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By site-selective dynamic force spectroscopy realized with the combination of cross-linkers and anatomic
force microscope with a force feedback system, we have revealed, for the first time, that the slight
difference between the local structures of amino acid residues at the middle sites,

SER45 and THR35 for streptavidin and avidin, respectively, strongly affects the microscopic reaction

processes, i.e., the variation governs the type of bond as well as the fine structure of the potential

landscape. For streptavidin, a bridged or direct hydrogen bond is induced depending on the molecular

structure in the buffer solution. For avidin, in contrast, only a direct hydrogen bond is observed for all
the buffer solutions used in the experiment. Since final functions in a system are realized through the
assembly of local effects, the obtained results indicate the importance of analyzing the reaction processes

with respect to the local structures of molecules, for further development of nanoscale functional devices.

1. Introduction

The specific natures of functional molecules are governed by the
characteristics of their local structures and properties in many
cases."™ In fact, even in the reaction dynamics of complex materials
such as proteins, a variety of local structures, for example, affect the
steric hindrance of enzyme reactions;' > thereby, they play an
important role in governing total reaction processes. Therefore,
for further understanding of molecular recognition properties and
their application to the development of functional devices, it is of
great importance to analyze the reaction processes of molecules
with respect to a variety of local structures and their properties.
However, such an analysis has not been successfully carried out
because of the difficulty in discriminating the characteristics of the
selected site from complex interactions.

To investigate the microscopic processes, we performed site-
selective dynamic force spectroscopy (DFS)>2® on typical
ligand and receptor, namely, streptavidin/avidin—biotin
systems. Site-selective DFS is the method which enables us
to investigate the site-dependent stochastic process of a chemical
reaction of molecules at the single-molecule level.>>**

Fig. 1 shows schematics of the bonding structures of
streptavidin/avidin-biotin systems."> As is shown in
Fig. 1(a), the binding pocket of streptavidin has several
reaction sites with a hydrogen-bonding network, which are
classified into the following three groups depending on the
distance from the bottom of the binding pocket: (1) inner
binding sites of amino acid residues SER27, ASN23, TYR43
and ASP128, (2) middle binding sites SER45 and THR90, and
(3) outer sites ASN49 and SER88.!? On the other hand, as
shown by the schematic structure of the avidin molecule in
Fig. 1(b), avidin has three amino acid residues that are
different from those in streptavidin.®
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Fig. 1 Schematics of the bonding structures of (a) streptavidin—biotin
and (b) avidin—biotin complexes. Three different sites are indicated by
red letters. Orange dotted and blue circles indicate the inner and
middle binding sites discussed in text.

Although notable difference in the characteristics of two
molecules for chemical reactions cannot be probed by thermo-
dynamic method, the local variations between streptavidin and
avidin may provide a difference hidden behind the averaged
function when microscopic potential landscapes are directly
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probed. In fact, in the pioneering work’® by DFS on these
materials, although details could not be clarified in an
ordinary way, a slight difference in the value of potential
positions was observed between biotin/streptavidin (0.5 nm)
and biotin/avidin structures (0.3 nm). Furthermore, in a
previous paper, it was reported that reaction sites of streptavidin
and biotin form a bridged bond in 0.01 M phosphate (pH 7.4),
while they form a direct hydrogen bond in 0.05 M sodium
nitrate (pH 7),>* % suggesting a significant effect of ion species
in buffer solutions on the bond formation, which may also
result in a different bond formation for avidin. Therefore,
probing to obtain a deeper understanding of these typical
ligand-receptor systems is of great importance for providing a
general basis for designing and controlling the mechanism of
chemical reactions between two more complicated functional
molecules.

Using site-selective DFS, effects of the local variation in the
type of amino acid residues in streptavidin and avidin
molecules on their reaction dynamics with a biotin molecule
were studied in detail at the single molecular level, and critical
effects, which had been hidden behind the averaged function,
were revealed, for the first time.

