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Importantly, it is directly measurable through a number of different experimental techniques. Length distribu-
tions can be straightforwardly assessed from molecular dynamics simulation; however, true convergence
through full accurate coverage of the length range is difficult to achieve.

Methods: The application of external constant force combined with the weighted-histogram analysis method
Peptides (WHAM) is used to enhance sampling of unlikely ‘long’ or ‘short’ conformations and obtain the potential of
Length distribution mean force, while also collecting dynamic properties of the chain under variable tension.

Force Results: We demonstrate the utility of constant force to enhance the sampling efficiency and obtain experimen-
Freely jointed chain tally measurable quantities on a series of short peptides, including charge-rich sequences that are known to be
Alpha helix highly helical but whose properties are distinct from those of helical peptides undergoing helix-coil transitions.
Random coil Conclusions: Force-enhanced sampling enhances the range and accuracy of the length-based potential of mean
force of the peptide, in particular those sequences that contain increased numbers of charged residues.

General significance: This approach allows users to simultaneously probe the force-dependent behaviour of
peptides directly, enhance the range and accuracy of the length-based PMF of the peptide and also test the
convergence of simulations by comparing the overlap of PMF profiles from different constant forces. This article
is part of a special issue entitled Recent developments of molecular dynamics.
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1. Introduction

The average and probability distribution of the end-to-end distance
are important quantities for describing the physical properties of poly-
meric chains [1]. The simplest model to describe polymers is the freely-
jointed chain (FJC) [2]. It only assumes a polymer as a random walk
and neglects any kind of interactions among monomers. If each mono-
mer is assumed to be a rigid rod of length d and N monomers form the
polymer, the maximal polymer length is L,.x = Nd. The distribution of
the length (or end-to-end distance, L) is

In the case of polypeptides and proteins, ‘monomers’ consist of a vari-
ety of amino acid residues, the sequence is variable in length, and the in-
teractions between monomer units vary both in strength and specificity.
Depending on factors such as length, temperature and solvent condition,
they deviate more or less strongly from an ideal polymer. For example, at
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temperatures below the folding temperature, P(L) for a single alpha-
helical peptide will be peaked at about N x 1.5 A, while that of a perfect
beta hairpin will be a few A, i.e., the distance between two residues
sharing a main-chain hydrogen bond. In both cases, above the folding
temperature, P(L) will be better approximated by an ideal chain result
and increasingly so with increasing temperature, i.e., when intra-chain
interactions become negligible. Under some conditions, such as for un-
folded proteins under the effect of mechanical force, ideal models, and
specifically the worm-like chain model adequately reproduce experi-
mentally observed properties [3].

The potential of mean force (PMF) along L is simply related to the
length distribution by W(L) = —kgT In P(L) [4]. The estimation of
W(L) from molecular dynamics simulation—or for that matter estimat-
ing the PMF associated with any parameter that is a function of the
coordinates—is straightforward when all the values assumed by the
function are accurately sampled during the simulation. This is not the
case in many instances in which the process being studied is an activated
one, i.e., when a sizeable free energy barrier appears in the potential of
mean force and the transition between different states, identified by
different values of the function, or reaction coordinate, are rare events
that may not occur spontaneously during the simulation. The most broad-
ly used approach to enhance the sampling of regions of conformation
space that would not be accurately sampled otherwise, consists of
adding a biasing potential that harmonically restrains the excursion of
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the reaction coordinate around chosen values along the whole range of
values assumed by the reaction coordinate, thus enforcing an approxi-
mately uniform sampling [5]. The bias on the potential of mean force
can be readily removed for the results, but general thermodynamic
and kinetic properties of the system in the absence of the bias cannot
be obtained. A variation of the umbrella sampling method has been re-
cently proposed where the reaction coordinate is confined by reflecting
boundaries [6]; a continuous PMF can be obtained by imposing that the
forward and backward flux be equal at each boundary, with the advan-
tage relative to umbrella sampling being that rates can also be obtained.
A PMF can also be obtained by constraining the reaction coordinates at
specific values [7-9].

