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A peptide based on the N-terminal fusion domain of gp41 of human immunodeficiency virus type 1 (HIV-1)
and its tryptophan analog were synthesized to examine the secondary structure in the micellar environment.
Nuclear magnetic resonance (NMR), circular dichroism and electron paramagnetic resonance experiments
indicated that the gp41 fusion peptide inserted into the micelle primarily as a helix (59%), with substantial
B-structure (26.7%). Deep penetration of the peptide into the apolar hydrocarbon core was supported by the
results of fluorescence experiments in which the tryptophan analog exhibited a blue shift of about 30 nm in the
presence of a sodium dodecyl sulfate micelle, in 1,2-dimyristoyl-rac-glycero-3-phosphocholine, and in 1,2-
dipalmitoyl-sn-glycero-3-phospho-L-serine vesicular solutions. The results of spin label-attenuated 'H reso-
nance experiments show that the region C-terminal to G16, which contains a turn structure, exhibited
substantial interaction with the micelle, suggesting that it lies on the surface of micelle. Molecular simulation
based on data from NMR experiments revealed a flexible hinge at residues 15 and 16 (alanine and glycine,
respectively) from the N terminus of the peptide located at the micelle-solution interface. The highly conserved

A15-G16 dipeptide may play a role in the function of fusion domain of HIV-1 envelope glycoprotein.

Many envelope proteins including those of human immuno-
deficiency virus (HIV) are synthesized as a larger polyprotein
precursor which is cleaved to generate surface (SU) and trans-
membrane (TM) proteins (27, 31). The N-terminal region of
the TM proteins was implicated in the fusion of the virion or
infected cell and target cell and so was termed fusion peptide.
A salient feature of a number of fusion peptides is the presence
of a segment of highly nonpolar conserved amino acids (2, 15).
Fusion peptides are also characterized by their relatively high
content of Ala and Gly residues with short side chains (15, 17).

The most thoroughly studied envelope glycoprotein is prob-
ably influenza virus hemagglutinin, which is composed of two
subunits, HA1 (SU) and HA2 (TM). It has been shown that
the N-terminal region of HA2, including the leucine zipper-
like domain, was induced into forming a helix when the pH was
lowered to 5.0, which is required for activation of viral fusion.
The trimeric coiled-coil was proposed as the fusogenic confor-
mation (6). Insertion of HA2 into the target membrane was
shown by Stegmann et al. (40).

For HIV, the envelope glycoprotein gp160 is proteolytically
cleaved to generate gp120 (SU) and gp41 (TM). Unlike influ-
enza HA1 and HA2, the two subunits of HIV are associated via
noncovalent bonds on the viral external surface. There is a high
degree of conservation of tandom repeats of the FLG tripep-
tide (FLG motif), which is 7 or 8 amino acids from the N
terminus (15). Substitution of the amino acids in the fusion
peptide with charged residues results in abolition of syncytium
formation (14). Moreover, among the glycine residues in the
fusion peptide, replacement of G10 and G16 by valine com-
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pletely abolished syncytium formation, mutation had a signif-
icant effect for G13 but little effect for G3, but, interestingly,
enhanced syncytium formation was observed for mutations at
G5 and G20 (11). G10 is part of a hydrophobic core that may
be the initiation site for helix formation (8). These observa-
tions underline the importance of the structural aspects of the
primary amino acid sequence of the fusion peptide.

Peptides derived from fusion peptide sequences have been
used as a model of fusion proteins to study their membrane-
fusing activity; influenza virus hemagglutinin has been the most
widely used. Recently, a series of peptides with amino acid
residues of different lengths from the gp41 fusion region have
been synthesized to study the importance of different segments
in stabilizing helical structure and in forming channels across
the lipid bilayer (38). It was found that the FLG motif, in
particular F8, was indispensable in inducing lysis of lipid ves-
icles. Destabilization of 1-palmitoyl-2-oleoyl-phosphatidylglyc-
erol (POPG) liposomes and lysis of CD4™" cells induced by a
peptide from the N-terminal 23 amino acids of gp41 have been
observed (30). The peptide appeared to exert its biological
actions by inserting into the apolar portion of the lipid vesicles.
There is a dispute on the mode of insertion of the fusion
peptide into the membrane. Thus, it was proposed that the
peptides destabilized the membranes by insertion into the
membrane at a particular angle to the membrane (3). How-
ever, Gallaher et al. argued that the entire sequence of the
fusion peptide was in contact with lipid, rather than being a
sided helix in contact with the lipid at a shallow angle (16). A
B-structure has also been reported as the secondary structure
of the fusion peptide of gp41 from a Fourier transform infrared
study (33).

