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Chapter 3

Coiled-coil Peptide Dimers Enhance Liposomal Drug Delivery
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Abstract

An ideal nanomedicine design improves the therapeutic efficacy of a drug. However, most
nanomedicines enter the cell via endosomal/lysosomal pathways and typically only a small fraction
of cargo enters the cytosol inducing a therapeutic effect. To circumvent these inefficient drug delivery
pathways, alternative approaches are desired. SNARE proteins, and related peptide mimics, mediate
the fusion of membranes and can be used to trigger fast, productive drug delivery in vitro and in vivo.
Previously we used the heterodimeric peptide pair E/K to induce membrane fusion. In this study, we
synthesized dimeric coiled-coil peptide variants of peptide K to facilitate liposome fusion with
peptide E modified liposomes and cells. Various dimer designs were compared and the parallel PK4
dimer induced the strongest coiled-coil interaction resulting in a higher cellular uptake of the
liposome-encapsulated cargo, as compared to linear dimer designs. Using a wide spectrum of
endocytosis inhibitors, it was shown that membrane fusion was the main cellular uptake pathway.
Delivery of the antitumor drug doxorubicin (DOX) resulted in enhanced cellular delivery and
concomitant antitumor efficacy in vitro. These findings not only offer important mechanistic insights
into the design of coiled-coil driven membrane fusion systems but also provide novel strategies to
develop peptide-based biomaterials.
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Introduction

During the last decades, nanomedicines with improved drug delivery efficiency have been developed
by amplifying drug bioavailability, improving pharmacokinetic/pharmacodynamic profiles, and/or
minimizing undesired off-target or other side effects of encapsulated drugs.'- Several nanomedicines
based on liposomes, albumin NPs, and polymeric micelles have been approved for cancer treatment
and several nanomedicine candidates for chemotherapy, hyperthermia, radiation therapy, gene therapy,
and immunotherapy are in clinical trials.*® Nanomedicines have been customized to enter cells
through different endocytosis pathways, delivering their cargo to the cell.” ® However, endocytosis
often impedes drug delivery efficiency since the majority of the nanomedicine cargo faces
endo/lysosome degradation, lowering the therapeutic efficacy. Therefore, novel drug delivery systems
circumventing endo/lysosome pathways and/or entrapment would greatly enhance intracellular drug
delivery efficiency.

Peptides have attracted great attention in the nanomedicine field due to their diversity and ease of
modification and conjugation to drug delivery nanoparticles.” '° For example, cell-penetrating
peptides (CPP) have been widely investigated for their cell-penetrating abilities'" 1> and chemically
synthesized CPPs covalently or noncovalently conjugated to biomaterials greatly enhanced cell
penetration and drug efficacy.!> !* Besides direct penetration, CPP-cargo conjugates mainly gain their
entry to the cells through energy-dependent endocytosis, such as macropinocytosis or clathrin-
mediated endocytosis.!>!” Moreover, CPP dimerization significantly lowered the cell-penetrating
concentration required by efficient Tat-TAR interaction inhibition of HIV-1,!! and achieved potent
antitumor effects.!® '° Based on the advances made in this field, various CPP-derived peptide
therapeutics have been clinically evaluated.?*>* Unfortunately, to date there are no CPP-based drug
conjugates/nanomedicines approved by the FDA. This might be due to their lack of cell and tissue
specificity, drug delivery inefficiency, slow drug release profile, poor stability, rapid renal clearance,
and severe adverse effects like high toxicity.?!> >4 2

Thus there is still a pressing need to find alternatives to deliver drugs efficiently into cells. Membrane
fusion is a vital process for the transport of (bio)chemicals across membranes in eukaryotic cells,
from the exquisite compartmental organization of cells to the precise timing of chemical synaptic
transmission of nervous system activities.?%® The docking of transport vesicles to the target plasma
membrane in neuronal exocytosis is triggered by the coiled-coil formation of complementary SNARE
protein subunits.?’ Inspired by the SNARE protein complex to trigger the membrane fusion process
between liposomes and cells, we previously developed complementary pairs of coiled-coil peptides
K/E conjugated to lipids able to trigger membrane fusion, inducing fast and efficient liposomal drug
delivery in vitro and in vivo.*>! Peptide K is an amphipathic helical peptide and was specifically
designed to interact with peptide E, but when confined to a membrane, it also interacts with lipid
bilayers.*

Due to this dual affinity to both peptide E and lipid membranes, in this chapter, we investigate whether
dimerization of peptide K could enhance liposomal drug delivery to cells. The influence of peptide
dimerization on their solution properties was studied as well as the ability to induce fusion of
liposomes with cells to control drug delivery (Scheme 1). By varying the position of peptide
conjugation, three novel dimer designs were synthesized. Coiled-coil interactions and cell membrane

65



binding affinities were compared by circular dichroism spectroscopy and flow cytometry
measurements. Next, the cellular uptake of liposomes was also evaluated by flow cytometry and
confocal microscopy. The in vitro antitumor effect of the chemotherapeutic doxorubicin (DOX)
encapsulated in liposomes was quantified as a function of dimer design. This study could aid the
development of efficient delivery systems of drugs into cells using liposome-cell fusion.
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Scheme 1. Schematic illustration of the cell-liposome membrane fusion process trigged by K4-dimers and E4.
(a) schematic representation of K4-dimers and coiled-coil structure of K4-dimers with complementary E4. (b)

Liposomal drug delivery to cells through membrane fusion induced by different coiled-coils.

