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pH-sensitive membrane peptides (pHLIPs) as a novel class of
delivery agents

Oleg A. Andreevl3” Donald M. Engelman?2:3*, and Yana K. Reshetnyak13
1Physics Department, University of Rhode Island, 2 Lippitt Rd., Kingston, RI, 02881, USA

2Department of Molecular Biophysics and Biochemistry, Yale University, P.O. Box 208114, New
Haven, CT 06520, USA

Abstract

Here we review a novel class of delivery vehicles based on pH-sensitive, moderately polar
membrane peptides, which we call pH (Low) Insertion Peptides (pHLIPS), that target cells located
in the acidic environment found in many diseased tissues, including tumors. SpecificAcidity
targeting by pHLIPs is achieved as a result of helix formation and transmembrane insertion. In
contrast to the earlier technologies based on cell-penetrating peptides, pHLIPs act as monomeric
membrane-inserting peptides that translocate one terminus across a membrane into the cytoplasm,
while the other terminus remains in the extracellular space, locating the peptide in the membrane
lipid bilayer. Therefore, This geometry gives pHLIP has a dual delivery capability: it can tether
cargo molecules or nanoparticles to the surfaces of cells in diseased tissues and/or it can move a
cell-impermeable cargo molecule across the membrane into the cytoplasm. The source of energy
for moving polar molecules attached to pHLIP through the hydrophobic layer of a membrane
bilayer is the membrane-associated folding of the polypeptide. A drop in pH leads to the
protonation of negatively charged residues (Asp or Glu), which enhances peptide hydrophobicity,
increasing the affinity of the peptide for the lipid bilayer and triggering peptide folding and
subsequent membrane insertion. The process is accompanied by the release of energy that can be
utilized to move cell-impermeable cargo across a membrane. That the mechanism is now
understood, and that targeting of tumors in mice has been shown, suggest a number of future
applications of the pHLIP technology in the diagnosis and treatment of disease.

Keywords

Acidity; membrane-associate folding; translocation across membrane; imaging; drug delivery;
cancer

Medical science constantly seeks to improve the diagnosis and treatment of disease, and new
delivery technologies may contribute in several ways, including:
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Targeted therapy: selective delivery of therapeutic and imaging agents to diseased
tissue, thereby increasing the effective concentration of these agents and reducing their
accumulation in healthy tissue.

I mproved routeroutes of drug administration: encapsulation of therapeutic agents to
improve pharmacokinetic properties of a drug.

Locally activated therapy: activation of a targeted therapeutic agent by external
effectors.

Multi-functionality: simultaneous targeted delivery of a therapeutic agent and an
imaging probe to monitor drug distribution.

New approachesto drug design: use of a new class of therapeutic agents: cell-
impermeable molecules that would be are translocated into cells only in diseased tissue
while not affecting healthy cells.

A therapy that would employemploying any or all of these concepts might exhibit much
higher efficacy and/or significantly reducereduced side effects. Such improvements are
especially importantneeded for cancer treatment, since the majority of anti-cancer drugs are
poisons that damage normal cells. In the following, we place special emphasis on cancer, but
it should be recognized that other diseased tissues might be treated using the strategies we
discuss.

Nanosized carriers for improved route of drug administration and multi-

functionality

Various nanosized drug-delivery vehicles, such as organic, metallic or semiconductor
nanoparticles, liposomes, micelles, viral particles, polymers and dendrimers are designed to
address the limitations of conventional drug delivery systems, including low aqueous
solubility, poor bioavailability and low therapeutic indices stemming from insufficient drug
concentration at disease sites (Davis et al., 2008, Gindy and Prud’homme, 2009). The
principle of drug encapsulation is extremely important, since it may create an opportunity to
use many amphiphilic or polar drugs that have established activities but cannot be used since
they do not passively cross a cell membrane. Another advantage is multi-functionality: both
therapeutic and imaging agents can be loaded at the same time in one nanoparticle to
monitor the amount and location of a therapeutic administration, using clinical imaging
methods. Among nanosized drug carriers are self assembling lipid-containing systems such
as liposomes and micelles, which deliver molecules trapped inside or within their
hydrophobic phospholipid bilayer (Semalty et al., 2009). Viruses have also been envisaged
as nanoparticle vectors suitable for drug delivery, vaccines, and gene therapy due to their
regular geometries, well characterized surface properties, and nanoscale dimensions (Aghi
and Martuza, 2005, Everts and van der Poel, 2005, Lin and Nemunaitis, 2004). At the same
time, despite extensive investigation of dozens of viral vectors for cancer treatment, and
promising results in clinical trials, the FDA has not approved any virus-based therapeutics,
because of toxicities widely reported in gene therapy. Various polymer molecules are
traditionally employed as drug delivery systems (Moghimi, 2006). Formulations using
dendrimers, hyper-branched synthetic macromolecules with controllable sizes and shapes,
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for drug delivery may have advantages over traditional polymeric systems (Samad et al.,
2009, Tekade et al., 2009).

