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ABSTRACT: We report a strategy for creating a new
class of protein transfection materials composed of a
functional protein core chemically modified with a dense
shell of oligonucleotides. These materials retain the native
structure and catalytic ability of the hydrolytic enzyme j-
galactosidase, which serves as the protein core, despite the
functionalization of its surface with ~25 DNA strands. The
covalent attachment of a shell of oligonucleotides to the
surface of f-galactosidase enhances its cellular uptake of by
up to ~280-fold and allows for the use of working
concentrations as low as 100 pM enzyme. DNA-function-
alized p-galactosidase retains its ability to catalyze the
hydrolysis of p-glycosidic linkages once endocytosed,
whereas equal concentrations of protein show little to no
intracellular catalytic activity.

P roteins represent a highly evolved class of natural nano-
particles with an unparalleled degree of structural and
compositional homogeneity, as well as diversity of functional
applications." In particular, the efficient intracellular delivery of
functional proteins has widespread applications in medicine” >
and provides a means for engineering cellular functions.
However, the cellular uptake of functional proteins is impeded
by their inherent instability, large sizes, and charged surfaces.” To
address these limitations, a variety of approaches have been
developed for stabilizing proteins and enhancing their cellular
uptake, which include covalent® " or noncovalent'" attachment
of polymers,'” conjugation to cell-penetrating peptides, >~
formulation with lipids,"® liposomes,'® or nanoparticles,”*°~**
and attachment to highly charged natural” or engineered
proteins.”*** While each of these strategies has unique attributes,
they often require incubation of cells with relatively high protein
concentrations and in many cases result in formulations with
poorly defined compositions or limited stabilities.

Recently, spherical nucleic acid (SNA)-nanoparticle con-
jugates,”® which consist of a nanoparticle core surrounded by a
dense shell of oligonucleotides,27 have emerged as exciting new
architectures with diverse biological applications in gene
regulation,28 immunomodulation,” and intracellular detec-
tion.”””" These applications are possible due to the superior
cellular uptake®** and physiological stability®* of SNAs relative
to their individual components. This enhanced cellular internal-
ization of SNAs is derived from the 3-D architecture of the
conjugates and its ability to engage scavenger receptors on the
surfaces of most cells.*”** Importantly, the favorable biological
properties of SNAs are independent of their nanoparticle

cores,>*™ which can therefore be chosen based on potential
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Figure 1. (A) Cartoon representation of f-gal before (left) and after
(right) functionalization with DNA. The representation was adapted
from PDB ID 1BGL.* Surface lysines and cysteines are represented as
blue and yellow sticks, respectively. AF fluorophores covalently attached
to the surface of the protein are shown as magenta sticks. (B) Molecules
used for modification of -gal with fluorophores (i), azides (ii), and
DNA (iii).

biological applications rather than practical synthetic limitations.
Based on these observations, we hypothesized that proteins
could serve as the nanoparticle core of SNAs and the dense shell
of oligonucleotides as a biocompatible polymer shell that
promotes cellular uptake. These supramolecular structures,
termed ProSNAs (Figure 1A), are distinct from previous
examples of protein—DNA congugates that contain only a few
conjugated oligonucleotides*”** and lack protein-based func-
tionalities, those based on virus capsids,* or those that employ
the attached oligonucleotides as a polyanionic structure to which
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Figure 2. Characterization of the structure and catalytic functionality of
native (solid black traces) and ProSNA (dashed red traces) f-gal. (A)
UV—vis absorbance spectra used to quantitate the functionalization of §-
gal with AlexaFluor 647 and DNA. (B) CD spectra demonstrating the
retention of the secondary structure of f-gal after functionalization with
DNA. (C) Fluorescence assay for determining the catalytic activity of -
gal variants based on the reaction depicted in (D).

cationic polymers noncovalently associate,"" but that alone are
ineffective in promoting cellular uptake.

In contrast to more traditional nanoparticles, proteins are
characterized by surfaces with a nonuniform distribution of
chemically reactive sites and core structures that are held
together by a complex network of relatively weak interactions. An
essential consideration for the implementation of our approach is
therefore whether a dense shell of oligonucleotides can be
conjugated to the surface of a protein while retaining its native
structure and catalytic functionality. To demonstrate that this is
the case, the large (464 kDa) homotetrameric enzyme p-
galactosidase (B-gal) (Figure 1A, (1))* was chosen as a model
system. Due to its large size (17.5 X 14 X 8.5 nm), f-gal does not
efficiently traverse cellular membranes and has therefore served
as an ideal model system for testing the feasibility of various
strategies for the intracellular delivery of functional en-
zymes.”'>1>1918204% Additionally, f-gal catalyzes the hydrolysis
of p-glycosidic bonds between galactose and a diverse range of
organic moieties, allowing one to determine the effects of
substrate size and chemical composition on catalysis.

