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ABSTRACT. Human immunodeficiency virus (HIV) infection begins with fusion between viral and host
cell membranes and is catalyzed by the HIV gp41 fusion protein.~T2@&N-terminal apolar residues of

gp41l are called the HIV fusion peptide (HFP), interact with the host cell membrane, and play a key role
in fusion. In this study, the membrane location of peptides which contained the HFP sequence
(AVGIGALFLGFLGAAGSTMGARS) was probed in samples containing either only phospholipids or
phospholipids and cholesterol. Four HFPs were examined which each cont¥d@dabeling at three
sequential residues between G5 and G16. 8© chemical shifts indicated that HFP had predominant

p strand conformation over the labeled residues in the samples. The internuclear distances between the
HFP 13CO groups and the lipid'P atoms were measured using solid-state nuclear magnetic resonance
rotational-echo double-resonance experiments. The sh&i@3t31P distances of 56 A were observed

for HFP labeled between A14 and G16 and correlated with intimate associatjerstoind HFP and
membranes. These results were confirmed with measurements using HFPs singly labelé@ @ittt

A6 or Al4. To our knowledge, these data are the first measurements of distances between HIV fusion
peptide nuclei and lipid P, and qualitative models of the membrane location of oligofhstiand HFP

which are consistent with the experimental data are presented. Observation of intimate contact between
p strand HFP and membranes provides a rationale for further investigation of the relationship between
structure and fusion activity for this conformation.

The infection of enveloped viruses such as human immu- catalyzed by fusion proteins, and several models of fusion
nodeficiency virus (HIV) begins with fusion between the protein catalysis have been propos&d §—7). For HIV,
viral and host cell membranesl{4). Fusion may be  fusion is catalyzed by a “gp160” glycoprotein complex which
is incorporated in the virus membrane and is composed of
" This work was supported by NIH Grant Al47153 to D.P.W. two noncovalently associated subunits, “gp120” and “gp41”.

* To whom correspondence should be addressed. Telephone: (517) o ; : ;
355.9715. Fax. (517) 353-1793. E-mail; weliky@chemistry.msu.edu, 1€ 9P120 subunit lies outside the virus and binds to

#Michigan State University. receptors in the target cell membrane, and the gp41 subunit
fCIevela_no! CIini1<‘:1 Foundation. ) contains a region inside HIV as well as a single-pass
Abbreviations: “AAG, residues Al4, AL5, and G161CO, *C-  transmembrane domai8, ). The~170-residue ectodomain

labeled carbonyld, magnitude of*3C—3'P dipolar coupling; DPPC- . . . L .
13¢, 1,2-dipalmitoylsn-glycero-3-phosphocholine withC labeling at of gp41 lies outside HIV and is subdivided into a more

both carbonyl sites; DTPC, 1,2-@i-tetradecylsn-glycero-3-phospho- C-terminal “soluble ectodomain” and ar20-residue N-

le\Olinel:)]Ez(T?G,t_1,2-?'[19%?&090)/'5”'9|ycetf601-P3-[Ft)hOSph€ﬁf'(f1'" terminal fusion peptide (HFP) which is apolar and fairly
glycerol)}; 1, Traction o groups close atoms; , U f . f .

membrane insertioSGALFLGFLG, residues G5, A6, L7, F8, L9, G10, conserved. The HFP is belle\_/ed to interact with the target
F11, L12, and G13; HEPESN-(2-hydroxyethyl)piperazind¥-2- cell membrane after gp120 binds to cellular receptors, and

ethanesulfonic acid; HFP, HIV fusion peptide; HFP1, AVGIGALFLG-  fusion is greatly disrupted by mutation or deletion of the
FLGAAGSTMGARS-NH; HFP18FLG, HFP1 labeled witH3CO at HFP (10-13)

F8, L9, and G10; HFP2, AVGIGALFLGFLGAAGSTMGARSKKK- . : . .
NH,; HFP25GAL, HFP2 labeled witH3CO at G5, A6, and L7; HFP2- Peptides with the HFP sequence catalyze vesicle fusion,

HFLG, HFP2 labeled with*CO at F11, L12, and G13; HFP2AAG, i i
HEP2 labeled withi“CO at Ald Al5. and G16. HEP3. AVGI- and there are good correlations between the mutafiogion

GALFLGFLGAAGSTMGARSKKKA; HFP38FLG, HFP3 labeled aCtiVity r6|ati0nShipS- of HFP'induced. vesicle fusion and
with 13CO at F8, L9, and G10; HFP4, AVGIGALFLGFLGAAGST-  HIV —target cell fusion 14-17). Studies of membrane-
MGARSWKKKKKKA 4; HFP49A, HFP4 labeled with™*CO at A6; associated HFP should therefore provide useful information

HFP424A, HFP4 labeled witht3CO at A14; HIV, human immunode- - - :
ficiency virus; IR, infrared/LFLGFL, residues L7, F8, L9, G10, F11, about some aspects of biological fusion. Both the conforma-

and L12; MAS, magic angle spinning; NMR, nuclear magnetic tion and membrane location of the HFP have been hypoth-
resona/mce; P/CHPIG' 4:1IDTPC/DTPG mixtulre; PCt;PG:CHOL, 8:2:5 esized to be significant structural factors for the catalysis of
DTPC/DTPG/cholesterol mixture; PMI, partial membrane insertion; ; ;

13C—3%1p internuclear distance; REDOR, rotational-echo double- fusion by Fhe H'.:P 16 ].'8)' The Confor.matlon of the HFP
resonancer, duration of the dephasing period; TFA, trifluoroacetic Nas been investigated in detergent micelles and membranes

