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Catch Bonds: Physical Models and Biological Functions

Cheng Zhu 1 and Rodger P. McEver 2

Abstract: Force can shorten the lifetimes of receptor-
ligand bonds by accelerating their dissociation. Perhaps
paradoxical at first glance, bond lifetimes can also be
prolonged by force. This counterintuitive behavior was
named catch bonds, which is in contrast to the ordinary
slip bonds that describe the intuitive behavior of lifetimes
being shortened by force. Fifteen years after their theo-
retical proposal, catch bonds have finally been observed.
In this article we review recently published data that have
demonstrated catch bonds in the selectin system and sug-
gested catch bonds in other systems, the theoretical mod-
els for their explanations, and their function as a mecha-
nism for flow-enhanced adhesion.

keyword: Kinetics, Off-rate, Lifetimes, Force, Flow-
enhanced adhesion.

1 Introduction

Interactions between molecules that generate, exert, or
transmit forces are likely regulated by force. Exam-
ples may include cell adhesion molecules that physi-
cally connect one cell to another or to the extracellu-
lar matrix to withstand forces, cytoskeletal molecules
that can elongate by polymerization against mechanical
loads, and motor molecules that bind their associated
cytoskeletal filaments to generate forces and motions.
Thus, how externally applied force regulates molecular
interactions is a fundamental question in biology. Such
interactions are usually described using the framework
of chemical reaction kinetics. Therefore, the force reg-
ulation of molecular interactions can be treated mathe-
matically by the force dependence or force-history de-
pendence of chemical reaction kinetic rates. Twenty-
seven years ago, Bell proposed the first model for force
dependence of off-rate of receptor-ligand dissociation,
which is expressed as an exponentially increasing func-
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tion of force [Bell (1978)]. Ten years later, Dembo et
al. proposed an alternative model, which assumes off-
rate as an exponentially increasing function of the square
of force [Dembo, Tourney, Saxman, Hammer (1988)].
As a theoretical possibility, these authors also suggested
off-rate to be exponentially decreasing functions of force
and of the square of force. Different types of bonds
were classified according to how their lifetimes respond
to increasing force: slip bonds if lifetimes are short-
ened, catch bonds if lifetimes are prolonged, and ideal
bonds if lifetimes are the same [Dembo, Tourney, Sax-
man, Hammer (1988)]. It was not until 1995 that the
first experimental measurement of off-rate as a func-
tion of force was published for P-selectin interacting
with P-selectin glycoprotein ligand 1 (PSGL-1); this re-
sult was analyzed using the Bell model [Alon, Hammer,
Springer (1995)]. Eight years later, the first experimen-
tal demonstration of catch bonds was finally published,
again for the P-selectin-PSGL-1 interactions [Marshall,
Long, Piper, Yago, McEver, Zhu (2003)]. Catch
bonds have also been demonstrated for other selectin-
ligand interactions [Sarangapani, Yago, Klopocki,
Lawrence, Fieger, Rosen, McEver, Zhu (2004)] and
have been suggested for other systems [Chigaev, Bu-
randa, Dwyer, Prossnitz, A. (2003); Forero, Thomas,
Bland, Nilsson, Sokurenko, Vogel (2004); Thomas,
Nilsson, Forero, Sokurenko, Vogel (2004); Thomas,
Forero, Yakovenko, Nilsson, Vicini, Sokurenko, Vo-
gel (2005)]. Several mathematical models describing
and analyzing catch-slip bonds have recently been pub-
lished [Bartolo, Derenyi, Ajdari (2002); Evans, Leung,
Heinrich, Zhu (2004); Barsegov, Thirumalai (2005);
Pereverzev, Prezhdo, Forero, Sokurenko, Thomas
(2005); Pereverzev, Prezhdo, Thomas, Sokurenko
(2005); Thomas, Forero, Yakovenko, Nilsson, Vicini,
Sokurenko, Vogel (2005)].

Interactions of selectins with their glycoconjugate lig-
ands mediate leukocytes tethering to and rolling on
the vascular wall at sites of inflammation and injury.
Because these molecules function in a mechanically
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stressful environment, the selectin-ligand interactions
serve as excellent model systems for studying the re-
lationship between off-rate and force. Indeed, most
of the published data on force dependence of off-rate
are for selectin-ligand bonds, including the first slip-
bond measurement [Alon, Hammer, Springer (1995)]
and all of the catch-bond measurements to date [Mar-
shall, Long, Piper, Yago, McEver, Zhu (2003); Saranga-
pani, Yago, Klopocki, Lawrence, Fieger, Rosen, McEver,
Zhu (2004); Evans, Leung, Heinrich, Zhu (2004); Yago,
Wu, Wey, Klopocki, Zhu, McEver (2004)]. The force
dependence of off-rate determines how long a bond lasts
under changing forces. Bond lifetimes in turn govern
how rapidly and how stably the leukocytes roll and how
many of them accumulate on the vessel walls under flow.
Hence catch bonds may play an important role in the reg-
ulation of the multistep adhesion and signaling cascade
of the inflammatory reaction.

In this paper we will summarize recently published data
that have demonstrated catch bonds in the selectin system
and their biological function as related to flow-enhanced
adhesion.3We will also review the theoretical models for
catch-slip transitional bonds and suggested catch bonds
in other systems.

