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Abstract: Force techniques have been extensively used for studying mnteractions between macromolecules of
biological importance. Bell model, which shows the force mfluence on the disscciation rates,
In(kiF)=In(k™)+yF(k,T)~", has been broadly employed for analysis of force-modulated kinetics. This linear
relationship, however, 1s an approximation. Herein, the conditions for applicability of the Bell model were
examined for dissociation processes that proceed through no more than one transition state. The findings show
that: (1) the slopes and the intercepts obtained from the linear analyses depend on the force ranges within
which the curve fittings are performed; (2) broademng of the force range of analysis compromises the linear
approximation provided by Bell model; (3) linear analysis tends to over estimate the values of the dissociation
rate constants at zero force, k™ and (4) limiting the linear analysis to relatively weak forces produces values for
k™ that were close to the expected real values of the rate constant. An alternative interpretation of the slopes
and the intercepts obtained from the linear analyses 1s described. The parameter ¥ was ascribed to the average
separation between the associated and transition states along the reaction pathway within the force range of
the linear analysis. The latter was contrary to the broadly accepted view that v represents the distance between
the associated and transition states in the absence of extemal force. In addition, rather than assigning
them to the zero-force activation energy, the intercepts obtained from the linear fits were ascribed to the
coordinate-average energies that are differences m the potential energy along the trajectory of dissociation m
the absence of external force. These alternative assignments of the linear parameters can prove useful in
applications of Bell model for mapping trajectories and landscapes of dissociation processes.
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INTRODUCTION

This study discusses the expected changes
dissociation kinetics observed in the presence of external
forces. Gaining an understanding of the force dependence
of the dissociation rates 1s essential for quantitative
treatment of data obtained from force-measurement
techniques such as atomic force microscopy! ™, dynamic
force spectrometry™"!, laminar-flow force technique!*'™,
optical tweezers"*'**® and magnetic tweezers!"*,
Employment of force techniques for studying dissociation
kinetics has proven very useful not only for estimation of
rate constants®**, but also for determination of the
potential-energy  landscapes and  trajectories  of
dissociation'™*”. Force measurements provide the only
approach for obtaining direct experimental information for
the latter.

Numerous force-measurement techniques have been
utilized for studying various  macromolecular
multicomponent systems with biological and medical
relevance™ ™™ About 25 years ago, G. Bell developed a
theoretical model for disjointing of cells in the presence of
external force™. Consequently, his model was readily
used for analysis of results from single-molecule
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force-induced dissociation studies™**"*  Using the

Kramers’ theory™. Evans developed a model for
force-modulated dissociation on a single-molecule
level, interpreting experimental results obtained from

systems with complex reaction (trajectories, e.g.
multiple transition states and under dynamic
conditions"™***.  Some of the phenomenoclogical

shortcomings of Bell model, i.e. lack of consideration
for fluctuations in reaction coordinates, have been
addressed and overcome with alternative microscopic
treatments™.

The premise of the Bell model can be stated in the
following manner: when a complex is dissociated in the
presence of constant external force, F, pointing along the
direction of disjoining and the two components are pulled
at a distance r from each other (Schemes 1 and 2), the
energies of the states of the system will be altered with
P,

(Tn this type of analysis, the distance, 1, between the
dissociating components is used for a generalized
reaction coordinate. Although the force and the reaction
coordinate are vector quantities, only their magnitudes are
considered because the two vectors are practically
parallel: 1e. r-F=rF cos 8=1F. Where, 0 is the angle



J. Biol. Sci., 5 (6): 744-758, 2005

Associated < Trangition < Dissociated
state . state e state

Dissociated
modulated E— state
associated

b siate

Scheme 1: Dissociation/association process, proceeding through a single transition state, of a complex between a
protein, P, and a ligand, 1.: (a) spontaneous and (b) under the influence of external pulling force
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Scheme 2: Dissociation/association process, without a transition state at zero force, of a complex between a protein, P,
and a ligand, L: (a) spontaneous and (b) under the mfluence of external pulling force
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Fig. 1. Changes of  the trajectory of an

association/dissociation process m the presence
of external force, which 1s pulling the associated
species away from each other. Ur) is the
potential energy, r is the reaction coordinate and
F. is the critical force at which the dissociation
becomes activationless. (a.s. = associated state;
t.s. = transition state and p.i. = point of inflection)

between the two vectors and the force has positive values
when it 1s pulling the dissociating species away from each
other.) In other words, for a dissociation process whose
trajectory is described by a potential energy function Ul(r),
application of external force will change the potential
energy to U(r, ), which 1s linearly dependent on U(r), F
and r (Fig. 1)™.
U(r,F)=U(r)—rF {la)
Application of sufficient external force causes the rate
of association to drop to zero, hence, under such
conditions only stochastic dissociation events will be
observed (Fig.1).
Hence, the activation energy of dissociation in the
presence of external force, E(F), can be readily estimated

from the difference between the energies of the transition

state and the associated state, E™ and E,, respectively:

E,(F)=E"(F)-E,(F)= U(r*)— U(ru)—(r* —rU)F (1b)

An assumption that the reaction coordinates of the
associated and the transition state, r, and 1°, respectively,
do not depend on the external force, F, yields the
following linear expression:

Ea(F) = Ba(U)JY F (1 C)

where, according to Bell, 2, is the activation energy in
the absence of force" and vy is an empirical parameter
with dimensions of distance along the reaction
coordinates.

(The superscript (0) designates quantities m the
absence of external force, 1.e. at F =0.)
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Therefore, Eq. (1¢) indicates that the logarithmic
value of the rate constant of dissociation is linearly
proportional to the magmtude of the external force:

k,(F)= Aexp{ Ek(llf)

B

Y (2a)
T

In(k, (F)) =In(x*) + ﬁF (2b)

where A 13 the Arthemus pre-exponential factor, kg 1s
the Boltzmann constant, T 1s the absolute temperature
and k" is the expected dissociation rate constant
in the absence of external force based on Eq. ¢, i.e.
k" = A exp(-2,0/ kT

(The superscript (0) designates quantities in the
absence of external force, i.e. at F=0.)

