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Helices are crucial structural components that contribute to protein elasticity and
motor functions. Numerous artificial helices based on backbones other than
peptides and much smaller than proteins have been synthesized, yet, their
mechanical performance is essentially unknown. Here, we report that the elastic
response of helical aromatic oligoamides as small as 1 nm is among the fastest and
the most robust ever described. Their winding is reversible on a very short time
scale even under high mechanical loads, in contrast with typical biopolymers.
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Single-molecule mechanics of synthetic

aromatic amide helices: Ultrafast
and robust non-dissipative winding

Floriane Devaux,'-? Xuesong Li,"? Damien Sluysmans,’ Victor Maurizot,” Evangelos Bakalis,*

Francesco Zerbetto,® lvan Huc,?*>* and Anne-Sophie Duwez'**

SUMMARY

Because of proteins’ many degrees of conformational freedom, pro-
gramming protein folding dynamics, overall elasticity, and motor
functions remains an elusive objective. Instead, smaller and simpler
objects, such as synthetic foldamers, may be amenable to design.
However, little is known about their mechanical performance.
Here, we show that reducing molecular size may not compromise
mechanical properties. We report that helical aromatic oligoamides
as small as 1 nm possess outstanding elasticity and outperform most
natural helices. Using single-molecule force spectroscopy, we char-
acterize their folding trajectories and intermediate states. We show
that they cooperatively and reversibly unwind at high forces. They
extend up to 3.8 times their original length and rewind against
considerable forces on a timescale of 10 ps. Pulling and relaxing cy-
cles follow the same trace up to a very high loading rate, indicating
that the mechanical energy accumulated during the stretching does
not dissipate and is immediately reusable.

INTRODUCTION

Folding is the process by which the three-dimensional shapes and properties of pro-
teins are generated from linear peptide chains. Folding is reversible and allows for
some important dynamics to take place: molecular shape changes determine me-
chanical and motor functions in living systems. For example, reversible conforma-
tional changes in titin and elastin have been associated with tissue elasticity.'+?
Conversely, the stiffness of collagen is responsible for tissue resistance.” While there
has been a considerable progress in the design of new protein folds,” programming
protein folding dynamics has remained an elusive objective because of the co-exis-
tence of multiple folding trajectories and of local energy minima, which slow down
the process and compromise refolding on a short time scale. Smaller folded objects
than proteins may provide entries into simpler folding dynamics and thus amena-
bility to design. For example, the peptidic a-helix and nucleic acid helices have
both been investigated in detail and show different behaviors intimately associated
with their distinct chemical nature.>™ For these studies, AFM-based single-molecule
force spectroscopy has emerged as a powerful method to probe molecular-level
processes and mechanical forces with sub-nanometer resolution in (bio)-macromol-
ecules.®" In principle, all kinds of conformational transitions may give access to
energy-dependent structural changes'® and to some elasticity, e.g., gauche-anti
conformational transitions in poly(ethylene oxide) (PEO)"® or bond bending, rota-
tion, and boat-chair conformations in polysaccharides.’’"'® But systems that would
both adopt stable folded conformations that sustain high mechanical forces and
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The bigger picture

Chemistry excels in designing and
controlling molecular structures.
Beyond structure, programming
molecular dynamics is one of the
next grand challenges. The
conformation dynamics of natural
elastomeric proteins, for example,
are responsible for their ability to
behave either as pure elastic
spring-like molecules that can be
reversibly stretched or as shock
absorbers that dissipate energy.
Here, we report the outstanding
mechanical performances of
synthetic helical molecules much
smaller than proteins. The
molecules were designed for
interfacing with AFM force
spectroscopy to study them one
at a time, a true performance for
such tiny objects. We show that
the elastic response of helices as
small as 1 nm is among the fastest
and the most robust ever
described. This unprecedented
elastic behavior suggests that
various applications may arise
from their use as building blocks in
molecular machines or in new
classes of artificial elastomeric
materials with tailored mechanical
properties.
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undergo very fast reversible transitions between unfolded and folded states
following well-defined pathways are yet to be reported. For this purpose, molecules
having fewer degrees of freedom and steeper conformational energy landscapes
than biopolymers would stand as valid candidates. In this respect, it is striking that
the molecular mechanical properties of the numerous oligomeric and polymeric fol-
damers developed by chemists over the years, have not been investigated.'”? A
reason for this is that implementing single-molecule force spectroscopy on synthetic
molecules much smaller than biopolymers remains very challenging: interfacing a
small object with the force spectroscopy device and measuring transitions of minute
amplitudes are both difficult. A few unfolding experiments have been carried out on
relatively small (bio)molecules but they did not probe molecular elasticity and me-
chanical properties.””™® To this date, very few single-molecule mechanics experi-

