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ABSTRACT: Molecular recognition such as antigen−antibody
interaction is characterized by the parameters of kinetics and the
energy landscape. Examinations of molecules involved in the
interaction at different temperatures using atomic force microscopy
(AFM) can provide information on not only the effects of
temperature on the unbinding force between a molecule of interest
and a complementary molecule but also the parameters of kinetics
and the energy landscape for dissociation of the molecular complex.
We investigated the effect of temperature on the dissociation process
of the complex of β-lactoglobulin and anti-bovine β-lactoglobulin IgG polyclonal antibody using AFM. Measurements of the
unbinding forces between β-lactoglobulin and the antibody were performed at 25, 35, and 45 °C. The following results were
obtained in our present study: (i) The unbinding forces decreased as temperature increased, suggesting that the binding force
between β-lactoglobulin and the antibody includes the force originating from temperature-dependent interactions (e.g., hydrogen
bonding). (ii) At each temperature, the unbinding force exhibited two linear regimes in the force spectra, indicating that the
dissociation process of the β-lactoglobulin−antibody complex passes at least two energy barriers from the bound state to the
dissociated state. (iii) The dissociation rates at zero force and the position of energy barriers increased as temperature increased.
(iv) The heights of the two energy barriers in the reaction coordinates were 49.7 kBT and 14.5 kBT. (v) The values of roughness
of the barriers were ca. 6.1 kBT and 3.2 kBT. Overall, the present study using AFM revealed more information about the
β-lactoglobulin−antibody interaction than studies using conventional bulk measurement such as surface plasmon resonance.

Molecular recognition such as receptor−ligand and
antigen−antibody interactions plays a crucial part in

biological systems. The interaction is characterized by kinetic
parameters, such as association and dissociation rates, and an
energy landscape consisting of potential energy barriers along
reaction coordinates. Examination of the temperature depend-
ence of the rate constants for the interaction can provide the
activation energy that corresponds to the height of the energy
barrier in the energy landscape. Several techniques have been
employed to determine the rates of the antibody−antigen
interaction, including surface plasmon resonance (SPR) and
stopped-flow techniques.1−5 In these techniques, data are
obtained by bulk measurements.
In the past decade, dynamic force spectroscopy (DFS),

which consists of measurements of the unbinding forces
(intermolecular forces) between a molecule of interest and a
complementary molecule at the single-molecule level using an
atomic force microscope or optical tweezers, and analyses of
the resulting force spectra (the unbinding force versus loading
rate) have been employed to investigate the dissociation rate at
zero force, which is thought to correspond to the dissociation
rate obtained by bulk measurements. In addition, DFS can
provide information about the position of the energy barrier in
the reaction coordinate for the interaction, which cannot be

obtained from bulk measurements.6−9 Until now, several DFS
measurements of the interaction between biomolecules such as
avidin/streptavidin−biotin10−18 and antibody−antigen sys-
tems19−27 have been performed to investigate the dissociation
rate at zero force and position of the energy barrier.
Furthermore, some recent studies have shown that

examination of the temperature dependence of the parameters
using DFS can provide the values of the activation energy and
energy landscape roughness.28−30 On the other hand, in bulk
measurements and conventional DFS measurement, the surface
of the energy landscape is idealized to be smooth, but the real
surface is considered to be rough and rugged. The roughness
obtained from DFS corresponds to that of the real surface.
Therefore, DFS analyses at several temperatures offers
information about not only the temperature effect on the
intermolecular force between the molecule of interest and
complementary molecule but also the various parameters of the
energy landscape as well as the kinetics for the interaction. In
DFS measurements of the molecular interaction, the activation
energy and energy landscape roughness for the interaction
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between the streptavidin−biotin14 and GTPase Ran-importin−
β systems31 have been reported. However, there have been no
reports on the DFS measurements of the activation energy and
roughness for antibody−antigen interaction. Measurements of
the unbinding forces between antibody and antigen at different
temperatures by DFS may provide more information than
those carried out at room temperature.
Several methods used for the measurement of the unbinding

force between antibody and antigen at room temperature by
atomic force microscopy (AFM) have limitations. This is
because some studies have reported that the unbinding forces
are often obscured by nonspecific adhesive forces between the
atomic force microscope probe (cantilever) and the surface of
the substrate.32,33 To precisely measure the unbinding force
by AFM, one should reduce the nonspecific adhesive force.
Recently, we demonstrated that use of a nonreactive protein and
detergent, which have been widely used to reduce background
signals originating from nonspecific interactions in standard
immunoassays such as the enzyme-linked immunosorbent assay
(ELISA) and kinetic measurements such as SPR, are useful for
reducing the nonspecific adhesive force.34

In the present study, we developed an experimental condition
for reducing the nonspecific adhesive force in the measurement
of the unbinding force between β-lactoglobulin (one of the
major allergens in bovine milk) and anti-β-lactoglobulin antibody
using AFM, and we examined the temperature effect on the
unbinding force. Moreover, we determined the parameters of
the kinetic and energy landscape for the β-lactoglobulin−
antibody interaction from the force spectra obtained by AFM
measurements.