2. Experimental
2.1 Sample preparation and buffer solutions

Fig. 2(a) shows a schematic illustration of a sample preparation.
A gold-coated cantilever (Bio-Lever, Olympus, 6 pN nm ™'
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Fig. 2 (a) Schematic illustrations of the apex of a modified cantilever.
Streptavidin or avidin is fixed to a SAM of 1,10-decanedithiol/
1-octanethiol (1/100 ratio) mixed solution on a Au-coated substrate
via a streptavidin—maleimide or avidin-maleimide structure. (b)—(d)
Procedures of obtaining potential barrier position shown in (e).

and 30 pN nm~', rectangular shape) was immersed into a
solution of 8-amino, 1-octanethiol hydrochloride molecules
(1 mM in ethanol) for 48 h to form a closely packed
self-assembled monolayer (SAM) with amino groups on the
surface. After rinsing with ethanol, the cantilever was immersed
into a solution of biotin-PEG3400-COO-NHS molecules
(Shearwater Polymers, 0.1 mM in ethanol) for 20 h to fix a
biotin (biotin-PEG) molecule onto the probe apex. Finally, the
cantilever was rinsed with ethanol.

For probing middle sites selectively, streptavidin/avidin
molecules were fixed via a streptavidin—maleimide or an
avidin-maleimide structure on the substrate.?>?* First, as a
substrate, a thin gold film (100 nm) was evaporated onto a
freshly cleaved mica surface in a high vacuum at 400 °C and
flame-annealed using a hydrogen gas burner for 30 s. Then, the
substrate was immersed into a solution of 1,10-decanedithiol/
1-octanethiol (1/100 ratio) (1 mM in ethanol) for 48 h to form
a closely packed SAM with thiol groups on the surface.
The substrate was immersed into a solution of streptavidin—
maleimide (10 mg 17" in phosphate-buffered saline (PBS)
(pH 7.4) : N,N-dimethylformamide = 99 : 1) for 5 h to fix
streptavidin molecules to the substrate. The avidin—maleimide
was synthesized using avidin molecules (1 mg ml~! in
phosphate-buffered saline (PBS)) and a sulfo-SMCC of 0.1 mg,
and the activated avidin was purified by desalting on a column
and an HPLC (High performance liquid chromatography).
The formation of closely packed SAMs on the probe apex and
substrate was necessary to decrease the strong interaction
between the gold layers on both surfaces.

To avoid multiple-bonding events, as mentioned above, the
density of the target molecules in the SAM was reduced so that
the probability of bonding became 5-10% for each tip—sample
approach. Furthermore, only single ruptures were counted to
remove the errors caused by the effect of multiple-rupture
events on the analysis.

For buffer solutions, in addition to 0.01 M phosphate
(pH 7.4) and 0.05 M sodium nitrate (pH 7), which were used
in previous studies of streptavidin,®*?® we prepared 0.05 M
carbonate (pH 10) that has a structure similar to that of
sodium nitrate but has a different pH.

2.2 Measurement procedures

In DFS, the unbinding force applied to a molecular pair is
increased at a constant rate, and the force required to rupture
the bond is measured. Through the analysis of the relationship
between the modal rupture force and the logarithm of the
loading rate, microscopic potential barrier landscapes
(distance from the potential minimum) and the lifetimes of
bonds can be obtained.> > The lifetime of a molecular bond is
dependent on potential barrier height. When a tensile force is
applied to a bond, the potential landscape is deformed; thus,
barrier height decreases. For a constant loading rate of the
tensile force, the probability distribution of the rupture force
can be expressed as

Pyy = Cexp{%} exp {1 — exp{%}} (1)
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where P, f, f*, xv, kg, T, and C are the probability distribution
of the rupture force, the rupture force, the modal rupture
force, the potential barrier position, the Boltzmann constant,
the temperature and a constant, respectively.”®>*2> According
to eqn (1), f* linearly depends on the logarithm of the loading
rate ro((=df/d¢)) as shown by

. ksT Loff(0)Xb
fr= - {lnr0+ln< kT (2)

where o) is the lifetime of a molecular bond. Eqn (2)
indicates that the potential barrier position can be obtained
from the slope of the linear relationship.>2®

When using eqn (1) or (2), it is essential to maintain a
constant loading rate.'*'%*>7 When the DFS measurement is
carried out by an atomic force microscope (AFM) with a
cross-linker molecule, however, a constant retraction velocity
does not result in a constant loading rate because of the
stretching of the cross-linker molecule. Namely, controlling
of the applied force to maintain a constant loading rate is of
great importance. An AFM system with a feedback loop was
used to satisfy this requirement,”> >’ which enables the fine
control of low loading rates to reduce the effect of the soft
cross-linker that connects a sample molecule to the tip.>*%’
The AFM system also enables us to realize a high sampling
rate (100 kHz) to obtain a sufficient amount of data at a high
loading rate.>>2° Furthermore, since AFM measurement is
stable under various buffer solutions, different buffer solutions
with different pH values can be used.

