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Abstract

We report the development of a new strategy for the chemical analysis of live cells based on
protein spherical nucleic acids (ProSNAs). The ProSNA architecture enables analyte detection via
the highly programmable nucleic acid shell or a functional protein core. As a proof-of-concept, we
use an i-motif as the nucleic acid recognition element to probe pH in living cells. By interfacing
the i-motif with a forced-intercalation readout, we introduce a quencher-free approach that is
resistant to false-positive signals, overcoming limitations associated with conventional
fluorophore/quencher-based gold NanoFlares. Using glucose oxidase as a functional protein core,
we show activity-based, amplified sensing of glucose. This enzymatic system affords greater than
100-fold fluorescence turn on in buffer, is selective for glucose in the presence of close analogs
(i.e., glucose-6-phosphate), and can detect glucose above a threshold concentration of ~5 1M,
which enables the study of relative changes in intracellular glucose concentrations.

The chemical analysis of live cells at the molecular level provides fundamental insight into
dynamic cellular processes, informs about the role of intracellular analytes in disease
progression, and has guided the development of new medical diagnostic tools.28 Although
fluorescent probes based on both molecular recognition (binding-based sensing)37 and
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molecular reactivity (activity-based sensing)® have led to significant new capabilities, the
majority of techniques necessitate the fixing or lysis of the cells, the use of cytotoxic
transfection reagents, or the genetic encoding of the cells. Specifically, protein- and nucleic
acid-based approaches, such as enzyme-linked immunosorbent assays,? genetically encoded-
fluorescent proteins'® and RNA sensors,!! polymerase chain reaction,12 and fluorescence in
situ hybridization,3 are routinely used to detect a wide variety of biological analytes.
However, exogenous proteins and nucleic acids are not efficiently internalized by cells; thus,
their development into live-cell intracellular probes is challenging.

To overcome these limitations, we have developed a powerful new class of intracellular
probes based on protein spherical nucleic acids (ProSNAs).141 This design allows analyte
detection via a quencher-free approach using either the nucleic acid or protein component.
Additionally, this platform allows for the detection of intracellular analytes through binding
or activity-based sensing. ProSNAs are based on the SNA architecture and consist of a
protein core functionalized with a dense shell of radially oriented oligonucleotides. The
SNA architecture is ideally suited for making intracellular measurements, as it is nontoxic to
cells, elicits minimal immune response, can be taken up by cells without the need for
transfection reagents, and is more resistant to nuclease degradation compared to traditionally
used linear oligonucleotide probes.18 Additionally, it enables the intracellular delivery of
functional proteins and confers stability against protease degradation.14.15

The first examples of SNA-based intracellular probes were NanoFlares (NFs).17:18 The NF
construct consists of a gold nanoparticle core that acts as a quencher. Oligonucleotide
duplexes comprising a recognition strand and a shorter fluorophore-labeled reporter strand
are immobilized onto the gold nanoparticle through a gold-thiol linkage. Inside the cell, the
target of interest displaces the reporter strand, as it binds to the recognition sequence and
results in fluorescence turn on due to separation of the fluorophore and quencher. By
designing the recognition strand to be complementary to nucleic acids in cells, genetic
content can be measured.1’=22 On the other hand, using aptamer and DNAzyme sequences,
ions, small molecules, and proteins can be detected.23-25 NFs allow for live-cell genetic and
metabolic analyses,1’:23 the sorting and isolation of circulating tumor cells based on
variations in genetic profiles,28 and the identification of diseased tissue in viv0.27=29

However, NFs suffer from several limitations. Since their fluorescence is solely dependent
on the fluorophore’s distance from the gold core, NFs are susceptible to false-positive
signals arising from nuclease degradation of the oligonucleotides, dehybridization of the
reporter strands, or cleavage at the gold-thiol linkage.3 In addition, NFs rely on a
displacement event for signal generation which retards probe-target binding kinetics.3!
Finally, NFs can only be designed for targets with known nucleic acid-based recognition
sequences.3

We hypothesized that the use of a quencher-free strategy coupled to an SNA architecture
could overcome many of these challenges. To test this hypothesis, we first designed SNAs in
which the nucleic acid sequences act as the recognition element. We used a duplex-sensitive
dye, thiazole orange (TO), as a base surrogate in an oligonucleotide recognition sequence
that is designed to bind to the target analyte (Figure 1, Figure S3). This class of dyes,
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derived from intercalators, has low fluorescence in a single-stranded oligonucleotide due to
unrestricted rotation about the methine bridge in the molecules.32 In contrast, upon binding
to the target analyte, the dye undergoes forced intercalation (FIT) between the
oligonucleotide base pairs, thereby restricting its motion, leading to enhanced fluorescence.
32-34 The use of a duplex-sensitive dye no longer necessitates the presence of a “chemically
inert” gold core and allows us to expand the core selection. Here, we use a protein core as a
model system due to its well-established biocompatibility, biodegradability, and known
chemical topology, which allows for site-specific oligonucleotide attachment.35-36