acid. using a variety of biophysical techniques. For HFP associated
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with negatively charged sodium dodecyl sulfate micelles, one spin-labeled at M19 but did not quench HFP spin-labeled at
liquid-state nuclear magnetic resonance (NMR) study showedAl (30). These data indicated a location for M19 close to
that there was uninterrupted helical structure from 14 to  the aqueous interface of the membrane and a location for
M19, while another study showed a helix from 14 to A14 Al away from this interface.
followed by af turn (19, 20). For HFP associated with Models for HFP location in membranes have also been
neutral dodecylphosphocholine micelles, helical structure wasdeveloped from simulations of a single HFP molecule in
detected from 14 to L1221; C. M. Gabrys and D. P. Weliky,  membranes and have shown either partial insertion or
unpublished data). There is not yet a consensus for thetraversal of the membrane. The HFP always adopted
micelle location of HFP, and there are distinct models based predominani helical conformation and in one simulation
on experiment and simulation of either predominant micelle was generally near the membrane surface with the F8
surface location or micelle traversal by HFE9(23). In backbone and side chain nuclei 4dad A deeper than the
one NMR study, residues #4A15 were found to be fully  phosphorus longitude, respectivel@8|. For a different
shielded from solvent and residues G3 and G16 were at thesijmulation, HFP traversed the membrane and the backbone
micelle-solvent interface20). and side chain F8 nuclei were at the bilayer center, i.e.,
The conformation of membrane-associated HFP has been~19 A from the phosphorus longitud&g).
investigated with different lipid components and different  This paper includes solid-state NMR measurements of
peptide:lipid ratios. A greater fraction of HFPs adopted gistances betweefC-labeled carbonyf#CO) nuclei in HFP
helical structure at low peptide:lipid ratios, while nonhelical  anq Jipid3P nuclei. These studies provide information about
structure became more favored at higher ratts§.(Helical ~ the |ocation of specific HFP residues relative to the phos-
structure was also promoted by negatively charged lipids, phorus headgroups and are complementary to other solid-
while a higher fraction of3 strand structure was adopted state NMR methods of probing membrane location of
with neutral lipids or with bound Ca (16, 24—26). Solid- peptides and proteins4@—50). The 3CO—3!P distance
state NMR provided residue-specific conformational infor- approach has previously been used to probe the locations of
mation about HFP associated with membranes whose lipid antimicrobial peptides, antibiotics, and sterols in membranes
headgroup and cholesterol composition were comparable t0(51-53). Measurements were taken both on HFP associated
those of host cells of the virus. A& strand conformation \yith membranes containing only phospholipids and on HFP
was observed for residues AG16, while A21 appeared to  associated with membranes which contained both phospho-
be unstructured27, 28). Formation off3 strand oligomers |jinids and cholesterol. The potential significance of cholesterol-
or aggregates was supported by detection of short distancegontaining membranes is suggested both by the cholesterol:
between labeled’CO groups on one HFP and labefdl  phospholipid molar ratios of0.5 and 0.8 for HIV host cell
on an adjacent HFF2Q). Oligomerization and aggregation  and HIV membranes, respectively, and by the observation
have also been detected by other biophysical methbls (  thatg strand conformation of HFP is promoted by membrane
30). There is evidence that at least the lipid mixing step of cnolesterol 27, 35, 54—57).

membrane fusion can occur with the HFP in either helical The3CO—IP distancesr] were probed with the rotational-
prﬁ S”‘T"”d Conformation’. although t.here IS SOme CONTOVEISY oo goyble-resonance (REDOR) technique which is a solid-
in the literature about this conclusiod4 16, 18, 31—35). state NMR method for measuring magnitudes of dipolar

HFP location in membranes has pe_en primarily probed couplings @) between spiri/, heteronuclei such &4C and
using an HFP-F8W mutant and by variation of the tryptophan s1p (58). For al*CO—3'P spin pairy = 23.0542, wherer

fluorescence of this mutant with changes in environm@8t (- nqq are in units of angstroms and hertz, respectively. The

37). Key results have included the following. (1) Fluores- upper limit of REDOR detection afis ~10 A (d > 10 Hz)
cence was higher for membrane-associated HFP-F8W tha 5