Results and discussion

Peptide design

Peptide K was previously designed to form a parallel heterodimeric coiled-coil complex with peptide
E,* but we discovered it also has a high affinity to fluid phospholipid membranes. Upon binding,
peptide K induces positive membrane curvature and destabilization, facilitating membrane fusion.*’
35 Due to these competing interactions, we rationalized that a Peptide K-dimer might interact
simultaneously with peptide E as well as with a membrane, resulting in enhanced fusion. How these
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dual interactions will result in membrane fusion is most likely dependent on the exact structure of
these dimers. In this study, we designed three K4-dimers by peptide K4 dimerization via a disulfide
bond. For this, a cysteine was introduced at either the N- or C-terminus, or at the f-position in the 2"
heptad of peptide K. Upon oxidative dimerization the parallel dimer PK4 and the linear dimers NK4
(N-terminal conjugation) and CK4 (C-terminal conjugation) were obtained (Scheme 1a). Based on
the structure, linear K4-dimers may form a ‘tetramer-like” homodimer structure or a hairpin structure,
stabilizing the a-helix structure. Since the hydrophobic faces of both K peptides are oriented in
opposite directions, it was expected that PK4 may not be able to dimerize, but rather interact with
other dimers resulting in aggregation.

The secondary structure of the peptide dimers and their ability to interact with peptide E was studied
using circular dichroism (CD) spectroscopy. In line with previous studies, peptide K4 folds into an a-
helix as evidenced by the two minima at 208 and 222 nm. Peptides NK4 and CK4 also adopt a highly
helical conformation comparable to monomeric K4. In contrast, PK4 adopted a skewed non-a-helix
spectrum, indicative of aggregation (Fig. 1a, Table S3). Peptide E4 adopts an a-helical secondary
structure and upon mixing with equimolar PK4 coiled-coil formation was observed (Fig. 1b). The
helicity observed for the PK4+E4 mixture is much higher as compared to the calculated average,
which assumes no interaction (Table S3). The linear dimer NK4 also adopts an a-helical structure,
and the helicity increased upon mixing with E4 (Fig. 1¢, Table S3). In contrast, the CD-spectrum of
a mixture of linear dimer CK4 and E4 did not indicate effective coiled-coil formation (Fig. 1d, Table
S3). This suggests that the ‘tetramer-like' homodimer or helical hairpin of CK4 is too stable,
preventing interaction with E4, but the less stable homodimer of NK4 does form heteromeric coiled
coils with E4, and the parallel PK4 forms highly enhanced coiled-coil interactions with E4.
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Figure 1. CD spectra of (a) K4 monomer and K4-dimers, (b) PK4 + E4, (¢) NK4 = E4, and (d) CK4 + E4. Solid
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lines are measured spectra, dotted lines are calculated average spectra from the K4-dimers and peptide E4. Spectra
were recorded in PBS (pH 7.2) at 20 °C. K4-dimer, 5 uM; K4 monomer, 10 uM; E4, 10 uM.

Cell membrane labeling efficiency between dimers

In previous studies, the addition of a fluorescently labeled E4 peptide, dubbed Fluo-E4, to CPK4-
pretreated cells resulted in a uniformly fluorescent cell membrane due to the formation of coiled coils
between CPK4 and Fluo-E4. To confirm whether coiled-coil formation between K4-dimers and E4
also occurs at the surface of cells, a cell membrane labeling assay was performed. HeLa cells were
preincubated with CPE4 as described previously.>' Next, the cells were treated with the various K4-
dimers and finally carboxyfluorescein-labeled E4 (Fluo-E4) was added (Fig. 2a). Interestingly, cell
membrane labeling efficiency varied between the various K4-dimers (Fig. 2b). PK4 displayed the
highest fluorescence on the cell membrane, indicating efficient coiled-coil formation between PK4
and CPE4. In contrast, the linear K4-dimers NK4 and CK4 showed a lower degree of fluorescence.
We also studied the importance of pretreating cells with CPE4. Plain cells incubated with PK4 also
exhibited membrane binding albeit the observed fluorescence was not homogeneously distributed (SI
Fig. 1a). Most likely, the positively charged PK4 peptides form aggregates in solution which bind to
the negatively charged cell membrane via attractive electrostatic interactions. The addition of the
linear dimers NK4 or CK4 to plain cells did not result in any detectable binding.

The differences in binding of the various K4-dimers was quantified by flow cytometry (Fig. 2c).
CPE4 pretreated cells revealed a high binding affinity for K4 and K4-dimers. In contrast, in the
absence of CPE4 hardly any peptide K(-dimer) binding was observed. These results were consistent
with the CD and confocal imaging results. PK4-dimer associated effectively with the cell membrane
by either forming coiled-coils with CPE4 or directly interacting with the cell membrane. In contrast,
the linear dimers NK4 and CK4 showed a weaker ability to induce coiled-coil interactions, resulting
in a low cell membrane affinity.
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Figure 2. Cell labeling and cell uptake studies. (a) Schematic representation of the cell labeling and cell uptake
experiments of K4 dimer with cells. (b) Confocal images of cell membrane labeling between K4 monomer and
dimers with complementary Fluo-E4. Green: fluorescein-E4; BF: bright field; scale bar is 30 um. (¢) Quantification
of cell membrane labeling efficiency by flow cytometry measurements. (d) Confocal images of K4 monomer and
dimers with fluorescent NBD-PE labeled CPE4-liposomes. (e-f) Quantification of NBD-liposome intensity between
monomer and dimers. Green: NBD-PE; blue: Hoechst 33342. BF: bright field; scale bar is 30 um. Unpaired student
t-test was used to determine the significance of data comparisons (****P <0.0001; ***P <0.001; **P <0.01;

*P <0.05). In all panels, error bars represent mean + s.d. (n=3).

Cell uptake efficiency of dimers

After examining coiled-coil formation at the cell membrane between the K4-dimers and CPE4, cell
uptake of CPE4-liposomes was investigated using the same approach. Again, cells were preincubated
sequentially with CPE4 and the K4-dimers before fluorescent CPE4-liposomes were added and cell
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uptake was quantified (Fig. 2a). As expected, CPE4-liposomes were homogeneously distributed on
the cell membrane (Fig. 2d). However, marked differences were observed for the different K4-dimers.
PK4 induced strong and enhanced cell-liposome uptake efficiency, while the linear dimers NK4, and
CK4 were less efficient. When the CPE4 preincubation step of cells was omitted, PK4 also induced
some binding, but the fluorescence was randomly dispersed on the cell membrane (SI Fig. 1b). As
mentioned earlier, attractive interactions between PK4 and the cell membrane might be the cause for
this observation. As expected, the linear dimers NK4 and CK4 were unable to bind to cells without
CPE4 preincubation. The cell uptake efficiency differences between groups was again quantified with
flow cytometry (Fig. 2e-f). Consistent with confocal imaging, the PK4 coiled-coil pair showed the
highest cell uptake efficiency, which was superior to monomeric K4 and the linear dimers NK4 and
CK4. Not surprisingly, in cells without CPE4 preincubation, the dimers resulted in weaker cell uptake
efficiency (SI Fig. 1¢). Combined, these studies revealed that PK4 interacts very efficiently with
CPE4-preincubated cells.

