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Abstract

The N-terminal domain of HIV-1 glycoprotein 41,000 (gp41) participates in viral fusion processes. Here, we
use physical and computational methodologies to examine the secondary structure of a peptide based on the
N terminus (FP; residues 1-23) in aqueous and detergent environments. '*C-Fourier transform infrared
(FTIR) spectroscopy indicated greater a-helix for FP in lipid-detergent sodium dodecyl sulfate (SDS) and
aqueous phosphate-buffered saline (PBS) than in only PBS. '*C-FTIR spectra also showed disordered FP
conformations in these two environments, along with substantial (3-structure for FP alone in PBS. In
experiments that map conformations to specific residues, isotope-enhanced FTIR spectroscopy was per-
formed using FP peptides labeled with '*C-carbonyl. ">C-FTIR results on FP in SDS at low peptide loading
indicated a-helix (residues 5 to 16) and disordered conformations (residues 1-4). Because earlier '*C-FTIR
analysis of FP in lipid bilayers demonstrated o-helix for residues 1-16 at low peptide loading, the FP
structure in SDS micelles only approximates that found for FP with membranes. Molecular dynamics
simulations of FP in an explicit SDS micelle indicate that the fraying of the first three to four residues may
be due to the FP helix moving to one end of the micelle. In PBS alone, however, electron microscopy of
FP showed large fibrils, while '*C-FTIR spectra demonstrated antiparallel 8-sheet for FP (residues 1-12),
analogous to that reported for amyloid peptides. Because FP and amyloid peptides each exhibit plaque
formation, a-helix to 3-sheet interconversion, and membrane fusion activity, amyloid and N-terminal gp41
peptides may belong to the same superfamily of proteins.
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Conformation of the N terminus of HIV-1 gp41

Earlier findings support the hypothesis that the amino-ter-
minal peptide (FP; 23 amino acid residues; Fig. 1) of gly-
coprotein 41,000 (gp41) participates in the fusion processes
underlying human immunodeficiency virus (HIV-1) infec-
tion of host cells (McCune et al. 1988). Gallaher (1987) and
Gonzalez-Scarano et al. (1987) each noted extensive ho-
mologies between other viral fusion peptides and those of
the N terminus of gp41, and proposed that the N-terminal
gp41 peptide is involved in the fusion of the HIV-1 enve-
lope with host cells. When the HIV-1 glycoprotein 120,000
(gp120) binds to the lymphocyte CD4 receptor and one of
several coreceptors of the chemokine family, the N-terminal
gp41 domain is activated, which in turn, may attack the
target cell surface (Jiang et al. 2002). Recent X-ray studies
indicated that HIV-1 gp41 has a multimeric protein core that

presents the N-terminal domain as a trimer (Lu et al. 1995;
Weissenhorn et al. 1997), similar to the low-pH-induced
conformation of influenza virus hemagglutinin (HA,; Bul-
lough et al. 1994). This suggests that gp41 shares aspects of
the low pH-induced “spring-loaded” mechanism for HA,, in
which the N-terminal fusion peptide undergoes a major
translocation (Bullough et al. 1994). According to one
model, the N terminus of HIV-1 gp41 inserts deeply into the
target-cell surface membrane (Gordon et al. 1992), and the
viral envelope gp41 acts to bridge the host cell surface to the
HIV-1 lipid bilayer (Aloia et al. 1988).

There is now considerable experimental evidence con-
firming the role of the N-terminal gp41 domain in HIV-1-
mediated cytolytic and fusogenic processes. For example,
site-directed mutagenesis studies indicated defective gp41

FP [Native N-terminal segment of HIV-1 gp41, residues 1-23]

NH,AVGIGALFLGFLGAAGSTMGARSCONH,

FPA1/G3 [FP, PC-carbonyl labeled at Ala-1, Gly-3]

NH,AVGIGALFLGFLGAAGSTMGARS CONH,

FPA1/G3/G5/L7 [FP, C-carbonyl labeled at Ala-1, Gly-3, Gly-5, Leu-7]

NH,AVGIGALFLGFLGAAGSTMGARS CONH,

FPGs/a6 [FP, C-carbonyl labeled at Gly-5, Ala-6)

NH,AVGIGALFLGFLGAAGSTMGARS CONH,

FPGs.a15 [FP, *C-carbonyl labeled at Gly-5 through Ala-15]

* x &

* kk kk ok k k
NH,AVGIGALFLGFLGAAGSTMGARSCONH,

FPL7/L9/L12 [FP, C-carbonyl labeled at Leu-7, Leu-9, Leu-12]

NH,AVGIGALFLGFLGAAGSTMGARS CONH,

FPG13.G16 [FP, PC-carbonyl labeled at Gly-13 through Gly-16]

NH,AVGIGALFLGFLGAAGSTMGARS CONH,

FPG20/a21 [FP "C-carbonyl labeled at Gly-20, Ala-21]

