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Energy landscape roughness of the
streptavidin–biotin interaction
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Molecular interactions between receptors and ligands can be characterized by their free energy landscape.
In its simplest representation, the energy landscape is described by a barrier of certain height and width that
determines the dissociation rate of the complex, as well as its dynamic strength. Some interactions, however,
require a more complex landscape with additional barriers and roughness along the reaction coordinate.
This roughness slows down the dissociation kinetics of the interaction and contributes to its dynamic
strength. The streptavidin–biotin complex has been extensively studied due to its remarkably low dis-
sociation kinetics. However, single molecule measurements from independent experiments showed scattered
and disparate results. In this work, the energy landscape roughness of the streptavidin–biotin interaction
was estimated to be in the range of 5–8kBT using dynamic force spectroscopy (DFS) measurements at three
different temperatures. These results can be used to explain both its slow dissociation kinetics and the
discrepancies in the reported force measurements. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Molecular interactions between ligands and receptors, as
well as the folding and unfolding of proteins, can be
characterized by an energy landscape consisting of
potentially multiple energetic barriers along a reaction
coordinate. In thermally activated processes, the energy
landscape determines the dissociation or unfolding rates of
the process (Kramers, 1940; Hanggi et al., 1990; Pollak and
Talkner, 2005). Different biophysical approaches have been
employed to determine the dissociation rate of molecular
interactions including titration calorimetric analysis and
surface plasmon resonance technique. Typically, these
techniques reveal the bulk, averaged kinetic, and equi-
librium properties of the process, but do not provide
information about the position of the transition states or the
presence of intermediate substates.

A great number of molecular interactions between
receptors and ligands support external forces under
physiological conditions (Bell, 1978). The energy landscape
of these interactions determines their dynamic strength, i.e.,
the maximum force the complex can resist before unbinding
(Evans and Ritchie, 1997). Single molecule dynamic force
spectroscopy (DFS) has been employed to characterize the
energy landscape of receptor–ligand interactions in both
purified systems and in their native, cellular environment
(Merkel et al., 1999; Yuan et al., 2000; Li et al., 2003; Zhang
et al., 2004; Wojcikiewicz et al., 2006). DFS consists of
measurements of the force required to unbind individual
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receptor–ligand complexes, i.e., unbinding force (F), at
different loading rates (dF/dt¼ rt). The resulting force
spectra (F vs. rt) are usually interpreted in terms of the Bell
model, which enables us to determine the unbinding rate at
zero force (k0) and the position of the energy barrier along
the reaction coordinate (xb) (Bell, 1978; Evans and Ritchie,
1997).

However, some systems require a more complex energy
landscape involving multiple barriers and, even more, a
continuous distribution of energy barriers, which, in
addition, may require more refined theories (Derenyi
et al., 2004; Marshall et al., 2005; Neuert et al., 2006).
For example, Frauenfelder and coworkers showed that the
relaxation of myoglobin after CO dissociation can be
explained in terms of a rough landscape stemming from a
hierarchical structure of substates within states (Ansari
et al., 1985; Frauenfelder et al., 1991). Inspired by these
work, Zwanzig (1988) derived a general expression for the
effective diffusion of a particle in a rough potential and
concluded that a rough energy surface can result in a
dramatic slowing down of the effective diffusion. More
recently, in the context of protein unfolding, Hyeon and
Thirumalai (2003) investigated the effect of an applied force
to a rough energy landscape. In this study, the authors
showed that the amplitude of the energy roughness can be
derived from DFS data obtained at different temperatures.
Nevo et al. (2005) extended the theory to take into account
possible variations in the potential width and applied the
model to estimate the energy landscape roughness of the
GTPase Ran–importin-b interaction.

