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’ INTRODUCTION

Throughout the proteome there are numerous examples of a
single parent protein performing multiple functions based on the
context of the environment and the presence of binding partners,
also called adaptor proteins. These adaptor proteins recognize
and bind to specific sites, or epitopes, on the parent protein to
create nanoscale heteroassemblies with specialized functionality.
For example, mammalian cells use the protein clathrin for a
variety of functions such as stabilizing the spindle apparatus
during cell division,1 packaging cargo during endocytosis,2 and
transporting biomolecules between intracellular organelles.2

Clathrin achieves this functional versatility by interacting with
a diverse family of adaptor proteins, many of which bind to a
specific epitope on the clathrin molecule through a conserved
amino acid sequence termed the “clathrin box”.2 A single clathrin
monomer is composed of three semiflexible legs, each about
50 nm long, that form a triskelion structure with 3-fold symme-
try. Individual clathrin triskelia can self-assemble into a variety of
nanoscale architectures in vitro.3�6

Biotemplating, formation of inorganic materials using natu-
rally evolved or nature-inspired materials as scaffolds for directed
growth and assembly, is an attractive method to process

nanomaterials due to the wide array of potential structures that
may be formed.7 Previously, clathrin cages have been used to
generate nanostructures of cadmium sulfide and organoclay by
relying on the intrinsic electrostatic charge of unmodified
clathrin.8 While this work demonstrated the potential of clathrin
as a scaffold, using unmodified macromolecules as templates
greatly limits the selection of possible template materials to those
with the proper charge properties to participate in strong
electrostatic interactions. Furthermore, biotemplating with un-
modified macromolecules often limits the ability to localize the
site of interaction, since many charged chemical groups tend to
be accessible at the surfaces of biological assemblies.9 To enable
site-specific localization of interactions, macromolecular tem-
plates have been modified using several elegant genetic and
chemical functionalization techniques.10�17 However, these ge-
netic and chemical techniques require time-consuming optimi-
zation for each desired material interaction and may result in
modifications that interfere with the intrinsic self-assembly
properties of the scaffold.18
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ABSTRACT: Natural systems often utilize a single protein to perform
multiple functions. Control over functional specificity is achieved through
interactions with other proteins at well-defined epitope binding sites to form a
variety of functional coassemblies. Inspired by the biological use of epitope
recognition to perform diverse yet specific functions, we present a Template
Engineering Through Epitope Recognition (TEThER) strategy that takes
advantage of noncovalent, molecular recognition to achieve functional
versatility from a single protein template. Engineered TEThER peptides
span the biologic�inorganic interface and serve asmolecular bridges between
epitope binding sites on protein templates and selected inorganic materials in
a localized, specific, and versatile manner. TEThER peptides are bifunctional sequences designed to noncovalently bind to the
protein scaffold and to serve as nucleation sites for inorganic materials. Specifically, we functionalized identical clathrin protein cages
through coassembly with designer TEThER peptides to achieve three diverse functions: the bioenabled synthesis of anatase titanium
dioxide, cobalt oxide, and gold nanoparticles in aqueous solvents at room temperature and ambient pressure. Compared with
previous demonstrations of site-specific inorganic biotemplating, the TEThER strategy relies solely on defined, noncovalent
interactions without requiring any genetic or chemical modifications to the biomacromolecular template. Therefore, this general
strategy represents amix-and-match, biomimetic approach that can be broadly applied to other protein templates to achieve versatile
and site-specific heteroassemblies of nanoscale biologic�inorganic complexes.
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To overcome these limitations, we mimic the activity of
natural adaptor proteins that noncovalently assemble with a
wild-type parent protein to achieve site-specific functionalization.
We term this biomimetic strategy TEThER: Template Engineer-
ing Through Epitope Recognition. Our engineered “adaptor
proteins” are bifunctional peptides that noncovalently bind to
specific clathrin epitopes and display amino acid sequences
known to interact with specific inorganic materials. By forming
coassemblies of wild-type clathrin cages with these various
TEThER peptides, we can extend the versatility of clathrin
protein into diverse engineered functions.

Here, we design a family of TEThER peptides to customize
clathrin as a scaffold for three separate inorganic templating
reactions (Figure 1). Additionally, we demonstrate the three
potential advantages of this noncovalent TEThER strategy
compared to traditional biotemplating reactions. First, the parent
protein scaffold remains unmodified; therefore, the fidelity of
template self-assembly is retained. Second, epitope recognition
by TEThER peptides allows site-specific functionalization at
precise template binding sites. Third, since the functionalization
is noncovalent, a single template can be functionalized with a
variety of material-specific peptides in a mix-and-match manner,
thereby enabling a variety of templating reactions. Taken
together, this strategy represents a novel biomimetic approach
to bridging the biologic�inorganic interface that combines
localization, material specificity, and versatility in one system.

