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ABSTRACT: The dissociation of ligand and receptor involves multiple transitions between intermediate
states formed during the unbinding process. In this paper, we explored the energy landscape of the
streptavidin-biotin interaction by using the atomic force microscope (AFM) to measure the unbinding
dynamics of individual liganetreceptor complexes. The rupture force of the streptavilliotin bond
increased more than 2-fold over a range of loading rates between 100 and 5000 pN/s. Moreover, the force
measurements showed two regimes of loading in the streptavidtin force spectrum, revealing the
presence of two activation barriers in the unbinding process. Parallel experiments carried out with a
streptavidin mutant (W120F) were used to investigate the molecular determinants of the activation barriers.
From these experiments, we attributed the outer activation barrier in the energy landscape to the molecular
interaction of the ‘3-4’ loop of streptavidin that closes behind biotin.

To fully understand the role of ligantteceptor interac-  the four identical subunits capable of binding one biotin
tions in cell adhesion and de-adhesion, it is necessary tomolecule. The crystal structure of the streptavieliotin
examine the dynamic response of individual ligamelceptor complex revealed that each subunit is formed by a single
complexes to external mechanical forces. On the basis ofpolypeptide chain arranged in an eight-stranded antiparallel
the Bell model, one would expect that the application of S-barrel structure to which biotin binds. The streptavidin
mechanical pulling force would reduce the activation energy biotin complex is stabilized by an elaborate network of
barrier of a ligane-receptor complex toward dissociation hydrogen bonds and van der Waals interactions, including a
and, hence, would reduce the lifetime of the complex2}. contribution from tryptophan 120 of an adjacent streptavidin
Moreover, an increase in the rate of force application should monomer 20, 21, 23).

increase the rupture force of the liganeceptor bond. To Recently, Merkel et al. reported that the strength of an

test and refine the proposed models, studies based on direcidividual streptavidin-biotin complex increased gradually

force measurements are essential. with the logarithm of the loading rat@®) These measure-
Direct measurements of ligangleceptor interactions can  ments also revealed that the streptavieliiotin complex

be obtained using different biophysical approaches, including undergoes multiple transitions before final separation. The

the use of the optical tweezers, the magnetic torsion deViCE,Current Study was undertaken to exp]ore the molecular
the biomembrane force probe (BFPInd the atomic force  determinants of the transition states.
microscope (AFM) 8—6). Specifically, the AFM and the
BFP have been employed to characterize the unbinding forceMATERIALS AND METHODS
of individual ligand-receptor complexe¥{14). Moreover,
recent studies have shown that direct force measurements Functionalization of AFM TipsSisN4 cantilevers were
can be used to exp|ore the energy |andscape of ||gand functionalized with StreptaVidin (Or its analogues or aVidin)
receptor unbinding9). as follows @4): SisN, tips were immersed in acetone for 5
The streptavidirbiotin system is particularly well-suited ~ Min and then irradiated with ultraviolet light for 30 min. The
for direct force measurement studies of |iga-mdceptor irradiated tips were incubated in 5@. of blotlnylated bovine
bonds ¥, 9, 15—18). The wide interest in this model system serum albumin (biotin-BSA; Pierce, Rockford, IL; 0.5 mg/
stems from its high affinity and specificity of interactiotoj mL in 100 mM NaHCQ, pH 9) overnight at 37C and then
and the availability of structural20, 21) and biophysical ~ rinsed six times with phosphate buffered saline (PBS; 20
data @2). Streptavidin is a tetrameric protein with each of MM PO27, 150 mM NaCl, pH 7.2). Streptavidin was
coupled to the tips during a 5-min incubation in BD of
T This work was supported by the American Cancer Society and the streptav!d!n (0.5 r.ng/m.L in P,BS) atroom temperat!"re' The
NIH (1 R29 GM55611-01). streptavidin functionalized tips were used immediately in
* To whom correspondence Sho_uld be addressed. Phone: _(305) 243measurements after rinsing with PBS to remove unbound
3201. Fax: (305) 243-5931. E-mail: vmoy@newssun.med.miami.edu. gyrentavidin molecules. Avidin (NeutrAvidin), streptavidin
Abbreviations: atomic force microscope, AFM; biomembrane force o . ’
probe, BFP; phosphate buffered saline, PBS; bovine serum albumin,@nd biotin-BSA were purchased from Pierce. W120F was
BSA. purified according to Sano and Cant@5).
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Expression and Purification of W120RN120F is a
truncated form of streptavidin (aa. £@33) with a substitu-
tion at residue 120 (Trp to Phe). Expression and purification
of W120F were described elsewhei2s). Briefly, oligo-
nucleotide-directed mutagenesis was performed on wild-type
streptavidin gene using a 30-base oligonucleotide to convert
the codon for Trp-20 (TGG) to TCC for Phe. An expression
vector containing the W120F gene, the bacteriophage T7
gened10 promoter, and the bacteriophage T7 transcription
terminator was used to transforEscherichia coli

