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We show here that constant velocity steered molecular dynamics (SMD) simulations of

a-helices in a vacuum present a well defined plateau in the force–extension relationship for

homopolypeptides having more than (approximately) twenty residues. With the processes being

far away from equilibrium, the energies strongly depend on the stretching velocity. Importantly,

for a given velocity variation, the energy variation depends also on the helix sequence.

Additionally, our observations show that homopolypeptides made of ten different amino acids

(Ala, Cys, Gln, Ile, Leu, Met, Phe, Ser, Thr and Val) present a linear helix–coil transition.

1. Introduction

Proteins are biomolecules composed of linear chains of amino

acids generally containing from 50 to 1000 residues. Proteins

are very important in all biological systems and have diverse

structural and functional roles. They form the basis of

structures such as hair, tendons, muscle, skin, and cartilage.

All of the enzymes, which accelerate biochemical transformations,

are proteins and many hormones, which play a vital role in cell

signaling, are proteins too.

a-Helices, along with b-sheets, are among the most common

secondary structures in proteins. The factors that determine

whether a particular sequence of amino acids is going to

prefer, say, an a-helical, b-sheet or coil configuration have

been intensely studied.1–4

Mechanical properties of a-helices are expected to play a

very important role in the function of molecular motors.5,6

Fortunately, single molecule manipulation techniques are now

capable of dealing with such structures, e.g. by inducing

the helix–coil transition in a-helices using stretching forces.

However, in this scenario, the role of the solvent needs to be

determined in detail. Studies considering small deformation

regimes7 suggest that the elasticity of the helix is not significantly

affected by the solvent. Similar studies need to be made in the

case of a-helices undergoing large deformations. Additionally,

computing free energies, when necessary, requires a large

number of calculations, hence limiting the size of systems that

can be studied. A common way to reduce the complexity of the

systems is to simulate the protein in a vacuum.8–10

The helix–coil transition has been extensively studied

both theoretically and experimentally during the last five

decades.11,12 Different from the mechanically induced transition,

another effective approach to drive this transition is to

thermally induce it. Using this idea, diverse studies have

calculated the helix propensities for all amino acids. Pace

and Scholtz13 derived helix propensities based on experimental

measurements and provided the following list, where Ala has

the highest propensity and Gly the lowest one (considering

only non-charged residues): Ala, Leu, Met, Gln, Ile, Ser, Trp,

Tyr, Phe, Val, Thr, Cys, Asn and Gly.

In order to understand the behavior of single or coiled-coil

a-helices under mechanical forces, a variety of studies have

been conducted. In general, the introduced forces can be either

time-dependent (constant force ensemble) or position-dependent

(constant extension ensemble).14 While both ensembles deliver

qualitatively different results, the difference can in fact be

considered as an advantage because each ensemble provides

us with a distinct view of the problem.

In studies of proteins under stretching forces, the system

is steered into an unfolded configuration through a non-

equilibrium process. Fortunately, there are several methods

available to estimate free energies.14 The methods proposed by

Bell15 and Evans and Ritchie16 have been a landmark in

this regard. They can be directly applied to constant force

ensemble simulations (where the applied force is time dependent

F(t)) by making assumptions about both the number of

unfolding barriers in the free energy surface and the nature

of the force dependence of the barrier crossing rate. Recently,

unified frameworks17,18 have also been introduced.

In this article, we will concentrate only on the constant

extension ensemble, instead of the constant force ensemble,

because there exists a method (Jarzynski’s equality19) that

allows us to estimate free energies without making any prior

assumptions about the free energy landscape; moreover, by

taking the free energy first derivative we can readily assess the

relative stiffness of helices under different configurations.

Importantly, constant velocity stretching experiments (as the

ones performed in our study) are non-Markovian processes,

which means that the extraction of kinetic information has

been challenging so far.20

Idiris et al.21 reported atomic force microscopy (AFM)

experiments where a-helix strands made of poly-L-glutamic

acid were stretched under diverse pH concentrations. The

force–extension curves presented are between 0 and 2 nN.

