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Abstract
We describe a new cell-penetrating protein, B1, capable of delivering conjugated proteins and
nucleic acids into mammalian cells. B1 is a 244-amino-acid product of a single-base frameshift in
the gene encoding enhanced green fluorescent protein (eGFP). The molecule has a net positive
charge of 43 and a very high charge-to-mass ratio of 1.5. eGFP-fused B1 potently penetrates both
adherent and suspension cells with >80% of cells taking up the protein when exposed to
concentrations as low as 1 μM. The protein was found to cluster in the paranuclear region of
TZM-bl cells. Most importantly, we show that B1 not only facilitates cellular uptake, but allows
biomolecular cargo to reach sites of biological relevance. For example, baby hamster kidney cells
underwent DNA recombination when exposed to B1-tagged Cre recombinase at protein
concentrations as low as 2.5 μM, indicating potent nuclear delivery of functional protein cargos.
Additionally, B1 delivers non-covalently conjugated RNA and DNA across the cell membrane to
cytosolic and nuclear sites accessible to the cellular translation and transcription machinery, as
gauged by detection of encoded reporter functions, with efficiency comparable to commercially
available cationic lipid reagents. B1 appears to utilize cell-surface glycans and multiple competing
endocytic pathways to enter and traffic through cells. These studies provide both a new tool for
intracellular delivery of biomolecules and insights that could aid in the design of more effective
cell penetrating proteins.
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Introduction
Intracellular targeting of large therapeutic biomolecules poses a significant challenge.
Effective delivery entails not only crossing the outer cell membrane but transport and release
of therapeutic cargo to cellular loci conducive to attainment of the therapeutic effect. Several
lipid-, polymeric- and inorganic-based vehicles for intracellular delivery of proteins and
nucleic acids exist, including cationic lipids (1–3), polyethylenimine (PEI) (4, 5), carbon
nanotubes (6–8), gold nanoparticles (9–11), supercharged green fluorescent protein
(GFP) (12, 13) and nanocapsules (14, 15). However, the field of intracellular delivery of large
molecules is still in its infancy and major strides need to be made both in effectiveness of
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delivery and our understanding of the underlying mechanisms before this approach can be
used in the clinic.

Some natural and artificial proteins and peptides have the ability to move freely across the
cell membrane. The first cell penetrating polypeptide (CPP) identified was the HIV Tat
protein, which is able to enter cells and translocate into the nucleus (16). Subsequent studies
showed that an arginine–rich motif in Tat (GRKKRRQRRR) is responsible for cell-
penetration (17). This Tat peptide has been fused to many target proteins to mediate cellular
delivery (18–21). Since then, a number of natural proteins have been found to have the
capacity to penetrate cells, including the Antennapedia protein (Antp) from
Drosophila (22, 23), VP22 protein from herpes simplex virus (24) and CaP from Brome mosaic
virus(25). Similarly, several artificial CPPs have been created for protein and nucleic
delivery, including highly positively charged peptides and proteins (e.g. poly arginine (26),
supercharged +36 GFP (12) and related proteins (27)) and amphipathic peptides (e.g.
Pep–1 (28), CADY (29)). Proteins and nucleic acids that are covalently or non–covalently
conjugated to these CPPs are able to enter cells (30, 31). The cellular uptake mechanism of
these CPPs is not yet fully understood, but many are believed to be internalized through
endocytic pathways (32, 33).

In this paper, we describe a novel CPP, B1, discovered during a cell-based screen for genetic
suppressor elements of hepatitis C virus (HCV, to be published elsewhere). B1 is 244 amino
acids in length and has a very high overall positive charge of +43. This study evaluates the
effectiveness of B1 as a vehicle for intracellular delivery of two types of biomolecular
payloads – genetically fused proteins and non-covalently conjugated nucleic acids. We
demonstrate that B1 not only potently mediates cellular uptake of large molecules, but
delivers the cargo to biologically relevant cellular milieu. To our knowledge, the efficiency
of mRNA delivery mediated by B1 is the highest reported for CPPs to date and is
comparable to that mediated by commercially available cationic lipids. The ability of B1 to
effectively deliver functional cargo to the cytosol may at least facilitate its use in in vitro
stem cell engineering for which it is desirable to transiently deliver transcription factor(s) to
cells to achieve cell fate reprograming(34).

