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Calculating the force-dependent
unbinding rate of biological
macromolecular bonds

from force-ramp optical trapping
assays

Apurba Paul*%* & Joshua Alper%23™¢

The non-covalent biological bonds that constitute protein—protein or protein-ligand interactions play
crucial roles in many cellular functions, including mitosis, motility, and cell-cell adhesion. The effect of
external force (F) on the unbinding rate (ko (F)) of macromolecular interactions is a crucial parameter
to understanding the mechanisms behind these functions. Optical tweezer-based single-molecule
force spectroscopy is frequently used to obtain quantitative force-dependent dissociation data on

slip, catch, and ideal bonds. However, analyses of this data using dissociation time or dissociation
force histograms often quantitatively compare bonds without fully characterizing their underlying
biophysical properties. Additionally, the results of histogram-based analyses can depend on the

rate at which force was applied during the experiment and the experiment’s sensitivity. Here, we
present an analytically derived cumulative distribution function-like approach to analyzing force-
dependent dissociation force spectroscopy data. We demonstrate the benefits and limitations of the
technique using stochastic simulations of various bond types. We show that it can be used to obtain
the detachment rate and force sensitivity of biological macromolecular bonds from force spectroscopy
experiments by explicitly accounting for loading rate and noisy data. We also discuss the implications
of our results on using optical tweezers to collect force-dependent dissociation data.

The weak non-covalent bonds that constitute protein—protein and protein-ligand interactions underlie nearly
all cellular functions'. For example, the physical chemistry of protein-protein interactions is fundamental to the
molecular mechanisms of the cytoskeleton® Kinesin and dynein motor proteins precisely regulate and coordinate
changes in motor-filament binding affinity as a function of their mechanochemical cycles as they walk along
microtubules, and quantitative models of motors must explicitly account for the effects of external forces (F) on
the filament unbinding rate constant (k.4(F))* Beyond motors, examples of force-dependent unbinding rate con-
stants are ubiquitous in biological systems, including cell-cell adhesion®=, mechanotransduction®’, DNA poly-
merases and helicases®’, membrane-surface adhesion'?, selectin-ligand'"'2, and antibody-antigen complexes!-°.

Weak non-covalent bonds between biological macromolecules can be classified into three principal
categories'S. Slip bonds have a lifetime that decreases with the increasing applied force'”. Catch bonds have a
lifetime that increases with applied force!®!®. Ideal bonds have a lifetime that is independent of applied force!°.
Many biomolecular interactions have been characterized using single-molecule techniques and understood in
the context of these models.

Single-molecule force spectroscopy experiments involving the force-dependent unbinding of motor proteins®,
microtubule- and actin-associated proteins®*-??, focal adhesion proteins**?*, and many others?*-%, are commonly
done using optical tweezers to apply a constant (i.e., a step function, or force jump, in time) or linearly increas-
ing force?® (e.g., a force ramp starting a zero upon binding and increasing until detachment) to the molecules
(Fig. 1a). Data calculated from force spectroscopy traces frequently include the bound time and unbinding force
(Fig. 1b). For example, recent single-molecule experiments on cytoplasmic dynein motor proteins show both
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Figure 1. Microtubule-associated protein dissociation from a microtubule in a force-ramp optical trapping
assay. (a) Schematic of a microtubule (red and orange circles) bound to a stage that moves (with velocity, v, black
arrow) and pulls a bead conjugated to a microtubule-associated protein (MAP, green) out of the trap center (with
effective stiffness of the trap and MAP, «). The force that the trap exerts on the bead (orange arrow) increases
atarate of f = kv (thus F(¢t) = ft) until the MAP stochastically unbinds from the microtubule, which causes

it to return to the trap center. The force-dependent unbinding rate constant, ko(F), governs the biophysics

of unbinding. (b) A typical force spectroscopy trace (gray =raw data, black =filtered data) from a force-ramp
optical tweezer assay showing the force as a function of time during a biological macromolecular binding (initial
binding, purple dot) and unbinding (final unbinding, orange dot) event. The unbinding force and bound times
(orange arrows) are used to determine ko (F) for the MAP-microtubule interaction. An event is “detected” when
the filtered signal exceeds 5-times the standard deviation of the noise (dashed lines). This panel was graciously
provided by Dr. Ashok Pabbathi under a CC BY open access license.

catch bond and slip-ideal bond behaviors***° and that kinesin exhibits force-dependent stepping velocities and

microtubule unbinding rates that are a function of force direction®. Multiple techniques exist to analyze this
data®?, including a recent work extending classical analysis techniques to characterize motor proteins pulling
cargo from a stationary optical trap®.

This report presents a cumulative distribution function approach to these analysis techniques that unam-
biguously characterizes biological macromolecular slip, ideal, and catch-bond force-dependent unbinding. It
deconvolves the effects of how the experiment was performed with the unbinding force and time probably
distributions, and it accounts for noise-based detection limits. We demonstrate the method’s ability to extract
the molecular parameters from force-ramp optical trapping assay data, including the zero-force unbinding rate
constant, force-dependent rate constants, and force sensitivities, using simulated data from various bond types.