Liposome-cell membrane fusion --NBD/propidium iodide (PI) delivery of dimers

Next, membrane fusion between liposomes and cells was studied using propidium iodide (PI) as a
model drug. This dye binds to DNA and is membrane impermeable requiring a drug delivery carrier
to enter cells. Cells were sequentially pretreated with CPE4 and the K4-dimers before PI encapsulated
in CPE4-liposomes was added to induce liposome-cell membrane fusion and concomitant PI delivery
(Fig. 3a). Confocal imaging showed the green fluorescent dye NBD incorporated in CPE4-liposomes,
evenly distributed on cell membranes, while PI was observed in the cytosol and nucleus of cells (Fig.
3b). As expected, CPK4-liposomes are able to deliver PI into cells, consistent with our previous
study.®! Importantly, PK4 induced the highest PI delivery inside cells and the dye was present in the
cytosol and nucleus. In contrast, the linear K4-dimers induced only a low PI delivery efficiency. NK4
induced weak fluorescence both on the cell membrane and in the cytoplasm, and almost no membrane
and cytoplasm fluorescence was observed when CK4 was used. When the cells were not pretreated
with CPE4, PK4 was still able to induce liposome-cell fusion resulting in some PI uptake (SI Fig.
2a). Furthermore, liposomes lacking CPE4 showed neither PI delivery nor NBD-labeling of the cell
plasma membrane irrespective of the K-dimer used (SI Fig. 2b). Next, the same experiment was
performed using Chinese hamster ovary (CHO) cells to confirm that PI delivery is cell-type
independent. Consistent with the previous studies in HeLa cells, PI was observed in CHO cells when
PK4 was used, while CPK and the linear K-dimers were less efficient (SI Fig. 3a). Again, omitting
the CPE4 preincubation step resulted in inefficient PI delivery (SI Fig. 3b).

In summary, these results revealed that all K4-dimers mediate cell-liposome membrane fusion
resulting in cytosolic and nuclear PI delivery. The PK4-dimer outperformed all other designs due to
the enhanced coiled-coil interaction between PK4 and E4, combined with the membrane affinity of
PK4 facilitating efficient PI delivery efficiency.
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Figure 3. Liposomal delivery (PI and DOX) to cells. (a) Schematic representation of the liposomal delivery of PI
and DOX to cells. (b) Confocal images of liposomal PI delivery by K4 monomer and dimers. Green: NBD-PE; red:
PI; BF: bright field; scale bar is 30 pm. (¢) Confocal images of DOX uptake facilitated by K4 monomer and dimers
in HeLa cells. Red: DOX; BF: bright field; scale bar is 30 pm. (d) Quantification of DOX uptake percentages
facilitated by K4 monomer and dimers in HeLa cells. (e-f) Quantification of internalized DOX intensity facilitated
by K4 monomer and dimers. Unpaired student t-test was used to determine the significance of data comparisons
(****P <0.0001; ***P <0.001; **P <0.01; *P <0.05). In all panels, error bars represent mean = s.d. (n=3).

Delivery of doxorubicin.

After proving that K4-dimers efficiently mediate liposomal PI delivery into cells via membrane fusion,
drug delivery efficiency and subsequent pharmacological effects were further evaluated using
doxorubicin (DOX) (Fig. 3a). This drug is an effective and frequently used chemotherapeutic agent
for various malignancies, but cardiomyopathy is a life-threatening side effect.® 3’ Therefore targeted
DOX delivery is highly desired because it would increase the therapeutic dose while limiting the side
effects. Furthermore, DOX becomes more fluorescent upon binding to DNA and tRNA, making it
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suitable for cellular imaging and quantification.

CPE4-preincubated cells were treated with the K4-dimers before CPE4-liposomes containing DOX
were added. Confocal imaging confirmed successful DOX delivery as its fluorescence was observed
in both the nucleus and cytosol of cells (Fig. 3¢). Again, PK4 induced the most effective DOX cellular
delivery, as compared to the linear K4-dimers or CPK4. Untreated cells showed negligible DOX
delivery confirming that CPE4 and K4-dimers are required for efficient drug delivery (SI Fig. 4a).

DOX delivery was quantified by flow cytometry. All coiled-coil pairs facilitated liposome-cell fusion
resulting in a high percentage of DOX positive cells, >85% in all cases (Fig. 3d), indicative of
successful DOX delivery. Importantly, the internalized DOX intensities varied significantly between
the groups. In line with all previous results, PK4 achieved the highest DOX intensities in cells as
compared to CPK4 and the linear K4-dimers (Fig. 3e-f). DOX was delivered by PK4 to cells that
were not pretreated with CPE4, albeit with a lower intensity than CPE4-preincubated cells. All control
groups did not show significant DOX delivery (SI Fig. 4b). These results demonstrate that the
CPE4/PK4 pair achieved the highest DOX delivery in all experimental groups.

DOX uptake efficiency after endocytosis inhibitors

CPE4/CPK4-mediated fusion of liposomes with cells was confirmed in a previous study using well-
known endocytosis inhibitors.?! In this study, PK4 was the most efficient at delivering content to cells
and therefore we studied the uptake mechanism in the presence of common endocytosis inhibitors.
After incubation of cells with the endocytosis inhibitors, uptake of liposomes and concomitant
delivery of content was quantified. Flow cytometry was employed to quantify the intensity differences
of internalized DOX with each endocytosis inhibitor treatment and compared to delivery in the
absence of the inhibitors. Since the PK4-dimer is positively charged, we included cationic liposomes
(DOTAP: DOPC, 1:1) in this study for comparison.