ments have been successfully conducted on small molecules.?*™?

Here, we report on the high-performance single-molecule mechanics of helical aro-

matic oligoamides®®~*?

as a representative of the broad family of foldamer back-
bones that possess aryl rings in their main chain. This emerging class of folded
molecules are characterized by remarkably stable and predictable conformations.
Many of them wind into helices in which aromatic rings stack face to face.’**¢ We
now show that their folding trajectories are simple and may be amenable to design.
Using AFM-based single-molecule force spectroscopy, we pulled on helical quino-
line-based oligoamides of different lengths to investigate their mechanical proper-
ties. We found that their winding is extremely robust and fully reversible on a very
shorttime scale, in contrast with typical biopolymer behavior (Figure 1A). The molec-
ular helices behaved as springs that are energy loaded in their extended states. A
detailed analysis, based, among others, on elements of stochastic calculus, allowed
us to decipher precise winding/unwinding trajectories at the sub-molecular level and
cooperative effects responsible for the observed elasticity. The analysis shows that
at short times both winding and unwinding processes are driven by the same
stochastic mechanisms. It also shows that at longer times a differentiation of mech-
anisms occurs. Such well-defined conformational trajectories open up new capabil-
ities to orchestrate motion at the molecular scale.

RESULTS AND DISCUSSION

Molecular helix design

Oligoamides of 8-amino-2-quinolinecarboxylic acid Q (Figure 1C) were selected
because their structures are well defined, and because their rigidity hinted at simple
conformational dynamics. Q, oligomers adopt defectless helical conformations
comprised of 2.5 quinoline units per turn that show high stability in a wide range
of solvents.>**” Electrostatic repulsions, bifurcated hydrogen bonds, aryl-amide
conjugation, and interactions between stacked aromatic rings synergistically concur
to this high stability. For example, a simple octamer spanning about three helix turns
shows no sign of denaturation at 120°C in DMSO.?® Furthermore, helix stability
rapidly increases with oligomer length.***? The small number of units per turn,
i.e., the high helix curvature, endows relatively short sequences with an aspect ratio

3435 and reduces the number of rotatable

larger than that of less curved helices,
bonds per turn. Furthermore, stepwise segment-doubling synthesis of these oligo-
mers gives access to long sequences with a perfectly uniform constitution.“® Variants
of these helices bearing specific terminal functions and side-chain or main-chain fea-
tures display potentially useful properties in contexts as diverse as DNA mimicry and
enzyme inhibition,”" endomolecular recognition,*” and fast charge transport.****
For this study, four oligomers comprised of 5, 9, 17, and 33 units were prepared (Fig-

ures 1C, S1, and S17-5S32 and Supplemental experimental procedures). Monomers
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Figure 1. Principle of AFM-based single-molecule force spectroscopy experiments on helices of
various lengths

(A) Schematic representation of fast and well-defined folding dynamics. The fastest cycles, at the
upper limit of instrumentation, are still slow as compared with the molecular response.

(B) Bending of the AFM cantilever resulting from pulling a single helical molecule attached to a gold
substrate.