Theory

Consider a non-covalent, biological macromolecular bond, like one that underlies a protein—protein interaction.
Based on classical thermodynamic models, the system has an unbinding constant, k., at quasi-thermodynamic
equilibrium (for bonds subject to loading that is slow compared to the timescales of force equilibrium and
thermal fluctuations). In the absence of force and in a dilute solution, the average lifetime of a protein—protein
interaction bond is the inverse of its unbinding constant, (t,¢) = 1/ko. We consider an ensemble with N inde-
pendent bonds formed at ¢ = 0, of which n(t) of them remain bound at time ¢. The unbinding kinetics of the
ensemble, assuming bonds do not reform after breaking, are

i —koft(F(£))n. (1)

In general, the unbinding constant kg (F(¢)) is a function of the force applied to the bond, and we consider
the case that each bond is subject to a time-varying external force, F(t), e.g., as exerted by an optical tweezer.
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By separating the variables and integrating Eq. (1), we find a cumulative distribution-like function for n(t),
n(t) = Ne—fkoﬂ‘(F(f))df. (2)

The functional form of ko(F(t)) depends on the bond type and how force changes with time, e.g., a linearly
increasing force ramp (F(t) = ft) where f, the time rate of change of applied force, is constant. By applying
models that relate the unbinding constant and force, we can complete the integration and obtain a functional
form for the number of unbroken bonds as a function of time, n(t).

Slipbonds. The unbinding constant of a slip bond, ko, increases exponentially with force per Bell’s model'”

kotrs (F(1) = kose ™ 3)

where ks is the force-free unbinding constant and F; is the force sensitivity of the slip bond. Slip bonds with
small Fs as compared to the applied load are more force-sensitive than those with large Fs. Thus, for a linearly
increasing force ramp,

fi
Kot (1) = kose™ . (4)
Therefore, Eq. (2) is

£ f¥%@£4> (5)
n(t) = N~ kose™ dt = N ,
for a slip bond, as was previously similarly derived.

However, the fastest unbinding events may not be observable above experimental noise or may not be within
the time sensitivity of force spectroscopy data. For example, binding/unbinding events in a linear force ramp
experiment (Fig. 1b) are only observable if the force at the time of dissociation is significantly larger than the
amplitude of the thermal fluctuations of a bead in the trap times the effective stiffness of the trap, Fyise. There-
fore, we introduce a time scale, ty, representing the shortest observable event in a linear force ramp experiment,
to = Froise/f . Thus, the total number of observable binding events is

Fskos [ A0
—7LQ&—1 (6)
ny = Ne .
Due to the experimental noise, this analysis suggests that
%(6%71> % (8%71>
N — ng = nge —ng=mnp| e —1 (7)

unbinding events occur in a time less than ty and are missing from the observable dataset. Thus, to characterize
the physical properties of a slip bond, one can record the number of bonds that remain unbroken as a function
of time, and fit the data to

fr fo

CR*&) (8)

>

FskO,s (
f
Tl(t) = Nnpe

where the slip bond characteristics, Fs and ko, are the fitting parameters. n(t), and therefore Fs and ko, strongly
depend on the loading rate, f, of the experiment. While f = «v can be controlled by changing with the stage
translation rate, v, in a fixed-beam optical tweezer assay (Fig. 1a) or trap translation in a fixed-stage optical
tweezer assay, and the trap stiffness, «rap, the loading rate is additionally complicated by the finite stiffness of

. S 1_ 1 1
the system, including linking molecules, «ystem, Where ;- = Kuap T Fopstem”

Ideal bonds. The unbinding constant of an ideal bond, kg;, does not change with force. Hence, even when
the applied force changes with time, the unbinding constant remains constant. In that case, the unbinding con-
stant is ko (f) = ko and Eq. (2) becomes

n(t) = Ne koit (9a)
or
n(t) = nge koilt=to), (9b)

where n is the total number of observable binding events. n(¢) is not a function of the loading rate, f, in the ideal
bond case, and ideal bonds are special cases of slip bonds where the bond is entirely insensitive to force, i.e., for
the limit when F; — oo (Supplementary Information).

Slip-ideal bonds. Recent data suggests that certain protein-protein interactions may be best modeled as a
slip-ideal bond*. The force-dependent unbinding constant of a slip-ideal bond, ko i (F(t)), increases exponen-
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Figure 2. Analytical models for the force-dependent unbinding constant of slip-ideal, catch-ideal, and
catch-slip bonds. (a) The piecewise function that explicitly models a slip-ideal bond (Eq. (10)) normalized by the
unbinding constant at zero force and plotted as a function of force normalized by the slip-ideal transition force
for the case of Fy.; = F;. (b) A Michaelis—-Menten or Langmuir absorption-like approximation of the slip-ideal
bond (equation (S1)) normalized by the ideal bond’s unbinding constant and plotted as a function of the force
normalized by the Michaelis constant-like characteristic force. (¢) A sigmoidal approximation of a slip-ideal
bond (equation (S3)) where k, = 2,k, = 1, F, = éand F, = % (d) A rational interpolation approximation
(equation (S5), solid line) of the piecewise function from panel (a) (dashed line) for a slip-ideal bond with

Fyi = Fs = 1, which is equivalent to 8 = 1 (Supplementary information), normalized by the slip-bond
unbinding constant, and plotted as a function of the force normalized by the characteristic force of the slip ideal

2

F F
e ko (F(E 1*0-42ﬁ+0-27(ﬁ)
transition, i.e., "ﬁ”k‘o( @ _ = =
LS

> 5 per Table S1. (e) The piecewise function (blue,
1-135 5 084 (5 70.15(%)
Eq. (13)) that explicitly models a catch-ideal bond, as well as functional approximations of that function (red,
yellow, green, Eq. (20)), normalized by the characteristic slip-bond unbinding constant and plotted as a function
of force normalized by the force of the catch-bond for the representative case of ko = 3ko;. (f) The piecewise
function (blue, Eq. (16)) and sum formulation (yellow, Eq. (17)) of a model for the force-dependent unbinding
constant of the catch-slip bond. In both cases, we used koc = 157}, F. = 1pN, kos = 0.05s7}, and Fs = 1pN as
an example set of parameters. Given these parameters, F.s = 1.50 pN.

