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DNA assemblies have been used to organize inorganic nano-
particles into 3D arrays, with emergent properties arising as a
result of nanoparticle spacing and geometry. We report here the
use of engineered protein crystals as an alternative approach to
biologically mediated assembly of inorganic nanoparticles. The
protein crystal's 13 nm diameter pores result in an 80% solvent
content and display hexahistidine sequences on their interior. The
hexahistidine sequence captures Aujs(glutathione).;7 (nitrilotri-
acetic acid).; nanoclusters throughout a chemically crosslinked
crystal via the coordination of Ni(i) to both the cluster and the
protein. Nanoparticle loading was validated by confocal
microscopy and elemental analysis. The nanoparticles may be
released from the crystal by exposure to EDTA, which chelates the
Ni(1) and breaks the specific protein/nanoparticle interaction. The
integrity of the protein crystals after crosslinking and nanoparticle
capture was confirmed by single crystal X-ray crystallography.

The optical and magnetic properties of inorganic nano-
particles, which are already quite different than their corres-
ponding bulk-phase counterparts, are further modified in
ordered assemblies.””* These changes depend on the distance
between particles, and in the case of anisotropic particles, the
orientation of particles relative to each other.>* The appli-
cation of nanoparticle assemblies is realized in biomedicine,
for instance in diagnostics.”

The use of biological scaffolds to enforce particle assembly
is well established in the case of DNA oligonucleotides.® Both
DNA origami’® and ¢DNA based approaches®'® have been
used to control the assembly of gold nanoclusters. The use of
proteins to organize nanoparticles is less well established, in
part because protein oligomer assembly structures are harder
to predict than DNA nanostructure. Still, notable examples of
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protein organization of nanoparticles include the use of
viruses to organize particles,"’ " and the use of multimeric
proteins.*'® Also, Kostiainen et al. prepared binary super-
lattices by co-assembling protein cages with nanoparticles."®

In contrast, we focus here on organizing metallic nano-
particles in three dimensions within pre-existing crosslinked
crystals. Compared to other scaffold materials, crosslinked
protein crystals offer potential advantages in terms of stability
and precision in the face of changing solvent conditions.
Nonetheless, protein crystals represent a less explored scaffold
for organizing metallic nanoparticles in three dimensions.***'
A key challenge, uptake of the guest particles into the crystal,
depends on the size of the particles with respect to the solvent
channels of the crystal. These pores are often used to facilitate
diffusion of cofactors, drugs, and substrates into crystals, in
order to observe the biological effects of these molecules in
single crystal X-ray structural studies.”” Diffusion of metals
into crystals is also used in metal based phasing methods
such as multiple anomalous dispersion and multiple isomor-
phous replacement.”**® Indeed, small metal clusters were
used for phasing the largest biomacromolecules solved by
single-crystal X-ray methods.>*

To our knowledge, this report is the first example of con-
trolled adsorption of larger nanoparticles into a pre-existing
protein crystal. The conventional ‘soaking’ of metal coordi-
nation complexes and clusters into crystals for phasing relies
on serendipitous binding; the metals do not adsorb to speci-
fied sites.>” In contrast, we present the first example of capture
of nanoparticles inside a pre-existing protein crystal via a
specific metal-mediated interaction. A key benefit of metal-
based capture motifs is the relative ease of generalizing the
capture motif to other guest molecules.

To accomplish the uptake of nanoparticles (specifically
Au,5(GSH),7(NTA) clusters), we used a host crystal with large
pores (Fig. 1a). Control experiments (below) suggest that the
guest particles are tethered to the host crystal via surface NTA
groups that bind Ni(u) atoms that are also coordinated by hexa-
histidine metal affinity tags (histag) presented at specific
locations within the host crystal (Fig. 1b).>®**° The interaction

Nanoscale, 2016, 8, 12693-12696 | 12693



Published on 30 May 2016. Downloaded by Colorado State University on 27/08/2016 21:21:05.

