'A\
Me \Iiﬁﬂ}

www.MaterialsViews.com

www.afm-journal.de

Multi-Site Functionalization of Protein Scaffolds for

Bimetallic Nanoparticle Templating

Kelly N. L. Huggins, Alia P. Schoen, Manickam Adhimoolam Arunagirinathan,

and Sarah C. Heilshorn*

The use of biological scaffolds to template inorganic material offers a strategy
to synthesize precise composite nanostructures of different sizes and shapes.
Proteins are unique biological scaffolds that consist of multiple binding
regions or epitope sites that site-specifically associate with conserved amino
acid sequences within protein-binding partners. These binding regions can
be exploited as synthesis sites for multiple inorganic species within the

same protein scaffold, resulting in bimetallic inorganic nanostructures. This
strategy is demonstrated with the scaffold protein clathrin, which self-assem-
bles into spherical cages. Specifically, tether peptides that noncovalently
associate with distinct clathrin epitope sites, while initiating simultaneous
synthesis of two inorganic species within the assembled clathrin protein
cage, are designed. The flexibility and diversity of this unique biotemplating
strategy is demonstrated by synthesizing two types of composite structures
(silver—gold mixed bimetallic and silver—gold core—shell nanostructures) from

nanoparticles for the design of functional
materials, the ability to interface with mul-
tiple inorganic species simultaneously, in
a controlled manner, remains an ongoing
area of research.1™16 Here, we dem-
onstrate that our unique biotemplating
strategy can achieve concurrent inorganic
templating within a single scaffold, the
clathrin protein, exploiting its multiple
epitope regions as synthesis sites.
Clathrin is an intracellular protein
that plays a major role in the forma-
tion of coated vesicles to transport cargo
within cells. A single clathrin triskelion
unit is made of three semi-flexible arms
(Figure 1a) that self assemble within cells
to form both 2D lattices (at the lipid mem-

a single clathrin template. This noncovalent, Template Engineering Through
Epitope Recognition, or TEThER, strategy can be readily applied to any
protein system with known epitope sites to template a variety of bimetallic
structures without the need for chemical or genetic mutations.

1. Introduction

Biotemplating, the synthesis of inorganic material using bio-
logical materials as scaffolds, has been successfully achieved
using a wide variety of templates including viruses, bacteria,
DNA, lipids, and peptide and protein assemblies.'"] These
biotemplates continue to be attractive scaffolds because of
their nanoscale dimensions, structural diversity, and poten-
tial inorganic specificity, resulting in the controlled syn-
thesis of nanoscale inorganic material. While several elegant
methods have been developed to template specific inorganic
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brane) and 3D structures (around lipid ves-
icles) (Figure 1a). Outside of the cellular
environment, purified clathrin assem-
bles to form multiple nano-architectures
including spheres, barrels, tetrahedra,
and cubes, depending on the environ-
mental conditions (e.g., pH, concentra-
tion, buffer ionic strength).'7-?%) This structural diversity exhib-
ited by a single scaffold makes clathrin an ideal protein model
for templating inorganic materials.

Clathrin also contains multiple epitope sites (i.e., binding
pockets) that facilitate interactions with clathrin-adaptor-pro-
teins, which initiate clathrin self-assembly as well as trigger
endocytosis and cargo transport across the cell membrane.21-22
Previously, we reported that one of these epitope sites, the
C-box, could be functionalized to facilitate the synthesis of
inorganic material within the assembled clathrin protein
cage.?3] This unique templating strategy, Template Engineering
Through Epitope Recognition, or TEThER, mimics adaptor-pro-
tein interactions by using engineered tether peptides that non-
covalently bind to the clathrin protein, while exposing an inor-
ganic binding sequence designed to initiate inorganic synthesis
(Figure 1b,c). Unlike existing methods of biotemplating with
viral cages, bacteria, or other proteins, the TEThER strategy
offers a unique way to template specific inorganic nanomaterial
without genetic or chemical modifications to the scaffold. This
strategy therefore, creates a versatile, mix-and-match method to
synthesize a range of nanoparticle sizes, shapes, and composi-
tions that can be applied to any protein scaffold.