2 Demonstration of catch bonds

Most experiments for measuring the force dependence of
off-rates of receptor-ligand interactions have been done
in one of two ways. One is to measure the lifetimes
of single bonds at a constant force and then vary the
force level over a range. The other is to measure the
rupture forces of single bonds loaded by a steady ramp,
and then vary the ramp rate over a range. The lifetimes
have mostly been measured using a parallel-plate flow
chamber to set a well-defined flow field. Suspensions
of cells or microspheres bearing the receptors of interest
are perfused over the chamber floor on which ligands are
coated or ligand-expressing cells are cultured. To min-
imize the possibility of multiple bonds, the densities of
receptors and/or ligands are kept very low so that the
cells/microspheres tether transiently and re-enter the flow
stream upon detachment without rolling. The duration,
or lifetime, of each transient tether event is recorded and
randomly distributed lifetimes measured at a given wall
shear stress are analyzed to obtain various metrics for

3 modified from a recent invited review [Zhu, Lou, McEver (2005)].

their distribution. The assumed kinetic model is tested
against the data, and the rate parameter(s) in the model
is estimated. A lifetime metric vs. force curve is gener-
ated by repeating this procedure for a range of wall shear
stresses.

The rupture forces of the selectin-ligand bonds have been
measured using atomic force microscopy (AFM) [Han-
ley, McCarty, Jadhav, Tseng, Wirtz, Konstantopoulos
(2003); Hanley, Wirtz, Konstantopoulos (2004); Zhang,
Bogorin, Moy (2004); Marshall, Sarangapani, Lou,
McEver, Zhu (2005)], a biosurface force probe [Evans,
Leung, Hammer, Simon (2001); Evans, Leung, Hein-
rich, Zhu (2004); Heinrich, Leung, Evans (2005)], a
microneedle cantilever [Tees, Waugh, Hammer (2001)],
and laser tweezers [Rinko, Lawrence, Guilford (2004)].
Again, adhesions are kept infrequent by controlling the
densities of the receptors and/or ligands to minimize the
possibility of multiple bonds. The rupture forces mea-
sured at a given loading rate are analyzed by histogram.
The assumed kinetic model is tested against the data, and
the rate parameter(s) as function(s) of force is estimated.

Early experiments only found slip bonds, even for
selectin-ligand interactions that were later shown to ex-
hibit catch bond behavior by the same experiments as
those described in the preceding paragraphs. There could
be several reasons for the initial failure to uncover catch
bonds. First, earlier flow chamber experiments were
mostly performed at forces beyond the regimes where
catch bonds were later found. Even in cases where the
first few data points measured in the low force regime
might have appeared to exhibit catch bond behavior, they
were overlooked as the majority of the data points in the
high force regime displayed slip bond behavior [Alon,
Hammer, Springer (1995)].

Second, early rupture force experiments were analyzed
under over-simplified assumptions that precluded catch
bonds. A key assumption is the Bell model or multiple
Bell models in series, which dictates a special form of
slip bonds. This assumption predicts that a plot of the
most probable rupture force vs. logarithm of the load-
ing rate – the so-called force spectrum – should have the
form of piece-wise line segments [Merkel, Nassoy, Le-
ung, Ritchie, Evans (1999); Evans, Leung, Hammer, Si-
mon (2001); Evans (2001)]. Each segment should cor-
respond to an energy barrier to dissociation. The cor-
responding Bell model parameters can then be calcu-
lated from the slope and y-axis intercept of each line
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segment. All published force spectra appear to have
such simple form, suggesting that the Bell model may
describe some aspects of the forced dissociation kinet-
ics of receptor-ligand interactions. However, in most
publications that measured rupture forces of selectin-
ligand bonds only the peak location of a histogram (the
most probable rupture force) or the mean force mea-
sured at a given loading rate is utilized to construct the
force spectrum [Evans, Leung, Hammer, Simon (2001);
Tees, Waugh, Hammer (2001); Hanley, McCarty, Jadhav,
Tseng, Wirtz, Konstantopoulos (2003); Hanley, Wirtz,
Konstantopoulos (2004); Zhang, Bogorin, Moy (2004);
Rinko, Lawrence, Guilford (2004)]. The shape of the his-
togram, which is typically more broadly distributed than
the probability density function predicted from the Bell
model, contains information regarding other aspects of
the bond dissociation characteristics. These may include
mixed populations of multiple molecular species and or
of multiple binding sites, possible rebinding, and kinetic
mechanisms more complex than that of first-order disso-
ciation, such as multiple bound states, multistep, multi-
meric, and multipathway interactions. Not until recently
have some of these aspects been modeled and compared
to experimental data [Zhu, Long, Bongrand (2002);
Bartolo, Derenyi, Ajdari (2002); Dudko, Filippov,
Klafter, Urbakh (2003); Evans, Leung, Heinrich, Zhu
(2004); Perret, Leung, Feracci, Evans (2004); Derenyi,
Bartolo, Ajdari (2004); Barsegov, Thirumalai (2005);
Pereverzev, Prezhdo, Forero, Sokurenko, Thomas
(2005); Pereverzev, Prezhdo, Thomas, Sokurenko
(2005); Thomas, Forero, Yakovenko, Nilsson, Vicini,
Sokurenko, Vogel (2005); Hukkanen, Wieland, Leck-
band, Gewirth, Braatz (2005)]. It is possible that disso-
ciation kinetics governed by very different energy land-
scapes result in very similar rupture force histograms
when probed by the simple steady-ramp experiment,
thereby preventing a unique interpretation of the rupture
force data [Bartolo, Derenyi, Ajdari (2002)]. It is also
possible that rupture forces measured in steady ramp did
not exhibit catch bonds due to the effect of force his-
tory dependence of off-rate, i.e., off-rates exhibit mem-
ory [Marshall, Sarangapani, Lou, McEver, Zhu (2005)].
It should be noted that the above variety of possible forms
of interactions also complicate lifetime analyses. Most
published work assumes the simplest model of single-
step first-order irreversible dissociation of single bonds,
which predicts an exponential distribution for lifetimes.
More complex models usually predict multiple exponen-

tials [Zhu, Long, Bongrand (2002); Thomas, Forero,
Yakovenko, Nilsson, Vicini, Sokurenko, Vogel (2005)].
For both lifetime experiments and rupture force exper-
iments, catch bonds could be obscured if data are ana-
lyzed using incorrect models.