In the specific case in which the reaction coordinate is the distance
between two atoms, for example, the distance between the two ends
of a polymer, a novel class of methods, based on the discoveries of
Jarzynski [10] and Crooks [11], have shown that free energy differences
can be obtained from non-equilibrium measurements. Such measure-
ments have been made possible by single molecule manipulation tech-
niques [12-15] and their simulation counterparts [16-18].

Experimental observation of the end-to-end distance under the
application of a constant force is possible, thanks to techniques such
as force-clamp atomic force spectroscopy and magnetic tweezers [19].
The potential of mean force along the extension may not be directly
measurable, but it can be probed by single molecule force spectroscopy
experiments that measure the force at which proteins ‘snap’—when
they cross the free energy barrier that separates the native compact
state from the denatured extended state when the two ends are pulled
apart at constant velocity (or equivalently, the average time it takes the
native protein to snap when a constant force is applied to its ends) [20].
If the process of mechanical fracture is thought of as diffusion over a free
energy barrier on the potential of mean force defined by the extension
of the protein (i.e., distance between the points where force is applied),
then the unfolding rate depends exponentially on the applied force [21].
This relation, which goes under the name ‘Bell model’, seems to be
generally obeyed although a number of exceptions have been reported
[22,23].

The application of a constant force, parallel to the vector joining any
two atoms of a polypeptide, modifies the probability of different lengths
of the vector, a positive force favouring longer conformations and a neg-
ative force favouring shorter conformations. When modified by a force
F, the length distribution is given by the relation Py(L) = P(L)ef/T,
This relation is simply obtained by observing that the PMF (W(L) =
—kgTIn P(L)) is modified by the application of an external force parallel
to the end-to-end vector by Wr(L) = Wy(L)-FL (in units of kgT). For the
FIC this is W (L) = 2L =2 In L—FL,

In this paper, we exploit the relationship Wg(L) = Wy(L) -FL to
accurately determine the equilibrium potential of mean force associat-
ed with the distance between two atoms of a polypeptide chain. Unlike
the methods mentioned above where an artificial biasing term is added
to the Hamiltonian, the application of a constant force is also possible
experimentally, and the equilibrium and kinetic properties of the real
system are not perturbed.

We focus on relatively short peptides that have high intrinsic helical
propensity. The o helix is a ubiquitous motif found throughout the pro-
teome. Its structure is stabilised by hydrogen bonds between the back-
bone carbonyl oxygen of residue i and the backbone N-H group of
residue i + 4. This pattern causes the backbone of the polypeptide
chain to form a right-handed helix, with side chains pointing out from
the core and slightly toward the N-terminus. Most « helices are found
within globular proteins where interactions between neighbouring
secondary structure elements stabilise the structure. When investigated
in isolation, the short peptide sequences that exist as helices within
globular proteins are often not helical. However, certain short se-
quences, notably the C-peptide from RNase [24-26] and several syn-
thetic peptides [27,28], have since been shown to form stable helices
in solution.

Alanine-rich peptides are often used as the archetype of ‘normal’
alpha helices, and there exists a great deal of literature describing
their properties [29]. The substitution of alanine for charged residues,
glutamic acid (E), lysine (K) and arginine (R), originally to improve
the solubility of these peptides, has been shown to have a significant
effect on peptide helicity [27,28,30-32]. A dramatic example is the
recent experimental comparison of short E-R/K-rich peptides using cir-
cular dichroism (CD) spectroscopy [33]. We use this study as an exper-
imental touchstone for comparison with our simulations.

The peptides studied here are in general polyalanine based, 10
residues in length but have different numbers and patterns of charged
residues (glutamic acid, arginine and lysine). We also use a glycine-
rich sequence as a random coil model. Each peptide has an N-terminal
YS ‘tag’, used in experiments as a means of accurately calculating pep-
tide concentration, which is retained in simulations to allow for direct
comparison, and for consistency, all other peptide sequences start
in this manner. As expected, the glycine-rich sequence is completely
disordered, alanine-rich sequences show a helical propensity, and that
propensity increases as a pattern of charged residues sequentially
replace alanine. The PMF properties of the charge-rich sequences are
distinct from those of alanine-rich sequences. We also highlight some
advantages of using mechanical force to enhance sampling relative to
other computational methods, in part related to the fact that constant
force can also be applied experimentally to individual proteins.

