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Single-molecule mechanical unfolding
experiments reveal a critical length for the
formation of a-helices in peptides†

Damien Sluysmans, ‡*a Nicolas Willet,‡ab Julie Thevenot,b

Sébastien Lecommandoux b and Anne-Sophie Duwez *a

a-Helix is the most predominant secondary structure in proteins

and supports many functions in biological machineries. The con-

formation of the helix is dictated by many factors such as its primary

sequence, intramolecular interactions, or the effect of the close

environment. Several computational studies have proposed that

there is a critical maximum length for the formation of intact

compact helical structures, supporting the fact that most intact

a-helices in proteins are constituted of a small number of amino

acids. To obtain a detailed picture on the formation of a-helices in

peptides and their mechanical stability, we have synthesized a long

homopolypeptide of about 90 amino acids, poly(c-benzyl-L-

glutamate), and investigated its mechanical behaviour by AFM-

based single-molecule force spectroscopy. The characteristic

plateaus observed in the force–extension curves reveal the unfolding

of a series of small helices (from 1 to 4) of about 20 amino acid

residues connected to each other, rather than a long helix of 90

residues. Our results suggest the formation of a tertiary structure

made of short helices with kinks, instead of an intact compact helical

structure for sequences of more than 20 amino acid residues. To our

knowledge, this is the first experimental evidence supporting the

concept of a helical critical length previously proposed by several

computational studies.

Introduction

Helical structures are of highest importance in the structural
organization and stability of biopolymers.1 Particularly, the
conformation of proteins has a vital importance in biology,
knowing that small defects in the folding can possibly lead
to malfunctions of their biological roles, e.g. the biochemical
transformation of enzymes.2–5 The secondary structure of a
protein also holds its molecular shape, supports its tertiary

structure and regulates its conformational changes essential
to perform many biological functions.5,6 One of the most
abundant secondary structure found in the Protein Data Bank
is the a-helix. The arrangement of this right-handed helix is
dictated by the primary sequence of amino acid residues, which
are connected to each other in the backbone of the helix in an
arrangement allowed by specific dihedral angles. a-Helices
are stabilized by intramolecular hydrogen bonds connecting
residue i (CO group) to residue i + 4 (NH group) and contain
3.6 amino acid residues per turn.5

Understanding the basics of the formation of a-helices in
proteins, as well as their stability under external stress, as
constantly experienced by proteins in the turbulent environment
of cells, is crucial.7,8 Many computational studies showed that the
stability of a-helices depends on the primary sequence of amino
acids, the number of amino acids, as well as the environment
(solvent, pH, temperature, external force, etc.).9–14 Buehler and
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New concepts
The conformation adopted by a protein is critical for its function in cells.
a-Helices constitute the most abundant folded conformations and were
intensively studied. However, so far, the influence of sequence length on
the folding in an intact helical conformation remains elusive and was
only investigated theoretically. Several computational studies have
suggested a critical length value of 20 amino acid residues for all sorts
of a-helices from Protein Data Bank. Here, we experimentally address this
fundamental question of the sequence length influence on the intact
helical winding by probing individual polypeptides by atomic force
microscopy. Using single-molecule force spectroscopy, we probed the
mechanical helix–coil transition of a very stable and robust polypeptide in
a strong helicogenic solvent in real-time. The force profiles evidenced the
unfolding of several a-helices in series, with a critical length of B20 AA
residues. Longer sequences show a tendency to self-fold into tertiary
structures with kinks, perfectly supporting previous simulations. This
concept of critical length is a crucial parameter for the design of artificial
molecular machinery and materials with high-performance mechanical
properties. Our study opens the way for the synthesis of artificial helices
with much more rigid backbones than peptides to circumvent this critical
length limitation.
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coworkers showed7 that the formation of an a-helix is also
highly dependent on the sequence length: a short peptide has a
tendency to adopt a coiled-coil conformation whereas a long
a-helix tends to self-fold into shorter helices connected in
series by loops or kinks. This tendency of a long a-helix to
adopt a self-folded conformation made of multiple helices in
series seems to be dominating for homopolypeptides and other
semiflexible polymers.7,15–18 Additionally, the length of intact
a-helices in proteins is known to be small, the majority of
helical structures being constituted of less than 30 amino acid
residues.19,20 Longer a-helices present a typical kink in their
secondary structure.20

In order to gain insight into the underlying mechanisms
sustaining conformational changes taking place in polypeptides,
several simulations were performed focusing mainly on the
helix–coil transition under external force or by thermal
denaturation.13,16,21 Gao and coworkers employed steered
molecular dynamics (SMD) to relate the extension of a peptide
to its mechanical response during the helix–coil transition.16

They showed that homopolypeptides made of more than 20
amino acids (AA) residues display a well-defined conformational
transition, occurring at constant unfolding force. Such theoretical
works tend to simulate the behaviour of small peptides under an
external force, as a parallel to the natural agitation experienced by
proteins in cells or external tension in muscles.

