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Atomic force measurements of unbinding rates (or off-rates) of ligands bound to a class of cell adhesion
molecules from the selectin family show a transition from catch to slip bonds as the value of external force
(f) is increased. At low forces<10 pN), the unbinding rates decrease (catch regime), while, at high forces,
the rates increase in accord with the Bell model (slip regime). The energy landscape underlying the catch
slip transition can be captured by a two-state model that considers the possibility of redistribution of population
from the force-free bound state to the force-stabilized bound state. The excellent agreement between theory
and experiments is used to extract the parameters characterizing the energy landscape of the complex by
fitting the calculated curves to lifetime data (obtained at condiafdar the monomeric form of PSGL-1
(sPSGL-1). We used the constant force parameters to predict the distributions of unbinding times and unbinding
forces as a function of the loading rate. The general two-state model, which also correctly predicts the absence
of catch bonds in the binding of antibodies to selectins, is used to resolve the energy landscape parameters
characterizing adhesive interactions of P- and L-selectins with physiological ligands such as sPSGL-1 and
endoglycan and antibodies such as G1 and DREG56. Despite high sequence similarity, the underlying shapes
of the energy landscape of P-selectin and L-selectin interacting with sPSGL-1 are markedly different. The
underlying energy landscape of the selectin cell adhesion complex is sensitive to the nature of the ligand.
The unified description of selectins bound to physiological ligands and antibodies in conjunction with
experimental data can be used to extract the key parameters that describe the dynamics of cell adhesion

complexes.

Introduction Dembo et al! hypothesized thashear stress could also

Patrolling of leukocytes during inflammation or tissue injury Prolong bond lifetime$y deforming adhesion complexes into
is mediated by noncovalent adependent interactions between an alternative locked or bound conformation. As shear stress is
P-, L-, and E-selectin receptors and their specific ligands. increased, the locked state could retard bond dissociation at the
Selectins be|ong to a fam”y of cell adhesion molecules trailing edge of the Ce", thus faC|||tat|ng formation of the bond
expressed on activated endothelial cells and platelets of bloodat the leading edge and thus stabilizing rolling. These two
vessel walls. The receptors bind to specific ligands, such as thedistinct dynamic responses to external force, namely, an increase
counter-receptors ESL-1, podocalyxin, and PSGLThese in off-rates at high forces and a decrease at lower forces, are
interactions, which facilitate leukocyte tethering (transient referred to as “slip” and “catch” bonds. The dynamics of slip
capture) and rolling on endothelial cells and platelets, involve bonds between P-selectins and the physiological ligand PSGL-1
a dynamic competition between bond formation under fast have been extensively studied in flow chamber experi-
loading and rapid bond breakage followed by cell release. Under ments3812-15 Recently, mechanical unbinding experiments have
physiological conditions of blood circulation, the selectiigand unambiguously shown that at low forces the lifetime of the
complex experiences shear stress due to the hydrodynamic forcévonds can increase which suggests a role for catch bonds under
of the flow. It is known that selectins require a critical value of physiological conditiond®” On the basis of this observation,
shear to enable adhesion. Below the shear threshold, the lifetimeit has been argued that cateslip bond dynamics is linked to
of the tether increases which results in the decrease of rolling the shear threshold phenomerién.
velocmgs. The .en.hancemer’lt of Ilfetlmes of the .complex IS Using atomic force microscopy (AFM), Marshall et al.
counterintuitive in light of Bell's suggestion that applied external ,cosured the force dependence of the bond lifetimes of

force might enhance bond rupture rates by lowering the free- P-selectin with monomeric (sSPSGL-1) and dimeric (PSGL-1)
energy barrier between bound and free selectin receptor $ates. ligands and with G1, which is a blocking anti-P-selectin

Howevelrhtt;]encr?lasr:a of unb[nc_ilng rates (alz?j knqvt;/n ars1 off- monoclonal antibody. By extending the lifetime measurements
:ﬁ:gz)h\gl'; tree :\;?en?eﬁ?rfztrreféllgc?% Ff;rggita(:e ds Zl\gthezis(’)neaarn dto the level of forces lower than the level of their fluctuatidfs,

e d . h : Marshall et al. observed a biphasic pattern of the average bond
rolling,>~’ below which fewer cells sustain stable rolling. lifetime (@) as a function of pulling forcefy for P-selectin
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expected for slip bond$:1” The non-monotonic dependence of fit to experimental dat&’ These parameters are used to obtain
[{Conf depends on the nature of the ligand. For the P-selectin  experimentally testable predictions for the distributions of
G1 bond,[f0decreased exponentially &$ncreased, which is  unbinding times and unbinding forces. The significant changes
in accord with the predictions of the Bell modél. in the shape of the energy landscape of L- and P-selectins bound
The transition from catch to slip bonds observed in many to sPSGL-1 underscore the importance of structure specific
cell adhesion complexes suggests that the energy landscape iteractions. The role ligand plays in greatly altering the
complex. The experimental biphasic dynamical response of the unbinding free-energy barriers and location of the transition state
P-selectin-PSGL-1 complex is most easily explained using a IS underscored by comparing the results for L-selectin in
two-state modet?2°as was convincingly demonstrated by Evans complex with sPSGL-1 and endoglycan. This comparison shows
and co-worker® and more genera"y by Barsegov and Thiru- that there is great plaStICIty in the interaction of L-selectin with
malai (BT)2° Such a model has been previously proposed for ligands.
GTPase Ran complexes, which regulate molecular transport
between the cell nucleus and cytoplasm, with the nuclear import The Model
receptor importin31.2! The challenge is not to merely propose  The observation of catetslip transition in forced unbinding
a kinetic model to fit the measurements of the dependence Ofdynamics of selectinligand complexes is best explained using
[@Ton f. Apparently, this can be achieved by other kinetic a two-state modeé®2°In the most general description, the P- or
schemes that use rate expressions for forced dissociation that -selectin receptor (R) adhesion complex with ligand (L) can
are difficult to justify?223.25Some of the models, which build  exist in two distinct bound states, LRnd LR (Figure 1). The
in the catch bond character by artificially postulating negative transition rates between ,Rind LR, areri, = rigexp[—Fid/
projection of the force along a dissociation coordirfaté? have KT] and ra1 = rao exp[—F21/kT], where F1, (Fo1, Figure 1) is
not been applied to selectin bonds to antibodies. While thesethe barrier separating LRLR,) from LR, (LRy). In the Kramer
earlier models have some utility;24 the more general two-  type theory, the prefactorso andr,o depend on the shapes of
state model is required to describe a wide range of experimentsthe basins corresponding to LRnd LR and the regions near
including unbinding of adhesin FimH from a mannose coated the transition states. Conformational transitions obey the detailed
surface?® Our goal is to extract the parameters of the energy balance condition
landscape, such as the location of the transition state and
estimates of free-energy barriers using a consistent model for M2 T10 _ArkT
all ligands and various members of the selectin family. Keq r_21 = r_zo e 1)
By using two bound states of P-selectins and the Bell model

for the dependence of kinetic rates §nwe computed the  whereKeqis the equilibrium constant antiF is the free energy
average P-selectirsPSGL-1 bond lifetime as a function bf of stability of LR; with respect to LR (Figure 1).