for HFP-F8W in a buffered saline solution. (2) Greater
fluorescence quenching by acrylamide was observed for apATERIALS AND METHODS
soluble tryptophan analogue than for membrane-associated
HFP-F8W. (3) Similar fluorescence quenching of membrane- Materials.Resins and 9-fluorenylmethoxycarbonyl (FMOC)
associated HFP-F8W was observed in samples containinggmino acids were obtained from Peptides International
either 1-palmitoyl-2-stearoylphosphocholine brominated at (Louisville, KY). Amino acids isotopically labeled with
the 6 and 7 carbons of the stearoyl chain or the corresponding'*CO were obtained from Cambridge Isotope Laboratories
lipid brominated at the 11 and 12 carbons of the chain. The (Andover, MA). The lipids 1,2-do-tetradecylsn-glycero-
first two results indicated that the level of solvent exposure 3-phosphocholine (DTPC), 1,2-@-tetradecylsn-glycero-
of the HFP-F8W tryptophan is reduced with membrane 3-[phosphorac-(1-glycerol)] (DTPG), and [#C]-1,2-
association, and the third result indicated that the membranedipalmitoyl-sr-glycero-3-phosphocholine (DPPEC) were
location of the tryptophan indole group is centered near the obtained from Avanti Polar Lipids (Alabaster, AL). The
carbon 9 position of the brominated lipid stearoyl chain, i.e., 5 MM HEPES buffer at pH 7 contained 0.01% (w/v) NaN
~8.5 A from the bilayer center ang10 A from the lipid preservative.
phosphorus. Infrared (IR) and solid-state NMR spectra of Peptides.All peptides contained the sequence AVGI-
membrane-associated HFP suggested that HFP-F8W hadsALFLGFLGAAGSTMGARS which is the 23 N-terminal
predominang strand conformation under the conditions of residues of HIV-1 gp41, LAY, strain. A set of peptides for
the fluorescence experimentss( 27, 36, 37). probing peptide-lipid headgroup distances between G5 and
In a different set of experiments, electron spin resonance G16 were synthesized. “HFPELG” had the sequence
spectra showed that chromium oxalate in the aqueous phas@VGIGALFLGFLGAAGSTMGARS-NH, and was labeled
guenched the signal of membrane-associated HFP which wasvith 3CO at F8, L9, and G10. “HFPZ5AL”, “HFP2-11-
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FLG", and “HFP21“AAG” had the sequence AVGIGALFLG-  weight) was dissolved in 2 mL of buffer, and the HFP and
FLGAAGSTMGARSKKK-NH, and were labeled witHCO vesicle solutions were then gently vortexed together. The
at G5, A6, and L7, at F11, L12, and G13, and at A14, A15, mixture was refrigerated overnight and ultracentrifuged at
and G186, respectively. The three non-native lysines increased~15000@ for 5 h. The membrane pellet with associated
the aqueous solubility and resulted in monomeric peptide in bound HFP was transferred & 4 mmdiameter magic angle
the buffer solution prior to membrane bindirggf. “HFP3- spinning (MAS) NMR rotor. The majority of the HFP binds
8FLG” had the sequence AVGIGALFLGFLGAAGSTM- to membranes under these conditions, and the membranes
GARSKKKAj and was labeled with*CO at F8, L9, and remain bilayers for an HFP:lipid ratio 6¥0.04 7, 56, 59,
G10, and “HFP4", “HFP£A”, and “HFP4A” had the 64).
sequence AVGIGALFLGFLGAAGSTMGARSWKKKKK- A sample was also prepared for calibration of the NMR
KA; and were unlabeled and labeled wiiCO at A6 or experiments and contained HFP4 (@r&80l) and DPPCSC
Al4, respectively. The-alanine resin used for the HFP3 (20 umol). The3CO signal of this sample was dominated
and HFP4 syntheses had a low degree of substitution whichby DPPCXC.
helped to increase the yield. All peptides were synthesized Solid-State NMRExperiments were conducted on a 9.4
using an ABI (Foster City, CA) 431A peptide synthesizer T solid-state NMR spectrometer (Varian Infinity Plus, Palo
and FMOC chemistry. Peptides were cleaved from the resin Alto, CA) equipped with a triple-resonance MAS probe. The
for 2—3 h using either a mixture of trifluoroacetic acid detection channel was tuned #C at 100.8 MHz; the
(TFA), water, phenol, thioanisole, ethanedithiol, and water decoupling channel was tunedd at 400.8 MHz, and the
in a 33:2:2:2:1 volume ratio or a mixture of TFA, thioanisole, third channel was tuned P at 162.2 MHz!3C shifts were
ethanedithiol, and anisole in a 90:5:3:2 volume ratio. TFA externally referenced to the methylene resonance of ada-
was removed from the cleavage filtrate with nitrogen gas, mantane at 40.5 pprP shifts were referenced to 85%-H
and peptides were precipitated with cdéft-butyl methyl PQ, at 0 ppm, and th&C and®'P transmitter chemical shifts
ether. Peptides were purified by reversed-phase high-were 156 and-16 ppm, respectively. Th&C referencing
performance liquid chromatography using a semipreparative allowed direct comparison withC shift databases derived
Cis column and a wateracetonitrile gradient containing  from liquid-state NMR assignments of proteind5( 66).
0.1% TFA. Mass spectroscopy was used for peptide iden- These databases are appropriate for solid-state NMR data
tification. as evidenced by simila¥®C shifts observed for the same
NMR Sample PreparatiorBamples were made with the protein in either aqueous solution or the microcrystalline state
ether-linked lipids DTPC and DTPG because these are (67—69). Experiments were conducted-ab0 °C to enhance
commercially available lipids which do not contain carbonyl the3C signal and to prevent motional averaging of the—
groups. The liquid crystalline to gel phase transition tem- 3P dipolar coupling which was the parameter used to assess
peratures of DTPC and DTPG are28 °C and are close to  HFP location in membranes. TH& shifts and presumably
the phase transition temperatures2@ °C) of the corollary the HFP conformation were comparable -850 °C and
ester-linked lipids 1,2-dimyristoydn-glycero-3-phosphocho-  ambient temperatur& (). At —50 °C, the lipids were likely
line and 1,2-dimyristoybn-glycero-3-[phospheac-(1-glyc- in the gel phase for the PC:PG samples and in the liquid-
erol)] (60). If NMR samples had been made with the more ordered phase for the PC:PG:CHOL samplé§, (71).
typical ester-linked lipids, there would be large natural Analyses of slow-spinning spectra yielded*@&O chemical
abundance lipid®CO signals which would overlap with the  shift anisotropy range of approximately-9240 ppm and a
peptide’*CO signals 85). For such samples, analysis of the 3P chemical shift anisotropy range of approximately5
peptidet*CO-lipid 3'P distances would then be complicated to 100 ppm {2). The REDOR experiment included in
by the proximity of the lipid*3CO to lipid *'P. All samples  sequence (1) a 50 kH#H x/2 pulse, (2) 1 ms cross
contained a 4:1 DTPC:DTPG molar ratio which reflected polarization with a 52 kH2H field and a 58-69 kHz ramped
the approximate ratio of neutral to negatively charged *3C field, (3) a dephasing period with a durationzofvhich
headgroups in membranes of host cells of Hp4,(57). For contained~50 kHz *3C & and in some cases60 kHz 3P
each triply'3CO-labeled HFP, a sample was made with a & pulses with XY-8 phase cycling on each channel, and (4)
4:1 DTPC:DTPG ratio£“PC:PG") and a sample was made 13C detection with a four-scan phase cyc®,(35, 73—75).
with an 8:2:5 DTPC:DTPG:cholesterol ratie='PC:PG: Two-pulse phase modulatidid decoupling of~100 kHz
CHOL"). The latter total lipid:cholesterol molar ratio re- was applied during the dephasing and detection periods; the
flected the ratio observed in membranes of host cells of HIV, recycle delay was 1 s, and the MAS frequency was 8800
and the former PC:PG composition without cholesterol was 2 Hz (76).
similar to membrane compositions used in previous structural For each sample and eachtwo spectra were acquired.
studies of fusion peptide4, 57, 61-63). The samples  The dephasing period during th&" acquisition contained
containing singly**CO-labeled HFP were prepared with PC: a 13C 7 pulse at the end of each rotor cycle except for the
PG:CHOL. last cycle and &'P iz pulse in the middle of each cycle. The
Each sample preparation began with dissolution in chlo- 3P pulses were absent during th&™ acquisition. MAS
roform of a total of 20umol of PC:PG or 3Qumol of PC: averaged th&*C—3'P dipolar coupling to zero over each rotor
PG:CHOL. The chloroform was removed under a stream of cycle of the dephasing period of tf& acquisition, while
nitrogen followed by overnight vacuum pumping. The lipid incorporation of twar pulses per rotor cycle during th&
film was suspended in 2 mL of buffer and homogenized with acquisition resulted in a non-zero average value of the dipolar
10 freeze-thaw cycles. Large unilamellar vesicles were coupling and concomitant reduction in signals< nuclei
formed by extrusion through a 100 nm diameter polycar- close to®'P. Determination ofl was based on the difference
bonate filter (Avestin, Ottawa, ON). HFP (0/&mol by in the 13C signal intensity of the two spectra.
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The *H and 3C rf fields were initially calibrated with For the HFP4/DPPCSC sample, y’(d) values were
adamantane, and tHéC cross polarization field was then calculated for an array of values df
adjusted to give the maximuAiCO signal of the sample

containing unlabeled HFP4 and DPPIC. The3'P x pulse A_ op A_S(d) sim) 2

length was set by minimization of ti& signal in this sample T\ S/, S

for az of 8 ms, and théH TPPM pulse length was set to xz(d) = Z (4)
give the maximunty, signal. i= (ngp)Z

