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TAT-RasGAP347_356 is a cell-penetrating peptide-based construct
with anticancer and antimicrobial activities. This peptide kills a
subset of cancer cells in a manner that does not involve known
programmed cell death pathways. Here we have elucidated the
mode of action allowing TAT-RasGAPz47_3;6 to kill cells. This pep-
tide binds and disrupts artificial membranes containing lipids typ-
ically enriched in the inner leaflet of the plasma membrane, such
as phosphatidylinositol-bisphosphate (PIP,) and phosphatidylser-
ine (PS). Decreasing the amounts of PIP, in cells renders them more
resistant to TAT-RasGAP3,7_326, While reducing the ability of cells
to repair their plasma membrane makes them more sensitive to
the peptide. The W317A TAT-RasGAP3,7_3,6 point mutant, known
to have impaired killing activities, has reduced abilities to bind and
permeabilize PIP,- and PS-containing membranes and to translo-
cate through biomembranes, presumably because of a higher pro-
pensity to adopt an a-helical state. This work shows that TAT-
RasGAP347_36 kills cells via a form of necrosis that relies on the
physical disruption of the plasma membrane once the peptide tar-
gets specific phospholipids found on the cytosolic side of the
plasma membrane.

cell-penetrating peptides | anticancer peptides | membranolytic peptides |
phosphatidylserine | phosphoinositides

ost current anticancer therapies trigger genetically enco-

ded regulated cell death pathways to achieve disease
control. Manipulation of these pathways can be very efficacious
in cancer chemotherapies, as exemplified by the recent devel-
opment of drugs, such as Venetoclax, that target intrinsic
apoptosis-regulating Bcl2 protein family members and that can
cure patients suffering from chronic lymphocytic leukemia (1).
However, cancer cells, through alterations in cell death path-
ways, can become refractory to chemotherapeutically induced
death leading to relapses (2, 3). Strategies that trigger non-
genetically encoded forms of cell death would provide additional
therapeutic options to fight cancers.

TAT-RasGAP37_356 is a chimeric peptide composed of a cell-
penetrating sequence (G**RKKRRQRRR?’) derived from the
HIV transactivator of transcription (TAT) protein, and a
10-amino-acid sequence (W*'"MWVTNLRTD?*®) derived from
the Src homology 3 domain of p120 RasGAP (Ras GTPase-
activating protein) (4). This construct has several anticancer
properties, including inhibition of metastatic progression and
tumor cell sensitization to anticancer therapies (4-6). This pep-
tide also displays broad antimicrobial activities (7).

The first reported anticancer activity of TAT-RasGAP317_32¢
was its ability to sensitize tumor cells, but not normal cells, to
genotoxin-induced death (4) and to radiotherapy (8). Based on
these findings, the peptide was tested in preclinical animal
models and was shown to sensitize tumor xenografts in mice to
cisplatin, doxorubicin, and ionizing radiation with no apparent
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toxicity to healthy tissues (8, 9). Even though TAT-RasGAP;317 326
injected intraperitoneally can reach and sensitize tumors located
subcutaneously, it is, like other cell-penetrating peptides (10), rap-
idly cleared from the organism (8). This may compromise its use as
a systemic agent (7). Hence, future clinical development of TAT-
RasGAP;317_3p6 Will probably be in the direction of topical or on-
target use.

In addition to sensitizing tumors to an anticancer regimen,
TAT-RasGAP;;7_356 can also directly kill a subset of cancer cell
lines in a manner that is distinct from apoptosis, necroptosis,
parthanatos, pyroptosis, and autophagy (7). This peptide ap-
pears, therefore, to harbor killing properties that may be difficult
for cancer cells to alleviate through resistance-building alter-
ations within known regulated cell death pathways. A single
point mutation in the RasGAP moiety (W317A) abrogates all of
the anticancer and antimicrobial properties of the peptide (7, 11,
12). The mechanisms used by TAT-RasGAP;;7 356 to Kkill cells
have eluded detailed characterization until now. In the present
study, we provide experimental evidence that this peptide in-
duces a necrotic-like form of death by targeting phospholipids
enriched in the inner leaflet of the plasma membrane.

Results

TAT-RasGAP347_3,6 Needs to Access the Cytoplasm to Kill Cells. We
have recently demonstrated that TAT-RasGAP3;7 356 accesses
the cytoplasm through direct translocation across the plasma
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membrane in a membrane-potential-dependent manner (13).
Direct translocation of TAT-RasGAP5;7_3,¢ and other cationic
cell-penetrating peptides can be prevented by membrane-
depolarizing agents such as gramicidin or extracellular high-
potassium concentrations (13, 14). Depolarizing cells with
100 mM extracellular KCI does not affect, or only minimally
affects, at higher peptide concentrations, the initial cell-surface
binding of TAT-RasGAPz7_326 (SI Appendix, Fig. S14). Depo-
larization, however, does decrease the ability of the cells to take
up the peptide by a factor of about 100 (SI Appendix, Fig. S1B,
Upper) and fully prevents the peptide from killing cells (SI Ap-
pendix, Fig. S1B, Lower). The residual peptide uptake in depo-
larized cells corresponds to the endocytosis of peptides that
remain trapped in endosomes (SI Appendix, Fig. S1C) (13).

