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ABSTRACT: Cell-signaling peptides have been extensively used to transport functional molecules across
the plasma membrane into living cells. These peptides consist of a hydrophobic sequence and a cationic
nuclear localization sequence (NLS). It has been assumed that the hydrophobic region penetrates the
hydrophobic lipid bilayer and delivers the NLS inside the cell. To better understand the transport mechanism
of these peptides, in this study, we investigated the structure, orientation, tilt of the peptide relative to the
bilayer normal, and the membrane interaction of two cell-signaling peptides, SA and SKP. Results from
CD and solid-state NMR experiments combined with molecular dynamics simulations suggest that the
hydrophobic region is helical and has a transmembrane orientation with the helical axis tilted away from
the bilayer normal. The influence of the hydrophobic mismatch, between the hydrophobic length of the
peptide and the hydrophobic thickness of the bilayer, on the tilt angle of the peptides was investigated
using thicker POPC and thinner DMPC bilayers. NMR experiments showed that the hydrophobic domain
of each peptide has a tilt angle of 15( 3° in POPC, whereas in DMPC, 25( 3° and 30( 3° tilts were
observed for SA and SKP peptides, respectively. These results are in good agreement with molecular
dynamics simulations, which predict a tilt angle of 13.3° (SA in POPC), 16.4° (SKP in POPC), 22.3° (SA
in DMPC), and 31.7° (SKP in DMPC). These results and simulations on the hydrophobic fragment of SA
or SKP suggest that the tilt of helices increases with a decrease in bilayer thickness without changing the
phase, order, and structure of the lipid bilayers.

The noninvasive delivery of peptides, proteins, oligonucle-
otides, and other functional cargo molecules into living cells
is highly dependent on their efficient transport across the
plasma membrane barrier (1-7). Hydrophobic peptides have
been successfully used to transport nuclear localization
sequences (NLSs1) in order to probe intracellular signaling,
which involved interactions of thousands of proteins ex-
pressed in living cells (3, 6). For example, the cellular import
of peptides has been used in the agonist-induced translocation

of transcription factor NF-kB, FGF-1-stimulated mitogenesis,
the function of an intracellular signaling protein SHc whose
overexpression leads to cell transformation in NIH 3T3
fibroblasts, and epidermal growth factor (EGF)-stimulated
Ras activation in intact cells (1-7). Cellular import is also
involved in the regulation of intracellular pathways associated
with adhesion, signaling, and trafficking to the nucleus.
Recent studies have suggested that in general, cell-signaling
peptides translocate a functional nuclear localization sequence
directly across the plasma membrane bilayers without this
sequence interacting with a receptor or transporter protein
in the process (5, 8-10). However, there are no high-
resolution studies on the secondary structure, folding, and
membrane interaction of cell-signaling peptides to understand
their transport mechanism. In this study, we have, therefore,
investigated the structure and topology of two such peptides,
SKP and SA (Figure 1), using solid-state NMR experiments
and molecular dynamics simulations of lipid bilayers with
varying compositions.

Cell-signaling peptides SKP (6) and SA (8, 9) each contain
a 16-residue hydrophobic sequence in their N-terminus and
different types of nuclear localization sequences at the
C-terminus. The hydrophobic region is selected from a
signaling peptide sequence. The SKP peptide contains a 25-
residue nuclear localization sequence of NF-kB p50 and has
been shown to inhibit, in a concentration-dependent manner,
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the nuclear translocation of NF-kB in cultured endothelial
and monocytic cells stimulated with lipopolysaccharide or
tumor necrosis factor-alpha (6). In the SA peptide, the 16-
residue hydrophobic and 7-residue NLSs are connected by
a spacer region of three Ala residues. This peptide has been
shown to stimulate DNA synthesis in NIH 3T3 cells in an
FGF-receptor-independent manner and to induce DNA
synthesis in bovine hamster kidney-21 cells (8, 9). Studies
have shown that these peptides are not cytotoxic, and deletion
of the hydrophobic domain or mutation of the NLS abolishes
the activity of the peptide (6, 8-10).

Because the above-mentioned functions of these peptides
are highly dependent on their ability to interact with cell
membranes, structural studies of these peptides could provide
insights into their transport mechanism and efficiency of
transport across cell membranes. In spite of recent successes
in this field, structure determination of membrane-associated
peptides and proteins still remains a big challenge. Recently,
it has been demonstrated that solid-state NMR studies can
address biological questions related to membrane-bound
peptides (11-17) and also determine the backbone confor-
mation (18-27) and tertiary folding of peptides and proteins
in lipid bilayers (28-33). Most importantly, solid-state NMR
experiments can determine the orientation of these molecules
in lipid bilayers, which helps in understanding the function
of these systems. A complementary approach is to use
molecular dynamics (MD) simulations, which are increas-
ingly used to understand the partitioning of peptides in
bilayers (34-36).

