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Nanoparticle (NP)-biomolecule binding complexes have
shown promising applications in imaging, sensing, catalysis,
electronics, and cell targeting because NPs possess size-
dependent optical, electrical, and magnetic properties while
biomolecules can perform unique biological functionalities.!
NP-biomolecule hybrid structures with various architectures
have been constructed by using biomolecules as templates.”
Meanwhile, the site-specific recognition has been extensively
employed for many applications that require biomolecule
structural control.®] Although biomolecules themselves show
versatile assembling properties¥ NPs have been used as
templates to construct NP-biomolecule binding complexes
through interactions with DNAJ! proteins® and viral
capsids.”! However, the potential of functionalized NPs as
templates to assemble proteins has not been fully explored,
and the control of NP-protein nanostructures remains
challenging.

Herein, we report the formation of NP—protein hybrid
complexes with controlled geometry, stoichiometry, orienta-
tion, and specificity by tailoring the sizes of binding NPs and
placement of genetic tags in proteins. Well-defined NP-
protein complexes are formed through site-specific binding
between 6 x histidine (His) tags in proteins and nickel-
nitrilotriacetic acid (Ni-NTA) functional groups on Au NPs
with sizes ranging from 1 to 4 nm. Our study demonstrates
that NPs are not only appealing templates for assembling
functional biomolecules, but also provide a mortar to
construct novel geometrical and topological architectures of
hybrid NP—protein complexes.

In this study, we synthesized a ligand-containing NTA
moiety, (15)-N-[5-[(4-Mercaptobutanoyl)amino]-1-carboxy-
pentyl]iminodiacetic acid (NTA-Lys-SH) (see Scheme S1 in
the Supporting Information).®’] This ligand was used to
synthesize 1.3-nm NTA Au NPs from Au(PPh;);Cl; (see
Scheme S2 and Figure S1 in the Supporting Information)"!
and 4.4-nm NTA Au NPs from HAuCl, (see Scheme S3 and
Figure S2 in the Supporting Information) followed by reac-
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tion with a solution of NiCl, to form Ni-NTA Au NPs. We
used these NPs as templates to assemble two 6 x His-tagged
proteins, an adenovirus serotype 12 (Ad12) knob,!'”! and a
mycobacterium tuberculosis (Mtb) 20S proteasome.!! In the
60-kDa C;-symmetric knob protein, a 6 x His tag was fused
onto the N terminus of each subunit, forming a highly
localized binding motif (Figure 1a). The 750-kDa D7-sym-

Figure 1. 3D structures of Ad12 knob and 20S proteasome proteins
showing the binding motif to Au NPs. a) Knob protein” in which a
6x His tag (indicated by the arrow) is attached to the N terminus of
each subunit; b) proteasome protein!'"! in which a 6x His tag (indi-
cated by the arrow) is attached to the C terminus of each of the
fourteen  subunits around the central equator.

metric proteasome protein has a stack of four rings, affa, and
each layer has seven identical subunits. A 6 x His tag was
fused onto the C terminus of each {} subunit, thus creating
seven pairs of binding motifs that are uniformly dispersed
around the periphery of the two central layers (Figure 1b).

For the Ad12 knob, the close proximity of the three 6 x
His tags favored the formation of monomers, dimers, trimers,
and three-dimensional (3D) spherical shells on Au NPs with
sizes ranging from 1 to 4 nm. The knob protein solution was
mixed with 1.3-nm Au NPs, followed by separation by using
size-exclusion chromatography (SEC; Figure 2). Two major
fractions at 32.0 and 37.4 min were collected, both of which
showed the absorption characteristics of 1.3-nm Au NPs
(continuously from 200-500 nm) and proteins (280 nm; see
Figure S4 in the Supporting Information). High-angle annular
dark field (HAADF) scanning transmission electron micro-
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Figure 2. Size-exclusion-chromatography profile of binding complexes
of 6x His-tagged Ad12 knob proteins and 1.4-nm Ni-NTA Au NPs
showing separation of the monomer and dimer (occasional trimer).
A, =absorbance at 280 nm.

