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ABSTRACT: Antp(43-58) is one of many peptides with basic and aromatic residues capable of crossing
cell membranes efficiently in a receptor-independent manner. The basic-aromatic motif is responsible
for peptide binding to the negatively charged surface of membrane bilayers. However, the mechanism of
membrane penetration is unclear. We use high-resolution1H solution NMR methods to establish the location
of the Antp(43-58) peptide bound to membrane bicelles composed of DMPC, DMPG, and DHPC, and
compare it to the location of an Antp(43-58) variant which is not able to cross cell membranes. Two
critical tryptophans are substituted with phenylalanine in this variant (W48F and W56F). Additional31P
and 2H NMR measurements of membrane bicelles are used to probe the changes in orientation of the
lipid headgroups and the changes in the mobility or segmental order of the lipid acyl chains upon peptide
binding. We find that Trp48 and Trp56 of Antp(43-58) insert into the hydrophobic core of the membrane
and that this induces a change in the orientation of the negatively charged DMPG headgroups. The depth
of insertion and the change in lipid orientation are concentration-dependent and argue for an electroporation-
like mechanism for membrane penetration.

Clusters of basic and aromatic amino acids are often
involved in the binding of peptides and proteins to cell
membrane surfaces (1). Recently, several peptide and protein
sequences with basic-aromatic motifs have been identified
as being able to cross cell membranes in a receptor-
independent fashion (2, 3). These sequences include the third
helix of the Antennapedia homeodomain, the HIV TAT
protein, and the HSV VP22 protein (4). In vitro and in vivo
(5) studies have shown that these peptides, collectively
termed Trojan peptides, can serve as vectors to deliver
hydrophilic cargos ranging from polypeptides to DNA across
cell membranes without inducing leakage (6). They are of
considerable interest because of their potential for drug
delivery across cell membranes (7, 8).

Here we investigate Antp(43-58),1 a 16-amino acid
peptide corresponding to the third helix of the Antennapedia
homeodomain. The Antp(43-58) sequence (Table 1) is
composed of basic and hydrophobic amino acids, including
two critical tryptophans, Trp48 and Trp56. The structure of
Antp(43-58) and its ability to translocate across cell

membranes have been extensively studied. Importantly, when
the two Trp residues in the Antp(43-58) sequence are
substituted with Phe, the peptide is no longer able to cross
cell membranes (2). We refer to the latter peptide as Antp-
(43-58)-2F.

The sequence requirements for the Antp(43-58) peptide
to penetrate membranes have been investigated using a wide
range of designed sequence variants of Antp(43-58). Antp
sequence variants generally show that a net positive charge
is needed for membrane binding and that tryptophans are
required for membrane penetration (9-13). Derossi and
colleagues designed peptides comprised solely of arginine
and tryptophan distributed on opposite faces of anR-helix
(8, 14), and demonstrated that they were capable of transit
into cells either alone or coupled with cargo. Also, enantio-
meric forms of Antp(43-58) and Antp variants with inverted
sequences are able to penetrate cell membranes, indicating
that there is no specific receptor involved (2, 15).

The specific structural requirements for membrane pen-
etration of Antp(43-58) have been studied using a wide
range of biophysical methods. The Antp(43-58) peptide is
helical at low peptide-to-lipid ratios and becomes less helical
at high peptide-to-lipid ratios (16, 17). The observation of
helical secondary structure has suggested that the helical
amphipathic character of Antp(43-58) is needed for cell
penetration (13). However, variants of the Antp(43-58)
sequence, where one or three prolines disrupt the helical
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Table 1: Sequences of Antp(43-58), Antp(43-58)-2F, Arg9, and
MARCKS(151-175)

RQILIWFQNRRMKWKK Antp(43-58)
RQILIFFQNRRMKFKK Antp(43-58)-2F
RRRRRRRRR Arg9
KKKKKRFSFKKSFKLSGFSFKKNKK MARCKS(151-175)
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structure, are still able to cross cell membranes, indicating
that helical secondary structure is not strictly required (2).

Three mechanisms are currently being considered for how
Antp(43-58) peptides cross membrane bilayers. Derossi (2,
8) and Prochiantz (18) proposed that Antp(43-58) induces
the formation of inverse micelles. In the inverse micelle
model, the peptide and hydrophilic cargo are captured in an
aqueous compartment that moves across the membrane. In
this model, the peptide remains bound to the membrane-
water interface (18), consistent with fluorescence studies
indicating that the two tryptophans in Antp(43-58) are only
partially buried in membrane vesicles (19). Moreover,
inverted micelles would not induce vesicle leakage in cell
membranes, as observed (13). The mechanism, however,
relies largely on the ability of Antp(43-58) to induce a
lamellar to hexagonal phase transition of lipid membranes.
31P NMR studies of Berlose et al. (20) have often been cited
to support the view that Antp(43-58) induces a transition
to hexagonal phase lipids. However, the reported31P NMR
spectra of Antp(43-58) bound to membranes only exhibit
resonances characteristic of isotropic and lamellar phase
lipids.

