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The elastic restoring force of tissues must be able to operate over
the very wide range of loading rates experienced by living organ-
isms. It is surprising that even the fastest events involving animal
muscle tissues do not surpass a few hundred hertz. We propose
that this limit is set in part by the elastic dynamics of tethered pro-
teins extending and relaxing under a changing load. Here we study
the elastic dynamics of tethered proteins using a fast force spectro-
meter with sub-millisecond time resolution, combined with Brow-
nian and Molecular Dynamics simulations. We show that the act
of tethering a polypeptide to an object, an inseparable part of pro-
tein elasticity in vivo and in experimental setups, greatly reduces
the attempt frequency with which the protein samples its free
energy. Indeed, our data shows that a tethered polypeptide can
traverse its free-energy landscape with a surprisingly low effective
diffusion coefficient D¢ ~ 1,200 nm?2 /s. By contrast, our Molecular
Dynamics simulations show that diffusion of an isolated protein
under force occurs at Do ~ 102 nm?/s. This discrepancy is attribu-
ted to the drag force caused by the tethering object. From the
physiological time scales of tissue elasticity, we calculate that teth-
ered elastic proteins equilibrate in vivo with D¢ ~ 104-10% nm?/s
which is two to four orders magnitude smaller than the values
measured for untethered proteins in bulk.

force spectroscopy | protein diffusion | viscoelasticity | single molecule

hile the dynamics of proteins have been studied in detail

using bulk techniques their behavior when tethered and
placed under force is still poorly understood. Tissue elasticity in
living organisms results from the extension and recoil of proteins
that are tethered to rigid structures that move under force. For
example, the giant protein titin responsible for the elasticity of
muscle, is mechanically anchored to both the Z disk and the
M-line of the half-sarcomere (1), responding to a mechanical
perturbation by elastically changing the end-to-end length (2).
Hence, it is likely that one of the limiting factors in the physio-
logical activity of a muscle fiber is ultimately determined by the
dynamics of the elastic recoil of an extended and tethered poly-
peptide. Hummingbirds flip their wings by up to 80 Hz, and
insects up to 800 Hz (3). It is interesting here to consider that the
fastest muscle-driven wing beat rates never surpass a kilohertz
(3). Other types of physiological activities also appear to be
capped at a similar time scale. For example, salamanders can
shoot and fully extend their tongues out in less than 7 ms in order
to catch flying prey (4). Throughout these physiological activities
it is essential that the extending polypeptide remains elastic. If at
any time the speed of the muscle motion exceeded the relaxation
time of the polypeptide, the muscle will cease to be elastic, greatly
affecting its ability to provide a restoring force, and to store en-
ergy. For example, a significant part of the turkey’s stride results
from energy stored in the passive elasticity of muscle (5). In light
of these observations, it is interesting to determine the extent to
which these physiological limits can be explained in terms of the
diffusional dynamics of the tethered extending polypeptides.
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The elasticity of a polypeptide is typically modeled using either
the worm-like-chain (WLC) (6, 7) or the freely-jointed-chain
models of polymer elasticity (2), where the dynamics of equilibra-
tion is assumed to be instantaneous compared to the physiologi-
cal time scales. This assumption can be justified given that bulk
studies of untethered proteins using Forster resonance energy
transfer (FRET) probes have conclusively measured the diffu-
sional dynamics of single polypeptides and shown that freely
diffusing proteins equilibrate with a very fast diffusion coefficient
of D~ 107-108 nm? /s (8-11). It is therefore not surprising that
some theoretical studies modeling the elastic behavior of proteins
use the values of D measured from untethered protein in bulk
(12, 13).

A recent attempt was made to measure the internal friction
of extended proteins tethered to Atomic Force Microscope
(AFM) cantilevers (14, 15). Although these experiments had a
limited time resolution (>10 ms), the authors made an effort
to subtract the contributions made by the cantilever in order to
get an estimate of the protein’s internal friction. These experi-
ments estimated an internal friction at 100 pN, predicting values
of D ~ 10® nm? /s for the tethered protein, which is five orders of
magnitude smaller than those measured by FRET experiments.
Other authors have used force spectroscopy techniques to mea-
sure the elastic dynamics of tethered polypeptides resulting in
values of D ~ 102-10* nm? /s (16-18). As a consequence, some
theoretical work of proteins under force used very low values of
D ~ 1,200 nm? /s (19, 20) to match the results obtained from force
spectroscopy. Similarly, a value of approximately 104 nm? /s was
needed to explain the dynamics of riboswitches tethered onto
optical tweezers beads (21). Thus, the diffusional dynamics of a
protein estimated from bulk techniques and from force spectro-
scopy techniques are very disparate.

It is surprising that these contradictory results have not been
questioned before. In spite of its importance for understanding
tissue elasticity, the effect of tethering on the internal dynamics
of a protein is still not understood. We probe the elasticity of
single extended polypeptides in the submillisecond range using
a fast force-spectrometer, which provides a 20-fold improvement
in time resolution, in combination with Brownian dynamics and
Molecular Dynamics simulations (MD). MD simulations suggest
that diffusion of an isolated protein under force occur on a
very fast time scale (D ~ 10% nm?/s), in agreement with FRET
measurements. These simulations were done by applying force to
a single atom in the terminal end of the protein and measuring
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the resulting changes in length (22). However, freely diffusing
polypeptides measured in bulk are far from representing the
physics of elastic proteins such as titin, which by definition must
always be tethered to larger structures that move in conjunction.
Here we demonstrate that the large slowing down of the diffu-
sional dynamics of a protein as measured in AFM experiments
is due to the drag force exerted by the object to which it is teth-
ered. We therefore suggest that the slow dynamics probed in
force spectroscopy is an inherent property of tethering a protein
to a solid object, of widespread significance for understanding the
dynamics of tissue elasticity.