One of the best characterized receptor–ligand systems is
the streptavidin–biotin complex (Stayton et al., 1999). Its
unusually slow dissociation kinetics makes this complex



Figure 1. Ribbon diagram of the streptavidin (yellow and green)
complexwith biotin (ball-and-stick red) from the crystal structure
reported by Weber et al. (1989). The flexible loop from the
adjacent monomer is also shown. The H-bonds formed between
the two molecules are represented as blue dashed lines.
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very interesting from both applied and fundamental
standpoints. The dissociation properties of the complex
have been extensively studied using a variety of exper-
imental techniques and computer simulations, and detailed
structural information has been revealed from crystal-
lographic analysis (Figure 1) (Weber et al., 1992; Chilkoti
and Stayton, 1995; Grubmuller et al., 1996; Young et al.,
2007). Moreover, the streptavidin–biotin system was one of
the first to be studied at the single molecule level using force
spectroscopy (Florin et al., 1994; Lee et al., 1994; Moy
et al., 1994). Its free energy landscape has been well charac-
terized by DFS measurements, which identified at least two
energy barriers (Merkel et al., 1999; Yuan et al., 2000; Zhou
et al., 2006). However, the single molecule unbinding forces
reported in the literature appear to be dispersed, scattered,
and very sensitive to the experimental conditions (Pincet and
Husson, 2005). We hypothesize that the free energy surface
of the streptavidin–biotin interaction has a large roughness
amplitude that may explain the observed scattering in the
experimental data and may be the origin of the low
dissociation kinetics. To test this hypothesis we measured
the unbinding forces required to dissociate single strepta-
vidin–biotin complexes at various loading rates and at
different temperatures using the atomic force microscope
(AFM). The acquired dynamic force spectra were analyzed
in terms of the Bell model and the roughness was estimated
using the formalism developed by Nevo et al. (2005).
MATERIALS AND METHODS

Force apparatus

A custom built AFM was used to carry out force
measurements of the streptavidin–biotin interaction. Briefly,
a piezoelectric translator with strain gauge position sensor
and feedback electronics (Physik Instrumente, Auburn, MA)
was used to displace the cantilever in the vertical direction.
The interaction between the AFM tip and the substrate was
determined from the deflection of the AFM cantilever. A
Copyright # 2007 John Wiley & Sons, Ltd.
focused laser spot from a pigtail diode laser (Oz Optics,
Ontario, Canada) was reflected off the back of the cantilever
onto a two-segment photodiode to monitor the cantilever’s
deflection. The photodiode signal was then preamplified,
digitized by a 16-bit analog-to-digital converter (Instrutech
Corp., Port Washington, NY), and processed by a Pentium 4
PC. All force scan measurements were recorded at the
desired temperature using unsharpened Si3N4 cantilevers
(Thermomicroscopes, MLCT-3 4AUHW, Sunnyvale, CA).
Cantilevers with nominal spring constant of approximately
0.010 N/m were calibrated by thermal fluctuation analysis
according to Hutter and Bechhoefer (1993). The spring
constant of the cantilever did not vary significantly with
variations in temperature. Temperature of the sample was
controlled using a Peltier element (Melcor, Trenton, NJ)
coupled to the base of the sample holder.
Functionalization of AFM tips

Cantilevers were coated with biotinylated bovine serum
albumin (biotin-BSA) and then coupled with streptavidin
(Sigma, St. Louis, MO) (Yuan et al., 2000). Briefly,
cantilevers were washed in acetone for 5 min, UV irradiated
for 15 min, and then immersed overnight in 50–100ml of
biotin-BSA (Sigma; 0.5 mg/ml in 100 mM NaHCO3, pH 8.6)
in a 48C humidified chamber. After several rinses in PBS,
biotin-BSA coated tips were then coupled with streptavidin
(Sigma; 0.5 mg/ml in 100 mM NaHCO3) during a 10 min
incubation. Unbound streptavidin molecules were washed
away by several PBS rinses.
Biotinylated bead preparation

Cross-linked 4% agarose beads labeled with biotin were
obtained from Sigma. Agarose beads were washed three
times with PBS and resuspended in the same solution for
measurements. To minimize bead movement during the
force measurements, the biotin-labeled beads were plated on
a culture dish coated with streptavidin.
AFM force measurements

Force curves were acquired bringing a streptavidin-coated
AFM tip into contact with the biotinylated agar surface. The
retraction speed was varied from 93 to 37 600 nm/s, covering
nearly three orders of magnitude of the loading rate. The
maximum indentation force was controlled to minimize the
contact area between the tip and the bead, i.e., to minimize
the number of bonds formed. To further reduce the adhesion
frequency, either soluble streptavidin or biotin was titrated to
the buffer solution until the desired adhesion frequency was
observed. The reduction in the adhesion frequency in the
presence of soluble streptavidin also confirmed the
specificity of the interaction. Measurements were carried
out at 17, 24, and 37� 0.58C.

