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Protein-ligand binding when subject to force: 

Catch  Bond : Increase in Force  —> Bond lifetime increases (unbinding rate decreases)

P-selectin binding to endothelial cells 

Catchbonding 

Binding of Dynein motor to MT filament

Prezhdo et.al, Acc. Chem. Res (2013)

Allosteric Deformation Model
The deformation model discussed above focused on geome-

try changes near the binding site. Experiments and simula-

tions show that catch binding is coupled to large-scale

conformational rearrangements of receptor far from the bind-

ing site,17,24,30–33 Figure 2d, suggesting allosteric

interaction.34,35 The allosteric site produces mechanical

stresses that propagate through globular protein structure and

deform the binding site.

Figure 5a shows potential describing native and stretched

conformations of receptor, Figure 2d. Native state “1” is more

stable initially. Force tilts the potential and makes stretched

state “2” lower than “1”. Solid and dashed lines illustrate the

limits f ) 0 and f . 0. As force grows, potential changes con-

tinuously between these limits. The probabilities for closed

and open states, P1(t,f ) and P2(t,f ), are determined by the rate

constant ratio k12( f )/k21( f ) describing transitions between “1”

and “2”. The force dependence is exponential, as in eq 3.

Receptor-ligand binding potential deepens, Figure 5b,

when receptor is stretched. Bond dissociation rate constant for

native state k1( f ) is larger than for stretched state k2( f ). The

receptor conformation fluctuates, and the average rate con-

stant is

If conformational fluctuation occurs faster than bond dissoci-
ation, bond deformation time τd( f ) is shorter than catch-bond
lifetime τc( f ). The P-selectin/PSGL-1 data support this assump-
tion, Figure 5c, leading to

The bond lifetime in the allosteric deformation model con-
tains five parameters: widths of barriers between native and
stretched states, xd, Figure 5a, and between bound and free
states, xr, Figure 5b; and force-free rate-constants and their
ratios k1(0), K ) k2(0)/k1(0) and R ) k12(0)/k21(0).

Allosteric deformation may explain catch binding in the
mannose/FimH bond,17 whose strength depends on confor-
mations of lectin and pilin domains of FimH,30–32,36,37 Fig-
ure 2d. The bond is weak when the domains are closed. It

FIGURE 4. Deformation model.16 (a) Force adjusts ligand atoms x1

and x2 relative to receptor potential, improving interaction.
Lifetimes of (b) P- and (c) L-selectin bonds with monomeric sPSGL-1
(blue circles) and dimeric PSGL-1 (orange circles) vs force.5,6,15

Model fits data well (solid line).

FIGURE 5. Allosteric deformation model.48 (a) Potential responsible
for large-scale conformational changes, Figure 2d. States “1” and “2”
describe native and stretched conformations. (b) Receptor-ligand
interaction potential deepens as receptor is stretched. (c)
Experimental lifetimes (circles) of the P-selectin/PSGL-1 bond. Bond
lifetime (solid line) is significantly longer than conformational
relaxation time (dashes).

kr(t, f ) ) k1( f )P1(t, f ) + k2( f )P2(t, f ) (18)

1
τc( f )

) k1
0[K + 1 - K

1 + R exp(2xd f/(kBT))] exp(xrf/(kB T))

(19)

Theoretical Aspects of the Biological Catch Bond Prezhdo and Pereverzev
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Kunwar et.al, PNAS (2011)

Slip Bond : Increase in Force  —> Bond lifetime decreases



       Threshold Force Bond Deformation (TFBD) model

A. Nair, S. Chandel, M. Mitra, SM & A Chaudhuri 
PRE (2016)

Experiment: Kunwar, et.al , PNAS (2011)

Modeling catchbond in dynein motor

• Catch-bonding activates beyond a threshold force

• Allosteric deformation results in catchbonding 

tors to catch up and share the opposing load force23,27.

While it was thought that the primary functional role of the
biological catch bond was restricted to improving surface adhe-
sion properties of bacteria and cells when subjected to external
forces or flow field28, many recent theoretical studies have in-
dicated a much wider array of functional role of the biological
catch bonding in intracellular processes ranging from regulating
intracellular transport13,25,29 to generating oscillations in mus-
cle fibres and mitotic spindles during cell division30. Thus it is
imperative to understand the underlying mechanism which gov-
erns the collective behaviour of catch bonded dynein motors. In
this context, experiments using optical trap assay provide a useful
means of not only investigating the role of catch bond in dynein
motors on intracellular properties but it may also be used for sys-
tematically studying the effects of variation of the single motor
properties such as the stall force and the motor velocity which
are known to regulate the overall motility characteristics of the
transported cellular cargo31–39.

In this paper, we seek to understand the role of catch bond in
mediating transport of cellular cargo. To this end, we study the
transport properties of cargo carried both by single dynein as well
as by multiple dynein motors in a variable force optical trap.

1 Model and Methods

We model the transport of a cellular cargo that is subjected to
force due to motors that are attached to cargo and walk on mi-
crotubule filaments, as well as an opposing restoring force arising
due to the harmonic potential of the optical trap. The motors
themselves stochastically (un)bind (from)to the MT filament in a
force-dependent manner. For non-catch bonded motors, the un-
binding rate increases exponentially with the load force - a char-
acteristic of slip bond

40,41, such that

e( f ) = eoe f/ fk (1)

where fk is the characteristic detachment force and eo is the load-
free unbinding rate for slip-bonded motor.

In contrast, for catch bonded dynein motors, it has been ob-
served that beyond a certain threshold load force, the unbinding
rate is a decreasing function of the force - a signature of catch
bonding behaviour exhibited by dynein motors21. We denote the
corresponding threshold force at which catch bonding is activated
in dynein as fm. It is worthwhile to point out that fm need not
necessarily be same as the stall force fs of the motors. The un-
binding rate for single dynein motor can be modelled and fitted
using a phenomenological TFBD model25 which reproduces the
observed experimental unbinding rates of cytoplasmic dynein mo-
tor. Within the framework of the TFBD model, the unbinding rate
of single dynein motor can be expressed as,

e( f ) = eo exp[�Ed( f )+ f/ fd ] (2)

where fd is the characteristic detachment force of dynein motor
in the slip region ( f < fm). The deformation energy Ed represents
the influence of catch bond behaviour, which sets in when f > fm,

and is expressed as 25,

Ed( f ) = Q( f � fm) a


1� exp
✓
� f � fm

fo

◆�
(3)

where the Q(x) denotes the Heaviside function which is equal to
1 for x > 0 and zero otherwise. The parameter a is a measure
of catch bond strength and is measured in units of kBT . The pa-
rameter fo is associated with the force scale corresponding to the
deformation energy due to catch bond.

For cargo transported by a single motor, we can calculate the
runtime and detachment force distributions analytically. We de-
fine S(t) as the Survival probability distribution of the cellular
cargo i.e., the probability that the cargo remains attached to the
filament (through the bound motor) after time t, starting from
the initial position of the optical trap center at time t = 0. Then
for a small time interval Dt, S(t +Dt) = S(t)[1� e( f )Dt] and corre-
sponding time evolution of S(t) is,

dS
dt

=�e( f )S (4)

which yields a solution of S(t), which has the general form,

S(t) = exp

�
Z t

0
edt

0
�

(5)

The probability distribution of the survival time, S(t), can then
be obtained by substituting the expression for e in the integral
form of Eq.(5). An experimentally accessible measure is the first
passage time defined as the total time the cargo remains bound to
the MT before motor that tethers it to the filament, unbinds. The
First passage time distribution, F(t), can then easily be calculated
from Eq.(4) using the relation F(t) = � dS

dt . Another quantity of
experimental interest is the detachment force which is defined as
the force exerted on the cargo at the time of unbinding of the mo-
tor from the MT filament. Once we obtain the first passage time
distribution, we can calculate the detachment force distribution,
P( f ), using the following expression -

P( f ) =
R t

0 f (t 0)F(t 0)dt 0
R t

0 F(t 0)dt 0
(6)

We also perform stochastic simulations for the cargo trajecto-
ries both for the case of transport of cargo by a single motor and
by multiple motors. (See Supplementary Section 1 for simulation
method details).

2 Results

2.1 Cargo transport by a single motor

In order to investigate the effect of catch bonded behaviour on
the transport characteristics, we first focus on the case of a cargo
being transported by a single dynein motor in an optical trap. To
characterise the motion, we focus on experimentally accessible
measures of first passage time (FPT) and detachment force distri-
bution of the cargo. The cargo position at any instant of time is
determined by the force balance condition on the cargo.
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tors to catch up and share the opposing load force23,27.

While it was thought that the primary functional role of the
biological catch bond was restricted to improving surface adhe-
sion properties of bacteria and cells when subjected to external
forces or flow field28, many recent theoretical studies have in-
dicated a much wider array of functional role of the biological
catch bonding in intracellular processes ranging from regulating
intracellular transport13,25,29 to generating oscillations in mus-
cle fibres and mitotic spindles during cell division30. Thus it is
imperative to understand the underlying mechanism which gov-
erns the collective behaviour of catch bonded dynein motors. In
this context, experiments using optical trap assay provide a useful
means of not only investigating the role of catch bond in dynein
motors on intracellular properties but it may also be used for sys-
tematically studying the effects of variation of the single motor
properties such as the stall force and the motor velocity which
are known to regulate the overall motility characteristics of the
transported cellular cargo31–39.

In this paper, we seek to understand the role of catch bond in
mediating transport of cellular cargo. To this end, we study the
transport properties of cargo carried both by single dynein as well
as by multiple dynein motors in a variable force optical trap.

1 Model and Methods

We model the transport of a cellular cargo that is subjected to
force due to motors that are attached to cargo and walk on mi-
crotubule filaments, as well as an opposing restoring force arising
due to the harmonic potential of the optical trap. The motors
themselves stochastically (un)bind (from)to the MT filament in a
force-dependent manner. For non-catch bonded motors, the un-
binding rate increases exponentially with the load force - a char-
acteristic of slip bond

40,41, such that

e( f ) = eoe f/ fk (1)

where fk is the characteristic detachment force and eo is the load-
free unbinding rate for slip-bonded motor.

In contrast, for catch bonded dynein motors, it has been ob-
served that beyond a certain threshold load force, the unbinding
rate is a decreasing function of the force - a signature of catch
bonding behaviour exhibited by dynein motors21. We denote the
corresponding threshold force at which catch bonding is activated
in dynein as fm. It is worthwhile to point out that fm need not
necessarily be same as the stall force fs of the motors. The un-
binding rate for single dynein motor can be modelled and fitted
using a phenomenological TFBD model25 which reproduces the
observed experimental unbinding rates of cytoplasmic dynein mo-
tor. Within the framework of the TFBD model, the unbinding rate
of single dynein motor can be expressed as,

e( f ) = eo exp[�Ed( f )+ f/ fd ] (2)

where fd is the characteristic detachment force of dynein motor
in the slip region ( f < fm). The deformation energy Ed represents
the influence of catch bond behaviour, which sets in when f > fm,

and is expressed as 25,

Ed( f ) = Q( f � fm) a


1� exp
✓
� f � fm

fo

◆�
(3)

where the Q(x) denotes the Heaviside function which is equal to
1 for x > 0 and zero otherwise. The parameter a is a measure
of catch bond strength and is measured in units of kBT . The pa-
rameter fo is associated with the force scale corresponding to the
deformation energy due to catch bond.

