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Model Energy Landscapes and the Force-Induced
Dissociation of Ligand-Receptor Bonds
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Department of Physics and Astronomy, University of Basel, 4056 Basel, Switzerland

ABSTRACT We discuss models for the force-induced dissociation of a ligand-receptor bond, occurring in the context of cell
adhesion or single molecule unbinding force measurements. We consider a bond with a structured energy landscape which
is modeled by a network of force dependent transition rates between intermediate states. The behavior of a model with only
one intermediate state and a model describing a molecular zipper is studied. We calculate the bond lifetime as a function of
an applied force and unbinding forces under an increasing applied load and determine the relationship between both
quantities. The dissociation via an intermediate state can lead to distinct functional relations of the bond lifetime on force. One
possibility is the occurrence of three force regimes where the lifetime of the bond is determined by different transitions within
the energy landscape. This case can be related to recent experimental observations of the force-induced dissociation of
single avidin-biotin bonds.

INTRODUCTION

Cell adhesion is mediated by the specific interaction beal., 2000). Interestingly, all ligand-receptor systems inves-
tween ligands and receptors which form weak noncovalentigated so far show an exponential increase of the dissoci-
bonds. The reaction kinetics of ligands and the receptoration rate with force in the limit of small forces, as origi-
that are both confined to cell membranes are therefor@ally stated by Bell (Bell, 1978). This leads to a linear
essential for the kinetics and mechanics of the cell adhesiodependence of the unbinding force on the logarithm of the
process (Zhu, 2000; Bongrand, 1999). One important aspetading rate. A similar behavior is also observed for the
of ligand-receptor interaction in an adhesion context is thamechanical unfolding of proteins (Rief et al., 1997; Carrion-
bonds are formed or broken under the influence of a meVazques et al., 1999). This can also be viewed as a linear
chanical force. Whereas the formation of a bond is stronglydecrease of the free energy for dissociation, which is ex-
influenced by steric factors, the breaking of a bond, i.e., thepected for a single sharp energy barrier along the dissocia-
dissociation kinetics under a mechanical force, is an intrintion path (Fig. 1B). However, there are also a number of
sic property of the ligand-receptor complex. ligand-receptor systems that show deviations from this be-
Recent experiments allowed us to measure the mechanhavior for larger forces, which is attributed to the internal
cal unbinding of single ligand-receptor complexes directlystructure of their energy landscape (Evans, 1998; Merkel et
with atomic force microscopy (AFM) (Florin et al., 1994; al., 1999).
Lee et al., 1994a,b; Moy et al., 1994; Dammer et al., 1995, To answer the question of how the structure of the energy
1996; Hinterdorfer et al., 1996, 1998; Allen et al., 1997) orlandscape influences the dissociation kinetics under applied
bio-membrane force probes (Evans et al., 1995). In thestorce and, conversely, what can be learned about the inter-
experiments the force at which a complex unbinds whemal structure of ligand-receptor bonds by dynamic force
loaded with a force ramp (increasing from zero) is measuredpectroscopy (DFS), we discuss models for the dissociation
(Fig. 1A). This unbinding force is directly related to the kinetics of complexes with a structured energy landscape. A
dissociation kinetics of the complex under an applied forcestructured energy landscape basically means that the disso-
and therefore depends on the loading rate (the rate of forceiation proceeds via intermediate bound states and/or that
increase before the unbinding) (Evans and Ritchie, 1997). Iseveral transition states to the unbound state exist. These
principle, it is possible to determine the dissociation rate, ocan be described by a network of (force-dependent) transi-
the lifetime, of a bond in function of the mechanical force tion rates between the states. This approach is complemen-
on the complex from loading rate-dependent measurementary to detailed molecular dynamic simulations of the forced
of the unbinding force (a method termed dynamic forceunbinding of a complex (Grubitier et al., 1996; Izrailev et
spectroscopy) (Evans, 1998; Fritz et al., 1998; Merkel et al.al., 1997; Haymann and Grubiier, 1999), where the time
1999; Strunz et al., 1999; Simson et al., 1999; Williams etscale of the unbinding is several orders of magnitude faster
(the bond lifetimes are in the nanosecond range) than the
experimentally accessible time scale (lifetimes from several
Received for publication 8 March 2000 and in final form 13 June 2000. seconds to m|II|seponds). The dependence Of. the_' unbinding
Address reprint requests to Dr. Torsten Strunz, Institute of Physics, Con]for_celOrl the logarithm of th? loading rate, W,hICh is charac-
densed Matter Division, Klingelbergstrasse 82, 4056 Basel, Switzerlandl€ristic for the thermally activated process, is not captured
Tel.: 41-61-2673769; Fax: 41-61-2673784; E-mail: torsten.strunz@unibas.cby the molecular dynamic simulations. If the molecular
© 2000 by the Biophysical Society dynamic trajectories are representative for the unbinding
0006-3495/00/09/1206/07  $2.00 pathway of the complex on the experimental time scale one
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FIGURE 1 @) Direct observation of the dissociation under a mechanical
force. The force on a single complex increases until it dissociates. The
dissociation is monitored by an abrupt relaxation of the macroscopic spring
of a force probe. B) The dissociation over a sharp energy barrier is
characterized by a linear decrease of the barrier with applied ferce
giving rise to a characteristic length scale

