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First Steps toward the Design of Peptides that Influence
the Intracellular Palmitoylation Machinery

Katharina Stillger, Eric Platz-Baudin, Florian Friedland, Melina Ruppel, Coco-Louisa Sticker,
Anne Bodenhausen, Erik Noetzel, and Ines Neundorf*

Protein S-palmitoylation is a reversible posttranslational modifica-
tion transferring the 16-carbon fatty acid palmitate to cysteines. It
plays a critical role in many cellular processes by influencing pro-
tein function, localization, stability, and protein—protein interac-
tions and has a significant impact on various physiological and
pathological conditions. This emphasizes the need to develop
new technologies to study and treat diseases associated with aber-
rant palmitoylation. To address these challenges, cell-permeable
peptides containing an Asp-His-His-Cys (DHHC) palmitoy-
lation motif are presented aiming to affect intracellular
protein S-palmitoylation. A small library of peptides is generated
and screened for cellular uptake and cell compatibility.

1. Introduction

Posttranslational modifications (PTMs) are extremely diverse and
enrich the complexity of the proteome. S-palmitoylation of pro-
teins is a common PTM among proteins, with about 10-20% of
human proteins suspected to be palmitoylated."? It is a revers-
ible PTM in which cysteine residues of substrate proteins become
modified with the 16-carbon fatty acid palmitate. This lipid tail
primarily enables proteins to anchor to membranes but also
plays a role in protein trafficking, stability, and activity.”’ Inside
mammalian cells, protein S-palmitoylation is catalyzed by the
23 members of the family of palmitoyl-S-acyltransferases
(PATSs, also called ZDHHC enzymes), all containing a catalytic
DHHC (Asp-His-His-Cys) motif. ZDHHC enzymes are integral
membrane proteins and predominantly reside at the Golgi or
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Interestingly, the newly designed peptides internalize to high
extent into different cell lines and human breast cell spheroids
dependent on their palmitoylation motif. In addition, out of this
screen, DC-2 is identified as very potent and this peptide is inves-
tigated in more detail concerning its impact on palmitoylated
proteins that are connected to cancer progression. These initial
explorations highlight that DC-2 affected the localization of
HRas and altered S-palmitoylation-related signaling cascades of
epidermal growth factor receptor. These findings suggest a pep-
tide-driven impact on proteins having palmitoylation sites and
highlight cell-permeable DHHC peptides as a potential tool to
be further evolved in the context of palmitoylation and cancer.

endoplasmatic reticulum (ER), but some are also found at the
plasma membrane.** Usually, S-palmitoylation occurs in a
two-step mechanism, with the first step of “auto-palmitoylation”
being the reaction of the cysteine in the DHHC motif with palmi-
toyl-Coenzyme A (CoA) to form the PAT-acyl intermediate. Next,
the palmitate moiety is transferred to a cysteine of a substrate
protein.*® However, protein S-palmitoylation is a reversible
PTM and protein depalmitoylation is catalyzed by acyl protein thi-
oesterases APT1 and APT2, palmitoyl-protein thioesterase 1 PPT1
and PPT2, and o/ hydrolase domain ABHD10 or ABHD17A-C.>
In fact, S-palmitoylation is a highly dynamic process in which pro-
teins switch between palmitoylated and depalmitoylated states
within seconds to hours.l'*'”

Abnormalities in protein palmitoylation have been associated
with many diseases, including immunodeficiency conditions, neuro-
logical disorders, or cancer."® Especially in cancer, it is known that
many tumor suppressors and oncogenes are palmitoylated and that
this palmitoylation plays an important role in the formation and pro-
gression of tumors. Prominent examples are the small GTPases
HRas, NRas, KRas4A, the receptor tyrosine kinases epidermal growth
factor receptor (EGFR), c-Met, p53, SCRIB proteins, and many
more."2% |n this respect, also PATSs are suggested to act as tumor
suppressors or oncogenic proteins. For example, ZDHHC14 is linked
to prostate cancer and testicular germ cell tumors where it showed
only a low expression and has been identified to act as a tumor
suppressor.?! In contrast, ZDHHC17 is hypothesized to act as an
oncogene as ZDHHC17 mRNA is overexpressed in many cancers,
including breast, prostate, stomach, lung, and colon cancer.?**”!

To get a deeper insight into the mechanisms that control
S-palmitoylation dynamics, there is a crucial need for suitable bio-
chemical tools. One of the most used protein S-palmitoylation
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inhibitors to date is 2-bromopalmitate (2-BP), which is proposed
to irreversibly modify the catalytic cysteine within the DHHC
motif of PATs.22? Unfortunately, 2-BP is toxic and exhibits sev-
eral off-target effects. In fact, 2-BP directly inhibits proteins
involved in lipid metabolism, such as fatty acyl CoA ligase or
glycerol-3-phosphate acyltransferase, or disturbs other lipid-
related PTMs. Moreover, 2-BP acts as a deacylation inhibitor by
inhibiting the depalmitoylating enzymes APT1 and APT2.2°32
Recently, the compound cyano-myracrylamide (CMA), which
covalently inhibits ZDHHC enzymes, was reported.?® In compari-
son to 2-BP, CMA is significantly less toxic, displays similar
potency as 2-BP, and has no effects on APT1 and APT2.
However, for a clickable analogue of CMA, off-target effects were
detected, demanding for improvements and probably new strat-
egies to identify tools to study and influence intracellular
S-palmitoylation.

Previously, we have successfully designed so-called CaaX
peptides that comprised the cell-penetrating peptide (CPP)
sC18* and a CaaX motif derived from the small GTPases
Ras.>¥ We demonstrated that these peptides display significant
biological activity dependent on the presence of the CaaX-motif
and, for instance, altered downstream signaling cascades of KRas.
Inspired by these findings, we adapted our previous strategy to
possibly target and affect protein S-palmitoylation (Figure 1).
Therefore, we generated a library of so-called DC peptides in
which each peptide included the CPP sC18* fused to respective
DHHC motifs derived from the 23 human ZDHHC enzymes. We

hypothesized that these peptides would be directly removed
from an internalization equilibrium and would likely be further
processed via DHHC enzymes (Figure 1). After an initial screening
for cellular uptake and cytotoxicity, we analyzed the intracellular
fate and activity of the most interesting candidate, namely pep-
tide DC-2, in more detail. Our results let conclude that DC-2 treat-
ment in Hela cells and SW480 colon carcinoma cells might have
impacted the localization and functionality of different palmitoy-
lation substrates like HRas and ERK1/2, and likely sensitized EGFR
to epidermal growth factor (EGF) stimulation.