(C) Formula of oligoamides Q5-Q33 functionalized with a PEO chain at one extremity and a thiol
group at the other. R denotes solubilizing isobutoxy chains. Hydrogen bonds and electrostatic
repulsions that drive helical folding are indicated with dashes and double-headed arrows,
respectively. Ca—CO bonds that are easiest to rotate are shown in green. Molecular models of the
helical conformations and the zig-zag tape extended conformations of Q5-Q33 are shown at the
bottom. Isobutoxy chains are omitted for clarity.

are d- or e-amino acids and equivalent in size to a dipeptide. Thus, even the longest
sequence, Q33, is much smaller than proteins investigated so far by single-molecule
force spectroscopy. All sequences bear a thiol group at their N terminus to ensure
stable attachment to gold substrates, and polyethylene oxide (PEO) at the C termi-
nus to be linked to the AFM tip for pulling. The molecules were grafted onto gold/
silicon substrates at low grafting density to ensure large interspaces between them
(Figure 1B, See Supplemental information for details). The AFM tip was brought into
contact with the oligoamide-PEO substrate in N,N-dimethylformamide (DMF) to
allow the linker to adsorb onto the tip. The caught molecule was then stretched in
a controlled manner by moving the tip away from the substrate at a fixed pulling
rate, and the force-extension profiles were measured. PEO behaves as a purely
random coil in DMF and does not show specific features in the force curves.??’
Any deviation from this behavior can thus be safely attributed to the oligoamide
helix.

Unwinding behavior reveals cooperativity

Force-extension profiles revealed a consistent behavior for all four foldamers. A
typical profile can be divided into different steps (Figure 2A). We attributed the
initial part of the force-extension curve (up to about 100 pN) to the unraveling of
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Figure 2. Mechanical unwinding of helices in DMF
(A) Force-distance curve of Q33. Pulling curve (blue) and approaching curve (red) are shown, as well
as zooms on the fluctuations at the beginning and at the end of the plateau. Pulling rate:

160 nm-s~".

(B) Histogram of the force of the unwinding plateau of Q33. The most probable valueis 101 + 13pN
(SD). n=373.

(C) Force-distance curves of Q17 (dark blue), Q9 (middle blue), and Q5 (light blue). Pulling rate:
160 nm-s~".

(D) Histograms of the force of the unwinding signal with the most probable value, obtained by
Gaussian fit to the data.

(E) Histograms of the length of the unwinding plateau with the most probable value, obtained by
Gaussian fit to the data. n = 141 for Q5, n = 349 for Q9, n =477 for Q17 and n = 373 for Q33. See also
Figures S2 and S5-S7.

the PEO random coil and the subsequent plateau to the unwinding of the helical
structure. The occurrence of a plateau is characteristic of the breaking of intramolec-
ular interactions in series and is thus usually associated to a non-cooperative unfold-
ing. However, here, the plateau is slightly tilted toward lower forces when the
distance increases (Figures 2A, 2C, and S2). It means that it gets easier and easier
to open the helix in the course of the unwinding, a signature of a cooperative effect.
Once an interaction is broken, the subsequent one is easier to break. At the end of
the plateau, the force decreases below plateau level and fluctuates (see next section
below). The length of the plateau is in a very good agreement with the theoretical
difference in length between the wound and fully extended structures (Figures 1C
and S3; Table S1. See Supplemental information for the details of calculation): the
extended conformation is 3.8 times longer than the helical state. At the end of the
plateau, the helix is completely unwound, and the force rises again as the PEO
stretching continues. The force of unwinding, 101 pN for Q33 (Figure 2B), is much
higher than for natural helices. For example, double-helical coiled-coil protein

1336 Chem 7, 1333-1346, May 13, 2021



Chem ¢ CellPress

structures, triple-helical spectrin repeats, parallel-stacked a-helical ankyrin repeats,
and myomesin a-helical linkers in muscles exhibit unwinding forces of about 20 pN at
comparable loading rates.””™*? The unwinding of long B-DNA takes place at
65 pN*°*" and helical structures in polysaccharides unwind between 20 and
60 pN.*?>* Force-extension profiles of the foldamers obtained in other solvents
(toluene, ethanol, tetrachloroethane, dimethylsulfoxide, acetonitrile, and water)
show similar features, evidencing the robustness of the winding in a wide range of
media (Figure S4).