For cargo transported by a single motor, we can calculate the
runtime and detachment force distributions analytically. We de-
fine S(t) as the Survival probability distribution of the cellular
cargo i.e., the probability that the cargo remains attached to the
filament (through the bound motor) after time t, starting from
the initial position of the optical trap center at time t = 0. Then
for a small time interval Dt, S(t +Dt) = S(t)[1� e( f )Dt] and corre-
sponding time evolution of S(t) is,

dS
dt

=�e( f )S (4)

which yields a solution of S(t), which has the general form,

S(t) = exp

�
Z t

0
edt

0
�

(5)

The probability distribution of the survival time, S(t), can then
be obtained by substituting the expression for e in the integral
form of Eq.(5). An experimentally accessible measure is the first
passage time defined as the total time the cargo remains bound to
the MT before motor that tethers it to the filament, unbinds. The
First passage time distribution, F(t), can then easily be calculated
from Eq.(4) using the relation F(t) = � dS

dt . Another quantity of
experimental interest is the detachment force which is defined as
the force exerted on the cargo at the time of unbinding of the mo-
tor from the MT filament. Once we obtain the first passage time
distribution, we can calculate the detachment force distribution,
P( f ), using the following expression -

P( f ) =
R t

0 f (t 0)F(t 0)dt 0
R t

0 F(t 0)dt 0
(6)

We also perform stochastic simulations for the cargo trajecto-
ries both for the case of transport of cargo by a single motor and
by multiple motors. (See Supplementary Section 1 for simulation
method details).

2 Results

2.1 Cargo transport by a single motor

In order to investigate the effect of catch bonded behaviour on
the transport characteristics, we first focus on the case of a cargo
being transported by a single dynein motor in an optical trap. To
characterise the motion, we focus on experimentally accessible
measures of first passage time (FPT) and detachment force distri-
bution of the cargo. The cargo position at any instant of time is
determined by the force balance condition on the cargo.
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Manifestation of catchbond within cell 

• Regulation of bidirectional transport  & 
resolution of Paradox of Codependence  

• Generation of spontaneous oscillation
 in motor-filament complexes
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•  Anamolous Unidirectional transport 

Puri et.al . Phys. Rev. Res (2019)

F (pN)

N. Sundararajan, S. Guha, M.K. Mitra & SM  (Biophys. J, 2021)

PALKA PURI et al. PHYSICAL REVIEW RESEARCH 1, 023019 (2019)

(a) (b)

(c) (d)

FIG. 2. Average processivity (a) as a function of N− for N+ = 4, and (b) as a function of N+ for N− = 4. The colored points and lines
correspond to the simulation results. Black crosses in all cases are obtained by the solutions of Eq. (8). Contour plots for processivity obtained
from Eq. (8) in the (N+, N−) plane for (c) Fs− = 1 pN, α = 0, F0 = 7 pN, and (d) Fs− = 1 pN, α = 40kBT , F0 = 7 pN. The color bar indicates
the average processivity (in µm). The zero-force (un)binding rates for dyneins are ε0− = π0− = 1/s.

bond is a larger value of average unbinding time for dyneins,
this leads to more configurations where the dyneins can walk
toward the negative end leading to codependent transport.

The corresponding contour plots of the processivity of
the cargo, which provide an experimental test bed, in the
(N+, N−) plane are shown in Figs. 2(c) and 2(d), for “weak”
dyneins where the effect of the dynein catch bond is ro-
bust. As expected, in the absence of the catch bond (α = 0)
[Fig. 2(c)], there is a smooth transition from negative-directed
runs to positive-directed runs. In the presence of catch-bonded
dyneins [Fig. 2(d)], we observe a distinct regime where the
processivity increases in the negative direction upon increas-
ing N+, reminiscent of anomalous codependent transport.
Plus-end-directed motion now occurs only for large N+ and
low N−. This nontrivial effect of the catch bond is a robust

feature that is observed for other values of kinesin and dynein
motors (see Appendix C) and can also be understood in terms
of the average number of bound motors (see Appendix D).

Experimental techniques to modulate cargo processivity
can also be achieved by modifying the (un)binding rates of
the motor proteins. Dynactin mutations in Drosophila neurons
affect the kinetics of dynein binding to the filament, leading to
cargo stalls [14]. Similarly, the tau protein has been observed
to change the unbinding rates of kinesin and dynein motors
[40]. To investigate this, we look at the effect of variation of
the bare unbinding rate of the dynein motors (ε0−) on proces-
sivity of the cargo [Fig. 3(a)]. Codependent-transport behavior
is again observed for a range of stall forces. For instance
at Fs− = 2 pN, we observe a nonmonotonic behavior of the
processivity with increasing unbinding rate. At Fs− = 4 pN,

(a) (b)

FIG. 3. (a) Average processivity as a function of ε0− for different stall forces at α = 40kBT , obtained using Eq. (8). (b) Contour plots of
processivity in (Fs−, ε0−) plane for α = 40kBT and F0 = 7 pN. Data shown are for N+ = 6, N− = 2, π0− = 1/s.

023019-4

A.Nair, S. Chandel, M.K. Mitra, SM & A. Chaudhuri  (PRE, 2016)



QUESTION

• How does catchbonding affect transport characteristics 
in optical trapping assay (Variable force ensemble) ?

Brenner et al., Sci. Adv. 2020; 6 : eaaz4295     8 April 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 11

separations of 100 to 200 nm. A bead was counted as moving if its 
displacement was ≥50 nm, equivalent to ≥0.5 pN. The dilution 
curve obtained from this assay was then analyzed on the basis of 
two models [see Materials and Methods, Supplementary Materials, 
and (39–41)]: one describing force generation by one or more 
motors (“processive” model) and the other describing force gener-
ation driven by two or more motors (“nonprocessive” model). We 
found that our data were best described by the processive model 
[R2 = 0.996; Akaike’s information criterion (AIC) probability of 
99.99%]. This was true even when beads displaying exclusively large 
(up to 50 nm) single forward-backward steps, without any resolved 
intermediate steps (Fig. 1B), were counted as nonmoving (R2 = 0.992; 
AIC probability of 99.97%; fig. S2A) [we suspect that these displace-
ments are generated by dynein motors that transition reversibly 
from the autoinhibitory to the open conformation (7)]. We, there-
fore, find that under these experimental conditions, native human 
dynein is a weakly processive motor (17).

The “stall force” of single human dynein complexes at saturating 
[ATP] was next determined by analyzing trapping data obtained at 
the single-molecule level [in this case, ≤30% bead motility (39–41)]. 
Stalling was defined as a ≥ 200-ms force plateau [as in (17)], exclud-
ing jump-like events to such a plateau (Fig. 1B). The resulting stall 
force histogram (Fig. 2A) followed a Gaussian distribution, with an 
average of 0.9 ± 0.3 pN (±SD; N = 77; k = 0.01 pN/nm), which is 
consistent with previously published stall forces for mammalian 
dyneins (15, 17, 18, 20, 21). However, the vast majority of runs did 
not result in stalling, and in most cases, dynein released prema-
turely from the MT (Fig. 1B, middle). Hence, the stall percentage 
(number of stalling events/number of all events × 100%) was 
extremely low (6.8%). In addition, the detachment force, defined 
as the average maximum force of all events, was found to be sig-
nificantly lower (0.63  ±  0.01 pN, ±SEM) than the stall force 
(0.89 ± 0.02 pN, ±SEM) (Fig. 2, A and B). It has been previously 
noted (42) that motors with low processivity, such as kinesin-5 
(Eg5), rarely show clear stalling events before dissociation. Our 
observations therefore suggest that the limited processivity of 
human dynein in isolation may limit the observed stall force in the 
optical tweezers assay.

Processivity limits the measured peak force of  
isolated human dynein
To determine whether dynein’s weak processivity did decrease its 
measured force generation, we repeated the optical trapping experi-
ments at a trap stiffness of 0.03 pN/nm (such that dynein has to 
move only ~33 nm to reach a force of 1 pN). As expected, both the 
stall forces (Fig. 2A) and the detachment forces (Fig. 2B) increased 
with elevated trap stiffness (for all presented detachment force analyses, 
we took all events into account that were identifiable as force gener-
ation events, even when they occurred below 0.5 pN). Next, we 
raised the trap stiffness to 0.03 pN/nm for a given dynein-bound 
bead, following data acquisition at 0.01 pN/nm, to show that indi-
vidual motors exhibiting one force generation behavior at a lower 
trap stiffness exhibit larger peak forces at higher trap stiffness. As 
expected, we found that force output increased as the trap stiffness 
was raised (Fig. 2C). We then determined whether the increased force 
generation at higher trap stiffnesses is reversible or whether dynein 
switches into a persistent high-force state, even if the trap stiffness 
is reduced again. To distinguish between these possibilities, we 
changed the trap stiffness from 0.06 to 0.01 pN/nm and back to 
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Fig. 1. Optical trapping assay to probe dynein force generation. (A) Schematic 
of the optical tweezers assay (not to scale). A 0.9-mm-diameter carboxyl bead is 
nonspecifically bound to a purified single human dynein and is trapped by a 
near-infrared optical trapping beam focused via a high numerical aperture micro-
scope objective lens. The trap holds the bead directly above an MT that is covalently 
linked to the glass surface of the coverslip. When the dynein binds to and moves 
along the MT in the presence of ATP, it pulls the attached bead with it. The trap 
resists this motion, exerting a force F = −k × ∆x on the bead-motor complex, where 
k is the trap stiffness and ∆x is the distance from the trap center to the center of the 
bead. (B) Example traces at 1 mM ATP and k = 0.01 pN/nm (see also fig. S2B). Stalling 
events (red horizontal bars) can be observed but are rare. Fast events, including 
large single forward-backward steps without any resolved intermediate steps 
(black star), are frequent. Events that are counted as force generation events are 
marked with black arrows. (C) Dilution curve counting beads as moving if forces 
equaled or exceeded 0.5 pN. Error bars were calculated assuming a binomial distri-
bution. Twelve to 85 beads were tested for each dilution (Ntotal = 318). The curves 
are fits to equations assuming processive motors (Eq. 6, l = 3.3 ± 0.1, solid line, 
R2 = 0.996) and nonprocessive motors (Eq. 7, l = 7.9 ± 0.7, dashed line, R2 = 0.949).
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Cellular cargo transport in optical trap 

(a)t (b)

Fig. 1 Schematic of multiple motor-driven cargo transport on a microtubule (MT) filament in an optical trap. (a) The optical trap and the motors
are denoted as harmonic springs with spring constants kt and km respectively. The positions of the cargo and the motors from the optical trap centre
are denoted by xc and xm respectively. (b) 2D schematic of the force-balanced situation for a motor transport under optical trap. The bead of radius
R is moving in x-y plane and the MT is along x-direction. The optical trap center is at (0,y) while the cargo position is denoted by (xc,yc). The motor
is attached to the bead at (x,y) while the other end of the motor is attached to the MT at (xm,0) and makes an angle q with the MT. The cargo
is experiencing two forces - force due to motor extension ( f ) and trap force ( ft). The components of these two forces along x and y-directions are
denoted as f x, f y, f x

t and f y
t respectively.