2. Results and Discussion

2.1. Design of Cell-Permeable DHHC-Peptides and Biological
Screening of the Library

Since there is no reported consensus sequence for proteins
that are palmitoylated, the design of peptides interfering with
protein S-palmitoylation was challenging. However, all 23
ZDHHC enzymes contain at least a conserved DHHC sequence
that is known to be palmitoylated, which is why we chose this
catalytic site as a possible “palmitoylation motif” (Figure 1 and
S1, Supporting Information). In addition, a recently presented first
structure of the human ZDHHC enzyme, namely ZDHHC20,
revealed an important tryptophan residue (Trp158, located two
amino acids near to the DHHC motif) interacting with the
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Figure 1. Schematic illustration of internalization and possible intracellular modification of DC peptides. After cellular uptake, we suggest an intracellular
palmitoylation of DC peptides that would likely induce the removal of the peptides from an internalization equilibrium at the plasma membrane and trig-

gering intracellular enrichment (extr: extracellular, intr.: intracellular).
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Table 1. Names, sequences, origin and analytical data of synthesized peptides. MW c,: calculated molecular weight, MW/c,): experimental molecular weight,
and Da: Dalton. (grey: sC18%, blue: DHHC motif).

Name Sequence Origin MW i) [Da] MW eyp, [Dal] Net charge
DC-1 GLRKRLRKFRNKGFDHHCKW-NH, ZDHHC1/11 2582.06 2582.86 +8
DC-2 GLRKRLRKFRNKKMDHHCPW-NH, ZDHHC2/3/6/7/15/16/20 2606.15 2606.44 +8
DC-3 GLRKRLRKFRNKRFDHHCVW-NH, ZDHHC4 2652.16 2652.77 +8
DC-4 GLRKRLRKFRNKEFDHHCPW-NH, ZDHHC5 2623.07 2623.67 +6
DC-5 GLRKRLRKFRNKDFDHHCPW-NH, ZDHHC8 2609.04 2609.73 +6
DC-6 GLRKRLRKFRNKRFDHHCPW-NH, ZDHHC9/14/18 2650.14 2650.73 +8
DC-7 GLRKRLRKFRNKRYDHHCPW-NH, ZDHHC12 2666.14 2666.59 +8
DC-8 GLRKRLRKFRNKRYDQHCLW-NH, ZDHHC13 2673.17 2673.66 +8
DC-9 GLRKRLRKFRNKKFDHHCPW-NH, ZDHHC17 2622.13 2622.61 +8
DC-10 GLRKRLRKFRNKDFDHHCKW-NH, ZDHHC19 2640.10 2640.73 +7
DC-11 GLRKRLRKFRNKRMDHHCPW-NH, ZDHHC21 2634.16 2634.65 +8
DC-12 GLRKRLRKFRNKRHDHHCFF-NH, ZDHHC22 2651.13 2651.57 +8
DC-13 GLRKRLRKFRNKRMDHHCVW-NH, ZDHHC23 2636.18 2636.69 +8
DC-14 GLRKRLRKFRNKRRDHHCRL-NH, ZDHHC24 2645.17 2645.83 +10
DA-1 GLRKRLRKFRNKKMDHHAPW-NH, DC-2 Cys -> Ala 2574.08 2574.67 +8
sC18* GLRKRLRKFRNK-NH, CAP18 1570.94 1571.52 +8

palmitate moiety in the acyl-chain binding grove.”® Therefore,
we considered the crucial role of this Trp residue, and,
after sequence alignment, we expanded the “palmitoylation
motif” with the two most conserved amino acids in these
positions at each site, leading to the common sequence
“XiX;DHHCX3X,” (Table 1 and S1, Supporting Information).
To enable efficient cellular uptake of the peptides, the
cell-permeable  peptide sC18** was fused at the
N-terminal of the DHHC motifs resulting in a library of 14 different
so-called DC peptides (Table 1). We also included two control
peptides, namely the CPP sC18* itself as well as peptide DA-1,
in which the cysteine of the DHHC motif of DC-2 was exchanged
by an alanine. Additionally, a second batch of all peptides
was labeled at the N-terminus with the fluorophore 5(6)-carboxy-
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fluorescein (CF) for cellular uptake studies (Figure S2, S3 and
Table ST1, ST2, Supporting Information).

A first physicochemical investigation using circular dichroism
(CD) spectroscopy revealed that all peptides including both con-
trol peptides were unstructured in buffered solution but formed
a-helical structures when in presence of trifluoroethanol (TFE)
(Figure S4, Supporting Information). This agreed with former
studies.”* In a next step, we screened all DC peptides and
their respective control peptides regarding their cytotoxicity.
Therefore, Hela cells were treated for 24 h with increasing pep-
tide concentrations in the micromolar range. Interestingly, several
DC peptides seemed to distinctly impact the cellular viability
already at 20 uM and upon treatment with >50 pM peptide sol-
utions, all DC peptides were highly cytotoxic (Figure 2A).
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Figure 2. A) Cell viability assay in Hela cells after 24 h incubation with different peptide concentrations. An untreated control was set to 100% cellular
viability (n = 3). B) Analysis of peptide uptake into Hela cells using flow cytometry. Cells were incubated for 30 min with 10 uM CF-labeled peptides.
Peptides were divided into three groups based on their cellular uptake: high (dark blue), medium high (blue), and medium (light blue) (n = 3). All values of
each group were statistically compared using a one-way ANOVA (****P < 0.0001, ns.: not significant).
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Compared to this, both control peptides DA-1 and sC18* were not
toxic up to a concentration of 100uM. For the latter,
this is in line with previously published data.***®' DA-1 is based
on DC-2, in which only the cysteine has been switched to alanine.
Therefore, we assigned the high cytotoxic effect of DC-2 to the
present cysteine within the DHHC motif.