Preferential Binding of TAT-RasGAPsq736 to Inner-Leaflet
Phospholipids. Several anticancer peptides possess mem-
branolytic activity (15-17). To assess if TAT-RasGAP317_3¢ has
a specific selectivity for individual plasma membrane phospho-
lipids, multilamellar vesicles (MLVs) made of various phospho-
lipid compositions were incubated with a fluorescent version of
the peptide. As negative controls, the TAT-RasGAP3;7 326
W317A substitution mutant was used, as well as the TAT cell-
penetrating peptide alone. Replacing the first tryptophan residue
(W317) in TAT-RasGAP317_326 with an alanine residue hampers
all of the known cellular activities of the peptide (11, 12). This
mutation does not prevent the peptide from accessing the cytosol
(SI Appendix, Fig. S2A4), even though quantitatively the extent of
cellular uptake was found to be lower for the W317A mutant
compared to the wild-type peptide (SI Appendix, Fig. S2B). In
conditions of similar uptake (SI Appendix, Fig. S2C), the mutant
peptide was far less potent in killing cells compared to the wild-
type peptide (SI Appendix, Fig. S2D). In short-term incubation
settings, the W317A mutant peptide was unable to induce cell
death (SI Appendix, Fig. S2E).

The lipids used in this study are listed in ST Appendix, Table
S1. SI Appendix, Table S2, provides the composition of the cy-
tosolic (“inner”) and extracellular (“outer”) leaflets of the
plasma membrane that we have considered in the present work.
Fig. 14 shows that TAT-RasGAP317_3,6 and control peptides do
not bind to liposomes made of lipids present on both sides of the
plasma membrane such as phosphatidylcholine (PC), phospha-
tidylethanolamine (PE), or cholesterol. Similar results were
obtained when these peptides were incubated with lipids typically
present in the outer leaflet of the plasma membrane like GM1
and GM3 gangliosides or sphingomyelin (SM). On the other
hand, TAT-RasGAP;;7.35 bound to inner-leaflet—enriched
phosphatidylinositol(4,5)bisphosphate (PI[4,5]P,) and phospha-
tidylserine (PS) more avidly than control peptides. Binding
equilibrium between the peptides and PS (20%)-containing li-
posomes was reached after 15 min of incubation (SI Appendix,
Fig. S3). Other lipids present in the inner leaflet of the plasma
membrane either did not interact with TAT-RasGAP317_326
(e.g., phosphatidylinositol) or displayed no specificity for the
wild-type peptide (e.g., phosphatidic acid). Cardiolipin, a
mitochondria-specific phospholipid, when present at a 10%
concentration in liposomes, interacted more strongly with TAT-
RasGAP;17_326 compared to the control peptides. The specificity
of this binding was lost when the level of cardiolipin in liposomes
rose to 20%, which is the physiological concentration of this lipid
in the inner mitochondrial membrane. TAT-RasGAP3,7_3,¢ had
a much higher affinity for vesicles, the lipid composition of which
mimicked the inner-leaflet plasma membrane compared to bi-
layers made of outer-leaflet membrane-specific lipids. TAT-
RasGAP;17_326 displayed a specific propensity to bind bisphos-
phorylated phosphoinositides, such as PI(4,5)P, and PI(3,5)P,,
and, to a lower extent, PI(3,4)P,. Monophosphate phosphoino-
sitides like PI(3)P interacted very poorly with the peptides.
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There was no specific binding of the wild-type peptide to
PI(3,4,5)P;. We also note that, in almost all cases, the W317A
mutant demonstrated binding preferences similar to the TAT-
only control, suggesting a more substantial impact of the Ras-
GAP moiety of TAT-RasGAP3;7_356, rather than its TAT part,
in the binding-specifying peptide-lipid interactions.
Lipid-binding preferences were also tested with unlabeled
peptides using membranes spotted with different lipids (Fig. 1B).
PI(4)P was bound by all peptides, including TAT alone. Phospha-
tidic acid was bound by both TAT-RasGAP3;7_356 and the W317A
mutant. The lipids specifically recognized by TAT-RasGAP317_326
but not by the other peptides were cardiolipin, P1(4,5)P,, PS, and,
to a lower extent, PI(3,4,5)P;. These data confirm the binding
preferences of TAT-RasGAP;3;7.356 for cardiolipin and lipids
enriched in the cytoplasmic side of the plasma membrane.

TAT-RasGAP3,7_36 Kills Cells in a Mitochondria-Independent Manner.
The observation that TAT-RasGAP317_36 displays high affinity
to cardiolipin suggests a mitochondria involvement in the
peptide-mediated cell death. To determine if binding to car-
diolipin underlies the ability of the peptide to permeabilize
membranes, giant unilamellar vesicles (GUVs) containing car-
diolipin were incubated with TAT-RasGAP3;7_35¢ and control
peptides. The membrane integrity was then evaluated through
calcein intake. GUVs containing 10% cardiolipin, the concen-
tration at which specificity of binding of the wild-type peptide
versus the control peptides was observed (Fig. 1), were not
markedly permeabilized by TAT-RasGAP3,7 326 (Fig. 24). Even
though high-cardiolipin-concentration (20%)-containing vesicles
could be permeabilized by wild-type TAT-RasGAP3;7_326 to
some extent (SI Appendix, Fig. S4), it appears that cardiolipin is,
in fact, a rather protective phospholipid against permeabiliza-
tion. Indeed, PC-containing vesicles are less lysed by high con-
centrations of TAT-RasGAP31736 Wwhen they contain
cardiolipin (compare Figs. S4 and S5 in ST Appendix). Removing
mitochondria from HeLa cells (Fig. 2 B and C), while preventing
mitochondria-dependent cell death, did not render them resis-
tant to TAT-RasGAP;3;7_3xc—induced death (Fig. 2D). Hence,
even though the peptide can bind to cardiolipin-containing
membranes, this interaction does not appear to mediate the
ability of the peptide to kill cells.