Communication

View Article Online

Nanoscale

Fig. 1 (a) CJ crystals offer a hexagonal array of large axial pores. (b) The 13 nm diameter of these pores is much larger than the guest nanoparticles.
(c) & (d) The host crystal can capture the guest nanoparticles via shared metal affinity.

is specific and reversible. With the availability of increasingly
powerful algorithms for protein design,’** porous protein
crystal scaffolding may approach, or even surpass, the ability
of DNA to spatially localize inorganic nanoparticles.

The host protein crystal was selected in a systematic, auto-
mated screen of the Protein Data Bank for protein crystals with
large solvent channels (Fig. 1a). The crystal selected from the
database is composed of a single protein, CJ0 (Genebank ID:
€j0420, Protein Data Bank (PDB) code: 2fgs). CJO is a putative
periplasmic polyisoprenoid-binding protein from Campylo-
bacter jejuni. The vector encoding CJO (Fig. S11) was obtained
from Protein Structure Initiative: Biology-Materials Repository.
For ease of uniform expression and purification, the
periplasmic signaling peptide was deleted, yielding the target
gene, CJ. CJ] has a C-terminal histag and is encoded in
expression vector pSB3.** CJ crystals were grown in mTacsi-
mate™ buffer (Fig. S31) at pH 7.5 and crosslinked by direct
addition of 1% glyoxal and 25 mM dimethyl amine borane
complex (DMAB). The crosslinking reaction was quenched

after two hours via addition of 0.3 M hydroxylamine and
25 mM DMAB at pH 5.0.

Crosslinked CJ crystals readily absorbed Au,s(GSH),,(NTA)
and Au,;(GSH),g, as judged by intrinsic nanoparticle fluo-
rescence (Fig. 2 and 3).** Fig. 2 shows typical crystals at the
end of a 30 minute incubation in each gold nanoparticle solu-
tion. The time it takes for the solution to completely penetrate
the crystal varies with solution concentration and crystal thick-
ness. However, the nanoparticles generally “load” into the
crystals within about 30 minutes, as judged by confocal cross-
section (Fig. 3). Fig. 2 demonstrates that the nanoparticle NTA,
the scaffold histag, and Ni(u) all must be present to retain the
nanoparticle within the crystal pore. For example, crystals
lacking a histag (CJAH6) lost Au,s5(GSH),,(NTA) within 4 days
(Fig. 2a—c), even in the presence of Ni(u). In the absence of
Ni(u), release of Au,s(GSH);,(NTA) from CJ crystals does not
require EDTA (Fig. S57).

Confocal laser microscopy (CLM) and elemental analysis
were used to quantify loading of the crystals. A CJ crystal was

Transfer . Transfer
1mg/mL Au,s crystals _ TMMNiSO,  crystas  100mM EDTA
30mins ———> 4days ——> 1hr

Cc

Fig. 2 Each image contains a (i) CJ and (i) CJAH6 crystal. (a) At t = 30 in 1 mg ml™ Au,5(GSH)7(NTA). (b) At t = 4 days in 1 mM NiSO, at pH 7.0.
(c)Att=1hin 0.1 M EDTA at pH 7.0. (d) & (e) & (f) Same as (a) & (b) & (c) respectively except with Au,s(GSH);g. Imaged with a 405 nm laser and a

450 nm longpass filter.>*
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Fig. 3 (a) Confocal laser microscopy (CLM) images of Au,s(GSH)17(NTA) fluorescence standards: 0, 1, 2, 4, 6, and 10 mg ml™ (left to right). (b) CLM
z-stack showing Au,s(GSH);7(NTA) fully loaded into a CJ protein crystal. The crystal was soaked in 1 mg ml™ Au,s(GSH):#(NTA) for 30 minutes, then
incubated in 1 mm NiSO, for five days prior to imaging. The 30 pm z-stack was taken through the crystal from the top surface (left) to the bottom
surface (right) at 5 pm intervals. (c) Fluorescence intensity standard curve created by averaging Au,s(GSH);7(NTA) intensities from (a). (d) Average
fluorescence intensity of crystal cross-sections from (b). When compared to the fluorescence intensity standard curve in (c), the crystal is shown to

retain an average Au,s(GSH)y7(NTA) concentration of 4.7 + 0.7 mg ml™™.
561 nm diode laser, chosen for lower background fluorescence (see ESI¥).

