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ABSTRACT: Cyclic peptides hold great potential as ther-
apeutic agents and research tools, but their broad application
has been limited by poor membrane permeability. Here, we

report a potentially general approach for intracellular delivery binding

of cyclic peptides. Short peptide motifs rich in arginine and
hydrophobic residues (e.g, FORRRR, where ® is L-2-
naphthylalanine), when embedded into small- to medium-
sized cyclic peptides (7—13 amino acids), bound to the plasma
membrane of mammalian cultured cells and were subsequently
internalized by the cells. Confocal microscopy and a newly
developed peptide internalization assay demonstrated that
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cyclic peptides containing these transporter motifs were translocated into the cytoplasm and nucleus at efficiencies 2—5-fold
higher than that of nonaarginine (R,). Furthermore, incorporation of the FORRRR motif into a cyclic peptide containing a
phosphocoumaryl aminopropionic acid (pCAP) residue generated a cell permeable, fluorogenic probe for detecting intracellular

protein tyrosine phosphatase activities.

yclic peptides are a privileged and yet underexploited class

of compounds for drug discovery." Compared to their
linear counterparts, cyclic peptides have reduced conforma-
tional freedom, which makes them more resistant to proteolysis
and allows them to bind to their molecular targets with higher
affinity and specificity.” * They are widely produced in nature
and exhibit a broad range of biological activities. In addition,
recent technological advances have made it possible to rapidly
synthesize and screen large libraries of cyclic peptides against
molecular targets or live cells.”™” Several naturally occurring as
well as synthetic cyclic peptides including cyclosporine A,
vancomycin, daptomycin, and octreotide are already clinically
used as therapeutic agents.

A major limitation to the broader application of cyclic
peptides as therapeutic agents or research tools is their poor
membrane permeability.'” Most of the clinically used cyclic
peptides act on extracellular targets. For example, vancomycin''
and daptomycin'? exert their antibacterial activities against
Gram-positive cells by inhibiting the cell wall synthesis and
disrupting cell membrane function, respectively. Octreotide is a
synthetic analogue of somatostatin and acts by binding to
somatostatin receptors at the cell surface.'® It is generally
believed that peptides (including cyclic peptides) have poor
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membrane permeability because the peptide backbone interacts
strongly with water molecules through the formation of
hydrogen bonds. Desolvation of the peptide bound waters,
which is necessary for the peptides to traverse the hydrophobic
region of a lipid bilayer, creates a large energy barrier. Some
cyclic peptides can lower the desolvation energy by forming
intramolecular hydrogen bonds (e.g, a f-turn structure) and
are thus more membrane permeable.'* N*-Methylation of the
peptide backbone, which eliminates its hydrogen bonding
donor capability and increases the overall hydrophobicity of
peptides, also improves their membrane permeability.'>'®
Cyclosporine A, a rare example of cyclic peptide drugs that
inhibit intracellular targets (i.e., calcineurin),'” contains N%
methylation at seven out of its 11 peptide bonds. However,
most cyclic peptides do not form stable intramolecular
hydrogen bonds, whereas N%methylation may interfere with
target binding and generates a mixture of stereoisomers
containing cis/trans peptide bonds, some of which may have
undesired biological activities.
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Over the past two decades, numerous cell-penetrating
peptides (CPPs), which typically consist of 6—20 residues,
have been found to efficiently translocate the cell mem-
brane.'®* An important class of CPPs is the arginine-rich
peptides [e.g, Tat and nonaarginine (R,)], which have been
used to deliver a wide variety of cargoes (from small molecules
to large proteins) into mammalian cells. Efficient cargo delivery
requires 9—15 arginine residues.”>*® The relatively large size of
Ry makes it difficult for direct incorporation into cyclic
peptides. Recently, we discovered that some cyclic peptides
containing as few as three Arg residues were efficiently
internalized by mammalian cells.”” Other investigators also
reported enhanced cellular uptake activity upon cyclization of
Arg-rich CPPs.*** These findings prompted us to further
investigate the factors that influence the membrane perme-
ability of cyclic peptides, with the goal of identifying a short
peptide motif as a general vehicle for intracellular delivery of
cyclic peptides. Herein, we report that short sequence motifs
(5—6 amino acids) rich in arginine and hydrophobic residues
efficiently transport cyclic peptides (including negatively
charged phosphopeptides) into the cytoplasm and nucleus of
cultured human cells. These peptide motifs may serve as
general transporters of cyclic peptides into mammalian cells.