2. Methods

The equilibrium dynamic behaviour of the peptides was simulated
using a united-atom force field (CHARMM19) and implicit solvent
model (FACTS) [34]. The force field and the solvation model were
chosen after testing several alternatives. Simulations performed using
the CHARMM22/CMAP force field [35] with FACTS showed that helical
conformations for charged sequences were excessively stable and
reversible helix formation was never observed. This same behaviour
was observed using CHARMM22/CMAP and explicit solvent (with TIP3P
water). A similarly initiated 1.25 ps simulation using a fully solvated re-
cently revised all-atom model of YSE4R4 (CHARMM?36 [36], run using
NAMD [37]) did not show any significant helicity (4%, most of which
being 310 helix). Simulations performed using CHARMM19 with the
SASA implicit solvent model [38] showed, in clear disagreement with
experiment, poor differentiation between charged and non-charged
sequences, likely due to the neutralization of charged side chains
imposed with the SASA implicit solvation model. The combination of
CHARMM19 and FACTS was recently shown to give excellent
agreement with experiment for a highly charged system [39]. The
‘standard’ CHARMM19 FACTS parameters for structured peptides
were used: dielectric constant = 2.0, nonpolar surface tension
coefficient = 0.015 kcal mol ™' A™2,

Unless otherwise stated, all simulations were performed at 300 K,
with Langevin dynamics using the leapfrog integrator, a time step of
2 fs and a friction coefficient of 3 ps~!, and run using CHARMM |[38].
Trajectory frames (and associated analysis parameters) were recorded
every 500 steps. A constant force of between —50 and 50 pN was
applied between the N atom of the first residue and the carbonyl carbon
atom of the last (tenth) residue. The N and C termini were capped with
acetyl (ACE) and methylamine (CBX) groups, respectively [40]. Simula-
tions lasted between 1 and 4 pis. Starting structures for simulations were
prepared by performing a steepest descent minimisation (1000 steps)
from an all-trans backbone conformer followed by a short (20 ps)
dynamics run. The first 100 ns of each of the simulations was removed
prior to analysis in an effort to remove starting structure bias.

Wordom (version 21) [41] was used to analyse the simulation tra-
jectories. The secondary structure of the peptide was assigned for each
timeframe using the DSSPcont [42] criteria. This was then used to calcu-
late the helicity (or helical fraction) of the peptide overall, with helicity
defined as the fraction of 310, ct, and m residues (i.e.,, G + H + 1) [43]. It
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should be noted that the capping groups are included in the secondary
structure assignment and are therefore a factor in the helicity fractions
reported. If the capping group assignments are removed from the
analysis, the helicity values all increase by a factor of 6/5, but the ratios
between different peptides do not change. Sample analyses using the
DSSP [44] criteria gave similar results (typically being 1-2% less helical
at F=0).

Wordom was also used to output the distance between the back-
bone N atom in the first residue and the carbonyl carbon in the last
residue, i.e., the distance used to define the length (L). Pr(L) and
thereby Wg(L) were calculated at all forces. WHAM [45] was then
used to iteratively reweight histograms obtained at different forces,
using Wyo(L) = Wg(L) + FL, where F is the constant force. This yields
a zero-force PMF with improved accuracy over the entire reaction
coordinate range compared to a PMF direct from the F = 0 simulation
alone. The code required to perform the constant-force bias WHAM
analysis was written from scratch in Python based on Hub et al. [46]
with the perturbation being a constant-force potential rather than an
umbrella potential.