The two critical requirements for the TEThER strategy are
knowledge of (1) a protein template with well-characterized
binding domains available for noncovalent functionalization and
(2) peptide sequences that can nucleate or interact with

inorganic materials. Clathrin contains multiple epitope sites on
its structure that are recognized by various adaptor proteins
through specific, local peptide�protein interactions.19,20 The
“clathrin box” sequence, previously reported to be LLpL�
(where L denotes leucine, p a polar amino acid, and � a
negatively charged amino acid), specifically recognizes sites
located at the N-terminus of the clathrin legs,2 which are
displayed on the inside of assembled 3-D cage structures
(Figure 1a).6 The structure of the clathrin box epitope along
with its bound peptide ligand has been solved by X-ray
crystallography21 and reveals the presence of a pocket on the
clathrin terminal domain that accommodates the long side chains
of the leucine amino acids (Figure 1a, inset). Using a tetraglycine
spacer for conformational flexibility, a consensus clathrin box
epitope sequence was fused upstream of sequences that have
been shown to interact with one of three inorganic materials,
titanium dioxide,22 cobalt oxide,23 or gold,24 to create TEThER
peptides TP1, TP2, and TP3, respectively (Figure 1b). Because
these TEThER peptides are modular in nature and many more
sequences with affinity for various inorganics are available,25�27 a
mix-and-match strategy can be used to enable formation of
several biologic�inorganic structures. This strategy requires no
chemical or genetic modification of the underlying clathrin
protein scaffold; in contrast, one simply mixes and matches
assembled clathrin nanostructures with various TEThER pep-
tides to create a variety of functional coassemblies.

’RESULTS

Clathrin-coated vesicles were isolated from homogenized
bovine brain tissue using differential centrifugation as previously

Figure 1. Versatile functionalization of clathrin cage templates using TEThER peptides. (a) Illustration of site-specific recognition of the bifunctional
TEThER peptide at the clathrin monomer terminal domain. Zoomed region shows a space-fitting model of the clathrin terminal domain (white) and a
stick model of the clathrin-binding peptide sequence (purple). Schematic modified from ref 2. (b) Amino acid sequences of the designed bifunctional
TEThER peptides (TP). Sequence underlined in purple corresponds to the clathrin-binding peptide shown in the inset of part a. Sequences underlined
in red, green, and blue represent inorganic-binding regions of TP1, TP2, and TP3, which target titanium dioxide, cobalt oxide, and gold, respectively. (c)
Schematic representation of biotemplating process beginning from clathrin monomers that are assembled into cage structures and chemically fixed.
Bifunctional TEThER peptides are added to locally functionalize the clathrin terminal domains inside the cage structure. Appropriate precursor
molecules are added to initiate templating in solution at room temperature and pressure. (d) Representative transmission electron micrographs (TEM)
of self-assembled clathrin cages stained with uranyl acetate. Scale bars = 25 nm. (e) Representative TEM micrographs of templated inorganic materials
following addition of TEThER peptides and appropriate precursors to fixed clathrin cages. Titanium dioxide is outlined in red, cobalt oxide in green, and
gold in blue. Scale bars = 25 nm.
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reported.28 Size exclusion chromatography was used to separate
individual clathrin triskelia from other vesicle coat proteins.
Success of the protocol was analyzed by gel electrophoresis,
Western blot, and mass spectrometry of the purified clathrin
protein (Figure S1 in the Supporting Information). Purified
clathrin triskelia were induced to self-assemble into specific
structures, such as pyramidal or spherical cages (Figure S2 in
the Supporting Information), by modulating the ionic strength
and pH of the protein solution. Spherical clathrin cages with a
mean diameter of 50 nm were formed in 100 mM 2-morpholi-
noethanesulfonic acid (MES), pH 6.0, and fixed with parafor-
maldehyde to covalently cross-link the assembled structures and
prevent cage disassembly under templating reaction conditions
(Figure S3 in the Supporting Information).