NH,AVGIGALFLGFLGAAGSTMGARS CONH,

Figure 1. Amino acid sequences of the native N-terminal peptide (FP) of HIV-1 gp41, and seven FP variants labeled with '*C at
distinct positions. The N-terminal gp41 peptide is from the HIV-1 strain LAV, with the sequence 1-23, corresponding to residues
519-541 using an earlier numbering system (Myers et al. 1991). Amino acids are represented by one-letter codes, and those residues
labeled with '*C-carbonyls are indicated with bold letters and asterisks.
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fusion activity for various modifications in the N-terminal
domain, including replacement of hydrophobic amino acids
with polar residues (Freed et al. 1990; Bergeron et al. 1992),
deletion of short amino acid sequences (Schaal et al. 1995),
or substitution of Gly or Phe residues with Val (Delahunty
et al. 1996). An alternative experimental approach has been
to synthesize peptides based on the known N-terminal gp41
sequence, and then to assess whether the biological activity
attributed to the peptide domain in the virus is also observed
with the isolated peptide. For example, synthetic peptides
based on the N-terminal domain of gp41 promoted leakage
of lipid vesicles (Rafalski et al. 1990; Slepushkin et al.
1992; Martin et al. 1993; Nieva et al. 1994), supporting the
hypothesis that the N terminus of gp41 is partly responsible
for the cytolytic actions of HIV-1 virions. Consistent with
this proposal is the finding that N-terminal gp41 peptides
lysed both cultured cells (Mobley et al. 1992; Dimitrov et al.
2001) and human erythrocytes (Mobley et al. 1992). Intro-
duction of N-terminal gp41 peptides to model liposomes
also induced lipid mixing (Rafalski et al. 1990; Slepushkin
et al. 1990; Martin et al. 1993; Nieva et al. 1994; Kliger et
al. 1997). With human erythrocytes, FP triggers not only
rapid lipid mixing between cell membranes, but also the
formation of multicell aggregates (Mobley et al. 1995,
1999, 2001). Of interest in this regard are the observations
that selective modifications in synthetic N-terminal gp41
peptides reduced lytic and fusogenic activities, coincident
with the lowered syncytia-forming properties of the corre-
sponding mutated full-length gp41 (Mobley et al. 1995,
1999; Pereira et al. 1995; Martin et al. 1996; Kliger et al.
1997). Taken together, these results suggest that critical
fusogenic actions of HIV-1 gp41 are captured by synthetic
N-terminal peptides.

It is therefore important to elucidate the structure of the
N-terminal gp41 peptide in aqueous and membrane envi-
ronments, in view of the likely participation of this domain
in HIV-1 fusion. One classical approach would be to deter-
mine its three-dimensional structure using X-ray crystallog-
raphy. However, previous X-ray analyses have been per-
formed only on gp4l proteins lacking the N-terminal re-
gion, because full-length gp41 proteins do not form crystals.
Instead, circular dichroism (CD) and Fourier transform in-
frared (FTIR) spectroscopy have been used to investigate
the structure of synthetic N-terminal peptides. These experi-
ments indicated that N-terminal gp41 peptides exhibit vari-
able proportions of secondary conformations (e.g., a-helix,
[3-sheet, B-turn, random) when in aqueous, membrane-mim-
ics, and membrane lipids, depending on peptide length and
concentration, solvent polarity, lipid charge, and cation con-
centrations (Rafalski et al. 1990; Slepushkin et al. 1990;
Gordon et al. 1992; Martin et al. 1993, 1996; Nieva et al.
1994; Chang et al. 1997a; Kliger et al. 1997; Mobley et al.
1999). Moreover, oriented FTIR spectra of the N-terminal
gp41 peptide indicated an oblique insertion of the a-helix
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region into lipid bilayers (Martin et al. 1993, 1996), con-
sistent with recent theoretical predictions based on molecu-
lar dynamics simulations indicating penetration of the FP
a-helix into the hydrophobic membrane interior (Kamath
and Wong 2002; Maddox and Longo 2002). Nevertheless, a
significant limitation of earlier CD and conventional FTIR
spectral work is that these are global methodologies that
cannot assign conformations or orientations to individual
amino acid residues within the peptide.

Two-dimensional nuclear magnetic resonance (2D-
NMR) and solid-state, 13C-enhanced nuclear magnetic reso-
nance (SS '*C-NMR) studies each offer the potential of
defining the “residue-specific” conformations of the N-ter-
minal gp41 peptide in aqueous, membrane-mimic, and/or
lipid environments. Using CD and 2D-NMR spectroscopy
for FP in an acidic aqueous medium at 5°C, residues Phe-8
to Phe-11 exhibited a type-1 -turn (Chang et al. 1997b). In
a 2D-NMR, CD and molecular modeling study of FP sus-
pended in the membrane-mimics trifluoroethanol (TFE) sol-
vent or sodium dodecyl sulfate (SDS) detergent, however,
Chang et al. (1997a,b) noted high levels of a-helix. Spe-
cifically, FP in 50% aqueous TFE assumed an a-helix con-
formation for residues Ile-4 to Ala-15, whereas the corre-
sponding a-helix included Gly-5 to Gly-16 for FP bound to
SDS micelles. With a subsequent 2D-NMR investigation of
a FP analog in SDS, the hydrophobic core (~residues Gly-5
to Gly-16) was similarly reported to fold in an a-helical
conformation (Vidal et al. 1998). Contrarily, a recent SS
3C-NMR analysis of FP bound to mixed liposomes at
—50°C indicated that residues Ala-1 to Ala-15 are extended
B-strands (Yang et al. 2001). Although the sharply diver-
gent conformations reported in these NMR studies for FP in
membrane mimics (TFE, SDS micelles; Chang et al.
1997a,b; Vidal et al. 1998) or mixed lipid bilayers (Yang et
al. 2001) may simply reflect the intrinsic polymorphism of
this peptide, questions may be raised about extrapolating FP
structures elucidated with either 2D-NMR or SS '*C-NMR
spectroscopy to those in biological membranes. On the one
hand, the local FP conformations determined in 2D-NMR
studies of membrane-mimics (Chang et al. 1997a,b; Vidal et
al. 1998) may not faithfully reflect the corresponding struc-
ture in biological membranes, while on the other it is un-
clear whether the peptide structure assessed by SS '*C-
NMR of FP in liposomes at —50°C (Yang et al. 2001) will
be maintained at physiologic temperatures.