Pulling experiments employing atomic force microscopy
(AFM) or optical traps have been successfully used to probe
the mechanical response of individual biopolymers when
subjected to an external force.22 AFM-based single-molecule
force spectroscopy (SMFS) consists in trapping a single mole-
cule (e.g. a peptide) and measure its force response upon
stretching.23–27 The precise force detection (picoNewton = pN)
and high spatial resolution (sub-nanometer) of this technique
have permitted the conformational study of proteins,27–34

DNA,35,36 sugars,35,37–39 artificial small molecules,40–43 synthetic
polymers,23 and biological machines.24

Here, we probe the mechanically-induced helix–coil transition
of a synthetic polypeptide in real-time using AFM-based SMFS.
Poly(g-benzyl-L-glutamate) (PBLG, 90 residues) was synthesized
using a previously established strategy44,45 (see ESI†) and was
trapped between a substrate and an AFM tip for single-molecule
force spectroscopy experiments. PBLG has been chosen for
its ability to robustly fold in a stable a-helix conformation in
helicogenic solvents such as dioxane, as confirmed by circular
dichroism (ESI†).44,46–48 If a peptide made of an amino acid with
strong helical propensity (like glutamic acid here) in a strong
helicogenic solvent (like dioxane) is shown to be limited by a
critical length, we can reasonably expect that other amino acids
with less propensity to form stable helices will be also limited by a
critical length. As mentioned above, several computational studies
have evidenced a critical length value of 20 AA for all sorts of
a-helices (from Protein Data Bank).7 Here, PBLG is functionalized
with a dithiopyridine on one end for its anchoring on a gold
substrate using strong Au–S interactions and with a poly(ethylene
glycol) (PEG) tether on the other end for its attachment to the AFM
tip during the force experiments (Fig. 1a).

Experimental

Experimental details are described in ESI.†

Results and discussion
Signature of the mechanical helix–coil transition

PBLG was chemically attached onto gold-coated silicon substrate
in highly-diluted grafting conditions40 in order to disperse the
molecules and favour single-molecule interactions with the AFM
probe. Silicon nitride tips were used to pick up the molecules
individually and to probe the mechanical response upon
stretching with high precision. The experiments were performed
in dioxane to promote the formation of PBLG helical conforma-
tion in solution.44 A standard experiment consists in approaching
the AFM tip towards the surface and apply a contact force to
promote physisorption of PEG on the tip, then the tip is pulled
away from the surface and the force exerted on the tip-bearing
cantilever upon retraction is measured (Fig. 1a).

When a molecule was trapped between the tip and the surface,
we observed a characteristic force–extension curve showing a
reproducible unfolding pattern, shown in Fig. 1b. First, the force
increases with the extension following a worm-like chain49 (WLC)
behaviour (I), characteristic of the stretching of a flexible polymer
in a random coil conformation. Then, the force becomes constant
over a definite extension, marked as a force plateau (II, red line),
consistent with the sequential breaking of identical intra-
molecular interactions in series. Finally, after the plateau, the
force increases again following a WLC behaviour (III) up to the
last rupture peak that corresponds to the detachment of
the molecule from the tip. We suggest that the WLC behaviours
observed in the force–extension curves are due to the stretching of
the PEG (I) or PEG-PBLG (III) in coiled-coil conformations while
the plateau pattern (II) corresponds to the mechanical unwinding
of the PBLG a-helix, signature of the helix–coil transition. It is
noteworthy that the sequential rupture of intramolecular H-bonds
maintaining the PBLG helical secondary structure is associated
with a tiny revealed length (0.22 nm per amino acid, see ESI† for
details), which is to small be resolved by AFM. However, the
consecutive breaking of several weak noncovalent interactions can
be evidenced by an unfolding plateau, i.e. rupture of similar
interactions at identical force, that can be related to the total
revealed length during the helix–coil transition. This observation
is also in complete agreement with previous force spectroscopy
studies describing unwinding plateaus50–52 and with simulations
showing a theoretical plateau in force–extension curves during the
helix–coil transition of a homopolypeptide.16