TAT-RasGAP3,7_3¢ Permeabilizes Membranes Made of Inner-Leaflet
Phospholipids. As shown above, TAT-RasGAP;,7_35¢ preferen-
tially binds phospholipids enriched in the inner leaflet of the
plasma membrane, such as phosphatidylserine and bisphos-
phorylated phosphoinositides. GUVs containing either PI(4,5)P,
or PS were efficiently permeabilized by TAT-RasGAP3;7_35¢ but
not (in the case of PS) or inefficiently (in the case of PI[4,5]P,)
by the mutant W317A peptide (Fig. 3). Similar results were
obtained with other bisphosphorylated phosphoinositides such as
PI(3,4)P, and PI(3,5)P, (SI Appendix, Fig. S6). Permeabilization
was generally accompanied by accumulation of lipid material
(micelles) outside GUVs, an indication of a detergent-like effect
(18). GUVs with outer-membrane-like composition were not
significantly permeabilized by the peptides (Fig. 3). In contrast,
GUVs made of inner-membrane—enriched phospholipids were
very efficiently permeabilized by TAT-RasGAP3;7.36. The
control TAT-RasGAP317_326(W317A) peptide was about 10-fold
less efficient in permeabilizing these GUVs compared to the
wild-type peptide (Fig. 3).

To further evaluate the mode of permeabilization induced by
TAT-RasGAP3;7 326, Wwe performed electron microscopy (EM)
visualization of HeLa cells incubated with the peptide. Cells
experienced gross membrane disruption upon peptide addition
without any indication of pore formation such as seen upon
addition of the streptolysin O hemolytic exotoxin (SI Appendix,
Fig. S7). Although we cannot exclude that the peptide creates

Serulla et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014108117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2014108117

Downloaded at Centre de Doc Faculte Medecine on December 2, 2020

100+ Phosphatidylcholine T Cholesterol T Phosphatidyl- T GM1 ganglioside
ethanolamine |
80 - - - ;
o 1
£ 604 - - - !
T :
'-C_; 404 i 4 4 oo i
X p=0028 i p=0.03
20 - - - :
Ld hd e % & | e% 23
0 55 S % Q000 260w soee Wow ey Gew & B e 6
100% 20% 25% 2.5% 5%
1009 GM3 ganglioside Sphingomyelin 7 Phos.phatidylslerinoe002 7] Phosphatidic acid
' ' ' p= '
804 : 7 7 | p0031 T ®
o | 1 :
£ 601 | - 7 | - T ®°e
S 40 4 ) i
X p=0.031 : p=0.029 : S Y
204 o, Lo R . 4 (e ©
0 oo&*i%g' Leee Qeey '-'.'L !’.& E %;‘. A6
2.5% 5% 20% 5% 10% 20% 1.5% 10% 20%
100 Phosphatidylinositol y PI(4,5)P; 0005 1 Cardiolipin 1 Plasma membrane
80 3 5 | s | o @ !
: i i P00 @ "“ﬂm - i o
£ 60 3 5 . f ! p=0.003 4 Te® 4
2 | | | D e °® e 1 :
5 404 3 p=0.039 E ] ; . ° ° | p=0.011 : ; ] p=0.006
X p=0.009 | @ ° ! | : p=0.002
20 | e {1 izise t 1e 3 L e g
i i 19800 © ° E E P
0_@!.‘%.‘.%" _@...@ Q.o & § ® ? ; : _é‘? :
2.5% 5% 10% 0.75% 1.5% 25% 5% 5% 10% 20% Outer Inner
100 membrane  membrane
T Phosphoinositides 2.5% leaflet leaflet
80+ p=0.028 p=0.005
o . , . : 2 uM throughout
£ 60 : Dot oo @ TAT-FITC el
E 1 g e ! @ FITC-TAT-RasGAP Red: TAT vs TAT-RasGAP,,, ...
S 40 e 8 e i, PUAIRRESEI bR Blue: TAT vs W317A
> g 1 8 1 ® e, @ FITC-TAT-RasGAPz17.a6(W317A) Black: TAT-RasGAP, . ., vs W317A
20 L 8, e e %o A ©
Ja®e s % S0 = 5°%
5 & 4 o o
e < [ o) o)
T g ) £ <
T T T o
[
B e
Triglyceride Ptdins
DAG Ptdins(4)P B g =
PA = & Ptdins(4,5)P, ©

PS | % & Ptdins(3,4,5)P,

TAT

PE g ﬁ ' Cholesterol

1
PC | = = | Sphingomyelin
PG [ Sulfatide

. Blank

TAT-RasGAP317-326
TAT-RasGAP317-326(W317A)

