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ABSTRACT: Cholesterol-rich membranes play a pivotal role in cancer initiation and progression, necessitating innovative
approaches to target these membranes for cancer inhibition. Here we report the first case of unnatural peptide (1) assemblies
capable of depleting cholesterol and inhibiting cancer cells. Peptide 1 self-assembles into micelles and is rapidly taken up by cancer
cells, especially when combined with an acute cholesterol-depleting agent (MBCD). Click chemistry has confirmed that 1 depletes
cell membrane cholesterol. It localizes in membrane-rich organelles, including the endoplasmic reticulum, Golgi apparatus, and
lysosomes. Furthermore, 1 potently inhibits malignant cancer cells, working synergistically with cholesterol-lowering agents. Control
experiments have confirmed that C-terminal capping and unnatural amino acid residues (i.e., BiP) are essential for both cholesterol
depletion and potent cancer cell inhibition. This work highlights unnatural peptide assemblies as a promising platform for targeting

the cell membrane in controlling cell fates.

his communication reports an unexpected observation

that unnatural peptide assemblies deplete cholesterol in
the cell membrane to inhibit cancer cells. Cholesterol is crucial
for both membrane integrity and cancer development."”
Studies have shown its role in promoting colon,” breast,*
and prostate’ cancers. This makes it an attractive target for
therapy. For example, a cholesterol synthesis inhibitor can
induce apoptosis in prostate cancer cells® by targeting their
elevated cholesterol synthesis.” Additionally, MACD, a
millimolar cholesterol-depleting agent, augments the efficacy
of tamoxifen in breast cancer’ and melanoma cells’ due to
higher expression of cholesterol-rich microdomains in tumor
cells."”"" Cheng et al. reported the link between intracellular
cholesterol accumulation and enhanced cancer aggressive-
ness.'” Depleting cholesteryl ester storage by blocking
cholesterol esterification is being explored in various
cancers.””~"> We recently used peptides to conjugate with
cholesterol/lipids.'®'” The conjufgates act as a substrate of
enzymatic noncovalent synthesis = for kﬂling drug-resistant
cancer cells through in situ self-assembly.''” These studies
altogether open up the possibility of applying peptide
assemblies to target cholesterol and lipid metabolism for
developing cancer therapeutics.

During our studies of unnatural peptide assemblies, we
coincidentally found that the peptide assemblies deplete
cholesterol and inhibit cancer cells. The peptide bb-NBD
(1), containing D-BiP (or b) and C-terminal capped by a
fluorophore (NBD), self-assembles to form micelles. 1 enters
cells rapidly, and MBCD enhances cellular uptake of 1. Click
reaction'” reveals that 1 depletes cholesterol from the cell
membrane (Scheme 1). Fluorescent imaging indicates that 1
distributes in membrane-rich organelles, such as the ER, Golgi
apparatus, and lysosomes. More importantly, 1 potently
inhibits malignant cancer cells (e.g, HelLa and PC3),
exhibiting synergism with either an acute or a chronic
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cholesterol lowering agent. We also found that C-terminal
capping and unnatural amino acid residues (i.e, BiP) are
necessary for the observed cholesterol depletion and potent
cancer cell inhibition. This work suggests that engineering of
unnatural peptide assemblies is a useful methodology to
develop a molecular platform that targets the cell membrane
for treating diseases, including cancer.

To enhance the efficacy of peptides for self-assembly, we
replaced the p-phenylalanine with an unnatural amino acid, D-
BiP because it possesses enhanced hydrophobicity and
biphenyl motif appears to favor cellular uptake.”*~>* This
rationale leads to a less explored”** self-assembling motif, D-
BiP-D-BiP or bb. To visualize the peptide assemblies in live
cells, we added NBD, a fluorophore, to the C-terminus of bb.
This design creates an unnatural peptide, bb-NBD or 1
(Scheme 1). Additionally, we designed two analogs, NBD-bb
(2) and f-NBD (3), as the controls of 1 for examining the
roles of the position of the fluorophore and the self-assembling
motif, respectively.