The second mechanism model for how the Antp(43-58)
peptide crosses membrane bilayers involves an electropo-
ration-like mechanism (21). Binder and Lindblom proposed
that at high peptide-to-lipid (1:20) molar ratios the asym-
metric distribution of peptide (and charge) across the
membrane causes a transmembrane electric field that disrupts
the local bilayer structure. This model is consistent with the
observation that Antp(43-58) does not induce leakage into
vesicles (13) and is consistent with NMR data indicating that
the peptide penetrates into the membrane headgroup region
of the bilayer (22). However, this model does not explain
the difference in penetration between Antp(43-58) and
Antp(43-58)-2F unless the Antp(43-58) peptide is signifi-
cantly more buried in membrane bilayers than Antp(43-
58)-2F. NMR data in SDS micelles and membrane bicelles
indicate the opposite; the N-terminus of Antp(43-58)-2F
appears to be more deeply buried than that of Antp(43-58)
(22).

The third mechanism proposed in the literature is one in
which the Trojan peptides do not directly penetrate mem-
branes, but rely on endocytic pathways (23). The endocytic
mechanism is very likely not receptor specific on the basis
of the wide range of sequences that can be internalized.
Melikov and co-workers (23) re-evaluated the two methods
typically used to show uptake of basic peptides into cells:
fluorescence microscopy on fixed cells and fluorescence-
activated cell sorter (FACS) analysis. They found that with
two peptides, Arg9 and HIV-1 TAT, cell fixation leads to
artifactual penetration of peptides into cells and that the
FACS analysis is not valid unless a protease step is included.
Moreover, they found that the kinetics of uptake were similar
to the kinetics of endocytosis, indicating that the uptake was
consistent with an endocytic mechanism (see also ref24).
One important question with the endocytic mechanism is
whether it applies equally to basic peptides, like Arg9 and
TAT, and to peptides with basic-aromatic clusters. Surface
binding of the strictly basic peptides may not allow the
penetration of the membrane surface needed to induce the
membrane curvature or distortion needed for direct perme-
ation of the peptides through the membrane. In this regard,

the size of the cargo that can be transported by Antp(43-
58) appears to be limited in molecular weight (25, 26), which
is not the case for HIV-1 TAT (27).

Another mechanism for how Antp(43-58) crosses mem-
branes, which has been largely dismissed, is one in which
the peptide forms pores in membranes in a fashion similar
to those of several cell permeant antimicrobial peptides (28-
30). This mechanism has been ruled out on the basis of
several observations (13, 31). For example, conduction
experiments have not been able to detect pore formation (2,
6). Formation of a pore would result in vesicle leakage, which
has not been observed for Antp(43-58) even at high peptide-
to-lipid ratios (13).

The three competing mechanisms can be distinguished on
the basis of (1) the location of the Antp(43-58) peptide
bound to membranes, (2) the concentration dependence of
membrane penetration, and (3) the ability of Antp(43-58)
to locally disrupt bilayers. In this paper, we compare the
location and membrane interactions of Antp(43-58) and
Antp(43-58)-2F using several complementary NMR ap-
proaches. We have previously shown that high-resolution
magic angle spinning (MAS) and two-dimensional (2D)
nuclear Overhauser enhancement spectroscopy (NOESY) can
be combined to establish the specific membrane location of
aromatic amino acids on the MARCKS(151-175) peptide
in multilamellar membranes (32). Here, we make use of1H
NMR spectroscopy of the Antp peptide bound to membrane
bicelles to investigate how Antp(43-58) binds and penetrates
cell membranes. Membrane bicelles are small disks of
membrane bilayers bordered by short chain lipids (33).
Isotropic (nonaligned bicelles) can yield high-resolution1H
spectra in an aqueous environment without MAS. On the
basis of1H NOESY NMR data, we show that the Antp(43-
58) peptide is able to deeply penetrate membranes to the
level of the lipid acyl chains. We also have used31P NMR
to investigate the orientation and mobility of the lipid
headgroups in magnetically aligned bicelles, and2H NMR
to investigate the effect of peptide binding on the segmental
order of the lipid acyl chains. These data indicate that Antp-
(43-58) disrupts the local bilayer structure in a concentra-
tion-dependent manner. Taken together, the NMR data are
most consistent with an electroporation-like mechanism for
membrane penetration.

MATERIALS AND METHODS

Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DMPG), 1,2-dihexanoyl-sn-glycero-3-phospho-
choline (DHPC), and 1,2-dimyristoyl-D54-sn-glycero-3-
phosphocholine (chain-deuterated DMPC) were obtained
from Avanti Polar Lipids (Alabaster, AL) and used without
further purification. D2O (99.9%) was purchased from Acros
Organics (Geel, Belgium). Deuterium-depleted H2O was
acquired from Cambridge Isotope Laboratory (Andover,
MA).

Peptide Synthesis and Purification.Peptides corresponding
to the third helix of the Antennapedia homeodomain were
synthesized by solid phase FMOC chemistry. The sequences
of Antp(43-58) and Antp(43-58)-2F are shown in Table
1. The synthetic peptides were purified by reverse phase
HPLC (Varian Prostar) on a C4 column with an acetonitrile/
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water gradient and lyophilized. The solvents contained 0.1%
(w/v) trifluoroacetic acid. The purity was confirmed with
MALDI mass spectrometry and HPLC.

