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Abstract

Many cell penetrating peptides (CPPs) fold at cell surfaces, adopting a- or -structure that enable
their intracellular transport. However, the same structural folds that facilitate cellular entry can
also elicit potent membrane-lytic activity limiting their use in delivery applications. Further, a
distinct CPP can enter cells via many mechanisms, often leading to endosomal entrapment. Here,
we describe an intrinsically disordered peptide (CLIP6) that exclusively employs non-endosomal
mechanisms to cross cellular membranes, while being remarkably biocompatible and serum stable.
We show the presence of a single anionic glutamate residue is responsible for maintaining the
peptide’s disordered bioactive state, defines its mechanism of cellular entry and is central to its
biocompatibility. CLIP6 can deliver membrane impermeable cargo directly to the cytoplasm of
cells, suggesting its broad utility for delivery of drug candidates limited by poor cell permeability
and endosomal degradation.
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Disorder imparts order: CLIPS6, an intrinsically disordered peptide, mediates cellular entry
through non-endosomal physical translocation across the membrane. This activity, defined by its
unstructured state, facilitates the delivery of membrane impermeable cargo to the interior of cells.
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Intrinsically disordered proteins (IDPs) lack a well-structured three-dimensional fold in their
native state.[1] Certain peptides have also been classified as intrinsically disordered and act
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mainly by adopting structure in response to a binding event.[*~2] For example, most cell-
penetrating peptides (CPPs) exist in solution as an ensemble of random coil conformations
but adopt secondary structure upon binding to cell membranes, suggesting that folding is a
prerequisite to function (e.g. cellular entry).[3] Herein, we report a constitutively disordered
peptide capable of translocating through cell membranes without folding, to gain direct
access to the cytoplasm (Figure 1A). Further, our data suggests that the peptide’s intrinsic
disorder imparts high cyto- and biocompatibility. Critical to this behavior is the presence of
a key glutamate residue that prohibits peptide folding, and allows the CPP to enter cells
exclusively through non-endosomal mechanisms. This unimodal entry mechanism is in stark
contrast to the majority of reported CPPs, where a single distinct peptide can enter a cell
through multiple mechanisms (Figure 1B). This is particularly important for drug delivery,
where endosomal localization of ligated cargo leads to its degradation and excretion before
reaching an intracellular target. Further, many CPPs are lytic at moderate concentrations due
to their self-association in/on the membrane bilayer. These attributes ultimately limit the
utility of many CPPs as effective delivery devices.

During the study of anticancer peptides,[4! we identified an intrinsically disordered
sequence, named cytosol localizing internalization peptide 6 (CLIP6)
(KVRVRVRVPPPTRVRERVK-NH,; where PP is D-proline), which can directly translocate
across cell membranes. Live-cell microscopy shows that the fluorescein-labeled CLIP6
peptide rapidly enters the cytoplasm of treated HeLa cells (Figure 2A), before subsequently
localizing to the nucleus (Figure 2, panels B and C).

To probe the mechanism of CLIP6 uptake we performed a series of flow cytometry
experiments in which different cancer cell lines are preconditioned under ATP depletion to
globally inhibit endocytosis, ] or a hyperosmolar sucrose solution to prevent clathrin-
dependent mechanisms,[®] before peptide addition. Figure 2D shows that inhibition of
endocytosis did not change the overall amount of peptide internalized into cells, indicating
that energy-dependent mechanisms, like endocytosis, play no role in CLIP6 cellular uptake.
In constrast, TAT (GRKKRRQRRRPPQ-NH,) entered cells through a mixture of physical
translocation and endocytosis (Figure 2E). Interestingly, the relative contribution and
magnitude of these mechanisms on TAT internalization appears to be cell-type dependent,
while CLIP6 did not show any variation in its uptake mechanism across the tested cell lines.

We also observed that cells treated with CLIP6, under both serum-free conditions (Figure 2)
and in the presence of serum (Figure S1), did not show punctate fluorescent organelles that
would indicate peptide endosomal entrapment. Further, incubation of cells with increasing
concentrations of CLIP6 led to a corresponding linear increase in intracellular fluorescence
(Figure S2). This indicates that the mechanism of CLIP6 internalization is independent of its
concentration, arguing against a receptor-mediated uptake mechanism. Finally, utilizing
giant unilamellar vesicles as model membranes,[”] we found that CLIP6 can rapidly
permeate across lipid surfaces devoid of endocytic receptors (Figure S3). Collectively, these
results strongly suggest that membrane translocation solely mediates intracellular uptake of
CLIP6, allowing for immediate bioavailability of the peptide within the cytoplasm of treated
cells en route to the nucleus.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Medina et al.