tially with force per Bell's model'” up to the slip-ideal transition force, Fs.i, beyond which, it behaves as an ideal
bond (Fig. 2a). Therefore, the simplest mathematical model for the force-dependent unbinding constant of a
slip-ideal bond is a piecewise function,

F(t

E®)
kofis-i(F(1)) = § Kose ™ F < Fsy 10
off,s i(F(1)) {kO,i F>F,_ ( a)

While there appear to be four independent parameters: the ideal bond’s unbinding constant, the slip bond's
unbinding constant and force sensitivity, and the slip-ideal transition force, F;.j, they are related by ko; = ko e Ts
or equivalently Fy; = oFswhereor = lnﬁ, due to the continuity condition at F = Fj.;. Thus, the slip-ideal model
can be written as either '

E(t)
kose s F < Fy_j
kofis 1(F(0) =3 "%, o (10b)
kose s F > F_;
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or

F(t
Fs

)
ko i (F(£) = ko,se F < oF; ) 1
offs - i (F(£)) { kose® F > aF, (10c)

Unfortunately, the piecewise nature of Eq. (10) does not lend itself well to further mathematical analysis.
However, there are multiple approaches to approximating slip-ideal bonds, which enable further analysis and ulti-
mately fitting data to Eq. (2). These approaches include a Michaelis—-Menten or Langmuir absorption-like func-
tion (Fig. 2b)*, a sigmoidal model approximation (Fig. 2¢), and a rational interpolation®-*° approach (Fig. 2c)
that uses the Rationallnterpolation function in Mathematica®, for example. See the Supplementary Information
for a more detailed discussion on these approximations of slip-ideal bonds.

Catch bonds. The unbinding constant of the catch bond, kg, decreases exponentially with force per Bell’s
model?’,

kotrc (F(1)) = koce™ 7 . (11)

So, for a constant loading and # observable events, Eq. (2) becomes

Fekoe _f
- <H FC) (12a)

n(t) = Ne

or

Fekgo [ o S
*%"(6 fe —e ‘“°> (12b)
n(t) = npe .

However, this is a relatively limited model because it models the unbinding rate constant as going to zero as F
goes to infinity. Equation (11) suggests that a catch bond will never break under an arbitrarily high load, which
is non-physical. Therefore, Eq. (11) is only valid for low force. All known catch-bonds invariably transform into
slip or ideal bonds as the forces increase beyond a critical value®®*. To capture the high-loading case, one can
model all catch bonds as catch-slip or catch-ideal bonds.

Catch-ideal bonds. A simple, theoretically appealing way to correct for the physical limitation of the catch
bond is with a catch-ideal bond. A catch-ideal bond can be modeled as a bond that behaves like a catch bond
under low loading and an ideal bond after the force crosses the catch-ideal transition force, F.;. The unbinding
constant of the catch-ideal bond, ko c.; (Fig. 2e), is

kofri (F(1)) ={k°’°‘3_£ﬁ F<Fei (13a)

0ce Fe F>F;

or

_En
kofeei(F (1) = {ﬁovce R (13b)
0,i = Fei

Fe.j
where only three of the four parameters are independent: ko; = koce *c or Fcj = Fcln lliz—f, due to the continuity

condition at F = F;.
We can approximate Eq. (13) with a sigmoidal function,
E(t)
koi

kofi-i(F(1)) = (ko — koji)e <1’(W> )FC + koji.

(14)

At zero force, the sigmoidal approximation behaves like a catch bond, kog,%_}-((O)_z ko, and
kofic-i(F — 00) — ko as force goes to infinity. Equation (14) shares the same initial slope, g%‘“;&p) = —FL;C,
with Eq. (13) ifq = 1, and it represents a simpler approximation, that ko (F(t)) = (ko,c - k(),i) e o + ko, for
q goes to infinity (Fig. 2e). The best fit of Eq. (14) to the piecewise function (Eq. (13), found with a least-squares
regression, Mathematica) occurs when g = 0.60 (Fig. 2e). For constant loading rate, Eq. (2) becomes

Jt

—( 50 )M e (kg ko N
i) taeton [ (-(2) % | iy s
n(t) = Ne
or
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n(t) = nge

Catch-slip bonds. While the catch-ideal bond is appealing, there is a stronger theoretical basis of***° and
experimental evidence for*! catch-slip bonds. The conceptual model of a catch-slip bond suggests a transition
from catch bond to slip bond behavior when the force exceeds a critical catch-slip transition value, F_,. A five-
parameter piecewise function can mathematically model catch-slip bonds (Fig. 2f),

F
koce Fe F <F..
kofies(F(1) = § "0 ¢ = e, (16)
koseTs F > F
. _Fes Fes . F.F, ko,c
where only four parameters are independent because kg ce” Fe¢ = koge s , or equivalently F..s = <5 ln For

due to the continuity condition at F = Fc.

