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Force-induced deformations and stability of biological bonds
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A deformation model of the forced-induced dissociation of biological bonds is developed. A simple illus-
tration shows that protein deformations can change the receptor-ligand interaction linearly with applied force
at small forces, either increasing or decreasing the bond stability, and that a minor external work can lead to
notable changes in the interaction energy. The deformation-induced increase of bond stability is illustrated with
the remarkable catch-bond phenomenon in P and L selections. Additionally, the model rationalizes the fre-
quently seen disparity between the bond dissociation rates of many free complexes and the zero-force

asymptotic rates measured by force spectroscopy.
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Binding of biological objects exhibits a number of fasci-
nating phenomena that are not observed with small mol-
ecules or rigid macroscopic bodies and that originate from
the internal structure and flexibility of biomolecules. The
“catch-bond” phenomenon first predicted by Dembo et al.
[1] is a vivid example demonstrated by leukocytes and bac-
teria in blood and receiving much recent attention due to its
counter-intuitive behavior: The bond is strengthened rather
than broken by a pulling force [2-8]. Ordinary bonds also
show unexpected properties. The bond dissociation rates
measured for free complexes disagree by orders of magni-
tude with the rates obtained by extrapolation of the force-
spectroscopy [9-12] data to zero force [13-17].

The pioneering model [1] described either catch or slip
behavior. In order to explain the catch-slip transition, a num-
ber of models have been proposed [4—8]. These models rep-
resent the interaction between rigid receptor and ligand using
potential energy profiles, where barrier heights are linear
with force, as proposed by Bell [18]. Recent studies indicate
that the structures of both receptor and ligand can be modi-
fied during bond formation, e.g. [19]. The positions and ori-
entations of the residues that come in contact inside the bind-
ing pocket change, thereby increasing or decreasing the
binding interaction. It is logical then that application of an
external force to the bound complex can also induce defor-
mations, further increasing or decreasing the interaction.
This type of impact of the force on the receptor-ligand bond
acts in addition to the Bell mechanism. It will be called the
deformation effect.

In order to illustrate how the binding energy of a biologi-
cal complex changes due to the deformational effect, we con-
sider a simple model of receptor-ligand interaction (Fig. 1),
where the applied force alters only the ligand. The model is
not meant to represent the complex nature the receptor-
ligand interaction. It shows for small forces f that the defor-
mation change in the binding energy should be linear f, mo-
tivating the functional form of the deformation energy (4)
below. In addition, the model shows that a minor external
work (~f?) can lead to notable changes in the interaction
energy (~f). We expect that the key conclusions of the
simple model will be preserved in a more realistic descrip-
tion.

The ligand is composed of two particles bound by a
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PACS number(s): 87.15—v, 82.37.—j, 82.20.Kh, 33.15.Fm

spring with the spring-constant k. The potential created by a
rigid receptor has two minima spaced distance b apart. The
equilibrium distance between the particles equals a # b. The
applied force pulls the second particle and stretches the
spring.

The potential energy of the system contains three terms,

U(xy,x5) = Ui(x,x5) + Uj(x1,%5) = Xof . (1)

Ui(xy,x5) =k x3/2+k (b—x,)?/2 is the receptor-ligand inter-
action energy, where x,x, are the coordinates of the two
particles, and k; is the harmonic force constant of the
potential-energy minima. The potential energy of the ligand
equals U,(x,,x,)=k(x,—x,—a)*/2. The last term in Eq. (1)
describes the change in the total energy due to the applied
force. Minimization of the total energy (1) with respect to the
two coordinates x;,x, gives the interaction energy in the re-
laxed complex. In the absence of the force, the interaction
energy equals U, (f=0)=k,(b—a)?/[2(1+0.5k,/k)]. Flex-
ible ligands (small k) lower the energy and increase the in-
teraction relative to rigid ligands (infinite k).

Two new terms are added to the above expression for
U;min at a finite force. One of the terms is quadratic in f and
always remains positive. The other term is linear in f,

(b - a)kk,\f

(ky +2k)? @

Uimin(wf) ==

and dominates the quadratic term for small forces. It follows
from (2) that if b>a then Ujp,(~f) <0, the force deepens

v

FIG. 1. The applied force can increase the receptor-ligand bind-
ing by optimizing the positions of atoms x; and x, in the binding
potential.
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the potential, and the binding strengthens. When b <<a, the
contribution of (2) to the total energy of the complex is posi-
tive and the receptor-ligand bond weakens. The force
changes the interaction only for flexible ligands. The term (2)
becomes zero in the limit k— o for rigid ligands.