In this article, we present results from a combination of
solid-state NMR experiments and molecular dynamics
simulations. REDOR (rotational echo double resonance) (37)
experiments on multilamellar vesicles (MLVs) under magic
angle spinning (MAS) conditions were used to determine
the backbone conformation of SKP and SA peptides, whereas
static PISEMA (polarization inversion spin exchange at the
magic angle) (38-40) experiments on mechanically aligned
bilayers allowed the measurement of the orientation of the
peptide in bilayers. Molecular dynamics simulations were
performed on lipid bilayers containing SKP or SA peptides.
From the simulations, properties such as peptide secondary
structure, peptide tilt angle, and peptide-induced lipid
perturbations were calculated. Computational and experi-
mental results are in excellent agreement. Our results suggest
that the hydrophobic region of these peptides is helical with
a kink caused by the Pro residue. The transmembrane
orientation of the hydrophobic helix was found to depend
on the hydrophobic mismatch between the hydrophobic
thickness of the lipid bilayer and the hydrophobic length
of the peptide. However, the backbone conformation of
SKP and SA peptides was independent of bilayer composi-
tion.

MATERIALS AND METHODS

Materials. DMPC (1,2-dimyristoyl-phosphatidylcholine)
and POPC (1-palmitoyl-2-oleoyl-phosphatidylcholine) were
purchased from Avanti Polar Lipids (Alabaster, AL). Chlo-
roform and methanol were procured from Aldrich Chemical,
Inc. (Milwaukee, WI). Naphthalene was purchased from
Fisher Scientific (Pittsburgh, PA). Peptides were synthesized,
and cleavage reagents were purchased from Applied Bio-
systems (Foster City, CA) and Aldrich (Milwaukee, WI).
Fmoc-protected amino acids were obtained from Advanced
ChemTech (Louisville, KY) and isotopically labeled Fmoc
amino acids from Cambridge Isotope Labs (Cambridge, MA).
All chemicals were used without further purification.15N-
and 13C-labeled peptides were synthesized and purified at
the University of Michigan as explained elsewhere (6, 8, 9).

Circular Dichroism. SUVs (small unilamellar vesicles)
were prepared by suspending dry lipids in Tris buffer (10
mM TrisHCl, 100 mM NaCl, 0.1 mM EDTA at pH 7.4) and
sonicating the dispersion until a clear solution was obtained.
Peptide stock solutions (100 mM) were also prepared using
the Tris buffer. Each sample was prepared as a 1:1 (vol/vol)
mixture of peptide and lipid SUV stock solution with
additional Tris buffer as needed in a 5 mmquartz cuvette.
The sample was then equilibrated to 25°C in the CD
spectrometer (AVIV, Lakewood, NJ) for 20 min, and 8 scans
were acquired and averaged. The scan rate was 1 nm/min
over the range of 190-280 nm. Background contributions
from the buffer and SUVs were removed by subtracting the
spectrum of a similar sample without the peptide.

Solid-State NMR.Mechanically aligned bilayers were
prepared using the procedure described by Hallock et al. (41).
Briefly, 50 mg of lipids and an appropriate concentration of
peptide were dissolved in a CHCl3/CH3OH (2:1) mixture.
The sample was dried under a stream of nitrogen and
redissolved in the CHCl3/CH3OH (2:1) mixture containing
equimolar quantities of naphthalene. An aliquot of the
solution (∼300 mL) was spread on thin glass plates (11 mm
× 22 mm× 50 mm, Paul Marienfeld GmbH and Co., Bad
Mergentheim, Germany); 5 to 10 glass plates were used for
each sample. The samples were then air-dried and kept under
vacuum at 35°C for at least 24 h to remove naphthalene
and any residual organic solvents. After drying, the samples
were hydrated at 98% relative humidity using saturated
NH4H2PO4 solution (42) for 1-2 days at 37°C, after which
approximately 4µL of H2O was added to the surface of the
lipid-peptide film to fully hydrate the samples. The glass
plates were stacked, wrapped with Parafilm, sealed in plastic
bags (Plastic Bagmart, Marietta, GA), and then kept at 4°C
for about 12 h.

Multilamellar vesicles were prepared by mixing the
required amounts of lipids and peptides in 2:1 chloroform/
methanol. The solution was first dried under N2 gas and then
under vacuum overnight to completely remove any residual
organic solvents. The mixture was resuspended in 60 wt %
water by heating in a water bath at 42°C. The samples were
vortexed for 5 min and freeze-thawed using liquid nitrogen
several times to obtain a uniform mixture of lipids and
peptides.

All of the experiments were performed on a Chemagnetics/
Varian Infinity 400 MHz solid-state NMR spectrometer
operating at resonance frequencies of 400.138, 161.979,

FIGURE 1: Primary sequence for 26-residue SA, 41-residue SKP,
and the transmembrane fragment (TM) peptides. The underlined
residues are hydrophobic and identical in all peptides.
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100.8, and 40.55 MHz for1H, 31P, 13C, and 15N nuclei,
respectively. A Chemagnetics/Varian temperature controller
unit was used to maintain the sample temperature, and each
sample was equilibrated for at least 45 min before starting
the experiment. A home-built double resonance probe, which
has a four-turn square-coil (12 mm× 12 mm × 4 mm)
constructed using a 2 mmwide flat wire and a spacing of 1
mm between turns, was used for31P and15N experiments
on aligned samples and a 5 mmdouble-resonance MAS
probe was used for experiments on MLVs under static
conditions. In the case of aligned samples, the lipid bilayers
were positioned with the bilayer normal parallel to the
external magnetic field of the NMR spectrometer. The15N
chemical shift spectrum of a labeled peptide in oriented
bilayers was acquired using a cross-polarization (CP) (43)
sequence with a1H π/2 pulse length of 5µs, 75 kHz CP RF
(radio frequency) power, and a 95 kHz two-phase pulse-
modulation (TPPM) (44) decoupling of protons during
acquisition. A 1 ms ramp-CP (45) with a 10 kHz ramp on
the 1H channel and a recycle delay of 3 s were used. A
ramped spin-lock pulse provided a better signal-to-noise ratio
than a constant amplitude spin-lock pulse in the proton
channel. A typical31P 90°-pulse length of 3.5µs was used.
31P chemical shift spectra were obtained using a spin echo
sequence (90°-τ-180°-τ-acquired withτ ) 90 µs), 65 kHz
RF field for TPPM decoupling of protons, and a recycle delay
of 3 s. A typical spectrum required the co-addition of about
100 scans for aligned samples and about 1000 transients for
MLVs. The31P chemical shift spectra are referenced relative
to 85% H3PO4 (0 ppm) (41).