Retraction curves with unbinding events (<35%) were
analyzed by measuring the unbinding force. The actual
loading rate was determined from the slope just before un-
binding in force–time plots. Individual unbinding forces ( f)
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were determined from the peak in the retraction trace and
corrected from the hydrodynamic drag force due to the
surrounding liquid (Alcaraz et al., 2002). The hydrodynamic
drag factor was determined at each temperature. All the
detected unbinding events were grouped according to
loading rates and histograms were generated. On average
210 unbinding events were used to obtain each histogram. A
Gaussian curve was fitted to the probability distribution to
determine the most probable unbinding force. The most
probable loading rate for each group was obtained by fitting
a log-normal curve to the loading rate histograms. Data are
reported as mean� SE. Changes in the rupture forces as a
function of loading rate and temperature were analyzed by
two-way analysis of variance (ANOVA). Statistical signifi-
cance was assumed at p< 0.05.
RESULTS

Temperature dependent dynamic force spectra of the
streptavidin–biotin interaction were derived from force–
distance curves acquired at different retraction speeds to
access a wide range of loading rates. The adhesion frequency
was kept low to ensure that the acquired measurements
correspond to the unbinding of a single streptavidin–biotin
complex. Figure 2 shows six representative force curves in
consecutive measurements from which only two revealed
adhesion events. Representative histograms from compar-
able loading rates at 17 and 378C are shown in Figure 3, with
Gaussian curves fitted to estimate the most probable
unbinding force. The most probable unbinding forces were
Figure 2. Representative examples of consecutive force–time
curves acquired at 1.25mm/s retraction speed. The unbinding
force ( f) and loading rate (rf) were calculated for each unbinding
event. Curves were filtered using a moving average filter for
clarity.

Copyright # 2007 John Wiley & Sons, Ltd.
plotted as a function of loading rates to obtain the dynamic
force spectra of the interaction (Figure 4). A clear shift
toward lower forces was observed when temperature
increased. At each temperature, the dynamic force spectrum
showed two loading regimes, governed by the inner (fast
loading rates) and the outer (slow loading rates) barriers of
the complex. The Bell model was used to determine the
off-rate and potential width of each energy barrier

F ¼ kBT

xb
ln

xbrf

NkokBT

� �
(1)

where kB is the Boltzmann constant, and T the absolute
temperature. The term N was fixed to 2 to take into account
the experimental configuration of two bonds in series
(Evans, 2001). The transition between loading regimes was
determined by maximizing the correlation coefficient of the
fits of Equation (1). The Bell model parameters of the
streptavidin–biotin interaction at 17, 24, and 378C are
tabulated in Table 1.

The surface roughness of the streptavidin–biotin energy
landscape was computed using Nevo’s modification of the
Hyeon and Thirumalai approximation, which takes into
account possible changes in the transition state position
(Hyeon and Thirumalai, 2003; Nevo et al., 2005)
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where DF
z
0 is the height of the potential, and rf(T1) and

rf(T2) are loading rates at two different temperatures that
give rise to the same unbinding force. The model assumes a
Gaussian distributed amplitude of roughness, independent of
the position along the reaction coordinate. The DF

z
0 value

of the outer transition state was taken from the latest reported
value of �42kBT based on titration calorimetric analysis
(Hyre et al., 2006). The activation energy obtained using the
Arrhenius law (i.e., k0� exp(�DF

z
0/kBT)) on our data

(60kBT) was in reasonable agreement considering only three
data points were available. The height of the inner transition
state was estimated relative to the outer one knowing that the
difference between barriers is given by DDF

