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Efficient intracellular delivery of biomacromolecules such as
proteins continues to remain a challenge despite its potential for
medicine. In this work, we show that mScarlet, a non cytotoxic red
fluorescent protein (RFP) conjugated to Click Nucleic Acids (CNA), a
synthetic analog of DNA, undergo cell uptake significantly more
than either native proteins or proteins conjugated with similar
amounts of DNA in MDA-MB-468 cells. We further demonstrate
that the process of cell uptake is metabolically driven and that
scavenger receptors and caveolae mediated endocytosis play a
significant role. Co-localization studies using anti-scavenger
receptor antibodies suggest that scavenger receptors are
implicated in the mechanism of uptake of CNA modified proteins.

The efficient intracellular delivery of biomolecules, including
nucleic acids and proteins, has the potential to impact a diverse array
of biological and medical applications, including gene editing, protein
therapy, imaging and manipulation of cellular activities."® However,
due to their size and charge, it has been challenging to deliver large
biomacromolecules into cells while escaping or bypassing the
endocytic-lytic pathway. Different strategies to deliver proteins have
been studied to overcome these barriers, including nanoparticle
encapsulation,®*> complexation of proteins to polymers,%13 and
utilization of cell penetrating peptides or viral vectors.16-20 Still,
important challenges remain, including inefficient release of proteins
from their vehicles, poor cell-selective uptake, and insufficient
nanoparticle, or protein endosomal escape into the cytosol.?1-23
While supercharged proteins?* have also been explored as ways to
induce cell uptake of biomacromolecules, this approach may not be
universal because many proteins are not amenable to such extensive
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mutagenesis or modification.?>2¢ Lastly, methods to introduce
proteins using physical insertion methods such as microinjection or
electrical pulses often lead to reduced cell viability and poor
transfection efficiency.?’2® More recently, Mirkin and coworkers
demonstrated efficient intracellular protein uptake by building a
dense corona of negatively charged DNA around proteins known as
spherical nucleic acids (SNAs).2%-33 Since linear DNA cannot penetrate
cells, the 3D corona of DNA around nanoparticles and proteins is
thought to be responsible for driving cell uptake. In addition,
extensive work with gold nanoparticle SNAs showed that the cell
uptake is metabolically driven and associated with scavenger
receptor A (SR-A) binding, indicating that protein uptake is driven by
caveolae dependent endocytosis.

The results shown by Mirkin and coworkers led us to investigate
biomacromolecular delivery using a synthetic analog of DNA known
as click nucleic acids, or CNAs.%34-38 First developed by Bowman and
coworkers, click nucleic acids (CNAs) are a new family of synthetic
analogs of DNA that are produced by thiol-X click chemistry.3* While
CNA is similar to other synthetic nucleic acids like PNA (Peptide
Nucleic Acids) with respect to its uncharged backbone, CNA can be
easily polymerized into homopolymers and solubilized in certain
organic solvents, enabling its incorporation into synthetic polymers
typically utilized for drug delivery such as the FDA-approved
poly(lactic-co-glycolic acid) (PLGA). Using this property, we recently
demonstrated the use of CNA to co-deliver DNA, DNA-conjugated
prodrug enzymes, and chemotherapy agents into cells by
synthesizing and using PEG-CNA-PLGA nanoparticles as delivery
vehicles.?3> In addition, PEG-CNA polymers were synthesized which
showed efficient cell uptake via a passive mechanism.*®