Finally, and perhaps most importantly, catch bonds are
unusual and counter-intuitive. The concept of catch
bonds is consistent with at least two counter-intuitive
phenomena that have been observed. The first phe-
nomenon is the irreversibility of specific biological ad-
hesion. The work required to peel off a unit area of
adhesion (fracture energy density) is much larger than
the energy release from forming a unit area of adhe-
sion (adhesion energy density) [Evans, Leung (1984);
Evans (1993)]. This is in sharp contrast to many non-
biological adhesions that are originated from van der
Waals attraction, electric double layer repulsion, entropy-
driven repulsion, depletion driven attraction, and other
mechanisms [Bongrand, Bell (1984); Evans (1993)].
These nonspecific adhesions can be described by well-
established theories of intermolecular and interfacial
forces, which express adhesion force and energy as func-
tions of the separation distance between two apposing
surfaces [Leckband (2000)]. Such a separation distance
is a scalar with no preferable direction; hence the ad-
hesion/fracture energy density is reversible. The irre-
versible biological adhesion is paradoxical and has not
been satisfactorily explained. Although it is consistent
with the catch bond hypothesis [Dembo, Tourney, Sax-
man, Hammer (1988); Bartolo, Derenyi, Ajdari (2002)],
the prevailing hypothesis is that peeling pulls the adhe-
sive bonds to concentrate at the edge of the contact zone,
which mediates stronger adhesion as peeling proceeds
[Evans, Leung (1984); Tozeren, Sung, Chien (1989)].
Alternatively, irreversible adhesion has been attributed to
a discrete distribution of adhesive bonds [Evans (1985)].

The second counter-intuitive phenomenon is flow-
enhanced adhesion, which has been observed in many
systems. For example, selectins require a threshold shear
to support cell adhesion [Finger, Puri, Alon, Lawrence,
von Andrian, Springer (1996); Alon, Chen, Puri, Fin-
ger, Springer (1997); Lawrence, Kansas, Kunkel, Ley
(1997)]. As shear drops below the threshold level, fewer
flowing cells tether, and the cells roll more rapidly and
begin to detach. Platelets require arterial flow rates to ad-
here to von Willebrand factor (vWF) on damaged vascu-
lar surfaces [Savage, Saldivar, Ruggeri (1996); Doggett,
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Girdhar, Lawshe, Schmidtke, Laurenzi, Diamond, Di-
acovo (2002); Doggett, Girdhar, Lawshe, Miller, Lau-
renzi, Diamond, Diacovo (2003); Li, Li, Moake, Lopez,
McIntire (2004)]. In addition, many enteric bacteria re-
quire a minimum flow rate to adhere to intestinal ep-
ithelia, which likely prevents pathological attachments
to bladder mucosa during stasis [Brooks, Trust (1983);
Brooks, Trust (1983); Li, Mohamed, Ross (2000);
Mohamed, Rainier, Ross (2000); Thomas, Trintchina,
Forero, Vogel, Sokurenko (2002)]. These flow-enhanced
adhesion phenomena seem counter-intuitive because in-
creasing flow elevates the dislodging force applied to
adhesive bonds. In spite of their consistence with the
threshold shear requirement, catch bonds were rejected
as a possible explanation for flow-enhanced selectin-
mediated leukocyte adhesion because other more intu-
itive mechanisms are also possible and early measure-
ments of force dependence of off-rate failed to reveal
catch bonds [Finger, Puri, Alon, Lawrence, von Andrian,
Springer (1996); Alon, Chen, Puri, Finger, Springer
(1997); Lawrence, Kansas, Kunkel, Ley (1997)]. The
flow-enhanced bacteria adhesion was interpreted in terms
of a force-induced conformational change in the lectin-
like receptor FimH by the authors [Thomas, Trintchina,
Forero, Vogel, Sokurenko (2002)] and of catch bonds by
commentators [Isberg, Barnes (2002)], but other possi-
ble interpretations were not excluded. The initial ob-
servations of catch bonds by direct measurements [Piper
(1997)] were doubted and did not overcome the intensive
scrutiny required for publication in top journals.

The definitive demonstration of catch bonds was ob-
tained using a custom-made AFM capable of measur-
ing single bond lifetimes at forces as low as a few pi-
conewtons [Marshall, Long, Piper, Yago, McEver, Zhu
(2003)]. It was found that P-selectin formed catch
bonds with monomeric soluble PSGL-1 (sPSGL-1) at
forces below ∼10 pN, which transitions to slip bonds
at larger forces. Bonds of P-selectin with dimeric na-
tive PSGL-1 and with monomeric sPSGL-1 were com-
pared to show that the PSGL-1 curve was shifted right-
ward and upward relative to the sPSGL-1 curve, dou-
bling the time and force without changing the shape of
the curve (Fig. 1A). Thus, catch-slip transitional bonds
were observed in P-selectin interacting with both sPSGL-
1 and PSGL-1 in a self-consistent manner indicative of
monomeric interactions for the former and dimeric in-
teraction for the latter. The P-selectin-(s)PSGL-1 inter-
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Figure 1 : Demonstration of selectin catch bonds. Sin-
gle bond lifetimes were averaged and plotted vs. the level
of constant force at which lifetimes were measured. (A)
Bonds of P-selectin interacting with monomeric sPSGL-
1 and dimeric PSGL-1. (B) Bonds of L-selectin interact-
ing with monomeric sPSGL-1 and dimeric PSGL-1. (C)
Bonds of P-selectin interacting with anti-P-selectin anti-
body G1 and L-selectin interacting with anti-L-selectin
antibody DREG56. Data are replotted from Refs. [Mar-
shall, Long, Piper, Yago, McEver, Zhu (2003); Saranga-
pani, Yago, Klopocki, Lawrence, Fieger, Rosen, McEver,
Zhu (2004)].