z
0 ¼ ln(k0

1/k0
2),

leading to a difference of �5.4kBT at room temperature. The
Arrhenius law predicted an unreasonably low value of
�2kBT for the height of the inner barrier based on the
derived dissociation rates. Again the low number of data
points and the displacement of the inner barrier position may
contribute to the inapplicability of the Arrhenius equation. In
fact, the Arrhenius equation is only a first approximation
when the energy landscape presents small roughness (Hyeon
and Thirumalai, 2003). Table 2 summarizes the energy
landscape roughness at four force levels (i.e., 75, 90, 135,
and 156 pN), two from each loading regime. Our estimations
of the energy landscape roughness were consistent within
each loading linear regime, i.e., within their localization along
the reaction coordinate, being on average 5.6� 0.5 and
7.5� 1.4kBT along the inner and outer barriers, respectively.
J. Mol. Recognit. 2007; 20: 495–501
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Figure 3. Unbinding forces ( f) were grouped by loading rates and histograms were generated. Normalized histo-
grams obtained from measurements at 178C (up) and 378C (down) at three similar loading rates (rF) are shown for
comparison. The solid lines are the corresponding Gaussian fits used to extract the most probable unbinding force
(F). This figure is available in colour online at www.interscience.wiley.com/journal/jmr
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DISCUSSION AND CONCLUSION

The dynamic force spectrum of the streptavidin–biotin
complex at different temperatures was determined using the
AFM in force spectroscopy mode. Temperature increase
induced a marked drop in the unbinding forces of the
complex over the entire range of loading rates. Fitting the
acquired measurements from each of the two linear loading
regimes to the Bell model [i.e., Equation (1)] enabled us to
characterize the two main barriers in the streptavidin–biotin
energy landscape. Moreover, knowledge of the position of
the two barriers enabled us to determine how roughness was
distributed along the reaction coordinate. As summarized in
Table 2, there is a slight increase in the roughness amplitude
from the inner barrier to the outer barrier.

The force spectroscopy methodology used in the present
work has been previously used to determine the energy
landscape of streptavidin–biotin and other receptor–ligand
complexes (Merkel et al., 1999; Zhang et al., 2004; Sulchek
et al., 2005; Wojcikiewicz et al., 2006). The finding of two
energy barriers localized at 0.09 and 0.38 nm at room
temperature is in good agreement with previous experimen-
tal results and molecular simulations of the same system
(Grubmuller et al., 1996; Merkel et al., 1999; Yuan et al.,
2000; Pincet and Husson, 2005; Zhou et al., 2006). The
effect of temperature on the Bell parameters is summarized
Copyright # 2007 John Wiley & Sons, Ltd.
in Table 1. The Bell parameters revealed that the position of
the outer barrier did not change considerably (<22%) within
the range of temperatures tested, whereas the inner barrier
widened by as much as 67% at the higher temperature (from
0.09 to 0.15 nm). This considerable widening of the inner
barrier, together with a lowering of the outer barrier, led to a
dynamic force spectrum with less differentiated loading
regimes as shown in Figure 4. Changes on the barrier height
and width in temperature have been already observed in
other systems (Nevo et al., 2005; Schlierf and Rief, 2005;
Janovjak et al., 2007). Our observations reveal softening of
the inner transition state at the highest temperature, i.e.,
temperature increase shifted outwards the inner barrier,
facilitating dissociation. This behavior may reflect destabi-
lization of streptavidin at high temperatures due, perhaps, to
the change in the distance and strength of hydrogen bonds at
378C. As expected for a thermally activated process, the
kinetic off rates obtained for the outer barrier followed a
clear increase with temperature. However, this was not the
case for the inner barrier, probably because of the shift in the
barrier position at the highest temperature. Our barrier
localizations are in agreement with the suggestion that the
intermediate state of the complex is very similar to the
ground state except for a hydrogen bond formed by the D128
residue is replaced by a water molecule (Hyre et al., 2002).
Based on crystallographic and computational analyses, the
J. Mol. Recognit. 2007; 20: 495–501
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Figure 4. Dynamic force spectra (most probable unbinding force
vs. loading rate) of the streptavidin–biotin interaction at 178C
(blue circles), 248C (green squares), and 378C (red triangles). The
solid lines (same color convention) represent the best fits to
Equation (1), from which information of the inner (high loading
rates) and outer (low loading rates) barriers were extracted.