A principal shortcoming of Bell model, however, is
the assumption that the reaction coordinates of the
transition and the associated state, 1™ and 1, respectively,
remain constant in the presence of external force, Eq. (1b).
As shown in Fig .1, the increase in the applied force shifts
the associated and the transition state towards each other
until they merge and the dissociation process becomes
activationless.

Although a few theoretical frameworks that
demonstrate a nonlinear force dependence of In(k,(F)) on
F have been developed™ ", linear approaches based on
Bell model have been broadly used for the analysis of
results from force-measurement experiments™®!!%#4¢-<d
It appears that the nonlinearity m the dependence of
In(ky(F)) on force can be viewed as a perturbation term
added to the linear model Eq. 2b. There has not been a
clear distinction of the limits within which this
perturbation can be significant
consequences for the analyses of force modulated
measurements.

The parameter v has been ascribed to the distance
between the associated and the transition state in the
[4.6.3432.32.38.44.40] Apparently, such
an assignment for v is an approximation because r; and r°

ignored  without

absence of external force

are force dependent. The non-linearity in the dependence
of In(k,(F)) on F, therefore, 15 expected to affect not only
this approximation for v, but also the estimation of the
values of the activation energy and the rate constant at
zero force.

This publication offers an analysis of dissociation
kinetics m the presence of external force. The basic
expressions for a force-modulated dissociation process
with no intermediates, 1.e. one or no transition state in the
absence of force, are shown. No limitations have been
imposed on the shape of the potential energy function,
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Ulr), which describes the process of the dissociation.
These expressions were applied to two models for Ulr),
with and without a transiton state. A
Lemnard-Tones potential energy function was used for
illustration of processes with no transition state™, while
for processes single transition state,
composed-parabolic  potential energy model was
developed. The nonlinear dependence of the activation
energy on the applied force is demonstrated.

least-square  fits were employed for
examination of the feasibility of the Bell model in various
regions of forces with different magnitudes. The findings
reveal that application of Bell model to data collected in
the presence of narrow range of relatively weak external
forces yields values of 2, and k,® that are close to the
real values of the zero-force activation energy and rate
constant, respectively. The values obtained for v even at
relatively weak forces, however, do not always represent
the conventionally accepted zero-force characteristics of
the reaction trajectories. In particular, assignment of y to
a zero-force reaction-coordinate difference between an
associated and a transition state is meaningless for
dissociation processes with no transition state i the
absence of force. Alternative interpretations for the
parameters v and ., that do not limit the linear analyses
to only relatively weak forces, were discussed.

classical

with a a

Linear

MATERIALS AND METHODS

General considerations: This study concentrates on the
determination of the dependence of the activation energy,
E,. on the applied external force. The results obtained for
E.(F) were to be readily applied to the dissociation rate
constants, Eq. Za. The force dependent activation energy,
E(F), for a dissociation process was, in general, calculated
by sequential determmation of (1) the reaction
coordmates of the associated and the transition state,
r(F) and 1°(F), respectively, in the presence of external
force; (2) the energies of the associated and the transition
state, Ey(F) and E*(F), respectively, mn the presence of
external force and (3) the difference between the two
energies, i.e. B(F) = E*(F)-E(F), Eq. (1b). Alternatively,
E(F) can be directly evaluated from an analytical
expression for the activation energy as a function of force
should such an expression is available.

Equation la shows that in the presence of external
force, the reaction coordinates of the associated and the
transition state, 1(F) and 1" (F), respectively, can be readily
evaluated from the first derivative of the potential energy,
Ulr), that represents the dissociation trajectory in the
absence of external force (1.e. from dU(r . F)/dr = 0):
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dU(r)
dr

F

3)

The solution of Eg. 3 that corresponds to r(F)
satisfies d*U(r)/dr’ LPO and the solution that
corresponds to r'(F) satisfies d'U{r)/dr' |  <0. When
the  first of  Ulr) results
expression that does not allow analytical solutions
for Hq. 3, the values of 1,(F) and r'(F) are calculated
numerically.

The force-modulated activation energy 1s calculated
from the solutions of Eq. 3 and the zero-force potential
energy, U(r), of the process:

derivative mn an

Ey(F) = Un,(F)-F p(F) (4a)
E'(F) = U(r"(F))-F r'(F) (4b)
E(F) = E(F)-E(F) (4e)
Altematively, the force-dependent separation

between the associated and the transition state, Ar(F), can
also be utilized for calculation of E (F):

AUF) = Ur'(F))-Ulr(F)) (5a)
Ar(F) = r'(F)-r(F) (5b)
E,(F) = AU(F)-F Ar(F) (5¢)

A direct relationship between Ar(F) and E(F) 1s
readily obtamed from Eq. 3 and 5:

AI(F) 7dEa(F)

dr

The pomnt of wmflection of U(r) 1s where the
concavity of the potential-energy curve changes. It
occurs at coordinate r; and is the point at which the
second derivative of U(r, F) becomes zero. Because
d’U/dr’ does not depend on F, 1 is invariant to external
forces (Fig. 1). (Only the point of inflection, r,, that is
situated between the transition and the associated state
15 of interest to this analysis). Importantly, 1, is the
merging point for rp(F) and 1r"(F), 1.e. mncrease n the
external force causes r,(F) to increase towards 1, and r*(F)
to decrease towards r, When the external pulling force
reaches a critical magnitude, F, the activation barrier of
dissociation is depleted, i.e.  Es(Fley and E (Flg >0.
Because 1,(F.) = ' (F.) = 1, the critical force can
be calculated from the first derivative of Ulr),
Eq 3:

(6)
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The analysis, presented in this study, concentrates
on the range of forces between 0 and F...

