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Fig. 6 TEM images of the synthesized Fe;04. a TEM image
and b HRTEM image

TEM images in this study implied that the self-
assembly of cFF to form a rod-like morphology was
not affected by the simultaneous synthesis of needle-
shaped Fe;O,4 NPs.

To evaluate magnetic property of the products and
the mass of Fe;O4 in the cFF-Fe;O4 conjugate,
superconducting  quantum  interference  device
(SQUID) magnetometry of the cFF-Fe3;04 conjugate
was performed. The magnetic properties of the cFF—
Fe;0, conjugate and the synthesized needle-shaped
Fe;04 NPs were measured by using SQUID at 300 K
(Fig. 8). The saturation moments of the cFF-Fe304
conjugate and the needle-shaped FesO, NPs were
2.18 and 63.45 emu/g, respectively (Fig. 8a). How-
ever, the needle-shaped Fe;O; NPs included the
43 wt% of organic molecules (see Fig. S3a in
Supporting Information). To estimate the contribu-
tion of the Fe30, particles in the Fe;O4 nanoneedle,
Mpe,0,, Was calculated using the equation described
below

@_ Springer

Fig. 7 TEM images of the synthesized cFF-Fe;04 conjugate.
a Low magnification and b high magnification

Mopserved

Mre,0, = 7
o (Wsample - Worg)

where Mopserveds Wsamples and Worg, are the observed
saturation magnetization value of the Fe;O4 nano-
needle with SQUID, the weight of the measured
Fe;04 nanoneedle, and the weight of the organic
molecules included in the needle-shaped Fe;O4 NPs
as estimated by TG measurement data respectively.
The saturation magnetic moment of pure Fe3O4
included in the Fe;O4 nanoneedle was 66.58 emu/g.
The amount of Fe;O, present in the cFF-Fe;Oy,
Wre,0,, Was calculated using the equation described
below

M.gp_Fe;0,

Wee,0, = Mreo
€304

where Wre,0,, McFF—Fe,0,» and Mre;0,, are the amount
of Fe3Oy4 present in the cFF-Fe3O4, the observed
magnetization value of Fe3O,, and the calculated
magnetization value of the needle-shaped Fe304 NPs,
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respectively. The amount of Fe;O, present in the
cFF-Fe;04 was 3.3 wt%.

Both the TEM and SQUID results indicate that the
Fe304 nanoneedle were present on the surface of the
cFF nanorods. In addition, the cFF-Fe3;0,4 conjugate
and Fe;04 nanoneedle showed almost the same
coercivity about 100 Oe at 300 K (Fig. 8b).

To obtain information regarding the organic molec-
ular structure, the Fourier transform infrared (FT-IR)
spectra were measured (Fig. 9). In the case of the cFF—
Fe304 conjugate (Fig. 9b), all peaks were identical to
those of cFF synthesized without Fe;O, (Fig. 9a). In

100
@ Composte
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Fig. 8 Magnetic properties of the synthesized materials at
300 K (open circle: cFF-FesO, conjugate, open triangle:
synthesized Fe;0,4 with 100 mM L-Phe)

addition, the FT-IR patterns were well matched with
that of cFF synthesized using a previously described
organic synthesis method (Brown et al. 1965). This
result suggests that cFF constitutes the only organic
component in the cFF-Fe3;0,4 conjugate.

The FT-IR spectra of L-Phe and the synthesized
needle-shaped Fe3;0,4 NPs are shown in Fig. 9c and d,
respectively. All the peaks in the L-Phe spectrum were
assigned as per the data provided by Mahalakshmi
etal. (2006) (see Table S1 in Supporting Information).
In the FT-IR spectrum of the synthesized Fe;0,
(Fig. 9d), a broad band at 1584 cm™" is visible; this
band can be assigned as n,(COO™) bound to the
transition metal (Nakamoto 1970). Furthermore, the
peaks at 1493, 1453, 1410, 1308, 1152, 1018, and
849 cm™! can be assigned as f(NH; "), Y(C~C)ring +
by(CHy), n(CO07), 74s(CHy), H(C—Hsing, ACC-H)ring,
and y(C—H)ying, respectively. Thus, the obtained results
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Fig. 9 FT-IR spectrum of (a) synthesized crystals with
710 mM of vL-Phe, (b) synthesized crystal with 710 mM L-
Phe and 50 mM FeSOy, (c) pure L-Phe, and (d) synthesized
crystal with 100 mM L-Phe and 50 mm FeSO,
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suggest the conjugation of L-Phe on Fe;0, during the
hydrothermal reaction.

Carny et al. reported that peptide-coated gold (Au)
NPs could bind with peptide-based nanofibers in an
aligned manner (Carny et al. 2006). The peptide that
was conjugated on the Au NPs exhibited affinity
toward the peptide nanofiber; as a result, the conju-
gated Au NPs could interact with the peptide nanofiber.
This peptide—peptide interaction may constitute one of
the main driving forces in the arrangement of Au NPs
on the peptide nanofiber. In our study, the synthesized
Fe;0,4 nanoneedle is covered with L-Phe. The conju-
gated L-Phe and synthesized cFF have an aromatic ring
at their side chain. It is possible that these aromatic
rings undergo p—p interactions with each other. Thus,
we consider that the 7—n interaction between cFF and
L-Phe conjugated on the Fe;O, nanoneedle serves as
one of the driving forces in the adherence of the Fe;04
nanoneedles to the cFF nanorod.

A cFF-Fe;0, conjugate was synthesized in situ by
a one-pot hydrothermal reaction. The morphology of
Fe;04 changed from spherical and cubic shapes to a
needle-like shape on account of the capping of L-Phe
on the Fe;O, surface. Fe;O, nanoneedles were
assembled on cFF rod-like crystals by hydrothermal
synthesis under a high cFF concentration. This
method may be applied to the production of NP
arrays of various metal oxides from metal ions
and amino acids and to the synthesis of rod-like
cFF-metal oxide NP hybrids.

Conclusion

A cFF-Fe;0, conjugate was synthesized in situ by a
one-pot hydrothermal reaction. The morphology of
Fe;0, changed from spherical and cubic shapes to a
needle-like shape on account of the capping of L-Phe
on the Fe;O4 surface. Fe3O4 nanoneedles were
assembled on cFF rod-like crystals by hydrothermal
synthesis under a high cFF concentration. This
method may be applied to the production of NP
arrays of various metal oxides from metal ions and
amino acids, L-Phe, and to the synthesis of rod-like
cFF-metal oxide NP hybrids.
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Enhancement of Cellulolytic Enzyme Activity by
Clustering Cellulose Binding Domains on Nanoscaffolds

Do-Myoung Kim, Mitsuo Umetsu,* Kyo Takai, Takashi Matsuyama, Nobuhiro Ishida,
Haruo Takahashi, Ryutaro Asano, and Izumi Kumagai

Celiulose, one of the most abundant carbon resources, is degraded by cellulolytic
enzymes called cellulases. Cellulases are generally modular proteins with independent
catalytic and cellulose-binding domain (CBD) modules and, in some bacteria, catalytic
modules are noncovalently assembled on a scaffold protein with CBD to form a giant
protein complex called a cellulosome, which efficiently degrades water-insoluble hard
materials. In this study, a catalytic module and CBD are independently prepared
by recombinant means, and are heterogeneously clustered on streptavidin and on
inorganic nanoparticles for the construction of artificial cellulosomes. Heteroclustering
of the catalytic module with CBD results in significant improvements in the enzyme’s
degradation activity for water-insoluble substrates. In particular, the increase of CBD
valency in the cluster structure critically enhances the catalytic activity by improving
the affinity for substrates, and clustering with multiple CBDs on CdSe nanoparticles
generates a 7.2-fold increase in the production of reducing sugars relative to that
of the native free enzyme. The multivalent design of substrate-binding domain on
clustered cellulases is important for the construction of the artificial cellulosome,
and the nanoparticles are an effective scaffold for increasing the valence of CBD in
clustered cellulases. A new design is proposed for artificial cellulosomes with multiple
CBDs on noncellulosome-derived scaffold structures.