In this work we studied the effect of conjugating CNA
oligonucleotides to proteins on cell uptake, for this we firstly
attached polyA and polyT CNA strands to the model protein,
mScarlet, a variant of red fluorescent protein (RFP).3° this protein
possesses a high quantum efficiency, and has emission and excitation
wavelengths that can be easily tracked by flow cytometry and
confocal microscopy.3® First, standard protein engineering was used
to produce His-tagged RFP in E. coli and purified. Next, to conjugate
polyA and polyT versions of both CNA and DNA to the RFP, the
protein was initially reacted with 20 molar equivalents of NHS-DBCO
overnight. The DBCO modified RFP were reacted with 5 molar
equivalents of the azido-modified DNA (sourced from IDT) or CNA.
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The azido-terminated CNA was produced by reacting the thiol
terminated CNA were with iodo-PEG3-azide and cleaned by dialysis
against DMSO. The final protein conjugates were then characterized
by a combination of SDS PAGE and UV-Vis spectroscopy (Figure 1).
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Figure 1. a) SDS-PAGE gel showing successful conjugation of CNA and
DNA oligonucleotides to RFP. From left to right: (1) Ladder, (2)
unmodified protein, (3) RFP-DNA poly A, (4) RFP-CNA poly A, (5) RFP-
DNA poly T, (6) RFP-CNA poly T. b) UV Vis absorption spectra of DNA
and CNA conjugated RFP.

As shown in Figure 1a, after reacting azido-DNA or azido-CNA with
the DBCO modified RFP, SDS-PAGE showed discrete bands that ran
slower than the bands of the native protein. The unmodified RFP runs
as three discrete bands corresponding to approximately 14, 23 and
35 kDa, which is thought to correspond to RFP fractions without and
with chromophore and the full protein respectively. After nucleic
acid conjugation, a recurrent pattern of slower moving bands was
observed for both the DNA and CNA modified RFP. Since DBCO
modifications and DNA or CNA attachment are random, a range of
oligonucleotides is expected to conjugate to each protein. In
addition, the CNA strands as synthesized have some degree of
polydispersity3® so fewer discrete bands may be expected with CNA
conjugated proteins compared to the DNA-RFP. Assuming the
extinction coefficient of CNA is approximately that of the same DNA
sequence and length, it was determined that an average of ~¥4.9 and
~5.4 polyA and polyT DNA strands, respectively, were attached per
protein, as compared to ~3.1 and ~2.9 polyA and polyT CNA strands
were attached per protein.

Prior to cell uptake studies of the modified proteins, the toxicity of
the CNA and DNA modified RFP was first measured and compared to
native RFP. For this, 103> MDA-MB-468 cells were seeded per well in
a 96 well plate and incubated overnight. Next, varying
concentrations of RFP, DNA(polyA, polyT)-RFP and CNA(polyA,
polyT)-RFP ranging from 0.1 to 100 nM were incubated with the cells
for 24 h followed by MTT metabolic assays. As shown in Figure S1,
conjugating the protein with either DNA or CNA caused little
decrease in cell viability even with protein concentrations as high as
100 nM.

Since neither DNA nor CNA conjugated RFP showed cell toxicity,
we next measured protein uptake in MDA-MB-468 cells as a function
of incubation time. For this, 1 nM RFP, DNA-RFP and CNA-RFP were
added to cells seeded overnight at 37 2C and incubated for 1-24 h. At
specific time points the media was removed and the cells were
washed with PBS, trypsinized, and diluted further in PBS for
immediate analysis by flow cytometry. As shown in Figure 2a,
conjugating CNA to RFP led to an increase in protein uptake as
compared to either DNA-RFP or RFP alone. After 24 h the highest
amount of protein uptake was seen with polyA-CNA-RFP, which was
~2.5 fold higher than polyA-DNA-RFP. Similarly, polyT-CNA-RFP
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showed a ~2.3 fold increase over polyT-DNA-RFP. In the case of the
DNA conjugated RFP, both polyA and polyT showed similar amounts
of protein uptake by the cells, though the yield of DNA-RFP in cells
was lower than that of either polyT- or polyA-CNA conjugated RFP.
When no oligonucleotides were attached to the proteins, almost no
protein uptake was observed. It should be noted however that the
act of chemically modifying other proteins with CNA can lead to
possible protein denaturation and loss of activity or elicit a
immunogenic response during delivery to a targeted site. The flow
cytometry studies were also verified qualitatively by confocal
imaging after 24h, staining with DAPI and DiO, shown in Figure 2b
cells incubated with CNA-RFP showed markedly higher levels of
entrapped RFP as compared to either native RFP or DNA-RFP,
matching the flow cytometry results. Protein uptake was also tested
using CaCo-2 cells, a human epithelial colorectal adenocarcinoma cell
line. As with MDA-MB-468 cells, protein uptake of the CNA- and DNA
conjugated RFP was enhanced as compared to RFP alone (Figure S2).
However, it should be noted that the amount of total protein uptake
was less as compared to MDA-MB-468 cells and little difference was
seen between CNA-RFP and DNA-RFP. This could be attributed to
differences in cell phenotype and cellular uptake processes. Lastly, to
compare to either CNA- or DNA-RFP, the cell penetrating TAT peptide
was conjugated to RFP via click chemistry (Figure S3). After
incubating TAT-RFP with MDA-MB-468 cells for 24 h, flow cytometry
showed a 2-fold increase in cell uptake of the TAT-RFP (Figure S4).
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Figure 2. a) Flow cytometry results of MDA-MB-468 cells incubated
with 1 nM RFP, DNA-RFP and CNA-RFP at 37 2C and 4 2C. The y axis
represents the average fluorescence of gated events upon 561nm

