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Substances that mediate the import of proteins into cells, “carriers”, have many potential applications.
The most potentially useful carriers do not have to be covalently linked to their protein cargoes.
However, a common problem with all carrier molecules is that they tend to deposit the cargo proteins
into endosomes; diffuse distribution in the cytosol is the desired outcome. This paper describes the
import of four different labeled (Alexa Fluor® 488) proteins (avidin, recombinant streptavidin, bovine
serum albumin, and B-galactosidase), with the well-known non-covalent carrier called pep-1 (also
known as ChariotTM), with Rg (a molecule that is not widely appreciated to import protein cargoes via a
non-covalent mode of action), and with a new molecule called azo-Rg. The data collected from

fluorescence microscopy and flow cytometry indicate that all three non-covalent carriers can facilitate

transport. At 37 °C, import into endocytic compartments dominates, but at 4 °C weak, diffuse
fluorescence is observed in the cytosol, indicative of a favorable mode of action.

Introduction

The import of proteins into cells is an important problem that is
frequently encountered in many aspects of biological chemistry.
One of the best-studied approaches is to covalently attach a
peptide carrier, either chemically or genetically, to the protein
of interest. Perhaps the most commonly used carriers of this
type are the short peptide segments derived from HIV-1 Tat
and Drosophila antennapedia homeodomain proteins."* Use of
the HIV-1 Tat carrier, in particular, has motivated researchers
to look for simpler peptides for intracellular delivery. In living
cells, both Rg and R4 have been reported to facilitate significant
cellular uptake, while R, gave relatively little internalization.**
A major drawback to the use of these peptide delivery agents,
however, is that cargo proteins imported into the cells tend to be
concentrated in vesicular structures.>® These vesicles are widely
assumed to correspond to endosomes, hence the cargo proteins
are not released in the cytoplasm. This has inspired many groups
to investigate the mechanism of import, and to look for ways of
liberating the cargo proteins from the endosomes. For instance,
Wender and co-workers have suggested that the oligo-guanidine
moieties can form an ideal hydrogen bonding network with the cell
surface phosphates, and this facilitates the import on a molecular
level.” Meanwhile, an elegant series of experiments by Dowdy
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et al. indicates that the macromolecular mechanism of import
involves macropinocytosis,'® and the liberation of protein cargo—
Tat conjugates from endosomes could be achieved by adding the
N-terminal 20 amino acids of the influenza virus hemagglutinin
protein, HA-2," to the carrier sequence.®

Genetic or chemical methods for covalently attaching carrier
peptide sequences to cargo proteins are experimentally inconve-
nient, time consuming, and restrictive with respect to the scope
of the experiments that can be performed. Conversely, carrier
vehicles that can import proteins without being covalently attached
have the potential to circumvent all these disadvantages. “Non-
covalent carriers” include “pep-1” (also known as Chariot™),"
the cationic pyridinium amphiphile and a helper lipid, SAINT-
PhD,® BPQ24 BioPORTER® QuikEase™ (a protein delivery
kit of unspecified composition),”* and a few used systems like
the peptide K16SP* and the somewhat cytotoxic polymer,'
polyethyleneimine (PEI) (Fig. 1)."” However, the issue of whether
or not the imported cargo proteins are trapped in endosomes blurs
the true utility of these systems. It is clear from some reports in the
literature that fluorescently labeled proteins imported using these
systems become concentrated in cytoplasmic vesicles; this was our
experience in previous studies.’®’ However, some papers claim
imported fluorescently labeled proteins appear to be free in the
cytoplasm, and there have been papers wherein import of proteins
using these systems is thought to give a predictable functional
response.”

