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Conspectus	

Living	organisms	have	to	maintain	a	stable	balance	in	molecules	and	ions	in	the	changing	environment	in	
which	they	are	living,	a	process	known	as	homeostasis.	At	the	level	of	cells,	the	plasma	membrane	has	a	
major	 role	 in	 homeostasis,	 since	 this	 hydrophobic	 film	 prevents	 passive	 diffusion	 of	 large/hydrophilic	
molecules	between	the	extracellular	and	intracellular	milieu.	Living	organisms	have	evolved	with	highly	
sophisticated	 transport	 systems	 to	 control	 exchanges	 across	 this	 barrier:	 import	 of	 nutrients	 and	 fuel	
essential	 for	 their	 survival;	 recognition	 of	 chemical	 or	 physical	 messengers	 allowing	 information	
interchanges	with	surrounding	cells.	Beside	specialized	proteins,	endocytosis	mechanisms	at	the	level	of	
the	 lipid	 bilayer	 can	 transport	 molecules	 from	 the	 outside	 across	 the	 cell	 membrane,	 in	 an	 energy-
dependent	manner.		
The	cell	membrane	is	highly	heterogeneous	in	its	molecular	composition	(tens	of	different	lipids,	proteins,	
polysaccharides	 and	 combinations	 of	 these)	 and	 dynamic	 with	 bending,	 deformation	 and	 elastic	
properties	 that	 depend	on	 the	 local	 composition	 of	membrane	domains.	Many	 viruses,	microorganisms	
and	 toxins	 exploit	 the	 plasma	membrane	 to	 enter	 into	 cells.	 Chemists	 develop	 strategies	 to	 target	 the	
plasma	 membrane	 with	 molecules	 capable	 of	 circumventing	 this	 hydrophobic	 barrier,	 in	 particular	 to	
transport	 and	deliver	nonpermeable	drugs	 in	 cells	 for	 biotechnological	 or	pharmaceutical	 perspectives.	
Drug	 delivery	 systems	 are	 numerous	 and	 include	 lipid-,	 sugar-,	 protein-	 and	 peptide-based	 delivery	
systems,	since	these	biomolecules	generally	have	good	biocompatibility,	biodegradability,	environmental	
sustainability,	cost	effectiveness	and	availability.	Among	those,	cell-penetrating	peptides	(CPPs),	reported	
for	 the	 first	 time	 in	 the	 early	 1990's,	 are	 attracting	major	 interest	 not	 only	 as	 potential	 drug	 delivery	
systems,	but	also	at	the	level	of	fundamental	research.	It	was	indeed	demonstrated	very	early	that	these	
peptides,	which	 generally	 correspond	 to	highly	 cationic	 sequences,	 can	 still	 cross	 the	 cell	membrane	 at	
4°C,	a	temperature	at	which	all	active	transport	and	endocytosis	pathways	are	totally	inhibited.	Therefore,	
how	these	charged	hydrophilic	peptides	cross	the	hydrophobic	membrane	barrier	is	of	utmost	interest	as	
a	pure	basic	and	physico-chemical	question.	
In	 this	 Account,	 we	 focus	 on	 cationic	 cell-penetrating	 peptides	 (CPPs),	 and	 the	 way	 they	 cross	 cell	
membranes.	We	summarize	the	history	of	this	field	that	emerged	around	20	years	ago.	CPPs	were	indeed	
first	 identified	 as	 protein-transduction	 domains	 from	 the	 human	 immunodeficience	 virus	 (HIV)	 TAT	
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protein	 and	 the	 Antennapedia	 homeoprotein,	 a	 transcription	 factor	 from	 Drosophila.	We	 highlight	 our	
contribution	to	the	elucidation	of	CPP	internalization	pathways,	in	particular	translocation,	which	implies	
perturbation/reorganisation	 of	 the	 lipid	 bilayer,	 and	 endocytosis	 depending	 on	 sulfated	
glycosaminoglycans.	 We	 show	 a	 particular	 role	 of	 Trp	 (indole	 side	 chain)	 and	 Arg	 (guanidinium	 side	
chain),	which	are	essential	amino	acids	for	CPP	internalization.	Interactions	with	the	cell-surface	are	not	
only	 Coulombic;	 H-bonds	 and	 hydrophobic	 interactions	 contribute	 also	 significantly	 to	 CPP	 entry.	 The	
capacity	of	CPPs	to	cross	cell	membrane	is	not	related	to	their	strength	of	membrane	binding.	Finally,	we	
present	 optimized	 methods	 based	 on	 mass	 spectrometry	 and	 fluorescence	 spectroscopy,	 that	 allow	
unequivocal	quantification	of	CPPs	inside	cells	or	bound	to	the	outer	leaflet	of	the	membrane,	and	discuss	
some	limitations	of	the	technique	of	flow	cytometry	that	we	have	recently	highlighted.	