■ EXPERIMENTAL PROCEDURES
Chemicals. β-Lactoglobulin from bovine milk and ferritin

(type I saline solution) were purchased from Sigma-Aldrich
(St. Louis, MO). Antibovine β-lactoglobulin IgG polyclonal
antibody was purchased from Shima Laboratories Company
Limited (Tokyo, Japan). EDC and NHS were purchased from
Pierce (Rockford, IL). Tween 20 (Nacalai Tesque, Kyoto,
Japan) was used as the detergent, and bovine serum albumin
(BSA; Chon Fraction V powder, Iwai Chemical, Tokyo, Japan)
was used as the nonreactive protein for reducing the
nonspecific adhesive force. The blocking solution contained
0.1% (v/v) Tween 20 and 0.1% (w/v) BSA in PBS.
Preparation of Cantilevers. Anti-β-lactoglobulin antibod-

ies were immobilized to gold-coated cantilevers (OMCL-
TR400PB-1, Olympus, Tokyo, Japan) via self-assembled
monolayers (SAMs) by activating 7-carboxyl-1-heptanethiol
with 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) using a
method similar to that described in our previous article.34

First, the cantilever was washed in piranha solution (H2SO4/
30% H2O2, 70%/30% (v/v)), and then SAMs of 7-carboxy-1-
heptanethiol were prepared by immersing the cantilever in a
solution of 0.5 mg/mL 7-carboxy-1-heptanethiol in ethanol for
16 h. (CAUTION: the piranha solution has very strong oxidizing
power and should be used with extreme caution.) Carboxylic acid
terminal groups of 7-carboxy-1-heptanethiol of the SAMs
cantilever were activated by 10 mg/mL EDC and 5 mg/mL
NHS in 0.1 M MES buffer (pH 6.0) for 30 min. The activated
cantilever was incubated in 0.01 mg/mL anti-β-lactoglobulin
rabbit polyclonal IgG in 0.1 M MES buffer (pH 6.0) for 4 h to
form cross-links between the cantilever and antibodies. The
cantilever was then immersed in 20 mM glycine in 0.1 M MES

buffer (pH 6.5) for 30 min to block unreacted sites and rinsed
with phosphate-buffered saline (PBS).

Evidence of Specific Interaction. To ascertain if the
antibodies immobilized on the cantilever have a specific binding
ability to the antigen on the substrate, three experiments were
carried out, as described below.
(a) The surface of the cantilever-immobilized β-lactoglobulin

antibodies in the blocking solution (see the Chemicals
subsection) was observed under a fluorescence microscope
after reacting with 1.0 μM β-lactoglobulin (antigen) or ferritin
(nonantigen) labeled with fluorescent dye (Cy3-reactive dye;
GE Healthcare, Piscataway, NJ) in the blocking solution for 1 h.
The fluorescent proteins were prepared according to the
manufacturer’s protocol.
(b) AFM measurements of the unbinding force between

β-lactoglobulin antibodies immobilized on the cantilever and
β-lactoglobulin or ferritin immobilized on the substrate (see the
Preparation of Substrate subsection) were carried out at 25 °C
in PBS alone or in the blocking solution (see the DFS
subsection).
(c) AFM measurements of the unbinding force between the

antibodies immobilized on the cantilever and β-lactoglobulin
immobilized on the substrate were carried out in the blocking
solution to which β-lactoglobulin (1.0 μM) is added.
In experiments (b) and (c), all the detected unbinding events

were grouped according to retraction velocity and histograms
were generated.

Preparation of Substrate. β-Lactoglobulin or ferritin was
covalently immobilized on a substrate using a similar method
to that described in our previous paper.34 First, freshly cleaved
mica was silanized with the vapor of (3-aminopropyl)-
triethoxysilane in nitrogen gas for 12 h. The silanized mica
was immersed in 0.5% (v/v) glutaraldehyde for 1 h. Then the
mica was washed with water and PBS. Next, β-lactoglobulin
(antigen) or ferritin (nonantigen) solution in PBS was dropped
onto the mica and incubated for 20 min. Next, the protein-
immobilized mica was rinsed with PBS to remove unbound
protein molecules.
β-Lactoglobulin and ferritin solution (in PBS) of two con-

centrations were used: 1 μM and 10 nM. For the immunoassay
of the antibody immobilized on the cantilever, a higher
concentration solution was used to increase the probability of
unbinding events between the antibodies immobilized on the
cantilever and β-lactoglobulin or ferritin immobilized on the
substrate, which originate from not only a single-molecule but
also a multiple-molecule interaction. For the evaluation of the
effect of temperature on the β-lactoglobulin−anti-β-lactoglo-
bulin antibody interaction using AFM, a lower concentration
solution was used to increase the probability of the unbinding
events that mainly originate from the single-molecule
interaction.