3. Results
3.1. Constant-force bias as a method for accurately estimating the PMF
To demonstrate the constant-force bias procedure used, Wg(L) plots

for the peptide YSAAARAARA at forces between — 50 and 50 pN are
shown in Fig. 1. At zero force, the PMF has its minimum at a length of
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Fig. 1. Depiction of the constant-force bias procedure using Wg(L) profiles for
YSAAARAARA from a range of force-assisted 2 ps simulations at 300 K. For clarity, plots are
split into positive (top) and negative (bottom) forces. Wg(L) profiles at constant force
(thick lines) are converted back to a zero-force case (thin lines) using Wy(L) = Wx(L) +
FL, allowing for an offset in each case.

~9 A. The thicker lines show how as the force increases from F = 0,
the minimum energy length for the peptide moves to higher values.
More than one minimum exists at intermediate forces; for instance, at
10-20 pN, a clear minimum can be seen at 14-15 A. At high forces,
the peptide is completely stretched with a length of ~30 A. Negative
forces cause the peptide to shorten. Two more minima can be seen
with the length ultimately tending to 4 A, the closest approach of the
termini.

The thin lines in Fig. 1 show zero-force PMFs as converted from non-
zero-force Wg(L) plots by addition of the term —FL to the potential ener-
gy function. The profiles have been manually offset to aid comparison. In
all cases, the profiles match well with each other, and with the zero-
force case, over a certain range of L, the negative forces matching well
at low L and the positive forces matching well at larger L. Outside the
matching regions, the converted profiles are noisy, representing poorly
sampled conformers.

The weighted histogram analysis method (WHAM) procedure does
the job of combining length distribution histograms from simulations
at different constant forces to provide a PMF at zero force that is accu-
rate at all values of L (shown as a thick purple line in Fig. 1). The purple
line matches well with the F = 0 trajectory, indicating that, in this case,
the zero-force trajectory does a good job of sampling the accessible
conformers as gauged by trajectories at all other forces, suggesting
good convergence, including at relatively large values of L. Fig. S1
shows in greater detail the corrected PMF profiles generated from tra-
jectories at F = —5, 0 and 5 pN and compares with the WHAM PMF.
All three trajectories provide PMFs that compare reasonably well with
the WHAM PMF, which we assert represents the best approximation
to the perfectly converged case. At lengths greater than 6 A, the 5 pN
PMF is in fact the best match to the WHAM PMF showing that in certain
cases, it can be beneficial to generate trajectories under a small applied
load and convert rather than collect directly at zero force. In order to
probe the energy landscape in the region of a barrier, it makes sense
to add a biasing force to allow transitions across the barrier to occur
more frequently and thereby enhance conformation sampling; this
is the basis of the extensively used experimental method of force
spectroscopy [47,48].

WE(L) profiles are shown in Fig. 2 for a polyglycine (YSGg) and
polyalanine (YSAg) peptide, which act as a random coil and ‘typical’
helix mimic, respectively. As judged by the overlap of the F = 0 PMF
with the WHAM PMF, barring the ‘noise’ at high extensions, the confor-
mations for both peptides are well sampled. A 1 pis simulation is enough
to allow convergence; thus, this single simulation is all that is required
to accurately predict the length distribution at any force. There is no
significant benefit in using the constant-force bias procedure in this
case other than for improved accuracy at high extension and a small
increase in the range over which the PMF is described (beyond 30 A).

The resulting PMFs for the two peptides show clear differences with
YSAg having a more well-defined minimum at L ~ 9 A. Further informa-
tion on the differentiation of different ‘states’ that have the same length
is not accessible from the PMF. The length convergence confirmed using
WHAM gives us confidence that the properties resulting from the single
zero-force simulation give an accurate representation of the equilibrium
behaviour of our model. Analysis of the simulation carried out in the
absence of force showed, as expected, that YSGg was completely non-
helical (0.4%; o, T or 319 helix). By contrast, YSAg shows significant
helicity (21% helix). Fig. S2 shows example structures with lengths
corresponding to minima in Wg(L) plots for YSAs. At zero force, the
region around the minimum at L = 9.0 + 0.5 A is composed of both
helical and non-helical conformers, with completely non-helical con-
formers making up 29% of the total.

