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Abstract
Understanding the mechanism of the interaction between inorganic materials and peptides is important for the development
of organic/inorganic hybrid materials. The titanium-binding peptide (TBP; Arg1-Lys2-Leu3-Pro4-Asp5-Ala6) has been
reported to possess a high binding affinity to SiO2 as well as TiO2 surfaces. Here, we report the binding modes and
mechanism of the TBP to SiO2 nanoparticles. To accomplish this objective, we analyzed the binding sites of the TBP to a
SiO2 surface and the structure of the TBP bound to the SiO2 using solution NMR spectroscopy. Saturation transfer difference
(STD) NMR analysis was performed to identify the TBP sites that interact with the SiO2 surface, and then Arg1 and Asp5
were identified to be in close contact with the SiO2 surface. The structure of the TBP bound to SiO2 was well defined, and the
Arg1 and Asp5 side chains face in the same direction. The combination of these results validates that the guanidyl group of
Arg1 and the carboxyl group of Asp5 interact electrostatically with the silanol groups SiO− and SiOH2

+ on the SiO2 surface,
respectively. The binding mode of TBP/SiO2 was found to be different from that of the TBP/TiO2 system, which has been
previously reported.

Introduction

The nanoscale engineering of organic/inorganic hybrid mate-
rials continues to grow. The adhesion and selectivity at the
interface of biomacromolecules and inorganic materials are
critical to the construction of well-organized hybrid materials.
To address this point, peptide motifs that interact with inor-
ganic materials have specifically been used [1, 2]. Peptides
with a specific binding affinity towards inorganic materials
have been used to prepare nanostructured materials with novel
properties and functions, such as surface biocompatibility,
drug delivery and the construction of nanodevices [3–5].

A common approach to identify binding peptides for a
target material is the use of combinatorial phage display
libraries [3, 6, 7]. By this approach, a large number of the
peptides binding to a wide range of materials are isolated,
and a large collection of material binding peptides is avail-
able. Several peptides with significantly different amino acid
sequences have been identified for certain materials such as

silica, titania, and gold [2]. The reason for the propensity of
such peptides with different sequences is still unclear
although many approaches have been employed to assess the
affinity of peptides for targeted inorganic surfaces.

The interactions between peptides and the surfaces of
inorganic materials are affected by several parameters
related to both the properties of the peptide and the material
surface, i.e., the structure, conformation and flexibility of
the peptide backbone and the topography, roughness and
chemical nature of the surface. Recently, it was reported
that the particle size and pH in the solution largely influence
peptide adsorption on silica nanoparticle surfaces [8–11].
These studies showed that peptide adsorption increased
with increasing particle size due to the increased surface
charge associated with the particle size [9]. In addition,
higher pH values in the solution resulted in a higher nega-
tive charge density on the silica surface and shifted the
adsorption toward the positively charged peptides [10].
Therefore, it is advantageous to assess the binding
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mechanism of a certain peptide to the distinct inorganic
material under comparable sample conditions such as the
particle size, pH and salt concentration in the solution for
understanding the specific binding affinity of the peptides.

The titanium-binding peptide (TBP) is one of artificially
selected peptides by phage display method with a length of
six amino acids (Arg1-Lys2-Leu3-Pro4-Asp5-Ala6); this
peptide binds to the surface of metal oxides with high
selectivity [12, 13]. The TBP has subsequently been used in
nanobiotechnological applications such as functionalizing
the surfaces of medical titanium materials [14–16] and
multilayer constructions using its binding and mineraliza-
tion properties [17, 18]. Characterization studies of the TBP
have revealed that it is bound to the oxide surfaces of both
silicon as well as titanium in aqueous solution [12, 19].

Saturation transfer difference (STD) experiments [20–22]
had been developed to identify or characterize the ligands
that bind to the large protein when the protein is saturated
by strong irradiation and the magnetization transfer from the
protein to ligand molecules is observed. In a previous study,
we have reported solution NMR studies of the interactions
between the TBP and TiO2 nanoparticle surfaces [23]. We
showed that STD technique is a powerful tool to identify the
binding sites of the peptides bound to the TiO2 nano-
particles suspended in an aqueous solution. Water mole-
cules were selectively saturated by strong irradiation, and
the magnetization transfer from the saturated water protons
to the TiO2-bound peptides was measured.