Nocodazole is an inhibitor of micropinocytosis, a microtubule-disrupting agent that prevents tubule
formation and leads to the distribution of IgA-containing vesicles throughout the cytoplasm.®®
Wortmannin blocks PI3-kinase activity and acts as a micropinocytosis inhibitor.’* *° Dynasore is
reported to inhibit GTPase and dynamin activities reversibly,*' which is indispensable for clathrin-
mediated and caveolae-mediated endocytosis in eukaryotic cells.*> #* Pitstop 2 is an inhibitor of
clathrin-mediated endocytosis as it blocks the endocytotic ligand association with the clathrin
terminal domain.** % Genistein blocks the tyrosin-phosphorylation process in Cav 1 and caveola-
dependent endocytosis.*® 47 Methyl-B-cyclodextrin (MPCD) is usually used to determine whether the
endocytosis is dependent on the integrity of lipid rafts.*’”- *® Sodium azide (NaN3) is an ATP energy
depletion agent that inhibits cytochrome C oxidase in the mitochondria of cells.*’

The cellular uptake of cationic liposomes was greatly inhibited in the presence of NaN3, MBCD,
wortmannin and incubation at 4 °C. This experiment revealed that cationic liposome uptake is energy-
dependent, mainly driven by micropinocytosis and depends on lipid raft integrity (SI Fig. 5a).>°

Next, the effect of endocytosis inhibitors on cellular uptake of liposomes encapsulating DOX using
the PK4 coiled-coil dimer was investigated (Fig. 4a). Most of the endocytosis inhibitors seemed to
have a minimal effect on DOX uptake efficiency except for MBCD, which disrupts the cholesterol-
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rich caveolae-containing membrane microdomains by removing cholesterol from the plasma
membrane.’! Unlike the cationic DOTAP liposomes, the ATP energy depletion agent NaN3 exerted
no effect on the uptake efficiency for PK4-dimer, only the 4 °C incubation reduced the uptake
efficiency slightly. This demonstrated that the cellular uptake of the PK4-dimer was mainly driven by
membrane fusion independent of energy consumption, and also demands lipid integrity. We also
tested the endocytosis inhibitors’ effect on the PK4-dimer when the cells were not pretreated with
CPE4 (SI Fig. 5b). Similar to the PK4 coiled-coil pair, MBCD and 4 °C incubation resulted in major
cellular uptake reduction. Meanwhile, nocodazole and dynasore reduced the cellular uptake by about
25% and 15% respectively, indicating micropinocytosis and clathrin-mediated endocytosis were also
involved. Taken together, these results prove that cellular DOX uptake of the PK4-dimer was mainly
induced by membrane fusion requiring the presence of cholesterol. Due to the positive charges of the
PK4 particles, it could also partially facilitate the lipopeptide CPE4-modified liposomes entering the
cell through endocytosis, and this could further facilitate cellular delivery.
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Figure 4. (a) Quantification of DOX uptake efficiency of HeLa cells with endocytosis inhibitors in the presence of
the PK4-dimer pair. (b) Cytotoxicity evaluation of K4 monomer and dimers after delivery of DOX. Two-way
ANOVA analysis was used to determine the significance of data comparisons (****P <(.0001; ***P <0.001;
**P <0.01; *P <0.05). In all panels, error bars represent mean =+ s.d. (n=3).

In vitro antitumor effect evaluation after delivery of DOX

After confirming that CPE4/PK4 delivers liposomal DOX efficienctly into cells, the antitumor effect
induced by DOX delivery was evaluated. HeLa cells were decorated with CPE4, treated with the K4-
dimers and then incubated for 2 h with CPE4-modified liposomes encapsulating DOX. Next, the cell
viability was determined after 36 h. Efficient DOX cellular uptake requires both peptides to be
present, thus we mainly focused on the comparison of the HeLa cytotoxicity differences between K4
monomer and dimers in which both peptides were included after the delivery of DOX. The K4
monomer and dimers induced an in vitro antitumor effect in a concentration-dependent manner (Fig.
4b). The parallel PK4-dimer induced potent cytotoxicity, and the viability of HeLa cells was
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significantly lower than with the monomer and linear dimers for all the concentrations, demonstrating
an improved antitumor effect by PK4-mediated delivery of DOX.

An MTT assay was used to proof that the peptides and lipomes in the absence of DOX were non-
toxic. For this, cells were decorated with CPE4 and the K4-dimers were added, followed by the
addition of CPE4 modified liposomes (without encapsulated DOX). The cell viability remained above
90% for all liposome concentrations, demonstrating the drug delivery system itself was biocompatible
and presented no obvious cytotoxicity (SI Fig. 5c). Taken together, we showed that coiled-coil peptide
dimers can be safely applied to facilitate cellular drug delivery, and the CPE4/PK4 pair can induce
highly efficient cellular liposomal delivery with an enhanced therapeutic effect after loading
antitumor drugs into the liposomes.

Conclusion

We designed three coiled-coil peptide-K dimers by varying the conjugation position and investigated
their structural differences, cellular uptake efficiency, and pharmacological effects after encapsulating
an antitumor drug. CD spectroscopy revealed distinctive differences in helical structures between
dimers, where PK4 exhibited the strongest coiled-coil interactions with the complementary peptide
E4. The cell membrane labeling assay showed that PK4 triggered the highest cell membrane affinity
while linear K4-dimers hardly interacted with the cell membrane. Cellular uptake studies showed
liposome delivery into cells was depending on the dimer used. Among the three dimers, PK4 elicited
the strongest cellular liposomal delivery and DOX cellular uptake. The uptake mechanism study
proved that the efficient liposomal DOX delivery achieved using PK4, was mainly mediated by
membrane fusion, although endocytosis was partially involved due to the non-specific interactions
between positively charged PK4 and cell membranes. Consistent with the DOX cellular uptake result,
a cytotoxicity evaluation confirmed PK4 induced an enhanced antitumor effect in vitro, which was
superior to CPK4 and the linear dimers NK4 and CK4. These results indicate that PK4 possesses the
strongest coiled-coil interaction with peptide E, leading to significant membrane fusion and
concomitant efficient cellular liposomal delivery. Moreover, the high affinity of PK4 to lipid
membranes aids fusion. In comparison, coiled-coil formation of linear dimers is notably weak and
their lipid membrane affinity is also low, therefore they are unable to induce efficient membrane
fusion. These results confirm our hypothesis that dimerization of peptide K could increase membrane
fusion and lipid affinity, which is pivotal for achieving enhanced liposomal drug delivery. In summary,
this study of peptide dimerization design and their cellular delivery evaluation not only contributes
to the design and development of coiled-coil peptide-based membrane fusion systems but also
provides a more efficient system for future drug delivery applications.
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Methods