The surface of f-gal was modified with fluorophores to allow
quantification of the protein concentration after modification
with oligonucleotides and to provide a handle for monitoring
cellular uptake via flow cytometry and confocal microscopy (vida
infra). Addition of a S-fold excess of a thiol-reactive
fluorochrome (AF647 maleimide, Figure 1B, i) yielded a
tetramer with ~4 fluorophore modifications (AF,-f-gal), as
determined by UV—vis absorbance spectroscopy (Figure 2A).
The surface of AF,-f-gal was then functionalized with DNA
essentially as previously described.” Briefly, surface lysine
amines were reacted with small polyethylene glycol (PEG)
polymers with an azide and an amine-reactive N-hydroxy
succinimide moiety (Figure 1B, ii) at opposing termini. The
covalently attached azides were then reacted with DNA strands
containing the strained cyclooctyne, dibenzocyclooctyne
(DBCO) at the S'-terminus via copper-free click chemistry
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Figure 3. Cellular uptake of native (blue) and ProSNA (green) f-gal, as
determined by flow cytometry. Fluorescence was measured in HaCaT,
SKOV3, and C166 cells 12 h after treatment with either 0.1 nM (top) or
1 nM (bottom) enzyme. The fold increase over untreated cells (red) for
each sample is listed below the graph with the standard deviation for n =
3 trials in parentheses. The y-axis is cell count for a single trial of >5000
cell events.

(Figure 1B, iii). The sequence used here (dGGT),, was chosen
based on previous work that showed enhanced cellular uptake of
SNAs with G-rich shells relative to poly dT shells.” This strategy
yielded the conjugate ProSNA f-gal (Figure 14, (2)), with 25 +
1 strands of DNA per tetrameric enzyme. The level of DNA
modification was determined by comparing the difference in
absorbance at 260 nm between AF,-f-gal and ProSNA p-gal
(Figure 2A). Agarose gel electrophoresis of ProSNA f-gal
showed an increase in its electrophoretic mobility relative to AF,-
P-gal due to the introduction of a large number of negatively
charged phosphate groups within the DNA shell (Figure S2). An
additional staining step for DNA revealed that the protein and
DNA ran with the same electrophoretic mobility for ProSNA /-
gal, whereas a mixture of AF,-}-gal and free DNA ran as two
distinct bands, demonstrating the covalent attachment of
oligonucleotides rather than nonspecific association with its
surface.

Circular dichroism spectroscopy was employed to determine
whether the f-gal that composes the ProSNA core retains its
native structure, which is essential for preserving its catalytic
functionality. As shown in Figure 2B, the observed spectrum of
ProSNA f-gal agrees well with a theoretical spectrum obtained
by summing the spectra of AF,-f-gal and an equivalent
concentration of the free oligonucleotides. This agreement
indicates that the enzyme retains its secondary structure after
attachment of a shell of oligonucleotides. To determine whether
the attached oligonucleotides provide a steric barrier to or alter
the enzyme active site and impair its catalytic functionality, we
performed a fluorescence assay utilizing the substrate, 7-
hydroxycoumarin-3-carboxylic acid (CUG) (Figure 2C,D),
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Figure 4. Intracellular catalytic activity of native and ProSNA f-gal. (A) Light micrographs of HaCaT (left), SKOV3 (middle), and C166 (right) cells
after incubation with the f-gal substrate, Xgal. The blue color apparent in cells pretreated with ProSNA f-gal results from the hydrolysis of Xgal and
formation of an insoluble reaction product. Scale bar = 100 ym. (B) Confocal fluorescence micrographs of C166 cells to simultaneously monitor the

intracellular location of ProSNA f-gal (AF647 channel) and the presence of fluorescein (FITC channel), which is the product of the intracellular
reaction between C;,-FDG and ProSNA f-gal. Nuclei were stained with Hoechst stain to approximate the location within the cell. Scale bar = 20 gm.

which releases a fluorescent coumarin derivative upon hydrolysis
of the p-glycosidic linkage with galactose. Despite the high
degree of surface modification of the protein and the relatively
large size of the CUG substrate, ProSNA f-gal retained catalytic
activity at all enzyme concentrations tested.