between proteins, which allow us to artificially assemble
functional proteins. For example, the coupling between a
specific pair of fluorescent proteins can transfer fluores-
cence energy so as to detect intermolecular interactions,l'!
and the assembly of antibody fragments via protein-protein

1. Introduction

Recent advances in bioconjugate technology have supplied
various concepts for covalent and noncovalent linkages
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interactions increases the valence of antigen-binding sites
to improve therapeutic effects in treating cancer tumors.?)
Furthermore, nanoscale structural designs obtained by
molecular assembly and by downsizing of inorganic mate-
rials are enabling the fabrication of higher-order functional
devices by utilizing the nanomaterials as scaffolds for assem-
bling functional proteins. Protein cages, such as ferritin and
viruses, have been widely used as nanoscale building blocks
for higher-order nanostructures.>%) Additionally, adjacent
attachment of cofactor-enzyme pairs on self-assembled DNA
scaffolds induces designed cascade chemical reactions®! and
the clustering of antibodies on nanoparticles generates high
avidity that critically improves the binding of antibodies for
antigen-displayed substrates and cell surfaces.”)

small 2011, 7 No. 5, 656-664
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Clustering of functional proteins is 4
also utilized for improving the reaction
efficiencies of enzymes in some bacteria.
Cellulose, which is a linear polysaccha-
ride polymer of glucosyl units connected
by B-14-linkages, is an abundant carbon
resource on earth and an energy source
for cellulolytic bacteria and fungi. Cel-
lulose is a water-insoluble hard material,
but bacteria and fungi degrade the mate-
rial to low-molecular-weight sugars by
means of cellulolytic enzymes called cel-
lulases. Cellulases are generally modular

Catalytic module

Biotin acceptor
peptide

\_ polyHis-tag

Cellulose-binding domain
(CBD)

proteins with independent catalytic and
cellulose-binding domain (CBD) mod-
ules, and in some bacteria, catalytic mod-
ules with different functions are clustered
on a giant scaffold protein with CBD via
cohesin-dockerin interactions to improve
the degradation efficiency of the catalytic
module.'%!" The dockerin domain in
catalytic modules interacts noncovalently
with one of the cohesin domains tandemly
arranged in the giant scaffold protein to
form a complicated protein complex called
a cellulosome. The clustered catalytic mod-
ules are adsorbed on cellulose via CBD
in the scaffold protein and synergistically
degrade biomass materials by means of
coupled hydrolysis reactions.!'13]

High performance of cellulosomes
with regard to their efficiency of degra-
dation is attractive for the production of
alternative fuels from renewable biomass
resources with low energetic and envi-
ronmental loads. However, extracting substantial amounts
of cellulosomes from native bacteria is too difficult to utilize
native cellulosomes for the production of alternative fuels.
Several studies have reported the preparation of small cellu-
losomes from recombinant proteins expressed in Escherichia
(E.) coli'>'*16] but the recombinant preparation of intact
cellulosomes with the same length and activity as those of the
native form remains challenging. Therefore, a new means of
fabricating highly clustered enzyme complexes is needed.

In this study, a new design for artificial cellulosomes is
proposed from recombinant enzyme modules on noncellu-
losome-derived scaffold structures. Cellulases are tradition-
ally classified into endogl cellobiohydrolases, and
B-glucosidases: endoglucanases prefer to randomly hydro-
lyze amorphous celluloses to cellooligosaccharides, cellobio-
hydrolases can degrade crystalline cellulose from the chain
ends to cellobiose, and released short cellobioses are finally
degraded to glucoses by B-glucosidases.!'”'% Here, endo-
glucanase A (EglA) were clustered from Aspergillus nigerl?0!
as a catalytic module and the second N-terminal CBD in
endoglucanse C from Cellulomonas fimil?'?? as a CBD
on streptavidin and on streptavidin-immobilized inorganic
nanoparticles (Scheme 1). EglA has only a catalytic domain,
and the CBD used selectively binds to amorphous celluloses.

(CBD) modules on
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On streptavidin

On nanoparticle

Scheme 1. Schematic illustration of the clustering of catalytic and cellulose-binding domain

din and on icle
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The polyHis-tag is the peptide of poly-

histidine (HHHHHH), which is utilized for protein purification by means of a metal-chelate
chromatography column.

Homoclustering of catalytic modules only slightly improves
the degradation of water-insoluble celluloses, but the incre-
ment of CBD in clustered complexes critically enhances
their catalytic activity, with heteroclustering on nanopar-
ticles resulting in a 9.6-fold increase relative to the native
EglA’s activity. Here, the ability of in-vitro assembly to
improve the reaction efficiencies of enzymes and the poten-
tial of nanoparticles to serve as a giant scaffold structure for
the construction of artificial cellulosomes is demonstrated.

2. Results
2.1. Heteroclustering of EgIA and CBD on Streptavidin

EglA and CBD modules with a biotin acceptor peptide
were independently prepared in E. coli within biotin ligase by
recombinant means (see Experimental Section), so that the
recombinant EglA and CBD modules had a biotin molecule
only in the peptide tag (see Scheme 1). In all the experiments,
the recombinant EgIA and CBD was used, each with a bioti-
nylated tag at their C-terminus, as biotinylated proteins. These
biotinylated EglA and CBD were mixed with streptavidin at
different molecular ratios (EgIA:CBD:streptavidin = 3:1:1,

wileyonlinelibrary.com
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Figure 1. Size-exclusion chromatography of clustered EglA-CBD
complexes on streptavidin. Dotted line: 4 pm EglA; dashed line:
4 um CBD; dotted and dashed line: 4 pm streptavidin; a) 4 pm
EglA with 1 pum streptavidin; b) mixture of 4 um EglA and
1.3 pm CBD with 1.3 um streptavidin; c) mixture of 4 pum EglA and
4 pm CBD with 2 pm streptavidin; d) mixture of 4 um EglA and 12 pum
CBD with 4 pm streptavidin. Each 500 pL sample solution was
applied to the column, and the absorbance of the eluent was
monitored at 280 nm.

2:2:1, 1:3:1) to yield several complexes in which EgIA and
CBD were clustered on streptavidin at different ratios.
Figure 1 shows size-exclusion chromatography results for
the clustered complexes. In the absence of streptavidin, bioti-
nylated EglA and CBD (31 kDa and 21 kDa, respectively)
were eluted at fractions of 18.2 mL and 18.3 mL, respectively,
which correspond to each monomeric form. In contrast, in the
presence of streptavidin, no monomeric biotinylated EglA
and CBD were observed (Figure 1, dotted and dashed lines,
respectively); instead, a fraction eluted at =15.4-15.6 mL,
which corresponds to the proteins with =19-16 kDa, was
observed (Figure 1, lines a-d). This result shows that all the
biotinylated EglA and CBD were clustered on streptavidin.
As the amount of added CBD increased, the eluted fractions
containing clustered complexes were slightly shifted toward
lower molecular weights, implying that the ratio of CBD in
the clustered complexes increased.