There were no reports of simple Arg-oligomers being useful
for non-covalent import until recent work by Lee et al.*** They
described experiments in which high concentrations (600 uM) of
R, mediated import of various fluorescent proteins (e.g. GFP) and
B-galactosidase into plant (onion root tip) and animal (MCF7)
cells. It was claimed that this produced diffuse fluorescence in the
cytosol and in the nucleus, however, only low resolution images
were shown, and in these cells the fluorescence appears as small
green aggregates. Furthermore, the B-galactosidase was imaged
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Fig. 1 Structures of the “non-covalent carriers” (A) pep-1 (also known
as Chariot™), (B) polyethyleneimine (PEI) and (C) K16SP.

after fixing the cells, and this is known to give different results
relative to live cells.?"*

Data presented in this paper deal with the import of four
proteins labeled with Alexa Fluor® 488 (F*):% specifically, avidin,
bovine serum albumin (BSA), B-galactosidase (B-gal), and a
recombinant streptavidin. These cargoes were chosen to represent
proteins with different pI values and sizes (Table 1). The potential
carriers examined were pep-1, Rg, and a novel system that was
synthesized “in house”, azo-Ry, all of which were not covalently
attached to the protein. The key observations are that: (i) at 37 °C,
avidin was imported by all three carriers (pep-1, Rg, and azo-Ry)
but in each case the labeled protein primarily accumulated in
vesicles that co-localized with the endosomal marker FM 4-64;
however, (ii) at 4 °C weak, diffuse fluorescence was observed within
the cytoplasm with little evidence of punctate vesicle formation
for all four proteins. These observations indicate a temperature
dependence of carrier-mediated protein delivery that was similar
for three chemically different carriers.

Table 1 Proteins studied for the (Arg); mediated cellular uptake
Molecular

Protein weight/kDa  Size (a.a.)  pl (unlabeled protein)

Avidin 66-68 512 10-10.5

BSA 66 583 4.7

Streptavidin, rec. 52 560 7.4-1.7

B-Galactosidase 540 1171 4.8

Results and discussion
Azo-Ryg: design and synthesis

At the onset of this project, we had hypothesized that mimics of
pep-1 could be made by fusing well-known “promiscuous binders”
(molecules that seem to bind many proteins in high throughput
screens for drug leads)**® to a cell-penetrating warhead. The idea
was that the promiscuous binder parts of several pep-1 analogs
might non-covalently attach to the protein, coating it with entities
that promote cell penetration. Thus, an azo-compound was chosen
for the promiscuous binder part, and R for the cell-penetrating
unit; these were synthetically joined to give azo-Rg (Fig. 2).
However, azo-Rs was found to behave in much the same way as
R, but with some minor differences as indicated below.
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Fig. 2 Structure of azo-Rs.

Formation of carrier : cargo complexes

Pep-1 and azo-R; are amphipathic peptides, while Ry is cationic.
Pep-1 is known to associate with protein cargoes through non-
covalent electrostatic or hydrophobic interactions and form stable
complexes.’>** The formation of the carrier : cargo complex for
azo-R; was easily monitored by fluorescence spectroscopy. The
azo compound can act as a quencher of the label on the protein,
proving that the two are in close contact. Fig. 3 shows that the
intense fluorescence of BSA-F* (2 uM in DMEM, Dulbecco’s
Modified Eagle’s Medium) was greatly quenched when azo-Rg was
added (1.0 : 10 mol ratio protein : carrier). In a control experiment,
a solution of fluorescein (0.1 uM) was mixed with 1 uM azo-R,
under almost identical conditions and no quenching was observed.

Delivery at 37 °C: uptake into punctate vesicular structures

Cellular uptake of avidin-F* into COS-7 at 37 °C was studied
in the first phase of this work. All three carriers, pep-1, R,
and azo-Rg, were used at 10 : 1 carrier : cargo mol : mol
ratios, and similar results were observed in all cases. Fig. 4 for
avidin uptake is illustrative. After 1 h of incubation, followed by
a 15 min incubation period with FM 4-64, the Alexa Fluor®
488-labeled protein accumulated as green, punctate cytoplasmic
vesicles. These green vesicles were localized in endosomes as
suggested by co-loading with the endosomal marker FM 4-64
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Fig.3 Azo-R; forms a non-covalent complex with BSA-F*. The fluores-
cence of BSA-F* upon excitation at 488 nm is compared to thatof a 1 : 10
molar ratio protein : carrier mixture.