Arg9 was synthesized by solid phase FMOC chemistry.
To remove trifluoroacetic acid, the peptide was solubilized
in HFIP (1,1,1,3,3,3-hexafluoro-2-propanol) and lyophilized.
The peptide purity was confirmed with MALDI mass
spectrometry.

Sample Preparation and Spectroscopy for High-Resolution
Solid State MAS NMR of Membrane Multilayers.DMPC and
DMPG lipids were codissolved in cyclohexane and lyoph-
ilized. The lyophilized powder was hydrated with 20 mM
HEPES, 30 mM NaCl buffer (pH 7.0). The vesicles were
subjected to 10 freeze-thaw-sonication cycles. Peptides
were then added to a solution of the vesicles, and the vesicles
were pelleted by ultracentrifugation at 265000g to form
hydrated multilamellar membranes. The hydrated pellets were
then transferred to the NMR rotors for MAS experiments.

Solid state31P and1H NMR experiments were performed
at 360 and 700 MHz on Bruker Avance NMR spectrometers
with 4.0 and 2.5 mm MAS probes, respectively. The MAS
frequency was maintained at 6000( 2 Hz. The temperature
was maintained at 30°C. 1H chemical shifts were referenced
to external TMS.31P chemical shifts were referenced to
external 85% H3PO4.

Sample Preparation and Spectroscopy for High-Resolution
Solution State NMR of Membrane Bicelles.The samples
containing DMPC and DMPG were prepared by first
codissolving the lipids in chloroform. After the chloroform
had been removed with a flow of argon gas, the lipids were
redissolved in cyclohexane and lyophilized to form a fluffy
powder. For deuterium NMR experiments, a portion (20%)
of the protonated DMPC was substituted with chain-
deuterated DMPC. DHPC was separately dissolved in
cyclohexane and lyophilized overnight. The DHPC powder
was hydrated with H2O buffer or deuterium-depleted H2O
buffer (pH 7, 30 mM NaCl, 20 mM HEPES) at 30°C, and
the solution was subjected to five freeze-thaw cycles. The
DHPC solution was then added to the lyophilized DMPC/
DMPG powder. A final lipid concentration of 15% (w/w)
was reached by diluting the sample with deuterium-depleted
H2O buffer or with H2O buffer containing 5% D2O. The
solution was incubated at 38°C for 20 min and then at 4°C
for 20 min. Ten cycles of incubation were repeated to form
a transparent bicelle solution.

NMR experiments with isotropic and oriented bicelles
were performed on a Bruker Avance NMR spectrometer at
700 MHz using a 5 mm TXI probe for 1H observe
experiments or a 5 mm BBOprobe for31P and2H observe
experiments. The ratio (orq value) of long chain to short
chain lipids determines the morphology of the bicelle (34).
Isotropic bicelles with a 1:1 ratio of long to short chain lipids
(q ) 1) were used for the1H NOESY experiments. Oriented
bicelles with a 4:1 ratio of long to short chain lipids (q ) 4)
were used for31P and 2H NMR experiments. For the
experiments on oriented (q ) 4) bicelles, the bicelles were
oriented by heating the sample in the magnet at 45°C for
40 min. The temperature was then maintained between 27
and 30°C for data collection, well above the phase transition
temperature of∼22 °C for the DMPC/DMPG bilayers.1H
chemical shifts were referenced to external TMS.31P
chemical shifts were referenced to external 85% H3PO4.

RESULTS AND DISCUSSION

1H NOESY NMR of Antp(43-58) and Antp(43-58)-2F.
The interaction of Antp(43-58) and Antp(43-58)-2F with
membrane bilayers was studied using membrane bicelles
(22). This approach has previously been used to characterize
the membrane binding of basic-aromatic peptides, including
the MARCKS effector domain (35). Membrane bicelles are
relatively flat patches of bilayer membranes. The edge of
the bilayer formed by the lipid acyl chains is capped by short
chain lipids (e.g., DHPC in our experiments) that are roughly
perpendicular in orientation to the long chain, bilayer-forming
lipids. The ratio (orq value) of long chain to short chain
lipids determines the morphology of the bicelle (33, 34).
Isotropic bicelles with a 1:1 ratio of long to short chain lipids
(q ) 1) were used for the1H NOESY experiments described
in this section. Oriented bicelles with a 4:1 ratio of long to
short chain lipids (q ) 4) were used for31P and2H NMR
experiments (described below).

Figure 1 presents a column from the two-dimensional
NMR 1H NOESY spectrum of Antp(43-58) bound to
DMPC/DMPG bicelles. The intense resonances between 7
and 8 ppm correspond to diagonal resonances of the protons
on the aromatic indole ring of tryptophan. The Trp aromatic
resonances exhibit cross-peaks to the lipid resonances
between 1 and 5 ppm. For reference, the one-dimensional
(1D) spectrum of DMPC is shown at the top of the figure
with a model of DMPC indicating the assignments of the
acyl chain and headgroup protons (32). The spectrum was
obtained with a NOESY mixing time of 50 ms to limit the

FIGURE 1: Two-dimensional high-resolution1H NOESY NMR of
Antp(43-58) bound to membrane bicelles. The isotropic bicelles
(q ) 1) were made from DMPC, DMPG, and DHPC (10:3:13).
The peptide:lipid ratio was 1:100, and the NOESY mixing time
was 50 ms. For reference, the 1D1H spectrum of DMPC is shown
along with its molecular structure. The numbering on the DMPC
structure corresponds to the1H NMR assignments indicated on the
1D spectrum.1H chemical shifts were referenced to external TMS.

