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Abstract

The human immunodeficiency virus (HIV) and influenza virus fusion peptides-aferesidue sequences which catalyze
the fusion of viral and host cell membranes. The orientations of these peptides in lipid bilayers have been protidd with
solid-state nuclear magnetic resonance (NMR) spectroscopy of samples containing membranes oriented between stacked glas:
plates. Each of the peptides adopts at least two distinct conformations in membranes (predominantly helical or beta strand) and
the conformational distribution is determined in part by the membrane headgroup and cholesterol composition. In the helical
conformation, thé®N spectra suggest that the influenza peptide adopts an orientation approximately parallel to the membrane
surface while the HIV peptide adopts an orientation closer to the membrane bilayer normal. For the beta strand conformation,
there appears to be a broader peptide orientational distribution. Overall, the data suggest that the solid-state NMR experiments
can test models which correlate peptide orientation with their fusogenic function.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Fusion; Peptide; HIV; Influenza; NMR; Membrane

1. Introduction side the host cell and can initiate viral replication. HIV
and influenza viral infection differ in that HIV fuses
Enveloped viruses such as human immunodefi- directly with the plasma membrane while influenza is
ciency virus (HIV) and influenza are surrounded by first endocytosed and intracellular fusion occurs be-
a membrane which the viruses obtain during budding tween the viral and endosomal membrarésrbandez
from a host cell. Infection of a new cell requires fusion etal., 1996; Eckertand Kim, 20RJAlthough the mem-
of the viral and target cell membranes so that at the brane free energies are comparable before and after
end of the fusion process, the viral nucleocapsid is in- fusion, the fusion process is typically slow in cellular
or model liposome systems in the absence of a cata-
T+ Corresponding author. Tel.: +1 517 355 9715x281. lyst. For wral/host. cel! fu3|on., the fusion rate is ac-
fax: +1 517 353 1793 celerated by proteins in the viral envelope membrane
E-mail addressweliky@chemistry.msu.edu (D.P. Weliky). which carry out at least two important functions: (1)
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targeting appropriate host cells by binding to specific resonance (NMR) structures of the monomer FPs in
host cell proteins; and (2) catalyzing membrane fusion detergent micellesGhang et al., 1997; Dubovskii et
through interactions with the cellular membrane and al., 2000; Han et al., 2001; Hsu et al., 2002he IFP
also possibly the viral membran8lgmenthal et al., in either sodium dodecylsulfate (SDS) or dodecylphos-
2003. The ~20-residue apolar ‘fusion peptide’ (FP) phocholine (DPC) detergent has an N-terminal helix of
domains of these proteins play an important role in ~11 residues followed by a shallow turn and then four
these catalytic interactions with membranBsiiell et more helical residues. The HFP in SDS detergent shows
al., 1997; Epand, 2003The sequence of the FP dif- a N-terminal helix followed by a right-angle bend fol-
fers between the HIV and influenza viruses but both lowed by a short C-terminal helix. The beta conforma-
viral FPs share a common topological feature of being tions of FPs have been studied by several biophysical
at the N-terminus of an envelope protein, either gp41 techniques and these studies suggest that these struc-
(HIV) or the HA2 subunit of the hemagglutinin protein  tures correlate with peptide self-association and with
(influenza). FPs are sequestered in the envelope pro-interpeptide hydrogen bondings6rdon et al., 1992;
teins prior to fusion, and the envelope protein confor- Curtain et al., 1999; Han and Tamm, 2000Bor ex-
mational changes during the fusion process expose theample, solid-state NMR measurements of membrane-
FPs and allow them to interact with target membranes bound HFP are consistent with a mixture of parallel and
(Wilson et al., 1981; Carr and Kim, 1993; Bullough et antiparallel arrangements of beta strands held together
al., 1994. For HIV, these conformational changes are by interpeptide hydrogen bondin¥gng and Weliky,
triggered by envelope protein/host cell protein binding, 2003.
while for influenza, they are triggered by the lowering Another topic of structural and functional interest
of the pH to~5 in the endosome. has been the angle and depth of FP insertion in deter-
The main experimental evidence for the functional gentandin membranes. Most of these insertion studies
significance of the FPs is: (1) FP point mutations can have focused on the helical forms of FPs. For example,
render the virus fusion-inactivésgthing et al., 1986; it appears that residues 4-13 of detergent-bound heli-
Freed et al., 1992; Delahunty et al., 199@) for in- cal HFP are deeply inserted in the micelle and the other
fluenza virus, the FPs are membrane-bound after fu- residues are solvent expos&h@ng and Cheng, 1998
sion has occurred(urrer et al., 1998 and (3) peptides  In addition, several infrared (IR) and electron spin reso-
composed of either the HIV FP (HFP) or influenza FP nance (ESR) studies suggest that the N-terminal helices
(IFP) sequences can induce mixing of lipids between of the HIV and influenza FPs have an oblique angle of
large unilamellar vesicles (LUVs) or between red blood insertion with respect to the membrane bilayer normal
cells and the mutation-fusion activity relationships for (Luneberg et al., 1995; Martin et al., 1996; Macosko et
the peptide-induced lipid mixing correlate with those al., 1997. There has been some effort to correlate helix
of the viral/cell fusion Durell et al., 1997; Pereira et insertion angle and depth with fusogenicity but there
al., 1997; Pritsker et al., 1999; Epand et al., 2001 is some conflict between various studies. For example,
The present paper focuses on the model peptide sys-two different groups carried out ESR studies to develop
tems. The previously described functional results sug- a structural model for the observation that IFP is much
gest that these systems can provide relevant informa-more fusogenic at acidic pH than at neutral pH. One
tion about at least the lipid mixing step of membrane of the studies showed a pH-dependence of the helix
fusion (which occurs early in the fusion process). The insertion angle while the other did not show this angle
biophysical literature and results in this paper show that change facosko etal., 1997; Zhou et al., 2000; Han et
both the HIV and influenza FPs can adopt at least two al., 200). In addition, the G1V mutant of IFP is fusion-
conformations in membranes, one predominantly he- inactive and an IR study from one group supported a
lical and the other beta stran&dfalski et al., 1990; membrane surface orientation for the peptide while a
Gordon et al., 1992; Martin et al., 1996; Durell et al., study from another group supported a transmembrane
1997; Curtain et al., 1999; Han and Tamm, 2000b; orientation Epand et al., 2001; Tamm, 200& is also
Yang et al., 2001a, 2002; Saez-Cirion and Nieva, 2002; noted that there is evidence for both N- and C-terminal
Bodner et al., 2004 Literature models for the helical membrane insertion of FP8Kadshaw et al., 2000
structures have been based in part on nuclear magnetid=inally, recent computer simulations of a single HFP
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in a membrane bilayer support an oblique N-terminal al., 2004. Bindin catalyzes fusion between the mem-
insertion of wild-type HFP but there is significant dis- branes of sperm and egg cells during fertilization and
agreement among different simulations about the wild- the derived peptide also induces intervesicle lipid mix-
type HFP insertion depth and about insertion angle ing.'°F NMR has the advantage of high sensitivity but