W120F was purified from overnight cultures inoculated
with the transformed bacteria. Four hours after induction with
isopropylthiof-p-galactoside (1mM), the cells were pelleted
and then resuspended in a lysis buffer containing a cocktail
of protease inhibitors. The cell lysate was treated with
DNAase | and RNAase | for 30 min and centrifuged to
isolate the inclusion body fraction. The precipitate was
dissolved mn 6 M guanidine hydrochloride (pH 1.5)/10 mM
DTT to solublize the expressed protein. To promote the
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Ficure 1: (A) Schematic representation of the atomic force
apparatus used to measure the dynamic strength of the streptavidin
biotin bonds. (B) Schematic representation of a streptavidin-
functionalized AFM tip and the surface of a biotinylated agarose

refolding of the denatured proteins, the fraction was dialyzed
against four changes of 0.2 M ammonium acetate (pH 6.0)
plus protease inhibitors. The pH of the dialyzed sample was

adjusted to 10.5 before it was applied to a 2-iminobiotin
agarose column. Bound W120F was elutedhwétM urea
AFM Force Measurementall force measurements were and 50 mM ammonium acetate (pH 4.0). The purified
performed using an atomic force apparatus (Figure 1); its W120F was neutralized and stored-&af0 °C.
design and operation are similar to the conventional AFM.
A piezo translator with a strain gauge position sensor (Physik RESULTS
Instrumente, Waldbronn, Germany) was used to rotate a lever
which in turn set the position of the AFM tip relative to the Force measurements of the streptavietiotin interactions
substrate. The interaction between the AFM tip and the were carried out using an AFM in the force scan mode
substrate was determined from deflection of the AFM (Figure 1A) (7, 15). For these experiments, an AFM tip,
cantilever. To monitor the cantilever’s deflection, a focused coated with streptavidin (Figure 1B), was brought in contact
laser spot from a pig-tailed diode laser (Oz Optics, Ontario, with an agarose bead coupled with biotin. The adhesive force
Canada) was reflected off the reverse side of the cantileverof streptavidin-biotin interaction was measured as the AFM
onto a two-segment photodiode. The photodiode signal wastip retracted from the surface of the bead. The specificity of
preamplified, digitized by a 16-bit analog-to-digital converter this interaction was demonstrated with addition of free
(Instrutech Corp., Port Washington, NY), and processed by streptavidin or biotin, both of which abolished adhesion. It
an Apple computer that also controlled and recorded the is unlikely that the breakage had occurred elsewhere in this
events of the measurements. The force apparatus wassystem besides the streptavidipiotin bond, since we were
equipped with an inverted optical system to assist in able to obtain hundreds and frequently thousands of mea-
localizing the biotinylated agarose beads (Sigma, St. Louis, surements before the activity of the streptavidin tip was
MO) and positioning of the functionalized AFM tip over the completely lost. If the BSAtip interaction were to unbind
center of agarose beads. To minimize mechanical noise andduring the measurements, we would not have been able to
temperature fluctuations, the force apparatus was suspendedcquire as many measurements as we did. The total number
inside of a large emptied refrigerator. of streptavidin-biotin bonds formed in a given measurement
To vary the loading rate in the force measurements, threedepended on receptor density, the duration of contact, and
sizes of silicon nitride cantilevers were used [cantilevers A, the area of contact. As in shown Figure 2A, the retract trace
C, and D from unsharpened, gold-coated Microlever (MLCT- of the force measurement may exhibit several transitions in
AUHW), ThermoMicroscopes, Sunnyvale, CA]. Each can- force due to the sequential unbinding of multiple streptavi-
tilever was individually calibrated by thermal fluctuation din—biotin complexes. The rupture force of these linkages
analysis to determine its spring consta2fl)( The measured  was determined from the magnitude of the measured transi-
spring constants of the cantilevers did not vary significantly tions and usually corresponded to the applied force needed
from the nominal values given by the manufacturer and were to break one or two bonds.
in the range of 10 to 50 mN/m. The deflection of the  The rupture force of the streptavidiiotin complex was
cantilever was calibrated using the Petri dish surface asmeasured at different force loading rates. Variation in the
reference. The scan speed of the force measurement watading ratef of the AFM measurements was achieved with
determined from the rate of piezo expansion and was in thedifferent combinations of AFM cantilevers and cantilever
range of 46-1000 nm/s. All AFM force measurements were retraction ratesy.. f is the product of the system spring
carried out in PBS. The temperature of the experimental constant,ks and v, i.e., f = ks x v.. The system spring
system was continuously monitored and maintained at25 constant depends on the elastic properties of both the
1°C. cantilever and the agarose filament to which biotin is