Introduction	

A	 plethora	 of	 proteins	 have	 been	 reported	 for	 their	 capacity	 to	 cross	 cell	 membranes.	 Cell-
penetrating	proteins	are	 found	ubiquitously	within	 living	organisms,	 from	viruses	and	bacteria,	 to	plant	
and	 animal	 cells.	 They	 have	 very	 different	 biological	 functions,	 being	 detrimental	when	working	 in	 the	
context	 of	 bacterial	 or	 viral	 invasion	 of	 animal	 cells,	 or	 being	 crucial	 for	 the	 life	 of	 metazoans,	 as	
exemplified	by	the	case	of	the	homeoprotein	transcription	factors	during	development	and	adulthood	of	
animals.	Homeoproteins	are	of	particular	 interest	because	 they	possess	unique	and	unconventional	 cell	
transfer	paracrine	properties,	being	 secreted	by	 some	cells	 and	 internalized	 into	others.	To	understand	
how	 these	 proteins	 act	 to	 penetrate	 cells	 at	 the	 level	 of	 the	 plasma	 membrane,	 structure-activity	
relationship	(SAR)	studies	can	be	done.	Protein	engineering	and	peptide	synthesis	indeed	allow	exploring	
protein	domains	that	are	responsible	for	the	membrane	crossing	properties	of	these	proteins.		

In	 the	 early	 1990s,	 such	 SAR	 studies	 led	 to	 the	 identification	 of	 the	 first	 protein-transduction	
domains	(PTDs)	capable	to	cross	cell	membranes:	the	Tat	peptide	(GRKKRRQRRRPQ)	derived	(region	48-
59) from	the	transactivator	of	transcription	(TAT)	of	the	human	immunodeficiency	virus	(HIV)1,2,	and	the
Penetratin	 peptide	 (RQIKIWFQNRRMKWKK)	 derived	 (region	 341-356)	 from	 the	 drosophila	
homeoprotein	Antennapedia3,4.	These	PTDs	led	to	the	emergence	of	the	field	of	cell-penetrating	peptides	
(CPPs),	which	attract	much	 interest	 for	 therapeutical	or	pharmaceutical	applications.	CPPs	were	 indeed	
early	 evidenced	 as	 efficient	 delivery	 systems	 for	 high	 molecular	 weight	 and	 hydrophilic	 molecules	
(oligonucleotides,	 proteins,	 antibodies	 etc)	conjugated	 to	 their	 sequence5.	 However,	 beside	 unfavorable	
pharmacokinetics	(mainly	resulting	from	their	rapid	renal	clearance),	the	therapeutical	use	of	CPPs	is	still	
hampered,	 principally	 because	 these	 peptides	 have	 no	 cell	 specific	 entry.	 Some	 strategies	 have	 been	
reported	 to	 overcome	 this	 lack	 of	 specificity,	 but	 require	 in	 general	 hard	 chemistry	 work,	 a	 major	
drawback	 to	 further	 consider	 these	 molecules	 for	 technological	 or	 therapeutical	 applications.	
Alternatively,	 the	emergence	of	 cell-penetrating	homing	peptides	 is	particularly	promising	 for	 targeting	
specific	cells	and	tissues	in	the	context	of	pathologies	such	as	cancers.	These	peptides	indeed	bind	tumor-
specific	receptors	and	enhance	internalization	of	conjugated	or	unconjugated	payload	drugs	(antibodies,	
nanoparticles	etc)	through	a	specific	bulk	endocytosis	(macropinocytosis-like)	pathway6.	

Understanding	 the	 molecular	 mechanisms	 and	 internalization	 pathways	 of	 these	 peptides,	
represents	 an	 alternative	 and	 complementary	 approach	 for	 the	 rational	 design	 of	 efficient	 CPPs	 with	
improved	cell	specific	delivery.	This	review	is	focused	on	our	current	view	of	the	molecular	mechanisms	
and	 internalization	 pathways	 of	 CPPs,	with	 a	 particular	 emphasis	 on	 their	 detection	 and	 quantification	
inside	cells	in	relation	with	their	membranotropic	activities.	

The	first	reported	CPP	sequences,	Tat	and	Penetratin,	are	highly	cationic	peptides	with	an	average	
charge	of	+0.67	and	+0.44	per	amino	acid,	respectively.	This	common	feature	led	to	the	general	idea	that	
cell-penetrating	 peptides	 are	 only	 cationic	 sequences.	 However,	 tens	 of	 new	 CPPs	 have	 now	 been	
described,	among	which	some	are	negatively	charged	and/or	amphipathic5.	In	principle,	the	two	peptide	
sequences,	Tat	and	Penetratin,	should	be	synthesized	with	blocked	N-	and	C-terminal	ends,	to	mimic	the	
peptide	 sequence	 as	 it	 is	 in	 the	 original	 protein.	 In	 addition	 to	 the	 cationic	 residues,	 the	 Tat	 peptide	
contains	 2	 polar	 (2	 Q)	 and	 2	 nonpolar	 (G,	 P)	 uncharged	 amino	 acids.	 The	 Tat	 peptide	 is	 a	 pure	 basic	
sequence	unstructured	in	solution	or	in	interaction	with	phospholipids	or	GAGs7,8.	In	the	context	of	the	full	
TAT	protein,	this	sequence	also	shows	high	conformational	variability	in	its	secondary	structure9.	On	its	
side,	the	Penetratin	sequence	includes	3	polar	(2	Q,	N)	and	6	nonpolar	(2	I,	2	W,	M,	F)	uncharged	amino	
acids.	This	peptide	 is	 a	 secondary	amphipathic	peptide	when	structured	as	a	α-helix.	Penetratin	 free	 in	
solution	has	no	particular	secondary	structure	and	adopts	a	chameleon-like	structure	 in	complex,	being	
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either	 a	 α-helix	 or	 β-strand,	 depending	 on	 the	 stoechiometry	 and	 the	 interacting	 partner10,7,8.	 In	 the	
context	of	the	homeoprotein,	the	Penetratin	peptide	corresponds	to	the	highly	stable	third	helix	(without	
the	first	E	residue)	of	the	homeodomain4.	

