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ABSTRACT: Herein, we investigate the use of proteins
with tunable DNA modification distributions to modulate
nanoparticle superlattice structure. Using beta-galactosi-
dase (fgal) as a model system, we have employed the
orthogonal chemical reactivities of surface amines and
thiols to synthesize protein—DNA conjugates with 36
evenly distributed or 8 specifically positioned oligonucleo-
tides. When these are assembled into crystalline super-
lattices with gold nanoparticles, we find that the
distribution of DNA modifications modulates the favored
structure: fgal with uniformly distributed DNA bonding
elements results in body-centered cubic crystals, whereas
DNA functionalization of cysteines results in AB, packing.
We probe the role of protein oligonucleotide number and
conjugate size on this observation, which revealed the
importance of oligonucleotide distribution in this observed
assembly behavior. These results indicate that proteins
with defined DNA modification patterns are powerful
tools for controlling nanoparticle superlattices architecture,
and establish the importance of oligonucleotide distribu-
tion in the assembly behavior of protein—DNA conjugates.
P rogramming the assembly of nanoscale building blocks into
supramolecular architectures presents a formidable chem-
ical challenge and a potentially powerful strategy for the bottom-
up construction of functional macroscopic materials. Over the
past two decades, DNA has emerged as a valuable tool for
realizing this goal,1 where nanoscale building blocks can be
functionalized with oligonucleotides that act as bonding
elements to mediate particle assembly into crystalline super-
lattices.” These materials can be engineered with precise control
over interparticle spacing, lattice symmetry,” bond strength,”
particle composition,” and shape’® and designed to respond to
various stimuli.” The synthesis of binary superlattices composed
of hard and soft material building blocks, such as gold
nanoparticles (AuNPs) and hollow cross-linked particles,” or
DNA nanostructure frameworks” has dramatically expanded the
library of structures accessible in these systems. In particular, the
incorporation of proteins in nanoparticle superlattices has
provided new opportunities to engineer structural diversity and
function into these materials that cannot be achieved with
nanoparticles or other soft material building blocks alone.™ The
well-defined, tunable, and chemically anisotropic surfaces of
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proteins offer the possibility of finely controlling the number and
position of oligonucleotide surface modifications to an extent not
possible with current physical and chemical approaches to
anisotropically functionalize nanoparticle surfaces.'® Currently,
however, only proteins densely functionalized with DNA
through their surface lysine residues have been studied in
nanoparticle superlattices,”” while the assembly of proteins with
specifically positioned oligonucleotides remains unexplored.
Ultimately, by studying the assembly properties of proteins
with variable oligonucleotide distributions, we may elucidate
design rules for controlling structural outcomes that provide a
strong complement to other methods for engineering protein
lattices'' and binary materials.'” Toward this goal, we utilized the
orthogonal reactivities of surface amines and thiols to synthesize
protein—DNA conjugates with variable distributions of
oligonucleotides and studied their assembly in nanoparticle
superlattices.

Herein, we investigate the assembly of spherical DNA-
functionalized AuNPs (10 nm diameter) with the tetrameric
enzyme beta-galactosidase (fgal; with dimensions of 17 X 12 X 8
nm, Figure S11) modified with complementary DNA either
through its 36 evenly distributed surface lysine (amine) residues
(Pgal-1) or through its 8 cysteine (thiol) residues (fgal-2),
located at the top and bottom faces of each of the four corners of
the protein (Figure 1). By modulating the residue of attachment,
the oligonucleotide number, distribution, and hydrodynamic
radius (HDR) of the protein conjugate are varied. Based on our
knowledge of the assembly of isotropically functionalized
nanoparticles,” we anticipated that the favored arrangement of
AuNPs around each protein—DNA conjugate will differ due to
their varying oligonucleotide number or HDR. Additionally, we
hypothesized that the spatial distribution of bonding oligonu-
cleotides on the protein surface could also represent an
important factor in dictating the assembly behavior of these
building blocks. By elucidating the roles of these three
parameters in the assembly of this fundamentally new class of
building blocks, we demonstrate that the distribution of
“bonding” oligonucleotides on the protein—DNA conjugates
has a significant effect on the assembly behavior of AuNPs.

We first used orthogonal chemistries to label the 36 solvent-
accessible amines or 8 thiols of fgal with DNA to yield our
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Figure 1. fgal-DNA conjugates with variable DNA distributions
synthesized by addressing lysine (blue) or cysteine residues (red).
Left: synthesis of fgal-1 and -3 using an NHS-N3 (i) linker and DBCO—
DNA (ii). Right: synthesis of fgal-2 using pyridyl disulfide-terminated
DNA (iii). fgal-4 is synthesized by further reacting the amine residues of
Pgal-2 with T18 DBCO-terminated oligonucleotide (iv).