7

B RESULTS AND DISCUSSION

Peptide Cyclization and Hydrophobicity Synergisti-
cally Enhance Cellular Association. Our previously
reported cell permeable cyclic peptides contained 3—5 Arg
residues and at least one aromatic hydrophobic residue [e.g, L-
2-naphthylalanine (Nal or ®)].*” Other investigators have also
noted the ability of hydrophobic residues to enhance the
membrane transduction activity of CPPs.*"** To assess the
effect of peptide cyclization and hydrophobicity on cellular
uptake, we synthesized linear and cyclic forms of tetraarginine
(Ry), hexaarginine (R¢), and FFRRRR (F,R,), along with linear
nonaarginine (R,) and cyclo(AAAARRRRQ) (cA,R,) as
controls (Table 1, peptides 1—10). All of the cyclic peptides
contained a C-terminal Glu residue for peptide cyclization. A
Lys residue was added to the Glu side chain and the Lys side
chain was labeled with fluorescein isothiocyanate (FITC)
(Figure 1). We initially employed the method of Holm et al.*'
to assess the amount of cellular association of these peptides.
Each peptide (5 uM) was incubated with MCF-7 human breast
cancer cells for 1 h, and the cells were washed with buffer and
briefly treated with trypsin to remove any peptides bound to
the cell surface. The cells were then lysed with NaOH, and the
amount of fluorescence associated with the cells (which
corresponds to the sum of both internalized and any surface-
bound peptides) was quantitated. As expected, R, efficiently
translocated into the cells, and the amount of internalized
peptide was similar to the previously reported values.***° R,
had essentially no cellular association, whereas Ry was 17-fold
less active than R, (Figure 2). Replacement of two N-terminal
Arg residues of R, (peptide S) with Phe (F,R, or peptide 7)
increased the activity by 2.5-fold (Figure 2). Surprisingly, while
cyclization of peptides R, and Rs had no measurable effect
(Figure 2, compare peptides 2 vs 3 or 4 vs §), cyclization of
F,R, increased its cellular association by 14-fold (compare
peptides 6 vs 7). As a result, cyclo(FFRRRRQ) (cF,R,, peptide
6) was ~2-fold more active than R, To ascertain that the
increased cellular association was not simply due to the higher
proteolytic stability of cyclic peptides, we compared the
activities of linear (r, peptide 9) and cyclic D-hexaarginine
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Table 1. Sequences and Cellular Association Efficiency of
Linear and Cyclic Peptides”

peptide cellular
no. abbreviation peptide sequenceb association (%)¢
1 Ry Ac-RRRRRRRRRQ-OAIl 100
2 cR, cyclo(RRRRQ) 25+05
3 R, Ac-RRRRQ-OAIl 23 +£0.8
4 cR¢ cyclo(RRRRRRQ) S8+ 1.1
3 R, AcRRRRRRQ-OAII 58+ 10
6 cF,R, cyclo(FFRRRRQ) 190 + 20
7 F,R, AcFFRRRRQ-OAIl 14+ 1
8 crg cyclo(rrrrrrQ) 21 +3
9 T Ac-rrrrrrQ-OAll 21 +2
10 cAR, cyclo(AAAARRRRQ) 32 +£02
11 cFOR, cyclo(FORRRRQ) 1260 + 140
12 FOR, Ac-FORRRRQ-OAll 5SS+ 10
13 cAFOR, cyclo(AF®RRRRQ) 820 + 210
14 cA,FOR, cyclo(AAFORRRRQ) 980 + 210
15 CAJFOR,  cyclo(AAAFDRRRRQ) 210 + 70
16 cA,FOR, cyclo(AAAAFORRRRQ) 200 =+ 40
17 CAFDR,  cyclo(AAAAAFORRRRQ) 390 + 140
18 cAGFOR,  cyclo(AAAAAAF®RRRRQ) 240 + 100
19 CAFOR,  cyclo(AAAAAAAFORRRRQ) 47£5

“For cellular association assays, all cyclic peptides contained a
Lys(FITC)-NH, attached to the side chain of the invariant Gln
residue, and all linear peptides carried a C-terminal allyl group. by, p-
arginine; ®, L-2-naphthylalanine. “Cellular association efficiencies were
obtained with MCF-7 cells and relative to Ry (100%).

peptides (crs, peptide 8). Although ry had ~3-fold higher
activity than R, cyclization of rs did not further increase its
cellular association. Moreover, replacement of two Arg residues
of cyclic Rq (cRg) with four Ala residues did not increase the
amount of peptides associated with the cells (Figure 2, compare
peptides 4 and 10). These results suggest that cyclization and
hydrophobicity act synergistically to amplify the ability of Arg-
rich CPPs to associate with and/or translocate across the cell
membrane. To test whether the cellular association efficiency
could be further improved by increasing hydrophobicity, we
replaced one of the Phe residues in peptide 6 with 2-
naphthylalanine to produce peptide 11, cyclo(F®GRRRRQ)
(cF®R,). Indeed, peptide 11 bound to/internalized MCEF-7
cells 23-fold more efficiently than the corresponding linear
peptide (peptide 12) and was 13-fold more active than R,
(Figure 2). Similar results were obtained with HEK293 cells,
although cyclization of R, R4 and r4 increased cellular
association by 2—3-fold relative to their linear counterparts
(Supplementary Figure S1).