Following, we assessed if the observed cytotoxicity was linked
to the internalization ability of the peptides. Thus, Hela cells were
treated for 30 min with 10 uM CF-labeled peptides and the
uptake was measured using flow cytometry. Strikingly, all DC pep-
tides were taken up significantly higher into Hela cells compared
to the control peptides (Figure 2B). This ranged from a 7- to 16-
fold increased uptake compared to DA-1 and 27- to 62-fold
increased uptake compared to sC18%, respectively. Since the pres-
ence of cysteine instead of alanine within the DHHC motif dra-
matically increased the uptake, we linked this result to the
possible intracellular modification at the respective DHHC motif.
Also of note is that the internalization level of DC peptides was
varied; therefore, we ordered them into three groups depending
on high (dark blue), medium-high (blue), or medium (light blue)
cellular uptake. The relatively lower uptake observed for the
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medium peptide group might be attributed to the presence of
negatively charged Asp and Glu residues in the amino acid
sequence (Table 1).2”! Three peptides were then chosen for fur-
ther studies, including DC-2 as this peptide contained the most
conserved DHHC motif among all palmitoyl transferases, DC-11
since this was the peptide with the highest uptake, and DC-4,
a peptide that internalized to less extent.

2.2. Analyzing Cytotoxicity and Cellular Uptake of Selected
DC Peptides

The three selected peptides were then evaluated in more detail
concerning their cytotoxicity profiles. In addition to Hela cells,
we included the breast cancer cell line MDA-MB-231, as well as non-
cancerous human foreskin fibroblasts (HFF-1). After 24 h treatments,
both additionally tested control peptides, DA-1 and sC18*, were not
toxic when incubated with all three cell lines, proving again the
importance of the present cysteine. Also, we recognized that
attachment of the fluorophore did not negatively influence the
peptides since they exhibited similar toxicity against Hela cells
compared to their unlabeled variants (Figure 3A). DC-2 was the

V.
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MDA-MB-231

HFF-1

Figure 3. Cell viability assay in A) HeLa cells, B) MDA-MB-231, and C) HFF-1 cells. Cells were incubated for 24 h with different concentrations of the
CF-labeled peptides (n = 3). An untreated control was set to 100% cellular viability. Statistical analyses were performed using a two-way ANOVA (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001). Analysis of peptide uptake into D) HelLa, E) MDA-MB-231, and F) HFF-1 cells using flow cytometry. Cells were incu-
bated for 30 min with 5 uM CF-labeled peptides (n > 3). Statistical analyses were performed using a one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001,
**%xp < 0,0001, ns: not significant). G) Analysis of peptide uptake into HeLa, MDA-MB-231, and HFF-1 cells using live-cell fluorescence microscopy. Cells were
incubated for 30 min with 5 uM CF-labeled peptides. Blue: Hoechst 33342 nuclear stain, green: CF-labeled peptide, and scale bar: 10 um.
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most active peptide in all cell lines tested followed by DC-11 and
DC-4, while HFF-1 cells were only severely affected after applying
peptide solutions of 100 uM (Figure 3C). This let suggest different
uptake and activity mechanisms in cancerous cells.

Next, we verified if the observed different activities
between cancerous and noncancerous cells were related to
the membrane activities of the peptides. For this, we used
red blood cells (RBCs), which have a neutrally charged mem-
brane and were, therefore, often taken as model system to
study membrane activity.?® Incubating RBCs for 24 h with
100 uM peptide concentrations demonstrated that the hemo-
lysis rate for all three DC peptides ranged between 9% and
16% (Figure S5A, Supporting Information), letting us conclude
that they were not hemolytic. Then, we investigated the impact
of all three DC peptides on the integrity of the plasma mem-
brane of Hela cells using a lactate dehydrogenase (LDH) assay.
In fact, after treating cells for 1 h with 20 uM of the respective
DC peptide, a significant amount of LDH was released, which
further increased with higher concentrations, while both
control peptides did not lead to any significant LDH release
(Figure S5B, Supporting Information). Interestingly, when
removing the peptide solution after 1 h to allow the cells to rest
for 5h, only cells treated with 50 uM of the DC peptides
released a low extent of LDH, highlighting that cell membranes
might recover from the peptide treatment (Figure S5C,
Supporting Information).

According to these results, we used lower concentrations to
quantify cell internalization of the peptides, e.g. 5 uM peptide sol-
utions, to outline any negative effects on membrane integrity.
Like in our first screen in Hela cells (Figure 2B), DC-2 and
DC-11 internalized to a higher extent compared to DC-4 also
in the other cell lines tested (Figure 3D-F). The uptake was quite
higher in HeLa compared to MDA-MB-213 and HFF-1 cells for all
peptides tested. Moreover, we again hypothesized a significant
influence of the cysteine and, thus, possible intracellular modifi-
cation at this residue since the controls were still taken up to a far
less extent. This was also the case for DC-2 and DC-11 when
only 1uM peptide concentrations were tested (Figure S5D,
Supporting Information). The overall weaker uptake of
DC-4 might be explained by its lower net charge as it contains
a Glu instead of a Lys (DC-2) or Arg (DC-11) within the palmitoy-
lation motif. Both Lys and Arg have been described as crucial
amino acids supporting the first contact of CPPs with the nega-
tively charged phospholipids at the outer surface of the cell
membrane.**" All in all, the cytotoxic activity of the peptides
likely correlates with their uptake efficiency.

In addition, we inspected the cells by confocal laser scanning
microscopy, and, also then, we observed that DC peptides, par-
ticularly DC-2 and DC-11, internalized significantly higher com-
pared to control peptides (Figure 3G and S5F, Supporting
Information). Interestingly, a mainly punctate uptake pattern
was detected in all cell lines, which would speak in favor
of endocytotic entry pathways. On the other side, DC-2 and
DC-11 also showed a diffuse cytosolic pattern in Hela cells,
highlighting that these peptides might also translocate via
direct uptake pathways, or they might have already escaped
the endosomes.

ChemBioChem 2025, 26, €202500218 (5 of 13)

2.3. Impact of the DHHC Motif on Biological Activity of DC
Peptides

Our results thus far let suggest that DC peptides are likely recog-
nized by the palmitoylation machinery triggering their fast and
intensive cellular uptake. Therefore, we tested by liquid chroma-
tography-mass spectrometry (LC-MS) analysis whether DC pepti-
des were palmitoylated by the enzyme ZDHHC7. The results
revealed that DC-2 as well as DC-11 were palmitoylated both in
presence and absence of ZDHHC7, indicating auto-palmitoylation
(Figure 4A-F). Compared to this, we found only a minor peak of
palmitoylated DC-4 when in presence of ZDHHC7 and no auto-pal-
mitoylation (Figure 4B). This would be in line with the formerly
observed lower cellular uptake and cytotoxicity of this peptide
compared to DC-2 and DC-11 suggesting that the peptides were
potentially recognized by ZDHHC enzymes.