While conformational alteration can be monitored by the
above-mentioned techniques, detailed solution structure at the
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atomic level has been lacking. This problem can be effectively
approached by multidimensional nuclear magnetic resonance
(NMR) and molecular simulation techniques to investigate the
peptide-membrane interactions. In addition, circular dichro-
ism (CD) and electron paramagnetic resonance (EPR) spec-
troscopic techniques were used to study the structure and in-
teraction of the fusion peptide of gp41, gp4ls;,_s35 (LAV,,;
gp41-FP) in the presence of a model membrane. A sodium
dodecyl sulfate (SDS) micelle was used to model the mem-
brane bilayer in the study, because the motion of the molecule
in the presence of smaller micelle is sufficiently fast to allow
sharp NMR resonance peaks to be detected. Moreover, quan-
titative analysis of secondary structure from CD data is possi-
ble for experiments free of interference from scattering at low
wavelengths, a condition satisfied only by the smaller micelles
(23). Amphipathic spin label reagents which contain unpaired
electron moieties at different positions along the aliphatic
chains were used to determine the location of the embedded
peptide in the micelle by their effect on the line shape and
intensity of 'H and '*C resonances.

It was found from detailed spectroscopic and molecular sim-
ulation analyses that the N-terminal portion of gp41-FP
adopted a predominantly helical structure in the apolar inte-
rior of the micelle, with a flexible A15-G16 at the micelle-water
interface and significant interaction with the micelle at the
C-terminal region. The possible role of the flexible A15-G16
dipeptide is briefly discussed. Further evidence of fusion pep-
tide penetration into the hydrophobic core of the membrane
was provided by large blue shifts in the tryptophan fluores-
cence for an analog of gp41-FP in micellar and phospholipid
bilayer solutions.

MATERIALS AND METHODS

Sample preparation. A peptide corresponding to the N-terminal domain of
gp4l (AVGIGALFLGFLGAAGSTMGARS, gp41-FP) and its tryptophan de-
rivative (AVGIGALWLGFLGAAGSTMGARS, gp41-FP-W8) were synthesized
in automated mode by a solid-phase synthesizer (model 431A; Applied Biosys-
tems, Foster City, Calif.), with 9-fluorenylmethoxycarbonyl (Fmoc) chemistry.
The peptides were cleaved from the resins with trifluoroacetic acid and purified
by reverse-phase high-pressure liquid chromatography on a C;g column. The
primary sequence of the peptides were ascertained by an electrospray mass
spectrometry as well as amino acid analysis.

The spin-label reagents 12-doxyl-stearic acid (12-DXSA) and 5-doxyl-stearic
acid (5-DXSA) were purchased from Sigma (St. Louis, Mo.) while 1,2-dimyris-
toyl-rac-glycero-3-phosphocholine (DMPC) and 1,2-dipalmitoyl-sn-glycero-3-
phospho-L-serine (DPPS) were obtained from Calbiochem (La Jolla, Calif.).
SDS was obtained from Boehringer (Mannheim, Germany), and d,s-SDS was
obtained from Cambridge Isotope (Andover, Mass.). These chemicals were used
in the experiments without further purification. Solutions containing vesicles
were prepared by solubilizing the lipids in a chloroform-methanol (4:1, vol/vol)
mixture and drying the sample under a nitrogen stream before dissolving them in
buffered solutions. The sample solutions were sonicated for 0.5 and 1 h, respec-
tively, before and after the peptides were added.

gp41-FP and gp41-FP-W8 were incorporated into SDS micelles by mixing the
peptides with appropriate amount of SDS in aqueous solution. The mixture was
sonicated for at least 1 h. The final concentration of the peptide used in NMR
experiments was 1 to 2 mM, and that of SDS was 20 to 100 mM.

EPR experiments. EPR experiments were conducted on a Bruker EMX-10
spectrometer. The X-band, first-derivative absorption EPR spectra were ob-
tained with the following parameters: microwave frequency, 9.8 GHz; microwave
power, 20 mW; total sweep width, 80 G. A 0.2 to 0.4 mM concentration of each
of the two spin-label reagents, 5- and 12-DXSA was introduced into micellar
solution in the presence or absence of gp41-FP. A 300-wl aliquot of peptide-SDS
solution was loaded in a flat cell, which confines the water-containing sample to
a space of 0.3 mm. The rotational correlation time was calculated from the
formula (5,7) 7, = K+ AHy* [(ho/h_)"* + (ho/h;)"* — 2], where K = 6.5 X 10710
s is dependent on the anisotropic hyperfine coupling values and the g-tensor
terms, AH,, is the line width, and A, /;, and &, are the heights of the mid-field,
low-field, and high-field absorption peaks, respectively.