Parameter Symbol Value (Unless otherwise mentioned)
Binding rate po 1.6 s�1 42,43

Unbinding rate (under no load) eo 0.27 s�1 43,44

Principal velocity ( under no load) vo 362 nm s�1 44

Motor spring restlength lo 55 nm45

Stall force for Dynein fs 1.1 pN 23,43

Detachment force for Dynein fd 0.67 pN 25

Catch bond threshold force fm chosen same as fs 13

Deformation force scale fo 7 pN 13

Catch bond Strength / Deformation energy scale a 0 - 40 kBT 13

Motor spring stiffness km 0.1 - 0.3 pN nm�1 46

Trap Stiffness kt 0.01 -0.03 pN nm�1 23,47

Table 1 The table contains the symbols of physical parameters and their values that are used throughout the manuscript (unless mentioned otherwise).

2.1.1 Force balance in two-dimensions

For transport of a cellular cargo by a single motor, the cargo is
subjected to pulling force of a motor that is attached to the un-
derlying microtubule filament and an opposing restoring force
arising from the potential due to optical trap. In general, the
motion of the cargo as it moves away from the optical trap cen-
ter, has components both along the horizontal direction (along
the axis of microtubule length) as well as the vertical direction.
While many previous studies on the motor transport in optical
trap setting have only considered one-dimensional transport of
the cargo21,23,24, ignoring the vertical component of the forces
due to the motor and the optical trap, in reality, the cargo is sub-
jected to force along the vertical direction as well19,20,48 (see Fig.
1b). The effect of the optical trap on the cellular cargo is mod-
elled as a harmonic potential. While the ratio of trap stiffness
in the horizontal and vertical directions varies in range of 1.5�4
depending on the choice of the bead size and its coating mate-
rial49,50, for simplicity, we assume that the harmonic potential is

isotropic with a spring constant kt . We consider a spherical cargo
of radius R. We choose the coordinate system such that the MT is
positioned along y = 0 and the trap center is set at position (0,yo).
We assume that the cargo starts from the trap center while the
motor attaches to the MT at (0,0) at time t = 0. Note that molec-
ular motors typically have a finite rest length lo, defined as the
maximum extension of the motor for which the motor experiences
no load. In the initial configuration, we assume yo = R+ lo such
that the motor is in a vertical position with an extension equal to
lo. As the motor starts walking, it stretches beyond the rest length
and starts experiencing a force from the optical trap. At any time
instant, the motor binding position on the cargo as (x,y), and the
cargo centre is denoted as (xc,yc).

Force balance condition for the cargo along the horizontal and
vertical direction implies (Fig. 1b),
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(a)t (b)

Fig. 1 Schematic of multiple motor-driven cargo transport on a microtubule (MT) filament in an optical trap. (a) The optical trap and the motors
are denoted as harmonic springs with spring constants kt and km respectively. The positions of the cargo and the motors from the optical trap centre
are denoted by xc and xm respectively. (b) 2D schematic of the force-balanced situation for a motor transport under optical trap. The bead of radius
R is moving in x-y plane and the MT is along x-direction. The optical trap center is at (0,y) while the cargo position is denoted by (xc,yc). The motor
is attached to the bead at (x,y) while the other end of the motor is attached to the MT at (xm,0) and makes an angle q with the MT. The cargo
is experiencing two forces - force due to motor extension ( f ) and trap force ( ft). The components of these two forces along x and y-directions are
denoted as f x, f y, f x

t and f y
t respectively.

Parameter Symbol Value (Unless otherwise mentioned)
Binding rate po 1.6 s�1 42,43

Unbinding rate (under no load) eo 0.27 s�1 43,44

Principal velocity ( under no load) vo 362 nm s�1 44

Motor spring restlength lo 55 nm45

Stall force for Dynein fs 1.1 pN 23,43

Detachment force for Dynein fd 0.67 pN 25

Catch bond threshold force fm chosen same as fs 13

Deformation force scale fo 7 pN 13

Catch bond Strength / Deformation energy scale a 0 - 40 kBT 13

Motor spring stiffness km 0.1 - 0.3 pN nm�1 46

Trap Stiffness kt 0.01 -0.03 pN nm�1 23,47

Table 1 The table contains the symbols of physical parameters and their values that are used throughout the manuscript (unless mentioned otherwise).

2.1.1 Force balance in two-dimensions

For transport of a cellular cargo by a single motor, the cargo is
subjected to pulling force of a motor that is attached to the un-
derlying microtubule filament and an opposing restoring force
arising from the potential due to optical trap. In general, the
motion of the cargo as it moves away from the optical trap cen-
ter, has components both along the horizontal direction (along
the axis of microtubule length) as well as the vertical direction.
While many previous studies on the motor transport in optical
trap setting have only considered one-dimensional transport of
the cargo21,23,24, ignoring the vertical component of the forces
due to the motor and the optical trap, in reality, the cargo is sub-
jected to force along the vertical direction as well19,20,48 (see Fig.
1b). The effect of the optical trap on the cellular cargo is mod-
elled as a harmonic potential. While the ratio of trap stiffness
in the horizontal and vertical directions varies in range of 1.5�4
depending on the choice of the bead size and its coating mate-
rial49,50, for simplicity, we assume that the harmonic potential is

isotropic with a spring constant kt . We consider a spherical cargo
of radius R. We choose the coordinate system such that the MT is
positioned along y = 0 and the trap center is set at position (0,yo).
We assume that the cargo starts from the trap center while the
motor attaches to the MT at (0,0) at time t = 0. Note that molec-
ular motors typically have a finite rest length lo, defined as the
maximum extension of the motor for which the motor experiences
no load. In the initial configuration, we assume yo = R+ lo such
that the motor is in a vertical position with an extension equal to
lo. As the motor starts walking, it stretches beyond the rest length
and starts experiencing a force from the optical trap. At any time
instant, the motor binding position on the cargo as (x,y), and the
cargo centre is denoted as (xc,yc).

Force balance condition for the cargo along the horizontal and
vertical direction implies (Fig. 1b),
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Fig. 2 First passage time for single motor cargo transport using 2D approach. Panels (a) and (b) show the comparison between simulation-generated
First Passage times t for a single motor as a function of eo and vo, respectively, for three different a values. Panel (c) shows the corresponding contour
map of variation of FPT with eo and vo simultaneously and demonstrates the appearance of a re-entrant under the influence of catch bond (a = 18
kBT ). The restlength of the motor, in this case, is chosen to be lo = 55 nm, and the radius of the cargo is assumed to be R = 500 nm. Panels (d) and
(e) show the comparison of results obtained from 2D approach vs 1D approach for a = 18. Panel (f) depicts the contour map of the average FPT in
the case of 1D approach. In all of the plots for 1D approach restlength is chosen to be lo = 0. Rest of the parameters are as follows: vo = 362 nm s�1

(for panels (a) and (d), eo = 0.27 s�1 (for panels (b) and (e)), fs = 1.1 pN, fd = 0.67 pN, fm = 0.5 pN, fo = 7 pN, kt = 0.02 pN nm�1.

principal unbinding rate eo, in contrast with the slip-bond where
it is completely absent (see Suppl. Fig. 2(a)).

2.1.2 Force balance in one dimension

We now turn to a simplified model of the cargo in this variable
force optical trap setup, where we neglect motion along the ver-
tical direction, and consider only the horizontal motion of cargo.
The force balance condition then reads,

ktxc = Q(xm � xc � lo)km(xm � xc � lo) (11)

where xm is the displacement of the motor with respect to the
center of the optical trap. It follows that, for a single mo-
tor, the force exerted on the motor is non-zero only when the
motor distance from optical trap is greater than its rest length
(xm > lo). The cargo position can be expressed as xc = Q(xm�xc�
lo)

⇣
km

km+kt

⌘
(xm � lo). Consequently, the cargo velocity, vc, can be

expressed in terms of the motor velocity, vm as,

vc = Q(xm � xc � lo)
✓

km
km + kt

◆
vm (12)

where the motor velocity depends linearly on the force, vm =

vo(1� f/ fs)24,47. From. Eq. 12, then, the instantaneous force
f exerted on the motor follows the evolution equation,

d f
dt

= ktvc = Q(xm � xc � lo)
✓

ktkm
km + kt

◆
vo

✓
1� f

fs

◆
(13)

We can thus relate the instantaneous force f to the instantaneous
cargo position xc(t) by integrating Eq. 13 and it can be expressed
in terms of the time interval t for which the motor is bound to the

MT filament as,

f (t) = ktxc(t) = Q(vot � lo) fs


1� exp
✓
� ktkm(vot � lo)

(kt + km) fs

◆�
(14)

where the Q function is non-zero only for t greater than the mean
time taken by the motor to walk beyond its rest length.

For non-catch bonded motors, we have e = eoekt xc/ fk . Using
Eq.(14), we obtain,

e(t) = eo exp


Q(vot � lo)
fs
fk

⇣
1� e�K(vot�lo)

⌘�
(15)

where K = kt km
(kt+km) fs

. For the catch bonded motors, the form of the
unbinding rate is obtained from Eqs.(2) and (3), with the instan-
taneous force being given by Eq. 14. The unbinding rate is then
substituted in the integral form of Eq.(5), to obtain the survival
probability distribution and hence the probability distribution of
the first passage time. Once we obtain the first passage time distri-
bution, we can calculate the detachment force distribution, P( f ),
using Eq. 6.

In addition we also stochastically simulate cargo trajectories in
this 1D configuration (see Suppl. Sec. 2 for details). We simulate
the trajectories and obtain the statistical measures for multiple
motors by averaging over an ensemble of 5000 runs of the pro-
cess.

We first compare the variation of the first passage time as a
function of the principal (load-free) unbinding rate obtained from
this one-dimensional analysis with the results of the full two-
dimensional treatment. As can be seen in Fig. 2(d), the two
curves effectively overlap, showing that the 1D treatment can
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Fig. 2 First passage time for single motor cargo transport using 2D approach. Panels (a) and (b) show the comparison between simulation-generated
First Passage times t for a single motor as a function of eo and vo, respectively, for three different a values. Panel (c) shows the corresponding contour
map of variation of FPT with eo and vo simultaneously and demonstrates the appearance of a re-entrant under the influence of catch bond (a = 18
kBT ). The restlength of the motor, in this case, is chosen to be lo = 55 nm, and the radius of the cargo is assumed to be R = 500 nm. Panels (d) and
(e) show the comparison of results obtained from 2D approach vs 1D approach for a = 18. Panel (f) depicts the contour map of the average FPT in
the case of 1D approach. In all of the plots for 1D approach restlength is chosen to be lo = 0. Rest of the parameters are as follows: vo = 362 nm s�1

(for panels (a) and (d), eo = 0.27 s�1 (for panels (b) and (e)), fs = 1.1 pN, fd = 0.67 pN, fm = 0.5 pN, fo = 7 pN, kt = 0.02 pN nm�1.

principal unbinding rate eo, in contrast with the slip-bond where
it is completely absent (see Suppl. Fig. 2(a)).