Accordingly, it is worthwhile to assess the residue-spe-
cific conformations of FP in various membrane-mimics and,
if possible, biological membranes with alternative experi-
mental methodologies. One such approach employs '*C-
enhanced FTIR spectroscopy, which has previously identi-
fied specific random, (-strand and B-turn structural do-
mains in a soluble peptide (Tadesse et al. 1991), a-helical
structures in the transmembrane domain of phospholamban
(Ludlam et al. 1996), and discrete antiparallel (3-sheet re-
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gions in amyloid peptides (Halverson et al. 1991; Ashburn
et al. 1992; Baldwin 1999). In a recent "*C-FTIR structural
study (Gordon et al. 2002), a suite of '*C-labeled pep-
tides was used to determine the residue-specific conforma-
tions of FP in the membrane-mimic hexafluoroisopropanol
(HFIP), the lipid 1-palmitoyl-2-oleoyl phosphatidylglycerol
(POPG), and erythrocyte ghosts and ghost lipid extracts.
Combining these '*C-enhanced FTIR results with molecular
simulations indicated the following model for FP in HFIP:
a-helix (residues 3—16) and random and {3-structures (resi-
dues 1-2 and residues 17-23). Additional '*C-FTIR analy-
sis indicated a similar conformation for FP in POPG at low
peptide loading, except that the a-helix extends over resi-
dues 1-16 (Gordon et al. 2002). It is of considerable interest
that the a-helical conformation (residues 5—-15) detected for
FP in SDS with 2D-NMR (Chang et al. 1997a) is also found
in 3C-FTIR spectra of membrane lipids and erythrocyte
ghosts at low peptide loading (Gordon et al. 2002). Simi-
larly, the B-structure (residues 5—-15) originally observed for
FP in mixed liposomes with SS '*C-NMR (Yang et al.
2001) is also reported with '*C-FTIR spectra of FPgs ;s
added to erythrocyte ghosts or lipids at high peptide/lipid
(P/L) ratios (Gordon et al. 2002).

Given its ability to complement and extend the confor-
mational results on HIV-1 FP acquired with NMR tech-
niques, '*C-FTIR spectroscopy is applied in this study to
assess the residue-specific structures of FP in detergent and
aqueous environments. As noted above, one important un-
resolved question is how closely the structure of FP in de-
tergent micelles reproduces that of FP in membrane bilay-
ers. Here, "*C-FTIR results on FP in SDS at low peptide
loading indicated a-helix (residues 5 to 16) and disordered
conformations (residues 1-4), in agreement with a prior FP
structural model obtained using 2D-NMR spectroscopy
(Chang et al. 1997a). However, because earlier 3C-FTIR
analysis of FP in POPG lipid bilayers demonstrated a-helix
for residues 1-16 at similarly low peptide loading (Gordon
et al. 2002), the FP structure in SDS micelles only approxi-
mates that found with membranes. The limitations of FP-
SDS micelles in mimicking the structural properties of FP—
membrane systems are highlighted here using molecular
dynamics simulations of FP in an explicit SDS micelle.
Such simulations indicated that the fraying of the first three
to four residues may be due to the FP helix moving to one
end of the SDS micelle, with the peptide exposing its N-
terminal residues to aqueous solvent. In further experi-
ments, '*C-FTIR conformational mapping of FP in only
PBS indicated extensive -sheet for FP (residues 1-12). Of
particular interest is our finding that the '>*C-FTIR spectral
signature for (3-sheet residues of FP in PBS is identical to
that observed for antiparallel (3-sheet residues in amyloid
peptides (Halverson et al. 1991; Ashburn et al. 1992; Bald-
win 1999). Because we also report here the presence of
characteristic “amyloid-like” fibrils for FP in PBS using

transmission electron microscopy (TEM), consistent with
earlier studies on this peptide (Slepushkin et al. 1992;
Pereira et al. 1997), our results support an earlier hypothesis
that amyloid and N-terminal gp41 peptides belong to the
same class of proteins (Callebaut et al. 1994; Nieva et al.
2000; Tamm and Han 2000).

Results

Conventional ">C-FTIR spectroscopy of FP
in SDS micellar or PBS environments

Secondary structures for FP in the SDS micellar and aque-
ous environments were examined using conventional '*C-
FTIR spectroscopy. Representative FTIR spectra of the am-
ide I band for FP in the SDS and PBS systems are shown in
Figure 2. A principal band occurs at 1657 cm™" for the SDS

A
B
SDS
C
1 L n " 1 I i n 1 . L n ]
1700 1660 1620 1580

Wavenumbers (cm-1)

Figure 2. Fourier transform (FTIR) spectra of the amide I band of FP in
phosphate-buffered saline (PBS), hexafluoroisopropanol (HFIP), and so-
dium dodecyl sulfate (SDS) at 25°C, as described in Materials and Meth-
ods. (A) FP concentration was 470 uM in deuterated PBS (pH 7.4). The
arrows at 1628 and 1696 cm™ denote a B-sheet component, while the
shoulder at 1643 cm™" also indicates random structure (Gordon et al. 2002).
(B) FP concentration was 470 uM in deuterated hexafluoroisopropanol
(HFIP)/water/formic acid (70:30:0.1, v/v; Gordon et al. 2002). (C) FP
concentration was 470 uM in 94 mM SDS and deuterated PBS (pH 7.4) at
a peptide/lipid (P/L) ratio of 1:200. The arrows at 1657 cm™' in B-C
indicate a dominant a-helix component for FP in these membrane-mimic
environments. Spectra have been normalized for comparison. The abscissa
for each spectrum (left to right) is 1730 to 1580 cm™', while the ordinate
represents absorption (in arbitrary units).
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spectrum (Fig. 2C), and very similar spectra with major
peaks centered at 1657 cm™' were also observed for FP
suspended in the membrane-mimic HFIP solvent (Fig. 2B)
or POPG liposomes (Gordon et al. 2002). Because previous
FTIR studies of deuterated proteins have assigned bands in
the range of 1650-1659 cm™" as a-helical (Byler and Susi
1986; Surewicz and Mantsch 1988; Haris and Chapman
1995), FP in SDS likely assumes high a-helical content. On
the other hand, the control FTIR spectrum of FP alone in the
PBS buffer (Fig. 2A) showed a dominant peak at 1628
cm™', a high-field shoulder of 1643 cm™' and a minor high-
field peak at 1696 cm™" (Gordon et al. 2002). In agreement
with the FTIR spectrum of FP in PBS (Fig. 2A), an earlier
FTIR spectroscopic study of a pure FP monolayer in D,O
buffer similarly indicated a principal peak at 1620 cm™,
with a shoulder at 1640—1650 cm™", and a less intense com-
ponent at ~1690 cm™" (Agirre et al. 2000). The major peak
at 1628 cm™ and minor peak at 1696 cm™" in Figure 2A
probably reflect extensive antiparallel (3-sheets for FP in
PBS, created by a strong interstrand and, to a lesser degree,
intrastrand TDC interactions (Moore and Krimm 1976a,b;
Krimm and Bandekar 1986); the high field-shoulder at ap-
prox. 1643 cm™" further denotes some random structure for
FP in PBS. FTIR spectra comparable to that observed for FP
in PBS (Fig. 2A) were reported for several aqueous amyloid
peptides, and were also attributed to high proportions of
antiparallel B-sheet structures (Halverson et al. 1991; Ash-
burn et al. 1992; Baldwin 1999).