The	amino	acid	composition	confers	to	each	peptide	specific	physico-chemical	properties,	which	
are	crucial	to	control	their	interaction	with	cell-surface	molecules	and	to	trigger	efficient	entry	into	cells.	
With	regard	to	the	cell-surface,	peptides	first	meet	the	glycocalyx,	a	thick	and	viscous	layer	of	membrane-
inserted	proteoglycans	and	 floating	polysaccharidic	moieties,	 located	on	 the	external	side	of	 the	plasma	
membrane.	Glycosaminoglycans	(GAGs)	are	the	polysaccharide	part	of	the	proteoglycans.	They	are	linear	
anionic	polymers	with	different	size	and	content	of	sulfated	disaccharides,	which	constitute	in	particular	
chondroitin	 (CS)	 and	heparan	 (HS)	 sulfates11.	GAGs	are	highly	dynamic	 at	 the	 cell-surface,	 half	 of	 these	
membrane-bound	molecules	are	secreted	in	the	cell	medium,	and	the	other	half	is	subject	to	endocytotic	
internalization	 and	 degradation.	 Both	 processes	 have	 kinetics	 in	 the	 range	 of	 hours12.	 Below	 the	
glycocalyx,	 the	 lipid	 bilayer	 is	 constituted	 in	 animal	 cells	 mostly	 of	 zwitterionic	 phosphatidylcholine	
phospholipids	 with	 one	 cis‑unsaturated	 fatty	 acyl	 chain,	 which	 renders	 them	 fluid	 at	 physiological	
temperature13.	 Some	 membrane	 domains	 are	 enriched	 in	 sphingomyelin	 and	 cholesterol	 and	 act	 as	
functional	 platforms,	 in	 which	 are	 found	 for	 instance	 ligand-induced	 clusters	 of	 syndecans14,	 some	
proteoglycans	containing	both	anionic	HS	and	CS15.	In	addition,	some	domains	include	phospholipids	such	
as	 phosphatidylethanolamine	 (PE)	 that	 have	 the	 propensity	 to	 induce	 negative	 curvature	 in	 the	
membrane16.	Membrane	lipids	are	also	synthesized	and	renewed	in	the	time	scale	of	few	hours17.	

The	 plasma	 membrane	 of	 animal	 cells,	 with	 its	 well-defined	 lateral	 and	 transversal	
supramolecular	 organization	 in	 relation	 with	 the	 molecular	 composition	 of	 specific	 domains	 in	
glycoproteins,	polysaccharides	and	 lipids,	 is	 therefore	a	highly	complex	and	heterogeneous	structure.	 In	
addition,	the	cellular	environment	might	vary.	Local	changes	in	the	membrane	potential	and	pH	modulate	
the	physico-chemistry	of	the	membrane,	which	impacts	on	its	bending	and	fluidity	properties.	Altogether,	
when	 the	 question	 of	 membrane	 crossing	 of	 peptides	 and	 proteins	 is	 addressed,	 one	 should	 consider	
globally	 their	 chemical	 reactivity	 and	 physico-chemistry	 properties	 in	 relation	 with	 the	 membrane	
environment.	For	instance	we	identified	very	effective	thiol-specific	pathways	of	internalization	for	CPPs	
containing	cysteine	or	cystine	in	their	sequence18,	19.	

Internalization	pathways	of	CPPs:	where	do	we	stand?	

A	 general	 property	 of	 cell-penetrating	 peptides	 is	 their	 capacity	 to	 interact	 with	 plasma	
membranes.	 It	 was	 originally	 demonstrated	 that	 oligolysine	 were	 less	 efficiently	 internalized	 than	
oligoarginine	 peptides20,	 21,	 22.	 This	 finding	 highlighted	 the	 importance	 of	 bidentate	 hydrogen	 bonds	
between	 guanidinium	 groups	 and	 natural	 (phosphate	 moieties	 of	 phospholipids)	 or	 synthetic	
(pyrenebutyrate	 added	 to	 cells	 together	 with	 oligoarginines)	 counterions	 for	 crossing	 directly	 the	
membrane23,	24,	a	process	known	as	 translocation.	Translocation	 implies	 that	 the	peptide	enters	directly	
into	the	cytosol	of	the	cell	(Figure	1).	Bidentate	hydrogen	bonds	of	arginine	with	hydrophobic	counterions	
indeed	result	in	the	partition	of	the	ion-pair	complex	into	the	lipid	bilayer	and	its	diffusion	across,	likely	
according	to	the	membrane	potential.	Other	molecular	mechanisms	have	been	proposed	to	explain	direct	
membrane	crossing,	such	as	the	formation	of	transient	pores25	or	of	inverted	micelles26.		