SPPS and RP-HPLC yielded purified peptides. CMC values
for 1, 2, and 3 are 14.8, 373, and 20.6 uM (Figures S3—SS),
respectively. 1’s lower CMC compared to 2 aligns with protein
N-/C-termini pK, (7.7/3.3).”> TEM revealed nanospheres
formed by 1 above CMC (with an average hydrodynamic
radius of 103.2 + 1.9 nm measured by DLS) and is hardly
visible below CMC (Figures S6 and S7). In contrast, 2 and 3
only form amorphous aggregates above and below their CMCs
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Scheme 1. Rapid Cholesterol Depletion from Membranes
by 1 and the Structures of 1 and Its Analogs

cholesterol

(Figures S8 and S9). These results indicate that a bb motif and
an exposed amine group are crucial for 1’s self-assembly in
water.

We used CLSM to visualize the cellular uptake of assemblies
of 1 in HelLa cells (Figure 1). The rapid cellular uptake of 1 is

A

5 min

10 uM

Figure 1. Confocal microscopy: HeLa cells treated with 1 (A, dose
response; B, 10 uM time-lapse) (Bar = 20 ym).

both concentration- and time-dependent (Figures 1A, 1B and
S10). For instance, S00 nM of 1 shows noticeable internal-
ization in merely S min (Figure 1A), while 10 uM of 1 gets
significantly enriched intracellularly in 20 min (Figure 1B).
These results suggest that monomers of 1 (below CMC) insert
into the cell membrane rapidly, and 1 (at about CMC) likely

forms assemblies inside the cell membrane to exhibit brighter
fluorescence.

We then used endocytosis inhibitors’® to provide more
insights into the quick internalization of 1. Dynasore blocks the
uptake of 1 (Figures 2A and S11), suggesting 1 enters cells
through an energy-requiring process. In addition, other
inhibitors, for example, CPZ and Retro-2 also partially reduce
the uptake of 1 (Figures 2A and S11), indicating a hybrid
mode of endocytosis. However, MCD, a common inhibitor of
cholesterol-dependent endocytosis, unexpectedly enhances the
uptake of 1 significantly (Figures 2A, S11 and S12). The
intracellular fluorescence intensity of 1 in the MSCD treated
group is over two times higher than that of the control group
in 10 min (Figure 2B). Single-cell analysis confirms that
increasing MPCD concentration boosts the uptake of 1
(Figures 2C and S13). For example, 1 mM MJCD increases
1’s uptake by 1.6-fold in 10 min, while 5 mM MBCD increases
it by 2.2-fold (Figure 2D). Since MSCD removes cellular
cholesterol,”” we believe that 1 enters cells to fill these
vacancies (Figures 2C and S13).

MpCD also influences the translocation of 1, evidenced by
more green fluorescence on the membrane region compared to
the group without MCD (Figure S13). We stained the cells
with a PM dye, CPDR, to better visualize the distribution of 1
under cholesterol depletion conditions and verify the trans-
location. The fluorescence of CPDR is much weaker in the
MpCD treated group compared to the control group, implying
the successful depletion of cholesterol (Figures S14 and S15).
After the addition of 1, strong green fluorescence appears
instantaneously at the PM region, with a good colocalization
with CPDR (Figures 2E and S16). In contrast, 1 mainly
localizes in the intracellular region in the control group, with a
poor colocalization with PM (Figures 2E and S16).
Furthermore, quantifying green fluorescence on the PM region
shows that 60% of 1 presents on PM in the MBCD treated
group immediately after the addition of 1, in comparison to
33% in the control group (Figure S17). Although 1 distributes
from membrane to cytoplasm over time in both groups, the
MpCD treated group retains significantly more 1 on PM—
about 45% (Figure S17). Since the PM is rich in cellular
cholesterol,” these results suggest that after MBCD acutely
depletes cholesterol, 1 preferentially assembles at former
cholesterol-rich membrane regions. This implies that 1 has a
high affinity for cholesterol insertion sites under depletion
conditions.

Knowing that 1 exhibits strong affinity for cholesterol-rich
membranes, particularly when cholesterol is depleted by
MpCD, we employed the bioorthogonal CuAAC click
reaction'” to examine the potential competition between 1
and cholesterol itself. After MACD depleted endogenous
cholesterol, cells were coincubated with 1 and chol-azide (as a
membrane insertion competitor, Scheme S4). CLSM after click
reaction with CyS$ alkyne showed minimal Cy5 fluorescence in
coincubated cells (1 + chol-azide) compared to the strong
signal with chol-azide alone (Figure S18). This suggests that 1
preferentially binds to vacated cholesterol sites upon depletion.