and depth for mutant HFP&&math and Wong, 2002;
Maddox and Longo, 2002; Wong, 2003

In the present paper, we investigate application of
solid-state NMR for the determination of HFP and IFP
orientational distributions in membranes. The mem-

19F labels must be incorporated into the peptide using
non-native amino acid#\fonin et al., 2003.

2. Experimental procedures

branes are sandwiched between stacked glass plates,

and with appropriate hydration, the membranes form
planar bilayers whose normal is parallel to the glass
plate normal flarassi et al., 19971n a typical config-

2.1. Materials

Rink amide resin was purchased from Advanced

uration, the stacked plates are placed in a rectangularChemtech (Louisville, KY), and 9-fluorenylmethoxy-

coilinthe NMR spectrometer so thatthe glass plate nor-
mal is parallel to the applied magnetic field direction.

carbonyl (FMOC)-amino acids were obtained from
Peptides International (Louisville, KY). Isotopically

Because of the alignment of the membranes and thelabeled amino acids were purchased from either

magnetic field direction, measurements of anisotropic
NMR chemical shifts and dipolar couplings for the pep-
tide can provide information about the peptide orien-
tation relative to the membranEdtchem et al., 1993;
Opella et al., 1999; Mascioni et al., 2002; Wildman et
al., 2003.

In our study, FP orientations are probed with mea-
surements of°N anisotropic chemical shift distribu-
tions at specifically labeled sites in the FP backbone.

Cambridge (Andover, MA) or Icon (Summit, NJ)
and were FMOC-protected using literature pro-
cedures. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-
sn-glycero-3-[phospho-L-serine] (POPS), phosphati-
dylinositol (PI), sphingomyelin, and 1-palmitoyl-2-
oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (PO-
PG) were purchased from Avanti Polar Lipids Inc. (Al-

We seek to address the general questions of whetherabaster, AL).

the approach will be feasible and useful for HIV and

influenza FPs and whether any preferred FP orientation 2.2. Peptides

can be detected by the approach. We cHéisdabeling

for two main reasons: (1) there is an extensive litera-
ture of application of°N NMR for determination of
peptide orientation in these types of sampkstchem

et al., 1993; Bechinger et al., 1993; Yamaguchi et al.,
2002; Wildman et al., 2003 and (2) spectral inter-
pretation is aided by the small magnitude of the nat-
ural abundancé®N signal relative to thé°N signal

of the labeled site. SelectiéC carbonyl labeling is
another possibility and one which we initially investi-
gated Emith etal., 199 It turned out not to be fruitful

