions). Specifically, the free energy landscapes of
polyproline n-mers (n = 6, 9, 13) in vacuo and in implicit water
were investigated, along with the nanometer in explicit hexane
and 1-propanol. We also considered minimum free energy path-
ways through these landscapes, which were further investigated
via SMD runs. General trends are as follows: The stability of PPI
is enhanced by increasing the length of the peptide chain, which
means that cooperativity or interresidue interaction is more favor-
able in PPI than PPII. Pure PPI and PPII are just one of the minima
(when present) in the phase space, with many other minima cor-
responding to other stable subpopulations whose representative

structures, in terms of cis-trans bonds, are readily obtainable.
Favored structures as a result of interactions with different sol-
vents agree qualitatively with experiments. The position of the
carboxyl oxygen (parallel to the helical axis and hidden by pro-
line rings in compact PPI; perpendicular to the axis and more
exposed to solvent in the more-open PPII) plays an important
role in the interaction with solvents. Different mechanisms of
transitions are associated with different pathways in the phase
space, some extreme examples being the case where all bonds
rotate together, a melting and reordering mechanism, and a more
probable zipper-like mechanism. Our results provide a comple-
mentary view to recent PET experiments regarding the existence
of stable heterogeneous subpopulations of polyproline peptide
conformations.
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