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We report for the first time an atomic force microscopy (AFM) investigation of the dependence of unbinding
force on temperature at controlled loading rate. AFM force measurements ofawittin interactions were
acquired at various temperatures ranging from 13 t6@1sing force loading rates that are slow enough to
ignore dissipative friction and to assume thermal equilibrium. With our established Poisson statistical analysis
method, the unbinding force at a fixed loading rate between an individual biatidin pair was extracted

and was found to decrease byb-fold with increasing temperature over this range. On the basis of a
thermodynamic model similar to that of Bell, but developed here with additional insights, the bond stiffness,
effective unbinding length, and the critical unbinding energy per biaividin complex were estimated.

This work takes quantitative AFM studies to the next level by allowing energies to be determined from force
measurements.

Introduction v(r)

Forces between biotinavidin pairs are dynamic quantities
that undergo fluctuations as thermal motions cause the pairs to
undergo movements in their interpair distancesNear the
equilibrium distance?, these forces are small. Asncreases,

a restoring force develops and grows until it reaches a maximum
at rqrir, after which it decreases until the linkage eventually is
fully dissociated. Such behavior is characteristic of all chemical D4

bonds, and the intermolecular potential that varies wiils Figure 1. Intermolecular potential within the liganrdeceptor pair.

depicted in Figure 1. When an outward bias fofgg is applied  The interaction is modeled with a Morse potential, whereas near the
to such a linkage, the net restoring force (i.e., inward toward potential minimum 1©) it is approximated with a harmonic potential
smallerr) experienced by the pair isFout + Frestoring Where for simplicity. Beyond the point.; (where |dV/dr| is largest), the
the latter is due to the bonding and other attractive forces that restoring force acting on the biotiravidin complex decreases. If the
link the biotin ligand to the avidin receptor in a manner external for_ce exceeds _thidV/dr|, the bond restoring force_ can no
characterized by the potential of Figure 1. For rg but near longer dominate the pulling force exerted by the AFM cantilever, and
this minimum, this net force is outward so the ligafréceptor SO fupture occurs.
linkage becomes stretched. Asis increased, the net force this will require waiting until thermal motions have caused the
becomes less outward (beca&&goringgrows) until the restoring linkage to move far beyond;. However, if the applied bias
and bias forces reach a balance. However, there exists a criticaforce exceeds the maximum restoring force (Festoring@tcrit),
distancer it WhereF estoringis largest; beyondei, the restoring the linkage will promptly rupture. In most of the experiments
force decreases and eventually reaches zero at veryrlaFge that we discuss in this paper, the bias force is “ramped” upward
bias forces that exceed the restoring forceécat the linkage from zero until the linkage is observed to rupture. The rate at
will stretch beyond . until the linkage is fully ruptured. Itis  which this force undergoes such ramping can vary substantially
this maximum restoring force that we measure and deal with from laboratory to laboratory and needs to be carefully
in this paper. considered when interpreting the data, as we illustrate later in
The above characteristics of liganteceptor interactions  this paper.
cause the minimum bias force needed to effect unbinding to be ~ The loading-rate dependence of ligafréceptor unbinding
somewhat ill-defined. For any finite bias force, the net restoring forces (so-called “dynamic force spectroscopy”) has been studied
force will eventually reach zero once enough thermal energy experimentally® and theoretically '° in several different
has been deposited into the linkage to motea position where  1aboratories, including our own. In our experiments, we argue
FrestoringiS less than the bias force. For very small bias forces, below that the range of loading rates used here allowed us to
determine unbinding forces (i.e., the force at which the AFM
* Corresponding author. E-mail: beebe@udel.edu. Phone: (302) 831- tip breaks free from the surface) which (1) are not simply
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Temperature is another important parameter that affects the ()
rate of ligand-receptor dissociation in both the absence and

presence of applied bias forces. At higher temperatures, one ]

has to wait less time for thermal excitation to induce linkage - ] ~ |

rupture under any applied bias force. Here, for the first time, £ so- /-\

an AFM investigation of the temperature dependence of E, 404

unbinding forces is presented. A thermodynaskimetic model g,

similar to that used by Béftis established and further developed g

to help interpret the temperature dependence of the biotin g 2

avidin bond-rupture forces and to extract important thermody- 10

namic parameters. 0 S N [ ) = S—
In the AFM experiments discussed in the following section, oo 03 MUn:ign di':'z for:es (nl’;l)s o