Catch-slip bonds have been modeled as dissociating through one of two independent pathways: the catch
bond pathway at relatively low force and short times, and the slip bond pathway at relatively high force and long
times'®. The analytical expression for this model is

koff,c-s(F(t)) = kO,ce_FLC + kO,seF%: (17)

F.Fs ko,cFs
=5 +Fgl < . )» occurs when the

first derivative of Eq (17) with respect to force is zero. For constant loading rate, Eq. (2) becomes

s _f
Fskos | eFs —1 | +Fckoc | 1-e Fe
!

provided kFO—CC ko . (F1g 2f). In this case, the catch-slip transition force, F.s =

(18a)
n(t) = Ne
or
Fskos (elj:: —e% ) +Fcko,c (f% —f%ic )
- 7 (18b)

n(t) = ngpe

Force-jump assays. Force jump®#>-* and ultrafast force clamp® assays have recently become popular
ways to use the optical tweezer. When these assays are used to probe the biophysical properties of biomolecular
bonds, the applied force quickly increases to a constant value, Fj, and held constant to study the detachment of
bonds at a constant force. We consider the jumping process to have a large but finite force ramp, f;, then, inde-
pendent of bond type, we evaluate Eq. (2) in a piecewise manner,

n(t) = Ne (FBka5 )+ e (192)

where the jump time, tj = 5 is the time required to reach the constant(for)ce If we solve Eq. (19a) for t = ¢, we

ko (it )d

find that the number of bonds that survive the j jump is Nj = Ne , and thus Eq. (2) becomes

n(t) — Niefkoﬂ'(Fj)(titj) (19[))

fort > t;. Most force-jump assays are designed to minimize Nj, and for the case where Nj < N — g (less than the
number of events lost in the noise), Eq. (19b) is equivalent to a constant force dissociation assay. If Nj > N — ng,
one must extend the analysis we presented above to account for bonds that dissociated during the rapid ramp
and the constant force experimental regimes, which one can do by knowing the applied constant force and how
many bonds dissociated in the constant force regime. In either case, to characterize the biophysical properties
of the bond, one would have to perform the experiment at many values of the applied constant force, F;, greatly
increasing the amount of data one must collect as compared to a force-ramp assay.

Simulations

We stochastically simulated the unbinding of non-covalent, biomolecular bonds in MATLAB*® using the Gillespie
algorithm*’. We considered a system with N independently attached bonds at time ¢t = 0 and applied a con-
stantly increasing force (with constant loading rate f) to each bond. We simulated the time at which each bond,
i=1— N,broke, t; = t;_; + 7, where

In(r) (20)
= —
T n(tke(F(t)
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Figure 3. Calculating the force-dependent unbinding rate for slip bonds. (a) n(t) = Ne~*os¢ plotted for no

loading (dark purple line) and Eq. (5) plotted for various loading rates (colored lines) with N = 1000 slip bonds
that have an unloaded unbinding rate ko s = 1s™! and force sensitivity Fs = 1pN. (b) Histograms of the time
to unbind from a typical, N = 1000, slip bond simulation with parameters as in panel (a) for various loading
rates, as indicated. (c) Number of bound slip bonds as a function of time from example simulations at various
loading rates, as indicated. Inset shows detail highlighting the characteristic shape of n(t) for higher loading
rates (3 pN/s yellow, 10 pN/s orange, and 30 pN/s dark red). The data (dots) were fitted to n(t) = Ne~kost for

f = 0 (dark purple line) and Eq. (5) for the others (lines). In both cases, see Table S2 for the fit parameters.

The same example simulation data were used as in panel (b), where applicable. (d) Mean unbinding time of 50
simulations, with N = 1000 slip bonds each, as a function of loading rate. The error bars represent s.e.m.

per standard implementation of the Gillespie algorithm, r is a random number between 0 and 1 sampled from
a uniform distribution, n(t;) = N — i is the number of bonds that remain attached after time t;, and kog(F(t;))
is the force-dependent unbinding constant.

Results and discussion

We demonstrate the benefits of fitting single-molecule unbinding data to the cumulative distribution function-
like n(t) over more traditional histogram analysis using simulated data. We do so, rather than using example
experimental data, to demonstrate the power of this analysis on datasets for which we know the underlying
biophysical nature of the bonds because we set them in the simulations. We use slip bonds and catch-slip bonds
as examples (for brevity) because they are commonly reported bond types in the literature. However, the analysis
could be easily extended to the other bond types and approximations of their functional forms, as discussed
above and the Supplementary Information.

Slip bonds. We simulated N = 1000 slip bonds with unloaded unbinding rate ko s = 1s™! and force sensi-
tivity F; = 1 pN subjected to no loading (kogs(F = 0) = ko per Eq. (3) and n(t) = Nekost, Fig. 3a) and with
linearly increasing loads (ks (F = ft) per Eq. (4) and n(t) per Eq. (5), Fig. 3a). By comparing histograms of
the time to detach for 1000 simulated bonds (Fig. 3b), we found that the time to detachment distribution was a
strong function of loading rate. With no external load (F = 0, Fig. 3b, upper left), the histogram took the form
of exponential decay, as expected for a single kinetic process. However, the characteristic form of the histogram
became increasing Gaussian-like (though not strictly Gaussian) as the loading rate, f, increased (Fig. 3b).

