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Introduction

Short, guanidinium-rich oligomers, such as peptides with mul-
tiple Arg residues, can enter the cytoplasm and nucleus of a
living cell from the extracellular medium.[1–21] This property has
been exploited to generate peptide reagents that can deliver a
molecular cargo to the cell interior.[22] It has been hypothesized
that either entry-competent cationic peptides translocate di-
rectly across the plasma membrane into the cytoplasm[17,23–25]

or that they are first endocytosed before crossing the endo-
ACHTUNGTRENNUNGsomal membrane into the cytoplasm of the cell.[1–10,13–16] Al-
though the weight of available evidence suggests that the
latter pathway is more likely in many cases, specific mecha-
nisms of entry can depend on cell type,[27] peptide se-
quence,[4,28] or additives,[18] and multiple pathways might oper-
ate simultaneously.
Irrespective of the mechanism of entry (direct crossing of

the plasma membrane or endocytic uptake followed by cross-
ing of the endosomal membrane), a cationic peptide must tra-
verse a hydrophobic barrier in order to gain access to the cyto-
plasm of a mammalian cell. Recent evidence suggests a role
for transbilayer potential in peptide translocation,[25,28,29] al-
though there is debate on this point.[30] Silvius and co-workers
showed that the cationic peptide penetratin could cross syn-
thetic phospholipid membranes in the presence of a mem-
brane potential,[28] while similar results were reported by Gras-
lund and colleagues[29] in experiments designed to model the
endosomal escape of penetratin. In the absence of a mem-
brane potential, little or no peptide translocation was ob-
served. However, B9r9ny-Wallje et al. were unable to detect
movement of penetratin across synthetic bilayers in the pres-
ence or absence of a potential.[30] Wender et al. reported a role

for membrane potential in the entry of arginine oligomers into
living cells.[25]

We have exploited unique features of b-amino acid oligo-
ACHTUNGTRENNUNGmers (“b-peptides”) to explore the effects of molecular shape
stability and of the geometry of guanidinium group display on
the entry of cationic peptides into mammalian cells.[10] b-
Amino acids are homologues of a-amino acids, with one addi-
tional backbone carbon atom between the amino and carboxy
groups. Results from many laboratories have revealed that b-
peptides can adopt a variety of regular secondary structures.[31]

Of particular relevance to this work is the finding that b-pep-
tide helices can be made much more conformationally stable
than a-peptide helices, particularly at short chain lengths, and
that b-peptide helix stability can be varied over a broad range
by varying b-amino acid residue substitution pattern.[32,33]

The most widely studied b-peptide secondary structure is
the 14-helix, which is defined by 14-membered hydrogen-
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Short cationic oligomers, including arginine-rich peptides and
analogous b-amino acid oligomers (“b-peptides”), can enter the
cytoplasm and nucleus of a living cell from the extracellular
medium. It seems increasingly clear that multiple entry pathways
are possible, depending upon the structure of the guanidinium-
rich molecule, the type of cell, and other factors. We have previ-
ously shown that conformational stability and spatial clustering
of guanidinium groups increase the HeLa cell entry efficiency of
short helical b-peptides bearing six guanidinium groups, results

that suggest that these b-peptides could be useful tools for study-
ing the entry process. Here we describe studies intended to identi-
fy the point in the entry process at which helix stability and spa-
tial arrangement of guanidinium groups exert their effect. Our re-
sults suggest that key distinctions involve the mode of interaction
between different guanidinium-rich b-peptides and the HeLa cell
surface. A specific guanidinium display appears to be required for
proper engagement of cell-surface heparan sulfate proteoglycans
and concomitant induction of endocytic uptake.
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bonded rings between backbone groups [C=O(i)�H�N-
ACHTUNGTRENNUNG(i�2).[31,34–36] b-Peptides made up of b3-residues (i.e. , residues
that bear a side chain on the backbone carbon adjacent to the
nitrogen atom) often display 14-helical conformations in or-
ganic solvents but seldom fold in aqueous solution. The cycli-
cally constrained b-amino acid trans-2-aminocyclohexanecar-
boxylic acid (ACHC), on the other hand, has a very high pro-
pensity for the 14-helical conformation, even in water.[32,33, 38]

The combination of rigid ACHC residues and flexible b3-resi-
dues bearing specific side chains generates b-peptides that
form stable helices and display particular three-dimensional ar-
rangements of functional groups.[10] This feature enables easy
exploration of relationships among function, molecular shape,
and geometry of side-chain display in sets of short b-peptides.
Analogous studies are difficult or impossible to conduct
among short arginine-rich a-peptides because secondary struc-
ture is much more difficult to control in these molecules.
Previous work from our laboratory and others has estab-

ACHTUNGTRENNUNGlished that b-peptides composed largely or entirely of b3-ho-
moarginine (b3-hArg) residues display a profile of cell-entry ac-
tivity very similar to that of Arg-rich a-peptides.[2, 10,19–21] Both
types of cationic oligomer, for example, move into live cells
through an ATP-dependent process that provides access to the
cytoplasm and the nucleus.[2] In both cases, hindrance of endo-
some acidification blocks movement from endosomes into the
cytoplasm.[2] The results presented below, in concert with
recent reports on cationic a-peptides, strengthen the analogy
between b-peptides rich in b3-hArg and a-peptides rich in Arg.
Mechanistic conclusions drawn from studies with b-peptides
could therefore apply to analogous a-peptides.
We have previously compared the secondary structures and

cell entry efficiencies of b-peptides 1, 2, and 3 (which was des-
ignated 5 in our previous report ;[10] the lower case letter fol-
lowing the numerical peptide designation indicates a particular
N-terminal reporter group: a=b3hTyr, b= fluorescein, c=7-ni-
trobenz-2-oxa-1,3-diazol-4-yl (NBD)). Sequence isomers 1a and
3a adopt the 14-helical conformation in aqueous solution; the
guanidinium side chains of 1a are thus clustered along one
side of the helix, while the guanidinium side chains of 3a are
dispersed around the entire helix periphery. b-peptide 2a,
which is comprised entirely of flexible b3-residues, does not
adopt a 14-helical conformation in aqueous solution, but fold-
ing occurs in methanol or in the presence of dodecylphospho-
choline (DPC) micelles. The helical conformations of 1 and 2
are analogous in that both feature guanidinium side-chain
clustering. When we evaluated the abilities of 1b, 2b, and 3b
to enter live HeLa cells, we found that only 1b entered effi-
ciently. Cells exposed to 2b or 3b displayed weak, mostly
punctate fluorescent staining, which we interpreted as indicat-
ing low levels of endocytic uptake. Entry of 1b could be arrest-
ed at the vesicle stage (no movement into the cytoplasm or
nucleus) by treatment of cells with NH4Cl,