incubated for 30 minutes with Au,s5(GSH);,(NTA), then trans-
ferred to a 50 pl reservoir containing 1 mM Ni(u) and incu-
bated for five days. CLM shows retention of gold nanoparticles
throughout the entire thickness of the crystal (Fig. 3). A CLM
fluorescence intensity standard curve was created and used to
interpolate an estimated concentration of Au,s5(GSH);,(NTA)
within the crystal. The fluorescence intensity of gold nano-
particle solutions ranging from 0 mg mL™" to 10 mg mL™" was
measured. Comparing these values to the fluorescence inten-
sity inside the crystal z-stack, we found that after 30 minutes of
loading and a five day incubation in NiSO,, gold nanoparticles
adsorbed to an average of 4.7 + 0.7 mg mL™" within the crystal
pores. This concentration is roughly equivalent to one
Au,5(GSH),,(NTA) cluster per two unit cells. Elemental analysis
confirmed the adsorption of gold nanoparticles per unit cell of
the crystal at various timepoints during loading and unloading
(Fig. S107). At the most concentrated timepoints (¢ = 48 hours),
elemental analysis suggested an average of 12 nanoparticles
per unit cell in the crystal, a 118.5 mg mL~
crystallo.

Time lapse confocal loading data suggests that strong
adsorption is complicating guest diffusion (Fig. S7). Simple
concentration-independent diffusion models with a fixed
surface concentration boundary condition predict a guest con-
centration gradient that decreases with time as the concen-
tration in the crystal center approaches that of the layers
closer to the external solution. In stark contrast, we observe a

! concentration in
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all images were taken under identical optical settings and excited with a

guest nanoparticle concentration gradient that increases over
the first hour of loading. To better explain diffusion in the
system, we are currently developing concentration-dependent
continuum models and multi-scale molecular models. These
will be the subject of an upcoming publication.

Crystal quality after crosslinking and Au,s(GSH),,(NTA)
loading and unloading was assessed by single crystal X-ray
diffraction (Fig. S81). Crystal diffraction was retained to ~4.2 A
resolution with 1.2° mosaicity. Retention of crystal integrity
after full loading of gold nanoparticles indicated that the CJ
protein crystal nanopores remained intact and provided a
robust scaffold for reversible, site-specific gold nanoparticle
capture. However, Au,s(GSH),,(NTA) was not visible in the
XRD electron density map (Fig. S9t). This result is consistent
with the nanoparticles adopting heterogeneous positions
within the crystal. In order to resolve the gold nanoparticle
structure on the protein crystal scaffold, further efforts are
underway. Specifically, we will attempt to replace the histag:
NTA interaction motif with capture motifs that have fewer
degrees of freedom.

Conclusions

We have immobilized gold nanoparticles using precisely
spaced motifs within a robust array of 13 nm nanopores
(Fig. S91) delimited by a highly porous (80% solvent) protein
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crystal (ESI Appendixt). Scaffold formation was robust, and
crystals could be grown and crosslinked with and without
histags. CLM indicated long-term (>5 days), Ni(u) dependent
capture throughout the entire thickness of the crystal.
Elemental analysis confirmed increasing adsorption of gold
nanoparticles within the protein crystal pores over time, as well
as removal upon addition of EDTA. Both elemental analysis and
fluorescence intensity from CLM show that gold nanoparticles
are absorbed into the crystal beyond concentrations expected
through pure diffusion (ESI Appendixf). The attachment is
specific and reversible, the same crystal scaffold can be repeat-
edly loaded and unloaded with Au,;(GSH);,(NTA), (Fig. S6t)
and the crystal retains X-ray diffraction quality throughout
loading and unloading of nanoparticles.
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