We also plotted the force-free and force-dependent dissociation of simulated slip bonds (same data as Fig. 3b)
as a function of their time to dissociate (n(t)). We fit these data to n(t) = Ne~%ost and Eq. (5) (Fig. 3¢, Table S2,
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Loading rate (pN/s) kos (s7') (Fit+s.e.m.) P value F; (pN) (Fit+s.e.m.) Pvalue
Simulation parameter 1 - 1 -

0 1.009£0.005 0.06 - -

0.3 0.990+0.008 0.21 1.019+0.038 0.62

1 0.995+0.009 0.58 0.998+0.015 0.88

3 1.018+0.008 0.06 1.010+0.008 0.25

10 0.992+0.012 0.48 0.997 £0.006 0.67

30 0.996+0.016 0.81 1.002+0.006 0.69

Table 1. Mean fit parameters from simulated slip bond dissociation data sets. Reported values represent
the mean + s.e.m. of the fit parameters for 50 sets of N = 1000 simulated slip bond dissociations under the
increasing load rate, as indicated. In all cases, P values are calculated for two-tailed t-tests.

and Supplementary Information for details), respectively. We repeated the simulations 50 times and calculated
the mean fitting parameters for each loading rate (Table 1). We found that the means of the fit parameters, ko ; and
Fy, were not significantly different from the corresponding parameters used in the simulations (P values>0.05
in all cases, Table 1, two-tailed t-tests). Thus, our cumulative distribution function-like analysis uniquely and
accurately determined the underlying biophysical parameters associated with slip bonds at each loading rate,
suggesting one only needs to collect one such data set to characterize a slip bond.

We also calculated the mean detachment time for each force-ramp loading rate condition (Fig. 3d). In the
unloaded case, the mean unbinding time was 1.073 s for the example data in Fig. 3b, which was similar to but
not a particularly great predictor of (7.3% error) the expected value of kig (1 s, for this simulation) for a first-
order kinetic process (Supporting Information). However, when extending this analysis to the force-dependent
unbinding properties, we found that the mean of the detachment time decreased with increasing loading rate
(Fig. 3d). Therefore, the underlying biophysical parameters of the bond are inaccessible to histogram analysis
without explicitly accounting for the loading rate, and even then, it requires collecting large data sets at multiple
loading rates (Supplementary Information for more details).

The effect of experimental noise on slip bonds. In an experiment (e.g., Fig. 1a), it is impossible to
distinguish single-molecule dissociation data for short times from the noise associated with the experiments.
The noise “hides” detachment events if the detected data are smaller than four to five times the standard devia-
tion of the noise. Selecting a detection threshold as high as five times the standard deviation is necessary to avoid
misinterpreting the noise as a molecular unbinding event because the data collection rate necessary for high
temporal resolution necessitates capturing many data points. For example, one would expect to misinterpret
noise as a binding event 380 times with a 40 threshold and 3.4 times with a 50 threshold, on average, for 5 min
of data collection at a 20 kHz sampling rate (6,000,000 data points). Depending on the total number of events
within the measurement time, but frequently of order 10>-10° events, hundreds of false-positive events could
lead to a significant misinterpretation of the results. Given a loading rate, this detection threshold sets and effec-
tive minimum time for events, a detection threshold of t, as described above.

We applied a detection threshold of f) = 50 ms to the example simulated data in Fig. 3b, and we found that
the mean unbinding time in the unloaded case increased to 1.130 s from 1.073 s with #p = 0 ms (P value=0.28,
two-tailed t-test). However, in the case of f = 30 pN/s, we found that the mean unbinding time increased to
0.1075 s from 0.0991 s with fo = 0 ms (P value <0.0001, two-tailed t-test). These results highlight the conclusion
that the underlying biophysical parameters of the bond are inaccessible in histogram analysis without specifically
accounting for the loading rate and the detection limit (Supplementary Information for more details).

We further probed the effect of the detection limit by discarding all data from our 50 simulations (same data
as used in Table 1) with unbinding time ¢t < ) = 50 ms. We found that 50 to 110 data points of the N = 1000
were “hidden,” on average, by the detection limit (N — np, Table 2), representing the shortest 5 to 11% of the
events in the simulated data sets. The biased nature of the data loss (short events), and the strong effect of load-
ing rate on the extent to which the data is lost (Table 2) makes estimating the number of “hidden” datapoints to
from an experimental data set difficult. This data loss significantly affects any quantitative analysis of unbinding
time histograms, as described above and detailed in the Supplementary Information.

However, we found that the situation was much improved when we fit these data to n(t) = nge~kos(t=t0)
and Eq. (9) using the number of “detected” unbinding events in each simulation, ng, f, and #p = 50 ms as fixed
parameters. We calculated the mean of the 50 sets of fitting parameters for each loading rate (Table 2). We found
that the means were not significantly different from the parameters used in the simulations, i.e., ko s = 1s™' and
Fs = 1pN (P values>0.05 in all cases, Table 2, two-tailed t-tests), and that none of the mean fitting parameters
were significantly different from the fitting parameters found using all the data (P values>0.05 in all cases,
comparing data in Table 1 and Table 2, two-tailed t-tests). Thus, despite the “hidden” data, we showed that our
cumulative distribution function-like analysis unambiguously recovers the physical parameters of the slip bonds.