[10] as we had previ-
ously observed for a Tat-derived a-peptide and a related b-
peptide.[2] Chmielewski et al. have designed proline-rich pep-
tides to address similar questions regarding geometry of gua-
nidinium display (ref. [39] ; for previous work on proline-derived
systems by Giralt et al. , see refs. [40,51] and references therein).

Here we describe experiments that were designed to pro-
vide insight on the pathway by which carboxyfluorescein-
labeled b-peptides enter HeLa cells. On the structural level, dif-
ferences among 1–3 are subtle; nevertheless, these com-
pounds display substantial differences in behavior, which
makes them very useful for mechanistic analysis. Our goal is to
identify the point(s) in the entry pathway at which the differ-
ences in conformational stability and geometry of guanidinium
display among 1–3 are manifested.

Results and Discussion

b-Peptide entry pathway

Our previous results had suggested that entry-competent b-
peptides enter HeLa cells by some form of endocytosis and
then escape from the endosomal compartment to enter the
cytoplasm and nucleus.[2, 10] To analyze the entry pathway fur-
ther we used experimental approaches that have been em-
ployed by other groups in the study of arginine-rich a-pep-
ACHTUNGTRENNUNGtides.[4, 5,8, 9, 14] First, we expressed a dominant negative mutant
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of dynamin-1 (Dyn1 K44A)[5,41,42] in HeLa cells and then deter-
mined whether a b-peptide could enter cells that were unable
to endocytose Texas Red-labeled transferrin (TR-Tf). The inabili-
ty to endocytose TR-Tf is diagnostic for cells in which the cla-
thrin-mediated endocytic pathway has been disrupted by ex-
pression of Dyn1 K44A. This experiment has a built-in control,
since only ~30% of the cells are transformed; transformed
cells are identified by the inhibition of TR-Tf internalization,
and these cells can be independently assessed for entry of car-
boxyfluorescein-labeled b-peptide because of the difference

between the wavelengths of maximum fluorescence emission
intensity of carboxyfluorescein and Texas Red.
Figure 1A shows representative confocal fluorescence micro-

graphs from this experiment. Confocal microscopy was crucial
as an analytical tool because it allowed us to distinguish inter-
nalized fluorescence in endosomes from internalized fluores-
cence dispersed in the cytoplasm or localized in the nucleus.
Among the cells in which TR-Tf endocytosis was inhibited be-
cause of Dyn1 K44A expression, approximately 50% retained
the ability to take up b-peptide 1b. This level of uptake is only
slightly less than the ~70% uptake level observed for cells in
which TR-Tf uptake is unimpaired (i.e. , cells with little or no ex-
pression of Dyn1 K44A cDNA; Figure 1A, bottom panels). Simi-
lar results were obtained with the K44A mutant form of dyna-
min-2,[42] the dynamin isoform found in most mammalian cells.
In a direct a-peptide comparison, we observed unimpeded
entry of carboxyfluorescein-labeled a-arginine 9-mer in cells
expressing Dyn1 K44A or Dyn2 K44A (data not shown), which
is consistent with findings of Wadia et al. for a Tat-tagged pro-
tein.[5] These results indicate that b-peptide 1b is endocytosed
predominantly by a dynamin-independent pathway, although
a small fraction of the material appears to be taken up through
dynamin-dependent (clathrin-mediated) endocytosis.
In a second set of experiments designed to probe the mech-

anism of b-peptide uptake, we used ethyl isopropyl amiloride
(EIPA), an agent that has been used to block macropinocyto-
sis.[43–44] EIPA has been reported to inhibit EGF-stimulated mac-
ropinocytosis while having no effect on clathrin-mediated en-
docytosis of EGF itself[48] and has been used to examine uptake
of arginine oligomers into HeLa cells,[4] although caution in the
interpretation of results from such experiments has recently
been advocated.[14] We found that HeLa cells treated with EIPA
were able to internalize TR-Tf (data not shown), a process that
is believed to involve clathrin-mediated endocytosis ; this result
is consistent with precedents that indicate that EIPA does not
inhibit clathrin-mediate endocytosis.[48] HeLa cells pretreated
with EIPA (100 mm) for 30 min were incubated with b-peptide
1b or 3b for 60 min at 37 8C. Unlike untreated cells, EIPA-treat-
ed cells showed virtually no uptake of 1b into the cytoplasm,
nucleus, or endocytic vesicles (Figure 1B; this dark image es-
tablishes that fluorescence observed for cells treated in other