Efficiency and Kinetics of Peptide Internalization.
Because the method of Holm et al. does not distinguish
internalized versus cell surface-bound CPPs, we modified the
method of Wender et al.*” to determine the amount of peptides
internalized by the cells. A caged fluorophore 4-methylumbelli-
ferone (4-MU) was attached to cyclic peptide cFOR, and linear
control peptides (FOR, and Ry) via a disulfide linkage (Figure
3A, compound 1). Compound 1 is nonfluorescent and stable in
the oxidizing extracellular environment. Upon entering the cell,
however, the disulfide bond would be cleaved by the
intracellular thiols such as glutathione (GSH) to produce
peptide 2 and thiol 3. Under the physiological pH, thiol 3
would undergo spontaneous decomposition to release 4-MU as
a fluorescent product. As expected, incubation of MCFE-7 cells
at 37 °C in the presence of the three peptides all resulted in
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Figure 1. Structures of FITC-labeled FOR, and cF®R, and cyclic pCAP peptide.
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time-dependent increases in fluorescence intensity (Figure 3B). 500
However, the three peptides were internalized with different |
efficiency and kinetics. Peptides Ry and cF®R, showed similar 04
0

internalization rates during the first 45 min; after that the
internalization of Ry slowed down before reaching a plateau
value of 1500 fluorescence units, whereas the translocation of
the cyclic peptide continued for several hours and reached 3000
fluorescence units by 6 h (Supplementary Figure S2). Linear
F®R, showed both lower initial rate and slightly lower final
intracellular concentration than R, (~80%). As a control,
incubation of the peptides in PBS (no cells) produced only
slight fluorescence increases, due to background hydrolysis of
the carbonate ester of compound 1. The addition of 1 mM
dithiothreitol into the PBS solution resulted in the complete
release of 4-MU in <10 min (Supplementary Figure S3). When
MCE-7 cells were incubated with these peptides at 4 °C, the
rates of fluorescence increase were similar to the background
rate (PBS), indicating the absence of significant peptide
internalization (Figure 3B). These results show that cF®R, is
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Figure 3. (A) Scheme showing the reduction of the disulfide bond of
compound 1 and the release of fluorescent product 4-MU. GSH,
glutathione. (B) Time-dependent internalization of indicated peptides
(5 uM) by MCF-7 cells at 37 or 4 °C.

translocated into mammalian cells ~2-fold more efficiently than
Ry, one of the most potent CPPs reported to date. The lack of
significant translocation at 4 °C suggests that endocytosis may
be the primary mechanism of their uptake. Further, the amount
of 4-MU released should largely represent the amount of CPPs
in the cytoplasm and nucleus. The endosomal and lysosomal
environments are more oxidizing than that of the cytoplasm,
disfavoring the reduction of disulfides in these organelles.*®
There are many examples of unreduced disulfides in the
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endosome,”* ™" although enzymatic reduction of disulfides in
the endosomes of antigen-presenting cells has also been
reported.®® Background hydrolysis of the carbonate ester
linkage of 1 would also lead to 4-MU release; however, the
hydrolysis rate decreases with pH (Supplementary Figure S4)
and should be minimal in the acidic environments of
endosomes (pH 5—7) and lysosomes (pH ~ 4.8).
Subcellular Distribution of Internalized Peptides. To
obtain further evidence that the cyclic peptides were
internalized by mammalian cells, we carried out live-cell
confocal microscopy with peptides 1, 12, and 11 (Ry, FDR,,
and cFOR,, respectively). MCF-7 cells were treated with the
FITC-labeled peptides (S M) for 2 h in the presence of 2%
fetal bovine serum and immediately imaged by confocal
microscopy. Cells treated with peptides Ry and cF®R, showed
strong green fluorescence, whereas cells incubated with linear
FOR, had little intracellular fluorescence under the same
imaging conditions (Figure 4). A small amount of fluorescence

A

Figure 4. Live-cell confocal microscopic images of MCF-7 cells treated
with FITC-labeled CPPs. (A) Treatment with cFOR,-FITC I, DIC; I,
cF®R, distribution in cells. (B) Treatment with F®R,-FITC I, DIC;
11, FOR, distribution in cells. (C) Treatment with Ry-FITC I, DIC; 11,
R, distribution in cells.