the relationship between the force needed to effeetdifbstrate ®) ¢

breakaway in any particular measurement and the potential 0.20

energy that binds a biotin ligand to an avidin binding site is

complicated in two independent ways.
First, each time the AFM tip touches the substrate, it is 0.15-

possible for various numbers)(of biotin—avidin linkages to
develop. Thus, each time the tip is withdrawn from the substrate
until the force reaches a point at which the tip breaks free, one
may be probing a different number of linkages. However, as
we discuss later, and as has been proven in our past work in
this areal3-18 the probability,P(n), that a given measurement
hasn biotin—avidin linkages holding the tip to the substrate

Variance (nN')

0.05

follows a Poisson distribution. Hence, by determining the 0.00 : : : i .
breakaway force for a large number of such measurements, and 0.0 0.2 04 0.6 08 1.0

using the Poisson distribution, one can extract the breakaway Mean (nN)

force for then = 1 case (i.e., for a single biotiravidin linkage). Figure 2. Application of the Poisson analysis method to AFM force

The second complication involves the kinds of forces (e.g., measurements. (A) Histogram of the unbinding forces from one
hydrogen bonds, van der Waals interactions, polar group iSothermal combined set of 222 measurements between an avidin-
attractions, etc.) that are operative within each bietimidin modified AFM tip and a biotinylated bovine serum albumin (BBSA)-

link d h in the f - h f modified substrate under pH 7 phosphate-buffered saline (PBS). The
Inkage and at what stage In the fragmentation these forces actyaq, gre fitted well with a Poisson distribution curve. (B) Variance vs

As shown beautifully by Izraelev et al. in ref 10, especially on  mean plot of the BBSAavidin system. Each data point represents a
pp 15711572, each such linkage can involve a variety of set of multiple measurements using a particular tip at a particular area.
attractive forces. Moreover, the biotin can be bound to various Different symbols are for different tips modified by the same chemistry.
sites within the avidin “pocket” (see Figures 5, 7, and 8 in ref Based on the Poisson analysis (see Appendix), the slope of the linear
10) at various times. As a result, when an individual biotin is BJEES80R =112 gl't‘"\eNsaéhget”;fn%?r:g(?etoogé”gg’id‘;a' ll\)llefg“r“?;]ré
withdrawn (via an applied bia§ force) from an, avidin poc.ket, measuregrjnents ml;alde at= 298 K and a loading rate gf 208 1¢°

one expects to observe a series of plateaus in the location ofyn.s1.

the biotin as a function of time. These plateaus should occur as S

the force applied to the biotin is ramped up, causing the biotin AFM stage sitting inside a box surrounded by foam. The
to move from one binding site to another within the pocket. temperature fluctuations during a given set of measurements,
Indeed, such behavior is observed in molecular dynamics @ measured by a chromeilumel thermocouple situated near
simulations of such single biotiravidin pullaway experiments.  the sample stage, were withihl °C of the set-point temper-
For example, one sees this clearly in Figure 5 of ref 10, where ature, and extensive control experiments were made to determine
it is shown that the maximum force corresponds to breaking drift rates that were used to set measurement time scales

not the last but the strongest linkage of biotin within the pocket. appropriately” The biotin- and avidin-modified AFM tips and
The above observations suggest the following: substrates were prepared using a protocol described in detail

1. By assuming a Poisson distribution of the number of previously!® and extensive surface analytical methods were used
biot.in—avidin linkages present in each measurement, we cant© confirm the putative tip and surface modification procedures.
infer a maximum forc&; characteristic of a single such linkage. 1 "eS€ analyses by XPS and TOF-SIMS, though not the focus

2. The force needed to effect rupture of even a single linkage of the present paper, were described in detail in previous

i i 13,16,17
measures not any single hydrogen bond or ionic interaction. pu_ll:_)llcatltonst. th binding f betw individual bieti
Rather, it more likely relates to the rupture of several such 0 extract the unbinding forces between individual bietin

attractive interactions that is needed to remove biotin from its avidin pairs, we used an established statistical analysis method