)

dr

Models for U(r): Analyses in this study are based on two
models  for  potential-energy  landscapes  for
association-dissociation  processes,  described by
composed-parabolic (or parabolic-parabolic, PP) and
Lemnard-Tones (L) potential energy functions.

Composed-parabolic model: The composed parabolic
potential function, Up(r), comprises one convex and one
concave parabola, which are smoothly connected at the
point of inflection, r;:

(r} if r<y

UPI
U, (r)

(r} if r>1

(8)
where,

¢

K
U, (r)= ;|r -*

"+E“andU  (1)=

r*(ﬂ) _ r‘s + E#(D)

The composed parabolic fimction 1s a good model for
a process that proceeds through a single transition state
in the absence of external force (Scheme 1). Apparently,
Ue(1) depends on the energy and the reaction coordinates
of the associated and the transition state, E,©, ,%, E"®
and 1", respectively. (The superscript (0) designates
quantities in the absence of external force, i.e. at F = 0.)
Without compromising the depth of the analysis, the
expressions were simplified by using differential
quantities for the energy and the reaction coordinates: i.e.
e=E=EOFE"™ R = Ar® = "%, @ and the values of the
associated-state energy and reaction coordinate at the
potential minimum are set to zero: i.e. E™ = 0 and r,® = 0.
The point of inflection of Ug(r) is determined by a
parameter q that has a value between O and 1: i.e. i, = r,™
+ gR. The steepness of U (r) and Uy{r) depends on the
order of the parabolas, n and s, respectively (Fig. 2).

The force constants, k and ¢, in Eq (8) are
determined from the requirements for U, (r) and Ux(r) to
have the same values and slopes at the connecting
point, 17 1.e. Up(r) = Up(r) and U, (g Ydr|_ = U, (r)ydr|_
resulting in:

Kk=AgTeR” (9a)
b=A(l-g)*eR" (9b)
where, A = L.
n—ng+sq
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R

Fig. 2: Reaction pathways described by various
composed parabolic potential energy functions,
Upe. Eq. 8, for: (a) different values of g whenn =
s = 2 and (b) different values of s when g = 0.5 and
n = 2. The graphs show only the regions between
the associated and the transition state that are of
mterest for this analysis. (a.s. = associated state;

t.8. = transition state and p.i. = point of inflection)
The critical force for Ug(r) is obtained from Eq. 7-9:

Fo=AegR™ (10)

The solutions of Eq. 3 for U(r) = Ug(1), together with
the definition of U(r), Eq. 8, vields expressions for the
activation energy, H(F) and the reaction-coordinate
separation between the associated and the transition
state, Ar(F), in the presence of external force:
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Ar{F) =1 (F)-1,(F)=R —£(F) (11a)

E (F) =& - RF+qF + 0, F7 (11b)

where, the force-dependent perturbation terms are
F = F = L -1 L L = =
f(F) —{] +{J ,O:nFn—l — qu ATe=R=F gnd
K 0] n

B g—1 L+t = &
. F7 =(1-q)——=AZe"R7F"". Notice that dE(F)/dF =
Ar(F), Eq. 6.

Lennard-Jones model: Lennard-Tones potential energy
function, U(1), 15 comprised of an attraction and a
repulsion components, proportional to 1™ and r°

r,
respectively™ .
Uu(r)—éh{[ ]-[ U

where € is the depth of the potential-energy well of the
associated state and corresponds to the activation energy
of dissociation and 0 determines the width of the well and
is equal to the coordinate at which Uy = 0 (Fig. 3). For
example, the width of the potential-energy well at half-
depth(1.e. at U, =-g/2)1s ~ 0.350.

The Lennard-Jones function 1s a good model for an
activationless association processes (Scheme 2). Because
the interacting species do not have to surpass any energy
barrier in order to reach the associated state, there is no
defined transition state m the absence of external force,
ie. U at F = 0 asymptotically approaches zero as r
mcreases to nfinity. The zero-force reaction coordinates
of the associated state and the pomt of inflection are
determined from the first and second derivatives of Uy:
" = 2g=1.1220; 1= (26/7) " 0=1.2440; From r , the
critical force for 1, is evaluated (Eq. 7):

o

T

o

i (12)

252 [27e

1oV 13 o

23964° (13)
o

Application of an external pulling force results in
appearance of a transition state on U, (1) (Fig. 3). The
reaction coordinate of this force-generated transition
state, 1°(F), reflects the point in the reaction pathway at
which the external force is balanced by the interaction
forces between the disscciating components of the
complex (Scheme 2). The reaction coordinates of the
associated and the transition state in the presence of
force can be obtained from numerical solutions of a
polynomial equation that is a combmation of Eq. 3 and 12:
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Uy @
Uy (®) - r0.1F,;
0 4
g
)
-1
0 1 2 3

/'S

Fig. 3: Lemnard-Jones potential energy functions, Uy,
Eq. 12, in the presence and absence of external
force. (a.s. = associated state; t.s. = transition state
and p.i. = point of inflection)

24e0’
F

48ec”
F

rlz

'+ 0 (14)
The resultant r,(F) and r'(F) are used for calculation
of BEy(F), E(F), Ar(F), AU(F) and E(F) from Eq. 4 and 5.

Linear analysis based on the Bell model: The curves for
E.F) vs. F obtained from the composed-parabolic and
Lennard-Jones models for U(r), were fit to Eq. (1¢) using
least-square formalism:

v

n¥ FE,(F)- X FEYE,(F)
yo i SiE
ﬂiF‘E—{iF,} (15a)
bt bt
1{ = k4
aa(n):_ EEa E - EE
HLJ (B)-vZ } (15h)

where, the fits were performed between the points j and v
and n is the total number of points within the fitting range,
1e.n=v-] +1; F 1s the value of the force at point 1.