Local activation therapy

A recentlyAn evolving strategy is to target an inactive entity to a tissue, and then activate it
with a signal, reducing incidental damage to a patient below the level attainable by either a
targeting strategy or an activating signal alone. Such synergistic binary approaches might
use activation by electromagnetic radiation, ultrasound, neutrons or other effectors
(Kankaanranta et al., 2007, O’Connor et al., 2009, Pisarev et al., 2007, Schroeder et al.,
2009). These are promising directions for the development of therapeutic approaches with
restricted side effects. Natotechnology has led to the fabrication of inorganic nanomaterials,
including nanocrystals, nanotubes and nanowires, with physical properties that appear
promising for biological and medical applications. For example, carbon nanotubes,
nanoshells and gold nanorods have attracted attention due to their strong absorbance in the
near infrared (NIR) window and release of energy in the form of heat, which can induce
irreversible local damage to the cells in a tumor (Hainfeld et al., 2004, Morris et al., 2006,
O’Connell et al., 2002). Hyperthermia can also be stimulated by using magnetic field
fluctuations to heat magnetic-nanoparticles (Duguet et al., 2006, Ito et al., 2005, Latorre and
Rinaldi, 2009). Neutron capture therapy based on the irradiation of boron-10 or gadolinium
clusters with thermal neutrons, generating short range high linear energy ionizing particles,
provides a means to deliver radiation locally at the cellular level (Kankaanranta et al., 2007,
Mitin et al., 2009, Pisarev et al., 2007). Another approach is to use NIR light to activate light
sensitive molecules to produce free radicals, which can destroy cancer cells (photodynamic
therapy) (O’Connor et al., 2009, Palumbo, 2007). Interaction of gold nanoparticles with keV
radiation of an appropriate energy can generate Auger and photo-electrons inducing death of
the cells in the vicinity of a gold nanoparticle (Hainfeld et al., 2004). Light or ultrasound can
also be used to enhance drug release at a disease site (Liapi and Geschwind, 2007, Schroeder
etal., 2009). Thus, there are many strategies that might be used if selective delivery to a
diseased tissue can be accomplished. However, finding the means to accomplish the
selective delivery to tumors or other tissues still remains a challenging problem, as discussed
below.

Disease-specific delivery coupled with local activation would allow i) accumulating and,
therefore, increasing the effective concentration of therapeutic or diagnostic agents in a
diseased area and so ii) reducing the side effects associated with treatment by reducing the
targeting of normal cells. Adding the dimension of local activation would further improve
the protection of normal tissue.

Cancer biomarkers and traditional targeting strategies

A great deal of effort has been devoted to the design and development of tumor selective
agents to improve visualization and treatment of cancerous tissue. Traditionally, receptors
and enzymes overexpressed in cancer cells are considered to be cancer biomarkers, serving
as indicators of the change in physiologic state during a the disease process (Hanke et al.,
2004, Janssens et al., 2004, Srinivas et al., 2001), and so there has been a focus on peptides
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and antibody fragments directed toward cell surface receptors (Freimark et al., 2007,
Goldsmith, 1997). Monoclonal antibodies were initially thought to be the most promising
candidates for specific targeting strategies; however, because of problems associated with
their specificity and high molecular weight, clinically successful developments have proven
difficult (Blattler and Chari, 2001). Only over the last few years has advanced antibody
engineering technology enabled therapeutic concepts based on antibodies and conjugates
thereof to successfully enter clinical practice (Carter, 2001, Payne, 2003). Antibodies and
their fragments have been used to map the expression or overexpression of tumor-related
proteins, such as prostate-specific membrane antigen (Polascik et al., 1999), human
epidermal growth factor receptor-2 (HER2) (Moasser, 2007); carcinoembryonic antigen (Lu
etal., 2007, Muxi et al., 1999)), TAG-72 (Muxi et al., 1999), Ep-CAM (de Bono et al.,
2004) and others. However, a number of complications still vex antibody applications, such
as purity, immunogenicity, slow diffusion in tissues, plasma clearance, and production
difficulties (Blattler and Chari, 2001).

An attractive, related direction is the development of low molecular weight peptides for
rapid tumor targeting. In contrast to antibodies, peptides can be easily synthesized, modified
and stabilized to obtain optimized pharmacokinetic parameters (Lister-James et al., 1997,
Signore et al., 2001). Usually they are not immunogenic and can have high receptor affinity.
The most developed and widely accepted are somatastatin analogs introduced to visualize
various somatostatin receptor-positive tumors (Buchsbaum, 2004, Krenning et al., 1999). A
number of other peptides targeting various receptors expressed in cancer cells have recently
been tested for tumor diagnosis as well (Ma et al., 2007, Signore et al., 2001).