bead.
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interaction of biotin with streptavidin and its analogues.
FIGURE 2: (A) Force vs displacement curves of the interaction W120F is a variant of streptavidin generated by site-specific

between a streptavidin-functionalized tip and a biotinylated agarose mutagenesis of trytophan 120 to phenylalani2®.(Avidin
bead. The measurement recorded the force on the AFM cantileveris a homologue of streptavidin with structural and biotin

on approach and retraction of the cantilever from the agarose beadbinding properties similar to streptavidi@?). The rupture

f* is the rupture forceks is the slope of the force vs displacement f f the streptavidinbioti | ¢ i
curve. The measurement was carried out with a cantilever spring '0'C€ OT th€ Streptavidimbiolin complex was most sensitive

constant of 30 mN/m and a scan speeg,of 600 nm/s. Each  t0 changes in loading rate, displaying a greater than 2-fold
cantilever was individually calibrated by thermal fluctuation analysis increase in rupture force over the range of loading rates
to determine its spring constarf€). Histograms of the adhesion  examined.

force between a streptavidin tip and biotin bead at loading rates of

(B) 198 pN/s ks = 2.3 mN/m andv. = 86 nm/s) and (C) 2300

pN/s ks = 2.3 mN/m andv, = 1 um/s). Both histograms were DISCUSSION

fitted to a Gaussian functior2); The centers of the force distribution Figure 3 summarizes the dynamic response of three

B 126t 2. EM) pN N =2 207 5. - - . .
ES)Eﬁl/Ir;dpl(\lczl\lalelooﬁt resBpt(eitive%ypAllNAFM ?(fr)cg r:geagure?ngnts streptavidin (analogue)b_lot_ln pairs to loading rates between
were carried out in PBS and at 251 °C. 100 and 5000 pN/s. Within this range of loading rates, the

rupture force of the complexes showed an initial gradual

attached. The measured system spring constants were in thécrease, followed by a more rapid increase with increasing
range of 1.5-3.0 mN/m and were obtained from the slope loading rates. At the slower loading, the dynamic response
of the force vs displacement relationship of the retract trace of the streptavidirrbiotin and avidin-biotin complexes
(Figure 2A). Three different types of cantilevers were used. overlapped. However, at faster loading rate5000 pN/s,
Although the spring constants (10, 30, and 50 mN/m) of the the streptavidir-biotin complex was able to support a larger
cantilevers varied by a factor of 5, 0n|y a 2-fold Change in load than the avidirbiotin Complex, an observation con-
the system spring constant was observed since the elasticityistent with previously reported results-17). This dif-
of the agarose filament is much smaller than the spring con- ference in the rupture force of the streptavidhiotin and
stant of the cantilever and’ hence, dictated the System Sprin?Vidin_biotin bonds has been attributed to the differences
constant. Consequently, the loading rate of the force mea-in the activation enthalpy of the two complexé$,(17).
surements was determined primarily by the rate of cantilever ~ The force measurements summarized in Figure 3 can also
retraction, which was varied from 40 to 1000 nm/s. be examined in the context of the Bell moddl, (2).

The mean rupture force of the streptavidisiotin complex ~ According to Bell, the dissociation rate of a bond is
at a given |Oading rate was determined from a force ampllfled by the application Of an eXtel’nal fOl‘b&S fO”OWS:
histogram of>100 measurements. To ensure that adhesion S
was mediated by a single streptavidiiotin bond, the force k(f) = K* explix;/ks T] 1)
exerted on the cantilever approach was regulated so tha
approximately 25% of the trials resulted in adhesion. Under
these conditions, the probability that adhesion was mediated
by a single streptavidinbiotin bond was>85% (). Figure
2, panels B and C show force histograms obtained at loading
rates of 198 and 2300 pN/s, respectively. The corresponding
mean rupture forces, obtained by fitting the histogram to a
Gaussian function, were 126 2.3 (SEM) pN (N = 256) t ,
and 207+ 5.8 (SEM) pN (N = 100), respectively. Figure 3 p(t,f) = k(f) exp[ _Lﬁ)k(f(t ))dt’} (2)