Catch-slip bonds. We also simulated N = 1000 catch-slip bonds with an unloaded unbinding rate of
ko, = 1571, catch bond force sensitivity F. = 1pN, slip bond unloaded unbinding rate ko s = 0.05 s~, and slip
bond force sensitivity Fs = 1 pN (the same parameters used in Fig. 2f, these equate to F..s = 1.5 pN) subjected
to linearly increasing loads (kofic.s (F = ft) per Eq. (16) and n(t) per Eq. (18), Fig. 4a), as well as with no loading
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Loading rate (pN/s) ng (Meants.e.m.) | kos(s7!) (Fitzs.e.m.) | Pvalue | F; (pN) (Fit+s.e.m.) | Pvalue
Simulation parameter 1000 1 - 1 -

0 950.3+1.1 1.008 +£0.005 0.11 - -

0.3 951.2+1.0 0.990+0.009 0.24 1.030+0.044 0.49

1 950.6+1.0 0.997+0.010 0.79 1.003+0.016 0.86

3 946.2+1.1 1.013+0.010 0.20 1.008+0.010 0.41

10 937.1+1.1 0.987+0.014 0.34 0.995+0.007 0.49
30 890.5+1.3 0.984+0.022 0.48 0.997+£0.008 0.74

Table 2. Mean fit parameters from simulated slip bond dissociation data sets where short events have
been removed. Reported values represent the mean +s.e.m. of the fit parameters for the same 50 sets of
simulated slip bond dissociation data as in Table 1, but where short events corresponding to those that are
indistinguishable from experimental noise have been removed. In all cases, P values are calculated for two-
tailed t-tests.
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Figure 4. Calculating the force-dependent unbinding rate for catch-slip bonds. (a) Eq. (18a) plotted for various
loading rates (colored lines) with N = 1000 slip bonds an unloaded unbinding rate of ko = 1 s, catch bond
force sensitivity of F. = 1pN, slip bond unbinding rate of ks = 0.05 s~1, and slip bond force sensitivity of

Fs = 1pN, as in Fig. 2f. (b) Histograms of the time to unbind from a typical N = 1000 slip bond simulation
with parameters as in (a) for various loading rates, as indicated. (c¢) Number of bound catch-slip bonds as

a function of time for example simulations at various loading rates, as indicated. The data (dots) were fit to

n(t) = Ne~ ko<t for f = 0 (dark purple line) and Eq. (18a) for the others (lines). The equations were well-fit to the
data in all of the example cases shown here, see Table S3 for the fit parameters and Supplementary Information
for more detail. The same example simulation data were used as in panel (b), where applicable. (d) Mean
unbinding time (orange solid line, left axis) and mean number of bonds broken in the slip bond regime (purple
dashed line, right axis) of 50 simulations, with N = 1000 catch-slip bonds each, as a function of loading rate. The
error bars represent the s.e.m. on both data sets.

Scientific Reports |

(2022) 12:82 | https://doi.org/10.1038/s41598-021-03690-1 nature portfolio



www.nature.com/scientificreports/

ko (s7) F. (pN) ko (s7) F; (pN)

Loading rate (pN/s) | Significant fits | (Mean+ts.e.m.) P value (Mean ts.e.m.) Pvalue | (Meants.e.m.) Pvalue | (Meants.e.m.) P value
Simulation parameter | 50 1 - 1 - 0.05 1 -

0 50 1.0478* +£0.0054 0.69 - - - - - -

0.3 22 1.0058£0.0171 0.74 1.1698 £0.0698 0.02 0.0360+0.0160 0.39 0.6043 +£0.1441 0.01

1 50 1.0115+£0.0109 0.30 0.9826+0.0342 0.61 0.0589+0.0048 0.07 1.0341+0.0304 0.27

3 50 1.0146+£0.0145 0.32 1.0467 £0.0295 0.12 0.0485+0.0017 0.38 0.9878 £0.0093 0.20

10 47 1.0965+0.0326 0.005 1.0120+£0.0547 0.82 0.0496+0.0016 0.98 0.9952+0.0065 0.46

30 40 1.3684+0.0795 <0.0001 | 0.8083+0.0924 .04 0.0502+0.0021 0.92 0.9974+£0.0070 0.71

Table 3. Mean fit parameters from simulated catch-slip bond dissociation data sets. Reported values represent
the mean +s.e.m. of the fit parameters for the sets of N = 1000 simulated catch-slip bond dissociations under
the increasing load rate for which the fits were significant. The number of significant fits is indicated. In all
cases, P values are calculated for two-tailed t-tests. * ko s (F = 0) = ko + ko,s = 1.05 per Eq. (17) for the
parameters used in the simulation.

(koffc-s(F = 0) = ko per Eq. (16) and n(t) = Ne koct, equivalent to the unloaded slip bond case, Fig. 3a, dark
purple). We found that the nature of the time to detach distribution histograms was a strong function of loading
rate. Low external loading rates (f = 0.3 pN/s, Fig. 4b, upper left) exhibited a nearly exponential distribution
of unbinding times, like the other bond types we have discussed, and high external loading rates ( f = 30 pN/s,
Fig. 4b, lower right) corresponded to a large Gaussian-like distribution of unbinding events at longer times. It is
in the intermediate loading rate regime that two separate peaks, coming from the separate, significant contribu-
tions from the catch bond (short events) and slip bond (long events) behaviors, respectively, emerge (Fig. 4b,
upper right and lower left).

We also plotted the force-free and force-dependent dissociation of simulated slip bonds (same data as Fig. 4b)
as a function of their time to dissociate (n()). We fit these data to n(¢) = Ne~%ost and Eq. (18a) (Fig. 4c, Table S3,
and Supplementary Information for details), respectively. As we did with slip bonds, we input the values for N
and f as fixed parameters in the fit and repeated the simulations 50 times. Unlike the case of slip bonds, we found
that non-linear least squares regression was unable to uniquely determine fitting parameters in multiple of the
simulated data sets at lower and higher loading rates (Supplementary Information). Of the 50 simulations, we
found that only 22 of the simulated data sets were well-fit by Eq. (18a) for low loading rate (0.3 pN/s) and 40 of
the simulated data sets were well-fit by Eq. (18a) for high loading rate (30 pN/s).

