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Recently developed combinatorial biotechnologies such as
phage display (PD) and cell-surface display methods have
revealed that short peptides with specific affinities for
artificial materials could be isolated from diverse peptide
libraries based on affinity selection processes.' Material
surfaces composed of inorganic (metals,2 semiconductors,’
and metal oxides*) and organic compounds (carbon nano-
tubes,” carbon nanohorns,® fullerenes,” and synthetic poly-
mers®) were applied to these selection methods. Such novel
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material-binding peptides are receiving much attention as
peptidyl nanomaterials because of their potential applications:
catalysts for the preparation of inorganic nanoparticles,’
adsorbents for patterning,” surface modifiers,5***!° and
modifiers of phages*®/proteins'' used for assembly. To
determine the intrinsic functions of peptide motifs after
adequate chemical and biological modifications, it is impor-
tant to determine whether a N or C terminus of the peptide
is suitable for conjugation with the desired foreign molecules.

Our previous attempts of the PD method using M13
bacteriophages displaying 7-mer random peptide libraries on
pIII coated proteins successfully identified a c02 peptide
composed of the Glu-Leu-Trp-Arg-Pro-Thr-Arg sequence
that was specifically bound to film surfaces prepared from a
target isotactic poly(methyl methacrylate) (it-PMMA) rather
than a structurally similar reference, syndiotactic (st)
PMMA.5¢ In situ binding analysis of the c02 peptide from
its aqueous solution using surface plasmon resonance (SPR)
measurements demonstrated that the affinity constant (K,)
of the c02 peptide for it-PMMA (2.8 x 10° M~") was more
than 40 times greater than that for st-PMMA (6.8 x 10°
M) and that a C-terminal 4-mer peptide composed of the
Arg-Pro-Thr-Arg sequence still showed a similarly high K,
ratio between it- and st-PMMAs.'? The observations sug-
gested that the specificity of the c02 peptide was likely
determined by the C terminal 4-mer sequence. Therefore,
the c02 peptide is considered to be an adequate candidate to
further demonstrate the directional affinity for polymer
surfaces.

Surface force measurements using atomic force micro-
scopic (AFM) setups are potential methods to quantify the
adhesion forces between the cantilever tip coated with the
peptides and the material surfaces.*™>™%¢ In this case,
the peptides were biotinylated using its glutamic acid
derivative and were immobilized on the surface of the tip
through avidin—biotin strong interactions. Since each peptide
terminus is exposed from the tip by introducing biotin into
the opposite terminus, directional peptide affinities can be
analyzed. Due to steric hindrance, the immobilized terminus
would interact with the target materials with difficulty.
However, up to now, there has been no research quantita-
tively demonstrating any difference in affinity based on the
direction of peptide immobilization, despite this being a
crucial parameter for the further conjugation of peptide
motifs.
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Scheme 1. Biotinylated Derivatives of the C02 Peptide
X1-ELWRPTR-X;

B-c02: X, = biotinylated E, X, = amide
c02-B: X, =free, X, = biotinylated E

In this study, the adhesion forces of the c02 peptide
immobilized onto the AFM cantilever tip through the
biotinylated N or C termini (Scheme 1) against PMMA
surfaces were quantified by AFM force measurements to
experimentally demonstrate the directional affinities of the
c02 peptide (Figure 1). Alternatively, the K, of the biotin-
derivative peptides, which can be regarded as typical
compounds conjugated with the corresponding peptide motif,
for PMMA surfaces were analyzed by SPR measurements
to further validate the AFM measurements. The present study
was designed to demonstrate that material-binding peptides
with extremely short sequences, similar to structurally regular
proteins, have a preferential orientation for their interactions
with artificial materials.