tHere,k° is the dissociation rate constant in the absence of
applied force,kg is Boltzmann’'s constant, anss is a
parameter that characterizes the relationship between force
and dissociation rate. Assuming that the bond dissociation
is a random process, the probability density function for
failure of a single linkage at timeis given by ¢8)
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Table 1: Bell Model Parameters frofti vs log (r;) Relation

ligand—receptor  loading rate AAE?
pair range (pN/s) xg(nm) ke (s (ksT)
streptavidin-biotin 100-1000 0.49 1.6%10°
1000-5000 0.05 2.09
avidin—biotin 100-1000 0.53 6.45 10° 0.95
1000-5000 0.20 0.08 3.26
W120Fbiotin 100-1000 0.31 6.7 10° -5.99
1000-5000 0.11  1.05 0.69

a AAE is relative to streptavidin-biotin binding energy.

By settingdp/df, one can determine the maximum of the
density function. The corresponding forte for a linear
increase in force (i.ef = rs t; ry = force loading rate) is
given by

k() = r, 2 In k() 3)
of f=f*
Substituting eq 1 into eq 3 gives
kg T ( Xy ) kT
f*=—In|— +—In(r 4
X[B k kBT Xﬁ ( f) ( )

The Bell model thus predicts a linear relationship between
the rupture force and logarithm of the loading rate.

As shown in Figure 3, the force spectrum of the strepta-
vidin—biotin bond revealed two regimes within the range
of the experimental loading rates. This observed change in
the slope of* vs log(rs) can be attributed to the suppression
of an outer energy barrier of the energy landsc@peThus,
in contrast to the simple Bell model, the data revealed that
the streptavidia-biotin complex overcomes two transitions,
an inner barrier and an outer barrier, during its unbinding.

The force measurements can be used to obtain an estimaté&

of the relative change in the outer and inner activation energy
barriers between the streptavidihiotin pair and its ana-
logues. The Bell model parameters of both transitions were
determined for the different ligantteceptor pairs by fitting

the force measurements to eq 4 and are tabulated in Table 1.

According to transition state theory, the dissociation rate is
a function of the activation energyE (i.e., k O exp[-AE/
kT]). The difference in activation energy between two homol-
ogous systems [i.,eAAE = AE(mut) — AE(w.t.), where
AE(w.t.) is the transition energy of wild-type streptavidin
and AE(mut)] is the corresponding transition energy of a
streptavidin mutant can be obtained from the ratio of the
dissociation rates (i.eknu/kat = exXp{ —AAE/KT}). Table 1
tabulates the difference energies of the inner and outer
barriers of the avidirbiotin and W120Fbiotin pairs
relative to the streptavidinbiotin pair. Our analysis revealed
that the enhanced stability of the avieibiotin complex may

be attributed to a larger inner activation energy barrier of
~3 KT (27, 29). In contrast, the W120Fbiotin complex is
destabilized by the lowering of the outer activation energy
barrier AAE ~ 6KT) as illustrated in Figure 4.

On the basis of the analysis of molecular dynamic (MD)
simulations 80, 31) and direct force measurements, Merkel
et al. @) proposed that the outer barrier in the energy
landscape of the streptavidifiotin emanates from the
interaction of the ‘3-4’ loop, which closes behind the bound

biotin. To test this hypothesis, we compared the force spectra
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Ficure 4: Conceptual energy landscapes of the (A) streptavidin
biotin interaction and the (B) W126fbiotin interaction.

obtained from the streptavidirbiotin and W120Fbiotin
interactions. The W120F mutant differed from wild-type
streptavidin by a point mutation at the ‘3-4’ loop. A
consequence of this substitution is a reduction in binding
(free) energy of~4.6 KT (22). As summarized in Table 1,
the AFM force measurements attributed the difference in
binding energies to a reduction in the transition energy of
the outer barrierAAE = 6 kT) and, as predicted, there was
minimal change in the energy of the inner barriANg =
0.69 KT).

In summary, our results demonstrate that the strength of
biological linkages can vary by a considerable amount,
depending on the rate of force application. Moreover, we
introduced a general approach for identifying the molecular
determinants of an energy landscape by comparing force
measurements of native receptor with mutated receptors.
Together with MD simulations, this approach can greatly
enhance our understanding of bimolecular unbinding.
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