2.1.2 Force balance in one dimension

We now turn to a simplified model of the cargo in this variable
force optical trap setup, where we neglect motion along the ver-
tical direction, and consider only the horizontal motion of cargo.
The force balance condition then reads,

ktxc = Q(xm � xc � lo)km(xm � xc � lo) (11)

where xm is the displacement of the motor with respect to the
center of the optical trap. It follows that, for a single mo-
tor, the force exerted on the motor is non-zero only when the
motor distance from optical trap is greater than its rest length
(xm > lo). The cargo position can be expressed as xc = Q(xm�xc�
lo)

⇣
km

km+kt

⌘
(xm � lo). Consequently, the cargo velocity, vc, can be

expressed in terms of the motor velocity, vm as,

vc = Q(xm � xc � lo)
✓

km
km + kt

◆
vm (12)

where the motor velocity depends linearly on the force, vm =

vo(1� f/ fs)24,47. From. Eq. 12, then, the instantaneous force
f exerted on the motor follows the evolution equation,

d f
dt

= ktvc = Q(xm � xc � lo)
✓

ktkm
km + kt

◆
vo

✓
1� f

fs

◆
(13)

We can thus relate the instantaneous force f to the instantaneous
cargo position xc(t) by integrating Eq. 13 and it can be expressed
in terms of the time interval t for which the motor is bound to the

MT filament as,

f (t) = ktxc(t) = Q(vot � lo) fs


1� exp
✓
� ktkm(vot � lo)

(kt + km) fs

◆�
(14)

where the Q function is non-zero only for t greater than the mean
time taken by the motor to walk beyond its rest length.

For non-catch bonded motors, we have e = eoekt xc/ fk . Using
Eq.(14), we obtain,

e(t) = eo exp


Q(vot � lo)
fs
fk

⇣
1� e�K(vot�lo)

⌘�
(15)

where K = kt km
(kt+km) fs

. For the catch bonded motors, the form of the
unbinding rate is obtained from Eqs.(2) and (3), with the instan-
taneous force being given by Eq. 14. The unbinding rate is then
substituted in the integral form of Eq.(5), to obtain the survival
probability distribution and hence the probability distribution of
the first passage time. Once we obtain the first passage time distri-
bution, we can calculate the detachment force distribution, P( f ),
using Eq. 6.

In addition we also stochastically simulate cargo trajectories in
this 1D configuration (see Suppl. Sec. 2 for details). We simulate
the trajectories and obtain the statistical measures for multiple
motors by averaging over an ensemble of 5000 runs of the pro-
cess.

We first compare the variation of the first passage time as a
function of the principal (load-free) unbinding rate obtained from
this one-dimensional analysis with the results of the full two-
dimensional treatment. As can be seen in Fig. 2(d), the two
curves effectively overlap, showing that the 1D treatment can
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ktxc = kmQ(lm � lo)

(xm � x)� lo

(x� xc)

R

�
(7)

kt(yo � yc) = kmQ(lm � lo)


y� lo
(yc � y)

R

�
(8)

where lm is the length of the motor. It is worthwhile to point
out that the above force balance condition between motor force
and trap force in vertical direction (Eq. 8) is valid as long as the
cargo does not touch the underlying MT. Once the cargo touches
the MT, an additional normal force (along the vertical direction)
acts on the cargo, which must also be accounted for in the force
balance condition19,20,51.

Additionally, from geometrical considerations, the motor bind-
ing position (x,y) must satisfy

(x� xc)
2 +(y� yc)

2 = R2 (9)

Finally for equilibrium, we must have,

tanq =
y

xm � x
=

yc
xm � xc

(10)

With these force-balance conditions and geometric constraints,
we perform stochastic simulations of a single dynein-driven cargo
transport under optical trap (see Suppl. Sec. 1 for details). The
motor position (x,y) and cargo position (xc,yc) allow us to com-
pute the motor extension and hence the force f experienced by
the motor. The motor can then either detach from the MT with
the unbinding rate e( f ) (Eq. 2) or move along the MT with a
velocity vm( f ). For simplicity, we assume a linear force-velocity
relation for the motor24,47, vm = vo(1 � f/ fs), where vo is the
load-free velocity of the motor. After each motor stepping event
the force-balance condition is applied and new equilibrium val-
ues of x, y, xc, and yc are obtained from Eqs. 7, 8, 9 and 10. This
process continues until the motor unbinds from the MT, yielding
estimates of the first passage time and detachment forces. We
averaged all properties over 105 independent simulation runs.

For a cargo transported by a single motor in an optical trap, if
the force at which catch bonding behaviour sets in for the motor,
fm is the same or greater than the single motor stall force fs, then
both FPT and detachment force would be insensitive to the catch
bonded nature of the dynein since the optical trap can only access
force scale up to fs for a single motor. In principle, the allosteric
deformation force scales which result in catch bonding behaviour
in dynein need not be the same as the stall force of these motors.
We thus explore the regime wherein, fm < fs, in order to study the
potential impact of catch bonding on cargo transport by a single
motor. For a stall force of fs = 1.1pN 4,29,44, we report results
for a choice of fm = 0.5pN. We choose a trap stiffness of kt =

0.02pN/nm47, which coupled with a dynein rest length of lo =

55nm45, implies that the force in the vertical direction is such
that the cargo transported by a single motor would never touch
the MT in this scenario.

We characterise the First Passage Time (FPT) and investigate
how different motor parameters such as the unbinding rate and
motor velocities affect the FPT both in presence and in absence

of catch bond. In an experimental context, motor velocity is a
crucial parameter and can be controlled in various ways. Stud-
ies have shown that both kinesin and dynein motor velocity de-
pends strongly on the ATP concentration33–35,52. Interestingly,
an in vitro motility assay study has also revealed that the veloc-
ity of single dynein-driven cargo transport varies exponentially
with variation of temperature in accordance with Arrhenius equa-
tion36. Moreover, complexion of dynein with dynactin or BICD
proteins and the size of the cargo transported by the dynein mo-
tor can affect the motor velocity significantly32,37. For example,
the cytoplasmic dynein used in this study had a natural velocity
of ⇠ 79 nms�1, while dynein-dynactin complex moves with a ve-
locity ⇠ 513 nms�1. Conversely, the dynein velocity can rise upto
⇠ 257 nms�1 for a cargo of diameter 860 nm from ⇠ 50 nms�1 for
a cargo of 20 nm diameter. Similarly, different dynein-activating
proteins, such as dynactin, LIS1, NudE, Tau etc., can regulate the
processivity of the dynein-driven cargo transport38,39,45.

In Fig. 2 we show the variation of first passage time with un-
binding rate and single motor velocity for a cargo being trans-
ported by a single motor. Fig. 2(a) demonstrates that the first pas-
sage time for the bound-state of a cargo driven by a single motor
decreases monotonically with an increasing principal unbinding
rate eo. Further, the blue and green curves demonstrate that in
the case of catch bonded motors, the first passage time increases
with catch bond strength for the given range of unbinding rates.
Thus, a key tenet of catch bonded motors is improved persistence
in the bound state of the cargo. The standard response for slip-
bonded motors transporting cargo against a harmonic force is a
decrease in the persistence of the bound state as the cargo trav-
els further away from the trap center. This is demonstrated in
Fig. 2(b) by the red curve where average first passage time de-
creases monotonically with the principal velocity parameter. This
simply indicates that, with higher velocities, motors have a ten-
dency to unbind faster as they venture into regions that elicit a
stronger trap force. However, the blue and green curves demon-
strate that catch bond counters this effect by decreasing the un-
binding rate at these higher force regimes. There is an initial
decrease in first passage time in the small vo limit as the cargo
dynamics are not very likely to trigger a catch bond response at
these velocities. However, at a sufficiently higher velocity, the
probability of triggering catch bond grows and it is more typical
for the cargo’s bound state to have higher persistence, leading to
an increase in First passage time with increasing vo. We iden-
tify this re-entrant, exclusively, as a consequence of catch bond.
We have also compared our results with the case of non-isotropic
optical trap and both results match very well (see Suppl. Fig.
1). Note that while many of the experimental reports suggested
that the usual residence time (First passage time in our case) of
dynein is ⇠ 1s22,23,47, studies have shown that the residence time
under optical trap for single dynein-driven cargo transport can be
as large as ⇠ 5s44, consistent with our theoretical results. Inter-
estingly, complexing the dynein motor with LIS1 phosphoprotein
can increase the residence time of single dynein significantly and
can rise up to ⇠ 100s45. The contour-lines in Fig 2(c), further
show that the re-entrant behavior of first passage time as a func-
tion of motor velocity is robustly exhibited for a wide range of
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ktxc = kmQ(lm � lo)

(xm � x)� lo

(x� xc)

R

�
(7)

kt(yo � yc) = kmQ(lm � lo)


y� lo
(yc � y)

R

�
(8)

where lm is the length of the motor. It is worthwhile to point
out that the above force balance condition between motor force
and trap force in vertical direction (Eq. 8) is valid as long as the
cargo does not touch the underlying MT. Once the cargo touches
the MT, an additional normal force (along the vertical direction)
acts on the cargo, which must also be accounted for in the force
balance condition19,20,51.

Additionally, from geometrical considerations, the motor bind-
ing position (x,y) must satisfy

(x� xc)
2 +(y� yc)

2 = R2 (9)

Finally for equilibrium, we must have,

tanq =
y

xm � x
=

yc
xm � xc

(10)

With these force-balance conditions and geometric constraints,
we perform stochastic simulations of a single dynein-driven cargo
transport under optical trap (see Suppl. Sec. 1 for details). The
motor position (x,y) and cargo position (xc,yc) allow us to com-
pute the motor extension and hence the force f experienced by
the motor. The motor can then either detach from the MT with
the unbinding rate e( f ) (Eq. 2) or move along the MT with a
velocity vm( f ). For simplicity, we assume a linear force-velocity
relation for the motor24,47, vm = vo(1 � f/ fs), where vo is the
load-free velocity of the motor. After each motor stepping event
the force-balance condition is applied and new equilibrium val-
ues of x, y, xc, and yc are obtained from Eqs. 7, 8, 9 and 10. This
process continues until the motor unbinds from the MT, yielding
estimates of the first passage time and detachment forces. We
averaged all properties over 105 independent simulation runs.