AllHIV peptides were synthesized with a consensus
sequence of the 23 N-terminal residues of the LAV
strain of the HIV-1 gp41 envelope protein followed by
additional lysines for improved solubilityHan and
Tamm, 2000a In one construct, a tryptophan was
added as a 280nm chromophore. Peptide constructs
are denoted as HFP1 (AVGIGALFLGFLGAAGSTM-
GARSKKK) and HFP2 (AVGIGALFLGFLGAAGST-
MGARSKKKW). Similarly, influenza peptides were
synthesized with the 20 N-terminal residues of the

because: (1) there was a large natural abundance signaHA2 domain of the influenza hemagglutinin fusion pro-
from the lipid carbonyls; and (2) the spectra were low tein followed by a glycine/lysine/tryptophan sequence
signal-to-noise because of poor cross-polarization for for improved solubility and additional 280 nm chro-
peptide carbonyls at 25-3&. We also note that’F mophores. Peptides are denoted as IFP1 (GLFGA-
NMR has been applied to determine peptide orienta- IAGFIENGWEGMIDGGKKK), IFP2 (GLFGAIAG-

tion in glass plate-oriented membrane samples and in FIENGWEGMIDGGGKKKK), and IFP3 (GLFGA-
particular to a peptide with the sequence of an internal IAGFIENGWEGMIDGGGKKKKWKWK). The pep-
domain of the bindin protein from sea urchxf¢nin et tides were synthesized as their C-terminal amides using
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a peptide synthesizer (ABI 431A, Foster City, CA) NMR rotor. The rotor was sealed with a vespel end cap
equipped for FMOC chemistry and then purified by which had been pre-cooled in liquid nitrogen prior to
reversed-phase HPLC. Each peptide was labeled withinsertion into the rotor. At liquid nitrogen temperature,
a single backboné3C carbonyl and/or a singl&N the cap fit snugly in the rotor. When the cap warmed up,
backbone label. For example, HFP2-F8CLION had a it formed a tight seal with the rotor which minimized
13C backbone carbonyl label at Phe-8 antPld label dehydration of the sample.
at Leu-9 and HFP1-L12N had'aN label at Leu-12.
2.4. Preparation of oriented samples for
2.3. Preparation of samples for magic angle solid-state NMR
spinning (MAS) solid-state NMR
Atypical PC/PG sample contained.O0Omol total

Samples were prepared as previously described lipid and a typical LM3 sample contained60wmol
(Yang et al., 2001a, 200ZThe buffers for the HFP and  total lipid and~30mol cholesterol. Lipid and choles-
IFP samples were 5mM pH 7.0 HEPES and 10 mM pH terol were dissolved together in chloroform. The
5.0 acetate, respectively, which reflect the approximate chloroform was removed under a stream of nitrogen
fusion pHs for the HIV and influenza viruses. Deter- followed by overnight vacuum pumping. Lipid dis-
gent samples were prepared by dissolving lyophilized persions were formed by addition ef2 mL water
FP in~200 mM DPC solution with final FP concen- followed by homogenization with 10 freeze-thaw cy-
tration of ~2 mM. For membrane-associated samples, cles. FP (1-2Zvmol) was dissolved in-2 mL water and
two different membrane compositions were used: (1) then added to the dispersions. The 4 mL mixture was
‘LM3’ had POPC, POPE, POPS, sphingomyelin, PI, vortexed and then pipetted onte70 glass plates of
and cholesterol in a 10:5:2:2:1:10mol ratio; and (2) 6 mm x 13mm x 0.06 mm dimension (Marienfeld,
‘PC/PG’ had POPC and POPG in a 4:1mol ratio. Lauda-Koenigshofen, Germany). Each plate received a
PC/PG has been used by other investigators while the ~40uL aliquot of FP/lipid dispersion. Over the course
LM3 composition reflects the approximate lipid head- of 1-2 days, bulk water evaporated from the plates. The
group and cholesterol content of membranes of host plates were then stacked inside a rectangular glass tube
cells of the HIV virus and the influenza viruM{o and the tube was placed in a bottle containing saturated
et al., 1984; Worman et al., 1986; Aloia et al., 1993; ammonium phosphate solution. The bottle was sealed
Macosko et al., 1997; Han et al., 2Q0In the sample and placed for several days in a<35incubator to fa-
preparation protocol, &30 mL FP solution was pre- cilitate vapor phase hydration of the membranes. The
pared which contained0.4pmol FP. FP concentra-  bottle was then opened and the tube was removed. A
tions were quantitated using either 280 nm absorbancespecially machined Kel-F plug was inserted into the
or a bicinchoninic (BCA) assay. Analytical ultracen- open end of the tube and then sealed using epoxy. The
trifugation data were consistent with predominantly most reliable sealing results were obtained with ‘Ex-
monomeric FP in these solutionsahg et al., 2004 tra Setting Time Epoxy Adhesive’ from Pacer Tech-
A ~5mL solution was then prepared which contained nology/Super Glue Corporation (Rancho Cucamonga,
extruded 150 nm diameter large unilamellar vesicles CA). In the samples, the NMR spectra of the lipids and
(LUVs). The LM3 sample preparation used ol FP did not change over the course of at least one month
total lipid and 2Qumol cholesterol and the PC/PG sam- which suggests that their orientational distributions are
ple preparation used %0mol total lipid. The FP and  also constant over this period.
LUV solutions were mixed and kept at room tempera-
ture overnight. The mixed solution was then ultracen- 2.5. MAS NMR spectroscopy
trifuged at~100 000x g for ~5h to pellet the LUVs
and associated bound FP. Nearly all FP bindsto LUVs  The NMR spectra were taken on a 9.4 T spec-
under these conditions, and unbound FP does not pellet.trometer (Varian Infinity Plus, Palo Alto, CA) using a
The total pellet volume was200p.L. triple resonancéH/*3C/1°N MAS probe designed for