Chemicals and reagents

All Fmoc-protected amino acids were purchased from Novabiochem. Piperidine, trifluoroacetic acid,
acetonitrile, dimethylformamide (DMF), dichloromethane (DCM), and ethanol were purchased from
Sigma-Aldrich. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (PE-NBD), N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-
sulfate (DOTAP) were purchased from Avanti Polar Lipids, propidium iodide, 5(6)-
carboxyfluorescein, dynasore, wortmannin, nocodazole, pitstop2, genistein, methyl-f-cyclodextrin
(MBCD), sodium azide (NaN3), doxorubicin hydrochloride (DOX), cholesterol was purchased from
Sigma-Aldrich. DMEM growth medium, and fetal bovine serum were purchased from Sigma- Aldrich.
L-glutamine, penicillin, and streptomycin were purchased from Thermo Fisher Scientific. Sephadex
(25 size-exclusion PD-10 Columns were purchased from GE-Healthcare.

Lipopeptide, peptide dimers synthesis, and purification

All peptides were synthesized using Fmoc chemistry on a CEM Liberty Blue microwave-assisted
peptide synthesizer. The synthesis of peptides E4-GW, K4-GW, and lipopeptides CPE4, and CPK4
was described in Chapter 2.

For the synthesis of Fluo-K4 and Fluo-E4, two additional glycine residues were coupled to the N-
terminus of the peptides on resin, before fluorescein was manually coupled by the addition of 0.2
mmol 5(6)-carboxyfluorescein, 0.4 mmol HCTU and 0.6 mmol DIPEA in 3 mL DMF. The reaction
was shaken at room temperature overnight, the peptide was cleaved from the resin using 3 mL of a
cleavage mixture (TFA:triisopropylsilane:H20=95:2.5:2.5%) and shaken for 1.5 hours. The peptides
were precipitated by pouring the reaction mixture into 45 mL cold diethyl ether (-20 °C) and isolated
by centrifugation. The crude peptides were redissolved in H2O (20 mL) and lyophilized.

K4-dimer synthesis routes are shown in SI Scheme 1, and all the peptide sequences are listed in Table
S1. A Tentagel HL RAM resin (0.22 mmol/g) was used for peptide synthesis. The Fmoc group was
removed with 20% piperidine in DMF by heating to 90 °C for 1 min. In the reaction, 5 eqv. of DIC
and 5 eqv. Oxyma and 5 eqv. of amino acid were added to the reaction vessel and heated to 90 °C and
kept for 4 minutes. DMF was used as the solvent. Except for the lipidated and fluorescent peptides,
all peptides were acetylated at the N-terminus.

Synthesis of PK4: K4GW-Cysl14 (66 mg, 20 pmol) was dissolved in water (15 mL) and added
dropwise to 2,2'-Dithiobis(5-nitropyridine) (62 mg, 200 umol) dissolved in 5 mL of acetone and
stirred overnight. The yellow reaction mixture was filtered and dried under a N> flow. The crude
peptide was dissolved in water (20 mL) and purified by HPLC (see below), after lyophilization
K4GW-Cys14-S-nitropyridine was obtained as a solid powder (50 mg, 14.5 umol, yield: 72.5%).
K4GW-Cys14-S-nitropyridine (20 mg, 5.8 umol) was mixed with peptide K4-Cys14 (20 mg, 6.6
umol) in 10 mL HEPES buffer (pH 8.1). The solution turned yellow gradually and after 30 minutes
the peptide was purified by injecting the reaction mixture into the HPLC (see below). After
lyophilization, a white powder was obtained of PK4 (22mg, 3.5 umol, yield: 59.8%).
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Synthesis of NK4: CG-K4GW (70 mg, 20 umol) was dissolved in 15 mL of water in a flask and 5
mL 2,2'-Dithiobis(5-nitropyridine) (62mg, 200 pmol) solution in acetone was added dropwise while
stirring. After filtration, the reaction mixture was dried under N> flow. The crude peptide was
dissolved in 20 mL water and purified by HPLC (see below) and lyophilized yielding a white CG-
K4GW-S-nitropyridine solid powder (60 mg, 16.5 pmol, yield: 82%). Peptide CG-K4GW-S-
nitropyridine (20 mg, 5.5 umol) was mixed with peptide CG-K4 (20 mg, 6.2 umol) and dissolved in
10 mL HEPES buffer (pH 8.1). The solution turned yellow gradually and after 30 minutes, the peptide
was purified by directly injecting the reaction mixture into the HPLC (see below) and lyophilization
to yield a white powder (20 mg, 3 umol, yield: 54.2%).

Synthesis of CK4: WG-K4GC (70 mg, 20 umol) was dissolved in 15 mL of water in a flask and 5 mL
2,2'-Dithiobis(5-nitropyridine) (62 mg, 200 umol) solution in acetone was added dropwise while
stirring. After filtration, the reaction mixture was dried under N> flow. The crude peptide was
dissolved in 20 mL water and purified by HPLC (see below) and lyophilized yielding a white WG-
K4GC-S-nitropyridine solid powder (55 mg, 15,7 umol, yield: 78%). Peptide WG-K4GC-S-
nitropyridine (20 mg, 5.5 pmol) was mixed with peptide K4-GC (20 mg, 6.2 pmol) and dissolved in
10 mL HEPES buffer (pH 8.1). The solution turned yellow gradually and after 30 minutes, the peptide
was purified by directly injecting the reaction mixture into the HPLC (see below) and lyophilized to
yield a white powder (18 mg, 2.7 umol, yield: 48.8%).