Figure 1. A) Evaluation of the role of dynamin in the uptake of b-peptide
1b. HeLa cells were transfected with Dyn1 K44A by use of TransITL transfec-
tion agent (Mirus). The cells were allowed to recover for 24 h after transfec-
tion and were then incubated with 1b (8 mm) and TR-Tf (5 mgmL�1) for
30 min at 37 8C. The cells were washed and then viewed by confocal micro-
scopy. The ability of cells to internalize TR-Tf was used to determine whether
they had been transfected with Dyn1 K44A, as indicated by inhibition of TR-
Tf uptake. Cells transfected with Dyn1 K44A efficiently internalized 1b. A cell
transfected with Dyn1 K44A (top) and an untransfected cell (bottom) show
similar levels of uptake of 1b. Bar: 10 mm. B) Effect of amiloride treatment
on the uptake of 1b and 3b. HeLa cells were pretreated with EIPA (100 mm)
for 30 min at 37 8C. The medium was replaced with b-peptide (8 mm) in the
presence of EIPA (100 mm) and the cells were incubated for 1 h at 37 8C,
washed, and then viewed by confocal microscopy. Cells were incubated
with 1b (top four panels) or 3b (bottom four panels) in the absence (left) or
presence (right) of EIPA. Uptake of b-peptides 1b, 2b (not shown), and 3b
was inhibited in amiloride-treated cells. Each experiment was repeated three
or more times with similar results. Bar: 10 mm.
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ways—with 1b in the absence of EIPA, for example—reflects
b-peptide entry rather than background or autofluorescence).
Approximately 60% of the cells displayed b-peptide uptake in
the absence of EIPA, but this proportion decreased to ~5% in
the presence of EIPA. Similar levels of inhibition were observed
for Flu-a-R9 in EIPA-treated cells, decreasing from ~70% in the
absence of EIPA to ~10% in the presence of EIPA (Figure 1B).
Other groups have reported that EIPA inhibits cellular uptake
of arginine-rich a-peptides,[4, 5,9] although the mechanistic sig-
nificance of such observations has recently been questioned.[14]

Consistent with our previous report,[10] b-peptides 2b (not
shown) and 3b displayed only weak staining of endocytic vesi-
cles, and no staining of the cytoplasmic or nuclear compart-
ments, in untreated cells the endocytic staining observed with
3b is most easily seen in the inset enlargement. We interpret
this behavior as indicating that the entry of these b-peptides is
so inefficient that only in endocytic vesicles is the concentra-
tion high enough to allow detection. The weak punctate stain-
ing displayed by 2b and 3b was blocked in EIPA-treated cells,
indicating that EIPA inhibited not only cytoplasmic and nuclear
translocation of b-peptides as seen with 1b, but also b-peptide
accumulation in endocytic vesicles, which we regard as the
first step in the entry process.
The results shown in Figure 1 indicate that a dynamin-inde-

pendent, amiloride-sensitive endocytic pathway is a major
route by which b-peptide 1b enters HeLa cells. Similar conclu-
sions have been reached for arginine-rich a-peptides in several
cases[4,5,9] (see also our results with Flu-a-R9), although not uni-
versally.[14,17] Our observations are consistent with macropino-
cytosis as a major pathway for cell entry; however, the data
allow for a significant clathrin-mediated entry pathway as well.
After uptake of b-peptide 1b in macropinosomes and/or other
vesicles the b-peptide must subsequently escape from these
vesicles in order to gain access to the cytoplasm and nucleus
of the HeLa cell (discussed below).

b-Peptide 1b induces actin reorganization

Macropinocytosis is not a constitutive process in most mam-
malian cells and occurs only upon stimulation by growth fac-
tors, mitogens, or small molecules such as phorbol esters.[43]

We therefore considered the possibility that b-peptide 1b is
able to stimulate macropinocytosis and thus induce its own
uptake. In an important precedent, Nakase et al. found that
oligomers of a-arginine induce actin reorganization in HeLa
cells ;[4] actin reorganization is frequently interpreted as an in-
ACHTUNGTRENNUNGdication of macropinocytic stimulation.[43] We examined the
ACHTUNGTRENNUNGeffects of b-peptide treatment on the distribution of actin in
HeLa cells by fixing and permeabilizing treated cells and stain-
ing with Alexafluor 488 phalloidin, following previous work.[4]

Serum-starved HeLa cells were incubated with 8 mm nonfluor-
escently labeled b-peptide (1a, 2a, or 3a) or 10 nm EGF (a pos-
itive control known to induce actin reorganization) for 30 min,
fixed, stained with AlexaFluor 488 phalloidin, and visualized by
confocal fluorescence microscopy. Serum-starved cells that had
not been treated with b-peptide or EGF were analyzed in par-
allel (negative control). A cell in a resting, nonmitotic state will

generally display a filamentous distribution of actin fibers
across the length of the cell (Figure 2A), whereas a stimulated
cell or a cell undergoing mitosis will no longer display actin fil-
aments across the entire cell, but will instead display actin fila-
ments localized to the edges of the cell (Figure 2B).[43,49] The
number of cells displaying normal and reorganized actin fila-
ments after treatment with b-peptide or EGF was assessed by
cell counting (Figure 2C).
Approximately 20% of untreated HeLa cells showed reor-

ganized actin filaments (as illustrated in Figure 2B); these cells
were most probably undergoing cell division, a process that re-
quires actin reorganization. The proportion of cells with reor-
ganized actin filaments increased to approximately 50% upon
treatment with EGF. Actin reorganization was observed also
upon treatment of cells with b-peptide 1a (Figure 2B), while

Figure 2. Actin reorganization of cells treated with 1a, 2a, 3a, or EGF.
Serum-starved cells were incubated either with serum-free medium alone or
with serum-free medium containing non-carboxyfluoresceinated b-peptide
or EGF for 30 min at 37 8C. The cells were then washed, fixed, permeabilized,
and stained with Alexa Fluor 488 phalloidin. The cells were viewed by confo-
cal microscopy. A) Examples of HeLa cells showing normal filamentous actin
staining; cells in all three panels were serum-starved and then stained with
phalloidin. Bar : 10 mm. B) Examples of HeLa cells with reorganized actin fila-
ments; cells in the left two panels were treated with EGF (10 nm) ; cells in
the right panel were treated with b-peptide 1a (8 mm). Bar: 10 mm. C) Quan-
tification of cells showing actin reorganization upon treatment with b-pep-
tide or EGF. Actin reorganization in heparinase III-treated (Hep-treated) cells
is also shown. Both EGF and 1a induce actin reorganization in HeLa cells.
ACHTUNGTRENNUNGInduction of actin reorganization by EGF or 1a is inhibited in heparinase III-
treated cells.
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treatment with b-peptide 1b gave similar results, indicating
that attachment of the fluorophore to the b-peptide (as in 1b)
does not affect its ability to induce actin reorganization (data
not shown). b-Peptides 2 and 3, which are unable to enter
HeLa cells efficiently, were tested for their ability to induce
actin reorganization. Cells treated with either 2a or 3a dis-
played actin distributions comparable to that of the negative
control (Figure 2C). These results suggest that the conforma-
tional rigidity and amphiphilicity of b-peptide 1 are required
for induction of actin reorganization, and that the ability to
induce actin reorganization is correlated with efficient HeLa
cell entry.
It is widely accepted that cationic oligomers interact electro-