In this study, we investigated the binding sites and struc-
ture of the TBP bound to SiO2 nanoparticles, and the results
were compared with the case of TiO2 nanoparticles. First, we
measured the relaxation time T1ρ to evaluate the dynamic
nature of the TBP interacting with the SiO2 surface. Second,
we conducted STD NMR measurements to identify the TBP
sites that interact with the SiO2 surface. Third, we performed
mutagenesis experiments to elucidate the roles of the indivi-
dual residues of the TBP in its interaction with SiO2 nano-
particles. Fourth, we conducted NOESY experiments to
determine the three-dimensional structure of the TBP bound
to the SiO2 surface. Finally, on the basis of these NMR results
combined with the surface potential of the SiO2 nanoparticles,
we proposed a model for the binding of the TBP onto the
SiO2 surface and discussed the TBP binding mechanisms for
the two different nanoparticles, SiO2 and TiO2.

Materials and methods

Sample preparation

Peptides with a purity greater than 98% were purchased from
Funakoshi Co., Ltd., Japan. The amino acid sequence of the
TBP is Arg-Lys-Leu-Pro-Asp-Ala (RKLPDA), whereas those

of the analogues are AKLPDA (R1A), RALPDA (K2A),
RKLADA (P4A), and RKLPAA (D5A); the abbreviations
used in this study for these peptides are shown in parentheses.
SiO2 nanoparticles with particle sizes ranging from 10 to 20
nm were purchased from Sigma-Aldrich, USA.

The SiO2 nanoparticles were suspended in water and
sonicated twice for 10 min by using a 50% duty cycle. The
nanoparticle suspension was then mixed with the peptide
solution, and the pH of the resulting suspension was
adjusted to 7.0. The final concentrations of the nanoparticles
and peptides were 1 mg/mL and 6 mM, respectively, in a 20
mM phosphate buffer (pH 7.0) containing 10% D2O.

NMR measurements

NMR measurements were performed on ECA600II (JEOL,
Japan) operating at a 1H frequency of 600.17 MHz at 298 K.
Resonance assignments for the 1H signals were completed
in a previous study [23]. The T1 and T1ρ relaxation times
were measured by the inversion recovery method and the
spin-lock method, respectively. The times for the T1 mea-
surements were set to 10, 50, 100, 200, 300, 400, 500, 700,
1000, 3000, and 5000 ms, and the spin-lock times for the
T1ρ measurements were set to 5, 10, 20, 30, 40, 50, 60, 80,
100, 150, 200, 500, and 1000 ms.

STD NMR was used to identify the segments of the
peptides that are in close contact with the SiO2 surface. The
selective saturation was composed of a sequence of
Gaussian-shaped pulses with saturation lengths of 60 ms
and an attenuation of 71.5 dB. The number of selective
pulses ranged from 10 to 160, leading to total lengths of
0.6–9.6 s for the saturation pulse sequences to obtain the
STD buildup curves. The on-resonance irradiation of water
molecules was performed at a chemical shift of 4.7 ppm,
and off-resonance irradiation was applied at −10 ppm. The
number of scans acquired for one-dimensional STD NMR
was 256. The NMR data were processed using the Delta
program on the ECA600II instrument.

The 1H-1H TOCSY and 1H-1H NOESY measurements of
the TBP/SiO2 mixtures were measured to determine the
three-dimensional structure of the TBP bound to SiO2.
TOCSY spectra were recorded using an MLEV-17 mixing
sequence employing a mixing time of 50 ms, a spectral
width of 15 ppm in both the t1 and t2 dimensions, and 256
and 1024 complex points in the t1 and t2 dimensions,
respectively. NOESY spectra were recorded with a mixing
time of 150 ms, a spectral width of 15 ppm in both the t1 and
t2 dimensions, and 256 and 1024 complex points in the t1
and t2 dimensions, respectively. The NMR data were pro-
cessed using NMRPipe [24], and the two-dimensional
spectra were analyzed using SPARKY [25]. The distance
constraints obtained were input into the DYANA [26]
program to determine the three-dimensional structure.
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Analysis of the STD data