Our results are in excellent agreement with experiments. The  Upon application of a stretching forcg, AF is modulated
parameters extracted by fitting the theoretical results to experi- by an amountof, wheres = x; — X, the conformational
mental data allowed us to quantitatively map the free-energy compliance, is the difference in the distance between energy
landscape of P-selectins complexed with sPSGL-1 and G1 andminima of states LRand LR, and the transition state. Force

predict the distributions of unbinding times and unbinding shifts the detailed balance by exfpkT], so that
forces?? Using the same formalism, we also showed that, in

contrast to P-selectin complexes with physiological ligands, Keq ™ Kedf) = K qeﬂf’kT 2)
unbinding of P-selectin complexes with the antibody G1 occurs a
from a single bound state. which results in a new equilibrium with the force-dependent

The unbinding dynamics of L-selectin complexes with constantKe{f). In the presence of force, the free-energy
sPSGL-1 and the recently identified PSGL-1-like specific ligand |landscape for the P-selectitigand unbinding is also altered.
endoglycan also exhibit a similar transition from the catch The bond rupture ratesy(f) andkx(f)) are given by°
regime to the slip regime of unbindifg.For example, catch

bonds for the L-selectinsPSGL-1 complex were observed at ky = kyo @™ and k,= Koo 2fIkT ©)
low forces (below~60 pN), coinciding with the shear threshold
range (0.6 dyn/cnd), and slip bonds at higher forces§0 pN). wherekso andksy are the force-free bond-breakage rates and

In contrast, interaction between L-selectin and the antibody andy, are the minimal adhesion bond lengths at which the
DREGS56 is characterized only by slip bonds. However, unlike complex becomes unstable (distances between energy minima
P-selectins, L-selectins were unable to form a double adhesiongf | R, and LR, and their respective transition states). Although
bond with the dimeric |Igand PSGL-li;these findings indicate the Bell model is 0n|y approxima@, it well describes the
that catch bonds may be common in specific protgirotein dissociation of single selectin bonds (in the slip regime) over a
interactions. Both P- and L-selectin bind to an N-terminal region broad range of |0ading ratékWe assume that’ in the presence
of PSGL-1 and sialylated and fucosylat@eglycan?-2 It is of f, rebinding of P- and L-selectin to the ligand is negligible.
Ilkely that the same blndlng determinants of P- and L-selectins The unbinding kinetics for the two-state model (Figure l) is
are responsible for binding of endoglycan. The monoclonal complicated because of a number of competing rate processes.
antibodies G1 and DREG56 to the peptidgycan terminal  To fit the experimental data fdfCas a function of, we required
region block binding of sPSGL-1 and endoglycan to P- and only four parameters (5 r21, ki, andk,). In microscopic terms,
L-selectins. the complete characterization of the free-energy landscape
In the present work, we apply the BT two-state model to (Figure 1) is given by the parametess, rao, X1, X2, K10, K20, Y1,
analyze the unbinding dynamics of L-selectin complexes with andy,. The number of parameters may be reduced by assuming
sPSGL-1 and endoglycan and the antibody DREG56. To obtainthat LR; and LR, are in equilibrium. While such an assumption
the free-energy landscape parameters for L-seletijand is experimentally satisfied for unbinding of sPSGL-1 from
complexes, theoretical curves of the average bond lifetime are P-selectint? we have chosen to treat the kinetic equations in



Dynamic Competition between Catch and Slip Bonds J. Phys. Chem. B, Vol. 110, No. 51, 20086405

bound

|‘ receptor free

X2

Figure 1. Schematic of the energy landscape for complexes involving cell adhesion molecules (left) with parameters characterizing unbinding
dynamics. The 1D profile on the right shows the conformational free energy. Upon application of force, the force-free equilibrium shifts, resulting
in redistribution of the population of bound states;ldhd LR. Force-induced alteration of the free-energy landscape is dynamically coupled to
forced unbinding.

the most general terms. The multiple unbinding pathways that d_Pl = —(r,+ k)P, + IP

lead to the catchslip transitions can be seen by the modulation dt 12 1oere

in the force-induced population of LRnd LR, and the rupture

ratesk; and k.. The force-induced conformational transitions d_Pz =1 Py — (T + k)P ©)
are determined by (f) andrz(f) or equivalently byKe((f) and dt 1201 21 "2

o (eq 2). Wherf is applied to a selectin complex with a ligand,

there is a shift in the population from subject to the initial conditions given in eq 4. By converting eq

6 into algebraic equations using the Laplace transform, the

P.(0)=1/(K_ +1) and P.OY=K /(K +1) (4 populationsPy(2) andP4(2) of the P-selectin bound states LR
1(0)=1eq 1) 20)=Kef(Keq™ 1) (4) and LR in the Laplace domain, defined by

to the new equilibrium with populations

(9 = [ dte () @)

f)=1/ f d f)= /
Pil) = LKD) 1) and Py(D) = KedD/(Kedd + 1%5) can be computed using

The population shift occurs on a time scalergf) = (r1(f) P2 = Z G;(2) P;(0) (8)
+ r21(f)) L. Force alters both the ratdéis andk, of unbinding i=T2

and the rates;, andry; of conformational transitions. As a _ _ ) .
result, the time scale in which population shift occurs competes WhereP1(0) = P andP;(0) = P, are given by eq 4. The matrix
with the unbinding time scaley(f) = ki(f)~ (corresponding ~ €lements of the Green functio®((9)), i,j = 1, 2, are

to bond rupture from LR and z,(f) = ko(f)~! (representing

unbinding from LR). Thus, 7, 71, and 7, reflect intrinsic G _ EZtk+ry) G @ = (Z+k+ry)