FIGURE 2 Reaction schemes for the dissociation kineti&s Dissoci-
ation via an intermediate statd)(Transition scheme of the zipper model.

is in principle able to construct an energy landscape from
the simulations (Balsera et al., 1997; Gullingsgud et al., o
1999). Such an energy landscape could be used to identif§iSSociation rate:
appropriate intermediate states and transition rates. ky(F) = ky(0)e™T, 1)

In a further approximation we restrict ourselves to models
where the transition rates between different intermediatavherekT is the thermal energy. The exponential increase is
states depend only exponentially on the force, i.e., theharacteristic for a sharp energy barrier where the transition
intermediate states are separated by sharp energy barriessate is located at a distanggprojected along the direction
This approximation neglects changes in the geometry of thef applied force, to the ground state (FigB)JL In this
transition state by the mechanical force and changes in th&tuation the free energy for dissociation decreases linearly
friction the complex experiences along the separation pathwith the applied force, i.e.AG*(F) = AG" — Fx, with

It is clear that the dissociation process in such a networky(0) = (kT/h)e’AG&‘"‘T andh is the Planck constant.
of intermediate states may strongly depend on the applied The behavior of this model in the context of an unbinding
force, because completely different transitions may domiforce measurement, where the force increases until the
nate the dissociation kinetics at different forces. In this workcomplex unbinds, has been discussed in detail by Evans and
we discuss, among the many possible network topologies dRitchie (1997). For the sake of simplicity we assume here
intermediate states, a model with one intermediate statthat the force on the complex increases with a constant
along the separation pathway (FigAR Aside from repre- loading rater. Generally the force on a complex does not
senting the most simple situation the model can describ&crease linearly with time in most experimental systems
some observations in recent DFS measurements (Evanand likely also not in biological situations. The approxima-
1998; Merkel et al., 1999). As a second example we discuston of a constant loading rate is nevertheless good with a
the model of a symmetrically loaded molecular zipper (Fig.properly determined effective loading rate (Evans and
2 B), describing recent DFS measurements on the mechamitchie, 1999). Because the measurement is done with a soft
ical dissociation of DNA (Strunz et al., 1999). In both casesspring, ligand and receptor are further separated after cross-
we discuss the complex lifetime as function of force, theing the transition state and rebinding will be neglected. The
distributions of unbinding forces at different loading rates,stochastic nature of the unbinding events is captured by
the most probable unbinding force as a function of loadingsolving the master equation for the probabil{t) to be in
rate (observable in a DFS experiment), and an approximahe bound state under an increasing Iéaek rt:
tion to the lifetime derived from the last function. dN()

“at = K(ONQ. 2)

DISSOCIATION KINETICS UNDER AN
APPLIED FORCE This results in a distribution of unbinding forc&F) =