Cardiolipin

Fig. 1. Preferential binding of TAT-RasGAP37_3,6 to inner-leaflet phospholipids. (A) MLVs were generated with the indicated percentages of the specified
lipids in the figure (the remaining lipid being phosphatidylcholine). Outer-leaflet liposomes contained PC 64.4%, PE 10.6%, SM 20%, GM1 2.5%, and GM3
2.5% while inner-leaflet liposomes contained PC 51.25%, PE 36.25%, PS 10%, and PI(4,5)P, 2.5%. Liposomes were incubated 30 min with 2 pM of FITC-labeled
versions of TAT, TAT-RasGAP317_326, and TAT-RasGAP317_326(W317A). Binding of these peptides to liposomes was then determined (n = 4). The zones high-
lighted in light gray correspond to the physiological concentrations found in plasma membranes. Statistical analysis was performed using one-way ANOVA
with Geisser—-Greenhouse correction (sphericity not assumed), followed by post-hoc Tukey multicomparison tests between means of all groups. (B) Mem-
branes spotted with the indicated lipids were incubated with 0.5 mg/mL TAT-RasGAP317_326, TAT-RasGAP317_326(W317A), and TAT for 1 h, and the interaction
with the lipid was revealed by immunoblotting using an anti-TAT antibody. Blots are representative of two independent experiments.
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Fig. 2. TAT-RasGAPs;;_356 kills HeLa cells in a mitochondria-independent manner. (A) GUVs containing 10% cardiolipin were incubated or not for 1 h with
TAT-RasGAP317_326 Oor TAT-RasGAP317_36(W317A) at the indicated concentrations. GUV permeabilization was evaluated by calcein uptake using confocal
microscopy. Representative images are presented. (Scale bar, 10 um.) Quantitation is shown as violin plots (dark-gray bars indicate the median). (B and C)
Mitochondria in HeLa cells stably expressing YFP-Parkin were removed by enforced mitophagy followed by a 36-h incubation with 1 M antimycin A and 1 pM
oligomycin (A/O) or vehicle (ethanol 0.2%) (Control). Antimycin A (an inhibitor of ubiquinone oxidation in the cytochrome c oxidase complex) and oligomycin
(an ATP synthase inhibitor) are compounds that disrupt mitochondrial function and trigger Parkin-mediated complete mitophagy. The presence of mito-
chondria was assessed with the MitoTracker Red CMXRos dye (B). (Scale bar, 20 pm.) In healthy cells, the mitotracker dye specifically stains the mitochondrial
network, while in cells undergoing complete mitophagy the cytoplasmic signal is strongly reduced and appears diffused. Alternatively, the expression of
cytochrome c (Cyt c), cytochrome c oxidase (COX IV), and actin in these cells was assessed by Western blot analysis (C). (D) HeLa cells ectopically expressing YFP-
Parkin were treated as in B and C. These cells were then incubated with the indicated compounds for various periods of time (ActD, actinomycin D; ABT,
ABT737). ActD is a transcription inhibitor, and ABT737 is an antiapoptotic Bcl-2 family protein antagonist. The combination of these two drugs induces rapid
cell death via the intrinsic (i.e.,, mitochondria-dependent) apoptotic pathway. Cell death was assessed using a live-cell imaging system (Materials and

Methods). Results are expressed as the mean + SD of three biologically independent experiments.

small and/or transient pores that escape detection by EM, these
data are consistent with the notion that TAT-RasGAP3;7_326
disrupts cellular membranes in a detergent-like manner.

PI(4,5)P, Plasma Membrane Depletion Impairs TAT-RasGAP3;7_3,6-Induced
Cell Death. Lipid binding and GUV permeabilization experiments
indicate that TAT-RasGAP3,7 356 induces cell death by direct
permeabilization of the plasma membrane through binding to
phospholipids like PI(4,5)P,. Depleting this phospholipid from
the inner layer of the plasma membrane should therefore hamper
TAT-RasGAP3;7_356 from killing cells. We tested this assumption
by inducing the translocation to the plasma membrane of an en-
zyme able to dephosphorylate the inositol ring of phosphoinosi-
tides at position 5 (Fig. 4 A and B), thereby diminishing the levels
of PI(4,5)P, as assessed by decreased recruitment of PI(4,5)P,-
binding proteins to the plasma membrane (Fig. 4C). This treat-
ment lowered the ability of the peptide to permeabilize cells
(Fig. 4D) without affecting its uptake (Fig. 4E).
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TAT-RasGAP317-36 Membranolytic Activity Is Antagonized by the
Endosomal Sorting Complex Required for Transport Machinery.
Plasma membrane damage triggers a healing response through
removal of damaged areas by endocytosis or via exosome shed-
ding. The endosomal sorting complex required for transport
(ESCRT) machinery has recently been shown to participate in
such membrane repair events (19, 20). If TAT-RasGAP317_326
has membranolytic activities through its ability to target inner-
leaflet phospholipids as indicated by the results shown above, it
can be foreseen that the ESCRT machinery antagonizes the
killing activity of the peptide. To assess this hypothesis,
dominant-negative CHMP3;_;79 and VPS4AF*28Q core mem-
bers of the ESCRTIII complex, and the ESCRT disassembly
subcomplex, respectively, were expressed in HeLa cells using a
doxycycline-inducible system (Fig. 54). This manipulation sen-
sitized cells to TAT-RasGAP3;7_3,¢-induced death (Fig. 5B). In
the case of CHMP3,_;70, the sensitization could be partly explained
by an increase in peptide uptake (Fig. 5C, Middle). However,
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Fig. 3. TAT-RasGAP317_326 permeabilizes membranes made of inner-leaflet
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phospholipids. GUVs made of lipid mixtures mimicking the outer-leaflet (PC

64.4%, PE 10.6%, SM 20%, GM1 2.5%, GM3 2.5%) or inner-leaflet (PC 51.25%, PE 36.25%, PS 10%, PI(4.5)P, 2.5%) plasma membrane composition and GUVs
containing 2.5% PI(4,5)P, (and 97.5% PC) or 10% PS (and 90% PC) were treated or not for 1 h with TAT-RasGAP3,7_326 or TAT-RasGAP317_36(W317A) at the
indicated concentrations. GUV permeabilization was evaluated by calcein intake using confocal microscopy. Representative images are presented. (Scale bar,

10 pm.) Quantitation is shown as violin plots (median is indicated by a dark-

accumulation of lipid material (micelles) outside GUVs.