2.2. Degradation Activity of EglA-CBD Cluster on Streptavidin
for Water-Soluble and l b

luble Cell

To analyze the enzyme activity of the EglA-CBD
cluster on streptavidin for cellulose substrates, the deg-
radation activity for carboxymethyl cellulose (CMC) and
phosphoric-acid-swollen cellulose (PSC) was measured by
means of a tetrazolium blue chloride (TZ) assay. The con-
centration of EglA in the reaction solution was adjusted to
0.4 um to analyze the activity change of EglA in the clus-
ters. CMC substrates are soluble celluloses in water, but
PSC are water-insoluble amorphous celluloses. Figure 2
shows the amount of reducing sugars produced from CMC.
Biotinylated EglA without CBD and streptavidin degraded
CMC to produce =0.037 mg mL! reducing sugars in
60 min (closed circles). The degradation activity of EglA for
CMC was slightly improved in the presence of CBD (open
squares), and the clustering of EglA together with CBD on

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Amounts of reducing sugars produced from 1 mg mL™ CMC
in a 50 mm sodium acetate solution (pH 5.0, 200 mm NaCl) at 40 °C for
60 min in the presence of no protein (open circles), 0.4 um EgIA (closed
circles), 0.4 pm EglA and 1.2 um CBD (open squares), EgIA-CBD clusters
containing 0.4 um EglA, 1.2 um CBD, and 0.4 um streptavidin (closed
squares). All experiments were conducted three times and average
values were plotted with error bars of standard variation.

streptavidin also caused a slight improvement in enzyme
activity (closed squares). This result implies that the clus-
tering event slightly influences EglA’s degradation activity
for water-soluble CMC.

For water-insoluble PSC, the activity of EgIA was much
weaker than that observed for CMC (Figure 3): free EglA
alone degraded PSC into less than 0.01 mg mL™' reducing
sugars in 60 min (open circles), indicating that EglA hardly
accessed the insoluble cellulose material. The addition of
CBD without streptavidin and the clustering of EglA on
streptavidin without CBD resulted in only a slight improve-
ment of EglA activity (closed circles and open squares,
respectively), but the clustering of EglA together with CBD
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Figure 3. Amounts of reducing sugars produced from 1 mg mL™ PSC
at 40 °C for 60 min in the presence of 0.4 um EglA (open circles),
0.4 um EglA and 1.2 um CBD (closed circles), and EglA-CBD clusters
containing 0.4 um EgIA, O pm CBD, and 0.1 pm streptavidin (open
squares), 0.4 pm EglA, 0.13 um CBD, and 0.13 um streptavidin
(closed squares), 0.4 um EglA, 0.4 um CBD, and 0.2 pw streptavidin (open
triangles), and 0.4 um EglA, 1.2 pw CBD, and 0.4 pm streptavidin (closed
triangles). All experiments were conducted three times and average
values were plotted with error bars of standard variation.
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on streptavidin showed a distinct effect: as the amount
of CBD increased, the degradation activity of EglA for
PSC was drastically enhanced to produce =0.058 mg mL"!
reducing sugars (closed triangles). CMC is soluble in water,
but water-insoluble PSC forms some molecular aggregate
structures. Therefore, these results indicate that the multi-
valency of CBD is effective for the enhancement of enzyme
activity for substrates with insoluble aggregated structures
in water.

2.3. Clustering of EglA and CBD on Streptavidin-Conjugated
CdSe Nanoparticles

To increase the valence of CBD in EglA-CBD clus-
ters, streptavidin-conjugated, 20 nm cadmium selenide
(CdSe) nanoparticles were used to promote high-order
clustering of biotinylated EglA and CBD. Each CdSe
nanoparticle was conjugated with 5-10 streptavidins, so
that =30 biotin molecules could be bound on the sur-
face of CdSe nanoparticles. Figure 4 shows the binding
of streptavidin-conjugated CdSe nanoparticles onto PSC
substrates after biotinylated EglA and CBD were mixed.
Little fluorescence from CdSe nanoparticles was detected
on precipitated PSC in the absence of CBD (Figure 4A),
whereas CdSe nanoparticles clustered with biotinylated
CBD were immobilized on PSC (Figure 4B). These results
confirm the immobilization of CBD on the nanoparticles
and the subsequent binding of the nanoparticles to the
PSC surface.

(A)

Figure 4. Fluorescence analysis of the adsorption of streptavidin-
conjugated CdSe nanoparticles onto PSC substrates. Mixtures of
53 nm CdSe nanoparticles in a 50 mm sodium acetate solution (pH 5.0,
200 mm NaCl) containing 1 mg mL™* PSC were centrifuged. A) Untreated

CdSe nanoparticles; B) CdSe nanoparticles containing 0.4 uw EglA and
1.2 um CBD.

(B)

Before
centrifugation

After
centrifugation
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2.4. Degradation Activity of Nanoparticles Conjugated with
EglA and CBD for PSC

Figure 5 shows the degradation activity of CdSe nano-
particles conjugated with EgIA and CBD for PSC substrates.
The changes in degradation activity for PSC observed after
clustering of EglA and CBD on the nanoparticles were sim-
ilar to those observed for clustered EglA on streptavidin:
nanoparticles conjugated with only EglA showed a slight
promotion of PSC degradation (open squares in Figure SA),
but nanoparticles conjugated with both EglA and CBD
exhibited drastically enhanced activity as the amount of
added CBD increased (closed squares, and open and closed
triangles in Figure 5A). The nanoparticles conjugated with
EglA and CBD at a ratio of 1:3 produced =0.065 mg mL"!
reducing sugars for 60 min, which were comparable to those
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Figure 5. Amounts of reducing sugars produced from 1 mg mL~! PSC
at 40 °C. A) Degradation reaction for 60 min in the presence of 13.3 nw
CdSe nanoparticles with 0.4 um EgIA (open squares), 17.8 nm CdSe
with 0.4 pm EglA and 0.13 um CBD (closed squares), 26.7 nwm CdSe
with 0.4 um EglA and 0.4 um CBD (opend triangles), 53.3 nm CdSe with
0.4 pm EglA and 1.2 um CBD (closed triangles). B) Degradation reaction
for 96 h in the presence of 0.4 um EglA (open circles), 0.4 um EglA and
1.2 um CBD (closed circles), EglA-CBD clusters containing 0.4 um EglA,
1.2 um CBD, and 0.4 pm streptavidin (open squares), and 53.3 nm CdSe
nanoparticles with 0.4 pm EglA and 1.2 pm CBD (closed squares). All
experiments were conducted three times and average values were
plotted with error bars of standard variation.
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produced by the EgIA-CBD clusters on streptavidin at a ratio
of 1 EglA:3 CBD:1 streptavidin (closed triangles in Figure 3).

Further, the amount of reducing sugars produced from
PSC over 96 h was measured (Figure SB). It was determined
that the amount of reducing sugars produced after 96 h by
the nanoparticles conjugated with EgIA and CBD at a ratio
of 1:3 was about 1.6 times as much as the amount of reducing
sugars produced by EglA-CBD clustered on streptavidin.
After more than 1 h, the clustering of EglA and CBD on
nanoparticles produced more reducing sugars than the clus-
tering on streptavidin.

2.5. Quantitative Analysis for Degradation Activity of
EglA-CBD Clusters

To quantitatively analyze the enhancement of degrada-
tion activity for PSC, the degradation rate of EglA-CBD
clusters was measured for 60 s at various PSC concentrations
to estimate the Michaelis-Menten constant (K,,) and turn-
over number (k) from Lineweaver-Burk plots (Figure 6).
The clustering of EglA and CBD at a ratio of 1:3 showed a
drastic increase in the initial degradation rates (Figure 6A),
and the initial rates calculated from the reactions after only
20 s show good correlation with the Lineweaver-Burk plot
(Figure 6B).