Results and Discussion

The advent of force-clamp spectroscopy has made it possible to
probe the dynamics of single proteins extending and relaxing un-
der a well defined force (23). This approach now permits a direct
study of the relaxation times of a polypeptide under a rapid load
change. However, the published response times of the feedback
in force spectrometers ranges from 5-10 ms for fast AFMs (23)
and up to approximately 100 ms for optical tweezers instruments
(24). Although the current instrumentation can comfortably
measure the kinetics of protein unfolding and refolding, it is far
too slow to probe the recoil dynamics of a stretched polypeptide
under force. The main limitations have been the frequency re-
sponse of the piezoelectric actuators and of the cantilevers used
in the AFM instruments. Here we built a new force-clamp appa-
ratus (Fig. 14) that makes use of a fast piezoelectric actuator
(>300 kHz) and small Olympus cantilevers with resonant fre-
quencies >10 kHz. The set-up can settle the applied force within
approximately 150 ps (see SI Text).

Our experimental design consists of first unfolding and extend-
ing a single ubiquitin polyprotein at a force of 180 pN, resulting
in a series of step increases in length of approximately 20 nm
(23). This staircase uniquely identifies the ubiquitin protein
and also verifies that force is applied to a single polypeptide chain
(Fig. 1B). Once a poly-ubiquitin protein is fully extended, the
polypeptide was repeatedly cycled between 250 pN and 100 pN
in order to measure the relaxation and extension dynamics
(Fig. 1B). At these high forces, the polypeptide always remains
highly extended. We averaged and merged all the repeating cycles
of recoil and reextension such that we obtained a smoothed recoil
(blue) and extension (green) trace (Fig. 1C; top traces). A similar
procedure was used to average and merge the force steps over the
same trace (Fig. 1C; bottom traces). The response time achieved
by the new force clamp instrumentation is shown in Fig. 1C,
where approximately 70% of the command force settles with a
time constant of approximately 20 ps. The residual creep in the
force settles more slowly with a time constant of 1.1 ms. The
observed oscillations are due to the main resonant mode of
the system, as the instrument approaches the limit of its operating
bandwidth (approximately 7 kHz). Crucially, the polypeptide re-
laxes more slowly than the force with an exponential time course
with a time constant of T = 1.17 ms. The polypeptide reextends
with a faster time course (t = 0.68 ms), while the averaged force
traces appear identical. Our protocol cycles an extended polypep-
tide between two well defined regions of the potential of mean
force (PMF), calculated from the WLC model of polymer elas-
ticity and the applied force (25, 26) (Fig. 1D; 1-4). The PMF
slope is steeper at the higher force of 250 pN (4 to 1 in Fig. 1D),
which causes a faster rate of extension when compared to the rate
of recoil at 100 pN (2 to 3 in Fig. 1D). This asymmetry suggests
that our recordings are reporting on the underlying PMF of the
polypeptide, in the millisecond time scale, as also illustrated by
our MD simulations (see below).

In Fig. 24 we fit single exponentials to recoil trajectories mea-
sured at 100 pN and extension trajectories measured at 250 pN.
The polypeptides can be of very different contour lengths, L.,
due to the varying length of the polyproteins that are picked up
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Fig. 1. Experimental design for time resolved measurements of the recoil
dynamics of an extended polypeptide. (A) Schematic diagram of the
force-clamp apparatus. A single polypeptide is extended between a high-
speed cantilever (Olympus biolever) and a piezoelectric actuator with a high
resonant frequency (300 kHz, Physik Instrumente PL-055.30). A well-tuned
PID amplifier adjusts the piezoelectric actuator so as to keep the force on
the polypeptide at the set point value (F,). Under force clamp conditions,
Fc = Foor + Fp, Where F_ is the force applied by the cantilever, F is the elas-
tic force produced by the molecule and Fj, is the flow drag force (dashed
lines) from the motion of the piezoelectric actuator. (B) Typical experimental
trace of the end-to-end length corresponding to the force protocol on the
lower box. The inset shows a staircase of ubiquitin unfolding events (stars)
measured at 180 pN providing a strong fingerprint for a single polypeptide
and measures its initial length. The extended polypeptide is then repeatedly
cycled between 250 pN and 100 pN in order to collect many trajectories
(7 < n < 30) until the molecule detaches. (C) Example of a recoil trajectory
(blue) obtained by averaging eight consecutive recoil trajectories. The aver-
aged force trace shows a step (250 pN down to 100 pN) with a half time of
approximately 33 ps, which is more than 10 times shorter than the relaxation
time constant of the polypeptide measured to be approximately 1.11 ms.
After recoil, the corresponding extension (green trace) is much faster with
a time constant of approximately 0.68 ms. The force traces are superimpo-
sable. (D) Potential of mean force of a 250 nm long polymer calculated at
two pulling forces of 250 pN and 100 pN, using the WLC model of polymer
elasticity (lower box). The figure highlights the physics of our experimental
design. The polypeptide starts extended at 250 pN (1) and then it is abruptly
relaxed to 100 pN (2) where it recoils down to its new minimum (3), then it is
switched back to the high force (4) where it extends to the PMF minimum at
250 pN (1).

by the AFM cantilever. Thus, we can measure the relaxation time
constant, t, as a function of the contour length of the polypeptide
for both types of trajectories (Fig. 2B). The results show that the
value of t grows linearly with L, for both the recoil and extension
trajectories, albeit with very different slopes (filled circles and tri-
angles respectively; Fig. 2B). The linear dependency of t vs. L,
can be explained by the scaling of the PMF with the contour
length of the polypeptide, where the distance between minima
at 250 pN and 100 pN (AL; inset of Fig. 2B), increases linearly
with the contour length. These measurements clearly indicate
that the extended polypeptide equilibrates at each new force
by sampling its PMF.