For a cargo transported by a single motor in an optical trap, if
the force at which catch bonding behaviour sets in for the motor,
fm is the same or greater than the single motor stall force fs, then
both FPT and detachment force would be insensitive to the catch
bonded nature of the dynein since the optical trap can only access
force scale up to fs for a single motor. In principle, the allosteric
deformation force scales which result in catch bonding behaviour
in dynein need not be the same as the stall force of these motors.
We thus explore the regime wherein, fm < fs, in order to study the
potential impact of catch bonding on cargo transport by a single
motor. For a stall force of fs = 1.1pN 4,29,44, we report results
for a choice of fm = 0.5pN. We choose a trap stiffness of kt =

0.02pN/nm47, which coupled with a dynein rest length of lo =

55nm45, implies that the force in the vertical direction is such
that the cargo transported by a single motor would never touch
the MT in this scenario.

We characterise the First Passage Time (FPT) and investigate
how different motor parameters such as the unbinding rate and
motor velocities affect the FPT both in presence and in absence

of catch bond. In an experimental context, motor velocity is a
crucial parameter and can be controlled in various ways. Stud-
ies have shown that both kinesin and dynein motor velocity de-
pends strongly on the ATP concentration33–35,52. Interestingly,
an in vitro motility assay study has also revealed that the veloc-
ity of single dynein-driven cargo transport varies exponentially
with variation of temperature in accordance with Arrhenius equa-
tion36. Moreover, complexion of dynein with dynactin or BICD
proteins and the size of the cargo transported by the dynein mo-
tor can affect the motor velocity significantly32,37. For example,
the cytoplasmic dynein used in this study had a natural velocity
of ⇠ 79 nms�1, while dynein-dynactin complex moves with a ve-
locity ⇠ 513 nms�1. Conversely, the dynein velocity can rise upto
⇠ 257 nms�1 for a cargo of diameter 860 nm from ⇠ 50 nms�1 for
a cargo of 20 nm diameter. Similarly, different dynein-activating
proteins, such as dynactin, LIS1, NudE, Tau etc., can regulate the
processivity of the dynein-driven cargo transport38,39,45.

In Fig. 2 we show the variation of first passage time with un-
binding rate and single motor velocity for a cargo being trans-
ported by a single motor. Fig. 2(a) demonstrates that the first pas-
sage time for the bound-state of a cargo driven by a single motor
decreases monotonically with an increasing principal unbinding
rate eo. Further, the blue and green curves demonstrate that in
the case of catch bonded motors, the first passage time increases
with catch bond strength for the given range of unbinding rates.
Thus, a key tenet of catch bonded motors is improved persistence
in the bound state of the cargo. The standard response for slip-
bonded motors transporting cargo against a harmonic force is a
decrease in the persistence of the bound state as the cargo trav-
els further away from the trap center. This is demonstrated in
Fig. 2(b) by the red curve where average first passage time de-
creases monotonically with the principal velocity parameter. This
simply indicates that, with higher velocities, motors have a ten-
dency to unbind faster as they venture into regions that elicit a
stronger trap force. However, the blue and green curves demon-
strate that catch bond counters this effect by decreasing the un-
binding rate at these higher force regimes. There is an initial
decrease in first passage time in the small vo limit as the cargo
dynamics are not very likely to trigger a catch bond response at
these velocities. However, at a sufficiently higher velocity, the
probability of triggering catch bond grows and it is more typical
for the cargo’s bound state to have higher persistence, leading to
an increase in First passage time with increasing vo. We iden-
tify this re-entrant, exclusively, as a consequence of catch bond.
We have also compared our results with the case of non-isotropic
optical trap and both results match very well (see Suppl. Fig.
1). Note that while many of the experimental reports suggested
that the usual residence time (First passage time in our case) of
dynein is ⇠ 1s22,23,47, studies have shown that the residence time
under optical trap for single dynein-driven cargo transport can be
as large as ⇠ 5s44, consistent with our theoretical results. Inter-
estingly, complexing the dynein motor with LIS1 phosphoprotein
can increase the residence time of single dynein significantly and
can rise up to ⇠ 100s45. The contour-lines in Fig 2(c), further
show that the re-entrant behavior of first passage time as a func-
tion of motor velocity is robustly exhibited for a wide range of

4 | 1–12+PVSOBM�/BNF
�<ZFBS>
�<WPM�>


Page 4 of 12Soft Matter

S
o
ft
M
at
te
r
A
cc
ep
te
d
M
an
u
sc
ri
p
t

P
ub

li
sh

ed
 o

n 
13

 D
ec

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 I
N

D
IA

N
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 B

O
M

B
A

Y
 o

n 
12

/1
3/

20
23

 1
2:

32
:5

0 
P

M
. 

View Article Online
DOI: 10.1039/D3SM01122D

2D schematic 1D schematic

ktxc = kmQ(lm � lo)

(xm � x)� lo

(x� xc)

R

�
(7)

kt(yo � yc) = kmQ(lm � lo)


y� lo
(yc � y)

R

�
(8)

where lm is the length of the motor. It is worthwhile to point
out that the above force balance condition between motor force
and trap force in vertical direction (Eq. 8) is valid as long as the
cargo does not touch the underlying MT. Once the cargo touches
the MT, an additional normal force (along the vertical direction)
acts on the cargo, which must also be accounted for in the force
balance condition19,20,51.

Additionally, from geometrical considerations, the motor bind-
ing position (x,y) must satisfy

(x� xc)
2 +(y� yc)

2 = R2 (9)

Finally for equilibrium, we must have,

tanq =
y

xm � x
=

yc
xm � xc

(10)

With these force-balance conditions and geometric constraints,
we perform stochastic simulations of a single dynein-driven cargo
transport under optical trap (see Suppl. Sec. 1 for details). The
motor position (x,y) and cargo position (xc,yc) allow us to com-
pute the motor extension and hence the force f experienced by
the motor. The motor can then either detach from the MT with
the unbinding rate e( f ) (Eq. 2) or move along the MT with a
velocity vm( f ). For simplicity, we assume a linear force-velocity
relation for the motor24,47, vm = vo(1 � f/ fs), where vo is the
load-free velocity of the motor. After each motor stepping event
the force-balance condition is applied and new equilibrium val-
ues of x, y, xc, and yc are obtained from Eqs. 7, 8, 9 and 10. This
process continues until the motor unbinds from the MT, yielding
estimates of the first passage time and detachment forces. We
averaged all properties over 105 independent simulation runs.

For a cargo transported by a single motor in an optical trap, if
the force at which catch bonding behaviour sets in for the motor,
fm is the same or greater than the single motor stall force fs, then
both FPT and detachment force would be insensitive to the catch
bonded nature of the dynein since the optical trap can only access
force scale up to fs for a single motor. In principle, the allosteric
deformation force scales which result in catch bonding behaviour
in dynein need not be the same as the stall force of these motors.
We thus explore the regime wherein, fm < fs, in order to study the
potential impact of catch bonding on cargo transport by a single
motor. For a stall force of fs = 1.1pN 4,29,44, we report results
for a choice of fm = 0.5pN. We choose a trap stiffness of kt =

0.02pN/nm47, which coupled with a dynein rest length of lo =

55nm45, implies that the force in the vertical direction is such
that the cargo transported by a single motor would never touch
the MT in this scenario.

We characterise the First Passage Time (FPT) and investigate
how different motor parameters such as the unbinding rate and
motor velocities affect the FPT both in presence and in absence

of catch bond. In an experimental context, motor velocity is a
crucial parameter and can be controlled in various ways. Stud-
ies have shown that both kinesin and dynein motor velocity de-
pends strongly on the ATP concentration33–35,52. Interestingly,
an in vitro motility assay study has also revealed that the veloc-
ity of single dynein-driven cargo transport varies exponentially
with variation of temperature in accordance with Arrhenius equa-
tion36. Moreover, complexion of dynein with dynactin or BICD
proteins and the size of the cargo transported by the dynein mo-
tor can affect the motor velocity significantly32,37. For example,
the cytoplasmic dynein used in this study had a natural velocity
of ⇠ 79 nms�1, while dynein-dynactin complex moves with a ve-
locity ⇠ 513 nms�1. Conversely, the dynein velocity can rise upto
⇠ 257 nms�1 for a cargo of diameter 860 nm from ⇠ 50 nms�1 for
a cargo of 20 nm diameter. Similarly, different dynein-activating
proteins, such as dynactin, LIS1, NudE, Tau etc., can regulate the
processivity of the dynein-driven cargo transport38,39,45.

In Fig. 2 we show the variation of first passage time with un-
binding rate and single motor velocity for a cargo being trans-
ported by a single motor. Fig. 2(a) demonstrates that the first pas-
sage time for the bound-state of a cargo driven by a single motor
decreases monotonically with an increasing principal unbinding
rate eo. Further, the blue and green curves demonstrate that in
the case of catch bonded motors, the first passage time increases
with catch bond strength for the given range of unbinding rates.
Thus, a key tenet of catch bonded motors is improved persistence
in the bound state of the cargo. The standard response for slip-
bonded motors transporting cargo against a harmonic force is a
decrease in the persistence of the bound state as the cargo trav-
els further away from the trap center. This is demonstrated in
Fig. 2(b) by the red curve where average first passage time de-
creases monotonically with the principal velocity parameter. This
simply indicates that, with higher velocities, motors have a ten-
dency to unbind faster as they venture into regions that elicit a
stronger trap force. However, the blue and green curves demon-
strate that catch bond counters this effect by decreasing the un-
binding rate at these higher force regimes. There is an initial
decrease in first passage time in the small vo limit as the cargo
dynamics are not very likely to trigger a catch bond response at
these velocities. However, at a sufficiently higher velocity, the
probability of triggering catch bond grows and it is more typical
for the cargo’s bound state to have higher persistence, leading to
an increase in First passage time with increasing vo. We iden-
tify this re-entrant, exclusively, as a consequence of catch bond.
We have also compared our results with the case of non-isotropic
optical trap and both results match very well (see Suppl. Fig.
1). Note that while many of the experimental reports suggested
that the usual residence time (First passage time in our case) of
dynein is ⇠ 1s22,23,47, studies have shown that the residence time
under optical trap for single dynein-driven cargo transport can be
as large as ⇠ 5s44, consistent with our theoretical results. Inter-
estingly, complexing the dynein motor with LIS1 phosphoprotein
can increase the residence time of single dynein significantly and
can rise up to ⇠ 100s45. The contour-lines in Fig 2(c), further
show that the re-entrant behavior of first passage time as a func-
tion of motor velocity is robustly exhibited for a wide range of
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tors to catch up and share the opposing load force23,27.

While it was thought that the primary functional role of the
biological catch bond was restricted to improving surface adhe-
sion properties of bacteria and cells when subjected to external
forces or flow field28, many recent theoretical studies have in-
dicated a much wider array of functional role of the biological
catch bonding in intracellular processes ranging from regulating
intracellular transport13,25,29 to generating oscillations in mus-
cle fibres and mitotic spindles during cell division30. Thus it is
imperative to understand the underlying mechanism which gov-
erns the collective behaviour of catch bonded dynein motors. In
this context, experiments using optical trap assay provide a useful
means of not only investigating the role of catch bond in dynein
motors on intracellular properties but it may also be used for sys-
tematically studying the effects of variation of the single motor
properties such as the stall force and the motor velocity which
are known to regulate the overall motility characteristics of the
transported cellular cargo31–39.