REDOR Data AnalysisAll spectra were processed
with Gaussian line broadening and with baseline cor- whereT is the number of experimentalvalues. The best-
rection. For each sample and each valuerpfspectra  fit d corresponded to the minimug#(d).
were integrated over a defined chemical shift range and At larger 7 values, AS/S)® for the HFP2AAG and
the integrals of thel, and S spectra were denoted as HFP44%A samples reached plateau values which were
“S” and “S” and were used to calculate a normal- Significantly smaller than 1 while theA§'S)*™ had plateau

ized experimental dephasing parameter via the relationValues of~1. This inconsistency was resolved using a model
(ASS)™® = 1 — (S/S). Uncertainties in A5S)®® were of two populations of membrane-associated HFPs. Fraction

calculated: f represented®CO groups close to the lipittP atoms with
a corresponding non-zedh while fraction 1— f represented
3CO groups far from the lipid'P atoms with a correspond-

oo S)Zaslz + 5120502 o ing d of 0. Fitting was done with an array of valuesdénd
2 .
lab AS sim)] 2
whereog, andos, were the experimental root-mean-square T g o f g(d) ‘
deviations of integrated intensities in regions of the spectra Z(d) _ : : 5)
without signal 77). Relative to the other labeled HFP X ; (O!ab)z
samples, the HFP2AAG and HFP4“A samples had :

significantly larger values ofXASS)®*P, and data from these The uncertainty ofl was calculated with the? = 2 + 1
samples were used to determine an approximate distanc&.iterion .

between the’!P atoms and the labelédCO groups. The
distance determination was done withg/S)"?® calculated RESULTS
to remove the natural abundance (na) contribution fra® (

) Overall Strategy Our long-term goal is a detailed structure

of the membrane location of the HFP in helical ghstrand

na conformations. Prior to the beginning of this study, there

AS @) was relatively little information about the membrane location

S of HFP, particularly for thes strand conformation. It was
likely that a large number of3CO sites had*CO—3'P

distances beyond the REDOR detection limit. In addition,

HFP 13C line widths are fairly broad which leads to overlap

- exp of 13CO resonances from different residues and the need for
(AS'S vere calculasted as the average BI(S)** for specific 13CO labeling. In an effort to reduce the numbers
the HFP2:GAL, HFP3#FLG, and HFPZ2FLG samples and o gpecifically labeled peptides needed to develop a mem-

for 7 values of 2, 8, 16, and 24 ms were 0.000, 0.029, 0.094, hrane |ocation model, samples were first made with four

and 0.134 for the PC:PG Samples and 0.026, 0.028, 0.083,peptideS, each of which hadCO labels at three Sequentia]
and 0.092 for the PC:PG:CHOL Samples, reSpectively. The residues between G5 and G16. The-@&&lL6 region was
0 values were calculated with the equatioff = (1 + therefore rapidly scanned f&{CO—3P proximity. Although
S"ba/S?b) x 0®®, which neglected the contribution from the the ASS)®* data for each of the samples had contributions
far-right term in eq 2. Discussion of this approximation and from three distincf3CO sites, the individualXS'S) value
derivation of eq 2 are given in the Supporting Informa- would be appreciably greater than zero only ¢ O—3p
tion. distances ok 8 A. The regions of HFP close f8P would
Simulations of the experimental data were based on aEZmdpel\ggegnf(;Ot?e;zereziagI\?vo%?éath%nn t;?ri\/tigzlé Iggglse?or
; 13~ ()—31 ; i . )
single “CO—*# spin pair model. choosing sites for singly*CO-labeled peptide$3CO—3p
distances are more straightforwardly derived froh§&))
AS)\sim 5 [Jk(\/éi)]2 values of singly labeled HFPs, and REDOR data for two
(_S) =1- [Jo(x/EA)]Z + ZZ— ) such HFPs are presented to refine the basic HFP membrane
E116¢ — 1 location model developed from the triply labeled HFP data.
REDOR Calibration Experiment#\s an initial control
where/ = dr andJi is thekth order Bessel function of the  experiment,’3CO—3!P REDOR spectra were obtained for
first kind (78). The samples contained multipteCO—3'P HFP24FLG lyophilized from water and resulted in A%
distances and couplings, and these are approximated as &,)®*® of ~0 for values ofr between 1 and 19 ms (Figure
singler and a singled in eq 3 @9, 51, 79). la—c). Non-zero values of XSS)®*® for 3CO groups in

b P

5 ES

The values of §7S") were 0.084 and 0.32 for the HFP2-
HAAG and HFP4¥A samples, respectively. The values of

ex|
AS

S

la
AS

S

1+
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T
T T T T T T T T LI 190
190 170 190 170 190 170 190 170

13C Chemical Shift (ppm)

FIGURE 1: 13CO—3'P REDOR spectra of tac) lyophilized HFP2- lipid ratio of ~0.04. The dotted lines are at 175 ppm. All spectra
UFLG and (d-g) the HFP4/DPPG3C sample. The left and right ~ were obtained with a of 2 ms and were processed with 200 Hz
spectra in each pair dfC-detected spectra aB and S, spectra, Gaussian line broadening and baseline correction. The membrane

respectively. The dotted lines are drawn for visual comparison of composition for samples-ed was PC:PG, and the membrane
S and S, peak intensities. Each spectrum was processed with composition for samples-¢h was PC:PG:CHOL: (a and e) HFP2-
200 Hz Gaussian line broadening and baseline correctionzThe 5GAL, (b and f) HFP3FLG, (c and g) HFP2JFLG, and (d and
values and numbers & or S, scans in each pair of spectra were h) HFP214AAG. The numbers of scans summed to obtain spectra
as follows: (a) 1 ms and 120, (b) 11 ms and 126, (c) 19 ms and a—h were 4823, 3867, 4823, 8500, 3259, 1001, 4320, and 6992,
138, (d) 1 ms and 8, (e) 7 ms and 56, (f) 13 ms and 104, and (g) respectively.
19 ms and 152, respectively.