was detectable at the cell surface when cells were incubated
with the linear peptide for 1 h or the incubation was carried out
in the absence of serum. Presumably, peptide FOPR, underwent
proteolytic degradation during the 2 h incubation period. The
mammalian serum contains high levels of chymotrypsin
activity’® and can rapidly degrade linear peptides containin%
aromatic residues but not the corresponding cyclic peptides.
Indeed, overnight incubation of peptide F®R, in 10% serum
resulted in almost complete loss of the full-length peptide.
There were notable differences between peptides R, and
cF®R,. While peptide Ry generated primarily punctate
fluorescence, which is in agreement with numerous earlier
reports and indicative of endosomal entrapment of the
internalized peptide,”*** cF®R, resulted in more diffused
signals, consistent with substantial cytoplasmic and nuclear
distribution of the latter peptide.
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To determine the subcellular distribution of the internalized
cyclic peptides, AS49 cells (a lung cancer cell line) were
incubated simultaneously with FITC-labeled cF®R, (5 uM)
and rhodamine B-labeled dextran (an endocytosis marker), and
then the cell permeable nuclear stain DRAQS and examined by
confocal microscopy. The internalized cyclic peptide cFOR,
was distributed throughout the cell and accumulated to a
greater extent within nucleoli, whereas rhodamine B remained
largely in the cytoplasm (Figure S). Within the cytoplasmic

Figure S. Intracellular distribution of cyclic peptide cF®PR, in AS49
lung cancer cells after treatment with cF®R,-FITC, rhodamine B-
dextran, and nuclear stain DRAQS. (A) Nuclear stain with DRAQS;
(B) green fluorescence of internalized cF®R,-FITC; (C) red
fluorescence of rhodamine B-dextran; and (D) a merge of panels
A-C.

region, cFOR, and the endocytosis marker showed overlapping
and punctate fluorescence, suggesting that a fraction of the
internalized cyclic peptides were still in the endosomes. All of
the cells did not have the same peptide uptake efficiency; ~50%
of the cell population exhibited much stronger fluorescence
than the rest of the cells (Figure S). Importantly, the same cell
population also internalized the endocytosis marker more
efficiently. When the experiment was carried at 4 °C or after the
cells had been pretreated for 1 h with sodium azide (which
depletes cells of ATP), the cells failed to take up either the
cyclic peptide or the endocytosis marker (Supplementary
Figures SS and S6). These results strongly argue that the cyclic
peptides entered the cells through endocytosis, although minor
contributions by other mechanisms cannot be ruled out. The
accumulation of fluorescence in the nucleus indicates that the
internalized peptides were able to escape from the endosomes.
The more diffused fluorescence throughout cF®R, treated cells
and the greater accumulation of cF®R, in the nucleoli as
compared to Ry also suggest that cFOR, is more efficient in
endosomal escape than Ry, in agreement with the 4-MU assay
data (Figure 3). Similar results were obtained when MCF-7 and
HEK293 cells were incubated with cyclic peptide cF,R,,
whereas linear F,R, resulted in much weaker intracellular
fluorescence, which was primarily located near the membrane
periphery (Supplementary Figures S7 and S8).

Cyclic Peptides Bind to but Do Not Translocate
Across Synthetic Membranes. A potential explanation for
the apparently conflicting results on the cellular uptake
efficiency of cF®R, (relative to Ry) as measured by the
different methods is that a significant fraction of the cyclic
CPPs bound tightly to the plasma membrane but did not enter

dx.doi.org/10.1021/cb3005275 | ACS Chem. Biol. 2013, 8, 423—431
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the cells. To test this hypothesis and whether the cyclic CPPs
can translocate across membranes in an energy-independent
manner, we incubated FITC-labeled cFOR,, FOR,, and R, with
multilamellar vesicles (MLVs) containing 90% phosphatidyl-
choline (PC) and 10% phosphatidylglycerol (PG) (w/w) and
monitored peptide internalization by confocal microscopy.
Under our assay conditions, no fluorescence could be detected
inside the vesicles treated with Ry, FOR,, or the free dyes
(fluorescein dextran and TAMRA) (Figure 6). Interestingly, the

Contro

Figure 6. Confocal microscopic images of PC/PG (90:10) MLV after
incubation with 1 uM free TAMRA dye (red) and 1 uM FITC-labeled
dextran (control), R, FOR,, or cFOR, for 30 min. Top panel,
fluorescein channel; bottom panel, TAMRA channel.

green fluorescence of cFOR,-FITC was immediately and
almost completely quenched as soon as the peptide and vesicle
solutions were mixed. In contrast, the red fluorescence of
TAMRA added to the same solution was not affected by the
lipids and showed that the vesicles were intact. The same
results were obtained with MLVs of more physiologically
relevant compositions [45% PC, 20% phosphatidylethanol-
amine (PE), 20% phosphatidylserine (PS), and 15% cholesterol
(w/w)]. The simplest explanation is that most of the cFOR,-
FITC was bound to the vesicle surface and the resulting high
local concentration in the membrane caused internal quenching
of the fluorescence. These results suggest that cFOR, binds
directly to the phospholipids with high affinity but cannot cross
the membrane in an energy-independent manner. This scenario
explains why the cell surface-bound cyclic CPPs were not
observed by confocal microscopy. In contrast, the membrane-
bound CPPs are readily detected by the method of Holm et al.
because cell lysis with NaOH disrupts the cell membranes,
releasing the bound CPPs into solution. Linear FOR, and R,
likely also interact with the vesicle/cell membranes, but their
binding affinities are lower than that of cF®R,. These linear
peptides would be more easily washed off the cell membrane
and/or digested by trypsin treatment.