It-PMMA (M,, = 23 200, M\ /M, = 1.3, mm:mr:rr = 97:
3:0) and st-PMMA (M, = 28 200, M /M, = 1.3, mm:mr:rr
= 0:11:89) were previously synthesized'* and were used for
all experiments. B-c02 and c02-B, of which the N and C
terminus of the c02 peptide are biotinylated, respectively,
with a free N terminus and an amidated C terminus, were
prepared by solid-phase peptide synthesis using standard
Fmoc-based procedures.'®> Adhesion force measurements
using the AFM setup (SPI-3700, Seiko Instruments) were
performed by modifying the AFM tip in accordance with
conventional methods previously reported.'* Biacore X was
used for SPR measurements, following our previous study.'?
Experimental details are summarized in Supporing Informa-
tion.

A typical force—displacement curve obtained from com-
bining the cantilever tip coated with B-c02 and the target
it-PMMA surface is shown in the inset of Figure 2. The
adhesion force was observed from changes in the deflection
of the tip. The force measurement consisted of an approach
trace, followed by a retraction trace of the tip interacting
with the it-PMMA. Initially, the surface was approached by
the piezo element. After contact, the piezo compressed the
tip against the sample, up to a certain displacement. Dur-
ing the subsequent retraction, the tip remained in contact
with the it-PMMA until the retracting force exceeded the
interfacial adhesion force, which corresponded to the affinity
between the immobilized B-c02 and the it-PMMA. In this
way, it was found that the adhesion force measurement using
the AFM setup could successfully quantify the affinity
between the immobilized peptide and the polymer surface.
It is noted that a single tip coated with the c02 peptide
detected a similar adhesion force within an experimental error
of at least 10 times the force measurement. Therefore, it was
confirmed that the c02 peptide was stably immobilized
without denaturation during the force measurements. The
resulting adhesion forces ranged on the order of ~7.5 pN
nm~ 2, which are comparable to the forces obtained from a
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Figure 1. Schematic representation of the adhesion force measurements.
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Figure 2. Histograms of the adhesion forces for combinations of B-c02/
ittPMMA (black), c02-B/it-PMMA (gray), and B-c02/st-PMMA (white).
The inset shows a typical force—displacement curve for the retraction trace
obtained from a cantilever tip coated with B-c02 against it-PMMA.

Table 1. AFM Adhesion Forces and SPR Kinetic Parameters

mean adhesion ki k-1 K,
peptide/polymer  force® (pN nm ) (M~ 's™ ") (107*s™") (10°M™")
B-c02/it-PMMA 3.8° 26 0.03 760
c02-B/it-PMMA 1.0 18 0.23 79
B-c02/st-PMMA 1.6 15 0.13 110

“ Estimated by fitting to a Poisson distribution.  The adhesion force
of the tip coated with the outermost streptavidin surface (without
peptide) against it-PMMA was smaller than this value (see text).

polymer-binding peptide using a similar AFM setup.®® In
the next step, the effects of the peptide species and the
polymer surfaces were evaluated as follows.

Histograms of the adhesion force for each combination
are shown in Figure 2. Each histogram became an ap-
proximately single distribution and was fitted assuming a
Poisson distribution. The resulting mean adhesion forces are
summarized in Table 1. The adhesion forces of the c02
peptide to the PMMASs differed significantly depending on
the immobilizing terminus as well as the adhered polymer.
The mean adhesion force of the tip coated with B-c02 against
ittPMMA (3.8 pN nm %) was 4 times greater than a tip
coated with c02-B against it-PMMA (1.0 pN nm™?). It is
noted that the adhesion force of the tip coated with the
outermost streptavidin surface (without peptide) against it-
PMMA (0.8 pN nm™ %) was significantly smaller than the
aformentioned forces (see Figure S1 in Supporing Informa-
tion), thereby indicating successful detection of peptide—polymer
interactions. These observations strongly suggest that the
affinity of the c02 peptide directed from the C terminus was
greater than that from the N terminus. Furthermore, the tip
coated with B-c02 showed a significantly smaller adhesion
force against a reference st-PMMA (1.6 pN nm ™ ?) as
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compared with it-PMMA, indicating that the specificity of
the c02 peptide was maintained even after immobilization
onto a solid surface. Unfortunately, the ratio of the adhesion
forces for B-c02 between it-PMMA and st-PMMA was
smaller than the K, values (see below). Since the extremely
small c02 peptide was immobilized onto the larger strepta-
vidin and since the tip was compressed against the PMMA
films, the nonspecific adsorption of streptavidin bodies might
underestimate the peptide specificity. Our previous studies
suggested that the c02 peptide had a specific motif at the C
terminal region.'? The adhesion force measurement success-
fully confirmed this significant property. It is noted that the
mean adhesion forces were estimated from the original data
to be 3.5 + 1.8 pN nm 2, 0.9 + 0.5 pN nm 2, and 1.8 +
1.3 pN nm~? for combinations of B-c02/it-PMMA, c02-B/
it-PMMA, and B-c02/st-PMMA, respectively. As a conse-
quence, we can report the first directional affinity charac-
teristic of an extremely short material-binding peptide
through adhesion force measurements.