DFS. The unbinding forces between antibodies and proteins
were estimated on the basis of force−distance curves, which
were measured using a commercial atomic force microscope
(Nano wizard, JPK Instruments, Berlin, Germany). To obtain
the unbinding forces at various loading rates, force−distance
curves were recorded at different approach/retraction velocities
of the cantilever, ranging from 50 nm/s to 10 μm/s. AFM
measurements were carried out in PBS or blocking solution
at 25, 35, and 45 ± 0.1 °C. For measurements obtained at
fast retraction rate (≥2 μm/s), the value of the measured force
was corrected for hydrodynamic drag forces acting on the
cantilever. The hydrodynamic force was estimated using the
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method described by Janovjak et al.35 The temperature of the
specimens was controlled using a commercial temperature
controller for AFM (BioCell, JPK Instruments, Berlin,
Germany). The spring constant of each cantilever at each
temperature was determined by thermal fluctuation analysis.36

The spring constants of the cantilevers were 0.017−0.035 N/m
as determined by the thermal fluctuation analysis. The typical
result of the analysis is shown in Figure S1 of the Supporting
Information.
Data Analyses of AFM Measurements of the Temper-

ature Effect on Parameters of the Kinetics and Energy
Landscape. The unbinding force that originates in the
breaking of the bond between the antibody and β-lactoglobulin
was determined on the basis of the maximum downward
deflection of the cantilever during the retraction phase in the
force−distance curve (Figure 1). The loading rate (r) was
estimated using eq 1:

=r cv (1)

where c and v are the slope of the force−distance curve and the
retraction velocity of the cantilever, respectively. The slope c
was estimated by linearly fitting the slope of the force−distance
curve at the prior rupture point.24 All the detected rupture
events were grouped according to loading rates, and histograms
were generated. About 200−1000 rupture events were used to
generate each histogram. The most probable unbinding forces
(F) were determined by fitting the histogram with a double-
Gaussian function using a least-squares method. The first peaks
were assigned as a one-paired unbinding force on the basis of
the following considerations: An adhesion frequency in the
measurements of the temperature effect on the unbinding force
was ca. 5%. According to Poisson statistics, this frequency (5%)
ensures a >97% probability that the adhesion event is mediated
by a single molecule.10,37 Also, β-lactoglobulin exists as a
homodimer under the present experimental conditions.56

Therefore, most unbinding forces are considered to be originated
from interaction between one molecule of β-lactoglobulin dimer
and the antibody or interaction between two molecules of
β-lactoglobulin dimer and the antibody. Furthermore, the values
of most probable unbinding forces obtained from fitting the
double-Gaussian function to the histogram were tested by a
nonparametric test based on the kernel density estimation
function (see Figures S4 and S5 in the Supporting Information).

Finally, these most probable unbinding forces, which
originated from a one-pair molecule event, were plotted against
the loading rate.
The dissociation rate at zero force (koff) and the position

(Δx) of the energy barrier in the energy landscape were
determined by fitting the force−loading rate curve with the
following Bell model:
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The energy landscape surface roughness (ε) of the
β-lactoglobulin−antibody interaction was calculated using
Nevo’s modification of the Hyeon and Thirumalai approxima-
tion, as follows:
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where ΔF0 is the height of each potential (the activation energy)
and r(T1) and r(T2) are the loading rates at two different
temperatures (T1 and T2, respectively), which cause the same
unbinding force.31 ΔF0 was determined by fitting the koff versus
absolute temperature curve with the Arrhenius law (i.e., koff = A
exp(−ΔF0/kBT), where A is a constant).
All data are reported as mean ± standard error.

■ RESULTS
Evidence of Specific Interactions. First, the binding

ability of the antibodies immobilized on the cantilever to the
antigen protein was investigated by observing the binding
efficiency of the fluorescence-labeled β-lactoglobulin (antigen)
or ferritin (nonantigen) to the surface of the cantilever. Figure 2

shows a fluorescence image of the surface of the cantilever that
reacted with the fluorescent β-lactoglobulin (Figure 2A) or
ferritin (Figure 2B). Fluorescent spots were observed on the
surface of the cantilever reacted with the β-lactoglobulin labeled
with the fluorescent dye. In contrast, no such spots were
observed on the surface reacted with the fluorescent ferritin.
These results indicated that the antibodies immobilized on the
cantilever specifically bind to β-lactoglobulin.
AFM measurements of the unbinding force between the

antibodies immobilized on the cantilever and the proteins

Figure 1. Representative example of the force−distance curve acquired
at the retraction velocity of 1.0 μm/s and at 25 °C. F and c are the
slope of the force−distance curve and the unbinding force,
respectively. The loading rate and unbinding force were determined
from the curves as described in the text (see Data Analysis of the
Measurements of the Temperature Effect on the Parameters of
Kinetics and Energy Landscape by AFM in the Experimental
Procedures section).