desired building blocks, fgal-1 and pgal-2. Native Sgal was
labeled using a maleimide (fgal-1) or N-hydroxysuccinimide
(Pgal-2) cyanine 5 (CyS) fluorophore to enable quantification of
protein concentration after DNA attachment (Supporting
Information (SI), section 2.1). figal-1 was prepared by adapting
a previous approach,””"? wherein an NHS ester-azide linker
(Figure 1 (i)) was reacted with CyS-modified fgal, functionaliz-
ing exposed lysine residues with azide groups (38/tetramer;
Figure S2). Subsequently, DNA with a §’ dibenzocyclooctyne
(DBCO) modification (Figure 1 (ii)) was reacted with azide-
modified Sgal through a strain-promoted cycloaddition reac-
tion.'* Separately, fgal-2 was prepared by reacting fgal-Cy5 with
5" pyridyl disulfide-terminated DNA (Figure 1 (iii)). After

purification, UV—vis spectroscopy was used to quantify the
number of DNA strands on each orthogonally functionalized
construct. The resulting spectra showed 36 strands/tetramer for
Pgal-1 and 8 strands/tetramer for fgal-2, consistent with the
number of solvent-accessible residues of each type (Figure S4),
while circular dichroism (CD) spectroscopy indicated that the
secondary structure of the protein is maintained after each
modification procedure (Figure S5). Further, size exclusion
chromatography confirmed the covalent attachment of oligonu-
cleotides and the preservation of the tetrameric quaternary
structure of the conjugates, and also confirmed that fgal-2 had a
smaller HDR than figal-1 as a result of the decreased number of
surface-conjugated strands (Figure S7). To further support the
preservation of the native structure of each modified enzyme, the
catalytic efficiencies of each fgal-DNA conjugate were compared
to that of native fgal. Using a substrate analogue, o-nitrophenyl-
p-p-galactopyranoside, we found that k,./K,, values were similar
for both DNA- and azide-modified figal (Figure S10, Table S2).
Overall, our characterization results are consistent with the
selective oligonucleotide labeling of solvent-accessible lysines
and cysteines and the preservation of the native fgal structure.
Next, we prepared binary superlattices of figal-1 and fgal-2
with 10 nm AuNPs to investigate the phase behavior of the
AuNPs with each protein conjugate, testing our hypothesis that
altering the residue of DNA attachment will change the favored
AuNP arrangement around fgal. This was done by combining
the protein and AuNP building blocks with linking strands
containing a complementary 6-base-pair single-stranded over-
hang at the S’ terminus (Figure 2A). The combination of the
AuNP and protein building blocks with their hybridized linking
strands induced the precipitation of aggregates, which were then
heated beyond their dissociation temperature (Figure S12) and
slowly cooled (0.01 °C/min) to allow the system to reorganize
into its thermodynamically favored configuration.'
Synchrotron-based small-angle X-ray scattering (SAXS) was
used to probe the arrangement of the AuNPs in the resulting
assemblies. Due to the large difference in electron density
between AuNPs and proteins, SAXS provides information
exclusively on AuNP position. In general with DNA-mediated
nanoparticle crystallization, a lattice will form wherein the
number of DNA-hybridization events between neighboring
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Figure 2. Assembly and characterization of AuNP superlattices with figal-1 (top) and fgal-2 (bottom). (A) Assembly scheme for binary superlattices
showing (i) linker addition and (i) AuNP addition. (B) Schematic of protein and AuNP with their hybridized linker strands (only one DNA duplex
shown for clarity). (C,D) SAXS patterns of binary superlattices prepared from figal-1 and -2, respectively, with expected reflections in black. (E) STEM
images of simple cubic superlattice. Scale bar = 1 ym (50 nm inset). (F) STEM images of simple hexagonal superlattices. Scale bar = 0.5 ym (50 nm

inset), with top view ((00 1) plane) of the unit cells shown.
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particles is maximized.” According to this principle, two
complementary, isotropically functionalized particles of similar
size favor a CsCl-type lattice. Indeed, SAXS data revealed, as
expected, that isotropically functionalized fgal-1 templated a
simple cubic arrangement of AuNPs (Figure 2C). Here, the
nonspherical shape of the protein does not influence the
observed nanoparticle symmetry, likely due to the large ratio of
DNA length to protein size (Figure $11).°* In contrast, a simple
hexagonal arrangement of AuNPs was found with fgal-2 via
SAXS and scanning transmission electron microscopy (STEM)
imaging (Figure 2D,F), supporting our hypothesis that altering
the residue of oligonucleotide attachment on fgal will change the
favored arrangement of complementary AuNPs. To elucidate the
structure of this simple hexagonal AuNP arrangement with
respect to the protein, we measured the stoichiometry of each
component in the lattice using a combination of UV—vis and
fluorescence spectroscopic quantification of AuNP and protein
concentration, respectively. These results revealed a 2:1 lattice
stoichiometry, indicating an AB, packing arrangement (Figure
S15).