7)=——"—"— =
structural and dynamic properties of the cell adhesion complex ** det T2 det '

in question and completely determine the unbinding dynamics. _ ry = (P

The relevance of catch and slip bonds depends on the competi-Glz(Z) ~ Jet Gu(2 = det 9)

tion betweerrg, 71, andz,. If /71 < 1, then LR and LR are

in fast equilibrium, as might be the case for the P-selectin  where det= (z + ki) (z + ko) + r2a(z + ki) + ria(z + k). The
SPSGL-1 complex. If the value dfis such thatz(f)/za(f) ~ populations in real timeRy x(t)) are obtained using; At) =
O(1), then rupture of the complex occurs nearly simultaneously |-1[P; 5(2)], where L~! denotes the inverse Laplace € t)
from LR; and LR.. This is likely to take place in the transition  transform. The solution to eq 6 is

force (*) between catch and slip bonds that is givenfby~

kgT log[Ked0]. P(0)(k, + 7)) + 15 it P1(0)(k, +2) + 15 7

P,(t) =
0 4-1 4-1

Distributions of Bond Lifetimes at Constant Force

Whenf is constant, the populatiori®(t) andPa(t) of states P.() = P(0)(ky + 7)) + 155 it P0)(ky +2) + 1y, o
LR; and LR can be calculated by solving the system of coupled 2 -2 -7
ordinary differential equations (10)
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where z1, = —[ky + ko + r1z + ra1 £ +/DJ/2 are the
eigenvalues, which determine the effective unbinding time
scales, I, (o =1, 2), andD = (kg + kz + rio + r21)2 — 4(kike

+ kirz1 + kor'12). The ensemble average distribution of lifetimes  «
(P(t)) is given by the sum of contribution from states L&nd k
LR>:

P(t) = Py(t) + P,(1) 11)

and the ensemble average bond lifetime is

G0= [ 7dt P(t)t (12)

In the limit of slow conformational fluctuations between the
two bound states, that is, whey, ro; < ki, k, eigenvalues
reduce toz, ~ —ky (a0 = 1, 2). In this limit, the rupture from
the states LR— L + R and LR — L + R is decoupled. As a
result,

<t=, 8

P(t.f) ~ P,(0)e D" + p,(0)e ™ (13)

In the opposite extreme;,, r21 > ki, ko, 1 < 2, and, because
the decay channels LR~ L + Rand LR — L + R are
coupled, unbinding dynamics is determined by the total unbind-
ing rate,k; + ko,

<t= 8

P(tf) ~ e—(kl(f) + ka(O)t (14)

The fast population redistribution casgy(rz; > ki, ko) was

previously useq by Evans et ?I' to analyze the experimental Figure 2. Average bond lifetime{(f)(J (left panels) and the population

datal® Such a single-exponential decay was used by others t0of hound statesR(tf) (right panels) vs pulling forcefy for the

fit the dependence dflClon f. The meaning ok;(f) andkx(f) in P-selectin complex with sSPSGL-1 (top) and the L-selectin complex with

the present model and the one in ref 19 are completely different. SPSGL-1 (middle) and endoglycan (bottom). The blue circles are
Using egs 11 and 12, we calculated the distribution of experimental data points from Figure 3 in ref 16 and Figure 4 in ref

lifetimes ((t,f)) as a function of and the average lifetiméi(H)) 17. The initial growth ofifJfor f < f¢ (fc &~ 10, 50, and 15 pN for the

f ch teristics f if | - P-selecti complexes P-selectirsPSGL-1, L-selectinsPSGL-1, and L-selectin
VErsust characterislics Tor specilic complexes. F-seleelin o qoqiycan, respectively) that is followed by decay to zerd ferf,

SPSGL-1, L-selectinsPSGL-1, and L-selectinendoglycan marks the transition from the catch regime to the slip regime. Note the
(Figure 2). We used the same model to calculafef) for redistribution ofP(f,t) at longer unbinding times dss increased td,
complexes of P- and L-selectins with the antibodies G1 and followed by narrowing at shorter times for> f..
DREG56, respectively (Figure 3). The model parameters of the
energy landscape for P-selectin complexes with sPSGL-1 andis effectively only one bound state. In this cake, = ko =
G1 were obtained by fitting the theoretical curvestfi versus 0.35 st andy; = y, = 0.32 nm,leading to a landscape with
f to the experimental data of Marshall ef!&\We estimated the ~ one minimum In other words, the two bound states are
corresponding energy landscape parameters for L-selectinindistinguishable. P-Selectins form a stronger adhesion complex
complexes with sPSGL-1, endoglycan, and DREG56 by fitting with G1 compared to SPSGL-kjo = kyo for G1 is smaller
the theoretically computed(f)Cvalues to the experiments of  thanko for SPSGL-1, and; = y» is smaller thary; or y, for
Sarangapani et al.(all calculations are done at room temper- SPSGL-1. These findings imply that complexes of P-selectin
ature). The agreement between theory and experiments iswith G1 are less sensitive to the applied force. By comparing
excellent. We list the energy landscape parameters for thethe values of;; andy, for P-selectin interacting with SPSGL-1
various complexes in Table 1. In what follows, we discuss the and G1, we conclude that the P-seleet®PSGL-1 complex is
results in detail. plastic, whereas P-selectii1 is brittle {, = y» is short). These
P-Selectin.Let us first analyze the unbinding dynamics of ideas, which are well-known in material science, have recently
P-selectins bound to ligands (top panels in Figures 2 and 3).been used to discuss the response of biomolecules subject to
By comparinglffor P-selectin complexes with sSPSGL-1 and tension?432
G1, we observe a qualitative difference in the force profiles of  The role played by the pulling force is twofold: it facilitates
[{for these ligands. For the complex with sSPSGLILexhibits unbinding from state LRand funnels the population of the
a sharp growth at low followed by a crossover to a precipitous P-selectir-sPSGL-1 complex into the locked state L.Rs a
decay to zero at higher forcejarking the transition from the  result, stretching of complexes with sPSGL-1 couples confor-
catch regime to the slip regime of unbindinig contrast,{] mational relaxation and unbinding in the entire range of the
for G1 starts off affiC’~ 5 s (not shown) and decays to zero at applied pulling force. Below ~ 3 pN, r12 & rig, 21 & I, ki
higher force. Sincé&eq = 0.13 in the absence of force for the & kyo, andkz = kyo, and sincdy(0,f) > P»(0f), unbinding occurs
P-selectinrsPSGL-1 complex, binding of P-selectins with from predominantly the LRstate. However, even at intermedi-
sPSGL-1 stabilizes the LiRstate of the P-selectin. ate values of force, 3 pN f < 12 pN,ky > kp, r12> rp;, and
For the antibody GIKeq= 1 (r20 = rio= 10.2 s'1), indicating sincek; < rip, due toy; < Xq, X2, P2(0,f) > P1(0/f). In this
that both states LRand LR, are equally stable, and thus, there force regime, sPSGL-1 unbinding dynamics is dominated by
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Figure 3. Average bond lifetime[{(f)[) (left panels) and the population of bound stateg,f)) (right panels) vs pulling forcef) for the P-selectin