Figure 2. Fluorescent images of the surface of antibodies immobilized
on the cantilever. (A) and (B) show the surfaces reacted with Cy3-
labeled β-lactoglobulin and Cy3-labeled ferritin, respectively.
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immobilized on the substrate were carried out. The results of
the force measurements recorded at the retraction velocity of
1.0 μm/s at 25 °C are summarized in Figure 3. In the absence
of Tween 20 and BSA, the distribution of the unbinding forces
between the anti-β-lactoglobulin antibody immobilized on the
cantilever and β-lactoglobulin (antigen) immobilized on the
substrate (Figure 3A) was similar to that of the forces between
the antibodies immobilized on the cantilever and ferritin
(nonantigen) immobilized on the substrate (Figure 3B). These
results indicated that, in the absence of the nonreactive protein
and detergent, most forces between the antibodies immobilized
on the cantilever and protein on the substrate probably
originate from nonspecific interactions.
In our previous report,34 we showed that use of a detergent

and nonreactive protein is effective in reducing the nonspecific
interaction in AFM measurement of the unbinding force
between antibody and antigen. Therefore, next, the force
measurements were carried out in blocking solution (i.e., in the
presence of BSA (nonreactive protein) and Tween 20
(detergent)). The distribution of the unbinding forces between
the antibodies immobilized on the cantilever and β-lactoglobulin
immobilized on the substrate in the presence of BSA and
Tween 20 (Figure 3C) was almost identical to distribution of
the unbinding forces in the absence of BSA and Tween 20
(Figure 3A). In contrast, the unbinding forces between the
antibodies on the cantilever and ferritin on the substrate in the
presence of BSA and Tween 20 (Figure 3D) decreased more
significantly than those in the absence of BSA and Tween 20
(Figure 3B). Figure S2 shows a typical force−distance curve
between β-lactoglobulin antibody immobilized on the cantilever
and ferritin immobilized on the mica in the presence of 0.1%

BSA and Tween 20. The values of most unbinding forces
between the antibodies on the cantilever and ferritin on the
substrate in the presence of BSA and Tween 20 were below the
detection limit (<10 pN). Furthermore, to confirm that the
specific antibody−antigen interaction was causing the observa-
tions in the unbinding force measurements when Tween 20 and
BSA were present in the experimental solution, the unbinding
force measurements were carried out in the blocking solution
to which free β-lactoglobulin was added. Figure S3 shows a
typical force−distance curve between β-lactoglobulin antibody
immobilized on the cantilever and β-lactoglobulin immobilized
on the mica the presence of 0.1% BSA, Tween 20, and free
β-lactoglobulin. Most of the unbinding forces between the
anti-β-lactoglobulin antibodies on the cantilever and the
β-lactoglobulin on the substrate were not observed within our
detection limit (Figure 3E). In addition, similar results were
observed for the measurements at different retraction velocities
and temperatures (data not shown).
These results indicate that the unbinding forces between

the anti-β-lactoglobulin immobilized on the cantilever and the
β-lactoglobulin immobilized on the substrate in the presence of
Tween 20 and BSA without excess β-lactoglobulin originated
from the specific antibody−antigen interaction.

AFM Measurements of the Temperature Effect on the
Energy Landscape. To investigate the effect of temperature
on the unbinding force between anti-β-lactoglobulin antibody
and β-lactoglobulin, as well as the parameters of kinetics and
energy landscape for the interaction, force measurements
were carried out at different temperatures in the presence of
BSA and Tween 20. Figure 4 shows representative histo-
grams from comparable loading rates at 25 and 45 °C. Also,

Figure 3. Distribution of unbinding forces measured under different conditions at the retraction velocity of 1.0 μm/s and at 25 °C. (A) and (B)
show the distribution of forces between β-lactoglobulin antibody immobilized on the cantilever and β-lactoglobulin (antigen) immobilized on the
mica and between the cantilever and ferritin (nonantigen) immobilized on the mica in PBS alone, respectively. (C) and (D) show the distribution of
forces between the cantilever and β-lactoglobulin on mica and between the cantilever and ferritin immobilized on mica in PBS with 0.1% BSA and
Tween 20, respectively. (E) shows the distribution of forces between the cantilever and β-lactoglobulin on mica in PBS with 0.1% BSA, Tween 20,
and free β-lactoglobulin. All histograms were normalized to the total counts of the force curve measurements at each experimental condition.
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Figures S4 and S5 show typical density plots of the loading
rates and the unbinding forces obtained from the kernel
density estimation function analysis. As can be seen from these
figures, the density plots obtained from the analysis were similar
to the distribution obtained from the histograms. Furthermore,
the value of the most probable unbinding forces obtained the
analysis were almost same as those obtained from fitting the
double-Gaussian function to the histograms. Similar results
were observed in the comparisons between the histogram and
the density plot from the kernel density estimation function
analysis at different loading rates and temperatures (data not
shown).
The most probable unbinding forces, which were estimated

by fitting the double-Gaussian function to each histogram of
the unbinding forces, were plotted as a function of loading rates
in Figure 5. At comparable loading rates, the unbinding forces
decreased as temperature increased (Figures 4 and 5). At each
temperature, the unbinding force exhibited two linear regimes
(Figure 5). To obtain the dissociation rate at zero force and the
position of the energy barrier for the antibody−β-lactoglobulin
interaction, each of the two regimes, shown in Figure 5, were
fitted by the Bell model (eq 2). The parameters of the
interaction obtained from the Bell model at each temperature
are summarized in Table 1. The dissociation rate and position
of the energy barrier increased as temperature increased.
Energy landscape surface roughness of the antibody−