After fixation, one of the three engineered TEThER peptides
was added to a solution of spherical clathrin cages to create
functionalized coassemblies through epitope recognition. Sepa-
rately, binding of TEThER peptide to the clathrin cage scaffold
was verified using control peptides and a fluorescence quenching

assay (Figure S4 in the Supporting Information). Upon addition
of the appropriate chemical precursors, nucleation and growth of
the desired inorganic material (anatase titanium dioxide, cobalt
oxide, or gold) at room temperature and pressure was realized.
Each of these inorganic nanomaterials is of significant interest for a
variety of applications. Current technological uses of titaniumdioxide
nanoparticles include dye-sensitized solar cells and photocatalysis,29

cobalt oxide has been investigated as a battery anode material,23 and
gold has been used for a variety of biomedical applications and shows
interesting catalytic properties at the nanoscale.30 Each material
system yielded roughly spherical particles whose size, phase, and
morphology were determined by the particular chemistry and
energetics of each reaction.

To template titanium dioxide, fixed clathrin cages were combined
in potassium phosphate buffer, pH 7.0, with TP1 and titanium(IV)
bis(ammonium lactato) dihydroxide (TiBALDH) and analyzed by
transmission electron microscopy (TEM). Crystalline nanoparticles
with amean diameter of 162nmwere observed (Figure 2a, Figure S5
in the Supporting Information). In distinct contrast, control samples
replacing TP1 with cTP1 (a control peptide which does not bind
to clathrin) or omitting either cages or TP1 did not contain any
visible precipitate, as observed by extensive TEM (Figure S9 in the
Supporting Information). These important control reactions con-
firm that both assembly components (i.e., clathrin cages and TP1)
are required for nanoparticle synthesis. Energy-dispersive spectros-
copy (EDS) confirmed the presence of titanium and oxygen in
approximately a 1:2 ratio, suggesting that the particles are TiO2. On
the basis of high-resolution TEM (HRTEM) and diffraction pattern
analysis, plane spacing and diffraction peaks were observed to be
consistent with the unit cell of anatase TiO2 (Figure 2c and 2d).
Anatase is a photocatalytically active phase of TiO2 and is generally
not observed in this large size range. Although the anatase phase is
commonly favored in solution-phase synthesis methods,31 particles
in this large size range tend to transform to the rutile phase due to
differences in surface and volumetric energies between the two
phases.32 HRTEM and scanning dark-field TEM revealed an
amorphous coat about 5 nm wide surrounding each particle
(Figure 2b and 2e). This length scale is consistent with the predicted
width of the assembled clathrin cage based on cryo-electron micro-
scopy measurements (∼5 nm).6 EDS conducted in scanning TEM
mode with a 1 nm probe size confirmed that the coat contained
carbon (Figure 2f, Figure S6 in the Supporting Information). This
suggests the presence of the clathrin/TP1 coassembly may serve to
stabilize the anatase phase at larger particle sizes. The crystalline
nature and size distribution of the particles suggests that the reaction
mechanism is nucleation limited, with generally only a limited
number of nuclei forming in a single assembled cage. The ensemble
of nucleated particles may then undergo rapid growth until the
solution is deprived of precursor, with each particle’s size governed
primarily by the time of the nucleation event. In support of this
mechanism, we observed no evidence that the total particle size is
limited by the initial diameter of the assembled protein scaffold.
Despite this, the presence of the assembled protein scaffold was
determined to be a required component of the reaction, as excluding
the clathrin cages or the TP1 peptide did not lead to nanoparticle
growth.

To demonstrate the modularity of this new templating
strategy, we simply replaced TP1 with TP2 and added cobalt
chloride to the fixed clathrin cages in the presence of a reducing
agent (sodium borohydride) to synthesize cobalt oxide nano-
particles. The resulting nanoparticles had a mean diameter of
55 nm and exhibited a different morphology and size distribution