Average fluorescence (A.U.)

excitation. b) Confocal images obtained of MDA-MB-468 cells after
24 h incubation with 1 nM RFP, DNA (polyT)-RFP and CNA (polyT)-
RFP at 37 2C, with blue representing DAPI nuclear stain, DiO
membrane stain represented in green, and RFP in red. All intensities
are treated equally to be comparable.

In order to determine if cell uptake of the CNA-RFP conjugates
were occurring by either a passive or active process, the uptake
studies were repeated in parallel at 4 2C, where the low temperature
effectively stops all metabolic activity. As shown in Figure 2a, tests
with suppressed cell activity show no uptake when compared to the
controls, indicating that protein uptake of CNA-RFP is metabolically
driven and does not occur by passive diffusion despite the fact that
CNA oligonucleotides are neutral in charge and the different
solubility profile compared to DNA. Unmodified protein controls
show no uptake in the cells, hence it can be deduced the process by
which protein uptake occurs can only arise from the oligonucleotide
modifications and not by the protein itself (Figure 2a). It must be also
noted that at 4 °C the cells start to visibly detach from the wells after
~15 h of incubation.

This journal is © The Royal Society of Chemistry 20xx
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To identify a possible mechanism by which CNA conjugated
proteins were being taken up by the cells, pharmacological inhibitors
that either sequestered or bound to specific cell membrane agents
were tested. First, inhibitors that bound to cholesterol and scavenger
receptors were tested by using methyl-B-cyclodextrin (MBC) and
fucoidan, respectively. First, in order to determine inhibitor
concentrations to use while avoiding cytotoxicity, MTT assays were
run using varying concentrations of fucoidan and MBC (Figures S5
and S6). Next, MDA-MB-468 cells seeded overnight at 50,000
cells/well were incubated with 1 mg/ml of MBC or 10 and 50 pug/ml
of fucoidan for 1 h. This was then followed by adding in 1 nM RFP,
DNA-RFP or CNA-RFP and incubating further for 24 h before flow
cytometry was performed.

As shown in Figure 3A, while the addition of MBC caused little to
no decrease in RFP uptake as compared to the control samples (no
inhibitor added), the use of fucoidan caused a substantial drop in the
detected amounts of both CNA- and DNA-RFP, irrespective of
sequence. In addition, using higher concentrations of fucoidan led to
a further decrease in uptake of CNA- or DNA-RFP, supporting the
hypothesis that scavenger receptors play a strong role in mediating
protein uptake. It should be noted that due to the cellular toxicity of
MBC, low concentrations of the inhibitor had to be used and this may
be in part responsible for the lack of observed changes in protein
uptake compared to the control samples.
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Figure 3. A) Flow cytometry results of the uptake of RFP, DNA-RFP
and CNA-RFP to cells treated first with either fucoidan and MBC after
24 h incubation at 37 2C. Each sample was tested in triplicate. B) Flow
cytometry results of RFP, DNA-RFP and CNA-RFP uptake in MDA-MB-
468 cells treated with either Chlorpromazine or Nystatin. Each
sample was tested in triplicate.