Durbin-Watson criterion (DW) was used for
estimation of the quality of the linear fits"****,
oS m) )
3 (e (E)) (16)

where, e (F,) are the residuals from the curve fits, i.e.
ea(F1) - Ea(F1)_33(D) + YF1
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Quantities averaged over a force region: For analysis in
a region between forces F, and F,, the force-average
associated-transition state separation <Ar.> aleng the
reaction coordmates, 1s:

<Ar, >=(E —F)" [ Ar(F)dF

T

(17a)

Substitution of Eq. (6) mn the integral function yields:

E.(E)-E,(F
<t - 2B B (E) (17b)
F,-F
The force corresponding to the average
associated-transition state separation, F,, at which Ar(F)

is equal to the average separation between the associated
and the transition state, <Ar,>, can be extracted from the
following relationship:

Ar(F,) = <Ar > (18)

Substitution of F, m Eg. (5a) produces the
coordinate-average energy, AU, which is the
potential-energy difference between two points on the
force-unperturbed U(r). These two points correspond to
the reaction coordinates of the associated and the
transition state at force F,; (Eq. 5a):

AU, = AUGF,) - U (B )-UGE,)  (19)
Computations: All calculations and analyses
performed on Pentium 4 workstation, using macros written
for IgorPro software, v. 4 (WaveMetrics, Inc., Lake
Oswego, OR 97035, U.S.A).

For simplicity of the analysis, the quantities used in
this publication are umtless: the forces are normalized
to F. (or € /R and € /o for Uy, and U,;, respectively), the
energies-to € and reaction coordmates-to R and ¢ for Uy
and U,;, respectively.

Tt should be emphasized that in this study, € denotes
the activation energy in the absence of external force,
while 2, is the intercept obtained from linear fits of the
E.(F) vs. F curves (Eq. 1c). One of the criteria for the
applicability of the Bell model is how close the values of
2.7 and £ are, i.e. ideally, 2,/ e~ 1.

are

RESULTS

For dissociation processes described by the
composed-parabolic model (Eq. 8) the force dependence
of the activation energy was calculated for 27
combinations of various values of g, nand s (q =102, 0.5,
08, n=2 35 11 and s =2,3.5, 11) that correspond to
12 different curves for E, vs. F (Fig. 4a). (Whenn =s, E,
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1.0 4

a)
------ q=02;n=2;5=11
q=08;n=11;8=2
0.8 1
0.6 1
w q=02,05,08
i
044 CUNNG e
0.2 4
0.0 . . . — .
0.0 02 04 0.6 0.8 10
1.0 - Force / F;
b)
A
Ay
ogd AM Calculated from U,
0.6 1
w
S
e
0.4 4
0.2 1
0.0 r T 1 ——
0.0 02 0.4 0.6 0.8 1.0
Force / F,,
Fig. 4. Dependence of the activation energy of

dissociation on the applied force for processes
described by: (a) composed parabolic potential
energy, Uy (When n = s, E, does not depend on q.
Ifn=sand n = s and g =1-q, thenE (I =
E. (F).) and (b) Lennard-Jones potential energy,
1, in comparison with the two extreme curves for
Ugp

does not depend on q. If iy, = s, and oy = § and g, = 1-q,
then E_(F) = E,(F).) The exact values for E (F) and Ar(F)
were calculated using the corresponding analytical
expressions (Eq. 11). As expected, mcrease in the applied
pulling force lowers the activation energy nonlmearly.
The initial decrease in E(F) at small values for F/F is most
profound for n=s = 11 and least acute forn =35 = 2. The
other ten curves for E(F) are situated between the
activation-energy curves forn=s=2andn=s=11.
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0.1 Residuals for Uy, fits
0.0 { =it
6.1
3 Residuals for Uy, fits

0.0{
04 E®

Linear fits between:

0.05F,end 0.35 F,
----- 0.05F,end 0.95F,
————. 0.65F,end 0.95 F,
~
‘._‘:\\~ From U,
MY
'-._‘\\\ /
S
.
‘-:-""‘"--...
\\
From U, ht
0 2 ) 4 6
Normalized force

Fig. 5. Examples for linear data fits of E(F) vs. F for
dissociation processes described by U; and U,
(q=02n=2,3=11,orgq=08,n=11,8=2).
(When n = s, E, does not depend on q. If o, = 5,
and n, = s; and q = 1-q;, then E,;(F) = E, (F).) The
fits were performed over various force intervals
where, F. = 2.496 ¢ /0 for U, and F. = 5.79¢ /R for
Uspp. The normalized force is Fi(e 07 for U, and
FiAe R for Ug

Different regions of the E(F) curves were fit to a
linear function using Eq. 15aand b (Fig. 5). This analysis
1s limited to forces between 5% and 95% of the values of
F.. Experimentally, measurements at very weak forces may
need to be extended to unfeasibly long time scales.
Alternatively, as the force mcreases towards F., the
lifetimes of the associated state will decrease below the
time resolution of the instruments used for the kinetic
measurements. Each of the E(F) curves contains one
point per 0.01F.. The slopes of the fits are equal to the
parameters, ¥ and the intercepts-to 2.”. For each E,(F)
curve, linear fits were performed at six different force
regions, limited between F; and F.: (1) one bread force
region, covering 90% of F., spanmng from 0.05F . to
0.95F; (2) two mediun-wide regions, covering 60% of F,
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from 0.05F. to 0.65F. and from 0.35F. to 0.95F. and
(3) three relatively narrow regions, covering 30% of Fg,
from 0.05F. to 0.35F., from 0.35F. to 0.65F, and from
0.65F. to 0.95F.. Table 1 to 12 summarize the results from
the linear fits of E, vs. F for activation energy curves
obtained from the various combinations of n, s and ¢ for
a composed-parabolic model.