NMR experiments. The NMR measurements were carried out on a Bruker
AMX-500 spectrometer with spectral width 5,000 Hz. The carrier frequency was
set to the HOD signal that was suppressed by a soft presaturation pulse or
WATERGATE (21, 35). All two-dimensional spectra were recorded in the pure
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absorption mode by applying the time-proportional-phase-incremental (TPPT)
method (29, 37). Total correlated spectroscopy (TOCSY) experiments (4, 10)
were performed with a clean MLEV-17 spin-locking pulse with a mixing time of
100 ms. For through-space spin interactions, nuclear Overhauser spectroscopy
(NOESY) (1, 21, 23) was performed with a mixing time of 250 or 350 ms. For the
TOCSY and NOESY experiments, 512 free induction decays of 2,000 data points
with 64 to 128 scans for each free induction decay were collected. The amide
deuterium-proton exchange experiments (13) were carried out at 288 K after
extensive lyophilization with pure H,O. The measurements were started imme-
diately after addition of pure (99.98%) D,O. To determine the location of
gp41-FP in the micelle, the attenuation of integrals of 'H TOSCY cross peaks in
the presence of the spin label containing unpaired electron was measured to
monitor the line-broadening effect along the residues of the peptide.

13C NMR spectra were acquired at 305 K on the same AMX-500 spectrometer
operating at 125.76 MHz to investigate the incorporation of the spin labels in the
micelle. A total of 1,024 FID transients were collected with a flip angle of 30° and
a recycle delay of 2 s for all the '3C experiments in solutions containing 100 mM
SDS.

The data were processed by applying a Gaussian window function in the F2
dimension and a 45° or 60° shifted sine-bell window function in the F1 dimension
on a Silicon Graphics Indigo workstation with XWIN-NMR software. Zero
filling to 1k in F1 and to 2k to 4k in F2 was performed on all the TOCSY and
NOESY data. All chemical shifts were externally referenced to the methyl
resonance of 4,4-dimethyl-4-silapenta-1-sulfonate (DSS; 0 ppm).

The NOESY data were converted into interproton distance by using the
2H/3H cross peak of the aromatic ring of phenylalanine as a reference. A
variation of 0.6 to 1.0 A in the structural computation was permitted depending
on the distance.

Broadening of *C and 'H resonances by 5- and 12-DXSA occurs via dipolar-
dipolar interaction of these nuclei with the unpaired electron of the spin label.
The extent of broadening is inversely proportional to the distance between the
interacting nucleus and the spin label raised to the sixth power (39). Thus, the
;nethod is a sensitive probe for magnetically active nuclei such as 'H, '*C, and

'P.

CD experiments. For CD measurements, in general, a cell with a 1-mm path
length was used for experiments with 20 wM peptide, but a cell path length of 0.1
mm was used for the experiments which required 0.2 mM peptide. A concen-
tration of 2 mM DMPC or DPPS was used for experiments in vesicular solutions.
The samples were adjusted to pH 7.0 with sodium phosphate buffer. All CD
experiments were carried out on a Jasco 720 spectrometer at 298°K. Each of the
CD data was obtained from an average of five scans with step resolution of 0.05
nm and band width of 1 nm. The spectra were recorded from 190 to 270 nm at
a scanning rate of 50 nm/min with a time constant of 2 s. Data used in predicting
the secondary-structure content were acquired with a scanning rate of 1 nm/min
and a time constant of 16 s.

The secondary-structure content of the peptide can be estimated by converting
observed ellipticity () into mean residue ellipticity (degrees per square centi-
meter per decimole) by using the following equation [8]=6-/"'-¢~!- N~! where
1is the cell length in mm, ¢ is the molar concentration, and N is the number of
amino acid residues in the peptide. Quantitative prediction of the secondary
structure was performed by fitting CD data in the 178- to 250-nm range by the
Hennessey-Johnson method (20) with 33 proteins of known secondary structure
from X-ray crystallographic studies as the basis set.

Fluorescence measurements. All the fluorescence experiments were per-
formed on a Jasco FP-777 spectrofluorometer at ambient temperature. An ex-
citation wavelength of 280 nm was used to record spectra from 300 to 500 nm
with a data interval of 0.1 or 0.2 nm. The response time was set at 1 s with a scan
rate of 50 nm - min~ . Excitation and emission slits of 5 and 1.5 nm, respectively,
were used for measurements of gp41-FP-W8 in the presence and absence of SDS
micelles (or phospholipid vesicles).

Structure computation. A total of 384 NMR-derived constraints including 19
torsional constraints and 103 nonsequential distance constraints were used in
structure computation by distance geometry and simulated annealing (SA) meth-
ods (19, 34) implemented in a software package including InsightII/Discover and
NMRchitect program (version 2.3) from Biosym Technologies, Inc. In the SA
protocol, the temperature was raised to 800 K and a molecular dynamics run was
carried out for 4 ps to allow more conformational space to be explored. The
system was subsequently annealed to 300 K in 10 steps for a total of 30 ps and
minimized by the steepest-descent and conjugated-gradients methods before
final refined three-dimensional structures were obtained. The total internal en-
ergy was evaluated as the sum of bond, bond angle, dihedral, out-of-plane,
electrostatic, and van der Waals energies. Lennard-Jones 6-12 terms were used
to evaluate van der Waals energy except in the initial stage of SA, where the
Lennard-Jones terms were replaced with a quadratic term to facilitate the cross-
over of atoms to the “correct” configuration.