The STD factor Astd is defined as Astd= (I0−Isat)/I0, where
I0 is the intensity of a given signal in the off-resonance or
reference NMR spectrum, Isat is the intensity of a signal in
the on-resonance NMR spectrum, and (I0−Isat) represents
the intensity of the STD spectrum [21, 27]. Thus, Astd

represents the intensity of a saturated spectrum as a fraction
of the intensity of an unsaturated reference spectrum. To
eliminate the T1 bias at long saturation times, we calculated
the slope of the STD buildup curve at saturation time zero
by fitting the saturation curve by using Astd=Amax(1−exp
(−ksat·tsat)), where Astd is the STD factor of a given proton at
saturation time tsat, Amax is the maximal STD factor when
long saturation times are used, and ksat is the saturation rate
constant [20]. The multiplication of ksat by Amax yields the
initial slope of the buildup curve at zero saturation time,
which corresponds to the STD intensity without the T1 bias;
this is denoted as STD0.

Results and discussion

Relaxation rates of the TBP bound to SiO2

1H NMR spectrum and the signal assignments of the TBP/
SiO2 sample in aqueous solution at pH 7 are shown in

Fig. 1a. To evaluate the dynamic nature of the TBP bound
to the surface of SiO2 nanoparticles, the relaxation times T1

and T1ρ of the Hβ protons of the individual residues in the
TBP were measured in the presence and absence of the SiO2

nanoparticles, respectively. The reciprocals of T1 and T1ρ,
i.e., the relaxation rates R1 and R1ρ, respectively, are plotted
in Fig. 2. The relaxation rates of the Hβ protons for each
residue (except for Leu3, in which the Hδ proton was used
because of the peak overlap of Leu3 Hβ with the other
peaks) are plotted in the order of the residue number. The
observed relaxation rates are the weighted average of the
rates of the TBP bound to SiO2 and the free TBP in solu-
tion. The R1 values of the bound TBP are very small
because of the extremely slow motion limit of the SiO2

nanoparticles, and thus, the observed R1 values are in fact
those of the free TBP. On the other hand, the T1ρ values of
the bound TBP are very short because of the extremely slow
motion limit of the SiO2 nanoparticles, and therefore, the
observed R1ρ values depend on the fraction of the bound
TBP and its mobility. As expected, the R1 values of each
residue are approximately the same between the TBP alone
and the TBP in the presence of SiO2. This similarity is
because the amount of TBP bound to the SiO2 surface is
considerably smaller in the fraction than in the bulk, and the
TBP/SiO2 has very small R1 values. In contrast, the R1ρ
values for TBP/SiO2 are higher than those of TBP alone,
indicating that the TBP in the bound state substantially

Fig. 1 a 1D 1H NMR spectrum of the TBP/SiO2 sample in solution
and their signal assignments; b 1D STD NMR spectrum of the TBP in
the TBP/SiO2 sample; and c 1D STD NMR spectrum of the TBP alone
in solution

Fig. 2 Relaxation rate (R1 and R1ρ) plots of Hβ for each residue in the
TBP in the absence of SiO2 (○) and in the presence of SiO2 (●)
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contributes to the observed R1ρ despite its small fraction
relative to that of the free TBP in solution. Thus, it is
confirmed that the TBP has a binding affinity to the SiO2

nanoparticles.

Binding sites of the TBP to SiO2 as identified by the
STD

STD NMR measurements were performed to identify the
TBP residues that interact with the SiO2 surface. In this
study, water molecules were selectively saturated by strong
irradiation at 4.7 ppm, which corresponds to the water peak,
and a difference spectrum between the on-resonance
saturation at the water peak and the off-resonance satura-
tion at −10 ppm was recorded. The details of the STD
measurement and its mechanism are reported in our pre-
vious article [23]. 1D STD spectra for the TBP/SiO2 sample
and TBP alone are shown in Fig. 1b, c. The STD peaks
were only observed in the presence of SiO2 (Fig. 1b) but not
observed in the absence of SiO2 (Fig. 1c). These results
provide clear evidence for the occurrence of the saturation
transfer from water molecules to the TBP molecules bound
to the SiO2 surface and the fast exchange between the
bound and free TBPs.