This study also provides insights into the mechanism of cell penetration by B1. We show
that (1) cell-surface glycans and several cellular endocytic pathways play a role in cellular
entry and cargo delivery by B1, and (2) the contribution of specific endocytic pathways to
cellular entry versus functional cargo delivery by B1 can be significantly different. B1
penetrates cells through a mechanism distinct from that of another high-positive-charge
protein +36GFP as gauged from intracellular distribution and time-/temperature-dependent
cell penetration profiles. Thus, B1 represents a complementary addition to the current toolkit
for intracellular delivery.

Finally, we note that our discovery of B1 was fortuitous and not by design. It is tempting to
speculate that many of the molecules that already exist in nature may, without our
knowledge, already possess cell penetrating characteristics. The features that confer a
molecule with cell penetrating characteristics are still somewhat mysterious, but net positive
charge appears to play an important role.

Results and Discussion
B1 transduces mammalian cells and mediates cellular uptake of conjugated proteins

During a cell–based selection for a genetic suppressor element of hepatitis C virus infection,
B1 emerged as a dominant species after 5 rounds of selection and enrichment (results to be
published elsewhere). Sequencing analysis showed that B1 is the product of a frameshift
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caused by an unintended single–base insertion preceding the eGFP gene. Frameshifts in
coding sequences typically yield very short polypeptides due to the concomitant introduction
of new stop codons, but B1 contains 244 amino acids, making it similar in size to the
original eGFP (238 amino acids). A protein database search of B1 using NCBI BLAST
returned no matches, indicating no known homologs of B1. The eGFP gene is codon–
optimized for expression in mammalian cells (35), and shares 71% nucleotide homology with
the wild–type green fluorescent protein (GFP) from the jellyfish Aequorea Victoria (36–38)

(Figure S1). Introduction of the same frameshift mutation into the original GFP sequence
yields a translated sequence of only one amino acid. B1 possesses an overall charge of +43
and a charge density (+charge:mass ratio) of 1.5 at pH 7. 6xHis-tagged B1 (6H-B1, Table 1)
can be expressed as a soluble protein in E. coli BL21(DE3) cells and purified via one-step
immobilized-metal affinity chromatography (IMAC), although a very high concentration of
imidazole (0.5–1 M) is needed to elute resin-bound B1 (Figure S2). The yield of purified
6H-B1 was ~4 mg per liter of E. coli culture, with an estimated purity > 90%. To remove
excess imidazole, 6H-B1 was dialyzed in a modified PBS containing an increased
concentration of NaCl (2 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4). Dialysis of purified 6H-
B1 in unmodified PBS (containing 137 mM NaCl) yielded significant amounts of white
precipitate in the dialysis tubing. Dialyzed 6H-B1 can be stored at 4°C for up to 2 weeks
without significant loss of protein activity, or at −80°C.

To enable detection of intracellular B1, we fused the globular protein eGFP to the N-
terminus of B1 via a flexible linker to form GFP-L-B1 (Table 1). We purified GFP-L-B1 by
one-step IMAC, akin to our purification of B1 (Figure S2). Purified GFP-L-B1 exhibited
greatly improved stability compared to B1. The purified protein can be easily dialyzed with
minimal precipitation and the dialyzed protein can be stored at 4°C for a few months
without loss of activity. GFP-L-B1 is non-toxic to mammalian cells (Figure S3). TZM-bl
cells were incubated with 2 μM GFP-L-B1 at 37°C and 5% CO2 for different amounts of
time. After incubation, cells were treated with 0.04% Trypan Blue for two minutes to
completely quench the signal from extracellular GFP (39), digested with 0.25% trypsin-
EDTA for five minutes to completely remove the extracellular GFP and analyzed by flow
cytometry (Figure 1A). GFP-L-B1 was found to rapidly and efficiently enter TZM-bl cells.

Two major differences were noticed between cells that had taken up GFP-L-B1
(+charge:MW ratio of 1.5) and those that had taken up the supercharged +36GFP
(+charge:MW ratio of 1.3): (1) Fluorescence intensity. +36GFP-positive cells exhibited a
much higher (up to 50-fold) fluorescence intensity on average than GFP-L-B1-positive cells
(Figure 1A). (2) Intracellular distribution. Unlike +36GFP, which accumulated evenly in a
large number of tiny, endosomal compartments, as gauged by the appearance of finely
spotted cells, intracellular GFP-L-B1 was found to accumulate in much larger intracellular
clusters in one subpopulation of cells while exhibiting an even diffuse distribution in another
subpopulation (Figure 1B). Confocal microscopy confirmed that large GFP-L-B1 clusters
formed in the paranuclear region of cells (Figure 1C).