VPS4AFQ expression in cells did not affect peptide uptake
(Fig. 5C, Right) while still protecting cells from TAT-RasGAP37 326
(Fig. 5B, Right). These data therefore indicate that the ESCRT
machinery repairs TAT-RasGAP3;7_3¢-induced membrane damage
and protects cells from the peptide’s Iytic activity.

Peptide Uptake Efficiency or Internal PS Levels by Themselves Do Not
Explain the Sensitivity to TAT-RasGAP3;;_36—Induced Cell Death.
Even though there is variability in terms of their sensitivity to
TAT-RasGAP57_3¢—induced death, tumor cells are more effi-
ciently killed by the peptide than are nontransformed cells (12).
The sensitivity to TAT-RasGAP317_326 has been reported to be
unrelated to the mutation status of tumor cell lines, and there is
no indication that expression of certain genes is specifically as-
sociated with TAT-RasGAP;;735 sensitivity (12). Here we
aimed to determine whether the susceptibility of a panel of six
tumor cell lines to be killed by TAT-RasGAP3,7_326 Was related
to their capacity to take up the peptide or to their intracellular
PS levels. SI Appendix, Fig. S84, shows that the panel could be
divided in two groups based on the sensitivity of the cell lines to the
peptide. In the sensitive group (U20S, Raji, and SKW6.4), half of the
cells were killed by ~20 pM TAT-RasGAP;;7 35, while in the less

Serulla et al.

gray bar). See SI Appendix, Table S1, for lipid abbreviations. Arrows point to

sensitive group (HeLa, Chinese hamster ovary, and human embryonic
kidney 293T cells), more than 40 pM of the peptide was required to
kill half of the cell population. The cells that displayed the highest
ability to acquire the peptide were those of the sensitive group with the
exception of U20S (SI Appendix, Fig. S8B). To test if levels of PS in
cells correlated with the sensitivity to TAT-RasGAP;;_3s—induced
death, intracellular PS levels were measured in fully permeabilized
cells (SI Appendix, Fig. S8C) using saturating Annexin V levels (57
Appendix, Fig. S8D). Cell lines with the highest intracellular levels were
found in the sensitive group (SI Appendix, Fig. S8E), again with the
exception of U20S cells. In the absence of a strict correlation between
the tested factors and TAT-RasGAP;;7 35 sensitivity, one has to
conclude that the ability of cells to be killed by TAT-RasGAP;7_356 is
likely determined by a combination of factors that can include those
tested here but that in isolation are not sufficient to explain the sus-
ceptibility of a given cell type to the peptide.

The W317A Substitution, but Not the W317F Substitution, Promotes
Helicity in RasGAP3,;_35 Affecting Peptide-Membrane Interaction.
To assess if the diminished specific lipid-binding capacity of
W317A results from a secondary structure distinct from the one
adopted by TAT-RasGAP;;7_326, the peptide structures and
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tains an open reading frame encoding two proteins separated by a self-cleaving T2A peptide (32), the sequence of which is shown in blue with the cleavage
site indicated by an arrowhead. The first protein corresponds to a fusion protein between the monomeric red fluorescent protein (mRFP) and the FKBP
rapamycin binding (FRB) domain of human mammalian target of rapamycin. This fusion protein is tagged at the N terminus with the first 11 amino acids of
human Lyn that allows plasma membrane targeting via myristoylation and palmitoylation (33). An HA tag is located between FRB and mRFP (not shown in the
figure). The second protein is a fusion protein between Inp54p, a yeast phosphatidylinositol-4,5-bisphosphate 5-phosphatase (34) and the human FK506-
binding protein FKBP1A (also known as FKBP12). (B) Scheme depicting the principle of the procedure allowing PI(4,5)P, depletion at the plasma membrane
level. In the presence of rapamycin, FRB and FKBP12 dimerize, resulting in plasma membrane targeting of Inp54p. A and B were adapted from ref. 35. (C)
Hela cells were transiently transfected (at a 3:1 ratio) with the construct depicted in A and PH-PLCD1[1-170]-GFP, a plasmid encoding a fusion protein be-
tween GFP and the pleckstrin homology (PH) domain of PLC81. This PH domain binds to PI(4,5)P, and functions as a PI(4,5)P, localization biosensor in cells. The
transfected cells were treated for 1 h with rapamycin (400 nM) or vehicle (0.2% dimethylsulfoxide [DMSO]) and then were subjected to live imaging using
confocal microscopy. (Scale bar, 20 pm.) Cytosolic GFP fluorescence was quantitated as indicated in Materials and Methods. Dots correspond to individual cells.
Medians are indicated by red bars. (D) HeLa cells were transiently transfected with the construct depicted in A. The cells were then pretreated for 1 h with
400 nM of rapamycin or vehicle (0.2% DMSO), followed by 6 h of incubation with the indicated concentrations of TAT-RasGAP317_3,6. Plasma membrane
permeabilization was tested by DAPI staining and measured by flow cytometry in mRFP-positive cells. (E) Alternatively, following the rapamycin treatment,
the cells were subjected to 1 h of incubation with 20 pM FITC-labeled TAT-RasGAP317_326. Peptide uptake was evaluated in mRFP-positive cells by flow
cytometry. FITC fluorescence was normalized against the “DMSO + peptide” condition. Statistical analysis was performed using paired t test (C and E) or two-
way ANOVAs followed by post hoc Sidak’s multicomparison test with matched comparison (D). In D and E, each point represents an individual experiment,
and the horizontal black bar in E corresponds to the median. In D, values from a given independent experiment are connected with thin black lines.

