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Abstract

Several cationic antimicrobial peptides have been investigated as potential anti-cancer drugs due
to their demonstrated selective toxicity towards cancer cells relative to normal cells. For example,
intracellular delivery of KLA, a pro-apoptotic peptide, results in toxicity against a variety of
cancer cell lines; however, the relatively low activity and small size leads to rapid renal excretion
when applied in vivo, limiting its therapeutic potential. In this work, apoptotic peptide-polymer
hybrid materials were developed to increase apoptotic peptide activity via multivalent display.
Multivalent peptide materials were prepared with comb-like structure by RAFT copolymerization
of peptide macromonomers with N-(2-hydroxypropyl) methacrylamide (HPMA). Polymers
displayed a GKRK peptide sequence for targeting p32, a protein often overexpressed on the
surface of cancer cells, either fused with or as a comonomer to a KLA macromonomer. In three
tested cancer cell lines, apoptotic polymers were significantly more cytotoxic than free peptides as
evidenced by an order of magnitude decrease in ICsq values for the polymers compared to free
peptide. The uptake efficiency and intracellular trafficking of one polymer construct was
determined by radiolabeling and subcellular fractionation. Despite their more potent cytotoxic
profile, polymeric KLA constructs have poor cellular uptake efficiency (<1%). A significant
fraction (20%) of internalized constructs localize with intact mitochondrial fractions. In an effort
to increase cellular uptake, polymer amines were converted to guanidines by reaction with O-
methylisourea. Guanidinylated polymers disrupted function of isolated mitochondria more than
their lysine-based analogs, but overall toxicity was decreased, likely due to inefficient
mitochondrial trafficking. Thus, while multivalent KLA polymers are more potent than KLA
peptides, these materials can be substantially improved by designing next generation materials
with improved cellular internalization and mitochondrial targeting efficiency.
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1 Introduction

One class of potential anti-cancer agents draws inspiration from cationic antimicrobial
peptides (CAP), natural host defense mechanisms widely conserved in diverse species [1, 2].
These peptides eliminate a wide range of bacteria, fungi, viruses, and protozoa [3, 4] by
disrupting negatively-charged membranes through electrostatic interactions, leading to pore
formation, cellular depolarization, and cell death [5]. Minimal bacterial resistance was
developed against antimicrobial amphiphilic polymers over several hundred cellular
divisions compared to rapid development of antibiotic resistance, suggesting that drug
strategies based on membrane-disruption are less susceptible to drug resistance [6]. Most
CAPs have low cytotoxicity towards healthy eukaryotic cells, whose cellular membranes
contain high levels of zwitterionic phosphatidylcholine resulting in minimal CAP
interaction. Cancer cells, however, frequently overexpress anionic phospholipids, such as
phosphatidylserine and O-glycosylated mucins, resulting in net-negative membranes that
interact with CAPs [2, 7]. Therefore, many CAPs show selective toxicity towards cancer
cells relative to normal cells.

Additionally, intracellular delivery of these CAPs can induce mitochondrial dysfunction [8].
Mitochondrial membranes resemble bacterial membranes and are disrupted upon exposure
to CAPs, inducing cellular apoptosis through the release of cytochrome ¢ [8]. The peptide
sequence (KLAKLAK),, or “KLA”, has been shown to permeabilize mitochondrial
membranes in a local peptide concentration-dependent manner [4, 8]. KLA has therefore
been investigated as a pro-apoptotic agent in fusion peptide [8-11], polymer conjugate [12],
and nanoparticle conjugate [13] form. These materials have been studied in several cancer
cell lines and animal models both in vitro and in vivo, showing promising cancer cell killing
[10, 12, 13]. However, the requirement for high intracellular concentrations pose a
significant barrier to clinical translation.

Multivalent polymeric display can significantly increase the activity of functional peptides
and drugs. Dendrimeric display of folate, for example, has been shown to increase binding
avidity up to 5 orders of magnitude [14]. Likewise, multivalent display of apoptotic peptides
increased activity by over an order of magnitude [12, 15]. Multivalent strategies to increase
peptide bioactivity can allow for rational design and optimization of materials for cancer
applications.