A portion of the FP/LUV pellet formed after ul- a 6 mm diameter rotor with 160L sample volume.
tracentrifugation was transferred by spatula to a MAS The3C transmitter was set to 155 ppm and thé®N
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transmitter was set to-120 ppm.13C chemical shift section and 10 mm length. The X channel was tuned

referencing was done with the methylene resonance to either3!P (referenced to liquid triphenylphosphite
of solid adamantane at 40.5 ppm a5l referencing  at 130 ppm) or td°N (referenced to solid (Nij2SOu
was done with solid (Ng)2SQy at 27 ppm. The'3C at 27 ppm). The sample temperature we5°C. 3P
referencing correlates with that used in NMR of sol- Spectrawere obtained with a Bloch decay aftRar/2
uble proteins Morcombe and Zilm, 2008 The MAS pulse of~5us duration,'H decoupling of~30kHz,
frequency was 800@ 2 Hz and the sample tempera- and a recycle delay of3s.1°N NMR spectra were
tures were between50 and—80°C. Previous MAS obtained with~2 ms of cross-polarization at25 kHz,
NMR measurements on membrane-bound FP samples'H decoupling of-30 kHz, and arecycle delay ofL s.
have shown a three-fold improvementC sensitivity ~ The strength ofH decoupling was limited by probe
at —50°C relative to room temperature and have also arcing. A static">N spectrum was also obtained for an
shown that the FP chemical shifts and presumably the ultracentrifuged IFP/LUV dispersion made inamanner
FP structure are very similar at the two temperatures Similar to that of the MAS samples. The dispersion was

(Bodner et al., 2004 contained in a 5 mm diameter glass tube and the square
Generation ofl3C transverse magnetization with coilinthe NMR probe was replaced by a5 mm diameter
1-2 ms oftH-13C cross-polarization at50 kHz Rabi round coil. The NMR parameters were comparable to

frequency was followed by a 1 ms (eight rotor cycles) those used for the glass plate samples.

13Cc_15N REDOR dephasing period and theég detec-

tion. The REDOR period was used to filter out natural

abundancé3C signals from lipid and FP and the re- 3. Results and discussion

sulting spectra were dominated by the signal from the

13C carbony! label, directly bonded to tA&N amide 3.1. MAS NMR spectra

label Gullion and Schaefer, 1989; Yang et al., 2D02

Filtering was achieved by obtainin§g’ and ‘S;’ data Fig. 1displays'3C MAS NMR spectra of (a—) IFP
which were predominanﬂy Composed of the tdfa]: and (d—f) HFP in different detergent and membrane
and natural abundanégC signals, respectively, and by ~€nvironments. Because of the REDOR filter, natural
processing th& — S, difference. The REDOR period abundancé®C signals are attenuated and the spectra
for theS; data had®N  pulses at the middle and end are dominated by signals from the Leu-2 and Phe-8 car-
of every rotor cycle except for the fourth and eighth bonyls of IFP and HFP, respectively. For both FPs, the
cycles while the REDOR period for t18 data did not peak carbonyl chemical shifts are significantly higher
have these pulses. Both tBgandS; REDOR periods in detergentthanin LM3 membranes. For IFP in PC/PG
had a~50kHz 13C refocusingr pulse at the end of ~membranes, the peak Leu-2 shift is close to that of IFP
the fourth rotor cycle. Two-pulse phase modulafieh in detergent, while for HFP in PC/PG membranes, there
decoupling at~70 kHz was applied during dephasing are two peak Phe-8 shifts, one of which is close to that
and detection&ennett etal., 1995The recyc|e de|ays of HFP in detergent and one of which is close to that
were~2 s and individua& andS; free-induction de- ~ of HFP in LM3 membranes.