statically with heparan sulfate proteoglycans (HSPs) on the cell
surface.[4,7,8, 50–55] We explored the role of this interaction in the
induction of actin reorganization. Cells were treated with hepa-
rinase III,[46] washed extensively, and then treated with b-pep-
tide 1a. Under these conditions the percentage of cells treated
with b-peptide 1a that displayed reorganized actin dropped to
that of control cells treated solely with heparinase III ; a com-
ACHTUNGTRENNUNGparable diminution of actin reorganization was seen for cells
treated with heparinase III followed by EGF (Figure 2C). Of the
three b-peptide sequences evaluated in this study, only the
one that adopts a stable 14-helical conformation and displays
a focused guanidinium cluster (i.e. , 1) allowed the interaction
with HSPs that is necessary for actin reorganization. This specif-
icity is striking in view of our earlier finding that all three of
these guanidinium-rich b-peptides bind to the HeLa cell sur-
face.[10] Together, our previous and current results suggest that
propagation of the signal that triggers actin reorganization, a
signal that must pass from the cell surface to the cytoplasm,
requires a specific interaction between an oligocation and
HSPs. Our data suggest that 1 is superior to the other two b-
peptide sequences in forming this specific, actin reorganiza-
tion-triggering interaction.

Translocation of b-peptides 1, 2, and 3 across the bilayers of
synthetic liposomes

The conclusions outlined above regarding entry into HeLa cells
require that the b-peptides ultimately traverse the endosomal
membrane to gain access to the cytoplasm. We evaluated the
ability of b-peptides to traverse phospholipid bilayers as a
model system for crossing a biological membrane. b-Peptides
1c, 2c, and 3c, each bearing an N-terminal 7-nitrobenz-2-oxa-
1,3-diazole (NBD) fluorophore, were used in these studies. Vesi-
cles of four different phospholipid compositions—POPC/POPG
(1:1 mol/mol), POPC/POPG (3:1), POPC/POPS (3:1), or POPC/soy
PI (3:1)—were prepared and treated with the potassium iono-
phore valinomycin to produce a transbilayer membrane poten-
tial. The ability of b-peptides to enter the vesicles was deter-
mined by destroying the extracellular fluorescence with di-
thionite, a membrane-impermeant molecule that reduces the
nitro functionality on NBD to an amine, rendering the mole-
cule nonfluorescent. By comparing the fluorescence of vesicle/
b-peptide samples before and after dithionite treatment, we
were able to assess the fraction of b-peptide inaccessible to di-

thionite reduction (i.e. , the fraction that had translocated into
the vesicles).[26,28] As we have shown previously for a-Arg
oligomers,[28] these lipid compositions allow peptide transloca-
tion to be measured under conditions in which the cationic
peptide molecules are almost entirely bilayer-bound (vide
infra), which is essential to determine accurate rate constants
for the potential-dependent translocation of these peptides
across bilayers (compare, e.g. , refs. [28] and [30]). Furthermore,
decay of the transbilayer potential is relatively slow over the
time course examined for these lipid compositions. These fea-
tures allow accurate comparisons of the initial rates of poten-
tial-dependent translocation among the different b-peptides,
without the complicating effects of unequal extents of binding
of different b-peptides to the vesicles or rapid decay of the
transbilayer potential. Moreover, the 3:1 PC/PS, PC/PG, and PC/
PI vesicles carry surface charges comparable to those manifest-
ed by eukaryotic cell membranes. However, as we have shown
previously, bilayers with a wide variety of other lipid composi-
tions support potential-dependent translocation of polycation-
ic peptides comparable to those examined here.[28]

In the absence of a transbilayer potential, the majority
ACHTUNGTRENNUNG(>94%) of b-peptide incubated with either POPC/POPS or
POPC/POPG (3:1 mol/mol) vesicles remained in the dithionite-
accessible extravesicular space, even after a 36 h incubation
period (not shown). In the presence of a transbilayer potential,
however, all three b-peptides (1c–3c) entered the vesicles and
were protected from dithionite (Figure 3A). The initial rate of
b-peptide internalization, as well as the rate of internalization
of a representative a-peptide, a-R6GC�NH2, was determined in
each vesicle system (Table 1). All three b-peptides entered
POPC/POPS (3:1) vesicles with similar efficiencies, while b-pep-
tides 1c and 3c entered POPC/POPG (3:1) and POPC/POPG
(1:1) vesicles more efficiently than did 2c. b-Peptide 3c en-
tered POPC/soy PI (3:1) vesicles with an initial rate roughly
twice that of 1c or 2c. Overall, the data indicate that there is
no simple correlation between the ability of a b-peptide to
move across a lipid bilayer and either the conformational sta-
bility of the b-peptide helix or the way in which guanidinium
side chains are spatially arranged.
Effective dissociation constants were determined for binding

of the three b-peptides and of a-R6GC�NH2 to each type of
lipid vesicle mentioned above (Figure 3B, Table 1). There does
not appear to be any correlation between the ability of a b-
peptide to bind to the surface of a vesicle and the ability of
that b-peptide to translocate across the vesicle membrane. For
example, 3c bound to POPC/POPS and POPC/soy PI vesicle
surfaces with much lower affinity than 2c, but 3c was internal-
ized into these vesicles at a considerably higher initial rate
than was 2c. The data thus suggest that the rates at which
cationic b-peptides translocate across synthetic vesicles do not
depend upon the affinities with which they bind to anionic
lipid surfaces.