RESULTS

'H NMR data indicate that the central region of gp41-FP
adopts helical structure in an SDS micellar solution. Figure 1
displays the NOESY spectra of the gp41-FP in the presence of
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FIG. 1. Backbone NH/aH (A) and side-chain/NH (B) regions of the NOESY spectrum of 1 mM gp41-FP in 150 mM SDS micellar solution at 293 K and pH 7.0
with a mixing time of 350 ms. Sequential connectivity and representative nonsequential NOE interactions are indicated.

1sanb Ag 0z0zZ ‘S Jaqwiadaq uo /Bio wse’IAl//:dny woll papeojumoq


http://jvi.asm.org/

6596 CHANG ET AL.

TABLE 1. Chemical shifts of 1 mM gp41-FP in 150 mM
SDS micellar solution at 293 K and pH 7

Chemical shift of:

Residue
NH aH BH Others
Alal 1.55
Val2 8.48 4.29 2.22 vyCH;: 1.04, 1.04
Gly3 831 4.11,4.11
Tle4 8.06 3.97 1.95 vyCH,: 1.28, 1.61; yCH;: 0.96;

SCH,;: 0.96

Gly5 853 400,380

Ala6 793 414 1.46

Leu7 792 417 191,191 ~H: 169
SCH,;: 0.95, 0.95

330,330  2,6H: 7.26; 3,5H: 7.30; 4H:
7.32

191,191  yH: 1.61; 3CH,;: 0.98, 0.98

Phe8 8.39 4.39

Leu9 8.58 4.04

Gly10 8.20  3.96, 3.89

Phell 8.07 4.48 3.27,3.27 2,6H: 7.25; 3,5H: 7.31; 4H:
7.32

Leul2 8.25 3.89 1.74,1.74  yH: 1.53; 3CH;: 0.86, 0.86

Gly13 8.18  3.93,3.93

Alal4 7.86 432 1.50

Alals 8.28 4.12 1.32

Gly16 8.44  3.98, 3.88

Serl7 8.01 4.44 3.99, 3.99

Thr18 8.01 4.32 4.32

Metl9 812 4.41

Gly20 8.26  4.00, 4.00

Ala21 7.94 4.40 1.47

Arg22 8.04 4.39 2.02,1.85 yCH,: 1.76, 1.76; 3CH,: 3.26,

3.26; NH: 6.90, 6.52

vyCH,: 1.27
2.14,2.14 yCH,: 2.64, 2.62; eCH,: 1.46

Ser23 7.89 4.30 3.89, 3.89

an SDS micelle at 293 K. Strong and contiguous dy,(i, i + 1)
interactions as well as numerous d_ (i, i + 3) NOE cross peaks
indicate the formation of helical structure for the peptide in
the hydrophobic micellar environment (44). Furthermore, ex-
cept for the N-terminal residues, weaker sequential d (i, i +
1) NOE interactions than those of the intraresidue d (i, i)
suggest the existence of primarily helical instead of B-strand or
disordered structure for the peptide. In contrast, a rigid turn
with little helical content was detected for the peptide in aque-
ous solution (8). The chemical shifts of the 'H resonances are
presented in Table 1, and NOE interactions are shown in Fig.
2 for gp41-FP in the SDS micellar solution. Figure 3 summa-
rizes the chemical shift deviation of «H and BH from the
random-coil values for each of the amino acids in the peptide.
From the upfield shift of «H and the downfield shift of BH, it
is clear that the region spanning residues 5 through 16 assumes
a helical form (43), in agreement with the NOE data.

CD data of gp41-FP indicate a significant induction of helix
in association with SDS micelle and phospholipid vesicles. Far
UV-CD spectra of gp41-FP in aqueous and SDS DMPC/DPPS
solutions are displayed in Fig. 4. Helical form is induced in the
membranous environment. The helicity appears to correlate
with a negative charge on the head group of lipid molecules. A
similar CD profile was reported by Rafalski et al. (36) for
gp41-FP in POPG vesicular solution with a high lipid-to-pep-
tide (L/P) ratio (200:1). Figure 5 shows the result of analyzing
the secondary structure of the peptide by fitting the observed
CD data with reference spectra by using Hennessey-Johnson
algorithm. The secondary-structure content is as follows: helix,
58.9%; B-sheet, 11.4%; B-turn, 15.3%; others, 15.3%. It is
notable that the result reveals a significant B-turn population in
the SDS solution.

J. VIROL.
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FIG. 2. Summary of '"H NOE interactions for gp41-FP in the presence of
SDS micelles. dyy(i, j) and dgx(i, j) denote observed NOE interactions between
the backbone amide protons of residues i and j and interactions involving the side
chain proton of residue i and the proton of residue j, respectively. Other NOE
interactions are represented similarly. Potential NOE interactions from the over-
lapping cross peaks are indicated by dotted lines. Asterisks for dyy(6, 7) and
dnn(17, 18) indicate unobservable cross peaks due to the closeness in the chem-
ical shifts for these two pairs of amide protons. The thickness of the lines is
approximately proportional to the peak intensity. Helical structure is character-
ized by d(i, i + 3) and d(i, i + 4) NOE peaks.