The analysis shows that the force-induced deformations
of the receptor-ligand complex change the energy of the
minimum of the binding potential. The change (2) is linear in
the applied force, as has been schematically suggested in [3].
Note that the Dembo model [1] gives quadratic dependence.
The sign of the deformation term depends on the relative
positions of receptor-ligand points of contact. In contrast to
the Bell term [18], where the linear dependence appears with
rigid receptor and ligand due to anharmonicity of the inter-
action potential reflected in coexisting bound and transition
states, the deformation term gives linear variation already in
the harmonic model. The regime where the deformation and
Bell terms have opposite signs can describe the biological
catch bond.

The work W performed on the system while shifting the
second particle is quadratic in force, W=(k,+k)/[k,(k
+2k)]f>. For sufficiently small forces, the work is signifi-
cantly smaller than the absolute magnitude of (2). The en-
ergy conservation is not violated, since the internal energy of
the ligand also varies with force, offsetting the change of the
interaction energy.

Motivated by the simple analysis presented above we pro-
pose the following expression for the bond dissociation rate
constant:

AE,(f) —xuf] 3)

k(f):koexp[— T
B

where k is the rate constant in the absence of the force. The
force modifies the barrier through the Bell term (—x;,f),
where x, is the distance between the bound state minimum
and the transition state maximum [9]. The change in the
binding energy due to the force-induced deformation of the
bond is described by the AE,(f) term. As shown above (2),
AE(f) should be linear for small f. It is assumed that the
deformation energy AE,(f) reaches a limit a at a certain
force f;, beyond which the force stops affecting the interac-
tion, for instance, if the system resists further deformation, or
if the deformations occur outside the binding pocket. In or-
der to retain the linear dependence at small forces and
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FIG. 2. (Color online) Bond-dissociation barrier as a function of
applied force. The bond deformation energy « equals to (1) 100, (2)
15, and (3) —100 A pN. f,=20pN, x,=0.7 A. Dashes show as-
ymptotes of the high force data.

achieve the limit at large forces, the change in the bond
energy due to the force-induced deformation is postulated to
have the following functional form:

AE(f) = o 1 —exp(- fIfy)], (4)

where « can be positive or negative.

Provided that «>0 and exceeds the critical value «,
=x12f0, Egs. (3) and (4) describe the catch bond [2-8]. In-
deed, if the force is time independent, the average bond life-
time 7(f)=1/k(f) is maximized at f, =/, In[@/x,,f,]. The
ratio of the maximum lifetime to the lifetime at zero force

T(fmax)/T(O) = CXP{[G’ - xl2(fO +fmax)]/kBT}

characterizes the efficiency of the catch bond [7]. The effi-
ciency ratio can significantly exceed one, if the deformation
contribution to the binding energy is greater than the Bell
term, a > x5(fo+ fimax)-

The strong disagreement between the force-free measure-
ments and the extrapolation of the finite-force results to zero
force [13—17] is rationalized by the present model due to the
nontrivial behavior of the bond dissociation barrier at small
forces. Figure 2 illustrates the overall change in the barrier
height due to both Bell and deformation mechanisms as a
function of force. The lines are shown for three characteristic
values of the deformation energy « and differ around f,.
The maximum in line 1 describes the catch bond; line 2 is
convex with no maximum; line 3 is concave. The extrapola-
tion of the high-force data to zero force misses the maximum
in line 1. Therefore, high-force measurements cannot detect
the catch-bond.

TABLE I. Deformation contribution to the binding energy « deduced from the true k, and asymptotic &,

rate constants.

Receptor/ligand ko!/s™! koo ! 57! a/ ApN
Hexa-histidin/nitrilotriacetic acid 3x 107 [13] 0.07 [13] -218
DNA hairpins ~100 [14] ~1[14] -200
Protein A/immunoglobulin G 1.7%1073 [13] 0.12 [13] -170
Protein G/immunoglobulin G 3x 1074 [13] 0.01 [13] —-140
Fluorescein/4D5-Flu 0.062 [15] 0.1 [15] -19
Fluorescein/FITS-E2 44x1073[15] 3% 1073 [15] 15
P-selectin/PSGL-1 1.4 [16] 0.022 [17] 172
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FIG. 3. (Color online) Bond lifetimes of (a) P and (b) L selectins
with monomeric sSPSGL-1 (blue circles) and dimeric PSGL-1 (or-
ange circles) as functions of the applied constant force [2,3,7]. The
solid lines are obtained using Egs. (3) and (4) with «
=521.12193.5 ApN,  fo=42+05pN, x,=57+12A, k,
=0.13£0.02 s7! for P selectin and @=152.9+7.7 ApN, f
=31.8+4.5 pN, x1,=0.92+0.3 A, k,,=1.29+0.2 s~! for L selectin.