We also determined the ability of B1 to deliver covalently attached mCherry protein (32
kDa) (40) into different cell types and evaluated B1 against other known cell-penetrating
proteins/peptides. mCherry was attached to the N-terminus of B1, supercharged +36GFP,
Tat and R10 (deca-arginine) via a flexible linker (Table 1). As shown in Figure 2, 80–100%
of all the target cells take up mCherry-L-B1 when exposed to a protein concentration as low
as 1 μM. The potency of B1-mediated delivery of mCherry into cells was comparable to
R10 and +36GFP and significantly higher than Tat.
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Abbreviated forms of B1 yield significantly weakened cell transduction
We sought to determine whether B1’s cell transduction functionality could be traced to a
specific region of the protein. B1 was segmented into three non-overlapping fragments that
avoid the disruption of predicted structural motifs, named B1-F, B1-M, and B1-R (Figure
3A). As shown in the table at the bottom of Figure 3A, each segment comprises
approximately one third of the mass of B1 and possesses a charge:MW ratio similar to the
parental B1 (Figure 3B). Each segment was fused to the C-terminus of eGFP via a flexible
linker (Table 1) and the ability of TZM-bl cells to take up these constructs was measured.
All three segments of B1 mediated cell transduction, with >80% of cells taking up the
proteins at 5 μM exposure (Figure 3C). However, the cell transduction potency of these
abbreviated forms of B1 is significantly lower than that of full-length B1. It is noteworthy
that, compared to B1-R, B1-M possesses a lower charge:kDa ratio but exhibits a higher cell
transduction potency (Figure 3C, D).

B1-delivered proteins are able to access the cytosol and nucleus
Many cellular functions require proteins to be able to access the cytosol or nucleus. The
punctate subcellular distribution of GFP-L-B1 (Figure 1C) raised the concern that B1 may
be trapped in subcellular compartments, without access to sites critical for cellular functions.
To address this concern, we performed two major studies. The first study evaluated B1-
mediated nuclear transport of protein cargo by measuring the ability of a B1-delivered
recombinase to mediate DNA recombination. The second major study evaluated the ability
of two types of nucleic acids – mRNA and DNA – to undergo processing by the cell’s
transcription/translation machinery in the cytosol (mRNA) and nucleus (DNA).

For the nuclear transport study, B1 was used to deliver covalently conjugated Cre
recombinase into BSR.LNL.tdTomato cells (41). BSR.LNL.tdTomato cells contain two loxP
recombination sites upstream of the reporter gene tdTomato, causing the gene to be
silenced (40). Reporter gene expression is triggered by Cre-mediated DNA
recombination (13). Cre fusions to B1 and R10 used in this study are depicted in Table 1. A
comparable extent of transfection was observed with +36GFP-L-Cre, Cre-L-B1 and Cre-L-
R10 based on fluorescence microscopic analysis (Figure 4A). We were unable to quantify
the percentage of activated (tdTomato-expressing) cells in the +36GFP-L-Cre-exposed cell
population via flow cytometry due to significant overlap in the fluorescence spectra of GFP
and tdTomato (40, 42). Over 70% of cells were activated after exposure to 2.5 μM Cre-L-B1
or Cre-L-R10 (Figure 4B). As with +36GFP (13), chloroquine significantly enhanced Cre-
induced recombination, particularly at low protein concentrations (Figure 4B). Chloroquine
is a known inhibitor of lysosomal protein degradation (43) and likely extends the residence
time of Cre fusion proteins in endosomes, allowing for increased endosomal escape.

The potency of B1-mediated delivery of Cre recombinase as gauged by nuclear
recombination activity is significantly lower than that of B1–mediated delivery of mCherry
as reported by cell fluorescence (compare chart for BSR cells in Figure 2 with Figure 4B).
This result indicates that the vast majority of B1-conjugated proteins are not accessible to
the cytosol and nucleus. These inaccessible proteins likely remain trapped in endosomes,
consistent with the observation that GFP-L-B1 was found to accumulate in large
intracellular patches (Figure 1B).

Presumably, any cargo protein can be covalently attached to B1 for cell delivery. Given that
B1 is highly positively charged, a negatively charged cargo protein could potentially be non-
covalently conjugated to B1 for cellular delivery. This strategy was successfully used by
Waugh et al. to deliver negatively charged BOTOX into the skin of mice through
conjugation with a TAT-polylysine fusion peptide (30). Alternatively, a disulfide bond could

Simeon et al. Page 4

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be inserted between the cargo protein and B1 through the introduction of a pair of cysteine
substitutions in both proteins. Upon delivery to the reducing environment of the cytosol, the
disulfide linkage is likely to break. Wiyagi et al. used this approach to deliver a δPKC
inhibitor peptide into mice through using TAT as the CPP (44).

