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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'#raad’>N uniformly labeled

leucine residues, which were introduced into three different B18 peptides at positions evenly distributed
along the B18 primary structure. IsotropC and!®N chemical shift measurements showed that while

B18 possesses a nonhelical and non-sheet-like structure in the crystalline state, the peptide adopts an
oligomeric 3-sheet structure in the membrane in the presence &f ¥ms at high peptide:lipid ratio.
Torsion angle measurements for the three leucine sites supported these resulis taviion angles
between—80° and —90° in the crystalline state and betweer110® and —120C in the membrane-bound

form. Thesep torsion angles determined for membrane-bound B18 are consistent with a paustiett
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 &f idns. This difference in mobility was

related to the H-bond network in the paralietheet structure, which involves the backbone and excludes

the side chains of leucine residues. The parglsheet structure of B18 in the membrane in the presence

of Zn?* appears to be an active state for the fusion of zwitterionic membranes in the presenéé.of Zn

A fluorescence fusion assay indicated that high B18 concentrations are required to induce fusion in these
systems. Therefore, it was hypothesized that the oligonfkskeet 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 acids and have been shown to induce membrane fusion in
involving for instance endo- or exocytosis, membrane model systems. A large structural variety has been observed
recycling, fertilization, and enveloped virus infectioh).( for fusion peptides in model systems with bilayer membranes
Before fusion can occur, close approach and contact betweer(5—10). It turned out that thei-helical conformation appears
the membranes have to be established. However, a numbeto be more prevailing than thg-sheet structuresl).
of repulsive surface forces such as hydration and electrostatidnvestigating the action of fusion peptides on membranes
interactions as well as steric barriers act against the closeduring fusion events, it is interesting to note that the
approach of the opposing membran®ks [h biological cells, biologically active state appears to be manifested by self-
these repulsive surface forces can be overcome by the actioraggregation and oligomerization of the fusogenic peptides
of a machinery of fusion protein8), Thus, close approach (8, 11).
between the opposing surfaces is facilitated by protein- One peptide that has been shown to induce fusion in
induced local dehydration and charge compensation while vesicle systems is the Bi&om the 25 kDa fertilization
steric barriers are defeated by local perturbations and protein bindin, which mediates fusion between sperm and
destabilizations of the bilayer structure induced by fusion
proteins. 1 Abbreviations: B18, 18 amino acid peptide from the bindin protein

Typically, these fusion proteins are large membrane- (1S8dues 103120) with an amino acd seauence of LGLLL RHLRI
stemming molecules that contain a relatively short peptide syieT, dipolar coupling and chemical shift correlation; FSLG,
sequence playing the decisive role in the fusion evépt ( frequency-switched LeeGoldburg; HNCH H—!5N—13C—H correla-

These fusion peptides consist of approximately-20 amino tion experiment fog torsion angle determination; HSQC, heteronuclear
single-quantum coherence; LUV, large unilamellar vesicles; MAS,
magic angle spinning; MLV, multilamellar vesicles; NBD-PE;(7-
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egg cells. Bindin is located in the membranes of sperm cells  So far, only a few solid-state NMR studies of membrane-
of sea urchin12, 13). The role of bindin in the fusion event  bound fusion peptides have been carried 6u28). In this
of egg and sperm cell has been determined in model work, we performed solid-state NMR measurements to
experiments probing fusion of lipid vesicle systemg- investigate the structure and dynamics of membrane-bound
17). The central part of the protein consists of a highly B18 under conditions relevant for membrane fusion, i.e., in
conserved hydrophobic region of about-78D residues.  the presence of 2 ions. Three different peptides were
Within that region, an 18 amino acid peptide (residues-103 synthesized, each bearing a fulRz/*>N-labeled Leu residue
120), which is fully conserved in all sea urchin species, in the structure. Thus, site-specific structural information is
appears to represent the minimum sequence capable obbtained to better understand the biological action of the
inducing membrane fusioril). This peptide, called B18, peptide when interacting with the lipid membrane.
shows an affinity for lipid membranes, is capable of
aggregating and fusing lipid bilayers, and bind$Zhy a EXPERIMENTAL PROCEDURES
His-rich central motif in the B18 sequencks]. The presence
of Zn?* ions strongly enhances the fusion activity of the
peptide for zwitterionic membranes while little effect is
observed in the absence of Zn(Zschanig et al., in
preparation).

In agueous solution, B18 is largely unstructured as
indicated by circular dichroism (CD) experiments). Upon

Materials. The lipids 1-palmitoyl-2-oleoybn-glycero-3-
phosphocholine (POPC), 1-palmitogd-2-oleoylsnglyc-
ero-3-phosphocholine (PORd3;), N-(7-nitro-2,1,3-benzoxa-
diazol-4-yl)phosphatidylethanolamine (NBD-PE), aNd
(lissamine Rhodamine B sulfonyl)phosphatidylethanolamine
(Rh-PE) were purchased from Avanti Polar Lipids, Inc.
Zn?* binding, B18 appears to undergo a structural change ES'?% fgs]rt’:\b)vvaansdpfr'ggavggz??;ggg?r:Sr?égg?;ftgbiz?gc.

from unstructured too-helical as observed by CD. The , ; X )
peptide structure has been further characterized inasolution(Andover‘ MA). The B18 peptide with the amino acid