Our first account of this technique utilized a single epitope
site to synthesize a single metal or metal oxide species at a time
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Figure 1. a) Representative structure of an assembled 50 nm clathrin cage (left panel) and a single triskelion unit (middle panel) showing the location
of the light chains (yellow) and heavy chains (blue). Ribbon representation (right panel) of the clathrin B-propeller terminal domain and stick models
of the clathrin-binding C-box and W-box peptides. Images reprinted by permission from Macmillan Publishers Ltd: Nature, Nature Structure and
Molecular Biology, copyright 2004.1272% b) Schematic of the TEThER biotemplating process. Clathrin monomers are assembled into cage structures
and chemically fixed. The TEThER peptides (TPs) are added to noncovalently functionalize the inside and/or outside of the clathrin cage. Gold or silver
precursor molecules are added to initiate templating in solution at room temperature and pressure. c) Amino acid sequences of the TPs used in this
study. Sequences underlined and bolded correspond to the minimally active, clathrin-binding portion of the peptide sequence. Sequences in blue or
gray represent inorganic-binding regions for gold and silver, respectively.
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within the clathrin cage.”?! The purpose of the current work is
to expand the versatility and utility of the TEThER strategy by
introducing two new epitope sites for inorganic templating, one
on the inside and one of the outside of the assembled clathrin
cage. We demonstrate that these epitope sites can be used
simultaneously to mediate interactions with multiple inorganic
species to synthesize bimetallic nanostructures.

Bimetallic composite structures have enhanced catalytic and
optical properties compared to single-component materials, and
the control over their size, shape, and composition is critical to
material function.'>1624 We use the TEThER strategy to syn-
thesize two types of silver-gold composite structures, a mixed
bimetallic and a defined core-shell nanostructure, by noncova-
lent site-specific interactions with the self-assembled, clathrin
protein scaffolds. This work shows TEThER to be a versatile
method that can be extended to synthesize composite materials,
making it an attractive strategy for inorganic biotemplating.

2. Results and Discussion

Purified clathrin monomers were reassembled in vitro into
spherical cage structures with an average diameter of 50 nm
and subsequently covalently crosslinked with paraformal-
dehyde to prevent disassembly during the templating reac-
tions.2%] Using our TEThER biotemplating method, the fixed
clathrin cages were then functionalized with engineered pep-
tides designed to enable site-specific interactions with metallic
ions. In our previous work, we utilized the C-box epitope site,
which is located on the N-terminal domain of the clathrin foot
(Figure 1a), to design a TEThER peptide (TP) consisting of a
C-box sequence, a tetraglycine linker for conformational flex-
ibility, and an inorganic recognition sequence (Figure 1c).1232¢]

We now extend the TEThER method to include multiple
recognition sites within clathrin to achieve simultaneous locali-
zation of two different inorganic ions at distinct sites within a
single protein scaffold. Two new TP clathrin-binding domains
were designed to functionalize the clathrin scaffold at two
additional epitope sites: the W-box and the Huntingtin Inter-
acting Protein (HIP1) binding sites (Figure 1). The W-box TP
domain is a tryptophan-containing peptide sequence, PWDLW,
that was designed based on a specific region of the human
amphiphysin I protein that associates with clathrin in vivo.[”-28l
Crystallographic structural and binding studies revealed that
expanding the minimally active W-box sequence to include
the two flanking residues on either side resulted in relatively
strong peptide-clathrin association and thus were included in
our studies (Figure 1c).l?’”]