Notably, within this range it is not possible to identify

force plateaus. Schwaiger et al.22 studied elastic properties of
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myosin II coiled-coils under stretching forces. They observed a

massive structural transition at forces between 20 and 25 pN,

which was reversible on a scale of less than a second.

Root et al.23 reported unfolding of diverse configurations of

coiled-coils belonging to beta-cardiac myosin stretched using

an AFM. Interestingly, the force–extension curves always

present a plateau corresponding to the coexistence of helix

and coil phases. Additionally, the amount corresponding to

the plateau force is around 30 pN. More recently, Lim et al.24

employed AFM to probe the mechanical properties of single

fibrinogen molecules, showing that the mechanical unfolding

of their coiled-coil a-helices is characterized by a distinctive

intermediate force plateau.

In contrast to the relatively scarce experimental results of

the forced helix–coil transition, several simulation studies were

reported. Rohs et al.25 performed molecular mechanics of

a-helices under stretching. The distance between the first and last

Ca atoms was increased by intervals of 0.1 Å, reminimizing the

conformation at each step. The plateau (unfolding) force was

predicted to be at around 500 pN. A similar procedure on

coiled-coils was used by Root et al.23 but, in addition to the

minimization procedure, a Monte Carlo conformational

search was performed. This permitted the determination of

unfolding forces of about 30 pN, which are in good agreement

with experiments. Schulten and collaborators8,9 reported

molecular dynamics (MD) simulations of deca-alanine

(Ala10) in vacuum under constant-velocity stretching. Free

energy–extension curves were generated using Jarzynski’s

equality method and a systematic study of diverse parameters

that affect convergence was conducted. Li and Arteca26

conducted ‘‘soft’’ steered molecular dynamics simulations to

investigate how different amino acids can influence the

mechanical unfolding of a-helices, depending on side chain

polarity and dynamics of side chain internal torsions. Choe

and Sun7 studied elasticity of a-helices using equilibrium MD

simulations. From the statistics of curvatures and twists, they

computed the elastic moduli of diverse sequences. It was

shown that the bending modulus was independent of the helix

sequence and that helices in water are slightly softer than in

vacuum. Ackbarow et al.27 performed MD simulations over

four orders of magnitude in the time scale. They identified two

discrete transition states depending on the stretching velocity.

For the a-helix taken from vimentin, unfolding forces of about

300 and 750 pN, for stretching velocities of 0.1 and 10 m s�1,

respectively, were reported. Lim et al.24 used steered molecular

dynamics (SMD) in systems with up to one million atoms to

stretch single fibrinogen molecules. Even though the calculated

plateau forces were more than ten times larger than the AFM

results, they showed that the simulations could be used to

explain some interesting features of the system.

Several approximate models22,28–33 have been proposed in

order to predict the force–extension relationship for a-helices.
Most of them can be considered as an adaptation of the classic

Zimm–Bragg model34 for the helix–coil transition. For

example, Buhot and Halperin28,29 take an energy approach

combining Ising-like equations and the freely jointed chain

(FJC) model to describe the forced helix–coil transition.

The present article is organized as follows. In section 2, the

methods used to simulate the helices are summarized. The

results obtained and a discussion of the implications

are detailed in section 3. In the last section, section 4, the

conclusions are stated.

2. Methods

2.1 Molecular dynamics

For the SMD simulations we use the classical force field

CHARMM22 with the CMAP35 extension, as implemented

in NAMD.36 Stretching simulations are performed after both

energy minimization and equilibration (with a duration of

1 ns). The temperature is controlled using a Langevin

dynamics algorithm and is set to 300 K. The time step for

the integration is Dt = 2 fs. Additionally, hydrogen bonds are

constrained using the SHAKE algorithm. The spring constant

for the SMD simulations is 72 kcal mol�1 Å�2.

