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The recognition mechanisms and dissociation pathways of the avidin-biotin complex and 
of actin monomers in actin filaments were investigated. The unbinding forces of discrete 
complexes of avidin or streptavidin with biotin analogs are proportional to the enthalpy 
change of the complex formation but independent of changes in the free energy. This 
result indicates that the unbinding process is adiabatic and that entropic changes occur 
after unbinding. On the basis of the measured forces and binding energies, an effective 
rupture length of 9.5 t 1 angstroms was calculated for all biotin-avidin pairs and ap- 
proximately 1 to 3 angstroms for the actin monomer-monomer interaction. A model for 
the correlation among binding forces, intermolecular potential, and molecular function is 
proposed. 

T h e  elaborate organization of life requires 
specific molecular recognition. Although 
nonspecific interactions may contribute to 
adhesion in molecular and cellular assem- 
blies, the selectivity of ligand and receptor 
interactions provides the specificity required 
to regulate multicomponent systems. Over 
the past decade, significant progress has been 
made to elucidate the nature of these inter- 
actions, particularly in the isolation, cloning, 
and structural analysis of numerous ligand- 
receptor complexes. Along with structural 
analysis, the investigation of ligand-receptor 
dynamics is essential for the understanding 
of the system's functions ( I ) .  Approaches 
that were developed to directly examine in- 
teraction forces have provided valuable in- 
sights into the mechanics of various biolog- 
ical systems (2).  Recently, we modified the 
atomic force microscope (AFM) (3) to mea- 
sure the unbinding force of individual li- " 

gand-receptor pairs (4). As a model system, 
we focused on the biotin-avidin complex 
I C \  
\ J l .  

The forces between ligand and receptor 
were measured with the AFM in the force 
scan mode (4). The receptor molecules, 
either avidin or streptavidin, were attached 
to the AFM tips, and the ligands (biotin, 
iminobiotin, or desthiobiotin) were immo- 
bilized on a polymer bead (6). The  tip was 
brought into contact with the bead, and the 
adhesion was measured directly fjrom the 
bend of the cantilever uoon retraction. The  
strength of the adhesion was regulated by 
inhibitors to functional erouus on  either " 

surface. In experiments where the interac- 
tion was limited to a few molecules, the 
force required to rupture contact between 
ligand and receptor-functionalized surfaces 
occurred in integer multiples; the force re- 
quired to rupture a single ligand-receptor 
pair will be referred to as the unbinding 

force of the particular molecular pair. 
The unbinding force of five different 

avidin-biotin pairs varied from 85 + 10 pN 
for avidin-iminobiotin to 257 t- 25 pN for 
streptavidin-biotin (Fig. 1A).  A n  examina- 
tion of the corresponding thermodynamic 
energies revealed no obvious correlation be- 
tween unbinding forces and changes in free 
energy AG (Fig. 1B). However, a linear 
relation between unbinding forces and en- 
thalpy changes AH is evident (Fig. 1C). 
The  proportionality factor is given by the 
effective width of the binding potential reff 
= AHIF,,, where F, is the unbinding force 
(7). The  observation that reff is 9.5 + 1 A 
for all avidin-biotin pairs studied reflects 
the structural similarity of the binding 
pockets and is a good internal criterion for 

the accuracy of our force measurements. 
A comparison between the unbinding 

force of individual molecular pairs and ther- 
modynamic potentials is appropriate if the 
single molecular pair can sample its confor- 
mation space. Because our experiments are 
slower, by orders of magnitude, than the 
molecular dynamics, the ergodic assumption 
is iustified. Under the influences of an ex- 
ternal force, it is possible that transitions 
between conformational intermediates be- 
come anisotropic. However, if we assume 
that the forced unbinding of biotin and avi- 
din proceeds along a trajectory in phase 
space that resembles the thermodynamically 
favored path, then the measured proportion- 
ality between the enthalpy change and the 
unbinding force implies that the ligand-re- 
ceptor unbinding has negligible entropic 
contributions. Furthermore. if we also as- 
sume that the deformation of the ligand- 
receptor complex before rupture is revers- 
ible, then the process must be adiabatic. 