Catch Bonds 95

actions were contrasted to the P-selectin-antibody inter-
actions, which exhibited only slip bond behavior (Fig.
1C). These comparisons establish that the lifetime vs.
force curve is specific for the molecules used; in partic-
ular, the observed catch bonds are specific for selectin-
ligand interactions. They also rule out the possibil-
ity that the observed catch bonds are artifacts of the
AFM experiment. To obtain confirmation from an in-
dependent experiment, a flow chamber was used to mea-
sure the force dependence of lifetimes of transient teth-
ers of cells and microspheres, which obtained simi-
lar results. The consistent observations from two sep-
arate experiments have thus definitively demonstrated
the catch-slip bonds for P-selectin-PSGL-1 interactions
[Marshall, Long, Piper, Yago, McEver, Zhu (2003)].
Similar approaches were employed to demonstrate L-
selectin-PSGL-1 and L-selectin-endoglycan catch bonds
[Sarangapani, Yago, Klopocki, Lawrence, Fieger, Rosen,
McEver, Zhu (2004)]. The L-selectin-PSGL-1 catch
bonds have much shorter lifetimes but span a much
broader force range than the P-selectin-PSGL-1 catch
bonds before transitioning into slip bonds, and the mean
lifetime vs. force curves are the same regardless of
the form of PSGL-1 used, suggesting that, unlike the
dimeric P-selectin, L-selectin is monomeric and can only
form monomeric bonds with either monomeric sPSGL-
1 or dimeric PSGL-1 (Fig. 1B). Thus, catch bonds
have been demonstrated as a common rather than iso-
lated property of selectin-ligand interactions, but the
catch bonds of different selectins have quantitative differ-
ences. Similarly, slip bonds have been demonstrated as a
common property for antibody-antigen interactions, be-
cause, like the anti-P-selectin antibody dissociation from
P-selectin, the anti-L-selectin antibody also dissociated
from L-selectin progressively faster as force increased,
resulting in monotonically decreasing lifetimes [Mar-
shall, Long, Piper, Yago, McEver, Zhu (2003); Saranga-
pani, Yago, Klopocki, Lawrence, Fieger, Rosen, McEver,
Zhu (2004)] (Fig. 1C).

3 Physical models for catch-slip bonds

The original proposal of catch bonds was derived from
the transition state theory based on a spring model of
the interaction energies at the bound state and the tran-
sition state, which could have different elastic constants
and/or different resting lengths [Dembo, Tourney, Sax-
man, Hammer (1988); Dembo (1994)]. If the transition-

state spring and the bound-state spring are assumed to
have the same stiffness but the former has a longer resting
length than the latter, the Bell model is obtained where
the off-rate, ko f f , as a function of force, f , can be ex-
pressed as

koff( f ) = k0
off exp[(λt −λb) f/kBT ], (1)

where k0
off is the zero-force off-rate, kB is the Boltzmann

constant, T is absolute temperature, and the λ’s are the
resting lengths with the subscript b and t indicating the
bound state and transition state that the two springs re-
spectively model. If the transition-state spring and the
bound-state spring are assumed to have the same resting
length but the former is softer than the latter, another slip
bond model is obtained:

koff( f ) = k0
off exp[(κb−κt) f 2/2κ2kBT ], (2)

where the κ’s are the spring constants with the subscript
b and t indicating the bound state and transition state that
the two springs respectively model. Equation 2 is often
referred to as the Dembo model or the spring model, as it
predicts off-rate to be an exponentially increasing func-
tion of the strain energy of a spring.

However, no physical consideration other than the coun-
terintuitive prediction could reject the possibility that the
transition-state spring has a shorter resting length than
the bound-state spring or the transition-state spring is
stiffer than the bound-state spring. Both cases predict
catch bonds, such that off-rate decreases exponentially
with force for the former case (Eq. 1) and with the square
of force for the latter cases (Eq. 2). To provide a phys-
ical picture for these then purely theoretical possibili-
ties, the authors constructed a geometrical model – the
finger-prison – which is a toy that traps a child’s finger.
The harder one tries to pull the finger out, the tighter it
locks one’s finger up [Dembo, Tourney, Saxman, Ham-
mer (1988)].

In their original paper, Dembo et al. assumed the bound-
state spring and the transition-state spring to have ei-
ther the same stiffness or the same resting length; i.e.,
only one of the two parameters of the two springs were
assumed to differ, which resulted in either slip bonds
or catch bonds [Dembo, Tourney, Saxman, Hammer
(1988)]. It was pointed out that there existed another
possibility – one that the authors did not raise – the case
in which not only do the elastic constants differ but the
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resting lengths are also different for the transition-state
spring and the bound-state spring [Piper (1997)]. In this
case, off-rate is predicted to depend exponentially on a
quadratic function of force:

koff( f ) = k0
off exp{[(λt −λb) f +(κb−κt) f 2/2κ2]/kBT},

(3)

