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ABSTRACT: Structural and dynamical features of the B18 peptide from the sea urchin sperm bindin protein
were determined in the crystalline state and in zwitterionic lipid bilayers at a peptide:lipid molar ratio of
1:12 using solid-state NMR spectroscopy. The study was focused on three13C and15N uniformly labeled
leucine residues, which were introduced into three different B18 peptides at positions evenly distributed
along the B18 primary structure. Isotropic13C and15N chemical shift measurements showed that while
B18 possesses a nonhelical and non-sheet-like structure in the crystalline state, the peptide adopts an
oligomeric â-sheet structure in the membrane in the presence of Zn2+ ions at high peptide:lipid ratio.
Torsion angle measurements for the three leucine sites supported these results, withφ torsion angles
between-80° and-90° in the crystalline state and between-110° and-120° in the membrane-bound
form. Theseφ torsion angles determined for membrane-bound B18 are consistent with a parallelâ-sheet
secondary structure. Analysis of motionally averaged dipolar coupling measurements established an increase
of the mobility in the leucine side chains upon binding to the membrane, whereas the backbone mobility
remained essentially unchanged, except in the binding site of Zn2+ ions. This difference in mobility was
related to the H-bond network in the parallelâ-sheet structure, which involves the backbone and excludes
the side chains of leucine residues. The parallelâ-sheet structure of B18 in the membrane in the presence
of Zn2+ appears to be an active state for the fusion of zwitterionic membranes in the presence of Zn2+.
A fluorescence fusion assay indicated that high B18 concentrations are required to induce fusion in these
systems. Therefore, it was hypothesized that the oligomericâ-sheet secondary structure revealed in the
study represents an active state of the peptide in a membrane environment during fusion.

Membrane fusion events are key processes in cellular life
involving for instance endo- or exocytosis, membrane
recycling, fertilization, and enveloped virus infection (1).
Before fusion can occur, close approach and contact between
the membranes have to be established. However, a number
of repulsive surface forces such as hydration and electrostatic
interactions as well as steric barriers act against the close
approach of the opposing membranes (2). In biological cells,
these repulsive surface forces can be overcome by the action
of a machinery of fusion proteins (3). Thus, close approach
between the opposing surfaces is facilitated by protein-
induced local dehydration and charge compensation while
steric barriers are defeated by local perturbations and
destabilizations of the bilayer structure induced by fusion
proteins.

Typically, these fusion proteins are large membrane-
stemming molecules that contain a relatively short peptide
sequence playing the decisive role in the fusion event (4).
These fusion peptides consist of approximately 20-30 amino

acids and have been shown to induce membrane fusion in
model systems. A large structural variety has been observed
for fusion peptides in model systems with bilayer membranes
(5-10). It turned out that theR-helical conformation appears
to be more prevailing than theâ-sheet structures (1).
Investigating the action of fusion peptides on membranes
during fusion events, it is interesting to note that the
biologically active state appears to be manifested by self-
aggregation and oligomerization of the fusogenic peptides
(8, 11).

One peptide that has been shown to induce fusion in
vesicle systems is the B181 from the 25 kDa fertilization
protein bindin, which mediates fusion between sperm and
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egg cells. Bindin is located in the membranes of sperm cells
of sea urchin (12, 13). The role of bindin in the fusion event
of egg and sperm cell has been determined in model
experiments probing fusion of lipid vesicle systems (14-
17). The central part of the protein consists of a highly
conserved hydrophobic region of about 70-80 residues.
Within that region, an 18 amino acid peptide (residues 103-
120), which is fully conserved in all sea urchin species,
appears to represent the minimum sequence capable of
inducing membrane fusion (18). This peptide, called B18,
shows an affinity for lipid membranes, is capable of
aggregating and fusing lipid bilayers, and binds Zn2+ by a
His-rich central motif in the B18 sequence (18). The presence
of Zn2+ ions strongly enhances the fusion activity of the
peptide for zwitterionic membranes while little effect is
observed in the absence of Zn2+ (Zschörnig et al., in
preparation).

In aqueous solution, B18 is largely unstructured as
indicated by circular dichroism (CD) experiments (18). Upon
Zn2+ binding, B18 appears to undergo a structural change
from unstructured toR-helical as observed by CD. The
peptide structure has been further characterized in a solution
NMR study revealing that B18 assumes a kinkedR-helical
structure in TFE solution or when bound to DPC or SDS
micelles, but the B18 peptide remains unstructured in
aqueous solution (19). In the presence of Zn2+, the kinked
helix becomes amphipathic, suggesting that the peptide might
favorably penetrate into a lipid bilayer.

Further structural characterization of the peptide has been
carried out in a Fourier transform infrared (FTIR) spectros-
copy approach (20). Using the attenuated total reflection
FTIR technique, the effect of Zn2+ on the secondary structure
of B18 and its interaction with lipid bilayer membranes could
be investigated. In good agreement with the CD results, the
peptide was found to have a largely random structure in the
absence of Zn2+ but becomesR-helical when Zn2+ is added.
When added to POPC membranes, the measurements re-
vealed anR-helical structure of B18 at a molar ratio of 1:50.
On the other hand, the FTIR spectra of B18 at a much higher
molar ratio of 1:5 with POPC showed the characteristic
features of aâ-sheet conformation (20). This is in agreement
with freeze-fracture electron microscopy data indicating that
the peptide shows a preference forâ-sheet structures at higher
concentrations (molar ratios of peptide to lipid of 1:10) (21).