: . : sequence LGLLL RHLRH HSNLL ANI was synthesized at
NMR study revealing that B18 assumes a kinketielical X . . : :
structure in TFE solution or when bound to DPC or SDS Lhe mzd';tzln';zﬁgl%gggfr')g)ftwémgo!g;gsr;'sverf(')%iflrl":Each
micelles, but the B18 peptide remains unstructured in y pep y P :

aqueous solution1@). In the presence of 2, the kinked gggttfiﬁé;%r::durt}?gfma&%é?;:g;:v'\tggeg d4l'eﬁé:ig<ra %r?ét
helix becomes amphipathic, suggesting that the peptide might ; - ;
favorably penetrate into a lipid bilayer. was inserted at tha.th position pf the peptide sequence.
Further structural characterization of the peptide has been SamPple Preparatiorf-or solution NMR measurements, 1
carried out in a Fourier transform infrared (FTIR) spectros- M9 0f B18 was dissolved in 1 mL of aqueous buffer (10
copy approach20). Using the attenuated total reflection mM NaCl, 10 mM Hepes, pH 7.4) prepgred from a 90/10
FTIR technique, the effect of 2hon the secondary structure (V) H20/D20 mixture. For the crystalline samples, ap-
of B18 and its interaction with lipid bilayer membranes could proximately 30 mg of pept|_de powder was filled into a 4
be investigated. In good agreement with the CD results, the MM MAS rotor with Teflon insert. _
peptide was found to have a largely random structure in the ~For the membrane-bound samples liposomes were pre-
absence of 4 but becomesi-helical when ZA" is added. ~ Pared by vortexing the aliquots of POPC in buffer (10 mM
When added to POPC membranes, the measurements redEPES, 10 mM NaCl, pH 7.4) at a concentration of about
vealed aru-helical structure of B18 at a molar ratio of 1:50. 50 mg/mL. The suspension was submitted to 10 freeze
On the other hand, the FTIR spectra of B18 at a much higherthaW cycles for equilibration. Large unilamellar vesicles
molar ratio of 1:5 with POPC showed the characteristic (LUV) were prepared by extrusion across a polycarbonate
features of #-sheet conformatior2(). This is in agreement ~ Unipore membrane (100 nm pore size; Millipore Corp.,
with freeze-fracture electron microscopy data indicating that Bedford, MA) using a Lipex extruder (Biomembranes,
the peptide shows a preference flesheet structures at higher ~ Vancouver, British Columbia, Canadap9. The lipid
concentrations (molar ratios of peptide to lipid of 1:12))( concentration after extrusion was measured by phosphorus
In this study, the structure and dynamics of B18 have beendetérmination §0). The B18 peptide, dissolved in buffer,
investigated by solid-state NMR in both the presence and Was added to the suspension to reach the desired peptide to
absence of phospholipid membranes. The advantage of solidliPid molar ratio. Subsequently, zinc ions were added at a 5
state NMR is that intact lipid bilayers with the peptide MM concentration, and the mixture was lyophilized. After
incorporated can be investigated, which are more biologically IYophilization, the sample was rehydrated to a water content
relevant than detergent micelles. The tradeoff is the spectral®f 30 wt % and equilibrated by freez¢haw cycles, stirring,
resolution that suffers from broad signals due to anisotropic and gentle centrifugation. The sample was finally transferred
chemical shifts and dipolar couplings. However, by applica- into @4 mm MASrotor with Teflon inserts (S@L volume)
tion of magic angle spinning (MAS) and high-power decou- for NMR measurements.
pling, sufficiently well-resolved*C NMR spectra are Solution NMR Spectroscop$olution NMR experiments
obtained 22). Despite these technical difficulties, significant Wwere performed on a DRX600 spectrometer (Bruker Biospin,
advances have been achieved in the last years to investigat&heinstetten, Germany), operating at a resonance frequency
the structure and dynamics of membrane-associated peptide§f 600.13 MHz for'H and 150.91 MHz fof*C. Sensitivity-
and proteinsZ3—27). In particular, specific isotopic labeling ~ enhanced gradient heteronuclear single-quantum coherence
schemes allow determination of quantitative structural con- (HSQC) spectral) were acquired, using S(ulse lengths
straints such as distances or torsion angles as well asof 8.2 and 14.5s for 'H and**C, respectively.
dynamical parameters of membrane-associated peptides and Static Solid-State NMR Experimen®i NMR spectra
proteins with great precision. were acquired on a Bruker DMX300 spectrometer, operating
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a) o on information about the dynamics of the peptide under study.

TALG| -ALG ) For the DIPSHIFT experimentH—*H homonuclear decou-

x| x| pling was achieved with the frequency-switched tee

FSLG Goldburg (FSLG) sequenca). The 360 'H pulses had a
duration of 15-18 us, with an effective decoupling field
H CcP Z TPPM strength of 76-80 kHz. The MAS frequencies were 7000
—— Hz for 13C and 5000 Hz fo>N DIPSHIFT experiments.

t4 Since the dipolar-induced signal decay is periodic with the
f&ﬂ n to rotor period, it was only necessary to acquire the signal over
one rotor period in the indirect dimension. Therefore,
e T ’Hw DIPSHIFT spectra were only Fourier transformed in the
direct dimension, and the dipolar dephased signal was
b) extracted for each resolved peak. The one-rotor-period time
FSLG domain data were fitted to yield the coupling strength of
H[cP| TPPM [/} TPPM ! TPPM Interest.