AB, structures have been previously observed in nanoparticle
superlattice systems when two components have hydrodynamic
radii that differ by more than a factor of ~1.5, whereas only CsCl
packing has been observed with particles of similar size. In
addition, for dissimilar particle sizes, AB, structures become
favored over CsCl packing when the number of oligonucleotides
of the smaller particles is lower than that of the larger particle.®
To understand the origin of the observed AB, packing with fgal-
2, and elucidate the role of protein oligonucleotide distribution in
dictating assembly behavior, we investigated the effect of protein
HDR and linker number on the observed AuNP structure. First,
to probe the effect of HDR, we synthesized fgal-4, a conjugate
with an identical number and distribution of bonding
oligonucleotides as fgal-2, but with a HDR similar to that of
Pgal-1. We synthesized this conjugate by further functionalizing
the amine residues of fgal-2 with a poly-T oligonucleotide
(Figure 1), and characterized the conjugate as previously
described (Figures S4, SS, S7, and S10). Upon assembly of
Pgal-4 with complementary AuNPs, we observed a simple
hexagonal AuNP structure via SAXS (Figure 3A), with a lattice
expansion of 8% along the a axis and 6% along the ¢ axis,
consistent with the increasing HDR of the protein arising from a
greater number of DNA surface ligands. Therefore, the smaller
HDR of fgal-2 as compared to fgal-1 is not an important factor
for our observation of the AB, structure.

Next, to investigate the effect of linker number on the assembly
of fgal, we synthesized a conjugate having an average of eight
oligonucleotides randomly distributed on its surface lysine
residues (fgal-3) by adding 10 equivalents of DBCO-terminated
DNA to azide-modified pgal. When this conjugate was
assembled, SAXS and STEM revealed mostly disordered
aggregates among more ordered domains, corresponding to a
simple hexagonal AuNP arrangement (Figure 3B,D). Thus, a low
number of protein-conjugated oligonucleotides favors a more
densely packed AB, structure, a result consistent with
observations made in nanoparticle systems;3 however, the fact
that fgal-3 results in a highly disordered structure indicates that
the six bonds between the protein and its six nearest AuNPs are
not well defined. Our observations indicate that the defined
position and number of oligonucleotides accessible by chemically
addressing cysteine residues is necessary for the formation of
highly ordered AB, binary crystals. Further, in the case of fgal-3,
since not all of the reactive surface residues are being
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Figure 3. Characterization of AuNP superlattices with fgal-4 (left) and
Pgal-3 (right). (A) SAXS pattern of fgal-4-AuNP assembly shows a
simple hexagonal AuNP arrangement. (B) SAXS pattern of fgal-3 shows
domains of AB, ordering. (C,D) EM images of fgal-4- and figal-3-AuNP
assemblies. Scale bars = 0.5 um (50 nm inset). (E,F) Schematics of unit
cells of fgal-4- and -3-AuNP assemblies.

functionalized, it is possible that the distribution of oligonucleo-
tide number and position between proteins within a sample is
also a contributing factor to the observed lack of long-range
order.'® Regardless, it is clear that the number as well as the
defined positional distribution of bonding elements in the case of
Pgal-2 drives the formation of highly ordered AB, crystals.

To gain further insight into the system, coarse-grained isobaric
(NPT) molecular dynamics simulations were performed on the
Pgal-2 system at zero pressure, starting from an ideally
constructed AB, lattice, with proteins randomly oriented (see
SI, section S7 for additional description). 7" Simulations
confirmed that the proposed AB, packing was stable and allowed
all protein oligonucleotides to hybridize to neighboring AuNPs.
Interestingly, upon equilibration, the proteins showed a clear
trend to orient with their longest dimension along the c-axis of
the unit cell, with 61% of the proteins having their long axis
oriented between 0° and 40° with respect to the c-axis of the unit
cell (Figure S19), suggesting that the specific placement of DNA
on the protein surface plays a role in the quality of the lattice
observed.

Herein, we have elucidated oligonucleotide “bond” distribu-
tion on a protein core as an important factor in directing its co-
crystallization with AuNPs. We have presented a strategy for
positioning oligonucleotides on protein surfaces using their
specific chemical topology, enabling conjugate “bond” number,
position, and HDR to be varied independently. We have
elucidated the role of these factors in terms of assembly outcome
and demonstrated the importance of oligonucleotide distribution
on protein surfaces in directing their crystallization into
macroscopic materials. We anticipate that using site-specific
mutagenesis to rationally tune the number and position of
chemically addressable surface residues, and thereby oligonu-
cleotides, in addition to our ability to conjugate multiple
orthogonal oligonucleotide sequences to a single building block,
will enable a high degree of control over their assembly into
discrete and 1-, 2-, and 3-dimensional morphologies, with precise
control over protein spacing and interaction strength enabled by
the use of DNA hybridization interactions. Further, this approach
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will enable combining multiple proteins, or proteins and
nanomaterials with complementary functionalities, toward
realizing multicomponent materials with applications ranging
from catalysis to sensing.
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