Peptides were purified by HPLC on a Shimadzu system consisting of two KC-20AR pumps and an
SPD-20A or SPD-M20A detector equipped with a Kinetix Evo C18 column. Eluents consisted of 0.1%
TFA in water (A) and 0.1% TFA in MeCN (B), with all peptides eluted using a gradient of 20-90% B
over 35 minutes, with a flow rate of 12 mL/min. Collected fractions were checked for purity via LC-
MS, with the pure fractions being pooled and lyophilized. LC-MS spectra were recorded using a
Thermo Scientific TSQ quantum access MAX mass detector connected to an Ultimate 3000 liquid
chromatography system fitted with a 50x4.6 mm Phenomenex Gemini 3 um C18 column. All peptides
were characterized by LC-MS, see Table S2.

Circular dichroism comparison of coiled-coil peptide dimers interaction

CD spectra were recorded on a JASCO J-815 CD spectrometer fitted with a Peltier temperature
controller. Ac-K4GW, and Ac-E4GW were dissolved in H,O and diluted in PBS to a concentration
of 10 uM separately, the same procedure was used for Ac-PK4GW, Ac-NK4GW, Ac-CK4GW groups
with a concentration of 5 uM. The CD spectrum was baseline corrected with PBS. Unless otherwise
specified, samples were measured at 20 C in a quartz cuvette with a 2 mm path length. Spectra were
recorded from 200 to 250 nm at 1 nm intervals, with a bandwidth of 1 nm, with the final spectrum
consisting of the average of 5 sequentially recorded spectra. The mean residue molar ellipticity (9,
deg-cm?-dmol™!) was calculated according to equation ([6] = (100 * [8]obs)/(c * n * 1)), [0]obs
representing the observed ellipticity in mdeg, c is the peptide concentration in mM, n is the number
of peptide bonds and 1 is the path length of the cuvette in cm. The percentage of helicity of the peptides
(Fnetix) can be calculated by equation: Fnelix =100% ([0]222 - [0]0) / ([0]max - [0]0), [0]222 represents the
mean residue molar ellipticity of peptide at 222 nm, [0]o is the mean residue ellipticity of the peptide
when the peptide is in an entirely random coil conformation, [0]max is the maximum theoretical mean
residue ellipticity (Table S3).
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Fluorescent peptide labeling experiments

Cell culture: HelLa, and CHO cells purchased from ATCC were cultured according to ATCC
guidelines. The DMEM growth medium containing sodium bicarbonate, without sodium pyruvate
and HEPES, was supplemented with 10% fetal bovine serum, 1% of L-glutamine, and 1%
penicillin/streptomycin, at 37 °C in the presence of 5% COx.

HeLa cells were seeded on 8-well confocal plates at the density of 5*10* cells/well on the day before
experiments were performed. After 18 h incubation, CPK4 and CPE4 lipopeptides (10 uM, 200 uL)
were added to the cells and incubated for 1-2 h. After the removal of the medium and washing 3 times
with PBS, the medium containing PK4, NK4, and CK4 dimers were added and incubated for 15 min,
then washed 3 times, fluorescein-E4 peptide (10 uM, 200 uL) was added and incubated for 15 min,
washed 3 times and supplemented with phenol-red-free medium before confocal imaging (Leica TCS
SP8). Quantification of interaction differences was conducted by flow cytometry (Guava easyCyte)
with cells seeded on 24-well plates at 2.5%10° cells/well, then the same procedure was followed before
measuring.

Liposome preparation and characterization

NBD-PE labeled liposomes: lipids were dissolved in CHCI3 in the molar ratio DOPC, DOPE, and
cholesterol 2:1:1 (total lipid concentration, 1 mM, with 1 mol% of NBD-PE) was dissolved in CHCIs.
The solvent was evaporated, and then lipids were hydrated with 1X PBS, and sonicated at 55°C for 3
min. CPE4-modified liposomes were made by adding 1 mol% of CPE4 into the lipid film.

PI encapsulated liposomes: lipids were dissolved in CHCl3 in the molar ratio DOPC, DOPE, and
cholesterol of 2:1:1 (total lipid concentration, I mM, 1 mol% of NBD-PE). Then lipids were hydrated
with propidium iodide (10 mg/mL dissolved in PBS, 1 mL), then sonicated at 55°C for 3 min. Free
PI was removed by size exclusion chromatography using a Sephadex G25 size-exclusion PD-10
Columns.

DOX encapsulated liposomes: lipids were dissolved in CHCI3 in the molar ratio DOPC, DOPE,
cholesterol 2:1:1 [total lipid concentration] = 4 mM. Liposomes were prepared by mixing the
appropriate amount of lipids in a glass vial and evaporating the solvents under air to form lipid films.
These films were hydrated with 20 mM citrate buffer (pH 2.5) and extruded 11 times with 200 nm
pores. The citrate buffer was replaced by PBS (pH 7.4) through Sephadex G25 size-exclusion PD-10
Columns. Doxorubicin (DOX) was added to the liposomes at a drug-to-lipid molar ratio of 1:3 and
subsequently rotated overnight. Free DOX was removed by size exclusion chromatography using a
Sephadex G25 size-exclusion PD-10 Columns. The DOX concentration was determined using
UV—vis spectrophotometry with a standard curve of different DOX concentrations. The liposomes
were post-modified with CPE4. For this, lipopeptides in 1X PBS were added to the DOX-loaded
liposomes [final CPE4] = 1 mol%, vortexed for 1 minute, and incubated for another 2 h at RT before
use.

All liposomes were characterized by dynamic light scattering (DLS) at 25 °C to determine the average
diameter (see Table S4).