EGF stimulation of the uptake of b-peptides 2 and 3

The synthetic vesicle studies show that b-peptides 2c and 3c
can cross a membrane bilayer that has a potential imposed
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across it ; however, the HeLa cell studies show that neither 2
nor 3 induces actin reorganization or undergoes efficient cell
entry. We therefore considered the possibility that stimulation
of macropinocytosis by an independent reagent might in-
crease the extent to which b-peptides 2 and 3 would enter
Hela cells. Stimulation of macropinocytosis by EGF, for exam-
ple, would perhaps allow entry of b-peptides 2 and 3 into
macropinosomes, since previous work has shown that these b-
peptides can bind to the HeLa cell surface.[10] Once internalized
into these vesicles, b-peptides 2 and 3 should be able to trans-

locate across the vesicular membrane to enter the cytoplasm,
according to the vesicle model study results. We tested this hy-
pothesis by exposing HeLa cells to 2b or 3b together with
EGF (10 nm). This conincubation resulted in significant cyto-
plasmic accumulation of each b-peptide (Figure 4), but both

2b and 3b displayed lower accumulation in the cytoplasm of
EGF-treated cells than had b-peptide 1b in the absence of EGF
treatment; this suggests that b-peptide 1b might be more effi-
cient than EGF in stimulating macropinocytosis. Our coincuba-
tion results indicate that 2b and 3b can cross an intracellular
vesicle membrane subsequent to EGF-stimulated uptake; this
is consistent with the ability of these b-peptides to move
spontaneously across liposome bilayers in the presence of a
transmembrane potential.

Figure 3. Translocation of b-peptides across liposomal membranes. A) Bind-
ACHTUNGTRENNUNGing of NBD-labeled a or b-peptides to POPC/soy PI (3:1 mol/mol) large uni-
ACHTUNGTRENNUNGlamellar vesicles. Peptides (0.1 nmol) and lipid vesicles at varying concentra-
tions were incubated at 37 8C in Na+ buffer (3 mL) for 30 min, the fluores-
cence was then determined before and after addition of excess sonicated
POPG vesicles, and the normalized fluorescence (FN) was calculated as de-
scribed in the Experimental Section. The resulting data are plotted as a func-
tion of the concentration of surface-exposed LUV lipid added ([lipid]exp, de-
termined as described in the Experimental Section), and are fitted to an
equation of the form FN= F0N+ (F

max
N �F0N) ([lipid]exp/ ACHTUNGTRENNUNG(Kd+ ACHTUNGTRENNUNG[lipid]exp)), where F

0
N

and FmaxN are the values of FN for free and lipid-bound peptide, respectively.
Data shown are from a single representative experiment, which yielded
these values for the dissociation constant Kd : 125�8 mm for a-R6GC-NH2 (*),
1.00�0.07 mm for 1c (&), 1.63�0.15 mm for 2c (&), and 46�3 mm for 3c (*).
Data from replicate experiments are summarized in Table 1. B) Potential-
driven translocation of NBD-labeled peptides into POPC/soy PI LUV (3:1
mol/mol) at 37 8C. LUVs and peptide (3 mm and 3 mm, respectively) were co-
incubated at 37 8C, and the percentage of total peptide (% internalized) into
the vesicles after various times was determined by the dithionite-reduction
method described in the Experimental Section. Data shown are from a
single representative experiment, which gave the following initial rates of
peptide internalization: 11.9�2.1%h�1 for a-R6GC�NH2 (*), 29.3�4.5%h�1

for 1c (&), 23.5�2.5%h�1 for 2c (&), and 66.0�9.4%h�1 for 3c (*). Data
from replicate experiments are summarized in Table 1.

Figure 4. EGF stimulation of b-peptide uptake. Cells were treated with 2b or
3b (8 mm) either in the absence (dark gray bars) or in the presence (light
gray bars) of EGF (10 nm) for 1 h at 37 8C. The cells were then washed and
viewed by confocal microscopy. The number of cells with nuclear and cyto-
plasmic staining (% cyto/nuclear uptake) was counted. The data are each
the average of two independent experiments. Error bars denote standard
deviation.

Table 1. Lipid binding constants and rates of potential-driven transloca-
tion for a and b-peptides.[a]

Lipid mixture
Peptide PC/PS 3:1 PC/PG 3:1 PC/PI 3:1 PC/PG 1:1

Kd [mm]
R6GC ACHTUNGTRENNUNG(NBD)-NH2 44�6 71�7 113�15 <10[b]

1c 1.0�0.4 1.0�0.1 1.2�0.2 <5[b]

2c 1.5�0.3 1.7�0.3 2.1�0.4 <5[b]

3c 31�3 30�4 42�4 <5[b]

Initial rate of potential-driven uptake [%h�1]
R6GC ACHTUNGTRENNUNG(NBD)�NH2 2.5�0.9 2.0�0.3 8.6�1.4 2.0�0.4
1c 9.0�2.8 20.6�2.1 52.0�13.2 25.6�1.1
2c 6.5�2.3 13.6�2.0 34.8�6.4 11.7�1.7
3c 10.5�13.2 27.1�4.7 88.6�16.0 32.9�1.6

[a] Values listed represent (except where otherwise indicated) the
means�SEMs of three independent experiments carried out and ana-
lyzed as described in Experimental Section. [b] Values of Kd were estimat-
ed in a single experiment as 7.0�0.5 mm, 3.7�0.4 mm, <1 mm, and 4.7�
0.3 mm for R6GC�NH2, 1c, 2c, and 3c, ACHTUNGTRENNUNGrespectively.
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Conclusions