Figure 2. Cobalt oxide nanoparticles templated by TP2-functionalized
clathrin cages. (a) Bright-field TEM micrograph. Scale bar = 100 nm.
(b) High-resolution TEM (HRTEM) micrograph of the edge of a
particle showing an amorphous carbon coating around the crystalline
titanium dioxide particle. Scale bar = 2 nm. (c, d) HRTEM micrograph
and electron diffraction showing measured plane spacings and assigned
diffraction peaks that correspond to the anatase form of titanium dioxide.
Scale bar = 2 nm. (e) Scanning TEM (STEM) dark-field micrograph of
the edge of a particle. Scale bar = 2 nm. (f) Scanning energy-dispersive
spectroscopy (EDS) data of the region shown in e false colored and
merged to highlight the element locations (red, Ti; blue, O; green, C).
Scale bar = 2 nm.
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compared to the anatase titanium dioxide nanoparticles (Figure 3).
EDS confirmed the presence of cobalt and oxygen (Figure 3c).
Similar particles were not observed in control samples replacing TP2
with cTP2 (a control peptide which does not bind to clathrin) or
omitting either fixed clathrin cages or TP2 peptides. As expected, for
these control reactions, all of which included a reducing agent,
micrometer-sized irregular particles were observed (Figure S9 in the
Supporting Information). These data demonstrate that both com-
ponents of the coassembly are necessary for the nanoscale templating
reaction; however, due to the need for extensive plasma cleaning of
the sample prior to imaging and analysis, direct evidence of the
clathrin cages was not obtained. Furthermore, replacing TP2 with
TP1 in the presence of the cobalt precursor did not result in synthesis
of cobalt oxide nanoparticles, indicating thatTP1 is unable to interact
with cobalt efficiently and the TEThER strategy can be used to
specify specific inorganic reactions. It has been suggested previously
that the carboxylic acid side chain of glutamic acid binds to positive
cobalt ions via ion exchange, and once reduced to cobalt, these
provide nucleation sites for further growth of cobalt particles that are
oxidized in solution.23,33 No crystalline domains could be detected in
our particles; this observation is consistent with partial oxidation
leading to an amorphous particle. In contrast to the mechanism of
titanium dioxide synthesis, we believe the cobalt oxide synthesis is
growth limited. Several cobalt nuclei may form inside each cage,
growing until they merge into a single particle. Partial oxidation
eliminates the internal grain structure; however, evidence formultiple
nucleation events is preserved in theobserved scallopedmorphology,
which has also been observed in cobalt oxide particles grown using
glutamic acid residues available inside nonmodified ferritin cages.33

To confirm that the TEThER strategy is not limited to oxide
materials, we also demonstrated the growth of noble metal
nanoparticles. Fixed cages resuspended in potassium phosphate

buffer, pH 7.0, were mixed with TP3 and chloroauric acid
(HAuCl4). Control samples without clathrin cages or without
TP3 peptide were run in parallel, and all samples were incubated
overnight in the dark to prevent photoreduction. Distinct color
differences were observed between samples, with clear visual
evidence of enhanced particle formation observed in the sample
containing clathrin and TP3 (Figure 4a). TEM and EDS analysis
of this sample revealed polycrystalline, round gold nanoparticles
with an average diameter of 20 nm (Figure 4b�f). Cryo-TEM
images clearly show the presence of gold particles within the
clathrin cages (Figure S7 in the Supporting Information). Similar
to the cobalt oxide synthesis described above, the imidazole side
chains of histidine are presumed to capture the gold ions, which
then act as nucleation sites for particle growth after reduction.34

Because gold is inert, oxidation does not occur and the integrity
of the crystalline domain is preserved. The control reactions with
no cages or peptide and with peptide alone did not exhibit a color
change, and no precipitate was detected by TEM. The control
reaction with cages alone contained polycrystalline, irregularly
shaped gold nanoparticles with an average diameter of 217 nm
(Figure S8 in the Supporting Information). Therefore, unlike the
previous two examples, the TEThER peptide was not necessary

Figure 3. TP2-functionalized clathrin cages-templated cobalt oxide
nanoparticles. (a) Bright-field TEM micrograph. Scale bar = 400 nm. (b)
STEM dark-field micrograph. Scale bar = 100 nm. (c) EDS data confirming
the presence of cobalt and oxygen. (d) Histogram (20-nm bins) showing
diameter distribution of templated cobalt oxide nanoparticles.

Figure 4. TP3-functionalized clathrin cages-templated gold nanoparti-
cles. (a) Photograph of the gold templating reaction and control
conditions. (b) Bright-field TEM micrograph. Scale bar = 25 nm. (c, d)
Corresponding bright-field (c) and off-axis dark-field (d, using a {111}
diffracted beam) TEM micrographs showing the polycrystalline nature
of the gold particles. Regions outlined in yellow represent crystal grains
that are well aligned with the incident beam. Scale bars = 5 nm. (e) EDS
data of templated gold nanoparticles confirming the presence of gold.
(f)Histogram(10-nmbins) showing the diameter distributionof templated
gold nanoparticles.
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to generate gold nanoparticles, though the presence of TP3
significantly altered the particle morphology and resulted in a
more uniform shape and size distribution. It has been suggested
that the histidine-rich peptide sequence used in TP3 acts as a
surface-capping agent to stabilize gold clusters and passivate the
surface.24 Presumably, the exposed amino acids in the clathrin
cage cavity are themselves interacting with gold ions even when
TP3 is not present; however, the cages alone cannot inhibit
continued growth in the samemanner as the coassembly of cages
with TP3 peptides. This hypothesis is consistent with the
observation of larger particles formed in the presence of non-
functionalized clathrin cages compared to the smaller particles
that were observed from TP3-modified clathrin cage reactions.