10112 Biochemistry, Vol. 44, No. 30, 2005 Zhang and Smith



effects of spin diffusion (32). Stronger cross-peaks are
generally observed at longer (300 ms) mixing times, but the
cross-peaks cannot reliably be assigned to the closest
peptide-lipid contacts.

Isotropic (q ) 1) bicelles are membrane bilayer disks
estimated to be 10-20 nm in diameter (33, 34). The samples
of Antp(43-58) and Antp(43-58)-2F bound to bicelles are
made by simply titrating the peptides into the bicelle solution.
Panels A and B of Figure 2 present the rows from the
aromatic region (at 7.3 and 7.2 ppm, respectively) of the
2D 1H NOESY NMR spectra of the Antp(43-58) and Antp-
(43-58)-2F peptides obtained using a peptide:lipid molar
ratio of 1:100. In both spectra, the mixing time was 50 ms
and the most intense cross-peak (marked with an asterisk)
at 1.3 ppm corresponds to the methylene protons of the lipid
acyl chains. The right-hand panels in Figure 2 show how
the intensity of the 1.3 ppm cross-peak builds up as a function
of the NOE mixing time. The rapid increase in intensity and
negative curvature for the Antp(43-58) peptide is consistent
with the aromatic ring protons and lipid acyl chain protons
being close in space. These spectra indicate that one or more
of the aromatic groups of Antp(43-58) and Antp(43-58)-
2F penetrate into the hydrophobic core of the membrane.

The position of the aromatic groups can be further
constrained by considering the intensity of cross-peaks with
other lipid resonances. The resonances at∼0.9 and 1.7 ppm
correspond to the protons associated with the terminal methyl
groups of the lipid chains and the CH2 group closer to the
acyl chain carbonyl, respectively. There are weak cross-peaks
to these resonances indicating that the aromatic rings are
located below the level of the acyl chain carbonyls, but above
the center of the bilayer. The Antp(43-58) spectrum also
contains relatively intense cross-peaks to resonances between
3 and 5 ppm, corresponding to the glycerol and choline
headgroup. These cross-peaks also exhibit a rapid increase
in intensity with mixing time, and the NOE buildup curves
have negative curvature. The proximity of the Trp aromatic

rings to both the headgroup and lipid acyl chain protons
would be consistent with either a distribution of locations
for the peptide or previous studies showing that Trp48 is
more deeply inserted than Trp56 (22).

To verify that the intense cross-peak in Figure 2A is due
to the methylene protons of the lipid acyl chains of DMPC
(and DMPG),1H NOESY spectra of Antp(43-58) were
obtained of isotropic bicelles prepared with deuterated lipids.
Figure 3A presents the 1D row shown in Figure 2A at 7.3
ppm and compares it to corresponding rows obtained using
chain-deuterated DHPC (Figure 3B) and chain-deuterated
DMPC (Figure 3C). The spectrum in Figure 3B with [2H]-
DHPC looks remarkably similar to the spectrum in Figure
3A. In contrast, deuteration of DMPC results in a loss of
intensity at 1.3 ppm. These data confirm the assignment of
the cross-peak at 1.3 ppm as a close contact between the
Trp groups of Antp(43-58) and the acyl chains of the
DMPC. [The data in Figure 3 also support the choice ofq
) 1 bicelles for our measurements by confirming that the
DMPC and DHPC do not form mixed-lipid micelles. It is
increasingly being recognized that the morphology of bicelles
changes dramatically as theq value is increased (34). We
have found that for low values ofq (e.g., q ) 0.5), the
combination of DMPC and DHPC forms mixed globular
micelles rather than bicelles.]

Panels A and B of Figure 4 present the aromatic and NH
rows from the Antp(43-58) peptide, respectively, obtained
using a peptide/lipid molar ratio of 4:100. The 2D spectrum
was obtained in H2O. In Figure 4A, the most intense cross-
peak to the aromatic diagonal resonance at 7.3 ppm corre-
sponds to the acyl chain protons at 1.3 ppm. However, there
is considerable intensity in the cross-peak at 0.9 ppm which

FIGURE 2: Comparison of1H NOESY spectra of Antp(43-58) and
Antp(43-58)-2F. Rows are shown from the aromatic region of the
2D 1H NOESY spectra of Antp(43-58) (A) and Antp(43-58)-2F
(B) bound to isotropic bicelles (q ) 1) made from DMPC, DMPG,
and DHPC (10:3:13). The peptide:lipid ratio was 1:100, and the
NOESY mixing time was 50 ms. The cross-peak at 1.3 ppm
between the aromatic protons of the Trp or Phe rings and the
methylene protons on the lipid acyl chains is marked with an
asterisk. The right-hand panels show the NOE buildup curves for
the 1.3 ppm cross-peak.