In this work, peptide copolymers were synthesized via reverse addition-fragmentation chain
transfer (RAFT) polymerization of N-(2-hydroxypropyl) methacrylamide (HPMA) with
methacrylamido-functionalized peptide macromonomers and evaluated in several cancer
lines. Two peptide sequences were used, the KLA apoptotic sequence and a GKRK targeting
ligand for p32, a mitochondrial protein frequently overexpressed on the surface of tumor
cells [16], isolated from phage display. Two peptide-HPMA copolymers with differing
display of the peptides were evaluated: (i) pHGcK, a copolymer of GKRK, KLA, and
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HPMA, and (ii) pHGfK, a copolymer of GKRK-KLA fusion peptide and HPMA. These
polymers were evaluated for in vitro cellular toxicity, plasma membrane disruption,
intracellular trafficking, and inhibition of mitochondrial respiration.

2 Materials and Methods

2.1 Materials

N-(2-hydroxypropyl)methacrylamide (HPMA) was purchased from Polysciences
(Warrington, PA). The initiator VA-044 was purchased from Wako Chemicals (Richmond,
VA). Fmoc-protected amino acids and HBTU were purchased from AAPPTec (Louisville,
KY), N-succinimidyl methacrylate from TCI America (Portland, Oregon), and Rink Amide
Resin from EMD Biosciences (Darmstad, Germany). All other materials were reagent grade
or better and were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.

2.2 Material synthesis

2.2.1. Peptide monomers—Three peptides were synthesized using (o) and () amino
acids and 6-aminohexanoic acid (Ahx): Ahx(o)[KLAKLAK], (composed of only () amino
acids); AhxGKRK(o)[KLAKLAK], (composed of (L) amino acid uptake sequence GKRK
with (o)-amino acid KLA); and AhxGKRK (composed of only (.) amino acids). Peptides
were synthesized on solid support with Rink amide linker following standard Fmoc
chemistry on an automated PS3 peptide synthesizer (Protein Technologies, Phoenix, AZ).
Prior to peptide cleavage from the resin, the amino termini of the peptides were deprotected
and coupled with N-succinimidyl methacrylate. These functionalized peptide monomers are
respectively called MaAhxKLA, MaAhxGKRK-KLA, and MaAhxGKRK. Synthesized
peptides were cleaved from resin by treatment of solid support with a solution of TFA/H,0/
triisopropylsilane (T1PS)/1,3-dimethoxybenzene (90:2.5:2.5:5, v/iv/v) for 2.5 hours under
gentle mixing. Cleaved peptide monomers were precipitated in cold ether, dissolved in
methanol and re-precipitated twice in cold ether. Each peptide monomer was purified to >
95% purity using RP-HPLC and analyzed by MALDI-TOF MS.

2.2.2. Polymers—Four polymers were synthesized: HPMA-co-(MaAhxGKRK-KLA)
(pHGTK), HPMA-co-MaAhxKLA-co-MaAhxGKRK (pHGcK), and two HPMA-co-
MaAhxGKRK copolymers (pHG35k, pHG64k). pHGK, pHGcK, and pHG35k were
synthesized with a monomer to chain transfer agent ratio of 142 and pHG64k with a ratio of
226; all polymers had 10% peptide mole feed. Monomers were dissolved in 9:1 acetate
buffer (1 M, pH 5.1):ethanol (v/v) such that the final monomer concentration of the solution
was 0.7 M. The RAFT chain transfer agent (CTA) used was ethyl cyanovaleric
trithiocarbonate (ECT, molecular weight 263.4 g/mol) and the initiator (1) used was VA-044.
The molar ratios of total monomer:CTA:I at the start of polymerization were 142:1:0.1 and
226:1:0.1, respectively. The reaction solutions were transferred to round bottom flasks,
capped with a rubber septum, purged with argon for 10 min, and the submerged in a 44 °C
oil bath to initiate polymerization. The polymerization was allowed to proceed for 24 hrs.
The flasks were removed from the oil bath and polymers dialyzed against distilled H,O to
removed unreacted monomers and buffer salts. The dialyzed polymers were lyophilized dry.
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2.2.3. Guanidinylation of peptide and polymers—15 mg of the pHGcK and pHGfK
copolymers and 12 mg of AcAhxKLA were dissolved in 1 mL of half-saturated NaHCOs.
60 mg of o-methylisourea was dissolved in 1 mL of half-saturated NaHCO3 and added to
each solution. Guanidinylation reaction was allowed to proceed at room temperature under
stirring for 3 days. After 3 days, polymer reactions were dialyzed again distilled H,O to
purify. Guanidinylated peptide was purified by RP-HPLC and analyzed by MALDI-TOF
MS.