For a proof-of-concept, we chose an i-motif sequence as the recognition strand that
undergoes pH-dependent structural changes between an unfolded and a tetraplex form.37:38
The i-motif is an aptamer for protons, and we converted the i-motif into an FIT-aptamer
using a strategy previously reported by our group.34 B-Galactosidase (5-gal) was chosen as
the protein core, as it has been used in previous ProSNA studies.1#15 A fluorescent dye,
Alexa Fluor 647 (AF-647), was covalently conjugated to the cysteine residues of the protein
through maleimide—thiol coupling to enable the monitoring of the cellular uptake of the
probe. Dibenzocyclooctyne terminated DNA was attached orthogonally to the lysine
residues modified with PEG-azides (Figure S4). These modifications gave rise to a TO
containing i-motif-5-gal ProSNA termed ProTOn (Figure 1).

We first established that ProTOn is capable of detecting pH changes /n vitro (Figure 2A) by
adding it to buffered solutions at different pH values. Our results show a gradual increase in
the fluorescence enhancement of TO, saturating at 9-fold, when the pH of the solution
changes from 7.5 to 5.0. No change in fluorescence signal is observed from AF-647 in this
pH range. Similarly, ProSNAs containing a control sequence that does not form the i-motif
structure results in no fluorescence enhancement in either the TO channel or the AF-647
channel in this pH range.

Next, we determined the ability of ProTOn to report changes in intracellular pH (Figure 2B).
The MDA-MB-231 cell line, a human epithelial breast cancer cell line, was chosen as a
model. These cells were incubated with 500 nM ProTOn (by DNA) in serum-free media for
3 h. The cells were then clamped at pH 5.5 and pH 7.5 and analyzed by flow cytometry. The
mean fluorescence of cells at pH 5.5 is almost double that of cells at pH 7.5, consistent with
the results obtained when pHrodo Red AM, a commercially available intracellular pH probe,
is used as a benchmark (Figure S11). As before, control ProSNAs do not elicit a significant
fluorescence change, demonstrating the specificity of ProTOn.

Importantly, unlike gold NFs, this new quencher-free ProSNA-based design is not prone to
false-positive signals, as evidenced by /n vitro nuclease degradation experiments (Figures
S7, S9) and pulse-chase experiments in MDA-MB-231 cells (Figures S8, S10). Moreover,
the use of an FIT-strategy does not require strand displacement, overcoming limitations
associated with nonspecific dehybridization of the reporter strand and allowing faster
binding to the target analyte.34 Taken together, these results show that ProSNA-based
quencher-free probes constitute a next-generation platform for monitoring intracellular
analytes in live cells compared to gold-based NFs.
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Importantly, the use of a ProSNA allows one to not only detect analytes through the nucleic
acid shell but also vastly expands the range of analytes that can be detected by taking
advantage of the functional protein core. We hypothesized that using an enzyme, we can
detect analytes for which nucleic acid-based recognition sequences are not known. To test
this hypothesis, we designed a ProSNA for intracellular glucose detection using glucose
oxidase (GOx) as the core (Figure 3). We chose glucose as a model analyte because of its
fundamental importance to maintaining cellular functions, its high intracellular abundance
(~0.1-2 mM),3940 and the lack of a glucose aptamer with a biologically relevant binding
affinity.*1 Remarkably, the activity of GOx-SNAs remains unchanged compared to the
native protein (Figure S14).

To detect glucose intracellularly, we developed a new two-step assay. In the first step, cells
are treated with GOx-SNAs in glucose-free media. Upon entering the cells, GOx-SNAs
catalyze the conversion of glucose to p-glucono-1,5-lactone and produce hydrogen peroxide.
In the second step, the cells are washed thoroughly and treated with fluorescein bis (benzyl
boronic ester), FBBBE, a cell-permeable, nonfluorescent fluorescein derivative.42 In the
presence of hydrogen peroxide, the boronate groups are cleaved and highly fluorescent
fluorescein is formed and retained intracellularly. Therefore, the fluorescence is directly
proportional to the amount of glucose in the cell. This assay results in a 120-fold
fluorescence enhancement in the presence of glucose /n vitro (Figure 4A). Due to the high
specificity of GOX, the probe is selective against other sugars including sucrose, xylose,
mannose, fructose, maltose, lactose, galactose, as well as glucose-6-phosphate which results
from rapid phosphorylation of glucose upon cellular entry (Figure 4B, Figure S17).43

