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The proposed model demonstrates the allosteric role of the two-domain region of the receptor protein in the
increased lifetimes of biological receptor/ligand bonds subjected to an external force. The interaction between
the domains is represented by a bounded potential, containing two minima corresponding to the attached and
separated conformations of the two protein domains. The dissociative potential with a single minimum de-
scribing receptor/ligand binding fluctuates between deep and shallow states, depending on whether the domains
are attached or separated. A number of valuable analytic expressions are derived and are used to interpret
experimental data for two catch bonds. The P-selectin/P-selectin-glycoprotein-ligand-1 �PSGL-1� bond is con-
trolled by the interface between the epidermal growth factor �EGF� and lectin domains of P-selectin, and the
type 1 fimbrial adhesive protein �FimH�/mannose bond is governed by the interface between the lectin and
pilin domains of FimH. Catch-binding occurs in these systems when the external force stretches the receptor
proteins and increases the interdomain distance. The allosteric effect is supported by independent measure-
ments, in which the domains are kept separated by attachment of another ligand. The proposed model accu-
rately describes the experimentally observed anomalous behavior of the lifetimes of the P-selectin/PSGL-1 and
FimH/mannose complexes as a function of applied force and provides valuable insights into the mechanism of
catch-binding.
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I. INTRODUCTION

The allosteric control over receptor/ligand binding came
under active scrutiny following the works of Monod et al. �1�
and Koshland et al. �2� �see recent review �3��. These papers
showed that a control molecule, activator or inhibitor, bound
far away from the active site changed the site’s affinity to-
ward a ligand of interest. The microscopic picture �4–6� of
this phenomenon is rationalized by the fact that binding at
the allosteric site produces stresses that are propagated
through globular protein structure and cause static or dynam-
ics changes in the distant active site. Recently, another form
of allosteric control over enzyme’s activity has been ex-
plored. Instead of the molecular activator or inhibitor, the
allosteric subsystem can be controlled by force. For instance,
a mechanical stress on the allosteric subunit can be exerted
by short pieces of DNA of varying length �7–10�.

The force-controlled allosteric effect on receptor/ligand
binding is quite hard to detect. The force typically acts on the
allosteric subunit through the bond itself because receptor/
ligand systems are usually stretched by pulling at the recep-
tor and ligand ends. If experiments reveal a regular slip
bond, i.e., the bond lifetime decreases with applied force,
both the force and a possible allosteric effect operate in uni-
son, making the bond less stable. As a result, the overall
response of the bond to the force is well described by a
single Bell-type expression �11�, representing lowering of the
bond-dissociation barrier by force, regardless of the allosteric
mechanism. So-called catch bonds become more stable with
applied force �12,13�, up to a certain force value. They

present a much better chance for detecting the force-induced
allostery. In this case, the allosteric mechanism acts to in-
crease the bond lifetime, while the force facilitates bond rup-
ture.

The original theoretical proposal of Dembo et al. �14� that
a biological receptor/ligand bond can become more stable,
when stretched by an outside force, has found experimental
confirmation only in recent years. This unusual form of bind-
ing, catch-binding, was discovered in the type 1 fimbrial ad-
hesive protein �FimH�/mannose �15�, P- and L-selectins/P-
selectin-glycoprotein-ligand-1 �PSGL-1� �12,16�, and actin/
myosin �17� complexes. In all three cases, the bond lifetime
first increases with force strength, showing catch-binding,
but then reaches a maximum and drops as in ordinary slip
bonds.

Several proposed models suggest alternative interpreta-
tions for this anomalous phenomenon and provide equally
accurate quantitative description of the experimental data
�18–25�. The majority of the models assume that the catch
and slip regimes correspond to two distinct dissociation path-
ways. In the slip pathway, the ligand moves along the direc-
tion of the applied force and, therefore, the slip barrier low-
ers as the force increases. During dissociation along the catch
pathway, the ligand moves against the direction of the force
and, hence, the catch barrier grows with increasing force. In
order to observe catch-binding within over a broad range of
force strengths, the two-pathway potential should satisfy the
following two conditions. First, the catch barrier must be
lower than the slip barrier in the absence of the force. This
guarantees that, initially, at zero force, the ligand is more
likely to escape the binding site via the catch pathway. As the
force increases, the catch barrier grows and the slip barrier
drops. To stabilize the bond, the growth of the catch barrier
should outpace the decrease in the slip barrier. According to
the Bell mechanism �11�, the changes in the barrier heights
are proportional to the barrier widths. Therefore, in order to
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observe catch-binding, the catch barrier must be wider than
the slip barrier. This is the second condition. At some force,
the heights of the two barriers become equal. With further
force increases, the slip barrier drops below the catch barrier,
and the bond behaves as an ordinary slip bond.