The a-helices are created in order to have charge-free

terminal residues, consequently we use the general formula

Ac–Xx–CONH2, where X is the amino acid and x is the number

of residues. It should be emphasized that even if we create all

the polypeptides as a-helices, it must be expected that some of

them will not be stable in this configuration, which, in fact, can

be clearly seen from the results we obtained. Additionally, in

order to compare the responses of both homopolypeptides and

polypeptides, we also consider a 40 residue helix (referred to as

Gamma40) taken from the gamma subunit of the shaft of the

molecular motor ATP-synthase that has the following

sequence: ESTTSEQSARMTAMDNASKNASEMIDKLTL-

TFNRTRQAVI. It must be highlighted that the secondary

structures are determined using the STRIDE algorithm.37

Two very common approaches to calculate free energy

differences from non-equilibrium processes are the stiff spring

approximation and the Hummer–Szabo method.10 While both

methods have comparable accuracy at stiff spring constants,

the Hummer–Szabo method shows better results with softer

springs. The stiff spring approximation uses Jarzynski’s

equality,19,38 which relates free energy differences between

two equilibrium states and non-equilibrium processes. The

free energy difference DF between two states is connected to

the work W done on the system through DF r W. The

equality is valid only when the process is infinitely slow. On

the other hand, the Jarzynski’s equality, e�DF=kBT ¼ e�DW=kBT,

is valid no matter how fast the process happens. The overbar

denotes an average over an ensemble of measurements, which

needs to contain all possible realizations. However, in practice,

it is possible to get reasonably accurate estimations for a

relatively small number of measurements.8,39

2.2 Approximate model

Approximate models have the great advantage that, in spite of

their simplicity, they can grasp important features of the

systems represented. One such example is the Zimm–Bragg

model34 that describes the helix–coil transition in polymer

chains (where the peptides are the units of calculation) being

represented by the H-bond formation, as opposed to the

conformations. Importantly, this model has been extended

to account for the transition under stretching forces. We use
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the model proposed by Buhot and Halperin28,29 that, in

addition, uses the freely jointed chain (FJC) model.

The number of helical monomers and domains is given by

Ny and Ny, respectively, where N is the total number of

monomers. Considering the coil state as the reference energy,

the energy of a helical monomer is given by Df = Dh � TDs,
where Dh is the enthalpy due to hydrogen bonding and Ds is
related to the loss of configurational entropy. In this work, we

consider the case for T o T* only, where T* is the melting

temperature. By doing this, the helix part is dominant, so Dfo 0

and s 4 1, where s = exp(�Df/kBT). Additionally, due to the

relatively short helices we are considering, we assume the

diblock approximation, hence Smix = 0. The free energy of

the chain Fchain, after neglecting the boundary monomers is:

Fchain = NyDf + Fel(y,g,R), (1)

where g is the relationship between the helical length ah and

the extended length a of a monomer, i.e. g= ah/a, and R is the

end-to-end distance. If we consider Fel for the special case of

weak extensions, we are in the domain of Gaussian elasticity,

therefore:

Fel

NkBT
¼ 3ðr� gyÞ2

2ð1� yÞ ; ð2Þ

where r= R/Na is the reduced end to end distance. After using

the equilibrium condition qFchain/qy = 0, we obtain

y ¼ 1� ðr=g� 1Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2Df=3g2kBT

p
, that corresponds to the

force plateau. If we consider the lower (y = 1) and

upper (y = 0) boundaries, we get rL = g and

rU ¼ gð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2Df=3g2kBT

p
Þ, respectively. Additionally,

considering the domain rL r r r rU, we have

y = (rU � r)/(rU � rL). Substituting this last expression in

eqn (1) and taking the first derivative we obtain the plateau

force fp:

fpa

kBT
¼ 3rU ¼ 3g 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2 lnðsÞ

3g2

s !
: ð3Þ

3. Results and discussion

We performed a wide variety of MD simulations of homo-

polypeptides under constant velocity stretching. One of the first

questions we addressed is related to the influence of the size of

the helix in the overall profile of the free energy–extension

curve. Fig. 1 shows the free energies for polyalanines with 10,

15, 20 and 40 residues, and, in the inset, for 40 and 80 residues.

