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Abstract
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Peptides synthesized in the likeness of their native interaction domain(s) are natural choices to
target protein–protein interactions (PPIs) due to their fidelity of orthostatic contact points between
binding partners. Despite therapeutic promise, intracellular delivery of biofunctional peptides at
concentrations necessary for efficacy remains a formidable challenge. Peptide amphiphiles (PAs)
provide a facile method of intracellular delivery and stabilization of bioactive peptides. PAs
consisting of biofunctional peptide headgroups linked to hydrophobic alkyl lipid-like tails prevent
peptide hydrolysis and proteolysis in circulation, and PA monomers are internalized via
endocytosis. However, endocytotic sequestration and steric hindrance from the lipid tail are two
major mechanisms that limit PA efficacy to target intracellular PPIs. To address these problems,
we have constructed a PA platform consisting of cathepsin-B cleavable PAs in which a selective
p53-based inhibitory peptide is cleaved from its lipid tail within endosomes, allowing for
intracellular peptide accumulation and extracellular recycling of the lipid moiety. We monitor for
cleavage and follow individual PA components in real time using a Förster resonance energy
transfer (FRET)-based tracking system. Using this platform, we provide a better understanding
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and quantification of cellular internalization, trafficking, and endosomal cleavage of PAs and of
the ultimate fates of each component.

Graphical abstract

Author Manuscript

INTRODUCTION

Author Manuscript

Recent advances in genomics and computational methods have identified ~650,000 essential
intracellular protein–protein interactions (PPIs) within the human interactome responsible
for normal cellular homeostasis, and of these, many also perpetuate malignant
transformation.1,2 One example of such a protein is p53, a tumor suppressor essential for
regulating cell stress response through the induction of cell cycle arrest and apoptosis at the
level of the mitochondrion.3 Defects in the p53 pathway occur in ~22 million cancer
patients, with approximately 50% of these defects being due to the inactivation of p53 itself
and the remaining defects due to aberrancies in other p53 signaling or effector proteins.4–6 A
pair of these proteins are MDM2 and MDM4, both of which nonredundantly target p53 for
degradation.7,8 MDM2 is an E3 ubiquitin ligase that targets p53 for ubiquitin-dependent
degradation, while MDM4 inhibits p53 through PPI-mediated sequestration.9–11 In many
cancers, the signaling pathway of wild-type TP53 is corrupted by the over-expression of
these two proteins.5,12 As a result, there is an urgent need to reactivate p53, particularly in
those patients with “complex” p53-pathway copy-number alterations who have significantly
shorter overall survival when treated with conventional chemotherapies.5,12,13

Author Manuscript

Small-molecule and peptide-based PPI inhibition of p53 binding to MDM2/4 has been
shown to reactivate cell death in vitro and in preclinical animal models of chemoresistant
cancers.14–18 Leading the way are compounds that, through protein binding mimicry,
displace p53 from MDM2, allowing free p53 to reactivate apoptosis. Both hydrocarbonstapled α-helical p53(14–29) peptides and p53(14–29) peptide amphiphiles (PAs) are examples
of peptide-based therapeutics that inhibit p53–MDM2/4 interactions and have shown
preclinical promise.15,19,20 A hydrocarbon-stapled peptide MDM2/4 inhibitor is currently in
phase I and II clinical trials for advanced solid tumors.6,21
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Although focus has classically centered on using small molecules for inhibition of PPIs,
small molecules are best at targeting PPIs with defined “hot spot” binding residues or
concentrated binding foci and often fail to target PPIs with large, diffuse interfaces (>800
Å2) where binding is the summation of geographically distinct low-affinity interactions.1,22
Therefore, peptides are highly desirable choices to target PPIs due to their fidelity of
orthostatic contact points between binding partners.23,24 Despite increasing interest,
obstacles remain with peptide-based compared to small-molecule therapeutics, namely lower
metabolic stability, endosomal entrapment, and cell-membrane impermeability.14 PAs
represent one strategy with which to increase the cellular impermeability and serum stability
of biofunctional peptides. PAs consist of a peptide headgroup linked to a hydrophobic alkyl
lipid-like tail that self-assembles into molecules with distinct hydrophobic and hydrophilic
ends, akin to natural lipids within the cellular membrane.25,26 PAs self-assemble into
micellar structures in aqueous medium in which the hydrophobic tails are buried within the
core, while the peptide head-groups remain on the periphery.26,27 PAs also stabilize peptide
secondary structure, protect peptides from proteolytic degradation, and delay plasma
clearance because of their nanoscale size and shape while simultaneously enhancing
intracellular internalization.20,28,29 Examples of preclinical PAs can be found in diverse
areas, including tissue targeting, diagnostic imaging, and cancer therapy.30
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Despite the advantages of micellar PA-based systems, one major barrier to using PAs for
intracellular PPI disruption is endosomal sequestration.29,31 Most endosomal vesicles
recycle back to the cell surface quickly in the early state. Some, however, become long-lived
perinuclear late endo- and lysosomal compartments within 30–60 min following
internalization, during which peptides have been shown to survive for up to 24 h.20,30,32 As
a result, the bulky hydrophobic tail, which is advantageous outside of the cell and during
cellular internalization, becomes a membrane “anchor” within the endosome. Thus,
enhancing endosomal escape is critical for meaningful clinical transition of PA-based
intracellular peptide-based PPI targeting agents.