Depending on the relative magnitudes of the two elastic
constants and the two resting lengths of the two springs,
either slip-catch transitional bonds [Piper (1997)] or
catch-slip transitional bonds can be predicted. For ex-
ample, the values of k0

off= 45.2 s−1, λt − λb = - 0.108

nm, and (κb − κt)/2κ2= 3.51 × 10−3 nm/pN allow Eq.
3 to fit the P-selectin-sPSGL-1 catch-slip transitional
bond data (Fig. 1A, solid curve). Because this is a
monomeric interaction, the mean lifetime is reciprocal of
the off-rate [Marshall, Long, Piper, Yago, McEver, Zhu
(2003)]. The same set of parameters also allow fitting
of the dimeric P-selectin-PSGL-1 catch-slip transitional
bond data where the mean lifetime is calculated from
1.5/ko f f ( f /2) [Pereverzev, Prezhdo, Forero, Sokurenko,
Thomas (2005)] (Fig. 1A, dashed curve). Similarly, the
values of k0

off= 35.2 s−1, λt − λb = - 0.00829 nm, and

(κb − κt)/2κ2= 5.98 × 10−5 nm/pN allow Eq. 3 to fit
both the catch-slip bond data of L-selectin interacting
with both sPSGL-1 and with PSGL-1 (Fig. 1B, curve).

Under the assumption of a single dissociation pathway,
Evans and Ritchie [Evans, Ritchie (1997)] derived the
originally empirical Bell equation [Bell (1978)] from
Kramers’ kinetic rate theory [Kramers (1940)]. Dissocia-
tion is treated as thermally activated diffusive escape over
an energy barrier at the transition state from an energy
well that traps the interacting molecules in the bound
state. The length parameter in Eq. 1,λt − λb, is inter-
preted as the distance from the bound state to the tran-
sition state along the reaction coordinate projected on
the force direction. The externally applied force does
positive work to lower the energy barrier by pulling the
system from the bound state toward the transition state,
thereby accelerating dissociation and shortening bond
lifetimes. Such a simple physical picture only allows slip
bonds if there is only a single bound state and a single
pathway for dissociation.

However, it is not the laws of physics, but the oversimpli-
fied assumptions, that are incompatible with catch bonds.
It is possible that the force pulls the system further away

from the transition state by doing negative work, which
results in catch bonds as in Dembo’s original proposal
[Dembo, Tourney, Saxman, Hammer (1988)]. However,
a catch bond model of such a simple form is insufficient
to describe the published data, because they all show that
catch bonds exist at a low force regime that then tran-
sition to slip bonds at a high force regime [Marshall,
Long, Piper, Yago, McEver, Zhu (2003); Sarangapani,
Yago, Klopocki, Lawrence, Fieger, Rosen, McEver, Zhu
(2004); Yago, Wu, Wey, Klopocki, Zhu, McEver (2004);
Evans, Leung, Heinrich, Zhu (2004)]. To account for
the catch-slip transitional bonds requires the removal of
another over-simplified assumption – the single pathway
for dissociation. Two-pathway models were first dis-
cussed by Bartolo et al. [Bartolo, Derenyi, Ajdari (2002)]
before catch bonds were observed and were indepen-
dently conceived again by those who tried to explain the
physical basis of catch-slip transitional bonds [Saranga-
pani, Yago, Klopocki, Lawrence, Fieger, Rosen, McEver,
Zhu (2004); Evans, Leung, Heinrich, Zhu (2004)].

Four two-pathway models have been proposed and an-
alyzed for their ability to describe the published data
[Evans, Leung, Heinrich, Zhu (2004); Barsegov, Thiru-
malai (2005); Pereverzev, Prezhdo, Forero, Sokurenko,
Thomas (2005); Thomas, Forero, Yakovenko, Nilsson,
Vicini, Sokurenko, Vogel (2005)], including the single
molecule data from jump/hold experiments [Marshall,
Long, Piper, Yago, McEver, Zhu (2003); Sarangapani,
Yago, Klopocki, Lawrence, Fieger, Rosen, McEver, Zhu
(2004)] and steady ramp and jump/ramp experiments
[Evans, Leung, Heinrich, Zhu (2004)] that demonstrated
catch-slip bonds as well as the whole cell dissociation
data from flow chamber experiments that strongly sug-
gested catch-slip bonds [Thomas, Trintchina, Forero,
Vogel, Sokurenko (2002); Thomas, Nilsson, Forero,
Sokurenko, Vogel (2004); Forero, Thomas, Bland,
Nilsson, Sokurenko, Vogel (2004); Thomas, Forero,
Yakovenko, Nilsson, Vicini, Sokurenko, Vogel (2005)].
The simplest of these is a four-parameter model that
assumes dissociation from a single bound state either
along a slip-bond pathway over a high-energy barrier
or along a catch-bond pathway over a low-energy bar-
rier [Pereverzev, Prezhdo, Forero, Sokurenko, Thomas
(2005); Pereverzev, Prezhdo, Thomas, Sokurenko
(2005)]. The idea is that a bond can dissociate along
two pathways – one slow and the other fast – with dif-
ferent off-rates, ko f f = ps + p f , whose relative magni-
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Figure 2 : Two-pathway model of catch-slip tran-
sitional bonds. (Adapted from Ref. [Sarangapani,
Yago, Klopocki, Lawrence, Fieger, Rosen, McEver, Zhu
(2004)]).