peptide-membrane interactions were studied by molecular
modeling, circular dichroism (CD), and solid-state NMR spec-
troscopy (ssNMR). Simulation experiments were performed with
TAT-RasGAP317_356 and the W317A mutant in the presence of
lipid bilayers of variable compositions. The in silico experiments
were performed using atomistic unbiased simulations in order to
study the peptides interfacial interactions with phospholipidic
bilayers (21) and how the latter influence the conformational
transitions of the peptides. In the membrane-bound states, the
propensity of TAT-RasGAP317_35¢ to adopt an a-helical struc-
ture within the RasGAP moiety was very low, in sharp contrast to
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the W317A mutant, regardless of the lipid composition of the
model bilayers (Fig. 6). The observed helicity of the TAT moiety
was barely affected by the W317A mutation. This indicates that a
tryptophan at position 317 is a potent a-helix disruptor within the
RasGAP sequence of TAT-RasGAP317 3.

The different conformations of the two bound peptides
translated into differential, but still lipid composition-
independent, modes of membrane insertion (Fig. 7). The less
structured wild-type peptide was found to insert slightly deeper
into membranes compared to the W317A mutant (Fig. 74). This
was due to a higher likelihood of amino acids around the W317
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parison (B) and paired t test (C) were used to assess the significance of the observed differences.

residue to contact lipids of the inner-leaflet-like membrane
(Fig. 7B). Furthermore, the TAT segment of the wild-type
peptide appeared to “attack” the membrane with a sharper an-
gle than the W317A mutant (Fig. 7C) but without significant
modulation of the overall probability to contact the lipids
(Fig. 7B).

Circular dichroism experiments, comparing the conformations
of the wild-type and the W317A peptides in the presence of
membrane mimetics, provided additional evidence that the
W317A mutation impacts the peptide’s conformation. At iden-
tical concentrations, we observed more intense CD signals or
more pronounced spectral features associated with folding for
the W317A peptide. For example, in the helix-promoting TFE
(2,2,2-trifluoroethanol) the mutant peptide showed a more typ-
ical a-helix since 1) its n—n* parallel transition (SI Appendix, Fig.
S9A4) occurred close to the canonical 208-nm wavelength while
the wild-type peptide displayed a slightly left (blue)-shifted =—n*
parallel transition (SI Appendix, Fig. S9B) and 2) the amplitude

Serulla et al.

of the PE and phosphatidic acid signals (SI Appendix, Fig. S9A)
registered with the W317A mutant were considerably larger than
those of the parental peptide (SI Appendix, Fig. SOB). While the
W317A substitution favored helicity, it did not affect the overall
peptide conformational plasticity. Indeed, the spectra of TAT-
RasGAP317_326 and its W317A mutant were similar in aqueous
or 1:1 TFE:PB (phosphate buffer) environments, as well as in the
presence of the zwitterionic detergent dodecylphosphocholine or
in negatively charged lyso-phosphatidylglycerol micelles (SI Ap-
pendix, Fig. S9B). Finally, in negatively charged dodecylsulfate
micelles, TAT-RasGAP;;7_356 folded to a more extended con-
formation as judged by the pronounced negative band at 196 nm
and the strong positive signal around 225 nm. This indicates a
turn-like geometry contribution since the n—=z* transition oc-
curred red-shifted (>220 nm) instead of at the 217 to 218 nm
wavelength seen for classical p-strand. A propensity of the pep-
tides to assume continuous secondary-structure-breaking back-
bone turn(s) or kink(s) is further corroborated by the presence of
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Fig. 6. The W317A mutation promotes alpha helix formation in the RasGAP moiety of TAT-RasGAP317_326. The secondary structure of TAT-RasGAP317_326 in
the presence of the indicated membrane lipid environment was assessed by in silico simulations as described in the methods (four simulations per condition).
The membrane compositions are presented in S/ Appendix, Table S3. The graph depicts the a-helicity content in the whole TAT-RasGAP317_326 peptide as well
as in its individual TAT and RasGAP37_356 moieties. The median is indicated by black bars. Paired t tests were used to assess statistical significance. The
structures presented below the graphs are snapshot examples of the structures obtained for TAT-RasGAP317_326 and its W317A mutant at the beginning of
molecular dynamics simulations, i.e., before the peptides interact with membranes.

a dispersive feature around 225 nm. The latter is more pro-
nounced for the wild-type peptide, e.g., in PB and in the pres-
ence of lyso-phosphatidylcholine. This correlates with the
expected higher rigidity of the backbone around tryptophan
residue in this sequence and resembles the CD signals often
observed in tryptophan-containing small cyclic peptides (22-25).