2.2.4 Size exclusion chromatography—Molecular weight analysis was carried out by
size exclusion chromatography. The copolymers were dissolved at 2 mg/mL in running
buffer (150 mM acetate buffer, pH 4.4) for analysis by size exclusion chromatography-
multiangle laser light scattering (SEC-MALLS). Analysis was carried out on an OHpak
SB-804 HQ column (Shodex, New York, NY) in line with a miniDAWN TREOS multiangle
light scattering detector (Wyatt, Santa Barbara, CA) and an OptiLab rEX refractive index
detector (Wyatt). Absolute molecular weight averages (M, M,) were calculated using
ASTRA software (Wyatt).

2.2.5 Amino acid analysis—The polymer composition was determined through
modified amino acid analysis following the method of Bidlingmeyer and coworkers [17].
Briefly, hydrolyzed polymer samples were run on a ZORBAX Eclipse Plus C18 (Agilent
Technologies, Santa Clara, CA) HPLC column with pre-column derivatization using o-
phthalaldehyde/p-mercaptopropionic acid to label hydrolyzed amino acids and 1-amino-2-
propanol (hydrolyzed HPMA\). Calibration curves were generated using serial dilutions of
(L)-lysing, ()-arginine, and reagent grade 1-amino-2-propanol.

2.2.6 3H-pHGfK radiolabeling—pHGfK was 3H-labeled using 3H-acetic anhydride. 5
mg of polymer was dissolved in 500 pL of 5% triethylamine in N,N-dimethylformamide. 2.5
uL of H3-acetic anhydride was added and reaction allowed to proceed under mixing for 2
hrs. Polymer was precipitated in ice-cold ether, dissolved in methanol and reprecipitated
twice in ice-cold ether.

2.3 Polymer cytotoxicity

The cytotoxicity of the polymers was evaluated in vitro using the MTS assay. GL261
(murine glioma), SNB-19 (human glioblastoma), and HeLa (human cervical cancer) cells
were plated overnight in 96-well plates at a density of 3000, 1500, and 2500 cells per well
per 0.1 mL growth media, respectively. Polymers of various concentrations were prepared in
phosphate buffered saline (PBS) and then diluted 10-fold in complete growth media. The
cells were rinsed once with PBS and incubated with 100 pL of the polymer solution for 48
hrs at 37 °C, 5% CO». At 48 hrs, 20 pL of 3-(4,5-dimethylthiazol-2-yI)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Promega, Madison, WI)
was added to each well. Cells were then incubated for 3 hrs and absorbance measured at 1.5
hrs and 3 hrs at 490 nm using a plate reader (Tecan Safire2, Mannerdorf, Switzerland). I1Cs
values were determined using a nonlinear fit (four-parameter variable slope) in GraphPad
Prism v.6 (San Diego, CA).
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2.4 Hemolysis assay

A hemolysis assay was used to evaluate the membrane-lytic activity of the synthesized
materials following the procedure described by Hoffman and co-workers [18]. Briefly,
plasma from freshly isolated human blood was removed by centrifugation. The cell layer
containing the erythrocytes was washed three times with 150 mM NaCl and resuspended
into phosphate buffer at pH 7.4. 16 pL of polymer at various concentrations and 1% Triton
X-100 as control were added to 184 L of erythrocyte suspensions in a 96-well conical plate
and incubated for 1 h at 37 °C. The plate was then centrifuged, pelleting intact erythrocytes,
and 100 pL of supernatant transferred to a 96-well flat bottom plate. Released hemoglobin
within the supernatant was measured at 541 nm absorbance and percent hemolysis was
calculated relative to the Triton X-100 control. Experiments were performed in triplicate.