Table 1 lists the K, and k_,, values of EgIA-CBD clusters
estimated from the Lineweaver-Burk plot. The K, and Ky
values of both the EgIA-CBD clusters on streptavidin and
on nanoparticles demonstrate that the clustering of EglA and
CBD contributes to the increase of both the affinity of EglA
for substrates and the reaction rate of EglA. However, the
factor predominantly contributing to activity

D.-M. Kim et al.
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Figure 6. A) Amounts of reducing sugars produced from 1 mg mL™* PSC
at40°C for 60 s in the presence of 0.4 um EglA (open circles), 0.4 pm EglA
and 1.2 um CBD (closed circles), EgIA-CBD clusters containing 0.4 pm
EglA, 1.2 um CBD, and 0.4 pm streptavidin (open squares), and 53.3 nm
CdSe nanoparticles with 0.4 pum EglA and 1.2 um CBD (closed squares).

is dependent on the clustering format: the enhancement of
degradation activity by clustering on streptavidin is predomi-
nantly attributed to the increase of reaction rates, but the
clustering on nanoparticles significantly increased the affinity
for substrates. This difference implied that the mechanism of
activity enhancement by clustering is different between the
EglA-CBD clusters on streptavidin and on nanoparticles.

In addition, the equilibrium dissociation constant (K,) of
EglA-CBD clusters for PSC was measured (Table 1) and sig-
nificant decreases of K, values by clustering with CBD were
confirmed. These results imply that the enhancement of the
affinity for PSC is a contributory factor to the increase of Ky,
values.

Table 1. K, k., and K, values of EglA, CBD, and EgIA-CDB clusters on streptavidin and on CdSe

All exp were conducted three times and average values were
plotted with error bars of standard variation. B) Lineweaver-Burk plots
for EglA-CBD clusters on streptavidin (black open circles) and on
nanoparticles (red closed squares).

2.6. Degradation Activity of Egla—CBD Clusters for
Water-Insoluble Microcrystalline Cellulose Substrates

To analyze the enzyme activity of the EglA-CBD clus-
ters for microcrystalline cellulose substrates, the degrada-
tion activity was measured for avicel substrates at an EglA
concentration of 2 pum. The analysis for avicel substrates

icles for the PSC The num-

bers in parentheses and in square brackets represent the ratio of clustered cellulases to free EglA activity, and the ratio of clustered cellulases to
the activity of mixture of EgIA and CBD without streptavidin and nanoparticles, respectively.

K., [mg mL~"] Ky [0 mgmL" s um']  Reducing sugar produced after 96 h [mg mL™"] Ky [nw]
EglA 5.94+0.04 (1) 1.79+0.04 (1) 0.012+0.003 (1) -
CBD - = - 2.6 + 0.3 x10°
1EglA+3CBD 2.8410.03 (0.48) [1] 1.61+0.02 (0.9) [1] 0.016+0.003 (1.3) (1] -
1EglA + 3 CBD + 1 streptavidin 2.02+0.11(0.34) [0.71] 4.9410.32(2.8)[3.1] 0.073 +0.004 (6.1) [4.6] 14£2.6
7 EglA+23 CBD +1 CdSe 0.26 +0.06 (0.04) [0.091] 2.90+0.24 (1.6) [1.8] 0.115+0.011(9.6) [7.2] 2107

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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showed activity promotion of EgIA upon clustering together
with CBD on streptavidin (Figure 7A). Free EglA showed
no degradation activity for avicel (open circles), and the
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Figure 7. Amounts of reducing sugars produced from 1 mg mL™" avicel
in a 50 mm sodium acetate solution (pH 5.0, 200 mm NaCl) at 40 °C.
A) Degradation reaction for 60 min in the presence of 2 um EglA (open
circles), 2 um EglA and 6 um CBD (closed circles), and EglA-CBD clusters
containing 2 um EglA, O um CBD, and 0.5 um streptavidin (open squares),
2 pm EglA, 0.67 pum CBD, and 0.67 pm streptavidin (closed squares),
2 pm EglA, 2 pm CBD, and 1 pw streptavidin (open triangles), and 2 um
EglA, 6 um CBD, and 2 u streptavidin (closed triangles). B) Degradation
reaction for 60 min in the presence of 13.3 nm CdSe nanoparticles with
0.4 pm EgIA (open squares), 17.8 nm CdSe with 0.4 um EglA and 0.13 um
CBD (closed squares), 26.7 nm CdSe with 0.4 um EglA and 0.4 um CBD
(open triangles), 53.3 nM CdSe with 0.4 pw EglA and 1.2 jim CBD (closed
triangles). C) Degradation reaction for 96 h in the presence of EglA-CBD
clusters containing 0.4 um EglA, 1.2 px CBD, and 0.4 pm streptavidin
(open circles), and 53.3 nm CdSe nanoparticles with 0.4 um EglA and
1.2 um CBD (closed circles). All experiments were conducted three times
and average values were plotted with error bars of standard variation.
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addition of CBD without streptavidin had little influence on
the activity (closed circles). Although the EglA-CBD clus-
ters formed at ratios of 3 EglA:1 CBD and 2 EglA:2 CBD
showed no activity for avicel (closed squares and open tri-
angles, respectively), the clustering of EglA and CBD at a
ratio of 1:3 on streptavidin promoted degradation of avicel
to produce =0.017 mg mL'reducing sugars (closed trian-
gles). The gradual enhancement of clustered EglA activity
upon increasing the valence of CBD on streptavidin, which
was observed for amorphous substrates (PSC), was also con-
firmed for crystalline substrates.

The nanoparticles conjugated with EglA and CBD also
showed similar activity enhancement to that observed for
EgIA-CBD clusters on streptavidin (Figure 7B): a conjuga-
tion of 1 EgIA:3 CBD on the CdSe nanoparticles enabled the
degradation of avicel substrates (closed triangles). Although
the nanoparticles with EglA and CBD at a ratio of 1:3 pro-
duced less reducing sugars at the reaction time of 60 min
than the clusters on streptavidin, the sugars were gradually
produced as the reaction time increased; finally, at the reac-
tion time of 96 h, the amount of produced sugars was compa-
rable to that produced by EglA-CBD clusters on streptavidin
(Figure 7C). This different behavior between the clustering
on streptavidin and on nanoparticles suggests that the clus-
tering format also influences the mechanism of degradation

h . Michaelis-M kinetic parameters were
estimated, however, even after EglA was clustered with CBD,
the activity for avicel was too weak to obtain reliable initial
rates in replicate.

3. Discussion

3.1. Clustering of Cellulases via Biotin-Avidin Interactions

In this study, catalytic (EglA) and CBD modules were
clustered on streptavidin and on CdSe nanoparticles via
biotin-avidin interactions. Biotin-avidin linkages have been
widely utilized because of their strong and specific noncova-
lent interactions, and a biotin acceptor peptide enables the
structurally homogeneous tetramerization of recombinant
proteins. Cloutier et al. fused the biotin acceptor peptide at
the C-terminus of single-chain fragments of variable region
(scFv) in antibodies via an IgA hinge linker, and the scFv
fragments with only a biotin molecule on the acceptor pep-
tide were tetramerized on streptavidin to show a 20-30-fold
increase in equilibrium association constant compared with
that of monomeric scFv.*l This critical increase in binding
affinity induced by the formation of multimeric antibodies
is generally attributed to the slowing of the dissociation rate
of the antigen, although the increase in binding valence can
increase the chance of rapid and simultaneous contact to
increase the association rate constant.14!

Here, we applied the methodology of the scFv multimer
formation to the clustering of cellulase modules, and further,
we utilized nanoparticles as a scaffold backbone to generate
a high multivalence of these modules. The fusion of a biotin
acceptor peptide at the C-terminus of each recombinant
module resulted in the assembly of EglA and CBD to form
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highly active EglA-CBD clusters. Proteins can be chemically
biotinylated via amino groups on the surface of the proteins.
Therefore, we also tried chemical modification of biotin on
EglA and CBD modules; however, the chemical modification
heterogeneously conjugated biotin molecules on a module
protein, and clustering with these proteins occurred with
low efficiency, leading to multimerization of streptavidin via
multibiotinylated EglA or CBD.