Tumor acidosis

The most important limitation of specific cancer cell receptor targeting is the heterogeneity
of human cancers (Jeffrey et al., 2005). Recent studies of gene expression in cancer cells
indicate that a number of genes are up- and down-regulated, and that cells in a tumor are
heterogeneous. It is therefore problematic to rely on any single tumor biomarker even for
one type of cancer (Bild et al., 2006). Using tumor acidity may be an alternative, since it is
well established that salient features of the microenvironment of solid tumors include
hypoxia and extracellular acidity (Gatenby and Gillies, 2008, Griffiths, 1991). These factors
contribute to the selection of the cancerous phenotype, and also to the progression from
benign to malignant tumors. Acidosis is associated with tumor development both at very
early and at advanced stages (Gillies et al., 1994, Raghunand et al., 1999a)1999b). Rapidly
proliferating cancer cells become partially anaerobic, leading to the elevation of glycolysis
in response to hypoxia (Pasteur effect) (Krebs, 1972). Hypoxia and acidity are partly a result
of the chaotic and heterogeneous microvasculature structure of solid tumors, where the
oxygen concentration decreases with distance from a capillary (Gillies et al., 1999,
Schornack and Gillies, 2003). Hypoxia and low blood supply are involved in cancer
progression, but they are not the only mechanism responsible for the development of an
acidic environment within solid tumors. A hallmark of malignant cancers is an elevated
glucose uptake even under normal oxygen conditions, known as “aerobic glycolysis” or the
Warburg effect (Warburg et al., 1927). Cells exhibiting a Warburg effect catabolize glucose
at a high rate (Gillies et al., 2008, Newell et al., 1993).
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The consequence of glycolytic metabolism in any tissue is the formation of H*, which must
be removed from the cell if the internal milieu is to maintain its normal pH, because many
cellular processes have a narrow pH optimum. Four major types of intracellular pH (pHi)
regulatory mechanisms have been identified in tumor cells: Na*/H* exchangers, bicarbonate
transporters, proton-lactate symporters and proton pumps (Martinez-Zaguilan et al., 1993,
Robertson et al., 2004, Sennoune et al., 2004). These transmembrane proteins are ion pumps
or ion exchangers that pump protons across the plasma membrane from the cytoplasm to the
opposite site of the membrane, the extracellular space or the lumen of various organelles. A
consequence of the activity of ion pumps is an enhanced pH gradient across the plasma
membrane of cancer cells in comparison with normal cells, and a lower pH in the
extracellular milieu (Becelli et al., 2007, Gatenby and Gillies, 2004, Raghunand et al.,
19993, Tannock and Rotin, 1989).

Usually, exposure to an acidic environment results in cell death, however cancer cells adapt
through resistance to apoptosis and up-regulation of membrane ion channels in order to
maintain intracellular pH in the range of normality (Gatenby and Gillies, 2004). Indeed, the
unfavorable environment may favor tumor cell survival in acidic conditions via selection of
cells that are resistant to acid-induced cell toxicity and hypoxia-induced, p53-dependent
apoptosis (Gatenby et al., 2007, Graeber et al., 1996, Park et al., 1999, Williams et al.,
1999), and promote invasiveness by killing normal tissue cells. Malignant tumor cells not
only survive better in acidic environments, but they also demonstrate phagocytotic and
cannibalistic behavior (Fais, 2007, Lugini et al., 2006). Extracellular acidification promotes
cancer invasion and metastasis by increased secretion and activation of proteases, matrix
metalloproteinases, bone morphogenetic protein-1-type metalloproteinases, tissue serine
proteases, and adamalysin-related membrane proteases (Bhujwalla et al., 2002, Martinez-
Zaguilan et al., 1996, Rofstad et al., 2006). Enhanced mutation rates (Bindra and Glazer,
2005, Yuan and Glazer, 1998), chromosomal instability (Morita et al., 1991), and
spontaneous transformation (LeBoeuf et al., 1990) are associated with acidity. Hypoxia and
acidity also cause resistance to radiotherapies and chemotherapies (Raghunand and Gillies,
2001, Raghunand et al., 1999b1999c¢, Vaupel et al., 1989), and promote the expression of the
human multi-drug-resistance protein (Wei and Roepe, 1994).

Tumor acidity might be an alternative to specific molecular biomarkers for tumor targeting
and detection and may also be useful for monitoring therapy outcomes. Recently it has been
shown that the level of extracellular pH is related to the overall survival of canines with
spontaneous sarcomas. Thus, the pH was predictive of a clinical outcome (Lora-Michiels et
al., 2006). The advantages of targeting acidity include its generality and the absence of
tumor heterogeneity issues.