cays (FIDs) were acquired alternately to obtain optimal ~ Both solid-state and liquid-state NMR studies of

compensation of spectrometer instabilities. ByeS; peptides and proteins have shown that backbone car-

signal was processed with 50 Hz Gaussian line broad- bonyl chemical shifts are diagnostic of local confor-

ening, Fourier transform, and baseline correction. mation, with higher shifts in helical conformation and
lower shifts in beta strand conformatio&gito, 1986;

2.6. Oriented sample NMR spectroscopy Zhang et al., 2008 Comparison of the experimen-

tal Leu-2 and Phe-8 peak shifts with the shifts char-

The NMR spectra of oriented glass plate samples acteristic of these residues in different conformations

were taken on a 9.4 T spectrometer (Varian Infinity suggests: (1) the Leu-2 local conformation of IFP in de-

Plus, Palo Alto, CA) using a double resonaré#X tergent and in PC/PG is predominantly helical; (2) the
probe which was designed for static samples and which Leu-2 local conformation of IFP in LM3 is predomi-

contained a square coil with 10 mm 10 mm cross nantly beta strand; and (3) the Phe-8 local conformation
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Fig. 1. 13C solid-state MAS NMR spectra of membrane-associated
FPs. The samples contained: (a) IFP1-L2CF3N and DPC detergent;
(b) IFP3-L2CF3N and PC/PG; (c) IFP3-L2CF3N and LM3; (d)
HFP1-F8CL9N and DPC detergent; (e) HFP2-F8CL9N and PC/PG;
and (f) HFP2-F8CL9N and LM3. Because of the REDOR filter, the

spectra are dominated by the labeled carbonyls. The dashed lines in-

dicate the peak carbonyl chemical shifts for the FPsin DPC detergent.
The higher shift for IFP in (a) DPC and (b) PC/PG suggests that Leu-
2 has a helical conformation in these environments while the lower
shift in (c) LM3 is indicative of beta strand structure. The higher
Phe-8 shift of HFP in (d) DPC is characteristic of helical structure,
the lower shift in (f) LM3 is characteristic of beta strand structure,
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LM3 is more consistent with beta strand structure. Al-
though the large difference between the two IFP Leu-2
carbonyl shifts strongly indicates that they correspond
to different conformations, there is some ambiguity in
the conformational assignments based on characteris-
tic chemical shift ranges. One problem is overlap be-
tweenthe 176.9 1.7 ppm shift range of Leu carbonyls
in ‘coil’ conformations (i.e., non-helix, and non-beta
strand) and the shift ranges of helix and beta strand
conformations. However, for IFP in DPC and PC/PG,
the correlation of the Leu-2 shift with helical structure
is supported by a significant body of data from our and
other groups Nlacosko et al., 1997; Han and Tamm,
2000a; Han et al., 2001The biophysical techniques
used in these studies include IR, circular dichroism,
ESR, and liquid-state NMR spectroscopies, as well as
solid-state NMR internuclear distance measurements
(P.D. Parkanzky and D.P. Weliky, unpublished data).
Although there have not been other structural studies
of IFP in LM3, there is one combined IR and mem-
brane binding study of IFP in PC/PG in which beta
strand structure was detected at high peptide:lipid ratio
and high salt concentratiomén and Tamm, 2000b
In addition, analysis of the binding data was consistent
with a free energy change efl1.9 kcal/mol for peptide
self-association in membranes.

For HFP in DPC, the Phe-8 peak shift of 177.4 ppm
is consistent with the 1774 1.4 ppm shift range
of Phe in helices. In some contrast, the 173.4 ppm

and the presence of higher and lower shift components in (e) PC/PG Phe-8 shift of HFP in LM3 correlates with the

indicates populations of both helical and beta strand structures. Each

detergent sample containe@ mM FP and~200 mM detergent and
each membrane sample containe@.4umol FP and 40-50.mol

total lipid. Data were acquired using cross-polarization, 8 kHz MAS
frequency, and temperatures €80°C for spectra (a and d) and
—50°C for spectra (b, c, e, and f). Each spectrum was processed
with 50 Hz Gaussian line broadening and polynomial baseline cor-
rection. The total$ + S) numbers of transients acquired for each
spectrum were: (a) 49530, (b) 29952, (c) 184 320, (d) 132524, (e)
140000, and (f) 186 560.