Insertion of gp41-FP in the SDS micelle and phospholipid
solutions is shown by fluorescence as well as EPR experiments.
To demonstrate the immersion of gp41-FP in the micellar
interior by fluorescence spectroscopy, F8 was substituted by
fluorescent tryptophan. The fluorescence of gp41-FP-WS§ in
aqueous and SDS micellar solutions and solutions containing
DMPC and DPPS vesicles are presented in Fig. 6. All the
emission peaks of tryptophan in the micellar and vesicular
solutions exhibit a blue shift of approximately 30 nm compared
to that in the aqueous solution. Blue shifts of less than 20 nm
(from 352 to above 333 nm) have been observed for the asso-
ciation of melittin and the fusion peptide of influenza virus
hemagglutinin with phospholipid bilayers (9, 12). The side
chain of tryptophan in the fusion domain of influenza virus
hemagglutinin has been shown to penetrate into the hydrocar-
bon interior of the bilayer at least 7 A from the vesicular
surface (9). The fluorescence peak for gp41-FP-WS8 in the
presence of model membranes (micelles and vesicles) occurs at
a 10-nm-shorter wavelength than that in melittin-vesicle or
HAZ2-vesicle complexes, indicating the fluorophore in gp41-
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FIG. 3. Difference in the observed chemical shifts of aH (solid squares) and
BH (open squares) from those of the random-coil values versus residue number
for gp41-FP in the SDS micellar solution. Negative values indicate an upfield
shift. The helical structure is characterized by an upfield shift in «H and a
downfield shift in BH. Chemical shifts were taken from the values measured at
293 K. The data indicate a stable helical form for the segment 14 to A14.
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FIG. 4. CD spectra of gp41-FP in aqueous (- - +-), SDS (L/P = 40 mM/0.2
mM) (- - -), DPPS-DMPC (DPPS/DMPC/P = 0.5 mM:1.5 mM:20 pM) (—),
and DPPS-DMPC (DPPS/DMPC/P = 1.5 mM:0.5 mM:20 pM) (----- ) solu-
tions. The molar ratios of peptide to the molecules constituting the micelles and
vesicles were kept at 1:200 and 1:100, respectively, in these experiments. Helical
structure, indicated by minima at 208 and 222 nm, is induced in the micellar and
vesicular solutions.

FP-WS8 is in a more hydrophobic medium. Thus, it is clear that
the peptide inserts into the SDS micelle and vesicles consisting
of DMPC and DPPS (41).

A measure of molecular mobility, the rotational correlation
time, T,, calculated from the EPR spectra of 12- and 5-DXSA
in water and in SDS micellar solutions is shown in Table 2. An
approximately fourfold increase of 7, in the SDS solution rel-
ative to that in water for both the 5- and 12-DXSA probes is
indicative of the incorporation of these probes into the mi-
celles. A further 20% increase in 7, as gp41-FP was added to

20

[ae] s |

-10

170 260
Wavelength [nm]

FIG. 5. Secondary-structure analysis for gp41-FP (0.2 mM) in 40 mM of SDS
micellar solution from CD spectrum (solid curve) by the Hennessey-Johnson
algorithm in which 33 reference CD spectra from the proteins with known
crystalline structures were used. The sum of the fractions of structural compo-
nents was constrained to close to 1. The best-fitting profile is represented by open
circles. For an accurate secondary-structure analysis, it is essential to have reli-
able data at 180 nm, which is not possible in the vesicular solution owing to
scattering of light as a result of the larger size of vesicles. € is numerically equal
to 1/3,299 of [6].
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FIG. 6. Fluorescence spectra of gp41-FP-W8 in aqueous (-----), SDS
(---) (L/P = 12 mM:0.12 mM), DPPS-DMPC (DPPS/DMPC/P = 1.5 mM:0.5
mM:20 pM) (+-- -+ ), and DPPS-DMPC (DPPS/DMPC/P = 1.5 mM:0.5 mM:20
wM) (—) solutions. The L/P ratio for the micellar or vesicular solution was
kept at 100. The excitation wavelength was 280 nm, and the emission was
scanned from 300 to 500 nm. A blue shift of the emission peak of roughly 30 nm
as SDS micelles or DPPS-DMPC vesicles were introduced indicates transfer to
a more hydrophobic environment for the tryptophan fluorophore.

the spin label-containing SDS micelle suggests incorporation
of the peptide into the micelle.

Penetration and position of gp41-FP into the micelle is
suggested by NMR using spin-label probes. Another line of
evidence for the insertion of the fusion peptide of gp41 into the
micellar interior is provided by the deuterium-proton exchange
experiment, the result of which is displayed in Fig. 7. After 30
min of exchange, NH groups from G5 through L12 are observ-
able, whereas after 2 h of exchange, only amide protons from
F8, L9, and L12 are detectable. The results suggest that the
F8-L12 stretch is deeply embedded in the micellar interior. In
contrast, faster deuterium-proton exchange for residues
V2-G3 and residues C-terminal to Al4 suggests that these
residues are near or on the surface of the micelle.