The relative proportions of secondary structure were ana-
lyzed with subsequent curve fitting using earlier criteria
(Byler and Susi 1986), as described in Materials and Meth-
ods (Gordon et al. 1996, 2000, 2002). These Fourier self-
deconvolutions indicated the following a-helical levels for
FP in the various environments: POPG ~ HFIP ~ SDS >>
PBS (Table 1). Although the a-helix proportions for FP in
SDS and POPG in Table 1 lie within experimental error
(i.e., 43.9% versus 52.1%), slightly fewer residues may par-
ticipate in the a-helix for peptide in the SDS medium; that
is, 10 and 12 residues are a-helical for FP in SDS and
POPG, respectively. The FTIR analysis further indicates
that significant 3- and random structures are present for
peptide in the POPG, HFIP, SDS, and PBS environments
(Table 1). Last, the FTIR findings suggest that moving FP
from a lipid (or membrane-mimic) milieu to a more aqueous
environment transforms certain a-helical residues into
[-sheet, 3-turn, and random conformations. Table 1 shows
that B-sheet, B-turn, and random conformations are greater
than 80% of the total secondary structure for FP in PBS,
while the corresponding a-helical level is less than 20%.

Isotopically enhanced '>C-FTIR spectroscopy
of FP in the SDS micellar environment

Despite the above '>C-FTIR spectroscopic results indicating
that FP assumes very different conformations in the SDS

1016 Protein Science, vol. 13

Table 1. Proportions of secondary structure® for FP in PBS,
HFIP solvent, SDS detergent, and POPG liposomes as estimated
from Fourier self-deconvolution of the FTIR spectra of the
peptide amide I band

% Conformation

System a-Helix B-sheet B-Turn Disordered
FTIR Spectra®
HFIP® 52.0 11.5 22.5 14.1
PBS 19.6 32.3 23.0 25.1
SDS¢ 43.9 20.9 229 12.3
POPG' 52.1 6.5 24.9 16.7

# Data are the means of four separate determinations and have an SE 5% or
better.

" FTIR spectra were deconvoluted as described in Materials and Methods.
¢ FP (470 uM) dried on to an ATR plate from 100% HFIP, and resolvated
with deuterated HFIP/water/formic acid (70:30:0.1, v/v) (Fig. 2B) (Gordon
et al. 2002).

4 FP (470 uM) dried on to the ATR plate from 100% HFIP, and resolvated
with deuterated PBS, pH 7.4 (Fig. 2A) (Gordon et al. 2002).

¢ FP was suspended at 470 uM in 94 mM SDS and deuterated PBS at a
peptide/lipid (P/L) ratio of 1/200, dried on the ATR from the SDS suspen-
sion, and then resolvated with deuterated PBS, pH 7.4 (Fig. 2C).

T FP incorporated into POPG at an initial P/L ratio of 1/70 for LUV lipo-
somes suspended in PBS, pH 7.4. Peptide/liposomes were chromato-
graphed to remove non-lipid-associated FP, and then dried onto the ATR
plate, and resolvated with D,O (Gordon et al. 2002).

micellar and PBS systems (Fig. 2; Table 1), it is still not
possible to assign secondary structure to specific residues.
To further probe for local conformations, therefore, isotop-
ically enhanced FTIR spectroscopy was next conducted
with FP labeled with '*C-carbonyls at multiple sites, stag-
gered to sequentially cover the peptide (Fig. 1).