	Translocation	still	occurs	at	low	temperature	(<12°C),	although	with	reduced	efficiency	because	
the	 membrane	 fluidity,	 the	 lipid	 membrane	 asymmetry	 and	 the	 membrane	 potential	 are	 energy-
dependent	 processes.	 Besides,	 endocytosis	 pathways	 are	 major	 mechanisms	 reported	 for	 CPP	
internalization,	principally	through	macropinocytosis27.	These	pathways	are	fully	energy	and	temperature	
dependent,	being	inhibited	at	temperature	below	12°C28,	while	the	use	of	endocytosis	inhibitors	presents	
major	 drawbacks	 regarding	 cell	 selectivity	 and	 cytotoxicity29.	 Therefore,	 to	 study	 the	 respective	
contribution	of	endocytosis	and	translocation,	we	favor	the	use	of	different	temperatures.	
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Figure	 1	 -	 Internalization	 of	 CPPs	 involves	 two	 major	 general	 pathways:	 translocation	 and	 GAG-
dependent	endocytosis.	At	 low	micromolar	concentration,	CPPs	recruit	negatively	charged	 lipids	and/or	
exploit	 membrane	 defects	 to	 translocate	 into	 cells50;	 They	 also	 bind	 sulfated	 GAGs	 of	 cell-surface	
proteoglycans.	 At	 higher	 micromolar	 concentrations,	 CPPs	 still	 translocate	 into	 cells,	 and	 also	 induce	
clustering	of	proteoglycans	and	endocytosis.		

By	quantifying	the	absolute	amount	of	 internalized	peptide	for	a	series	of	CPPs	(Tat,	Penetratin,	
R9,	RW9	...),	we	confirmed	the	crucial	role	of	anionic	GAGs	in	the	mechanism	of	internalization30	(Figure	
1).	This	result	was	obtained	by	comparing	the	internalization	efficacy	of	CPPs	in	wild-type	cells	and	a	cell	
line	genetically	deficient	 in	HS	and	CS	expression11.	Most	CPPs	we	have	studied	had	dramatic	decreased	
internalization	 at	 4°C	 compared	 to	 37°C	 in	WT	 cells30.	 This	was	 not	 the	 case	 for	 GAG-deficient	 cells	 in	
which	the	CPPs	had	very	similar	internalization	efficacy	at	both	temperatures,	close	to	the	one	observed	in	
WT	cells	at	4°C	(Figure	2).	These	results	show	that	the	endocytosis	pathway	of	these	CPPs	mostly	relies	on	
the	 presence	 of	 GAGs	 at	 the	 cell-surface.	 Interestingly,	 this	 is	 not	 the	 case	 for	 Tat	 peptide	 which	
internalizes	 in	 similar	 quantities	 in	WT	 and	 GAG-deficient	 cells	 at	 37°C	 and	 4°C30.	 Importantly,	 further	
analysis	showed	that	at	low	micromolar	CPP	concentration	(<2-3	µM)	and	37°C,	or	any	concentration	up	
to	10	µM	at	4°C,	the	presence/absence	of	cell-surface	GAGs	or	sialic	acids	makes	no	longer	differences	in	
the	 internalization	 efficacy	 of	 different	 CPPs30-32	(Figure	 2).	 These	 results	 indicate	 that	 at	 37°C	 for	 low	
micromolar	concentrations	of	peptides,	only	translocation	occurs,	while	GAG-dependent	internalization	is	
a	 cooperative	process	 and	 requires	 accumulation	of	 the	peptides	 at	 the	 cell-surface.	 In	 addition,	 at	4°C,	
translocation	 is	 the	 only	 effective	 internalization	 pathway	 and	 is	 not	 dependent	 on	 the	 cell-surface	
composition.	
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Figure	 2:	 Translocation	 is	 observed	 at	 1	µM	 [Penetratin]	 at	 37°C	 (red)	 and	4°C	 (blue),	while	 at	 higher	
concentration	(illustrated	herein	for	10	µM)	both	endocytosis	(37°C)	and	translocation	(37°C	and	4°C)	are	
active	 internalization	 pathways.	 At	 37°C,	 since	 Penetratin	 is	 less	 internalized	 in	 GAG-deficient	 cells,	 its	
internalization	 relies	 on	 the	 presence	 of	 cell-surface	 proteoglycans	 (HS	 and	 CS),	 while	 the	 peptide	
internalized	more	in	cells	lacking	sialic	acids	at	the	cell-surface	(SAdef).	ns,	not	significant;	*	significant;	**	
very	significant.	