complex with G1 (top) and the L-selectibREG56 complex (bottom). The blue circles are experimental data points from Figure 3 in ref 16 and

Figure 4 in ref 17 [{(f)0decays withf, andP(t) narrows at shortelfllasf is increased.

TABLE 1: Calculated Energy Landscape Parameters (Figure 1) for Specific Ligands sPSGL-1 and Endoglycan and Antibody
G1 and DREG56 Unbinding Kinetics from P- and L-Selectins (The Parameters Are Obtained by Fitting the Measured
Average Bond Lifetime (@) vsf for P-Selectin Complexes with sSPSGL-1 and G1 and L-Selectin Complexes with SPSGL-1,
Endoglycan, and DREG587 to the Theoretical Results Based on the Two-State Model)

10 20 X1 X2 k1o k20 3% Y2
complex (1/s) (1/s) (nm) (nm) (1/s) (1/s) (nm) (nm)
P-selectin-sPSGL-1 5.1 40.2 5.1 0.5 100.1 0.05 15 11
L-selectin-sPSGL-1 7 48 0.3 0.74 0.9 105 0.1 0.12
L-selectin-endoglycan 5 10 0.3 3.1 0.55 35 0.4 2.1
P-selectin-G1 10.2 10.2 3.05 3.05 0.35 0.35 0.32 0.32
L-selectin-DREG56 30.2 30.2 2.9 2.9 11 11 0.14 0.14

the decay from the Lizstate. The lifetime is determined by the
smallest eigenvalue;, corresponding to the longest time scale,
1/z;, which becomeg; ~ —(ri2 — \/5)/2, whereD ~ r;2 —
Akyro; — 4dkorgp. It is easy to show, by expandin@(ﬁ in
powers of kira; + kori2)/r1,? and retaining only terms to the
first order, that the distribution of bond lifetimes is determined
by the effective unbinding rate

Ket = Kyf Keq(f) +k
BecauseKeq < 1 andk; > ky at low forces,kers is largely

dominated by the first term in eq 15 and is given by ¢laéch
rate constant

(15)

keff = kcatch% kl/ Keq(f)

The effective ratel¢s) decreases witli exponentially due to
the increase irKe(f) (eqs 1 and 2). Becaude/Ke(f) < ko,

unbinding atf greater than a critical force df ~ 10 pN is

dominated by the decay from state 1 Rith the slip rate

constant

(16)

Kett = Kgiip ~ Ko (17)
which increases withexponentially. The resulting dual behavior
of the average bond lifetiméf(), which exhibits sharp growth
at low f reaching a maximum af¢( [ha) ~ (10 pN, 0.7 s),
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and decays to zero fdr> f; manifests the transition froatch complexes for whickx; > x,, the same ligand complexed with
to slip bonds (Figure 2). In contrasfifor antibody G1 is a L-selectins is characterized by ~ x,. The distance between
decaying function in the entire range fof LR; and LR for the sSPSGL-1 complex with P-selectin (5.6 nm)

The large differences in the nature of unbinding of SPSGL-1 is 5 times longer compared with the same distance for L-selectin
and G1 from P-selectin is better visualized by comparing the (**1 nm), and the distances from bound states to their transition
2D surface of the population of bound states for the P-selectin States (1.5 and 1.1 nm) are an order of magnitude longer for
complex with sSPSGL-1 (Figure 2) with the same quantity for P-selectins compared with the same distances for L-selectins
P-selectin-G1 (Figure 3). Due to force-induced population (Y2~ Y2~ 0.1 nm). This implies that bound states of P-selectins
redistribution between LRand LR, increase of to 10 pN for are structurally more distinct compared to states BRd LR
sPSGL-1 results in the redistribution ﬁ(t) around |Onger Of L‘SeleCt|nS In add|t|0nthe b|nd|ng interface Of L-Se|eC'[InS
lifetimes, which corresponds to the acsending part of the curve i much stiffer compared to the P-selectin interfadgch might
for @(catch regime). In this force range, redistribution of the €xplain the inability of L-sslegtlns to form a double bond with
initial (force_free) population of bound Stat@]_(o) ~ 09, Pz(o) the dimeric ||ga.nd PSGL'1 Similar to unb|nd|ng of sPSGL-1
~ 0.1) into a force-dependent populatio®y() ~ Paf)) from P-selectins, due tky > kio andy, > y: (see Table 1),
competes with unbinding. Whérexceeds 10 pN, the dynamics unbinding is dominated by the decay from one state. However,
of unbinding is determined by the bond rupture from the more this state is the force-stabilized stateAfBr L-selectins, whereas
populated state LRP,(f) ~ 1). As a resultP(t) narrows toward  the high fluxin the dissociation process (in the low force regime)
shorter lifetimes, resulting in the decay @fl(slip regime). In ~ occurs through the LRstate ko > kpo) for P-selectins. The

contrast, due to the equality of, andra; (f10 = I X1 = Xo) quantitative analysis using the two-state model also shows that
for P-selectin complexes with G1, the growthlaf= k. with L-selectin complexes exhibit only a weak signature of the
f favors increasingly shorter lifetimes, which results only in the Catch-slip transition.