B1 can efficiently deliver nucleic acids
Our next study sought to determine the ability of B1 to transport conjugated nucleic acids to
cytosolic and nuclear sites accessible to the cell’s transcription/translation machinery, as
assessed by the measurement of encoded reporter functions. To do this, we used two
reporter constructs as payloads – the mRNA pIRF (3 kb) and the plasmid DNA pCMV5-
Gluc (5.2 kbp). pIRF is a bicistronic mRNA containing a firefly luciferase (Fluc) gene
expressed via cap-dependent translation and a Renilla luciferase (Rluc) gene expressed via
the incorporated internal ribosome entry site (IRES) of hepatitis C virus (45). Only the Fluc
reporter was quantified in this study. pCMV5-Gluc encodes a Gaussia luciferase gene under
the control of a CMV promoter (46). In this experiment and other studies described in this
paper, GFP-L-B1 and not B1 was used as the CPP because of difficulties in obtaining large
amounts of stable B1 protein.

As seen in Figure 5A, GFP-L-B1 is able to bind pIRF mRNA, as gauged by the decreasing
intensity of the mRNA band at increasing protein:mRNA molar ratios. At B1:pIRF molar
ratios at and above 500, the mRNA was not able to migrate into the gel at all, indicating
supershift of the mRNA. Similarly, B1 forms complexes with linearized plasmid DNA,
although at a higher B1:nucleic acids ratio (Figure 5A). The higher molar ratio of B1 needed
for DNA gel-shift likely derives from the larger molecular weight of the DNA. Each
pCMV5-Gluc DNA molecule has approximately 3 times the number of nucleotides as pIRF
mRNA. It is also possible that B1 interacts more strongly with single-stranded RNA than
double-stranded DNA.

To determine the ability of B1 to transport nucleic acids to cytosolic sites accessible to the
cell’s transcription/translation machinery, 1000:1 mixtures of either GFP-L-B1:pIRF or
GFP-L-B1:pCMV5-Gluc were incubated with 293T cells for 6 hours. Our rationale for using
a higher ratio of protein to nucleic acids than the minimum amount required for gel-shift was
that each RNA/DNA molecule needs to form a complex with multiple B1 proteins in order
to be functionally delivered into cells (47). The size of the protein:DNA/RNA complexes is
presumably 100–1000-fold larger than GFP-L-B1. The activities of Fluc and Gluc deriving
from intracellularly processed pIRF RNA (cytosol) and pCMV5-Gluc DNA (nucleus) were
quantified several hours following exposure to cell transduction constructs. As a control, the
same amounts of mRNA or DNA were transfected into 293T cells using commercially
available cationic lipid reagents according to the manufacturers’ protocols. As shown in
Figure 5B, the efficiency of B1-mediated mRNA transfection is comparable to that obtained
with the commercially available reagents TransMessenger and Lipofectamine 2000.
Although +36GFP has been reported to support RNA interference by efficient delivery of
siRNA (48), we found that exposure of 293T cells to +36GFP-conjugated pIRF reporter
RNA did not yield a detectable Fluc reporter signal despite multiple attempts using different
batches of purified proteins. The reason for this apparent discrepancy is unclear, but may
derive from the much larger size of pIRF RNA (3 kb) relative to siRNA (22 bp). Another
possible explanation is that pIRF RNA may interact with +36GFP in a way that inhibits its
translation. DNA transfection mediated by GFP-L-B1 is 10–20-fold weaker than that
mediated by TransIT and Lipofectamine 2000, and ~100-fold stronger than that mediated by
unmodified +36GFP (Figure 5C). It has previously been reported that the ability of free
+36GFP to transport DNA into the nucleus is poor (48). However, +36GFP attached to a
fusion peptide derived from hemagglutinin (12)can transfect DNA with similar efficiency as
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Lipofectamine (48). It is possible that an even higher DNA transfection efficiency can be
achieved when B1 is fused to the same fusion peptide.