3.2. Effect of Heteroc ing on Degradation Activity

The clustering of EglA together with CBD on strepta-
vidin resulted in little improvement of EglA’s degrada-
tion activity for water-soluble substrates, but the activity of
EglA-CBD clusters for water-insoluble substrates increased
as the valence of CBD increased in the clustered complexes
on streptavidin. Consequently, clustering on streptavidin and
on CdSe nanoparticles resulted in significant improvement of
degradation activity for PSC, and clustering on streptavidin
and on the nanoparticles enabled the degradation of avicel
(Figure 4,7).

Cellulases in cellulosomes show effective activity for cell-
ulose material degradation, but individual cellulases sepa-
rated from cellulosomes have low degradation activity.!'!1%)
Carrard et al. generated several recombinant CBD molecules
with a cohesin domain: the cohesin-fused CBD spontaneously
binds to dockerin-containing cellulases at a ratio of 1:1 to
activate the enzymes for water-insoluble substrates.”) In this
study, we drastically increased the activation of the endoglu-
canase EglA by clustering it with CBD on streptavidin and
on nanoparticles. Our design not only improved the degrada-
tion activity of EglA owing to its conjugation with CBD, but
also showed the avidity effect caused by the multivalence of
CBD on the degradation activity.

3.3. CBD Function

CBD plays a role in localizing catalytic modules in cell-
ulolytic enzymes and cellulosomes on cellulose surfaces to
substantially increase substrate concentration around catalytic
domains. Various CBDs with different affinities and specific-
ities for the surfaces of celluloses have been reported, but the
binding functions of these CBDs can be divided into two main
categories: reversibility and crystalline structure recognition.”?)
A CBD reversibly or irreversibly binds onto a substrate sur-
face, and the binding is specific for crystalline or amorphous
substrates. The thermodynamic factors associated with the
binding of CBD onto cellulose depend on the surface of sub-
strates: enthalpy changes drive binding onto an amorphous
surface,?”) such as in the cases of peptides and antibodies with
affinities for inorganic material surfaces,”® % whereas CBD
binding to crystalline structures is entropy-driven.P!/

In this study, we utilized the second N-terminal CBD
of endc C from Cellule fimi, which selec-
tively binds to amorphous celluloses/?'?? The fact that
catalytic modules with multiple CBDs efficiently degraded
water-insoluble substrates implies that the localization of

®© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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enzymes on the substrate surface was a critical factor for
degrading insoluble substrates: actually, the clustering of
EglA with CBD both on streptavidin and nanoparticles
increased the Ky values (Table 1). The clustered complexes
with multiple CBD molecules further degraded the micro-
crystalline substrate avicel. The multivalence effect of CBD
might have induced efficient localization of catalytic modules
on the few amorphous areas of avicel.

The clustering of CBD both on streptavidin and on
nanoparticles enhanced the degradation activity of EglA
for water-insoluble substrates by improving the affinity for
the substrate (K,,) and the degradation rate of EglA (k).
but the factor predominantly contributing to the activity
enhancement was a dependence on the clustering format: the
clustering on streptavidin increased the degradation rate of
EglA, while the use of nanoparticles significantly enhanced
the affinity for water-insoluble substrates. An increase of the
number of CBD modules enhanced the binding to PSC sub-
strates (see Ky values in Table 1) to increase the opportunity
for active site of EglA to bind to degradable sites in PSC:
actually, the nanoparticles with 7 EglA and 23 CBD showed
much smaller K,, values than free EgIA and EglA-CBD
clusters on streptavidin. Whereas, the degradation reaction
of EglA was also enhanced by the clustering with CBD, but
small scale clustering on streptavidin was more effective than
the use of nanoparticles as a scaffold. The localization of
EglA on PSC could also improve the degradation reaction,
but our results imply that the clustering structure is impor-
tant for the degree of promotion,

In addition to the factors of reversibility and recogni-
tion, it should be noted that some CBDs bind to substrates
to physically disrupt cellulosic fibers.?®] The addition of some
family IT CBDs in cellulose suspensions causes the release of
noncovalently attached particles from cellulose fibers,*>33!
and the disruption of fiber agglomerates by CBD has been
observed in scanning electron microscopy images.**35 Din
et al. further reported that the simultaneous addition of a
catalytic module and a family 11 CBD to cellulose suspension
increased the hydrolytic activity of the catalytic modules.*!
In our results, the addition of unclustered CBD resulted
increased the affinity of EglA for substrates (Table 1). If this
improvement of affinity is due to the disruption function of
the CBD used in this study, our results indicate that the dis-
ruption by CBD increases the opportunities of the adsorp-
tion of EglA.

Carrard et al. also reported that the binding proper-
ties of CBD influence the degradation activity of catalytic
modules.”] Our cluster design can easily be used to generate
various cellulolytic enzymes with multiple types of CBDs.
Heteroclustering experiments using different types of CBDs
are in progress to examine possible synergy effects due to
differing affinities and specificities among CBDs.

3.4. In-Vitro Clustering Design on Scaffold Units
In cellulosomes, cellulases with a dockerin domain
have been clustered on a giant scaffold protein with tan-

demly arranged cohesin and CBD to efficiently degrade

small 2011, 7 No. 5, 656-664



Enzyme Activity Enhancement by Clustering Cellulose Binding Domains on Nanoscaffolds

water-insoluble substrates.'%!"!] Fierobe et al. produced
small chimeric cellulosomes from recombinant cellulo-
lytic enzymes and scaffoldin proteins prepared in E. coli.
These dockerin-containing enzymes, each of which has a
different degradation function, were assembled in vitro
on a scaffold protein with two cohesins and CBD to yield
a higher activity than that of the same enzymes free in
solution.">14-19 Recently, some scaffold proteins that
are not derived from cellulosomes have been utilized to
assemble cellulases. Stable protein 1 (SP1) has a ringlike
structure on which 6 homodimers assemble.l®] Heyman
et al. fused a cohesin and a dockerin at the terminus of
the monomer of SP1 and the catalytic modules of endoglu-
canase CelSA, respectively, and 10 catalytic modules were
assembled on SPI: the assembled complexes exhibited
degradation activity for CMC that was two times greater
than that observed for free monomeric CelSA.7I The
fusion of cohesin in the subunit of rosettasome, which is a
thermostable chaperonin with a double-ring structure con-
structed from 18 subunits, assembled several different cell-
ulases containing a dockerin on a rosettasome to enhance
the degradation activity of enzymes to 2-3.5-fold com-
pared with that of a mixture of free enzymes.*!

Previous studies on the assembly of cellulases on a scaf-
fold protein have focused on the clustering of catalytic mod-
ules to enhance the degradation activity of the enzymes.
In contrast, in this study, we demonstrated the multivalent
effect of CBD on the degradation activity of clustered cell-
ulase complexes: the increase in CBD valence in clustered
EglA-CBD complexes markedly enhanced EglA’s degra-
dation activity for water-insoluble substrates. Furthermore,
we also showed that the utilization of CdSe nanoparticles
as scaffold units for assembling catalytic and CBD modules
resulted in a significant enhancement of degradation activity
relative to that of unclustered enzymes. Although we cannot
make a simple comparison between our results and the previ-
ously reported results, our results show the potential of CdSe
nanoparticles to serve as scaffolds for the design of artificial
cellulosomes.