The simplest version of the two-pathway model of the
biological catch bond is presented in Ref. �21�. The model
uses only one bound state and contains only four parameters.
A number of analytic results and universal relationships can
be obtained for the simplest two-pathway model �26–28�,
assisting in the analysis and interpretation of the experimen-
tal data. In order to rationalize additional experimental de-
tails, more complex versions of the two-pathway model con-
taining two bound states have been developed �19,20,22�. In
all cases catch-binding is obtained in the regime satisfying
the two conditions described above. The catch barrier should
be initially lower and should rise faster than the slip barrier.

An alternative interpretation of catch-binding is presented
in Ref. �25�. Rather than postulating two different dissocia-
tion pathways, this model explains the phenomenon by a
force-induced deformation of the binding pocket. In catch
bonds the deformation favors binding by adjusting protein
conformations, improving the receptor/ligand fit and increas-
ing the interaction. In slip bonds the deformation disfavors
binding by worsening the fit and decreasing the interaction.
Stated in terms of an interaction potential, the deformation
model implies that both the top of the dissociation barrier
and the bottom of the bound-state minimum are lowered by
the applied force. It is essential for catch-binding that within
a certain force range the minimum is lowered faster than the
maximum. The bottom of the bound-state minimum and the
top of the dissociation barrier are brought down by different
physical mechanisms, by the bond deformation and the Bell
mechanism, respectively. In contrast, the two-pathway model
employs only the Bell mechanism and does not consider
force-induced changes in the receptor/ligand interaction. The
deformation model �25� reproduces the catch phenomenon
using just one bond-dissociation pathway and can be viewed
as a specific realization of the induced receptor/ligand fitting
idea �29�. Compared to the two-pathway model, which
achieves catch-binding with rigid receptor and ligand, the
deformation model explains the effect by protein elasticity.

References �13,15,30–32� investigated the complex be-
tween the FimH protein and mannose, and showed it to be a
catch bond. The bond lifetime first increased and then de-
creased with growing force. The authors established the al-
losteric role of the lectin/pilin subunit in increasing the
receptor/ligand binding affinity. They found that the FimH/
mannose bond was weak when the two domains were at-
tached. On the contrary, when the domains were kept sepa-
rated by another molecule that inserted between the domains,
the bond strengthened �31�. Computer simulations �33,34�
indicated a similar force-induced stretching of the interface
between the epidermal growth factor �EGF� and lectin do-
mains in the P-selectin/PSGL-1 complex, suggesting that the
allosteric effect could be important in this system as well.
The most recent experimental work �35,36� that appeared
after this paper was submitted for publication provided fur-
ther support for the allosteric basis of catch-binding in the
selectin systems.

The current work presents a mathematical formulation of
the allosteric catch-binding and illustrates this effect with the
FimH/mannose and P-selectin/PSGL-1 bonds. Conceptually,
the allosteric model is close to the deformation model �25�.
The stretching of the interdomain interface, together with the
associated changes the shape of the binding pocket, can be
regarded as a particular bond deformation. The allosteric de-
formation of the catch bond starts as a large-scale conforma-
tional rearrangement of the receptor protein. Then, the cre-
ated change in the orientation of the two domains propagates
to the binding pocket and improves the receptor/ligand inter-
action.