B1 enters/traffics through cells via multiple endocytic pathways
We attempted to elucidate the mechanism through which B1 enters cells. We first quantified
cell penetration by GFP-L-B1 at different temperatures. As seen in Figure 6A, although cell
penetration by GFP-L-B1 is significantly weaker at lower temperatures all cells are able to
take up GFP-L-B1 even at 4°C. This result indicates that B1 can penetrate cells in a
temperature-independent manner. To evaluate the permeability of B1, we treated TZM-bl
cells with the membrane-impermeable dye propidium iodide in the presence of GFP–L–B1
(Figure S4)(49). Intracellular propidium iodide was not detected in the presence of B1,
indicating that B1 does not permeabilize cell membranes.

To determine the role of different cellular endocytic pathways in cell transduction by B1, we
evaluated cellular uptake of GFP-L-B1 in the presence of selected inhibitors of
macropinocytosis, clathrin-mediated endocytosis, mannan receptor-dependent phagocytosis,
and caveolin-mediated endocytosis. No significant reduction in GFP-L-B1 uptake was
observed in the presence of any of the inhibitors in either 293T or TZM-b1 cell line (Figure
6B), suggesting that any one of these pathways alone is not critical for GFP-L-B1 uptake by
cells. In fact, GFP-L-B1 uptake by TZM-bl cells appeared to be somewhat enhanced by the
macropinocytosis inhibitor amiloride (50) and clathrin-mediated endocytosis inhibitor
dynasore (51), and dramatically enhanced by chlorpromazine, another inhibitor of clathrin-
mediated endocytosis (52) (Figure 6B, C). This result indicates that macropinocytosis and
clathrin–mediated endocytosis may be “weak links” for cell transduction by B1 that obstruct
B1–mediated protein entry through other, more energetically favorable pathways.

The monitoring of green fluorescent cells following exposure of cells to GFP-L-B1 provides
a measure of cellular uptake of protein from the surroundings but does not provide
information on its intracellular fate. We therefore sought to investigate the ability of cellular
endocytic pathways to support the B1-mediated transport of an mRNA payload to sites
accessible to the cell’s translation machinery. 293T cells were exposed to pIRF-mRNA-
conjugated GFP-L-B1 in the presence of endocytic inhibitors. In contrast to the data shown
in Figure 6B, RNA transfection efficiency was significantly reduced by inhibitors of
clathrin-mediated endocytosis (chlorpromazine, dynasore) and mannan receptor-dependent
phagocytosis (100 μg/ml mannan (53)) (Figure 6D). In contrast, nystatin, an inhibitor of
caveolin–mediated endocytosis, was found to enhance the delivery of mRNA pointing to a
possible inhibitory role of caveolin–mediated endocytosis in mRNA cargo delivery.

The discrepancy in the roles of endocytic pathways in cellular uptake versus successful
processing of an mRNA cargo underscores the lack of correlation between B1’s cell-
transduction ability and its access to cellular milieu conducive to cargo bioactivity. Clathrin-
mediated endocytosis is an example of a pathway that is dispensable for cellular uptake of
B1 (Figure 6B) but critical for providing cytosolic access to B1–conjugated cargo (Figure
6D). In this example, it is possible that blockage of clathrin–mediated endocytosis forces B1
to enter cells through other endocytic pathways whose endosomal compartments are less
permissive to cytosolic access (33).

An endocytic pathway for B1’s cell-transduction is presumed, since fluorescence imaging
indicates that the GFP–fused protein appears to be agglomerated in punctate regions
presumed to be endosomes (Figure 1B, C). Any form of direct membrane translocation is
not expected, since B1 is composed of mainly hydrophilic residues, and since the cell
membrane remains intact during transduction (Figure S4). Such pathways would presumably
be responsible for the GFP transduction observed at 4 °C, and would as such possess a
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relatively limited energy dependence. Since the known mechanisms of cellular transport
require considerable amounts of energy and cellular resources, such a pathway must
therefore use a currently undescribed mechanism. It is likely that other cell transducing
proteins also make use of this mechanism. Elucidating the details of this mechanism,
however, will prove a challenge. This is because B1, and other cell transducing proteins, are
capable of delivering their cargo via multiple mechanisms(54, 55).

Finally, we explored the role of negatively charged cell–surface glycans in cellular uptake/
processing of B1. 293T cells and TZM-bl cells were treated for 24 hours with sodium
chlorate (80 mM), an inhibitor of glycan synthesis (56), prior to exposure to GFP-L-B1. B1-
mediated cell uptake and RNA transfection were both reduced by sodium chlorate treatment
(Figure 7), indicating that the ability of GFP-L-B1 to bind and delivery functional cargo into
cells is affected by the cell-surface negative charge. Previously, Cronican et al. observed
that highly positively charged proteins can efficiently transduce mammalian cells and
predicted that proteins with a +charge:MW ratio greater than 0.75 represent candidate
CPPs (27, 48). B1 possesses a +charge:MW ratio of 1.5, further supporting a role of ionic
interactions in at least partially mediating its cell transduction functionality.