The inset figure permits identification of three different regions

for Ala40: the first region is located below 10 Å and is related to

the steep rise of the initial stretching, the second region lies in

the middle and, for large helices, is linear, and the last region,

located to the right-hand side, again presents a sudden increase,

this time related to covalent bonds stretching. Considering the

main figure, the free energies corresponding to Ala10 and Ala15

are remarkably different to the rest. The main difference is

that they lack the linear part in the middle region, which is

associated, in general, to a phase transformation, in this case,

from helix to coil. This linear part can briefly be seen in the

Ala20 curve. Conversely, for Ala40 and Ala80, the linear part is

predominant throughout the whole domain. Additionally, it

was observed that the number of measurements required to

obtain reasonably accurate energies increases as the number of

residues in the chain decreases. This happens because, for

smaller structures, the variations in the curve due to inaccuracies

are, comparatively, larger than for longer structures. We used

300, 100, 100, 20 and 20 measurements for Ala10, Ala15,

Ala20, Ala40 and Ala80, respectively. Since we have found

that chains with 40 residues show the helix-coil transformation

clearly, in the following, we will consider only this number of

residues and at least 20 measurements.

The results obtained in Fig. 1 show the influence of bound-

ary residues in the overall response of the chain. Zagrovic

et al.4 conducted experimental measurements of chains with

the number of residues ranging between 12 and 37, in aqueous

solvent. They found that the helicity of Ala-rich polypeptides

reaches a stable value for chains bigger than (approximately)

twenty residues. This means that boundary residues have a

marked influence on the properties of the chain only for

smaller helices, which is in good agreement with the results

obtained here.

It was previously reported that there exists a great dependence

between the helix–coil transition and the stretching velocity.

Molecular dynamics simulations8,27,39 were performed with

stretching velocities ranging from 0.01 to 100 m s�1. On the

other hand, experimental studies21–23,40,41 reported velocities

spanning from 10�8 to 10�6 m s�1. This represents a big gap

between what can be currently obtained using MD simulations

and experimental essays. In general, the faster we stretch a

protein, the stronger it appears to be. In Fig. 2(a) we show

three cases of helices: Ala40, Gly40 and Met40, for two

different velocities. It can be observed that the slope of the

curves increases as we increase the stretching velocity for

Met40 and, to a lesser extent, for Ala40. On the other hand,

for the two velocities considered here, Gly40 shows only a

slight difference. In the remaining part of this article we will

only use 0.1 m s�1 as the stretching velocity.

In Fig. 2(b) we show free energy–extension curves for a

selected group of chains. We can observe that for extensions

ranging approximately from 10 to 70 Å, the dependence

between the two variables is linear for Ala40 and Gln40.

Additionally, Gly40 and Trp40 show also an almost linear

Fig. 1 Free energies for Ala10, Ala15, Ala20, Ala40 and Ala80, with

0.1 m s�1 as stretching velocity.
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dependence, but the structural configuration of the helix–coil

transition is completely different to the first two curves, as will

be shown later. Finally, considering Tyr40 and Gamma40, it is

shown that the response in the middle region can be divided

into two different parts, the first one below 40 Å and the

second one above 40 Å.

After obtaining the free energies, we calculate the spatial

derivatives of these curves. In order to perform this task, we fit

the free energy curves to polynomials with degrees ranging

from 7 to 9. Selected results are shown in Fig. 3(a). Because of

the approximated nature of the fitting procedure, some details

of the curves are not correctly represented. For example, the

force corresponding to the plateau (that for Ala40 and Gln40

spans approximately from 20 to 60 Å) should be practically

constant but, as we can see from the figure, there exists a slight

variation. Nevertheless, this figure can be useful to observe

some remarkable characteristics. The force–extension curves

can be considered as having three main domains. The first

domain (below 10 Å) is generally related to the helix stretching

(spring-like behavior), where there is not significant coil presence

yet. The second one is related to the above mentioned plateau

and the constant force related to it, herein referred to as the

unfolding force. The third domain occurs at extensions larger

than 70 Å and the sudden force increase is related to covalent

bonds stretching. It is interesting to note that each one of the

following chains: Gly40, Trp40, Tyr40 and Gamma40, present

two different plateaus. In the case of Gly40, for example, there

exists a transformation from a- to 310-helix (at around 15 Å)