Broadening and intensity attenuation of 'H and '*C reso-
nances by the spin label are sensitive to the distance between
the interacting nucleus and the unpaired electron. Therefore,
the position of the spin moiety of 5- and 12-DXSA in the
micelle can be deduced from the effect of these two spin-label
probes on the '*C along the SDS hydrocarbon chain (24). The

TABLE 2. Rotational correlation times, 7,, calculated from EPR

spectra of spin labels in aqueous solution and SDS micellar
solution in the presence or absence of gp41-FP at 298 K

10719 1, (s) for:

System
12-DXSA 5-DXSA
H,O 2.3 2.0
52 mM SDS 9.6 9.5
0.18 mM gp41-FP/52 mM SDS 11.6 11.3
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FIG. 7. The deuterium-proton exchange of gp41-FP in SDS micellar solution
at 288°K. The bottom one-dimensional spectrum was acquired before the ex-
change experiment. The middle spectrum shows the result after 30 min of
backbone NH exchange. The top spectrum demonstrates that only the amide
protons in F8, L9, and L12 are still observable after 2 h of exchange, suggesting
protection of the amide protons of F8 and L9 from solvent due to deep immer-
sion in the micelle for these residues.

results are shown in Fig. 8. The more pronounced decrease by
12-DXSA of '3C signals from positions 11 and 12 of SDS
indicates deep immersion of the spin-label moiety in the inte-
rior of the SDS micelle. In contrast, the *>C spectrum of SDS
in the presence of 5-DXSA indicates that greater changes in
line shape and chemical shift occur at positions close to the
head group of SDS. Thus, the effects of 5-DXSA are larger at
positions 1, 2, and 3 but there is no discernible effect on °C at

TABLE 3. Effect of the spin-label reagents 5- and 12-DXSA on
the resonance cross peaks of the 23 residues of
gp41-FP in SDS micellar solution®

5-DXSA 12-DXSA

Residue

s ms mh h S ms mh h
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“The attenuation of cross-peak intensities upon addition of spin labels is
classified into four catagories: s, <40%; ms, 40 to 50%; mh, 50 to 60%; h, 60%.
The gp41-FP/SDS ratio is about 1 mM/100 mM. The final concentration of spin
labels in the peptide-SDS solution is 0.2 mM.
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FIG. 8. (A to C) '*C spectrum of 100 mM SDS (A) and resonance broad-
ening caused by 12-DXSA (B) and 5-DXSA (C). (B and C) the spin label/SDS
molar ratio is 1:80. The carbon numbering scheme of SDS is shown at the top of
the figure. (D) The intensity attenuation by 5-DXSA and by 12-DXSA versus
carbon number is shown in (D). No detectable change is observed for C6 through
C9 by both spin labels. Note that the broadening by 12-DXSA is more pro-
nounced for resonance peaks attributed to '>C at positions 12 and 11 whereas the
peaks arising from positions 1 to 3 are more affected by 5-DXSA. The results
indicate that the spin-label moiety of 12-DXSA is near the center of the micelle
while that of 5-DXSA is closer to the micellar surface.

— v~ o O
T 8 83 8 & o6 8 B

positions 10, 11, and 12. The results showed that the doxyl
moiety of 5-DXSA is distributed primarily near the surface of
the micelle.

The location of gp41-FP in the SDS micelle, in turn, can be
determined by the intensity change of the 'H resonances
caused by 5- and 12-DXSA. Table 3 shows attenuation of 'H
NOESY and TOCSY cross peaks of the peptide by the spin-
label probes. The intensity reduction by 12-DXSA is largest for
the segment G5 to F8, and smaller at both ends of the peptide.
In contrast, the decrease in the cross-peak intensity of the
peptide in the presence of 5-DXSA exhibits a different pattern.
Thus, the G5 to Al4 stretch shows less attenuation than do
residues at the ends. Since the spin-label moiety of 12-DXSA
is distributed close to the center of the micelle whereas that of
5-DXSA is closer to the surface, the result demonstrates that
the FLG motif (F8 to G10) is located near the center of the
SDS micelle and the N terminus is near the micellar surface.
The C terminus of gp41-FP lies outside of the micelle, as the
intensity reduction is generally smaller for residues at the C
terminus in the presence of the two spin-label probes. The
effect of 12-DXSA is illustrated in Fig. 9, in which NH/aH
peaks from G5, F8, and L9 are markedly attenuated.