(Fig. 4C).® When the cells were co-incubated with avidin-F*
and FM 4-64 for 1 h at 37 °C, little to no co-localization was
observed with the endosomes, as the mitochondria were labeled
under those conditions and not the endosomes (see ESIT). The
perinuclear distribution of these vesicles suggests potential sorting
and transport to Golgi and lysosomes. This was confirmed by co-
loading the cells with the Golgi marker BODIPY® TR ceramide
complexed to BSA (Fig. 4D).”® After extended incubation times
(up to 24 h) the vesicles persisted, and no significant dispersed
fluorescence was observed in the cytosol. These observations are
consistent with the imported protein being trapped in endosomes,
even after long periods of time.

Consideration of the images from import mediated by azo-Ry
shows that this consistently directs more of the labeled protein
into the cellular membrane compared with Rg and pep-1. This
observation implies some protein—azo-R; complex may be trapped
in the membrane in these experiments. It was also observed that
when confluent cell cultures were used, more membrane staining
was observed for all three carriers, but more so for azo-Rj.

Delivery at 4 °C: diffuse cytosolic fluorescence

Punctate vesicle formation was largely suppressed when the
experiments described in the previous section were repeated at
4 °C. As an added precaution against surface binding,' the cells
were treated with heparin (3 x 5 min, 1 mg mL™" of PBS) after the
PBS washes. Nevertheless, a weak, diffuse fluorescence signal was
observed (see ESIT). Further, fluorescence deconvolution imaging
of the cells showed the same diffuse fluorescence pattern. These
observations indicate that at 4 °C, the protein is indeed being
imported inside the cytoplasm by all the carriers.

Experiments were performed to increase the fluorescence signal
in the cytosol by increasing the concentration of the protein from
0.5 uM to 2 and 5 pM (carrier : protein = 10 : 1 mol : mol,
as before). At 2 uM, the fluorescence intensity in the cytosol
was increased but some additional binding to the cell membrane
was observed. At 5 uM, the intensity of membrane labeling was
considerably brighter, however, the cytoplasmic signal was re-
tained (Fig. 5).

Similar experiments on BSA-F*, B-gal-F*, and recombinant
streptavidin-F* also gave diffuse cytoplasmic fluorescence
(see ESIT). The uptake of B-gal-F* was significantly lower than

.-

F -
Fig. 4 Delivery of avidin-F* in COS-7 cells at 37 °C. (A) Non-covalent
protein delivery mediated by Rg; (B) non-covalent protein delivery
mediated by azo-Rg; (C) endosomal co-localization of avidin-F* and FM
4-64 (fluorescent general endosomal marker); (D) Golgi co-localization
of avidin-F* and BODIPY® TR ceramide complexed to BSA (fluorescent
marker for Golgi); (E) cell autofluorescence; (F) non-mediated protein
delivery. Throughout, the carrier (5.0 uM), avidin-F* (0.5 uM) and
the COS-7 cells were incubated at 37 °C for 1 h; the cells were then
washed with PBS and analyzed by fluorescence microscopy. For endosomal
co-localization, the cells were incubated with FM 4-64 at 37 °C for 15 min,
then washed with PBS before imaging. For Golgi co-localization, the
cells were incubated for 30 min at 4 °C in DMEM containing 5 uM
BODIPY® TR ceramide complexed to BSA, washed several times with
ice-cold medium and incubated in fresh medium for 30 min at 37 °C.

(a) Overlaid images of the avidin-F* (green) and the nuclei (blue, Hoechst
33342 marker). (b) Differential interference contrast (DIC) images.
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Fig. 5 Delivery of avidin-F* in COS-7 cells at 4 °C mediated by Rg.
(A) 0.5 uM of avidin—F*. (B) 2 uM avidin—F*. (C) 5 uM avidin-F*.
(D) No carrier used. Throughout, COS-7 cells were incubated for 1 h at
4 °C with Ry and avidin-F* (10 : 1.0 mol : mol), then washed 4 x with PBS
buffer. Images shown are after deconvolution; fop images are fluorescence
images of avidin-F* and Hoechst 33342, bottom images are DIC.

that of the avidin and BSA dye-conjugates, even when a
higher ratio of carrier : protein (20 : 1) was used. This difference
was confirmed in the flow cytometry experiments described in the
next section.