3.2. Convergence of the PMF

Moving now to more complicated peptides containing residues with
potential for specific interactions, we consider the case of adding E and R
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Fig. 2. W(L) profiles from simulations at various forces and the PMF as matched using
WHAM for YSGg (top) and YSAg (bottom) at 300 K.

residues atiand i + 3, positions, respectively, to our polyalanine pep-
tide. This pattern has been implicated in the stabilisation of o helices
since simultaneous formation of an (i, i + 4) backbone hydrogen bond
and (i, i + 3) salt bridge are possible [33]. We consider the sequence
of peptides YSAAAEAARA, YSAAEEARRA and YSAEEERRRA, which con-
tain 1, 2 and 3 potential salt bridges between i and i + 3 positions. We
therefore treat YSAg as our baseline.

As shown in Fig. 3, all the WHAM PMFs exhibit a clear minimum at
9 A, but the gradient away from the minimum becomes increasingly
steep as more charge-paired residues are added; it becomes increasingly
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Fig. 3. WHAM PMFs for YSAg and E-R (i, i + 3)-containing peptides.

more difficult to either extend or compress these peptides. On compar-
ison of the WHAM PMF with the PMF from the single trajectories (1 ps)
carried out under no force (Fig. S3), the difference is initially confined to
large extensions, but as more charged residues are added, the differ-
ences become significant at shorter and shorter extensions. The
range of L being sampled also becomes increasingly confined with
YSAEEERRRA only being sampled from 4 to 19 A compared to a
range of 3 to 33 A sampled with WHAM. This clearly indicates that for
the more charge-rich sequences convergence of the PMF is poor and
therefore either much longer trajectories or an enhanced sampling
method is required.

Possibly the most striking examples of non-convergent simulations
are shown for peptides where all the alanine residues have been ex-
changed for glutamic acid and arginine/lysine pairs (whilst maintaining
overall neutrality). Zero-force simulation and WHAM PMFs generated
from longer (3 or 4 ps) simulations for YSE4R4 and YSE4K, (and some
other same-residue permutations) are given in Fig. S4; their properties
have been previously investigated using CD spectroscopy. Fig. 4 shows
the PMF profile generated from each microsecond of simulation individ-
ually for YSE4K,. All four profiles have the same minimum at 9 A but dif-
fer significantly in the proportion of time spent as conformers with
lengths longer than 10 A. It is clear that 1 ps alone (black line, Fig. 4A)
is not enough to allow convergence, with poor sampling beyond 10 A
and a very poor fit to the overall WHAM plot. As the simulation becomes
longer (depicted in Fig. S5), the zero-force PMF begins to converge
on a particular profile, with good matching to the WHAM plot for
L = 6.5-16 A. However, the profiles are a poor match outside these
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Fig. 4. (Top) PMF profiles from the first (after removing the first 100 ns), second, third and
fourth microsecond of simulation for YSE4K, with no applied force. Significant differences
are observed between each part of the simulation for lengths beyond 10 A. (Bottom)
WHAM was used to combine histograms taken at forces between —50 and + 50 pN for
1 ps, 2 ps, 3 ps and the entire 4 ps. More subtle differences are shown.
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values, and due to the restrictions imposed by the temperature, the
zero-force simulations do not probe any lengths beyond 21 A (note:
3-33 A are examined using the constant-force bias approach). It is
unlikely that any reasonable length simulation will be able to access
these other conformers to quantify their populations accurately.

When simulations at all forces are collected together and combined
using the constant-force bias procedure, an improved PMF is provided.
The second graph in Fig. 4 shows how little the resulting WHAM PMF
is affected on changing from use of 1 ps simulations (at all forces) to
4 ps simulations. This indicates that even short, non-fully convergent
simulations when taken at a range of constant-force biases can yield a
good approximation of the PMF for a peptide. The constant-force-bias
approach also reveals additional minima for YSE4R4 and YSE4K, at
extensions of ~4 and 6 A. Representative WHAM PMFs that include an
estimate of error are included in Fig. S6.