With peptides in the SDS micellar and PBS (pH 7.4),
environment (Fig. 2; Table 1), Figure 3 shows the natural
abundance, '>C-FTIR spectrum of FP and the isotopically
enhanced '>C-FTIR spectra of FP labeled with '*C-carbon-
yls at Ala-1 and Gly-3 (FP4,,g3), Ala-1, Gly-3, and Gly-5
and Leu-7 (FPA,,G3/Gsn.7), Gly-5 to Ala-15 (FPgs_a;5), Or
Gly-20 and Ala-21 (FPgy0/a01; Fig. 1). There are major
differences between the native and cassette spectra, which
are attributed to '*C-carbonyl groups. In the FPs_,,5 spec-
trum (Fig. 3C), there is a decrease in the area 1677-1630
cm™! corresponding to an a-helical component, and a con-
current increase in the area 1630-1586 cm™' with a major
new peak centered at 1621 cm™", indicating an isotopic shift
of ~36 cm™'. This isotopic shift may also be visualized in a
difference FTIR spectrum, obtained by subtracting the na-
tive FTIR spectrum (dashed line in Fig. 3C) from that of the
FPgs.a15 spectrum (solid line in Fig. 3C); the resulting dif-
ference FTIR spectrum (Fig. S-1C) confirms the presence of
negative and positive bands centered at 1657 cm™"' and 1618
cm™', respectively. The simplest interpretation of these re-
sults is that the isotope-induced shift of ~36-39 cm™ in
Figures 3C and S-1C is due to residues Gly-5 to Ala-15
participating in a-helix (Fig. 4), a peptide conformation in
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Figure 3. FTIR spectra of the amide I band for the '>C-carbonyl (i.e., “native”) FP peptide and a suite of multiply '*C-carbonyl
enhanced FP peptides in sodium dodecyl sulfate (SDS; Fig. 1). Peptides were suspended at 470 uM in 94 mM SDS and deuterated
PBS at a peptide/lipid (P/L) ratio of 1 : 200. Spectra were recorded at 25°C on the peptide, which was first dried on the ATR from the
SDS suspension, and then resolvated with deuterated PBS: (A) FP,,,55 is the solid line and native FP is the dashed line. The amide
1 band is shown for the native FP spectrum, with a dominant a-helical component centered at 1657 cm™". The minor peak at 1608 cm™
in the FP, ;5 spectrum indicates random structure. (B) FP 63,517 (solid line), FP (dashed line). The minor peak at 1613 cm™ in
the FP 4 ,G3/G51.7 spectrum indicates a mix of a-helical and random components. (C) FPgs_4 5 (solid line), FP (dashed line). The major
peak at 1621 cm™" in the FPg5_ 4,5 spectrum indicates a strong a-helical component. (D) FPgy042; (solid line), FP (dashed line). The
broad, minor shoulder centered at 1608 cm™" and extending to ~1590 cm™ in the FPg,0,45; Spectrum indicates random structure and

minor 3-sheet.

which TDC interactions will probably be negligible (see
below; Moore and Krimm 1976a,b; Krimm and Bandekar
1986; Halverson et al. 1991). These findings suggest that
the ~10 «-helical residues for FP in SDS, identified above
from Fourier self-deconvolution of the '>C-FTIR spectrum
(Fig. 2C; Table 1), are approximately localized to the Gly-5
to Ala-15 region. Furthermore, the high a-helical content in
the Gly-5 to Ala-15 region determined here with '*C-FTIR
spectroscopy is in good agreement with the 2D-NMR spec-
troscopic study of FP bound to SDS micelles, which dem-
onstrated a-helix for residues Gly-5 to Gly-16 (Chang et al.
1997a). Interestingly, earlier '*C-FTIR spectra of FPgs_ o5
in the HFIP solvent or POPG liposomes similarly show
new, predominant peaks at ~1620—-1621 cm™", representing
an isotopic shift of ~37 cm™ for the major a-helical peak at
1657 cm™" in the respective '*C-FTIR spectra of native FP
in these milieu (Gordon et al. 2002). This confirms that a
high proportion of amino acid residues between FP residues
Gly-5 and Ala-15 assumes an a-helical conformation, for
FP in the SDS, HFIP, or POPG liposome environments
(Fig. 4; Gordon et al. 2002).

It is important to determine whether intermolecular TDC
interactions between '*C-carbonyls contribute either to the
isotopic-shifted peak at ~1620-1621 cm™" in the SDS FP5.
a1s spectrum (Fig. 3C; Moore and Krimm 1976a,b; Krimm
and Bandekar 1986) or to the corresponding isotope-shifted
peaks in the HFIP and POPG FPgs_, ;5 spectra (Gordon et
al. 2002). Following earlier protocols (Halverson et al.
1991; Ashburn et al. 1992), control experiments were per-
formed by diluting '*C-labeled FPgs 4,5 with unlabeled FP
(i.e., 1 part *C-peptide and 1 part native '*C-peptide) in the
HFIP solvent. The FTIR spectrum of the “isotopically di-
luted” peptide mixture in the HFIP solvent (Fig. S-2A) in-
dicates a reduced '*C-signal at ~1621 cm™, but no fre-
quency shift, as would be expected if intermolecular TDC
interactions were diminished (Halverson et al. 1991; Ash-
burn et al. 1992). Also, it should be noted that the mixed
experimental FTIR spectrum (solid line in Fig. S-2A) agrees
well with a predicted FTIR spectrum (dashed line in Fig.
S-2A), obtained by simply averaging the FTIR spectrum of
native FP in HFIP with that of the '*C-labeled FPgs5 4,5
peptide in HFIP. Thus, these FTIR results for FPg5 5,5 in
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Figure 4. Conformational map of the N-terminal peptide (FP) of HIV-1 gp41 in HFIP, SDS micellar, and PBS environments, as estimated from the FTIR
spectra of '*C-labeled peptides. Amino acids are represented by three-letter codes. Codes (in parentheses) for peptide conformations are: 3-sheet (8), B-turn
(BT), a-helix (a) and random (R). For FP (470 wM) in HFIP:water:formic acid (70:30:0.1. v/v), conformations were earlier determined from native and
!3C-enhanced FTIR spectra (Gordon et al. 2002). For FP in SDS micelles (P/L = 1 : 200) in PBS (pH 7.4), conformations were determined from the FTIR
spectra of Figures 3, S-1, and 5SD-F. For FP (470 uM) in PBS (pH 7.4), conformations were determined from the FTIR spectra of Figures SA—-C and 6.

HFIP are consistent with an isotopic-shifted peak at ~1620
cm™! (Gordon et al. 2002) representing a localized amide I
absorption due to a-helix (residues Gly-5 to Ala-15), with
no contributions from intermolecular TDC interactions (Fig.
4). Given the close resemblances between the '*C-FTIR
spectra for FPys_4 5 in the SDS (Fig. 3C), HFIP and POPG
(Gordon et al. 2002) environments, comparable o-helical
domains (residues Gly-5 to Ala-15) probably also occur for
FP in SDS micelles, HFIP (Fig. 4) and POPG liposomes
(Gordon et al. 2002).