Page 3

Like many other cationic CPPs, CLIP6 contains a large number of arginine residues in its
sequence.[®] The importance of arginine on the cell-penetrating ability of the peptide was
studied by incubating cells with a family of CLIP6 analogues in which this residue was
systematically substituted with lysine (Figure S4 and Table S1). Results show a successive
reduction in cellular uptake as arginine content is incrementally decreased, with ~50% of the
peptide’s internalization potential lost when all of the arginines are replaced. Although
important to cellular transport, high arginine content can also increase the membrane lytic
behavior of CPPs.[%] Thus, we next explored the cytotoxic potential of CLIP6 towards A549
lung carcinoma cells (Figure 3A). Remarkably, the peptide was well-tolerated by these cells,
even at very high concentrations (ICsg > 1mM). Close examination of CLIP6’s sequence
reveals a glutamic acid residue occupying a position that disrupts what would otherwise be a
uniform (AB), amino acid periodicity characteristic of f—sheet rich structures (A and B are
polar and non-polar residues, respectively).[19 Importantly, it is well known that many p-
sheet amphiphiles have the potential to be membrane lytic.[4 111 Thus, we surmised that
disruption of a possible (AB),-repeat by the glutamate inhibits the ability of CLIP6 to adopt
-structure, and in turn limits any membrane lytic behavior. To test this, we prepared a
control sequence (CLIPA) where the glutamate at position 15 is exchanged for valine (Table
S1), thereby restoring 3-sheet periodicity and creating a uniform hydrophobic face should
the peptide fold into an amphiphilic hairpin. This analogue showed marked cytotoxicity,
with an ICgq of ~3 uM (Figure 3A). Circular dichroism spectroscopy performed in the
presence of model lipid membranes showed that CLIP6 remains disordered, while CLIPA
displays a strong [3-sheet signal characterized by a minima in mean residue elipticity at 218
nm, indicating that the control peptide folds upon binding to the negatively-charged lipid
vesicles (Figure 3B). Both CLIP6 and CLIPA remain unfolded in buffer alone, or in the
presence of neutral vesicles (Figure S5). Taken together, these results suggest that the
inability of the glutamate-containing CLIP6 peptide to fold at cellular membranes
contributes to its favorable cytocompatability.

Interestingly, mechanistic studies also showed that, like TAT, the toxic CLIPA peptide enters
cells through a mixture of physical translocation and endocytosis (Figure S6). Thus, CLIP6’s
glutamate residue not only limits its membrane-lytic activity, but also reduces the peptide’s
propensity to be internalized by endocytic mechanisms. One explanation for this is that
binding of cationic CPPs to anionic cell-surface glycans leads to their endocytic uptake
following proteoglycan internalization.[> 121 It is possible that the negatively charged
glutamate side chain limits electrostatic binding of CLIP6 to anionic glycans, allowing the
peptide to directly access and translocate across the cell membrane.

The exact mechanism by which CLIP6 interpolates into the lipid membrane and enters cells
is the subject of on-going work. However, elegant studies by Engelman and co-workers to
elucidate the molecular events that govern membrane translocation of the pH (low) insertion
peptide (pHLIP) may provide clues.[*3] Here, protonation of two aspartic acid residues in the
pHLIP sequence, following its adsorption to acidic cancer cell surfaces, increases the
peptide’s hydrophobicity and promotes its insertion into the lipid membrane. In the context
of CLIP6, a similar mechanism of glutamate protonation may facilitate interpolation of the
peptide into the lipid bilayer.
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To explore the utility of CLIP6 for delivery applications, we performed a series of /n vitro
and /n vivo compatibility studies, and evaluated the peptide’s serum stability. First, we
compared the toxicity and hemolytic potential of CLIP6 to five common cationic CPPs.
Table 1 shows that CLIP6 was non-toxic towards both A549 and MCF-7 cells, which
tolerated concentrations of the peptide as high as 1 mM, while HeLa cells were somewhat
more sensitive. The arginine-rich R8 and TAT sequences were also relatively benign. In
contrast, the remaining CPPs were cytotoxic in the low micromolar range. Next, the
hemolytic potential of each CPP was evaluated by incubating the peptides with freshly
isolated human RBCs. CLIP6 was weakly hemolytic, with an ECsq value ~2-3 folds higher
than R8, TAT and Penetratin. Further, CLIP6 was orders of magnitude less hemolytic than
both MAP and Transportan. Next, /77 vivo toxicity of CLIP6 was assessed by measuring its
maximum tolerable dose (MTD) in mice. Figure 4A shows that animals tolerated up to 30
mg/kg of CLIP6, beyond which the mice became pale and lethargic. In contrast, 15 mg/kg
was determined to be the MTD for both the CLIPA peptide and TAT. Animals dosed with
these peptides above the MTD immediately experienced spasms. Finally, incubation of
CLIP6 in a 25% serum solution for 8 hours resulted in ~60% of the peptide being
proteolytically degraded, with a corresponding half-life of 5.0 hours (Figure 4B). Under
identical conditions, the TAT peptide was rapidly degraded, with a half-life of approximately
1.7 hours. The significant serum stability of CLIP6, while surprising given the peptide’s
intrinsic disorder, is likely due to the D-proline residue contained within its sequence which
is well known to enhance the proteolytic stability of peptides.[14]

We next assessed the ability of CLIP6 to deliver membrane impermeable molecules to the
cytoplasm of cells employing a ligand-dependent CreER/LoxP-reporter transgenic mouse
embryonic fibroblast (MEF) system (Figure 5A).[23] In the abscence of ligand, these cells
fluoresce red due to constitutive expression of tdTomato (tdT), and concomitant silence of
Enhanced Green Fluorescent Protein (EFGP) expression. However, binding of tamoxifen, or
its analogue 4-hydroxycyclofen (4-OHC), to cytoplasmic CreER results in nuclear
translocation of the chimeric protein. Ligand-bound CreER then excises the tdT gene
leading to expression of the downstream EGFP locus upon site-specific recombination.
Thus, this /in vitro system provides a simple red-to-green shift in intracellular fluorescence
that can be used to monitor cytosolic delivery of a small molecule ligand.