Here we examine whether simple Brownian dynamics based on
the PMF predicted by the WLC model can account for the time
scales of relaxation of the extended polypeptides as they adjust to
a new force. The time course of the end-to-end length of a model
polypeptide is calculated by solving the stochastic equation of
motion:
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Fig. 2. Time constants and diffusion coefficients from extension and recoil traces of single polypeptides. (A) A series of four different recoil (upper box) and
extension (lower box) trajectories measured from extended polypeptides of different contour lengths L (as labeled; 113 nm, 263 nm, 344 nm, and 391 nm). The
data were fit with a single exponential to measure the value of the relaxation time constant, t, (dashed lines). (B) Relaxation (filled circles) and extension (filled
triangles) time constants, t, as a function of the contour length of the polypeptide L.. The asymmetry of the potential shown in Fig. 1D, results into very
different values of t for the extension and recoil, as shown in Fig. 1B. The linear contour length dependency of t is readily reproduced by Brownian dynamics
simulations using the potential shown in Fig. 1D and the values of D measured from these data (open circles and triangles). The linear dependency of D¢ on
L results from that of the total travel (AL) on L. (inset). (C) Histograms of values for D¢ measured from the recoil (top box) and extension (bottom box) traces
shown in Fig. 2A. (D and E) MD simulations of the end-to-end length as a function of time for ubiquitin maintained at a constant force of 250 pN (D; black
curve); relaxation after force is quenched from 250 pN to 100 pN (D; grey curves) and averaged over five such trajectories (D; blue dots). Even if each of the time-
origins of each trajectory differs, we make them coincide in the plot for clarity. (E) Normalized recoil (green curve) and extension (blue curve) averaged over five
trajectories. The inset shows the PMF along the end-to-end distance at 100 pN (gray curve) and 250 pN (black curve). Both curves are shifted so that their
minimum is 0. (F) Plot of the measured values of D (circles from recoils; triangles from extensions) as a function of the viscoelastic drag, pp, measured from
each cantilever. The upper squares show the values of D,,, = kg T/pp, marking the upper limit of D measured for each cantilever. We attribute the difference
between D¢ and Dy, to the noninstantaneous force step of the force-clamp apparatus. The open circles show the values of Dy measured from BD simula-
tions that include the time course of the force-step for each experiment. The inset portrays a simplified mechanical representation of the principal contribu-
tions to the forces of an extending polypeptide during these experiments. The Voigt model representing the polypeptide (kyoi, 1por) is in parallel with the drag
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where W is the Lambert W function which is defined to be the
multivalued inverse of the function z = W(z)e"© (27), x; is the
final protein length after the relaxation, A and B are fitting para-
meters, and ¢, is the time at which the force was changed. Fits

dx o Deff 1
" p [4
where x(f) is the one-dimensional end-to-end reaction coordi-
nate, Dy is the effective diffusion coefficient, p is the persistence
length set to 0.4 nm, F; is the applied force, kp is Boltzmann’s
constant, 7 is the absolute temperature, and I'(¢) is white noise

with (['(¢)) = 0 and correlation time (I'(#)['(¢')) = 2Dc6(¢ —t').
We completed a set of simulations where the force was switched
between 250 pN and 100 pN and the contour length L, was varied
from 100 nm to 500 nm. We fitted single exponentials to the
simulated extensions and relaxations and measured the resulting
time constants (open triangles and circles respectively; Fig. 2B).
Simulations using a fixed value of Doy = 1,226 nm?/s (see be-
low), matched the observed trends in our data, readily reprodu-
cing the difference in time constants between relaxation and
extension and their linear growth with contour length (Fig. 2B).
We also estimated the value of D directly from each relaxation
trace with a simple high force approximated solution to Eq. 1 as
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of Eq. 2 to the relaxation data shown in Fig. 24 gave a distribution
of D¢ values for both types of relaxation (Fig. 2C). The fitted
values indicates a mean of 1,317 4 197 nm? /s for the recoil and
1,135 + 234 nm? /s for the extension traces, giving an average
value of approximately 1,226 nm? /s, which was used in the simu-
lations of Fig. 2B. Our observations support the view that a teth-
ered polypeptide samples its PMF with a diffusion coefficient of
D ~ 10° nm? /s, which is in surprisingly close agreement with
previous measurements using tethered proteins (14-18).

The measured values of D for tethered polypeptides are 4-5
orders of magnitude smaller than those measured from studies
of polypeptides in bulk using FRET techniques (8-11). Indeed,
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if we use a value of D ~ 10 nm? /s in our Brownian dynamics
simulations, the resulting relaxation times are in the nanosecond
time scale, far from those observed experimentally. Nevertheless,
it could be argued that diffusion of an extended protein under
force is a much slower process than the diffusion of unfolded pro-
teins in solution as studied by FRET. To gain more insight into
these discrepancies, we did all-atom MD simulations in explicit
solvent of ubiquitin relaxation under force (see SI Text for de-
tails). When kept under a constant force of 250 pN, the protein
is fully extended and its end-to-end distance fluctuates around an
average value of L =25.5 nm (Fig. 2D, black trace). At given
moment along this trajectory, we quenched the force to a lower
value of 100 pN while monitoring the relaxation of L (Fig. 2D,
gray traces). These trajectories, starting from different initial con-
figurations, were averaged to recover an average profile (Fig. 2D,
blue points). It is clear that L relaxes on a nanosecond time scale,
in stark contrast with the millisecond relaxation observed by our
experiments, before it fluctuates around a new average value of
L =23.7 nm at 100 pN. Importantly, we checked that L does
not further decay during a much longer simulation of 30 ns. Fit-
ting these two lengths with the WLC predictions gives a contour
length L. =28.4 nm and a persistence length p = 0.38 nm, in
agreement with values usually measured experimentally (28, 29),
suggesting that the full relaxation of the end-to-end distance was
being reached.

We then explored the reverse scenario where the protein equi-
librated at 100 pN is pulled at a constant force of 250 pN. The
renormalized average of several such traces allowed direct com-
parison with the normalized recoil profile (Fig. 2E). The slower
relaxation compared to the extension shows that AFM experi-
ments and MD simulations are probing the same PMF. For both
forces, the PMF extracted from the end-to-end distributions of
equilibrium simulations further proves this point. The PMF at
250 pN is significantly stiffer than that at 100 pN, in agreement
with the WLC predictions (Fig. 1D) and explains why the exten-
sion (i.e., motion along the 250 pN free energy surface) is faster
than relaxation (motion along the 100 pN free-energy surface).

Independently from these extension/relaxation simulations, we
estimated the diffusion coefficient along the end-to-end distance
close to the minimum of each free-energy basin (see SI 7ext for
details). The obtained values are D, = (5.3 4 1.4) - 10® nm? /s
for L =237 nm and F=100pN, and Dy, = (42+1.1)"
103 nm?/s for L =25.5 nm and F =250 pN. The obtained
values are in close agreement with those measured in FRET
experiments, but 5 to 6 orders of magnitude larger than those
measured in our AFM experiments. Even if our method to esti-
mate D, may suffer from uncertainties and other force fields
may lead to some differences in the measured time scale, these
factors cannot in any case explain the 6 order of magnitude dif-
ference with our experiments.