and then to coil. For Trp40 and Tyr40 we have transformation

from a-helix to a non-standard ordered structure and then to

coil. Additionally, the presence of a small bulge at around

10 Å in the curves related to Ala40, Gln40, Tyr40 and

Gamma40, is noticed, which was already reported before42

for the case of a polyalanine helix solvated in explicit water.

The spatial derivative of the force–extension curve can give

us additional information about the chain stiffness. In

Fig. 3(b), we present the second spatial derivative of the free

energy. In this case, the fitting domain lies between 0 and 15 Å.

It can be observed that the stiffness decreases abruptly as soon

as we start stretching the chains, and that this variation is far

from being linear, even in the purely helix conformation

(below 10 Å). For bigger extensions, the second derivatives

Fig. 2 Free energies for polypeptides having 40 residues each. (a) For homopolypeptides at two different stretching velocities, 0.1 (bold lines) and

1 m s�1 (light lines). (b) For several chains stretched at 0.1 m s�1.

Fig. 3 Forces and force derivatives for selected chains with 40 residues each, stretched at 0.1 m s�1. (a) Forces calculated fitting the free energies

(from 0 to 90 Å) to polynomials and then taking the first spatial derivatives. (b) Force derivatives calculated fitting the free energies (from 0 to 15 Å)

to polynomials and then taking the second spatial derivatives.
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tend to get around 0, which anticipates the occurrence of the

force plateau. Considering the case of Ala40, it is interesting to

note that even though it presents one of the lowest unfolding

forces (see Fig. 3(a)), when it is in an all-helix configuration

(i.e. below extensions of 10 Å) it has one of the stiffest responses.

In order to take a closer look at the structures underlying

the above results, we monitor the number of residues in helical

(Fig. 4(a)) or coil (Fig. 4(b)) configurations as function of the

extension for selected chains. In Fig. 4(a), for Ala40, we

observe an almost linear decrease of residues in helical

configuration as the extension increases. In contrast, in

Fig. 4(b), it is shown how the number of residues in coil

configuration increases linearly with extension. Consequently,

for Ala40 helices, it can be concluded that residues leaving

a-helical configuration go directly into coil configuration and

that this change occurs on a one-by-one residue basis, as can

be observed in the saw-toothed curves. Additionally, it was

found that Cys40, Leu40, Met40, Ser40, Thr40 and, to a

slightly lesser extent, Gln40, Ile40, Phe40 and Val40 follow

the same pattern as Ala40, i.e. we can consider these chains as

having an almost ‘‘ideal’’ transition from a-helix to coil.

Taking into account Gly40, Fig. 4(a) shows a sudden

decrease of residues in a-helical configuration, but, observing
Fig. 4(b), we notice that the number of residues in coil

configuration grows rather slowly. The difference takes place

because the sudden decrease of a-helices at around 10 Å is due

to a phase transformation to 310-helices (results not shown).

Additionally, Asn40 presents a very similar behavior to that of

Gly40. Finally, considering Tyr40 (Trp40 shows a similar

trend), in Fig. 4(a) we observe an approximately linear

decrease of a-helices up to approximately 35 Å . This is in

fact a non-standard ordered configuration, that in Fig. 4(b)

appears as being coiled. If we go back to Fig. 3(a), we clearly

observe two plateaus, the lower one corresponding to a-helix
transition. This last group of homopolypeptides represent

sequences that are not very stable at the beginning since they

abandon the a-helical configuration at a much faster pace than

alanine-like chains.