We suspected that the errors in the fits were due to an “overfitting” of the data, that is, the number of data
points become too few in either the catch bond (short events) or slip bond (long events) regimes, so the model
effectively has more parameters than can be justified by the data. Overfitting makes the model insensitive to
the data, and the fit values become unreasonably small or large. To investigate this hypothesis, we determined
whether the force at unbinding was above or below the catch-slip transition force, F._s, for each unbinding event
to classify whether the bond dissociated in the catch (F < Fc) or slip (F > F..s) regime. We plotted the mean
number of bonds dissociating in the slip regime for the 50 simulations with N = 1000 total bonds (Fig. 4d, purple
dashed line). We found that most of the bonds dissociated in the catch bond regime (Fig. 4d, purple dashed line)
when the loading rate was low, corresponding to an exponential-like distribution of unbinding events (Fig. 4b,
upper left). At high loading rates, the fraction of bonds that dissociated in the slip force regime was high (Fig. 4d,
purple dashed line), corresponding to a large Gaussian-like distribution at relatively longer times (Fig. 4b, lower
right) and similar to slip bonds (Fig. 3b, lower right). Together, these data suggest that the slip bond parameters
have little effect on the unbinding behaviors at low loading rates and that the catch bond parameters have little
effect on the unbind behaviors at high loading rates. Thus, attempting to fit Eq. (18a), which contains both the
slip and catch bond-related parameters, is less effective at low or high loading rates.

Moreover, even when the low and high loading rate data are well-fit by Eq. (18a), i.e., the non-linear least
squares regression was able to uniquely determine fitting parameters, we found that the standard errors of those
fits tend to be significantly larger than for intermediate loading rates (Tables 3 and S3, and Supplementary Infor-
mation for more details). Therefore, these results suggest that one must use intermediate loading rates, i.e., load-
ing rates for which a significant number of bonds dissociate in the catch and slip regimes (Fig. 4d, purple dashed
line), to determine the biophysical properties of catch-slip bonds, which is consistent with previously reported
results'>?. The loading rate for which 50% of the bonds dissociates at the catch and slip bonds regime is given by

Ees. Ees.
, Fcko,c(l —efe > . F5k0,5<1 —eks >

(21)
S s In(2)

f’ s = 1.37 pN/s for the parameters used above and in Fig. 4. Equation 21 is only valid for catch-slip bonds;
however, a similar analysis can be performed for any bond type.

We also calculated the mean detachment time for each force-ramp loading rate condition (Fig. 4d, orange
solid line). We found that the mean detachment time increased for faster loading rates while the dissociations
were dominated by the catch-bond behavior (Fig. 4d, purple dashed line). However, this trend reversed at an
intermediate loading rate and the mean detachment time decreased with increasing loading rate (Fig. 4d, orange
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Loading rate ko, (s') F. (pN) ko,s (s7") F; (pN)

(pN/s) Significant fits | no(Meants.e.m.) | (Mean+ts.e.m.) Pvalue | (Meanzts.e.m.) Pvalue | (Meants.e.m.) |Pvalue |(Meants.e.m.) | Pvalue
Simlaion : N o L :

0 50 949.4+1.1 1.0484* +0.0053 0.76 - - - - - -

0.3 24 948.4+0.8 0.9956+0.0164 0.79 1.1764£0.0678 0.02 0.0391+£0.0150 0.47 0.6217+0.1397 0.01

1 50 949.3+1.0 1.0149+0.0128 0.25 0.9944 +0.0416 0.89 0.0594 +0.0050 0.06 1.0348+0.0317 0.28

3 50 950.6+0.7 0.9972+0.0214 0.90 1.1124£0.0449 0.02 0.0472+0.0018 0.13 0.9812+0.0095 0.05

10 33 957.0+£0.9 1.3098£0.1197 0.01 1.1293+£0.1145 0.27 0.0482+0.0017 0.30 0.9897+£0.0075 0.18

30 5 967.7+0.6 0.9693+0.3377 0.93 0.7971+£0.2214 0.41 0.0541£0.0049 0.45 1.0131+£0.0159 0.46

Table 4. Mean fit parameters from simulated catch-slip bond dissociation data sets where short events
have been removed. Reported values represent the mean +s.e.m. of the fit parameters for the same 50 sets
of simulated slip bond dissociation data for which the fits were significant, as in Table 2, but where short
events corresponding to those that are indistinguishable from experimental noise have been removed.
The number of significant fits is indicated. In all cases, P values are calculated for two-tailed t-tests.
*koffc-s(F = 0) = ko + kos = 1.05 per Eq. (17) for the parameters used in the simulation.

solid line) as more the dissociations were dominated by the slip-bond behavior (Fig. 4d, purple dashed line). We
had found that determining the underlying biophysical parameters of slip bonds from characterizations of the
mean unbinding time and associated histograms requires collecting large data sets at multiple loading rates
(Supplementary Information for more details). However, we found that, to the best of our knowledge, an equiva-
lent analysis did not yield analytical solutions, even with special functions, from which we could calculate the
underlying biophysical parameters of catch-slip bonds using the mean unbinding time and associated histograms.