L . e o : . based on the properties of the Poisson distribution that our earlier
Eti;ounrge;tok;'?g: rl%)s ite within an avidin pocket (as illustrated in work3-18 and that of othef§-21 has shown to be reliable (see

Appendix). The application of the Poisson analysis method is
demonstrated in Figure 2A, where data pertinent to the present
study are shown to fit well the assumed Poisson functional form.
To conduct AFM force measurements at various temperatures,We should note that the range of forces caused by the variation
we adjusted the temperature of the entire AFM apparatus in the numberif) of biotin—avidin linkages present is ca. 2 nN
between 13 and 37C. For measurements taken below 2D (see Figure 2A), which is even larger than the ca.-1900 pN
or above 30°C, ice packs or heating tapes were applied to a range in single-linkage forces (see Figure 2B) experienced as
thermal shroud surrounding the instrument to cool or heat the the temperature is varied (see Figure 3). However, because the

Experimental Section
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285 290 295 300 305 310 315 of nkbf,nd Th_e AFM tip is attached to a soft cantilever that is treated as
T(K) a spring with a force constant &, << nkyong for reasons that are

discussed and justified in the textkgondkip =~ 450).
Figure 3. Temperature dependence of individual bietavidin
unbinding forcesF;. The values of; are determined by the Poisson  pocket. As the tip force is ramped up, the force causes the biotin
method from the variance vs mean plots (as shown in Figure 2B). The to so move until it reaches the site with the strongest binding.
error bars correspond to one standard deviatigrhas a Sig'lilﬁcam Once the bias force causes the biotin to break free from this
dependence on temperature with a slope-a2.6 & 1.2 pNK™, strongest site, the biotin can fully exit the pocket as it moves
even further under the bias force. Thus, the individual bietin
avidin unbinding force§&; extracted from our data are assumed
to relate to this strongest site’s binding.

We next model the biotinavidin binding potential for this
strongest site within the pocket in terms of a potential function
of the Morse form. Our use of the Morse form for the bietin
avidin strong-site potential is not meant to reflect any assump-
tions we make about the nature of the binding at this site.
Moreover, the few rf) biotin—avidin complexes that remain

For the reasons discussed in the Introduction, single-linkage bound immediately prior to the pull-off point are assumed to
bond-rupture forces depend on temperature and on the rate obe arranged in a manner that causes all of them to be similarly
force loading. In this study, all foreedistance measurements loaded as the tip is retracted from the substfat@ur past work
were performed with cantilevers of the same nominal force has shown that, should this assumption not hold, a clear pattern
constant (0.03% 0.004 Nm~1; each cantilever was individually  of curvature in the variance vs mean force plots (e.g., see Figure
calibrated}? at a tip scan speed ofin-s™1, which corresponded  2B) would be evident. Such curvature was not observed in the
to a nominal loading rate of (2.8- 0.2) x 1(° pN:sL In present study.
contrast, the dynamics simulations discussed in ref 10 have We realize that each site in the pocket involves hydrogen
loading rates of ca. Z8pN s™1, which are orders of magnitude  bonds, polar group attractions, and van der Waals interactions.
higher than those used here. As discussed below, the fact thaHowever, all such potentials share the characteristics of the
our loading rate is so slow allows us to neglect dissipative potential displayed in Figure 1. We choose to describe all such
frictions that cannot be ignored in the dynamics simulations of potentials in the Morse form because, for such a function, we
ref 10. Moreover, we can assume that the biotimidin pairs can straightforwardly determine the critical distangg (see
remain in thermal equilibrium throughout the tip-pulling process the introduction) as well as the energy at thi¥(ri¢) in terms

forces obtained fon linkages follow the Poisson distribution
very well, we are able to extract single-linkage forégsvith
precisions of better than 50 pN in most cases (see the error
bars in Figure 3). This then allows us to extract from the
temperature variation in such single-linkage forces the desired
single-linkage energetics, as discussed in the following section.