GAGs	are	 thus	essential	partners	 for	 internalization	of	many	CPPs33.	 Sulfated	proteoglycans	are	
located	in	dynamic	transient	microdomains	enriched	in	cholesterol	and	sphingomyelin	(SM),	and	cluster	
into	 larger	platforms	 in	 response	 to	 specific	 stimuli	 such	as	 ligand	binding	 to	membrane	 receptors.	We	
showed	 that	 sphingomyelin	 hydrolysis	 (in	 ceramide)	 or	 cholesterol	 depletion	 in	 the	 cell	 membrane,	
affects	both	 translocation	and	endocytosis34,	 results	we	explain	as	 follows:	 i)	CPPs	can	bind	and	cluster	
GAGs	that	act	as	autonomous	receptors	and,	then	follow	a	specific	endocytosis	pathway.	Alternatively,	in	
the	domains	from	which	GAGs	are	absent,	CPPs	can	recruit	and	cluster	specific	membrane	lipids,	to	evoke	
or	 stabilize	 locally,	 and	 exploit	 membrane	 thinning	 and	 defects	 to	 translocate.	 Penetratin	 for	 instance	
shows	strong	preference	for	unsaturated	phospholipids	found	in	disordered	domains	as	we	demonstrated	
using	a	photolabeling	strategy35.	The	kinetics	of	a	given	CPP	to	partition	between	cell	surface	GAGs	and	in	
defect	 regions	 of	 the	 lipid	 bilayer	would	 determine	 the	 balance	 between	 endocytosis	 and	 translocation	
pathways	 of	 internalization.	 Of	 interest	 is	 that	 we	 could	 identify	 that	 the	 effects	 of	 sphingomyelinase	
treatment	 or	 cholesterol	 depletion	 was	 massive	 on	 the	 entry	 of	 Trp-containing	 CPPs	 in	 WT	 cells,	
contrasting	with	the	situation	in	GAG-deficient	cells34.	These	results	converge	with	another	study	in	which	
we	demonstrated	for	the	first	time	that	Trp	residues	in	CPPs	enhance	dramatically	the	enthalpy	of	binding	
of	 the	 peptides	 with	 HS	 and	 CS,	 and	 the	 clustering	 of	 GAGs,	 thus	 establishing	 a	 role	 of	 Trp	 not	 only	
interfacial	at	the	level	of	the	lipid	bilayer	but	also	crucial	at	the	level	of	the	glycocalyx,	involving	potential	
ion-pair	π	interactions32,	36.	Altogether,	delineating	a	general	internalization	pathway	for	all	CPPs	is	rather	
difficult,	because	CPP	sequences	differ	from	one	another	and	can	interact	with	a	plethora	of	molecules	at	
the	 cell-surface.	 The	 current	 view	 is	 that	 there	 are	 two	 major	 pathways	 of	 internalization	:	 direct	
translocation	 across	 the	 plasma	 membrane	 (transient	 pore	 formation,	 carpet	 model,	 inverted	 micelles	
etc),	 and	 endocytosis	 that	 includes	 bulk	 (macropinocytosis)	 and	 receptor-dependent	 (clathrin-	 or	
caveolin-mediated)	processes5,	28,	33,	36.	

Lack	of	relationship	between	membranotropic	activity	and	internalization	efficacy	of	CPPs	

To	enter	into	cells,	cationic	peptides	first	interact	with	membrane	components.	However,	binding	
of	a	peptide	to	the	cell	membrane	is	not	directly	related	to	its	capacity	of	crossing	it.	For	instance,	we	have	
studied	 two	 related	 cationic	 and	 secondary	 amphipathic	 sequences,	 RW9	 (RRWWRRWRR)	 and	 RL9	
(RRLLRRLRR).	 These	 two	 peptides	 have	 the	 same	 number	 of	 positive	 charges,	 and	 contain	 3	 nonpolar	
residues	at	the	same	position	 in	the	sequence,	either	W	or	L.	The	peptide	RW937	 is	 internalized	twenty-
fold	 better	 than	 RL9	 in	 cells38.	 But,	 both	 peptides	 bind	 to	 the	 cell	 membrane,	 with	 only	 a	 two-fold	
difference	in	the	quantity	of	membrane-bound	species,	that	remain	after	washings,	respectively	100	and	
250	pmoles	 for	RL9	and	RW9.	A	 full	 analysis	of	 the	 interaction	of	 the	peptides	with	model	membranes	
underlined	 a	 deeper	 insertion	 of	 RL9	 compared	 to	 RW9	 into	 the	 lipid	 bilayer,	 despite	 an	 apparent	
dissociation	constant	value	of	respectively	7.5	and	1.5	µM	for	POPG	LUVs	39.	The	two	peptides	have	similar	
affinity	for	heparin	with	Kd	values	of	80	nM	(RL9)	and	10	nM	(RW9)32.		The	fact	that	a	peptide	that	does	
not	 cross	 the	membrane,	 inserts	deeper,	 is	 at	 first	 glance	a	 counter	 intuitive	 result.	We	 further	 showed	
that	 RL9	 is	 retained	 close	 to	 the	 membrane	 core	 region	 and	 that	 this	 peptide	 tends	 to	 increase	 lipid	
ordering	 around	 itself.	 This	 observation	 supports	 the	 lack	 of	 membrane	 crossing	 of	 the	 peptide,	 since	
membrane	 reorganization	 leading	 to	 RL9	 crossing	 the	 membrane	 would	 indeed	 be	 energetically	
extremely	 unfavorable.	 Altogether,	 these	 results	 show	 that	 membrane	 binding	 should	 not	 be	 used	 to	
predict	the	capacity	of	a	peptide	to	cross	cell	membranes	(Figure	3).	
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Figure	 3-	 The	 absence	 of	 relationship	 between	 membrane	 binding	 and	 cell-penetration	 activity	 is	
illustrated	with	two	amphipathic	peptides.	A)	RL9	binds	to	the	lipid	bilayer,	inserts	deeply	within	the	acyl	
chains	and	fails	to	cross	the	membrane;	RW9	binds	to	the	lipid	bilayer	at	the	water/lipid	interface	and	has	
efficient	 membrane	 translocation	 function39.	B)	 MS	 quantification	 of	 cell-associated	 (membrane-bound	
and	internalized)	or	internalized	peptides39.	