In this study, the structure and dynamics of B18 have been
investigated by solid-state NMR in both the presence and
absence of phospholipid membranes. The advantage of solid-
state NMR is that intact lipid bilayers with the peptide
incorporated can be investigated, which are more biologically
relevant than detergent micelles. The tradeoff is the spectral
resolution that suffers from broad signals due to anisotropic
chemical shifts and dipolar couplings. However, by applica-
tion of magic angle spinning (MAS) and high-power decou-
pling, sufficiently well-resolved13C NMR spectra are
obtained (22). Despite these technical difficulties, significant
advances have been achieved in the last years to investigate
the structure and dynamics of membrane-associated peptides
and proteins (23-27). In particular, specific isotopic labeling
schemes allow determination of quantitative structural con-
straints such as distances or torsion angles as well as
dynamical parameters of membrane-associated peptides and
proteins with great precision.

So far, only a few solid-state NMR studies of membrane-
bound fusion peptides have been carried out (6, 28). In this
work, we performed solid-state NMR measurements to
investigate the structure and dynamics of membrane-bound
B18 under conditions relevant for membrane fusion, i.e., in
the presence of Zn2+ ions. Three different peptides were
synthesized, each bearing a fully13C/15N-labeled Leu residue
in the structure. Thus, site-specific structural information is
obtained to better understand the biological action of the
peptide when interacting with the lipid membrane.

EXPERIMENTAL PROCEDURES

Materials. The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-d31-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC-d31), N-(7-nitro-2,1,3-benzoxa-
diazol-4-yl)phosphatidylethanolamine (NBD-PE), andN-
(lissamine Rhodamine B sulfonyl)phosphatidylethanolamine
(Rh-PE) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL) and used without further purification. Fmoc-
[U-13C,15N]Leu was purchased from Cambridge Isotopes, Inc.
(Andover, MA). The B18 peptide with the amino acid
sequence LGLLL RHLRH HSNLL ANI was synthesized at
the Medical Faculty (Charite´) of Humboldt University Berlin
by the standard Fmoc peptide synthesis protocol. Each
peptide, named hereafter B18 L-n with n ) 4, 8, or 15,
contained one uniformly13C- and15N-labeled leucine that
was inserted at thenth position of the peptide sequence.

Sample Preparation.For solution NMR measurements, 1
mg of B18 was dissolved in 1 mL of aqueous buffer (10
mM NaCl, 10 mM Hepes, pH 7.4) prepared from a 90/10
(v/v) H2O/D2O mixture. For the crystalline samples, ap-
proximately 30 mg of peptide powder was filled into a 4
mm MAS rotor with Teflon insert.

For the membrane-bound samples liposomes were pre-
pared by vortexing the aliquots of POPC in buffer (10 mM
HEPES, 10 mM NaCl, pH 7.4) at a concentration of about
50 mg/mL. The suspension was submitted to 10 freeze-
thaw cycles for equilibration. Large unilamellar vesicles
(LUV) were prepared by extrusion across a polycarbonate
Unipore membrane (100 nm pore size; Millipore Corp.,
Bedford, MA) using a Lipex extruder (Biomembranes,
Vancouver, British Columbia, Canada) (29). The lipid
concentration after extrusion was measured by phosphorus
determination (30). The B18 peptide, dissolved in buffer,
was added to the suspension to reach the desired peptide to
lipid molar ratio. Subsequently, zinc ions were added at a 5
mM concentration, and the mixture was lyophilized. After
lyophilization, the sample was rehydrated to a water content
of 30 wt % and equilibrated by freeze-thaw cycles, stirring,
and gentle centrifugation. The sample was finally transferred
into a 4 mm MASrotor with Teflon inserts (50µL volume)
for NMR measurements.

Solution NMR Spectroscopy. Solution NMR experiments
were performed on a DRX600 spectrometer (Bruker Biospin,
Rheinstetten, Germany), operating at a resonance frequency
of 600.13 MHz for1H and 150.91 MHz for13C. Sensitivity-
enhanced gradient heteronuclear single-quantum coherence
(HSQC) spectra (31) were acquired, using 90° pulse lengths
of 8.2 and 14.5µs for 1H and13C, respectively.

Static Solid-State NMR Experiments.2H NMR spectra
were acquired on a Bruker DMX300 spectrometer, operating
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at a resonance frequency of 46.06 MHz. A high-power probe
with a 5 mmsolenoid coil was used. Spectra were acquired
using a phase-cycled quadrupolar echo pulse sequence (32)
with two 4.8µs 90° pulses, a 100µs delay between pulses,
and a relaxation delay of 0.5 s. The carrier frequency was
placed at the center of the spectrum.

Data analysis was carried out as described in ref33. The
treatment involved the dePaking of the real part of the spectra
using the algorithm of McCabe and Wassall (34) to determine
the order parameter of each individual methylene group in
the lipid chain.

MAS NMR Experiments.All solid-state MAS NMR
experiments were carried out on a Bruker AVANCE 750
spectrometer at a resonance frequency of 749.98 MHz for
1H, 188.62 MHz for13C, and 76.01 MHz for15N. A triple-
resonance MAS probe was used for torsion angle measure-
ments, whereas dipolar coupling measurements were carried
out using a double-resonance MAS probe, both equipped
with a 4 mmspinning module.