The torsion angle was determined using the HNCH pulse
! sequence 38) (Figure 1b). After a first REDOR period,

13C

13¢ Eﬂ ﬂ E}.LE H ot during which the dipolar coupling betweé?fC and®*N is
- Ww..._ reintroduced under MAS conditions, heteronuclear multi-
o quantum coherences of theN type are created. These
15N ” H |_J I l H H ; coherences are allowed to evolve simultaneously under the
! ; influence of the'tH—13Co. and the'H—'N dipolar coupling

rotor
peicd 0 1 2 3 4 5 6

tensors durind;. This dephasing of the MAS signal during

Ficure 1: Pulse sequences of the constant time DIPSHIFT (a) and ?ne rOtO{’hpt?[nod d?pengs ?n th?r:’ei.pﬁcﬂvc? ﬁ:jzntshog of the
the HNCH experiment (b) applied to investigate molecular order ‘€NSOr's that aré aligned along the-tr an onas.

parameters and local secondary structure of peptides. Filled andThus, the evolution is related to the projection angle between
open rectangles represeti2 andsx pulses, respectively. Key: CP,  the Gu—H and N—H bonds gy, which provides the torsion

cross-polarization; TPPM, two pulse phase modulation decoupling; angle sincepy = ¢ — 60° for L-amino acids. This results in
FSLG, frequency-switched LedSoldburg decouplingtr, length the encoding of the coherences with torsion angle informa-
of a rotor period. .
tion. These coherences are converted*¥ observable
magnetization using an additional REDOR sequence and
at a resonance frequency of 46.06 MHz. A high-power probe detected durind,.
with a 5 mmsolenoid coil was used. Spectra were acquired The '3C and'®>N 180° pulse lengths were 12 and 13,
using a phase-cycled quadrupolar echo pulse sequé@ke ( respectively. All other parameters were akin to the CP and
with two 4.8us 90 pulses, a 10@s delay between pulses, the DIPSHIFT experiments. The samples were spuruat a
and a relaxation delay of 0.5 s. The carrier frequency was 27 = 4000 Hz rate. The number of scans was between 2K
placed at the center of the spectrum. and 5K for the crystalline and between 4K and 10K for the

Data analysis was carried out as described ir88fThe membrane-bound samples. Again, due to the periodicity of
treatment involved the dePaking of the real part of the spectrathe signal, acquisition only lasted one rotor period in the
using the algorithm of McCabe and Wassa#)to determine indirect dimension. A dephasing curve was obtained after
the order parameter of each individual methylene group in Fourier transform in the direct dimension only. These data
the lipid chain. were fitted to yield the torsion angle.

MAS NMR ExperimentsAll solid-state MAS NMR SimulationsThe time evolution under the-€H (or N—H)
experiments were carried out on a Bruker AVANCE 750 dipolar couplings in 2D DIPSHIFT experiments was simu-
spectrometer at a resonance frequency of 749.98 MHz forlated for one rotor period using Mathcad (Mathsoft, Inc.,
1H, 188.62 MHz for**C, and 76.01 MHz fof®N. A triple- Cambridge, MA). Simulations were performed for varying
resonance MAS probe was used for torsion angle measure-dipolar coupling strengths. Powder averaging was performed
ments, whereas dipolar coupling measurements were carriedn 2° and 3 increments for thes and y Euler angles,
out using a double-resonance MAS probe, both equippedrespectively. Other input parameters included the number

with a 4 mmspinning module. of t; increments, the dwell time, and the spinning rate.

CP MAS spectra were acquired usingta90° excitation The time evolution under the influence of thee€H and
pulse of 4-4.5 us length and a cross-polarization (CP) N—H dipolar coupling tensors in torsion angle measurements
contact time of 70Qus for 1°C and 2 ms for**N. The H was simulated with a Fortran program described in3&f

radio-frequency field strength for heteronuclear two pulse Input parameters were the spinning rate, the number of time
phase modulation (TPPM) decouplir@pf was between 55  domain points, and théc,-n anddn-n coupling constants,
and 65 kHz. measured in the DIPSHIFT experiments. Powder averaging

The strength of the'>N—'H and the*C—!H dipolar was performed in 3increments for all three Euler angles.
couplings was measured using the constant time dipolar and For all experiments, the simulated curves were multiplied
chemical shift (DIPSHIFT) pulse sequen@8&{38) (Figure with an exponential decay to account ferrelaxation effects
1a). The strengths of these coupling values are crucial inputduring the time evolution. The best agreement between
parameters for the simulations necessary for the determinasimulation and experiment was determined by the smallest
tion of the torsion angle (see below). They also provide RMSD values.