2D PISEMA experiments were performed on mechanically
aligned lipid bilayers containing a15N-labeled peptide as
mentioned in our previous publication (40). A 50 kHz RF
field was used in the1H channel at on-resonance during the
preparation 90° pulse and CP, and a 35.355 kHz offset during
the Lee-Goldburg (46) sequence in the SEMA (spin
exchange at the magic angle) (39, 40) sequence (or thet1
period). RF field strengths of 50 and 61.2 kHz were used to
spin-lock the15N magnetization during ramp-CP (45) and
SEMA (39), respectively. A 81 kHz RF field was used to
decouple protons using the TPPM (44) sequence during
signal acquisition. Because of the low signal-to-noise ratio
from bilayer samples, the experimental conditions were first
optimized on a single crystal ofn-acetyl-L-15N-valyl-L-15N-
leucine. The optimized experimental conditions were further
optimized on a mechanically aligned POPC bilayer contain-
ing the SA peptide by carrying out several 1D experiments
using the regular PISEMA sequence but for differentt1 time
intervals (39, 40). Because the use of a high RF power in
the PISEMA experiment could dehydrate the bilayer sample,
cold air was circulated in the probe to reduce the effect of
RF heat on the sample. In addition, the quality of aligned
samples was examined using 1D31P experiments before and
after PISEMA experiments. Data processing was accom-
plished using Spinsight software (Varian) on a Sun Sparc
workstation.

Magic Angle Spinning Solid-State NMR Experiments.A
REDOR (37) experiment was used to measure isotropic13C
chemical shifts from peptides selectively labeled with13C
and15N isotopes. REDOR-filtered experiments as described
in the literature (47) were utilized to suppress the13C
background signal from the lipids of MLVs. A 5 mmtriple-

resonance Varian/Chemagnetics MAS probe was used, and
the sample was spun at a speed of 8 kHz at-20 °C. A 1.0
ms ramp-CP45 was followed by a REDOR dephasing period
and then direct13C detection under proton decoupling with
a recycle delay of 3.8 s. A single 55 kHz13C refocusing
180° pulse was placed at the center of the REDOR dephasing
time; and 88 kHz TPPM44 decoupling was applied on the
proton channel during both dephasing and detection. The15N
and13C transmitters were set at 115 ppm (relative to liquid
ammonia at 25°C) and 175 ppm (relative to tetramethylsi-
lane), respectively. For the S1 (that is with 180° pulses in
the15N channel) acquisition, a 45 kHz15N 180° pulse at the
middle and end of each rotor period in the dephasing time
was applied. Other details of the REDOR filtering experiment
can be found elsewhere (47).

Molecular Dynamics Simulations.We performed molec-
ular dynamics simulations on three different sequences
(Figure 1) of signaling peptides (SA, SKP, and the presumed
transmembrane domain, TM, of SA, and SKP peptides)
embedded in POPC and DMPC bilayers. In all peptides, the
presumed transmembrane domain is between residues 1 and
16. We used the GROMACS simulation tool (48), using the
GROMOS96 43a2 force field for the protein and an OPLS
based force field for the lipids (49). The SPC water model
was used. First, ideal helical structures of all three peptides
were created using the software SWISSPDB (50). Then, a
kink of ∼90o was introduced between residues 16 and 17 of
the SA and SKP peptides by changing the appropriate torsion
angles. This yielded a transmembrane domain roughly
perpendicular to the non-transmembrane domain for both SA
and SKP peptides. Each of the three peptides was then
solvated in a bath of water, and the presumed transmembrane
segment of each (residues 1-16) was positionally restrained
while a 10 ns simulation was performed in an NPT (constant
number of atoms, pressure and temperature) ensemble to
relax the side chains and the non-transmembrane residues.
Short-range interactions used a cutoff of 1.2 nm, and the
PME algorithm (51) was used for long-range electrostatic
interactions. The temperature was coupled to a Berendsen
thermostat at 310 K, with the peptide and water molecules
coupled separately with coupling constants of 0.1 ps. The
pressure was coupled isotropically to a Berendsen barostat
at 1 atm pressure with a coupling constant of 5 ps. The
peptide conformation at the end of these simulations was
used to perform bilayer simulations.