II. THEORY

The key constituents of the allosteric catch-binding model
are presented schematically in Fig. 1. Part �a� depicts the
receptor/ligand pair, represented by the lines and the green
circle, respectively. The black lines depict the lectin domain.
The blue line shows the pilin domain in FimH or the EGF
domain in P-selectin. The red line represents the fragment
connecting the two domains. Initially, left panel, the domains
are attached, and the binding pocket containing the ligand is
open. The force acting on the receptor and ligand termini
stretches the fragment connecting the two domains, and the
solid red line transforms into the dashed red line in Fig. 1�a�.
As a result, the two domains separate. This large-scale con-
formational change propagates to the binding pocket and
makes it tighter, better matching the size of the ligand. Part
�b� of Fig. 1 shows the receptor/ligand binding potential. The
allosteric deformation of the binding pocket lowers the
bound-state minimum. Figure 1 is a simple diagram, meant
to illustrate the basic concept underlying the allosteric model
of the biological catch bond. The details of the model are
worked out below, first, for the two-domain subunit, and
then, for the receptor/ligand interaction.

f

(a)

(b)

FIG. 1. �Color online� Schematic of the allosteric deformation
model. �a� The receptor, solid and dashed lines, is pulled at one end
and undergoes a large-scale conformational change. The interdo-
main fragment is originally closed �solid red lines� and stretched
with applied force �dash red line�. Simultaneously, the binding
pocket at the other end of the receptor closes, creating a tighter fit
for the ligand �green circle�. �b� The change in the binding pocket
induced by the stretching of the interdomain fragment deepens the
receptor/ligand interaction potential �dashes�.
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A. Two-domain subunit

Figure 2�a� shows the potential describing the states with
closed and open domains. When force f =0, the closed state
“1” is more stable than open state “2,” i.e., the height of the
barrier �E12

0 leading from “1” to “2” is larger than the height
of the barrier �E21

0 leading from “2” to “1.” The force tilts
the potential and makes the open state “2” lower in energy
than the closed state “1.” The solid and dashed lines illustrate
these two cases for f =0 and f � f0= ��E12

0 −�E21
0 � /2xd,

where xd is the barrier width, as explained in detail below. As
the force grows from zero to infinity, the potential changes
continuously between these two cases. Note that the change
in the potential-energy profile for f �0 relative to f =0 de-
pends on the choice of the origin x=0. In Fig. 2�a� the origin
coincides with the intersection of the two potential-energy
curves.

One should point out that the experimental data obtained
for the FimH/mannose system suggests existence of an inter-
mediate state, in addition to the attached and separated states
�37�. This intermediate state is short lived, though. Since the
rate constants for the transitions from the short-lived state to
the other states are significantly larger than the remaining
rate constants, the intermediate state can be eliminated from
the theoretical analysis without loss of generality.

Let P1�t , f� denote the probability that the domains are in
the attached state “1” at time t and force f . P2�t , f� denotes
the corresponding quantity for the separated state “2.” The
probabilities evolve in time according to

dP1�t, f�
dt

= − k12�f�P1�t, f� + k21�f�P2�t, f� ,

dP2�t, f�
dt

= − k21�f�P2�t, f� + k12�f�P1�t, f� , �1�

where k12�f� and k21�f� are the rate constants describing tran-
sitions from state “1” to state “2” and back. Following Ref.
�11�, the force dependence of these rate constants is de-
scribed by

k12�f� = k12
0 exp� xdf

kBT
�, k21�f� = k21

0 exp�− xdf

kBT
� , �2�

where k12
0 and k21

0 are the rate constants in the absence of
force, kB is the Boltzmann’s constant, and T is temperature.
The distances from the bound-state minima to the top of the
barrier are assumed identical for the forward and reverse
processes and equal to xd. The assumption reflects the fact
that the domains displace by the same amount when opening
and closing. Since the two-domain system exists either in
state “1” or in state “2,” the probabilities add up to one,

P1�t, f� + P2�t, f� = 1. �3�

The solution of Eqs. �1� subject to constraint �3� and condi-
tion f =const is

P1�t, f� = a�f� + b�f�exp�− t/�d� , �4�

where

�d�f� =
1

k12�f� + k21�f�
�5�

is the characteristic relaxation time in the two-domain sys-
tem. The parameters a�f� and b�f� are defined by

a�f� =
k21�f�

k12�f� + k21�f�
, b�f� = a�0� − a�f� . �6�

a�0�	 P1�0,0� is the probability to be in state “1” at the
initial time and zero force.