The need for hydrophobicity has been a constraint on drugs

If the target of a therapeutic is cytoplasmic, the selective delivery of therapeutics to a tumor
is not enough to improve treatment; the strategy must also enable the agent to cross the
hydrophaobic barrier of a cell membrane and release its payload to act inside cells. The two
major mechanisms for the translocation of molecules and nanoparticles across the membrane
are passive diffusion and endocytosis, although the latter still relies on permeation of the
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endosomal membrane (Andresen et al., 2005, Kim, 2007). Neither is specific for cancer
cells, so each would promote translocation of therapeutics across the membranes of cells in
both diseased and healthy tissues. In conventional drug design and discovery the Lipinski
rules of five are widely used to guide molecular designs. The rules postulate that a
successful drug should be hydrophobic and small in order to traverse membranes and reach
cytoplasmic targets (e.g. the logarithm of the octanol-water partition coefficient LogPqyy is
-0.4 to +5.6 and the MW is 160 to 480 g.mol1) (Lipinski et al., 2001). Drugs designed in
this way will indiscriminately enter all cells they encounter, and are also likely to be
substrates for efflux pumps that reduce their efficacy. It is important to note that the majority
of inhibitors found for biological targets located inside a cell are molecules (in most cases,
peptides) that cannot cross a membrane (Sun et al., 2008, Tsutsumi and Neckers, 2007,
Wang et al., 2000). Another large class of cell-impermeable functional molecules comprises
gene regulation agents such as DNA, siRNA, and PNA (peptide nucleic acid) (Elayadi and
Corey, 2001, Knudsen and Nielsen, 1997). Gene-targeted therapies might lead to a
revolution in cancer therapeutics; however, the delivery of these agents, involving passage
through the cell membrane, appears to be a general problem (Nielsen, 2005).

Cell-penetrating peptides are used as one approach to the delivery of liposomes,
nanoparticles, adenoviruses, and a variety of biological molecules into cells (Munoz-Morris
etal., 2007, Patel et al., 2007, Thoren et al., 2000). Among these peptides are TAT (peptide
derived from the trans-activating transcriptional activator (TAT) protein), antennapedia,
arginine-rich peptides and others. The mechanisms of entry are still under discussion (Vives
et al., 2003) but it is most likely they enter cell via the endocytic pathway and act
cooperatively. When taken up by endocytosis, molecules or nanoparticles are trapped in the
lysosome compartment and need to be released into the cytoplasm. To induce this process, a
pH-sensitive polymer coating has been developed (Ganta et al., 2008). Usually, the
polymers contain multiple carboxyl groups, which become protonated in an acidic
endosome (pH 5.0) and change their properties to break through the membrane.

Membrane peptides as a novel class of delivery agents

The folding and insertion into membrane of constitutive membrane proteins is facilitated by
complex molecular machines in vivo, including the translocon that places most
transmembrane helices across the bilayer (Osborne et al., 2005, Van den Berg et al., 2004,
White and von Heijne, 2004). At the same time, non-constitutive membrane proteins, such
as toxins, antimicrobial peptides, C-tail proteins insert themselves into a lipid bilayer
without assistance. It has been found that moderately polar transmembrane domains with
sequences of up to 85 residues can translocate themselves into membranes in a translocon-
defective yeast strain, in contrast to more hydrophobic sequences that cannot (Brambillasca
et al., 2006, Brambillasca et al., 2005). Further, there is a class of synthetic peptides that fold
and insert when they interact with a lipid bilayer (Holt and Killian, 2009, Wimley and
White, 2000). Because the spontaneous insertion and folding of a peptide into a lipid bilayer
should seek the free energy minimum, an insertion event is accompanied by a release of
energy (Engelman et al., 2003). Therefore, it is reasonable to suppose that the energy might
be used to translocate cell-impermeable cargo molecules across a cellular membrane. It
follows that moderately hydrophobic peptides might be considered as the basis for a novel

Mol Membr Biol. Author manuscript; available in PMC 2015 December 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andreev et al.

Page 7

class of delivery agents. However, several key properties must be preserved for practical
use, including aqueous solubility and lack of toxicity.

pH (Low) Insertion Peptide: pHLIP

Toxicity

Attempts have been made to design synthetic peptides that are soluble in aqueous solution,
and that spontaneously and selectively insert into a membrane (Wimley and White, 2000).
The only significant success to date remains the discovery of pHLIP, named from: pH (Low)
Insertion Peptide (Figure 1). pHLIP is a water-soluble polypeptide derived from the
bacteriorhodopsin C helix, which was found to insert across a membrane to form a stable
transmembrane alpha helix (Hunt et al., 1997). Peptide folding and membrane insertion are
driven by a drop of pH from neutral or high (>7.4) to slightly acidic (7.0-6.5 and less) pHs.
The apparent pK of insertion was found to be 6.0 (Hunt et al., 1997, Reshetnyak et al.,
2008). pHLIP is a monomer in each of its three major states: unstructured and soluble in
water (state 1) at neutral pH, unstructured and bound to the surface of a membrane at neutral
pH (state 1), and inserted across the membrane as an a-helix at low pH (state 111) (Figure 2).