scopy (STEM) analysis indicated that the fraction at 32 min
was protein monomers on Au NPs with an average size of
0.8 nm (Figure 3a,d), whereas the fraction at 37 min was
mainly protein dimers on Au NPs with an average size of
1.6 nm (Figure 3b,e). A few trimers on larger NPs were found
in the dimer fraction (Figure 3b,f). When 4.4-nm Au NPs
were used, 3D NP—protein core-shell complexes were formed
instead of discrete numbers of the protein (Figure 3c¢,g). In
the presence of excess proteins, all of the Au NPs were
encapsulated by proteins, showing a high binding efficiency.
This structural dependence on the NP size appears to result
from the surface area available for protein binding.>®

For the 20S proteasome, the dispersed distribution of 6 x
His tags resulted in the formation of two-dimensional (2D)
ordered tetragonal arrays with a 1:1 stoichiometry instead of
3D spherical shells. Here, we used 3.7-nm Au NPs with a
narrower size deviation of 0.7 nm, which were isolated by
centrifugation of 4.4-nm NPs (see Figure S3 in the Supporting
Information). The formation of ordered tetragonal arrays
over several hundred nanometers has been observed (Fig-
ure 4a). As predicted from the position of 6 x His tags in the
proteasome protein (Figure 1b), NPs bound exactly to the
central equator of cylindrical proteasome (Figure 4 b,c). Study
in situ by using cryogenic (cryo)-TEM confirmed the forma-
tion of tetragonal NP-protein arrays in the solution
(Figure 5). The size of Au NPs in the arrays had a lower
deviation than that of as-used arrays (see Figure S3 in the
Supporting Information). This could result from size selection
during the array growth in which more identical NPs are
incorporated into the arrays. An averaged image over multi-
ple protein molecules in an array revealed a top view of the
cylindrical structure of 20S proteasomes. This architectural
formation can be understood from the steric restriction based
on the Pauling’s rules (see Table S1 in the Supporting
Information).!"

When 6xHis tags were removed from a thrombin
cleavage site in Ad12 knob and 20S proteasome proteins,
these proteins showed no binding to Ni-NTA Au NPs
(Figure 6). This is indicative of the highly specific interactions
between these Au NPs and proteins.

These results demonstrate that NP—protein binding com-
plexes can be constructed with predictable architecture by
tailoring NP size, functionality, and placement of genetic tags.
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Figure 3. TEM images of monomers, dimers, trimers, and core-shell
assemblies of Ad12 knob proteins and Au NPs with different sizes.
HAADF STEM images of a) monomer and b) dimer/trimer of 6 x His-
tagged Ad12 knob proteins attached to 1.4-nm Au NPs, which were
isolated by using size-exclusion chromatography; c) negative-stain
TEM image of core-shell binding complexes of knob proteins with 4.4-
nm NPs; d)-g) close-up view of monomers, dimers, trimers, and 3D
spherical shells, respectively, in which each knob molecule is marked
by an arrow.

Taking the Ad12 knob and Mtb 20S proteasome proteins as
examples, monomers, dimers, trimers, 3D spherical shells, and
2D ordered arrays are formed. These hybrid structures
formed by coupling NPs and proteins are promising for
novel applications. The knob protein is typically found on the
end of viral spikes and mediates adenovirus attachment and
uptake through a high binding affinity with the coxsackie and
adenovirus receptor (CAR) on the surface of many cell
types.l'! The NP—knob binding complexes potentially enable
visualization of cellular attachment and nanoparticle delivery.
The proteasome protein is involved in mycobacterial defence
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Figure 4. Negative-stain TEM images of binding complexes of 3.7-nm

Au NPs and 20S proteasome proteins. a) NP—proteasome 2D arrays;

b) top and c) side view of a proteasome protein bound to an Au NP in

which the two innersubunit (3 rings are indicated by the arrows.

Figure 5. Cryo-TEM images of tetragonal arrays of 3.7-nm Au NPs and
20S proteasome proteins with a stoichiometry of 1:1. The inset shows

an averaged image over multiple protein molecules in an array.

against host nitrosative stress.'!! The enzyme activity may be
modulated upon binding to Au NPs. The formation of 2D NP-
protein arrays might improve alignment and enhance reso-

lution in cryo-electron microscopy structural studies.
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Figure 6. Negative-stain TEM images of Au NPs with a) Ad12 knob
and b) 20S proteasome proteins whose 6x His tags were removed and
therefore showed no formation of binding complexes.
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