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Biomineralization synthesis of metallic nanoparticles using
biotemplates has been the theme of numerous investiga-
tions, !l since it allows for the production of high-quality
nanoparticles by altering the physical properties of the
prepared inorganic materials at the ambient temperature.
Most notably, biomineralization using protein shells (PSs) or
cages is being intensely studied for the synthesis of inorganic
nanomaterials that can be applied to electromagnetic devices,
photonics, catalysts, and a variety of other fields.”) Further-
more, the functional modification of protein surfaces by
genetic or chemical means® expands the repertoire of
applying inorganic nanomaterials to medical imaging and
therapy.’™ However, most applications of protein-shelled
nanoparticles (PSNPs) are still limited to their inorganic
properties, and the role of PSs is restricted to that of a
reservoir or, at most, a targeting entity for a specific location,
such as the cell surface.*®°! Herein, by employing peptidases
as PSs, we demonstrate that the catalytic activities of both the
proteins and NPs can be combined for multistep synthesis of
the desired compounds. Furthermore, we show that our PSs
are ideal templates for the size-controlled synthesis of
ultrasmall platinum nanoparticles (PtNPs) within the size
range of 0.9-3.2nm, and that they have higher catalytic
capacities with biocompatibility.

The bacterial aminopeptidase from Streptococcus pneu-
monia (PepA) self-assembles into a well-defined tetrahedral
dodecameric complex with a diameter of about 12 nm at the
exterior and 6 nm at the interior (Figure 1a,b). PepA is a
zinc-dependent metallopeptidase with a substrate preference
for acidic amino acids,® and it plays an important role in
catabolizing oligopeptides in bacteria. The active sites located
inside the cavity hydrolyze oligopeptides into free amino
acids. The tetrahedral architecture of PepA reveals a cavity in
the center with four wide channels on the faces of the
tetrahedron and four narrow ones on the edges (Figure 1a).
The wide and narrow channels have diameters of 3 and 1 nm,
respectively, and they are used for substrate entry and product
exit, respectively. Accordingly, these channels are considered
the gates for accepting inorganic molecules during the PtNP
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Figure 1. Crystal structure (PDB ID: 3KL9) and TEM images of PepA.
a) The ribbon diagram of a PepA dodecamer. The PepA subunits are
shown in different colors, and the channels with diameters of 1 and

3 nm are indicated by black and red arrows, respectively. b) The charge
distribution on the internal surface of PepA: negative charges are red
and positive charges are blue, and the inside and outside dimensions
are indicated. c,d) PepA—PtNP complexes were analyzed using electron
microscopy with 2% uranyl acetate staining (c) and without staining
(d). The insets are magnified images of the uranyl acetate-stained
PepA-PtNP complexes (c) and PtNPs (d). The lattice fringes show
periodicities of 0.224 (c) and 0.225 nm (d) in the [111] direction (white
arrows). Scale bars are 20 nm unless otherwise noted.

synthesis. The negatively charged interior surface seems to be
crucial for metal deposition in the initial stage of the reaction
(Figure 1b). The geometric and electrostatic complementar-
ity among each subunit results in very tight subunit inter-
action. Owing to these features, PepA is considered an ideal
biotemplate for the synthesis of inorganic nanoparticles
(Figure 1b).

PtNPs were synthesized within PepA by slowly reducing
K,PtCl, using NaBH, as a reducing agent in an aqueous
solution at room temperature. The synthesis was monitored
using transmission electron microscopy (TEM) (Figure 1c¢,d)
and UV/Vis spectroscopy (Figure 2). The formation of PtNPs
was also visibly monitored by color change from light yellow
to dark brown (Figure S1, Supporting Information). Consis-
tent with other studies,”! PepA—PtNPs showed broad UV/Vis
absorption spectra in a wide range of wavelengths, but there
were no peaks corresponding to the absorption of PtCl,*~ or
the plasmon absorption. UV absorption at 280 nm, which is a
representative fingerprint of proteins, did not shift, but rather,
it gradually increased in intensity and was finally saturated,
implying that the formation of PepA-PtNPs was kinetically
controlled (Figure 2). PepA-PtNPs were purified using high-
speed centrifugation and size-exclusion chromatography
(SEC). The TEM images of PepA—PtNPs stained with 2%
uranyl acetate revealed uniform round PtNPs encapsulated in
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Figure 2. UV/Vis spectra of PepA—PtNPs in the 250-400 nm range.
PepA and Pt precursors were incubated at a 1:1000 molar ratio. The
spectra obtained from the incubation of 0, 1, 2, 3, 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, and 120 min are differently colored. The
absorption spectra appeared saturated after about 50 min, indicating
the termination of the reaction. The inset panel shows the UV/Vis
spectra of PepA, the Pt precursors, and PepA—PtNP complexes over
the spectral range of 250-800 nm.