tude is indicated by the thickness of the arrows in Fig. 2
[Sarangapani, Yago, Klopocki, Lawrence, Fieger, Rosen,
McEver, Zhu (2004)]. ps is assumed small at low force
but increases with increasing force, i.e., a slip bond along
the slow pathway with a small zero-force off-rate. p f is
assumed high at low force but decreases with increasing
force, i.e., a catch bond along the fast pathway with a
large zero-force off-rate. As a result, dissociation takes
place primarily along the fast pathway at low forces but
switches to the slow pathway as applied force increases.
Increasing force would first slow dissociation because
p f decreases more rapidly than ps can increase to com-
pensate the decrease in off-rate (Fig. 2 A and B). In
other words, a bond trying to dissociate is more likely
to get caught along the fast pathway than it can slip out
along the slow pathway as force increases. After the fast
pathway is shut down by high forces, the slow pathway
becomes predominant so a continued increase in force
would accelerate dissociation by suppressing the energy
barrier on this pathway (Fig. 2C). The interaction energy
can be thought of as a three-dimensional surface defined
on the x− y plane with the two pathways as axes. The
energy barriers on these pathways are depicted in Fig. 2
at low (Fig. 2A), intermediate (Fig. 2B), and high (Fig.
2C) forces. In this figure, the respective configurations
at the current and previous force level are indicated by
the solid and dashed curves to show how force progres-
sively tilts the energy landscape by adding a mechanical
potential (hatched inclined plane) to the system.

The more involved models hypothesize the existence
of two bound-states that can interconvert from each
other and dissociate along their respective force-
accelerated pathways [Evans, Leung, Heinrich, Zhu
(2004); Barsegov, Thirumalai (2005); Thomas, Forero,
Yakovenko, Nilsson, Vicini, Sokurenko, Vogel (2005)].
This hypothesis allows catch-slip transitional bonds even
if all rate parameters – two off-rates describing the re-
spective dissociation from the two bound-states and two
transition rates describing the inter conversion between
the two bound-states – are slip bonds. However, dif-
ferent assumptions were made regarding how the two
bound-states were populated initially. Evans et al. as-
sumed a rapid equilibrium between the two bound states
so they were partitioned according to a detailed balance,
which reduces the model parameters from nine to five
[Evans, Leung, Heinrich, Zhu (2004)]. This model has
been tested using not only the conventional steady ramp
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force spectroscopy but also a novel jump/ramp force
spectroscopy experiment where the bond was first rapidly
loaded (i.e., jump) to a predetermined force level and
then steadily ramped until rupture [Evans, Leung, Hein-
rich, Zhu (2004)]. The population of bonds that survived
the jump was found to dissociate along the slip bond
branch of the biphasic curve only, which could be ex-
plained by the fast pathway being switched off by the
jump [Evans, Leung, Heinrich, Zhu (2004)]. By com-
parison, Thomas et al. assumed a slow conversion be-
tween the two bound-states, so that their initial partitions
were determined by the on-rates of forming bonds in
these two bound-states that were assumed to be in ther-
modynamic equilibrium in the absence of force and to
remain the same when force is applied [Thomas, Forero,
Yakovenko, Nilsson, Vicini, Sokurenko, Vogel (2005)].
This model is capable of accounting for the double ex-
ponential decay of the pause time distribution of E. coli
bound to mannose-BSA coated surface measured in the
flow chamber. The assumption of slow conversion be-
tween the two bound-states was supported by the obser-
vation of slow conversion from the “stick” mode to the
“roll” mode of adhesion in an experiment that rapidly
switched the wall shear stress from high to low [Thomas,
Forero, Yakovenko, Nilsson, Vicini, Sokurenko, Vogel
(2005)].

4 Biological functions of catch bonds

The experimental demonstration of catch bonds begs
the question of their biological functions. One answer
to this question is the recently demonstrated causal re-
lationship between catch bonds and a phenomenon of
known biological relevance – the selectin-mediated flow-
enhanced leukocyte rolling [Yago, Wu, Wey, Klopocki,
Zhu, McEver (2004)]. As noted earlier, selectins require
a threshold shear to support cell adhesion both in vivo
[Finger, Puri, Alon, Lawrence, von Andrian, Springer
(1996)] and in vitro [Finger, Puri, Alon, Lawrence,
von Andrian, Springer (1996); Alon, Chen, Puri, Fin-
ger, Springer (1997); Lawrence, Kansas, Kunkel, Ley
(1997)], which is particularly pronounced for L-selectin.
Rolling can be quantified by rolling velocity and rolling
regularity. The latter has many aspects and can be char-
acterized by analyzing the stop-and-go pattern of a large
number of rolling steps, which include stop and go fre-
quencies, mean stop times and mean go distances, and
fraction of steps that contain stops, as exemplified in
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Figure 3 : Parameters of rolling on sPSGL-1 of unfixed
(squares) and fixed (circles) neutrophils as functions of
wall shear rate. Rolling of 10-15 cells was observed at
250 frames per second for 1 s and rolling velocities were
analyzed by an excel macro to segregate the frame-by-
frame motions into steps of go cycles of acceleration and
deceleration that may or may not contain an intervening
stop period. Thousands of such steps were quantified to
calculate the mean ± s.e.m. of rolling velocity (A), the
frequency (B) and mean duration (C) of stops, the frac-
tion of steps that contain stops (D), and the frequency (E)
and mean distance (F) of go’s. Data are replotted from
Ref. [Yago, Wu, Wey, Klopocki, Zhu, McEver (2004)].