The force profiles for the shorter helices are shown in Figures 2C-2E. For Q17, we
observed the same characteristic force curves with the length of the plateau being
proportional to the length of the molecule (Figures 2E and S2). Q9 displayed a small
plateau followed by predominant large fluctuations (Figure S5). Q5 showed only
fluctuations or a single rupture peak between the two states (Figure S6é), which con-
firms the cooperativity. The histograms of the length of unwinding signal for each he-
lix show Gaussian-like monomodal distributions centered on a value proportional to
the number of units in the helix (Figure 2E). This observation implies that all the he-
lices adopt a unique wound structure in DMF, in agreement with earlier solution and
solid-state studies.**** Indeed, narrow monomodal distributions exclude the possi-
bility of populated partially unfolded or differently folded conformations in solution.
The unwinding force ranges from 74 to 101 pN from the smallest to the longest helix
(Figure 2D). The average unwinding force increases with the number of quinoline
units until it reaches a maximum value between 9 and 17 units and plateaus between
17 and 33 units. This is probably an additional signature of cooperativity in winding.
Such effects had never been identified in earlier experimental ensemble studies
because completely unwound conformations were never reached, only partly un-
wound transition states were identified. For instance, helix handedness inversion
was shown to proceed through a nucleation-propagation mechanism involving the

unwinding of only two units.>®37

Rewinding states occur at high speed under high forces

Before the plateau starts, we often observed fluctuations (Figures 2A and S7). These
fluctuations can be explained by the reforming of an interaction a short time after be-
ing broken, and thus occur between wound and partially unwound states. It means
thatduring pulling, the oligoamide pulls on the AFM cantilever in the opposite direc-
tion and rewinds against the mechanical load. The average force in the hopping re-
gion was about 10 pN higher than the plateau force. This difference in force can be
associated to a barrier to overcome in order to trigger the unwinding of the helix.
Such a barrier has been described by molecular dynamics simulations and was
shown to correspond to the spring-like deformation of the helix.>* Then, the force
decreases, and the plateau starts. At the end of the plateau, the force largely de-
creases (about 30 pN), and we again detect significant hopping states. In this phase,
unwinding requires a lower force and a segment of the foldamer dynamically fluctu-
ates between a partially unwound and the fully unwound state. This is a clear signa-
ture of the cooperativity of mechanical unwinding: when the interactions are pro-
gressively broken, the subsequent opening is facilitated. The interactions weaken
progressively as neighboring interactions disappear along the extension. Weaker
forces are thus sufficient to unfold the last part of the sequences, and the drop in
force is significant when the length reaches less than two turns. At the upper limit
of sampling rate (4,200 nm-s~'), we measured a fluctuation rate between wound
and unwound states of about 7,500 s~ at forces of 100 pN (Figure 3A). From these
fluctuations, we could estimate a minimum rewinding rate of about 25,000 s 'under
a force of 100 pN (see Supplemental information for details of the analysis). This
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Figure 3. Fast helix rewinding

(A) Force-time pulling curve of Q33 at the fastest pulling rate of 4,200 nm-s~". Fluctuations are still
observable. The step time is 3 ps.