Author Manuscript

Endo- and lysosomes degrade their contents using amino-acid sequence-specific proteases,
such as cathepsins, that are activated in low pH. Cathepsin cleavage sequences have been
extensively studied as linkers for antibody–drug conjugates, with cathepsin-B (catB)-specific
sequences being the most commonly used.33 CatB is rarely found in the extracellular matrix,
and therefore, conjugates produced with catB cleavable linkers remain remarkably stable in
circulation.34 Valine–citrulline–PABC (para-amino benzyl carbamate) has been used as an
eflective endosomally responsive cleavable sequence (and spacer) for anticancer prodrugs
and antibody-based drug conjugates.35–37 CatB cleavage occurs C-terminally to the valine–
citrulline dipeptide linker, while the PABC spacer allows for improved enzyme binding and
kinetics and, due to its strong aromatic ring 1,6-elimination, ultimately self-immolates
following cleavage.38,39 Given its excellent stability in human plasma, robust cleavage after
endocytosis, and potent antigen-specific cytotoxicity, we aimed to use a similar strategy with
PA-based therapeutics.
The present study used p53-based therapeutic peptide (p53(14–29)) PAs prepared with a
double palmitic acid (diC16) hydrophobic tail and valine–citrulline–PABA (para-amino
benzoic acid) (VC–PABA) synthesized between the peptide and the hydrophobic tail to
Bioconjug Chem. Author manuscript; available in PMC 2018 September 20.
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allow for intracellular transport and peptide accumulation. Because the ultimate fate of PA
components following endocytosis are poorly understood, we coupled p53(14–29) and diC16
with Forster resonance energy transfer (FRET)-compatible chromophores to monitor
intracellular PA cleavage in real time. We were also able to individually track diC16 tails and
p53(14–29) peptides using these fluorophores to gain a better understanding of PA cellular
internalization, peptide accumulation, lipid tail-mediated membrane sequestration, and intact
PA intracellular and extracellular movements that can be extended to other PA-based
systems (Figure 1).

RESULTS AND DISCUSSION
CatB-Cleavable Linker Evaluation

Author Manuscript

A variety of enzyme-cleavable peptide sequences used in antibody–drug and peptide–drug
conjugates were initially tested for efficacy in our system.35,40–43 We ultimately chose the
enzyme-cleavable peptide sequence, valine–citrulline (VC), as it gave us the fastest and most
complete cleavage (Figure S1; data not shown). We substituted PABC for PABA because
PABA has equivalent functional cleavage characteristics in preclinical testing and contains a
moderately electron withdrawing carboxylic acid group, making it more stable during solidphase peptide synthesis.44
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To determine if our cathepsin cleavage and intracellular mapping strategy would allow for
the complete dissociation of p53(14–29) from diC16, we measured catB-specific cleavage
kinetics in situ using recombinant human catB. To do this, we conjugated the experimentally
cleavable VC–PABA sequence and a control, noncleavable triple glycine (GGG) linker to a
7-amino-4-methylcoumarin (AMC) dye, useful in studying protease activity and specificity
(VC–PABA–AMC and GGG–AMC) (Figures S1A and B).45 The electron group of the
AMC fluorophore is localized, and thus remains quenched, when linked to the VC–PABA or
GGG peptide substrate. When the covalent bond between the peptide and AMC is cleaved,
this group delocalizes, resulting in fluorescence detected at 440 nm (excitation: 348 nm),
allowing for the real-time measurement of enzyme and substrate kinetics. The addition of
PABA improved the catB-mediated cleavage of VC from AMC, likely through its wellestablished spacer eflect, allowing catB ample access to the peptide substrate (Figure S1C).
46 The fluorescence intensity of VC–PABA–AMC was rapidly increased compared to VC
alone, supporting previous findings (Figure S1C).34,36 Neither GGG–AMC nor GG–PABA–
AMC showed any change in fluorophore intensity, indicating that PABA alone does not
facilitate catB cleavage. We chose to use GGG as a control sequence in following studies
due to its similar peptide length with VC–PABA and its nonreactive side groups.