Fig. 3. Although increasing shear elevates the dislodging
force applied to adhesive bonds, cells roll more slowly
(Fig. 3A), stop more frequently and for longer times
(Fig. 3 B and C), roll with more steps that include full
stops (Fig. 3D), and go less frequently and for shorter
distance (Fig. 3 E and F), until an optimal shear of ∼80
s−1 is reached where rolling displays a minimum velocity
and maximum regularity. This paradoxical phenomenon
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had not been satisfactorily explained. The prevailing
hypothesis was that adhesion was enhanced by a flow-
dependent increase in the on-rates of bond formation.
This might occur by shear rate-dependent transport of ad-
hesion molecules to their ligands so that more new bonds
could form before previous bonds dissociated [Finger,
Puri, Alon, Lawrence, von Andrian, Springer (1996);
Alon, Chen, Puri, Finger, Springer (1997); Chang, Ham-
mer (1999); Chen, Springer (1999)], or by shear stress-
dependent enlargement of the cell-surface contact area
so that more receptors on the cell could reach the lig-
ands on the surface to form new bonds [Finger, Puri,
Alon, Lawrence, von Andrian, Springer (1996); Evans,
Leung, Hammer, Simon (2001); Zhao, Chien, Weinbaum
(2001)]. As discussed before, the flow-enhanced adhe-
sion phenomenon is also consistent with the catch bond
hypothesis such that force slows bond dissociation and
lengthens bond lifetimes, thereby stabilizing rolling and
reducing rolling velocity. However, the catch bond hy-
pothesis was dismissed because catch bonds were not
found in these early experiments [Alon, Chen, Puri, Fin-
ger, Springer (1997); Chen, Springer (2001)].

To show that catch bonds govern adhesion through L-
selectin at threshold shear, high-speed video microscopy
was used to observe tethering and rolling in media of
different viscosities of neutrophils of normal and dimin-
ished deformability or of L-selectin-coated rigid micro-
spheres of different radii [Yago, Wu, Wey, Klopocki,
Zhu, McEver (2004)]. Dimensional analysis was applied
to these data to examine the relative importance to rolling
of the shear rate γ̇ (s−1), shear stress σ (=µγ̇, where µ
is medium viscosity) (dyn/cm2), tether force Ft (∝ r2µγ̇
where r is the microsphere radius) (pN), and cell de-
formability. Important variables can be identified if data
are sensitive to their changes and if multiple data curves
measured under different conditions align and collapse
into a single curve. Irrelevant mechanisms can be ruled
out if data are indifferent to the changes of their control-
ling variables and if data curves do not align when plotted
against their controlling variables.

Using this strategy, the shear stress-dependent enlarge-
ment of the cell-substrate contact area [Finger, Puri,
Alon, Lawrence, von Andrian, Springer (1996); Evans,
Leung, Hammer, Simon (2001); Zhao, Chien, Wein-
baum (2001)] has been excluded as the dominant mech-
anism for flow-enhanced rolling, as the flow-enhanced
portions of the rolling parameter curves (wall shear rate
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Figure 4 : Tether force governs rolling velocity and regu-
larity below and above the flow optimum. Mean velocity
(A, D, G), mean stop time (B, E, H), and mean go dis-
tance (C, F, I) of L-selectin-bearing microspheres of 3-
or 1-µm radii rolling on sPSGL-1 (140 sites/µm2) in the
absence or presence of 6% Ficoll (corresponding to vis-
cosity of 1 or 2.6 cp) are plotted against tether force, wall
shear stress, and wall shear rate. A logarithmic scale is
used to plot the broad range of wall shear stresses and
wall shear rates, whereas a linear scale is used to plot
tether forces. Data are replotted from Ref. [Yago, Wu,
Wey, Klopocki, Zhu, McEver (2004)].

< 80 s−1) are insensitive to changes in cell deforma-
bility (Fig. 3) and are still present even for rigid mi-
crospheres (Fig. 4) [Yago, Wu, Wey, Klopocki, Zhu,
McEver (2004)]. The transport of adhesion molecules
to their ligands for new bond formation [Finger, Puri,
Alon, Lawrence, von Andrian, Springer (1996); Alon,
Chen, Puri, Finger, Springer (1997); Chang, Hammer
(1999); Chen, Springer (1999)] has also been excluded
as an important mechanism for flow-enhanced rolling, as
the rolling parameter curves do not align when plotted
against wall shear rate (Fig. 4 G-I), which is the param-
eter that controls transport [Yago, Wu, Wey, Klopocki,
Zhu, McEver (2004)].
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Figure 5 : Tether force governs lifetimes of transient
tethers below and above the flow optimum. Lifetimes
of transient tethers of L-selectin-bearing microspheres of
3- or 1-µm radii (A-C) or of unfixed or fixed neutrophils
(D-F) to low density sPSGL-1 (<10 sites/µm2) in the ab-
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whereas a linear scale was used to plot tether forces. The
data represent the mean ± SD of four experiments. Data
are replotted from Ref. [Yago, Wu, Wey, Klopocki, Zhu,
McEver (2004)].

Multiple lines of evidence have been obtained that estab-
lish catch bonds as a mechanism for flow-enhanced cell
rolling [Yago, Wu, Wey, Klopocki, Zhu, McEver (2004)].
For every rolling parameter studied (three exemplified in
Fig. 4), data align such that multiple curves collapse into
a single curve when plotted against tether force (Fig. 4
A-C) but not against wall shear rate (Fig. 4 D-F) or wall
shear stress (Fig. 4 G-I). Thus, tether force acts as a sim-
ilarity variable that incorporates the separate effects on
rolling of wall shear stress, wall shear rate, medium vis-
cosity, and microsphere radius. The tether lifetime curves
also align and collapse when plotted against tether force
(Fig. 5 A and B) but not against wall shear rate (Fig.
5 C and D) or wall shear stress (Fig. 5 E and F) for
both microspheres coated with L-selectin (Fig. 5 A-C)
and neutrophils expressing L-selectin (Fig. 5 D-F) tran-
siently tethered to sPSGL-1 coated at low density on the
flow chamber floor. This is expected because a single
molecular bond can only support force, not shear stress

or shear rate. Significantly, the biphasic shapes of the
rolling parameter vs. tether force curves have the same or
reciprocal shapes of the tether lifetime curves (compared
Fig. 4 and 5), indicating that these rolling parameters
depend on force through the force dependence of off-
rate, which exhibit catch-slip transitional bond behav-
ior. Thus, catch bonds enabled increasing force to con-
vert short-lived tethers into longer-lived tethers, which
decreased rolling velocities and increased the regularity
of rolling steps as shear rose from the threshold to an
optimal value. As shear increased above the optimum,
transitions to slip bonds shortened tether lifetimes, which
increased rolling velocities and decreased rolling regular-
ity.