To further analyze the impact of the DHHC motif on the cellular
uptake, Hela cells were treated with the recently developed palmi-
toylation inhibitor CMA.®¥ Indeed, a drastic and significant decrease
in uptake for all three DC-peptides was detected (Figure 5A). We
then generated scrambled controls based on DC-2, in which either
the DHHC motif (DC-2,,.ir) or the whole peptide sequence was
scrambled (DC-2q,) (Figure 5B and S6, Supporting Information).
Interestingly, when analyzing cytotoxicity and cellular uptake
of both scrambled peptides DC-2,,,os and DC-2;, they exhibited
less cytotoxicity compared to DC 2 (Figure S7A, Supporting
Information), and they were also significantly less internalized
(Figure 5C). CD spectroscopy showed the formation of amphipathic
helical structures pointing to similar physicochemical characteristics
to the parent DC-2 peptide (Figure S7C,D, Supporting Information).
All in all, we speculate again that the reduced uptake was more
likely related to the missing intact DHHC motif.

In the following experiments, we aimed to exclude any other
nonspecific effects of the cysteine on the cellular uptake of
DC peptides. We chose again DC-2 for these studies and first ana-
lyzed if this peptide would form dimers in the oxidative extracel-
lular environment. It has been recently shown that dimerization
can greatly enhance the uptake of CPPs.*>#3 Therefore, we syn-
thesized a disulfide variant of DC-2 (Figure S6, Supporting
Information) and studied its internalization and cytotoxicity.
As expected, DC-24; exhibited enhanced cytotoxicity and was
clearly taken up stronger than DC-2. Thus, we suggested that
DC-2 might not form extracellular dimers (Figure 5D,E). We veri-
fied this hypothesis by analyzing the cell culture medium using
LC-MS either before the addition of DC-2 to cells or after 30 min
incubation. Indeed, when DC-2 was added to normal cell culture
medium, we did not observe the disulfide dimer of DC-2.
Surprisingly, at both incubation times, we observed a peptide
species with a Amass=-+119Da (Figure S8A, Supporting
Information), which we assigned to an S-cysteinylation at the cys-
teine potentially originating from L-cystine present in the cell cul-
ture medium (Figure S8D, Supporting Information). To verify this
finding, we performed the same experiment in cell culture
medium lacking L-cystine and then mostly reduced peptide
was observed, confirming cysteinylation as the underlying mod-
ification (Figure S8A, Supporting Information). This modification
has been previously observed also for other cysteine-containing
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Figure 4. LC-MS analysis of in vitro palmitoylation reaction of DC peptides with ZDHHC7 and palmitoyl-CoA. HPLC chromatograms of precipitate of in vitro
reaction of A) CF-DC-2, B) CF-DC-4, and C) CF-DC-11. Mass spectrum referring to the indicated peak shows m/z signals that correspond to the quasi-molecular
ions of D) S-palmitoylated CF-DC-2, E) S-palmitoylated CF-DC-4, and F) S-palmitoylated CF-DC-11. The other peaks refer to DMSO and salts eluting from the

column or the unmodified DC peptide.

peptides developed in our group.”® Additionally, we also

identified the DC-2 disulfide dimer and another species with
Amass = +305 Da, potentially representing S-glutathionylation
at the cysteine. However, under normal cell culture conditions,
only cysteinylation was observed. Additionally, due to the reduc-
tive environment of the cytosol, we expect that the cysteinylated
peptide is reduced after cellular uptake by the intracellular glu-
tathione pool.***! In a last step, we tested the cellular uptake
of DC-2 in Hela cells cultured in medium lacking L-cystine
(Figure S8B, Supporting Information). Here, the uptake of the
peptide was slightly increased, possibly as a result of the formed
DC-2 disulfide dimers that support more efficient internalization
in this case (Figure S8A,B, Supporting Information).

Other nonspecific effects to be excluded were related to thiol-
exchange reactions at the plasma membrane, which were
described previously for cysteine-containing peptides.**~*
Therefore, we blocked surface thiols of Hela cells by using an
excess of Ellman’s reagent (5,5-dithio-bis-2-nitrobenzoic acid
[DTNB]) followed by addition of the peptide and analysis of cellular
uptake (Figure S8C, Supporting Information). While we observed a
significant difference for the disulfide variant of DC-2, highlighting
an uptake mechanism dependent on cell surface thiols, no signifi-
cant difference was observed for the reduced DC-2.

Based on all these results, we propose that internalization
and cytotoxicity of DC peptides are based on the presence of
an intact DHHC motif. We hypothesize that they presumably
encounter further processing by the palmitoylation machinery
after cellular uptake and, therefore, are being removed
from the internalization equilibrium, what likely leads to the
detected high intracellular accumulation (Figure 1). This potential
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interference with the intracellular palmitoylation machinery
might then provoke additional cytotoxic effects.