The same calculations and analysis were performed
for a dissociation process with no zero-force transition
state that follows the Lennard-Jones potential-energy
function (Eq. 12) and the results are shown m Table 13.
The force dependent reaction coordinates, r(F) and r"(F),
were calculated numerically from Eq. 14 and the resulting
values were input in Eq. 5, where U(r) = Up(r) (Eq. 12), to
obtain E(F) and Ar(F). In comparison with the curves
obtammed from the composed-parabolic models, the values
of the curve for E(F) obtained from the Lennard-JTones
potential-energy function decrease faster at relatively
weak forces and slower at forces closer to F,, (Fig. 4b).
Furthermore, unlike thewr counterpart curves obtained
from U, the Ar(F) curve calculated from U, sharply
descends from infinity to about o in the weak-force range
between 0 and 0.05F. (Fig. 6b).

Because the activation-energy curves are obtained
from exact calculations and they do not contain any noise
or experimental errors, the autocorrelation Durbin-Watson
statistics, together with Eq. (1¢), provides a good measure
for the linearity of the dependence of E,(F) on F. Should
the fitting function (Eq. lc) is a good model for the
force-dependence of the activation energy, the values
obtained for DW will be larger than~ 1.2 forn > ~ 30. The
strong autocorrelation due to the nonlinearity in the E(F)
vs. F relationship, is reflected in the extremely small DW
values, shown 1n the tables.

When the Bell model was applied to the calculated
E.F) vs. F curves, the residuals mndicate that the linear fits
improve when limited to short spans of the curves, e.g.
[F,-F;| is smaller than about 30 % of F.. (Fig. 5). Because of
the convex shapes of the E(F) curves, the lLine fits
produce intercepts, ., that are smaller than the value for
the activation energy in the absence of force, €
(Table 1-13). The underestimation of the zero-force
activation energy, £ becomes more acute as the limits of
the curve fitting, F; and F,, move towards larger forces.
For example, line fits between F, = 0.05F; and F, = 0.35F
preduce values for E.” that range between 86% and 97%
of the expected value for the activation energy in absence
of force, & (Table 1-13). When line fitting s performed
between F, = 0.65F_ and F, = 0.95F, the intercept can be
as low as 23% of the expected value for € (Table 2).

Further examination of Table 1-12, mdicates that for
processes proceeding through a single transition state,
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Table 1: Results from analysis of the force dependence of the activation energy for a dissociation process following a Ugp potential energy curve, n=s =2,
0<q<1,F.=2=R"L. (Whenn =5, E, does not depend on q)

F,/F. F,/F. 3,9 /g v /R DW <Ar,= /R F,/=R"! AU, /e
5 35 0.968 0.800 0.0568 0.800 0.400 0.960
5 5] 0.909 0.650 0.0154 0.650 0.700 0.878
5 a5 0.819 0.500 0.00701 0.500 1.00 0.750
35 5] 0.758 0.500 0.0568 0.500 1.00 0.750
35 as 0.609 0.350 0.0154 0.350 1.30 0.578
65 95 0.368 0.200 0.0568 0.200 1.60 0.360

Table 2: Results from analysis of the force dependence of the activation energy for a dissociation process following a Upp potential energy curve, n=s=11,
0<q=<1,F.=11eR" . (When n=s, E, does not depend on g.)

F,/F: F, /Fc B v /R DW <Ar> R F, /eR°! AU, fe
5 35 0.861 0.154 0.0626 0.157 1.98 0.848
5 65 0.761 0.107 0.0181 0.113 332 0.732
5 as 0.658 0.0756 0.00862 0.0827 4.64 0.613
35 L% 0.546 0.0678 0.0575 0.0083 542 0.541
35 as 0417 0.0441 0.0158 0.0454 6.91 0.400
65 95 0.226 0.0224 0.0571 0.0226 8.75 0.222

Table 3: Results from analysis of the force dependence of the activation energy for a dissociation process following a Upp potential energy curve, n=s = 3.5,
0<g<1,F.=35R™" (Whenn =s, E, does not depend onqg.)

F,/F. F,/F: 3.9 /g v /R DW <Ar> R F,/eR”! AU, /e
5 35 0.916 0.483 0.0597 0.488 0.656 0.904
5 65 0.830 0.357 0.0167 0.367 1.12 0.798
5 as 0.729 0.260 0.00775 0.273 1.58 0.673
35 65 0.633 0.244 0.0572 0.245 1.73 0.626
35 as 0.492 0.163 0.0156 0.166 222 0470
65 9s 0.278 0.0862 0.0569 0.0867 2.79 0.272
Table4: Results from analysis of the force dependence of the activation energy for a dissociation process following a Ugp potential energy curve, (n = 2 and
s=11or(n=11and s =2), q=0.5, F-=3.382R"L (If n, =5, and n, = 5; and q; = 1-q;, then E ((F) =E, (F).)
F,/F. F,/F. 3, /e v /R DW <Ar,> R F,/eR"! AU, /2
5 35 0.952 0.477 0.0582 0.479 0.656 0.943
5 65 0.886 0.379 0.0158 0.381 1.15 0.856
5 as 0.79%4 0.288 0.00721 0.291 1.66 0.730
35 65 0.725 0.284 0.0569 0.284 1.69 0.718
35 as 0.579 0.197 0.0154 0.198 2.19 0.550
65 a5 0.346 0.111 0.0568 0.111 2.71 0.339
Table 5: Results from analysis of the force dependence of the activation energy for a dissociation process following a Upp potential energy curve, (n = 2 and
s=35or(n=35ands=2),q=0.5F.=255R".. If n,=s and n, =5 and g = 1-g, then E, (F) =E,;(F).)
F/F: F. /Fc 3,0/ v /R DW <Ar,> R F,/eR°! AU /e
5 35 0.949 0.641 0.0581 0.644 0.492 0.940
5 65 0.880 0.503 0.0158 0.508 0.857 0.849
5 as 0.786 0.380 0.00725 0.387 1.22 0.723
35 65 0.712 0.371 0.0569 0.372 1.27 0.705
35 as 0.566 0.256 0.0154 0.258 1.64 0.538
65 a5 0.334 0.143 0.0569 0.143 2.03 0.328
Table 6: Results from analysis of the force dependence of the activation energy for a dissociation process following a Upp potential energy curve, (n = 3.5 and
s=1lor(n=11and s=3.5),q=0.5,F. =531sR™". (If n, = s;and n, = s, and @, = 1-q;, then E, (F) = E (F1.)
F,/F. F,/F: 3.9 /g v /R DW <Ar> R F,/eR”! AU, /e
5 35 0.903 0.319 0.0605 0.323 0.984 0.891
5 65 0.813 0.232 0.0170 0.240 1.67 0.782
5 as 0.712 0.168 0.0079%4 0.178 235 0.659
35 65 0.612 0.156 0.0572 0.157 2.63 0.605
35 as 0.474 0.104 0.0157 0.106 3.37 0.453
65 9s 0.265 0.0543 0.0570 0.0546 4.23 0.260
Table 7: Results from analysis of the force dependence of the activation energy for a dissociation process following a Ugp potential energy curve, (n =2, 5 =
1land q=08)or(n=11,s=2andq=0.2), F-=2.39:R™". (If n; =5, and n, = s, and g, = 1-q,, then E, (F) =E,(F).)
F,/F. F,/F. 3, /e v /R DW <Ar,> R F,/eR"! AU, /2
5 35 0.963 0.671 0.0572 0.671 0.474 0.955
5 65 0.902 0.541 0.0155 0.543 0.830 0.871
5 as 0.812 0415 0.00707 0417 1.19 0.744
35 65 0.749 0.414 0.0568 0.414 1.19 0.741
35 as 0.600 0.289 0.0154 0.289 1.55 0.570
65 a5 0.362 0.164 0.0568 0.165 1.9 0.354
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Table 8: Results from analysis of the force dependence of the activation energy for a dissociation process following a Ugp potential energy curve, (n =2,
s=35andq=0.8 or(n=3.5s=2and q=0.2), Fc =2.19sR"". (If 0, =5, and n, = 5; and g; = 1-q;, then E, (F) = E,,(F).)