Author Manuscript

CatB-Cleavable PAs with FRET Chromophores
We next sought to determine if catB cleavage fidelity and kinetics would transfer to intact
PA monomers. To determine the transit time and location of individual PA components,
FAM (fluorescein) and Tamra (rhodamine) were placed on either side of the VC–PABA or
GGG spacers. The fluorophores were located approximately 35.5 and 35.1 Å apart,
respectively, with Tamra labeling the N-terminus of p53(14–29) and FAM labeling the Nterminus of either valine or glycine (Figures 2A, B and S2). FAM (donor) excitation at 488
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nm causes emission at 520 nm that in turn excites Tamra (acceptor) that emits a FRET
wavelength of 620 nm. The efficiency of this energy transfer (FRET efficiency) is extremely
sensitive to the small changes in distance within 10 nm of one another.47 A change in
intensity of the emitted light at 620 nm after excitation at 488 nm would thus reflect
dissociation of p53(14–29) from the PA hydrophobic tail (Figure 1).

Author Manuscript
Author Manuscript

To ultimately monitor the enzymatic cleavage of intact PA monomers, we first measured
FRET efficiency using wide-field microscopy on p53(14–29) peptides with N-terminally
located catB sequences with corresponding fluorochromes. To ensure that the p53(14–29)
peptide did not induce apoptosis in later cellular trafficking studies, we chose to use the
native conformer of p53(14–29). Native p53(14–29) cannot enter cells and binds MDM2/4 less
avidly than α-helical-reinforced peptides, thus ensuring that the driving force for
intracellular PA translocation is diC16 and that native p53 is not activated, thereby allowing
treated cells to live long enough for trafficking analysis (Figure 2A,B).15,19,33 Peptides on
resin were incubated on a platform with incoming light fixed at a diameter of 200 nm,
allowing the measurement of a localized bead area using 100× magnification (Figure S3).
Using this method, the acceptor intensity (Tamra) diminished significantly following catB
addition in the VC–PABA–p53(14–29), while there was no difference in FRET signal when
catB was not added or when added to the noncleavable control peptide (Figure 2C). To
ensure that catB did not significantly affect p53(14–29), media samples were collected at 3
and 24 h following the addition of catB and individual FAM and Tamra fluorescence
measured. Increased FAM emission (N-terminal to the cleavage site) would indicate
successful FAM dissociation, while Tamra emission would indicate enzymolysis of internal
p53(14–29) amino acids. FAM intensity in the media following catB addition to VC–PABA–
p53(14–29) was significantly higher than that measured in the supernatant from GGG–
p53(14–29), indicating efficient catB-directed cleavage from PA monomers (Figure S4).
Importantly, Tamra fluorescence in the media was minimal for both compounds, indicating
relative in vitro stability of the p53(14–29) peptide (Figure S4). We next tested if this
p53(14–29) catB resistance would enable the measurement of peptide accumulation inside
cells.
Intracellular Accumulation of PA Components
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Building from our in vitro testing, we synthesized p53(14–29) cleavable (diC16–VC–PABA–
p53(14–29)) and noncleavable (diC16–GGG–p53(14–29)) PAs using the diC16 hydrophobic tail
(Figures 3, S5, and S6). Both PA micelles were of similar size and critical micellar
concentrations (CMC), allowing for valid comparisons of treatment doses (Figure S7).
Unlike previously reported diC16–p53(14–29) PA, which formed rod-like, elongated micelles,
these PAs formed spherical micelles between 20 and 40 nm (with occasional larger
aggregates), as measured by transmission electron microscopy (TEM) and dynamic light
scattering (DLS) (Figures 3 and S7).29 Although the DLS size distribution suggests that the
PAs could exist in either micelle or rod-like transition, only round micelles were seen in the
TEM images. This difference in structure likely resulted from the additional amino acids and
fluorochromes between diC16 and p53(14–29) elongating the polar PA headgroup and driving
round micelle formation through electrostatic repulson.26,48–50 We repeated our catB
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cleavage analysis of these PA monomers and confirmed separation of diC16 from p53(14–29)
only after the addition of recombinant catB using HPLC (Figure S8).
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To determine long-term diC16–VC–PABA–p53(14–29) and diC16–GGG–p53(14–29)
intracellular accumulation under continuous PA incubation, we strategically moved FAM
and Tamra out of FRET overlap range (Figure 4). By moving the fluorochromes away from
one another, we were able to determine individual component accumulation without FRET
interference. DLS found these PAs similar to the those detailed in Figures 3 and S7
(although slightly larger) between 50 and 100 nm, and with CMCs of 4.7 and 5.8 μM,
respectively (data not shown). HeLa cells were incubated with 10 μM PA, such that
p53(14–29) was C-terminally labeled with FAM and diC16 C-terminally labeled with Tamra.
Intracellular accumulation of diC16–VC–PABA-p53(14–29) PA at 16 and 24 h was far greater
than noncleavable control PAs (Figure 4). Cells incubated with cleavable PAs accumulated
diC16 diffusely throughout the cells, while the discrete punctae of p53(14–29) overlapped
considerably with diC16 in cells incubated with diC16–GGG–p53(14–29) (Figure 4). However,
due to the intense accumulation over time, it was impossible to determine if p53(14–29) had
been cleaved from diC16 in cells incubated with diC16–VC–PABA–p53(14–29). Although
initially internalized, noncleavable PAs did not intracellularly accumulate over time (data not
shown; Figure 4). This may have been because of recycling out of the cell, as has been
previously demonstrated, or sequestration by fetal bovine serum (FBS) in the culture serum.
29,51 Because therapeutic peptide accumulation within target cells is necessary to obtain
effective clinical responses, we next sought to determine if the p53(14–29) peptide was
cleaved from PA monomers and at what time this had occurred following internalization.
PA Component Intracellular Cleavage and Trafficking
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To better understand trafficking of p53(14–29) inside cells, we returned to our FRET capable
PA constructs (Figure 3). HeLa cells were pulsed with 2.5 μM PA for 1 h and washed rather