2.4. DC-2 Localizes at Multiple Subcellular Destinations and
Infiltrates Basement Membrane (BM)-Covered Spheroids

To get a deeper understanding of the uptake, intracellular fate,
and internalization mechanism of DC peptides, we chose DC-2 as
a representative candidate. At first, we analyzed if any receptor-
or transporter-dependent uptake would play a role for internali-
zation of this peptide. When Hela cells were pretreated with
5uM unlabeled DC-2, we measured no significant difference
in the quantity of peptide uptake (Figure S5E, Supporting
Information). Therefore, we concluded receptor-/transporter-
independent cell internalization.*®’ Subsequent time-lapse stud-
ies in which Hela cells were treated for 30 min with 5puM
DC-2 revealed rapid cellular uptake and the presence of large
peptide aggregates at the cellular membrane (Video 1). These
aggregates might be assigned to so-called “nucleation zones”,
which were previously described for arginine-rich peptides.®”
However, we then performed co-localization experiments
staining lysosomes, lipid droplets, Golgi, and ER (Figure 6). To
quantify the degree of co-localization, we calculated the
Pearson correlation coefficient (PCC) and the Mander's overlap
coefficient (MOC). After 30 min incubation in Hela cells, we found
that only a fraction of DC-2 peptides localized in lysosomes (PCC of
0.48 £+ 0.14 and MOC of 0.26 + 0.14) (Figure 6). Since PCC and MOC
were near to zero (PCC of 0.19 £ 0.08 and a MOC of 0.05 + 0.05)
when the lipid droplet stain was utilized, a more random co-locali-
zation was supposed in this case. As most ZDHHC enzymes are
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Figure 5. A) Uptake analysis of peptides into HelLa cells using flow cytometry and after inhibition of S-palmitoylation. Cells were treated for 6 h with 20 uM
CMA followed by 5 uM CF-labeled peptides for 30 min (n = 3). Statistical analysis was performed using an unpaired T test (****P < 0.0001). B) Design of
scrambled controls. C) Uptake analysis of peptides into Hela cells using flow cytometry. Cells were incubated for 30 min with 5 uM CF-labeled peptides

(n = 3). Statistical analyses were performed using a one-way ANOVA (****P < 0.0001, ns: not significant). D) HelLa cells were incubated for 24 h with different
concentrations of the CF-DC-2 and CF-DC-2dis (n = 3). An untreated control was set to 100% cellular viability. E) HeLa cells were treated with 1 uM CF-DC-2
and CF-DC-2dis for 30 min to analyze cellular uptake using flow cytometry (n = 3). Statistical analysis was performed using an unpaired T test

(****P < 0.0001).

present at the Golgi or ER, we next analyzed co-localization of DC-2
with these organelles. Compared to 30 min, after 2 h incubation,
the peptide signal of DC-2 was more diffuse, but punctate patterns
inside cells were also visible. Notably, co-localization of DC-2 pep-
tides at both organelles (for ER, we measured PCC of 0.37 £ 0.10
and MOC of 0.60 + 0.20) was detectable (Figure 6). Interestingly,
after incubating DC-2 for 6 h, the peptide predominantly accumu-
lated on one side of the cell nuclei which likely represented locali-
zation at the Golgi (Figure S9, Supporting Information). Altogether,
we concluded that DC-2 peptides might be localized to palmitoy-
lation sites after cellular entry.

Afterwards, we investigated a more complex 3D cell system,
i.e, human breast cell spheroids derived from non-transformed
MCF-10 A cells. These basoapically polarizing spheroids develop
an endogenous basement membrane (BM). This BM scaffold is
made of a dense layer of extracellular matrix, which surrounds
the spheroids and serves as a diffusion area for macromole-
cules.”” The BM consists of proteins such as collagen IV, glyco-
proteins including laminin and nidogen, as well as the highly
negatively charged heparan sulfate proteoglycan perlecan, which
strongly contributes to the overall negative net charge of the
BM.B2>4 Therefore, one would expect an entrapment in the
BM of the cationic CPPs based on attraction by electrostatic inter-
actions. This effect was indeed observed for the control peptide
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DA-1, which quickly accumulated in the BM after an incubation
time of 0.5-3 min (Figure 7B and S10, Supporting Information)
but did not further enter cells of the spheroid until the observed
time point. However, after a first accumulation, DC-2 efficiently
surpassed the BM and translocated into many cells on different
planes of the spheroids (Figure 7A and S10, Supporting
Information), highlighting that the peptides successfully tra-
versed the extracellular matrix. Moreover, we monitored that
DC-2 migrated from one cell into the next neighboring one (white
arrows), proving that the peptides were indeed able to reach
deeper layers of the spheroid. This was further verified by inspect-
ing different focal image planes of the peptide-treated spheroids
(Figure S10, Supporting Information).

2.5. DC-2 Alters Biological Function and Localization of
Oncogenic Target Proteins

Finally, as a first proof of concept, we investigated if DC-2 would
alter the biological function, e.g., downstream signaling and sub-
cellular localization of distinct target proteins having palmitoyla-
tion sites. For instance, we selected the small GTPase HRas, which
is a dually palmitoylated protein. Usually, palmitoylation occurs at
the Golgi apparatus by ZDHHC9, leading to the transport of HRas
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Figure 6. Co-localization studies of DC-2 using different stains. A) HelLa cells were incubated for 30 min with 5 uM CF-DC-2 and LysoTracker Red DND-99
(Invitrogen), or a distyryl Bodipy lipid droplet stain synthesized and provided by Engelhardt et al.®”' For staining the ER, Hela cells were treated over night
with CellLight ER-RFP, BacMam 2.0 (Invitrogen) and on the next day, 5 uM CF DC-2 were added for 2 h. For staining the Golgi, HelLa cells were incubated
for 2 h with 5 uM CF-DC-2 and for the last 30 min of the incubation time, BODIPY TR ceramide complexed to BSA (Invitrogen) was added. Scale bars:

10 um. B,C) Pearson and Manders’ coefficients were calculated using the JaCoP analysis tool.®® Data represents mean + SD of >37 cells of n = 2. For Golgi
analysis, no PCC or MOC were determined as the unedited images contained a too strong background signal.

to the plasma membrane.*>** It was reported that in palmitoy-
lation-deficient HRas mutants, as well as when blocking protein
palmitoylation, mislocalization of HRas to endomembranes is
induced.®®*”’ To analyze whether DC-2 might also trigger this
effect, we developed a transgenic Hela cell line expressing
monomeric enhanced green fluorescent protein (mEGFP)-HRas.
After 6h peptide treatment with 100 uM DC-2, we indeed
observed an altered HRas pattern compared to untreated cells
and to the control peptide DA-1 (Figure 8A). While some HRas
proteins were still present at the membrane, an also uniform dis-
tribution throughout the cell (arrows) was detectable. To exclude
any toxic effects of the peptides at these high concentrations, we
also performed a cytotoxicity assay demonstrating that DC-2 did
not harm the cells when applied at 100 uM (Figure ST11A,
Supporting Information).