Additionally, chemical inhibitors that disrupt either clathrin or
caveolae mediated endocytosis were tested. For this, protein uptake
studies with inhibitors were repeated as before by treating cells with
either Nystatin or Chlorpromazine, inhibitors of caveolae and clathrin
mediated endocytosis respectively.*®*3 MTT assays were also run to
determine the appropriate concentrations of inhibitors to use with
minimal cell cytotoxicity (Figures S7 and S8). As shown in Figure 3B,
while treating the cells with Chlorpromazine led to little to no
changes in protein uptake as compared to the control samples, the
addition of Nystatin caused a significant decrease in cell uptake of
both the CNA- and DNA-RFP. Since scavenger receptors are
associated with lipid raft domains and play a dominant role in
caveolae-mediated endocytosis, the results obtained with Nystatin
support the fucoidan results shown in Figure 3A in that CNA
conjugation to proteins most likely occurs via a scavenger receptor
and caveolae mediated endocytosis process.

Lastly, co-localization studies were run using the DNA-RFP and
CNA-RFP in conjunction with 4 pg/ml FITC-labeled anti-scavenger

This journal is © The Royal Society of Chemistry 20xx

ChemComm

receptor A antibodies (Thermo, #MA1-81060). For this, MDA-MB-
468 cells seeded overnight in imaging plates were incubated with
either DNA-RFP or CNA-RFP for 1 h. The cells were washed with PBS
and treated with dye-labeled primary anti-SR-A for 15 min. Co-
localization analysis was performed on the images from the green
and red channels, a heat map of normalized pixel intensities is
shown in Figure 4 along with a Pearson Correlation Coefficient (PCC)
to provide a measure of the colocalization. It was found that both
DNA- and CNA-RFP showed high degrees of colocalization, this
greater uptake is consistent with flow cytometry data shown in
Figure 2a and Figure 3, and the comparable confocal data in Figure
2b, with the CNA-conjugated proteins showing higher cell uptake
than the DNA modified versions because CNA strands have higher
binding affinities to scavenger receptor proteins. While scavenger
receptors are a diverse group of membrane proteins that recognize
a broad spectrum of ligands, from lipoproteins to microbial
components,* CNA strands may show a preference binding to them
due to the interaction between the thiol-rich backbone of the CNA
strands and the cysteine rich domains of scavenger receptors.*>46

All channels  Anti- SR-A Pixel map

PCC=0.4064

DNA(A)

PCC=0.4906

DNA(T)

CNA(A) , ;

PCC=0.6961

CNA(T)

Figure 4. Co-localization confocal images of DNA-RFP and CNA-RFP
showing from left to right a merged image of all imaging channels,
FITC labelled anti SR-A in the green channel, RFP in the red channel.
In the last column, a pixel map of the co-localization images is shown
with the corresponding PCC noted on top.

In this work we demonstrated that conjugating proteins with CNAs
greatly improves cellular uptake compared to native proteins or
proteins modified with analogous amounts and sequences of DNA.
In addition, it was demonstrated through comparisons at different
temperatures that CNA conjugated proteins followed cell uptake
through a metabolically driven process with no measured passive
uptake. To further investigate the underlying mechanics,
pharmacological inhibitors were tested, suggesting CNA-protein
delivery occurred via a pathway dependent on scavenger receptor
interactions. Furthermore, when caveolae mediated endocytosis
was inhibited in cells, there was a marked decrease in the protein
uptake of the MDA-MB-468 cells. Lastly, co-localization studies were
performed using a dye-labeled SR-A antibody, showing the highest
co-localization levels over a 1 h period occurred with CNA-RFP rather
than DNA-RFP.
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