FIGURE 3: 1H NOESY spectra of Antp(43-58) bound to membrane
bicelles containing deuterated lipids. Rows are shown from the
aromatic region of the 2D NMR1H NOESY spectra of Antp(43-
58) bound to isotropic bicelles (q ) 1) made from DMPC, DMPG,
and DHPC (10:3:13). In panel A, all of the lipids are protonated.
In panel B, [2H]DHPC is substituted for [1H]DHPC. In panel C,
[2H]DMPC is substituted for [1H]DMPC. The NOESY mixing time
was 50 ms.
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corresponds to the terminal methyl protons of the lipid chains.
The higher intensity of the 0.9 ppm cross-peak relative to
that of the 1.3 ppm cross-peak in Figure 4A compared to
the data in Figure 2A indicates that the Antp(43-58) peptide
at a higher concentration is located more deeply in the bicelle
and/or causes significant membrane deformation. The in-
tensities of the cross-peaks associated with the NH diagonal
resonance at 7.9 ppm (Figure 4B) support this conclusion.
The NH protons from the 16 amino acids in Antp(43-58)
are not resolved. However, cross-peaks to the lipid reso-
nances at 0.9 and 1.3 ppm indicate that several of the NH
protons are deeply embedded in the bilayer. Local disruption
of the membrane by binding of the Antp(43-58) peptide
may allow the terminal methyl groups to bend toward the
membrane surface (36).

Panels C and D of Figure 4 present the aromatic row (7.2
ppm) from the Antp(43-58)-2F peptide obtained using a
peptide:lipid molar ratio of 4:100 and mixing times of 50
and 300 ms, respectively. The1H NOESY spectrum of Antp-
(43-58)-2F obtained at a peptide:lipid molar ratio of 4:100
is very similar to that obtained at a ratio of 1:100 (Figure
2B), but differs considerably from the spectrum of Antp-
(43-58) in Figure 4A. These data indicate that the functional
difference between the Antp(43-58) and Antp(43-58)-2F
peptides may be observed only at high peptide:lipid ratios.

The 1H NOESY spectra of Antp(43-58) and Antp(43-
58)-2F can be compared to spectra previously published for
the MARCKS effector domain (32). The MARCKS(151-
175) peptide is 25 residues in length and contains 13 basic
amino acids and five phenylalanines. Electrostatic interac-
tions mediate tight membrane binding (37), and the five
aromatic residues penetrate into the hydrophobic core of the
membrane (32, 35). In fact, the aromatic rows of the1H
NOESY spectrum obtained for MARCKS(151-175) bound
to DMPC/DMPG multilayers are remarkably similar to those
of Antp(43-58)-2F in Figures 2B and 4C. Together, these
data indicate that basic-aromatic peptides with both helical

and extended secondary structure penetrate the membrane
surface to roughly the same extent. The only peptide that
appears to penetrate the membrane more deeply is Antp-
(43-58), but only at a higher peptide concentration.

Finally, the Antp(43-58) peptide may be in equilibrium
between deeply bound and surface-associated states. When
the Antp(43-58) and Antp(43-58)-2F peptides are centri-
fuged in the presence of DMPC/DMPG vesicles at a peptide:
lipid ratio of 4:100, most (>90%) of the Antp(43-58)-2F
associates with the vesicles, whereas only approximately half
of the Antp(43-58) peptide associates with the vesicles.
Moreover, the Trp fluorescence studies showed that the Trp
emission spectrum did not exhibit the blue shift expected
for deeply buried Trp (19). In this regard, Norde´n and co-
workers have reported that Antp(43-58) induces vesicle
aggregation followed by a spontaneous disaggregation (31).
An equilibrium would be consistent with the NMR data
presented above and with a dynamic process that allows the
Antp(43-58) peptide to penetrate membranes.

31P NMR of Bicelles and Multilayers. The1H NOESY data
obtained using the Antp(43-58) peptide indicate that the
peptide:lipid molar ratio influences the depth of peptide
penetration. This suggests that there is an increase in the
level of membrane disruption with an increase in peptide
concentration, consistent with the observations of Binder and
Lindbrom (21) and an electroporation-like mechanism for
membrane penetration. To evaluate the effect of the Antp-
(43-58) and Antp(43-58)-2F peptides on membrane bilayer
structure,31P NMR measurements were made as a function
of the peptide concentration.31P NMR chemical shifts and
line shapes are well-established tools for investigating
changes in bilayer structure (38, 39). Berlose et al. (20) have
shown that binding of Antp(43-58) to membrane bilayers
leads to a change in the isotropic and anisotropic contribu-
tions to the31P line shape. Our measurements extend these
studies which were carried out for only a single concentration
of Antp(43-58) and did not include the Antp(43-58)-2F
peptide.