β-lactoglobulin interaction was determined as follows. First,
the activation energy (the height of the energy barrier) of the
outer and inner transition states was determined using the
Arrhenius law. The heights of the inner and outer barriers
obtained from the Arrhenius law were 49.7 kBT and 14.5 kBT,
respectively. Next, the energy landscape surface roughness was
calculated using eq 3. Table 2 summarizes the energy landscape
surface roughness that we computed at five unbinding forces.
The values of the energy landscape roughness were approxi-
mately 10−20% of the height of the energy barrier.

Schematic Diagram of the Energy Landscape for the
β-Lactoglobulin−Antibody Interaction. Using the param-
eters obtained from the present study, we can sketch a one-
dimensional energy landscape for the dissociation process of
the β-lactoglobulin−antibody complex (Figure 6). In Figure 6,
the amplitude of each roughness is assumed to be a Gaussian
distribution of barrier heights with standard deviation ε.
Figure 6 shows how the energy landscape can be modified if
the roughness is considered.

■ DISCUSSION
We investigated the effect of temperature on the β-lactoglobulin−
anti-β-lactoglobulin antibody interaction using AFM. Such a

Figure 4. Representative distributions of the unbinding forces between anti-β-lactoglobulin antibody immobilized on the cantilever and
β-lactoglobulin immobilized on the mica measured at different loading rates and at different temperatures. (A) Distribution of forces measured at
25 °C. (B) Distribution of forces measured at 45 °C. All histograms were normalized to the total count of detection events that originated from the
specific interaction between anti-β-lactoglobulin antibody and β-lactoglobulin. The solid lines at each histogram are the corresponding double-
Gaussian function fittings used to extract the most probable unbinding force.

Figure 5. Dynamic force spectra (most probable unbinding force
versus loading rate) for the anti-β-lactoglobulin antibody−
β-lactoglobulin interaction. The first peaks in the distribution of
the unbinding force measured at each loading rate and temperature
was used as the most probable force (see Data Analysis of the
Measurements of the Temperature Effect on Parameters of the
Kinetics and Energy Landscape by AFM in the Experimental
Procedures section).
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study can provide information about not only the intermo-
lecular force (unbinding force) between a molecule of interest
immobilized on the cantilever and a complementary molecule
immobilized on the substrate but also the parameters of the
energy landscape and kinetics for the dissociation process of the
complex of the molecule of interest and complementary
molecule. Our study attempts to evaluate for the first time the
effect of temperature on the antigen−antibody interaction
using AFM. Here, for this investigation, we performed three
procedures. First, we developed methods for reducing non-
specific signals in the AFM measurements of the β-lactoglobulin−
antibody interaction because several studies using AFM reported
that the force between antibody and antigen are often obscured
by nonspecific signals.32−34 Second, we measured the unbinding
forces between β-lactoglobulin and the antibody at different
temperatures using these methods. Lastly, we determined the
parameters of kinetics and energy landscape for the dissociation
process of the β-lactoglobulin−antibody complex from the
resulting force data.

Evidence of Specific Interactions. Some studies have
reported that in the measurements of the unbinding force
between antigen and antibody molecules using AFM forces
are often obscured by the lack of mobility of the molecule on
the cantilever and nonspecific adhesive forces between the
antibody immobilized on the cantilever and the surface of the
substrate.32−34 Several attempts have been made to overcome
the difficulty of molecular mobility,19,38−41 but few studies
have reported on how to reduce nonspecific adhesive forces. We
have previously shown that use of a detergent and nonreactive
protein is useful for reducing nonspecific adhesive forces in the
measurement of the unbinding force between ferritin and
polyclonal antiferritin IgG antibody using AFM.34 In the
present study, in the absence of BSA (nonreactive protein) and
Tween 20 (detergent), the distribution of unbinding forces
between the anti-β-lactoglobulin IgG antibody immobilized on
the cantilever and ferritin (nonantigen) immobilized on the
substrate was similar to that between the antibody immobilized
on the cantilever and β-lactoglobulin (antigen) immobilized on
the substrate. This finding indicated that the forces in the
absence of both nonreactive protein and detergent contained
nonspecific adhesive force. Conversely, in the presence of BSA
and Tween 20, distinct changes in the distributions of the forces
between β-lactoglobulin and the ferritin-coated substrate were
observed. Moreover, in the presence of free β-lactoglobulin as
well as Tween 20 and BSA, the force decreased (Figure 3C−E).
Therefore, we could readily measure the forces originating from
the specific interaction between β-lactoglobulin and anti-β-
lactoglobulin antibody using the experimental solution contain-
ing the detergent and nonreactive protein.
Detergents and nonreactive proteins have been widely used

to reduce the background signal originating from nonspecific
interactions in conventional immunoassays such as ELISA42,43

and kinetic measurements such as SPR.44−48 Nonreactive
proteins have also been used to reduce nonspecific signals in
recent single-molecule experiments of motor proteins, such as
the in vitro motility assay49−51 and force measurements using
optical tweezers.52,53 Our previous and present studies
demonstrates that a similar strategy for the immunoassay and
single-molecule experiments (i.e., use of a detergent and
nonreactive protein) are useful for reducing the nonspecific
adhesive forces in the AFM measurement of the unbinding
force between antigen and antibody.