Cellular uptake efficiency experiments
Flow cytometry analysis of cellular uptake efficiency was carried out using peptide-modified
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liposomes to compare the uptake efficiency differences. CPK4 and CPE4 lipid films were made,
hydrated with complete DMEM, and sonicated for 10 min at room temperature (final concentration
is 10 uM). For cellular uptake efficiency study, HeLa cells were seeded on 24-well plates at the
density of 2.5%10° cells/well 18 h in advance, then pretreated with a medium containing CPK4 or
CPE4 for 1-2 h (10 uM, 500 pL), after the removal of medium, PK4, NK4, CK4 dimers (5 uM, 500
uL) were added and incubated for 15 min, and the cells were washed 3 times with PBS, NBD labeled
liposomes modified with CPE4 (CPE4-Liposome-NBD) were added to the cells (200 uM, 500 uL)
and after 15 min incubation, the medium was removed and cells were washed with PBS 3 times, then
digested with trypsin, washed, and resuspended in 1X PBS, followed by flow cytometry
measurements.

Propidium iodide (PI) cellular delivery

HeLa cells were seeded on 8-well confocal plates at a density of 5*10* cells/well. After 18 h, the cells
were preincubated with a micellar solution of CPK4 and CPE4 (10 uM, 200 pL) for 1-2 h. After the
removal of the medium and washing 3 times with PBS, the medium containing dimers PK4, NK4,
and CK4 was added (5 uM, 200 pL) and incubated for 15 minutes, and the cells were washed 3 times
with PBS before NBD-PE labeled CPE4-liposomes containing PI were added and incubated for 15
min. Next, the cells were washed 3 times with PBS, supplemented with the phenol-red-free medium,
and cultured another 30 min before confocal imaging.

Doxorubicin uptake experiment

To test the delivery of liposomal doxorubicin (DOX) with different dimers, HeLa cells were seeded
on 8-well confocal plates at a density of 5%10* cells/well the day before the experiment. After 18 h,
HeLa cells were preincubated with a medium containing CPK4, and CPE4 for 1-2 h (10 uM, 200 pL),
and subsequently exposed to the medium containing PK4, NK4, or CK4 dimer (5 pM, 200 pL) and
incubated for 15 min. After removal of the medium and 3 times washing with PBS, CPE4 decorated
liposomes encapsulating DOX were added and incubated for another 15 min. Cells were washed 3
times and supplemented with phenol-red-free medium and cultured another 30 min before confocal
imaging. Quantification of DOX uptake followed a similar procedure in which cells were seeded in
96-well plates at the density of 2*10* cells/well, then followed the same treatment of peptides and
CPE4-liposomes encapsulated DOX (CPE4-Liposome-DOX) before flow cytometry measurements.

DOX uptake efficiency after endocytosis inhibitors incubation

To test the cellular uptake pathway of liposomal doxorubicin (DOX) delivery of PK4, HeLa cells
were seeded on a 96-well plate at the density of 2*10* cells/well the day before the experiment. After
18 h, HeLa cells were preincubated with CPE4 (10 uM, 100 pL) for 2 h, and subsequently exposed
to different endocytosis inhibitors: nocodazole (40 pM), wortmannin (0.25 uM), dynasore (80 uM),
pitstop2 (20 uM), genistein (200 uM), methyl-B-cyclodextrin (MBCD, 10 mM) sodium azide (0.1%
w/v) in DMEM medium (100 pL) together with fresh CPE4 for 2 h. The medium was removed and
replaced by a medium containing PK4 dimer (5 uM, 100 pL) and incubated for 15 min. After the
removal of the medium and 3 times washing with PBS, CPE4 decorated liposomes containing DOX
were added and incubated for another 15 min (200 pM, 100 pL). Cells were washed 3 times and
incubated for 30 min and analyzed by flow cytometry. The 4 °C treatment was carried out by putting
the cells into the fridge and then following the same procedure as above. The uptake mechanism of
cells without CPE4 pretreatment was carried out the same way by using CPE4 modified liposomes
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without DOX encapsulation.

For comparison, NBD-labeled cationic DOTAP liposomes (DOTAP: DOPC, 1:1, 1 mol% PE-NBD)
were used to study the cellular uptake efficiency in the presence of endocytosis inhibitors. Cells were
pretreated with different endocytosis inhibitors for 2 h, after removal of the medium DOTAP
liposomes (200 uM, 100 uL) were added and cultured for 2 h, then analyzed by flow cytometry.

Cell viability measurements

The cytotoxicity of the peptides and liposomes in the absence of DOX was determined by a MTT
assay. HeLa cells were seeded on a 96-well plate at a density of 1.0%10* cells/well, HeLa cells were
incubated with a medium containing CPK4, CPE4 (10 uM, 100 pL) for 2 h. After the removal of the
medium and 3 times washing with PBS, different dimers PK4, NK4, and CK4 (5 uM, 100 uL) were
added to the cells and incubated for 15 min, then cells were washed 3 times (PBS), and treated with
a series of diluted CPE4 decorated liposomes without DOX encapsulation for 2h, the concentration
of liposomes ranged from 500 uM to 0. 01 puM (500 uM, 300 uM, 150 uM, 75 uM, 30 uM, 15 pM,
7.5 uM, 3 uM, 1.5 uM, 0.75 uM, 0.3 uM, 0.15 pM, 0.05 pM, 0.01 uM). Next, the medium was
removed from the wells, and cells were incubated in a fresh medium for another 36 h. After that, the
MTT reagent was added to cells (final concentration is 0.5 mg/mL) and incubated for 4 h. Next, 50
uL. medium was removed and 100 uL of DMSO was added to solubilize the purple formazan crystals
and the spectrophotometric absorbance of the samples was measured using a microplate reader (Tecan
Infinite M1000). The absorbance at 570 nm was measured with a reference wavelength at 650 nm.
HeLa cells without any treatment were set at 100% cell survival.