In order to understand these important discrepancies we must
first consider the various contributions to the value of Dy in a
protein placed under force. In the simulations, the force is di-
rectly applied to one extremity of the protein while the other is
being fixed. From an experimental point of view, application of a
mechanical force to a polypeptide always must involve the tether-
ing of the polypeptide to a macroscopic object. Motion of the
polypeptide is thus intimately tied to motion of the object. Any
attempt of the polypeptide to move along the end-to-end length
reaction coordinate of the PMF must also displace the object to
which the protein is tethered. In our case, the polypeptide is teth-
ered to an AFM cantilever and to a large gold covered surface.
Thus, any change in the end-to-end length of the polypeptide
must also result in drag generated between the moving surfaces
(Fig. 14). A simplified representation of these combined elements
is shown in the inset of Fig. 2F, where the extended polypeptide is
represented as a Voigt model with an elastic constant K, and an
internal friction of p,,. The polypeptide is placed in parallel with
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the drag caused by the motion of the tethered objects pp, so that
friction forces are simply additive. We measured the drag force on
a cantilever without attached proteins by simply touching the sur-
face and then rapidly moving it away from the cantilever. These
measurements gave a drag of 2.3 pN-ms/nm. We also measured
the drag in each individual experiment after the protein detached
from the cantilever and the surface started to rapidly move away
(see SI Text). From these measurements we obtained an average
value of 2.3 £0.5 pN'-ms/nm. We plot the measured values of
Deg as a function of pp for the individual experiments and ob-
serve that D.g has a weak dependence on the drag forces (Fig. 2F).
If drag forces were the sole limiting factor affecting the motion of
the polypeptide, we would expect the values of D, to rise rapidly
as drag is reduced, varying as 1/pp, which is not the case here.
However, as it is apparent in Fig. 1C even in the best cases the
force step applied to the polypeptide is far from approaching
an ideal Heaviside step. Brownian dynamics simulations using
the actual measured raw force traces readily reproduce our data.
Fitting Eq. 2 to the resulting relaxation traces recovers the values
of D measured experimentally (open circles; Fig. 2F).

Thus, it is possible to conclude that despite the considerable
improvements in the time resolution of our instrumentation the
surprisingly low values of D measured using force spectroscopy
are still dominated by the drag resulting from the motion of the
objects to which the polypeptide is tethered. While in our case
these objects are the AFM cantilever and a gold-coated glass
coverslide, such drag is an obligatory result of the elasticity of
tethered polypeptides, a configuration that is widespread in
biology. It is difficult to know the magnitude of the drag forces
acting on the individual proteins of intact elastic tissues. How-
ever, if we consider the biological bandwidth of 800 Hz as the
limit of protein elasticity, we can make some educated guesses
of the biological drag coefficients and compare them with those
measured in this work.

In order to estimate the drag in biological tissues, we examine
the limits to the bandwidth of elastic tissues using a simple model
as shown in Fig. 3. We use Brownian dynamics (with D =
1,300 nm?/s) to measure the effect of a small sinusoidal force
(10 pN, peak to peak) on the extension dynamics of a prototypical
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Fig. 3. Bandwidth of an extended polypeptide. (A) Brownian dynamics

computes the length of a 30 nm long polypeptide placed under a 10 pN
sinusoidal load of varying frequency, f, using the measured value of Do =
1,300 nm?/s. The figure shows polypeptide responses at two different fre-
quencies (25 Hz, and 250 Hz). (B) We use lock-in detection to measure the
in-phase (¢, triangles) and the out-of phase (¢qy, circles) components of
the elastic response of the polypeptide as a function of the load frequency,
f. The solid lines (inset), correspond to the real (triangles) and imaginary (cir-
cles) parts of the mechanical impedance of a Kelvin-Voigt model (inset), fitted
to the data. From ¢, and ¢gy we calculate power as a function of frequency
for the polypeptide (triangles). The solid line fits the Kelvin-Voigt model to
the data returning values of Do = 1, 313 nm?/s and ko = 1.31 pN/nm. The
arrow shows the —3 dB point, giving a bandwidth of 66 Hz. These measure-
ments show that the elasticity of a polypeptide-based material is band-lim-
ited to a few hundred Hertz, in good agreement with broadly observed
animal behavior.
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tethered protein (L. = 30 nm), as a function of the perturbation
frequency, f (Fig. 34). We analyze these traces using standard
lock-in detection to measure the output signal components;
the in-phase ¢, = (L(f) - sin(2nft)) and the out-of-phase
oo = (L(t) - cos(2nft)) amplitudes of the elastic response (trian-
gles and circles in the lower left inset of Fig. 3B). Fitting with the
corresponding real and imaginary parts of the mechanical impe-
dance of a Kelvin-Voigt model (solid lines), ¢y = Re(f) = Fkpo1/

(k;ol + (ZTl:ka T/Dpol)z) and ¢90 = Im(f) = F(ankB T/Dpol)/
(k;01 + (2nfkgT/Dpe)?) results in a perfect fit. The output
power of the polypeptide oscillations calculated in dB as
10 - log(Amp?(f)/Amp?*(0)) is shown in Fig. 3B (triangles),
where  Amp?(f) = p3(f) + ¢3,(f). Fitting the data with
10 - log(1/(1 + (2nfkg T /kpo1Dpor)?)) returned values of Dy =
1,313 nm?/s and kpot = 1.31 pN/nm  (solid lines; Fig. 3B).
Khatri, et al introduced an elegant expression for a frictional
WLC elasticity constant ky. =4/L, - (p/kgT)'/? - F3/2 (15).
Substituting for the values of L., F, and p used in our simulations
we calculate kp, = 1.31 pN/nm in good agreement with our
Voigt model fits. However, a Voigt model serves only as a first
approximation given that real polypeptides possess multiple re-
laxation times.