Temperature Effects on the Unbinding Force be-
tween β-Lactoglobulin and Anti-β-lactoglobulin Anti-
body. The unbinding forces between β-lactoglobulin and
antibody obtained from the present study at 25 °C were in the
same range as reports of AFM measurements of other
antibody−antigen systems at room temperature.19−27

In the previous measurements of the antibody−antigen
system using AFM, several linker molecules have been used
to tether the molecule of the interest to the surface of the
AFM tip and/or the substrate in the proper orientation for
maximum complementary molecule binding. For example,

Table 1. Parameters of the Anti-β-lactoglobulin Antibody−β-Lactoglobulin Interaction As Obtained from the Bell Modela

low loading rate high loading rate

T (°C) x1 (nm) koff
1 (s−1) x2 (nm) koff

2 (s−1)

25 0.828 ± 0.065 (4.48 ± 3.78) × 10−4 0.165 ± 0.004 1.99 ± 0.22
35 0.916 ± 0.086 (1.74 ± 1.55) × 10−3 0.173 ± 0.003 3.21 ± 0.24
45 0.969 ± 0.09 (1.02 ± 0.75) × 10−2 0.186 ± 0.004 4.94 ± 0.28

axi, potential position; koff
i, dissociation rate at zero force.

Table 2. Energy Landscape Roughness (ε) Determined by
Eq 3

ε (kBT) for T1, T2 (°C)

barrier F (pN) 25, 35 25, 45 35, 45

outer 43 5.91
53 6.23

inner 70 2.93 3.17 3.35
120 2.93 3.17 3.35
170 2.93 3.17 3.35

Figure 6. Diagram of a smooth (thin line) and rough (thick line)
energy landscape for the anti-β-lactoglobulin antibody−β-lactoglobulin
interaction at 25 °C assuming Gaussian-distributed roughness
amplitudes.
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Hinterdorfer et al. used poly(ethylene glycol) (ca. 8 nm in
length) as the linker molecule.19 In contrast, compared with
these previous measurements using the linker molecule for the
proper orientation, the length of the linker molecule used in
our present study (ca. 1 nm) is short. Nevertheless, the
unbinding force between β-lactoglobulin and the antibody at
25 °C was in the same range as reports of other antibody−
antigen systems at room temperature. The similarity suggests
that the linker molecule used in our present study is sufficient
for the antigen binding.
As the temperature was increased, the unbinding forces

decreased over the entire range of loading rates (Figure 5).
There are two possibilities to explain this result: (i) the
unbinding forces between β-lactoglobulin and antibody include
forces that originate from temperature-dependent interactions,
such as hydrogen bonding, and (ii) the secondary and/or
tertiary structures of β-lactoglobulin is destroyed by heating.
As a result, the denatured β-lactoglobulin reduced the immuno-
activity of the anti-β-lactoglobulin antibody. The denaturing
process of β-lactoglobulin induced by heating has been
investigated using various physicochemical techniques such as
circular dichroism analyses,54−56 differential scanning calorim-
etry,57−59 and fluorescence measurements.60−62 According to
these studies, thermal denaturation of β-lactoglobulin at neutral
pH occurs through different steps characterized by well-defined
temperature thresholds as follows. First, at ca. 50 °C, the native
β-lactoglobulin transitions into the R state. The conformation
of the R state differs from that of the native state in a few side
chains and accessibility of a free thiol group, but there are no
major differences in the secondary and tertiary structure
between the native and R states. Next, the R state transits into
the molten globule state at ca.70 °C. Finally, at ca.130 °C, the
molten globule state transitions into the unfolded state. Also,
Kaminogawa et al. demonstrated that the binding constants
between β-lactoglobulin and five anti-β-lactoglobulin mono-
clonal antibodies at temperatures ranging from room temper-
ature to 97 °C correlated with the denaturation process of
β-lactoglobulin induced by heating and that the binding constant
at temperatures ranging from room temperature to 60 °C was
almost identical.63 These studies showed that the major
secondary and tertiary structural changes of β-lactoglobulin do
not occur at the temperature range used in the present study
(25−45 °C). Therefore, we conclude that probably (i) is the
case. This hypothesis may be supported by the results from X-ray
crystal structure analysis of the IgE Fab fragment in complex with
β-lactoglobulin, as determined by Niemi et al.64 They reported
that there are two salt bridges and 13 hydrogen bonds between
β-lactoglobulin and the IgE Fab fragment. Furthermore, they
compared the epitopes of the IgE Fab fragment−β-lactoglobulin
system obtained from the X-ray crystal analysis with those of IgG
antibody−β-lactoglobulin system obtained from studies using
decapeptides synthesized according to the known amino acid
sequence of β-lactoglobulin,65 PEPSCAN assay with 151
overlapping dodecapeptides,66 and a competitive immunoassay
with 52 monoclonal antibodies.67 From the results of these
comparisons, they speculated that the epitopes of the IgG−
β-lactoglobulin system may have overlapping areas with minor
antigenic sites, even though the epitopes of the IgE Fab
fragment−β-lactoglobulin system are not located in the most
antigenic area accessible for IgG. Therefore, there may have been
some hydrogen bonds between β-lactoglobulin and IgG
antibody, which is used in the present study.