in the crystal structures of the related lipids, 1,2-dimyristoyl-

snglycero-3-phosphocholine and 1,2-dipalmitsylglycero-
[phosphorac-(1-glycerol)] (which had both been dehydrated)
and in molecular dynamics simulations of gel-phase DPPC
(80—82). The differences betweeA§S)**® and ASS)sS™
are likely due to (1) contributions toA§'S)®*? from intra-
0.5 and intermolecula?'P with comparable values afwhich
contrasts with the singl&CO—3P spin pair model used to
calculate ASS)s™, (2) two structurally distinct*CO groups

in each headgroup with different intra- and intermolecular
values, and (3) structural disorder within the headgro@@ks (
Overall, the DPPG3C fitting yielded good agreement

1.0

ASISg

007 between the NMR value and the expected rangerafalues
0 10 20 in the lipid.
Dephasing time (ms) For the HFP4/DPPCC sample, experiments were also

FiGURE 2. (AS/S)®* (vertical lines with error bars) and best-fit conducted with a “one-chann'el'"'version of the REDOR
(ASS)s™ (O) vs dephasing timet] for the HFP4/DPPC-13C sequence for which th& acquisitions contained a single
sample. Lines are drawn between points with adjacent values of *C r pulse at the center of the dephasing period &Rdr
Each AS'S)***value was obtained fro a 1 ppm integration region  pulses in the middle and end of each rotor cycle except for

centered at 173 ppm. The totd} + S numbers of scans for ; ; it
values of 1, 3. 5.7 9. 11, 13, 15, 17 and 19 ms were 16, 48, 80, the center and end of the dephasing period. ffaequisition

112, 144, 176, 208, 240, 272, and 304, respectively. The displayeddid Not have’!P  pulses. Relative to the “two-channel
best-fit ASS)s™ values corresponded todeof 68 Hz and am of version of REDOR described in Materials and Methods, one-

5.6 A. channel REDOR has a reduced numbéfGfr pulses which
could result in reducet?C—*°C dipolar coupling and larger
membrane-associated HFP samples can therefore be definieverall signals§3, 84). In fact, the experiment&, intensities
tively ascribed to™*CO—3P proximity. As displayed in  were comparable for the two versions of REDOR, while
Figure 1d-g, REDOR spectra were also obtained for the (ASS)®*®for one-channel REDOR was?/; of that of two-
HFP4/DPPCYC sample. Because HFP4 is unlabeled and channel REDOR 29). All subsequent experiments were
DPPC2C is labeled, the signals were primarily due to the conducted with two-channel REDOR.
DPPC 3CO groups and have non-zera¥%)®® values Triply Labeled HFP The local peptide conformation was
because of the proximity of the headgrotif. Figure 2 examined by analysis of tHéCO chemical shift distributions
displays ASS)®® and best-fit ASS)S™ for this sample and  in & spectra of HFPs obtained with & of 2 ms (cf.
yielded ad of 68 Hz and arr of 5.6 A. The best-fit NMR Figure 3). The data supported the following models. (1) The
value ofr is comparable to thevalues of 5-6 A observed major fraction of peptides in PC:PG and PC:PG:CHOL
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adopted &3 strand conformation from G5 to G16, and (2)
there is a minor fraction of peptides in PC:PG with helical
conformation. The detailed experimental support for the
models is based on the known correlation between larger
13CO chemical shifts and local helical conformation and
smallert3CO chemical shifts and locAlstrand conformation.
For example, average database values in parts per million
of 13CO chemical shifts of helix (strand) conformations are
175.5 (172.6) for Gly, 179.4 (176.1) for Ala, 178.5 (175.7)
for Leu, and 177.1 (174.2) for Ph&®). For the HFP2-
SGAL, HFP3#FLG, HFP2MFLG, and HFPZ4AAG samples,

the peak chemical shifts werel75, 174, 175, and 176 ppm,
respectively, and correlated withstrand conformation for
the Ala, Leu, and Phe residues. For the HPPBG and
HFP24AAG samples associated with PC:PG, there were
shoulders at-178 and 179 ppm, respectively, which cor-
related with the helical conformation of Ala, Leu, and Phe
residues. These results were consistent with previous studies
of the conformation of membrane-associated HFP with a
peptide:lipid ratio of~0.04 and with previous observations
of a stronger preference fof strand conformation in
cholesterol-containing membrane®7( 28, 35, 55, 56, 59,

70).

Figure 4 displays the = 16 and 24 ms REDOR spectra
of triply labeled membrane-associated HFP samples, and
Figure 5a,b displays comparative plots &fyS)®* for the
different samples. The data demonstrated that samples
containing HFP24AAG have qualitatively largerASS)®®
values than do samples containing HFP labeled at other
residues. Using the conformational results from Figure 3, it
appears (1) a significant fraction gfstrand HFP is in close
contact with membranes and (2) thR&®&AG (A14—G16)
region is closer to the lipid'P than is theeGALFLGFLG
(G5—G13) region. Figure 5c,d displays plots df¥S)'°
and best-fit ASS)s™ for HFP24“AAG in PC:PG and PC:
PG:CHOL. The best-fir was ~5.2 A in both membrane 100 170 190 170 190 170 190 170
compositions, and the best-fitvalues in PC:PG and PC: 13 ) ]

PG:CHOL were 0.45 and 0.32, respectively. It was not C Chemical Shift (ppm)
possible to fit the HFP24AAG data well without inclusion FIGURE 4: 13CO—3'P REDOR spectra of membrane-associated HFP

lab P with a peptide:lipid ratio of~0.04. Each letter corresponds to a
of thef parameter. AlthoughAS'S)"@° had contributions from single sample which contained—d) PC:PG or (eh) PC:PG:

three 13CO sites which would each have a distingtthe CHOL and (a and e) HFPIGAL, (b and f) HFP3¥FLG, (c and g)
number of data points and signal-to-noise dictated fitting to HFP211FLG, or (d and h) HFP24AAG. For each sample, (left),
a singler value. The best-fit should therefore be considered $ (right), z = 16 ms (top), and = 24 ms (bottom) spectra are

as both approximate and as likely representing the popuIationgfé’g%%‘gkmfeggitttg; liggiha;f)ggt%\l:w fl(v’;;’i;fgecsos";m\rl :tsr?%](?(; o
1 1 i it .