than allow for continuous PA exposure that would complicate our visualization of catBmediated cleavage and intracellular trafficking. Both PAs were equivalently internalized
within 1 h of incubation (Figure 5). Each was taken in through endocytosis with substantial
compartmental colocalization with transferrin-positive intracellular vesicles, reflective of
early and late endosomal trafficking (Figure 6). Despite most intact PAs being associated
with transferrin-positive early endosomes, there was also evidence of dissociation and
movement of diC16 out of these endosomes and into other areas of the cell as early as 1 h
following treatment with diC16–VC–PABA–p53(14–29) (Figure 6). Transferrin labels early
endosomes that ultimately transition to sorting endosomes or endocytic recycling
compartments where transferrin is released from the transferrin receptor at low pH.52–54
Because this process can take as little as 10 min, it is unclear if these diC16 tail fragments
were located within late endosomes or were being recycled back to the cell surface.54
Regardless, unlike diC16–VC–PABA–p53(14–29), control diC16–GGG–p53(14–29) PAs were
universally found in vesicles as one unit (Figures 5 and 6). Cleavage of p53(14–29) from
diC16 and loss of FRET signal in cells treated diC16–VC–PABA–p53(14–29) occurred almost
completely by 3 h following incubation, whereas the FRET signal was retained in cells
treated with diC16–GGG–p53(14–29) PAs (Figure 5). p53(14–29) peptide appeared to
accumulate in discrete locations within the cell by 6 h, in contrast to control PAs.
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Additionally, diC16–GGG–p53(14–29) PA-treated cells lost overall intensity over time, as was
observed previously (Figures 4). The diffuse spreading of diC16 throughout the cell after
treatment with diC16–VC–PABA–p53(14–29) suggests that these compartments are destined
for exocytosis and membrane recycling (Figure 5A).20,29,51,54 Supporting this hypthesis is
the apparent decrease in tail and peptide signal intensity in cells treated with diC16–GGG–
p53(14–29) PAs, suggesting that intact PA monomers are ejected from the cell over time
(Figure 5B).
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To confirm that loss of FRET signal was due to cleavage of p53(14–29) from diC16 and not
loss of FRET efficiency (due to loss of fluorescent intensity, photobleaching, etc.), HeLa
cells were treated as above but with an increased PA concentration of 10 μM. Extracellular
PA was washed away after 1 h, and cells were allowed to incubate for 6 and 24 h, followed
by super-resolution laser scanning confocal microscopy. Raw images were analyzed for
FRET signaling at each time point, comparing diC16–VC–PABA–p53(14–29) to diC16–GGG–
p53(14–29) and nontreated cells (Figure 7). While FRET signaling decreased from 6 to 24 h
in cells treated with diC16–VC–PABA–p53(14–29) (Figure 5), there was no change in FRET
efficiency of diC16–GGG–p53(14–29)-treated cells. Therefore, cleavage of p53(14–29) from
diC16 and movement of p53(14–29) to spatially distinct areas of the cell occurred only in
relation to diC16–VC–PABA–p53(14–29) and was not due to loss of the ability of intact PAs
to provide a quantifiable FRET signal over time (Figure 7A).
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While FRET intensity changes indicate catB-mediated cleavage, it lacks quantifiable
information regarding the amount of either PA component in individual cells. To quantify
the amount of p53(14–29) peptide in individual cells following incubation for 24 h, we
measured Tamra intensity alone at 520 nm excitation and fluorescence at 580–660 nm.
Using this method, the relative amount of intracellular p53(14–29) peptide was similar
between diC16–VC–PABA–p53(14–29) and diC16–GGG–p53(14–29)-treated cells at 6 h
(Figure 7B). However, by 24 h, p53(14–29) peptide levels dropped significantly in cells
treated with diC16–GGG–p53(14–29), confirming our previous results under continuous
treatment conditions (Figure 4). One explanation for this decrease over time is that diC16
leads to endosomal membrane tethering and facilitates recycling of the intact diC16–GGG–
p53(14–29) PA monomers out of the cells.
Extracellular Trafficking of Intact PA Monomers and Individual PA Components
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We next sought to determine if the overall loss of diC16–GGG–p53(14–29) monomers or
diC16 from diC16–VC–PABA–p53(14–29)-treated cells was due to membrane recycling and
extrusion via extracellular vesicles. The hydrophobic tails of PAs are thought to promote
lipid membrane anchoring of PA monomers and subsequent membrane tethering.20,27,51,55
Membrane invaginations during endocytosis therefore contain these and other extracellular
lipids that are transported through the endolysomal pathway and either metabolized through
autophagocytosis or refluxed out of the cell within extracellular vesicles.56,57 Given the
rapid intracellular trafficking of PAs, we wondered if the loss of diC16–GGG–p53(14–29)
signal over time was due to the active exocytosis of noncleaved PA monomers.
To measure extracellular vesicles, HeLa cells were incubated for 1 h followed by washing
and replacement with PA-free media. The cells were then allowed to incubate, and media
Bioconjug Chem. Author manuscript; available in PMC 2018 September 20.
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samples were collected at 6 h following incubation. Vesicles within the media were analyzed
using a Nanosight N300 with fluorescence filters, and nanoparticle tracking analysis (NTA)
software was used to determine the number of total and red particles per frame over a
threshold of a constant intensity (Figure 8). The number of red extracellular particles were
lower in media from cells incubated with diC16–VC–PABA–p53(14–29) compared with cells
treated with diC16–GGG–p53(14–29) PAs supporting efflux of intact diC16–GGG–p53(14–29)
and either intracellular accumulation (as seen in Figures 4–6) or the metabolism of
p53(14–29) peptides. The number of peptides within each vesicle could not be determined
using this technique. Coincident measurement of diC16-laded vesicles could not be
performed accurately due to limitations in the Nanosight laser and detector thresholds.
Despite these limitations, these results support our earlier findings and indicate that the
hydrophobic diC16 tails drive the excretion and recycling of intact PA monomers in our
system.
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CONCLUSIONS