In this paper, we seek to understand the role of catch bond in
mediating transport of cellular cargo. To this end, we study the
transport properties of cargo carried both by single dynein as well
as by multiple dynein motors in a variable force optical trap.

1 Model and Methods

We model the transport of a cellular cargo that is subjected to
force due to motors that are attached to cargo and walk on mi-
crotubule filaments, as well as an opposing restoring force arising
due to the harmonic potential of the optical trap. The motors
themselves stochastically (un)bind (from)to the MT filament in a
force-dependent manner. For non-catch bonded motors, the un-
binding rate increases exponentially with the load force - a char-
acteristic of slip bond

40,41, such that

e( f ) = eoe f/ fk (1)

where fk is the characteristic detachment force and eo is the load-
free unbinding rate for slip-bonded motor.

In contrast, for catch bonded dynein motors, it has been ob-
served that beyond a certain threshold load force, the unbinding
rate is a decreasing function of the force - a signature of catch
bonding behaviour exhibited by dynein motors21. We denote the
corresponding threshold force at which catch bonding is activated
in dynein as fm. It is worthwhile to point out that fm need not
necessarily be same as the stall force fs of the motors. The un-
binding rate for single dynein motor can be modelled and fitted
using a phenomenological TFBD model25 which reproduces the
observed experimental unbinding rates of cytoplasmic dynein mo-
tor. Within the framework of the TFBD model, the unbinding rate
of single dynein motor can be expressed as,

e( f ) = eo exp[�Ed( f )+ f/ fd ] (2)

where fd is the characteristic detachment force of dynein motor
in the slip region ( f < fm). The deformation energy Ed represents
the influence of catch bond behaviour, which sets in when f > fm,

and is expressed as 25,

Ed( f ) = Q( f � fm) a


1� exp
✓
� f � fm

fo

◆�
(3)

where the Q(x) denotes the Heaviside function which is equal to
1 for x > 0 and zero otherwise. The parameter a is a measure
of catch bond strength and is measured in units of kBT . The pa-
rameter fo is associated with the force scale corresponding to the
deformation energy due to catch bond.

For cargo transported by a single motor, we can calculate the
runtime and detachment force distributions analytically. We de-
fine S(t) as the Survival probability distribution of the cellular
cargo i.e., the probability that the cargo remains attached to the
filament (through the bound motor) after time t, starting from
the initial position of the optical trap center at time t = 0. Then
for a small time interval Dt, S(t +Dt) = S(t)[1� e( f )Dt] and corre-
sponding time evolution of S(t) is,

dS
dt

=�e( f )S (4)

which yields a solution of S(t), which has the general form,

S(t) = exp

�
Z t

0
edt

0
�

(5)

The probability distribution of the survival time, S(t), can then
be obtained by substituting the expression for e in the integral
form of Eq.(5). An experimentally accessible measure is the first
passage time defined as the total time the cargo remains bound to
the MT before motor that tethers it to the filament, unbinds. The
First passage time distribution, F(t), can then easily be calculated
from Eq.(4) using the relation F(t) = � dS

dt . Another quantity of
experimental interest is the detachment force which is defined as
the force exerted on the cargo at the time of unbinding of the mo-
tor from the MT filament. Once we obtain the first passage time
distribution, we can calculate the detachment force distribution,
P( f ), using the following expression -

P( f ) =
R t

0 f (t 0)F(t 0)dt 0
R t

0 F(t 0)dt 0
(6)

We also perform stochastic simulations for the cargo trajecto-
ries both for the case of transport of cargo by a single motor and
by multiple motors. (See Supplementary Section 1 for simulation
method details).

2 Results

2.1 Cargo transport by a single motor

In order to investigate the effect of catch bonded behaviour on
the transport characteristics, we first focus on the case of a cargo
being transported by a single dynein motor in an optical trap. To
characterise the motion, we focus on experimentally accessible
measures of first passage time (FPT) and detachment force distri-
bution of the cargo. The cargo position at any instant of time is
determined by the force balance condition on the cargo.
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tors to catch up and share the opposing load force23,27.

While it was thought that the primary functional role of the
biological catch bond was restricted to improving surface adhe-
sion properties of bacteria and cells when subjected to external
forces or flow field28, many recent theoretical studies have in-
dicated a much wider array of functional role of the biological
catch bonding in intracellular processes ranging from regulating
intracellular transport13,25,29 to generating oscillations in mus-
cle fibres and mitotic spindles during cell division30. Thus it is
imperative to understand the underlying mechanism which gov-
erns the collective behaviour of catch bonded dynein motors. In
this context, experiments using optical trap assay provide a useful
means of not only investigating the role of catch bond in dynein
motors on intracellular properties but it may also be used for sys-
tematically studying the effects of variation of the single motor
properties such as the stall force and the motor velocity which
are known to regulate the overall motility characteristics of the
transported cellular cargo31–39.

In this paper, we seek to understand the role of catch bond in
mediating transport of cellular cargo. To this end, we study the
transport properties of cargo carried both by single dynein as well
as by multiple dynein motors in a variable force optical trap.

1 Model and Methods

We model the transport of a cellular cargo that is subjected to
force due to motors that are attached to cargo and walk on mi-
crotubule filaments, as well as an opposing restoring force arising
due to the harmonic potential of the optical trap. The motors
themselves stochastically (un)bind (from)to the MT filament in a
force-dependent manner. For non-catch bonded motors, the un-
binding rate increases exponentially with the load force - a char-
acteristic of slip bond

40,41, such that

e( f ) = eoe f/ fk (1)

where fk is the characteristic detachment force and eo is the load-
free unbinding rate for slip-bonded motor.

In contrast, for catch bonded dynein motors, it has been ob-
served that beyond a certain threshold load force, the unbinding
rate is a decreasing function of the force - a signature of catch
bonding behaviour exhibited by dynein motors21. We denote the
corresponding threshold force at which catch bonding is activated
in dynein as fm. It is worthwhile to point out that fm need not
necessarily be same as the stall force fs of the motors. The un-
binding rate for single dynein motor can be modelled and fitted
using a phenomenological TFBD model25 which reproduces the
observed experimental unbinding rates of cytoplasmic dynein mo-
tor. Within the framework of the TFBD model, the unbinding rate
of single dynein motor can be expressed as,

e( f ) = eo exp[�Ed( f )+ f/ fd ] (2)

where fd is the characteristic detachment force of dynein motor
in the slip region ( f < fm). The deformation energy Ed represents
the influence of catch bond behaviour, which sets in when f > fm,

and is expressed as 25,

Ed( f ) = Q( f � fm) a


1� exp
✓
� f � fm

fo

◆�
(3)

where the Q(x) denotes the Heaviside function which is equal to
1 for x > 0 and zero otherwise. The parameter a is a measure
of catch bond strength and is measured in units of kBT . The pa-
rameter fo is associated with the force scale corresponding to the
deformation energy due to catch bond.

For cargo transported by a single motor, we can calculate the
runtime and detachment force distributions analytically. We de-
fine S(t) as the Survival probability distribution of the cellular
cargo i.e., the probability that the cargo remains attached to the
filament (through the bound motor) after time t, starting from
the initial position of the optical trap center at time t = 0. Then
for a small time interval Dt, S(t +Dt) = S(t)[1� e( f )Dt] and corre-
sponding time evolution of S(t) is,

dS
dt

=�e( f )S (4)

which yields a solution of S(t), which has the general form,

S(t) = exp

�
Z t

0
edt

0
�

(5)

The probability distribution of the survival time, S(t), can then
be obtained by substituting the expression for e in the integral
form of Eq.(5). An experimentally accessible measure is the first
passage time defined as the total time the cargo remains bound to
the MT before motor that tethers it to the filament, unbinds. The
First passage time distribution, F(t), can then easily be calculated
from Eq.(4) using the relation F(t) = � dS

dt . Another quantity of
experimental interest is the detachment force which is defined as
the force exerted on the cargo at the time of unbinding of the mo-
tor from the MT filament. Once we obtain the first passage time
distribution, we can calculate the detachment force distribution,
P( f ), using the following expression -

P( f ) =
R t

0 f (t 0)F(t 0)dt 0
R t

0 F(t 0)dt 0
(6)

We also perform stochastic simulations for the cargo trajecto-
ries both for the case of transport of cargo by a single motor and
by multiple motors. (See Supplementary Section 1 for simulation
method details).

2 Results

2.1 Cargo transport by a single motor

In order to investigate the effect of catch bonded behaviour on
the transport characteristics, we first focus on the case of a cargo
being transported by a single dynein motor in an optical trap. To
characterise the motion, we focus on experimentally accessible
measures of first passage time (FPT) and detachment force distri-
bution of the cargo. The cargo position at any instant of time is
determined by the force balance condition on the cargo.
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Force balance :
Force balance :

First passage time distribution : 

Force on motor :

Survival probability distribution:

ktxc = kmQ(lm � lo)

(xm � x)� lo

(x� xc)

R

�
(7)

kt(yo � yc) = kmQ(lm � lo)


y� lo
(yc � y)

R

�
(8)

where lm is the length of the motor. It is worthwhile to point
out that the above force balance condition between motor force
and trap force in vertical direction (Eq. 8) is valid as long as the
cargo does not touch the underlying MT. Once the cargo touches
the MT, an additional normal force (along the vertical direction)
acts on the cargo, which must also be accounted for in the force
balance condition19,20,51.

Additionally, from geometrical considerations, the motor bind-
ing position (x,y) must satisfy

(x� xc)
2 +(y� yc)

2 = R2 (9)

Finally for equilibrium, we must have,

tanq =
y

xm � x
=

yc
xm � xc

(10)

With these force-balance conditions and geometric constraints,
we perform stochastic simulations of a single dynein-driven cargo
transport under optical trap (see Suppl. Sec. 1 for details). The
motor position (x,y) and cargo position (xc,yc) allow us to com-
pute the motor extension and hence the force f experienced by
the motor. The motor can then either detach from the MT with
the unbinding rate e( f ) (Eq. 2) or move along the MT with a
velocity vm( f ). For simplicity, we assume a linear force-velocity
relation for the motor24,47, vm = vo(1 � f/ fs), where vo is the
load-free velocity of the motor. After each motor stepping event
the force-balance condition is applied and new equilibrium val-
ues of x, y, xc, and yc are obtained from Eqs. 7, 8, 9 and 10. This
process continues until the motor unbinds from the MT, yielding
estimates of the first passage time and detachment forces. We
averaged all properties over 105 independent simulation runs.