For the cell viability assay after DOX delivery, HeLa cells were seeded on a 96-well plate at a density
of 1.0*10* cells/well, then incubated with a medium containing CPK4, CPE4 (10 uM, 100 uL) for 2
h. After the removal of the medium and 3 times washing with PBS, different dimers PK4, NK4, and
CK4 (5 uM, 100 pL) were added to the cells and incubated for 15 min. Then cells were treated with
a series of diluted CPE4 decorated liposomes loaded with DOX; the final concentration of DOX in
the liposomes ranged from 100 uM to 0.01 uM (100 uM, 50 pM, 25 uM, 10 uM, 5 uM, 2.5 uM, 1
uM, 0.5 uM, 0.25 uM, 0.1 pM, 0.05 puM, 0.01 uM). After 2 h, all the medium was removed from the
wells, and cells were incubated in a fresh medium for 36 h before the MTT assay.

Statistical analysis

All experiments were performed at least in triplicate (n=3) unless specified otherwise, and the
significance was determined using an unpaired student t-test or two-way ANOVA analysis (Graphpad
Prism). (****P <0.0001; ***P <0.001; **P <0.01; *P <0.05)
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SI scheme 1. (a) Synthetic route of K4-dimers, (a) PK4, (b) NK4, and (c¢) CK4.

Table S1. Sequences of peptides used in this work

Peptides Sequences
ef gabcdef gabcdef gabcdef gabcdef ga

K4 KIAALKE KIAALKE KIAALKE KIAALKE GW-NH,
E4 EIAALEK EIAALEK EIAALEK EIAALEK GW-NH,
Fluo-K4 Fluo-GG KIAALKE KIAALKE KIAALKE KIAALKE GW-NH,
Fluo-E4 Fluo-GG EIAALEK EIAALEK EIAALEK EIAALEK GW-NH,
K4-Cys14 KIAALKE KIAALKC KIAALKE KIAALKE -NH,
K4GW-Cys14 KIAALKE KIAALKC KIAALKE KIAALKE GW-NH,
CG-K4 CG KIAALKE KIAALKE KIAALKE KIAALKE -NH,
CG-K4GW CG KIAALKE KIAALKE KIAALKE KIAALKE GW-NH,
K4-GC KIAALKE KIAALKE KIAALKE KIAALKE GC-NH,
WG-K4GC WG KIAALKE KIAALKE KIAALKE KIAALKE GC-NH,
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Table S2. Theoretical and observed mass of peptides using LC-MS

Peptide Mass(calculated)/Da Mass(Found)/Da
[M+5H]>* 1268.2 1267.5
PKd [M+4H]* 1585.0 1584.3
[M+3H]*" 2113.0 2113.0
[M+5H]>* 1342.4 1341.8
NK4 [M+4H]*" 1677.8 1677.2
[M+3H]** 2236.7 2237.5
[M+5H]>* 1342.4 1341.8
CK4 [M+4H]* 1677.8 1677.9
[M+3H]** 2236.7 2237.5
Fluo-E4 [M+3H]3* 1252.7 1250.6
[M+2H]?* 1878.5 1876.0
Fluo-K4 [M+3H]?* 1251.2 1249.3
[M+2H]?* 1876.5 1874.0
CPK4 [M+3H]3* 1246.2 1244.3
[M+2H]?* 1869.4 1866.4
CPE4 [M+3H]>" 1247.8 1245.4
[M+2H]*" 1871.2 1868.8
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Table S3. Normalized mean residue molar ellipticity and percentage helicity of peptides

Peptide [0] / deg cm? dmol! Helicity (%)?
K4 -29894.2 89
E4 -25063.8 80
PK4 -8550.3 25
NK4 -34322.4 92
CK4 -39613.2 105
PK4+E4 -34330.3 90
NK4+E4 -31438.4 83
CK4+E4 -35300.8 92

2 The percentage of a-helicity was calculated using the equation in section of experimental 3. The percentage of
helicity of the peptides (Frelix) can be calculated by equation: Freiix =100% ([0]222 - [0]0) / ([0]max - [0]0), [0]222
represents the mean residue molar ellipticity of peptide at 222 nm, [0]o is the mean residue ellipticity of the peptide

when the peptide is in an entirely random coil conformation, [0]max is the maximum theoretical mean residue

ellipticity.

Table S4. Characterization of liposomes used in this study

Liposomes Size(nm) PDI Zeta-potential(mV)
Liposome-NBD 121.0£3.9  0.168+0.042  -3.23+2.31
CPE4-liposome-NBD 96.7+5.2 0.129+0.023 -4.23+2.56
Liposome-NBD-PI 151.1£7.2  0.150+0.035 -4.87+1.23
CPE4-liposome-NBD-PI 157.245.8  0.105+0.021 -5.23+£2.06
Liposome-NBD-Dox 146.2+4.8 0.116+£0.034 -5.35+£3.27
CPE4-liposome-NBD-Dox 171.6+2.8 0.093+£0.043 -3.67+£2.23
DOTAP-liposome-NBD 1542432  0.126+£0.027 54.23+3.73
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of data comparisons (¥****P < 0.0001; ***P < 0.001; **P <0.01; *P <0.05). In all panels, error bars represent mean
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with CPE4/CPK4 pretreatment (b) cells without CPE4/CPK4 pretreatment. Liposomes contain 1% NBD-PE and 1%
CPE4 on the membrane and were loaded with 10 mg/mL PI. Green: NBD-PE; red: PI; BF: bright field; scale bar is
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SI Figure 4. (a) Confocal images of DOX uptake of K4 monomer and dimers in HeLa cells of control groups. (b)
Quantification of internalized DOX intensity of K4 monomer and dimers of all groups. Red: PI; BF: bright field;
scale bar is 30 pum. Unpaired student t-test was used to determine the significance of data comparisons
(*¥***P <0.0001; ***P <0.001; **P <0.01; *P <0.05). In all panels, error bars represent mean + s.d. (n=3).
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SI Figure 5. (a) Quantification of uptake efficiency of the cationic liposome DOTAP (DOTAP: DOPC=1:1, 1 mol%
NBD-PE) with endocytosis inhibitors in HeLa cells. (b) Quantification of uptake efficiency of PK4 dimer with
endocytosis inhibitors in HeLa calls without CPE4 pretreatment. (¢) Cell viability of liposomes without DOX
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