Effect of Ring Size on Membrane Association/Trans-
location. Taken together, the observations described above
suggest the following potential mechanism of CPP uptake. The
cyclic peptides bind directly to the phospholipids of the plasma
membrane (and possibly other membrane components as well,
such as proteins and heparin sulfate) and are internalized as a
result of pinocytosis. On the basis of this mechanism, one
would predict that the ring size of the CPPs should have a
profound effect on the membrane-binding ability and
consequently the cellular association/uptake efficiency. Linear
peptides are flexible in solution; binding to a membrane
reduces their conformational freedom, and the associated
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entropy loss weakens the overall stability of the peptide—
membrane complex. However, cyclic peptides are more
conformationally constrained; a cyclic peptide of the proper
sequence may preorganize into the binding conformation in
solution and thus bind to the membrane with enhanced affinity.
This is indeed the case for cF®R,, which apparently binds to
the MLVs with much higher affinity than FOR, (Figure 6). As
the ring size of a cyclic peptide increases, however, its
conformational freedom increases and the entropic advantage
for membrane binding decreases, eventually approaching that of
a linear peptide.

To determine what ring sizes confer efficient cellular
association/uptake, we synthesized and tested a series of
FITC-labeled cyclic peptides that all contained the same
transporter motif FORRRR but an increasing number of Ala
residues (Table 1, peptides 12—19). We chose Ala to expand
the ring size because the addition of Ala residues should not
significantly change the overall hydrophobicity of the peptide.
Indeed, peptides 11 and 13—19 all had virtually identical
retention times when analyzed by reversed-phase HPLC (C-18
column). As predicted, peptides of small ring sizes (e.g, 7-, 8-,
and 9-amino acids) associated with MCF-7 cells most
efficiently, with activities 8—13-fold higher than that of Ry
(Figure 7). The medium sized peptides (10- to 13-amino acids)
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Figure 7. Effect of cyclic peptide ring size on their cellular association
efficiency by MCF-7 cells (all values are relative to that of Ry).

were less active but still more active than Ry. Further increase in
the ring size appeared to reduce cellular association, as peptide
19 (14-aa) was comparable to linear peptide Ac-FORRRRQ-
OAll (peptide 12) and 2-fold less active than Ry. We conclude
that the observed difference in cellular association was primarily
due to the different ring sizes, although we cannot rule out
potential contributions by other factors such as small
differences in hydrophobicity and/or proteolytic stability.
Intracellular Delivery of Phosphopeptides. We next
examined whether short sequence motifs such as FOR, could
serve as general transporters of biologically active cyclic
peptides into cells. Phosphopeptides, which have extremely
poor membrane permeability, were chosen as cargo to
rigorously test the efficacy of our transporters. To provide a
simple readout for peptide internalization, we used phospho-
coumaryl aminopropionic acid (pCAP) as a phosphotyrosine
analogue. pCAP is nonfluorescent; however, dephosphorylation
of pCAP or pCAP-containing peptides by protein tyrosine
phosphatases (PTPs) releases a highly fluorescent coumarin
derivative (CAP).***" We thus synthesized cyclo[(pCAP)-
FORRRRQ] (Figure 1, cyclic pCAP), the corresponding linear
peptide Ac-(pCAP)Fd)RRRRQ(linear pCAP), and Ac-(pCap)-
f-Ala-RRRRRRRRR (Ry-pCAP) and tested their cellular
uptake by MCF-7 and HEK293 cells. Treatment of the cells

dx.doi.org/10.1021/cb3005275 | ACS Chem. Biol. 2013, 8, 423—431
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with § uM cyclic pCAP for 60 min resulted in blue fluorescence
in essentially all of the cells (Figure 8A and Supplementary

DRAQ5

Merged

Figure 8. Fixed-cell confocal microscopic images of MCEF-7 cells
treated with pCAP-containing peptides (S uM each). (A) Cells treated
with cyclic pCAP and DRAQS in the same Z-section. (B) Same as that
in panel A but with linear pCAP. (C) Same as that in panel A except
that the cells were pretreated with 1 mM sodium pervanadate prior to
the addition of cyclic pCAP and DRAQS. (D) Same as that in panel A
but with Ry-pCAP.