of *CO sites with the greatestand smallest. Fitting was Gaussian line broadening and baseline correction. The numbers of

not done for data from the other samples because of the smalk; or 5, scans summed to obtain the top and bottom spectra were

(ASS)®*® and because theA§'S)®*? values do not always  as follows: (a) 30 000 and 56 000, (b) 27 509 and 29 463, (c)
reach asymptotic values at large 20 000 and 40 000, (d) 44 129 and 48 296, (e) 8448 and 52 384,
Spectra were also obtained for samples made with HFP1-(f) 5488 and 21 664, (g) 28 032 and 52 384, and (h) 22 576 and
8FLG, the peptide which did not contain C-terminal lysines. 50240, respectively.
Whent = 2, 8, 16, and 24 msASS)®® = —0.02, 0.06, in more quantitative assessmentrofin addition, we were
0.11, and 0.08 for the HFPPELG/PC:PG sample and 0.01, interested in studying HFP in a single conformation, and the
0.03, 0.01, and-0.01 for the HFPPFLG/PC:PG:CHOL Figure 3 data suggested that this was best achieved with PC:
sample, respectively. These values correlated withA® ( PG:CHOL and the resulting predominghstrand conforma-
S)®® of the respective HFP-LG/PC:PG and HFP&LG/ tion. Finally, the Figure 5 data suggested ths®&)" would
PC:PG:CHOL samples (circles in Figure 5) and suggestedbe ~0 for a HFP4%A/PC:PG:CHOL sample and could be
that the additional C-terminal lysines of HFP2 and HFP3 non-zero for a HFP44A/PC:PG:CHOL sample. REDOR
do not greatly affect the REDOR results. data from these two sites could therefore further test the
Singly Labeled HFP.The triply labeled HFP results qualitative membrane location model derived from the triply
motivated experiments on singly labeled HFR4and HFP4- labeled HFP results.
14A associated with PC:PG:CHOL. As discussed in Overall ~ Figure 6a,b displays the respecti@gspectra at = 8 ms
Strategy, analysis of singly labeled HFP data should result for HFP46A and HFP4YA associated with PC:PG:CHOL.
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FiGUrRe 5: ASS vs dephasing time for membrane-associated HFP in (a and c) PC:PG or (b and d) PC:PG:CHOL. For panels a and b, the
points correspond taASS)®®. (O) HFP25GAL, (O) HFP3SFLG, (a) HFP2HFLG, and ) HFP2#4AAG. The vertical dimensions of

each symbol approximately correspond to this uncertainty limits. Lines are drawn betweehqS)®* values with adjacent values of

7. Each ASS)®* value was determined by integration of 10 ppm regions of$hand S, spectra. Panels ¢ and d correspond to the
HFP214AAG/PC:PG and the HFPPAAG/PC:PG:CHOL samples, respectively, and the points correspomtid&jj'a° (vertical lines with

error bars) and best-fitSS)sm (V). Lines are drawn between points with adjacenalues. For plot ¢, the best-fit= 91 £+ 8 Hz with

r= 5.1§i 0.16 A,f = 0.45+ 0.02, andymi,2 = 5.0. For plot d, the best-fil = 854+ 6 Hz withr = 5.24+ 0.13 A, f = 0.32+ 0.02,

andymin? = 3.8.

Single peaks were observed with peak shifts~df75 ppm HFP and the lipid headgroups. Values aff ~5—6 A were
which correlated withf strand conformation at these detected between tHéCO groups of residues from Al4 to
residues. The spectrum of HFP# is similar to a difference  G16 and the lipid'P atoms. Thesevalues support intimate
spectrum representing the Ala-B€O signal for HFP (with association of the HFP and membranes containing either only
no lysines) associated with an ester-linked lipid and choles- phospholipids or phospholipids and cholesterol. The average
terol composition close to that of host cells of HIZ7j. r for SGALFLGFLG 3CO groups was likely greater than 8
Figure 6¢,d displays the= 16 and 24 ms REDOR spectra A (d < 25 Hz) as evidenced by the significantly smaller
of the singly labeled HFP4 samples, and Figure 7 shavig (  (ASS)®® (cf. Figures 5 and 7). Thus, relative to the
$)®* plots and data fitting for the HFPYA data. At large SGALFLGFLG residues, th&#AAG residues are much closer

7 values, ASS)®® ~ 0 for the HFP4A sample and AS to the lipid 3*P.

) values were significantly greater than zero for the  The G5-G16 13CO chemical shift distributions of this
|1‘|FP4'1;1°\ sample. Fitting of the HFP#A data with asingle  stdy were consistent with a major population of HFP with
CO—2'P spin pair model yielded best-fitandf values of g strand conformation for these residues. This result cor-

5.1 A and 0.29, respectively. Thus, there was ge.neral related with previous studies which supported the following
consistency between the REDOR data of the HFRRC:  grycrural features. (1 strand HFP was fully extended

PG:CHOL and HFP2GAL/PC:PG:CHOL '.sam.ples and the  petween Al and G16. () strand HFP formed hydrogen-
REDOR data and fitting of the HFP4A/PC:PG:CHOL and  ponded oligomers or aggregates. (3) A significant fraction