’DISCUSSION

By mimicking the naturally evolved strategy of modifying
clathrin function through coassemblies with other proteins, we
designed three new coassemblies that enabled the synthesis of
three different inorganic materials (bothmetal andmetal oxides),
all in mild solutions and at ambient conditions. This versatile
approach makes use of the available epitope binding sites on the
clathrin terminal domain to achieve site-specific, noncovalent
modification of the scaffold without requiring chemical or genetic
alterations. This is a fast and flexible method to develop multiple
inorganic nanostructures from a single protein scaffold using
green chemistry techniques. Several additional epitope binding
sites are present on other regions of the clathrin protein and may
enable simultaneous specific interactions with multiple inorganic
materials at distinct locations (e.g., on the outer cage surface in
addition to within the inner cavity). The structural variety of self-
assembled clathrin, which includes spherical and pyramidal cages
as well as hexagonal and cubic lattices,3,4 makes it an attractive
target for further developing biotemplating protocols. For ex-
ample, noncovalent modification of protein lattices can be used
to direct the arrangement of colloidal nanoparticles into ex-
tended arrays.35

Because the TEThER strategy does not require chemical or
genetic modification of the wild-type protein scaffold, this
method can be easily extended to other protein coassemblies.
Nature presents us with a vast range of naturally occurring
complex structures that could be directly used as starting
materials for noncovalent TEThER functionalization. Further-
more, the TEThER strategy enables the use of a single wild-type
protein scaffold to template multiple inorganic syntheses in a
mix-and-match manner. Therefore, the ever-expanding library of
inorganic synthesis peptides will enable formation of a wide
variety of materials. In summary, TEThER is a powerful biomi-
metic strategy that can be broadly applied to generate amultitude
of diverse organic�inorganic nanostructures.

’MATERIALS AND METHODS

Clathrin cages were assembled by dialyzing clathrin monomers into
4 mM Tris buffer at pH 7.0 adding 1/10 volume of 1 M MES, pH 6.0.
The protocol for clathrin purification is available in the Supporting
Information. Samples were spun down at 16 000g for 10 min, decanted,
then resuspended with 100 mMMES, pH 6.0. Paraformaldehyde (16%)
was added to a final concentration of 4%, and the samples were fixed at
room temperature. After spinning at 16 000g for 10 min and decanting,
100 mM potassium phosphate, pH 7.0, was added to dissociate unfixed
cages. Samples were spun at 16 000g for 10min a final time and decanted
to obtain fixed clathrin cages.

Fixed clathrin cages resuspended in 100 mM potassium phosphate,
pH 7.0, were incubated with TP1 peptide (1mg/mL final concentration,
GenScript) for 15 min. Samples omitting either clathrin cages or TP1
were run in parallel. TiBALDHwas added to 2.5 wt %, and the solution was
allowed to react for 2 h and then centrifuged at 16 000g for 10 min. The
resulting pelletwas rinsed 4 timeswithwater and then resuspended inwater.

Fixed clathrin cages resuspended in 2 mM cobalt chloride, pH 6.0,
were incubated with either TP1, TP2, or no peptide (1 mg/mL final
concentration, GenScript) for 1 h. Samples omitting clathrin cages were
run in parallel. Sodium borohydride (7.5 mM final concentration) was
added, and the solution was allowed to react for 10 min and then
centrifuged at 16 000g for 10min. The resulting pellet was rinsed 4 times
with water and then resuspended in water.

Fixed clathrin cages resuspended in 100 mM potassium phosphate,
pH 7.0, were incubated with TP3 peptide (1mg/mL final concentration,
GenScript) for 15 min. Samples omitting clathrin cages or TP3 were run
in parallel. HAuCl4 was added to 4 mM, and the solutions were allowed
to react in the dark overnight.

Samples were drop cast onto carbon type-B, 400 mesh, copper TEM
grids (Ted Pella) after extensive washing of the precipitated material
with the exception of the gold samples which were directly drop cast
from their reaction solutions. TEM was performed either on a JEOL
JEM-1230 operated at 80 kV or an FEI Tecnai G2 F20 X-TWIN
operated at 200 kV. EDS was carried out in the Tecnai using an EDAX
Analyzer for elemental analysis. Image analysis was performed using
ImageJ.

’ASSOCIATED CONTENT

bS Supporting Information. Details of protein purification,
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