Figure 5 (left) presents31P spectra of oriented bicelles
titrated with Antp(43-58) at peptide:lipid molar ratios from

FIGURE 4: 1H NOESY spectra of Antp(43-58) and Antp(43-58)-
2F bound to membrane bicelles at a high peptide:lipid ratio. Rows
are shown from the aromatic (A, C, and D) and NH (B) regions of
the 2D NMR1H NOESY spectra of Antp(43-58) and Antp(43-
58)-2F bound to isotropic bicelles (q ) 1) made from DMPC,
DMPG, and DHPC (10:3:13). The peptide:lipid ratio was 4:100.
The NOESY mixing time was 50 ms for panels A-C and 300 ms
for panel D. The cross-peak at 0.9 ppm between the aromatic (A)
or NH (B) protons of the peptide and the methyl protons on the
lipid acyl chains is marked with an asterisk.

FIGURE 5: 31P spectra of membrane bicelles containing Antp(43-
58) (left) and Antp(43-58)-2F (right). The DMPC/DMPG/DHPC
(10:3:3.25) bicelles were titrated with Antp peptide at molar ratios
(peptide:lipid) from 0:100 to 4:100. The temperature was maintained
at 27°C. 31P chemical shifts were referenced to external 85% H3-
PO4.
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0:100 to 4:100. In the oriented membrane bicelles, the31P
spectrum is sensitive to the orientation of the phosphate
headgroup. In bicelles without peptide, three distinct reso-
nances are observed corresponding to the31P group of DMPC
(-5.14 ppm), DMPG (-1.74 ppm), and DHPC (2.10 ppm).
The large difference between DHPC and DMPC, both of
which have PC headgroups, is due to the morphology of the
q ) 4 bicelles. The DMPC lipids are in the bilayer portion
of the bicelle, and the lipid axis is roughly perpendicular to
the z-axis of the magnetic field, whereas the DHPC lipids
are on the edges of the bicelle roughly perpendicular to the
DMPC lipids. DMPG is in the bilayer portion of the bicelle,
but has a slightly different31P chemical shift due to a
difference in the orientation of the headgroup. As Antp(43-
58) is titrated into this system, the chemical shift of the
DMPC resonance does not change. In contrast, the DMPG
resonance changes from-1.74 to-0.27 ppm, moving closer
to the resonance from DHPC.

Figure 5 (right) presents31P spectra of oriented bicelles
titrated with Antp(43-58)-2F from a peptide:lipid molar ratio
of 0:100 to a ratio of 4:100. The spectra are remarkably
similar to those with Antp(43-58) in Figure 5 (left).

The dramatic shift of the31P resonance of DMPG upon
addition of either Antp(43-58) or Antp(43-58)-2F can be
caused by a change in the orientation of the DMPG
headgroup or by a change in the local electrostatic environ-
ment. To address the origin of the shift, Figure 6 presents
the 31P MAS spectra of the membrane bicelles in Figure 5.
The membrane lipids are no longer oriented in the MAS
NMR rotor, and MAS yields only the isotropic component
of the chemical shift tensor. The spectra show distinct
resonances for DMPC/DHPC bilayers at-1.32 ppm and for
DMPG at-0.33 ppm. There is no indication of a change in
the 31P chemical shift due to local electrostatic interactions.
This argues that the DMPG shifts observed in Figure 5 are
due to a change in DMPG orientation.

For comparison, Figure 6C presents the31P MAS spectrum
of the MARCKS(151-175) effector domain. The positively
charged amino acids in MARCKS(151-175) result in a

change in the environment of the negatively charged
phosphate headgroups and produce a unique set of chemical
shifts.

2H NMR of Bicelles and Multilayers. 2H NMR is another
method for characterizing bilayer structure. Bicelles enriched
in DMPC with deuterated acyl chains were prepared by
substituting 20% of the protonated DMPC normally present
in the bicelles with chain deuterated DMPC. This level of
deuteration was sufficient to obtain high-sensitivity spectra.
The observed2H quadrupolar splitting (∆) for lipid acyl chain
deuterons in a bicelle depends on the quadrupolar coupling
constant,e2qQ/h, and the order parameter,SCD (40, 41). The
quadrupolar coupling constant for an acyl chain C-D bond
is ∼168 kHz. The observed quadrupolar splitting depends
on the order parameterSCD, which describes the orientation
of the C-D bond vector relative to the external magnetic
field and how that orientation is averaged by molecular
motion. For membrane bicelles, changes in the order
parameter (and the observed quadrupolar splitting) due to
peptide binding can result from changes in the order or
motion of the bicelle relative to the external magnetic field,
changes in the motion of the individual phospholipids, and
changes in the average orientation of individual C-D bonds
relative to the molecular axis of the phospholipids (40).