Comparison of uptake levels for different carriers via
flow cytometry

Flow cytometry was used to analyze and compare the non-
covalent protein transduction (Fig. 6). Before the analyses, the
cells were washed with PBS, treated with trypsin, then washed with
heparin (3 x 5 min, 0.5 mg mL™" PBS) to minimize the possibilities
for surface binding. In each case, the uptake measured by flow
cytometry was greater when the carrier molecule was included
(0.5 uM protein; carrier : protein 10 : 1.0 for avidin-F* and
BSA-F*, and 20 : 1.0 for B-gal-F*). The import of avidin-F* was
significant, with pep-1 and R being more effective than azo-R; at
4 °C (Fig. 6A). However, for BSA-F* the reverse was true: azo-
R; was far more effective than the other two carriers. The largest
protein—dye conjugate, B-gal-F*, was the least well imported of
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Fig. 6 (A) Flow cytometric analysis of the uptake of the Alexa Fluor®
488 labeled proteins, avidin-F*, BSA-F* and B-gal-F* at 4 °C relative to
FITC quantum bead standards (shaded histograms). Each histogram for
avidin-F* and BSA-F* represents 20 000 to 24 000 cells and 20 000 beads.
For B-gal-F*, each histogram represents 10 000 cells and 20 000 beads. The
FITC quantum bead peaks represent 8534, 25857, 79264, and 214887
MESF units each. The scale for the x-axis is MESF units. (B) Summary
of the flow cytometric data for each protein with the carriers tested.
Results are presented as the median MESF units for each protein—carrier
combination.
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the three proteins that were tested, with pep-1 and azo-R; being
the most effective carriers.

Evaluation of the cytotoxicity of the carriers

Cell viability during the non-covalent protein internalization me-
diated by Rg and azo-R; was accessed using ethidium homodimer.
Thus COS-7 cells were treated with a 1.0 : 10 mol ratio protein :
carrier (2 UM protein) for 1 h at 4 °C, washed with PBS and treated
with ethidium homodimer (2 ug mL™). Fig. 7A illustrates that cells
treated with Ry and azo-R; peptides for 1 h at 4 °C did not result
in any cytotoxicity. Incubation at 37 °C for another 16 h gave no
cytotoxicity (the fluorescence was now mostly concentrated into
vesicles, probably lysosomes, Fig. 7B). After a further incubation
period of 24 h at 37 °C however, all the cells were dead (Fig. 7C).

A

Fig. 7 Viability assay. Delivery of avidin-F* (2 uM) in COS-7 cells at
4 °C mediated by (a) R; and (b) azo-R;. (A) COS-7 cells were incubated
for 1 h at 4 °C with Rg or azo-Rg and avidin-F* (10 : 1.0 mol : mol), then
washed 4 x with PBS buffer and treated with ethidium homodimer for
30 min. (B) The same cells were incubated at 37 °C for 16 h. (C) The medium
was removed, fresh PBS was added and the same cells were incubated at
37 °C for another 24 h. Before imaging, 2 UL of ethidium homodimer were
added.

Conclusions

Import into cells at 37 °C could be regulated via energy-dependent
or independent pathways, but at 4 °C it is generally accepted
that only energy independent pathways are operative. The data
accumulated here indicate that at 37 °C import into endosomes
is prevalent and significant diffuse fluorescence in the cytosol is
not observed. However, the relative brightness of the vesicular
staining may obscure low level cytoplasmic fluorescence. Thus,
at least two different pathways appear to be operative for three
different carrier molecules, and the desired one, diffuse import

into the cytosol, prevails at 4 °C. This observation is parallel and
consistent with work reported by Futaki et al® They studied the
mechanism of translocation of Rg-Texas Red at 37 and 4 °C,
without cargo proteins and observed vesicular staining at 37 °C
and diffuse fluorescence in the cytosol at 4 °C. The simplest
explanation for the reduced efficiency of import of B-gal-F*
relative to the other proteins is that it is approximately eight
times larger. Similarly, the simplest explanation for the observation
that three chemically different carriers facilitate import of three
different proteins at 4 °C via an energy independent pathway is
that they form pores in the cells membrane that allow leakage
into the cells, even at 4 °C. This would explain the fact that the
levels of diffuse fluorescence observed are weak, and that the
larger protein was the one least effectively imported. At 37 °C,
other mechanisms, perhaps involving macropinocytosis (an energy
dependant process), become dominant.