From these considerations we can now establish the concept of
elastic bandwidth. As shown in Fig. 3B, the power output follows
the typical Lorentzian function of a low-pass filter. We define the
corner frequency of the elastic response as being the frequency
at which the power decreased by —3 dB, with respect to the
power measured at zero frequency. For the simulations shown
in Fig. 34, the elastic bandwidth is 66 Hz. The half power fre-
quency can also be straightforwardly calculated from the above
considerations as;

2DJp ([ F \3~
fl/z:TLC(kBiT) , [3]

where the elastic bandwidth of a polypeptide grows linearly with
D. It is interesting to consider the consequences of Eq. 3. For
example, simplifying the complex muscle titin protein to a poly-
peptide with L. = 300 nm, p = 0.6 nm and at F = 4 pN (2) and
assuming f ;, ~ 50 Hz (hummingbird) (3), we calculate a value of
D ~ 10* nm? /s. For the same titin protein operating at the lim-
its of insect motion at f,,, ~800 Hz would give values of
Degt ~ 10° nm? /s. Our estimate of the speed limit of a tethered
protein in vivo is much larger than that measured in our experi-
mental system but still at least two orders of magnitude smaller
than the values obtained by FRET and MD simulations. It is clear
that the diffusional constants measured for polypeptides in solu-
tion do not apply to tethered polypeptides, and that extended
polypeptides sample their PMF with values of D that are un-
ique to each system and cannot be generalized.

Fig. 4 summarizes the consequences of tethering a polypeptide
to an object in order to establish an elastic system. As described
before, the basic PMF for a polypeptide contains an attractive
potential that acts mostly at short extensions combined with the
potential of the WLC which rapidly becomes dominant as the
polypeptide extends (25, 26). At zero force, the PMF is downhill
towards the collapsed state. Application of a constant force per-
turbation modifies the PMF creating an entropic barrier at rela-
tively high extensions that can trap the collapsing polypeptide for
some time, before it proceeds downhill towards the fully col-
lapsed state (25, 26, 30). The dynamics of extended polypeptides
responding to a change in the force will be determined, to a large
extent, by the value of D.¢. Molecules tethered to AFM cantile-
vers such as those used in our work will move along their PMF
with values of D ~ 103 nm?/s (1; Fig. 4), which readily explain
our earlier observations (30, 31). It is interesting to consider that
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Fig. 4. Effect of tethering on the dynamics of an extending polypeptide. The
act of tethering a polypeptide to an object (top inset) is an essential step in
constructing an elastic system and introduces drag (up; bottom inset) in par-
allel with the molecule (kyoi, ppol)- Polypeptide PMF’s calculated at F = 0 and
F =12 pN (25). Any motion of the polypeptide along its PMF will cause drag
from the tethered objects, greatly affecting its kinetics both for simple diffu-
sion (1) or for barrier crossing events that significantly change the end-to-end
length of the molecule (2).

the value of D also affects barrier-crossing events. Indeed,
transition state theory predicts that the attempt frequency for
barrier-crossing events is given by D.gpoowpg/2n, where o, and
wp represent the curvatures of the PMF before the barrier
and at the transition state (32). Thus, the kinetics of barrier cross-
ing events that change the end-to-end length [e.g., (2); Fig. 4] will
be greatly affected by tethering. An example of such barrier is the
entropic barrier created by the force, which crosses over long
distances along the PMF (Fig. 4) (30). In this case, the kinetics
of barrier crossing will be greatly affected by drag and by the re-
sulting D.y. By contrast, barrier crossing events that do not
significantly change the end-to-end length of the molecule will
be unaffected by the drag of the tethered objects. Indeed, the
mechanical unfolding of ubiquitin which only has to extend by
approximately 0.25 nm to cross the unfolding barrier (23) shows
a very high attempt frequency (33).

Our observations of the effects of tethering on the value of D
apply to extended polypeptides where the internal friction of the
molecule does not seem to play a significant role. However, under
conditions where the internal friction of a polypeptide may
become dominant, for example in collapsed molten globule states
(34), the effects of tethering should be minimal. Furthermore,
although the dynamics of a polypeptide takes place in more than
one dimension, the effects of tether-drag will be mostly along the
pulling coordinate. Other instruments such as optical tweezers
and magnetic tweezers, which tether polypeptides to beads, will
also show a substantial amount of drag giving different values of
D for different bead sizes. Extended polypeptides probed by
different instruments will show different dynamics depending of
the values of D.g that result from tethering the polypeptide in
each unique configuration. Thus, it is important that the drag
is characterized in each instrumental configuration, and that its
effects are understood and taken into account when analyzing
force-spectroscopy data of extended molecules. Most impor-
tantly, the dynamics of a molecule whose kinetics is dominated
by the drag of the objects to which it is tethered cannot be extra-
polated to that of an untethered freely diffusing molecule in bulk.
This conclusion is of wide significance for the understanding of
the dynamics of numerous proteins that are tethered and under
force in vivo.

Materials and Methods

Details about protein engineering and purification, experimental setup, and
Brownian dynamics and MD simulations are provided in the S/ Text.
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Protein Engineering and Purification. The polyubiquitin Ubi,;, con-
struct was engineered as previously described (1). The protein
was expressed in BLR Escherichia coli cells (Novagen). The cells
were grown to OD®% of 0.6 at 37 °C and the protein expression
was induced with 1 mM isopropyl-1-thio-p-D-galactopyranoside
(IPTG) for 3 h at 37°C. The protein was purified using a Cobalt
affinity Talon resin (GE Biosciences) and Fast Fluid Liquid
Chromatography (FPLC-Superdex 200 HR column). We used
standard phosphate buffered saline for both purification and
measurements. All the regents used had a molecular biology
grading.

Experimental Setup. The measurements were obtained using an
atomic force microscope (AFM) customized for high-speed sin-
gle molecule force spectroscopy. The present AFM configuration
distinguishes itself from commonly used AFM spectrometers
through the use of smaller cantilevers, faster piezoelectric actua-
tors, a horizontal configuration, and a double-pulse preemptive
control system customized for the intended experimental proto-
col. In order to decouple the force measurements from the main
oscillatory mode of the supporting optical table the sample sub-
strate was mounted vertically i.e., the substrate normal and the
force measurements were all in a direction parallel to the optical
table’s surface and therefore perpendicular to the observed domi-
nant perturbations in the vertical axis.