8380 Biochemistry, Vol. 42, No. 27, 2003 Barreet al.

lipids per B18 5 |
o0 48 24 16 12 o ,H“
16 . ; ' : J |
, AN %‘x
g Z\fu[ﬁ \“\ "
i / a
(] # l
.
g Yl
£ | | |
o | n
:§. !’Vﬂ\,h? \3‘\'&\;\/ l/ “IIAXJ‘V " v‘l N Vr{
: i
£
2 \‘\W
a
% ...}.W”"‘"" —
-40 .20 0 20 o

= Quadrupolar Splitting (kHz)

(B18] (ug/mi) FIGURE 3: 46.1 MHz?H NMR spectra of POP@; in the absence
FiGURE 2: Phospholipid mixing extents in LUV according to the (&) and presence (b) of B18 at a temperature of@&nd a lipid
NBD-Rh FRET experiment as a function of the B18 concentration. to peptide molar ratio of 12:1. Measurements were performed in
Fluorescence experiments were carried out &t Zoncentrations 30 wt % aqueous buffer (10 mM NaCl, 5 mM Zn{10 mM Hepes,
of 50 uM (a) and 5uM (@) at a temperature of 36C. Buffer pH 7.4).
concentration: 100 mM NaCl and 10 mM Hepes, pH 7.4.
the phospholipid mixing extent as a result of vesicle fusion
Phospholipid Mixing Experimentgor the investigation s observed. As indicated from the measurements, it is to be
of fusogenic activity of B18, POPC LUV were prepared expected that the fusion extent increases for higher B18
containing 1 mol % of NBD-PE and Rh-PE, respectively. concentration; however, here, we were only interested in
The mixing of phospholipids as a result of fusion was finding the critical B18 concentration to induce vesicle
followed by the fluorescence resonance energy transferfusion. For instance, if we define a phospholipid mixing
(FRET) method, using NBD-PE as donor and Rh-PE as extent of 10% as a threshold value for fusion activity, a B18
acceptor 40, 41). The fluorescence measurements were concentration of approximately 1fg/mL is required at 50
carried out using an excitation wavelength of 465 nm; ,M Zn2*. This also appears to be the threshold concentration
fluorescence emission was recorded from 500 to 620 nm. for the onset of POPC fusion at low Znconcentration. This
The fluorescence intensities reached equilibrium after abouttranslates into 16 POPC molecules per B18 and even fewer
1 min. The extent of phospholipid mixing was calculated  lipids per B18 if one only considers the outer membrane
from the intensity of NBD-PE at 525 nm and Rh-PE at 578 |eaflet. Therefore, a rather high B18:phospholipid ratio is

nm according to required to induce appreciable amounts of fusion in zwitter-
ionic POPC membranes.
N Therefore, we constructed the system for B18 structural
=i "0 1) and dynamical studies at a relatively high B18:POPC mixing
578 578 ratio of 1:12. A Zri#* concentration of 5 mM was used,

translating into 1.5 Z# ions per B18 molecule.
wherel is the fluorescence intensity in the presence Bnd 2H NMR Spectra and Chain Order ParameteBtatic
that in the absence of B18. The experiments were carriedgp|ig-state?H NMR spectra of pure POPC membranes (a)
out at 30°C. The 100% value of PL mixing was obtained and POPC membranes with associated B18 (b) both in the
by solubilization of the vesicles in 0.2% (v/v) Triton X-100. presence of 5 mM Zt are shown in Figure 3. Eight well-
RESULTS resolved quadrupolar splittings were observed. The effect
of B18 binding is unmistakable in the drastic reduction of
B18-Induced Fusion of POPC Vesicléhe purpose of  all quadrupolar splittings that is observed in Figure 2b.
this study was to investigate structural and dynamical aspectsAddition of 5 mM Zr?t alone has only a negligible influence
of B18 interaction with zwitterionic membranes in the on the?H NMR spectra of POPC (not shown).
presence of Z# using solid-state NMR methods. To find To further illustrate the drastic influence of B18 binding
out the critical B18 concentration for fusogenic activity, the on lipid chain order, théH NMR spectra of Figure 3 were
fusion activity of B18 for POPC membranes in the presence converted into individual chain order parameters for each
of Zn*" was investigated by a fluorescence assay using deuteron along the chain by the dePaking method. This
FRET. Figure 2 shows the phospholipid mixing extent of procedure yields order parameter profiles shown in Figure
the NBD-Rh mixing assay for the B18/POPC#Zrsystem 4. The reduction in POPC chain order due to B18 binding is
in a concentration regime marking the onset of phospholipid experienced for all molecular segments of the POPC chains.
intermixing. For both ZA" concentrations, an increase of Thus, the average order parameter decreased from 0.172 in
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pure POPC membranes to 0.132 in the B18-associated POPC '3C Chemical Shift (ppm)

MLVs. This loss of order leads to a decrease of the molecular Figure 5: 188.6 MHZz13C CP MAS spectra of (a) crystalline B18
packing density and an increase in the area per POPCL-8 in the absence of water and (b) B18 L-8/POPC membranes
molecules in the membrane, which can be quantified (molar ratio of 1:12) at a buffer content of 30 wt % (10 mM NacCl,

: P : 5 mM ZnCk, 10 mM Hepes, pH 7.4). The MAS spinning frequency
according to re##2. From the changes in lipid chain order, was 7 kHz for both spectra. (§C dimension of a 150.9 MHz

an increase of area per molecule of 4.3vflas calculated. HSQC spectrum of 1 mg/mL B18 L-8 in #/D,0 (90/10 v/v)

13C NMR lIsotropic Chemical Shift$C CP MAS and=C buffer (10 mM NaCl, 10 mM Hepes, pH 7.4). Spectra were
HSQC NMR spectra of crystalline B18 L-8, B18 L-8 bound  eferenced with fespect to the CO signal of Gly (176.4 pprr) as an