Toxicity is one of the most critical issues in the selection of any delivery agent. For
example, the use of pore-forming membrane peptides as delivery agents is complicated by
the toxicity associated with the formation of pores in cellular membranes in vivo (Shai,
1999). By contrast, the interaction of pHLIP with liposomes and cellular membranes at both
neutral and low pHs does not lead to membrane leakage (Reshetnyak et al., 2007, Zoonens
et al., 2008), and no cellular toxicity was seen over a range of peptide concentrations
(Andreev et al., 2007). Also, mice receiving a high dose (about 5 mg/kg) of peptide did not
show any obvious adverse effects within two months after intravenous peptide
administration (Andreev et al., 2009). Despite these encouraging observations, a systematic
toxicity study is needed.

Selectivity of targeting

The pH-dependent interaction of pHLIP with membranes allows selectivity in the targeting
of acidic diseased tissue. As noted above, acidity and hypoxia are considered as universal
cancer biomarkers, and pHLIP is used as an acidity-targeting probe (Andreev et al., 2009,
Vavere et al., 2009). Besides cancer, many other pathological states, such as inflammation,
ischemia, stroke, arthritis and others are characterized by acidity in the extracellular space,
which may broaden the potential applications of pHLIP (Holzer, 2009, Kellum et al., 2004,
Xiong et al., 2008). In vivo fluorescence imaging in mice and rats demonstrates that pHLIP
can target acidic tissues, such as kidneys, tumors of various sizes and origins, and the site of
experimentally induced inflammatory arthritis (Andreev et al., 2009). In addition to
fluorescence imaging, PET (positron emission tomography) imaging of the acidic
environment in human prostate tumors was performed using $4Cu-DOTA conjugated to
pHLIP (Vavere et al., 2009). PET studies demonstrated that the construct avidly
accumulated in LNCaP and PC-3 tumors and that tumor uptake correlates with the
differences in the bulk extracellular pH (pHe) measured by MR spectroscopy. Feeding
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animals with bicarbonated water, which increases tissue pH (Raghunand et al.,
1999a)1999b), results in a reduction of tumor targeting by pHLIP (Vavere et al., 2009).

mechanism of pH-dependent membrane insertion of pHLIP

The putative transmembrane (TM) part of pHLIP peptide contains two Asp residues (see
Figure 1). At neutral pH these charged residues enhance peptide solubility and serve as
anchors keeping the peptide at the surface of membrane, thereby preventing pHLIP
partitioning into the hydrophobic membrane bilayer (Andreev et al., 2009, Musial-Siwek et
al., 2009, Musial-Siwek et al., 2010). A reduction of pH induces protonation of Asp
residues, and as a result, the overall hydrophobicity of the peptide increases, enhancing the
affinity of the peptide for the lipid bilayer core and triggering peptide folding and insertion.
The replacement of the key Asp residues in by Lys, Ala or Asn leads to the loss of peptide
of pH-dependent membrane insertion, as measured in liposomes, red blood cells and
confirmed by in vivo fluorescence imaging (Andreev et al., 2009, Musial-Siwek et al.,
2009)2010). The K-pHLIP peptide, where the two Asp residues in the putative
transmembrane region are replaced with Lys residues, does not demonstrate tumor targeting
(Andreev et al., 2009, Musial-Siwek et al., 2009)2010). The Ala substitutions give a peptide
that aggregates in solution, while the Lys and Asn substitutions give peptides that are too
polar to insert either at neutral or low pH. The replacement of one of the Asp residues in the
TM part of the peptide by a Glu residue results in a shift of pH of membrane insertion from
6.0 to 6.5 (Andreev et al., 2009, Musial-Siwek et al., 2009)2010). Replacement of both Asp
residues by Glu results in enhancement of peptide aggregation and formation of elements of
secondary structure on the bilayer surface at neutral pH. There are experimental data, as well
as theoretical calculations are indicating that pK of protonation/deprotonation of various
amino acids located at border of lipid bilayer or inside membrane could be significantly
altered (Balashov, 2000, Ghosh et al., 2009, Ladokhin and White, 2004, Yoo and Cui,
2008). Therefore it is not surprising to observe that the apparent pK for Asp residues in
pHLIP is 6.0 and could be altered to higher or lower values.

Data obtained on model systems (liposomes), cultured cells and mice allow us to conclude
that the mechanism of membrane entry of pHLIP is not mediated by endocytosis,
interactions with cell receptors or pore formation (Andreev et al., 2009, Reshetnyak et al.,
2006, Reshetnyak et al., 2007); rather, the mechanism is simply the formation of a helix
across the lipid bilayer, triggered by the increase of peptide hydrophobicity due to the
protonation of negatively charged residues induced by low pH.