Experimental
Preparation of R, and azo-Ry

See the ESIT data for protocols and characterization information.

Material and methods

Pep-1 was obtained from Active Motif. Avidin—Alexa Fluor®
488 conjugate, BSA-Alexa Fluor® 488 conjugate, FM 4-64,
BODIPY® TR ceramide complexed to BSA and Hoechst 33342
were purchased from Invitrogen. B-Galactosidase and the recom-
binant streptavidin were purchased from Calbiochem and Roche,
respectively and labeled with Alexa Fluor® 488 5 SDP ester
(purchased from Invitrogen) according to the procedure provided
by Invitrogen.

Fluorescence quenching experiment

The fluorescence intensity of a solution of BSA-F* (1 uM in
DMEM) was compared to the fluorescence intensity of a solution
of azo-R; : BSA-F* complex (1 uM BSA-F* : 10 uM azo-R;
in DMEM). Both solution were excited at 488 nm. As a control
experiment, the fluorescence quenching of a solution of fluorescein
(0.1 uM) with azo-R; (1 uM) was also studied.

Cell culture

COS-7 cells were purchased from the American Type Culture
Collection (ATCC) and cultured on 75 cm? culture flasks in
DMEM supplemented with 10% fetal bovine serum (FBS) in
a humidified incubator at 37 °C with 5% CO,. Cells grown to
subconfluence were plated 2-3 days prior to the experiments in
Lab-Tek two well chambered coverglass slides (Nunc).

Fluorescence microscopy

The subcellular protein localization was measured in living COS-
7 cells using a Zeiss Stallion dual detector imaging system
consisting of an Axiovert 200M inverted fluorescence microscope,
CoolSnap HQ digital cameras and Intelligent Imaging Innova-
tions (31) software. Digital images of Alexa Fluor® 488-tagged
proteins, FM 4-64 labeled membranes and endosomes, BODIPY®
TR ceramide complexed to BSA labeled Golgi, and Hoechst
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33342-labeled nuclear DNA were captured with a C-APO 63X/
1.2 W CORR D = 0.28M27 objective with the following filter
sets: exciter BP470/20, dichroic FT 493, emission BP 505-530 for
Alexa Fluor® 488; exciter BP560/40, dichroic FT 585, emission
BP 630/75 for FM 4-64 and BODIPY® TR ceramide complexed
to BSA; and exciter G 365, dichroic FT 395, emission BP 445/50
for Hoechst 33342. Sequential optical sections (Z-stacks) from the
basal-to-apical surfaces of the cell were acquired. Digital image
acquisition was initiated approximately 1 pum below the basal
surface of the cells and optical slices were collected at 0.5 um
steps through the apical surface of the cells with a high numerical
objective lens (C-APO 63X/1.2 W CORR D = 0.28M27).
These wide-field images were subjected to deconvolution using
31 software.

The protein : carrier complexes were pre-formed at room
temperature for 30 min by mixing (in a mol : mol ratio) the
protein and the carrier in DMEM supplemented with 10% fetal
bovine serum (FBS). A 1 : 10 mol : mol ratio of protein : carrier
was used for avidin-F*, BSA-F* and rec. streptavidin-F*, while
a 1 :20 mol : mol ratio was used for B-gal-F*. To study the
cellular uptake of the proteins, the culture medium was removed,
the preformed protein : carrier complex was added, and the cells
were incubated for another hour at 4 or 37 °C. After the incubation
period, the cells were washed with phosphate-buffered saline (PBS,
pH 7.4) several times before imaging. For experiments at 4 °C,
cells were preincubated at 4 °C for 30 min before being incubated
with the protein solution for 1 h. The cells were also co-stained
with Hoescht (2 pug mL™), a nuclear marker, and FM 4-64, an
endosome marker.