For a cargo transported by a single motor in an optical trap, if
the force at which catch bonding behaviour sets in for the motor,
fm is the same or greater than the single motor stall force fs, then
both FPT and detachment force would be insensitive to the catch
bonded nature of the dynein since the optical trap can only access
force scale up to fs for a single motor. In principle, the allosteric
deformation force scales which result in catch bonding behaviour
in dynein need not be the same as the stall force of these motors.
We thus explore the regime wherein, fm < fs, in order to study the
potential impact of catch bonding on cargo transport by a single
motor. For a stall force of fs = 1.1pN 4,29,44, we report results
for a choice of fm = 0.5pN. We choose a trap stiffness of kt =

0.02pN/nm47, which coupled with a dynein rest length of lo =

55nm45, implies that the force in the vertical direction is such
that the cargo transported by a single motor would never touch
the MT in this scenario.

We characterise the First Passage Time (FPT) and investigate
how different motor parameters such as the unbinding rate and
motor velocities affect the FPT both in presence and in absence

of catch bond. In an experimental context, motor velocity is a
crucial parameter and can be controlled in various ways. Stud-
ies have shown that both kinesin and dynein motor velocity de-
pends strongly on the ATP concentration33–35,52. Interestingly,
an in vitro motility assay study has also revealed that the veloc-
ity of single dynein-driven cargo transport varies exponentially
with variation of temperature in accordance with Arrhenius equa-
tion36. Moreover, complexion of dynein with dynactin or BICD
proteins and the size of the cargo transported by the dynein mo-
tor can affect the motor velocity significantly32,37. For example,
the cytoplasmic dynein used in this study had a natural velocity
of ⇠ 79 nms�1, while dynein-dynactin complex moves with a ve-
locity ⇠ 513 nms�1. Conversely, the dynein velocity can rise upto
⇠ 257 nms�1 for a cargo of diameter 860 nm from ⇠ 50 nms�1 for
a cargo of 20 nm diameter. Similarly, different dynein-activating
proteins, such as dynactin, LIS1, NudE, Tau etc., can regulate the
processivity of the dynein-driven cargo transport38,39,45.

In Fig. 2 we show the variation of first passage time with un-
binding rate and single motor velocity for a cargo being trans-
ported by a single motor. Fig. 2(a) demonstrates that the first pas-
sage time for the bound-state of a cargo driven by a single motor
decreases monotonically with an increasing principal unbinding
rate eo. Further, the blue and green curves demonstrate that in
the case of catch bonded motors, the first passage time increases
with catch bond strength for the given range of unbinding rates.
Thus, a key tenet of catch bonded motors is improved persistence
in the bound state of the cargo. The standard response for slip-
bonded motors transporting cargo against a harmonic force is a
decrease in the persistence of the bound state as the cargo trav-
els further away from the trap center. This is demonstrated in
Fig. 2(b) by the red curve where average first passage time de-
creases monotonically with the principal velocity parameter. This
simply indicates that, with higher velocities, motors have a ten-
dency to unbind faster as they venture into regions that elicit a
stronger trap force. However, the blue and green curves demon-
strate that catch bond counters this effect by decreasing the un-
binding rate at these higher force regimes. There is an initial
decrease in first passage time in the small vo limit as the cargo
dynamics are not very likely to trigger a catch bond response at
these velocities. However, at a sufficiently higher velocity, the
probability of triggering catch bond grows and it is more typical
for the cargo’s bound state to have higher persistence, leading to
an increase in First passage time with increasing vo. We iden-
tify this re-entrant, exclusively, as a consequence of catch bond.
We have also compared our results with the case of non-isotropic
optical trap and both results match very well (see Suppl. Fig.
1). Note that while many of the experimental reports suggested
that the usual residence time (First passage time in our case) of
dynein is ⇠ 1s22,23,47, studies have shown that the residence time
under optical trap for single dynein-driven cargo transport can be
as large as ⇠ 5s44, consistent with our theoretical results. Inter-
estingly, complexing the dynein motor with LIS1 phosphoprotein
can increase the residence time of single dynein significantly and
can rise up to ⇠ 100s45. The contour-lines in Fig 2(c), further
show that the re-entrant behavior of first passage time as a func-
tion of motor velocity is robustly exhibited for a wide range of
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 vm = v0(1-f/fs)• Linear Force-Velocity Relation :  

• Zero backward velocity in superstall condition

Assumptions: 



Fig. 2 First passage time for single motor cargo transport using 2D approach. Panels (a) and (b) show the comparison between simulation-generated
First Passage times t for a single motor as a function of eo and vo, respectively, for three different a values. Panel (c) shows the corresponding contour
map of variation of FPT with eo and vo simultaneously and demonstrates the appearance of a re-entrant under the influence of catch bond (a = 18
kBT ). The restlength of the motor, in this case, is chosen to be lo = 55 nm, and the radius of the cargo is assumed to be R = 500 nm. Panels (d) and
(e) show the comparison of results obtained from 2D approach vs 1D approach for a = 18. Panel (f) depicts the contour map of the average FPT in
the case of 1D approach. In all of the plots for 1D approach restlength is chosen to be lo = 0. Rest of the parameters are as follows: vo = 362 nm s�1

(for panels (a) and (d), eo = 0.27 s�1 (for panels (b) and (e)), fs = 1.1 pN, fd = 0.67 pN, fm = 0.5 pN, fo = 7 pN, kt = 0.02 pN nm�1.

principal unbinding rate eo, in contrast with the slip-bond where
it is completely absent (see Suppl. Fig. 2(a)).

2.1.2 Force balance in one dimension

We now turn to a simplified model of the cargo in this variable
force optical trap setup, where we neglect motion along the ver-
tical direction, and consider only the horizontal motion of cargo.
The force balance condition then reads,

ktxc = Q(xm � xc � lo)km(xm � xc � lo) (11)

where xm is the displacement of the motor with respect to the
center of the optical trap. It follows that, for a single mo-
tor, the force exerted on the motor is non-zero only when the
motor distance from optical trap is greater than its rest length
(xm > lo). The cargo position can be expressed as xc = Q(xm�xc�
lo)

⇣
km

km+kt

⌘
(xm � lo). Consequently, the cargo velocity, vc, can be

expressed in terms of the motor velocity, vm as,

vc = Q(xm � xc � lo)
✓

km
km + kt

◆
vm (12)

where the motor velocity depends linearly on the force, vm =

vo(1� f/ fs)24,47. From. Eq. 12, then, the instantaneous force
f exerted on the motor follows the evolution equation,

d f
dt

= ktvc = Q(xm � xc � lo)
✓

ktkm
km + kt

◆
vo

✓
1� f

fs

◆
(13)

We can thus relate the instantaneous force f to the instantaneous
cargo position xc(t) by integrating Eq. 13 and it can be expressed
in terms of the time interval t for which the motor is bound to the

MT filament as,

f (t) = ktxc(t) = Q(vot � lo) fs


1� exp
✓
� ktkm(vot � lo)

(kt + km) fs

◆�
(14)

where the Q function is non-zero only for t greater than the mean
time taken by the motor to walk beyond its rest length.

For non-catch bonded motors, we have e = eoekt xc/ fk . Using
Eq.(14), we obtain,

e(t) = eo exp


Q(vot � lo)
fs
fk

⇣
1� e�K(vot�lo)

⌘�
(15)

where K = kt km
(kt+km) fs

. For the catch bonded motors, the form of the
unbinding rate is obtained from Eqs.(2) and (3), with the instan-
taneous force being given by Eq. 14. The unbinding rate is then
substituted in the integral form of Eq.(5), to obtain the survival
probability distribution and hence the probability distribution of
the first passage time. Once we obtain the first passage time distri-
bution, we can calculate the detachment force distribution, P( f ),
using Eq. 6.

In addition we also stochastically simulate cargo trajectories in
this 1D configuration (see Suppl. Sec. 2 for details). We simulate
the trajectories and obtain the statistical measures for multiple
motors by averaging over an ensemble of 5000 runs of the pro-
cess.

We first compare the variation of the first passage time as a
function of the principal (load-free) unbinding rate obtained from
this one-dimensional analysis with the results of the full two-
dimensional treatment. As can be seen in Fig. 2(d), the two
curves effectively overlap, showing that the 1D treatment can
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Average First Passage time 

Transport by single motor in optical trap

• Non-monotonic behaviour of FPT as a function of v



Detachment force distribution

Fig. 3 Comparison of our 1D model with experimental data. Panel (a) and (b) compares detachment force distribution between theory and experiment47

for trap stiffness kt = 0.01 pN/nm and kt = 0.1 pN/nm respectively. Note that the experimental histogram in panel (b) is plotted till 3pN due to
unavailability of detachment force data47. Panel (c) shows the variation of the probability distribution of detachment force for different fm for catch
bonded motors (a = 18). The values of fm in panels (a) and (b) are obtained from the least square fitting of theoretical curves with experimental
data. The variation of the sum of squared residuals (D) is shown as a function of fm in the insets of panels (a) and (b). The optimum values of fm in
two cases are (a) fm = 0.6 pN and (b) fm = 1.3 pN. In panel (a) the stall forces are chosen to be fs = 2 pN while in panels (b) and (c) stall force is
chosen to be fs = 4.5 pN. Rest of the parameter values used are as follows : eo = 6 s�1 47, vo = 540 nm s�1 47, lo = 0 nm, fd = 0.67 pN, fo = 7 pN,
a = 18 (for catch bond).

manuscript, we restrict ourselves to a physical realistic trap stiff-
ness of 0.02 pN/nm. At this value of trap stiffness, the mean stall
force is fs = 1.1pN 47 and hence we choose fm = 1.1pN. A catch
bond response can still be triggered in this regime, for multiple
motors, as the cargo can be transported beyond the distance cor-
responding to the stall force of a single motor.

2.3.1 Catch bond alters transport properties

In Fig.4 we see a comparison between trajectories of a cargo car-
ried by a maximum of 4 motors based on the presence or absence
of catch bond. We observe in Fig. 4(a) that both detachment force
distributions terminate at ⇠ 4.4pN which corresponds to the de-
tachment force fmax = N fs, the maximum possible force that the
team of motors can generate before all N motors are stalled. Al-
though in case of slip bond ( red curve ) a significant fraction
of runs result in detachment at intermediate loads (in between
1.5 � 3.5pN), the detachment force distribution for catch bond
(blue and greens curves) is biased towards larger distances (� 4
pN). We also observe characteristic peaks at intervals of ⇠ 1.1pN
for both slip and catch bond (Fig.4(a)). These peaks correspond
to the external force that equals integer multiples of the stall force
of a single motor, and indicate that most of the unbinding events
take place at superstalled state of the motors. In both cases, this
can be understood by the following argument: due to relatively
high motor velocity (v0), the motors most often reach a load force
equivalent to multiples of stall force (number of bound motors
times individual motors’s stall force) before they undergo any un-
binding event. Once the load force on each bound motor is equal
to their individual stall force, the cargo halts until another mo-
tor binds to the MT and starts sharing the load or until all mo-
tors detach from that position. This high residence time at load
forces equal to multiples of fs increases the probability of cargo
unbinding events at those load forces which results in peaks. The
difference between slip and catch bond is that in slip bond the
peaks at higher multiples of stall force diminishes as the motors
do not often stay bound long enough for the cargo to reach that
load force regime. Catch bond counters this effect with reduction

of unbinding rate at superstalled load which increases the proba-
bility of the cargo remaining bound until the next motor binding
event and enhances the probability of the cargo to reach a higher
load force regime. Therefore in the presence of catch bond the
peaks at higher multiples of stall force are also enhanced.