In conclusion we identified a new cell-penetrating protein, B1, which is able to potently
deliver conjugated biomolecular cargo to several mammalian cell lines. Most importantly,
we show that B1 not only mediates cellular uptake, but effectively transports cargo to
intracellular sites of biological relevance. B1 appears to utilize cell-surface glycans for
cellular binding and transports its cargo via multiple competing cellular endocytic pathways.
Interestingly, we found that the contribution of specific endocytic pathways to cellular entry
versus functional cargo delivery by B1 can be significantly different. B1 provides a new tool
for intracellular delivery of biomolecules. Additionally, insights garnered from these studies
could aid in the design of more effective vehicles for the cellular delivery of therapeutic
payloads.

Methods
For complete materials and methods including chemicals, cell lines, protein purification and
gel shift assays, please see Supporting Information.

Cellular uptake determination of fluorescent protein-fused CPPs
On the day prior to CPP exposure, the following cells were seeded in 24-well plates at the
indicated densities: 293T cells (2 × 105 cells/well), Huh-7.5 and TZM cells (1.9 × 105 cells/
well), BSR cells (1 × 105 cells/well). These seeding densities were chosen such that the cells
reach ~70% confluency the following day. On the day of CPP exposure, Jurkat cells were
transferred to V-bottom 96-well plates at 1 × 105 cells/well. All cells were washed once with
OptiMEM to remove residual serum. Protein solutions were diluted in cold OptiMEM to the
desired concentrations and equilibrated to room temperature before being added to cells.
Cells were incubated at 37°C/5% CO2 unless otherwise indicated. After incubation, these
cells were washed once with cold DPBS.

For uptake determination of GFP-L-B1 or +36 GFP, cells were incubated with 0.04%
Trypan Blue (in DPBS) for 2 minutes at room temperature to quench the fluorescence of
extracellular GFP (39), washed again with cold DPBS and then imaged using a Zeiss
Axiovert 200M fluorescent microscope (Carl Zeiss Microscopy, NY). For confocal
microscopy, TZM cells (seeded on a glass chamber slide) that had been exposed to 2 μM
GFP-L-B1 were incubated with 300 nM DAPI solution (Invitrogen, NY) for 5 minutes at
room temperature and imaged using a Zeiss 510 Meta NLO Mulitphoton microscope (Carl
Zeiss Microscopy). For flow cytometric analysis, cells that had been exposed to CPPs were
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incubated with 0.25% trypsin-EDTA at room temperature for 5 minutes and resuspended in
complete growth medium (DMEM supplemented with 10% FBS and 1X NEAA) and
analyzed on a BD FACScan flow cytometer (BD Biosciences) gated for GFP fluorescence
(excitation/emission 488/530). At least 1 × 104 cells were analyzed for each sample.

For cellular uptake analysis of CPPs containing mCherry-fusion proteins, CPP-exposed cells
were detached by incubation with 0.25% trypsin-EDTA at room temperature for five
minutes, resuspended in complete growth medium and then analyzed by flow cytometry
(excitation/emission 488/650). At least 1 × 104 cells were analyzed for each sample.

Cre recombinase delivery
BSR.LNL.tdTomato reporter cells were seeded in 24-well plates at 5 × 104 cells per well.
The following day, the cells were washed once with OptiMEM to remove residual serum,
exposed to Cre-fused CPPs in the presence or absence of 100 μM chloroquine and incubated
at 37°C/5% CO2 for 6 hours. Following CPP exposure, cells were washed once with
OptiMEM to remove excess proteins, the supernatants were replaced with fresh, complete
growth medium, and the cells were incubated at 37°C/5% CO2 for another 24 hours
followed by fluorescence microscopic analysis (Zeiss Axiovert 200M) to quantify Cre
delivery. After imaging, cells were trypsinized, resuspended in complete growth medium
and then analyzed by flow cytometry (excitation/emission 488/650). Cells were gated for at
least 1 × 104 live cells in each sample.