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The ultimate goal of this study was to allow for controlled release of biologic peptides
following PA cellular penetration and prevent rapid extracellular excretion. This is the first
time, to our knowledge, that a PA has been designed with two dyes to individually follow
long-term intracellular and extracellular trafficking of the functional peptide group and the
hydrophobic tail. The FRET effect of the two dyes allows the visualization of effective early
cleavage soon following treatment. Our results indicate that catB-mediated cleavage between
p53(14–29) and diC16 is feasible and that therapeutic peptides are able to accumulate inside
target cells, greatly improving their chance at biologic efficacy. It remains unclear if the
p53(14–29) peptide that accumulates within the cell remains entrapped within endosomal
vesicles or is able to pass through the endosome and localize to other organelles (Figure 1).
Peptide accumulation within target cells remains a formidable obstacle in using
macromolecules, peptides, and nucleotide-based nanoparticle therapeutics, and endosomal
escape remains the largest rate-limiting step in delivering therapeutic peptides to target
cellular compartments.28,58–60 Reinforcement of the peptide secondary structure or addition
of cationic membrane-penetrating amino acids could theoretically facilitate cytoplasmic
trafficking.15,59–61 Future studies aim to measure p53(14–29) movement within treated cells
and enhance endosomal escape and organelle trafficking.
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Removal of the hydrophobic lipid tail may also be ultimately necessary for efficient target
PPI engagement by way of decreasing the expected steric obstruction at the binding
interface (manuscript in preparation).62–64 Through relieving hindrance, cathepsin-cleavable
PA designs can be applied to peptides targeting any number of intracellular or extracellular
PPIs and thus can be adapted for use as therapeutics, diagnostics, or molecular tools to
elucidate PPI mechanisms of disease.
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EXPERIMENTAL PROCEDURES
Peptide Amphiphile Synthesis
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All amino acids were purchased from Protein Technologies Inc. Peptide p53(14–29)
(LSQETFSDLWKLLPEN) was synthesized on Rink amide resin (Novabiochem) using a
standard Fmoc solid-phase peptide synthesis strategy on an automated peptide synthesizer
(Protein Technologies Inc.), as previously described.51 The coupling of 5-carboxyfluorescein
(FAM) and 5(6)-carboxyte-tramethylrhodamine (Tamra; Novabiochem) were performed
through the orthogonal side chain protections of Fmoc–Lys(Mtt)–OH and Fmoc–Lys(Dde)–
OH (Novabiochem), respectively. A total of 2 equiv (with respect to resin substitution) of
each dye dissolved in dimethylformamide (DMF) with 4× N,N-diisopropylethylamine
(DIPEA) and 1.95× 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxid hexafluorophosphate (HATU) were used for coupling to the ε-amine of lysine for 24
h at room temperature. The dialkyl lipid acid 4-(1,5-bis(hexadecyloxy)-1,5-dioxopentan-2ylamino)-4-oxobutanoic (diC16COOH) was synthesized as described previously.65 The
Fmoc group of the N-terminal lysine was cleaved with 20% piperidine in DMF, and the free
α-amine group of the lysine-containing peptides were conjugated with 2× diC16COOH
hydrophobic tail in DMF with 4× DIPEA and 1.95× HATU, as previously reported.66 The
coupling reaction shook for 24 h at room temperature. Complete cleavage from the resin was
achieved using a trifluoroacetic acid (TFA)/triisopropylsilane/water (98:1:1) solution. The
resulting product was precipitated in cold diethyl ether prior to purification.
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Modified peptides were purified by reverse-phase preparative high-performance liquid
chromatography (RP-HPLC; Prominence, Shimadzu Corporation, Kyoto, Japan) with an
XBridge Prep C8 OBD column (Waters Corporation, Milford, MA) at 50 °C (flow rate: 10
mL/min from 10% to 100% within 55 min). Product identity was confirmed using matrixassisted laser desorption–ionization (MALDI) mass spectrometry (Bruker Ultraflextreme
MALDI-TOF), as previously described.29
Micelle Formation
PAs were dissolved in chloroform and the solvent evaporated under N2 gas to form a layer
on the wall of the eppendorf tube. Milli-Q water (or PBS for cell culture experiments; pH
7.4) was added to the PAs, sonicated for 1 h at 60 °C, and then incubated in a hot bath
without sonication for 1 h for 60 °C. After cooling to room temperature, the micelle
solutions were filtered through a 0.45 μm polycarbonate syringe filter (Millipore).
Critical Micelle Concentration
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CMC was performed as previously described.67 A range of PA concentrations (from 512 to
0.01 μM in half-increments) were prepared in a 1 μM DPH aqueous solution and
equilibrated for 1 h at room temperature. Solutions were plated in triplicates in a black 96well plate, and their fluorescent intensity was measured using a Tecan Infinite M200 PRO
plate reader (Mannedorf, Switzerland). Data were fit with two trend lines for low- and highintensity measurements, and CMC was calculated as the inflection point where the two trend
lines meet.68
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Micelle size was assessed using dynamic light scattering (Brookhaven Instruments,
Holtzville, NY) as previously described. Stock solutions of 0.5 mM micelles were prepared
in water as described above, and DLS measurements were performed at a 90° angle and in a
637 nm system consisting of a BI-200SM goniometer and a BI-9000AT autocorrelator.
Hydrodynamic radii were determined via the Stokes–Einstein equation using the diffusion
coefficient determined from the auto correlation function.
Transmission Electron Microscopy
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Ultrathin carbon type-A 400 mesh copper grids (Ted Pella, Redding, CA) were loaded with
5 μL of 0.5 mM PA micelles and allowed to dry. Grids were washed with several drops of
water and then negatively stained with 1% aqueous phosphotungstic acid for 3 min. The
excess solution was then removed, and grids were left to dry. Grids were imaged on a FEI
Tecnai 12 TEM using an accelerating voltage of 120 kV.
Synthesis of Peptide–AMC
Fmoc–Lys(carbamate Wang resin)–AMC (Novabiochem) was used to synthesize the
cleavable groups on the resin individually. Basic solid-phase peptide synthesis, as detailed
above, was used to synthesize VC–PABA–AMC and GGG–AMC peptides. TFA cleavage of