B. Receptor/ligand interaction

The probabilities P1�t , f� and P2�t , f� for the domains to
be attached or separated determine the depth of the potential
well describing the receptor/ligand interaction �Fig. 2�b��.
The interaction potential contains one minimum and one bar-
rier. The depth of the minimum fluctuates between states “1”
and “2,” in correspondence with states “1” and “2 of the
two-domain subunit. State “2” of the receptor/ligand interac-
tion potential corresponds to the stretched interdomain con-
formation and is deeper than state “1.” Therefore, the rate
constant k1�f� describing the escape of the ligand from mini-
mum “1” is larger than the rate constant k2�f� for the ligand
escape from minimum “2,” k1�f��k2�f�. This remains true
for all force values. The dependence of these rate constants
on force is given by the Bell expression �11�

(a)

1 2

Distance

En
er
gy f

(b)

Distance

En
er
gy 1

2

f

FIG. 2. �Color online� Potential energy profiles describing �a�
opening of the interdomain fragment and �b� receptor/ligand inter-
action. The solid and dashed lines show potentials for the limiting
cases of attached and separated domains, f =0 and f �0, states “1”
and “2,” respectively. Subjected to the force �dashed arrow�, the
system transforms continuously between the two states.
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k1�f� = k1
0 exp�xrf/kBT�, k2�f� = k2

0 exp�xrf/kBT� , �7�

and is due to the usual lowering of the barrier by the applied
force. Here, k1

0 and k2
0 are the rate constants at zero force, and

xr is the distance from the minimum to the maximum. It is
chosen to be identical for potentials “1” and “2.”

The ligand experiences an average potential, according to
the probabilities of the two-domain subunit to exist in the
attached or separated states, P1�t , f� and P2�t , f�, respec-
tively. The average bond-dissociation rate constant is equal
to

kr�t, f� = k1�f�P1�t, f� + k2�f�P2�t, f� . �8�

Taking into account Eqs. �3� and �4�, Eq. �8� can be rewritten
in the form

kr�t, f� =
1

�c�f�
+ b�f��k1�f� − k2�f��exp�− t/�d� , �9�

which explicitly demonstrates the time dependence of the
rate constant. The time �c�f� introduced in Eq. �9� is defined
by

�c�f� =
1

k2�f� + a�f��k1�f� − k2�f��
. �10�

As will be shown below, this time characterizes the lifetime
of the receptor/ligand bond.

The probability P�t , f� that the ligand is bound to the re-
ceptor satisfies equation

dP�t, f�
dt

+ kr�t, f�P�t, f� = 0. �11�

The solution of this equation subject to the initial condition
P�0, f�=1 is given by

P�t, f� = C exp�− t/�c�f� + b�f��k1�f� − k2�f���d�f�

�exp�− t/�d�f��� , �12�

where C=exp�−b�f��k1�f�−k2�f���d�f��. Thus, the probabil-
ity for the complex to exist in the bond state at time t and
force f , Eq. �12�, depends on two characteristic times �c�f�
and �d�f�, as observed in the FimH/mannose experiments
�38�. The probability density of bond rupture p�t , f�=
−�P�t , f� /�t at a given time with fixed force also depends on
these characteristic times.

The bond lifetime �̄�f� as a function of force is defined in
general by

�̄�f� = 

0

�

P�t, f�dt . �13�

The integral in Eq. �13� can be computed numerically. An
analytic solution can be found by taking into account the
experimental fact that the time evolution of the probability
P�t , f� exhibits a fast component at early times and a slow
component at long times �38�. According to this observation,
the characteristic time for the two-domain system �d�f� must
be significantly shorter than time �c�f�, which determines the
overall lifetime of the complex, �d�f���c�f�. This implies
that on the time scale given by �c�f� the two-domain system

has relaxed, and the probabilities P1�t , f� and P2�t , f� have
reached their equilibrium values. Neglecting the time-
dependent term in Eq. �4� gives the equilibrium solution of
Eq. �1� for dP1 /dt=0 and dP2 /dt=0, namely, P1�f�=a�f�.
Under this condition, Eq. �12� for the probability of the
receptor/ligand complex to exist in the bound state greatly
simplifies,

P�t, f� = exp�− t/�c�f�� , �14�

and Eq. �13� shows that the bond lifetime is equal to �c�f�,

�̄�f� = �c�f� . �15�

In order to demonstrate that the current model indeed de-
scribes catch-binding, Eq. �10� for �c�f� and, hence, for the
bond lifetime, can be rewritten in a more explicit form

1

�c�f�
= k1

0�� +
1 − �

1 + � exp�2xdf/kBT��exp�xrf/kBT� .