We next tested whether ProSNA f-gal shows enhanced
cellular uptake relative to AF,-$-gal in multiple mammalian cell
lines (HaCaT, human keratinocytes; C166, mouse epithelial
cells; and SKOV3, human ovarian adenocarcinoma cells). Cells
were incubated with 0.1 or 1 nM protein for 1.5—12 h, and their
uptake was determined by flow cytometry (Figures 3 and S3).
Compared to cells incubated with AF,-f-gal, ProSNA f-gal
showed an ~20—280-fold increase in cellular uptake. At the
lowest concentration tested (0.1 nM), ProSNA f-gal showed
nearly 2 orders of magnitude greater cellular uptake than AF,-$-
gal. We have previously shown that the route for enhancements
in the cellular uptake of conventional SNA conjugates involves
engagement of cell-surface scavenger receptors followed by
caveolae-mediated endocytosis.”>”> To evaluate whether
ProSNA f-gal is uptaken by a similar mechanism, cells were
treated with fucoidan, a scavenger receptor ligand, after which
cellular uptake of ProSNA p-gal was monitored by flow
cytometry. As shown in Figure S4, treatment with fucoidan
resulted in an 80—90% decrease in the cellular uptake of ProSNA
p-gal, which is consistent with the conclusion that it is
internalized by a similar mechanism as traditional SNA
conjugates. Importantly, ProSNA f-gal showed no apparent
toxicity toward any of the cell lines tested here, as demonstrated
by measuring cellular metabolic redox activity using the
commonly employed cell viability indicator resazurin (Figure
SS).

To ensure that the transfected enzymes remained functional
within the cellular milieu, we employed two catalytic assays based
on distinct substrates. For both assays, HaCaT, SKOV3, and
C166 cells were incubated with 1 nM AF,- or ProSNA f-gal for
12 h. After washing the cells with phosphate buffered saline
(PBS) to remove any enzyme bound to the cell surface, a 1 mg
mL™" solution of the membrane permeable f3-gal substrate 5-

bromo-4-chloro-3-indolyl-f-p-galactopyranoside (Xgal, Figure
S6) was added, and the cells were incubated for 3 h at 37 °C.
Hydrolysis of the p-glycosidic linkage of Xgal results in the
release of an indole derivative that, upon oxidation, dimerizes and
forms an insoluble blue precipitate that can be visualized by light
microscopy (Figure S6A). As shown in Figure 4A, essentially all
cells treated with 1 nM ProSNA f-gal showed accumulation of
the blue product throughout the entire cell volume, demonstrat-
ing that the transfected protein remains active intracellularly. In
the case of HaCaT cells, ProSNA f-gal treatments as low as 0.1
nM still produced a visible response (Figure S7). In contrast,
untreated cells or cells treated with up to 10 nM AF,-f-gal
showed minimal substrate hydrolysis, demonstrating that
product formation is catalyzed by transfected enzymes and not
endogenous f-gal and that the shell of DNA is necessary for
cellular uptake of functional enzymes (Figure S8).

A separate assay based on the fluorogenic substrate, C,,-
fluorescein di(-p-galactopyranoside) (C,,-FDG, Figure S6B),
was used to further demonstrate that catalysis originates from
transfected f-gal. C;,-FDG is not fluorescent, but upon
hydrolysis of the glycosidic bonds between fluorescein and
galactose produces a fluorescent signal upon excitation by 488
nm light. This assay allows for simultaneous visualization of the
cellular uptake of native or ProSNA f-gal and the reaction
product, C,-fluorescein. Cells were transfected with either 1 nM
AF - or ProSNA f-gal and then incubated with C,-FDG for 1 h
at 37 °C, washed, and examined by confocal fluorescence
microscopy for intracellular fluorescence (Figures 4B and S9—
10). For the ProSNA, both the enzyme (AF647 channel) and
C,-FDG reaction product (FITC channel) were observed
within the cells at 1 nM treatments (Figure S11). Conversely,
cells treated with the native enzyme exhibited no signal for either
the product or the enzyme.

In conclusion, we have developed a chemical strategy for
transforming cell membrane-impermeable proteins into
ProSNAs that enter cells at low concentrations. The results
presented here show that these architectures are highly uptaken
by cells and function as intracellular enzymes. This work is an
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initial proof-of-concept that lays the foundation for creating a
new class of biologically active materials from a nearly limitless
library of protein nanoparticles that can serve as the ProSNA
core. Future design iterations will allow tuning of both the DNA
shell, which compared to other polymers is highly monodisperse
and sequence specific, as well as the protein core, which presents
multiple orthogonal functional groups on its surface that should
allow for the attachment of several distinct functionalities such as
imaging agents, targeting moieties, and functional oligonucleo-
tides.
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