The initial coordinates of the hydrated POPC and DMPC
bilayers were originally obtained from http://moose.bio.
ucalgary.ca/files but were subsequently modified to give a
sufficient number of water molecules. Each bilayer consisted
of 128 lipid molecules (64 lipids per leaflet). After modifica-
tions and sufficiently long equilibration runs, the DMPC
bilayer had∼3500 water molecules and the POPC bilayer
had∼5000 water molecules. Each peptide was inserted into
the two bilayers using the “hole” protocol (52), giving us
six different simulation systems. The peptides were inserted
such that the presumed transmembrane segment was oriented
parallel to the bilayer normal and the Ala-8 residue was in
the middle of the bilayer. After insertion, the peptide
backbone residues were positionally restrained, and a 5 ns
simulation was performed. The simulation conditions were
identical to those in the solvated simulations mentioned
above, except that a semi-isotropic pressure coupling was
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used with the normal and lateral directions of the bilayer
independently coupled to a pressure bath. After 5 ns, the
restraints on the backbone were released, and all six
simulations were run for 50 ns. Two simulations (TM peptide
in DMPC and POPC) were extended to 100 ns. The
coordinates were saved every picosecond and were used in
subsequent analyses.

RESULTS

Secondary Structure of SKP and SA Peptides

CD Experiments.The amino acid sequences of SA, SKP,
and the hydrophobic segment (noted as TM) peptides are
given in Figure 1. CD experiments were performed on SUVs
and SDS micelles containing SA and SKP peptides. The
concentration of peptides (up to 3 mol %), pH (4 to 7), and
lipid composition were varied. SUVs were prepared using
DMPC or POPC lipids. The CD spectra of all of these model
membrane samples were similar and characterized by the
double minima at 208 and 222 nm, attributable to a helical
conformation. A representative CD spectrum of SKP in
POPC SUVs at 24°C is given in Figure 2. All peptides were
assumed to be completely bound to the lipid vesicles at the
lipid-peptide ratio of 100:2 used in the present study because
the spectra do not change upon increasing the lipid-peptide
ratio. The mean helix contents of vesicle-bound SKP and
SA, as calculated from the mean residue ellipticity values at
l222 nm, are about 45% and 60%, respectively.

Magic Angle Spinning NMR Experiments.CD experiments
suggest that SKP and SA peptides exist in a helical
conformation in membranes. In addition, the dispersion of
resonances in 2D1H-1H NOESY spectra of DPC detergent
micelles suggest that these peptides form helices (data not
shown); samples were prepared by dissolving a lyophilized
peptide in an aqueous solution (90% H2O and 10% D2O)
containing 200 mM perdeuterated DPC (Cambridge Isotope
Laboratory) and 20 mM phosphate buffer at pH∼5 at a final
concentration of 3 mM. However, determining the conforma-
tion of the hydrophobic region of the peptides in lipid bilayers
would be useful in understanding the folding of the peptide
in membranes. Therefore, we performed MAS experiments
on both peptides reconstituted in lipid bilayers. Multilamellar
vesicles containing synthetic peptides selectively labeled with
13C and15N isotopes were used to measure the isotropic13C
chemical shift frequency by performing REDOR experiments

(37, 53). Figure 3 shows the difference between the spectra
obtained without (S0) and with (S1) 180° pulses in the15N
channel. Both experiments were performed with the same
number of scans and a 1.6 ms REDOR dephasing time. The
spectra of peptides reconstituted in POPC and DMPC MLVs
were similar, and therefore, only the spectra obtained from
POPC are given in Figure 3. The presence of a single peak
with a chemical shift frequency of 177.5 ppm (relative to
TMS at 0 ppm) suggests that the13C-labeled residues are in
an R-helical conformation (54, 55). The narrowness of the
spectral lines suggests that the peptides are in a single
conformation, whereas the observed line width (about 0.5
ppm for SA and 1.5 ppm for SKP peptides) may be attributed
to librational motions and/or a small variation in the
conformation of the peptides. Although more experimental
data are needed to solve the high-resolution structure of the
peptide in bilayers, these REDOR data show that the
hydrophobic domains (residues 1-14) of both peptides form
a helical conformation in lipid membranes. These results are
in good agreement with the CD data.

Molecular Dynamics Simulations.All six simulations
showed that the transmembrane segment of all of the peptides
remains largely helical over the 50-ns duration of the
simulation. The secondary structure profiles as a functions
of time for TM, SA, and SKP peptides are shown in Figure
4. For the TM peptide, at the beginning of the simulation,
residues 2-14 areR-helical (blue). This segment remains
helical, for almost the entire duration of the simulation,
except for the last 15 ns, when slight fraying is observed at
the N-terminal. For the SA peptide, as the simulation
progresses, the N-terminal region of the transmembrane
domain (residues 1-4) and the non-transmembrane region
(residues 17-26) both lose their helicity, leading to other
motifs, such as bend, turn, and coil. However, the central
region of the presumed transmembrane domain remains
helical for the entire duration of the simulation. For the SKP
peptide, again, residues 4-16 remain helical for most of the
simulation, but, as was observed in the other three simula-
tions in POPC bilayers, near the end of the simulation, the
transmembrane domain remained helical but with fraying
observed at the ends of the peptide. For the SA peptide, the
kink that was introduced near the 17th residue to orient the
non-transmembrane domain parallel to the lipid-water
interface, seems to induce a non-helical structure in the non-
transmembrane domain, as also seen in the experiments.

FIGURE 2: CD spectrum of SKP peptide in POPC small unilamellar
vesicles at 24°C.