Solubility and stability of pHLIP in blood

Poor solubility due to aggregation is a typical property of membrane peptides, which has
complicated studies and applications. pHLIP, as any membrane peptide, also has a tendency
to aggregate, especially at high concentrations and/or low pH (Musial-Siwek et al.,
20092010, Reshetnyak et al., 2007). However, in aqueous solution at neutral pH pHLIP
exists as a monomer at concentrations less than 30 pg/mL (~7.0 uM), as studied by
fluorescence and CD spectroscopy measurements, size exclusion chromatography coupled
with “on-line” laser light scattering, ultraviolet and refractive index detection (SEC-
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LS/UV/RI) and analytical ultracentrifugation experiments (Reshetnyak et al., 2007). Our
studies indicate that, when the solubility of the peptide is compromised as a result of
mutations, the affinity of the peptide for a membrane and its overall conformational
properties can change.

The oligomeric state of the peptide on the surface of a membrane (state I1) and inserted into
the lipid bilayer (state I11) were evaluated by FRET performed with two different donor-
acceptor probes attached to the N-terminus of the peptide (Reshetnyak et al., 2007). The data
demonstrate that, at low concentrations, the peptide is monomeric in both states 1l and I11.

Peptide interactions with proteins, especially plasma proteins, and membranes determine the
pharmacokinetics of the peptide at neutral pH. pHLIP demonstrates prolonged circulation in
the blood (several hours), which is consistent with its ability to bind weakly to membrane
surfaces at neutral and high pH, preventing the rapid clearance by the kidney expected for a
small, soluble peptide (Andreev et al., 2009, Reshetnyak et al., 2008). According to our data,
pHLIP binding to membranes is mostly driven by hydrophobic interactions (Reshetnyak et
al., 2008). If the peptide sequence were made more hydrophobic, we would expect tighter
binding to red blood cells and epithelial cells and more aggregation in solution, and slower
clearance and reduced bioavailability. On the other hand, making the peptide less
hydrophobic might accelerate clearance and prevent the peptide from finding its targets.
Therefore, solubility is an important property to manage as applications in vivo are
developed.

Another important property is the stability of peptides in the blood, since proteases in the
serum can degrade peptides consisting of L-amino acids within minutes. While polypeptides
made from D-amino acids are much more stable (Hong et al., 1999), they are often
unsuitable for specific receptor binding applications as a consequence of their altered
chirality. Since the mechanism of pHLIP involves relatively nonspecific interactions with a
fluid lipid bilayer, it is not a surprise that pHLIP peptides composed of L- or D-amino acids
demonstrate the same biophysical and tumor targeting properties (Andreev et al., 2009).
This observation adds to the evidence that the pHLIP targeting does not require any specific
molecular binding event. The only conspicuous difference is that D-pHLIPs form left-
handed helices across membranes rather than the right-handed helices formed by L-pHLIPs
(Andreev et al., 2009).

Topology of membrane insertion

Is there a specific orientation of pHLIP insertion, or can either end insert? The topology of
pHLIP insertion was probed using an NBD-dithionite quenching assay (Mclntyre and
Sleight, 1991), and then confirmed in experiments on cultured cells (Reshetnyak et al., 2006,
Thevenin et al., 2009). NDB and IANBD were covalently attached to the N- and the C-
terminus of pHLIP peptides, respectively (Reshetnyak et al., 2006, Reshetnyak et al., 2007).
Fluorescently labeled peptides were inserted into the lipid bilayer at low pH, and changes of
in the fluorescence signal of NDB NBD were measured after quenching by dithionite, a
membrane-impermeable agent that abolishes NBD fluorescence if it contacts the dye. The
data clearly indicate that the N-terminus of pHLIP stays outside of the bilayer, while the C-
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terminus inserts across the lipid bilayer at low pH (Reshetnyak et al., 2006, Reshetnyak et
al., 2007).

Cargo translocation by pHLIP insertion

What is the source and magnitude of the insertion energy that might be used to move cargo
across a membrane? The partition of pHLIP into the outer leaflet of lipid bilayer at neutral
pH and the folding/insertion at low pH are accompanied by the release of energy
(Reshetnyak et al., 2008). Fluorescence spectroscopy, isothermal titration calorimetry and
acid titration calorimetry were used to study the interactions of pHLIP with a POPC lipid
bilayer and to calculate the transition energies between states. The Gibbs Free Energy of
binding to a POPC surface (state | - state Il transition) at 37°C is about -7 kcal/mol near
neutral pH and the additional free energy of insertion and folding across a lipid bilayer at
low pH (state 11 - state 11l transition) is nearly -2 kcal/mol (Reshetnyak et al., 2008). The
energy difference between state Il and state 111 could be used to move favor the partition of
cargo across the hydrophobic bilayer of membrane. By knowing this energy, it is possible to
estimate the polarity of cargo molecules that can be translocated across a membrane by
pHLIP: 2 kcal/mol might be enough to translocate molecules with LogPgy, ~ -1.4 [AG = -
RT InPgy, where RT ~0.6 kcal/mol at room temperature]. Thus, membrane-impermeable
cargo molecules with LogP,yq in range of -0.5 to -3 might be translocated (with probability
proportional to the LogPg,) across a membrane. If the cargo is released, as in delivery to a
cell using a link that is broken in the cytoplasm, the progressive mass action will exploit
even a weakly favorable energy balance to accumulate delivered cargo in a cell.