Also, previous studies using these peptides have shown that
epitopes of the IgG polyclonal antibody−β-lactoglobulin
system are mainly located in the same region as those of IgG
monoclonal antibody and IgE polyclonal antibody−β-lactoglo-
bulin system.65−67 Thus, similar results to our present study
may be observed in the IgG monoclonal antibody and the IgE
polyclonal antibody−β-lactoglobulin system.

Temperature Effects on the Parameters of the Energy
Landscape and Kinetics. At each temperature, two regimes
were observed in the force spectra (Figure 5). These findings
indicate that the dissociation process of the β-lactoglobulin−
antibody complex passes at least two energy barriers from the
bound state to dissociated state. The two regimes have been
observed in other antibody−antigen systems.21,22,24,25,27 To
confirm whether there are at least the two energy barriers for
the dissociation process of the β-lactoglobulin−antibody
complex, the force spectra were fitted by the Dudko−Hummer
model as follows:
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where ΔG, koff, and Δx are the activation energy, the
dissociation rate at zero force, and the position of the energy
barrier, respectively. ν is a scaling factor, and β is (kBT)

−1.68

In the fitting of the Dudko−Hummer model to the force
spectra, two microscopic models were used: linear cubic theory
(ν = 2/3) and the cusp theory (ν = 1/2). Until now, the Bell
model has been mainly used to determine the parameters of the
kinetics and the energy landscape from the force spectra
obtained from AFM measurements. Recently, not only the Bell
model but also the Dudko−Hummer model has been used
to determine the parameters.68,69 In the Dudko−Hummer
model, it is assumed that there is a single energy barrier in the
reaction coordinate. Figure S6, Table S1, and Table S2 in the
Supporting Information show results of Dudko−Hummer
model fitting. As can be seen in Figure S6, at low loading
rate region, the values of the most probable rupture force
calculated by the Dudko−Hummer model are significantly
different from the experimental data. The differences at low
loading rate region indicate that the Dudko−Hummer model
cannot be applied to our present experimental results. Also,
similar differences at the low loading rate region are observed in
results of fitting of Bell model for a single energy barrier (the
result not shown). Therefore, the differences probably arise
from the assumption that there is a single energy barrier in the
reaction coordinate. From these considerations, we concluded
that in dissociation process of the β-lactoglobulin−antibody
complex the two energy barrier model is more adequate than a
single energy barrier model.
Table 1 shows the parameters of the energy landscape and

kinetics for the interaction obtained from the Bell model (eq 2)
fitting of each regime shown in Figure 5. The position of each
energy barrier slightly increased as temperature increased,
suggesting that the size of the complex of β-lactoglobulin and
the antibody increases as temperature increases. As mentioned
above, the major secondary and tertiary structural changes of
β-lactoglobulin are considered not to occur in the temperature
range used in the present study. Therefore, the temperature
effect on the position may reflect moderate swelling of the
tertiary structure of the complex. This is probably due to
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changes in the distance of the hydrogen bond in the complex
induced by heat.
The temperature dependences of the position of the barrier

have been observed in previous DFS measurements of the
dissociation process between the molecular complex and
protein-unfolding process. Rico and Moy showed that the
position of the inner barrier for the dissociation process of the
streptavidin−biotin interaction changed from 0.09 to 0.15 nm,
whereas the position of the outer barrier for the interaction did
not change considerably (<22%) as temperature increased from
17 to 37 °C.14 Nevo et al. reported that the position of
the energy barrier for the dissociation process of the GTPase
Ran−importin-β interaction decreased from 0.44 to 0.21 nm as
temperature increased from 7 to 32 °C.31 That is, the increase/
decrease and the magnitude of the temperature effect on the
position of the energy barrier for the dissociation process of
the β-lactoglobulin−antibody interaction were different from
those obtained in previous studies. The differences between the
values from previous studies and the present study may reflect
differences in the origin of the intermolecular forces between
molecular complexes. This hypothesis may be supported by
two findings from previous studies. First, according to X-ray
crystal structure analysis, the bound complex of streptavidin−
biotin is formed by a network of ≥7 hydrogen bonds. In
addition, hydrophobic and van der Waals contributions from at
least three tryptophan contacts stabilize the molecular complex
of streptavidin and biotin.14,70−72 That is, the origins of
intermolecular forces between β-lactoglobulin and antibody are
different from those between streptavidin and biotin. Second,
in general, the origin of the intermolecular forces between
antibody and antigen and that of between the intermolecular
forces ligand and receptor is due to noncovalent interaction
(e.g., hydrogen bonding and hydrophobic interaction). Such
interactions also are the origin of the force for stabilizing the
tertiary structure of proteins. In protein-unfolding studies by
DFS, the increase/decrease and magnitude of temperature
effects on the position of the energy barrier for the protein-
unfolding process are different among protein species. The
differences may be mainly due to the relative importance of
hydrophobic interactions to hydrogen bonds in the formation
of the transition state of each protein.73 Thus, the differences in
the effects of temperature on the position of the energy barrier
between the present and previous studies may reflect
differences in the composition of noncovalent interactions.
The dissociation rates obtained from the present study at