in HFP is predominantly helical in detergent, predomi-
nantly beta strand in LM3, and a mixture of helical and
beta strand in PC/PG. For example, the Leu-2 peak shift
ofIFPinDPCand PC/PGis 177.7 ppmandis more con-
sistent with the 178.5% 1.3 ppm shift range of Leu car-
bonyls in helices than the 175471.5 ppm shift range

of Leu carbonyls in beta strand&iang et al., 2003

In some contrast, the 174.5 ppm Leu-2 shift of IFP in

174.3+ 1.6 ppm shift range of Phe in beta strands. For
HFP in PC/PG, the 177.0 ppm peak likely corresponds
to a population of helical peptide and the 172.9 ppm
peak likely corresponds to a different population of
beta strand peptide. The helical structure interpretation
of the solid-state NMR data in DPC is consistent with
a solution NMR study which showed an overall helical
conformation of HFP in detergerthang et al., 1997

The beta strand interpretation of the solid-state NMR
data in LM3 is consistent with previous measurements
of chemical shifts of other carbonylpCand @ nuclei

in LM3-bound HFP and with analysis of spectral inten-
sities in 2D MAS exchange experiments on this system
(Yang et al., 2001a; Bodner et al., 200 addition,
solid-state NMR internuclear distance measurements
have demonstrated that the HFP beta strand structure
in LM3 is oligomeric and has interpeptide hydrogen
bonds fang and Weliky, 2008
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In summary, thé3C MAS NMR measurements of  Of the glass plate normal relative to the magnetic field
this paper show that both IFP and HFP exhibit struc- direction Smith et al., 1992; Mascioni et al., 2002
tural plasticity and that the distribution of conforma- 3P spectra of all of our glass plate samples were con-
tions in membranes depends in part on the detergentsistentwith predominant collinearity of the bilayer and
and membrane composition. Although, we do not yet glass plate normals. As evidenced by the small upfield
have a clear understanding of the switch from helical componentirFig. 2a), most samples also contained a
conformation in PC/PG to beta strand in LM3, other Mminor population of unoriented bilayers, but the much
solid-state NMR spectra suggest that the presence oflarger population of oriented bilayers was adequate to
cholesterol in LM3 and its absence in PC/PG plays Proceed with®N NMR studies of FP orientation rel-

some role in the conformational changéag et al.,  ative to the bilayers. We do note that both the popu-
2002. lation of unoriented bilayers and tR& line-width of

the oriented component were generally larger in sam-
ples which contained FP relative to samples which did
not contain FPYang et al., 2001p These data suggest
that membranes do not orient as well in the presence of

NMR spectra of glass plate samples containing FPs andFP and this observation may be relateq to FP-induced
membranes, the membrane bilayer and glass plate nc)r_me_rnbrane curvature and to FP catalysis of membrane
mals should be collinear. As displayedFig. 2, 3P fusx)ndCEp?nd,chQr?:B he EP f ional di
NMR spectra can provide experimental evidence for ib s dIsp ayz.ﬁ' '9- ]“ ItDC?/PG cog E|r\;|n3atlonab 1S
collinearity, including: (1) narrow linewidth; and (2) tributions are different in an membranes

downfield and upfield dependence of the peak shifts and we m_adnglass platz ;amhplesésv,\ilitlzll\oﬂtgh membrane
on respective parallel and perpendicular orientations compositions |g..3(a an .) show spectra
from samples which contained HFP1-L12N and LM3

and for which HFP likely has a beta strand confor-
mation Fig. 1f). The glass plate normal was oriented
either (a) parallel or (b) perpendicular to the magnetic
field direction. The line-shapes are much broader than
(a) the 10-20 ppm line-widths typically seen for samplesin
which the peptide is well-aligned inthe membrane. The
spectra also have greater intensity upfield and lower in-
tensity downfield which is qualitatively characteristic
of a random ‘powder pattern’ distribution of peptide
moleculesliazo etal., 199% However, there are differ-
ences between the shapes of the two specfair3(a
(b) and b) and these differences would not be expected
for completely randomly oriented peptide. Overall, the
T I data suggest that the distribution of peptide orienta-
50 0 tions in the membrane has some breadth but is not
completely random. More detailed understanding of
the orientational distribution should be based on line-
Fig. 2. 31P solid-state NMR spectra of a glass plate sample contain- Shape simulations for different orientational models.
ing IFP2-F3N and PC/PG at peptide:lipie.02. The glass plate Fig. 3(c and d) show$>N NMR spectra from a sam-
normal was either (a) parallel or (b) perpendicular to the external ple which contain HFP1-V2CA6N and PC/PG and for
magnetic field. The chemical shift of the dominant peak varies sig- which there are likely populations of both helical and
nificantly as a function of glass plate orientation and is consistent beta strand conformationBig. 1e). The V2C label has