Results and Discussion

because of the slow loading rate. of the basic parameters of the Morse model. Other functional
For our conditions, the rupture time of the AFM force forms can be employed using our general methodology.
measurementz was estimated to be on the millisecond séle. Let us now imagine removing a tip from the substrate under
The individual biotin-avidin unbinding forces K;) at six conditions where the tip contaimsbiotin—avidin linkages as
different temperatures over the range of 13 to &7 were graphically depicted in Figure 4. Bending the cantilever by a

determined with the Poisson method and are plotted in Figure lengthd exerts a forcek;pd on the complex, wher&, is the
3. We again note that the distribution of forces obtained in the cantilever force constant. This stretching force is opposed by
200-plus individual measurements at each temperature fit thethe n biotin—avidin complexes’ internal bonding forces, which
expected Poisson distribution well enough that the resultant errorbalance the applied force when the bietavidin distances are
bars in the single-linkage forcds are small, as indicated in  stretched by an amoudt in the direction of the AFM cantilever
Figure 3. tip. As a result, the opposing forces reach a balance and the
The binding of streptavidin and avidin with biotin is one of biotin—avidin distances move to new equilibrium positions
the strongest noncovalent liganteceptor interactions known — where nkoonddr = kip(d — 0r). Here kyong is an individual
(Ka~ 10" — 105 M~1).24 As discussed earlier, each individual complex’s force constarkyong = 02V/dr2, andn is the number
biotin—avidin or biotin-streptavidin linkage is comprised of a of biotin—avidin complexes present. This result allows us to
multiple hydrogen bond, polar group, and van der Waals express the lengthening of the distancesias= kipd/(kip +
interactiong*27 To interpret the temperature dependence of nkyng and the amount of energy deposited as potential energy
unbinding forces observed in our AFM experiments, we employ within each of then linkages as/okpondiipd/(kip + Nkbond)?.
a thermodynamic approach that focuses on how the applied forceFor slow rates of pulling and within the millisecond time scale
reduces the amount of thermal enéfgyhat must be obtained  of our AFM experiment, we assume that the system is at
from the surroundings. For simplicity, we assume that the model “pseudo-equilibrium” at any moment along the unbinding
of biotin—avidin binding offered in ref 10 is essentially correct. process. We note that this situation differs qualitatively from
In particular, we assume that the applied bias force causes thewhat happens in the molecular dynamics simulations of ref 10
biotin to move from one binding site to another within the avidin where the force loading rate was orders of magnitude larger.
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Such extremely large rates were required in the latter case to For each component of eq 4 to scale linearly with the number

allow the simulations to achieve biotiravidin rupture within

of linkages presentnj, as it must to reproduce the observed

a time duration that could be accessed in the simulation. In our Poisson distribution of forces, the AFM tip for&g,d must be

experiments, the tip moves slowly enough that it is safe to
assume that each biotiravidin complex is in thermal equilib-
rium with its surroundings. This assumption allows us to use
the equilibrium Maxwel-Boltzmann energy distribution for-
mula to compute the probability of various amounts of thermal
energy being available to the each bietawidin complex.

During the unbinding process in the AFM measurement, the
energy that must be deposited into time biotin—avidin
complexes in the form of thermal energy to effect rupture of
the n linkages is assumed to have terms that account for

(1) n times the amounAE* needed to effect rupture of a
single linkage in the absence of an external for&%(is not
assumed to equal the full dissociation energy of a biegividin
complex but, as detailed later, is only a fraction of the energy
needed to dislodge biotin from avidin’s strongest binding site),

(2) minus a term for the mechanical energy deposited into
the n biotin—avidin linkages by the AFM cantilever,

(3) plus a term for the energy dissipated due to viscous drag

from operation at a finite rate of pulling (this energy can, as
shown below, be ignored because of the slow loading rate).