The substrate was attached to a specially designed stage com-
posed of two piezoelectric actuators mounted in series. A slow
piezoelectric actuator (PicoCube, Physik Instrumente) with a
travel of 6 pm was used for cantilever calibration, to approach
the surface to the cantilever and for lateral movement. A second
piezoelectric actuator mounted between the first one and the
surface (PL055.30 multi-layer piezo stack, Physik Instrumente)
with a travel of 2 pm and a nominal resonant frequency higher
than 300 kHz was used to obtain the constant force condition with
a high response time. In the force clamp mode the force is con-
trolled by a feedback loop. The measured force signal is fed into a
well-tuned analog Proportional-Integral-Differential (PID) con-
trol system, which drives the fast piezoelectric actuator. Constant
force is applied to a polyprotein chain by adjusting the position of
the surface through the movement of the piezoelectric actuator.
The PID insures a constant tension on the protein by monitoring
the deflection of the cantilever.

In order to obtain several recoil traces from each stretched
poly-protein we created a multiquench protocol consisting in a
fast ramp of force from —100 pN to 180 pN in 20 ms to maximize
pick-up rate, followed by 0.2 s of constant force to allow all mod-
ules to unfold and finishing with a square wave force pattern last-
ing up to 1 s. The periodic stretching and quenching protocol is
designed to keep the protein in its purely elastic regime, avoiding
any enthalpic interactions that occur upon quenching the force to
a much lower final value. Contrary to the unfolding events that
are stochastic in nature, in this multiquench protocol the stretch-
ing and recoil times are known in advance. We take advantage
of this knowledge to optimize the control response by driving the
actuator closer to the new equilibrium position by a distance
equal to k/AF where k is the cantilever spring constant and AF
is the magnitude of the stepwise change in force. This pre-emp-
tive system leaves the PID control with a smaller task of driving
only the change in length of the protein.

The cantilevers were calibrated using the equipartition theo-
rem, and the contact slope was obtained by moving of the piezo-

Berkovich et al. www.pnas.org/cgi/doi/10.1073/pnas.1212167109

cantilever ensemble. The physical properties of the cantilever
used influence the response time and force sensitivity. The spring
constant influences the signal to noise ratio of the measurement,
while the resonance frequency limits the measurement band-
width. Furthermore, the surface area of the cantilever perpendi-
cular to the direction of motion induces opposing viscous drag
forces. We analyzed three types of cantilevers fitted for the pur-
pose of the experiment: Bruker MLCT (spring constant approxi-
mately 20 pN/nm, resonance frequency in water approximately
1 kHz), Olympus Biolever BL-RC150VB (spring constant
approximately 40 pN/nm, resonance frequency approximately
9 kHz) and Olympus Biolever BL-AC40TS (spring constant
approximately 100 pN/nm, resonance frequency approximately
25 kHz). Fig. S1 shows the drag response of three types of canti-
levers as a function of moving velocity close to a surface. In this
experiment the force experienced by cantilevers at different ap-
proach and redraw velocities was measured. As shown in Fig. S14,
the effect of the drag is symmetric around the zero force position
(part 2 and 4 vs. part 1 of the trace). In part 3 the cantilever is
in contact with the surface. The piezo’s position protocol shown
in lower box of Fig. S14 was applied to measure the deflection
force curves (upper box of Fig. S1 A and C), which were used to
evaluate the drag coefficients. Fig. S1D shows the way in
which the different cantilevers respond to the drag forces with
respect to the velocity of the actuator. For our experiments we
chose the Olympus Biolever BL-RC150VB, which exhibits good
balance between the drag force and the force signal resolution.

In a typical experiment, the cantilever is pushed to the surface
with a force of approximately 1 nN for 1 s, it is then retraced to
a deflection corresponding to a force of 180 pN. At this force
ubiquitin domains unfold and the end-to-end extension increases
in steps of 20 nm, corresponding to the elastic extension of the
amino acids trapped behind the mechanical transition state cor-
responding to the unfolding of the protein. Once unfolded, the
polypeptide chain is cycled between 250 and 100 pN. After the
polyprotein detaches the PID cannot maintain the set-point force
anymore and drives the surface away from the cantilever at high
velocity.

The final part of the curve, when the protein detaches and
the surface is moved away from the cantilever at a PID specific
velocity constitutes a second way to measure the drag. Fig. S2
shows such an experiment, where after detaching the cantilever
experiences two force regimes. Each regime is characterized by a
certain constant force and constant velocity. The drag coefficient
is calculated then as the slope of the line fitted to the force
and velocity of each stage, plotted one against the other (Fig. S2).
The averaged values from all the gathered fits is 2.286+
0.481 pN-ms/nm, which agrees with the drag force measured in-
dependently from the cantilever itself.

The use of fast piezoelectric actuators and small cantilevers
greatly improves the response time of the feed-back loop. Fig. S3
shows that the time needed to restore the constant force after
an unfolding event is typically under 150 ps, while using just the
PicoCube actuator and the slower MLCT cantilevers yields a re-
sponse time of 4 ms.

High Force Approximation. The extension required to stretch an
unfolded protein under constant force is typically approximated
as resulting mainly from the entropy of the chain. The extension’s
dependency on the force is described by the worm-like-chain
(WLC) model of elastic extension (2-4):

10f6


http://www.pnas.org/cgi/doi/10.1073/pnas.1212167109

Bane

/

\

=y

_kgT 1 x\2 1 «x
ro=Sli(-z) ) e

where kp is Boltzmann’s constant, 7T is the absolute temperature,
p is the persistence length, L, is the contour length, and x denotes
the end to end extension of the chain, which is also our reaction
coordinate. We use a high force approximation to simplify the
inversion of Eq. S1. According to this approximation, the linear
term on the right hand side of Eq. S1 was taken tobex/L, = 0.5.
In this regime, where the force is high, the contribution of the
linear term in Eq. S1 is less than 2%, and the function hardly
changes with the extension when looking at the asymptote to-
wards the contour length (Fig. S4).

x(F) =L, {1 - (%- 1)_'/2}. [S2]

From the figure it is apparent that at the intercept between the
two curves, atx/L. = 0.5 F ~ 13 pN, above which the two curves
are very close to each other, until F ~ 50 pN, where they coin-
cide, making this approximation reasonable to use as long as
we stay above these values.