Table 2. Free energy landscape roughness (e) esti-
mated from Equation (2)

Barrier F� (pN)

e (kBT) for T1, T2 (8C)

17, 24 17, 37 24, 37

Outer 75 5.8 9.8 7.6
90 6.7 8.1 7.3

Inner 135 4.9 5.8 5.9
156 5.1 5.8 6.0
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initial unbinding of the complex was predicted to result in a
�0.2 nm lengthening of the D128-biotin distance. This
distance falls within our positions of the two energy barriers
and may support their hypothesis.

Our estimates of the energy landscape roughness were
based on the model of Nevo and collaborators (Nevo et al.,
2005). As summarized in Table 2, the roughnesses of the
inner and outer barrier of the streptavidin–biotin complex
are �5.6 and 7.5kBT, respectively. Similar values have been
obtained for other systems, such as the unbinding of GTPase
Ran from its receptor importin-b (5.7kBT), the unbinding of
complementary DNA strands (10kBT), and the unfolding of
the transmembrane helices of bacteriorhodopsin (4–6kBT)
(Schumakovitch et al., 2002; Nevo et al., 2005; Janovjak
et al., 2007). Even more, when the force clamp technique
was used to measure the unfolding rate of ubiquitin, Brujic
et al. (2006) found that their observed power-law
distribution of unfolding rates can be explained by assuming
an exponential distribution of energy barriers with a mean
value of 6.6kBT. The similarity in the results in such
Table 1. Interaction parameters (�95% confidence
intervals) obtained from fitting Equation (1)

T (8C)

Inner barrier Outer barrier

k0
1 (1/s) x1 (nm) k0

2 (1/s) x2 (nm)

17 0.02� 0.13 0.35� 0.27 12� 9 0.09� 0.02
24 0.10� 0.33 0.38� 0.21 23� 16 0.09� 0.03
37 1.22� 0.93 0.31� 0.07 15� 17 0.15� 0.05

k0
i , dissociation rate at zero force; xi, potential width.

Copyright # 2007 John Wiley & Sons, Ltd.
dissimilar systems suggests a common origin for the
roughness.