_ . ) _ ) ~ 1 ky(F)N(F/r) (with N(O) = 1) which with Eqg. 1 is given
First we briefly review the basic model for dissociation .
kinetics of a ligand-receptor complex subject to a dislodging
forceF which is described by an exponential increase of the P(F) = ky(O)r ~1eP/KT+ka(O)r T/x(1—e>T) | (3)
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The most probable unbinding foré&, the maximum of the  In general, a model for the dissociation process like Eq. 5 is

distribution, is given by necessary to connect the unbinding forces measured in a
DFS experiment (given by Eq. 7) with the dissociation time
Ex — k—TIn r (4a) in Eq. 6. However, if we have determined the most probable
X KT" unbinding forceF* in dependence of the loading rate, we
kd(o)? can estimate the dissociation time as a function of the force

by approximating the measured functiBh(In(r)) linearly
In this case the parameters governing the dissociation kiat every loading rate. Using Eq. 4b to estimigié-*), with
netics under an applied force, the thermal dissociation ratéhe local slopekT/x = dF*/dIn(r), gives an estimate of the
k4(0) and the length scale can be determined directly from mean dissociation time(F) in a general situation:
a plot of the most probable unbinding force versus the
logarithm of the loading rate. Note that Eq. 4a, because of 7(F*) ~ drF* ®)
Eq. 1, can be rewritten to: ¢ dr ’

ky(F*) = rkT/x. (4b)  For the examples we discuss below, we find that this ap-

proximation is appropriate when the local slope of Etfe

The distribution of Eq. 3 is an extreme-value type distribu-vs. In() curve does not change too rapidly with the loading

tion (Abramowitz and Stregun, 1972, Eq. 26.1.30) that camate.

be rewritten in terms of the most probable unbinding force

F* as
FORCED DISSOCIATION WITH AN

P(F) = adf FkT et INTERMEDIATE STATE

with a = (¢kT)ee . In general the dissociation might !N the two-barrier model, the dissociation proceeds via an

proceed via intermediate states and it is also possible th#ttermediate state. We assume that all transition rates,
multiple transition states exist. This situation is captured byramely the transition rate from the ground to the interme-

the generalized master equation: diate statek_,(F), the backward raté, ,(F), and the rate
from the intermediate to the unbound state(F), depend

dN(t) exponentially on the force, i.ek(F) = k(0)e™/T. The

d = —ka(F)N(Y), () corresponding length scales axe,, x,, (negative for a

transition opposite to the direction of applied force) ang,
where N is a vector which component; represent the respectively. The mean dissociation time for a fixed force,
occupation probabilities of each bound state &p@) is a  defined by Eq. 6, is given by
matrix describing the transitions between the states and to
the unbound state. Although there are now multiple time AF) = K-1(F) + Kea(F) + ko(F) ©)
scales in the system we can define an effective dissociation K1 (F)k_o(F)
rate by the inverse of the mean dissociation tirreg fixed
force F given by

By this analytic formula we can classify typical cases for the
dependence of the effective dissociation raié(F) on the

- force (Fig. 3). Because the intermediate state is energeti-
7(F) th

0

dN, dt, (6) cally located above the ground state we hayg(0) >

dt k_,(0) (assuming an energy difference of a few kT). We
first focus on the cases where the transition state from the

whereN, = 1 — 3N(t) is the probability to be in the intermediate to the unbound state has a higher energy than

unbound stateN,, is calculated from a solution of Eq. 5 (by the transition state to the ground state so thaf(0) >

calculating the eigenvalues kf,(F)) with the initial condi-  K_5(0) also holds (Fig. 3A andB). In this case the limit of

tion that the probability of the complex being in the ground small forces in Eq. 9 leads to the effective dissociation rate

state is one and the other states are occupied with zero

probability (Anshelevich et al., 1984). 7YF) =~ k-1(0k-2(0) P01 XX 2)KT (10)

The distribution of unbinding forces for a given loading k:1(0) '

rater is derived from the generalized solution of Eq. 2, i.e.