As a following test system, the receptor tyrosine kinase EGFR
was chosen, which plays a crucial role in cancer. Amplification of
EGFR and hyperactive EGFR mutants is associated with brain,
lung, and breast cancer.*®*? The C-terminal tail of this receptor
is palmitoylated, which is proposed to support association to the
plasma membrane, leading to receptor inactivation and reduced
MAPK signaling.2"#% In fact, inhibiting palmitoylation by mutat-
ing the respective cysteines or silencing the respective palmitoyl-
transferase led to increased EGFR signaling.?"! Therefore, we used
this pathway to follow the influence of the DC-2 peptide on EGFR
signaling. As cell systems, we utilized human colorectal cancer
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cell lines SW480 and SW620, as they were previously reported
to exhibit high (SW480) and low (SW620) EGFR expression (which
we also verified in our assay) (Figure 8B)."? After analyzing the
biocompatibility of DC-2 in the chosen cell lines, we decided to
work with 15 pM peptide concentrations (Figure S11B,C,
Supporting Information). Notably, when treating SW480 cells
for 6h with DC-2 only, we observed a slight increase in ERK
and AKT phosphorylation compared to untreated cells
(Figure 8B). This finding was similar to the results reported by
Runkle et al. using 2 BP in MDA-MB-231 cells.”" Moreover, an
increase in EGFR and ERK phosphorylation was observed when
treating SW480 cells with both DC-2 and EGF compared to
EGF only. Again, this agreed to what was recently reported by
Runkle et al. (Figure 8B,C). As expected, no effects in SW620 cells
were observed. Recently, it was described that a palmitoylation-
deficient variant of ERK2(C254A) shows significantly higher phos-
phorylation levels in presence of EGF compared to wild type
ERK2, demonstrating a role of S-palmitoylation also in the regu-
lation of ERK phosphorylation.®® From this, we conclude a possi-
ble influence of DC-2 on EGFR and its downstream signaling
cascades, which may result from the peptides interfering with
the palmitoylation of the individual signaling proteins. This
observed impact on EGFR might be highly interesting to find
novel strategies to treat cancers that are resistant to EGFR therapy
and that might be then more susceptible to tyrosine kinase
inhibitors.2"
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Figure 8. A) HeLa mEGFP-HRas cells were induced overnight with doxycycline and treated with 100 uM DC-2 or DA-1 for 6 h (n = 3). Blue: Hoechst 33342
nuclear stain, scale bar: 10 um. B) SW480 and SW620 cells were serum-starved overnight and treated with 15 uM DC-2 for 6 h followed by treatment with
200 ng ml~" EGF for 15 min (n = 3). C) Fold change quantification of immunoblots normalized to B-actin.
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3. Conclusion

Taken together, we propose DC peptides as potential new tools to
influence the S-palmitoylation machinery, possibly by decreasing
the available palmitoyl-CoA pool. DC-2 might be a potential candi-
date to affect the cellular localization and signaling pathways of
oncogenic target proteins. EGFR has a relevant role in regulating
and maintaining the biological characteristics of breast cancer cells,
particularly in triple-negative breast cancer.*® Here, we observed
not only altering of EGFR signaling pathways induced by DC-2
but also a highly efficient infiltration of MCF-10 A-derived human
breast cell spheroids. Therefore, DC-2 might be worth to be devel-
oped further in this cancer-related context including cancers that
are resistant to EGFR therapy. Probably, detailed future studies will
additionally reveal peptide tools able to affect not only the herein
presented but probably also other palmitoylated oncogenes.

4. Experimental Section

Peptide Synthesis and Purification

Peptides were synthesized on a Rinkamide resin using an automated
solid phase peptide synthesis (SPPS) synthesizer Syro | (MultiSyntech)
according to the Fmoc/tBu strategy as previously described.
For fluorescent detection, all peptides were N-terminally labeled with
CF by incubating the fully protected peptide overnight at room
temperature (RT) with 5 equivalents of each CF, oxyma, and
N,N’-diisopropylcarbodiimide dissolved in DMF. To increase the cou-
pling efficiency, the fully protected peptide was incubated for 2 h at
RT with 5 equivalents of each CF, (O-(7-Azabenzotriazol-1-yl)-N,N,N’,
N’-tetramethyluronium-hexafluorphosphate), and N,N’-diisopropyle-
thylamine dissolved in DMF. A mixture of trifluoroacetic acid
(TFA)/thioanisole/1,2-ethanedithiol (90:7:3, v/v/v) was added for
3 h under shaking conditions to cleave the peptide from the resin
and remove all protection groups. The peptides were precipitated
in diethyl ether and lyophilized. For the first biological screen, crude
peptides were used except for CF-DC-4, CF-DC-6, CF-DC-8, CF-DC-10,
CF-DC-11, CF-DC-13, and CF-sC18* that were purified using a prepar-
ative reversed phase-high pressure liquid chromatography (RP-HPLC)
(Hitachi Elite LaChrom) on a VP250/16 NUCLEODUR 100-5 C18ec col-
umn (Macherey Nagel) using linear gradients from 20% to 70% B in
A (A=0.1% TFA in water; B=0.1% TFA in acetonitrile [ACN]) over
60 min. All analytical data were measured on an electrospray-
ionization mass spectrometer (ESI-MS) LTQ-XL (Thermo Scientific)
using a gradient of 10 to 60% of ACN in ddH,0 + 0.1% formic
acid (FA) on an Aeris 3.6 um PEPTIDE XB-C18 100 LC column
(Phenomenex). A 1 mM stock solution of the final peptide was dis-
solved in ddH,0.

Secondary Structure Analysis

CD spectroscopy was performed on the spectropolarimeter J 715
(Jasco) using either 20 uM peptide in 10 mM phosphate buffer (pH
7.0) or 20 uM peptide in 10 mM phosphate buffer (pH 7.0)/trifluoroe-
thanol (1:1, v/v). The ellipticity [mdeg] of each peptide was recorded
in triplicates from 180 to 260 nm. The following instrumental settings
were used during the measurement: 100 mdeg sensitivity, 0.2-1 nm
data pitch, 100 nm min~' scanning speed, 2 s response, and a band-
width of 1.0 nm. Both buffer solutions were recorded as blank meas-
urements and subtracted from the peptide measurements and all
measurements were smoothed. The ellipticity was then converted
into the molar ellipticity [0] using the following formula:
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_ [O]measured
(o] = cn'l10 @

where c indicates concentration, n indicates number of amino acids,
and | indicates length of cuvette.