The activation barrier of the streptavidin–biotin inter-
action is one of the highest for a noncovalent interaction and
its origin is mainly enthalpic. The bound complex is formed
by a network of at least seven hydrogen bonds, from which
five reside deep in the binding pocket (Figure 1). In addition,
important hydrophobic and van der Waals contributions
from at least three tryptophan contacts stabilize the complex
(Weber et al., 1989; Chilkoti et al., 1995; Weber et al., 1995;
Freitag et al., 1998). Our estimated values of the energy
landscape roughness correspond to 13–18% of the barrier
height. This roughness of energy surfaces can be interpreted
as the existence of different substates within the main states
of the system (Frauenfelder et al., 1999). The streptavi-
din–biotin system has at least two energy barriers and, thus,
an intermediate state. As mentioned above, this intermediate
substate has been suggested to emerge from the stochastic
diffusion of a water molecule in and out of the binding site
replacing the hydrogen bond between biotin and the D128
streptavidin residue (Hyre et al., 2002). Thus, this
intermittent substate may contribute to the roughness when
the outer barrier governs the interaction (slow loading rates),
giving rise to the 2kBT difference between the roughness
estimates along the reaction coordinate. In contrast, when
the outer barrier is suppressed by an applied force and the
interaction is governed by the inner barrier (high loading
rates), the intermediate state is not observable and does not
contribute to the averaged roughness. Thus, the higher
roughness observed from the outer barrier is in agreement
with the interpretation of a roughness caused by the
existence of multiple substates. However, this does not
explain the molecular origin of the overall roughness. As
was already suggested by Kramers (1940), roughness can be
an effect of the oversimplification implied when reducing
the actual three-dimensional unbinding pathway to a
one-dimensional pathway. However, due to the structurally
restricted corridor by which biotin dissociates, the one-
dimensional assumption appears to be reasonable for the
present complex. The detailed structural information of the
streptavidin–biotin complex enables us to speculate about
the particular origin of the observed roughness. It is known
that at least two of the formed H-bonds compete with water
molecules from the solvent. This may lead to a population of
slightly different energetic substates that contributed to the
observed roughness. In addition, it has been shown for the
streptavidin tetramers that a flexible loop in the adjacent
streptavidin monomer closes the binding pocket, stabilizing
the bound state (Stayton et al., 1999). Mutations of the
W120 residue in this loop showed a dramatic drop in the
J. Mol. Recognit. 2007; 20: 495–501
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Figure 5. Sketch of rough (black thin line) and smooth (green
thick dotted line) free energy landscapes for the streptavidin–
biotin interaction assuming a Gaussian distributed roughness
amplitude independent of the position along the reaction coor-
dinate (zero mean, e standard deviation). This figure is available
in colour online at www.interscience.wiley.com/journal/jmr
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outer barrier of �6kBT (Wong, 1999; Yuan et al., 2000). The
flexibility of this loop may also induce different structural
configurations (substates) in the bound complex, with
considerable energetic variations, inducing roughness. Since
the contribution of W120 is known to be of van der Waals
and hydrophobic nature (Chilkoti et al., 1995), we thus
conclude that the energy landscape roughness stems from a
complex distribution of substates with variations in
structural conformations involving H-binding, van der
Waals, and hydrophobic interactions.

Diffusion in a rough potential has been shown to decrease
exponentially with the amplitude of roughness (Zwanzig,
1988). The energy landscape roughness of a receptor–ligand
system is predicted to result in a dramatic drop of the
dissociation rate. Thus, the large roughness detected in the
streptavidin–biotin energy landscape may contribute to the
slow dissociation kinetics of the complex. This slowing of
the dissociation kinetics might be more pronounced at low
temperatures. We indeed observed such an effect at the
lowest temperatures tested, especially at the low loading
rates regime, where we found higher roughness amplitude.
The observed roughness may also explain the high scattering
in the unbinding forces reported in the literature from force
spectroscopy experiments (Pincet and Husson, 2005).
Indeed, if the energy landscape is rough, it is reasonable
to think that when biotin binds to streptavidin there are many
substates in which the complex may fall. The system will
hop from substate to substate until the ground, bound state is
reached. Thus, slight variations in the contact time of the
different experimental conditions may lead to detectable
changes in the unbinding force. This is in agreement with the
experiments reported by Pincet and Husson (2005), in which
force changed considerably with the time the complex
remained bound. The authors suggested a third energy
barrier with very slow association kinetics that may be again
explained if roughness is considered.

From the parameters obtained from our measurements
(Tables 1 and 2), we can roughly sketch the smooth and
rough energy landscape of our complex (Figure 5). It is
important to remark that the roughness sketched in the figure
has been randomly generated from a Gaussian distribution of
barrier heights with e standard deviation. In addition, the
characteristic length of the roughness is unknown and was
assumed to be much smaller than the dimensions of the
barrier widths. However, the picture gives an idea of how the
energy landscape can be modified if roughness is taken into
account.

In summary, we have determined the dynamic force
spectra at different temperatures of the streptavidin–biotin
Copyright # 2007 John Wiley & Sons, Ltd.
interaction using the AFM. Two loading regimes were
observed and interpreted as being governed by an outer and
an inner barrier. Fitting the Bell model to these regimes
enabled us to determine the dissociation rate and the barrier
positions at the tested temperatures. We also estimated the
free energy landscape roughness of the streptavidin–biotin
interaction. The linear regimes enabled us to localize the
roughness amplitude along the reaction coordinate. Rough-
ness increased considerably from the inner to the outer
barrier, an observation consistent with the structure of the
streptavidin–biotin complex.
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