The W-box-TP domain, like the C-box-TP domain, is designed
to specifically bind to the N-terminal domain of the clathrin
foot, which positions the peptides on the inside of the assem-
bled cage.?”3% In contrast, the HIP1-TP domain is designed to
bind to the HIP1 site located on the clathrin light chain near
the vertex of the triskelion unit; therefore, once the clathrin
monomers are assembled, the HIP1-TP domain is situated on
the outside of the clathrin cage (Figure 1).2Y We designed the
HIP1-TP domain based on early mutagenesis studies and crys-
tallographic data that identified the DLLRKN peptide sequence
as a critical site of interaction between the HIP1 helical domain
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and the clathrin light chain.?>32 We incorporated additional
flanking residues that have been shown to play a role in HIP1-
clathrin association.l?

Like the C-box-TP design, both the W-box-TP and HIP1-TP
contain inorganic binding sequences linked to the clathrin-
binding domain through a tetraglycine linker (GGGG). This
combinatorial peptide strategy was used to design peptides
for gold and silver synthesis at W-box epitopes (W-box-Au and
W-box-Ag, respectively) and gold synthesis at the HIP1 epitope
sites (HIP1-Au) (Figure 1c). For proof of concept experiments,
we selected inorganic binding sequences previously reported to
synthesize gold and silver nanoparticles.[3334

2.1. W-box-Au-TP Nucleation of Gold Nanoparticles

To initiate the gold templating reaction at the W-box site, a gold
inorganic precursor (HAuCl,) was added to a sample consisting
of assembled clathrin cages pre-incubated with W-box-Au-TP.
After overnight incubation in the dark, transmission electron
microscopy (TEM) and energy dispersive X-ray spectroscopy
(EDS) analysis revealed gold particles with an average diameter
of 6.4 + 4.8 nm (Figure 2).

As previously reported, control reactions consisting only of
assembled clathrin cages (i.e., no TPs) were able to nonspe-
cifically reduce the gold precursor, resulting in large, irregular
clusters of gold nanoparticles (Figure S1, Supporting Informa-
tion). This is presumably due to nonspecific nucleation of gold
by charged amino acid residues on the clathrin surface.’>) We
have previously reported that the C-box-Au-TP acts both as a
nucleating agent to concentrate soluble gold ions within the
cage and as a capping agent to limit the growth and agglomera-
tion of the nanoparticles.l?>33 It is likely the W-box-Au-TP also
serves these dual roles in gold nanoparticle synthesis.

Consistent with this hypothesis, W-box-Au-TP incubated
with gold precursor without cages resulted in the formation
of a few small, irregular gold particles (Figure S1, Supporting
Information) that were inconsistent in shape and size. This
confirms that the W-box-Au-TP must be concentrated within
the clathrin cage to be effective. Gold precursor in the absence
of clathrin and TPs resulted in a few irregular gold nanoparti-
cles that were much larger in size, as predicted in the absence
of peptide capping agents (Figure S1, Supporting Information).
These results are expected, as the gold precursor used in our
study is quite reactive.’>] These data illustrate that similar to
the C-box-Au-TP, the W-box-Au-TP acts both as a tether and a
capping agent within the clathrin cage to achieve regulation of
gold nanoparticle size and shape.

2.2. W-box-Ag-TP Nucleation of Silver Nanoparticles

In our previous work we demonstrated gold, titanium dioxide,
and cobalt oxide synthesis using the C-box epitope as the
binding site. In this study we demonstrate further the versa-
tility of the TEThER system by synthesizing silver nanoparticles
at both the W-box and C-box sites. In the presence of a silver
precursor, AgNOs, and assembled clathrin cages, W-box-Ag-
TP initiated the synthesis of spherical silver nanoparticles with
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Figure 2. W-box-TP mediated templating reactions for a—c) gold and d—f) silver. A schematic of the templating reactions are shown above each EDS
panel. a,e) EDS data confirming the presence of gold or silver, respectively; the copper (Cu) peaks are a result of the small non-collimated signal of the
beam interacting with the large volume of the Cu grid. b,e) TEM analysis of particles formed in the presence of clathrin cages and W-box-Au-TP plus gold
precursor or W-box-Ag-TP plus silver precursor, respectively. ¢,f) Histograms illustrating diameter distribution of templated gold or silver nanoparticles.