(B) Successive pulling-relaxing cycles showing the immediate rewinding of the helix under
mechanical load. Pulling (in blue)-relaxing (in red) curves of Q33 in DMF at 166 nm-s~". The cycles
are offset for clarity. The arrows on the right show the displacement of the cantilever regarding the
substrate.

estimation is a lower limit. We were indeed limited by the response time of the canti-
lever and the sampling rate (Figure S14). It means that the rewinding may be even
faster than our estimation. The fastest folding kinetics for single a-helices that has
been reported so far by direct time-resolved experimental measurements of fluctu-
ations was 30,000 s~ for villin, an actin-binding protein. This rate is thus comparable
to the one obtained here (25,000 s~ "), but it was measured at a much lower force of
10 pN.>° As the folding rate is known to drastically decrease when the applied force
increases,*® we can conclude that the aromatic amide helices are faster to rewind
than those natural single a-helices. It is worth mentioning that here we compare
the aromatic amide helices, which are single isolated helices, with natural single
a-helices only. Other protein structures described in the literature, such as B-sheets,
trimeric a-helices in spectrin, and a series of a-helices in bacteriorhodopsin proteins,
have also been shown to refold rapidly but against lower forces.*”*>” For these
proteins, the refolding rate was not measured directly from fluctuations, but esti-
mated from theoretical models to fit the energy landscape. Moreover, the contribu-
tion of the inter-helix interactions in these structures is difficult to assess. For these
reasons, a direct comparison with the refolding rate measured here is too hazardous.

The distance over which the fluctuations take place at the end of the plateau, about
2nm, is similarin Q33, Q17, and Q9 (Figure S8). This explains the apparent larger tilt
of the plateau for Q9, the contribution of the force drop being thus relatively greater
for shorter oligomers (Figures 2C and S5). This distance of 2 nm matches with the
extension of 6 quinoline units. We can thus conclude that to observe a plateau char-
acteristic of the sequential opening of the intramolecular interactions, a minimum of
7 units is required. In wound structures shorter than 7 units, the cooperativity results
in a rapid change of the force required for unwinding versus helix length, and the in-
tramolecular interactions no longer break in series but all at once.

Complete rewinding is also fast and reveals high elasticity

When a single molecule is trapped between the tip and the substrate, retraction-
approach cycles can be performed repeatedly. The eight successive cycles shown
in Figure 3B evidence the full reversibility of the unwinding and the robustness of
the system. They demonstrate high structural stability: the unwound molecule re-
winds instantaneously as tension is released. The force-extension profile of relaxation
follows the same trace as during pulling, up to a loading rate of 5.10% pN s ™" (upper
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limit of the instrumentation). The molecule reversibly extends to 3.8 times its original
length. Because the stretching process occurs under equilibrium conditions, the area
underneath the plateau reflects the free-energy changes associated with the transi-
tion. The equilibrium force-extension curves thus allowed us to determine the gain
in free energy associated with the formation of the Q33 helix by integrating the force
versus extension under the curve and removing the molecular elasticity contribution
(see Supplemental information for the details and Figure S15). We obtained a value of
150 + 14 kcal mol™" (250 + 20 kg T) for the whole helix, which is huge compared with
values observed in natural a-helices of similar length (typically 16 kgT).**

Unwinding pathways

To characterize the unwinding molecular energy landscape, we performed a trans-
formation of force spectroscopy data from extension space into contour length
space. The new molecular coordinate is independent of varying external parame-
ters, such as thermal fluctuations and instrumental parameters, and directly reflects
the folding state of the molecule.*®>® The representation with respect to this molec-
ular coordinate does not exhibit the variances of the extension but directly charac-
terizes the intermediate states of the folding potential. The force-extension data
of the plateau (Figures 4A and S9-511) were converted in contour length (L.) space
by solving numerically the worm-like chain equation (see Supplemental information
for details). On the contour length traces (Figure 4A), we observed steady states
(marked off by the dotted vertical lines) before and after the plateau, whereas the
L. value increased incrementally along the plateau. The contour length values can
be well fitted by Gaussian distributions (Figures 4A and S9-S11). Since one value
of L. can be associated to one state, the number of Gaussian peaks shows the
number of states during winding. On an average, we observed 17 + 2 states for
Q33,8 + 1forQ17,4 + 0.5 for Q9, and 2 + 0.5 for Q5.

