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The delivery of a macromolecule to the cytosol of human cells is
assessed by using a pendant di-O-glycosylated derivative of fluore-
scein. Its fluorescence is unmasked by Escherichia coli p-galactosidase
installed in the cytosol. Background is diminished by using RNAi to
suppress the expression of GLB1, which encodes a lysosomal
p-galactosidase. This strategy was used to quantify the cytosolic entry
of a highly cationic protein, ribonuclease A.

The cytosol of mammalian cells is the intended destination for
many proteins and other macromolecules of interest." Typically,
delivery entails endocytosis, followed by translocation from an
endosomal compartment to the cytosol. Uptake into endosomes
can be facilitated by a cationic appendage® or graft,>* and can be
assessed with a pendant fluorogenic probe that is unmasked by
an endosomal esterase.”® But it is the next step, entailing
traversal of a phospholipid bilayer, that is the major hurdle to
cytosolic delivery.’

Endosome-to-cytosol translocation is a rare event and thus
difficult to assess.'”'' Two strategies are evident for distin-
guishing the cytosolic pool of internalized molecules from the
endosomal pool. One is to separate membrane-bound compart-
ments from the cytosol by subcellular fractionation. This method
requires cell lysis, and is thus inapplicable to live cells or high-
throughput screens. A second method relies on the modification of a
latent probe, such that macromolecules that reach the cytosol are
differentiated from those in endosomes. Previous strategies for
measuring translocation to the cytosol have relied on fluorescence
resonance energy transfer (FRET), either by monitoring FRET
between a preinstalled cytosolic fluorescent protein and a
fluorophore-tagged peptide,'* or by monitoring the unquenching
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of fluorescence of a pair of disulfide-linked fluorophores.™* Although
these strategies did overcome the difficulty of excluding signals from
endocytic compartments, they suffer from a high background.

To avoid the background that accompanies chemical
reactions, we sought an enzyme-substrate pair that was ortho-
gonal to human cells. We reasoned that macromolecules
tagged with fluorescein di-B-p-galactopyranoside (FDG) could
be unmasked by Escherichia coli p-galactosidase (B-gal)
produced by heterologous expression in the cytosol (Fig. 1).**
As a model protein, we chose bovine pancreatic ribonuclease
(RNase A), which has well-established physicochemical
properties.”>"” Like other highly cationic proteins,®* RNase A
(pI = 9.33"%) is taken up readily by mammalian cells.'?

We sought a means to conjugate FDG to RNase A. Sulfthydryl
groups are readily alkylated by a variety of electrophiles.
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Fig. 1 Strategy for detecting the entry of an exogenous protein into the cytosol
of a human cell. A protein with a pendant fluorogenic probe is internalized by
endocytosis. The conjugate is not fluorescent until hydrolyzed by B-galactosidase
installed in the cytosol by transfection of a plasmid, which directs the concomitant
expression of the monomeric red fluorescent protein (mRFP).
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Fig. 2 Strategy for conjugating fluorescein di-B-o-galactopyranoside (FDG) to
bovine pancreatic ribonuclease (RNase A). The linkage is made via a cysteine
residue installed at position 19 of RNase A by site-directed mutagenesis.

Wild-type RNase A has no sulfhydryl groups, so we used
site-directed mutagenesis to create the A19C variant, which
has a cysteine residue in a solvent-exposed surface loop.>* We
alkylated its nascent sulfhydryl group with 5-chloromethylfluore-
scein di-B-p-galactopyranoside (CMDFG) to create FDG-RNase A
(Fig. 2).

We assessed the hydrolytic stability of FDG-RNase A and its
ability to be a substrate for B-gal. We found that the fluore-
scence of FDG-RNase A remains masked for >12 h at pH 7, as
well as at pH 4 (Fig. S1A in the ESIf), which is close to that
found in late endosomes. We also found that the fluorescence
of FDG-RNase A increases by 10>-fold upon addition of B-gal
(Fig. S1B in the ESI}), validating the conjugate as a substrate.

Next, we examined the hydrolytic stability of FDG-RNase A
in unmodified HeLa cells, which are lacZ . Surprisingly,
extended incubation (24 h) resulted in substantial background
fluorescence, suggesting that an endogenous human enzyme
can catalyze the unmasking of FDG-RNase A. We suspected
that the undesired activity could arise from a human B-galacto-
sidase, GLB1, which is a 76 kDa lysosomal enzyme that is not
homologous to B-gal.>**®

340 | Mol. BioSyst, 2013, 9,339-342

&  GLB7-knockdown Clones

&
® 1 2 3

GLB1—>

y i3

100+
3
< 80
[0]
(8]
3 60
’5 i
=]
[
o 407
=
©
o 20+
04
O_ T T T
Q\@ 1 2 3
® GLB1-knockdown Clones

Fig. 3 Stable HelLa GLB17 knockdown clones with reduced background fluorescence.
(A) Cell lysates from unmodified Hela cells (control) and cells stably transfected with
GLB1-targeting shRNA were analyzed by immunoblotting with an anti-GLB1 antibodly.
(B) FDG-RNase A was incubated with unmodified Hela cells and GLBT knockdown
clones for 24 h at 37 °C. Mean values (+SE) are from flow cytometry of 20 000 live cells
(>3 populations).