Figure 7 presents deuterium NMR spectra of oriented
bicelles with (A) and without (B) the addition of Antp(43-
58)-2F. Oriented bicelles increase the spectral resolution for
2H, making it an extremely sensitive probe of acyl chain
orientation and motion (42). The C-D groups with the
lowest order parameters correspond to the terminal methyl
groups of the acyl chains and give rise to the intense
resonances at(1200 Hz. The resonances beyond(10 kHz
correspond to the methylene deuterons close to the acyl chain
carbonyls. We observe a slight increase in the quadrupolar
splitting with the addition of the Antp(43-58)-2F peptide
(Figure 7A). This spectrum was obtained with a peptide:
lipid molar ratio of 2:100, which corresponds to the midpoint
of the titration in Figure 5. Of note is that the31P resonance
of DMPC in Figure 5 (right) does not change in frequency
or line width as Antp(43-58)-2F is titrated into theq ) 4

FIGURE 6: 31P MAS spectra of Antp(43-58) (A) and Antp(43-
58)-2F (B). The DMPC/DMPG/DHPC (10:3:3.25) bicelle samples
with a peptide:lipid ratio of 4:100 were loaded into a 4 mm MAS
rotor and spun at 6 kHz and 30°C. MAS pellets the membrane
lipids along the rotor walls. (C)31P MAS spectra of MARCKS-
(151-175) at a peptide/lipid ratio of 4:100.31P chemical shifts were
referenced to external 85% H3PO4.

FIGURE 7: 2H spectra of membrane bicelles containing Antp(43-
58)-2F (A) and Antp(43-58) (C). The2H spectra were obtained
with (A and C) and without (B and D) Antp peptide bound to
oriented (q ) 4) bicelles made from DMPC, DMPG, and DHPC
(10:3:3.25) with a peptide/lipid ratio of 2:100. The DMPC is
deuterated in both acyl chains.
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bicelles. This suggests that the orientation or motion of the
DMPC headgroup does not change when Antp(43-58)-2F
binds to the bicelles. The bicelles appear to remain well-
oriented. The increased quadrupolar splitting for the Antp-
(43-58)-2F peptide is consistent with a decreased level of
motion of the lipid acyl chains. We propose that this is due
to insertion of the peptide into the acyl chain region of the
bilayer as indicated by the1H NOESY measurements
described above. We have recently observed a similar change
in the quadrupolar splitting of deuteratedq ) 4 bicelles upon
binding of the MARCKS(151-175) peptide (data not
shown). In MARCKS(151-175), the five Phe residues insert
through the polar headgroup region and pack against the acyl
chains (35). The insertion of the Phe rings in both MARCKS-
(151-175) and Antp(43-58)-2F results in a reduced level
of lipid chain motion.

Figure 7 also presents deuterium NMR spectra of oriented
bicelles with (C) and without (D) the addition of Antp(43-
58). In contrast to that of Antp(43-58)-2F, binding of Antp-
(43-58) results in a slight decrease in the quadrupolar
splitting of all of the lipid acyl chain deuterons. Antp(43-
58) binding also results in a slight broadening of the31P
resonance of DMPC inq ) 4 bicelles in Figure 5 (left). The
decreased splitting for the Antp(43-58) peptide reflects the
decreased average order of the lipid acyl chains, possibly
due to local disruption of the bilayer.

Proposed Mechanism of Membrane Penetration of Antp-
(43-58). The data obtained above allow us to distinguish
between the three competing models for how Antp(43-58)
crosses cell membranes. The1H NOESY data indicate that
the peptides penetrate deeply into the bilayer and suggest
that there is disruption of the local bilayer structure as the
peptide concentration is increased. Deep penetration of
aromatic residues has been shown in other systems (e.g., the
MARCKS peptide) using both NMR (32, 43) and EPR (44).
This argues against the models based on endocytic pathways
and the formation of inverse micelles where the peptides are
thought to be associated with the bilayer surface.

Figure 8 presents a cartoon illustrating the initial steps
involved in membrane penetration by Antp(43-58). Binding
of the Antp(43-58) peptide to the hydrophilic region of the
lipid headgroup is mediated by both the basic and aromatic
amino acids. The aromatic amino acids then penetrate into
the hydrocarbon interior of the membrane. Deep penetration
of the peptide increases the electrostatic potential extending
from the positively charged amino acids as they are pulled
into a lower-dielectric environment (see refs32and37). The
positive potential attracts negatively charged DMPG lipids.
The model emphasizes that both electrostatic and hydropho-
bic interactions work in concert to mediate membrane
penetration. Noncovalent cation-π interactions between the
charged and hydrophobic side chains of arginine and
tryptophan often occur in the membrane proteins (45). Such
interactions may be occurring in Antp(43-58) to lower the
energy cost of moving the positively charged arginine side
chain into a lower-dielectric environment.

The shift in the31P resonance of DMPG in Figure 5 results
from reorientation of the DMPG lipids adjacent to the peptide
as it moves below the surface of the bilayer. This conclusion
was confirmed by MAS NMR spectra of unoriented mem-
branes. As the concentration of the peptide is increased, the
orientation approaches that of DHPC which is perpendicular

to the bilayer surface. The concentration-dependent shift of
the DMPG resonance indicates that Antp(43-58) peptides
associate in a DMPG-rich region of the bilayer [i.e., the first
Antp(43-58) peptide bound increases the local DMPG
concentration, which then attracts additional Antp(43-58)
peptides]. The observation that concentration-dependent31P
chemical shifts occur in our membrane bicelle samples
suggests that the peptides are preferentially binding to the
same side of the bicelle as the peptide concentration is
increased. The NOESY data for Antp(43-58) at a peptide:
lipid molar ratio of 4:100 show that the Trp side chains
penetrate to the level of the terminal methyl groups of the
acyl chains. Deep penetration with an increased peptide
concentration agrees well with the results of Binder and
Lindblom (21), who found that at high peptide:lipid ratios
(1:20) the asymmetric distribution of the positively charged
peptide causes a transmembrane electric field. The local
transmembrane electric field destabilizes the bilayer by
increasing the lateral stress within the membrane (21).