As a result, the net critical energy barriéEr to be
surmounted by thermal excitation before rupture of the
linkages occurs is

1 Ky 2 yvdign
OE; =nAE’ — 2n Q( § )d2+ ¥
T 2 kbon I<tip + nkbon ktip + r-‘kbond

The characteristitme needed to rupture thebondszg can
be related to the timep needed for biotin to move out of
avidin’s binding pocket in the absence of any bias force or of
any attractive forces as

)

o= _L,DeéET/nkBT

)

wherenksT is the average thermal energy available in the
linkages. In our theoretical treatments,is assumed to have a

linearly proportional tan. That is,kipd = Fiot = nF;, whereF;

is the force needed to displace an individual biotin from avidin’'s
strongest binding site. This means that the force needed to effect
rupture within timerg whenn linkages are present istimes

the force needed to rupture one linkage in this same time.
Substituting this into eq 4 and dividing both sides mywe
obtain

1 Fi2

Y
2 kbond

Hence, for slow tip scan speeds and soft cantilevers, the
temperature dependence (at constant loading rate) of individual
biotin—avidin rupture forces can be expressed as

kT |n(z—§) — AE' - 5)

Fiz = 2AEj;kbond - 2I<Bkaond In(?) (6)
D,

which is the basic working equation that we use to analyze our
data. Note that it is the square of the fore&ij? = (kgpd)? that
enters into eq 4 because this square is proportional to energy
and it is an energy balance that leads from eq 3 ultimately to
eq 6.

Further simplifications are possible. With the typical bond-
rupture time in our AFM experimentk ~ 10-3 s and using the
diffusion time estimated by earlier workets ~ 1078 s, the
ratio of time scales appearing in the log term on the right of eq
6 can be estimated#/tp ~ 10P).30 Because this ratio appears
in a logarithmic factor in eq 6, variations by even 1 or 2 orders
of magnitude around our best estimates would have only a
limited effect on the bond stiffness and energy factors that we
compute.

The stiffness of the ligandreceptor bondt,ongand the critical
unbinding energyAE* to displace a single biotin from avidin’s
strongest binding site can thus be determined from the slope
and they-intercept of the linear regression curve of eq 6 in the

negligible T dependence over the narrow temperature range F;2 ys T plot (Figure 5) as 17.4- 1.4 Nm ! and 7.1+ 0.8

applied in this study. Combining with eq 1 and taking the
logarithm on both sides of eq 2 and rearranging, we obtain

nksT |n(§—z) =nAE" — %nkbom(—ktip _t“‘;dkbond)z +
Kipd
nvy(kﬁp +’:1kbon) (3)

Next, we consider the case in which the bond force constant

koond IS sufficiently greater than the cantilever’s force constant
Kiip, Koond = kip, Which is shown below to be valid for the
experimental conditions employed here (by a factord50x).

In this case, eq 3 becomes
- d)? d
1_ (kﬂp ) i (kﬂp )UV (4)
2 nkbond I(bon

For slow tip-scan speeds such as we employed, the fagtor
appearing in the friction tertfiis much smaller than thi,d

T
nkT In(T—R) =nAE" —

D

term, so the last term in eq 4 can be neglected compared to the

others. For example, for = 5 um-s T andy ~ 2 x 108
pN-ssnm™1, vy &~ 1074 pN; by comparison, typical values for
the kipd term are 0.039 An~! x 107° m = 390 pN.

kcalmol™1, respectively. It should be kept in mind that these
values relate to a single biotiravidin linkage which, as noted
earlier, contains several hydrogen bonds, polar interactions, and
van der Waals attractions. As one of the strongest known
noncovalent ligandgreceptor interactions, the stiffness of the
biotin—avidin complex obtained above appears reasonable and
supports the assumption made in the derivation khat (i.e.,
17.4+ 1.4 Nm™1) > kgp (0.039+ 0.004 Nm™2) by a factor
of ~450.

Let us now discuss the meaning of the resMii = 7.1+
0.8 kcatmol=1. As discussed earlier, we assume that to effect
bond rupture under the influence of the external fdfgem =
kipd, the intermolecular separation between biotin and avidin
must move (by tip pulling and thermal motion combined)
beyond a pointri (see Figure 1) wheredV/dr| is largest.
Beyondr, the restoring force acting on the biotiavidin
complex decreases so it can no longer overcome the bias force
exerted by the AFM cantilever, and the rupture is inevitable.
For a Morse potential