2.5 Cellular uptake and subcellular fractionation

Subcellular fractionation experiments were completed as previously described by Shi et al
with minor modifications [19]. HeLa cells were seeded in 150 mm? dishes at 5 x 108 cells
per 20 mL media per dish 24 h prior to the start of the experiment. Radiolabeled pHGfK was
added to cells for a final concentration of 1 mM polymer and incubated for 6 hrs at 37 °C,
5% CO,. After a 6 h incubation, media was collected. Cells will be washed once with PBS,
incubated with CellScrub (Genlantis, San Diego, CA) for 15 min at room temperature,
washed twice in DPBS (no MgCly, CaCly,), lifted off the plates in PBS, and then transferred
to conical tubes. To remove dead/compromised cells, cells were washed twice with PBS,
pelleting cells at 500g for 5 min after each wash. The cells were washed once with
homogenization buffer (HB) (250 mM sucrose, 10 mM HEPES-NaOH, 1 mM EDTA, pH
7.4), pelleting the cells at 1000g for 6 min. The resulting pellet was then resuspended in 2.5%
the wet pellet mass of HB (containing 1x protease inhibitors). Cells were homogenized with
a 25-gauge needle until greater than 90% cell lysis was achieved.

Fractionation into a nuclear (N), heavy mitochondrial (HM), light mitochondrial (LM),
microsomal (MF), and cytosolic (C) fractions was completed via differential centrifugation
as previously described [19]. Briefly, the cell lysate was centrifuged at 1000g for 10 min.
The resulting pellet (N) was resuspended in HB and centrifuged again. The remaining post-
nuclear supernatant (PNS) was combined from both washes, and centrifuged at 3000g,
15,000g, and 100,000g, each with a wash step, to yield the HM, LM, MF pellets and C
supernatant. For radioactivity analysis, samples were mixed with Ultima Gold XR
scintillation fluid (Perkin Elmer, Waltham, MA), and then analyzed for radioactivity using a
Beckman LS-6500 scintillation counter (Beckman Coulter Inc, Pasadena, CA).

2.6 Mitochondrial respiration assay

Mitochondria were isolated using established protocols with minor modifications [20]. Four
confluent T225 flasks of SNB-19 cells were trypsinized, collected, and pelleted at 400g for 5
min at 4 °C. The cell pellet was washed twice with ice-cold Isolation Buffer (70 mM
sucrose, 220 mM mannitol, 5 mM HEPES, 1 mM EGTA, pH 7.2, 0.5% (w/v) fatty-acid free
BSA). The resulting pellet was resuspended in 3x the wet pellet volume in Isolation Buffer
containing 1x Roche Complete Protease Inhibitor Cocktail (Roche, Basel, Switzerland). The
cells were homogenized by 15 passes through a 26-gauge needle and the homogenate was
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centrifuged twice at 600g for 10 min at 4 °C, discarding the pellet (unbroken cells and
nuclei) each time. The supernatant was centrifuged at 7000g for 10 min at 4 °C, the
supernatant (lysosomes and microsomes) discarded, and the pellet resuspended in Isolation
Buffer and centrifuged again at 7000g for 10 min at 4 °C. The supernatant was removed,
leaving a concentrated crude mitochondrial pellet. The pellet was resuspended in 120 uL of
Measurement Buffer (250 mM sucrose, 15 mM KCI, 1 mM EGTA, 5 mM MgCl,, 30 mM
KoHPO,, pH 7.4).