CP MAS spectra were acquired using a1H 90° excitation
pulse of 4-4.5 µs length and a cross-polarization (CP)
contact time of 700µs for 13C and 2 ms for15N. The 1H
radio-frequency field strength for heteronuclear two pulse
phase modulation (TPPM) decoupling (35) was between 55
and 65 kHz.

The strength of the15N-1H and the 13C-1H dipolar
couplings was measured using the constant time dipolar and
chemical shift (DIPSHIFT) pulse sequence (36-38) (Figure
1a). The strengths of these coupling values are crucial input
parameters for the simulations necessary for the determina-
tion of the torsion angleφ (see below). They also provide

information about the dynamics of the peptide under study.
For the DIPSHIFT experiment,1H-1H homonuclear decou-
pling was achieved with the frequency-switched Lee-
Goldburg (FSLG) sequence (39). The 360° 1H pulses had a
duration of 15-18 µs, with an effective decoupling field
strength of 70-80 kHz. The MAS frequencies were 7000
Hz for 13C and 5000 Hz for15N DIPSHIFT experiments.
Since the dipolar-induced signal decay is periodic with the
rotor period, it was only necessary to acquire the signal over
one rotor period in the indirect dimension. Therefore,
DIPSHIFT spectra were only Fourier transformed in the
direct dimension, and the dipolar dephased signal was
extracted for each resolved peak. The one-rotor-period time
domain data were fitted to yield the coupling strength of
interest.

The torsion angleφ was determined using the HNCH pulse
sequence (38) (Figure 1b). After a first REDOR period,
during which the dipolar coupling between13C and15N is
reintroduced under MAS conditions, heteronuclear multi-
quantum coherences of the CxNy type are created. These
coherences are allowed to evolve simultaneously under the
influence of the1H-13CR and the1H-15N dipolar coupling
tensors duringt1. This dephasing of the MAS signal during
one rotor period depends on the respective orientation of the
tensors that are aligned along the CR-H and N-H bonds.
Thus, the evolution is related to the projection angle between
the CR-H and N-H bonds,φH, which provides theφ torsion
angle sinceφH ) φ - 60° for L-amino acids. This results in
the encoding of the coherences with torsion angle informa-
tion. These coherences are converted to13C observable
magnetization using an additional REDOR sequence and
detected duringt2.

The 13C and15N 180° pulse lengths were 12 and 13µs,
respectively. All other parameters were akin to the CP and
the DIPSHIFT experiments. The samples were spun at aωr/
2π ) 4000 Hz rate. The number of scans was between 2K
and 5K for the crystalline and between 4K and 10K for the
membrane-bound samples. Again, due to the periodicity of
the signal, acquisition only lasted one rotor period in the
indirect dimension. A dephasing curve was obtained after
Fourier transform in the direct dimension only. These data
were fitted to yield the torsion angle.

Simulations.The time evolution under the C-H (or N-H)
dipolar couplings in 2D DIPSHIFT experiments was simu-
lated for one rotor period using Mathcad (Mathsoft, Inc.,
Cambridge, MA). Simulations were performed for varying
dipolar coupling strengths. Powder averaging was performed
in 2° and 3° increments for theâ and γ Euler angles,
respectively. Other input parameters included the number
of t1 increments, the dwell time, and the spinning rate.

The time evolution under the influence of the CR-H and
N-H dipolar coupling tensors in torsion angle measurements
was simulated with a Fortran program described in ref38.
Input parameters were the spinning rate, the number of time
domain points, and theδCR-H andδN-H coupling constants,
measured in the DIPSHIFT experiments. Powder averaging
was performed in 3° increments for all three Euler angles.

For all experiments, the simulated curves were multiplied
with an exponential decay to account forT2 relaxation effects
during the time evolution. The best agreement between
simulation and experiment was determined by the smallest
RMSD values.

FIGURE 1: Pulse sequences of the constant time DIPSHIFT (a) and
the HNCH experiment (b) applied to investigate molecular order
parameters and local secondary structure of peptides. Filled and
open rectangles representπ/2 andπ pulses, respectively. Key: CP,
cross-polarization; TPPM, two pulse phase modulation decoupling;
FSLG, frequency-switched Lee-Goldburg decoupling;τr, length
of a rotor period.
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Phospholipid Mixing Experiments.For the investigation
of fusogenic activity of B18, POPC LUV were prepared
containing 1 mol % of NBD-PE and Rh-PE, respectively.
The mixing of phospholipids as a result of fusion was
followed by the fluorescence resonance energy transfer
(FRET) method, using NBD-PE as donor and Rh-PE as
acceptor (40, 41). The fluorescence measurements were
carried out using an excitation wavelength of 465 nm;
fluorescence emission was recorded from 500 to 620 nm.
The fluorescence intensities reached equilibrium after about
1 min. The extent of phospholipid mixingM was calculated
from the intensity of NBD-PE at 525 nm and Rh-PE at 578
nm according to

whereI is the fluorescence intensity in the presence andI0

that in the absence of B18. The experiments were carried
out at 30°C. The 100% value of PL mixing was obtained
by solubilization of the vesicles in 0.2% (v/v) Triton X-100.