an average diameter of 28.8 + 18 nm (Figure 2). As a control,
clathrin cages in the presence of silver precursor without TPs
formed large, flower-like, silver nanoparticles (Figure S2, Sup-
porting Information). Similar to the W-box-Au-TP mediated gold
templating reaction, these data confirm that although charged
amino acid residues on the clathrin cage surface are sufficient
to initiate silver nucleation, the presence of the designed TP is
required to control particle size and shape. The silver precursor
in the absence of peptide and assembled clathrin cages resulted
in large silver particle aggregates, suggesting that the W-box-
Ag-TP may also be acting as a capping agent to prevent agglom-
eration (Figure S2, Supporting Information).

To demonstrate the requirement for epitope site-specificity
of W-box domain TPs, we designed a non-binding peptide
control, W-box-Ctrl-Ag-TP, that consisted of alanine substitu-
tions at sites critical for peptide-clathrin interaction (Figure S3,
Supporting Information). W-box-Ctrl-Ag-TP in the presence
of the assembled clathrin cage and silver precursor resulted
in particles ranging in size from 40 nm to >200 nm (average

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

112.6 nm + 46.2 nm, Figure S3, Supporting Information). This
broad size distribution suggests that without site-specific inter-
action between the peptide and clathrin cage, controlled syn-
thesis cannot be achieved.

2.3. Bimetallic Nanoparticle Synthesis using the W-box
and C-box Epitope Sites

In the presence of assembled clathrin cages, C-box-Ag-TP, and
silver precursor; small, spherical silver nanoparticles (d = 48.5 =
33.5 nm) were formed, similar to those synthesized in the pres-
ence of clathrin decorated with W-box-Ag-TP (Figure 3a,b). The
use of a C-box non-binding peptide control (C-box-Ctrl-Ag-TP)
resulted in much larger silver nanoparticles (d = 136 + 58.6 nm)
with a broad size distribution (Figure S3, Supporting Informa-
tion). These results were similar to the W-box-Ctrl-Ag-TP reac-
tions and again illustrate the limited control over growth when
the TP is not localized within the clathrin cage.

Adv. Funct. Mater. 2014, 24, 7737-7744
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Figure 3. a—c) C-box-Ag-TP mediated silver templating reactions and d—f) mixed bimetallic gold-silver templating. A schematic of the templating reac-
tions are shown above each TEM panel. a,b) EDS and TEM analysis of particles formed in the presence of C-box-Ag-TP, silver precursor, and clathrin
cages. ¢) Histogram of diameter distribution for templated gold nanoparticles. d,e) EDS and TEM analysis of particles formed in the presence of C-box-
Ag-TP, W-box-Au-TP, mixed precursors (i.e., HAuCl, and AgNO3), and clathrin cages. EDS mapping illustrates silver and gold within the same particle
(panel (e), bottom right image insets, scale bar = 50 nm). f) Histogram of diameter distribution for mixed bimetallic silver-gold templated particles.

Both the W-box and C-box sites, which are located on the
inside of the assembled clathrin cage, can function as nuclea-
tion sites for the synthesis of either silver or gold nanoparti-
cles. Therefore, to extend the versatility of our TEThER strategy,
we next tested if both the W-box and C-box sites could be used
simultaneously to synthesize composite gold-silver nanostruc-
tures inside the assembled clathrin cage. The bimetallic tem-
plating reactions were carried out by simultaneous addition of
gold and silver precursors (HAuCl, and AgNOs, respectively) to
a solution of clathrin cages with the W-box-Au-TP and C-box-
Ag-TP peptides. This reaction resulted in nanoparticles with an
average diameter of 41.3 £ 24.0 nm, consistent with the size of
an assembled clathrin cage (=50 nm) (Figure 3f). These nano-
particles were analyzed by EDS, which confirmed the presence
of gold and silver within each particle (Figure 3d). A scan-
ning TEM (STEM) EDS mapping analysis revealed that both
gold and silver were distributed throughout the entire mixed

Adv. Funct. Mater. 2014, 24, 7737-7744
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bimetallic structure (Figure 3e insets). Because both sites are
located on the N-terminal domain and are in close proximity to
each other (within 25 A), it is difficult to correlate the material
distribution to the location of the epitope site. However this ini-
tial experiment indicates that our templating method is effec-
tive at synthesizing bimetallic composite structures within the
protein cage scaffold.