with oriented bilayers whose normal is parallel to the glass plate 5
normal. Data were acquired using a Bloch decay andC38ample no effect on thé°N spectra and the glass plate normal

temperature. Each spectrum represents the sum of 16 transients angvas oriented either (c) parallel or (d) perpendicular to
was processed with 50 Hz line broadening. the magnetic field direction. These spectra appear to

3.2. Oriented sample NMR spectra

In order to obtain meaningful information from

®'p Chemical Shift (ppm)
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to our observed 190 ppm value (F.M. Marassi, personal
communication).

(a) (b) Although the HFP spectra in PC/PG were compli-
cated by the presence of two HFP conformations, they
pointed us towards making samples with IFP in PC/PG
because IFP is predominantly helical in this compo-
sition (Fig. 1b). Spectra from two such samples are

() (d) displayed irFig. 3e and f) and contained either IFP2-
A7N or IFP2-F3N peptides, respectively. Both spectra
were obtained for a parallel orientation of the plate
normal and magnetic field direction. Each spectrum is
composed of a peak witkk10 ppm full-width at half-

(e) () maximum line-width. The sharpness of the peaks sug-

gests that helical IFP is well-oriented and the upfield

anisotropic shifts of the peaks are consistent with a he-

300 200 100 0 lix axis orientation which is closer to the surface of the
15N Chemical Shift (ppm) bilayer thanto the b|IayernormaVKara§S| etal., 1997 _
(9) When the glass plate normal was oriented perpendicu-

lar to the magnetic field direction, low signal-to-noise
spectra were obtained and did not have the sharp down-

T T 1 field feature. Similar observations of strong signals in

s 300 20? 100. 0 the parallel orientation and no signal in the perpendic-
N Chemical Shift (ppm) ular orientation have been reported by the Ramamoor-

s o _ thy group for the helical antimicrobial peptide LL-37 in
Fig. 3. *°N static solid-state NMR spectra of membrane-associated .
FPs. Spectra (a and b) were obtained with samples containing HFP1- StaCk_ed gl"_"SS plate sampl&gildman et al., 2008 As .
L12N and LM3; spectra (c and d) were obtained with a sample con- described in the Ramamoorthy paper, one explanation
taining HFP1-V2CABN and PC/PG; spectra (e and g) were obtained for this observation is that the spectrum is broader in
with samples containing IFP2-A7N and PC/PG; and spectrum (f) the perpendicular plate orientation relative to the par-
was obtained with a sample containing IFP2-F3N and PC/PG. The g)1e| grientation. LL-37 is similar to IFP in having its
FP:“pId ratio in all samples was0.02. Spectra (a—f) were obtained helix axis approximately parallel to the membrane sur-
with glass plate samples and the glass plate normal was parallel to the
magnetic field for spectra (a, ¢, e, and f) and perpendicular to the field face. For an ensemble of either IFP or LL-37 peptides,
for spectra (b and d). The sample for spectrum (g) was a IFP/LUV individual molecules may differ in their azimuthal ori-
dispersion. Data were acquired using cross-polarization ai€35  entation relative to the membrane bilayer normal. The
sample temperature. Spectra (a and b) were processed with 400z jifterent azimuthal orientations are related by rotation
line broadening, spectra (c, d, and g) were processed with 800 Hz . . .
line broadening, and spectra (e and f) were processed with 200 Hz aboutthe b"ayer normal direction. For the paraIIeI pIate
line broadening. The total numbers of transients acquired for each Ofientation, the membrane normal and magnetic field
spectrum were: (a) 87 498, (b) 100369, (c) 80000, (d) 80000, (e) are collinear, and the different azimuthal orientations
200000, (f) 200000, and (g) 778 608. all result in the same anisotropieN shift and a sharp
spectrum. In the perpendicular plate orientation, dif-
have a broad component and also an additional peak atferent azimuthal orientations can have differéi
~190 ppminthe parallel orientation. We tentatively as- shifts with a resulting broader spectru@®n(ith et al.,
sign this peak to helical peptide and the downfield value 1994).
of its anisotropic shift in the parallel orientation is con- In addition to the static broadening described in
sistent with an oriented helix whose axis is closer to the the above paragraph, slow rotational motion of pep-
bilayer normal than to the bilayer surfadddrassi et tides about the bilayer normal could specifically atten-
al., 1997. We note that another group has also studied uate the spectrum in the perpendicular plate orientation
an’®N labeled HFP in a PC/PG glass plate sample and through introduction of additional spectral broadening
obtained a downfield anisotropic shift for Ala-6 close and interference with cross-polarization. With this in
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mind, peptide motion in our samples was considered either helical or beta strand conformation in its final
through qualitative analysis of the spectraFig. 3. membrane-associated form.