Synthesis of Peptide Disulfide

For generating the disulfide, the crude lyophilized peptide was used.
And, 50 uM of peptide was dissolved in 10 mM ammonium bicarbon-
ate buffer (pH 8.0); 0.025% H,O, was added, and the mixture was
shaken for up to 2.5 min; and 500 pl TFA was added to stop the reac-
tion, and a solid-phase extraction using an solid phase extraction car-
tridge (Chromafix) was performed to get rid of the salts in the buffer.
Finally, the peptide was purified by preparative HPLC. The final pep-
tides were analyzed on an analytical HPLC ESI-MS (LTQ XL, Thermo
Scientific) and a 1 mM stock solutions was prepared in ddH,0.

Cell Culture

Cell lines were cultured in RPMI medium (HeLa) or DMEM medium
(MDA-MB-231, HFF-1, Hela Flip-In, SW480, SW620) supplemented
with 10% fetal bovine serum and 4 mM L-glutamine at 37 °C humidi-
fied atmosphere with 5% CO,. Upon reaching 80-90% confluency,
cells were split using 0.5 mg ml~" trypsin/EDTA or seeded for cellular
assays. MCF-10 A cells for spheroid morphogenesis were transduced
with red fluorescent protein (RFP)-LifeAct (IBIDI). The cells were
maintained under standard culture conditions (37 °C, 5% CO,) in
DMEM/F12 growth medium containing 5% horse serum,
0.5 pug mL™" hydrocortisone, 100 ngmL~" cholera toxin, 20 ng mL™"
EGF, 10ugmL™" insulin, 100U mL™" penicillin, and 100 ug mL™"
streptomycin.

Cell Viability Assay

Hela (13,000), MDA-MB-231 (26,000), HFF-1 (16,000) cells,
mEGFP-HRas (18,000), and SW480 and SW620 (15,000) were seeded
into a 96-well plate. Cells were treated with suitable peptide concen-
trations diluted in the corresponding serum-free culture medium.
After 24 h incubation under standard growth conditions, the cells
were washed once with PBS. The positive control was treated for
10 min with 70% EtOH. To test the viability, cells were treated with
a resazurin solution (In Vitro Toxicology Assay Kit, resazurin based,
Sigma) and incubated for a further 1-2h. The product resorufin
was measured at 595nm (Akex = 550nm) on an infinite M200
plate reader (Tecan) and normalized to the untreated negative
control cells.

Flow Cytometry

HeLa (90,000), MDA-MB-231 (120,000), and HFF-1 (125,000) cells were
seeded into a 24-well plate. Cells were treated with the desired con-
centration of CF-labeled peptide diluted in the appropriate serum-
free medium for 30 min at 37 °C and 5% CO,. Afterward, cells were
washed once with PBS, detached from the plate using indicator-free
trypsin/EDTA and resuspended in indicator-free culture medium. The
cell mixture was measured on the Guava easyCyte flow cytometer
(Merck) using the GRN-B (520/30) detector.

CMA was synthesized and kindly provided by Azizi et al.?* Cells were
either treated with 20 uM CMA diluted in serum-free media or
0.1% DMSO diluted in serum-free media for 6 h at 37 °C with 5%
CO,. Next, cells were washed once with serum-free medium and
5uM CF-labeled peptides diluted in serum-free medium were
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incubated for 30 min. Control cells were only treated with dimethyl-
sulfoxide (DMSO) or 20 uM CMA.

For the preincubation assay, cells were either treated with 5puM
DC-2 diluted in serum-free medium or only serum-free medium for
30 min at 37 °C and 5% CO,. Afterward, cells were washed once with
serum-free medium and treated with 5 pM CF-labeled DC-2 for
30 min at 37 °C and 5% CO,.

To block cell surface thiols, cells were incubated with either serum-free
medium or 12mM 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman’s
reagent, DTNB) diluted in serum-free medium for 5min. Next,
untreated cells were treated with 1pM of CF-labeled DC-2 or
DC-24; diluted in serum-free medium and DTNB-pretreated cells with
1 uM of CF-labeled DC-2 or DC-24; and 1.2 mM DTNB in serum-free
medium for 30 min at 37 °C and 5% CO, as described by Aubry et al.*”

Live-Cell Fluorescence Imaging

Hela (40,000), MDA-MB-231 (30,000), or HFF1 (55,000) cells were seeded
into an 8-well ibidi. Cells were treated for 30 min with 5uM of
CF-labeled peptide diluted in the appropriate serum-free media. The
cell nuclei were stained with the Hoechst 33342 nuclear dye for the
last 10 min of the total incubation time. Afterward, cells were washed
three to four times using serum-free medium and finally, medium con-
taining FBS was added for the microscopy. Live fluorescence micros-
copy analyses were performed on the LSM 980 with Airyscan 2
Inverse Confocal Laser Scanning Microscope (Carl Zeiss) on a 63X
Plan-Apochromat oil objective (NA 1.4, Zeiss) at 37°C and 5% CO,
or on the BZ-X810 (Keyence) using a 60X Plan-Apochromat oil objective
(NA 1.4, Keyence). Images were cropped and processed using Fiji.

MCF-10 A Spheroid Morphogenesis and Isolation from EHS
Matrix

Spheroids from single MCF10-A cells were generated for 10 days as
described in ref. [66]. For further analyses, spheroids were isolated
from EHS matrix through incubation in 2 mL ice-cold cell recovery
solution (BD Biosciences) for 30 min (4°C). Next, spheroids were
washed with fresh EGF-free medium and individually picked under
a stereo microscope for seeding onto 35 mm cell culture dishes with
microscopic glass bottoms (Cover Slip, 24 x 24 mm, #1.5 HP, Menzel-
Glaser). Spheroids adhered to glass substrates for 15 min (RT) and
were subsequently covered with 0.9mL fresh EGF-free growth
medium.

Confocal Microscopy of MCF-10 A Spheroids

Live-cell imaging was performed at 37 °C and 5% CO, (cell incubator
XL, Zeiss, Germany) with an inverse confocal laser scanning
microscope (LSM880 with Airyscan detector) that used a 40x LD
C-Apochromat water immersion objective (NA 1.1, Zeiss). Before addi-
tion of peptides, control images were taken. Subsequently, peptide
was added to a final concentration of 10 uM and spheroids immedi-
ately imaged every 45s for 20 min. The observed plane was at the
equatorial plane of a spheroid, where the diameter was largest.
Images were taken with Fast Airyscan and subsequent processing
using the ZEN 2.3 black software (Zeiss). Z-stacks were taken right after
the time series in 1 um steps with the same microscopic settings.