observation oflip bonds for Glover the entire range df By comparing the unbinding parameters for endoglycan and

sPSGL-1 bound to L-selectin, we see that, aside from the
difference in force-free populatioR;(0) ~ P,(0) (for endogly-
can) versus1(0) > P,(0) (for sPSGL-1), these ligands show
similar unbinding patterns. Similar to the L-seleetsPSGL1
complex,x; < Xp, kip < ko, andy; < y, for the L-selectin
fcomplex with endoglycan. However, bound states are structur-
ally distinct for endoglycan (compare, e.g,,for endoglycan
with x; ~ x, for sSPSGL-1), with LR being very close to the
transition statex; = 0.3 nm) and more distant from the unbound
state y1 = 0.4 nm,y, = 2.1 nm) compared to complexes with
sPSGL-1y; = 0.1 nm,y, = 0.12 nm). Due to the longer values
of y; andy, for endoglycanf0shows a faster decay with
compared withlidfor sPSGL-1 (Figure 2). P- and L-selectin

of the transition in the L-selectin complexes is considerably complexes with antibodies are characterized by more stable

greater than that in P-selectin bound to sPSGL-1. This could bonds._ . . . -

mean that there are much larger fluctuations in L-selectin bound _ UnPinding of P- and L-selectins with antibodies G1 and

to ligands. The shorter average lifetimeQ.1 s for sPSGL-1 ~ DREG56 is characterized only by slip bonds (Figure 3). The
and 0.07 s for endoglycan) compared to the P-selesfSGL-1 equality of the model_pa_rameters for bOL_md_ states for_Gl _and
complex &0.7 s) also implies that complexes of L-selectins DREG% (_Table 1) indicates that unbinding of antibodies

with physiological ligands are less stable compared with involvesa single bound state L®hich leads to théree-energy

; > P 1
complexes involving P-selectins. Just as in P-selecHf landscape with one minimurBecauseio = kzo = 1.1 s~ for

complexes, the L-selectin complex with the antibody DREG56 the L-seIectmrDREGSG compl_ex exceedtso = koo~ 0_.35_§1
exhibits only slip bonds (Figure 3). However, unlike stronger Iﬁ; tTestSEJi?g%E%nggleéo\gghiflsfhg]:efvﬁr:n%g ][gft'mg for
complexes of G1 compared to sSPSGL-1 in the range < "

< 4(§)pN, the L-selectil?aDREGS6 complex is moregstablloe!\lin P-selectin-G1 bond at low 0 pNs f < 25 pN forces. However,
the 0-40 pN range and less stablefat 40 pN compared to ~ PECaUS&1 = y2 = 0.14 nm for DREG56 is shorter than =
the complex with sPSGL-1 but more stable than the complex y2= 0.32 nm for Gl,[ﬂ[lfgr the L-selectir- DREGS6 complex
with endoglycan (Figure 3). shows a slower decay withcompared tafl for the P-selectir

G1 complex, and results in longer lifetimes at higher25 pN
The force-free bound state LRor the sPSGL-1 complex b g g P

with L-selectin is less stabldt,= 0.15) compared to LRfor forces (Figure 3).
P-selectin Keg= 0.13) and, thus, is less populated at zero force
(compare, e.g.P1(0) ~ 0.9 for P-selectins witliP1(0) ~ 0.85

for L-selectins). For complexes of L-selectins with endoglycan,
both states LRand LR are almost equally stablé&q = 0.5) The excellent agreement between model and experiment
in the absence of force, implying thR{(0) ~ 0.7 andP,(0) ~ validates the two-state description. By fixing the energy
0.3. The reduced stability preferred at the zero force bound statelandscape parameters (Table 1), obtained under constant force,
LR; relative to the force-stabilized state LRs in part we computed the distributions of unbinding timext)) and
responsible for the reduced strength and lower amplitud&obf unbinding forces{(f)) when the loading rate is varied. When
for complexes involving L-selectins. Similar to complexes of the pulling force is increased at the loading ratg, the rate
P-selectins with antibody GKeq = 1, X1 = X2, k1o = koo, and constantsks, kp, riz, andrp; become time-dependent. The

y1 = V. for L-selecti-DREG56 complexes, leading ta populationdPs(t) andP,(t) are computed numerically by solving
landscape with one minimunUnlike P-selectinrsPSGL-1 eq 6. The total population of bound states is given by

L-Selectin. Similar to P-selectinsPSGL-1 complexes, con-
stant force-induced unbinding of SPSGL-1 and endoglycan from
L-selectins is characterized by the transition from catch bonds
that dominate at low forces to slip bonds observed at higher
forces (Figure 2). However, this crossover from catch to slip
behavior occurs at a higher force compared to the case o
P-selectins, namely, &~ 40 pN for sSPSGL-1 anél ~ 15 pN
for endoglycan. More importantly, the catehblip transition in
L-selectin complexes is not as sharp as that in the P-setectin
sPSGL-1 complex. Comparison of the two-dimensional distribu-
tion function P(t,f) (Figure 2) shows dramatically that the
responses of P-selectin and L-selectin complexes to pulling force
are very different. In addition to the higher valuefgfthe width

Distributions of Unbinding Times and Unbinding Forces:
Loading Rate Dependence
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P()0= —ky(t) Py(t) — ky(t) P,(t) (18)
andp(t) is obtained fromP(t) using
P(t) = ky(t) Py(t) + Ky(t) Po(t) (19)
From p(t), we computep(f) using the transformation
(t, p(t)) — (r¢t, p(f)) (20)

where p(f) = (L/re)[ka(f) P1(f/rs) + ko(f) P2(f/rf)]. The most
probable rupture force) is obtained by finding a maximum
of p(f), that is, [g(f)/dt]=+ = O.

The distribution functiong(f) andp(t) for complexes of P-
and L-selectins with sSPSGL-1 and L-selectins with endoglycan
are displayed in Figure 4. For all three complex®8,decreases
from its initial amplitude but develops a peak at a loading rate
of rs > 300 pN/s and shifts toward higher forces at faster
The width ofp(f) does not vary appreciably with. The values
of y for the P-selectinsPSGL-1 complex exceed by an order
of magnitude those for complexes involving L-selectins, while
kio andkyg are roughly equal for all three complexes. As a result,
p(f) for P-selectin complexes with sPSGL-1 decays to zero at a
lower <10 pN force compared tq(f) for complexes of
L-selectin at similar loading rates (compare, epgf) for r; >
1000 pN/s). This implies that adhesive interactions involving
P-selectins are weaker compared with those involving L-
selectins. Although both bound states contribute to unbinding,
the P-selectinsPSGL-1 complex is characterized fy~ vy,
and hencep(t) has only one single peak at faster loading rates.
In contrast, becausg, > y; for L-selectin complexes with
sPSGL-1 and endoglycap(f) for L-selectin-sPSGL-1 has an
additional peak already at~ 2000 pN/s which becomes even
more pronounced at higher(Figure 4). This suggests that there

is a dynamic change in the force-dependent unbinding pathways _

from states LR and LR.. Unlike the distribution of unbinding
forces, p(t) for all complexes increases and becomes narrow
around shorter unbinding timesiass increased (insets in Figure
4). Faster decay gf(t) for P-selectin complexes compared with
complexes involving L-selectins also indicates weaker P-selectin
bonds.