FIGURE 3: REDOR difference13C chemical shift spectra of POPC
multilamellar vesicles containing 3 mol % of (A) SA and (B) SKP
peptides. Both peptides contain13Carbonyl-labeled Leu11 and15N-
labeled Leu12. About 20,000 scans were used to obtain the spectra.
Other experimental details are given in the text.
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However, for the SKP peptide, some residual helicity remains
in the non-transmembrane domain throughout the simulation.
Presumably, longer simulations would enable the non-
transmembrane domain to attain its preferred secondary
structure, which might well be completely devoid of helicity.
Although the final structure of the whole peptide is not
completely obtained over the time scales we can obtain, it
is clear that in stark contrast to the non-transmembrane
domain, the transmembrane domain remains mostly helical
in all of the simulations, as observed in experiments. We
calculated the mean helicity of the peptides in POPC and
DMPC lipid bilayers. The data are presented in Table 1.
These simulation results are in good agreement with the CD
and MAS experimental results.

Peptide-Induced Disorder in Bilayers.Because a cell-
permeable peptide interacts with membranes and could
disrupt the lipid bilayer structure to carry out its function, it

is important to examine whether SKP and SA induce any
changes in the lamellar phase structure of POPC and DMPC
bilayers. These results are also essential for interpreting the
NMR spectra of mechanically aligned lipid samples in terms
of peptide orientation. Therefore, the31P chemical shift
spectra of POPC and DMPC MLVs containing various
concentrations (up to 5 mol %) of peptides were obtained at
30 °C. Representative spectra are given in Figure 5. The
spectra of all MLV samples (Figure 5A) suggest that the

FIGURE 4: Secondary structure profiles of TM (top), SA (middle), and SKP (bottom) peptides in DMPC bilayers obtained from molecular
dynamics simulations. Blue color representsR-helical structure.

Table 1: Overall Helicity of Peptides in Phospholipid Bilayers
Measured from Molecular Dynamics Simulations and Circular
Dichroism Experiments

method SA SKP TM

simulations: POPC 61% 42% 78%
DMPC 57% 49% 83%

experiments 60% 45% not determined
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bilayers were in the lamellar phase. However, the observation
of a single narrow peak near the low-field edge of an
unoriented spectrum (∼30 ppm) (Figure 5B) suggests that
the lipid bilayers were well-hydrated and well-aligned in
glass plate samples. These spectra indicate that the interaction
of peptides with lipids do not significantly disrupt the
lamellar phase bilayer structure of the samples under study.
In addition, the31P data from POPC and DMPC bilayers
suggest that the hydrophobic mismatch between the hydro-
phobic thickness of the lipid bilayer and the hydrophobic
length of the peptide had no significant effect on bilayer
structure. Small changes observed in the frequency position
of the31P peak in the aligned spectrum and the span of CSA
of MLVs with increasing concentration of the peptide can
be attributed to the interaction of the peptide, particularly
the charged nuclear localization sequence, with the head
group region of lipids. Molecular dynamics simulations
confirm these experimental results. We calculated the bilayer
thickness in the immediate vicinity of the peptide in all six
simulations and compared it to the thickness of bilayers free
from the peptide. This approach has been used to calculate
peptide-induced bilayer disorder in earlier studies (56). We
found that bilayer disruption was minimal, with a small (∼1
Å) difference between bilayer widths close to and far away
from the peptide.

Orientation of SKP and SA Peptides in Bilayers

Solid-State NMR Experiments.The orientations of SKP
and SA in phospholipid bilayers were determined using solid-
state NMR experiments on mechanically aligned bilayers
containing peptides labeled with15N at a single site. All
aligned 15N chemical shift spectra were interpreted with
reference to a powder pattern spectrum obtained from MLVs.
A spectrum of MLVs containing 3 mol % SKP peptide
labeled with15N-Leu-11 is given in Figure 6. All aligned
15N spectra showed a single narrow peak suggesting that the
embedded peptides have a unique orientation in bilayers;
some representative spectra are given in Figures 7 and 8.
The measured chemical shift values and the line widths are
given in Table 2. These spectra contain a single peak (Figures
7 and 8) in a frequency region close to the parallel edge
(∼160-215 ppm) of an unaligned15N chemical shift
anisotropy (57) spectrum (Figure 6). Because most of the
15N-labeled residues are most likely located in the hydro-
phobic regions of the bilayer, providing considerably less
conformational or dynamic disorder, narrow lines are ob-
served in the spectra of aligned samples. However, some

amphipathic peptides oriented near the surface of bilayers
could result in broad lines due to heterogeneous orientation
(12, 15, 58) or narrow lines due to motion (59). The observed
line widths range from 1.8 to 6 ppm and did not depend on
the RF power of proton decoupling. The largest line width
observed for the Ala-15 residue could be attributed to the
conformational heterogeneity of this residue because it is
near a Pro residue, which is at a junction of the hydrophobic
and hydrophilic regions of the peptide. The chemical shift
values measured from SKP and SA are, within experimental
errors, similar in POPC bilayers, whereas they are different
in DMPC bilayers (Table 2). Because the peptide forms a
helical structure in lipid bilayers, these data can be interpreted

FIGURE 5: 31P chemical shift spectra of (A) multilamellar vesicles
and (B) mechanically aligned POPC bilayers containing 3 mol %
SKP peptide at 30°C. About 1500 and 150 scans were used to
obtain spectra A and B, respectively.

