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Probing the step-by-step bonding processes induced by the individual interactions in a molecular complex and their
variation with the surrounding conditions is a key factor for enabling further advances in biophysics and chemistry and
their applications. Here, we demonstrate a methodology that realizes the site-selective anatomy of molecular interactions
at the single-molecule level. With the combination of cross-linkers and the atomic force microscopy (AFM) that we
developed to enable a precise analysis by dynamic force spectroscopy (DFS), direct and bridged interactions at each
reaction site in a typical ligand-receptor system, streptavidin-biotin complex, were clearly distinguished and individually
analyzed for the first time, providing a greater understanding of step-by-step progress of the bonding process. This
methodology will provide a foundation for further advances in biophysics and chemistry and their applications, such as
designing and controlling the mechanism of chemical reactions between functional molecules.
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Fig. 1. Schematic diagram of the mechanism of Dynamic

Force Spectroscopy.
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Schematic illustrations of site-selective analysis using two types of

cross-linker : (a) streptavidin 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 structure, (b) streptavidin is fixed to a self-
assembled monolayer (SAM) of 8-amino, 1-octanethiol molecules on a
Au-coated substrate via a biotin-PEG-COO-NHS molecule. Two
different forms of typical force curves obtained under the condition of
Fig. 2 (a) as functions of (c) distance and (d) time. (e) Typical force
curve obtained under the condition of Fig. 2 (b).
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Fig. 3. (a) Typical histogram of rupture forces obtained for

the condition of Fig.2 (a) at the loading rate of
2.95X10°pN/s. Solid green line represents the
theoretical fitting curve obtained using eq. 5 based on
the method of analysis proposed in ref. 9. (b) and (c)
indicate the relationship between the most frequent
rupture force and the logarithm of the loading rate
obtained in a 0.01 M phosphate (pH 7.4) solution
with the conditions represented by Fig. 2 (a) and 2
(b), respectively. The barrier positions obtained from
these using the least-squares fitting are estimated to
be (b) 0.68+0.05nm and (c) 0.63£0.09 and
0.13£0.01 nm.
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Schematic illustrations of bond structures between
biotin and streptavidin molecules discussed in this
study : (a) and (b) under the conditions of Fig. 2 (b)
and 2 (a) in a phosphate buffer solution, respectively.
(c) under the condition of Fig. 2 (a) in a phthalate or
a sodium carbonate buffer.
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Table 1. Results obtained in this study.
pH Fix type Buffer solution Potential barrier position(x)
pH 7.4 Maleimide Phosphate — — 0.68 nm —
pH 4 Maleimide Phthalate — 0.29 nm — 4.0 nm
pH 10 Maleimide Carbonate — 0.24 nm — 1.4 nm
pH 7.4 PEG-PEG Phosphate 0.13 nm — 0.63 nm —
pH 6.8 R. Merkel et al.” Phosphate 0.12 nm — 0.50 nm —
Bonding type Direct bond Direct bond Salt bridge —
Amino acid residue "?311){1423?’ SER27, SER27, —
ASN23 SER45 SER45
Barrier positions by MD'” — 0.10 nm 0.26 nm — —
Reaction area inner middle —
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