Importantly, 4-OHC is cell permeable and thus serves as a positive control for cytoplasmic
delivery. However, as will be shown, N-quaternized analogues of 4-OHC are not permeable,
but are still capable of binding the ER protein. We prepared an N-quaternized analogue of 4-
OHC, named 4-OHCq, and ligated it to the N-terminus of CLIP6 via a cytosol cleavable
ester linkage (see Supporting Information). Before testing the CLIP6-4-OHCq conjugate, we
first incubated MEFs with free 4-OHCq, to confirm that it was not cell permeable. As
expected, treated cells displayed high levels of tdT fluorescence, with negligible EFGP
expression, similar to the negative controls (Figure 5, panels B,C, D and G). However,
incubation of MEFs with CLIP6-4-OHCq led to significant recombination and EGFP
expression, with a concominant reduction in tdT fluorescence (Figure 5, panels E and G).
This profile was similar to cells treated with the permeable 4-OHC positive control (Figure
5, panels F and G). Collectively, these results demonstrate that CLIP6 is capable of
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successfully delivering the membrane impermeable 4-OHCq ligand into the cytoplasm of
MEF cells, leading to CreER activation and transcriptional regulation.

In summation, we have identified an intrinsically disordered peptide that exclusively
employs non-endosomal mechanisms to enter cells. Critical to its constitutive structural
disorder is the presence of an anionic glutamate residue that disrupts an otherwise ideal
(AB),, p-repeat and prohibits the peptide from folding at cell surfaces into a lytic
conformation. As a result, the peptide is remarkably biocompatible, permitting its use at
high concentrations /n vitroand in vivo. Furthermore, can CLIP6 can shuttle ligated cargo
directly into the cytoplasm of cells, suggesting its broadly utility across multiple delivery
applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Cellular internalization of the intrinsically disordered CLIP6 peptide occurs exclusively

through physical translocation across the cell membrane. (B) In contrast, most CPPs enter
cells via a combination of translocation and endocytosis upon membrane-induced folding.
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Figure 2.
(A-C, Top) Live-cell imaging of HeLa cells as a function of time after addition of 10 uM

fluorescein-labeled CLIP6 peptide (scale bar = 10 um). Associated z-stacks are also shown.
(A-C, Bottom) Percentage of total cellular fluorescence measured at the membrane, within
the cytoplasm or localized at the nucleus. Mechanism of CLIP6 (D) or TAT (E) uptake into
Ab49, HeLa or OVCAR-3 cells was assessed after a 1 hour incubation with 10 uM of
peptide alone (control, gray bars), under ATP depletion (open bars), or with hyperosmolar
sucrose (black bars) preconditioning. Uptake results under ATP depletion and hyperosmolar
sucrose conditions were compared to direct peptide incubation (gray bars) to determine
statistical significance, denoted by * = p < 0.05, or ** = p < 0.01.
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Figure 3.
Effect of glutamic-acid on the toxicity and folding of the CLIP6 peptide. (A) Cytotoxicity of

CLIP6 (@) and CLIPA (O) towards A549 cells after 24 hours of incubation. (B) Circular
dichroism spectrum demonstrating that the CLIPA (O) peptide displays a -sheet
conformation in the presence of negatively-charged lipid vesicles, while CLIP6 (@) remains
unfolded.
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Figure 4.

(A) Maximum tolerable dose (MTD) of the CLIP6, CLIPA and TAT peptides following
intravenous administration to mice. (B) Serum stability of CLIP6 (t1» = 5.0h) and TAT (t/,
= 1.7h) in a 25% serum solution as a function of time.
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Figure 5.
(A) Ligand-mediated CreER activation in Rosa26-driven tdT/EGFP MEF cells. Delivery of a

membrane-impermeable 4-OHCq (yellow) small molecule by CLIP6 (blue) leads to CreER-
mediated recombination at LoxP sites (—) and subsequent expression of EGFP. Images of
untreated MEFs (B), or those incubated with the cell impermeable 4-OHCq ligand (C),
peptide alone (D), the CLIP6-4-OHCq conjugate (E), or the 4-OHC membrane permeable
positive control (F) (20x magnification, scale bar = 200 pm). Individual fluorescence
channels used to compile the merged images can be found in Figure S7. (G) Flow cytometry
quantification of the percentage of cells displaying tdT (red) or EGFP (green) intracellular
fluorescence following treatment with the indicated compounds. Standard deviation in data
shown is <1.5% for each treatment condition.
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