Force Balance to Determine D (Brownian Dynamics). D deter-
mines the dynamics and time scales measured along the collapse
and extension traces. With the application of an external constant
force, F;, the relaxation process is given by the following force
balance (under the assumption of high force made above) along
the reaction coordinate x, the end-to-end length:

p@—i-FE(x)—F,-:O. [S3]
dt

where p is the damping coefficient, which is related to the diffu-

sion coefficient, D.g, by the Einstein relation p = kg7 /D.g-.

Fg(x) is the elastic force predicted by the WLC polymer elasticity

model given by Eq. S2. Thus, Eq. S3 can be fully written:

dx _ Deg (1 x )_2 _ Detp | Dege

a4 U L. ap kT

F; [S4]
which solves to give:
* _‘_L+ (1 _1)
Lc Lc q
_ 1/2 _ 3/2
where g = (‘,t’;? - 1) , K= szeIi (%— 1) C, a =2g and

32
A =2 (‘Z—FTI - ) with C being an integration constant. De-

(s 1
efe (1 Lc)ex(t—tg) +5+ 1, [S51]

fining y = — 7= + (1 - ), Eq. S5 turns into
y =yl emert=) - 3 [S6]

Taking y > 0 returns a false expression: x < —L.(1 —1/q)
because x, g, and L. are positive numbers bigger than 1, hence
y has to be taken as <0 to give:

yew = —Se‘(““)e‘w"@. [S71

Interestingly, this expression has both linear and exponential
dependencies on x and ¢, a predicament which is best treated
by the Lambert W function. This function is defined as the inverse
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of f(x) =xe*, which basically means that x = W[f(x)] (5). In
order to be formalized with the W function, Eq. S7 has to be rear-
ranged:

y= lw _%e—(wz)e—w—to) [S8]
o q
and then solved:
x =Xy — AW[=Be-0)) [S9]

here x, = L.(1 — 1/q) corresponds to the plateau after the re-
laxation, A = L./a, B = (2/q) exp[—(x + 2)] and

 Deit (4pF\3/2
T 2pL, \kgT

[S10]

leading to the final expression:

N 3/2
x(t) = x —AW{—B exp {- 22 el Gf 1;) (t- to)} } [S11]
c B

This expression was used to fit the traces to get D.g. The si-
mulations were performed in Igor Pro 6 platform (Wavemetrics).
The simulated traces were generated by solving Eq. 1 in the main
text with a time resolution of 5 - 10~% s. Fig. S5 below shows a
fitting with Eq. S11 to a simulated trace (dashed black line)
together with a single exponential, x(¢) = x, + A4 exp(—t/7) (scat-
tered red line) with their residuals. The single exponential was
used to evaluate the relaxations time constants (Fig. 2 in the main
text). Interestingly, Eq. S11 fits better the chain’s relaxation than
the exponential decay.

The fitted averaged Dy value of 1,226 nm?/s used in the
Brownian dynamics simulations remarkably returned a fitted
averaged D value of 1,214 4+ 39.81 nm? /s for the collapse and
1,223 4+ 29.40 nm? /s for the extensions. Interestingly, there is a
variation in the spread of the experimentally observed Dgg’s
fitted values when compared with the simulation’s narrow distri-
butions (Fig. 2C in the main text and Fig. S6). One of the most
probable causes for this spread is the persistence length, p, used
in the fits, which was assumed to have a constant value of 0.4 nm
[a typical value for unfolded proteins (6, 7)]. However, it is
evident that p can vary between 0.25 and 2.5 nm (8-11). Unlike
the simulated traces, the measured traces shows a length diversity
which was demonstrated to be determined to large extent by the
strength of the entropic, hydrophobic and electrostatic interac-
tions (8). These interactions result from considerable alterations
in the chain’s dihedral-space conformation together with side-
chain packing of the collapsing structures. All these interactions
are giving raise to length deviations from the WLC predictions
and resulting with different persistence lengths. Nevertheless,
we assumed here a constant value for p to keep the calculation
simple and consistent.

Mechanical Impedance (Kelvin-Voigt Model). Frequency response
function in physical systems is conveniently described by the
Kelvin-Voigt circuit, which describe a simple mechanical struc-
ture consisting of a mass, a spring, and a dashpot. A force, F(¢),
along one direction is applied and the system responds by chan-
ging the end-to-end length displacement, x(¢), accordingly. Here,
we consider the over-damped scenario by neglecting the inertia
term, thus describing the dynamic response of the system (the
polypeptide) by its elasticity, k,, and viscous damping coefficient,
p through its equation of motion:

F(t) = kpolx(t) + “‘x(t) [S12]
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The Kelvin-Voigt model assumes a linear constant parameter sys-
tem. Therefore its dynamic can be described by a frequency re-
sponse function, which is the Laplace transform of the system’s
output: x(¢) => x(w), where w is the angular frequency, resulting
in:

F(o)k,o F(o)pw .
*o) = k;ol + ngz B lkﬁol +plo? = Re(@) ~iIm(w). - [S13]

Here Re(w) and Im(w) denote the real and imaginary parts of
the dynamic response. The output of the system in dB is given by

dB = —lOlog(%z(((g))).