Quantification of luciferase activity deriving from DNA/RNA delivery
293T cells were seeded in 96-well plates at 4 × 104 cells per well. The following day,
10Xconcentrated protein samples were prepared in OptiMEM. Linearized pCMV5-Gluc
DNA (46 ng/μL) and pIRF mRNA (10 ng/μL) were prepared in OptiMEM. 10 μL of 10X
protein samples were mixed with 10 μl of the nucleic acids and the mixtures were incubated
at room temperature for 10 minutes to allow protein/nucleic acids association. In the
meantime, the cells were washed twice with OptiMEM to remove residual serum and
incubated in 40 μL OptiMEM. 10 μL of the protein/nucleic acids mixtures were then added
to cells followed by incubation at 37°C/5% CO2 for 6 hours. The amount of RNA and DNA
in individual wells was 50 ng (50.5 fmol) and 230 ng (67 fmol), respectively. For control
experiments utilizing commercial reagents for nucleic acids delivery, linearized pCMV5-
Gluc (230 ng in 10 μL) was mixed with 0.8 μL Lipofectamine 2000 or TransIT reagent and
pIRF mRNA (50 ng in 10 μL) was mixed with 0.4 μL Lipofectamine 2000 or
TransMessenger reagent. The mixtures were incubated at room temperature for 20 minutes,
diluted in 40 μL OptiMEM and added to 293T cells. 6 hours later, the cells were washed and
the supernatants were replaced with the complete growth medium. DNA transfection was
quantified by measuring the Gaussia luciferase (Gluc) activity in supernatants 24 hours post
medium change using the Biolux Gaussia Luciferase Assay Kit (New England Biolabs).
RNA transfection was quantified by measuring the intracellular firefly luciferase (Fluc)
levels measured 6 hours post medium change using the Luciferase Assay System (Promega).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. B1 penetrates cells
(A) TZM-bl cells were incubated with GFP-L-B1 (2 μM) or +36GFP (2 μM) at 37°C/5%
CO2 for up to 4 hours, washed with DPBS containing 0.04% Trypan Blue to quench
extracellular GFP (39) and analyzed via flow cytometry. Error bars represent the standard
deviation of two independent experiments. (B) Fluorescence microscopic images of TZM-bl
cells treated with 2 μM of GFP-L-B1 or +36GFP at 37°C/5% CO2 for 1 hour. Cells were
washed with PBS containing 0.04% Trypan Blue prior to imaging. (C) Confocal
microscopic image of TZM cells treated with 2 μM GFP-L-B1 at 37°C and 5% CO2 for 1
hour. Cell nuclei were stained with DAPI (blue).
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Figure 2. B1-mediated mCherry delivery into selected cell lines
Jurkat, 293T, BSR, TZM-bl, or Huh-7.5 cells were exposed to the indicated mCherry-
protein fusions for 4 hours at 37°C/5% CO2, digested with trypsin to remove cell-surface-
bound proteins and analyzed via flow cytometry. Error bars represent the standard deviation
of two independent experiments.
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Figure 3. Abbreviated forms of B1 transduce cells, but not as potently as full-length B1
(A) B1 protein sequence with secondary structure predicted by the GOR4 algorithm (57). B1-
F (blue), B1-M (green), B1-R (yellow). (B) Table showing the molecular weight and the
predicted charge of truncated B1. (C) TZM-bl cells were exposed to the indicated GFP-
fusions for 4 hours at 37°C/5% CO2 prior to quenching with 0.04% Trypan Blue, trypsin
digestion and flow cytometric analysis. (D) A plot of % GFP-transduced cells vs. theoretical
net positive charge. Error bars represent the standard deviation of two independent
experiments.
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Figure 4. B1-mediated nuclear delivery of Cre recombinase
(A) BSR.LNL.td.Tomato cells were exposed to 2.5 μM of Cre-L-B1, Cre-L-R10 or
+36GFP-L-Cre at 37°C/5% CO2 for 6 hours. The expression of tdTomato was visualized by
fluorescence microscopy 24 hours later. (B) BSR.LNL.td.Tomato cells were exposed to Cre-
L-B1 or Cre-L-R10 in the absence or presence of chloroquine (100 μM) at 37°C/5% CO2 for
6 hours. The percentage of cells expressing tdTomato was determined via flow cytometry 24
hours later. The error bars represent the standard deviation of two independent experiments.
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Figure 5. B1-mediated cytosolic delivery of RNA and nuclear delivery of DNA
(A) Gel-shift assays of GFP-L-B1-conjugated DNA and RNA. pIRF RNA (43 femtomoles)
or linearized pCMV5 DNA (14.5 femto moles) were incubated with B1 protein at the
indicated molar ratios in EMSA buffer for 10 minutes at room temperature analyzed on an
agarose gel. (B) 293T cells were transfected with 1.6 nM of pIRF mRNA or linearized
pCMV5-Gluc plasmid DNA using GFP-L-B1 (1.6 μM), +36GFP (1.6 μM) or the indicated
commercial reagents according to the manufacturer’s directions. The dotted line indicates
the limit of detection of the Fluc activity assay. TransMess: TransMessenger. Lipofec:
Lipofectamine 2000. Error bars represent the standard deviation from two independent
experiments.
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Figure 6. B1 enters/traffics through cells using multiple endocytic pathways, and the ability of
these pathways to mediate cellular uptake does not correlate with the ability to support payload
delivery to sites where bioactivity can be realized
(A) Effect of temperature on cellular internalization of B1. TZM-bl cells were incubated
with 2 μM GFP-L-B1 or 2 μM +36GFP at 4, 16, 22 or 37°C for one hour, washed with
DPBS containing 0.04% Trypan Blue to quench extracellular GFP and analyzed by flow
cytometry. (B) Role of different endocytic pathways in cellular uptake of B1. TZM-bl or
293T cells were pretreated with the endocytic inhibitors amiloride (5 mM) (50),
chlorpromazine (55 μM) (52), dynasore (50 μM) (51), mannan (100 μg/ml) (53), nystatin (50
nM) (58) or cytochalasin B (4 μM) for one hour prior to the addition of GFP-L-B1 (2 μM).
Part (D) indicates the endocytic pathways inhibited by these small molecules. One hour
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later, these cells were washed with DPBS containing 0.04% Trypan Blue and analyzed by
flow cytometry. (C) Fluorescence microscopic images of TZM-bl cells transfected with
GFP-L-B1 in the presence of the indicated inhibitors. Data is representative of 4
independent experiments. (D) Role of different endocytic pathways in supporting B1-
mediated functional delivery of a RNA payload. 293T cells were pretreated with the
indicated inhibitors for 1 hour prior to pIRF mRNA transfection using GFP-L-B1 or
Lipofectamine 2000. The activity of Fluc deriving from translation of the delivered RNA
was measured 6 hours post transfection. Error bars represent the standard deviation of two
independent experiments.
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Figure 7. B1-mediated cell entry/trafficking utilizes cell-surface glycans
(A) 293T or TZM-bl cells were incubated with 80 mM of the glycan synthesis inhibitor
sodium chlorate (NaClO3) for 24 hours at 37°C/5% CO2. GFP-L-B1 (2 μM) was then added
to the wells. 1 hour later, the cells were washed with DPBS containing 0.04% Trypan Blue
and analyzed via flow cytometry. Representative histograms from two independent
experiments are shown. (B) 293T cells were exposed to 80 mM NaClO3 for 24 hours and
then incubated with a mixture containing 5 ng (0.1 nM) pIRF mRNA and 1.6 μM GFP-L-B1
for 6 hours in the presence of NaClO3. The cells were lysed 6 hours later and the
intracellular Fluc signal was measured. The error bars represent the standard deviation of
two independent experiments.
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Table 1