These results suggest that successive states differ from each other by the unwinding
of 2 quinoline units, likely via the coupled rotations of Ca—CO bonds, in a good
agreement with force-probe molecular dynamics simulations on similar foldamers,>”
and with the geometrical properties of the Q, helices (Figure 5). Four units can also
unwind simultaneously, as some vertical transitions between two non-successive
states are sometimes observed. These transitions are reversible, which is in agree-
ment with the hopping behavior discussed above. They take place more often for
Q9 and Q5, and at the end of the unwinding pattern for the longer helices, support-
ing our previous conclusion that the cooperativity does not increase beyond a
certain helix length. A detailed analysis of the unwinding behavior of Q5 corrobo-
rates this interpretation: two types of signatures can be observed in its force-dis-
tance curves, either a single rupture peak, or fluctuations (Figure S6). When a single
rupture peak is detected, we observe only the two extreme states (fully wound and
fully unwound) in the contour length trace, whereas a third intermediate state is
visible in the contour length trace when fluctuations are detected in the force-dis-
tance curve (Figures S10 and S11).

A more detailed visualization of unwinding pathways can be achieved by means of
the cross-superposition of 2D barrier position histograms (Figure 4B). This method
has been proposed previously to detect the order of unfolding events in proteins.>®
The energy barriers appear as stripes (Figure 4B and Supplemental information for
details about the procedure). The smallest rectangles, formed by matching contour
length increments from two experiments (first possible match of the n L. value and the
last possible match of the n+1 L value), are determined. If subsequentrectangles are
aligned with the diagonal with positive slope, the same unwinding steps occur for
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Figure 4. Unwinding molecular energy landscape and cross-superposition of barrier position
histograms

(A) Force versus time curve of Q17 (left panel) and Q9 (right panel) unwinding area (black trace) and
contour length evolution of the intermediate unwinding states represented as a function of time
(red trace). On the right of each panel, the corresponding contour length histogram (light red), the
multi-Gaussian peaks fitting the histogram (blue) and the overall fit trace (light blue). The dotted
blue lines are the L. values of the intermediate unwound states (most probable values of the
Gaussian fits).

(B) Cross-superposition of two histograms of L. distributions for Q17 (left panel) and Q9 (right
panel). Red and blue lines represent the mean L. values of the Gaussian fits of the L. histograms with
their 70% confidence interval (light red and light blue stripes). Similar unwinding steps from
different experiments are determined by drawing rectangles between intersected L. value
increments. If these intersections occur on the diagonal (black line) it implies that the same
unwinding steps occur for both unwinding patterns. Taking into account the confidence interval,
the black rectangles comprise every potential pathway along each unwinding step.

both unwinding patterns. According to the cross-superposition of contour length
traces of the unwinding patterns of different experiments (Figures 4B, S12, and
S13) and previous simulations,” we can conclude that the unwinding occurs most
of the time by the same pathway, i.e., the rotation of 2 units. However, we can occa-
sionally observe partially different pathways (Figures S12 and S13). Therefore,
although unwinding by the rotation of 2 units appears to be the most probable
pathway, it may also occur by the rotation of a single Ca—CO bond or by more than
two bonds. In all likelihood, this occurs at either end of the helix, and thus defines a
limited ensemble of unwinding trajectories. For short helices, the few intermediate
states reduce the number of possible pathways (Figure 4B, right panel). It should
be specified that the information given by the 2D graphs only shows that the unwind-
ing takes place through sequences of 2 quinoline units but does not give any informa-
tion on the sequence of unwinding. Each individual unwinding sequences of 2 units
has an equal probability to take place at any given time, earlier or later.

Analysis of time series in terms of stochastic processes

The plateaus of the pulling-relaxing forces versus time of Figure 3B were analyzed as
stochastic sequences with the anomalous diffusion object motion analysis, ADOMA
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Figure 5. Unwinding model

(A) Fragment of a Q, helix showing a plausible snapshot of the junction between helically folded (in
gray tubes) and extended (in gold tubes) segments. Red arrows indicate the Ca-CO bonds about
which concerted rotation would give rise to a two-unit extension. These bonds all belong to the
upper first turn of the helix. The bonds shown in green are almost parallel and diametrically
opposite; their concerted rotations would take place in opposite directions, in an accordion-like
motion.