The conformational fine structure within the central core
of FP in the SDS micelles was further investigated using
fusion peptides labeled with '*C-carbonyls at Gly-5 and
Ala-6 (FPgs/a6), Leu-7, Leu-9, and Leu-12 (FP; 7/ 9/1.12),
and Gly-13, Ala-14, Ala-15, and Gly-16 (FPg,5.G16; Figs.
1,5,S-1). The new peaks at 1619 and 1617 cm™! for the
FPgs/a6 and FP; 1 o1 10 spectra (Fig. 5, D and E), respec-
tively, confirm that Gly-5, Ala-6, Leu-7, Leu-9, and Leu-12
assume a-helical conformations (Fig. 4). On the other hand,
the FPg5.616 spectrum for peptide in SDS micelles (Fig.
5F), as well as the corresponding difference FP5,5_g,6 Spec-
trum (Fig. S-1D), show a new positive band centered at
1608 cm™' and extending to ~1590 cm™, indicating that
Gly-13, Ala-14, Ala-15, and Gly-16 adopt a random con-
formation with minor B-sheet contributions (Fig. 4). In sum-
mary, these findings suggest that this GAAG sequence rep-
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resents the C-terminal cap of the a-helix, with the a-helical
region spanning Gly-5 to Gly-16 for FP in SDS micelles.
Interestingly, the spectra of FPgs,a6. FP17/1.0/1.12> FPGs. 155
and FPg5.g1¢ in either HFIP solvent (Fig. 4) or POPG
liposomes (Gordon et al. 2002) indicate that FP similarly
assumes an a-helix between Gly-5 to Gly-16, with the only
difference being that the carbonyl groups of Gly-13 to Gly-
16 adopt a B-turn for FP in HFIP (Fig. 4) and POPG lipo-
somes (Gordon et al. 2002). Accordingly, these '*C-FTIR
results confirm that SDS micelles provide an environment
for the FP core (i.e., Gly-5 to Gly-16), which accurately
mimics that afforded by membrane lipid bilayers.
Secondary conformations at the N- and C-terminal re-
gions of FP in SDS micelles were next analyzed using
peptide analogs with '*C-carbonyls at Ala-1 and Gly-3
(FPAy/G3), Gly-20, and Ala-21 (FPg50,421) and Ala-1, Gly-
3, Gly-5, and Leu-7 (FP4,g3/G5,1.7; Fig. 1). The FTIR spec-
trum of FPg,0/40; in SDS micelles (Fig. 3D), and also the
corresponding difference FTIR spectrum for FP 5,45, (Fig.
S-1E), shows a new broad shoulder centered at 1608 cm™!
and extending to ~1590 cm™!, indicating that Gly-20 and
Ala-21 probably exhibit a mix of random and minor (3-sheet
conformations (Fig. 4). Earlier FTIR spectra of FPg,0/45; in
HFIP solvent or POPG liposomes demonstrated similar ran-
dom and 3-sheet components (Fig. 4; Gordon et al. 2002),
confirming that Gly-20 and Ala-21 share similar conforma-
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Figure 5. FTIR spectra of the amide I band for the '’C-carbonyl (i.e., “native”) FP and a suite of FP labeled with multiple
!3C-carbonyls in the central region, for peptides in the PBS or SDS micellar solutions. Peptides were suspended at 470 wM in
deuterated PBS (pH 7.4), (A—C) or SDS micelles suspended in deuterated PBS (pH 7.4) (D-F) at 25°C; PBS spectra were recorded
on peptide dried from 100% HFIP and resolvated on the ATR from deuterated PBS (pH 7.4), while SDS spectra were recorded on dried
peptide-SDS micelles and resolvated with deuterated PBS (pH 7.4). (A) FPgs,a¢ (solid line), FP (dashed line) in PBS. The FP, ;g3
spectrum indicates a residual 'C amide peak at 1636 cm™ and a '>C amide peak at 1609 cm™', denoting antiparallel B-sheet. (B)
FP; 50112 (solid line), FP (dashed line) in PBS. The FP; ;o1 1, spectrum indicates a residual 'C amide peak at 1643 cm™ and a '*C
amide peak at 1607 cm™, denoting antiparallel B-sheet. (C) FPg,5 ¢ (solid line), FP (dashed line) in PBS. The shoulder encompassing
components at approx. 1605 and 1593 cm™', indicates random and B-sheet elements. (D) FPs,¢ (solid line), FP (dashed line) in SDS
micelles. The minor shoulder centered at 1619 cm™ in the FPgs/aq spectrum indicates an a-helix. (E) FPy 0, 1, (solid line), FP
(dashed line) in SDS micelles. The minor peak at 1617 cm™" indicates a-helical components. (F) FPg,5 g6 (solid line), FP (dashed
line) in SDS micelles. The broad, low-field shoulder centered at 1605 cm™" represents B-turn, random and B-sheet structures.