To ensure the validity of this new assay in cells, we tested nine different cells lines (MDA-
MB-231, MC38, U87, SKOV3, HDF, EL4, EG7-OVA, 4T1, and NIH/3T3), representing a
mix of cancer and normal cells, adherent and suspension cells, and human and murine-
derived cells (Figures S19-S27). Flow cytometry experiments show that cells treated with
FBBBE alone have increased fluorescence compared to untreated cells. These results are
expected because some fluorescein is formed due to the basal level of H,O, produced in the
cells. Cells pretreated with 40 nM GOx-SNAs (by protein) show up to an ~12-fold increase
in fluorescence due to the elevated levels of H,O, produced (Figure 4C). Modulating
intracellular glucose levels impacts the fluorescence detected. GOx-SNA-treated cells
exposed to media containing 25 mM glucose show an increase in fluorescence compared to
those exposed to 0 mM glucose (Figure S28). Similarly, increasing glucose uptake by
treating cells with 100 nM insulin results in higher fluorescence (Figure S29). In contrast,
decreasing glucose uptake by using 10 M cytochalasin B, a well-known glucose transport
inhibitor,* results in decreased fluorescence (Figure S30). Taken together, these
experiments show that GOx-SNAs can be used as intracellular glucose probes, which, going
forward, may aid in the high throughput screening of antihyperglycemic drugs.

In conclusion, we have developed a powerful new class of intracellular probes based on
ProSNAs. Their modular structure allows one to change the protein core and the nucleic acid
shell independently and detect analytes using either component as the sensing moiety
through binding- or activity-based sensing. The programmable nature of nucleic acids, in
principle, will allow for the detection of targets using aptamers, DNAzymes, or
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hybridization-based probes. The unparalleled specificity of proteins will give rise to probes
that are highly selective for their targets. When one takes into account the many proteins that
have been developed for sensing analytes in cell lysates or fluorescent proteins that are
genetically encoded, the scope of possibilities is enormous, considering that these proteins
could be repurposed as exogenous probes for detecting intracellular analytes in live cells and
clinical samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Structure of S-galactosidase with lysine and cysteine residues highlighted. (B) Structure

of the forced intercalation dye thiazole orange, TO (carboxymethylated derivative). (C)
Unfolded i-motif sequence with a single base replaced with TO. (D) Folded i-motif with TO
intercalated between base pairs. (E) Structure of ProTOn at pH 7.5 and pH 5.5. The
formation of the i-motif structure leads to fluorescence turn on of TO.
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(A) /n vitro fluorescence response of ProTOn and a control probe as a function of pH. The
fluorescence of TO increases as pH decreases due to the formation of i-motifs in ProTON.
The control probe does not form an i-motif and, therefore, shows no change in fluorescence.
The fluorescence of AF-647 remains unchanged for both ProTOn and the control probe. (B)
TO channel fluorescence response of MDA-MB-231 cells treated with ProTOn and a control
probe. ProTOn-treated cells clamped at pH 5.5 are almost twice as fluorescent as those
clamped at pH 7.5. Cells treated with the control probe show no significant difference in

fluorescence.
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fluorescein bis (benzyl boronic ester)
GOx-SNA FBBBE

(i) (ii)

OH OH
HO,, OH GOX-SNA 5 OH H0,

' ' S "+ H,0, ; FBBBE
HO” 0~ ~CH,OH 070" CH,0H -
B-D-glucose D-glucono-1,5-lactone fluorescein

Figure 3.
(A) Structure of glucose oxidase SNAs (GOx-SNAS). (B) Structure of fluorescein bis

(benzyl boronic ester), FBBBE. (C) A two-step assay developed for glucose detection. (i)
First, GOx-SNAs catalyze the conversion of -p-glucose to p-glucono-1,5-lactone with the
formation of H,0O,. (ii) The H,O, formed reacts with nonfluorescent FBBBE and yields
highly fluorescent fluorescein.
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(A) In vitro fluorescence response of GOx-SNAs to increasing concentrations of glucose.
The y~axis shows the observed fluorescence (7 1) for a particular concentration, ¢, of glucose
at time, £ relative to the fluorescence (/y o) of GOx-SNAs at the initial time point in the
absence of glucose. Over 120-fold fluorescence enhancement is observed in the presence of
glucose. (B) /n vitro selectivity of GOx-SNAs against other sugars. (C) Fluorescence of EL4
cells under different treatment conditions. Cells treated with GOx-SNAs and FBBBE
fluoresce ~12-fold more compared to cells treated with FBBBE alone. (D) Representative

fluorescence histograms corresponding to data in (C).
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