. - external stanaara. Lipid an urfer signals are marked wi or

to POP(? membranes in the presen(?e O,f 5 mM*Zand B, respectively. ssk spinning sidebands. All spectra were acquired
B18 L-8 in aqueous buffer are shown in Figure 5. The pe_aks at a temperature of 2%C.
marked wih a B or L were assigned to buffer signals in
HSQC spectra (c) and to lipid signals in MAS spectra (b), Table 1: Isotropic Chemical Shift Values (in ppm) f6¢/
respectively. The typical line width for théC/**N-labeled *N-Labeled Leu in the Three B18 Peptides in Solution and in the

Leu in B18 in the CPMAS spectra is about 1.3 ppm for the Crystalline and Membrane-Bound States

Ca signal in the absence and about 1.8 ppm in the presence Ca2 CAP Cy C5O Ce CO 15N

of POPC membrar)es. For the CO line, the width is betweengig| -4 solution 563 435 285 259 250

2.1 and 3.5 ppm in the absence and between 1.3 and 2.1 crystaline  56.3 39.0 25.0 23.0 20.8 176.8 1185

ppm in the presence of POPC. For comparison, the relatively POSPCﬁﬁt 52.2 43.8 25.6 232 22.6 172.7 1257
. - . . . . . . m

mobile lipid molecules exh|_b|t S|gr_1als with a width of_less B1SL-8 solution 563 437 28.3 26.2 24.7

than 05 ppm. ThéSC chemical shifts Of the B18 peptldes crystalline 56.3 39.4 24.6 23.3 20.4 177.6 120.0

were calibrated with respect to tH€O signal of an external POPC/ZA*, 52.4 43.2 256 23.3 22.7 175.3 129.7

13C-labeled glycine standard in all three spectra. Amiélic 5mM

chemical shifts of labeled leucines in B18 were also B18L-15 csroyléjttalicl)l?ne 256-} gg;‘ 222-63 22312 228‘-76 176.4 1174

determined in the crystalline and the me_mbrane—bound states POPC/ZA*, 51.9 43.9 256 23.3 21.6 173.0 126.8

(spectra not shown) and referenced with respect tdke 5mM

N-t-Boc-QIy S'gnfr’ll' ) N a Average Leu'3Ca random coil ang3-sheet values are 55.7 and
Isotropic chemical shifts are sensitive markers for second- 53.9 ppm, respectively4@). ® Average Leu'*C random coil values

ary structure 43, 44). For instance, compared to the random are 41.9 ppmgg). ¢ Average Lelt*CO random coil ang-sheet values

coil chemical shift, a downfield shift of th€C Co. signal are 176.9 and 175.5 ppm, respectivelg)( ° Average Leu™N random

with a simultaneous upfield shift of thedGignal is indicative coil and/-sheet values are 122.2 and 123.1 ppm, respectivly (

of an a-helix formation while the opposite chemical shift  shift changes upon membrane binding are evident for all

changes are signatures ffsheet structuresAd). For the  peptides through a comparison of the data of the crystalline

>N amide signal of a proteir-sheet structures are found  or the aqueous samples with the membrane-bound samples.

at low field while a-helix signals are detected at higher field First, the backbone carbon atoms, i.e., Carbony| groups

(45). and Qy, always shifted to lower chemical shift values in the
The isotropic chemical shifts for the Leu in three positions membrane-bound samples. These changes between 2.3 and

of B18 are shown in Table 1. Several trends for secondary 4.3 ppm are significant. Simultaneously, thg €ide-chain
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signals shifted to higher chemical shifts by values between POPC/B18

3.8 and 4.8 ppm. Second, a shift to higher frequencies was 100 50 2 12

observed for thé>N amidic nuclei in all three samples upon 185 - ) 1

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 180

for B18 L-15. All of these characteristic chemical shift w] T T

changes clearly are indicative of a structural change from a T

coil structure in the crystalline towardlasheet-like extended - yl

structure in the membrane-bound sample. Our abséiGte = 4/ A

chemical shifts agree well with values from empirical &

databases4@) while the absolute values for the measured 3 551 H“.\.

15N shifts are systematically bigger (Table 1), which might E 50

be related to hydrogen bonding M-t-Boc-Gly. Further, 2

recent quantum chemical calculations indicate tFat g 45 -

chemical shifts are most sensitive to hydrogen bondd ( = “_‘______‘/A

Therefore, the large downfield shift might be mostly related 40

to hydrogen bonding in the oligomerftzsheets. Therefore, 35 -

we can conclude that the two effects (H-bonding plus change

to af3-sheet structure) may add and result in large deshielding 30 T T T T

of the >N nuclei. 0 2 4 8 8 10
The'*C HSQC spectra of the water-soluble samples gave [B18] (mol%)

s_omewhat.different c_h_emical shift values for the side-chain . - 6: 13 isotropic chemical shift values forcO(m), C5 (a),
signals while the position of thecCresonances agrees well  and CO ¢) signals of B18 L-8 in POPC MLV at varying B18
with the crystalline sample. Since thex@hemical shifts concentration in the presence of 5 mMZZmeasured fron3C
are the most sensitive indicators for secondary structure, itt(éf’n '\gf;ufg%?fzas gt gamAleS\?viggngreff%?ggnfﬁyaoguzfeﬁizo rite réllt
can be concluded that the peptide has a coil structure both S 38 Wt % (10 mM NaCI,plo fay ngeg, oH 7.4,

in the crystalline and in the soluble state, confirming previous

studies 18, 19). However, these structures are very likely 1.0
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 € values typically show a better
agreement between solution and solid stdf.(