Our data suggest that b-peptide 1 induces HSP-dependent
actin reorganization in HeLa cells and that this molecule enters
the cells at least in part by a dynamin-independent, amiloride-
sensitive, endocytic pathway that displays the characteristics of
macropinocytosis. Other endocytic entry pathways might oper-
ate as well. In contrast, b-peptides 2 and 3 do not induce actin
reorganization, and do not enter cells as efficiently as does 1.
It is intriguing that the functional distinction, 1 versus 2 and 3,
is not maintained in synthetic liposomes: all three b-peptides
spontaneously enter synthetic vesicles of several different
phospholipid compositions in the presence of a membrane po-
tential. Stimulation of macropinocytosis by EGF results in cell
entry by 2 or 3 ; this suggests that once they have been inter-
nalized into macropinosomes, these two b-peptides are able
to cross the macropinosomal membrane.
Our present and previous observations[2,10] suggest that b-

peptides gain access to the cytoplasm and nucleus of a HeLa
cell mainly by way of some type of endosomal compartment
rather than by direct crossing of the plasma membrane. Since
we show here that all three b-peptides can move spontane-
ously across synthetic lipid bilayers in the presence of a trans-
bilayer potential, one might wonder why the b-peptides do
not move spontaneously across the plasma membrane of a
HeLa cell. One possible explanation is that the rate of b-pep-
tide endocytosis is higher than the rate of translocation across
the outer membrane. Another possibility is that movement
across the outer cell membrane, as opposed to a synthetic
lipid bilayer, requires dissociation from membrane proteogly-
cans,[29, 50] which must be assisted either by the reduced pH of
the endosome or by degradation of the carbohydrates in the
endosome.[50] A third possibility is that differences in lipid com-
position between the macropinosomal and/or other endoso-
mal membranes on one hand and plasma membranes on the
other lead to more rapid translocation across the former than
the latter. The activity differences among 1, 2, and 3 that we
observe with live HeLa cells and the contrasting activity simi-
larities with synthetic vesicles indicate that the ability of an oli-
gocation to cross a synthetic bilayer is not sufficient to explain
entry of that oligocation into living cells. It should be noted
that Shen et al. have used a novel cell fractionation strategy to
examine the mechanism by which cationic a-peptides enter
cells,[17,24] and these workers have concluded that the major
entry pathways do not require endocytic processes but rather
involve direct crossing of the plasma membrane. These conclu-
sions do not agree with those drawn by a number of other
groups (including us),[1–16] and the origin of these differences is
not clear at present. Since our data show that b-peptides 2
and 3 can move across lipid bilayers but do not enter live
HeLa cells efficiently, these molecules might be interesting sub-
jects to examine by the cell fractionation method.
The results reported here suggest a specific role for heparan

sulfate proteoglycans in the entry mechanism of guanidinium-
rich b-peptides. The apparent requirement for HSP involve-
ment in uptake has been attributed by many to an electrostat-
ic attraction between the negatively charged proteoglycan and

the positively charged peptide that simply draws the oligoca-
tion to the cell surface.[4,7,8, 51,53–55] Our data, however, suggest
that oligocation binding to the HeLa cell surface alone is insuf-
ficient to induce uptake. Instead, the negatively charged pro-
teoglycan appears to play a more complex role: this material
might serve as a cell-surface receptor that, when engaged by a
molecule displaying an appropriate spatial arrangement of
guanidinium groups, mediates the induction of actin reorgani-
zation and ultimately macropinocytosis (and/or other forms of
endocytosis). This hypothesis is consistent with evidence that
the activity of signaling proteins can be modulated by varia-
tions in HSP structure;[52] to our knowledge our results are the
first to suggest that cell entry by unnatural oligocations de-
pends upon the structural features of their interactions with
HSP. It seems likely that the conclusions we have drawn for b-
peptides are relevant also for arginine-rich a-peptides, since
previous work (e.g. , ref. [2]) and results discussed above dem-
onstrate considerable similarity between the entry processes at
work in each case. The uptake mechanism might vary from
one cell type to another. Here we have studied only HeLa cells,
but our results suggest that b-peptides 1–3 represent useful
tools for analysis of entry pathways active in other cell types.
(While this paper was under review, Nakase et al. published a
report suggesting that interaction between arginine-rich a-
peptides and HSP is necessary to induce actin reorganization
and macropinocytosis in CHO cells.[56])

Experimental Section

a and b-peptide synthesis and labeling : All b-peptides were syn-
thesized in parallel by manual Fmoc solid-phase synthesis on Nova-
syn TGR resin. Couplings were performed over a course of 3 h by
using O-benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium hexafluoro-
phosphate (HBTU) (3 equiv), hydroxybenzotriazole (HOBt; 3 equiv),
and DIEA (6 equiv) in DMF. Deprotections were performed in piper-
idine/DMF (20%). Double couplings were employed for the second
and third (S,S)-ACHC residues in 1. A b-homoglycine (bhGly) linker
was conjugated to the N terminus of each b-peptide on resin. The
b-peptide on half of the resin was then coupled to 6-carboxyfluor-
escein [HBTU/HOBt (3 equiv), DIEA (9 equiv)] for 12 h. The remain-
ing resin was coupled to Fmoc-b3hTyr, which was followed by
Fmoc deprotection. b-Peptides were cleaved from resin by use of
TFA (92.5%) with thioanisole (5%) and ethanedithiol (2.5%) for 5 h.
All b-peptides were purified by preparative reversed-phase high-
pressure liquid chromatography (RP-HPLC) on a Vydac C4 silica
column with use of a nonlinear gradient of water/acetonitrile con-
taining TFA (0.1% v/v). b-Peptide identity was evaluated by matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) anal-
ysis on a Bruker Reflex II instrument. Expected molecular weights
[M+H]+ are as follows: b-peptide 1a (1662.1), b-peptide 1b
(1842.1), b-peptide 1c (1648.0), b-peptide 2a (1626.1), b-peptide
2b (1807.1), b-peptide 2c (1612.0), b-peptide 3a (1662.1), b-pep-
tide 3b (1842.1), and b-peptide 3c (1648.0). The purified b-pep-
tides were lyophilized and redissolved in water. Concentrations
were determined by UV/visible spectroscopy at 494 nm (fluorescei-
nated b-peptides: e=68000 at pH 7.4) or 275 nm (b3-homotyro-
sine-containing oligomers: e=1420).