To experimentally evaluate the range of cargo polarity that pHLIP can move across a
membrane we used an assay based on the NDB-dithionite quenching experiments described
above (Thevenin et al., 2009). NDB was attached to cyclic peptides having a range of
hydrophobicity, with calculated LogPq, values at low pH ranging from -2.6 to -8.5. The
cyclic peptides were conjugated to a Cys residue at the C-terminus of pHLIP via an S-S
bond, and translocation was accessed by quenching of NBD fluorescence. We found that
cargo molecules with a LogPg,, of ~—2.6 and MW of ~800 are delivered into both
liposomes and cancer cells at low pH with an efficiency of about 70%, while cargo
molecules with calculated LogPg,, values of -8 could not be moved across either membrane
(Thevenin et al., 2009). These results are in good agreement with the expectation from the
thermodynamics studies.

Kinetics of pHLIP insertion into membrane

While the equilibrium thermodynamics favor binding and insertion of pHLIP, slow kinetics
could be limiting for in vivo use, since blood flow is very fast. Kinetic studies of pHLIP
folding and insertion across a POPC lipid bilayer triggered by a pH drop from 8.0 to 4.0
indicate that insertion takes 100 sec(!), with a rapid (0.1 sec) interfacial helix formation
followed by insertion to give a transmembrane helix (Andreev et al., 2010). In the case of a
pH drop to 6.0 the insertion is slower, about 300 sec (unpublished work). However, recent
data obtained on various pHLIP variants show that the process of insertion can be
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accelerated by 10-20100 times if acidic residues are removed from the C-terminus of the
peptide (unpublished work).

Dual delivery capability of pHLIP

pHLIP, in contrast to cell-penetrating peptides, stays in the cellular membrane after
insertion, translocating one end into cytoplasm and leaving the other end in the extracellular
space (Andreev et al., 2009). Therefore, the peptide possesses dual delivery capabilities: it
can tether cargo molecules to the cell surface and/or it can inject and release cell-
impermeable cargo molecules into the cytoplasm (Figure 3). In the first scenario, a cargo
molecule is attached to the pHLIP N-terminus. External cargo could be of Suitable external
cargo molecules might possess a wide range of polarity and size. One of the applications can
be to deliver imaging probes to acidic tissue, where they will be stably tethered to the
surfaces of cells. Our recent data indicate that pHLIP can deliver and tether various
nanoparticles to the surface of cancer cells (unpublished data). The second delivery
capability of pHLIP is based on the conjugation of cargo molecules to the C-terminus via a
bond that is cleaved in the environment of the cytoplasm, such as a disulfide. Since the
energy released during peptide folding and insertion across a membrane is limited, and since
strongly polar molecules will reach equilibrium slowly, there is a limit on cargo polarity
(and most probably on size as well) that can be delivered across a membrane by pHLIP,
even taking into account the mass action effect discussed above. For example, we did not
succeed in the translocation of a 20 base oligonucleotide, probably because of theits highly
charged backbone (Reshetnyak et al., 2006).

pHLIP-mediated translocation of cell-impermeable functional cargos

As already discussed, pHLIP can translocate cargo molecules attached to its C-terminus.
Translocation is selective for low pH, and various types of cargo molecules attached by
disulfides can be released in the cytoplasm, including various fluorescent dyes, synthetic
cyclic peptides, toxins and peptide nucleic acids (Reshetnyak et al., 2006). We have shown
that a cell-impermeable fluorescently-labeled toxin, phalloidin-rhodamine, conjugated to the
C-terminus of pHLIP via an S-S- bond, can be moved across the membrane in a pH-
dependent manner (Reshetnyak et al., 2006) and unpublished work. The pH-dependent
translocation of the fluorescent phalloidin by the peptide was confirmed by fluorescence
microscopy and fluorescence activated cell sorting. If phalloidin-rhodamine enters a cell, it
binds tightly to actin filaments at nanomolar concentration (Kp = 40 nM) and strongly
inhibits their depolymerization (Wehland et al., 1977). Actin filaments stained with
fluorescent phalloidin have an unmistakable filamentous pattern, distinct from the
appearance of other cellular structures, organelles or membrane staining. The phalloidin
translocated into the cytoplasm of live cells inhibits the proliferation, contractility, migration
and division of cells. A long term effect of phalloidin is the formation of multinucleated
cells, since nuclei can divide in treated cells, but the cell itself cannot. This process leads to
the formation of multiple nuclei in one cell and eventual cell death.