(B) Molecular models of a helix after each extension of two units.

(C) Top view of the models shown in (B). Because two units span almost one turn (exactly 0.8 turn),
their unwinding induces minimal rotational strain. These models illustrate unwinding at the C
terminus of the oligomer. Similar models can be built at the N terminus.

(see Supplemental information for details).®“%? The purpose of a stochastic analysis
is the following: the analysis of events in the window of observation can be used to
infer past and future events only if the process is deterministic, periodic, or station-
ary. In the plateau regime, the values of force spectroscopy can only be viewed as
stochastic events. A treatment to reach an understanding of this regime can only
be made by a stochastic analysis. In the long time scale, stochastic phenomena
are Brownian. At shorter times, they can present anomalous features/dynamics
whose investigation provides information on the interaction of the main process
with the environment where it takes place.

Figure 6 presents a summary of the results that were obtained by ensemble aver-
aging over the time series (see also Figure S16). Pulling, i.e., unwinding, and relax-
ing, i.e., rewinding, were treated separately. The analysis starts from the evaluation
of the second moment in time, that is, the mean square force (MSF). A Brownian pro-
cess is identified by a linear growth in time of the MSF, that is a scaling exponent, v,
that is equal to 1. Any deviation from linearity describes processes that are called
anomalous. Figure 6A shows that for the MSF there are two distinct time regimes
both for unwinding and rewinding. At shorter times, of up to eight steps, i.e.,
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Figure 6. Anomalous diffusion object motion analysis

(A) Mean square force (MSF) versus time. The continuous black lines are the best fits to
experimental data. Left: pulling, right: relaxing.

(B) Autocorrelation functions (acf). left: pulling, right: relaxing.

(C) Power spectral density (PSD) for all the experiments of Figure 3B. The short solid black lines are
the slopes (red noise), and the short cyan line at the right describes flicker noise. Left: pulling, right:
relaxing.

(D) Structure functions. Continuous black lines describe their analytical forms. Left: short times
(<30 ps), right: long times (>30 ps). The parameters of fits of the structure functions had an error
smaller than 0.9%. See also Tables 52-54.