Constructs used in this study.

Number Short Name Short Sequence Molecular Weight (kDa)

1 6H-B1 HHHHHH-B1 30.3

2 GFP-L-B1 HHHHHH-GFP-(GGGGS)2-B1 60.2

3 GFP-L-B1-F HHHHHH-GFP-(GGGGS)2-B1(F) 41.5

4 GFP-L-B1-M HHHHHH-GFP-(GGGGS)2-B1(M) 41.2

5 GFP-L-B1-R HHHHHH-GFP-(GGGGS)2-B1(R) 38.7

6 mCherry-L-B1 HHHHHH-mCherry-(GGS)9-B1 58.9

7 mCherry-L-R10 HHHHHH-mCherry-(GGS)9-(R)10 32.4

8 mCherry-L-TAT HHHHHH-mCherry-(GGS)9-GRKKRRQRRR 32.2

9 Cre-L-B1 HHHHHH-Cre-(GGS)9-B1 72.2

10 Cre-L-R10 HHHHHH-Cre-(GGS)9- (R) 10 43.4

11 +36GFP HHHHHH-+36GFP 28.5

12 +36GFP-L-mCherry +36GFP-(GGS)9-mCherry-HHHHHH 56.9

13 +36GFP-L-Cre +36GFP-(GGS)9-Cre-HHHHHH 70.2
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