RESULTS

B18-Induced Fusion of POPC Vesicles.The purpose of
this study was to investigate structural and dynamical aspects
of B18 interaction with zwitterionic membranes in the
presence of Zn2+ using solid-state NMR methods. To find
out the critical B18 concentration for fusogenic activity, the
fusion activity of B18 for POPC membranes in the presence
of Zn2+ was investigated by a fluorescence assay using
FRET. Figure 2 shows the phospholipid mixing extent of
the NBD-Rh mixing assay for the B18/POPC/Zn2+ system
in a concentration regime marking the onset of phospholipid
intermixing. For both Zn2+ concentrations, an increase of

the phospholipid mixing extent as a result of vesicle fusion
is observed. As indicated from the measurements, it is to be
expected that the fusion extent increases for higher B18
concentration; however, here, we were only interested in
finding the critical B18 concentration to induce vesicle
fusion. For instance, if we define a phospholipid mixing
extent of 10% as a threshold value for fusion activity, a B18
concentration of approximately 15µg/mL is required at 50
µM Zn2+. This also appears to be the threshold concentration
for the onset of POPC fusion at low Zn2+ concentration. This
translates into 16 POPC molecules per B18 and even fewer
lipids per B18 if one only considers the outer membrane
leaflet. Therefore, a rather high B18:phospholipid ratio is
required to induce appreciable amounts of fusion in zwitter-
ionic POPC membranes.

Therefore, we constructed the system for B18 structural
and dynamical studies at a relatively high B18:POPC mixing
ratio of 1:12. A Zn2+ concentration of 5 mM was used,
translating into 1.5 Zn2+ ions per B18 molecule.

2H NMR Spectra and Chain Order Parameters.Static
solid-state2H NMR spectra of pure POPC membranes (a)
and POPC membranes with associated B18 (b) both in the
presence of 5 mM Zn2+ are shown in Figure 3. Eight well-
resolved quadrupolar splittings were observed. The effect
of B18 binding is unmistakable in the drastic reduction of
all quadrupolar splittings that is observed in Figure 2b.
Addition of 5 mM Zn2+ alone has only a negligible influence
on the2H NMR spectra of POPC (not shown).

To further illustrate the drastic influence of B18 binding
on lipid chain order, the2H NMR spectra of Figure 3 were
converted into individual chain order parameters for each
deuteron along the chain by the dePaking method. This
procedure yields order parameter profiles shown in Figure
4. The reduction in POPC chain order due to B18 binding is
experienced for all molecular segments of the POPC chains.
Thus, the average order parameter decreased from 0.172 in

FIGURE 2: Phospholipid mixing extents in LUV according to the
NBD-Rh FRET experiment as a function of the B18 concentration.
Fluorescence experiments were carried out at Zn2+ concentrations
of 50 µM (2) and 5µM (b) at a temperature of 30°C. Buffer
concentration: 100 mM NaCl and 10 mM Hepes, pH 7.4.

M )
I525

I578
-

I525
0

I578
0

(1)

FIGURE 3: 46.1 MHz2H NMR spectra of POPC-d31 in the absence
(a) and presence (b) of B18 at a temperature of 25°C and a lipid
to peptide molar ratio of 12:1. Measurements were performed in
30 wt % aqueous buffer (10 mM NaCl, 5 mM ZnCl2, 10 mM Hepes,
pH 7.4).
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pure POPC membranes to 0.132 in the B18-associated POPC
MLVs. This loss of order leads to a decrease of the molecular
packing density and an increase in the area per POPC
molecules in the membrane, which can be quantified
according to ref42. From the changes in lipid chain order,
an increase of area per molecule of 4.3 Å2 was calculated.

13C NMR Isotropic Chemical Shifts.13C CP MAS and13C
HSQC NMR spectra of crystalline B18 L-8, B18 L-8 bound
to POPC membranes in the presence of 5 mM Zn2+, and
B18 L-8 in aqueous buffer are shown in Figure 5. The peaks
marked with a B or L were assigned to buffer signals in
HSQC spectra (c) and to lipid signals in MAS spectra (b),
respectively. The typical line width for the13C/15N-labeled
Leu in B18 in the CPMAS spectra is about 1.3 ppm for the
CR signal in the absence and about 1.8 ppm in the presence
of POPC membranes. For the CO line, the width is between
2.1 and 3.5 ppm in the absence and between 1.3 and 2.1
ppm in the presence of POPC. For comparison, the relatively
mobile lipid molecules exhibit signals with a width of less
than 0.5 ppm. The13C chemical shifts of the B18 peptides
were calibrated with respect to the13CO signal of an external
13C-labeled glycine standard in all three spectra. Amidic15N
chemical shifts of labeled leucines in B18 were also
determined in the crystalline and the membrane-bound states
(spectra not shown) and referenced with respect to the15N
N-t-Boc-Gly signal.

Isotropic chemical shifts are sensitive markers for second-
ary structure (43, 44). For instance, compared to the random
coil chemical shift, a downfield shift of the13C CR signal
with a simultaneous upfield shift of the Câ signal is indicative
of an R-helix formation while the opposite chemical shift
changes are signatures ofâ-sheet structures (44). For the
15N amide signal of a protein,â-sheet structures are found
at low field whileR-helix signals are detected at higher field
(45).

The isotropic chemical shifts for the Leu in three positions
of B18 are shown in Table 1. Several trends for secondary

shift changes upon membrane binding are evident for all
peptides through a comparison of the data of the crystalline
or the aqueous samples with the membrane-bound samples.

First, the backbone carbon atoms, i.e., carbonyl groups
and CR, always shifted to lower chemical shift values in the
membrane-bound samples. These changes between 2.3 and
4.3 ppm are significant. Simultaneously, the Câ side-chain

FIGURE 4: 2H NMR order parameter profile of thesn-1 chain of
POPC-d31 membranes in the absence (9) and presence (0) of the
B18 peptide at 25°C. The experimental conditions were as in Figure
3.