Other	 experimental	 evidences	 reinforce	 this	 assumption.	 As	mentioned	 above,	 it	 is	 possible	 to	
quantify	the	peptides	that	remain	associated	to	cells	after	washings,	which	includes	the	membrane-bound	
and	 the	 internalized	species40.	We	have	shown	that	 the	membrane-bound	peptide	 fraction,	which	 is	not	
washable,	 generally	 represents	 from	5-	 up	 to	more	 than	100-folds	 the	 internalized	peptide	 fraction.	As	
long	as	 the	peptides	are	sensitive	 to	enzymatic	cleavage,	 it	 is	possible	 to	 remove	 this	membrane-bound	
species	for	example	by	trypsin	(37°C)	or	pronase	(4°C)	treatment	of	cells,	leaving	for	quantification	only	
the	 internalized	 fraction	of	peptide40,	30.	Using	 this	method,	we	could	 stress	 for	different	CPP	sequences	
(Tat,	R9,	RW9,	Penetratin	etc)	that	their	accumulation	and	binding	at	the	cell-surface	do	not	reflect	their	
internalization	efficacy40,	30.	For	 instance,	after	1	h	 incubation	 followed	by	washings,	Penetratin	remains	
associated	to	similar	extent	to	wild-type	(240	pmoles),	(HS	and	CS)	GAG-deficient	(220	pmoles)		and	sialic	
acid-	 (SA)	deficient	 (360	pmoles)	 cells,	 albeit	 its	 internalization	efficacy	 strongly	differs	 (respectively	5,	
2.5	and	6.5	pmoles)	in	the	three	cell	lines30,	31.	These	results	obtained	with	these	cell	lines	having	different	
membrane	composition,	further	suggest	that	the	non-washable	fraction	of	peptides	is	retained	at	the	level	
of	 the	 lipid	bilayer.	This	observation	 is	 similar	at	37°C	and	4°C,	although	 for	 some	CPPs	 the	quantity	of	
membrane-bound	 species	 can	 be	 higher	 at	 4°C,	 likely	 because	 the	 membrane	 is	 less	 fluid	 and	 has	
decreased	conformational	 freedom	and	dynamics:	some	membrane-bound	peptides	would	then	be	even	
less	washable	than	at	37°C.	

Thermodynamics	and	kinetics	of	peptide	binding	to	cell	membrane	

The	fact	that	the	non-washable	membrane-bound	fraction	of	peptides	is	found	at	the	level	of	the	
lipid	bilayer	questions	the	thermodynamics	and	kinetics	of	the	system.	Indeed,	it	has	long	been	reported	
unequivocally	 by	 different	 groups,	 including	 ours,	 that	 CPPs	 have	 more	 favorable	 binding	
thermodynamics,	about	one	order	of	magnitude,	for	highly	sulfated	polysaccharides	compared	to	any	type	
of	phospholipid,	even	negatively	charged41,	31,	32.	The	binding	affinity	 is	 indeed	generally	 in	the	nM	range	
for	negatively	charged	polysaccharides	and	in	the	µM	range	for	phospholipids	(Figure	4).		

We	 used	 cell-derived	 membranes	 to	 confirm	 the	 latter	 observation	 obtained	 with	 model	
membranes31.	 Penetratin	 has	 a	 dissociation	 constant	 of	 10	 nM	 for	 WT	 cell	 membrane.	 Its	 affinity	 is	
decreased	for	GAG-deficient	cell	membrane	with	a	Kd	value	of	2	µM.	Interestingly,	the	Kd	value	is	200	nM	
for	SA-deficient	cells,	in	which	(10	µM)	Penetratin	internalizes	better	compared	to	WT	cells.	Moreover,	the	
dissociation	constant	for	WT	cell	membrane	is	very	close	to	the	one	for	heparin	and	CS,	while	the	Kd	for	
GAG-deficient	cell	membrane	is	closer	to	the	one	for	phospholipids42.	In	addition,	the	thermodynamics	of	
Penetratin	interaction	with	model	membranes	of	Egg	PC/DOPE	(1:1)	is	similar	to	the	one	of	Egg	PC/POPG	
(1:1)31.	Therefore,	binding	of	Penetratin	to	the	lipid	bilayer	does	not	only	rely	on	Coulombic	interactions,	
the	shape	of	the	lipid	headgroup	and/or	the	membrane	curvature	in	PE-enriched	membrane	domains	also	
have	 a	major	 contribution.	We	 could	 confirm	 this	 assumption	 using	 photolabeling	 of	 PC	 phospholipids	
with	which	Penetratin	interacts	at	the	level	of	the	lipid/water	interface35.	
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In	terms	of	kinetics,	Penetratin	binds	similarly	to	the	membrane	of	the	three	cell	types30,	with	a	
kon	 value	 of	 104	 M-1s-1	 31,	 42,	 showing	 that	 the	 presence	 of	 anionic	 GAGs	 does	 not	 prevent	 the	 cationic	
peptide	 from	 interacting	 at	 the	 level	 of	 the	 lipid	 bilayer,	 despite	 the	 differences	 in	 the	 affinity	 of	 the	
peptide	for	the	three	cell	membranes	(Kd=	koff/kon),	respectively	0.01,	0.2	and	2	µM	for	WT,	SA-deficient	
and	 GAG-deficient	 cells.	 This	 result	 implies	 that	 dissociation	 kinetic	 constants	 are	 much	 faster	 for	
membranes	 lacking	 GAGs	 than	 for	 membranes	 containing	 GAGs	 at	 their	 surface.	 Penetratin	 indeed	
dissociates	200-fold	faster	 from	the	surface	of	GAG-deficient	cells	 than	from	the	surface	of	WT	cells31,	42.	
Furthermore,	these	dissociation	kinetic	constants	are	similar	between	GAG-deficient	cells	and	lipid	model	
membranes,	suggesting	that	the	high	dynamics	of	peptide/lipid	complexes	is	a	key	step	for	translocation	
across	 the	 lipid	 bilayer.	 Altogether,	 these	 results	 again	 demonstrate	 that	 membrane	 binding	 and	
thermodynamics	alone	do	not	reflect	the	internalization	capacity	of	CPPs.	Thermodynamics	would	favor	
GAG-dependent	 internalization	 pathway,	while	 kinetics	 reveal	 the	 dynamical	 interaction	 between	 CPPs	
and	 lipids	 and	 favor	 translocation.	 Internalization	 of	 a	 CPP	 is	 thus	 a	 subtle	 balance	 between	 these	 two	
pathways.			