low loading rate at 25 °C were in the same range as seen in
previous bulk measurements of the dissociation rate (kdis)
for the β-lactoglobulin−IgE Fab fragment interaction (kdis =
(1.61 ± 0.2) × 10−3 and (8.05 ± 0.2) × 10−3 s−1)74 and
another antibody−protein antigen interaction at room temper-
ature using SPR (kdis = 10−4−10−2 s−1).4 In addition, the
dissociation rates at zero force increased as temperature
increased (Table 1). A similar temperature effect on the
dissociation rate has been observed in bulk measurements.44,49

These results suggest that the dissociation rates at zero force
for the complex of β-lactoglobulin and antibody obtained from
DFS reflect the same event observed in bulk measurements.
This is in accordance with reports of the AFM measurement of
other molecular interactions.24

The values of the height of the inner and outer potential
barriers obtained from the Arrhenius law were 49.7 kBT and
14.5 kBT. The values of the heights obtained from the present
study are similar to the values of the activation energy of the

dissociation process of complexes of other antigen−antibody
systems obtained from previous bulk measurements.1,44,46,47 In
addition, in the presence of inner and outer potential barriers in
the reaction coordinates, the difference in their heights (ΔΔG)
is given by

ΔΔ =G k T k kln( / )B off
1

off
2

(4)

where koff
i is the dissociation rate at zero force of each transition

state.9,14 The value of the difference between our results at
25 °C using eq 4 was 8.4 kBT, which is smaller than that
obtained from the Arrhenius law. The differences between the
values obtained from the Arrhenius law and eq 4 may contribute
to the fitting of the Arrhenius law to fewer data points.

Energy Landscape Roughness. In general, the real surface
of the energy landscape is considered to be rough and
rugged.29−31 Until now, the roughness value has been estimated
using only computer simulation and theory. Recently, several
authors reported methods for direct measurements of roughness
using DFS.28−31 In the present study, we determined the
roughness of the β-lactoglobulin−antibody interaction on
the basis of the method by Nevo et al.31 The roughness for
the inner and outer barriers of the dissociation process of the
β-lactoglobulin−antibody complex was ca. 6.1 kBT and 3.2 kBT,
respectively (Table 2). Similar values have been reported in the
AFM measurements of other molecular interactions, such as
the unbinding forces of streptavidin−biotin (4.9−9.8 kBT)

14 and
GTPase Ran−importin-β (5.7 kBT) complexes.31 In addition,
similar values have been observed in AFM measurements of the
unfolding process of proteins, such as the unfolding of the
transmembrane helices of bateriorhodopsin (4−6 kBT)

75 and
that of titin (4.3 kBT).

73 The similarity in the roughness values
between the present and previous studies suggests a common
origin of roughness. Rico and Moy speculated that the origin of
roughness of the streptavidin−biotin interaction was due to
competition between solvent water molecules with hydrogen
bonds that stabilized the complex and to the flexibility of the
“3−4” loop of streptavidin, which may induce the multiple
conformational substates in the streptavidin−biotin complex.14

As mentioned above, several hydrogen bonds are thought to
be in the β-lactoglobulin−antibody interface. Thus, the
roughness of the β-lactoglobulin−antibody interaction obtained
in the present study may originate from the competition of
solvent water molecules with hydrogen bonds that stabilize the
β-lactoglobulin−antibody complex.

■ CONCLUSIONS

We investigated the effect of temperature on the interaction
between β-lactoglobulin and the IgG polyclonal antibody
using AFM. The unbinding forces between β-lactoglobulin and the
anti-β-lactoglobulin antibody decreased as temperature increased.
The dissociation rates at zero force and the barrier positions of the
dissociation process of the β-lactoglobulin−antibody complex
were determined by fitting the Bell model to the force spectra.
The dissociation rates and barrier positions increased as
temperature increased. Furthermore, we determined the height
of the potential barrier in the reaction coordinate and energy
landscape roughness of the β-lactoglobulin−antibody interaction.
The present study showed that AFM measurements of the

unbinding forces at different temperatures can provide more
information than measurements of reaction rates at different
temperatures using conventional bulk measurements such
as SPR.
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