For a selected loading rate, many rupture forces are
measured from force curves (Fig. 2(b)). The measured rupture
forces are shown in a histogram, from which the modal
rupture force is obtained for each loading rate measurement
by theoretical fitting (Fig. 2(c)). Then, the modal rupture force
is plotted as a function of the logarithm of the loading rate
(Fig. 2(d)): therefore, information concerning the energy
landscape of the interaction is derived from the relationship
between the modal rupture force obtained from the histogram
and the loading rate of the unbinding force. In addition, the
width of the histogram also provides the potential barrier
position by analysis using eqn (1), which can be used to
examine the validity of the results obtained from the slope
shown in Fig. 2(d).

For our experiment, the loading rate was controlled between
10 and 10° pN s', and 5000-10000 approach and retract
cycles were carried out to form a histogram for each loading
rate measurement.

3. Result and discussion

Fig. 3(a) and (b) show two different forms of a typical force
curve obtained using the system that we developed® ° as
functions of (a) distance and (b) time. The distance represents
the length of the cantilever retraction after zero force was
measured. Since the cantilever was moved in until the force
reached 50 pN for setup, there exists a negative region for the
distance. Although the force does not show a linear change in
(a) owing to the existence of a PEG molecule, a linear change
is shown in (b). This result also indicates that a constant
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Fig. 3 Two different forms of a typical force curve obtained using the
system that we developed®* >’ as functions of (a) distance and (b) time.

loading rate is achieved using the AFM system that we
developed.

When a molecular cross-linker is used to fix a sample to a
tip, the condition of a constant loading rate cannot be
satisfied. By considering the effect, several models have been
proposed.'??> However, since the AFM system with a feed-
back loop that we used satisfies the condition of a constant
loading rate, the effect of the soft cross-linker that connects a
sample molecule to the tip can be satisfactorily minimized.
Therefore, eqn (1) and (2) of the Bell-Evans model can be used
without any modifications for the analysis of the obtained
results.>' 2

As described in the Experimental section, for a selected
loading rate, many rupture forces were measured from force
curves. The rupture forces were summarized in a histogram,
from which the modal rupture force was obtained for each
loading rate measurement.

Fig. 4 represents typical histograms of the rupture forces
obtained for the streptavidin—-maleimide in (a) a pH 7.4
phosphate buffer solution at the loading rate of 1115 pN s,
(b) a pH 7 sodium nitrate solution at the loading rates of
1447 pN s~ ! and (c) a pH 10 carbonate buffer solution at the
loading rates of 1382 pN s~ !, and for the avidin—maleimide in
(d) a pH 7.4 phosphate buffer solution at the loading rate of
558 pN's~!, (e) a pH 7 sodium nitrate solution at the loading
rates of 678 pN s~ ! and (f) a pH 10 carbonate buffer solution
at the loading rates of 680 pN s~!. The modal rupture forces
were obtained by fitting using eqn (1) based on the DFS
method.

Fig. 5 shows the relationships between the modal rupture
force and the logarithm of the loading rate obtained in 0.01 M
phosphate buffer solution (pH 7.4), 0.05 M sodium nitrate
solution (pH 7) and 0.05 M carbonate buffer solution (pH 10).