3.3. Uses and limitations of the constant-force bias approach

The extent of overlap of probability histograms generated using
constant-force biased simulations is much greater than would be the
case for a windowed sampling method, e.g., umbrella sampling or
boxed molecular dynamics. When the histograms collected at a wide
range of forces all overlap well, we have greater confidence that adequate
sampling is achieved and the resulting PMF is accurate. In umbrella
sampling, the overlap of histograms is normally only with neighbouring
simulations, and it is the manner in which histograms are joined that
determines the PMF. Convergence is gauged only within each simulation,
when the histograms no longer change on increasing the simulation
time. If a transition between different conformational states at a particu-
lar L is more easily facilitated by first extending or contracting to an L that
is not well represented due to the effect of the umbrella potential, then
the rate of transition will be reduced and there is more likelihood of
sampling being poor due to trapping in these artificially created kinetic
traps. A careful balancing act between umbrella size, separation and
duration of simulation must be performed. With the constant-force bias
method, transitions between conformations of different L are actively
encouraged by effectively flattening out the local energy landscape. One
disadvantage of the constant-force approach is that due to the fact that
a large conformational space is still sampled in each simulation, the
‘enhancement’ of sampling will be less efficient than with a windowed
technique.

A further benefit of the constant-force-bias approach is that as
simulations are at equilibrium, trajectory averages correspond to ex-
perimental observables, and this is true for all simulations since the
application of fixed loads to peptides is becoming increasingly possible.
Of particular interest is the spectrum of the fluctuations of the end-to-
end distance and its dependence on the constant-force applied. Fluctu-
ations of the end-to-end distance is a quantity that can be measured
through atomic force spectroscopy [49], and that provides a dynamical
fingerprint of the underlying free energy landscape of the polypeptide
chain [50].

3.4. Further analysis of zero-force simulations

Although the PMF profiles indicate that YSE4R,4, YSE4K4, the E-R
(i,1 4+ 3)-containing peptides, YSAAARAARA and YSAg most commonly
exist with L ~ 9 A, they do not allow us to differentiate between molec-
ular states and groups of states, of which many could exist at a particu-
lar L. Indeed the most common lengths of these ‘helical’ peptides
overlap to a significant extent with those of the random-coil (exempli-
fied by YSGg) as shown in Fig. 2. An interesting point to note is that a
length of 9 A does not correspond to a fully helical 10-residue structure,
which would be expected to have L ~ 15 A. The distance is shorter
because even for the most helical peptides, the YS tag is never helical
and prefers to bend around and interact with the side of the helix,
thus reducing the average L (see an example conformation for YSE4K,

Fig. 5. A typical conformation observed during simulation of YSE4K, under no force. The Y
and S residues do not, in general, sit as a continuation of the helix pattern (i.e., there is no
backbone hydrogen bonding between S (i = 2) and the fourth E (i = 6) ) but rather tend to
be bent around with the aromatic ring interacting with the flank of the helix.

in Fig. 5, and also for YSAg in Fig. S2). For comparison with the calculation
shown above for YSAg, the region around the minimum (L = 9.0 +
0.5 A) for both YSE4R4 and YSE4K, is almost completely devoid of non-
helical conformers (<0.4% of the total).

Despite having shown above that the PMFs from simulations for the
highly charge-rich sequences at F = 0 are not truly convergent, since
the discrepancies are due to incorrect sampling of unlikely conformers,
their omission from the analysis of average structural parameters will
have a minor effect. We include here a description of the average helical
properties of the peptides from our simulations.

The helicity of some of the short peptides (of course, only in the
absence of applied force) are available from the literature [33]. In addi-
tion, longer sequences including YSE4K4E4K4 and YSE,K>Eo Ko EKGEL K,
[31] and motifs (EAAKA),, (EAAAK), and (EAAAR), have been studied
[27,30]. The average helicity over simulations in the absence of force
for each of these sequences are qualitatively similar to the experimental
values reported by Sommese et al. [33] in that YSE4R,4 and YSE4K, are
more helical than YSAAARAARA (Table 1). However, the helicity values
show some discrepancies. YSE4K4 is (rather serendipitously) a good
match for simulation and experiment, whereas experimental helicities

Table 1

Comparison of helicity values at 300 K (or 350 K) and F = 0 for selected peptides. Simu-
lation error estimates were achieved by dividing trajectories into 100 ns blocks and finding
the standard deviation in helicity values from analysis of each block.