V(r) = D(1 — e 292

the energy required to move along the reaction coordinate from
the equilibrium position? to reit is AE* = V(rert) — V(rd) =
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Further temperature-dependence studies of bond-rupture forces
1.4x10° 1 at different loading rates and in other ligangkceptor systems
5 ] including related protein mutants are desirable to achieve a more
1.2x10 i thorough understanding of the kinetics and relevant thermody-
1.0x10° namics of such ligandreceptor unbinding processes.
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1 and the National Institutes of Health (T.P.B., R01-NS43928).
4.0x10"
ot T Appendix
- ] L] Poisson Statistical AnalysisThe assumptions made in this
0.0 — T method are that the total adhesive force in an AFM pulloff event
285 290 295 300 305 310 is composed of a number of discrete bonds (typically one to a
T (K) few tens, depending on the tip sharpness and the size of the

Figure 5. Plot of F2 vs T. Based on our theoretical derivation with a  ll9ands involved) and that the distribution of tmeimberof
hybrid kinetic-thermodynamic approach, the temperature dependence bonds broken at the pulloff point follows a Poisson distribution.
of individual biotin—avidin unbinding forceF; can be expressed as The Poisson number distribution (as seen in Figure 2A) has
Fi2 = 2AE%oong — 2Kke Tkoona IN(7r/70). With the estimation otr/zp ~ been demonstrated for several systems in our prior work and
10° (see text), the stiffness of the biotividin bondkwng and the — that of others. As defined by the properties of the Poisson

critical unbinding energyAE¥ can be determined from the slope T : 2
(~5543+ 455 pN-K-1) and they-intercept ((1.72= 0.14) x 16° ph?) distribution, the meap, and the variance,? of the numberof

of the linear regression curvionsand AE* are calculated as 17 chemical bonds broken at the pulloff point in the AFM
1.4 Nm~t and 7.1+ 0.8 kcatmol™?, respectively. experiment are the same, i.e, = 0n?. The adhesive force
measured in one forealistance curve is related to the number
D¢/4, whereDe is the equilibrium dissociation ener§yUsing of bondsn ruptured during a pull-off event bjm = nF;, where
the present determination ofE* as 7.1+ 0.8 kcatmol™2, De Fi represents the averagaividual bond-rupture force in the

is thus estimated to be 284 0.8 kcatmol™L. This value is in system, the value that we seek to determine. A sampling of
reasonably good agreement with independent determinations ofmany of these pulloff events produces a mean measured pulloff
the enthalpy change for biotiravidin dissociatio$2 AH = 23.4 force um and a pulloff force variancesy? (note carefully the
kcakmol~1. A binding energy of ca. 28 kcal mol seemsto be  different subscripts). On the basis of the relationship between
consistent with the variety of hydrogen bond, polar group, and the measured force and number of bonds ruptured, we can derive
van der Waals attractions that seem (see ref 10 Figuré§ 5  the following equationsum = unFi andon? = 0,2F2. Because

to characterize the binding sites in avidin. Moreover, khfq un = on? for a Poisson process, the magnitudeFpfcan be
value of 17.4+ 1.4 Nm~1is consistent with what is expected determined a&; = on?/um. Although they may not exist to any
for hydrogen bond&: significant level in any particular system, nonspecific, long-

The bond force constant is the second derivative of the range interactionso, can be taken into account; the mean and
potential at the equilibrium position. For a Morse potential, we the variance of the pulloff forces then become= unF; + Fo

obtain andon? = umFi — FiFo, respectively. A linear regression curve
of the variancer,? versus the meam, of the pulloff force from
d2V(r) ) several sets of measurements will give the magnitude of the
Koond = ? , =2bD, individual bond-rupture forc&; and the product-FiFo, as the
re

slope andy-intercept, respectively. The latter quantity can be
. ) used to estimate any nonspecific “background” forces, if they
Inserting the values déyona andDe Obtained above, the Morse  are present. For reasons of space, it is not our intention to

potential parameteb is calculate& to be (6.6+ 0.5) x 10(9) establish and validate the Poisson analysis method here. These
m~1. Again, for a Morse potential, one can determigg — r, methods have been employed in many different biological and
by finding where &v/dr2 = 0, and one obtaing ¢ — %) = chemical systems in our prior wdik” and that of otherg®-2!

In 2/o ~ 1.0+ 0.1 A. This critical displacement magnitude is
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