The complete ligand-receptor dissocia- 
tion process can thus be summarized in the 
model illustrated in Fig. 2. Up  to the point 
where the external force exceeds the un- 
binding force, which in a mechanical model 
is defined as the gradient of the potential a t  
its deflection point (designated as U' in Fig. 
2) ,  the restoring force of the system is con- 
servative, and free energy and enthalpy are 
indistinguishable (8). Dissipative and en- 
tropy driven processes occur beyond the 
ruDture uoint and are thus irrelevant to the 
un'bindikg force, although they may domi- 
nate the free energy of the system. 
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Fig. 1. (A) Tabulation of ligand-receptor unbinding forces and the corresponding thermodynamic values. 
Force measurements were carried out with a scanned-stylus-type AFM (14). Thermodynamic values 
were taken from Green (5), except those for streptavidin-biotin, taken from Weber et a/. (15). Calorimetric 
measurements for avidin-desthiobiotin were performed at 25°C in a MicroCal Omega titration calorime- 
ter. Forty 2.~1 injections of ligand solution were titrated at 4-min intervals into 60 pM solutions of receptor. 

Department of Physics. Technische Universitat (B) Plot of unbinding force versus free energy for avidin-biotin (01, avidin-iminobiotin (O), streptavidin- 
Munchen, 85748 Garching, Germany. biotin (W), avidin-desthiobiotin (U), and streptavidin-iminobiotin (+). (C) Plot of unbinding force versus 
*To whom correspondence should be addressed. enthalpy. 

SCIENCE VOL. 266 14 OCTOBER 1994 257 



To support this generalized interpreta- 
tion of the correlation among unbinding 
force, free energy, and enthalpy of the li- 
gand-receptor complex, we investigated a 
reaction in which the contributions to the 
free energy from processes occurring outside 
the binding pocket can be regulated and 
determined. It is known that the formation 
of the iminobiotin-avidin complex occurs 
in two steps (9): 

ImH+ +B-=$Im+BH 

Av + Im AvIm 

Here, Av, Im, and B denote avidin, imino- 
biotin, and base, respectively. The initial 
reaction, corresponding to the deprotona- 
tion of the guanidine group of iminobiotin 
(pK,, where K, is the acid constant, is 

Ligand-receptor separation 

Fig. 2. Schematics of the intermolecular potential 
of ligand-receptor dissociation. The quantities 
AU, AH, and AG are the changes in the internal 
energy, enthalpy, and free energy, respectively, of 
the process; U r  corresponds the position of bond 
rupture. Receptor and ligand are illustrated in gray 
and black, respectively. The contribution from the 
solvent is depicted in the dissociated molecules. 

Displacement 

Fig. 3. Dependence on pH of the adhesive force 
between an avidin-functionalized tip and an imino- 
biotin-labeled agarose bead. The retraction traces 
of AFM force scans carried out at pH 4, 7, and 10 
with adhesive forces of 2, 4, and 10 nN, respec- 
tively, are shown. Buffers: 100 mM sodium phos- 
phate at pH 7 and 10, 100 mM glycine at pH 4. 

11.95), is pH-dependent. Although this re- 
action contributes to the observed energy 
change, it should not effect the energetics 
of the free base reaction (that is, Av + Im 
= AvIm). In this system, our model pre- 
dicts that the equilibrium constant of the 
complex, but not its unbinding force, will 
depend on the conditions of the buffer. 

The decrease in the formation of avidin- 
iminobiotin complex observed in equilibri- 
um binding experiments at lower pH values 
was also detected in our force measurements 
carried out on iminobiotin beads with avi- 
din-functionalized tips (Fig. 3). To deter- 
mine whether the decrease in the adhesion 
stems from the decrease in the number of 
complexes formed alone or if a change in the 
binding force of the individual molecular 
pairs also contributes, we blocked the major- 
ity of the iminobiotin binding sites on the 
beads with free avidin and measured the 
bond rupture forces. The distributions of rup- 
ture forces measured at different pH reveal 
that the unbinding forces are independent of 
the pH and buffer conditions (Fig. 4). 

These experiments demonstrate a two- 
step process in the dissociation of the avidin- 
iminobiotin complex that results in the de- 
coupling of the unbinding force of individual 
complexes and the free energy change of the 

Adhesive force (pN) 

Fig. 4. Histograms of rupture force between avi- 
din-functionalized AFM tips and iminobiotin-la- 
beled beads measured at pH 4,7, and 10. Buffers 
were the same as in Fig. 3. 
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overall reaction. The force measurements 
indicate that the initial unbinding of the 
complex (AvIm Av + Im) is insensitive 
to the environment (within pH 4 to 10). 
This is followed by the protonation of imi- 
nobiotin, which contributes to the total en- 
ergy but is not directly relevant to the inter- 
action between iminobiotin and avidin. 