FIGURE 6: 15N chemical shift spectrum of POPC multilamellar
vesicles containing 3 mol %15N-Leu11 SKP at-10 °C. A 1 ms
cross-polarization time, 4000 scans, and a recycle delay of 3 s were
used; all other experimental conditions were as mentioned in the
text. The principal components of the amide-15N chemical shift
tensor, directly measured from the powder pattern spectrum, are
51 ( 2, 72 ( 2, and 225( 2 ppm.

FIGURE 7: 15N chemical shift spectra of mechanically aligned POPC
bilayers containing 3 mol % SKP peptides labeled with the15N
isotope at 30°C. About 600, 400, 800, 400, 4000, and 2000 scans
were used to obtain the spectra of peptides labeled with15N at the
amide site Val-3, Leu-5, Val-9, Leu-11, Ala-12, and Ala-15 residues
respectively. Other experimental details are given in the text.

FIGURE 8: 15N chemical shift spectra of mechanically aligned
DMPC bilayers containing 3 mol % of (A) SA and (B) SKP
peptides labeled with the15N isotope at the amide site of Leu-11.
About 4000 scans were used to obtain the spectra. Other experi-
mental details are as given in the text.
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in terms of the orientation of the peptide in bilayers. On the
basis of the reported structural studies on the membrane-
associated peptides using solid-state NMR (14, 18, 40), these
data reveal the transmembrane orientation of the helical
region of these peptides.

A 2D PISEMA (38-40) experiment that correlates the
15N chemical shift and1H-15N dipolar coupling was
performed on mechanically aligned bilayer samples.1H-
15N dipolar coupling spectra extracted from the 2D PISEMA
spectra of different samples are given in Figures 9 and 10.
As demonstrated in previous studies, PISEMA provides
narrow lines by suppressing1H-1H dipolar interactions (38-
40). Observed line widths range from 0.3 to 0.6 kHz. Because

each sample consisted of a single-site15N-labeled peptide,
an off-resonance dependence of the PISEMA sequence (40)
was minimized by setting1H and 15N carrier frequencies
close to the amide-1H and -15N resonances, respectively.
Therefore, errors in the measured parameters due to the
variation of the scaling factor of the sequence were mini-
mized.

PISA (polarity index slant angle) wheels (60, 61) generated
from PISEMA spectra of15N chemical shifts and1H-15N

Table 2: Experimentally Measured15N Chemical Shift (Figure 4) and1H-15N Dipolar Coupling (Figure 5) Values of SKP and SA Peptides
Embedded in Mechanically Aligned POPC and DMPC Lipid Bilayers at 30°C

peptide V3 L5 V9 L11 A12 A15

POPC (SKP or SA)
chemical shift (ppm) 210( 2 203( 3 205( 1.5 200( 0.9 195( 1 198( 3
dipolar coupling (kHz)a 9.5 7.2 7.0 9.3 7.7 8.2

SKP in DMPC
chemical shift (ppm) 190( 2 172( 1.7 178( 2 167( 1 170( 1 168( 2
dipolar coupling (kHz)a 8.5 3.5 3.0 8.0 5.0 7.0

SA in DMPC
chemical shift (ppm) 200( 2 185( 1 192( 1 181( 1.4 180( 1 178( 2
dipolar coupling (kHz)a 9.0 5.0 4.8 9.0 5.5 8.5

a On the basis of line widths, the errors in the reported dipolar couplings are estimated to be about(0.3 to (0.4 kHz.

FIGURE 9: 1H-15N dipolar coupling spectra of aligned POPC
bilayers containing 3 mol % SKP peptides. Because a dipolar
coupling spectrum is symmetric with respect to zero frequency,
half of each spectrum is presented. These spectra were extracted
from 2D PISEMA spectra (not shown). The 2D PISEMA spectra
were obtained using a 0.75 ms cross-polarization time, 48t1
experiments, 800 scans, and a recycle delay of 3 s.

Table 3: Average Tilt Angles from Experiments and Molecular
Dynamics Simulations of Lipid Bilayers Containing SA, SKP, or
TM Peptides

tilt angle
SA

(50ns)
SKP

(50ns)
TM

(100ns)

DMPC bilayers
simulations 22.3( 6.3˚ 31.7( 8.3° 24.6( 4.6°
experimental 25( 3° 30 ( 3°

POPC bilayers
simulations 13.3( 6.7° 16.4( 4.0° 19.8( 1.0°
experimental 15( 3° 15 ( 3°

FIGURE 10: 1H-15N dipolar coupling spectra of aligned DMPC
bilayers containing 3 mol % of (A) SA and (B) SKP peptides
labeled with the15N isotope at the amide site of Leu11. The 2D
PISEMA spectra were obtained using a 0.75 ms cross-polarization
time, 64t1 experiments, 640 scans, and a recycle delay of 3 s.