The STD amplification factor (Astd) values for well-
separated peaks are plotted against saturation time in Fig. 3.
Astd is obtained from the peak intensity in the STD spectrum
divided by the peak intensity in the 1D 1H spectrum
(Fig. 1a). Astd for Arg1 Hδ is the largest among the protons
measured, followed by Lys2 Hε. To evaluate the STD factor
more quantitatively, the initial slope of the STD buildup
curve was calculated by fitting the saturation curve. The
initial slope of the buildup curve at a zero saturation time is
denoted as STD0. The calculated Amax, Ksat, and STD0

values for well-separated protons are listed in Table 1.
To compare the STD0 values of the Hβ protons (Hδ

proton for Leu3) of the residues, the largest STD0 value,
i.e., that for Arg1 Hβ, was set to 100%. The relative STD0

values in % for each residue are represented using the bar

graph in Fig. 4. The black bars represent the STD0 values
for TBP/SiO2. Lys2 Hβ has the second largest relative STD0

value (89%), followed by Asp5 Hβ (64%). Leu3 Hδ and
Pro4 Hβ have similar relative STD0 values (53 and 56%,
respectively). The lowest relative STD0 is 33% for Ala6 Hβ
at the C-terminal residue. This result indicates that Arg1 and
Lys2 are in the closest contact with the SiO2 surface and
that Leu3-Asp5 is also relatively close to the surface.
Compared to the previously reported STD0 values of the
TBP/TiO2 sample (white bars), the STD0 values of Leu3-
Asp5 are much smaller than those of the TBP/SiO2 sample,
whereas the STD0 of the N-terminal residues Arg1 and Lys2
are nearly 100% for both TBP/SiO2 and TBP/TiO2. This
difference between the TBP/SiO2 and TBP/TiO2 samples
suggest that Leu3-Asp5 and most likely Asp5 play the key
role as well as the N-terminal residues for binding to the
SiO2 surface.

STD of the TBP analogues

As described above, STD measurements showed that not
only the N-terminal residues but also the Asp5 residue play

Fig. 3 STD amplification factors plotted against the saturation time for
the well-separated peaks

Table 1 STD parameters of the TBP sample in the presence of SiO2

nanoparticles

Residue Observed protons Amax Ksat(s
-1) STD0 (×10

-2s-1)

Arg1 Hβ 0.044 0.38 1.67

Arg1 Hδ 0.064 0.37 2.38

Lys2 Hβ 0.039 0.38 1.49

Lys2 Hγ 0.041 0.38 1.53

Lys2 Hε 0.051 0.34 1.72

Leu3 Hδ 0.029 0.30 0.88

Pro4 Hβ 0.040 0.23 0.93

Asp5 Hβ 0.037 0.29 1.06

Ala6 Hβ 0.025 0.21 0.55

Fig. 4 Bar graph of the relative initial rate of the Astd buildup curve,
STD0, for the Hβ protons of each residue (except L3 Hδ). The STD0

value for the Hβ proton of R1 is set to 100%. The black bars represent
the TBP/SiO2 sample obtained in this study, and the white bars
represent the TBP/TiO2 sample reported previously for comparison
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key roles in the interaction between TBP and the SiO2

nanoparticles. To confirm the above, we performed a site-
directed mutation analysis by alanine replacements;
AKLPDA (R1A), RALPDA (K2A), RKLADA (P4A), and
RKLPAA (D5A). All these TBP analogues maintained the
suspended form of SiO2 nanoparticles, whereas the TiO2

nanoparticles suspended in an aqueous solution precipitated
in the presence of R1A and K2A, as shown in the previous
study (See also Fig. 5b). The binding abilities of R1A, K2A,
P4A, and D5A with the SiO2 surface were evaluated by
STD measurements. STD buildup curves were obtained for
each analogue, and the value of STD0 was calculated from
the initial slopes. The STD0 values for the TBP analogues
and those of the native TBP are represented by bar graphs in
Fig. 5a. The STD0 values for R1A are significantly smaller
for all residues than those for the intact TBP, indicating that
Arg1 is the crucial residue for the interaction between the
TBP and SiO2 surfaces, as observed for the TBP/TiO2

system. Interestingly, the effect of the replacement of Lys
with Ala on STD0 is insignificant for all residues, indicating
that the Lys residue is not directly involved in the interac-
tion with the SiO2 surface. The spatial proximity of Lys2 to
Arg1, which has the strongest interaction with the SiO2

surface, is likely a part of the origin for it having the second
largest STD0 value. The STD0 values of residues Arg1,