HFP24+AAG/PC:PG:CHOL samples. of the oligomers have an antiparallel arrangement with
adjacent strand crossing between F8 and2%) 27—29, 35,
DISCUSSION 37, 85, 86). Some of these studies also supported confor-
Insertion Models.The position of the HFP in the mem- mational disorder at A212(7, 28). Although there are some
brane has been postulated to be a significant structural factordata supporting a population of parallel strand arrangement,
in its fusion activity, and to our knowledge, this study is the “partial membrane insertion (PMI)” and “full membrane
first example of direct distance measurements between theinsertion (FMI)” models are only presented for the antipar-
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FIGURE 6: 13CO—31P REDOR spectra of (a and c) HFPA/PC:
PG:CHOL and (b and d) HFP4A/PC:PG:CHOL samples with a
peptide:lipid ratio of~0.04. Panels a and b sh&yspectra obtained
with a 7 of 8 ms and processed with 200 Hz Guassian line
broadening and baseline correction. Panels ¢ and d Shd¢lsft),
S (right), T = 16 ms (top), and = 24 ms (bottom) spectra. The
dotted lines are drawn for visual comparison®fand S; peak
intensities. Each spectrum was processed with 300 Hz Gaussian
line broadening and baseline correction. The numbeiS of S; 0.0
scans summed were (a) 2304, (b) 3680, (c) 5504 (top) and 28 288

(bottom), and (d) 5120 (top) and 28 736 (bottom). . 1|0 2|0

allel arrangement (cf. Figure 89, 35, 87). There have been Dephasing time (ms)
high-resolution structures for the-130-residue “soluble  Ficure 7: ASS vs dephasing time for HFPSA/PC:PG:CHOL
ectodomain” region of gp41l which begins10 residues \?vri]t% ';';Efﬁgg;gﬁ??; ggf“ﬂg;};”(g?g‘;‘da}ﬂ:%)sz?ig;s
C-terminal of the HFP and ends20 residues N-terminal Each ASS)®® value WEEl)S %j/etérmined from integrals of the entire
of the gp41 transmembrane doma88¢92). These struc- g ands, peaks. Panel b represents analysis of the HER4fata:
tures showed trimeric gp41 with the residues closest to the (ASS)'a (vertical lines with error bars) and best-fis§S)s™ (v).
HFPs in a parallel in-register coiled coil. Antiparallel HFP Hnes are ?rawn benme?r}lpoi;ljts Vgghia(ijgcﬁfm[?ﬁs- Tgeogist-
i i It parameters were as roliowsa = Z wIithr = o.

strand arrangement in the context of gp41 would then reqwreo.llo9 Af= 029+ 002, andyme? = 0.1,
at least two gp41 trimers. Strands from trimer A (A,
and Ag) would be parallel to one another; strands from trimer from structures of dengue, Semliki forest, herpes, and
B (B1, B2, and B) would be parallel to one another, and an vesicular stomatitis viral fusion proteins, (2) the PMI of
antiparallel interleaved strand arrangement could be formedhelical influenza fusion peptide determined from electron
(A1B3A2B.A3B;). There is solid-state NMR evidence for the spin resonance experiments, and (3) a PMI model based on
antiparallel arrangement of membrane-associated HFPsthe HFP-F8W fluorescence measuremeBi 61, 62, 93—
which were cross-linked at their C-termir85). 96). However, the locations of lipids in the perturbed leaflet

For antiparallel strands between Al and G16,1#eAG in the PMI model are not clear. For the FMI model of
residues in both the PMI and FMI models are at the ends of Figure 8b, the positions of the lipids are more clear, but there
the hydrogen-bonded oligomer and are closer to the lipid are non-hydrogen-bonded CO and NH groups at the sheet
headgroups than residuBSALFLGFLG. The F8 and L9 edges with large Born energies. These energies would be
residues are at the center of the hydrogen-bonded oligomerreduced for a FMJ3 barrel structure (Figure 8c). There is a
and are most deeply membrane-inserted in all models. Thiscorrelation between the FMI model and the deep insertion
result is consistent with the smallesA¥S)®*P values of the Trp side chain suggested from fluorescence studies
observed for the HFPAFLG and HFP3FLG samples and  of the HFP-F8W mutant3g, 37). In the context of gp41,
with the large number of apolar side chains in the central individual HFP trimers would be on the same side of the
LFLGFL (L7—L12) region. Relative to the HFPPELG and membrane in the PMI model but would be on different sides
HFP38FLG samples, the models also predict smailland of the membrane in the FMI model. It is not clear how this
larger ASS)®*® values for the HFP2GAL and HFP21- FMI trimer topology would relate to the positions of the viral
FLG samples which generally correlate with the experimental membrane-anchored gp41 trimers and the host cell mem-
data (cf. Figure 5a,b). The models suggest smadnd branes. The free energy difference between the @16 FMI
significant ASS)®*® values for HFPs labeled at the N- state and a noninserted state~i8.9 kJ/mol, as calculated
terminal residues, and future studies could examine sampledrom the sum of individual residue free energy values derived
labeled in this manner. from transmembrane helice37). The calculated difference

The PMI model in Figure 8a would likely perturb the for the 14-G13 sequence is-2.3 kJ/mol and leads to the
membrane and has some similarity with (1) the PMI of general conclusion that the free energy calculations do not
extended conformation internal fusion peptides postulated strongly distinguish between the PMI and FMI models.

(b)
0.4

AS/Sg
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Future studies could discriminate between the PMI and FMI
models using REDOR distance measurements between
peptide nuclei and lipid acyl chain nuclél).

There are similarities between these PMI and FMI models
of oligomericg strand HFP and PMI and FMI models which
have been developed for a single HFP in a helical conforma-
tion (38, 39, 98). Much of the experimental data for helical
HFP insertion has been based on detergent rather than
membrane samples, and there has been support for both
micelle surface location and micelle traversal by HEB
23). Our results on oligomerig strand HFP were consistent
with the previous observations that the A15 and G16 residues
of monomeric helical HFP were close to the watanricelle
interface and that the F8510 residues were farthest from
this interface. Thus, there may be common features shared
by the micelle and membrane locations of helical ghd
strand HFP.

Origin of f and Effects of CholestercThe HFP21*AAG
and HFP4¥A data could only be fit well with addition of
thef parameter which approximately reflected the fractional
population of peptides whose labeled residues were close to
the3P. Analysis of'3CO—3P REDOR data of a membrane-
associated antimicrobial peptide also required jgarameter,
and the best-fif andr values were similar to our results
(5.