the solution of Eq. 5 with® = rt, resulting in a functiorN,,

and

'so that the exponential increase of the thermal dissociation
rate is governed by distance of the ground state to the
outermost barrier. With increasing force the backward tran-
N sition becomes negligiblé,_,(0) > k_,(0), and the disso-
P(F) =rt dtu . (7)  ciation is dominated by either the transition rate to the
t=Fir intermediate stat&_,(0) or to the unbound state ,(0). It
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implemented in the IMSL library (IMSL Inc., Houston, TX;
see also Press et al., 1992). For specific parameter values we
chose, as an example, the values to represent the case with
three regimes in the dissociation process (Fid®).3The
transition rates and length scales were chosen to fit the
experimental data of Merkel et al. (1999), where three
distinct regimes in the unbinding force vs. loading rate plot
for avidin-biotin have been observed. Wikh,(0) = 0.5

(C) k.2 k.4 s ! x_, =0.4nmk_,0)=30s *andx_, = 0.1 nm the
- regimes at higher forces could be matched &ng(0) =
1.5%10" s, x,, = —2.5 nm was found to reproduce the
Kyq behavior at small forces.

Figure 4A shows the most probable unbinding foree
FIGURE 3 Classification of the dissociation behavior vi _ g of the distribution Eq. 7 in dependence of the loading rate.
' Classification of the dissociation behavior via an intermedi- g thrae regimes where the dissociation is determined by
ate state in function of a mechanical forcéeff) Schematic energy . . ] )
landscapes Righy Logarithm of the model transition ratés ,(F), k. 4(F) dlﬁgrent processes also lead to three different regimes in the
andk_,(F) as function of force. The effective dissociation rate is indicated unbinding vs. loading rate plot. In the case where we ex-

by a dotted line. The gray potential scheme corresponds to an exchange ghanged the parameters describing the forward transitions

the functionsk_,(F) and k_,(F) which does not change the effective (k 1(0) =30 s x L= 0.1 nm. k 2(0) =05 st and

dissociation rate.A) Two regimes in the dissociation process appear. At e . e .
A J P P &> = 0.4 nm) the distribution of unbinding forces displays

small forces all three transitions rates determine the process. At high forces—

the transition from the ground to the intermediate state (from the intermefwO local maxima (Fig. 48) near a crossover between two
diate to the unbound state, for the gray potential scheme) is rate determirregimes: this feature occurs for Ioading rates where the
ing. (B) Similar situation as inA, but the rate-determining (forward) ransition to the intermediate state is the rate determining

tl iti ith i ing fi dD) The int diat . . .
ransitions cross over with increasing forc€ ndD) The intermediate. 05 404 the transition to the unbound state is still not much
state is only visited after the transition state with the highest energy has

been passed. Because the dynamics of the complex is over-damped af@Ste'_’- This -Iea(.js to th_e jump in the ?bsomte maXimum_ of
fluctuation-driven, the intermediate can still be dynamically relevant at anthe distribution in function of the loading rate. However, in

applied force D). an experiment the maxima would be difficult to detect
because of the experimental noise and the limited statistics.

We also calculated the mean and the standard deviation of

Is also p035|_b_le that upon further increase O.f th_e force ?he distribution of unbinding forces in function of the load-
second transition occurs, where the rate dominating transi-

tion changes again (Fig.B). If the rate is dominated by the Ing rate. B_Oth_ are stea_dy functions of the loading rate. _The
transition from the ground to the intermediate state it Car{neafn unbmﬁllng forc_e 'S c!ose 0 th? n|1:(_)st pro_lt)r?ble unbind-
become dominated by the transition from the intermediatdd [0rC€ when no jump IS presen (FigA3. The mean

to the unbound state upon increasing the force, for examplé{nb'nd;]ng forc_e ";”‘?' tkr;ehsta_ndar(rj] devr:anondshm;v 20 S|gn|f-
In this case three force intervals in the dissociation ratdc@nt change in their behavior when the order of the transi-

occur. For small forces the dissociation rate is given by Eqtions in the binding pocket is changed. Therefore, we would