Evidencing an intact a-helix critical length

In order to correlate the force–extension characteristic profile
with a conformational change of the probed molecule, we
determined the length of the observed plateau (DL) as well as
the associated plateau force (FP). The distribution of plateau
force is shown in Fig. 1c and presents one narrow population at
46.7 � 1.4 pN, in agreement with the rupture of weak non-
covalent interactions in series such as H-bonds.26 The plateau
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length distribution (Fig. 1d) exhibits three distinct populations
at 9.8 � 0.3, 14.0 � 0.4 and 18.7 � 0.7 nm. Considering the
revealed distance per amino acid (AA), we can relate the plateau
length to the number of residues constituting the a-helix,
respectively 45 � 1, 64 � 2 and 85 � 3 AA. Remarkably, the
most probable values of DL are associated with multiples of
about 20 AA, which is the value mentioned by several simula-
tions as the threshold for the folding as an intact a-helical
conformation.7,16 Above this threshold value of 20 AA, the
formation of a tertiary self-folded conformation made of
multiple helices in series is favoured. Therefore, we attribute
the three DL populations to the unfolding of 2, 3 and 4 helices
in series. We did not observe the unfolding of a single helix of
20 AA. In a long polypeptide chain (90 AA) and in a helicogenic
solvent, it is not surprising to have a very low probability of
observing a single 20 AA helix in solution, mainly due to the
stabilizing interaction between two helices as a double-helix
bundle.17 Furthermore, a helix of 20 AA is subjected to an
equilibrium between unfolded coiled-coil and folded helical
conformations,7 which decreases the probability to probe it in
real-time by AFM. However, when performing pulling–relaxing
experiments (discussed below), we could evidence a few plateaus

of about 5 nm (= 23 AA). Only a maximum value of 4 helices can
be reached given the degree of polymerization of PBLG which is
equal to 90 (see ESI†). The probability of observing 4 helices in
series is dependent of the helix–coil dynamics of each a-helix
in solution, and thus quite low. As shown in Fig. 1d, probing 4
a-helices in series occurs with the lowest probability (19% of the
cases). Based on this distribution, we can conclude that most
of the time we probe a double-helix bundle that is formed in
solution17,50 (54% of the cases). It is important to note that the
breaking of intermolecular interactions within the helix bundles
is not detected during our pulling experiments given the very
small inter-helix rupture force (and very small length increase)
associated with this bundle opening, in agreement with previous
force spectroscopy data on triple helix bundles of spectrin.50

Mechanism of the force-induced peptide unfolding

The characteristic unfolding pattern is indicative of the poly-
peptide original conformation and behaviour during the stretching.
We can exclude the possibility of an intact a-helix made of up to 90
residues, which would lead to a single population of plateau length.
Here the plateau length distribution shows distinct popula-
tions. While we suggest that these populations correspond to the

Fig. 1 Mechanical pulling of a synthetic peptide displaying a characteristic unfolding plateau. (a) Scheme of the AFM-based force measurement of a PBLG
attached to a gold-coated silicon substrate and stretched by an AFM tip via a PEG tether, leading to its unfolding and extension. (b) Characteristic force–distance
curve associated with the stretching of a single PEG-PBLG at 200 nm s�1 in dioxane: (I) alignment and stretching of the PEG, (II) unfolding of the helical PBLG by
sequential breaking of intramolecular H-bonds (linear fit in red), (III) stretching of PEG-PBLG until the last rupture point (i.e. detachment of molecule from the tip).
(c and d) Distributions of plateau force (FP) and plateau length (DL): (c) one narrow population of FP (46.7 � 1.4 pN) was observed, in agreement with the
sequential breaking of intramolecular hydrogen bonds supporting the helical structure; (d) three DL populations centered at 9.8 � 0.3 (54%), 14.0 � 0.4 (37%)
and 18.7� 0.7 nm (19%) correspond to the simultaneous unfolding of 2, 3 and 4 individual helices respectively (45� 1, 64� 2 and 85� 3 amino acid residues).
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mechanical unfolding of 1 to 4 a-helices of 20 residues, only one
plateau is observed in the force curves and not a series of con-
secutive plateaus. This observation arises from the alignment of the
whole molecule backbone in the pulling direction, facilitating the
increase of the helical content and the disappearance of the kink
defects at the beginning of the stretching (Fig. 2), a behaviour that
has been evidenced for homopolypeptides in pulling simulations.21

Indeed, the alignment of the polypeptide backbone in the pulling
direction—e.g. two helices and one kink—favours the formation of
an a-helix constituted of a higher number of AA connected by
previously-absent hydrogen bonds. This fast refolding step (i.e. local
rearrangement around the kink regions) is facilitated by the high
flexibility of the main chain (polypeptide + PEG) and can possibly
occur at low forces, as shown by simulations.21 Thus, when applying
a small external force and aligning the 20-residues helices in the
pulling direction, they undergo a fast refolding step to form a single
long helix under the pulling force. This refolding step is indis-
tinguishable here given the inherent noise of the AFM experiment
and the small length variation. The a-helix is then subjected to a
helix–coil transition under external force, appearing as a plateau in
the force curves (Fig. 2). It is important to note that the number of
intact a-helices segments aligned and probed during the pulling is
dependent on the helix–coil transition dynamics in solution,
decreasing the probability of observing the mechanical helix–coil
transition of 4 a-helices during each pulling experiment.