98% was used to cleave the peptide–AMC from the resin.
Cathepsin-B Cleavage Testing
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Peptide–AMC—Recombinant human liver cathepsin-B (Sigma-Aldrich) was used for the
in vitro experiments. DTT (0.25 μM) was used in 0.25 μM HEPES in PBS (pH 5) as
activation buffer. Peptides were dissolved in activation buffer to a final concentration as 1
mM. A total of 0.5 μL of catB enzyme or vehicle control was added into the peptide
solution. Plate-reader analysis with Tecan Infinite M200 PRO plate reader (Mannedorf,
Switzerland) with triplicates of each sample were performed in 96-well plates. The intensity
of the excited dye at 388 nm was measured at 440 nm.
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Dual-Dye-Labeled Peptide on Resin—CatB and activation buffer were prepared as
described above. Dye-labeled peptides were again left on the resin. Resin was washed with
methanol, dried in a vacuum overnight, and then immersed in PBS (pH 7.4) for 1 h at 37 °C.
PBS was then drained followed by addition of 1 mL of activation buffer and 5 μL of catB for
100 mg of resin. Control testing was performed in the same solution without the addition of
catB. Supernatant was collected after 3 and 24 h. The florescence intensity of triplicates of
each sample was measured with plate reader FAM (λexc = 485 nm and λem = 535 nm) and
Tamra (λexc = 520 nm and λem = 620 nm).
FRET Measurements with Wide-Field Microscopy
Peptide-laden resins were washed with methanol, vacuum-dried overnight, and then
immersed in PBS (pH 7.4) for 1 h at 37 °C. After the PBS was drained, 100 μL of activation
buffer and 5 μL of enzyme was added to the edge of the well containing peptide -resin at
37 °C. FRET change based on enzyme cleavage was measured by a home-built two-channel
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FRET imaging system. Figure S3 depicts the experimental setup. The system is based on an
inverted microscope (Nikon Ti) with differential interference contrast (DIC) imaging
components. The excitation light from a CW-laser source (λex = 488 nm; Cobalt) is
combined with a fiber optics and sent to the total internal reflection fluorescence (TIRF)
illumination combiner attached to the back port of the microscope. Light was reflected by a
dichroic beam splitter (quadband) and focused onto the resin beads attached to the two dyelabeled peptides by a high numerical-aperture oil-immersion objective (1.4 NA, 100×). The
fluorescence signal emitted from the FRET donor (FAM) and acceptor (Tamra) was
nonpolarized and relayed to the camera with combination two 200 mm achormatic doublet
lenses applying the 4f relay system methods. The emission signals were passed through a
500 nm long-pass filter to obtain the fluorescence images and intensity trajectories. A
dichroic beam-splitter (555 nm long pass) at an orientation of a 45° angle on the direction of
the signal separates out the beam, depending on the color of light. A dichroic beam splitter
transmits acceptor signal and reflect the donor signal. Donor (FAM) and acceptor (Tamra)
signals were passed through band-pass filters at 525/50 and 605/50 nm, respectively. The
donor and acceptor channels were then reflected by two mirrors and focused to a 1024 ×
1024 pixel electron-multiplying charge-coupled device (EMCCD) camera (Andore iXon
888) through a 2 in. achromatic doublet lens. The fluorescence signals were recorded using a
time lapse-video with acquisition times of 10 ms and interval times of 30 or 60 s.
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Cell Culture
HeLa cells were maintained in Dulbeccos modified Eagle medium (DMEM; Invitrogen)
supplemented with 10% FBS, 100 U mL−1 penicillin–streptomycin, 2 mM L-glutamine, and
0.1 mM MEM nonessential amino acids. Cells were grown at 37 °C in a humidified
atmosphere and 5% CO2. Cells were allowed to attach on the surfaces overnight (12 h).
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Peptide Amphiphile Treatment of Cells for Confocal Analysis
HeLa cells were incubated with 2.5 μM PAs and 0.1 μM transferrin (Alexa Fluor 647
labeled, Thermo Fisher Science) for 1 h in advanced DMEM (Invitrogen) supplemented with
1% FBS. The media was then removed, and cells were washed and either fixed immediately
with 4% paraformaldehyde in PBS for 10 min at room temperature or replaced with new
peptide-free media; next, cells were allowed to incubate for another 1, 2, or 5 h before being
fixed. The fixed cells were then washed and left in PBS before being imaged. For
accumulation experiments, 10 μM PAs were incubated individually and left on the cells for
24 h, and the confocal images were taken in different time periods from live cells.
Confocal and Superresolution Microscopy
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Images were taken by a Marianas Yokogawa-type spinning disk (inverted confocal
microscope). The following lasers were used: (1) green: λexc = 488 nm and green filter; (2)
red: λexc = 565 nm and red filter; (3) transferrin: λexc = 640 nm and far-red filter; and (4)
FRET channel: λexc = 488 nm and red filter. Super-resolution images were taken on a Leica
SP5 II STED-CW super-resolution laser scanning confocal microscope. All imaging was
performed at the Integrated Light Microscope Core Facility at the University of Chicago.
Images were analyzed by ImageJ software.
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Extracellular Vesicle Analysis
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HeLa cells were grown in the T25 with 10% FBS. Cells were washed twice with PBS and
incubated with (1) 10 μM diC16–GGG–p53(14–29), (2) 10 μM diC16–VC–PABA–p53(14–29),
and (3) media alone for 1 h in advanced DMEM supplemented with 1% FBS. This media
was then removed, and cells were washed twice with PBS. New 10% FBS media was then
added on the cells. Following incubation for 6 and 24 h, 1 mL of media was collected from
each of the samples and analyzed using a Nanosight NS300 flow cell (Nanosight, UK)
following the manufacturer protocol. Nanoscale particles (10–1000 nm) were analyzed using
the NTA software for size distribution and total number of particles per frame. Particles were
also tracked using red filters to detect red-laden particles. The ratio of detected red particles
per milliliter to total particle per milliliter for each sample was then calculated.
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Refer to Web version on PubMed Central for supplementary material.
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PPI