Negative curvature may facilitate peptide translocation
through membrane (26), while positive curvature may trigger
lilpid—packing defects and membrane disruption (27). We used
3p ssSNMR to investigate potential differences between TAT-
RasGAP;;7_336 and its W317A mutant in membrane curvature
modulation. Specifically, we studied the temperatures (Ty g) at
which lamellar (L) to inverted hexagonal (Hy) lipid-phase
transition (SI Appendix, Fig. S104) occurred in PE-based mem-
branes reconstituted with the two peptides (SI Appendix, Fig.
S10B). In pure PE membranes, TAT-RasGAP317_326 promoted
negative curvature since the Hyy phase was already detected at
the lowest tested temperature (5 °C). The L-to-Hy phase tran-
sition nominally occurs between 15° and 20° in untreated mem-
branes. In contrast, the W317A mutant peptide favored positive
curvature (SI Appendix, Fig. S10B). As the outer membrane
leaflet is globally composed of neutral phospholipids, as in the
model PE bilayer used here, this could mechanistically explain
the reduced ability of the W317A mutant to enter cells (SI Ap-
pendix, Fig. S2). In PE membranes loaded with negatively
charged lipids (PS and PG), an environment closer to what is
found in the inner layer of the plasma membrane, the wild-type
peptide lost its negative-membrane—curving abilities and gained
positive-membrane—curving properties (SI Appendix, Fig. S10B).
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The increased propensity to induce positive membrane curvature
on inner-layer-like membranes may be part of the mechanism
used by TAT-RasGAP;,7_336 to destabilize membranes. The
difference in L-to-Hy; phase-transition-inducing properties ob-
served between the two peptides in PE membranes disappeared
upon addition of anionic lipids. This is compatible with the no-
tion that TAT-RasGAP;317_32¢ ended up more concentrated than
its mutant in the vicinity of the membrane due to stronger af-
finities for negatively charged phospholipids (Fig. 1).

Finally, we tested if a-helix disruption in RasGAP3;7 326
allowing TAT-RasGAP;17_36 to permeabilize cells was exclusive
of tryptophan at position 317 or other aromatic amino acids
could act in a similar way. TAT-RasGAP3;7_3,4( W317F) pre-
served the ability of TAT-RasGAP;;7 356 to kill cells (ST Ap-
pendix, Fig. S114) and to disrupt a-helix formation in the
RasGAP;17_326 moiety (SI Appendix, Fig. S11B). One could ar-
gue that the W317A but not the W317F substitution diminishes
TAT-RasGAP317_326 hydrophobicity and that this affects TAT-
RasGAP;17_3¢ membranolytic activity. However, no significant
hydrophobicity differences were observed between the wild-type
and mutant peptides (SI Appendix, Fig. S11C).

Discussion

TAT-RasGAP317_326 has been reported earlier to kill cells using
a nonregulated necrotic-like death pathway (12). The present
work provides the molecular characterization of this pathway,
which is schematically described in SI Appendix, Fig. S12. TAT-
RasGAP;17.3¢ needs to enter cells by direct translocation
through the plasma membrane to exert its biological activity (S/
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Fig. 7. The W317A mutation affects the structure of TAT-RasGAPs17_3,6 and its ability to interact with membranes. (A) The propensity of TAT-RasGAP317_326
and its W317A mutant to penetrate membranes with the indicated compositions (S/ Appendix, Table S3) was analyzed by computing the buried surface with
GROMACS tools and homemade scripts. The graph on the Left presents the surface of the peptides buried within all of the lipids of the contacting leaflet,
while the graph on the Right considers only the surface of the peptides buried within neutral lipids of the membrane (e.g., PC). Paired t tests were used to
assess statistical significance. The images to the Right of the graphs are snapshots of the interaction of TAT-RasGAP317_326 Or its W317A mutant with inner-
leaflet-like membranes. (B) Probability of the individual residues within TAT-RasGAP317_326 oOr its W317A mutant to establish contact with the inner-leaflet
composition membrane. Only the last 50 ns of the 500-ns simulation runs were considered for this analysis. The results correspond to the median of four
separate simulations. (C) In the image shown on the Left, 0 corresponds to the angle between the normal to the membrane (Z) and the long axis of the
helically folded TAT segment (Ca [Arg]-Ca[Gly] vector). The graph shows the median change of this angle in four separated simulations of TAT-RasGAP317_326
and its W317A mutant in inner-leaflet-like membranes. The images below depict simulation snapshots of peptide interaction with the inner-leaflet com-
position membrane (S/ Appendix, Table S3). Only the peptides and cholesterol molecules are shown, and thin lines represent the limit of phospholipid heads.

Appendix, Fig. S1) (13). Once in the cytoplasm, the peptide carry the same net positive charges (+9). The two peptides do
targets anionic phospholipids, such as PI(4,5)P, and PS, that are  not share the same secondary structures, however, the W317A
enriched in the inner layer of the plasma membrane. This inter-  substitution strongly favoring a-helix formation in the RasGAP
action destabilizes the plasma membrane apparently in a detergent-  moiety. This is likely an important determinant for the mem-
like manner, compromising its integrity and ultimately leading to a  branolytic activity of TAT-RasGAP3,7_356. For example, com-
necrotic type of cell death. In addition, this study also gives an  pared to the W317A mutant, the less structured wild-type
explanation of why the substitution of the tryptophan at position  peptide “attacks” membranes with a sharper angle allowing
317 for an alanine residue in TAT-RasGAP3;7 356 profoundly de-  deeper insertion into the lipid core. In addition, in comparison to
creases the ability of the peptide to enter and kill cells. alanine, a tryptophan residue at position 317 increases the ability

Distinct uptake efficiencies between the wild-type and the of the surrounding amino acids to move closer to lipids (Fig. 7).
mutant peptides are not explained by differences in peptide-lipid  Disruption of a-helix formation in the RasGAP moiety is not a
interaction since both peptides interact similarly —and rather unique property of tryptophan, but rather of aromatic amino
inefficaciously—with outer membrane lipids (Fig. 1). Rather, it may  acids since a phenylalanine residue can be substituted for tryp-
be the higher ability of the wild-type peptide to promote negative  tophan at position 317 without affecting the peptide’s activity (S
curvature in zwitterionic membranes such as the outer membrane  Appendix, Fig. S11). Finally, in the presence of anionic lipids,
that could facilitate peptide entry (SI Appendix, Fig. S10). wild-type TAT-RasGAP3;7_3,6 gains the ability to induce positive