Modulation of the number of helical segments mechanically
unfolded

As an additional evidence supporting the mechanical helix–coil
transition of up to 4 a-helices, we considered the force curves
corresponding to the detachment of the molecule from the tip

before the final extension of the a-helix (rupture distance (DR)
o 35 nm, corresponding to the maximum length of PBLG).
It corresponds to a situation where the tip interacts with PBLG
during the pulling. Thus, depending on the tip attachment
point, the portion of polypeptide stretched during the force
experiment varies. By analyzing the populations associated to
DR o 35 nm and DR 4 35 nm separately, we determined the
proportion of 2, 3 and 4 helices stretched in both situations
(tip attachment with PEG tether or with the PBLG chain).
Pulling the molecule via the PBLG (Fig. S1, ESI†) leads to
relative proportions of 2 and 3 helices stretched of 76 and
24% respectively (Fig. S3, ESI†). As expected, the stretching of
the whole PBLG (4 helices = 90 AA) was not observed in this case
due to the lower portion of PBLG trapped between the tip and
the surface. For DR 4 35 nm (i.e. when stretching the molecule
by the PEG tether, Fig. S2, ESI†), the relative proportions of 2, 3
and 4 helices are respectively 17, 72 and 11% (Fig. S3, ESI†),
showing a higher helical content available during the molecule
stretching.

Reversibility of the mechanical helix–coil transition for a single
a-helix

The reversibility of the helix–coil transition in PBLG was also investi-
gated by performing pulling–relaxing cycles on a single molecule
(Fig. 3), i.e. a molecule trapped between the tip and the surface is
subjected to small retraction and approach movements sub-
sequently without breaking the tip-molecule interaction. During
the pulling (blue), the force–extension curve displays a typical plateau
pattern corresponding to the unfolding of one a-helix of PBLG
(DL E 5 nm). When decreasing the force applied on the molecule
(relaxing curve in red), a similar refolding pattern was evidenced.
Unfolding and refolding plateaus are characterized by identical

Fig. 2 Scheme of the proposed mechanism for the mechanical unfolding
of multiple a-helices in series. The mechanical pulling of the PEG-PBLG
starts with the alignment of helical substructures (of about 20 amino acid
residues each) along the stretching axis, favouring the fast local folding of a
longer helix21 via the formation of H-bonds between close residues
formerly absent in the kink regions of the multi-helix structure. The
mechanical stretching of this peptide is associated with a longer unfolding
plateau instead of several sequential plateaus in force–distance curves.

Fig. 3 Reversible mechanical unfolding of PBLG and detection of a single
20-amino acid helix conformation as a 5 nm long unfolding plateau. Pulling-
relaxing experiment: an individual PBLG is pulled (blue) in dioxane over a few
nanometers and presents a characteristic unfolding plateau of about 5 nm
(23 AA residues). Before reaching the detachment point, the external force is
released and the relaxing curve (in red) exhibits a similar plateau reflecting the
reformation of previously broken intramolecular interactions, indicating the fast
recovery of the a-helix. A small hysteresis was observed between pulling and
relaxing curves, typical of an experiment performed in out-of-equilibrium
conditions.
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forces (FP) pointing out the reversible conformational change
behaviour of the PBLG a-helix under stress, i.e. the rupture and
reformation of intramolecular interactions take place at identical
external force. The presence of a small hysteresis at high extension
is typical of a pulling experiment performed in out-of-equilibrium
conditions.