protein-protein interaction

PA

peptide amphiphile

FRET

Forster resonance transfer

catB

cathepsin-B

PABC

para-amino benzyl carbamate

PABA

para-amino benzoic acid

diC16

double palmitic acid

VC

valine–citruline

GGG

glycine–glycine–glycine

AMC

7-amino-4-methylcoumarin

TEM

transmission electron microscopy

DLS

dynamic light scattering

FAM

5-carboxyfluorescein

Tamra

5(6)-carboxyte-tramethylrhodamine
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DMF

dimethylformamide

TFA

trifluoroacetic acid

CMC

critical micellar concentration

PBS

phosphate-buffered saline
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Figure 1.
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Evaluation and trafficking of enzyme-cleavable peptide amphiphiles with FRET-compatible
fluorophores. The ultimate goal of this study is to facilitate ceullar penetration and cleavage
of peptides from their lipid carriers in an affort to amplify the intracellular availability of
therapeutic peptides. To evalulate this in real time, we used confocal imaging and
intracellular FRET analysis with one dye located on the biofunctional peptide and the other
on the hydrophobic tail. To begin the process, PAs self-assemble into micelles that are
incorporated into the cell through endocytosis. Following endocytosis, cathepsin-B (catB)
cleaves the PA through a specific amino-acid linker group between the peptide and the
hydrophobic tail (blue square). Following cleavage, the peptide and tail are trafficked
throughout the cell, with the ultimate goal of targeting diseased protein–protein interactions
(PPIs) in specific intracellular compartments and organelles, depending on the specificity of
the peptide being used.
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Figure 2.