Once inside cells, the killing ability of the peptides is modu- membrane curvature, while the mutant peptide behaves identi-
lated by peptide-membrane interplay. TAT-RasGAP3,7 326, but  cally in all membranes tested (SI Appendix, Fig. S10). This can be
not the W317A mutant, efficiently interacts with anionic lipids interpreted as the wild-type peptide binding more avidly to an-
such as PI(4,5)P,, PS, or cardiolipin. This cannot be explained by  ionic membranes compared to the mutant peptide, facilitating
global differences in electrostatic interactions between the pep- membrane disruption. The “rigidity” of the W317A peptide
tides and the membrane as both wild-type and mutant peptides  weakens the interactions with lipid membranes containing
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anionic lipids, flattens the angle of action, and diminishes
peptide-lipid interaction. This could mechanistically explain the
reduced biological activity of the W317A mutant.

TAT-RasGAP;17 35 displays binding preferences for certain, but
not all, anionic lipids. For example, the peptide binds phosphoino-
sitide biphosphate better than phosphoinositide mono- or triphos-
phate. In addition, TAT-RasGAP;;7 35 membrane-destabilizing
activity is affected differently by negatively charged lipids. For exam-
ple, cardiolipin vesicles, which allow efficient TAT-RasGAP3;7 36
binding, are not well permeabilized. As mentioned above, these phe-
nomena cannot simply be explained by electrostatic interactions but
rather, as suggested by others (18), by the lipid and membrane topology,
modulating peptide-lipid binding and peptide membranolytic activity.

Plasma membrane damage induced by TAT-RasGAP317 326
can be repaired, at least to a certain extent, by the ESCRT
machinery as the inhibition of the latter sensitizes cells to the
peptide (Fig. 5). This suggests that cells tolerate a certain
amount of TAT-RasGAP;;7 36—induced plasma membrane
damage because they can engage membrane repair pathways
such as the one triggered by the ESCRT machinery. Only when
the membrane repair capacity of the cells is overwhelmed by high
enough concentrations of cytosolic TAT-RasGAP317 356 will
cells undergo necrosis. Since TAT-RasGAP3;7_356 induces a
nonregulated necrotic type of death, cells do not have the pos-
sibility of developing a resistance based on mutations in elements
of programmed cell death pathways. However, they might still
acquire resistance through altering membrane lipid composition,
mutations of genes participating in the making of specific ele-
ments of the plasma membrane, or up-regulating the cell’s ability
to repair its plasma membrane.

A number of cationic peptides have shown interesting anti-
cancer properties, including their ability to deliver drugs into
cells, and through intrinsic antimetastatic, antiangiogenic, and
apoptosis potentiating properties (17, 28). However, only a
limited subset of these peptides display substantial mem-
branolytic activities through interaction with phosphoinositides.
That is the case of some plant defensins, such as NaD1 (Nico-
tiana alata Defensin 1) or TPP3, which disrupt the plasma
membrane of cells through interaction with phosphoinositides
such as PI(4,5)P, (29-31) in a mechanism that appears similar to
the one described here for TAT-RasGAP3,7_3.6. However, there
are differences in terms of lipid preferences between NaDl,
TPP3, and TAT-RasGAP3;7_336. NaD1 is promiscuous in its
ability to bind phosphoinositides. In contrast, TPP3 interacts
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only with PI(4,5)P,. TAT-RasGAP;;7.35 has an intermediate
selectivity for phosphoinositides, being able to bind more effi-
ciently all of the tested phosphatidylinositol bisphosphate. The
cell translocation mechanism of TAT-RasGAP;,7_35¢ has been
characterized in detail (13), but how NAD1 and TPP3 enter cells
is still incompletely understood.

The potential clinical applications of TAT-RasGAP3;7 35 are
likely restricted to topical or on-target usage as the biodistribution
and bioavailability of TAT-RasGAP3,7 356 is suboptimal for sys-
temic applications (7, 9). The present characterization of the
mode-of-action allowing this peptide to permeabilize the mem-
brane of cancer cells may facilitate the search for small molecules
mimicking the peptide’s structure and carrying the peptide’s
killing activity.

Materials and Methods

For information on reagents, chemicals, immunoblotting, GUV and MLV
generation, in silico modeling, CD, ssNMR, electron microscopy, confocal
microscopy, and experimental model systems, see S/ Appendix. The lipids
used in this study are described in S/ Appendix, Table S1. The plasma
membrane composition considered for our experiments is presented in S/
Appendix, Table S2. The composition of the membranes used in in silico
simulations is shown in S/ Appendix, Table S3. The tested peptides are listed
in S/ Appendix, Table S4. Plasma membrane depolarization was induced by
100 mM extracellular KCI. Fluorescein isothiocyanate (FITC)-labeled peptide
binding to cells and cellular uptake were measured by flow cytometry in the
presence or in the absence of the trypan blue fluorescent quencher. Cyto-
solic access of peptides was assessed by confocal imaging. Phosphatidylserine
cellular levels were measured with Annexin-V in permeabilized cells. Cell
death was assessed by colony formation assays or by flow cytometry based
on Pl or DAPI staining or changes in cell complexity. PI(4,5)P, depletion was
performed using a rapamycin-triggered plasma membrane recruitment of a
lipid phosphatase.

Data Availability. All study data are included in the article and supporting
information.
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