For streptavidin (Fig. 5(a)), formations of a large potential
barrier position (0.68 & 0.01 nm) in the phosphate buffer solution
and a short (0.26 £+ 0.01 nm) potential position in the sodium
nitrate solution, which were observed in the previous study,®
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Fig. 4 Typical histograms of the rupture forces obtained for the
streptavidin—maleimide and avidin—maleimide structures in phosphate,
sodium nitrate and carbonate buffer solutions at certain loading rates.
The solid green lines show the theoretical fitting curves obtained using
eqn (1), from which the modal rupture forces are obtained. In addition
to the analysis of the slope of Fig. 5, potential barrier positions x}, can be
estimated by analyzing the shape of the rupture force distribution.?'
The potential barrier positions x;, obtained from each distribution in
Fig. 4, using the method discussed in ref. 23-25, are shown in the
figures.

have been confirmed again. In addition, a similar short potential
barrier position (0.24 + 0.01 nm) was observed also in the
carbonate buffer solution.

Here, since the distance between the inner and outer sites is
about 1 nm, the bonds with a potential barrier position larger
than 1 nm (indicated by the slopes of 1.5 + 0.2 nm and
1.8 £ 1.2 nm in Fig. 5(a) and (b), respectively) are not clear.
In the pioneering work by Merkel er al.” using phosphate
buffer solution, they observed a potential barrier longer than
1 nm (~3 nm) only for avidin.” In our experiment, we also
observed this long potential barrier position only for avidin for
phosphate buffer solution, which is in good agreement with
Merkel er al.’s results.”

On the other hand, the long potential barrier positions were
commonly observed for streptavidin and avidin in nitrate and
carbonate buffer solutions. However, since the distance
between the inner and outer reaction sites is about 1 nm,
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Fig. 5 Relationship between the modal rupture force and the
logarithm of the loading rate obtained for (a) streptavidin—biotin
and (b) avidin—biotin complexes. Colored lines are slopes for indication,
and the potential positions shown together are those obtained from the
slopes. The lines with two components in (a) and (b) represent the
results of fitting all the data including those obtained in nitrate and
carbonate buffer solutions, respectively. The potential barrier
positions at middle reaction sites obtained from the data for each
solution are summarized in Table 1.

further study is needed to clarify the mechanism of the
interactions to provide the large potential barrier positions.
We leave this issue for future study.

The potential barrier position of 0.68 4+ 0.01 nm formed in
the phosphate solution is close to the value obtained in 0.05 M
ammonium sulfate solution for streptavidin (Fig. 6). Similar to
the results obtained in a phosphate solution, only one potential
barrier position, estimated at 0.66 + 0.03 nm, was observed,
which was confirmed by X-ray diffraction method to be a
bridged bond formed by SO4>~ between biotin and amino acid
residues SER45 and SER27 of the streptavidin molecule.?

These results support the fact that the streptavidin—biotin
bond made in a phosphate buffer solution is a bridge bond
formed by phosphate buffer molecules.

On the other hand, the barrier positions observed in the
sodium nitrate and carbonate buffer solutions (see Table 1) are
consistent with that obtained by MD calculation for the
direct bond between SER45 and the ureido oxygen of biotin
(0.26 nm).?® In general, a protein causes denaturation through
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Fig. 6 Relationship between the modal rupture force and the
logarithm of the loading rate obtained for streptavidin-biotin in a
0.05 M ammonium sulfate solution (pH 5).

105

the change in pH and ionic strength. Therefore, it may be
considered that the binding potential is changed by denaturation.
However, as the protonation due to the change in pH was
observed at TYR43? in a previous study, the reaction sites that
may change the potential barrier are the inner binding sites of
the amino acid residues such as TYR43, ASN23, ASP128 and
SER27, which are not probed here because of the fixed
condition of the streptavidin and avidin molecules prepared
with maleimide molecules used in this experiment.13 In fact,
the observed values of the potential positions were independent
of pH, supporting the results obtained in this study.

These results indicate that, for streptavidin, both bridged
and direct hydrogen bonds can be formed at the middle
binding sites depending on the buffer solution, i.e., bridged
bonds (via phosphate molecules) in a phosphate solution
and direct hydrogen bonds in other (nitrate or carbonate)
solutions, respectively.