The a-peptide Flu-a-R9 was synthesized and purified in an analo-
gous manner to the b-peptides described above. The a-peptide

ChemBioChem 2007, 8, 917 – 926 ? 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 923

Uptake of b-Peptides into HeLa Cells

www.chembiochem.org


R6GC�NH2 was synthesized and labeled on its C-terminal cysteine
residue with N,N’-dimethyl-N-(iodoacetyl)-N’-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)ethylenediamine (IANBD)-amide as described previous-
ly.[28]

Cell cultures : HeLa cells were cultured in Dulbecco’s modified
Eagle Medium (DMEM) supplemented with fetal bovine serum
(FBS; 10% v/v), penicillin (100 unitsmL�1), and streptomycin
(100 mgmL�1) in a humidified incubator under 5% CO2 gas.

Confocal microscopy : HeLa cells grown to subconfluence on
90 mm plates were dissociated over a course of 15 min at 37 8C by
treatment with trypsin/EDTA. Cells (105 per well) were plated onto
35 mm glass-bottomed culture dishes (MatTek) and cultured over-
night in DMEM with FBS (10%) and pen/strep. The cells were then
treated for the various experiments as described below. The cells
were viewed by confocal microscopy by use of a BioRad MRC 1024
laser scanning confocal microscope with excitation/emission wave-
lengths set at 488/522 nm for fluorescein and 568/605 nm for pro-
pidium iodide. Peptide uptake was quantitated by cell counting.
We distinguished among cells displaying only endosomal uptake
(punctate fluorescence pattern), cells displaying cytoplasmic stain-
ing (diffuse fluorescence), and cells displaying nuclear localization;
the last two categories overlapped almost perfectly. We generally
saw little or no surface-localized fluorescence in treated cells. The
number of cells showing nuclear uptake of carboxyfluorescein-la-
beled b-peptides was compared to the total number of cells as de-
termined by transmission images. In each case, 70–100 cells were
evaluated. Each data point shown in the figures represents an
average of at least four separate experiments. Propidium iodide
(PI) staining was used to detect dead or dying cells; PI-stained cells
were not included in the cell counting data (i.e. , there were no PI-
stained cells among the 70–100 cells evaluated in a given experi-
ment). In most cases we found that <10% of the cells treated
with b-peptides were stained with PI, indicating that the b-pep-
ACHTUNGTRENNUNGtides display little or no toxicity toward HeLa cells.

Expression of dynamin K44A in HeLa cells :[41,42] Subconfluent
cells were plated onto 35 mm glass-bottomed culture dishes
(MatTek; 105 cells per well) and cultured overnight in DMEM. A
plasmid encoding dynamin-1 K44A was transfected into the cells
with the aid of Lipofectamine 2000 (Invitrogen) or TranSit (Mirus).
The cells were grown for 24 h and were then incubated with pep-
tide (8 mm 1b, 2b, or 3b) and TR-Tf (5 mgmL�1) for 30 min at 37 8C.
The cells were washed with PBS (3Q2 mL) containing propidium
iodide (4 mg), with a brief (5 min) incubation at 37 8C between
wash steps. The cells were then viewed by confocal microscopy.

Amiloride treatment :[43–45] Cells plated to 105 per well in 35 mm
MatTek dishes were incubated in DMEM with FBS (10%) and pen/
strep for 24 h. The medium was removed and the cells were
washed with PBS (2 mL) before being incubated with ethyl isopro-
pyl amiloride (EIPA; 100 mm) in OptiMEM for 30 min at 37 8C. The
medium was then replaced with carboxyfluorescein-labeled b-pep-
tide (8 mm) and EIPA (100 mm) in OptiMEM, and the cells were incu-
bated for 1 h at 37 8C. The cells were then washed with PBS (3Q
2 mL) containing propidium iodide (4 mg), with a 5 min incubation
at 4 8C between wash steps. The cells were then viewed by confo-
cal microscopy. Mock-treated cells that had not been incubated
with Opti-MEM containing EIPA were viewed in parallel.

Phalloidin staining :[3] Cells plated at a density of 5Q104 per well in
MatTek dishes were incubated in DMEM with FBS (10%) and pen/
strep for 24 h. The medium was removed, and the cells were
washed once with serum-free DMEM (2 mL). The cells were then
serum starved for 24 h at 37 8C in serum-free DMEM. After 24 h,

the cells were washed with serum-free DMEM, and the medium
was replaced with unlabeled b-peptide (8 mm, 1a, 2a, or 3a) or
EGF (10 nm) in serum-free DMEM (500 ml) and incubated for 30 min
at 37 8C. The cells were washed with PBS (3Q2 mL), fixed in para-
ACHTUNGTRENNUNGformaldehyde (4%) in PBS for 15 min at RT, washed with PBS (3Q
2 mL) at RT, and permeabilized with Triton-X-100 (0.3% w/v) for
25 min at 4 8C. After washing with PBS (3Q2 mL), the cells were in-
cubated with BSA (1%) in PBS for 45 min at RT to prevent nonspe-
cific binding of phalloidin to hydrophobic proteins in the cell. The
cells were then stained with Alexa Fluor 488 phalloidin (1 mgmL�1)
in PBS for 45 min at RT. Excess phalloidin was removed with PBS
(3Q2 mL) and the cells were viewed by confocal microscopy.

Heparinase treatment :[46] Cells were plated and starved as de-
scribed in the section on “Phalloidin staining” except that before
treatment with b-peptide 1a or EGF, cells were incubated for
40 min at 37 8C with heparinase III (10 milliunits) and were then
washed with PBS (3Q2 mL).