Figure	 4	 -	 Thermodynamics	 favor	 interaction	 of	 Penetratin	with	 anionic	 GAGs,	while	 kinetics	 favor	 its	
interaction	with	the	lipid	bilayer.	Data	obtained	by	plasmon	waveguide	resonance	spectroscopy31.		

Translocation	 is	 the	 first	 internalization	 pathway	 in	 motion	 (at	 low	 extracellular	 CPP	
concentrations).	With	 increasing	concentrations	of	peptide,	 its	accumulation	on	GAGs	at	 the	cell-surface	
leads	to	clusters	of	proteoglycans	and	endocytosis14,	43.	Because	the	quantity	of	membrane-bound	peptide	
always	dominates	the	internalized	one,	caution	should	be	taken	when	studying	CPP	entry,	to	ensure	the	
complete	elimination	or	 the	accurate	determination	of	 the	membrane-bound	or	 -trapped	 fraction	of	 the	
peptide.	We	have	contributed	to	this	latter	experimental	aspect,	developing	reliable	and	robust	methods	
to	quantify	membrane-bound	and/or	peptides	internalized	in	cells.	

Methods	to	study	membrane-trapped	or	internalized	CPPs:	optimization	and	pitfalls	

With	the	advent	of	the	field	of	cell-penetrating	peptides,	came	indeed	the	question	of	detection	of	
peptides	 inside	 cells.	 More	 than	 ten	 years	 ago,	 we	 developed	 a	 method	 based	 on	 MALDI-TOF	 mass	
spectrometry	 (MS)	 to	measure	absolute	quantities	of	peptides	 inside	 cells.	 Since	 this	protocol	has	been	
reviewed	several	times44,	19,	45,	we	just	give	a	brief	overview	herein.	Two	identical	peptide	sequences	are	
synthesized	with	a	biotin-bait	in	a	spacer	arm,	which	is	or	not	isotopically	labeled	at	the	N-terminal	of	the	
sequence.	Biotin	slightly	increases	the	hydrophobicity	of	the	peptide	but	allows	selective	extraction	of	the	
peptides	after	cell	lysis	and	the	isotope	labeled	(deuterium)	peptide	is	used	as	an	internal	standard	for	MS	
quantification.	 Briefly,	 after	 incubation	 of	 a	 controlled	 number	 of	 cells	 (generally	 one	million)	with	 the	
CPP,	cells	are	washed.	The	membrane-bound	peptide	is	kept	intact	when	cells	are	only	extensively	washed	
with	culture	medium,	and	can	be	removed	by	enzymatic	degradation	(trypsin	at	37°C	and	pronase	at	4°C).	
Cells	 are	 lyzed	with	 a	 high	 salt	 detergent	 solution	 containing	 a	 relevant	 amount	 of	 the	 isotope	 labeled	
version	 of	 the	 same	 CPP.	 The	 two	 peptides	 are	 then	 captured	 from	 lyzed	 cells	 on	 streptavidin-coated	
magnetic	beads.	After	drastic	washings	(high	salt,	SDS	etc)	of	the	beads,	elution	of	the	peptides	is	obtained	
at	 acid	 pH	 with	 the	 MALDI	 matrix	 α-cyano-4-hydroxycinnamic	 acid.	 The	 absolute	 amount	 of	 the	
internalized	CPP	is	calculated	from	the	ratio	of	the	unlabeled	and	labeled	isotope	massif	of	the	CPP	in	the	
mass	 spectra.	 This	 robust	 method	 has	 proven	 very	 helpful	 to	 quantify	 membrane-bound	 internalized	
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peptide	amounts,	to	study	the	mechanisms	of	internalization	of	CPPs,	as	well	as	their	transport	efficacy	by	
quantifying	directly	a	conjugated	cargo	peptide46,	47,	18,	37.	In	addition	this	method	allows	the	analysis	of	the	
intracellular	degradation	of	 the	CPPs	or	peptide	cargoes.	 Interestingly,	we	have	 found	CPPs	such	as	Tat,	
Penetratin,	R9	and	RW9	to	be	stable	inside	cells	within	a	few	hours	incubation,	since,	the	most	abundantly	
detected	 species	 corresponds	 to	 the	 intact	 peptide19,	 37,	 40.	 A	 modified	 analogue	 of	 RW9	 allowed	 us	 to	
determine	that	 the	 intact	peptide	represents	60%	of	 the	 ion	species	detected	after	1h15	 incubation	and	
30%	after	18	hours37.	

Figure	5	-	Current	methods	used	to	study	peptide	interaction	with	membranes	or	internalization	in	cells.	
ITC,	 isothermal	 calorimetry;	 DSC,	 differential	 scanning	 calorimetry;	 NMR,	 nuclear	 magnetic	 resonance	
spectroscopy;	IR,	infrared	spectroscopy.	