Leu3, Asp5, and Ala6 of P4A are smaller than those of the
intact TBP. Particularly, the STD0 values of the terminal
residues Arg1 and Ala6 in P4A are <60% of those observed
for the corresponding residues in the intact TBP, suggesting
that the conformational rigidity due to Pro4 is important for
TBP binding to SiO2.

D5A exhibits a low STD0 at all residues, e.g., the STD0

at Arg1 decreases to nearly 60% relative to that of the intact
TBP. This result is very interesting because the STD0 values
increased at all residues for the D5A/TiO2 sample, as
reported in a previous study [23]. The mutation of Asp to
Ala provided a different effect between SiO2 and TiO2,
suggesting that the negatively charged COO− group of
Asp5 interacts electrostatically with a positively charged
protonated silanol group, SiOH2

+, on the SiO2 surface.
The results of the TBP analogue experiments for TBP/

SiO2 obtained in this study and those for TBP/TiO2 reported
previously are summarized in Fig. 5b. The TBP mutation
study reveals that Asp5 as well as Arg1 plays a key role in
the interactions with SiO2 nanoparticles, whereas Arg1 and
Lys2 have a key role in the interaction with TiO2 nano-
particles. These results strongly suggest that the binding
mode or/and structure of the TBP are different between the
SiO2 and TiO2 nanoparticles.

Comparison of the STD0 at different pH values

The TBP mutation study suggested that an electrostatic
interaction exists between the COO− group of Asp5 and
the SiO2 surface. To confirm this point, the STD mea-
surements of a TBP/SiO2 sample at different pH values of
7 and 9 were performed. The relative STD0 values of the
TBP at pH 7 and 9 are represented by the bar graph in
Fig. 6. The values of STD0 at pH 9 are smaller for all
residues except for Arg1 than those for the corresponding
residues at pH 7. The STD0 values for Lys2 and Pro4
decrease to nearly 70%, and those for Leu3, Asp5, and
Ala6 decrease to nearly 40%. The zeta potentials of an
aqueous SiO2 dispersion were measured, and the values
were −26 mV at pH 7 and −40 mV at pH 9. A reduced

Fig. 5 a Bar graph of the relative STD0 values for the Hβ protons of
each residue along the TBP chain (except L3 Hδ) (black bars) and for
the TBP analogues R1A, K2A, P4A, and D5A (white bars). Here, the
STD0 values for the Hβ protons of R1 of TBP are set to 100%. b The
results of the TBP analogue experiments for TBP/SiO2 obtained in this
study and those for TBP/TiO2 reported previously are summarized

Fig. 6 Bar graph of the relative STD0 values of a TBP/SiO2 mixture at
pH 7 (black bars) and pH 9 (white bars). The STD0 value for the R1
Hβ proton of the TBP at pH 7 is set to 100%
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zeta potential means that the SiO2 surface is more nega-
tively charged at pH 9 than at pH 7. These results show
that with an increase in pH from 7 to 9, the electrostatic
interaction between the side chain group COO− of the
Asp5 and SiO2 surface is weakened, thus resulting in a
large decrease in the STD0 values of Asp5 and the
neighboring residues Pro4 and Ala6. These results provide
evidence for the existence of electrostatic interactions
between the COO− group of the Asp5 residue and the
protonated silanol groups on the SiO2 surface at pH 7.