F/F: F, /Fz 3. /g v /R DW <Ar= R F, /=R~! AU, fe
5 35 0.962 0.737 0.0573 0.738 0.432 0.953
5 65 0.899 0.591 0.0155 0.593 0.755 0.868
5 95 0.808 0.452 0.00709 0.455 1.08 0.741
35 65 0.742 0.449 0.0569 0.449 1.09 0.734
35 95 0.59%4 0.313 0.0154 0.313 1.42 0.564
65 95 0.357 0.177 0.0568 0.177 1.75 0.349

Table 9: Results from analysis of the force dependence of the activation energy for a dissociation process following a Upp potential energy curve, (n =11,
s=35andq=08)or (n=3.5,s=11and q=0.2), F-=7.7sR~L (If n,= 5, and n; = 5; and q; = 1-q;, then E, ;(F) =E.,{(F.)

F,/F- F, /Fc 3.0 /e v /R DW <Ar,> R F, /=R"! AU, /2
5 35 0.885 0.220 0.0615 0.224 1.41 0.873
5 05 0.791 0.157 0.0175 0.164 2.38 0.761
5 95 0.690 0.112 0.00822 0.121 334 0.640
35 05 0.584 0.103 0.0573 0.104 381 0.578
35 95 0.450 0.0679 0.0157 0.069 4.86 0.431
[i%] 95 0.248 0.0352 0.0570 0.035 6.13 0.244
Table 10: Results from analysis of the force dependence of the activation energy for a dissociation process following a Upp potential energy curve, (n =11,
s=2andq=0.8or(n=2,s=11and q=0.2), F =5.79zR"". (If n, =5, and n, = 5; and q; = 1-q;, then E_{(F) = E,«{F).)
F;/F: F, /Fc 3,9 /e v /R DW <Ar,> /R F, /eR°! AU, fe
5 35 0.923 0.283 0.0602 0.286 1.08 0.913
5 05 0.846 0.216 0.0166 0.220 1.88 0.817
5 95 0.752 0.161 0.00761 0.166 2.69 0.694
35 05 0.669 0.154 0.0570 0.155 2.88 0.662
35 95 0.528 0.105 0.0155 0.106 372 0.503
[i%] 95 0.308 0.0579 0.0569 0.0581 4.62 0.302
Table 11: Results from analysis of the force dependence of the activation energy for a dissociation process following a Ugp potential energy curve, (n =3.5,
s=2and q=0.8)or (n=2,s=3.5and q=0.2), F. =3.04eR"%. (If 0, = 5; and n; = 5, and g, = 1-q;, then E, {(F) =E,(F).)
F,/F: F, /T 3%/ v /R DW <Ar,> R F, /eR7} AU fe
5 35 0.931 0.546 0.0590 0.551 0.577 0.921
5 65 0.853 0.415 0.0163 0.423 0.994 0.822
5 95 0.756 0.308 0.00750 0.319 1.41 0.697
35 65 0.671 0.295 0.0570 0.296 1.51 0.664
35 95 0.527 0.200 0.0155 0.203 1.95 0.503
65 95 0.305 0.109 0.0569 0.109 2.43 0.299
Table 12:  Results from analysis of the force dependence of the activation energy for a dissociation process following a Ugp potential energy curve, (n=3.5,
s=1land q=08)or (n=11,5=3.5 and ¢=0.2), F; =4.05¢R"". (If n,= s, and n, = 5; and q; = 1-q;, then E,{(F) =E, (F).)
F;/F: F, /Fe 3, /g v /R DW <Ar,= R F, /eR°! AU, fe
5 35 0912 0417 0.0599 0.422 0.756 0.900
5 65 0.824 0.307 0.0168 0.316 1.29 0.793
5 95 0.724 0.223 0.00781 0.235 1.82 0.669
35 65 0.626 0.209 0.0572 0.210 2.01 0.620
35 95 0.486 0.139 0.0156 0.142 2.57 0.465
65 95 0.273 0.0734 0.0570 0.0739 3.23 0.268
Table 13: Results from analysis of the force dependence of the activation energy for a dissociation process following a U, potential energy curve,
Fo=2.396z0"!
F,/F- F, /Fc 3.0 /e v /R DW <Ar,> R F, /=R"! AU, /2
5 35 0.879 0.624 0.0648 0.637 0.416 0.871
5 05 0.808 0.473 0.0186 0.491 0.708 0.808
5 95 0.731 0364 0.00860 0.385 1.03 0.731
35 05 0.655 0.344 0.0573 0.345 1.18 0.655
35 95 0.551 0.256 0.0157 0.259 1.56 0.551
[i%] 95 0.390 0.173 0.0569 0.173 1.95 0.390