tions for FP in the SDS, HFIP, and POPG environments. At Electron microscopy of FP in PBS buffer
the N-terminal region, the FTIR spectra of FP, 53 in SDS
(Figs. 3A,S-1A) showed a minor positive band at 1608 The peptide complexes formed by FP in the aqueous phos-
cm™', consistent with Ala-1 and Gly-3, adopting random  phate-buffered saline (PBS; pH 7.4) were studied with
conformations (Fig. 4). In contrast, the corresponding FTIR  transmission electron microscopy (TEM). Figure S-3B
spectra of FP,,,5; in HFIP solvent or POPG liposomes, shows that peptide complexes form after incubation of FP
respectively, indicated a mix of a-helix and random con- on the formvar-coated grid in PBS at room temperature.
formations (positive new band at 1614 cm™) or a-helix After 1-h incubation, these peptide aggregates consist of a
(positive new band at 1617 cm ~'; Gordon et al. 2002). The branching fibrous network, with individual fibers having a
FTIR spectra of FP,,,q3/Gs17. another N-terminal '*C-la-  diameter of approx. 75 nm and variable lengths (up to ap-
beled fusion peptide, in SDS micelles showed positive prox. 1 pm); the control grid incubated without FP indi-
bands at 1613 cm™ (Figs. 3B,S-1B), suggesting a mix of  cated only a blank field (Fig. S-3A). Fiber formation ap-
o-helix and random structures (Fig. 4). On the other hand, peared to be complete at 1 h, as no further differences were
earlier FTIR spectra of FP,,,g3Gs17 in HFIP solvent or  observed in fiber appearance in samples incubated for 5 and
POPG liposomes indicated a-helix with positive new bands 24 h (not shown). Another image of FP incubated with PBS
centered at 1619 and 1618 cm™, respectively (Fig. 4; Gor- for 1 h (Fig. S-4) shows an approximately spherical aggre-
don et al. 2002). gate (~200 nm in diameter), with numerous branched fibrils
With the above '’C-enhanced FTIR results, it is now (25-75 nm in diameter) extending from the core. It is of
possible to develop the following conformational map for interest to compare the present results with earlier electron

FP in SDS micelles: a-helix between residues 5 and 16, microscopic investigations on N-terminal gp41 peptides.
with random (or disordered) structures for residues 1-4, and Using the related 22-amino-acid fusion peptide (i.e., FP
random and minor B-sheet for residues 20 and 21 (Fig. 4). sequence in Figure 1, but omitting the C-terminal serine),
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Slepushkin et al. (1992) reported large spherical aggregates
(500-700 nm in diameter), with a “clew-like” appearance
consisting of long filaments approximately 5 nm in diam-
eter. Also of note is the electron microscopy study of the
fractions obtained by incubating FP with liposomes, after
ultracentrifugation of peptide—vesicles mixtures in an aque-
ous buffer (Pereira et al. 1997). Using TEM, Pereira et al.
(1997) showed that the unbound peptide in the pellet frac-
tion consisted of fibrillar bundles ~500 nm in diameter.
Independent ultracentrifugation experiments confirmed that
FP produces insoluble aggregates when incubated in neutral
buffers (Yang et al. 2001). The formation of insoluble FP
aggregates may be responsible for the peptide inactivation
often seen in lytic and lipid-mixing assays using liposome
suspensions (Pereira et al. 1997), as well as the relatively
high FP/lipid ratios required to demonstrate lytic and fuso-
genic actions with cells (Mobley et al. 1992, 1995, 2001).

Isotopically enhanced ">C-FTIR spectroscopy
of FP in the PBS (aqueous) environment

The technique of '*C-enhanced FTIR spectroscopy was
next used to map the secondary conformations of FP in

y 1628

| T SR S | " n i

PBS

aqueous media. With peptides in PBS (pH 7.4), Figure 6
shows the native '>C-FTIR spectrum of FP, and also the
'3C-FTIR spectra of FP labeled with '*C-carbonyls at Ala-1
and Gly-3 (FP,,,g3), Ala-1, Gly-3, and Gly-5 and Leu-7
(FP A 1/63/G51.7)> Gly-5 to Ala-15 (FPgs_4;5), or Gly-20 and
Ala-21 (FPg50/401)- In each instance, there are major dif-
ferences between the native and cassette spectra, due to the
presence of '*C-carbonyl groups. The amide I band is
shown for the native FP spectrum for peptide in PBS, with
a dominant peak at 1628 cm™' and a minor peak at 1696
cm™' denoting an antiparallel B-sheet, and a high-field
shoulder at 1643 cm™, indicating random structure (Fig.
6A). On the other hand, the FP,,,55 spectrum indicates the
1628 cm™' peak has split into two; one peak at 1634 cm™,
and the other at 1616 cm™" (Fig. 6A). The high-field peak at
1634 cm™ is attributed to the normal '?C =0 peak being
shifted from 1628 cm™, while the anomalously intense peak
at 1616 cm™" is due to '>C = O vibrations. Analogous “split-
ting” of the dominant B-sheet peak has been earlier ob-
served in FTIR spectra of amyloid peptides enhanced with
13C=0 at specific amino acids, and has been assigned to
those residues participating in antiparallel 3-sheet (Halver-
son et al. 1991; Ashburn et al. 1992; Baldwin 1999). There-
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Figure 6. FTIR spectra for the '>C-carbonyl (i.e., “native”) FP peptide and a suite of multiply '*C-carbonyl enhanced FP peptides in
PBS solution. Peptides were suspended at 470 wM in deuterated PBS (pH 7.4), as described in Materials and Methods. (A) FP,;,q3
is the solid line and native FP is the dashed line. The amide I band is shown for the native FP spectrum, with a dominant peak at 1628
cm™' and a minor peak at 1696 cm™' denoting antiparallel B-sheet, and a high-field shoulder at 1643 cm™" indicating random structure.
The FP,,,g; spectrum indicates a residual '>C amide peak at 1634 cm™ and a '*C amide peak at 1616 cm™", denoting antiparallel
B-sheet. (B) FP ., ,G3/G51- (solid line), native FP (dashed line). The FP ., /3651 - Spectrum indicates a residual '*C amide peak at 1644
cm™" and a '*C amide peak at 1610 cm™, denoting antiparallel B-sheet. (C) FPg5_4 ;5 (solid line), native FP (dashed line). The FPgs 4,5
spectrum indicates a minimal residual '>C amide peak at and a pronounced '>C amide peak at 1590 cm™!, denoting antiparallel B-sheet.
(D) FP50,a2; (solid line), FP (dashed line). The low-field shoulder at ~1607 and tail at ~1593 cm™" in the FPg,0,4,, Spectrum indicates