Figure S9). Furthermore, the blue fluorescence was present in
both the cytoplasm and the nucleus. In contrast, cells treated
with the linear pCAP had much weaker fluorescence under the
same conditions (Figure 8B and Supplementary Figure S9).
When cells were pretreated with 1 mM sodium pervanadate, a
potent PTP inhibitor, followed by S uM cyclic pCAP, the
amount of CAP fluorescence in the cells was dramatically
reduced (Figure 8C and Supplementary Figure S9). Cells
treated with Ry-pCAP also showed weak fluorescence signal,
similar to those of linear pCAP and cells pretreated with
sodium pervanadate (Figure 8D). Finally, MCF-7 cells were
treated with the above peptides (S0 uM), and the amount of
peptide uptake was quantitated by fluorescence-activated cell
sorting (Figure 9). The results show that cyclic pCAP was most
efficiently taken up by the MCEF-7 cells, reaching a mean
fluorescence intensity (MFI) of 714 arbitrary units (AU),
whereas linear pCAP and Ry-pCAP had 303 and 161 AU,
respectively. In vitro assays against a panel of purified
recombinant PTPs (PTP1B, TCPTP, SHP-2, RPTPa, and
VHR) showed that all three peptides were readily dephos-
phorylated by these PTPs (Supplementary Table S1). These
results indicate that the FOR, motif was able to deliver the
cyclic phosphopeptide into the mammalian cells and that
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Figure 9. Flow cytometry of MCF-7 cells treated with 50 yuM pCAP-
containing peptides with and without sodium pervanadate. MFI, mean
fluorescence intensity.

subsequent dephosphorylation of pCAP by endogenous PTPs
generated the intracellular fluorescence. Since all known PTPs
have their catalytic domains localized in the cytoplasm or
nucleus, these data provide further support that the cyclic CPPs
can efficiently escape from the endosome and deliver cargos
into the cytoplasm and nucleus of mammalian cells. Cyclic
pCAP should provide a useful probe for monitoring the
intracellular PTP activities.

Discussion. This work, along with two other recent
reports,”®*” demonstrates that cyclization of Arg-rich CPPs
enhances their membrane permeability. Our results further
reveal that a proper combination of peptide sequence and ring
size is critical for efficient cellular uptake. Cyclic peptides
containing a proper combination of Arg and hydrophobic
residues bind directly to the membrane phospholipids with
high affinity and are apparently internalized by pinocytosis.
Presumably, interactions between the Arg side chains and the
phosphate groups of phospholipids anchor the CPPs on the
plasma membrane surface, while the hydrophobic side chains of
Phe and Nal residues insert into the hydrophobic region of the
membrane and stabilize the peptide—membrane complex by
hydrophobic effect. Membrane insertion also helps forming
positive membrane curvature, a component of negative
Gaussian curvature, which features negative and fositive
membrane curvatures in two orthogonal dimensions.”**° All
major cellular uptake mechanisms (including endocytosis)
involved the formation of negative Gaussian curvatures.
According to this model, the addition of cyclic CPPs to cells
would result in the rapid accumulation of the CPPs on the
plasma membrane, and the efficiency of peptide internalization
would depend on the pinocytosis rate. Since the rate of
pinocytosis varies greatly depending on factors such as the cell
growth condition (e.g., lower pinocytosis rate at high
confluency)*” and the stage in the cell cycle (e.g, higher
pinocytosis rate at interphase than metaphase),” this may
explain the varying CPP uptake efficiencies of different cells
observed by confocal microscopy. As suggested by the MLV
translocation assay, the high peptide concentration within the
membrane likely caused fluorescence internal quenching,
rendering the membrane-bound peptides undetectable by
confocal microscopy. These peptides, which are presumably
on the outer leaflet of the membrane, would also evade
detection by the 4-MU assay. However, the membrane-bound
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peptides can be detected by the conventional uptake assay,”"
which measures the fluorescence yield after cell lysis. It is yet
unclear whether the membrane-bound peptides are limited to
the cytoplasmic membrane or also present on internal
membranes (e.g., endosomes).

Short peptide motifs such as FOR, provide useful and likely
general transporters for intracellular delivery of cyclic peptides.
If a target-binding cyclic peptide is already available, one may
simply replace the residues noncritical for target binding with
F®R,. The designed cyclic peptides should have ring sizes of 7
to 13 amino acids; larger rings will likely have poor cellular
uptake activities, whereas cyclic peptides of <7 residues may not
bind to a target with high affinity and specificity. To minimize
the ring size, cyclic peptides may be designed so that some of
the residues serve the dual function of target binding and
membrane transport.”” It is worth noting that phosphopeptides
are generally membrane impermeable and notoriously difficult
to deliver into cells by other means.** For example, a recent
study showed that intracellular delivery of a pCAP-containing
peptide required the combination of a polyarginine sequence
and a myristoyl group.*! Remarkably, our cyclic CPPs are 2—5-
fold more efficacious than Ry in transporting cargos including
phosphopeptides into the mammalian cytoplasm and nucleus,
apparently due to a more efficient endosomal escape process.
Recent studies suggested that the topology of Arg residues can
influence the stage at which a cationic peptide/protein departs
the vesicular trafficking pathway to gain cytosolic access.*>*®
Cyclization of a polyarginine peptide undoubtedly affects the
topology of its Arg residues. Future work will be necessary to
test this hypothesis and elucidate the molecular mechanism of
cyclic CPP uptake and endosomal escape. Additional
advantages of cyclic CPPs include their improved metabolic
stability and low cytotoxicity. MTT assays of several cyclic
CPPs (including cF®R,) against S different cultured cell lines
(MCE-7, HEK293, H1299, H1650, and A549) found that the
cyclic CPPs in general have no to low levels of cytotoxicity at
50 uM. Since this study only examined a limited number of
peptide sequences, it remains to be determined whether
additional peptide motifs can be found as efficient membrane
transporters.