described with Upgd(r), the underestimation of & is more
signficant for dissociation pathways containmg a
transition or an associated state located on a potential-
energy plateau, e.g. for large values of n if q is large, or for
large values of s if q is small.
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The values of the parameter y obtained from the
slopes of the line fits sigmficantly underestimate the zero-
force reaction-coordinate separation between the
associated and the transition state, R: even more than the
values of 2% underestimate €. For example, for acase



J. Biol. Sci., 5 (6): 744-758, 2005

a) b
5] )
Ar ———Iy L . AT ——Ty _———pw
<Ar> at the region:
1
<Ar > at the region:
osd B 7 B | @ O0.05F, - 035F,
Ay 1
0.05F, - 0.35F,
@ 005 © \ [X] 0.0SF. - 0.95F,
A
[{ 0.058, - 0.95F, \
2 .
' X 0.65F, - 0.95F,
X 0.65F,- 0.95F,
&
0.4+
.’.
0.0 !
T L] L} T T T T
0 1 2 3 0 1 2
F/eR™ F/ea”

Fig. 6; Change in the positions of the associated and the transition state i the presence of external force for processes
described by: (a) Uy (q=0.2:n=s5=3.5) and (b) U,,. Examples for the average values of Ar(F) obtained for
three different force regions are placed on the curves (Eq. 17), between: F, = 0.05F. and F, = 0.35F; F, = 0.05F;
and I, = 0.95F; F, = 0.35F. and I, = 0.95F.

a)

t/c

Reaction coordinate
Fig. 7: Ceordinate average energy, AU, (Eq. 19) for a dissociation process with: (a) cne transition state, F,, = 0.5F. and
(b) no transition state (U,;) , I, = 0.2F
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showing good activation-energy evaluation, ie. 3,%/¢
= (0.968, the value of y is 0.8R (Table 1). Line fits, however,
performed between I, = 0.65F and I, = 0.95F, produce
values for v that are as much as ~ 45 times smaller than R
(Table 2).

For all fitting regions between F, and F,, the force
dependence of the reaction-coordmate separation
between the associated and the transition state, Ar(F),
was examined and the force-average associated-
transition state separations <Ar,>, calculated using
Eq. (17b), are listed in Table 1 to 13 (Fig. 6). The values
for F, were numerically determined (Eq. 18). Due to the
lack of symmetry in the curvature of the Ar(I) functions,
the values of F,, should not be identified with the average
forces, I, # |F-F,| / 2 (Fig. 6). Consequently, the values of
F;; are mput 1n Eq. (19) for caleulation of the coordinate-
average energies, AU, (Fig. 7). The obtained average
quantities, <Ar,> and AU, are listed in Table 1 to 13.

DISCUSSION

For the analysis of force-modulated kinetics, the
potential energy function, U(r), which describes the
unperturbed pathway of dissociation, 15 independent of
the external force. Therefore, the solutions of Eq. 3 are
force dependent, resulting in a nonlinear relationship
between the activation energy of dissociation and the
magnitude of the applied force. Furthermore, the plots of
the activation energy vs. force (calculated with Eq. 4, 5
and 11b) have convex curvatures (Fig. 4): i.e. because
U(T) is convex (1.e. d*U/dr* = 0) at the asscciated state and
concave (l.e. dU/Mdr* < 0) at the transition state, the
resultant E(F) will be a convex function. (Force
mndependent solutions of Eq. 3 can be generated if
U(r)=F fu(r)dr , where, u(r) is a force independent
function of r, making U(r) force dependent.)

Because of the linear relationship between the
logarithmic wvalue of the dissociation rate constant,
In(k(F)) and the activation energy, E/(F), the shapes of
the curves describing E(F) and In(k(F)) are similar, 1.e.
In(k {F))e<-E(F) and the results for E(F) vs. F can be used
for examination of the feasibility of Bell model. Due to the
negative relationship, however, In(k(F)) 13 a concave
function. Apparently, due to the convexity of E(F) and
concavity of In(ky(F)), that is d°E(F)/dF* > 0 and
Finfk(F)y/dF* <0, analysis based on Bell model will result
i underestimation of the zero-force activation energy, €
and overestimation of the zero-force rate constant of
dissociation. Acceptable estimations of €, however, can
be achieved if the linear analyses are performed within a
narrow range of relatively weak forces (Table 1 to 13).
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The parameter v is another important component. of
the Bell model (Eq. 1 and 2). The dimension of vy is
reaction-coordinate length and it has been ascribed to the
distance between the associated and the transition state
in the reaction trajectory'*******##43 The results shown
in Table 1-12, however, reveal that such an approximation,
1te. ¥ = R, 15 not truly satisfactory, especially if the
assoclated or the transition state 1s located on a plateau
of Ulr), e.g. for large values of n if q is large or for large
values of s if q is small.