Control reactions that consisted of only clathrin cages in
the presence of mixed precursors (i.e., HAuCl, and AgNO,)
resulted in a few, irregularly shaped gold nanoparticles with no
significant traces of silver (Figure S4, Supporting Information).
Similarly, reactions that consisted of only mixed precursors in
the presence of TPs (i.e., without clathrin cages) formed only
gold nanoparticles (Figure S4, Supporting Information). These
control data further confirm that the formation of bimetallic
composite structures requires the presence of clathrin cages
and both engineered TPs.
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Figure 4. a—c) HIPT-Au-TP mediated gold and d-f) core-shell silver-gold composite reactions. A schematic of the templating reactions are shown
above each EDS panel. a,b) EDS and TEM analysis of particles formed in the presence of HIP1-Au-TP, gold precursor, and clathrin cages. c) Histogram
of diameter distribution for templated gold nanoparticles. d) EDS analysis of composite core-shell nanoparticles formed in the presence of HIP1-Au-
TP, W-box-Ag-TP, mixed precursor, and clathrin cages. Line scan STEM mapping shows the presence of a gold shell surrounding a silver core. e) TEM
analysis and f) histogram of diameter distribution for composite core—shell silver—gold templated particles.

2.4. Core—Shell Nanoparticle Synthesis using the HIP1
and W-box Epitope Sites

We next examined whether the HIP1 epitope site, which is
located on the outside of the assembled clathrin cage, could
be successfully used with the TEThER strategy to synthesize
nanoparticles. In the presence of gold precursor and clathrin
cages, HIP1-Au-TP mediated the synthesis of small gold nano-
particles with an average diameter of 17.6 + 5.6 nm (Figure 4).
As in our previous work, a fraction of the gold nanoparticles in
these reactions was found to dissociate from the clathrin cage
to form discrete, single particles.’%! Interestingly, TEM analysis
suggests that another fraction of the gold particles cluster to
form a circular pattern with an estimated diameter of 50 nm, a
size that is similar to the dimensions of an assembled clathrin
cage (Figure 4b). The presence of multiple gold nanoparticles
surrounding the protein cage, rather than a continuous coating
of a gold shell, suggests that multiple, discrete gold nucleation

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

events occurred on the outside of the clathrin template. This
morphology of multiple, discrete particles is similar to that
observed in other gold biotemplating reactions.!'*3% These data
are consistent with our hypothesis that HIP1-Au-TP initiates
the synthesis of gold nanoparticles on the outside of the assem-
bled clathrin cage. No similar patterns were observed in any
of the control samples for this templating reaction (Figure S5,
Supporting Information).

We further hypothesized that by simultaneously utilizing the
epitope sites located on the outside (HIP1) and inside (W-box) of
the clathrin cage, our TEThER strategy could be used to design
core—shell bimetallic nanoparticles. core—shell reactions were
initiated by simultaneous addition of silver and gold precursors
to a solution of W-box-Ag-TP, HIP1-Au-TP, and clathrin cages
followed by incubation overnight. TEM analysis showed spher-
ical particles with an average diameter of 64.9 nm + 44.2 nm
(Figure 4e,f). EDS analysis confirmed the presence of gold and
silver (Figure S6, Supporting Information) for particles ranging

Adv. Funct. Mater. 2014, 24, 7737-7744
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in size from 30-60 nm. The smaller particles (2-20 nm)
included in the size distribution shown in Figure 4f consist of
non-core-shell structures, i.e., nanoparticles consisting of gold
or silver only, which result from unbound peptides in solu-
tion. As demonstrated in the control reactions, TEThER pep-
tides free in solution without a clathrin template present will
form this size range of nanoparticles (Figure S6, Supporting
Information).