B METHODS

Peptide Synthesis and Labeling. Peptides were synthesized on
Rink Resin LS (0.2 mmol/g) using standard Fmoc chemistry. The
typical coupling reaction contained S equiv of Fmoc-amino acid, S
equiv of 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU), and 10 equiv of diisoprpylethylamine
(DIPEA) and was allowed to proceed at RT with shaking for 75 min.
After the addition of the last (N-terminal) residue, the allyl group on
the C-terminal Glu residue was removed by treatment with Pd(PPh;),,
PPh;, HCO,H, and diethylamine (1, 10, 10, and 10 equiv,
respectively) in anhydrous THF (overnight at RT). The N-terminal
Fmoc group was removed by treatment with 20% piperidine in DMF,
and the peptide was cyclized by treatment with benzotriazole-1-yl-oxy-
tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP)/HOBt/
DIPEA (S, S, and 10 equiv) in DMF for 3 h. The peptides were
deprotected and released from the resin by treatment with
82.5:5:5:5:2.5 (v/v) TFA/thioanisole/water/phenol/ethanedithiol for
2 h. The peptides were triturated with cold Et,O (3X) and purified by
reversed-phase HPLC on a C)g column. The authenticity of each
peptide was confirmed by MALDI-TOF mass spectrometry. FITC
labeling was performed by dissolving the purified peptides (~1 mg
each) in 300 uL of 1:1:1 DMSO/DMF/150 mM sodium bicarbonate
buffer (pH 8.5) and incubating with 10 uL of FITC in DMSO (100
mg mL™"). After 20 min at RT, the reaction mixture was subjected to
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reversed-phase HPLC on a Cg column to isolate the FITC-labeled
peptide. pCAP and 4pCAP—containing peptides were synthesized as
previously described.*"**

Cell Culture. MCF-7 cells were maintained in medium consisting
of DMEM and Ham’s F12 (1:1), 10% fetal bovine serum (FBS), and
1% penicillin/streptomycin. HEK293 and AS549 cells were grown in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
Cells were cultured in a humidified incubator at 37 °C with 5% CO,.

Quantification of Peptide Cellular Association. Approximately
1 X 10* MCF-7 cells (or 6 x 10°> HEK293 cells) were seeded in 12-
well culture plates (BD Falcon) in 1 mL of media and cultured for two
days. On the day of experiment, 500 #L of an FITC-labeled peptide
solution (5 M) in HKR buffer (5 mM HEPES, 137 mM NaCl, 2.68
mM KC], 2.05 mM MgCl,-6H,0, 1.8 mM CaCl,-2H,0, and 1 g/L
glucose, pH 7.4) was added to the cells after aspirating the media and
incubated at 37 °C in 5% CO, for 1 h. The peptide solution was
removed by aspiration, and the cells were gently washed with HKR
buffer (2 X 1 mL) and treated with 200 uL of 0.25% (w/v) trypsin—
EDTA for 10 min. After that, 1 mL of HKR buffer was added, and the
cells were transferred to a microcentrifuge tube and pelleted by
centrifugation. The cell pellet was lysed in 300 uL of 0.1 M NaOH,
and the FITC fluorescence yield of the cell lysate was determined at
518 nm (with excitation at 494 nm) on a Molecular Devices
Spectramax MS plate reader. For each peptide, a standard line was
generated by plotting the fluorescence intensity as a function of
peptide concentration in 0.1 M NaOH, and the amount of peptides
taken up by cells (in pmol) was calculated by using the standard line.
The amount of cellular proteins in each well was quantitated by a
detergent compatible protein assay (Bio-Rad). Finally, the cellular
association efficiency of the FITC-labeled peptide (in pmol of peptide
internalized/mg of cellular protein) was calculated by dividing the
amount of internalized peptide by the amount of protein in the lysate.
The experiments were performed twice and in triplicates each time.