tetrahedral PepA shells (Figure 1c¢). The molar ratio between
the Pt precursors and PepA and the incubation time
determined the size of PtNPs encapsulated by PepA. When
a reaction mixture with a molar ratio of 1000:1 was incubated
until the Pt precursors were completely reduced, PtNPs with
diameters of (2.1 +£0.3) nm were synthesized inside of PepA,
and these were used for the physicochemical characterization.
The lattice spacing of the crystalline PtNPs was 0.224 nm,
which can be assigned to the (111) plane of fcc platinum
(Figure 1d). Therefore, the crystalline property of PtNPs
synthesized by PepA is same as that of PtNPs encapsulated by
other protein shells such as ferritin,”™ DNA-binding protein
of starved cells (Dps),®! and small heat-shock protein
(sHSP). The inductively coupled plasma mass spectrometry
(ICP-MS) analysis confirmed that PepA possess smaller
amounts of zinc ions after harboring PtNPs, suggesting that
the zinc ions bound to the active site of PepA were released or
replaced by platinum ions (Table S1, Supporting Informa-
tion). The SEC profiles of the apo-PepA and PepA-PtNP
complexes monitored at 280 and 350 nm revealed that the
major peaks were eluted at the same volume, thus confirming
that Pt was deposited within the PepA dodecamers and not on
their surfaces (Figure S2, Supporting Information). Fourier-
transform infrared (FTIR) spectroscopy and X-ray photo-
electron spectroscopy (XPS) revealed the binding sites of
PtNPs in PepA and the metallic state of the deposited Pt
(Figures S3 and S4; Table S2, Supporting Information).

The size of PtNPs was precisely controlled in the range of
0.9 to 2.1 nm by changing either the reaction time (kinetically
controlled synthesis; Figure 3a-e) or the concentration ratio
between Pt precursors and proteins (ratio-controlled syn-
thesis; Figure 3 f—j). The size of PtNPs increased up to 3.2 nm
when PepA was saturated with excess Pt precursor (Figure S5,
Supporting Information). Smaller nanoparticles are known to
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Figure 3. The size-controlled evolution of the PepA-encapsulated
PtNPs and their catalytic activities. a—e) Kinetically controlled synthesis
of PepA—PtNPs. Pt precursors were incubated with PepA at a

1000:1 molar ratio. Varying incubation times of 1 (a), 5 (b), 15 (c), 30
(d), and 5 h (e) yielded average complex sizes of 0.9, 1.4, 1.7, 1.9, and
2.1 nm, respectively (size distribution histogram, Figure S8, Supporting
Information). f—j) Ratio-controlled synthesis of PepA—PtNPs. Pt precur-
sors were incubated with PepA at varying molar ratios of 50:1 (f),
100:1 (g), 250:1 (h), 500:1 (i), and 1000:1 (j) for 60 min, yielding
average complex sizes of 0.9, 1.1, 1.5, 1.7, and 2.0 nm, respectively
(size distribution histogram, Figure S9, Supporting Information). Each
scale bar represents 20 nm. The proteolysis and hydrogenation activ-
ities of the PepA—PtNP complexes synthesized in a—e and f—j are
plotted versus the size of PtNPs ((k) and (l), respectively; Figure S10
and Figure S11, Supporting information). The proteolytic activity of
PepA-PtNPs was monitored by the hydrolysis of substrates over

15 min at 37°C, expressed as the relative activity to free PepA. The
hydrogenation activity is denoted by the rate constant.

possess higher catalytic activity,”! but the synthesis of ultra-
small PtNPs at a subnanometer scale is a challenging issue. To
date, only a few investigations have addressed the kinetic
effects in the size control of PtNPs'” or the synthesis of
ultrasmall PtNPs,''l but those efforts were rather limited and
impractical. In this regard, the current study provides a simple
and reliable technique for the synthesis of ultrasmall PtNPs
that are smaller than any other known PtNPs produced in
ambient conditions."”) Collectively, it is believed that the
tetrahedral protein shell of PepA is an attractive biotemplate
for the syntheses of ultrasmall inorganic nanoparticles.