10, in the second interval the dissociation rate=i& ,(F) expect that experimentally measu_rr_sd unbinding force distri-
(or k_,(F)) and in the third intervak k_,(F) (or k_4(F)). butions woulc_j_ also_ not be_ s_ensmve to the order of the
Only in this case can all parameters describing the two statPrward transitions in the binding pocket.
model (i.e. all three rates and length scales) be extracted Figure 4C shows a comparison between the calculated
directly by measuring the functior(F). However, because and estimated dissociation time. Deviations between both
interchanging the parameters describing the function®ccur if the slope of unbinding force vs. log loading rate
k_,(F) andk_,(F) leads to no changes if(F), it is not  curve changes rapidly. Nevertheless, Eq. 8 can be used to
possible to assign the measured parameters unambiguougi§timate to a first approximation the dissociation rate as a
to a transition. function of the force by loading rate-dependent unbinding
In addition to the above cases it is also possible that théorce measurements.
transition state from the ground to the intermediate state is The model with one intermediate state is therefore the
the thermodynamically relevant transition state so thasimplest model to explain the experimentally observed be-
k. ,(0) < k_,(0) (Fig. 3,C andD). Nevertheless the inter- havior of the biotin-avidin system. But the actual energy
mediate state can be rate determining with an applied forckindscape of the bond may still be more complicated be-
(Fig. 3D). cause only the rate determining transitions are clearly de-
To discuss the dynamic force spectroscopy of the twotectable in the bond lifetime as a function of force (compare
state model we solved the differential Eq. 5 wkh= rt Fig. 2C). Generally, the low force regime is always asso-
numerically with Gear’s backward differentiation method ciated with the thermodynamically relevant transition state
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200+ FORCED DISSOCIATION IN THE ZIPPER MODEL
= (A) , Inspired by the unbinding force measurements of DNA
S 150 duplexes pulled at the opposité énds (Strunz et al., 1999)
W 1004 we investigate the behavior of a zipper model, used to
describe the thermodynamic behavior ($atnke, 1977), un-
504 der an applied force. The simplest form of the model is
described by two rates, one is the ratg0) of opening of
0l e

T T T a base pair (or a general subunit in zipper type configura-
0.01 1 100 10000 1000000 tion) if the neighboring base pair is already open (hence the
loading rate r (pN/s) term zipper), the other is the rate(0) of closing a base pair
neighboring a closed pair (Fig.B). We now investigate the
model where the force is applied at the opposite ends of the

0.0104
zipper (corresponding to the' ®nd to 3 end pulling of

_ DNA) so thatk. (F) = k.€™/%T (note thatx, is negative)

> to a first approximation. The mean dissociation time for a

% 0.005/ zipper of lengthn is given by

h o $"*3(F) SR
) = A FEF) -~ DAEF) -1 -2 20k (P’

0.000 A . : , (11)
0 50 100 150 200 250 ) .
100 wheres(F) = k., (F)/k_(F) is the so called stability param-

eter of the zipper model, i.e. the equilibrium association
constant, or affinity, of a single base pair. Eq. 11 is only
valid in the limit s(F) >> 1 ands(F) >> 1 for the second
expression, respectively (Anshelevich et al., 1984). In the
opposite limits << 1 the dissociation is only determined by
the opening process and we expect

10+

dF*dr (s)
o

0.014
T(F) = n/2k_(F), (22)
1E-3
) because at each of thhepening steps either one or the other
1E"o 50 100 150 200 250 end of the zipper can open. The transitiorsat 1 is clearly
F* (pN) visible in the loading rate dependence of the unbinding