Together, this analysis and these data highlight the importance of performing single-molecule experiments
at optimized experimental conditions, i.e., ones that enable characterization of all the physics associated with
catch-slip bonds, and the utility of our cumulative distribution-like analysis.

Effect of experimental noise on catch-slip bonds. As discussed above, noise in force-spectroscopy
data can hide dissociations that occur at short times. To investigate the role of experimental noise on the analysis
of catch-slip bonds, we excluded simulated dissociation events from our 50 simulations (same data as used in
Table 3) with unbinding time ¢t < ¢ty = 50 ms. We fit n(¢) with Eq. (18b) to calculate the corresponding bond
parameters (Table 4). We found that non-linear least squares regression uniquely determined fitting parameters
in fewer of the simulated data sets, particularly at higher loading rates, than when not accounting for experimen-
tal noise (Supporting Information). Of the 50 simulations, we found that only 24 of the f = 0.3 pN/s, 33 of the
f = 10pN/s,and 5 of the f = 30 pN/s simulated data sets were well-fit by Eq. (18b) (Table 4).

As we observed for the simulated data without accounting for the effect of experimental noise (Table 3), the
cumulative distribution function-like analysis technique was able to resolve the catch-bond fitting parameters
reasonably well (despite a 17%, P value=0.02 two-tailed t-test, error in resolving the force sensitivity of the catch
bond) with low s.e.m. of the fits in low loading rate simulations, and the slip-bond fitting parameters (despite a
low number of well-fit data sets) in the high loading rate simulation (Table 4). Additionally, as we observed for the
simulated data without accounting for experimental noise (Table 3), catch-bond fitting parameters were not well
resolved at high loading rate simulations, and slip-bond fitting parameters were not well resolved at low loading
rates (Table 4). Like we found with slip bonds, none of the fit parameters differed significantly from those found
when accounting for the complete simulated data set (P values>0.05, two-sample two-tailed t-tests, Tables 3 and
4), again highlighting the benefit of our method when analyzing noisy experimental data.

These data again serve to highlight the effectiveness of the cumulative distribution-like analysis to resolve
the biophysical parameters associated with catch-slip bonds, even when experimental noise hides short events.
However, the reduction in the number of well-fit data sets, and the increased sensitivity of the catch bond
parameters to the loading rate when short events are hidden by noise, does strongly suggest that loading rates
must be chosen carefully, particularly for catch-slip bonds with relatively low catch-slip transition force, Fc.s.

Conclusion
We presented an analytically derived cumulative distribution-like function of unbinding events (n(t)) for various
biological macromolecular bond types when subject to force. We showed how an n(t), cumulative distribution
function-like, based approach can be used to analyze force-dependent dissociation force spectroscopy data. We
demonstrated the benefits and limitations of the technique using stochastic simulations (Gillespie algorithm)
of slip and catch-slip bonds. The approach can determine the detachment rate and force sensitivity of biologi-
cal macromolecular bonds from force spectroscopy experiments by explicitly accounting for loading rate more
efficiently than histogram-based analyses. This analysis approach requires fewer, smaller data sets than alternative
approaches. Additionally, the approach returns similar (not statistically different) results when short events are
hidden by noisy data. We suggest that this approach provides an improved systematic and quantitative method
to distinguishing various bond types and characterizing their underlying biophysical properties.

We also analyzed the effect of using a range of loading rates to probe the force-dependent unbinding of
biological macromolecules. Our simulated data suggests that this analysis of slip-bonds is largely insensitive to
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loading rate. However, care must be taken to ensure a significant fraction of the bonds dissociate in both the
catch- and slip-bond force regimes, when the bond is a catch-slip bond. Thus, if an experiment is being done
on a bond of unknown type, multiple loading rates are necessary to ensure all possible molecular dissociation
pathways are sufficiently sampled in the experiments to resolve their underlying biophysical parameters.

We recommend that users implement the following tips when using our analysis approach to analyze the
force-dependent dissociation of biomolecular bonds in optical tweezer force ramp experiments. First, our sto-
chastically simulated force-dependent unbinding data demonstrated the importance of selecting an appropriate
loading rate. Since the underlying biophysical parameters, or type, of a bond are presumably unknown at the
time of the experiment, our simulations suggest one should first use a range of test loading rates over multiple
orders of magnitude to initially characterize the bond type. Once the bond type has been identified, one should
probe at an appropriate rate for the characteristic timescale of the dissociation. Our results suggest that using a
loading rate that causes 50% of the bonds to dissociate in the catch and slip bonds regimes, f’_ per Eq. (21), for
catch-slip bonds, for example. Additionally, our results show that despite being better than a histogram approach,
the confidence interval of the force-dependent dissociation parameters of a bond determined using our cumula-
tive distribution-like analysis from a single dataset may not include the actual value of the underlying bond’s
properties. However, our results suggest that one can mitigate this issue by averaging the fitting parameters from
multiple force-dependent dissociation datasets. Finally, our results and analyses provide a means to account for
experimental noise, not the least of which is thermal in nature, and the unbinding events that will invariable be
missed when performing force-dependent dissociation assays with optical tweezers. We suggest that one can
implement #y, a timescale representing the shortest observable event in a linear force ramp experiment, without
any loss of sensitivity.

In summary, our approach provides a framework for an improved analysis of force-dependent biological
macromolecular dissociation force spectroscopy data. It explicitly accounts for the loading rate, which may be
complicated by optical tweezer trap stiffness and biological macromolecular stiffness, to distinguish between and
fully characterize the biophysical properties of protein-protein and protein-ligand bonds.
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