1sanb Ag 0z0zZ ‘S Jaqwiadaq uo /Bio wse’IAl//:dny woll papeojumoq


http://jvi.asm.org/

VoL. 71, 1997 CONFORMATION OF THE HIV-1 FUSION PEPTIDE 6599
L
6 i
-3.5
0o [
-4.0
-4.5
o ﬁ
| PPM
T T T _T_ ' T T T T
ppm 8.4 8.2 8.0 7.8 8.4 8.2 8.0 7.8

FIG. 9. Fingerprint region of the TOCSY spectra of gp41-FP in SDS solution in the absence (left) and presence (right) of 12-DXSA. The same contour levels are
taken for the two spectra for comparison of intensity alteration. Higher attenuation in the intensity as a result of 12-DXSA is observed for cross peaks arising from
G5, F8 and L9, which are marked in boldface. In contrast, cross peaks attributed to residues at both the N and C termini, such as V2, G3, G20, A21, R22, and S23
(italics), are attenuated to a lesser degree. This indicates that the region encompassing the FLG motif is proximal to the center of the micelle, to which 12-DXSA is

close, according to the result of Fig. 8.

A schematic drawing of the peptide showing its position in
the SDS micelle and interaction with the 5- and 12-DXSA
probes is displayed in Fig. 10. All the molecules, including the
peptide, SDS, and spin labels, are fluid, so that their relative
position changes with time. The results obtained here repre-
sent the preferred distribution, and Fig. 10 depicts a represen-
tative structure.

Conformation of gp41-FP in SDS micelle solutions. Figure
11A shows superposition of 40 calculated structures for the
region 14 to G20 of gp41-FP by using the DG and SA protocols
with constraints derived from NMR experiments in SDS mi-
cellar solution. Figure 11B shows that the S17 to G20 stretch
forms a B-turn. The average ¢ values of T18 and M19 for the
18 structures are —94° and —80°, and the average V¥ value for
T18 is —57°, indicating that the turn can be described as type
I. Figure 12 shows the root-mean-square deviation (RMSD) of
the backbone atoms for the 40 structures shown in Fig. 11A.
The structural divergence is visible for the C terminus of the
peptide starting with residue G16, suggesting a flexible point at
G16 for the peptide in a lipidic environment.

DISCUSSION

In aqueous solution, gp41-FP adopts a B-structure with a
type I B-turn at the FLG motif region and a disordered struc-
ture at both ends (8). An a-helical structure is induced in the
presence of SDS micelles, as indicated by the abundant d(i, i +
3) NOE cross peaks (Fig. 2) and estimated from CD data (Fig.
4 and 5). As also found in previous studies, this structure was
shown to insert into the interior of the SDS micelle in the
present investigation by a variety of experiments including the
H-D exchange of 'H NMR, fluorescence, differential line
shape change of 'H NMR with 5- and 12-DXSA spin labels,
whose position was determined from the '>C line shape change
shown in Fig. 8. The data suggest that the fusion peptide of

gp41 assumes extended and disordered forms in the nonfuso-
genic state and transforms into a helix as it inserts into target
cell membrane during fusion process. Fewer observable d(i, i +
3) NOE interactions for the G16 to M19 stretch suggest a
distorted helical or a less regular structure than the N-terminal
region. Additionally, from the molecular simulation results
(Fig. 11) the segment S17 to G20 was found to form essentially
a type I B-turn which readily converts into a helical structure.

12-DXSA

FIG. 10. Schematic drawing of the insertion of gp41-FP into the SDS micelle
and its interaction with the 5- and 12-DXSA probes. A15 to G16 are depicted at
the micelle-water interface, while 12- and 5-DXSA are near F8/L9 and 14,
respectively. The latter result is based on the spin-label-attenuated proton res-
onances and proton-deuterium exchange experiments.
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FIG. 11. Superposition of 40 structures for residues 4 to 20 (A) and 18 structures for residues 17 to 20 (B) of gp41-FP calculated by the DG and SA methods by
using constraints derived from NMR experiments and hydrogen bond constraints from proton-deuterium exchange results in SDS micellar solution. G16 is marked by
a darker segment in each of the structures representing gp41-FP. The divergence at the C-terminal region is visible.

The turn structure would be consistent with the prediction
from the analysis of CD data (Fig. 5). The peptide representing
the N-terminal 23 residues of gp41 has been shown to induce
vesicle leakage and lipid mixing (36) and to cause lysis of
CD4™" lymphocyte (18). The varying degree of membrane dis-
ruption involved in these processes implies insertion of the
fusion peptide into the membrane interior. In the present
study, we showed the penetration of gp41-FP into the SDS
micelle. A similar result has also been deduced by Gordon et
al. (18) from an EPR study on the spin-labeled gp41-FP and by
Rafalski et al. (36) from the surface tension increase caused by
the peptide in the presence of POPG vesicles.