The analysis of the experimental data using our model shows
that, for selectin complexes with antibodigs—= y, andk;o =
koo (see Table 1). This allows us to obtain analytical expressions
for p(t) and p(f) for G1 and DREG56. Both parts of eq 6 can

be added to yield
P(t) = —k(t)P(t) O (21)

wherek = koexph/rft/k'I], ko = klO = kgo, andy =Yy = Yo
Then,p(t) is given by

p(t) = k(t) PR = k(t)e /49K (22)
andp(f) is computed by rescaling
1 f
PO =7 k(f)@(r—f)ﬂ
KT
_ I:—f ex;{%_ - k§T (& — 1)] (23)

The calculategh(f) andp(t) for P-selectin-G1 and L-selectin
DREG56 complexes using the parameters in Table 1 are
displayed in Figure 5. Becaude for G1 is an order of
magnitude smaller thaky for DREG56 (Table 1)p(f) andp(t)
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Figure 4. Distribution of unbinding forcesp(f)) and unbinding times
(p(t) (insets) for the P-selectin complex with sPSGL-1 (top), the
L-selectin complex with sPSGL-1 (middle), and the L-sele€tin
endoglycan complex (bottom). The loading rates mree 100 pN/s
(dotted line), 250 pN/s (dashed line), 500 pN/s (dagbtted line), and
1500 pN/s (solid line) for P-selectirsPSGL-1;r; = 60 pN/s (dotted
line), 450 pN/s (dashed line), 900 pN/s (dastotted line), and 2500
pN/s (solid line) for L-selectinrsPSGI-1;r; = 60 pN/s (dotted line),
250 pN/s (dashed line), 800 pN/s (daglotted line), and 2000 pN/s
(solid line) for L-selectir-endoglycanp(f) decreases in amplitude but
develops a peak moving toward a larger valud a$r; is increased,
in contrast to the P-selectitsPSGL-1 complexp(f) for complexes
involving L-selectins develops a second peak. For sSPSGL-1 complexes
with P- and L-selectingy(t) has a peak ati ~ 350 pN/s; in contrast,
p(t) for the L-selectin-endoglycan complex develops a second peak
at rr ~ 250 pN/s. For all three complexep(t) approaches short
unbinding times and the width decreases with increasing

70

for G1 show slower decay withandt compared withp(f) and

p(t) for DREG56 (compare, e.g., thEf)’'s andp(t)’'s for ry =

500 pN/s in Figure 5). This agrees with our findings fittand

P(t) for these ligands. Just as in the case of P- and L-selectin
complexes with physiological ligands, thé) value for antibod-

ies narrows around shorter forces (barely changing the width)
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complexes involving P-selectins. The presence of the force-
stabilized bound state LRfor sPSGL-1 and endoglycan
facilitates a dynamical mechanism for alleviating the applied
mechanical stress with higher efficiency, compared with single-
state MichaelisMenten kinetics, L+ R = LR for G1 and
DREGH56. Fon; values ranging between 1000 and 1500 pN/s,
p(f) for the P-selectinG1 complex spans a wider range of
unbinding forces (0-120 pN), whereas the force variation is
reduced to 6-10 pN for the P-selectin complex with sPSGL-1
in the same range af.

Recently, Evans et al. have reportB(f) for unbinding of
sPSGL-1 from P-selectin. Our results at low forces (see top
panel in Figure 4) qualitatively agree with the experimental
results!® Because the range bexplored in ref 19 lies outside
f,pN the catch-slip transition regime at constainfref 19), a detailed
comparison cannot be made. In addition, the energy landscape
parameters vary dramatically asis changed? Hence, the

: landscapes explored at low constadntand varyingry are
0.04 markedly distinct. As a result, quantitative agreement at high

: values using parameters from low constimtilues cannot be
expected.

0.06

0.03

Concluding Remarks

We have extended the BT two-state mé8previously used
to analyze the catehslip transitions in constant force unbinding
of ligands from P-selectin to forced rupture of L-seleetigand
complexes. The crux of the two-state model is that the selectins
interacting with ligands can exist in two distinct bound states,
LR; and LR.. The dual catchslip character emerges from the
kinetics of the two-state model which allows for a shift in the
force-induced equilibration, LR= LR,. With four parameters

50 100 150
f,pN

Figure 5. Distribution of unbinding forcesp(f)) and unbinding times  (see Figure 1) that globally characterize the energy landscape
(p®) (insets) for the P-selectin complex with G1 (top) and the L-selectin ot the cell adhesion complex, the dependence of the lifetime

complex with DREG56 (bottom). The loading rates are= 20 pN/s : :
(dottgd line), 100 pN/s (éashed I)ine), 500 pN/% (dadht?ed "ne{’ and on the external force can be completely described. In particular,