The peptidase activity of the PepA—PtNPs was monitored
in two ways: the amount of released of p-nitroanilide from
glutamic acid-p-nitroanilide for 15 min was measured (Fig-
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ure 3k,1), and the ration of the catalysis rate constant to the
Michaelis constant (k.,/K,,) of PepA was calculated (Table 1).
As confirmed in the ICP-MS experiments, PepA-PtNPs

Table 1: Peptidase and hydrogenation activities of PepA—PtNPs.

Peptidase activity
o/ K [mm ™' s7']

Hydrogenation activity
rate constant [107°s™]

PepA 14.88 £0.45 -
PepA—PtNP ca. 0.9 nm 6.291+0.49 10.400
PepA—PtNP ca. 1.0 nm 4.30£0.02 4.552
PepA-PtNP ca. 1.5nm  3.50+0.06 4.200
PepA—PtNP ca. 2.0 nm 1.66+0.01 2.730

contained a smaller amount of zinc ions than the Pt-free
PepA, but they still have the high peptidase activity of PepA—
PtNPs, possibly owing to the bound zinc and platinum ions.
The reaction rate constant of PepA—PtNPs-catalyzed hydro-
genation was also estimated using p-nitrophenol as a sub-
strate. Since PepA—PtNPs produced from the Pt/protein ratio-
controlled synthesis were catalytically more active (Figure 31)
than those from the kinetic controlled synthesis (Figure 3k),
their activity is referred to in the discussion, unless otherwise
specified. PepA—PtNPs showed higher catalytic activity than
the citrate-reduced PtNPs!'? or the Tween80-capped PtNPs[*!
of equivalent sizes (Figure S6 and Figure S7, Supporting
Information). The peptidase and hydrogenation activities
were both inversely proportional to the particle size (Figure 3
and Table 1), and the sub-nanometer-sized PepA-PtNPs were
the most efficient catalysts: the proteolytic activity of PepA—
PtNPs was comparable to that of the free PepA in terms of the
amount of released product during a assigned time, and the
hydrogenation activity was fourfold higher than that of the
2 nm PtNPs (Figure 31). Because they function as an enzyme
and a chemical catalyst, PepA-PtNPs can be denoted as a
bioinorganic nanohybrid catalyst. At the same time, PepA
exerted strong stabilizing effects on PtNPs, since PepA
extended the lifespan of PtNPs more effectively than two
other representative molecular capping agents (citrate and
Tween80, Figure 4a). Furthermore, PepA-PtNPs also exhib-
ited both sorts of activity in organic solvents (Figure 4b),
implying that the diversity of the catalytic conditions may
contribute to expanding the repertoire of applications for this
multifunctional nanocatalyst.