Another example is the translocation of a class of cell-impermeable functional cargo-
molecule, peptide nucleic acids (PNA), by pHLIP (Reshetnyak et al., 2006). PNAs can base
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pair specifically to target nucleic acid sequences, but lack the highly charged backbone of
biological nucleic acids, and are therefore candidates for pHLIP delivery. In vitro studies
show that PNA can inhibit both transcription and translation of genes to which it has been
targeted, which suggests use of PNA in antigene and antisense therapy (Nielsen, 2005).
However, a major obstacle has been the delivery of PNA (as well as RNA or ODN) across
membranes into cells. We have demonstrated the ability of pHLIP to translocate a
fluorescence-labeled 12 base PNA into cells (Reshetnyak et al., 2006). Treatment of cells
with PNA-rhodamine alone did not give fluorescent staining of cells at pH 6.5 or 7.4, but
fluorescence was observed in cells when the PNA was linked to the C-terminus of pHLIP
via a disulfide and added at pH 6.5. We verified that the labeled cells were alive by using the
dead cell marker SYTOX-Green. In more recent in vivo studies we find that pHLIP can
deliver an18-base PNA (MW 4.7 kDa) to a mouse tumor, translocate PNA across
membranes, and activate luciferase expression in a result of splicing correction (unpublished
work).

pHLIP represents pHLIPs are a new class of delivery agents

In summary, we would like to outline the general features that define the pHLIP class of
polypeptides. To date, we have studied more than 20 different variants of the parent pHLIP
sequence given in Figure 1. The sequence is presented as having three main blocks. The
middle part is a moderately polar sequence that contains protonatable residues, and is the
environment-sensitive, membrane inserting part of the peptide. Recent studies show that the
transmembrane helix might be as short as 15 residues (London and Shahidullah, 2009),
therefore we assume that the membrane-inserting sequences might consist of ~15 to 25
amino acids. The other two blocks are the two flanking sequences. The role of the flanking
sequences is mostly to modulate the peptide solubility, but might also include functional
motifs; for example, protease cleavage or receptor binding sequences, or amino acids that
can undergo phosphorylation in the cytoplasm. There are several restrictions applied to the
flanking sequence that inserts across the membrane: i) it should not contain many charged
residues (especially positive charges); ii) it should not be long; iii) the speed and
cooperativity of peptide insertion into membrane will depend on the number of Asp or Glu
residues present in this sequence. On the other hand, there is no specific restriction to the
flanking sequence that stays outside of membrane other than its role in peptide solubility;
however a danger is that dramatic changes of peptide pharmacokinetics might result from
extreme variations. The membrane-inserting sequence of pHLIP does not contain Cys or Lys
residues. Any of these residues or both could be placed at the N- or C-terminus of the
peptide for the purpose of cargo conjugation to pHLIP (NHS and maleimide click chemistry
is developed very well and widely used for conjugation purposes). We are optimistic that the
pHLIP technology will have utility in a variety of medical and scientific applications.
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AEQNPIY||WARYADWLFTTPLLLLDLALLV

DADEGT

Flanking sequence1 Membrane-inserting sequence

Figure 1.
The sequence of pHLIP peptide.
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Figure 2.

The three major states of pHLIP at a concentration of < 30 pg/mL are illustrated:
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State Il

unstructured and soluble in water at pH >7 (state 1), unstructured and bound to the surface of
a lipid bilayer at the same pH and at a lipid:peptide molar ratio > 100 (state 1), and inserted
across the bilayer as an a-helix at low pH (state 111). The Figure is taken from (Reshetnyak

etal., 2007).
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Figure 3.
A schematic representation of the dual delivery capabilities of pHLIP is shown: a) tethering

of cargo molecules to the surface of cells with low extracellular pH and b) translocation of
cell-impermeable polar cargo molecules across the membrane lipid bilayer. State |
corresponds to the peptide in solution at normal and basic pHs. By addition of vesicles, the
unstructured peptide is adsorbed on the membrane surface, raising the local concentration
(State I1). A drop of pH leads to the protonation of Asp residues, increasing peptide
hydrophobicity, and resulting in the insertion and formation of a transmembrane alpha-helix
(State I11). Lipids interacting with the peptide directly are marked with blue head groups,
lipids influenced by the interaction but not interacting with the peptide directly have cyan
head groups, and lipids that are not involved in the interaction with pHLIP have yellow head
groups. The reprinted from (Andreev et al., 2009) (http://chemistry-
today.teknoscienze.com/).
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