FIGURE 5: 188.6 MHz13C CP MAS spectra of (a) crystalline B18
L-8 in the absence of water and (b) B18 L-8/POPC membranes
(molar ratio of 1:12) at a buffer content of 30 wt % (10 mM NaCl,
5 mM ZnCl2, 10 mM Hepes, pH 7.4). The MAS spinning frequency
was 7 kHz for both spectra. (c)13C dimension of a 150.9 MHz
HSQC spectrum of 1 mg/mL B18 L-8 in H2O/D2O (90/10 v/v)
buffer (10 mM NaCl, 10 mM Hepes, pH 7.4). Spectra were
referenced with respect to the CO signal of Gly (176.4 ppm) as an
external standard. Lipid and buffer signals are marked with L or
B, respectively. ssb) spinning sidebands. All spectra were acquired
at a temperature of 25°C.

Table 1: Isotropic Chemical Shift Values (in ppm) for13C/
15N-Labeled Leu in the Three B18 Peptides in Solution and in the
Crystalline and Membrane-Bound States

CRa Câb Cγ Cδ Cε COc 15Nd

B18 L-4 solution 56.3 43.5 28.5 25.9 25.0
crystalline 56.3 39.0 25.0 23.0 20.8 176.8 118.5
POPC/Zn2+,

5 mM
52.2 43.8 25.6 23.2 22.6 172.7 125.7

B18 L-8 solution 56.3 43.7 28.3 26.2 24.7
crystalline 56.3 39.4 24.6 23.3 20.4 177.6 120.0
POPC/Zn2+,

5 mM
52.4 43.2 25.6 23.3 22.7 175.3 129.7

B18 L-15 solution 56.2 43.4 28.3 26.2 24.6
crystalline 55.4 39.7 24.6 23.1 20.7 176.4 117.4
POPC/Zn2+,

5 mM
51.9 43.9 25.6 23.3 21.6 173.0 126.8

a Average Leu13CR random coil andâ-sheet values are 55.7 and
53.9 ppm, respectively (43). b Average Leu13Câ random coil values
are 41.9 ppm (65). c Average Leu13CO random coil andâ-sheet values
are 176.9 and 175.5 ppm, respectively (43). d Average Leu15N random
coil andâ-sheet values are 122.2 and 123.1 ppm, respectively (45).
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signals shifted to higher chemical shifts by values between
3.8 and 4.8 ppm. Second, a shift to higher frequencies was
observed for the15N amidic nuclei in all three samples upon
binding to the membranes. This shift is very substantial as
it is comprised between 7.2 ppm for B18 L-4 and 9.7 ppm
for B18 L-15. All of these characteristic chemical shift
changes clearly are indicative of a structural change from a
coil structure in the crystalline toward aâ-sheet-like extended
structure in the membrane-bound sample. Our absolute13C
chemical shifts agree well with values from empirical
databases (43) while the absolute values for the measured
15N shifts are systematically bigger (Table 1), which might
be related to hydrogen bonding inN-t-Boc-Gly. Further,
recent quantum chemical calculations indicate that15N
chemical shifts are most sensitive to hydrogen bonding (46).
Therefore, the large downfield shift might be mostly related
to hydrogen bonding in the oligomericâ-sheets. Therefore,
we can conclude that the two effects (H-bonding plus change
to aâ-sheet structure) may add and result in large deshielding
of the 15N nuclei.

The13C HSQC spectra of the water-soluble samples gave
somewhat different chemical shift values for the side-chain
signals while the position of the CR resonances agrees well
with the crystalline sample. Since the CR chemical shifts
are the most sensitive indicators for secondary structure, it
can be concluded that the peptide has a coil structure both
in the crystalline and in the soluble state, confirming previous
studies (18, 19). However, these structures are very likely
not the same. In solution, the peptide has a poorly defined
structure, while in the crystalline state the structure is well
defined (see below). This is for instance indicated by different
side-chain shifts. Differences between side-chain chemical
shifts in solution and solid state on the order of up to 5.4
ppm (2.4 ppm for Leu) have been observed before for almost
all amino acids, while the CR values typically show a better
agreement between solution and solid state (47).

Next, the question arises whether the chemical shift values,
i.e., the peptide’s secondary structure, are dependent on the
B18 concentration. Therefore, we carried out isotropic
chemical shift measurements as a function of B18 concentra-
tion for B18 L-8 in POPC membranes (Figure 6). It is clearly
seen that a structural change occurs at higher B18 concentra-
tions, indicated by significant changes in the isotropic
chemical shift values toward theâ-sheet structure at high
peptide to lipid ratio.

φ Torsion Angle Measurements.To corroborate the results
from the isotropic chemical shift analysis, theφ torsion angle
was measured for the labeled leucine residue in all three B18
samples, both in the crystalline and in the membrane-bound
states, by correlating the15NH and13CH dipolar tensors in
a HNCH experiment (38). Since the mutual orientation
between the two dipolar tensors leads to very different
characteristic dephasing of the MAS signal, the torsion angle
φ can be quantitatively determined from the experiment. Due
to sensitivity issues, the torsion angle measurement can only
be conducted at high peptide concentration.

Figure 7 represents the dephasing curves of B18 L-8 in
the crystalline state (filled squares) and in the membrane-
bound state (open squares) recorded over one rotor period.
Notice that the number of data points for the membrane-
bound samples was only half of that for the crystalline
sample. This was to avoid prohibitive experimental time due

to high signal averaging, which was necessary for the limited
amount of labeled residue in the bound state. For the
membrane-bound sample, 10 mg of peptide was used,
translating into only∼500µg of 13C/15N-labeled Leu in each
sample.