4. Conclusion

In this study, we prepared recombinant catalytic and
CBD modules with a biotinylated tag and heterogeneously
clustered thesc modules on streptavidin and on inorganic
nanoparticles, thus creating a new design for artificial cellulo-
somes with multiple CBDs. Heteroclustering of the catalytic
and CBD modules resulted in a marked enhancement of the
enzyme’s degradation activity for amorphous and micro-
crystalline substrates. The drastic degradation enhancement
obtained by clustering the modules on 20 nm CdSe nano-
particles demonstrated the effectiveness of nanoscale scaf-
fold units for increasing CBD valence, which in turn induced
the enhancement of degradation activity. The cluster design
proposed in this study can easily be used to generate var-
ious cellulolytic enzymes with multiple types of CBDs. This
design may be utilized as a basic format to devise artificial
cellulosomes.

small 2011, 7 No. 5, 656-664
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5. Experimental Section

Construction of Expression Vectors for EglA and CBD with a Biotin
Acceptor Peptide: The gene coding the EglA from Aspergillus niger
and second N-terminal CBD of endoglucanse C from Cell
fimi was amplified from the vector obtained from Toyota Central R&D
Laboratories (Nagakute, Japan) by means of a polymerase chain reac-
tion (PCR) with KOD* polymerase and two external primers. Each of
the gene fragments produced was inserted into the Nco |-Sac Il site
of pRA2b vectors containing an IgA hinge linker (SPSTPPTPSPSTPP),
biotin acceptor peptide (AviTag; GGLNDIFEAQKIEWH), and poly-his-
tidine tag (HHHHHH) in this order at the C-terminus as reported by
Cloutier et al.,/??! and as constructed previously,® to produce the
plasmids for the EglA and CBD with AviTag at the C-terminus (pRA2b-
bioEglA, pRA-bioCBD2endc).

Preparation of EglA and CBD with a Biotinylated Tag: We first
transformed E. coli BL21 (DE3) with the plasmid of pBIRAcm encoding
biotin ligase (Avidity Inc., Aurora, CO) and then transformed the same
cells with the plasmids of pRA-bioEgIA and pRA-bioCBD2endc, respec-
tively. The transformed E. coli cells were incubated in 2 x YT medium
containing ampicillin (100 g mL~") and chloramphenicol (34 g mL™)
at 30 °C. EglA (or CBD) and biotin ligase were induced by adding
isopropylthiogalactoside (1 mw) in the presence of 50 um of o-biotin
(Sigma, St. Louis, MO). The harvested cells were centrifuged, and
the pellet was suspended in a Tris-HCl solution (50 mm, pH 8.0) with
200 mm NaCl. After sonication, the suspension was centrifuged at
9000 RPM for 30 min, and the supernatant was purified by means of
a metal-chelate chromatography column. For EglA, gel filtration chro-
matography (Hi-Load 16/60 Superdex 75 size exclusion column, GE
Healthcare, Little Chalfont, UK) was also performed. The fractionated
EglA and CBD with biotinylated tag were collected after the presence
of biotin was confirmed in the proteins by means of western-blotting
analysis using streptavidin—horseradish idase (GE Healthcare).

Clustering of EgIA and CBD with Biotinylated Tag: The bioti-
nylated EglA and CBD were mixed with streptavidin at various
concentration (um) ratios (EglA:CBD:streptavidin = 4:0:0, 4:1.3:0,
4:4:0, 4:12:0, 4:0:1, 4:1.3:1.3, 4:4:2, 4:12:4) in a 50 mm sodium
acetate solution (pH 5) with 200 mm NaCl at 4 °C for 24 h. The
clustering of added proteins was confirmed by polyacrylamide
gel electrophoresis (PAGE) with a blue native-PAGE kit (Invit-
rogen, Carlsbad, CA): each mixture solutions (18 pL) was mixed
with sample buffer (6 ul) and it was loaded onto the native-
PAGE gel. For the clustering of EglA and CBD on nanopatrticles,
CdSe nanoparticles conjugated with streptavidin (particle size:
20 nm, Invitrogen) were mixed with biotinylated EglA and CBD at
various concentration (uw) ratios (EglA:CBD:CdSe = 4:0:0.133,
4:1.3:0.178, 4:4:0.267, 4:12:0.533). The binding of streptavidin-
conjugated CdSe nanoparticles with EglA and CBD onto PSC sub-
strates was confirmed by mixing with PSC (1 mg mL™) in a sodium
acetate solution (50 mm, pH 5.0, 200 mm NaCl) at 4 °C for 24 h and
centrifuging at 6000 RPM for 30 s to detect the fluorescence from
CdSe nanoparticles on the PSC substrates.

Size-Exclusion Chromatography: Clustered EglA-CBD com-
plexes on streptavidin were fractionated in a size-exclusion
chromatography (SEC) column (Superose 6 10/300 GL, GE Health-
care, Tokyo, Japan) equilibrated with Tris—HCl (50 mm, pH 8.0,
200 mm NaCl). A sample solution (500 ul) was applied to the
column at the flow rate of 0.5 mL min?, and the absorbance of the
eluent was monitored at 280 nm.
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Enzyme Activity Assays:®% Clustered EglA-CBD complexes
were added to a sodium acetate solution (50 mm, pH 5.0,
200 mm NaCl) containing substrates (1 mg mL™") at 40°C. All the
final concentrations of EglA in the reaction solution were adjusted
to 0.4 um for enzyme activity assays against CMC and PSC, and
to 2 um for the assay against avicel substrates. After incubation
intervals (10 min-96 h), the supernatant (5 ul) was mixed with
Tz-assay buffer (195 pL of 1 mg mL! tetrazolium blue chloride,
0.5 m sodium tartrate, 200 mm NaOH, pH 5.0) at 100 °C for 3 min.
The reacted solutions were rapidly cooled on ice, and the absorb-
ance of the solutions at 655 nm was measured. The amounts of
produced reducing sugars were estimated from the absorbance
by normalizing with that of glucose reacted in TZ-assay buffer. For
kinetic cl d EglA-CBD comp were added
in the sodium acetate solution containing PSC (0.5-1 mg mL?) at
the EglA concentrations of 0.4 pum, and the amounts of produced
reducing sugars were measured by the TZ-assay at 10-15 s inter-
vals up to 60 s to estimate the reaction rates. Using the reaction
rates and substrate concentrations, Lineweaver-Burk plots were
applied to calculate k., and K.,..

Analysis of Binding Affinities of Clustered Complexes to Water-
Insoluble Materials: PSC (1.8 mg) was separately added to 50 mm
sodium acetate solution (600 pL, pH 5.0, 200 mm NaCl) containing
clustered EglA~CBD complexes, and the mixture was incubated for
30 min at 4 °C. After centrifugation, the fluorescence at 331 nm in
the supematant was measured by excitation at 280 nm to quantify
the residual proteins in the supernatant.
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Recently, a zinc oxide (ZnO)-binding peptide (ZnOBP) has been identified and has been used to assist the synthesis of
unique crystalline ZnO We the i of ZnOBP on the crystal growth of ZnO structures formed from
zinc hydroxide. The addition of ZnOBP in the is of ZnO [0001] crystal growth in the ZnO
particles, indicating that the specificity of the material-binding peptide for specific inorganic crystal faces controlled the
crystal growth. Furthermore, the dipeptides with a partial sequence of ZnO0-binding “hot spot” in ZnOBP were used to
synthesize ZnO particles, and we found that the of these dij more strictly (0001) growth in ZnO
crystals than did the complete ZnOBP sequence. These results the i i selected from
material-binding peptides to control inorganic crystal growth.

© 2010, The Society for Biotechnology, Japan. All rights reserved.

ility of

[Key words: Crystal growth control; Dipeptide; Inorganic material synthesis; Material-binding peptide]

The morphology of inorganic materials synthesized in solution is
controlled by crystal face growth, and the growth rate of the crystal
faces depends on the crystal structure of these materials. The
synthesis of metal, semiconductor, and metal oxide particles with
controlled shapes is of fund al and tech ical interest,
because the synthesis of shape-controlled particles allows for tuning
of the particles' shape-dependent physical properties; thus, the
particles may be optimized for promising applications in optics,
catalysis, biosensing, and data storage (1,2). To this end, organic-
solution phase (3-5) and liquid-solid-solution phase synthetic
transfer routes (6) have been demonstrated to be versatile pathways
toward the development of such shape-controlled metal oxide
particles, because these methods allow for control of crystal face
growth. In all of these methods, organic surfactants play a key role in
determining the growth and stability of inorganic particles.