The model that emerges from our studies is consistent with
molecular dynamics simulations of pure phospholipid bi-
layers that capture the electroporation process (46) due to
an applied external electric field. In these simulations, water
defects that penetrate into the bilayer interior increase in
likelihood with an increase in the applied electric field. This
process initiates pore formation by allowing the phospho-
lipids at the position of the defect to reorient and line the
nascent pore. We suggest that the function of the Antp(43-
58) peptide is to create high local electric field gradients at
the site of peptide binding. With Antp(43-58), however,
pores do not form.

The peptide may have an extended structure as it crosses
the membrane. The Antp(43-58) peptide is helical at low
peptide:lipid ratios and becomes less helical at high peptide:
lipid ratios (16, 17). Peptide permeation may be a transient
event involving a single Antp(43-58) peptide whose N-
terminal arginine crosses the hydrocarbon interior using local
defects in the bilayer to remain hydrated. Our binding studies

FIGURE 8: Model of binding of Antp(43-58) to membrane bilayers.
The 16-residue Antp(43-58) peptide is helical in solution and binds
to negatively charged membranes through electrostatic interactions
of the six basic amino acids (colored blue) and hydrophobic
interactions of the seven hydrophobic and aromatic amino acids
(colored green). The side chains of the Trp residues penetrate to
the level of the lipid acyl chains. The Antp(43-58) peptide is less
helical at high peptide:lipid ratios (16, 17), suggesting that in the
membrane-spanning state the Antp(43-58) conformation is ex-
tended to allow the basic amino acids to reach the headgroup region
of the bilayer. The31P NMR data indicate that the negatively
charged DMPG lipids change orientation due to binding and
penetration of the Antp(43-58) peptide.
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on the Antp(43-58) peptide (data not shown) suggest that
the peptide is in equilibrium between unbound and membrane-
bound states. Alternatively, the association of Antp(43-58)
with DMPG may form a transient structure involving several
peptides and lipids. Molecular dynamics simulations and
electrostatic calculations will be needed to evaluate these
possibilities.

In conclusion, the NMR data presented above demonstrate
the ability of the basic-aromatic motif of Antp(43-58) to
mediate membrane binding and deep membrane penetration
of the bilayer. The concentration-dependent change in the
31P chemical shift of DMPG in the membrane bicelles is
unusual. Neither Arg9 nor the MARCKS(151-178) peptide
induces such changes (see Appendix). Further studies are in
progress to establish the elements in the Antp(43-58)
sequence that are responsible for this effect.
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APPENDIX

31P NMR of Arg9 and MARCKS(151-175).The mecha-
nism for how Antp(43-58) crosses cell membranes may be
distinctly different from that of Arg9 and HIV-1 TAT, the
peptides used by Melikov and colleagues (23) to assess the
role of endocytosis. Arg9 has nine basic amino acids, and
HIV-1 TAT has eight basic residues and a single N-terminal
tyrosine.

For comparison with Antp(43-58), Figure 9 presents the
31P spectra of oriented bicelles titrated with the nonapeptide
Arg9 and the effector domain of the MARCKS protein. As
Arg9 is titrated into the solution of bicelles, the DMPC and
DMPG resonances broaden slightly up to a peptide:lipid

molar ratio of 1:100 and then broaden dramatically at a molar
ratio of 1.5:100. The DHPC resonance shifts from 2.7 to
5.6 ppm. At the 1.5:100 molar ratio, the chemical shift of
the DHPC resonance (5.6 ppm) is the same as that obtained
from pure DHPC micelles (data not shown). The positively
charged Arg9 peptide appears to disrupt the bilayer structure
of the bicelle at high peptide:lipid ratios. This is in distinct
contrast to the behavior of Antp(43-58) and Antp(43-58)-
2F, but agrees with studies showing that Arg9 induces
leakage, but only at high peptide:lipid molar ratios (24).

The MARCKS(151-175) sequence has a relatively well
characterized basic-aromatic motif. The MARCKS(151-
175) peptide binds electrostatically to negatively charged
membrane bilayers (35, 37), and the five phenylalanines
penetrate to the level of the lipid acyl chains (32, 35). The
peptide does not cross membrane bilayers, although the
positive electrostatic potential recruits negatively charged
lipids (37). Figure 9 presents31P NMR spectra of oriented
bicelles titrated with MARCKS(151-175) at peptide:lipid
molar ratios from 0:100 to 4:100. In bicelles without peptide,
three distinct resonances are observed corresponding to the
31P group of DMPC (-5.1 ppm), DMPG (-1.7 ppm), and
DHPC (2.5 ppm). Unlike binding of Antp(43-58), binding
of MARCKS(151-175) leads to the appearance of new
resonances between 5 and 8 ppm. The main DMPG
resonance at-1.7 ppm does not experience a change in
frequency.
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