The modification of the c02 peptide with foreign molecules
without losing its high affinity is a key process for developing
novel peptidyl nanomaterials. The adhesion force measure-
ments described above demonstrated the directional affinity
characteristic of the c02 peptide in its solid state. These
observations would suggest that modification of the N
terminus with foreign molecules does not interfere with c02
affinity, in contrast to the C terminus, possibly due to steric
hindrance. Therefore, the affinities of B-c02 and c02-B,
which can be regarded as model peptide derivatives conju-
gated with glutamic acid y-biotinylated through a mono-
(propylene glycol) and di(ethylene glycol) spacer, against
PMMA surfaces, were analyzed kinetically by SPR measure-
ments using an aqueous peptide solution. The potential of
highly sensitive SPR methods for analyzing peptide —material
affinities has already been reported in previous studies.'*'”
In fact, the time-dependent affinities of short peptides against
polymer film surfaces were successfully detected by SPR
measurements (see Figure S2 in Supporing Information).

The kinetic parameters and the K, of the peptides are also
summarized in Table 1. The K, of B-c02 for it-PMMA was
estimated to be 7.6 x 10° M~', which was slightly greater
than that of the original c02 peptide. Since the additional
Glu, mono(propylene glycol), di(ethylene glycol), and biotin
residues of B-c02 to the c02 peptide might interact with it-
PMMA through nonspecific hydrogen bonding and/or van
der Waals interactions, the slight increase in K, would be
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acceptable. More importantly, the K, of c02-B for it-PMMA
(0.79 x 10° M) was 10 times smaller than that of B-c02,
even though both peptides contained the same it-PMMA-
specific c02 peptide sequence. In terms of kinetic parameters,
B-c02 was more rapidly associated with it-PMMA and more
slowly dissociated from it-PMMA as compared with c02-B,
and thus the former K, was greater than the latter. These
observations strongly indicate that the N terminal modifica-
tion is suitable for realizing the potential of the c02 peptide.
In other words, the C terminal modification interfered with
the original affinity of the c02 peptide. On the other hand,
the K, of B-c02 for a reference st-PMMA (1.1 x 10° MY
was 7 times smaller than for it-PMMA. The K, ratio of B-c02
between it- and st-PMMASs (~7) was much smaller than that
of the c02 peptide (~41'?). It is difficult to reasonably explain
this difference, although the additional residues might
similarly increase the K, for st-PMMA through nonspecific
interactions. Accordingly, these observations suggest a
potential methodology to further modify the c02 peptide with
foreign molecules. It was also found that the K, values
analyzed using the aqueous peptide solution were correlated
to the adhesion forces. Therefore, adhesion force analysis
would be a useful methodology to characterize the directional
affinity of material-binding short peptides.

This is the first study to report the fact that extremely short
peptides show directional affinity for target artificial materials
based on adhesion force and kinetic measurements. The AFM
setups successfully quantified the adhesion forces of a
cantilever tip coated with peptides against polymer surfaces.
SPR measurements demonstrated different kinetic parameters
dependent on the N or C terminal peptide modification, as
well as the polymer species. In terms of the c02 peptide, the
C terminal region had preferential access for the target it-
PMMA, and therefore the N terminus was found to be
suitable for modification with foreign molecules. Similar
analysis of other material-binding peptides and functional
modification of the c02 peptide are now in progress.
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