In biology, combinatorial library approaches have allowed
researchers to identify artificial peptides and antibodies with affinity
for nonbiological inorganic materials (7-10). These material-binding

Abbreviations: SEM, scanning electron microscopy; XRD, X-ray diffraction; ZnO,
zinc oxide; ZnOBP, zinc oxide-binding peptide.
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peptides can be used to directly pattern biomolecules and nanopar-
ticles on inorganic substrates (11-13), and some peptides can be used
to synthesize nanometer-to-micrometer-sized inorganic particles in
neutral aqueous solution at room temperature (14-17). Such wet-
chemical techniques, applied under mild conditions, are attracting
growing interest because they are potentially useful for the deposition
of inorganic materials in or on heat-labile or pH-sensitive organic
compounds. Moreover, some materials synthesized by using material-
binding peptides have unique crystalline structures, suggesting that
material-binding peptides could be used as an interesting method to
synthesize anisotropic inorganic particles (14,15,17). However,
because the binding and biomineralization mechanisms of material-
binding peptides have not yet been elucidated, these substances
cannot yet be utilized to control the morphology of synthesized
materials. Rational elucidation of the behavior of material-binding
peptides in inorganic synthesis would allow these peptides to be
utilized in a broad range of biomimetic approaches toward hybrid
material synthesis.

Recently, a zinc oxide (ZnO)-binding peptide (ZnOBP) was
identified, and the functionalization of ZnOBP via fusion with a
cysteine-containing short peptide resulted in the formation of
nanometer-sized ZnO crystallines, which were assembled to unique
flower-like structures (17). In this study, we analyzed the influence of
ZnOBP on the crystal growth of ZnO structures synthesized from zinc
hydroxide (Zn(OH),) and observed the suppression of crystal growth

1389-1723/$ - see front matter © 2010, The Society for Biotechnology, Japan. All rights reserved.

doi:10.1016/.jbiosc.2010.09.013
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in the [0001] direction by the addition of ZnOBP in the hydrothermal
synthesis of ZnO. The binding properties of ZnOBP have been
physicochemically analyzed previously, and a “hot spot” peptide
sequence for ZnO binding has been identified (18). A dipeptide with
the same sequence as that of the ZnOBP hot spot was also used to
synthesize ZnO particles from Zn(OH),, and critical suppression of
ZnO crystal growth was observed. We describe the potential of
dipeptide molecules for controlling the morphology control of
synthesized materials.

MATERIALS AND METHODS

An organically synthesized peptide with the ZnOBP sequence (EAHVMHKVAPRP),
where the amine and carboxyl groups of the main chain at the N- and C-terminus are
inactivated by acetylation and amidation, respectively, was purchased from Peptide
Institute, Inc. (Osaka, Japan). The amino acids and the dipeptides also were purchased
from Peptide Institute, Inc.

For the ZnOBP-assisted synthesis of ZnO particles, a 0.1 M zinc nitrate solution was
mixed with the same volume of 0.2 M potassium hydrate to produce Zn(OH),. The
produced Zn(OH), was rinsed several times with distilled water, and the final
concentration of Zn(OH), was adjusted to 0.1 M. After 1 mg of ZnOBP (690 nmol) were
added to 1 ml of the Zn(OH); solution, the solution was heated in a closed vessel at
95°C for 24 h to synthesize ZnO. The heated solid material was centrifuged, and the
precipitates were rinsed several times with distilled water and then dried in vacuo,
yielding ZnO particles. The supernatant was analyzed on a size-exclusion chromatog-
raphy column (Asahipak GS-220 HQ, Shodex, Tokyo, Japan) equilibrated with H;0. As
an alternative ZnO synthesis, the Zn(OH), solution was dried at 95°C in an open vessel
for 24 h. For the application of amino acids or dipeptide instead of ZnOBP, we added
690 nmol of them in the Zn(OH); solution.

For analyzing the structure of synthesized materials, scanning electron microscopy
(SEM) images were obtained on a Philips XL30 ESEM instrument operating at 15 keV.
Samples were dried in a vacuum and coated with platinum by means of an ion-coating
instrument. X-ray diffraction (XRD) patterns were also recorded with a RINT-2000
spectrometer (Rigaku, Tokyo, Japan) with Cu Ket radiation. Samples were dried in a
vacuum before XRD experiments.

RESULTS AND DISCUSSION

To analyze the influence of the material-binding peptide on ZnO
synthesis, ZnOBP molecules were added to a Zn(OH), solution, and
the solution was boiled at 95°C for 24 h to synthesize ZnO particles.
Without ZnOBP, needle-type ZnO structures were synthesized
(Fig. 1a), whereas addition of ZnOBP resulted in the formation of
ZnO needles with flattened edges (Fig. 1b). This structural change
induced by the addition of ZnOBP was also observed for ZnO
synthesized by means of drying rather than boiling. Changing the
dehydration process from boiling to drying caused no structural
changes in the ZnO particles synthesized without peptides (data not
shown); however, the Zn(OH); solution containing ZnOBP formed
ZnO particles with peanut-like structures when the drying method
was used (Fig. 1c). These structural changes imply that the addition of
ZnOBP influenced [0001] crystal growth in the resulting ZnO particles.
In the drying method, peptide, ZnO ion, and produced ZnO particles
are being concentrated in the process of ZnO synthesis. We consider
that the gradual concentration change causes the formation of
peanut-like structure.

Fig. 2 shows the XRD pattern of synthesized ZnO materials. The
needle-type ZnO structures synthesized without ZnOBP exhibited
strong diffraction derived from (100) crystal faces (Fig. 2a), whereas
the diffraction was relatively weak in the XRD patterns of ZnO particles
synthesized by boiling or by drying with ZnOBP (Fig. 2b and c). These
results suggest that the presence of ZnOBP during ZnO synthesis
suppressed ZnO crystal growth in the [0001] direction, in agreement
with the SEM images shown in Fig. 1. Comparison of the XRD patterns
of the ZnO particles synthesized by boiling with those obtained by
drying with ZnOBP, in the presence of ZnOBP, revealed that the peanut-
like ZnO structures obtained by drying had a weaker (100) diffraction
than did the ZnO structures obtained by boiling. This difference in
diffraction patterns might indicate that the peanut-like structures had
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FIG. 1. SEM images of ZnO particles synthesized by boiling 0.1 M Zn(OH); solution at
95°C (a) without ZnOBP and (b) with 690 nmol of ZnOBP and of (c) ZnO particles
synthesized by drying 0.1 M Zn(OH); at 95°C with 690 nmol of ZnOBP.

more suppressed [0001] crystal orientation, or that they had more
(101) crystal faces, than did the ZnO structure obtained by boiling.