1500 pN/s (solid line) for the P-selectiG1 complex ands = 60 pN/s the model fully captures the cateblip bond transitions for
(dotted line), 150 pN/s (dashed line), 500 pN/s (dasbtted line), and sPSGL-1 and naturally reveals that unbinding of the antibody
1500 pN/s (solid line) for the L-selectirDREG56 complex. In contrast ~ has only slip bond character.
to the P- and L-selectin complexes with sSPSGL-1 and endogly#n, Here, we have used our theory to construct the energy
andp(f) for the G1 and DREG56 complexes with selectins have only landscapes of L-selectin complexes with physiological ligands,
one peak. such as sPSGL-1 and endoglycan, and the antibody DREG56
andp(t) shifts toward longer times at faster This implies that, using the experimental datd.The computed average bond
in contrast to unbinding times, increasindeads to unbinding lifetimes (@0 for L-selectin complexes with these ligands were
occurring at larger force®s!® Both p(f) andp(t) for antibodies compared with similar quantities for previously studied P-
G1 and DREG56 remain single-peaked whioldicates that selectin complexes with SPSGL-1 and the antibody G1. Because
there is only a single bound state, LR forced stretching of P- and L-selectin complexes with the
Let us now compareg(f) andp(t) obtained for physiological ~ physiological ligands sPSGL-1 and endoglycan couples con-
ligands with those obtained for antibodies. Because G1 andformational relaxation and unbinding|Jfor specific proteir-
DREG56 possess a higher affinity to, respectively, P- and protein complexes grows at low force, followed by a crossover
L-selectins (compar&’s andy’s in Table 1),p(t) for G1 and to a decay to zero at higher force. Such a transition from the
DREG56 exhibits an order of magnitude slower decay in time catch regime to the slip regime of unbinding suggests that the
as compared witp(t) for sSPSGL-1 and endoglycan. For a given biphasic response of adhesion complexes with physiological
rs value,p(t) for G1 and DREG56 has a peak that is somewhat ligands under tension is a distinctive property of the selectin
smeared out (especially for DREG56) at sloweln contrast, family of receptors. In contrastiiJ for P- and L-selectin
p(t) for sSPSGL-1 and endoglycan shows a peak only; at complexes with G1 and DREG56 decay monotonicallyf as
300 pN/s (top panels in Figures 4 and 5). The peak position of increases over the entire force range. We infer that selectins
p(t), which approaches zero with decreasing width, implies form stronger adhesive bonds with antibodies, compared to
higher unbinding at fastes for physiological ligands as well  specific ligands. Furthermore, unbinding of selectins bound to
as antibodies. In contrast t(t=0), p(f=0) decreases ag antibodies occurs from a single bound state.
increases for all complexes. Comparisonpgf) and p(t) for We used our model and estimated parameters to obtain
antibodies and physiological ligands at a fixgedsalue shows testable experimental predictions for the distributions of unbind-
that, although selectin receptors form tighter adhesion complexesing times (t)) and unbinding forcesp(f)) at finite pulling
with G1 and DREGS56, a linear increase in the applied force speeds. These quantities can be measured by varying the loading
affects the stability of complexes with antibodies more pro- rate. Populations of bound receptor statBg)j for selectin
foundly compared to complexes with specific ligands, especially complexes with sPSGL-1 and endoglycan rapidly decayain
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Figure 6. Schematic of the conformational free-energy profiles for
the P- and L-selectin complexes with physiological ligands sPSGL-1
and endoglycan. The free-energy barriers for the conformational
transitions LR — LR, and LR, — LR; areF1, andF,,, respectively,
while x; andx, are the distances from the minima of states; laRd

LR, to the transition state.

forces below and above the critical fordg),(indicating a fast
unbinding rate Ke). However, decay of(t) is retarded fof ~

fc and slows down fof < f; due to the decreasing rate for catch
bonds,kett = kearen After reaching a maximum dt= f., P(t)
decays faster wheh > f. due to the increasing rate for slip
bonds ket = ksiip. The crossover from a decrease at low force
to an increase at high force unbinding rate results in the
transition from catch to slip bonds observed for selectin
complexes with physiological ligands. In contrast, the population
of a single bound state of selectins complexed with G1 and
DREG56 shows faster decay in time at higher force.

The force-free ratesp andro for conformational transitions
LR; — LR, and LR — LR; enable us to estimate the free-
energy differenceAF) between bound selectin states;Ldhd
LR, and the corresponding free-energy barriersandF,; =
AF — Fj, for sSPSGL-1 and endoglycan. We obtaki by
equatingri» andry; which leads toAF = KTIn[rao/ri]. We
found thatAF = 2kT and 1.%T for P- and L-selectin complexes
with sSPSGL-1 and only OKT for the L-selectir-endoglycan
complex. From the assumption that whEpn < P, the free-
energy barrier for transition LR— LR, vanishes, we found a
similar barrier height:Fi1, = 5.2KT, 5.XT, and 5.&T for the
P-selectinrsPSGL-1, L-selectinsPSGL-1, and L-selectin
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the underlying shapes of the energy landscape for P- and
L-selectin complexes with their ligands are markedly different.
Selectin complexes with sSPSGL-1 have simias ~ 5kT, Fo;

~ 3KT, andAF = F1, — F2; ~ 2KT, implying that the LR state

is more stable at zero force. Surprisingly, the;leRd LR states

of the L-selectin-endoglycan complex are almost equally stable
(F12 & F21, AF < KT). Similar AF and Fiy, F2; for P- and
L-selectin complexes with sPSGL-1 and differexf andFi»

for sPSGL-1 and endoglycan complexes with L-selectins
suggests that the relative stability of bound receptor states is
determined by the nature of the ligand. Becauset x, =

5.6 nm for P-selectinsPSGL-1, andv3.4 nm for the L-selec-
tin—endoglycan complex, and ondyl nm for the L-selectin
sPSGL-1 complex, the bound states for P-selectins are struc-
turally more distinct, compared to the bound states for L-selectins.
States LR of the P-selectirsPSGL-1 complexx = 0.5 nm)

and LR, of the L-selectin-endoglycan complexx{ = 0.3 nm)

are close to the transition state (Figure 6). The sheetemm
distance between the minima of LBnd LR for the L-selectin-
sPSGL-1 complex (compared with the 5.6 nm distance for the
sPSGL-1 complex with P-selectin) indicates a stiff binding
interface which explains, in part, the inability of L-selectins to
form a double bond with the dimeric ligand PSGL1.

Our findings indicate that the two interconverting bound states
of P- or L-selectin receptors, characterized by the force-
modulated relative thermodynamic stability, provide an efficient
mechanism for relieving abrupt mechanical stress by prolonging
the lifetimes of their complexes with physiological ligands. The
resulting biphasic response of specific cell adhesion complexes
to external stress meets the requirement of the shear threshold
that appears to be vital for selectin-mediated cell rolling. In the
range of shear forces corresponding to a pulling force bé&jow
increased lifetimes of cell adhesion bonds permit transient
capture of cells by selectin receptors of the vascular surfaces,
resulting in momentum transfer from translational motion to
their rotational motion (catch regime). Due to the decreased bond
lifetime above the critical force, the rolling cell is released to
find the next available selectin receptor (slip regime) to which
it binds. Statistically, contributions from repeated force-
modulated transition from the catch regime to the slip regime
of unbinding of many single adhesion bonds add up to make
the cyclic tethering and rolling of the entire cells possible. The
resulting rolling motion of leukocytes in the direction of blood
flow in one dimension facilitates more efficient search for
bacterial infection or tissue injury compared to purely transla-
tional Brownian motion in three dimensions.