Peptide Fraction of helical residues
Simulation Experiment®

YSGg 0.004

YSAg 0.21 4+ 0.05

YSAAARAARA 0.35 + 0.06 0.15

YSAAARAARA (350 K) 0.10 & 0.02 0.13

YSAAAEAARA 0.41 + 0.05

YSAAEEARRA 0.45 + 0.02

YSAEEERRRA 0.46 + 0.004

YSE4R4 0.44 + 0.04 0.57

YSE4R4 (350 K) 0.37 &+ 0.07 0.37

YSE4K4 0.45 + 0.04 0.45

YSE4K4 (350 K) 0.41 + 0.03 0.35

YSE;K;EoK> 0.27 4+ 0.09

YSK4E4 0.25 4+ 0.09

YSR4E4 0.11 + 0.10

2 Values estimated from figure 1 in Sommese et al. [33].
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are higher in the case of YSE4R4 and lower for YSAAARAARA. Simulation
also yields a significant helicity value for YSE;K>E;K, (0.27), which is
unexpected given that the double length version (YSE KoEoKoEoIKGEK>)
has been shown to be non-helical [31]. The YSAAARAARA and YSE,K;E,K,
results point to a possible general overemphasis of the force field for
helical conformations [51]. Interestingly, the helicity values from
simulations and experiment are much closer when carried out at 350 K
(Table 1). Also helicities for the ‘oppositely oriented’ YSK4E4 and YSR4E4
peptides are lower than the values for YSE4R4 and YSE4Ky, in line with
the finding that positively charged Lys and Arg residues are destabilizing
at early positions in a helix whereas negatively charged Glu promotes
helix formation [52-54].

Some difference in helicity values are to be expected given that the
method by which they are calculated are completely different. The sim-
ulations use hydrogen-bonding patterns to assign a single secondary
structure label to each residue in each frame of the trajectory, whereas
CD relies on the mean residue ellipticity at 222 nm and an empirical
relation. Both methods have potential problems and drawbacks. For in-
stance, due to the secondary structure assignment criteria, the simulat-
ed peptides cannot ever be 100% helical because the first two residues
and the last residue cannot be helical by definition; the upper limit for
helicity for these peptides is therefore 75%.

The higher experimental helicity reported for YSE4R4 compared
to YSE4K, tallies with studies on longer alanine-based peptides with
(i,1 + 4) spaced E and R/K residues, where the replacement of K for R
has been reported to increase helicity [30]. The lack of discrimination
between the helicity of YSE4R4 and YSE4K, in our simulations is likely
due to the simplicity of the model used. The simulations do not allow
for any polarisation of bonds/groups in the peptide, nor are there
explicit water molecules that could feasibly modify the salt bridge
interactions (e.g., through stronger binding to K). It is possible that
polarisation of the guanidinium group may enhance salt bridge interac-
tions between R and E compared to K and E and potentially allow great-
er flexibility in bonding patterns for longer chains. This difference
between the behaviour of the K- and R-containing peptides warrants
further study with more advanced force fields.

Having simulated the peptides at different constant forces, in addi-
tion to improving the PMF accuracy and range at zero force, we are
also able to characterise their force-dependent properties. Fig. 6 shows
the helical fraction for a range of different sequences under the applica-
tion of different constant forces. The glycine-rich sequence behaves as a
random coil, exhibiting no helical character at any force. By contrast, the
helicity for the alanine-rich sequences YSAg and YSAAARAARA, though
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Fig. 6. Helicity of various peptides as a function of force. YSGg exhibits no helicity at any
force. In the absence of force, YSE4R4 (also YSE4K4, not-shown) are the most helical
(44%). The alanine-rich sequences are less helical and more interestingly their helicity
drops rapidly with force (negligible at 25 pN), whereas the charge-rich peptides are still
35% helical at a force of 30 pN. Error bars represent standard deviation from analysis of
the simulations in 100 ns blocks.