In order to better determine the magnitude of the unfolding

forces, we fit the free energies in the range of 30 and 60 Å only.

In this case, the correlation with a straight line is very good.

We just take into account homopolypeptides that present a

very similar behavior to Ala40. From Fig. 5, we observe that

Ala40 presents the smallest unfolding force of all of them. This

may contradict several reports assigning Ala-based polypeptides’

strong a-helix tendency. In fact, there can be two different

explanations for this disagreement. The first one is that helicity

is most related to the stiffness of the initial stretching (see

Fig. 3(b)) where Ala40 actually has the stiffest response. The

second one is that, if the stiffness of homopolypeptides is

strongly dependent on the stretching velocity (as shown in

Fig. 2(a)), it might happen that at much lower velocities, say

10�6 m s�1, Ala40 in fact presents comparatively larger

unfolding forces than the other chains.

Finally, considering the results provided by the approximate

model of Buhot and Halperin,28,29 where the helix–coil transition

takes place due to the breaking of backbone–backbone

hydrogen bonds only (side chain interactions are not

considered), the values corresponding to the unfolding forces

for s (propagation parameter in the Zimm–Bragg model) in

the range of 1.0–1.6 are between 0.38 and 0.51 kcal mol�1 Å�1.

Fig. 4 (a) Number of residues in a-helical configuration for a selected group of homopolypeptides. (b) Number of residues in coil configuration

for a selected group of homopolypeptides.

Fig. 5 Unfolding forces for homopolypeptides containing 40 residues

each. Selected chains present an approximate linear decrease of

residues in a-helical configuration with respect to extension.
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As mentioned in the Introduction, experimental results22,23 of

coiled-coils under stretching gave unfolding forces in the range

20–30 pN, which are in the same order of magnitude as the

values provided by the approximate model of Buhot and

Halperin. Comparing these results with the values obtained in

this work (see Fig. 3(a) and 5), we observe that there exists a

difference of one order of magnitude. This difference is due to

the time limit constraint of MD simulations that forces the use

of high stretching velocities but is expected to vanish (as shown

by Ackbarow et al.27) in the limit of very slow pulling velocities.

4. Conclusion

A series of constant velocity steered molecular dynamics

(SMD) simulations of a-helices in vacuum were conducted.

This study is one step ahead in order to understand the

behavior at large deformation regimes; previous results7

suggested that at small deformation regimes the solvent has

no relevant influence on the elasticity of a-helices. We showed

that homopolypeptides having more than (approximately)

twenty residues present a well-defined forced helix–coil transition.

It was also observed that the calculated energies strongly

depend on the stretching velocity. Additionally, we noticed

that helices present different stiffness depending on their

stretching degree. In total, we identified three interesting

regions in the force–extension curves. The first one occurring

at low extensions, where the a-helix is mostly conserved, the

second one corresponding to medium extensions, where helix

and coil coexist, and the last one corresponding to the covalent

bonds stretching, where only coil exists. These regions

were also observed in experimental studies of coiled-coil

a-helices22,23 and, in addition, we determined that helix

stiffness can vary widely depending on the stretching region.

It was also shown that homopolypeptides made of ten

different amino acids (Ala, Cys, Gln, Ile, Leu, Met, Phe, Ser,

Thr and Val) present an almost ‘‘ideal’’ helix–coil transition

(which we consider as a good approximation to their helix

propensities), i.e. the rate of transformation from helix to coil

occurs progressively and with no intermediate states. The

latter results compare qualitatively well with previously

reported experimental helix propensities,13 Cys and Thr being

the notable exceptions, which show very low experimental

helix propensities. Finally, comparing the numerical results

obtained with the extended Zimm–Bragg model, it was

observed that the plateau (unfolding) forces were approximately

ten times larger than the values predicted by the approximate

model. Similar differences between numerical and experimental

results were also observed for other systems, including

proteins with high helix content.24
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