Mitochondrial respiration was studied using the Mito-ID® O, Extracellular Sensor Kit
(Enzo Life Sciences, Farmingdale, NY) with minor modifications to manufacturer’s
protocol. For each condition tested, 3 pL of mitochondria suspension was diluted to 30 pL
with Measurement Buffer in a 96 well plate. 25 pL of 0.53 mM peptide or equivalent
polymer concentration was added to the mitochondria solutions and incubated at room
temperature for 20 min. After 20 min, 100 pL of O, sensor probe and 50 pL of 6.6 mM
ADP/100 mM succinate in Measurement Buffer were added to each well following
manufacturer’s protocol. 100 uL of oil was added on top of each well and then the plate was
incubated at 30 °C for 10 min prior to beginning reading fluorescence. Fluorescence at
ex/em 380/650 nm was read every 1.5 min for 30 min. Materials were tested in triplicate.

3 Results and discussion

3.1 Polymer

3.2 Polymer

characterization

Two KLA-containing HPMA copolymers and two control HPMA-co-GKRK copolymers
were synthesized via RAFT polymerization of methacrylamido-functionalized peptide
monomers with HPMA to investigate the effects of multivalent display on cellular toxicity
of KLA (Scheme 1). Polymers contained the GKRK p32 targeting sequence either as a
separate comonomer (pHGcK) or fused with the KLA pro-apoptotic sequence (pHGfK).
Degree of polymerization was chosen to target polymers around 50 kDa in size in order to
be below the renal filtration threshold. HPMA was copolymerized to provide an inert,
hydrophilic backbone.

The molecular weight and composition of the synthesized copolymers are summarized in
Table 1. Copolymers were synthesized with narrow polydispersities (< 1.2). KLA-
containing copolymers were around 50 kDa and control polymers lacking the KLA sequence
(pHG35k and pHG64k) about 35.5 kDa and 63.6 kDa, respectively. Polymers contained
7-12% peptide, near quantitative incorporation of peptides (~10%) based on molar feed, as
determined by amino acid analysis. pHG35k and pHG64k polymers served as cationic
polymer controls lacking the KLA sequence.

cytotoxicity

The IC5 values (concentration of polymer for 50% growth inhibition) of acetylated KLA
peptide, acetylated GK-KLA peptide (GKRK targeting sequence fused with KLA), and
KLA polymers were determined in three cancer cell lines - HeLa (human adenocarcinoma),
SNB-19 (human glioblastoma), and GL261 (murine glioma) - with results summarized in
Table 2. Cell viability following incubation with a range of material concentrations was
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determined by MTS assay, a measure of metabolic activity. The SNB-19 cell line was most
sensitive to KLA toxicity (ICsg = 60 uM) while the HeLa cell line was least sensitive to
KLA toxicity (ICsq > 250 uM). The fusion peptide GK-KLA, which includes the GKRK
targeting peptide to increase cell uptake, showed ~2-5-fold lower ICsq compared to KLA.
This result confirms previous reports where conjugation of GKRK to KLA was shown to
enhance mitochrondrial localization and cellular apoptosis [13, 16]. Administration of the
two KLA copolymers resulted in a 20-70 fold decrease in ICgq values compared to KLA,
indicating enhanced cytotoxicity (Table 2); this result is consistent with prior reports of
increased toxicity due to multivalent display of pro-apoptotic peptides, such as BH3 [15],
KLA [12, 13], and antimicrobial peptides [21], relative to monomeric peptides.
Interestingly, the architectural display of the two peptide sequences does not affect the
cytotoxicity of the polymers — pHGfK and pHGcK show nearly-identical 1Csq values for all
cell types tested despite differences in peptide display as either individual or fused
sequences. This suggests that targeting ligands can be fused to KLA sequences in polymeric
constructs without compromising KLA activity, simplifying material synthesis.

Cytotoxic cationic polymers can exert their toxicity through plasma and mitochondrial
membrane disruption [22]. To evaluate whether the increased toxicity observed with pHGcK
and pHGfK copolymers was due to the cationic nature of the polymers resulting from
multivalent display of the GKRK targeting ligand, two copolymers of HPMA and GKRK
were synthesized as controls. pHG35k was synthesized with the same monomer:CTA ratio
as the KLA copolymers and pHG64k was synthesized with target molecular weight of 50
kDa. Neither pHG copolymer demonstrated dose-dependent cytotoxicity at mass
concentrations up to 100-fold higher than the 1Csq values of the two KLA copolymers
(Figure 1). KLA copolymer cytotoxicity is therefore likely due to the KLA sequence and not
the cationic targeting sequence.