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). Itis clearly
seen that a structural change occurs at higher B18 concentra-
tions, indicated by significant changes in the isotropic
chemical shift values toward th@sheet structure at high -0.2 ! ) .
peptide to lipid ratio. 0 34L T -;‘ %

¢ Torsion Angle Measuremeni®o corroborate the results . .
from the isotropic chemical shift analysis, théorsion angle Evolution Time
was measured for the labeled leucine residue in all three B18FIGURE 7: Dipolar dephasing curves of HNCH spectra for crystal-

samples, both in the crystalline and in the membrane-bound'n€ B18 L‘? ® a”%?w L-8 blound to PfOPC membraf‘l.es. in the
by correlating tHéNH and2CH dipolar tensors in presence of 5 mM at a molar ratio of 1:12 (peptide:lipid) in
states, by 9 P aqueous buffer (10 mM NaCl, 10 mM Hepes, pH 7@).(Lines

a HNCH experiment 38). Since the mutual orientation  represent best fit numerical simulations wightorsion angles of
between the two dipolar tensors leads to very different —80° (solid line) in the crystalline ane-110° (dashed line) in the
cheractrsic dephasing of e MAS signal, he trson angle J e o S e o st i
¢ can b_e. q.ua.ntltatlvely determned from the experiment. Due torsion anglesp +10° to Fi)ndicate thpe experiFr)nentaI error.
to sensitivity issues, the torsion angle measurement can only
be conducted at high peptide concentration. to high signal averaging, which was necessary for the limited
Figure 7 represents the dephasing curves of B18 L-8 in amount of labeled residue in the bound state. For the
the crystalline state (filled squares) and in the membrane- membrane-bound sample, 10 mg of peptide was used,
bound state (open squares) recorded over one rotor periodtranslating into only~500ug of 13C/**N-labeled Leu in each
Notice that the number of data points for the membrane- sample.
bound samples was only half of that for the crystalline  For all three peptides, the dephasing of the MAS signals
sample. This was to avoid prohibitive experimental time due under the influence of théH—°N and *H—'3C dipolar

0.8

0.6

0.4

0.2

Normalized Signal Intensity

0.0+




Interaction of B18 with Membranes Biochemistry, Vol. 42, No. 27, 2008383

Table 2: ¢ Torsion Angles (deg) of the B18 Peptides in the 1.0
Crystalline State and Bound to POPC Membranes in the Presence of 08 %
5 mM Zr?" Determined in the HNCH Experiment #
crystalline POPC/Zi, 5 mM >0 ¢ g

B18 L-4 —80+5 ~120+ 15 2 04 °

B18L-8 —80+ 10 —110+ 10 2 ¢

B18L-15 -90+5 —120+ 15 3 0.2

5 002 b)

tensors was always less pronounced in the membrane-bound 2 10 > o
state. To obtain quantitative data for the torsion angle, R o8] N e 728 | o A"
numerical simulations have been carried out as a function g °s i
of torsion angle and compared with the experimental data. 5 %87 o
The best fit (solid line, crystalline B18 L-8; dotted line, z 0.4
membrane-bound B18 L-8) provided the torsion angles 02 i
reported in Table 2. The torsion anglevas betweenr-80° ’ o) d)
and —90° in the crystalline state, which agrees with a coil 0.0
secondary structure. In the membrane-bound sgettersion 0o & x0T oL, o oo
angles of~-110° and—120° were measured, which represents 4 2 4 4 2 4
the torsion angle for parallgd-sheet in the Ramachandran Evolution Time

diagram 48). The change upon binding with POPC LUV  FiGURe 8. TypicalH—13C and*H—!*N dipolar dephasing curves
was between 30and 40 for all Leu residues investigated. OVer one LU” rotgr pe(rjlogl%fn_DﬂI:F‘;S;itI}FTf spectra ‘I’f CLySIailrl:lo)é

. . . . . ana memprane-poun . € Tour panels snow the
'I;]h|s seems to be.an |nd|pat|on for a uniform structure of signal of B18 L-4 (a), the Esignals of B18 L-8 (b), the £signals
the B18 polypeptide chain, rather than a heterogeneousopfB18 L-15 (c), and thé®N signal of B18 L-4 (d). Lines represent
structure presenting a kink or a loop. best fit simulations for the crystalline (solid lines) and the

: : membrane-bound sample (dashed lines). Dipolar coupling values
It shquld be noted that, in the HNQH NMR experlment, are listed in Table 3.
the torsion angleéyy = HN-N—Ca—Ha is measured, which
is related to the true backbone torsion anglee CO—N— Table 3: H—13C and'H—5N Dipolar Couplings and CH Order

Ca—CO by ¢4 = ¢ — 60° for L-amino acids. Each  parameters for Crystalline B18 and B18 Bound to POPC
simulation corresponds to twg angles since the NMR  Membranes in the Presence of 5 mM2Zn

experiment determinesgy. Only the structurally relevant crystalline POPC/ZT. 5 mM
negative¢ angle has been reported here.