Endosomal co-localization

COS-7 cells were incubated with the protein : carrier complex for
1 hat 37 °C. After the cells were washed with PBS, FM 4-64 (5 ug
mL™") was added and the cells were incubated for 15 min at 37 °C.
The cells were washed again with PBS before imaging.

Note: when the cells were co-incubated with the labeled protein
and FM 4-64 for 1 h at 37 °C, predominant labeling of the
mitochondria was observed.

Golgi co-localization

After the protein was loaded into the COS-7 cells, the cells were
washed. Then fresh DMEM medium was added, and the cells
were incubated with 5 uM of BODIPY® TR ceramide complexed
to BSA for 30 min at 4 °C. The cells were then rinsed several times
with ice-cold medium and incubated in fresh medium for 30 min
at 37 °C. Finally, the cells were washed with PBS before imaging.

Viability assay

The viability of the cells was evaluated by searching for any changes
in cellular morphology using Nomarski differential interference
contrast (DIC) microscopy during and following analysis of the
cellular uptake of the proteins. Parallel cultures were also evaluated
using DIC microscopy along with fluorescence analysis of the cell-
impermeant viability indicator ethidium homodimer-1 (EthD-1)
(Invitrogen). This high-affinity nucleic acid stain is weakly flu-
orescent until bound to DNA. Unlike Hoechst 33342, EthD-1
can only penetrate cells in which the plasma membrane is

compromised. Viability assessment was conducted by incubating
cells at 4 °C for 1 h with a 1 : 10 mol ratio of protein : carrier,
followed by washing cells with PBS with Ca*" before imaging of
proteins. Following image capture of the proteins, EthD-1 (1 uM
final concentration) was added and images were recorded at 5,
10, 20 and 30 min using the 630/75 BP filter and revealed no
EthD-1 fluorescence. Cultures were returned to the incubator at
37 °C for 17 h before the viability was again evaluated by EthD-1
staining. The morphology of cells monitored by DIC and Hoechst
33342 staining was normal and no EthD-1 uptake into cell nuclei
was detected. Therefore, no cytotoxic effects of protein : carrier
combinations were detected for up to 24 h of cell treatment.

Flow cytometry

The protein internalization was measured by flow cytometry on
living cells. COS-7 cells were cultured as subconfluent monolayers
on 25 cm? cell culture plate with vent caps in DMEM supplemented
with 10% fetal bovine serum (FBS) in a humidified incubator at
37 °C with 5% CO,. Carrier—protein complexes were formed in 1
mL DMEM at a molar protein : carrier ratio of 1 : 10 for avidin
and BSA and 1 : 20 for B-galactosidase and incubated for 30 min
at room temperature. Cells grown to 60—70% confluency were then
overlaid with the preformed complexes and incubated for 1 h at
37 or 4 °C. For experiments at 4 °C, the cells were preincubated at
4 °C for 30 min before addition of the protein—carrier complex.

After 1 hincubation, the cells were washed with PBS, and treated
with trypsin (2 min) and heparin (0.5 mg mL™ in PBS, 3 x 5 min) to
remove extracellular bound protein. Samples were resuspended in
500 uL PBS and transferred to sterile tubes. Cells were analyzed on
a FACSCalibur (Becton Dickinson Immunocytometry Systems,
San Jose, CA) flow cytometer, equipped with a 15 mW air-cooled
argon laser, using CellQuest (Becton Dickinson) acquisition
software. Green fluorescence from Alexa Fluor® 488 or fluorescein
was collected through a 530/30-nm bandpass filter. List mode data
were acquired on a minimum of 10000 cells or beads defined by
forward and side light scattering light scatter properties. Data
analysis was performed in FlowJo (Treestar, Inc., Ashland, OR),
using forward and side light scatter to gate on cells or single
beads. The Calibrated Parameter platform of FlowJo was used to
determine the molecules of equivalent soluble fluorescein (MESF).
Data are expressed as the median MESFE.
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