We used RNAI to suppress the activity of GLB1. Specifically,
we created HeLa cell clones that stably express a short hairpin
RNA (shRNA) that targets GLB1.>® To assess success, we incubated
FDG-RNase A with three clones having decreased GLB1 expres-
sion (Fig. 3A) and measured the ensuing fluorescence with flow
cytometry (Fig. 3B). The GLB1-knockdown clones had 50-65%
less background fluorescence than unmodified HeLa cells,
indicating that GLB1 activity is responsible for most of the
unmasking of FDG-RNase A in unmodified HeLa cells.

Then, we transfected GLB1-knockdown HeLa cells (clone 1)
with a plasmid containing a lacZ-IRES-mRFP construct (Fig. 1).
Here, the internal ribosomal entry site (IRES) correlates the
expression of the monomeric red fluorescent protein (mRFP)
and the lacZ gene. Thus, lacZ’ cells can be identified defini-
tively by their mRFP fluorescence. The cytosolic entry of
RNase A was determined by incubating FDG-RNase A with lacZ"
cells. In a control experiment, the same amount of ribonuclease
conjugate was incubated with cells transfected with a plasmid
containing IRES-mRFP but lacking lacZ.*® The cytosolic influx
of RNase A increases rapidly in lacZ’ cells (Fig. 4A). Levels of
background fluorescence, as measured within lacZ™ cells,
accounts for ~20% of the fluorescence of lacZ’ cells. These
data are consistent with observations made by using fluore-
scence microscopy. As expected, we observed diffuse fluore-
scence in lacZ" clone-1 HeLa cells, but little or no fluorescence
in lacZ  cells (Fig. 4B). Punctations likely arise from the
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Fig. 4 Cellular uptake and cytosolic entry of RNase A. lacZ* clone-1 Hela cells
were transfected with the /acZ-IRES-mRFP construct (Fig. 1). lacZ~ clone-1 Hela
cells were transfected with the same vector but containing an IRES—-mRFP
construct. (A) FDG-RNase A (5 uM) was added to lacZ* (@) and lacZ~ (O) cells.
Mean values (+SE) are for green fluorescence from flow cytometry of 10 000 live
cells (>6 populations) that emit red fluorescence. Fluorescein-RNase A (5 pM)
was added to cells treated with bafilomycin A1 (0.10 uM). Mean values (+SE) are
for green fluorescence from flow cytometry of 10 000 live cells (>6 populations).
Inset: close-up of FDG-RNase A data. (B) FDG-RNase A (5 uM) was incubated
with JacZ* and lacZ~ cells for 24 h at 37 °C. Blue dye, Hoechst 33342; scale bars,
10 um.

~20% background fluorescence. These results illustrate that
cytosolic entry of a protein can be assessed by using pendant
FDG with lacZ" human cells.

Next, we employed a simple fluorescein-RNase A conjugate'®
to discern the fraction of internalized molecules that reach the
cytosol. The conjugate acid of the fluorescein anion has pkK, =
6.30,>” and loses fluorescence upon protonation. Accordingly, we
used bafilomycin A1, which is a specific inhibitor of the vacuolar
ATPase responsible for endosome acidification,>*?® to neutralize
endosomes and enable an accurate measure of total fluores-
cein-RNase A uptake. The ensuing data indicate that the vast
majority of this cationic protein is entrapped in endocytic
vesicles (Fig. 4A). We estimate that only ~7% of the protein
that enters cells is able to translocate to the cytosol in 24 h.

Finally, we extended our analysis by quantifying the RNase A
molecules that reach the cytosol. Ribonucleases are promising
chemotherapeutic agents. They have an innate ability to enter
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the cytosol, where they catalyze RNA degradation if they can
evade the resident ribonuclease inhibitor protein, which binds
to RNase A with femtomolar affinity.>® Evasive RNase A
variants inhibit the proliferation of human cancer cells with
ICs, values in the high nanomolar range.** Using quantum dot
calibration beads,*® we found that the total fluorescence in
lacZ" cells upon incubation with 5 uM FDG-RNase A for 24 h
derives from (3.5 £ 0.2) x 10* molecules per cell. As noted
above, ~80% of these fluorescent molecules are in the cytosol,
and the remaining ~20% are in the large pool of endosomal
FDG-RNase A (Fig. 4A). The volume of the cytosol in a HeLa cell
is 940 pm*.*° Accordingly, a 5 uM dose of FDG-RNase A for 24 h
results in a cytosolic concentration of ~50 nM. As the concen-
tration of ribonuclease inhibitor in the cytosol is 4 uM,*” these
data explain the inability of low concentrations of wild-type
RNase A to manifest cytotoxicity—the efficiency of its transloca-
tion to the cytosol is too low to overcome the ribonuclease
inhibitor protein.
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