As a comparison to the avidin-biotin sys- 
tem, we examined the interaction between 
monomers in an actin filament, a system 
that is designed to support mechanical loads 
(10). An effective rupture length of 3 A was 
obtained from the rupture force of a single 
actin filament and an estimate of the en- 
thalpy of activation (I!). Alternatively, a 
rupture length of 0.5 A can be calculated 
from the elastic property of the F-actin poly- 
mer (12). Both estimates reveal that the 
actin monomer-monomer bond is stiffer and 
acts over shorter distances than the avidin- 
biotin bond. These differences in the char- 
acteristics of the pair potentials are reflected 
in the nature of the molecular recognition 
and the functions of the two svstems. A 
scavenger system such as the biotin-avidin 
system favors a large negative free energy 
change and an interaction potential that 
extends from the entrance of the binding 
pocket and guides the ligand into the bind- 
ing pocket. In contrast, the recognition be- 
tween actin monomers is alone flat surfaces - 
of the monomers (1 3) and is effective over 
the range of van der Waals contact. This 
shorter interaction distance allows the sys- 
tem to support a large load with low binding 
energy. 
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The ion-molecule reaction NH,+ + ND, has been studied at various collision energies (1 
to 5 electron volts in the center of mass) with preparation of the NH,+ reagent in two nearly 
isoenergetic vibrational states. One state corresponds to pure out-of-plane bending of the 
planar NH,+ ion (0.60 electron volts), whereas the other state is a combination of in-plane 
and out-of-plane motion (0.63 electron volts). The product branching ratios differ markedly 
for these two vibrational-state preparations. The differences in reactivity suggest that the 
in-plane totally symmetric stretching mode is essentially inactive in controlling the branch- 
ing ratio of this reaction. 

Most  chemical reactions are statistical in 
nature, and their course cannot be con- 
trolled by the excitation of different vibra- 
tional motions of the reactants, but out- 
standing exceptions are known to occur for 
small reaction systems (1, 2). For example, 
H (3-6) or C1 (7) can selectively abstract 
the H or D atom from HOD depending on 
the vibrational excitation of the HOD re- 
agent. The results for the H + HOD and C1 
+ HOD reactions conform to intuition in 
that the bond being stretched reacts: that is. 
motion along the reaction coordinate pro- 
motes reaction (8). 

In the case of more complex reactants, 
almost no experimental information exists 
on the role of reagent internal motion in 

NH3+(v,,v2) + ND, 

+NH3D+ + ND2 (deuterium abstraction) 
( l a )  

+ NH3+ND3 + (charge transfer) ( I  b) 

+ NH2 + ND3H+ (proton transfer) (Ic)  

in which the NH3+ reagent ion is prepared 
in nearly isoenergetic internal states having 
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different vibrational motions. The NH4+ 
isotopomer channels (Eq. 1, a and c) have 
an exothermicity of -0.9 eV (13), whereas 
the charge transfer product channel (Eq. 
lb) is nearly thermoneutral. The branching 
ratio among these three product channels 
can be partially controlled by the choice of 
reagent ion internal motion. 

The NH,+ ion is an ideal reactant for 
state-selected studies because multiphoton 
ionization can be used to DreDare the ion . 
with a wide range of controlled vibrational 
excitation (14, 15). A resonant two-photon 
excitation from-the pyramidal ground state 
to the planar B or C' Rydberg state of 
the ammonia molecule selects an interme- 
diate vibrational state. The large change in 
eeometrv that results from these transitions - 
allows excitation to be placed into two 
vibrational modes of the molecule. The py- 
ramidal-to-planar change in geometry al- 
lows access to an extended progression of 
out-of-plane totally symmetric bending vi- 
brations (16), referred to here as the um- 
brella bending mode (v,) (Fig. 1A). In ad- 
dition, a slight lengthening of the N-H 
bond can excite the in-plane totally sym- 
metric stretch vibration (15, 17), referred 
to here as the breathing mode (v,) (Fig. 

directing the outcome of a reactive encoun- 
ter (9, TO), although some theoretical cal- 
culations (1 l ,  12) suggest that such effects A FQ 
may be important. We present here a study J e of the ion-molecule reaction 

t 'i' 
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CA 94305-5080, USA. Fig. 1. Two of the six vibrational modes of the planar NH,' ion: (A) the umbrella bending mode (v,) 

*present address: Department of Chemistry, Vanderbilt (out-of-plane totally symmetric bending mode) and (6) the breathing mode (v,) (in-plane totally symmetric 
University, Nashville, TN 37235, USA. stretching mode). The extremum of the vibrational motion, in black, is compared to the equilibrium 
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