We tested if 1 displaces cholesterol without MACD. Cells
pretreated with chol-azide were incubated with 1, and then
visualized. CLSM confirmed that 1 reduces cholesterol
(Figures 2F, S19 and S20). Remarkably, 1 induces a 74%
and 88% cholesterol depletion within 1 h and 2 h, respectively
(Figure 2G). While depletion remained significant up to 8 h, it
reached 40% after 24 h due to intracellular aggregation of 1
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Figure 2. HeLa cells treated with 2 uM 1: (A) Endocytosis inhibitor effects (quantification). (B, D) Images with MSCD/Dynasore pretreatment
(CLSM). (C) MBCD dose dependence (quantification). (E) Instantaneous treatment with/without MFCD (CLSM with CellMask stain). (F, G)
Cholesterol depletion with pretreatment (CLSM and quantification) (Scale bar = 20 ym).

(Figure S21). In contrast, a parallel experiment where cells
were pretreated with 1 demonstrated that the subsequent
addition of chol-azide was unable to displace 1 from the cell
membranes (Figure S22). These findings suggest that 1 not
only has a stronger affinity to vacant cholesterol insertion sites
than cholesterol itself but also can directly insert into
membranes and replace cholesterol, demonstrating the unique
cholesterol depletion action of 1. Furthermore, we tested
whether MfCD could remove 1 from cell membranes as it
does with cholesterol. After pretreating HeLa cells with 1 for 1
h, we added MBCD to the cells for another 30 min. Compared
to cells treated with only 1 for 1.5 h, MBCD treated cells show
no significant changes in the fluorescence intensity of 1, further
confirming the strong affinity of 1 to cell membranes (Figure
$23). However, immunostaining of LDLR, which mediates the
endocytosis of cholesterol, shows an inverse relationship
between 1 and LDLR, indicating LDLR-independent internal-
ization of 1 (Figure S24).

To better understand the intracellular distribution of 1, we
used various trackers or transfection methods to stain different
organelles in HeLa cells. This was done to analyze
colocalization with 1 using CLSM (Figure S25). When the
cells were treated with 1 for 20 min, we observed significant
overlaps of its green fluorescence with ER, Golgi apparatus,
and lysosomes. This was evidenced by high M2 values
(fraction of organelle overlapping 1) of over 0.9 (Figures 3A,
C and $26). Time-lapse CLSM images demonstrate the rapid
targeting of these organelles by 1, with noticeable colocaliza-
tion within S min and pronounced enrichment at ER within 10
min (Figures 3B and S27). Given that these membrane-bound
organelles are crucial for cholesterol transport and biosyn-
thesis,” our findings imply that 1 has a strong affinity for
intracellular cholesterol-rich membranes, in addition to the
PM.

A NBD/Hoechst 33342
ER-Tracker Golgi-RFP LysoTracker

ER-Tracker Golgi-RFP LysoTracker

Figure 3. (A) HeLa cells stained with trackers, treated with 1 (2 uM,
20 min), and imaged (CLSM). (B) Time-lapse of ER-stained cells
treated with 1 (2 uM, CLSM). (C) Colocalization analysis (Manders’
coefficients) of 1 vs trackers (Scale bar = 20 yum).

Based on the unique cholesterol depletion behavior of 1, we
tested its cytotoxicity against HeLa and PC3 cells. MTT assay
revealed that 1 exhibits strong cytotoxicity against both cell
lines, with ICg, values of 10.3 and 13.7 uM, respectively
(Figures 4A—C and S28—29). Furthermore, the cytotoxicity of
compound 1 increases with time (Figure 4C), suggesting that
it inhibits cancer cells related to its intracellular accumulation.
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Figure 4. Cell viability of (A) HeLa and (B) PC3 cells treated with 1
and (C) the ICy, values of 1 against HeLa and PC3 cells.) Cell
viability of HeLa cells treated (D) with 1 (24 h), with or without the
addition of Lovastatin (20 M) and (E) with 1 (1 h), with or without
MpCD (S mM, 30 min) pretreatment.