FIGURE 11: Experimental (data points) and simulated (dotted,
dashed, or solid lines) PISA wheels corresponding to the hydro-
phobic transmembrane regions of peptides SKP or SA in POPC
((O) and (....)), SA in DMPC ((2) and (s)) and SKP in DMPC
(stars and (---)) bilayers. Experimental points are generated from
the data given in Table 2.
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dipolar couplings of mechanically aligned samples are given
in Figure 11, along with simulated PISA wheel spectra. The
simulations were carried out using the SIMMOL program
(62, 63). Even though there are not enough experimental
points to define the complete shape of the PISA wheel, the
simulated and experimental spectra are in good agreement.
A comparison of the simulated and experimental results
suggests that the helical domain is transmembrane but tilted
away from the bilayer normal. The tilt angles are given in
Table 3. Interestingly, the tilt angles measured in POPC are
smaller but are different in DMPC bilayers. Errors on the
reported tilt angles are estimated from the line widths
observed in the chemical shift and dipolar coupling spectra.
However, there could be additional contributions to the error
from the variation of chemical shift tensors (57, 64) from
the model tensor used for these calculations and because of
peptide dynamics that would have influenced the observed
experimental parameters. Nevertheless, the reported tilt
angles are in good agreement with results obtained from MD
simulations discussed below.

Molecular Dynamics Simulations.We observed the tilting
of peptides away from their original vertical transmembrane
orientation in all six simulations. In Figure 12, we show
snapshots at the end of three simulations (TM, SA, and SKP
in DMPC bilayers). It is clear that the non-transmembrane
domain of the SA peptide is fully frayed, with no residual
helicity. Residues 30 to 38 of the SKP peptide retain their
initial helicity, whereas residues 18 to 30 seem to lose their
helicity quickly. However, the region of residual helicity is
far away from the transmembrane domain and presumably
will not affect the tilt behavior of the transmembrane region.
We calculated the tilt angle of the transmembrane segment
relative to the bilayer normal for all six simulations. The
helical axis was defined by selecting two points at the top
and bottom of the transmembrane segment. The top point
was chosen to be the center of mass of the backbone atoms
of residues 3, 4, and 5, whereas the bottom point was chosen
to be the center of mass of the backbone atoms of residues
12, 13, and 14. In Figure 13, we show the tilt angle as a
function of time for a representative simulation (TM peptide
in POPC bilayers). The average tilt angle was calculated for
all simulations and is presented in Table 3. The first 20 ns
of each simulation was taken to be an equilibration period
and was not used to calculate the average. The standard error
was estimated by a block-averaging procedure. The peptides
show a consistently larger tilt in DMPC bilayers than in the

POPC bilayers, which is expected because POPC bilayers
have a larger hydrophobic width than DMPC bilayers, and
therefore, the disparity between the hydrophobic length of
the peptide and the hydrophobic width is greater for DMPC.
It should be noted that the standard errors of tilt angles are
rather large, especially for SA and SKP peptides. This is
due to the large timescales required for the equilibration of
peptide tilt in phospholipid bilayers. In a recent simulation
study (56), we found that even 100 ns may not be sufficient
to fully equilibrate peptide tilt in lipid bilayers. Thus, longer
simulations will be required to provide a quantitatively more
accurate tilt angle. Nevertheless, qualitatively, the peptides
show a consistently larger tilt in DMPC bilayers than in
POPC bilayers, in agreement with experimental results.

DISCUSSION

Cell-signaling peptides, such as SA and SKP, have been
used to carry functional nuclear localization sequences across
the cell membrane (6, 8, 9). Previous studies have shown
that these peptides are efficient in transporting nuclear
localization sequences for intracellular activities (1-10).
However, the mechanism of the transport activity and
interaction of these peptides with membranes are not clear.
In this study, solid-state NMR experiments and molecular
dynamics simulations were used to investigate the interaction
of SA and SKP peptides with model membranes. In
particular, the structure and folding of the hydrophobic
domain of these peptides in membrane bilayers were
determined, and the effect of peptide-membrane interactions
on lipid bilayer structure was also examined. The effect of
hydrophobic mismatch between the hydrophobic length of

FIGURE 12: Snapshots at the end of molecular dynamics simulations for TM (left), SA (middle), and SKP (right) peptides in DMPC
bilayers. The lipid tails are shown in gray, the water molecules in blue, and the lipid phosphorus atoms in red. The peptide is shown as pink
ribbons.

FIGURE 13: Tilt angle as a function of simulation time for a
representative simulation for the TM peptide in POPC bilayers.
The tilt angle is shown as a running average.
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the peptide and the thickness of lipid bilayers on the folding
of the peptide was investigated using thicker (POPC) and
thinner (DMPC) bilayers.

Secondary Structure.Results obtained from CD experi-
ments on SUVs (Figure 2) and solution NMR experiments
on detergent micelles (data not given) suggest that the main
conformation of both of the peptides is helical in membrane
environments. CD results suggested that SA (∼60%) is more
helical than SKP (∼45%), which is in agreement with the
qualitative structure prediction analysis. The difference in
the helical content could be due to the difference in the
hydrophilic nuclear localization sequences of these peptides.
The non-helical NLS of SKP (25 residues) is longer than
that of SA (7 residues), and hence, its contribution to the
non-helicity of the peptide is greater. In addition, the
hydrophobic spacer region containing three Ala residues in
SA could increase the helicity of the peptide by better
insulating the non-helical region from the helical transmem-
brane domain. The CD results are further confirmed using
REDOR experiments on MLVs containing peptides labeled
with 13C′ and 15N isotopes (Figure 3). The observation of
similar 13C′ chemical shift values from DMPC and POPC
bilayers suggests that the conformation is independent of the
thickness of the bilayer.