�16�

This expression contains the ratio of the bond-dissociation
rate constants for states “2” and “1,” �=k2

0 /k1
0, and the ratio

of the forward and backward rate constants for the confor-
mational change of the two-domain fragment, �=k12

0 /k21
0 .

Both ratios are evaluated at zero force. The bond lifetime
defined by Eq. �16� depends on five parameters, k1

0, �, �, xd,
and xr, which can be found by fitting experimental data, as
illustrated below with the P-selectin/PSGL-1 and FimH/
mannose catch bonds.

C. Further analysis of the catch-bond lifetime

Application of Eq. �16� to experimental data can be sim-
plified by the following observations. Both experiment and
simulation indicate that the two-domain subunits, lectin/EGF
in P-selectin �23,34,39� and lectin/pilin in FimH �15,22�, ex-
ist in the attached state in the absence of force with a nearly
100% probability. This implies that minimum “1” in Fig.
2�a� is significantly deeper than minimum “2.” Therefore,
��1 in Eq. �16�. Similarly, experiments show that catch-
bond lifetimes are significantly shorter at small forces than at
moderate forces. The lifetime enhancement ratio by the
catch-binding mechanism can be as high as 120 �21�. There-
fore, minimum “1” in Fig. 2�b� is much shallower than mini-
mum “2,” and ��1 in Eq. �16�. Further, one can assume that
distance xd characterizing the large-scale rearrangement of
the two domains is significantly greater than distance xr char-
acterizing the receptor/ligand displacement resulting in bond
rupture. Therefore, 2xd	xr in the exponents of Eq. �16�.

The above considerations lead to the following simple
analytic expression for the force maximizing the bond life-
time:

fmax 
kBT

2xd
ln

2xd

��xr
. �17�

Catch-bond lifetimes grow initially with increasing force.
This condition imposes the following relationship on the pa-
rameters of Eq. �16�:
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2�xd � xr, �18�

which must be satisfied to create catch-binding.
Finally, in the slip-bond limit of f 	 fmax, Eq. �16� has the

following asymptotic form:

1

�c�f 	 fmax�
= �k1

0 exp� xrf

kBT
� . �19�

In particular, Eq. �19� is useful for analysis and fitting of
experimental data.

III. RESULTS

In this section, we apply the allosteric catch-binding
model to the experimental data for the P-selectin/PSGL-1
�12� and FimH/mannose �15,22,30,38� complexes and deter-
mine the five parameters that define the bond lifetime as a
function of applied force, Eq. �16�.

A. P-selectin/PSGL-1 bond

Figure 3 shows the lifetimes of the P-selectin/PSGL-1
complex determined experimentally �12� and with the cur-
rent model as a function of constant force. Ref. �12� consid-
ered two types of P-selectin complexes. The binding in the
P-selectin/PSGL-1 system was dimeric and involved two
identical single bonds. The binding in the P-selectin/
sPSGL-1 complex was monomeric. According to the analy-
sis presented in Ref. �21�, the dimeric data could be rescaled
to correspond to the monomeric case �see Eq. �18� of Ref.
�21��. The mean bond lifetimes for the scaled dimeric and
original monomeric data of Ref. �12� are depicted in Fig. 3
by the orange and blue circles, respectively. The theoretical
analysis of the experimental data was performed using the
MATHEMATICA 7.0 software. The solid line in Fig. 3 gives the
theoretical lifetime, Eq. �16�, for the following parameters

k1
0=220 s−1, �=0.0016, �=0.19, xr=4.4 Å, and xd

=18.6 Å at room temperature kBT=40.8 pN Å. Note that all
conditions and assumptions on the parameter values dis-
cussed in Sec. II are satisfied. In particular, both � and � are
less than one, the distance characterizing the two-domain
motion, xd, is greater than the width of the bond-dissociation
barrier, xr, and the catch-binding condition, Eq. �18�, is
obeyed. The model gives good agreement between theory
and experiment.