Moreover, 1 exhibits synergism with other cholesterol
depletion agents. Co-incubating 1 with lovastatin and
MpCD, which deplete cholesterol by inhibiting cholesterol
bios.ynthesis‘%0 and cholesterol extraction,”” respectively,
significantly decreases cell viability in a concentration-depend-
ent manner (Figures 4D,E and S30—36). Given the enhanced
cellular uptake under cholesterol depletion conditions, these
results suggest that the cytotoxicity induced by 1 is positively
correlated with its intracellular accumulation.

To elucidate the cell death pathways triggered by 1, we
employed a series of cell death inhibitors. Our results indicate
1 induces cell death through multiple pathways, including
apoptosis, necrosis, and oncosis (Figures S37—39). Further
investigation using lysosomal staining reveals that 1 induces an
enlargement of lysosomes (Figure S40). Additionally,
immunostaining demonstrated a concentration-dependent
increase in LC3B expression (Figure S41). Western blot
analysis of LC3 also clearly reveals its upregulation induced by
1 (Figure S42). These combined observations suggest
autophagic cell death.

We compared compounds (1, 2, and 3) for their cholesterol
depletion in HeLa cells. CLSM shows that 2, possessing a
carboxylate C-terminus, localizes to the PM exterior (Figure
$43), supporting the bb motif's membrane targeting. Unlike 1,
2’s poor uptake (likely due to its C-terminal negative charges)
results in low cytotoxicity (IC5, > 200 uM, Figure S44).
Conversely, 3, with an ff motif, shows rapid uptake (Figure
S45), suggesting a diffusion mechanism different from 1
(Figure S46). Inhibitor studies further confirm this (Figures
S47—-548): neither MBCD nor dynasore significantly affects 3’s
uptake. Although MBCD boosts the uptake of 1 by more than
2-fold in § min, it has a minimal impact on 3, confirming the
bb motif's exclusive cholesterol depletion function (Figure
$49). Despite fast uptake, 3 exhibits mild cytotoxicity against
HeLa cells due to its lack of cholesterol targeting (Figure SS0).

In conclusion, we demonstrated a novel, unnatural peptide
assembly with remarkable abilities: rapid cholesterol depletion
in cancer cells and potent cytotoxicity against malignant cancer
cells. The amine group of 1 likely contributes to displace
cholesterol due to the stronger lipid head affinity. Crucially,

31—-43 .

this work highlights the versatility of peptide assemblies in
targeting cholesterol-rich membranes and hindering cancer cell
proliferation. 1 showed selectivity for HeLa cells over PC3 and
HepG2 (Figure SS1), which correlates with higher LDLR
expression in PC3 and HepG2.** Lovastatin treatment further
enhanced 1’s selectivity for PC3 over HepG2 cells (Figure
S52). This approach paves the way for further therapeutic
development by integrating unnatural amino acids with distinct
cancer-targeting mechanisms, such as redox reactions”™ ™" or
enzymatic processes,”” " to target cell membrane®® and

modulate aberrant lipid metabolism in cells.
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Materials and detailed experimental procedures, TEM
and CLSM images, cells viabilities, LC/MS spectra,
chemical structures of the compounds (PDF)

Movie 1: 1 (2 uM) incubated with HeLa cells over 30
min (AVI)

Movie 2: 1 (2 uM) and MBCD (5 mM) incubated with
HeLa cells over 30 min (AVI)

Movie 3: 1 (2 uM) incubated with HeLa cells over S
min (AVI)

Movie 4: 1 (2 uM) and MBCD (5 mM) incubated with
HeLa cells over S min (AVI)
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Bl ABBREVIATIONS

CPDR, CellMask PM Deep Red; chol-azide, cholesteryl-TEG-
azide; CLSM, confocal laser scanning microscopy; CMC,
critical micelle concentrations; CPZ, chlorpromazine; D-BiP or
b, D-4,4'-biphenylalanine; DLS, dynamic light scattering; ER,
endoplasmic reticulum; LDLR, low density lipoprotein
receptor; MBCD, methyl--cyclodextrin; NBD, nitrobenzox-
adiazole; LC3B, Microtubule-associated protein 1 light chain 3
beta; PM, plasma membrane; RP-HPLC, reverse phase high
performance liquid chromatography; SPPS, solid-phase pep-
tide synthesis; TEM, transmission electron microscopy
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