Fluorescence	 currently	 remains	 the	 most	 used	 method	 to	 detect	 peptides	 in	 cells,	 either	 by	
fluorescence	imaging	or	flow	cytometry.	We	evaluated	the	robustness	and	reliability	of	cytometry	for	the	
quantification	of	CPPs	in	cells	and	proposed	an	optimized	method	based	on	fluorometry	allowing	absolute	
quantification.	As	a	premise,	we	have	 to	note	 that	 the	presence	of	a	 fluorescent	 label	can	 in	some	cases	
shift	the	cytotoxicity	of	CPPs	to	lower	concentrations.	This	is	not	surprising	since	these	dyes	are	generally	
large	and	hydrophobic.	In	fact,	fluorescent	dyes	may	increase	the	molar	mass	of	these	short	peptides	by	a	
mass	 corresponding	 to	 that	 of	 3	 (for	 fluorescein),	 5	 (for	 rhodamine)	 or	 even	 more	 amino	 acids.	 For	
example,	 as	 mentioned	 above,	 the	 nonapeptide	 RL9	 is	 hardly	 internalized	 in	 CHO	 cells	 and	 has	 no	
cytotoxicity	 up	 to	 20	 µM38,	 48.	 In	 contrast,	 the	 Alexa-488	 labeled	 RL9	 is	 already	 cytotoxic	 at	 low	 µM	
concentrations.	When	the	fluorescent	peptide	is	incubated	at	a	concentration	slightly	cytotoxic,	 it	can	be	
observed	inside	cells	and	model	giant	vesicles.	When	the	concentration	 is	reduced	to	non-cytotoxic	one,	
the	peptide	 is	no	 longer	detected	 in	cells,	 	 showing	 that	 the	use	of	 fluorescent	peptides	can	give	way	 to	
false	 positive	 results	 in	 internalization	 studies.	 In	 addition,	 depending	 on	 its	 anchoring	 position	 on	 the	
peptide,	the	fluorescent	dye	can	more	or	less	affect	the	efficiency	of	CPP	entry49.	

We	 demonstrated	 that	 absolute	 quantification	 of	 internalized	 CPPs	 is	 also	 possible	 by	
fluorometry,	 using	 a	 protocol	 similar	 to	 the	 one	 established	 for	 MS	 quantification49:	 membrane-bound	
peptide	 is	removed	by	protease	treatment	and	cell	are	 lyzed	before	measuring	peptide	amounts	 in	both	
cases49.	Although	 the	 two	 techniques	are	 totally	different,	 results	obtained	by	 fluorometry	and	by	mass	
spectrometry	 converge,	 for	 different	 cell	 lines	 and	 peptide	 sequences.	 Relative	 quantification	 by	 flow	
cytometry	 also	 merge	 with	 those	 obtained	 by	 fluorometry	 and	mass	 spectrometry,	 but	 in	 a	 restricted	
range	of	peptide	to	cell	ratio.	This	was	not	unexpected	since	the	protocols	used	for	mass	spectrometry	and	
fluorometry	 techniques	 are	 destructive	 for	 cells,	 and	 allow	 the	 accurate	 detection	 of	 the	 totality	 of	 the	
internalized	peptide.	In	particular,	in	the	case	of	fluorometry,	the	full	fluorescence	signal	is	recovered	after	
cell	lysis	(absence	of	fluorescence	quenching,	controlled	pH	for	prototropic	and	solvatochromic	dyes,	such	
as	fluorescein).	In	contrast,	flow	cytometry,	a	non-intrusive	technique	like	fluorescence	imaging,	is	limited	
by	 the	 cell	 structure	 and	 organization:	 quenching	 processes	 and	 formation	 of	 non-fluorescent	 peptide	
species	can	indeed	occur	in	the	cell	membrane	and	inside	cells.	For	all	techniques,	we	recommend	to	run	
in	parallel	cytotoxicity	assays	and	when	using	flow	cytometry	to	quantify	fluorescent	CPP	internalization,	



9	

to	test	different	peptide/cell	ratios	for	consistency,	to	ensure	the	complete	removal	of	membrane-bound	
species,	and	to	consider	potential	quenching	processes	and	formation	of	non-fluorescent	peptide	species	
(formation	of	aggregates,	acidic	pH)49.		 	

Future	direction	-	lessons	from	homeoproteins	

We	 described	 methods	 (Figure	 5)	 and	 the	 complex	 study	 of	 membrane	 crossing	 of	 cell-
penetrating	 peptides,	 a	 question	 that	 remains	 open	 in	 the	 field.	 One	 particular	 point	 we	 have	 not	
discussed	 in	 this	Account	relates	 to	 the	 lack	of	selective	entry	of	CPPs	 in	cells.	This	 is	obviously	not	 the	
case	for	example	for	homeoproteins,	these	highly	specialized	transcription	factors	that	transfer	from	cell	
to	cell.	 Some	homeoproteins	show	 for	 instance	selective	entry	 into	specific	neuronal	cells	 in	 the	central	
nervous	 system	 of	 animals51.	 Since	 these	 proteins	 include	 very	 specialized	 and	 independent	 peptide	
domains	 with	 defined	 functions,	 we	 should	 take	 advantage	 of	 those	 to	 identify	 protein	 domains,	 that	
would	help	CPPs	to	target	specifically	cell-surface	molecules	and	enhance	their	selectivity.		
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