For example, the spectral breadthsHig. 3(a and b) The breadth of orientational preference for HFP beta
are close to what is observed in lyophilized peptides, strands and the orientations of the HFP and IFP helices
and suggest that beta strand FPs do not undergo largederived from our solid-state NMR experiments can be
motion (Lazo et al., 199h To gain insight into mo- compared with some of the previous IR, ESR, and com-
tion of helical FPs, an unoriented dispersion sample putational studies on these systeMsa(tin etal., 1993,
without glass plates was prepared which contained ul- 1996; Luneberg et al., 1995; Macosko et al., 1997; Han
tracentrifuged PC/PG LUVs and associated IFP2-A7N and Tamm, 2000a; Han et al., 2001; Kamath and Wong,
peptide. The spectrum of this sample is displayed in 2002; Maddox and Longo, 20D2T here is qualititative
Fig. 3g) and has low signal-to-noise, perhaps due to agreement with the results of some of these studies.
inefficient cross-polarization arising from peptide mo- For example, oriented HFP beta strands were not de-
tion. The spectrum appears narrower than the spectratected in IR experimentdMartin et al., 1993 In addi-

in Fig. 3(a and b) which is also indicative of motion of tion, an ESR study yieldeda65° angle between the
helical IFP. However, in this sample, a possible con- IFP helix axis and the bilayer normaWigécosko et al.,
founding factor is the motion of the vesicles in the 1997 while a computational study yieldec~a85° an-
dispersion. To address this problem, we plan to study gle between the HFP helix axis and the bilayer normal
a sample where IFP is added to a PC/PG dispersion(Maddox and Longo, 2002These results are consis-

which has not been extruded into vesicles. tent with our model of helix axis orientations based on
anisotropic'®N shifts for IFP and HFP in PC/PG.

3.3. Comparison with other studies and future One promising aspect of our study is that the helical

experiments form of IFP is highly oriented in glass plate samples

so that future studies should be able to precisely define

The principle solid-state NMR results of this pa- helix orientation(s) using additional measurements of
per are: (1) FP conformational distributions depend anisotropic’®N chemical shifts andH-1°N dipolar
strongly on the lipid headgroup and cholesterol com- couplings, and perhaps also using 2D PISEMA corre-
position of the associated membrane; (2) there appeardation between these shifts and couplingstchem et
to be breadth in the orientational distribution of beta al., 1993; Wildman et al., 2003; Opella and Marassi,
strand HFPs in membranes; (3) helical FPs appear to2004; Ramamoorthy et al., 2004imilar determina-
orient well in membranes; and (4) the helix axes of tions of helix orientations in mutant peptides should be
HFP and IFP appear to be different with the HFP axis able to distinguish between different literature models
closer to the membrane bilayer normal and the IFP axis which correlate IFP helix orientation with fusogenicity
closer to the membrane surface. Overall, our results are(Epand et al., 2001; Tamm, 2002\ current project in
consistent with at least some previous studies and sug-our laboratory is to determine whether there is a change
gest several future experiments. For example, confor- in the IFP helix orientation as a function of pH which
mational plasticity of FPs has been reported in earlier might then be correlated with the observed increased
studies using techniques other than solid-state NMR IFP fusogenicity at lower pH. This work might help to
(Durell et al., 1997; Epand, 20p3However, to our resolve the disagreement between different ESR stud-
knowledge, these studies did not carefully investigate ies onthis questionZhouetal.,2000; Hanetal., 2001
the dependence of conformation on lipid and choles-  The data presented in this paper suggest that solid-
terol composition, as is reported in this paper. Using state NMR determination of HFP orientation in either
our results, it should be possible to study the depen- its helical or beta strand conformations may be prob-
dence of fusogenicity on conformation by carrying out lematic because: (1) the beta strands do not appear to
comparative functional fusion assays using the same be strongly oriented in LM3; and (2) there is a mixture
FP and LUVs with either PC/PG or LM3 composition. of unoriented beta strands and possibly oriented he-
Preliminary data from our group are consistent with licesin PC/PG. However, it may be possible to address
significant fusion activity for LUVs of either composi-  these problems by using C-terminal cross-linked HFPs
tion and suggest that a FP can be fusogenic and adopt(Yang et al., 2008 These cross-linked peptides were
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