1 . ) Avp SH? Avp SoH
H_— C Dlpola_lr Coup_lmgs and Order_Parameter?o B18 L4 a 125 0oL 126 0.92
obtain dynamlcs_lnformanon for the crystall_me and membrar_le- ch 14.7 0.90 12.5 0.77
bound B18 peptides, 2D DIPSHIFT experiments were carried Cy 9.4 0.69 9.4 0.67
out to measure €H dipolar couplings of the labeled leucine gﬁ gg %-KB 5501 I\?-AZZ
resujues in all thr_ee peptldes. Since molecular motions B18 L-8 . 131 0.96 191 0.88
partially average dipolar coupling values, these parameters Cs 139 085 99 0.61
provide order parameters of the amplitude of the motions of Cy 10.5 0.77 5.7 0.42
the CH bond vectors; the smaller the dipolar coupling, the gé 85 037 6.2 0.27
larger the motional amplitude. Further, the true magnitude N 2.7 NA 5.7 NA
. : B18L-15 Gu 132 096 13.0 0.95
of th'e scgled d_|polar CH and NH coupl_mgs was used for cB 13.6 0.83 133 0.82
precise simulations to calculate tigetorsion angles from Cy 9.8 0.72 55 0.40
HNCH experiments as described above. Co 7.7 0.33 4.3 0.19
15N 5.2 NA 4.6 NA

Figure 8 represents typicH—'2C and'H—1°N dipolar - . : : . _
evolution curves for the crystalline (filled squares) and the  ° The full dipolar coupling values including the FSLG scaling factor
. ere measured from rigid crystalline amino acids: CH, 13.7 kHz;,CH
membrane-bound samples (open squares). The magnitude 0‘3/6_3 kHz: and CH, 22.8 kHz.

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,

From the motionally averaged dipolar coupling values, the
molecular order parameters of the CH bon8g4{ can be
calculated according to

obtained from numerical simulations, are listed in Table 3. 5
The measured coupling values are scaled by the scaling factor Sy = _CH 2)
for the FSLG sequence, which has a theoretical value of Och

0.577 @9). Since this scaling factor varies upon the ~

experimental conditionstg), we obtained rigid limit values ~ wheredcn is the magnitude of the motionally averaged and
from measurements of crystalline amino acids as referencedcy the full dipolar coupling.

values for the full dipolar coupling: CH (Ala, 13.7 kHz), The general trend for the B18 order parameters indicates
CH, (Gly, 16.3 kHz), and CkI(Ala, 7.6 kHz) groups. The  that the membrane-associated peptides have higher mobility;
latter already includes the scaling of the methyl group due i.e., they undergo larger amplitude motions, compared to the
to rotation about the €C bond. crystalline state. This is particularly true for the side chains,
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where significantly reduced order is obtained for most folding and structural changes upon membrane binding are
signals. It appears that the backbone Grder parameter typically observed for fusion peptided,(52), this result
remained essentially unchanged, with the notable exceptioncomes somewhat as a surprise because both solution NMR
of B18 L-8, for which it decreased from 0.96 in the and CD spectroscopy have revealedeehelical structure
crystalline state to 0.88 in the bound state. TiNH dipolar of B18 (18, 19). However, in these measurements, the helical
couplings show some reduction for the membrane-bound structure of B18 was found in membrane-mimicking solution
peptides. However, the coupling value along the NH bond (such as TFE) or when bound to detergent micelles. Since
is very sensitive to hydrogen bonding and, therefore, not interface and curvature properties of micelles differ signifi-

entirely due to molecular motiorsQ). cantly from planar bilayers, it is understandable that the
bilayer structure of the B18 peptide observed in this study
DISCUSSION is completely different. To resolve this contradiction, we have

carried out isotropic chemical shift measurements that
indicate the formation of-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 ofZiis a-helical at low (i.e.,

mol is obtained for all residues of B18, explaining the 1:50 B18:lipid) angs-sheet-like at high peptide concentration

preference of the peptide for the membrane. The binding of (i.e., 1:5 B18lipid) @0).

B18 to zwitterionic membranes and its fusogenic activity is N our measurements of the B18 structure and dynamics,
strongly enhanced by Zhions. These ions bind to the His- @ peptide to lipid ratio of 1:12 was used to simulate the fusion
rich center of the peptide and increase the propensity of theactive state of the peptide in POPC membranes that appears
peptide for the membrane by formation of a POPG/zn  to involve these high B18 concentrations (Figure 2). There-

B18 complex {8, 20). Therefore, the structure and dynamics fore, we conclude that the paralf@sheet arrangement found
of B18 associated with zwitterionic membranes in the for membrane-associated B18 is the structure that the peptide

presence of Z# were investigated in this study. assumes in the bilayer membrane at relatively high concen-