Where Amp?(0) is the amplitude, given by Amp?(0) =
Re?(w) + Im? (o) to give

[S14]

1
B = 1010g<1 T <um/kpol>2)

1

where o = 2xf, f being the frequency in Hz. The bandwidth fre-
quency, f},, serves as an important parameter for characterizing
the frequency at which the mechanical response drops to half of
its amplitude. f;, is defined at —3 dB by

1
-3 =101 1
3=10 Og(l T (2nf1/2kBT/k,,olD)2) (5161
kpolD
fip# kT [S17]

Using the WLC assumptions with a frictional term, Khatri, et al.
introduced an expression for a polypeptide chain elasticity (12):

_ 4 P r3p
kWLC—LC\/kBTF

when substituted into Eq. S17, we get the final expression for the
bandwidth frequency dependency on the system’s parameters:

2Dp ([ F \3~
f1/2 = T T .
T[LC kBT

[S18]

[S19]

Molecular Dynamics Simulations. All-atom simulations in explicit
solvent were carried out with the software NAMD 2.8, using
the CHARMM?22 force-field with CMAP corrections for the pro-
tein, and the TIP3P water model. We used periodic boundaries
conditions and a cutoff of 12 A for electrostatic and Lennard-
Jones interactions. Long-range electrostatic interactions were
calculated using the PME method with a grid spacing of 1 A.
All bonds between light and heavy atoms were maintained rigid,
while the rest of the protein was flexible. Steered MD simulations
of wild-type ubiquitin (PDB ID code 1UBQ) were performed
by fixing the Ca of the first residue (MET1) and by applying a
constant force on the Ca of the last residue (GLY 76) along the
z direction.

Berkovich et al. www.pnas.org/cgi/doi/10.1073/pnas.1212167109

System preparation: To unfold the protein, we first pull on ubi-
quitin molecule in vacuum at a high force of 800 pN, during 10 ns.
A fully extended protein was thus generated, with no remaining
secondary structure. It was then solvated using the waterbox mod-
ule of VMD in a box of 3.5 * 3.5 * 32 nm, comprising 11,499 water
molecules and 35,728 atoms total. Energy minimization using the
steepest descent method (2,000 steps) was performed before
further equilibration, as described below.

Equilibration: The protein was then equilibrated for 6 ns at
250 pN in the isobaric ensemble at 300 K and 1 bar, using a time-
step of 2 fs, a Langevin thermostat (damping coefficient of
1 ps~') for temperature control and the modified NAMD version
of the Nose-Hoover barostat with Langevin dynamics (piston per-
iod of 0.1 ps and piston decay time of 0.05 ps) for pressure con-
trol. This simulation was then propagated for 25 more ns to check
that the average end-to-end distance no longer evolved. No dy-
namical data was extracted from these simulations because of
possible bias introduced by the temperature and pressure control.

Collapse simulations: Initial configurations for collapse from
250 pN to 100 pN were chosen along the 25-ns trajectory at
250 pN. The simulations were propagated in the micro-canonical
ensemble for 5 ns to avoid spurious effects from pressure and
temperature control on the dynamics of collapse. A time-step
of 1 fs was used. We performed five such simulations to obtain
the average relaxation. Because of the large system size, average
temperature and pressure along these trajectories are very close
to that targeted during the NPT equilibration.

Extension simulations: The last configuration of one of the
collapse trajectory was then propagated for 30 ns using the same
setup as for equilibration (NPT ensemble), both to check conver-
gence of the end-to-end distance and to generate starting config-
urations for extension: finally, five such trajectories were
generated by pulling back the protein at 250 pN during 5 ns in
the NVE ensemble.

Diffusion coefficient: To estimate the diffusion coefficient
along the end-to-end coordinate, we have employed a method
described earlier (13, 14). At each given force an additional 3-
ns simulation in the micro-canonical ensemble is performed using
the collective-variable module of NAMD to add a bias potential
on the end-to-end distance. This potential is harmonic and
chosen to be much stiffer than the actual PMF on which the
protein is moving, so that the resulting PMF is locally harmonic.
Under this approximation, it can be shown that the diffusion coef-
ficient can be recovered from the time autocorrelation function
of the end-to-end distance L,

(8L2)*

b= J® (BL(£)SL(0))dt’

[S20]

where 8L = L — (L) are the fluctuation of L around its average
value. We performed simulations at both forces (100 pN and
250 pN), using a force constant of 100 kcal /mol /A? to constraint
the system around the average end-to-end distance (L) estimated
from unperturbed simulations (25.5 nm at 250 pN and 23.7 nm at
100 pN). In both cases, the unperturbed PMF is very smooth in
this region and we checked on a smaller, model system (decaa-
lanine in water) using different values for the force constant (20,
50, and 100 kcal/mol/A2) that it does not have any significant
impact on the obtain value of D.

An example of the average autocorrelation function of L is
shown in Fig. S7. Error bars on D are estimated from block
averaging and by estimating D independently for each block.
A manuscript presenting further details about this approach
and other new insights from MD simulations is currently in pre-
paration.
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Fig. S1. Cantilever’s drag force measurements. (A) Traces of the drag force measured on the cantilever according to the position protocol of the Piezo actuator
when moved at 30 nm/ms. (B) Schematic stages of the position of the piezo and the cantilever numbered according to the different stages shown in a. (C) Six
force traces taken at velocities varying from 5 to 30 nm/ms. (D) Force vs. velocity of each experiment plotted together from three different cantilevers showing
a drag coefficient of 5.7+ 0.1 pN-ms/nm for MLCT, 2.335 + 0.03 pN-ms/nm for BL-RC150VB and 0.895 + 0.04 pN-ms/nm for BL-AC40TS.
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Fig. S2. Drag force measurements from constant force AFM experiments. (A) An experiment example, in which an unfolded poly-ubiquitin chain is stretched
and relaxed between 250 and 100 pN. The piezo actuator is rapidly moved away from the cantilever as the chain ruptures at approximately 0.77 s. (B) Force vs.
velocity of the two stages detected after the detachment, out of which the drag coefficient is estimated per molecule from the slope of the linear fit between

the points.
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recover the condition of constant force. Force trace obtained by a standard AFM that shows decay with a time resolution of 4 ms (upper box). The new fast-AFM
used in this work shows an almost instantaneous force recovery with a time constant smaller than 150 ps under the same conditions (low box).
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" Fig. S5. Fitting of the model to a simulated trace. A simulated trace (green line; L. = 300 nm, p = 0.4 nm and D¢ = 1,226 nm?2/s) was fitted with the model
presented in this study (Eq. S11—dashed black line) and with a single exponential (scattered red line). The right axis shows the residuals of the fits.
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Fig. S7. Time correlation function of the normalized end-to-end length 8L as a function of time (red curve) for ubiquitin at 100 pN. Its integral is shown in
green, together with the extrapolated value used in Eq. $20 (black dashes). The corresponding value of D is (5.3 + 1.4) 108 nm?/s.
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