If the dissociation process in the absence of external
force does not proceed through a transition state,
ascribing ¥ to R =11, is, apparently, meaningless. For
example, let the trajectory of interaction between two
protens follow Lennard-Jones shaped potential energy
function and the half-depth width of the potential
well of the associated state is about 0.2 nm, indicating that
0 = 0.6 nm. The findings shown in Table 4 suggest that
linear analysis of force-modulated kinetic data from such
a system will yield v = 0.3 to 0.4 nm, which 13 quite a
reasonable value for the distance between the associated
and the transition state for protein-ligand or protein-
protein association/dissociation processes. Such an
interpretation of ¥ 1s, obviously, misleading and does not
reflect the characteristics of the examined system.

The resemblance between Eq. 1¢ and 5c suggests
for a different interpretation of ¥ (and 2.™). Eq. (1c and
17b), furthermore, suggest that symmetry in the concavity
of the E(F) curves in the fitting regions will result in
identical values for v and <Ar,>: i.e. if (E(F) + vy F) ~
(B(F,) + v F,), then y - <Ar,> Comparison of the values
of <Ar,> with the values of v, listed in Table 1 to 13,
shows an excellent correlation between the two quantities
(Fig. 8a), with the tendency for v to be slightly smaller or
equal to <Ar > The latter discrepancy results from the
lack of symmetry in the concavity of the E(F) curves
within the fitting force region.

Although the excellent correlation shown on Fig. 8a
does not prove that v and <Ar, > have identical physical
meamngs, it demonstrates that application of the Bell
model for analyses at different force ranges will produce
a series of parameters vy that can be used for determination
of the changes in the reaction-coordinate separation
between the transition and the associated state when
external force is applied. Furthermore, Eq. lc, 5¢ and 6
indicate that narrowing the region of a linear fit, i.e. AF =
F.-F, - dF, causes the value of y to asymptotically
approach the negative of the first force derivative of E(F),
which is, indeed, Ar(F) (Eqg. 6).

Taking the resemblance between Eq. lc and 5ca
step further can produce an alternative mnterpretation of
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Correlation analyses with the corresponding correlation coefficients, R, between: (a) parameter v and the force-

average associated-transition state separation, <Ar;,> and (b) the interceptions, 2,” and the coordinate-average
energy, AU_, The black dots are points corresponding to values obtained from the 12 different E(F) and Ar(F)
curves for dissociation processes described by Uy (g =0.2, 05,08, n=2, 3.5, 11 ands = 2, 3.5, 11) for six force
intervals: 0.05-0.35, 0.05-0.65, 0.05-0.95, 0.35-0.65, 0.35-0.95 and 0.65-0.95F .

the intercept, 2,”". Table 1 to 13 show the calculated
values of the ccordinate-average energy, AU, which
reflects the potential-energy difference between points on
the force-unperturbed Ulr), these points have the reaction
coordinates of the associated and the transition state at
force F;, (Eq. 5a). The values of AU, , apparently, correlate
quite well with the corresponding intercepts from the line
fits, 2, (Fig. 8h).

Because of the correlation between 3.© and the
coordinate-average energy, AU, , as well as between v
and the force-average associated-transition state
separation <Ar. > (Fig. 7), the Bell expression for linear
analysis of force-modulated kinetics, E(F) vs. F, can be

rewritten as:

F.

F

_ (20)

E.(F)

AU, -<Ag, > F

Data fitting at narrow tanges of weak forces, i.e.
|F-F| << F; and F, << F,, will indeed allow for
approximation of AU, to the zero-force activation energy,
e or E,” and <Ar, > to the zero-force separation between
the associated and the transition state, R or Ar”. Equation
20, however, further indicates that linear fits at different
force regions will produce a series of values for <Ar, > and
AU,,. The values for force-average associated-transition
state separation can elucidate how the pulling force
changes the reaction-coordinate separation between the
transition and the associated state (Fig. 6), while the
values of coordinate-average energy are equal to
potential-energy differences at various coordinates along
the reaction coordinates in the absence of external force
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(Fig. 7). Such set of data can prove quite useful for
quantitative mapping of energy landscapes and
trajectories of dissociation processes.

CONCLUSIONS

Application of an external pulling force (Schemes 1
and 2) causes a decrease in the activation energy of
dissociation, E,. Because the force dependence of the
activation energy, E(F), is described by a convex function
(Fig. 4), intercepts, 2,%, obtained from linear analysis of
E.(F) vs. F, always underestimate the activation energy in
absence of force (Table 1-13). Due to the negative linear
relationship between the logarithm of the rate constant
and activation energy, (Eq. 2), similar analysis of
experimentally obtained dissociation rates will result in
overestimation of the rate constants at zero force.
Such overestimation of the rate constants and
underestimation of the activation energies can be
minimized if the linear analysis is limited to forces much
smaller than the critical force. For example, for a
representative enzyme-ligand system (R = Ar” ~ 0.5 nm;
£ =E"~ 10 kcal mol™; n=s = 2), 20 % of F. is about 55
pN; hence, application of the Bell model for measurements
collected between 5 and 55 pN will estimate In(k,"") and/cr
E." within 5% of their real values. Application of such
forces is within the aptitude of numerous techniques for
single-molecule force measurements.

The values of the parameters y obtained from the
slopes of the linear fits based on the Bell-model analysis,
Eq. (1 and 2), deviate significantly from the reaction-
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coordinate separation, Ar”, between the transition and
the associated state in the unperturbed system.
(The superscript (0) designates quantities in the absence
of external force, i.e. at F = 0.) In addition, such distance,
Ar", is meaningless for dissociation processes that do not
proceed through transition states at zero force.

The coordinate-average energies, AU, obtained at
different force regions, are related to different values of
<Ar;> that can range from O to R (Fig. 7). Therefore, a
spectrum of AU, vs. <Ar,> will be informative about the
shape of the reaction trajectory between the associated
and the transition state and can be utilized for
mapping the potential-energy profiles of dissociation
pathways.

The presented analysis is based on general
expressions (Eq. 3-7) that do not impose any limitations
on the shape of the reaction trajectory, therefore, the
conclusions are valid for any dissociation process that
proceeds through no more than one transition state.
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