3.3 Hemolysis assay

To investigate the route of cellular toxicity, the ability of the pHGcK and pHGfK
copolymers to lyse plasma membranes was determined via hemolysis assay. Polymers were
incubated with freshly isolated human erythrocytes and tested for plasma membrane
disruption by detecting hemoglobin release (Figure 2). Minimal hemolysis was observed for
both copolymers at concentrations an order of magnitude higher than the 1Csg values for the
cancer lines. KLA peptide was previously reported to have hemolytic activity at
concentrations > 750 uM [23]. Observed cellular toxicity is therefore likely not due to direct
plasma membrane disruption but rather through an intracellular route. Cationic polymers
containing membrane-active domains have shown hemolysis at concentrations as low as 1
ug/mL [24]. High cationic charge density is correlated with plasma membrane disruption
[25]; KLA materials possibly differ in membrane lytic characteristics due to lower charge
density.

Interestingly, the manner of GKRK display affected the membrane-lytic behavior of the
KLA-containing copolymers. pHGfK, with the GKRK sequence fused to KLA, shows
significantly higher membrane-lytic behavior; at 100 ug/mL, pHGfK induces 13%
hemoglobin release when incubated with erythrocytes, whereas pHGcK induces < 2%
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hemoglobin release at the same mass concentration (Figure 2b). However, despite
differences in hemolytic activity, the ICgq values are similar. pHGcK has more charge
delocalization due to spatial separation of the GKRK and KLA sequences along the polymer
backbone; comparatively, the two sequences are fused together in pHGfK. This could lead
to differences in membrane specificity and lytic activity. We previously have shown that 60
kDa HPMA-oligolysine copolymers demonstrated differences in cytotoxicity based on
pendant oligolysine chain length despite keeping the overall charge/mass ratio constant [26].
Therefore, molecular architecture may play a significant role in cytotoxicity.

3.4 Cellular uptake and intracellular trafficking

The cellular uptake and intracellular localization of pHGfK were investigated through
subcellular fractionation of radiolabeled polymer. HeL a cells were chosen as a model cell
line to study intracellular trafficking due to (1) well-established fractionation protocols [19]
and (2) previous demonstration of p32-targeted delivery of nanoparticles to HelL a cells

[27]. 3H-labeled pHGfK was incubated with HeLa cells for 6 hrs at 37 °C and then cells
were washed, lysed, and relative radioactivity measured in the various fractions. Less than
3% of polymer was found to be cell associated, with about 2% surface bound and less than 1
% internalized after 6 hrs (Figure 3a). Low cellular association and poor internalization
therefore pose significant barriers towards the efficacy of these polymers. Similarly, low
uptake was seen with the cationic polymer PEI, where 5% cellular association was observed
in HelLa cells after 4 hrs, suggesting cationic polymers may not be efficiently internalized
[19].

The cellular lysate was fractionated via differential centrifugation (Figure 3b) to determine
intracellular distribution of the polymer after a 6 hr incubation with cells. Of the internalized
polymer, 20% was found in the heavy mitochondrial fraction that contains intact
mitochondria while 11% and 7% were found respectively in the light mitochondrial and
microsomal fractions, which contain some mitochondria with other intracellular membrane
vesicles including lysosomes, Golgi membranes, and endosomes [28]. Only 5% remained in
the cytosol. In comparison, a cationic HPMA-peptide polymer with similar structure to
pHGTK except displaying oligolysine instead of the GK-KLA peptide, showed lower
distribution in the HM fraction (12%) [29]. The GKRK sequence has been shown to bind to
p32 overexpressed on many cancer lines, including glioblastoma [16]; GKRK-
functionalized nanoworms have previously been shown to traffic to mitochondria in several
glioblastoma cell lines [13]. This sequence may contribute towards increased trafficking of
the pHGfK polymer to mitochondria compared to the HPMA-oligolysine polymers.