To further verify a core-shell distribution shown in
Figure 4e, STEM EDS mapping was carried out at fixed points
throughout a representative particle (Figure 4d and Supporting
Information Figure S6). The graphical output generated from
the STEM EDS mapping indicated both gold and silver signal
intensity distribution. The gold shell is confirmed by enhanced
gold signal present along the edges of the scan, while the
silver core shows highest line scan intensity at the center of
the particle, with little to no signal intensity at the edges of the
particle.

The gold nanoparticles coat the cage more consistently than
in the HIP1-Au-TP gold templating reaction (Figure 4b). This
may be due to gold nanoparticles aggregating around the pro-
tein and exposed surface of the silver core. The gold shell is not
limited by the size of the cage and therefore the gold nanopar-
ticles continually nucleate and aggregate onto the surface of the
cage and each other, resulting in core-shell nanoparticles that
can exceed sizes of 100 nm.

Although not consistent for all silver particles, the silver core
can also reach sizes up to 100 nm (Figure 4d—f). One proposed
growth mechanism includes continuous coalescence of smaller
silver particles in the presence of excess silver inorganic pre-
cursor.?l This may cause the silver “core” to grow beyond the
clathrin cage, forcing the protein scaffold to fall apart. We previ-
ously observed a similar phenomenon when using our TEThER
strategy for the synthesis of titanium dioxide nanoparticles,
whereby the TiO, nanoparticles grew beyond the size of the
protein cage up to 200 nm in diameter.?’]

In addition, preformed gold nanoparticles attract silver
ions onto their surface, catalyzing the reduction of Ag* to Ag’.
This may add further to the growth of the silver core and the
favorable formation of the gold shell surrounding the silver
nanoparticle.[1140]

In control reactions, HIP1-Au-TP and W-box-Ag-TP without
clathrin cages formed small gold particles with no presence of
silver (Figure S6, Supporting Information). Together these data
suggest that simultaneous TP binding to the HIP1 and W-box
epitope sites results in the synthesis of silver—gold core—shell
nanoparticles.

3. Conclusion

We have demonstrated that epitope-site recognition can be used
as a noncovalent, mix-and-match method that synthesizes a
variety of inorganic nanoparticles with control over composite
inorganic material. In this study, the W-box and C-box sites
were successfully used as nucleation sites for silver and/or gold
synthesis within the assembled clathrin cage, while the HIP1
site, located on the surface of the clathrin cage, directed gold
nucleation outside the clathrin cage scaffold.
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Being able to control size, shape, and composition of bime-
tallic particles are consistent challenges faced in inorganic syn-
thesis, as these characteristics govern the functionality of the
material. We have designed a biomimetic method that can be
carried out at room temperature and atmospheric pressure
and in aqueous solvent environments to synthesize two types
of composites, mixed bimetallic and core-shell. Our noncova-
lent templating method does not require chemical or genetic
modifications of the protein scaffold to achieve site-specificity.
As the repertoire of known peptide sequences that interact with
inorganic materials continues to grow, this modular TP strategy
could be used in a high-throughput fashion to synthesize a
variety of nanoparticle composites. Similarly, while our proof of
concept experiments utilized a clathrin scaffold, any self-assem-
bling protein with known epitope sites should be amenable to
the TEThER templating strategy.