As shown in Table 3, there is a significant decrease in the
intensity of "H NMR cross peaks by 5-DXSA for the residues
at the C terminus of gp41-FP, suggesting their proximity to the
micelle. Further, the more rapid amide proton exchange for
these residues presented in Fig. 7 implies that this region of the
peptide is on the exterior of the micelle. As demonstrated by
the larger attenuation of amide proton resonances and the
slowest exchange with deuterium, F§ and L9 are near the
center of the micelle. For the NMR-derived structures, the
marked difference in RMSD between the N- and C-terminal
domains of the peptide indicates that the C terminus is less
restricted. This is consistent with the notion of the embedding

of the N-terminal region of gp41-FP in the hydrocarbon core of
the micelle. Taking into consideration that the C-terminal res-
idues of gp41-FP are more polar, our data indicate that the N
terminus of gp4l inserts into the membrane as a helix but
bends at residues A15 and G16, with the C-terminal portion of
gp41-FP lying on the surface of the micelle.

Our NMR and CD data indicate that a-helix predominated
in the SDS micelle solution, apparently at variance with the
result of Nieva et al. for the peptide in POPG vesicular solu-
tion in which the B-conformation was observed by IR experi-
ments (33). However, our CD data do not rule out the contri-
bution of the B-form, since the helix content is approximately
59% in the presence of SDS micelles (Fig. 5) whereas the
B-structure accounts for 26.7% of the population. Further-
more, the B-sheet is the major conformation of gp41-FP in
aqueous solution (Fig. 4). The helical form is more easily
observed in the NOE experiments in which short interproton
distances are emphasized (21, 25). Therefore, the results pre-
sented here do not eliminate the possibility of a minor popu-
lation of the peptide with B-sheet conformation that may not
penetrate into the micelle. Our data also suggest that if at some
stage(s) the fusion peptide inserts into the membrane, as sup-
ported by many experiments, it does so predominantly as a
helix in the hydrophobic region of the bilayer. The observation
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FIG. 12. RMSD (in angstroms per mole) plot for residues 4 to 20 of gp41-FP
from 40 calculated structures. The dramatic increase in the RMSD value for
residues following G16, illustrated by the splaying of the region in Fig. 11A,
suggests that there is flexibility of the residue within the peptide in association
with the SDS micelle and that the C-terminal region of the gp41-FP is free of the
motional restriction from the micellar hydrocarbon chains.

that the helicity increases as the L/P ratio increases (36) sug-
gests that helix is the vesicle-bound structure for the peptide,
as a higher L/P ratio would mean more association of the
peptide with the vesicle. The helical form has been proposed to
correlate with the fusogenic activity of influenza virus HA2
peptide at acidic pH (26).

From the modeling results shown in Fig. 11 and 12, the
divergence of the helix can be observed for the region follow-
ing G16, demonstrating the flexibility of the residue. The larger
RMSD values for the S17 to G20 region are not likely to arise
from the fraying-end effect, because the region is not at the C
terminus of gp41-FP and because the 14 to L7 stretch does not
show RMSD values of similar magnitude. In combination with
these modeling results, the spin-label attenuation experiments
suggest that the FLG motif (Fig. 8 and 9; Table 3) is near the
center of the micelle and that the A15 to G16 segment is
located at the micelle-water interface with the C-terminal por-
tion of gp41-FP close to the micellar surface (Table 3). Al5
and G16 are absolutely conserved in all strains of HIV-1 and
HIV-2 hitherto investigated (32), implying their importance in
the function of the viral fusion peptide. Based on these results,
a possible scenario for the role played by Al15 to G16 in
HIV-mediated fusion is proposed. Since they are located
where the fusion peptide protrudes out into the bulk solution,
the two residues may exert their biological function, among
other possibilities, by the conformational flexibility conferred
by the short side chain or absence of it for these two amino
acids. For instance, the flexibility may facilitate the conforma-
tional change necessary for the pore formation (42) and lipid
flow in the virus-mediated fusion. Moreover, these two resi-
dues have been implicated in the association with gp120 (11,
14). Thus, following the binding of gp120 to the cellular recep-
tors (CD4 and CCRS5 or fusin), the fusion peptides on the
coiled-coiled oligomer of gp41 are exposed and may bend at
the A15-G16 dipeptide and line the fusion pore between the
viral and target cell membranes. The importance of G16 in
syncytium formation by HIV-1 highlighted in the mutagenesis
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work of Delahunty et al. (11) may be partly explained by our
finding. In particular, it is worth noting the dramatic difference
in the effect of the Gly-to-Val mutation on the syncytium-
inducing ability of the virus between G3, G5, and G20 on the
one hand and G10, G13, and G16 on the other. The invariance
of G10 and G13 may be ascribed to their role in initiating the
helix (8), while the importance of G16 may reside in its flexi-
bility at the water-micelle interface.

In summary, from CD and the spin-label-attenuated 'H ex-
periments, it was found that gp41-FP inserts into the SDS
micelle primarily as a helix with A15 to G16 at the micelle-bulk
solution interface. The insertion mode and helical structure
have also been found for the peptide in the phospholipid so-
lution. The residues following the flexible G16 are likely to
adopt a distorted helical form and have substantial interaction
with the micelle.
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