Membrane binding of soluble peptides or proteins very tration.
often leads to pronounced structure and mobility changes 2H NMR order parameters of the lipid chains indicated
(26, 52—54). When approaching a lipid membrane, the that membrane binding of B18 in the presence of'Zrads
peptide experiences an environment of decreasing polarity,to significant perturbations of the lipid packing and mem-
which significantly differs from the properties of the aqueous brane structure. The order parameter decrease upon B18
solvent. Fixed charges and the polar nature of the peptidebinding is particularly pronounced for the lower chain
backbone lead to an increase in Born repulsion upon segments (Figure 4). Such order changes are typical signa-
membrane approach of the peptidg5) Consequently, tures of penetration of the lipid water interface of the
membrane partitioning has only been observed for hydrogen-membrane by the bound peptid&?). Since only hydrogen-
bonded secondary structures sucludselices and oligomeric  bonded structures can penetrate the lipid bila$éy, (it has
p-sheet elements, which significantly reduces the free energyto be concluded that thg-sheets of the B18 peptide
of transfer from water to the membrane by 0.7 kcal/mol per oligomerize upon membrane binding in the presence éf Zn
amino acid 51, 56). at high enough concentrations. Hydrogen bonding-sheet

In this study, secondary structure changes upon membranestructures can be satisfied in parallel or antiparallel arrange-
binding of the B18 peptide have been determined quantita- ments of individual sheets. Indeed, ih¢orsion angles that
tively by solid-state NMR spectroscopy, which is the method we measured for the peptide all suggest that B18 forms a
of choice for the investigation of peptide binding to intact parallel f-sheet when bound to the membrane (Table 2).
bilayer membranes. Since anisotropic interactions are notAlthough only three torsion angles have been measured in
averaged out in solids, MAS in combination with specific this study, the labels were distributed over the entire peptide.
isotopic labeling has to be applied to obtain structural data It is very unlikely that the three residues between L-4 and
even for relatively small peptides. L-8 and the six residues between L-8 and L-15 would have

Our solid-state NMR results for crystalline B18 showed a a different secondary structure. The widths of the carbonyl
coil structure. The terminology “coil” is a bit misleading and the @ lines of the membrane-associated B18 peptide
since it implies that the structure is “random” and thus poorly are very small £1—2 ppm), which indicates that there is
defined. This is, however, not the case for crystalline B18 little structural heterogeneity within the peptidg.(
since relatively narrow3Ca and3CO lines are observed, It has been reported that peptide self-aggregation plays
indicating that the peptide adopts a well-defined conforma- an important role in the course of action of fusogenic peptides
tion with ¢ torsion angles for the three investigated Leu sites (8, 11, 28). Oligomeric paralle|3-sheets can penetrate the
between—80° and—90°. Therefore, following the suggestion  lipid membrane, which leads to a decrease in lipid chain order
in ref 45, we refer to coil structures for all molecular parameters (Figure 4). Such a shallow penetration of B18
structures that are nat-helix or 5-sheet. causes a local destabilization of the membrane due to the

When bound to a zwitterionic POPC membrane in the introduction of curvature strain, which may finally lead to
presence of Z& ions, a structural change of B18 occurs. the formation of the fusion pore. Therefore, we hypothesize
Both isotropic chemical shift measurements and the quantita-that structural changes and oligomerization into parallel
tive ¢ torsion angle determination indicate that membrane- -sheets are necessary prerequisites for the fusogenic activity
bound B18 exhibits a parallgl-sheet-like structure. While  of membrane-bound B18.

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) 6f3.92 kcal/mol b1).
Altogether, a favorable free energy of transfer-@f.95 kcal/
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In a previous study, thg-sheet structure of B18 has been that the observed structural peptide arrangement and its
considered “inactivated” to induce membrane fusion basedimpact on membrane structure and packing properties
on freeze-fracture electron microscopy resul&ly. This is represent an active state in the course of action of the B18
in contradiction with our results that indicate that high B18 fusion peptide. Indeed, according to a fusion assay, high
concentrations are required to induce fusion in POPC peptide concentrations are required to induce fusion in

membranes. However, in r2fl, the inactivate@-sheet state
of B18 has been observed in the absence &f Zwhich is

zwitterionic POPC membranes in the presence ¢fZn

required to induce fusion. While this controversy cannot fuly ACKNOWLEDGMENT

be resolved here, we note that there are seyesehleet-like
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fusion peptides that represent the active state in the coursggchnical support with the HSQC experiment.

of the fusion event@q, 58, 59). Very recently, Weliky and

co-workers have shown elegantly that artificial oligomer- REFERENCES

ization of the fusion peptide gp41 from HIV-1 induced by a
cross-linker leads to parallgtsheet structures that show the

full fusion activity even at very low peptide to lipid ratio 2.

(58).

An oligomericf-sheet structural arrangement would also
be consistent with the mobility changes of B18 observed
upon Zrt"-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- 6
nificant mobility (57, 60, 61). The relatively rigid peptide
backbone is a consequence of the intermolecular hydrogen
bonds that stabilize the paraljelsheet arrangement of B18, 8
similar to thep-barrel membrane protein Omp#&3). Only

(62 N

for B18 L-8 is a somewhat lower order parameter measured 9
0.

for the membrane-bound sample. This leucine residue is
located at the Z# binding site of the peptide. Zn 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 rotamé.(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 bgthandy, angles

[any

are flexible and the side chains are in fast exchange between 19.

the gauché-trans and the trans-gaucheonformation. 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 us. Typically, these segmental and side-chain
motions are much faster with correlation times on the order
of a few nanosecond$4).

In summary, we have identified the structure of the
membrane-bound B18 fusion peptide in the presence 8f Zn
at high peptide concentration to be an oligomeric parallel
pB-sheet. This structure is bound to the lipidater 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
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