4. Experimental Section

Clathrin Purification: As previously reported, clathrin protein was
isolated from bovine brain tissue using centrifugation followed by
column purification.[?*38 Briefly, frozen bovine brain tissue was obtained
from VWR (Rockland ImmunoChemical) and blended with HKM
buffer (25 mm HEPES, 125 mm potassium acetate, 5 mm magnesium
acetate, 1 mm DTT, pH 7.4) at a concentration of 1 kg/L. After the
tissue was homogenized, the suspension was centrifuged at 5,750 X g
for 20 minutes and the resulting supernatant was collected and spun
using an ultracentrifuge at 43 000g for 40 min. The pellets were then
re-suspended in 30 mL of a 50/50 mixture of HKM and HKM plus
12.5 w/v % of Ficoll-sucrose. The suspension was subsequently
sonicated for 1 min and centrifuged at 25 000g for 20 min. The
supernatant was collected, combined with 3 volumes of HKM, and spun
at 35 000g for 60 min. The resulting pellet, which consisted of clathrin-
coated vesicles, was resuspended in approximately 2 mL of HKM and
stored at —4 °C. To obtain clathrin monomers for the biotemplating
reactions, the stored vesicles were re-suspended in dissociation buffer
(1 m Tris, pH 7.0, 1 mm EDTA) and centrifuged at 22 000g for 20 min.
The resulting supernatant was then loaded onto a Sepharose CL-4B gel
filtration column, and fractions were analyzed by SDS-PAGE and Western
blot (clathrin heavy chain monoclonal antibody X22, Calbiochem). Final
products were analyzed by mass spectrometry (Stanford PAN Facility).

Clathrin Cage Assembly: Clathrin monomers were dialyzed into 2 mm
Tris buffer, pH 7.0, and assembly was induced by adding 1/10 volume
of 1 M MES, pH 6.0. Clathrin assembly was monitored by dynamic light
scattering (DLS) over 20 min, after which samples were centrifuged at
16 000g for 10 min, decanted, then re-suspended with 100 mm MES, pH
6.0. To covalently fix the assembled clathrin cages, paraformaldehyde
(PFA) was added to a final concentration of 4% and was allowed to react
at room temperature for 15 min. The fixed samples were then centrifuged
at 16 000g for 10 min, decanted, and suspended in approximately
20 pL of 100 mm potassium phosphate, pH 7.0, to dissociate any
contaminating unfixed cages. Samples were then centrifuged at 16 000g
for 10 min to isolate the fixed clathrin cages in the resulting pellet.

Biotemplating Reactions: Fixed clathrin cages were re-suspended in
100 mm potassium phosphate, pH 7.0, and incubated with 0.4-0.5 mg/mL
final concentration of tether peptides for 15 min. All tether peptides
were obtained from Genscript USA and dissolved in H,O at a final
stock solution of 4 mg/mL. For the gold templating reactions, the gold
precursor HAuCl, was added to a final concentration of 2.7 mm. For silver
reactions, the silver precursor AgNO; was added to a final concentration
of 1 mwm. Individual reactions were left to incubate in the dark overnight.
For the simultaneous biotemplating of gold and silver, 10 pL of pre-
mixed precursor stock solution, consisting of 0.5 mm AgNO;z and T mm
HAuCl,, was added to fixed cages plus C-box-Ag-TP and W-box-Au-TP or
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fixed cages plus W-box-Ag-TP and HIP1-Au-TP. Reactions were incubated
overnight in the dark. Control reactions omitting clathrin cages and/or
tether peptides were run in parallel for all templating reactions.

TEM Preparation and Analysis: Carbon type-B support films on
400 mesh copper TEM grids (Ted Pella Inc.) were used to prepare
samples for imaging. A 5-pL aliquot of each sample was placed onto the
support film and allowed to dry. TEM was performed on an FEI Tecnai G2
F20 X-TWIN operated at 200 kV. Energy Dispersive X-ray Spectroscopy
(EDS) elemental analysis and mapping were carried out using the TEM
imaging and analysis (TIA) software. Particle diameters were quantified
using manual tracing in Image ], and histograms were plotted in Excel.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. It contains TEM and EDS analysis of control reaction
products omitting required components of the templating reactions.
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