In our previous report, we identified the sequence around sixth
histidine residue in ZnOBP as the hot spot for binding to the ZnO
surface (18). Here, we analyzed the influence of the dipeptides with
sixth histidine residue, Met-His (fifth-sixth) and His-Lys (sixth-
seventh), on ZnO synthesis. When we added the dipeptide Ala-Ala to
the ZnO solution as a control peptide and boiled the solution to
synthesize ZnO, we observed the same needle-type ZnO particles that
were observed for ZnO synthesized without any peptides (Fig. 3a). In
contrast, the addition of the dipeptide Met-His resulted in the
synthesis of stick-type particles with flatter edges than those of the
ZnO rod particles synthesized with intact ZnOBP (Fig. 3b). Moreover,
such flattening of synthesized ZnO particle edges was also observed
when the dipeptide His-Lys was added to the ZnO solution (Fig. 3c).
This flattening of ZnO edges was not observed when mixtures of
amino acid monomers (Met and His, His and Lys) were added in the
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FIG. 2. XRD patterns of ZnO particles synthesized by boiling 0.1 M Zn(OH); solution at
95°C (a) without ZnOBP and (b) with 690 nmol of ZnOBP and of (c) ZnO particles
synthesized by drying 0.1 M Zn(OH); at 95°C with 690 nmol of ZnOBP.

ZnO synthesis; however, needle-type ZnO particles were formed in
those cases (data not shown). In addition, we also analyzed the
influence of the dipeptides with third histidine residue, Ala-His
(second-third) and His-Val (third-fourth), on ZnO synthesis;
however, the presence of the dipeptides did not cause the flattening
of ZnO edge (data not shown). Hence, the formation of flattened ZnO
edges upon the addition of the Met-His (fifth-sixth) and His-Lys
(sixth-seventh) dipeptides indicates that the hot spot sequence in
ZnOBP was preferentially bound to the edge area of the ZnO particles
in the ZnO synthesis process; it also suggests that the removal of other
sequences except for the hot spot residue promotes suppression of
[0001] crystal growth in the ZnO synthesis process by capping effect.

To observe the dipeptides' ability to control the structure of
synthesized ZnO particles, we synthesized ZnO particles from Zn
(OH); by boiling the solution with different concentrations of His-Lys
dipeptides (Fig. 4). As the amount of added dipeptides increased, the
edges of the synthesized ZnO rod particles were flattened at the
dipeptide concentration of 690 nmol and the length of the particles
decreased. Therefore, the increase in added dipeptides apparently
promoted a capping effect for ZnO growth, suppressing the longitu-

J. Bioscl. BIOENG.,

FIG. 3. SEM images of ZnO particles synthesized by boiling 0.1 M Zn(OH); solution at
95°C with the dipeptide of (a) Ala-Ala, (b) Met-His, and (c) His-Lys. For all syntheses,
the amount of the added dipeptides was 690 nmol.

dinal growth of ZnO so that the synthesized particles were
anisotropically downsized.

ZnO is one of the most widely studied metal oxides for use in solar
cells (19), sensors (20), ultraviolet nanolasers (21), and blue-light-
emitting diodes (22), because ZnO is a semiconductor with a wide
direct band gap that possesses unique optical, acoustic, and electronic
properties. This wide variety of applications requires the fabrication of
morphologically and functionally distinct ZnO nanostructures; con-
sequently, a large number of studies of morphology control of ZnO
have been reported (23-26). In the wet-chemical approaches, kinetic
energy barriers, temperature, time, and capping molecules are
considered to be factors that can influence the crystal growth of
synthesized inorganic materials (27). Among these parameters,
capping molecules play two important roles: the creation of
appropriate environments where crystal growth is promoted (23)
and the selective adsorption of the capping molecules onto specific
crystal faces to control the growth rate of capped surfaces (25,28). In
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FIG. 4. SEM images of ZnO particles synthesized by boiling Zn(OH); solution at 95°C with (a) 0 nmol, (b) 345 nmol, (c) 690 nmol, and (d) 1380 nmol, and (e) 2760 nmol of the

dipeptide His-Lys.

this study, we demonstrated the suppression of [0001] crystal growth
in ZnO particles in the presence of ZnOBP, particularly in the presence
of dipeptides of Met-His and His-Lys, which have been identified as
partial sequences of the ZnO-binding hot spot sequence in ZnOBP. Our
results suggest preferential adsorption of the hot spot sequence in
ZnOBP onto the (0001) crystal faces of ZnO hexagonal structures. For
analyzing the stability of ZnOBP at 95 °C in water, we analyzed the
peptide solution heated for 24 h, using liquid chromatography
(Fig. 5); consequently, few ZnOBPs were hydrolyzed. This result
suggests that other peptide sequence in ZnOBP interfere the
preferentially binding of Met-His and His-Lys dipeptides onto
(0001) crystal faces.

Recently, Tomczak et al. synthesized ZnO from zinc nitrate
hexahydrate (Zn(NOs),) by using amine molecules at low tempera-
ture (29). The addition of another ZnO-binding peptide called Z1
peptide (GLHVMHKVAPPA) inhibited the [0001] crystal growth in the

ZnO particles. It should be noted that the sequence HYMHKVAP in the
Z1 peptide is identical to the sequence in the hot spot region of ZnOBP.
Therefore, the Met-His and His-Lys sequences in HVYMHKVAP appear
to have a capping effect for ZnO synthesized from both (Zn(NOs)2)
and Zn(OH); precursors.

Met, His, and Lys composed of the dipeptide inhibiting the [0001]
crystal growth in the ZnO particles (His-Lys and Met-His) have a
functional group that can coordinate metal atoms: proteins with
metal atoms that are coordinated by these amino acids have been
reported (30,31). (1010) and (1120) crystal surfaces of ZnO are
formed by the same number of Zn and O, while only one species of
atom (Zn or O) appears on (0001) surface (32-34). Although we have
no direct evidence, we consider that the dipeptide should prefer the
binding onto the Zn-terminated (0001) surface of ZnO. In our study,
Zn0 morphology could not be controlled by a His amino acid and the
dipeptides with His and non-polar amino acids (His-Ala and His-Val:
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Antibodies and their fragments are attractive binding proteins because their
high binding strength is generated by several hypervariable loop regions,
and because high-quality libraries can be prepared from the vast gene clus-
ters expressed by mammalian lymphocytes. Recent explorations of new
genome sequences and protein structures have revealed various small,
nonantibody scaffold proteins. Accurate structural descriptions of protein—
protein interactions based on X-ray and NMR analyses allow us to gener-
ate binding proteins by using grafting and library techniques. Here, we
review approaches for generating binding proteins from small scaffold pro-
teins on the basis of tertiary structural information. Identification of bind-
ing sites from visualized tertiary structures supports the transfer of
function by peptide grafting. The local library approach is advantageous as
a go-between technique for grafted foreign peptide sequences and small
scaffold proteins. The identification of binding sites also supports the con-
struction of efficient libraries with a low probability of denaturcd variants,
and, in combination with the design for library diversity, opens the way to
increasing library density and randomized sequence lengths without
decreasing density. Detailed tertiary structural analyses of protein-protein
complexes allow accurate description of epitope locations to enable the
design of and screening for multispecific, high-affinity proteins recognizing
multiple epitopes in target molecules.

Introduction

Antibodies are naturally occurring recognition mole-
cules in the immune system, with high binding affinity
and specificity. The strong molecular recognition of
antibodies plays important roles in the immune system,
and it has been applied in therapeutic fields and the
detection of disease-associated marker proteins. Vari-
ous therapeutic and probe antibodies that target bio-

Abbreviations

molecules in living organisms have been selected from
the vast gene cluster for antibodies in mammalian lym-
phocytes by means of hybridoma and in vitro selection
technologies [1]. This gene cluster can also supply anti-
bodies with affinity for nonbiological materials [2,3].
The advantage of utilizing antibodies to generate mole-
cules with affinity for a target molecule is the ability to

'°FN3, 10th fibronectin type IIl domain; CDR, complementarity-determining region; CRAb, chelating recombinant antibody; DARPIn, designed
ankyrin repeat protein; Fv, fragment of the variable region; NCS, neocarzinostatin; scFv, single-chain fragment of the variable region;
TPO, thrombopoietin; VEGF, vascular endothelial growth factor; VHH, variable heavy chain of a heavy-chain camel antibody.
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