force of zippers with lengtm = 10 and 30 that we calcu-
FIGURE 4 @) Calculated loading rate dependence of the most probabldated by solving Eq. 5 with- = rt numerically and taking
unbinding forceF* for a modell with one intermediate state (FigAR the maximum of the distribution Eq. 7. The approximate
Parametersk, 4(0) = 1.510's %, x,, = ~2.5nm.Opencirclesk,(0) = gissociation time derived from this calculations by Eq. 8 as
05s % x; = 04 nmk_,0) =30s*andx_, = 0.1 nm.Crosses . . . . .
K ,(0) =305 % x_, = 0.1nmk ,0) = 055 % andx_, = 0.4 nm. The & function of force_ is sh_ov_vn in Fig. A and compared vv_|th
solid lines indicate the loading rate dependence according to Eg. 4 withhe exact mean dissociation time Eq. 6 for= 10. In this
ky0) = 1¥10° st & x = 3.0 nm,ky(0) = 0.5 s* & x = 0.4 nmand numerical example we have chosen the paramé&te®) =
ky(0) = 30 s* & x = 0.1 nm. For the parameters corresponding to the 5*10° s~ *, 5(0) = 5 at zero force and_ ., = (—)0.05 nm.
crosses the mean unbinding force of the force distribution is also shown a‘fhey have the order of magnitude of the values extracted

a solid curve. It does not show the jump that occurs because of the tw . . 1. s
local maxima of the distributionB) Distributions of the unbinding force ?rom thermOdynamlc datEkL ~10°s ; Parschke, 1977)

for r = 6*10* pN/s.Solid line Distribution function according to Eq. 3for and recent force spectroscopic measurements— x, ~
the correspondin@* and x = 0.1 nm.Dashed (dotted) lineDistributon 0.1 nm, Strunz et al., 1999). As expected the zipper behaves

corresponding to the open circlesrgssey in A. (C) Approximate mean  |ike a one barrier system in the limit of small forces, ie.
dissociation time Eq. 8dotted line from the data corresponding fo the jacreases to a good approximation exponentially, with a
open circles inA and mean dissociation time Eq. €o{id line). .

corresponding length scate~ (n — 1)(x_ — x,) + x_ (EqQ.

11). The distribution of unbinding forces is also well de-

scribed by the corresponding distribution Eq. 3 (Fid3)5
and the corresponding length scale is the distance to th€his is no longer true for the strongly forced case< 1)
ground state projected along the direction of applied forcewhere the dissociation proceeds hysuccessive opening
The regimes at higher forces correspond to rate determiningteps. Because the independent opening steps are governed
transitions which can be located anywhere along the meby the same time scale, the distribution of dissociation times
chanical separation pathway. dN,(t)/dt in Eq. 6 is no longer a single exponential function

Biophysical Journal 79(3) 1206-1212
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11 ‘ transitions determine the lifetime and the lifetime is insen-

; sitive to the location of the transition in the binding pocket.

0.1 The distribution of dissociation times can deviate mark-
edly from an exponential decay if several transitions take

0.01 place on the slowest time scale. This typically only occurs
v at specific forces for one intermediate state or is a conse-
& 1E3 guence of symmetry like in the zipper model. The distribu-
"%‘ i tion therefore contains more information about the details of

the dissociation process.

We also discussed the experimental observation of the
forced dissociation by dynamic force spectroscopy of a
single ligand-receptor complex. For the numerical exam-
ples, the derivative of the (loading rate-dependent) most
probable unbinding force with respect to the loading rate is
a good approximation for the mean dissociation time at the
FIGURE 5 (&) Approximate mean dissociation time Eq. 8 for a zipper of UNbinding force. The possibility of such measurements has
lengthn = 10 (open symbo)sand 30 ¢losed symbojsfor the model ~ already been demonstrated. However, more details of the
parameterk_(0) = 5*10° ™%, x_ = 0.05 nmk,(0) = 25*1° s and  underlying energy landscape can only be accessed by accu-
;<O+r::f(-)olszgrr:-jggtsh‘:'g:y‘:;‘szo'tsi:gz::\'/‘fggsgomr?;tg';o?ﬂg‘ imérate measurements of the unbinding force distribution at
1 (dashed lingand Eq. 12 is indicatedittted ling. (B) Force distributions  ©2Ch loading rate. Because of the present experimental
for the two cases > 1 (r = 1¥10? pN/s,F* ~ 50 pN) ands< 1 (r = 1¥10°¢  €ITors and the limited statistics this is still a challenge.

pN/s, F* ~ 90 pN) are given by solid lines far = 30. The dashed lines
are the corresponding distributions Eq. 3.

1E-6
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