Chemical structures of (A) cleavable and (B) noncleavable p53(14–29) peptides on resin with
FAM and Tamra fluorophores used for FRET analysis. (C) Recombinant catB was added the
side of the chamber, and FRET signal is rapidly lost as the enzyme reaches VC-PABA
targets (orange) within the focused viewing area of the microscope. No loss of FRET signal
was measured against GGG-p53(14–29) targets (blue) or without the addition of catB (gray).
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Figure 3.

Chemical structures of (A) cleavable and (C) noncleavable PAs. Transmission electron
microscopy images of each PA reveal rounded micelles of similar shape and size are shown
in panels B and D.
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Intracellular accumulation of PAs in HeLa cells. HeLa cells under constant incubation with
10 μM (A) cleavable or (B) noncleavable PAs. FRET incompatible spacing of FAM (labeling
p53(14–29)) and Tamra (labeling diC16) allowed for evaluation of PA sequestration over time.
Cells incubated with diC16–VC–PABA–p53(14–29) showed PA accumulation, while cells
incubated with diC16–GGG–p53(14–29) did not. (The nucleus of each cell was marked with
DAPI; p53(14–29), green; diC16, red). Scale bars: 20 μm.
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Figure 5.
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Real-time measurement of catB-mediated cleavage of (A) diC16–VC–PABA–p53(14–29) and
(B) diC16–GGG–p53(14–29). HeLa cells were incubated for 1 h with respective PAs and then
washed. The location of diC16 (green) and p53(14–29) (red) were followed for 6 h. FRET
signaling was lower within 2 h in cells treated with the cleavable diC16–VC–PABA–
p53(14–29) PA and almost undetectable by 6 h after incubation. Conversely, FRET signaling
decreased but still remained in cells treated with noncleavable diC16–GGG–p53(14–29) PAs.
Interestingly, the amount of diC16 and p53(14–29) in cells treated with diC16–GGG–
p53(14–29) decreased at the same rate as FRET signaling in these cells suggesting the
trafficking of diC16–GGG–p53(14–29) out of the cells. Scale bars: 20 μm.
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Figure 6.

(A, B) Both diC16–VC–PABA–p53(14–29) and diC16–GGG–p53(14–29), localized in HeLa
cells to transferrin-positive early endosomes after 1 h following incubation. However, diC16
and p53(14–29) from diC16–VC–PABA–p53(14–29) quickly dissociate and can be found in
separate locations within the cells (white boxes) with diC16 in transferrin-negative
compartments. Components from diC16–GGG–p53(14–29) PAs are located in identical
locations (yellow boxes). Transferrin, blue; diC16, green; and p53(14–29), red. Scale bars: 20
μm.
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Figure 7.

Superresolution laser-scanning confocal microscopy measurements of the ability of diC16–
VC–PABA–p53(14–29) and diC16–GGG–p53(14–29) to provide a FRET signal (FRET
Efficiency) and to quantify the amount of intracellular p53(14–29) peptide. (A) Although the
FRET signal decreased in cells incubated with both PAs over time (Figure 5), the remaining
diC16–GGG–p53(14–29) within HeLa cells retained its ability to provide a FRET signal up to
24 h, indicating that the loss of FRET signal in cells treated with diC16–VC–PABA–
p53(14–29) was not due to photobleaching during analysis. (B) Superresolution confocal
microscopy measurements of the loss of p53(14–29) peptide in cells incubated with diC16–
GGG–p53(14–29) compared with those incubated with diC16–VC–PABA–p53(14–29) by 24 h,
indicating extracellular loss.
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Figure 8.

Extracellular vesicle examination of media from HeLa cells incubated with diC16–VC–
PABA-p53(14–29) or diC16–GGG–p53(14–29). The number of extracellar vesicles that are
filtered by the red channel (p53(14–29)-containing fraction), as measured by red fluorescence,
is 4.28× greater from cells incubated with diC16–GGG–p53(14–29) compared with those
incubated with diC16–VC–PABA–p53(14–29). This supports that more p53(14–29) remained
intracellular when treated with diC16–VC–PABA–p53(14–29) and that intact diC16–GGG–
p53(14–29) PAs were shuttled in an extracellular manner. (A representative analysis of three
independent experiments is shown.)
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