A similar persistent nature for catch bond can be spotted from
the comparison of First Passage time (FPT) distribution curves
for two cases (Fig.4(d)). While most of the runs terminate
after smaller duration (about a few seconds) for slip bond (red
curve), the catch bond-associated distributions (blue and green
curves) have very long tails extending to larger timescales (a few
minutes). The tail is longer for stronger catch bonded motors
(higher a) as shown in Fig.4(d) (inset). Fig.4(b) and Fig.4(c)
show a representative trajectory of the cargo for slip bonded
motors in terms of instantaneous force on the cargo and number
of motors attached to the filament (motor state of the cargo) as
a function of time respectively while Fig.4(e) and Fig.4(f) depict
the same for catch bonded motors. In higher motor states, the
cargo can travel farther away from the trap-center and hence
be subjected to a larger load force. As depicted in Fig. 4(c), in
the slip bond case, this results in a rapid unbinding of motors
as with each unbinding, the remaining motors take on a bigger
share of load, exponentially increasing their tendency to unbind.
However, in the catch bond case, beyond the threshold force ( fm)
the unbinding rate decreases with increasing load. Thus catch
bond helps the motors to stay bound in a higher load regime
until unbound motors (if any) rebind to the filament again. This
results in frequent occurrence of cargo transitions from a lower
to a higher motor state over the course of the cargo transport as
depicted in Fig. 4(f).

2.3.2 Motor Velocities and Binding/ Unbinding rates
strongly affect cargo transport characteristics

Similar to the case of a single motor, for multiple motors, the av-
erage FPT monotonically decays with increasing unbinding rate
(Fig. 5(a)) while it monotonically increases with increasing bind-
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• Theoretical distribution which incorporates catchbonding exhibits good match with the experimental curve 

• The catchbond force scale fm   has to be lower than maximum stall force fs  

• Provides an estimate of the catchbond force scale fm : 

        ( Obtained from least square fit of deviations from experimental curve )

Comparison between theory and experiments
Brenner et.al , Sci. Adv. 6 (2020)



Fig. 4 Effects of catch bond on transport properties of a team of dynein motors. Panels (a) and (d) show the normalized probability distributions for
Detachment force f and First Passage time t respectively of the cargo for N = 4. Red curves correspond to slip bond (a = 0 kBT ) , blue curves to
catch bond (a = 15 kBT ) and green curves to Strong catch bond (a = 18 kBT ). The inset in panel (d) shows a magnified view of the distribution
corresponding to longer time scales. Panels (b) and (e) show sample trajectories of the cargo in the absence and presence of catch bond respectively.
Panels (c) and (f) show the corresponding trajectories of the cargo in state-space in the absence and presence of catch bond respectively. The
parameter values used are as follows : po = 1.6 s�1, eo = 0.27 s�1, lo = 55 nm, vo = 362 nm s�1, fs = 1.1 pN, fd = 0.67 pN, fm = 1.1 pN, fo = 7
pN, kt = 0.02 pN nm�1.

ing rate (Fig. 5(b)). We also observe that the presence of catch
bond (blue and green curves) causes the average first passage
time to differ by an order of magnitude from that of slip bond
(red curve) for biologically relevant binding and unbinding rates.

As previously noted for single motor-driven cargo, higher
velocities imply that the motors reach a higher load regime faster
and thus become more prone to unbinding in case of cargo trans-
ported by a team of dyneins (Fig.5(c)). Therefore the average
FPT associated with faster motors is lower than that of the slower
motors. In Fig.5(c), we observe a re-entrant behaviour in the
average first passage time with increase in vo for strong catch
bond (a = 18) (green curve). The average first passage time
initially decreases with increasing vo until it reaches a minimum
at vo ⇠70 nm s�1 and then again starts to increase until vo ⇠300
nm s�1. Beyond vo ⇠ 300nms�1 the average FPT decreases very
slowly, in contrast to the single motor behaviour in Fig. 2(e)
where the FPT saturates with velocity for the case of strong catch
bond. The maximum can be ascribed to the threshold where the
fraction of cargo trajectories undergoing catch bonded states is
maximized. For even higher velocities the effect of catch bond re-
mains the same. However, the lagging motors, in this case, catch
up to leading motors quickly and hence reduce the higher load

on the leading motors. This reduces the characteristic time-scale
for the superstall state of the leading motors. This leads to a
very small decrease in the first passage time for very high motor
velocity. Fig. 5(d-f) depicts contour maps of average first passage
time in the eo � vo plane under slip bond and two different catch
bond strength (a = 15 kBT and a = 18 kBT respectively). We
observe that similar to Fig.5(c) (green curve) there is a re-entrant
behaviour between eo = 0.25 and 0.5 as we increase vo (Fig.5(f)).

2.3.3 Effect of changing number of motors

Fig.6 shows that the average first passage time and average
detachment force increase monotonically with the total number
of motors (N). This is due to the fact that higher number of
motors results in a lower share of load force for individual motors
and hence the unbinding rates of the individual motors remain
lower than in the case of lower values of N. While both the
average FPT and average detachment force in slip bond and catch
bond are comparable for low motor numbers, for N=7, catch
bond values differ significantly from slip bond values for higher
N reaching almost two orders higher in the case of average FPT
and twice the value in the case of average detachment force. It
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Effects of catch bond on transport by multiple motors 

Fig. 5 Variation of average FPT as a function of various motor properties. Panel (a) denotes the average First Passage time (FPT) as a function
of e, panel (b) denotes the average First Passage time as a function of p, and panel (c) shows average First Passage time as a function of vo. Red
corresponds to slip bond ( a = 0kBT ), blue to catch bond (a = 15 kBT ) and green to strong catch bond (a = 18 kBT ). Panels (d),(e) and (f) are
contour plots of Average First Passage Time in the e-v0 plane, with slip bond (a = 0 kBT ), presence of catch bond (a = 15 kBT ) and strong catch
bond (a = 18 kBT ) respectively. The parameters used are: N = 4, po = 1.6 s�1 (for panel (a)), eo = 0.27 s�1 (for panel (b)), vo = 362 nm s�1. lo
= 55 nm. fs = 1.1 pN, fd = 0.67 pN, fm = 1.1 pN, fo = 7 pN, km = 0.2 pN nm�1, kt = 0.02 pN nm�1.

is noteworthy that the catch bond strengthens drastically as N
increases. This is due to the fact that a higher number of motors
implies that the cargo can travel further away from the trap
center before all motors are stalled, generating large external
force. As motors progressively unbind, this high external load is
shared among the remaining motors leading to a large individual
super-stall load and stronger catch bond. This is substantiated
by the increase in the average first passage time by orders of
magnitude with an increase in N due to catch bond.

2.3.4 Effect of variation of stall force

The stall force of dynein is a well-debated topic. While most ex-
periments suggest that cytoplasmic dynein has a stall force of 1.1
pN4,29,44, it has been reported that the stall force can be modi-
fied to ⇠ 4 pN by complexing the dynein with dynactin and BicD2
(DDB complex)32. On the other hand, dyneins found in mam-
mals and yeasts are reported to have a very high stall force (⇠
7 pN)53,54. Experiments have also reported variations in stall
forces due to changes in the ATP concentration55. Further, vary-
ing the trap stiffness in optical experiments can drastically alter
the observed mean stall forces47. Fig.7(a) and Fig.7(b) show the
variation of average first passage time and average detachment
force respectively with increasing stall force ( fs). The average

detachment force increases initially with fs, reaches a maximum,
and then decreases with stall force for both slip and catch bonds.
The rise is seen to be steeper in the catch bond case (blue and
green curves). As the average detachment force decreases, both
slip bond and catch bond appear to converge gradually at higher
fs (� 2.5 pN). This indicates that since fm increases with fs, the
likelihood of a motor achieving a catch bond state drops with
increasing fs. This is also reflected in the average first passage
time. Average FPT decreases rapidly with increasing fs for both
slip bond and catch bond and the curves converge at higher fs.
The decrease in average FPT with increasing fs is a consequence
of higher velocities arising because v = v0(1� f/ fs) increases as
fs increases, leading to further displacement from the trap centre
and hence higher unbinding. In the case of detachment forces,
for intermediate values of fs, motors can travel further and do
not unbind as rapidly resulting in a marginally higher run length
(and hence detachment force). Catch bond exaggerates this effect
by promoting further displacement by increasing the persistence
of the cargo’s bound state at higher loads. Catch bond, however,
is triggered with a smaller likelihood with the increase of fs and
therefore, ceases to be of any aid beyond a certain force scale.
This effect is consistently reproduced over a range of higher v0
( 100 - 400 nms�1) (Fig. 7(c) and 7(d) for the slip and catch
bond cases). Detachment forces can vary by almost 1pN in the
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• Catchbonding leads to higher FPT  

•  Non-monotonic behaviour of  FPT as a function of motor velocity



Fig. 7 Effects of varying stall force on average FPT and average detachment force. Panels (a) and (b) shows the variation in average FPT and
detachment force with stall force fs. Panels (c) and (d) represent contour plots of average detachment force in the fs � vo plane in the absence
(a = 0 kBT ) and presence of catch bond (a = 18 kBT ) respectively. For panels (a) and (b), red, blue, and green correspond to slip bond, catch bond,
and Strong catch bond respectively. The parameters used are: N = 4, po = 1.6 s�1 , eo = 0.27 s�1 , vo = 362 nm s�1. lo = 55 nm. fd = 0.67 pN,
fm = fs, fo = 7 pN. km = 0.2 pN nm�1, kt = 0.02 pN nm�1.

the average detachment force initially increases before again de-
creasing at higher values of stall force. Both motor velocities and
stall force are known to be modulated by cells through a variety
of mechanisms, particularly through complexation with dynein
adaptors31–39. Our work thus shows that for catch bonded motor-
driven transport, molecular adaptations can help the cell generate
complex transport behaviour which can have functional implica-
tions for intracellular transport.
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•  Non-monotonic behaviour of  FPT as a function of stall force



SUMMARY AND OUTLOOK

• Non-monotonic behaviour of FPT as a function of velocity & stall force 

N. Sundararajan, S. Guha , SM & M. Mitra, 

• Catchbonding provides means for regulating transport & 
manifests itself in transport  characteristics in optical trapping assays. 

Soft Matter, 20, 566 (2024)

• Model with catchbond exhibits good match with experimental detachment force characteristics

• Provides a way of estimating the catchbond force scale fm

How stochastic (un)binding  of motors attached to bead in optical trap 
can be utilized to function as stochastic heat engine ?