The dashed line in Fig. 3 presents the relaxation time for
the two-domain fragment, Eq. �5�, for the following value of
k21

0 =20 s−1. This value is chosen based on the experimental
observation that the time evolution of the rupture probability
of the P-selectin/PSGL-1 bond follows a single-exponential
dependence up to time 0.05 s=1 /k21

0 �12�. The domain re-
laxation time is much shorter than the bond lifetime. The
latter, �̄�f��c�f�, shows little dependence on the domain
relaxation time, �d�f�, as established by the above theoretical
analysis.

The key characteristics of the receptor/ligand binding po-
tential obtained within the allosteric model for the slip re-
gime directly agree with the corresponding parameters of the
two-pathway and deformation models. In particular, the zero-
force dissociation rate constants and barrier widths deter-
mined for the P-selectin/PSGL-1 bond in the slip limit f
	 fmax are k2

0=0.35 s−1 and xr=4.4 Å in the allosteric
model, Eq. �16�; 0.25 s−1 and 5.1 Å in the two-pathway
model �21�; and 0.13 s−1 and 5.7 Å in the deformation
model �25�. The parameters describing the catch regime also
agree between the three models, even though further steps
must be undertaken for the comparison due to the differences
in the details of the interpretations of catch-binding �see Sec.
IV�. The models agree because they all reflect the fundamen-
tal physical principle of catch-binding—the depth of the
receptor/ligand binding potential grows with increasing
force.

FIG. 3. �Color online� Lifetime of the P-selectin/PSGL-1 com-
plex as a function of applied force. Circles represent the experimen-
tal data �12� for monomeric �blue� and dimeric �orange� bonds. The
allosteric deformation model predicts that the catch-bond lifetime
�c�f� �solid line� is significantly longer than the domain relaxation
time �d�f� �dashes�.

FIG. 4. �Color online� Lifetime of the FimH/mannose complex
as a function of applied force. Circles represent the experimental
data �22,38�. The bond lifetime �solid line� is much longer than
interdomain fragment opening time �dashes�, similarly to the
P-selectin/PSGL-1 system �Fig. 3�.
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B. FimH/mannose bond

Figure 4 presents the experimental data for the FimH/
mannose complex obtained by studying FimH mediated ad-
hesion of Escherichia coli to mannosylated surfaces �22,38�.
The bond lifetimes were obtained by analyzing the duration
of bacteria pauses on the model surface at various shear
stresses. The drag force f on a stationary sphere touching a
wall as a function of shear stress s was determined using the
relationship f =1.7�6
sr2, where the particle radius r was
chosen equal to 0.5 �m. The red circles in Fig. 4 show the
bond lifetime as a function of constant applied force reported
in Ref. �22,38�. The theoretical solid line is derived using Eq.
�16� with the following parameters k1

0=2 s−1, �=0.02, �
=0.1, xr=0.56 Å, and xd=12 Å. Similarly to the P-selectin/
PSGL-1 bond, the assumptions and conditions on the param-
eter values discussed in Sec. II remain valid. The dashed line
gives the relaxation time of the two-domain subunit, Eq. �5�,
for k21

0 =1 s−1 �38�. The domain relaxation time is much
smaller than the bond lifetime and has little effect on the
magnitude of the latter.

It is important to note that the allosteric regulation of the
receptor/ligand bond via the two-domain fragment is re-
flected in Eq. �16� by the two parameters � and xd, which
define the term � exp�2xdf /kBT� in the denominator. These
two parameters must satisfy Eq. �18� in order for the bond to
exhibit the catch behavior.