Structure of the TBP bound to SiO2

The structure of the TBP bound to SiO2 was investigated by
NOESY measurements. The NOESY spectrum of the TBP/
SiO2 sample shows a relatively large number of negative
NOE peaks, whereas the NOESY spectrum of the free TBP
in the solution shows only a few positive NOE peaks. The
observation of negative NOE peaks for the TBP in the
spectrum of the TBP/SiO2 sample strongly suggests that the
TBP in the bound state has a specific structure. Model
structures were calculated using the DYANA program with
NOE peaks of 97 for the TBP/SiO2 sample. The 10 best-
matched model structures calculated based on these NOE

data are overlaid in Fig. 7a with the model structures of the
free TBP obtained from the ROESY measurements in the
previous study for comparison. The averaged backbone
root-mean-square deviations (RMSDs) are 0.38 ± 0.06 Å for
the TBP bound to SiO2 and 1.37 ± 0.34 Å for the free TBP.
It seems clear from the overlaid model structures and the
RMSD values that the free TBP exhibits a nearly random
structure, while the TBP bound to SiO2 has a well-restricted
structure. The average main-chain dihedral angles of the
model structures are (φ, ψ)= (−29°, −145°) for Lys2;
(−168°, 177°) for Leu3; (−75°, 7°) for Pro4 and (97°,
−12°) for Asp5. The dihedral angles for all residues except
for φ of Lys2 were well-restricted and are shown in Fig. 7b.

Considering all the experimental results, we proposed a
model for the binding of the TBP on the SiO2 surface, as
shown in Fig. 7b. One of the model structures from the 10
best-matched models is shown where both side chains of
Arg1 and Asp5 face toward the SiO2 surface. The rigid
conformation of Pro4 may have an advantage for this model.
Proline is the only amino acid that exists in the cis con-
formation. This finding is due to the smaller energy differ-
ence between the cis and trans states of proline compared to
the other amino acids. However, the proline residues in all
10 best-matched model structures were found to be in the
trans conformation with a dihedral angle ω= 180°. The
NOE cross peaks were clearly observed between Leu3 Hα
and Pro4 Hδ, as they are in close contact when the proline
residue is in the trans conformation. Therefore, it is sug-
gested that the Pro4 residue plays a key role in the structural
rigidity. The importance of proline has been pointed out on
peptides with a binding affinity to mica by Maity et al. [8]
The adhesion of a mica binding peptide was significantly
reduced when proline in the peptide is replaced with alanine.

The surfaces of the SiO2 nanoparticles in aqueous solution
are composed of SiOH, SiO−, and SiOH2

+ and are covered
with multiple layers of water molecules. The NH2

+ at the
guanidyl group of Arg1 and the COO− of the Asp5 side chain
electrostatically interact with SiO− and SiOH2

+ on the SiO2

surface, respectively. Moreover, the guanidyl group of Arg1
may form hydrogen bonds with Si–O− and/or the adsorbed
water molecules through its NH and NH2 groups in the spe-
cific binding mode of the TBP to SiO2 nanoparticles. Non-
specific binding modes also accompany the proposed specific
mode because the interactions are essentially electrostatic,
including the interaction between the N- and C-terminal ionic
groups to the silica OH− or OH2

+ groups, respectively.
However, it appears from the point-mutation experiments that
the contributions of these non-specific binding modes are
relatively small in the TBP-SiO2 system. Thus, the specific
binding mode that we propose in this study is the most pre-
valent binding mode in this system.

The mechanism by which the TBP binds to the SiO2 and/
or TiO2 surfaces has been suggested by several groups. Sano

Fig. 7 a Overlay of the 10 best-matched model structures of the free
TBP (left) and the TBP bound to a SiO2 surface (right). The average
backbone RMSDs for the free TBP and the SiO2-bound TBP are 1.37
± 0.34 and 0.38 ± 0.06 Å, respectively. b TBP/SiO2 binding model
proposed in this study. NH2

+ in the side chain of Arg1 and COO− in
the side chain of Asp5 interact with SiO− and SiOH2