The membranes of host cells of HIV have a cholesterol:
lipid ratio of ~0.45, and the membranes of HIV have a
cholesterol:lipid ratio oF~0.8 (64, 57). These data suggest
that it is interesting to probe the effect of cholesterol on HFP
location in the membrane. Similar values i S)®*P were
obtained for theGALFLGFLG residues in PC:PG and PC:
PG:CHOL samples, and the bestifivalues for the“AAG
residues were comparable in both membrane compositions.
These results suggest (1) the inserted HFP population has a
similar location in membranes with or without cholesterol
and (2) the membrane location of the A1@16 residues
may be similar in both helical anfl strand conformations
because there appeared to be some helical conformation in
PC:PG and negligible helical conformation in PC:PG:CHOL.
There was a difference in the bestffitor HFP2+AAG in
PC:PG and PC:PG:CHOL with values of 0.45 and 0.32,
respectively. There are several potential explanations for this
variation. First, the HFP/PC:PG samples likely had a small
population of helical conformation which was absent in the
HFP/PC:PG:CHOL samples, and this helical population
could have contributed to the largen PC:PG. Second, the
presumably gel phase PC:PG and the liquid-ordered phase
PC:PG:CHOL had lateral molecular densities-@.213 and
) _ . ~0.256 A2 respectively, as calculated from gel-phase PC
FiGure 8: (a) Partial membrane insertion (PMI) and (b and c) full and PG areas of 472Aliquid-0rdered PC and PG areas of

membrane insertion (FMI) models for antiparalfektrand HFP.
The red arrows represent the AG16 residues in the strand 40 A2, and a cholesterol area of 37460, 71, 99, 100).

conformation, and the black lines represent the-S373 residues ~ The denser packing in PC:PG:CHOL could have shifted an
in random coil conformations. For clarity, black lines are not inserted HFP-surface HFP equilibrium to surface HFP and
displayed in panel c. Lipids are colored blue and gray, and |ed to a reduced. Finally, relative to the PC:PG sample,

cholesterol is not displayed. Three antiparallel strands are displaye : .,
in panels a and b and 12 strands in panel ¢, but the actual numbedlIhere was likely a reduced number of phospholipids close

of strands in the oligomer or aggregate is not known. The curvature {0 the*AAG residues in the PC:PG:CHOL sample because

and angle of the strands with respect to the bilayer normal are notof statistical substitution of nearby phospholipids with

known, but the models consider that AG16 is~55 A long and cholesterol. This lipid dilution may have also reduded
that the transbilayer distances48 A (100). The experiments do  the PC:PG:CHOL sample.

not provide information about the membrane locations of residues 1 31 -
S17-S23. Relative to the FMI model (b), the FMIbarrel variant In summary, *CO—%!P distance measurements have
(c) could have reduced energy because all of the residues in thedemonstrated the proximity of thH€AAG residues to the

membrane interior have backbone hydrogen bonds. lipid 3P for a significant fraction of membrane-associated
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HFP. This proximity was observed for both membranes with
and without cholesterol. The chemical shifts of this study as

well as results from previous studies correlated with a 15

predominant population of HFP wifhstrand conformation.
Models of partial and full insertion ¢ strands are proposed
which are consistent with the experimental data. Although
there have been numerous previous observatiofisstfand
HFP, the role of this conformation in fusion has been
controversial {4, 16, 18, 31, 45). This study demonstrates
that 8 strand HFP is in intimate contact with membranes

13.

Qiang et al.

ficiency virus type 1 transmembrane glycoprotein gp41 dominantly
interferes with fusion and infectivitygroc. Natl. Acad. Sci. U.S.A.
89, 70-74.

Schaal, H., Klein, M., Gehrmann, P., Adams, O., and Scheid, A.
(1995) Requirement of N-terminal amino acid residues of gp41
for human immunodeficiency virus type 1-mediated cell fusion,
J. Virol. 69 3308-3314.

Delahunty, M. D., Rhee, I, Freed, E. O., and Bonifacino, J. S.
(1996) Mutational analysis of the fusion peptide of the human
immunodeficiency virus type 1: Identification of critical glycine
residuesyVirology 218 94—102.

14. Durell, S. R., Martin, I., Ruysschaert, J. M., Shai, Y., and

and merits serious consideration as a fusogenic conformation.

Interesting future work could include studies of cross-
linked HFPs which are thought to mimic the HFP oligomeric
topology in the gp41 protein and which have increased fusion
rates relative to the non-cross-linked HFPs of this st@dy. (
There may be a distinct membrane location of the cross-
linked HFPs which correlates with their fast fusion rate. It
is also known that the cross-linked HFP trimer will form
helical or$ strand conformation in membranes without or
with cholesterol, respectively, so that studies of the trimer
in different membrane compositions can provide information
about the conformational dependence of peptide location in
membranes3pb).
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SUPPORTING INFORMATION AVAILABLE

Equation 2 and thes'® expression are derived and
discussed. This material is available free of charge via the
Internet at http://pubs.acs.org.
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This supporting information demonstrates the derivation of (AS/Sy)
HFP2-"*AAG samples. The (AS/SO)Iab refers to the signals expected from the '*AAG

BCOs and is calculated by removing natural abundance (na) *CO contributions from

(AS/Se)>®:

A_S €xp B S(I)ab_'_ S(;]a_ S]Iab_ Slna o Sllab ~ Slna (1)
S, Sy + S° S+ St S+ S®

Multiplication of the far-left and far-right sides of Eq. 1 by (So'® + So"®)/S¢™® is followed

by algebraic manipulation:

na exp lab na
(8]
) sy S, ;"

Multiplication of the far-right term by (So"/S¢™) is followed by algebraic manipulation to

yield Eq. 2 from the main text:

& E - E ] e
S0 SOa S0 S0a SO

(So™/S0"®) was calculated from the numbers of natural abundance and labeled *COs in

HFP2-"*AAG and (AS/Sy)"™ was calculated as the average of (AS/Sy)*® for the HFP2-
GAL, HFP3-*FLG, and HFP2-""FLG samples. Although the latter calculation is an
approximation, uncertainties in (AS/Sp)™ have a relatively small impact on the uncertainty
of (AS/Sp)®. For example, consider the spectra for the PC:PG samples at 7= 24 ms. The
values of (So™/S0?"), (AS/Se)®®, and (AS/So)™ are 0.084, 0.419 + 0.014, and 0.134,
respectively, and result in (AS/Se)"®® = 0.443 + 0.015. If (AS/Se)™ were 0.0 or 0.25,
(AS/S0)™® would be 0.454 or 0.433 which are within the reported experimental

uncertainty of (AS/Sg)'®.