Confocal Microscopy. Approximately 5 X 10* MCF-7 cells were
seeded in a 35 mm glass-bottomed microwell dish (MatTek)
containing 1 mL of media and cultured for one day. MCF-7 cells
were gently washed and treated with the FITC-labeled peptide (S uM)
in growth media containing 2% serum for 2 h at 37 °C in the presence
of 5% CO,. The peptide-containing media was removed, and the cells
were washed with PBS three times. The cells were imaged using green
and phase contrast channels on a Visitech Infinity 3 Hawk 2D-array
live cell imaging confocal microscope (with a 60X oil immersion lens)
at 37 °C in the presence of 5% CO,. FITC-labeled peptides were
excited at 488 nm and detected with a 520—530 nm band-pass filter.

AS549 cells (~5 X 10* cells) were similarly seeded in microwell
dishes containing 1 mL of phenol-red free media and cultured
overnight. On the day of experiment, the growth medium was
removed, and the cells were gently washed with PBS twice. The cells
were incubated with FITC-labeled peptide (S yM) and rhodamine B-
dextran (1 mg mL™") in growth media containing 2% serum for 2 h at
37 °C in the presence of 5% CO,. The medium was removed, and the
cells were gently washed with PBS twice and incubated for 10 min in 1
mL of PBS containing 5 uM DRAQS. The cells were again washed
with PBS twice and imaged as described above.

For fixed-cell confocal microscopic imaging, ~8000 MCF-7 cells (or
4000 HEK293 cells) were seeded in 8-well chamber slides (Lab-Tek)
containing 0.2 mL of media and cultured for one day. On the day of
experiment, the growth medium was removed, and the cells were
gently washed with PBS twice. The cells were incubated with 0.2 mL
of CPP solution (S M) at 37 °C for 60 min in the presence of 5%
CO,. After removal of the medium, the cells were gently washed with
PBS twice and incubated for 10 min in 0.2 mL of PBS containing S
uM DRAQS. The resulting cells were washed with PBS twice, fixed by
treatment with 0.2 mL of 4% paraformaldehyde for 20 min on ice, and
washed with PBS (3 times). The chamber slide was sealed with a
coverslip and subjected to confocal imaging on an Olympus FV1000-
Filter confocal microscope (with a 60X oil objective). CAP
fluorescence was generated with excitation at 405 nm using a diode
laser and detected using a DAPI emission filter. All images were
recorded by using the same parameters.
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MLV Translocation Assay. MLVs were prepared as previously
described.*” In each experiment, 10 gL of the lipid solution (18 mM)
was mixed with 10 L of PBS containing 3 uM TAMRA and 10 uL of
PBS containing 3 #M FITC-labeled peptide. After incubation for 30
min, 4 pL of the mixture was spotted onto a glass coverslip, and the
slide was imaged on a confocal microscope (Olympus Model FV1000)
using a 60X oil objective. MLVs of 5—20 ym in diameter and spherical
shape were selected for imaging. Images were recorded at the focal
plane at which the vesicles had the largest area in the fluorescein
detection mode. The vesicles were imaged using a 488 nm laser and
520 nm bandpass filter for fluorescein and a 543 nm laser with a 580
nm bandpass filter for TAMRA as previously described.*’

Flow Cytometry. MCF-7 cells were cultured in six-well plates (S X
10° cells per well) for 24 h. On the day of experiment, the cells were
incubated with 50 M pCAP-containing peptide in phenol red-free
DMEM and Ham’s F12 (1:1) supplemented with 0.5% FBS. After 15
min, the peptide solution was removed, and the cells were washed with
sodium pervanadate containing DPBS, treated with 0.25% trypsin for 5
min, fixed in 2% paraformaldehyde (w/v) at RT for 15 min, and
stained with LIVE/DEAD Fixable Far Red Dead Cell Stain Kits
(Invitrogen) according to the manufacturer’s instructions. Finally, the
cells were resuspended in the flow cytometry buffer and analyzed by
flow cytometry (BD FACS Aria III), with excitation at 35S nm.

CPP Internalization by 4-MU Assay. MCEF-7 cells (~1 x 10*
cells) were seeded in a 96-well plate and cultured for 36 h. The media
were removed, and the cells were washed with PBS and incubated with
100 uL of 4-MU-labeled peptides in pH 8.0 PBS (S uM) at 37 or 4 °C.
The fluorescence intensity in each well was recorded every 10 (37 °C)
or 20 min (4 °C) over a 150 min period on a Molecular Devices
Spectramax MS plate reader (with excitation and emission wavelengths
at 360 and 450 nm, respectively). Experiments were performed in
quadruplicates and a control experiment was performed without cells.
The average fluorescence intensity, after subtraction of the background
signal derived from the no-cell control, was plotted as a function of
time.

B ASSOCIATED CONTENT
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Additional experimental details, compound characterization,
confocal micriscopy images, and kinetic data for PTP hydrolysis
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