EGF stimulation of b-peptide uptake :[3] Cells were plated at a
density of 105 per well and incubated for 24 h at 37 8C in DMEM
with FBS (10%) and pen/strep. The cells were then washed with
PBS (2 mL) before addition of OptiMEM (1 mL) containing either
2b or 3b (8 mm) or EGF (10 nm) and 2b or 3b (8 mm). After incuba-
tion for 1 h at 37 8C, the cells were washed with PBS (3Q2 mL). The
medium was then replaced with OptiMEM (2 mL), and the cells
were incubated for 1 h at 37 8C. The cells were washed again with
PBS (3Q2 mL) and viewed by confocal microscopy. Uptake of 2b
and 3b in the presence and absence of EGF was determined by
cell counting.

Translocation of a and b-peptides into vesicles : Large unilamellar
lipid vesicles (LUVs) were prepared as described previously[28] by
dispersal of dried lipid mixtures in KCl (128 mm), MOPS-K+

(10 mm), EDTA-K+ (0.1 mm), pH 7.4 (K+-buffer) or an equivalent
buffer (Na+-buffer) in which potassium ions were entirely replaced
by sodium ions, and extrusion through polycarbonate filters
(0.1 mm pore size). Potassium-loaded LUVs in Na+-buffer were pre-
pared by gel-filtering of vesicles, dispersed, and extruded in K+-
buffer, through columns of Sephadex G-75 equilibrated with Na+-
buffer. The fluorescence of NBD-labeled a and b-peptides was
measured with a Perkin–Elmer LS-50B luminescence spectrometer
with excitation and emission wavelengths of 470 nm and 538 nm,
respectively (slit settings 10 nm in both channels).

The affinity of binding of NBD-labeled peptides to LUVs was deter-
mined by taking advantage of the fact that there is a large en-
hancement of NBD fluorescence when the fluorophore is associat-
ed with membranes. Replicate samples containing NBD-labeled
peptide (0.1 nmol) and varying concentrations of lipid vesicles
were first incubated for 30 min at 37 8C in Na+-buffer (3 mL). The
samples were then transferred to a stirred and temperature-regu-
lated fluorimeter cuvette, and the initial fluorescence intensity (Fi)
was determined. After 15 s, sonicated POPG vesicles (100 nmol
lipid) were added, rapidly binding essentially 100% of the peptide
molecules present in the sample, and the fluorescence was further
monitored (typically for 1–3 min) until the signal intensity restabi-
lized at some FPG (fluorescence of POPG-bound peptide) value. The
normalized fluorescence FN was calculated as the ratio of the mea-
sured intensities (Fi/FPG) and was plotted as a function of [Lipid]exp,
the concentration of phospholipid to which the peptide has access
(i.e. , the concentration of phospholipid exposed at the vesicle
outer surface) during the initial incubation of the peptide with the
LUVs. The latter quantity was calculated from the concentration of
added LUV phospholipid and the ratio of surface exposed to total
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phospholipids, determined by the procedure of Nordlund et al.[44]

as described previously.[28] The resulting curve was fitted to an
equation of the form:

FN ¼ F0Nþ ðFmaxN �F0NÞ:
½lipid�exp

½lipid�exp þ Kd

here Kd is the effective dissociation constant for peptide–vesicle
binding and F0N and FmaxN are the values of the normalized fluores-
cence for free and LUV-bound peptide, respectively.

Translocation of NBD-labeled peptide molecules into large uni-
ACHTUNGTRENNUNGlamellar lipid vesicles was assayed by the dithionite-reduction
method described previously,[28] with some modifications. Briefly,
samples containing peptide (3 mm) and potassium-loaded vesicles
(3 mm lipid) in Na+ buffer were first preincubated for 15 min at
37 8C. An aliquot (30 mL) of the incubation mixture was removed
and diluted into Na+-buffer (3 mL) in a stirred fluorimeter cuvette,
and the fluorescence was measured before (Fo) and after (FPG) addi-
tion of sonicated POPG vesicles as described above to calculate
the normalized fluorescence value FN for the diluted oligomer/LUV
sample. Valinomycin (1/200000 mol/mol lipid) was then added to
the remaining (concentrated) peptide/LUV incubation mixture,
from which aliquots (30 mL) were withdrawn at various times and
diluted into Na+-buffer (3 mL) in the fluorimeter cuvette, and the
fluorescence was determined before (Fo) and after (FD) addition of
freshly prepared sodium dithionite solution (1m, 30 mL). From
these fluorescence readings (after blank correction), the fluores-
cence value Fmax expected if 100% of the peptide molecules were
associated with the LUVs was first calculated, from the value of
FmaxN determined (for the relevant lipid composition) from the bind-
ing experiments outlined in the previous paragraph. The extent of
translocation of peptide molecules into LUV was then calculated
from the value of FD measured at each time point after addition of
valinomycin, through the equation (% translocation)= (100%)·ACHTUNGTRENNUNG(FD/
Fmax). Similar determinations were made of the extent of peptide
translocation into vesicles lacking a transbilayer potential gradient,
with vesicles prepared with Na+ buffer inside and outside.

Abbreviations

ACHC: trans-2-aminocyclohexanecarboxylic acid, DMEM: Dulbec-
co’s modified Eagle’s medium, EGF: epidermal growth factor, EIPA:
ethyl isopropyl amiloride, NBD: 7-nitrobenz-2-oxa-1,3-diazole-4-yl
fluorophore, POPC: 1-palmitoyl-2-oleoyl: sn-glycero-3-phosphocho-
line, POPG: 1-palmitoyl-2-oleoyl: sn-glycero-3-phosphoglycerol,
POPS: 1-palmitoyl-2-oleoyl: sn-glycero-3-phosphoserine, PI: phos-
phatidylinositol, TfR: transferrin receptor, DPC: dodecylphospho-
choline.
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