The use of the most general two-state model (egs1Q) to
fit the available experimental data requires a few comments.
From Figure 1 and eq 10, it follows thanhly four parameters
ris, 21, ki, andky, are needed to obtaifiC] and the lifetime
distribution function P(t,f)) (Figures 2 and 3). It has been
erroneously assert&#3 that our formulation requires seven
parameters to obtain the global observable like the average
lifetime as a function of. However, merely using a kinetic
model to fit experimental data does not provide insight into the

endoglycan complexes, respectively. Because of this assumptiongnergy landscape governing cell adhesion complexes. To go
the estimated values of the free-energy barriers should bebeyond the experimental measurements, we have used the
considered as lower bounds. However, for complexes that areextracted values of the parameters using the two-state model to

stabilizied by noncovalent interactions, this assumption is likely
to be valid.

The conformational free-energy profiles for P- and L-selectin
complexes with the physiological ligands sPSGL-1 and en-

predict the minimal parameters (seven in total) of the energy
landscape including the locations of transition states and free-
energy barriers. Indeed, only by comparing these parameters
(Figure 6), can one distinguish, in detail, the differences in the

doglycan are presented in Figure 6. Our calculations indicate interactions between L- and P-selectins and the ligands. To do

that although P- and L-selectins have high sequence simifarity,

so involves deconvolution of the global parameteis (21, ki,
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andko) in terms ofo, yi, andy, (Table 1). Previous studi&&?3
have not undertaken this exercise.

The two-state mod&2°and the exact kinetic equations that
we proposed in our previous stifdhave been used verbatim
by Thomas et a8 to explain the shear-enhanced FimH-mediated
adhesion. These authors statbat in our earlier study we used

“assumptions suited to explain the single-exponential decay -

Barsegov and Thirumalai
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bound statesThe resulting parameters revealed that the lifetime
distribution is single-exponential for P-selectisPSGL-1 un-
binding which is justified, as shown in ref 19, by experiments.
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exponential relaxation naturally follows from the kinetic analysis
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(15) Merkel, R.; Nassoy, P.; Leung, A.; Ritchi, K.; Evans, N&ature
1999 397, 50.

(16) Marshall, B. T.; Long, M.; Piper, J. W.; Yago, T.; McEver, R. P.;
Zhu, C.Nature 2003 423 190.

(17) Sarangapani, K. K.; Yago, T.; Klopocki, A. G.; Lawrence, M. B.;
Fieger, C. B.; Rosen, S. D.; McEver, R. P.; Zhu,XCBiol. Chem2004
279, 2291.

(18) Yago, T.; Wu, J.; Wey, C. D.; Klopocki, A. G.; Zhu, C.; McEver,
R. P.J. Cell Biol. 2004 166, 913.

(19) Evans, E.; Leung, A.; Heinrich, V.; Zhu, €roc. Natl. Acad. Sci.

equations (eq 10) may be necessary for describing the data forY-S:A.2004 101, 11281.

bacterial adhesioff.

Acknowledgment. This work was supported by National
Science Foundation grant NSFCHE-05-14056.

References and Notes

(1) Springer, T. ACell 1994 76, 301.
(2) Springer, T. ANature199Q 346, 425.
(3) Evans, E.; Leung, A.; Hammer, D.; Simon, Boc. Natl. Acad.
Sci. U.S.A2001, 98, 3784.
(4) Sako, D.; Comess, K. M.; Barone, K. M.; Camphausen, R. T.;
Cummings, D. A.; Shaw, G. DCell 1995 83, 323.
(5) Alon, R.; Chen, S.; Puri, K. D.; Finger, E. B.; Springer, T. A.
Cell Biol. 1997, 138 1169.
(6) Lawrence, M. B.; Kansas, G. S.; Kunkel, E. J.; Ley, X.Cell
Biol. 1997 136, 717.
(7) Finger, E. B.; Puri, K. D.; Alon, R.; Lawrence, M. B.; von Andrian,
U. H.; Springer, T. ANature 1996 379 266.
(8) Alon, R.; Hammer, D. A.; Springer, T. Alature1995 374, 539.
(9) Brunk, D. K.; Goetz, D. J.; Hammer, D. Riophys. J.1995 71,
2902.
(10) Bell, G. L. Sciencel978 200, 618.

(20) Barsegov, V.; Thirumalai, DProc. Natl. Acad. Sci. U.S.2005
102, 1835.

(21) Nevo, R.; Stroh, C.; Kienberger, K.; Kaftan, D.; Brumfeld, V.;
Elbaum, M.; Reich, Z.; Hinterdorfer, mat. Struct. Biol.2003 10, 553.

(22) Pereverzev, Y. V.; Prezhdo, O. V.; Thomas, W. E.; Sokurenko, E.
V. Phys. Re. E 2006 72, 010903(R).

(23) Pereverzev, Y. V.; Prezhdo, O. V.; Forero, M.; Sokurenko, E. V.;
Thomas, W. EBiophys. J.2006 89, 1446.

(24) Pereverzev, Y. V.; Prezhdo, O. Biophys. J.2006 91, L19.

(25) Liu, F.; Ou-Yang, Z.-C.; lwamoto, MPhys. Re. E 2006 73,
010901.

(26) Thomas, W.; Forero, M.; Yakovenko, O.; Nilsson, L.; Vicini, P.;
Sokurenko, E.; Vogel, VBiophys. J.2006 90, 753.

(27) McEver, R. PCurr. Opin. Cell Biol.2002 14, 581.

(28) Leppaen, A.; Yago, T.; Otto, V. L.; McEver, R. P.; Cummings,
R. D.J. Biol. Chem2003 278 26391.

(29) Somers, W. S.; Tang, J.; Shaw, G. D.; Camphausen, Rel.
200Q 103 467.

(30) Hummer, G.; Szabo, Miophys. J.2003 85, 5.

(31) Chen, S.; Springer, T. ARroc. Natl. Acad. Sci. U.S.£001 98,
950.

(32) Hyeon, C.; Thirumalai, DProc. Natl. Acad. Sci. U.S.2005 102,
1789.

(33) Dima, R. I.; Thirumalai, DProtein Sci.2006 15, 258.