For all three peptides, the dephasing of the MAS signals
under the influence of the1H-15N and 1H-13C dipolar

FIGURE 6: 13C isotropic chemical shift values for CR (9), Câ (2),
and CO (1) signals of B18 L-8 in POPC MLV at varying B18
concentration in the presence of 5 mM Zn2+ measured from13C
CP MAS spectra at a MAS spinning frequency of 7 kHz at a
temperature of 25°C. Samples were prepared at a buffer content
of 30 wt % (10 mM NaCl, 10 mM Hepes, pH 7.4).

FIGURE 7: Dipolar dephasing curves of HNCH spectra for crystal-
line B18 L-8 (9) and B18 L-8 bound to POPC membranes in the
presence of 5 mM Zn2+ at a molar ratio of 1:12 (peptide:lipid) in
aqueous buffer (10 mM NaCl, 10 mM Hepes, pH 7.4) (0). Lines
represent best fit numerical simulations withφ torsion angles of
-80° (solid line) in the crystalline and-110° (dashed line) in the
membrane-bound state in the presence of 5 mM Zn2+. Somewhat
thinner lines that envelop the data points represent simulations with
torsion anglesφ (10° to indicate the experimental error.
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tensors was always less pronounced in the membrane-bound
state. To obtain quantitative data for the torsion angle,
numerical simulations have been carried out as a function
of torsion angle and compared with the experimental data.
The best fit (solid line, crystalline B18 L-8; dotted line,
membrane-bound B18 L-8) provided the torsion angles
reported in Table 2. The torsion angleφ was between-80°
and-90° in the crystalline state, which agrees with a coil
secondary structure. In the membrane-bound state,φ torsion
angles of-110° and-120° were measured, which represents
the torsion angle for parallelâ-sheet in the Ramachandran
diagram (48). The change upon binding with POPC LUV
was between 30° and 40° for all Leu residues investigated.
This seems to be an indication for a uniform structure of
the B18 polypeptide chain, rather than a heterogeneous
structure presenting a kink or a loop.

It should be noted that, in the HNCH NMR experiment,
the torsion angleφH ) HN-N-CR-HR is measured, which
is related to the true backbone torsion angleφ ) CO-N-
CR-CO by φH ) φ - 60° for L-amino acids. Each
simulation corresponds to twoφ angles since the NMR
experiment determines(φH. Only the structurally relevant
negativeφ angle has been reported here.

1H-13C Dipolar Couplings and Order Parameters.To
obtain dynamics information for the crystalline and membrane-
bound B18 peptides, 2D DIPSHIFT experiments were carried
out to measure C-H dipolar couplings of the labeled leucine
residues in all three peptides. Since molecular motions
partially average dipolar coupling values, these parameters
provide order parameters of the amplitude of the motions of
the CH bond vectors; the smaller the dipolar coupling, the
larger the motional amplitude. Further, the true magnitude
of the scaled dipolar CH and NH couplings was used for
precise simulations to calculate theφ torsion angles from
HNCH experiments as described above.

Figure 8 represents typical1H-13C and1H-15N dipolar
evolution curves for the crystalline (filled squares) and the
membrane-bound samples (open squares). The magnitude of
the dephasing corresponds to the strength of the dipolar
coupling; the more dephasing, the higher the coupling value.
The dephasing due to the dipolar interaction is less pro-
nounced for the side-chain signals of membrane-bound
samples. Quantitative values for the dipolar coupling strength,
obtained from numerical simulations, are listed in Table 3.
The measured coupling values are scaled by the scaling factor
for the FSLG sequence, which has a theoretical value of
0.577 (39). Since this scaling factor varies upon the
experimental conditions (49), we obtained rigid limit values
from measurements of crystalline amino acids as reference
values for the full dipolar coupling: CH (Ala, 13.7 kHz),
CH2 (Gly, 16.3 kHz), and CH3 (Ala, 7.6 kHz) groups. The
latter already includes the scaling of the methyl group due
to rotation about the C-C bond.

From the motionally averaged dipolar coupling values, the
molecular order parameters of the CH bonds (SCH) can be
calculated according to

whereδhCH is the magnitude of the motionally averaged and
δCH the full dipolar coupling.

The general trend for the B18 order parameters indicates
that the membrane-associated peptides have higher mobility;
i.e., they undergo larger amplitude motions, compared to the
crystalline state. This is particularly true for the side chains,

Table 2: φ Torsion Angles (deg) of the B18 Peptides in the
Crystalline State and Bound to POPC Membranes in the Presence of
5 mM Zn2+ Determined in the HNCH Experiment

crystalline POPC/Zn2+, 5 mM

B18 L-4 -80 ( 5 -120( 15
B18 L-8 -80 ( 10 -110( 10
B18 L-15 -90 ( 5 -120( 15

FIGURE 8: Typical 1H-13C and1H-15N dipolar dephasing curves
over one full rotor period of DIPSHIFT spectra of crystalline (9)
and membrane-bound B18 L-n (0). The four panels show the CR
signal of B18 L-4 (a), the Câ signals of B18 L-8 (b), the Cγ signals
of B18 L-15 (c), and the15N signal of B18 L-4 (d). Lines represent
best fit simulations for the crystalline (solid lines) and the
membrane-bound sample (dashed lines). Dipolar coupling values
are listed in Table 3.