5 Possible catch bonds in other systems

It is possible that catch bonds also serve as a mecha-
nism for mechanical regulation of molecular interactions
in other systems. Although definitive demonstration of
catch bonds has yet to be obtained using single bond
lifetime measurement, multiple lines of evidence sug-
gest that putative FimH-mannose catch bonds may gov-
ern the flow-enhanced adhesion of type 1 fimbriated E.
coli to mannosylated glycoproteins [Thomas, Trintchina,
Forero, Vogel, Sokurenko (2002); Thomas, Nilsson,
Forero, Sokurenko, Vogel (2004); Forero, Thomas,
Bland, Nilsson, Sokurenko, Vogel (2004); Thomas,
Forero, Yakovenko, Nilsson, Vicini, Sokurenko, Vo-
gel (2005)]. The bell-rope model for the activation
of αA and βA domains (also named I and I-like do-
mains, respectively) of integrins hypothesizes that an ap-
plied force pulling at the C-terminal α helix at the bot-
tom of the α/βA domain results in its downward move-
ment, which allosterically change the conformation of
the ligand binding site on the top of the α/βA domain,
thereby increasing the binding affinity and bond life-
times [Shimaoka, Xiao, Liu, Yang, Dong, Jun, Mc-
Cormack, Zhang, Joachimiak, Takagi, Wang, Springer
(2003)]. This model has been supported by both mu-
tational studies [Lu, Shimaoka, Ferzly, Oxvig, Takagi,
Springer (2001); Shimaoka, Lu, Palframan, von Andrian,
McCormack, Takagi, Springer (2001); Shimaoka, Xiao,
Liu, Yang, Dong, Jun, McCormack, Zhang, Joachimiak,
Takagi, Wang, Springer (2003)] and molecular dynamics
simulations [Jin, Andricioaei, Springer (2004)]. Given
the prominent mechanical role in their functions, it seems
reasonable to suspect that interactions of motors with
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their associated molecules are regulated mechanically.
The affinities of kinesin for microtubules and of myosin
for actin are allosterically regulated by nucleotides ATP
and ADP, and it has been proposed that their binding
is regulated by mechanical force due to internal strain
[Rosenfeld, Fordyce, Jefferson, King, Block (2003);
Rosenfeld, Sweeney (2004)].

It has been proposed that catch bonds may prevent in-
appropriate leukocyte adhesion [Marshall, Long, Piper,
Yago, McEver, Zhu (2003); Yago, Wu, Wey, Klopocki,
Zhu, McEver (2004)]. Both L-selectin and PSGL-1
are expressed on the surface of leukocytes, and their
interactions mediate tethering and rolling of flowing
leukocytes on leukocytes that have already adhered to
endothelial cells or platelets at sites of inflammation
and injury. Without catch bonds to shorten the bond
lifetimes at low forces, the L-selectin-PSGL-1 inter-
actions may induce spontaneous aggregation of free-
flowing leukocytes where forces on the bonds are ex-
pected to be low. We may further speculate that a sim-
ilar catch-slip bond mechanism could prevent platelet
aggregation. The interaction of platelet glycoprotein
Ibα (GPIbα) with the plasma protein vWF mediates the
flow-enhanced adhesion of platelets to subendothelial
surfaces of disrupted arterial vessels [Savage, Saldivar,
Ruggeri (1996); Doggett, Girdhar, Lawshe, Schmidtke,
Laurenzi, Diamond, Diacovo (2002); Doggett, Girdhar,
Lawshe, Miller, Laurenzi, Diamond, Diacovo (2003)].
Yet platelets do not form aggregates spontaneously in
regions of sluggish flows. Interestingly, spontaneous
platelet aggregation is a hallmark of the genetic disor-
ders platelet-type and type 2B von Willebrand disease
(vWD). The GPIbα molecule in patients with platelet-
type vWD and the vWF molecule in patients with type
2B vWD are respectively mutated such that the mu-
tant GPIbα-vWF interactions are of higher affinities and
longer lifetimes [Doggett, Girdhar, Lawshe, Schmidtke,
Laurenzi, Diamond, Diacovo (2002); Doggett, Girdhar,
Lawshe, Miller, Laurenzi, Diamond, Diacovo (2003);
Kumar, Dong, Thaggard, Cruz, Lopez, McIntire (2003)].
The functional similarities between the GPIbα-vWF in-
teraction and the L-selectin-PSGL-1 interaction suggests
similarities in their kinetic properties, in particular the
behavior of catch-slip transitional bonds.

6 Concluding remarks

The proposal of catch bonds was perhaps ahead of its
time, for it took 15 years for this seemingly paradoxical
phenomenon to be demonstrated. The experimental ob-
servation of catch bonds has quickly stimulated renewed
interest in how to model such a counterintuitive bond be-
havior. More experiments are underway and new pro-
posals for catch bonds in different systems are being re-
ported. Perhaps before long, this once unusual observa-
tion will become unusually usual.
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