+ on the SiO2

surface by electrostatic interaction
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et al. [12] used atomic force microscopy (AFM) to study the
interaction of ferritins fused with the original 12-mer TBP
and that of its point mutants with Ti and Si substrates. These
authors concluded that the replacement of Arg1, Pro4, and
Asp5 in the TBP with Ala resulted in substantially weak
binding to both Ti and Si surfaces. Fukuta et al. [28] also
investigated the binding behavior of ferritins with Ala-
substituted TBPs using AFM and showed that each single
positively charged amino acid (Arg1 or Lys2) anchored the
mutant ferritins on the SiO2 and TiOx substrates. Skelton
et al. [29] reported that the TBP initially recognizes the water
layers on the TiO2 surface via a pair of oppositely charged
groups, Arg1 and Asp5, or Lys2 and Asp5, as studied by
molecular dynamics simulations. Schneider et al. [30] also
used molecular dynamics simulations and showed that Arg1
is mainly responsible for TBP anchoring to the TiO2 and
SiO2 surfaces and that Lys2 and Asp5 contribute to the
adsorption equilibrium. Okiyama et al. [31] reported that the
three charged residues, Arg1, Lys2, and Asp5, are major
promoters of the adhesion of the TBP to a SiO2 surface, as
studied by molecular orbital calculations. Mirau et al. [32]
proposed a compact C-shaped structure for the TBP bound to
the surface of SiO2 nanoparticles, as determined by solution
NMR, suggesting that electrostatic interactions between the
positive charges of the Arg1 and Lys2 side chains and the
negatively charged SiO2 surface promote peptide anchoring
on the surface. All these studies performed by various groups
concluded that the charged TBP amino acids are primarily
involved in the interaction of the TBP with SiO2 and/or TiO2

and that Arg1 is particularly important for adhesion. How-
ever, these studies also showed that the other charged amino
acids, Lys2 and Asp5, moderately contributed to the TBP-
substrate interaction. As mentioned above, Sano et al. [12]
showed that only Asp5 contributed to the interaction of the
TBP with SiO2. In contrast, Schneider et al. [30] suggested
that both Lys2 and Asp5 contributed to the adsorption
equilibrium, and Okiyama et al. [31] reported that both Lys2
and Asp5 as well as Arg1 were major promoters of the
adhesion of the TBP to a SiO2 surface.

Our results showed that the Arg1 and Asp5 residues
directly interact with the SiO2 nanoparticle surface. On the
other hand, Arg1 and Lys2 but not Asp5 directly interact with
the TiO2 nanoparticle surface, as we reported in the previous
study on the TBP/TiO2 system [23]. That is, both positively
and negatively charged groups mainly interact with the SiO2

surface, while the two positively charged groups interact with
the TiO2 surface. Our results regarding the TBP–SiO2 inter-
action are consistent with the results from Sano’s group [12]
in which both Arg1 and Asp5 interact with the SiO2 surface
and Pro4 strengthens the binding affinity of the TBP with the
SiO2 surface. Furthermore, our results for TBP–TiO2 support
the results of Fukuta et al. [28], which show that positively
charged amino acids (Arg1 and Lys2) anchored ferritin on

TiOx; however, our results are not fully consistent with those
of other groups.

In conclusion, our experimental techniques and conditions
allowed us to evaluate the interaction between peptides and
the surface of inorganic nanoparticles in an aqueous solution.
These results are useful in the development of nanoparticle/
peptide composites and will aid in the design of peptide
sequences bound to an inorganic nanoparticle surface.

Conclusion

In this study, we investigated the interaction of the metal
oxide binding peptide TBP to SiO2 nanoparticle surfaces
using solution NMR techniques. STD NMR measurements
with the selective saturation of water molecules and muta-
genesis analysis of the TBP were performed to identify the
TBP sites that interact with the SiO2 surface. The results
show that Arg1 and Asp5 are essential for TBP binding to
SiO2 nanoparticles and that Pro4 plays the key role in the
TBP–SiO2 interaction. The structure of the TBP bound to
the SiO2 surface was determined by using the DYANA
program based on the NOESY experiments. The results
indicate that the side chains of Arg1 and Asp5 face in the
same direction, most likely towards the SiO2 surface. Tak-
ing into account this result together with the pH dependent
STD strength and zeta potential, a binding model for the
TBP was proposed, where the guanidyl group of the
Arg1 side chain and the carboxyl group of Asp5 side chain
electrostatically interact with the deprotonated and proto-
nated silanol groups on the SiO2 surface. Notably, the
binding mode proposed here for TBP/SiO2 is certainly
different from that for the TBP/TiO2 system, as previously
reported. The STD NMR experiment developed in this
study provides a powerful tool for screening and identifying
peptides with a specific affinity to inorganic nanoparticles.
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