Table 3: 1H-13C and1H-15N Dipolar Couplings and CH Order
Parameters for Crystalline B18 and B18 Bound to POPC
Membranes in the Presence of 5 mM Zn2+

crystalline POPC/Zn2+, 5 mM

∆νD SCH
a ∆νD SCH

B18 L-4 CR 12.5 0.91 12.6 0.92
Câ 14.7 0.90 12.5 0.77
Cγ 9.4 0.69 9.4 0.67
Cδ 6.3 0.28 5.1 0.22
15N 5.5 NA 5.0 NA

B18 L-8 CR 13.1 0.96 12.1 0.88
Câ 13.9 0.85 9.9 0.61
Cγ 10.5 0.77 5.7 0.42
Cδ 8.5 0.37 6.2 0.27
15N 5.7 NA 5.7 NA

B18 L-15 CR 13.2 0.96 13.0 0.95
Câ 13.6 0.83 13.3 0.82
Cγ 9.8 0.72 5.5 0.40
Cδ 7.7 0.33 4.3 0.19
15N 5.2 NA 4.6 NA

a The full dipolar coupling values including the FSLG scaling factor
were measured from rigid crystalline amino acids: CH, 13.7 kHz; CH2,
16.3 kHz; and CH3, 22.8 kHz.

SCH )
δhCH

δCH
(2)
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where significantly reduced order is obtained for most
signals. It appears that the backbone CR order parameter
remained essentially unchanged, with the notable exception
of B18 L-8, for which it decreased from 0.96 in the
crystalline state to 0.88 in the bound state. The15NH dipolar
couplings show some reduction for the membrane-bound
peptides. However, the coupling value along the NH bond
is very sensitive to hydrogen bonding and, therefore, not
entirely due to molecular motion (50).

DISCUSSION

The membrane affinity of the B18 peptide is manifested
by its seven Leu residues that contribute a free energy of
transfer from the aqueous environment (initial state) to the
membrane interface (final state) of-3.92 kcal/mol (51).
Altogether, a favorable free energy of transfer of-0.95 kcal/
mol is obtained for all residues of B18, explaining the
preference of the peptide for the membrane. The binding of
B18 to zwitterionic membranes and its fusogenic activity is
strongly enhanced by Zn2+ ions. These ions bind to the His-
rich center of the peptide and increase the propensity of the
peptide for the membrane by formation of a POPC/Zn2+/
B18 complex (18, 20). Therefore, the structure and dynamics
of B18 associated with zwitterionic membranes in the
presence of Zn2+ were investigated in this study.

Membrane binding of soluble peptides or proteins very
often leads to pronounced structure and mobility changes
(26, 52-54). When approaching a lipid membrane, the
peptide experiences an environment of decreasing polarity,
which significantly differs from the properties of the aqueous
solvent. Fixed charges and the polar nature of the peptide
backbone lead to an increase in Born repulsion upon
membrane approach of the peptide (55). Consequently,
membrane partitioning has only been observed for hydrogen-
bonded secondary structures such asR-helices and oligomeric
â-sheet elements, which significantly reduces the free energy
of transfer from water to the membrane by 0.7 kcal/mol per
amino acid (51, 56).

In this study, secondary structure changes upon membrane
binding of the B18 peptide have been determined quantita-
tively by solid-state NMR spectroscopy, which is the method
of choice for the investigation of peptide binding to intact
bilayer membranes. Since anisotropic interactions are not
averaged out in solids, MAS in combination with specific
isotopic labeling has to be applied to obtain structural data
even for relatively small peptides.

Our solid-state NMR results for crystalline B18 showed a
coil structure. The terminology “coil” is a bit misleading
since it implies that the structure is “random” and thus poorly
defined. This is, however, not the case for crystalline B18
since relatively narrow13CR and 13CO lines are observed,
indicating that the peptide adopts a well-defined conforma-
tion with φ torsion angles for the three investigated Leu sites
between-80° and-90°. Therefore, following the suggestion
in ref 45, we refer to coil structures for all molecular
structures that are notR-helix or â-sheet.

When bound to a zwitterionic POPC membrane in the
presence of Zn2+ ions, a structural change of B18 occurs.
Both isotropic chemical shift measurements and the quantita-
tive φ torsion angle determination indicate that membrane-
bound B18 exhibits a parallelâ-sheet-like structure. While

folding and structural changes upon membrane binding are
typically observed for fusion peptides (4, 52), this result
comes somewhat as a surprise because both solution NMR
and CD spectroscopy have revealed anR-helical structure
of B18 (18, 19). However, in these measurements, the helical
structure of B18 was found in membrane-mimicking solution
(such as TFE) or when bound to detergent micelles. Since
interface and curvature properties of micelles differ signifi-
cantly from planar bilayers, it is understandable that the
bilayer structure of the B18 peptide observed in this study
is completely different. To resolve this contradiction, we have
carried out isotropic chemical shift measurements that
indicate the formation ofâ-sheet structures at high peptide
concentration (Figure 6). Further, FTIR measurements are
consulted, which have revealed that the B18 structure in lipid
membranes in the presence of Zn2+ is R-helical at low (i.e.,
1:50 B18:lipid) andâ-sheet-like at high peptide concentration
(i.e., 1:5 B18:lipid) (20).