~24 ps, the force fluctuations are super linear with y = 1.14. At longer times, the pro-
cess changes very slowly, it is a strong sub-linear motion with scaling exponents y =
0.08/0.14 for unwinding/winding. Figure 6B shows the autocorrelation function
(ACF). In the short time regime identified for the MSF, the value of the ACF remains
above 0.5 both for unwinding and winding. Both processes are persistent and corre-
lated. In the short time regime, every subsequent step is more likely to keep the char-
acteristics or direction of the previous one. If the system is winding, it will continue to
wind; if it is unwinding it will persist in the unwinding. The time when the ACF goes
to zero for the first time can be used to estimate the rate of the processes associated
to the ACF, k. For unfolding, k =2,400s~", for folding k=5,600 s~ . These values are
comparable to the fluctuation rate measured between wound and unwound states of
about 7,500 s™" that was discussed above. Figure 6C shows the power spectral den-
sities, PSD. At short times (smaller than 30 ps), or medium to high frequency, the
slope approaches a value of 2 or a bit higher, which is the value of a red noise (Brow-
nian or slight super-linear process), in agreement with the MSF. Interestingly, at even
higher frequencies for the relaxing process, the slope takes a value of 1.1 (Figure 6C
right panel, cyan solid line), which is associated to flicker noise, which, in turn, is a
fingerprint of cooperativity. Figure 6D shows the structure functions, z(g), where g
is the order of the moment. The structure function (see Supplemental information
for definitions) allows to determine the stochastic mechanism that govern the fluctu-
ations.®?™°? At short times, the structure functions of pulling/relaxing are almost
identical, z(q) = Hg — Cqln(q) with H = 0.627/0.633 and C = 0.088/0.094 for pull-
ing/relaxing. Unwinding and rewinding occur in a similar way. This form of the struc-
ture function is typical of a Cauchy-Lorentz probability for the distribution of the
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fluctuations. The Cauchy distribution is often the distribution of observations for
objects that are rotating or spinning, movements that are intrinsic to winding/un-
winding. At longer times, pulling and relaxing take two very different forms of the
structure function. For pulling, z(g) = 0.039 g, the linear dependence of z(q) de-
scribes a self-similar process that is monofractal and has a single or unique time
scale. Forrelaxing, z(q) = 0.074q — 0.004(g? — g). This form of the structure function
is typical of a log normal probability for the distribution of the fluctuations. The
lognormal distribution is often present in natural growth processes that take place
by accumulation of small changes that are additive on a logarithmic scale. The struc-
ture function for the rewinding implies the presence of at least two random pro-
cesses acting simultaneously. This makes the overall process multiplicative. These
two random sequences of events likely could involve dynamics from both the helix
and solvent molecules, which occur on two different timescales. Rewinding could
be represented as the synchronization of the dynamics of all the molecules (helix
and solvent) that click in together to squeeze out solvent molecules. This finding
concurs with what is observed in proteins. The folding mechanism of these bio-
systems is governed by water molecules, which are crucially positioned in order to
satisfy the Levinthal paradox.®®** A few water molecules bridge amino-acidic resi-
dues to form hydrogen bonds that drive the folding and avoid the sampling of the
phase space which would take enormously long times to make the protein fold

properly.

CONCLUSIONS

Muscle proteins constantly experience substantial mechanical load during muscle
operation. a-helices have been identified as important components that reversibly
unwind to mechanically protect proteins from dissociation.*® Here, we have shown
that the mechanics of synthetic helical aromatic oligoamides outperform that of
these a-helices and of natural helices in general. Using AFM-based single-molecule
force spectroscopy and statistical analysis, we were able to characterize both the
elasticity and the free energy of the unwinding pathway of these synthetic helices.
The analysis of the unfolding trajectories revealed that the molecules cooperatively
unfold through the unwinding of two quinoline units in series, in agreement with their
geometrical characteristics. They showed rapid fluctuations between wound and
extended states, demonstrating the capacity of the molecules to develop high
forces, up to 150 pN, when rewinding against the pulling force. The rewinding ki-
netics was shown to be extremely fast, which may be the consequence of a small
number of rotatable bonds per helix turn. Pulling and relaxing cycles follow the
same trace up to a very high loading rate of 5.10% pN s~". The free energy for un-
winding was determined to be 150 kcal mol™", more than one order of magnitude
greater than that of natural a-helices of similar length.

On top of the characterization of their single-molecule mechanics, these helices
showed that they can sustain higher forces than natural a-helices and reversibly
extend to 3.8 times their original length. The unprecedented and clear-cut elastic
behavior of these systems suggest that practical applications may arise from their
use as building blocks for the design of a new class of artificial elastomeric materials.

Furthermore, the deciphering of fast and defined folding trajectories enables some
predictions. One may for example anticipate that aromatic helices having a larger
diameter, that is, a lower curvature and more rotatable bonds per turn may unfold
under lower forces, despite involving the same local non-covalent interactions. In-
vestigations along these lines are in progress and will be reported in due course.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for data and reagents should be directed to and
will be fulfilled by the Lead Contact, Anne-Sophie Duwez (asduwez@uliege.be).

Materials availability

The new compounds generated in this study require substantial time and resources
for their preparation. Samples may be provided upon request pending their avail-
ability. Any request for advice to perform their synthesis following the protocols re-
ported below is welcome.

Data and code availability

The force curves supporting the current study have not been deposited in a public
repository for lack of a standard data presentation but are available from the lead
contact on reasonable request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2021.02.030.
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