The deviations between the asymptotic
k,s=ko exp(—a/kgT) and true k, zero-force rate constants is
determined by the deformation contribution to the binding
energy, which may be extracted directly from experiments

a= kBT ln(ko/kas). (5)

Since « can be either positive or negative, the asymptotic
rate can be much greater or much less than the true rate k.

The « value reflects whether the force-induced deforma-
tion optimizes or destabilizes the bond and to what extent.
Small «’s indicate that the bond is either not deformable or
stiffer than other parts of the system. Large negative a’s
imply that the receptor-ligand interaction is highly opti-
mized, and the bond is deformed unfavorably, by distorting
the precise arrangement of the bond components. Large posi-
tive a’s describe bonds which are favorably deformed by the
applied force. Note that even if a deformation stabilizes the
bond and the force-free rate constant exceeds the extrapo-
lated value, the bond is not necessarily a catch bond, as il-
lustrated with case 2 in Fig. 2, compared to case 1 that gives
a catch bond. The larger the deformation contribution to the
binding energy « and the smaller the force f, at which the
deformation saturates, the more likely the corresponding line
in Fig. 2 has a maximum, e.g., line 1, and the bond is a catch
bond.

Table I shows the deformation contributions to the bind-
ing energy, Eq. (5), for several biological bonds. The hexa-
histidin/nitrilotriacetic acid system gives a large negative «,
which is consistent with the very tight molecular arrange-
ment of this manmade recognition pair. Similarly, unzipping
of DNA is also characterized by a large negative «. Interac-
tions in both systems are highly optimized, and distortions
destabilize the bonds. The immunoglobulin examples show
slightly less negative a.. The protein-protein bonds are not as
tight and, therefore, are less destabilized by deformation. The
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a values in the fluorescein systems are close to 0. These
bonds can be stiff, since the fluorescein ligand is a relatively
small rigid molecule.

The selectin system in Table I presents the unusual case of
large positive «, indicating that the receptor-ligand interac-
tion is further optimized by the force-induced bond deforma-
tion. The selectin catch bonds have developed to help leuko-
cytes attach and penetrate through blood vessel walls and
combat inflammations. The catch mechanism can create a
higher population of leukocytes on the thick aorta walls than
on the thin capillary walls and prevent blocking of narrow
capillaries by multiple immobile leukocytes.

Figure 3 compares the present model with the experimen-
tal data of Marshall et al. [2] and Sarangani et al. [3], who
were the first to clearly demonstrate the catch-bond behavior
for P and L selectins, respectively. The comparison indicates
that the deformation model quantitatively accounts for the
catch-slip transition. Note that the « value for the P-selectin
systems that follow from the ratio of the force-free and
asymptotic dissociation constants, Table I, is three times
smaller than the corresponding value obtained by fitting the
data in Fig. 3(a). The discrepancy likely arises due to the
difference in the experimental setups [2,17], in which the
AFM lever spring constants differed by over an order of
magnitude, and the bond components were attached to the
measurement apparatus through different tip functionaliza-
tion and with or without a lipid bilayer. In addition, the two
sets of data were obtained in different force regimes: The
table value of « is based on high force experiments, while
the figure fit is performed to the low force data. Both «
values predict a strong catch bond.

In summary, the communication proposes a quantitative
model for force-induced deformations that alter the strength
of biological bonds. The presented analysis shows that a
small external work can lead to notable changes in the inter-
action energy. In combination with the traditional force de-
pendence of the bond dissociation barrier proposed by Bell
[18], the deformation model quantitatively describes the
catch-slip transition. In contrast to the alternative catch-bond
models [4-8], the deformation model operates with only one
bound and one transition state. Applied to a range of sys-
tems, the deformation effect explains the disparity in the dis-
sociation rates obtained in the force-free experiments and by
extrapolation of the finite-force data. The model classifies
biological bonds into stiff and deformable, and predicts
whether or not the receptor-ligand interaction is well opti-
mized. It may be expected that the deformation effect can
rationalize other experiments, for instance the force history
dependence of
the catch bond [20] and the sensitivity of the actin bond to
torsion [21].
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