In our measurements of the B18 structure and dynamics,
a peptide to lipid ratio of 1:12 was used to simulate the fusion
active state of the peptide in POPC membranes that appears
to involve these high B18 concentrations (Figure 2). There-
fore, we conclude that the parallelâ-sheet arrangement found
for membrane-associated B18 is the structure that the peptide
assumes in the bilayer membrane at relatively high concen-
tration.

2H NMR order parameters of the lipid chains indicated
that membrane binding of B18 in the presence of Zn2+ leads
to significant perturbations of the lipid packing and mem-
brane structure. The order parameter decrease upon B18
binding is particularly pronounced for the lower chain
segments (Figure 4). Such order changes are typical signa-
tures of penetration of the lipid water interface of the
membrane by the bound peptide (57). Since only hydrogen-
bonded structures can penetrate the lipid bilayer (56), it has
to be concluded that theâ-sheets of the B18 peptide
oligomerize upon membrane binding in the presence of Zn2+

at high enough concentrations. Hydrogen bonding inâ-sheet
structures can be satisfied in parallel or antiparallel arrange-
ments of individual sheets. Indeed, theφ torsion angles that
we measured for the peptide all suggest that B18 forms a
parallel â-sheet when bound to the membrane (Table 2).
Although only three torsion angles have been measured in
this study, the labels were distributed over the entire peptide.
It is very unlikely that the three residues between L-4 and
L-8 and the six residues between L-8 and L-15 would have
a different secondary structure. The widths of the carbonyl
and the CR lines of the membrane-associated B18 peptide
are very small (∼1-2 ppm), which indicates that there is
little structural heterogeneity within the peptide (6).

It has been reported that peptide self-aggregation plays
an important role in the course of action of fusogenic peptides
(8, 11, 28). Oligomeric parallelâ-sheets can penetrate the
lipid membrane, which leads to a decrease in lipid chain order
parameters (Figure 4). Such a shallow penetration of B18
causes a local destabilization of the membrane due to the
introduction of curvature strain, which may finally lead to
the formation of the fusion pore. Therefore, we hypothesize
that structural changes and oligomerization into parallel
â-sheets are necessary prerequisites for the fusogenic activity
of membrane-bound B18.
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In a previous study, theâ-sheet structure of B18 has been
considered “inactivated” to induce membrane fusion based
on freeze-fracture electron microscopy results (21). This is
in contradiction with our results that indicate that high B18
concentrations are required to induce fusion in POPC
membranes. However, in ref21, the inactivatedâ-sheet state
of B18 has been observed in the absence of Zn2+, which is
required to induce fusion. While this controversy cannot fully
be resolved here, we note that there are severalâ-sheet-like
fusion peptides that represent the active state in the course
of the fusion event (6, 58, 59). Very recently, Weliky and
co-workers have shown elegantly that artificial oligomer-
ization of the fusion peptide gp41 from HIV-1 induced by a
cross-linker leads to parallelâ-sheet structures that show the
full fusion activity even at very low peptide to lipid ratio
(58).

An oligomericâ-sheet structural arrangement would also
be consistent with the mobility changes of B18 observed
upon Zn2+-mediated membrane binding. The order param-
eters of the peptide backbone are relatively high. This is
indicative of a rather rigid structure, while short peptides or
secondary structure elements of proteins can acquire sig-
nificant mobility (57, 60, 61). The relatively rigid peptide
backbone is a consequence of the intermolecular hydrogen
bonds that stabilize the parallelâ-sheet arrangement of B18,
similar to theâ-barrel membrane protein OmpA (62). Only
for B18 L-8 is a somewhat lower order parameter measured
for the membrane-bound sample. This leucine residue is
located at the Zn2+ binding site of the peptide. Zn2+ ions
may slightly influence the intersheet hydrogen bonding,
resulting in somewhat higher mobility.

The leucine side chains are not involved in hydrogen
bonding. Consequently, their mobility is higher in the liquid-
crystalline bilayer. The motion of the leucine side chains
can be modeled as a superposition of wobbling in a cone
and discrete jumps between different rotamers (60). Accord-
ing to X-ray investigations, for leucine side chains only two
out of the nine possible rotamers are significantly populated
(63). The continuous reduction of CH order parameters along
the leucine side chain indicates that bothø1 and ø2 angles
are flexible and the side chains are in fast exchange between
the gauche+-trans and the trans-gauche- conformation. The
lower order parameters in the membrane-bound state may
indicate different populations of the two rotamers but also
larger amplitude wobbling motions of the side chains due
to collisions with the highly mobile lipid molecules in the
liquid-crystalline membrane.

All motions with correlation times much smaller than the
inverse of the interaction strength scale down dipolar
couplings. Therefore, the motions detected for the leucine
residues in B18 must have correlation times much smaller
than ∼40 µs. Typically, these segmental and side-chain
motions are much faster with correlation times on the order
of a few nanoseconds (64).

In summary, we have identified the structure of the
membrane-bound B18 fusion peptide in the presence of Zn2+

at high peptide concentration to be an oligomeric parallel
â-sheet. This structure is bound to the lipid-water interface
of the membrane. Membrane binding is accompanied by a
moderate increase in segmental mobility, which is particu-
larly noteworthy for the side chains. Since oligomerization
appears to be required during a fusion event, we hypothesize

that the observed structural peptide arrangement and its
impact on membrane structure and packing properties
represent an active state in the course of action of the B18
fusion peptide. Indeed, according to a fusion assay, high
peptide concentrations are required to induce fusion in
zwitterionic POPC membranes in the presence of Zn2+.
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