3.5 Guanidinylation of KLA polymers

Due to the poor efficiency of cell uptake (Figure 3), pHGcK and pHGfK were
guanidinylated in an attempt to increase cell internalization. Guandinylation of chitosan [30]
and aminoglycosides [31] has previously been shown to significantly increase cellular
uptake. In addition, a fusion peptide of oligoarginine (R7) with KLA was shown to have
more potent cytotoxic properties and to enhance permeabilitization and aggregation of
mitochondria [9, 32]. We therefore hypothesized that conversion of the primary lysine
amines of pHGcK and pHGfK to guanidines would increase cellular uptake and therefore
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cytotoxicity. The lysine residues on pHGcK and pHGfK were converted to homoarginine
via reaction with o-methylisourea to yield guanidinylated polymer analogs pHGchR and
pHGTfhR, respectively [33]. Amino acid analysis confirmed complete lysine conversion as
noted by the disappearance of the lysine peak and the concurrent emergence of a distinct
homoarginine peak (data not shown). The toxicity of these constructs was evaluated in vitro
in HeLa and SNB-19 cells. For both cell lines, guanidinylated polymers demonstrated 2-4
fold decrease in cytotoxicity compared to the original KLA polymers (Table 3). This was in
contrast to guanidinylated KLA peptide (hRLA) which had significantly higher cytotoxicity
(over 10-fold decrease in ICgg) than KLA in SNB-19 cells (Table 3). Additionally, HPMA-
KLA copolymers lacking the GKRK sequence showed very low cytotoxicity with 1Cgy >
300 pg/mL in HeLa cells (data not shown). Receptor-mediated endocytosis is expected to be
important for efficient delivery and polymer activity, as knockdown of p32 in several
glioblastoma tumors have shown > 60% reduction in GKRK phage binding [16]. Therefore,
the lower cytotoxicity of the guanidinylated polymers could be due to the guanidinylation of
the GKRK sequence which negatively affects uptake, trafficking, and cytotoxicity, or due to
reduced mitochondrial disruption due to guanidinylation of the KLA sequence.

3.6 Effect of polymers on mitochondrial respiration.

The effect of pHGcK and pHGfK and guanidinylated analogs pHGchR and pHGfhR on
mitochondrial activity was therefore determined using an assay for oxygen consumption
from isolated mitochondria. The function of isolated mitochondria was monitored for 30
minutes following incubation with polymers or peptide using an oxygen-sensitive,
phosphorescent probe (Figure 4). Oxygen consumption, which correlates directly with
mitochondrial respiration, was decreased by 17% when treated with GK-KLA peptide, and
by 69% and 32% when treated with pHGcK and pHGfK polymers, respectively. Therefore,
the observed increased cytotoxicity of the KLA copolymers relative to KLA peptide could
be due in part to differences in membrane activity independent of cellular uptake.
Guanidinylated polymers have a much greater effect on mitochondrial function; no oxygen
consumption was observed and slightly decreased signal, attributed to probe photobleaching,
was seen. These results suggest that guanidinylation of KLA-containing polymers increases
mitochondrial disruption activity but that overall cytotoxicity may be reduced due to altered
intracellular trafficking. Lipophilicity and charge distribution were shown to affect cellular
uptake and intracellular trafficking of cationic materials [34]. Additionally, guanidine
groups bind more strongly to sulfates than primary amines, which may result in greater
binding to membrane proteins such as heparan sulfates and therefore reduced trafficking to
mitochondria [35].