IV. RELATIONSHIP OF THE ALLOSTERIC MODEL
TO THE GENERAL DEFORMATION MODEL

The allosteric model of the biological catch bond pro-
posed in this work can be regarded as a specific realization of
the force-induced bond deformation model developed in Ref.
�25�. The allosteric mechanism rationalizes how large-scale
changes in the protein structure created by pulling and
stretching can propagate to the binding site and affect its
properties. The relationship between the two models be-
comes more apparent by investigating in more detail the ef-
fect of the conformational change in the two-domain subunit
on the receptor/ligand binding potential. The allosteric force-
induced change in the depth of this potential can be ex-
pressed within the current model as

�Ec�f� = ��E2 − �E1��P2�f� − P2�0�� , �20�

where �E1 and �E2 are the depths of the binding potential in
states “1” and “2” �see Fig. 2�b��. Since the force lowers not
only the bottom of the well by the allosteric mechanism, but
also the top of the barrier according to the Bell mechanism,
the overall change in the barrier height as a function of the
applied force is

�E�f� = �E0 + �Ec�f� − xrf , �21�

where �E0= ��E1+��E2� / �1+�� is the barrier height in the
absence of the force. Since state “1” is shallower than state
“2,” Fig. 2�b�, �E2	�E1, and Eq. �20� can be expressed as

�Ec�f� = �E2��1 − exp�− 2xdf/kBT��/�� + exp�− 2xdf/kBT�� .

�22�

It follows from Eq. �22� that the drop of the bottom of the
well by the allosteric mechanism is linear with applied force
when the force is small and saturates, reaching the maximum
value �E2 at large forces, f 	 f0. These properties of Eq. �22�
are entirely analogous to the properties of the bond deforma-
tion energy discussed in Ref. �25�.

V. DISCUSSION AND CONCLUSIONS

The allosteric model of the biological catch bond pro-
posed in this work emphasizes the central role that the two-
domain subunit of the receptor protein plays in determining
the receptor/ligand bond lifetime. The model employs only
one pathway for bond dissociation, as typically expected
with the majority of receptor/ligand systems. The potential
experienced by the ligand along this pathway fluctuates, de-
pending on the conformation of the two-domain fragment. In
particular, one can expect that the binding site is coupled to a
rigid fragment of the receptor protein, such as an � coil or a
� sheet, and that force displaces this fragment relative to
another rigid structure within the receptor �Fig. 1�a��. The
large-scale conformational rearrangement of the protein
propagates onto the binding pocket and changes its shape. As
a result, the receptor and ligand better fit each other, and their
interaction strengthens.

The allosteric interaction between the two-domain subunit
and the binding site acts in both directions. Not only the
change in the two-domain conformation affects ligand’s
binding affinity, but the receptor/ligand bond affects recep-
tor’s conformation. In particular, bond dissociation termi-
nates the action of the force, and the two-domain fragment
returns to its original closed state. By itself, ligand binding
can displace the conformational equilibrium of the receptor
protein.

It is essential for catch-binding that the allosteric effect of
the two-domain subunit on the binding pocket suppresses the
traditional Bell effect within a certain range of applied
forces. The bond becomes stronger by the allosteric mecha-
nism, in spite of the lowering of the top of the dissociation
barrier by the Bell mechanism. This situation is analogous to
the more traditional form of allostery initiated by a control
molecule acting as an activator. The opposite situation of the
control molecule acting as an inhibitor should have force-
induced analogs as well. In this case, the receptor/ligand
bond will be weakened by both allosteric and Bell effects.
Therefore, such allosteric slip bonds are much harder to de-
tect experimentally than allosteric catch bonds.

It is important to emphasize that a significant fraction of
the work performed by the applied force goes to stretch the
protein and change its conformation. Only part of the work
acts to break the bond. The rest increases the protein energy.
At small forces the work performed by the force and, there-
fore, the total energy of the complex grow as force squared.
At the same time, the receptor/ligand interaction energy
changes linearly with force, remaining negative, as shown
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here and in Ref. �25�. This creates an apparent violation of
the energy conservation law. Obviously, it is not true. Refer-
ence �25� explains that the negative change in the receptor/
ligand interaction energy is offset by a positive change of the
protein internal energy, which is stored in the protein defor-
mation. Within the present model, this energy is accumulated
primarily in the conformational rearrangement of the two-
domain subunit of the receptor.
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