For avidin, in contrast to the reaction processes observed
for streptavidin, completely different results were obtained,
that is, although the direct hydrogen bond of 0.12 nm,””

Table 1 Potential barrier positions in potential landscapes for the
formation of the bonds of a biotin molecule with the middle bonding
sites of streptavidin and avidin in various buffer solutions

Potential barrier

pH Fix type Buffer molecule position/nm

Streptavidin =~ 7 Maleimide Nitrate 0.26 £ 0.01
10 Carbonate 0.24 £ 0.01
5 Sulfate 0.66 + 0.03
7.4 Phosphate 0.68 £+ 0.01
7.4 PEG®?*  Phosphate 0.63 & 0.03
6.8 PEG’ Phosphate 0.5

Avidin 7 Maleimide Nitrate 0.32 £ 0.01
10 Carbonate 0.35 £ 0.03
7.4 Phosphate 0.33 £ 0.01
6.8 PEG’ Phosphate 0.3

which is formed at the inner sites and should not be probed in
the experimental condition here, disappeared as expected, the
barrier position showed no marked change in any of the three
solutions. The potential barriers at 0.32 4+ 0.01 nm in a sodium
nitrate solution, 0.35 & 0.03 nm in a carbonate solution and
0.33 4+ 0.01 nm in a phosphate solution (see Table 1) are close
to each other, the values of which are close to the result
obtained in a previous study, 0.3 nm in a phosphate
solution.”®

The potential barrier position x, can also be estimated by
analyzing the shape of rupture force distribution.?! %
The solid green lines in Fig. 4 show theoretical fitting curves
obtained using eqn (1), and the potential barrier positions
Xp, obtained from each distribution in Fig. 4 are (a) 0.68 + 0.03 nm,
(b) 0.30 £ 0.02 nm, (c) 0.41 &+ 0.01 nm, (d) 0.34 £+ 0.02 nm,
(e) 0.30 + 0.02 nm and (f) 0.33 £ 0.02 nm. These results are
consistent with the barrier positions obtained from the slope of
Fig. 5; the values are close to 0.7 nm for streptavidin in
phosphate buffer solution and to 0.3 nm in other cases.

The results obtained for the bonding at the middle sites are
summarized in Table 1, where the data for each solution in
Fig. 5 were analyzed separately. For comparison, the results
reported in ref. 7, 23 and 24 are also shown.

What causes the observed variation in the bonding
processes? First, the origin of the variation between molecular
bridging and direct hydrogen bonding observed for streptavidin
is considered to be the structure of the ion species in the
solutions. Since phosphate and sulfate have a tetrahedral
structure, the mechanism may be related to the structure of
the buffer molecules, i.e., when buffer molecules have a tetrahedral
structure consisting of four oxygen atoms, a molecular
bridging is induced between SER45 and the biotin molecule,”
and a direct hydrogen bonding is induced between SER45 and
the biotin molecule for a buffer molecule with a trigonal
structure. Further experiment is in progress.

On the other hand, the difference in the type of amino acid
residues in the middle sites of the two molecules, namely,
SER45 and THR35 (Fig. 1), produces the difference observed
for streptavidin and avidin. Since the values observed for
avidin are similar and independent of the type of buffer
solution used, these values are attributed to those of the
potential barriers formed by direct hydrogen bond between
the biotin molecule and the middle reaction sites of avidin,
such as THR35. Note that the barrier positions of the direct
hydrogen bonds observed for streptavidin are shorter than
those for avidin, which probably originates from the difference
in the type of amino acid residues. A theoretical analysis
including finer structures of amino residues and buffer
molecules is necessary.

4. Conclusions

By site-selective DFS analysis,Bf25 effects of the local

variation in the type of amino acid residues in streptavidin
and avidin molecules on their reaction dynamics with a biotin
molecule were studied at the single molecule level, and critical
effects, which had been hidden behind the averaged function,
have been revealed, for the first time. The slight difference
between the local structures of amino acid residues at the
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middle sites, SER45 and THR35 for streptavidin and avidin,
respectively, strongly affects the microscopic reaction
processes, i.e., the variation governs the type of bond as well
as the fine structure of the potential landscape. For streptavidin,
a bridged or direct hydrogen bond is induced depending on the
molecular structure in the buffer solution. For avidin, in
contrast, only a direct hydrogen bond is observed for all the
buffer solutions used in the experiment. Since final functions in
a system are realized through the assembly of local effects, the
obtained results indicate the importance of analyzing the
reaction processes with respect to the local structures of
molecules, for further development of nanoscale functional
devices.
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