Topology and Tilt of Peptides in Membrane Bilayers.PISA
wheels (Figure 11) generated from the experimentally
measured chemical shift (Figures 7 and 8) and dipolar
coupling (Figures 9 and 10) values (Table 2) on mechanically
aligned bilayers containing peptides suggest that the hydro-
phobic domain (residues 1 to 15 in Figure 1) of both of the
peptides has a transmembrane orientation in DMPC and
POPC bilayers. However, the helical axis of this domain is
tilted away from the direction of the bilayer normal in both
types of bilayers with a larger tilt in thinner DMPC bilayers
than in thicker POPC bilayers. These results are in very good
agreement with molecular dynamics simulations. Experi-
mental results suggest that the helical axis of both peptides
is tilted 15 ( 3° relative to the normal in POPC bilayers
compared to the MD predicted tilts of 13.3° for SA and 16.4°
for SKP. In DMPC bilayers, SA has an experimentally
determined tilt of 25( 3°, whereas for SKP, it is 30( 3°
compared to predicted values of 22.3° and 31.7°, respec-
tively. The trends and even the magnitudes of the tilts in the
simulations are remarkably consistent with experimental
values. The simulations on the hydrophobic sequence (the
TM peptide) alone suggest that the tilt angle is 19.8° and
24.6° in POPC and DMPC bilayers, respectively.

Solid-state NMR experiments have been successfully used
to understand the topology of several membrane-associated
peptides and proteins (13, 18-21, 40, 60, 61). Particularly,
the high resolution rendered by 2D PISEMA experiments
has yielded PISA wheel patterns of membrane-bound helices
(13, 18, 40, 60, 61). Images of proteins and peptides have
been used to address various biological questions related to
membrane-peptide and peptide-peptide interactions that
determine the function of membrane-associated proteins (11,
40, 65). Our PISEMA results presented in this article are
consistent with the interpretations and explanations provided
by previous studies on different transmembrane helical
systems (13, 18, 40, 60, 61, 65). Interestingly, the tilt angles
measured from solid-state NMR experiments are also in good
agreement with MD simulations. More generally, our results

and those of others indicate that a combination of MD
simulations and solid-state NMR structural constraints could
be a practical way to solve some of the challenging problems
involved in studying membranes and membrane-peptide
interactions. For example, MD simulations have yielded a
unique structure of gramicidin when combined with solid-
state NMR structural constraints obtained from mechanically
aligned bilayers (66). In addition, a recent study combining
MD simulations with NMR determined the orientation and
conformational preference of leucine-enkephalin in DMPC
bilayers (67). Similar studies are increasingly being carried
out in several laboratories. Therefore, we believe that
although both NMR and MD simulations will continue to
be developed, a suitable combination of the two can provide
insights into the structure, dynamics, folding, oligomerization,
topology, and function of some of the most challenging
membrane-associated peptides and proteins.

Effect of Hydrophobic Mismatch.Recent studies have
shown that the hydrophobic mismatch between the hydro-
phobic length of a helical peptide and the hydrophobic
thickness of the lipid bilayer can significantly affect the
backbone conformation, membrane orientation, tilt (the angle
between the helical axis and the bilayer normal), and
oligomerization of the peptide (65, 68-78). It could also
lead to changes in the phase, order/disorder, and curvature
of lipid bilayers (68). Although most previous studies utilized
designed peptides (68, 70-72, 74-76), in this study, we
considered the effect of hydrophobic mismatch on the folding
and tilt of functional peptides.31P NMR and MD simulation
results suggest that the hydrophobic mismatch, in both SA
and SKP peptides, did not alter the phase, structure, and order
of lipid bilayers. CD and REDOR experiments and MD
simulations showed that the backbone conformation of SA
and SKP peptides is independent of the thickness of the
bilayer, suggesting that the hydrophobic mismatch does not
affect the structure of the peptides either. However, as
mentioned above,15N NMR and MD simulations results
reveal that rather than altering either the membrane or the
peptide structure, hydrophobic mismatch is accommodated
through tilting of the peptides to keep their hydrophobic
domain within the hydrophobic region of the bilayer. The
measured and simulated tilt angles for SA and especially
SKP are generally larger than those observed for model
peptides such as KALP peptides (68). However, the observed
qualitative dependence of the tilt of SA and SKP peptides
on the bilayer thickness of DMPC and POPC is consistent
with recent NMR studies on other transmembrane peptide
fragments (65, 78). For example, Cross and co-workers used
NMR spectra of aligned bilayers containing the tetrameric
M2 protein of influenza A in DLPC, DMPC, and POPC
bilayers to understand the effect of hydrophobic mismatch
on the tilt of the helical transmembrane domain of the protein
(69, 78). Recently, Opella and co-workers used PISA wheels
to determine the effect of hydrophobic mismatch on the tilt
of a 36-residue N-terminal channel-forming segment of Vpu
protein from HIV (65). Interestingly, they reported a large
tilt angle of 51° and a helix kink in lipid bilayers (65).
Therefore, in the absence of oligomerization and disorder
in the structure of lipids, a large tilt angle is possible for
membrane-associated proteins/peptides, whereas the extent
of the tilt depends on the length of the hydrophobic sequence
and membrane composition (65, 69, 77, 78). The tilted
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transmembrane orientation of SA and SKP peptides and their
avoidance of the disruption of cell membrane integrity could
be responsible for their efficient transport of nuclear localiza-
tion sequences across the plasma membrane.
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