Loss of the characteristic unfolding pattern of a-helices in
denaturating conditions

Finally, we performed AFM pulling experiments in dioxane in
the presence of a denaturing agent, trifluoroacetic acid (TFA).
During these experiments, the most reproducible pattern is a
single-peak profile (64% of the cases, Fig. 4a), characteristic of

Fig. 4 AFM pulling experiments of PBLG in denaturating environment (dioxane + trifluoroacetic acid (TFA)). The presence of TFA provokes either a
chemical destabilization of the helical structure favouring a coiled-coil conformation (a), or a weakening of intramolecular interactions (b). The
associated force–extension curves appear respectively as single-peak patterns (a, 64%) or plateau patterns with lower FP (b, 36%). (c) Force–distance
curve for the standard pulling of PBLG in denaturating conditions presenting a 5 nm plateau corresponding to the unfolding of a single a-helix of about
20 AA residues. (d) The distribution of FP presents one population centered at 37.4 � 3.8 pN (plain line), lower than the unfolding force previously
observed in dioxane (population in Fig. 1c added here as a dotted line for comparison). (e) Distribution of the plateau length (DL) shows three populations
centered at 3.5 � 0.1 nm (8%), 9.6 � 0.8 nm (58%) and 14.4 � 0.6 nm (34%) corresponding to the unfolding of helices made of 16 � 1 AA, 44 � 4 AA and
65 � 3 AA respectively. Probability density function (PDF) fit is added in dotted line.
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the stretching of a polymer chain in a random coil conformation.
It indicates the disruption of the helical structure of PBLG in TFA
(chemical denaturation) before the mechanical pulling. Even if
most of the probed molecules seem to have undergone the helix–
coil transition in solution due to the denaturing agent, some
molecules still present a characteristic unfolding plateau (only
36% of the cases, Fig. 4b). Interestingly, the plateau pattern
associated with the unfolding of those molecules is characterized
by a lower plateau force of 37.4 � 3.8 pN (Fig. 4d), indicating a
weakening of the intramolecular interactions in presence of TFA.
Also, the relative proportion of 2 and 3 helices in TFA was 58 and
34% respectively (Fig. 4e), shifting towards an overall decrease of
the helical content in these conditions (Fig. S5, ESI†). This
observation highlights the destabilization of intramolecular
helical interactions and the higher proportion of coiled-coil
conformations amongst probed molecules. In this denaturing
environment, we were also able to evidence the stretching of
individual a-helices characterized by DL E 4 nm (i.e. 18 AA),
shown in Fig. 4c. In this case, inter-helical interactions were
ruptured and a single helix was mechanically probed. The
observation of such small plateaus in force–extension curves
again supports the concept of a critical length in the formation
of a-helical structure in peptides and proteins.

Conclusion

Even if a-helices are the most frequent secondary structures in
proteins, the influence of a peptide length on its conformation
had never been demonstrated experimentally. Here, using
AFM-based single-molecule force spectroscopy, we showed the
self-folding of a 90-amino acids helical synthetic polypeptide in
solution and evidenced a critical length for intact a-helices.
We designed a poly(g-benzyl-L-glutamate) (DP = 90) functiona-
lized with a chemical anchor on one end for its grafting
on surface and with a polymer tether on the other end for
AFM tip attachment during pulling experiments, and we
probed its force-induced helix–coiled transition at the single-
molecule level. The stretching of a single synthetic polypeptide
showed a constant force plateau as characteristic unfolding
pattern. The unfolding force in the plateau is consistent with a
helix–coil transition, i.e. stepwise breaking of intramolecular
hydrogen bonds maintaining the helical conformation of the
peptide. We evidenced different plateau lengths corresponding
to the unfolding of n a-helices of about 20 AA (n = 1, 2, 3 or 4)
instead of an intact helix of 90 AA. This is the first time, to our
knowledge, that the secondary structure of a polypeptide made
of multiple a-helices in series is evidenced experimentally in
real-time and in solution. We confirm here the presence of a
critical a-helix length, as suggested by computational simulations.
Our results are in complete agreement with the formation of a self-
folded structure made of short helices instead of an intact compact
helical structure for sequences of more than 20 amino acid
residues. The reversibility of the helix–coil transition was evidenced
by pulling-relaxing experiments which highlighted the high stabi-
lity and fast refolding of PBLG a-helices in a helicogenic solvent.

We have focused here on a homopolypeptide derived from
poly(glutamic acid) in dioxane. We believe our strategy can now
be used to study many other natural helices in physiological
environment to study the influence of the nature of the amino
acid sequence on the critical length. Indeed, such helices are
known to present a helical critical length similar to the one
presented here.7,15–18

We believe that the concept of critical length, previously
envisioned by computational studies and hereby confirmed by
our experiments, will also have an impact on the design of
synthetic molecules made of artificial residues with much more
rigid backbones than peptides (like backbones that possess aryl
rings in their main chain),53 in a way to create stable helices
of more than 20 units, thus leading to secondary structures
with high conformational rigidity and possible unprecedented
mechanical properties.
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