4 Conclusions

In this work, p32-targeted polymers displaying multiple pendant pro-apoptotic KLA
peptides were synthesized and tested for their cytotoxicity. Targeting sequences were
presented in the polymers either as fusion sequences with KLA or as separate monomers.
Differences in display of the targeting peptide did not affect overall polymer toxicity;
polymeric constructs are at least 10-fold more potent against cancer cell lines compared to
KLA peptide. The internalization efficiency and intracellular trafficking of one polymeric
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KLA construct was determined by radiolabeling with subcellular fractionation analysis.
Cellular uptake and intracellular localization studies show < 1% of dosed polymer is
internalized within 6 hrs but that ~20% of internalized polymer is localized to fractions
containing intact mitochondria. Guanidinylation of the copolymers was investigated to
improve cellular uptake but despite improved ability to disrupt the function of isolated
mitochondria, cytotoxicity of the guanidinylated polymers decreased relative to the original
polymers. Thus, while polymeric display of pro-apoptotic peptides improves potency, there
is significant room for improving uptake and mitochondrial targeting efficiency.
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Figure 1.
Cytotoxicity curves for various peptide HPMA copolymers in GL261 cells.
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Figure 2.

Percent hemolysis of pHGck and pHGTK polymers relative to Triton X-100 control in (a)
KLA molar concentration and (b) polymer mass concentration.

J Control Release. Author manuscript; available in PMC 2016 May 10.

b] 100 ~
B pHGcK
—— pHGcK ]
pHGFK é 75 W pHGfK
©
g 50 4
[
b
X 25 4
—a
M r " 0 dJ . | — r r
0 10 20 30 100 50 25 10 5 1 0.1




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chuetal.

a)

% Total Radioactivity

120

100

80

60

40

20

Page 15

5.1

b)
[VALUE] 80 7 572
’ g 70 -
2
" S 60 -
<
y £ 50 1
oy
L 'S 40 -
£
o © 30 20.0
1.9 0.9 _g
T ——— T ] c 20 o 11.0
W et e F oy
0 (M
) \“\3 =
S““‘ace O\n 0 " T T T T
NP HM LM MF
Figure 3.

(@) [ 3H]-labeled pHGfK copolymer uptake in HelLa cells after 6 hr incubation at 37 ° C. (b)

Subcellular fractionation and localization of polymer in HeLa cell lysates after 6 hr exposure
to polymers. NP = nuclear pellet; HM = heavy mitochondria; LM = light mitochondria; MF

= microsomes; C = cytosol.
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Relative fluorescence of an O,-sensitive fluorescence probe as a measure of mitochondrial
function in isolated mitochondria treated with the various polymers.
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Synthetic scheme of (a) pHGfK and (b) pHGcK.
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Table 1
Properties of HPMA-Peptide Copolymers
Peptide-HPMA Copolymer Abbrev.  mn (kDa)a Mw/Mna % GKRK % KLAb % GK-KLAb
HPMA-co-MaAhxGKRK-co-MaAhxKLA  pHGcK 49.3 11 7.86 7 -
HPMA-co-MaAhxGKRK-KLA pHGTK 55.7 1.18 - - 12.13
HPMA-co-MaAhxGKRK pHG35k 355 1.15 9.1 - -
HPMA-co-MaAhxGKRK pHG64k 63.6 1.2 10.2 - -

@Determined by SEC-MALS.

bDetermined by amino acid analysis.
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Table 2

Peptide and Polymer 1Cs Values

GL261
Peptide or Polymer  1Cs (Hg/mL)  ICsp (UM KLA)

HeLa
ICso (Mg/mL)  1Cs50 (UM KLA)

kLal 314.3 165.8
GK-KLAZ 182.1 736
PHGCK 25.7 5.4
PHGFK 20.1 5.4

SNB-19
ICso (g/mL)  1Csq (UM KLA)
115.1 60.7
65.1 26.3
11.7 25
11.2 3

> 500 > 250
84.9 34.3
22.0 4.4
18.8 5.0

1FuII peptide sequence: AcAhx-p[KLAKLAK]?2.

2FuII peptide sequence: AcCAhxGKRK-p[KLAKLAK]2
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Table 3
Guanidinylated Peptide and Polymer 1C5 Values

SNB-19 HelLa

Peptide or Polymer  1Cs (Mg/mL)  ICs0 (UMM KLA)  I1Cs (g/mL)  1Csp (UM KLA)

hRLA

pHGchR
pHGfhR

10.64 4.95
41.4 10.78 26.78 6.98
44.7 10.72 26.33 6.38
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