The PepA complexes harboring the 0.9 nm PtNPs, which
possessed the highest catalytic activity, appear to be suitable
for various application purposes. In similar ways, PepA can
possibly be applied to synthesize various inorganic catalytic
materials that have high catalytic activity, as PSs have been
successfully used for the synthesis of a wide range of inorganic
nanoparticles.'*¢4:23414 Moreover, PepA—PtNPs showed
no detectable toxicity on cultured cells in the MTT assay,
which is unlike PtNPs stabilized by Tween80, suggesting that
PepA can reduce the cytoxicity of PtNPs (Figure 4c).
Inorganic materials may acquire biocompatibility through
PepA encapsulation, which is essential for the biomedical
application of nanomaterials. Consistently, it was also con-
firmed that the catalytic reactions do not affect the conforma-
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Figure 4. The lifespan catalytic activity of PepA—PtNPs, their activity in
organic solvents, and their biocompatibility. a) Catalytic activities of
PepA-PtNPs (@), citrate-PtNPs (¥) and Tween80-PtNPs (m) with
equivalent diameters (2 nm) in a multiple-cycle reaction. The catalytic
activity of each of the PtNPs, as expressed by the rate constant of the
first reaction, was set to 100%, and the relative activities of the next
reactions were plotted. b) The hydrolysis (black) and hydrogenation
(gray) activities of PepA-PtNPs in 50% and 25 % tert-butyl alcohol,
25% DMSO (dimethyl sulfoxide), and 25% DMF (dimethyl forma-
mide) are shown relative to the activity in an aqueous solution. c) Cell
viabilities in the presence of PepA—PtNPs (@) or Tween80-PtNPs (V).
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays were performed using Chinese hamster ovary (CHO) cells
grown with varying concentrations (10, 25, 50, 100, and 150 pm) of
PepA-PtNPs or Tween80-PtNPs. Values represent the means +
standard deviation from six experiments.

tional integrity of PepA-PtNPs, since the SEC profile of
PepA—PtNPs was not changed after multiple reactions either
in water (Figure S2, Supporting Information) or in organic
solvents (data not shown).

The catalytic activities of PepA and PtNPs were tested
simultaneously using Glu-p-nitroanilide as a substrate. PepA-
mediated hydrolysis yielded p-nitroanilide, with the develop-
ment of yellow color (Figure 5). Subsequent hydrogenation of
p-nitroanilide was monitored by the disappearance of visible
color under reduction conditions. When incubated with the
PepA-PtNP complex and NaBH,, Glu-p-nitroanilide
instantly formed the final product p-phenylenediamine, thus
demonstrating that this two-step reaction was completed by
the bioinorganic nanohybrid catalyst.

Although PSs have previously served as templates and
carriers in the synthesis and transfer of inorganic nano-
particles,1*3 1] they have not been considered as active
components. Herein, PepA was catalytically active and func-
tional even with PtNPs deposited inside. PepA could be an
excellent component of robust biomaterial, as it not only
performs the enzymatic function but also stabilizes the
performance of inorganic catalysts and substantially reduces
the cytoxicity of PtNPs. In these regards, PepA-PtNPs are
differentiated from the other known bioinorganic hybrids,
which are mostly simple conjugates of biomolecules and
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Figure 5. The multistep reaction catalyzed by the PepA—PtNP complexes. a) Hydrolysis of Glu-p-nitro-

anilide (dash dotted line) to p-nitroanilide (dotted line) was monitored by the change in the absorption

peak from 310 to 380 nm. Subsequent hydrogenation of p-nitroanilide to p-phenylenediamine resulted in

the disappearance of the absorption peak at 380 nm and the emergence of a new peak at 305 nm (dashed

line). A solid line indicates the absorption spectrum of the PepA-PtNP complexes. b) Reaction schemes

for the PepA—PtNP-catalyzed productions of p-phenylenediamine from Glu-p-nitroanilide by proteolysis (1) E
and hydrogenation (2). Glutamic acids were not hydrogenated under the experimental conditions.

inorganic nanomaterials. Moreover, the use of PepA facili-
tated stringent control over the size of nanoparticles, which
enabled us to reproducibly synthesize PtNPs with diameters
ranging from 0.9 to 3.2 nm. Therefore, with these advantages,
PepA surpasses the other known PSs for designing new
functional materials."***1! Considering the higher biocom-
patibility of PepA-PtNPs and the functionality of PSs
acquired by genetic or chemical modification of proteins, it
is expected that the current study can be extended to the
construction of nanobiofactories to produce complex mole-
cules for the purpose of biomedical application. In a similar
approach, various inorganic catalysts could be combined with
enzymes with PS-like architectures, such as oligomeric
acyltransferases,'” aldolases,'®! decarboxylases,'”) and pyro-
phosphatases,™ to diversify the repertoires of bioinorganic
nanohybrids for the synthesis of chemical compounds. Con-
sidering the increasing demand for enzymes to perform in
organic synthesis,”"! this study could expand the scope of
synthetic organic chemistry in either aqueous or organic
solvents.
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