Co-localization Studies

Hela cells (30,000-40,000) were seeded into an 8-well ibidi. For lyso-
somal and lipid droplet analysis, cells were treated for 30 min with
5uM of CF-labeled peptide combined with either 100nM
LysoTracker Red DND-99 (Invitrogen) or a 1:1000 solution of distyryl
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Bodipy lipid droplet stain synthesized and kindly provided by
Engelhardt et al’®” diluted in serum-free media under standard
growth conditions. For Golgi analysis, cells were treated for 2 h with
5 uM CF-labeled peptide under standard growth conditions. For the
last 30 min of the incubation period, 1:100 BODIPY TR ceramide com-
plexed to bovine serum albumine (BSA) (Invitrogen) was directly
diluted into the well and incubated for the last 30 min together
with the peptide. For ER staining, CellLight ER-RFP, BacMam 2.0
(Invitrogen), was added to the cells and incubated overnight under
standard growth conditions. The next day, the cells were treated for
2 h with 5 pM CF-labeled peptides as described earlier. After the pep-
tide and stain incubation, cells were washed three to four times with
serum-free medium. Finally, complete medium was added, and cells
were imaged on the Ultra-View VoX Spinning Disk Confocal
Microscope (Perkin Elmer) on a Plan-Apo Tirf 60X oil objective
(NA 1.49, Nikon) at 37 °C and 5% CO,. Images were cropped and proc-
essed using Fiji. Pearson and Manders’ Coefficients were calculated
using the JaCoP analysis tool®® For Golgi analysis, no PCC or
MOC was determined as the unedited images contained a strong
background signal.

In Vitro Palmitoylation Assay

The 50 uM CF-labeled peptides were incubated with 100 nM human
6His-ZDHHC7 (Proteintech) and 100 uM palmitoyl-CoA (Santa Cruz
Biotechnology) in reaction buffer (50 mM HEPES, 150 mM NacCl,
1 mM EDTA, 1 mM (tris(2-carboxyethyl)phosphine) (TCEP), 0.3 mM
DDM, pH 7.0) for 2 h at 37°C. Control reactions without ZDHHC7
or palm-CoA were incubated with the appropriate volume of reaction
buffer. Afterward, the reaction was centrifuged for 5min at
13000 rpm. The precipitate was dissolved in DMSO/ACN (3:2, v/v).
To enrich the peptide from the supernatant, C8 ZipTips were used.
All samples were analyzed on the LC MS-8060 triple quadrupole
ESI-MS  (Shimadzu). The fluorescence intensity (Aex =493 nm,
Aem =517 nm) of the samples was measured on an EC 160/2
NUCLEODUR 300-5 C18 ec column using linear gradients from
20% to 70 % ACN in ddH,0 + 0.1% FA over 7 min.

Generating mEGFP-HRas Cell Line

MEGFP-HRas was amplified from a plasmid gifted from
Karel Svoboda® (Addgene plasmid # 18662) using the primers
5’-gcgGGTACCgccaccatggtgagcaagg-3’ and 5'-gcgGCGGCCGCtcagg
agagcacacactt-3’. Kpnl and Notl restriction sites (capital letter) were
used and the construct was cloned into the pcDNA5 FRT-TO vector to
generate an inducible T-REx-Hela cell line using the Flp-In T-REx
System (Invitrogen). The plasmid was verified by sequencing. The
construct was co-transfected together with the pOG44 vector using
the FUGENE HD transfection reagent (Promega). Positive clones were
selected with DMEM medium supplemented with 10% FCS,
500 ug ml~" penicillin/streptomycin 100 ugml~' hygromycin and
10 ug ml~" blasticidin and verified by fluorescence microscopy and
immunoblot.

Fluorescence Microscopy Using mEGFP-HRas Expressing Cells

A total of 35,000 HeLa mEGFP-HRas cells were seeded into an
8-well plate. Cells were induced with 1 mgml~" doxycycline and
incubated for around 15h under standard growth conditions.
Afterward, cells were treated for 6 h with 100 uM peptide diluted
in serum-free medium. And, 10 min prior to the end of the incuba-
tion time, the Hoechst 33342 nuclear dye was added. Cells were
washed with serum-free media. Finally, complete medium
was added and cells were imaged on the UltraView VoX
Spinning Disk Confocal Microscope (Perkin Elmer) on a 60X oil
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objective at 37 °C and 5% CO,. Images were cropped and processed
using Fiji.

EGFR-Related Signaling Cascade

SW480 and SW620 cells (1,200,000) were seeded into a 6-well plate.
The next day, cells were once washed with PBS and starved for 18 h
with DMEM + 0.2% BSA. Next, 15 uM DC-2 diluted in DMEM + 0.2%
BSA was incubated with the cells for 6 h. Control wells were only
treated with the starvation medium. Afterward, all wells were
washed once with PBS and 200ngml~" EGF diluted in
DMEM + 0.2% BSA was added for 15 min. Cells were again washed
once with PBS and ice-cold lysis buffer (25mM Tris, 150 mM
NaCl,1 mM TCEP, 2mM EDTA, 1% Triton-X-100, pH 7.4) supple-
mented with Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher) was added to scrape the cells from the well.
Lysates were incubated on ice for 30 min slightly shaking. After cen-
trifugation for 30 min at 14,000 rpm at 4 °C, lysates were mixed with
4X SDS-PAGE loading buffer (200 mM Tris-HCl pH 6.8, 400 mM
dithiothreitol, 8% SDS, 0.4% bromophenol blue, and 40% glycerol)
and heated at 95 °C for 5 min. Protein samples were analyzed by
SDS-PAGE and immunoblotting. The following antibodies were
used: anti-EGFR (Cell Signaling Technology (CST) Cat#4267),
anti-pEGFR (CST Cat #3777), anti-AKT (CST Cat#9272); anti-pAKT
(CST Cat#4060); anti-ERK1/2 (CST Cat#4695); anti-pERK1/2
(CST Cat#4370); anti-B-actin-horseradish peroxidase (HRP) (Santa
Cruz Biotechnology Cat# sc-47778 HRP); or anti-rabbit-HRP conju-
gate (CST Cat#7074S). Images were cropped, processed, and quan-
tified using the Imagelab software (BioRad).
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