significant at zero force, essentially drops to zero by increasing the
force to 25 pN. YSE4R, (and YSE4K,) are the most helical across all forces
and the difference between these sequences and others is most appar-
ent at moderate forces. The helical fraction only slightly decreases by
25 pN, whereas the alanine-rich sequences are essentially non-helical
at this force. An equivalent plot is given for the E-R (i, i + 3)-containing
peptides in Fig. S7; a step-wise increased resistance to force as extra
(i, i + 3) pairs are added is shown. For most peptides studied, the
helicity is exclusively due to a helix; no significant 3¢ or m helicity is
present. Only for YSE4R4 and YSE4K,4 do we see a contribution from
mi-helical residues as demonstrated in the case of YSE4R, in Fig. S8. It is
interesting to see that the m contribution only comes in at moderate
forces, but this ‘prolongs’ the high overall helicity to higher force. The
wider, flatter m-helix formed by (i, i + 5) backbone hydrogen bonds
appears to provide an additional conformational outlet for these charge-
rich sequences that the peptide can adopt to delay transition to coil.

As alluded to above, force-dependent simulations were also carried
out for a selection of peptides at 350 K. Fig. 7 shows the change in the
force-dependent helicity of YSAAARAARA and YSE4R4 on increasing
the temperature from 300 to 350 K. There is a 16% reduction in helicity
at 0 pN for YSE4R4, whereas the same increase in T gives a far larger
reduction for YSAAARAARA (73% at 0 pN). A comparatively small
reduction in helicity was also observed for YSE4K,. The substitution to
include more charged residues therefore increases the resistance not
only to force but also to temperature-induced reduction in helical
content.

4. Concluding discussion

We have introduced a simple way to efficiently sample conforma-
tions of polypeptides with unlikely end-to-end distances by introducing
a constant force between the two ends (either positive, to sample
‘longer’ conformations, or negative, to sample ‘shorter’ ones). The effect
of the force on the distribution can be then removed and simulations
performed with different forces used simultaneously to obtain an
accurate estimation of the potential of mean force for all end-to-end
distances. Simulations with the application of a constant force could
also provide the fluctuations of the end-to-end distance that are
measurable and provide information on their viscoelastic properties
and insight on the free-energy landscape of the system [50].

In this work, we have focussed on short peptides, using an implicit
solvent model, and performed long simulations (several microsecond
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Fig. 7. The effect of temperature on the helicity of alanine-rich (YSAAARAARA) and charge-
rich (YSE4R4) sequences. Increasing the simulation temperature to 350 K causes a small
reduction in helicity for YSE4R4, whereas the same increase in T gives a large reduction
for YSAAARAARA. Error bars represent standard deviation from analysis of the simulations
in 100 ns blocks.
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for each sequence). In most cases, the potential of mean force of the ex-
tension converges, except for the most unlikely extensions, with a single
simulation. The force-enhanced sampling is still necessary to dissect the
properties of sequences that contain mostly charged residues, and that,
as experiments previously showed, are highly helical.

The underlying potential of mean force determined here reveals a
difference between alanine-rich sequences such as YSAg and mostly
charged sequences such as YSE4R4 and YSE4Ky; for the latter, the PMF
shows a deep minimum corresponding to helix-like extension and
increases very steeply for both shorter and longer lengths.

A long, rod-like alpha helical spacer domain was found in smooth
muscle caldesmon [55], and similar structures are found in some myosin
proteins [56-58]. These domains contain a high proportion of charged
residues, which generally appear as a pattern of alternating patches of
like-charged residues, akin to repetitions of the E4R4/E4K, pattern inves-
tigated here. We suggest here that the properties of the potential of
mean force along the end-to-end distance for E4R4/E4K4 may be impor-
tant for the biological function of naturally occurring helical EK/R-rich
domains, if they are to have a mechanical role [59]. That is, the deep,
steep-sided PMF helps to maintain/propagate the helix over long
distances and also to recover rapidly, possibly without crossing a free-
energy barrier from an elongated conformation to a helical one.
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