random (disordered) and (3-sheet structure.
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fore, Figure 6A shows that Ala-1 and Gly-3 fold as antipa-
rallel B-sheet, for FP in PBS buffer (Fig. 4). The anoma-
lously high intensity for the '*C = O peak at 1616 cm™" (Fig.
6A) may be accounted for with an antiparallel 3-sheet
model that incorporates transition dipole coupling (TDC)
and through-bond interactions within the Wilson GF matrix
method (Brauner et al. 2000). Similar to the FP,,,q3
spectrum, the FP, ;,63/Gs17 spectrum in Figure 6B showed
a splitting of the native B-sheet peak at 1628 cm™' into
a high-field '>*C=0 peak and a low-field '>C=0 peak.
Here, however, the residual '’C=0 peak position for
the FPA,,G3/Gsn7 spectrum is higher than the correspond-
ing peak position in the FP,,,5; spectrum (i.e., 1644 ver-
sus 1634 cm™), while the '*C=0 peak frequency for the
FP,,,63/6517 spectrum is lower than the corresponding
peak frequency in the FP, 55 spectrum (i.e., 1616 versus
1610 cm™'; Fig. 6AB). These results are readily explained
by further reductions in the interstrand TDC interactions
in the FP 4 ,63/G5:1.7 spectrum, due to Gly-5 and Leu-7 par-
ticipating with Ala-1 and Gly-3 in antiparallel (3-sheet
(Fig. 4). The more extensive the interactions between
13C=0 groups in adjacent strands, the lower will be the
frequency of the '*C=0 peak (Baldwin 1999). Contrarily,
the FP550/40; spectrum in Figure 6D demonstrated a 1628
cm™! band with reduced intensity, as well as a broad new
shoulder extending from 1607 to 1593 cm™, consistent with
Gly-20 and Ala-21 exhibiting random and extended (3-con-
formations (Fig. 4). In this instance, however, the B-struc-
tures probably lack extensive interchain interactions, due to
the absence of a “split” 1628 cm™" peak (Fig. 6D).

The central region of FP in aqueous environment was also
investigated with the '*C-isotopically enhanced FPs 5 pep-
tide. Interestingly, the FTIR spectrum of FPgs 4,5 in PBS
(pH 7.4), demonstrated a dramatic shift of the 1628 cm™!
band to 1590 cm™', suggesting that the B-sheet region in FP
largely overlaps the Gly-5 through Ala-15 domain (Fig.
6C). Consistent with this assignment is the prediction by
Halverson et al. (1991) that, if amide carbonyl 12C were to
be replaced with '>C for every residue in an antiparallel
[B-sheet, then the amide I band frequency should also be
reduced from 1628 to ~1591 cm™". It should be additionally
noted that the 1590 cm™" peak for the FP5_4 5 spectrum is
somewhat asymmetric with a high-field tail (1600-1615
cm™), indicating minor disordered component mixed with
the predominant B-sheet for Gly-5 to Ala-15 (Fig. 4). Our
hypothesis that the 1590 cm™" peak (Fig. 6C) is principally
due to intermolecular '>C = O interactions between adjacent
antiparallel B-strands was further tested in isotope-dilution
experiments. When '*C-labeled FPgs_,,s was mixed with
unlabeled FP (i.e., 1 part '*C-peptide and 1 part native '*C-
peptide) in PBS, the dilution in the label in the intermolecu-
lar B-sheet caused a shift in the low frequency *C=0
vibration from 1590 to 1600 cm™" (solid line in Fig. S-2B).
Furthermore, a new peak appeared at 1631 cm™' for the

mixed spectrum in Figure S-2B, which is attributed to TDC
interactions between the '*C = O groups of adjacent B-sheet
strands. Because averaging the FTIR spectrum of native FP
in PBS with that of the '*C-labeled FPs_,,5 peptide in PBS
cannot reproduce these spectral features (see dashed line in
Fig. S-2B), the simplest interpretation of the 1590 cm™
peak in Figure 6C is that it is primarily due to >C-'3C TDC
interactions between adjacent strands in antiparallel
[-sheets. Prior isotopic-dilution experiments conducted on
various amyloid peptides have produced similar FTIR spec-
tral changes for '*C-enhanced amino acids participating in
antiparallel B-sheets (Halverson et al. 1991; Ashburn et al.
1992; Baldwin 1999).

The 3-sheet structure within the central core of FP in PBS
was further explored using fusion peptides labeled with '*C-
carbonyls at Gly-5 and Ala-6 (FPgs/46), Leu-7, Leu-9, and
Leu-12 (FP; 7,1 01.10) and Gly-13, Ala-14, Ala-15, and Gly-
16 (FPGy3.G16: Fig. SA-C). The FPgs/a6 and FPy ;9112
spectra (Fig. 5AB) each share the characteristic “split” peak
from the native 1628 cm™' absorption band (i.e., ’C=0
and '*C =0 peaks of 1636 and 1609 cm™" for FPgs,,¢ and
1643 and 1607 cm™" for FP; - o1 12, respectively), confirm-
ing that residues Gly-5, Ala-6, Leu-7, Leu-9, and Leu-12
each adopt antiparallel 3-sheet conformations in PBS (Fig.
4). Contrarily, the FPg,5.g16 spectrum for peptide in PBS
(Fig. 5C) shows a marked decline in intensity for the 1628
cm™! band, and a new positive shoulder from ~1605 to 1590
cm™!, indicating that Gly-13, Ala-14, Ala-15, and Gly-16
adopt both random and extended (3-conformations (Fig. 4).

Molecular modeling of FP in PBS

With the above '*C-enhanced FTIR results, it is now pos-
sible to develop the following conformational map for FP in
aqueous PBS buffer: antiparallel -sheet for residues 1-12,
with extended [3-structures and random (or disordered)
structures for residues 13-23 (Fig. 4). Figure 7A shows a
ribbon model for monomeric FP with residues Ala-1
through Leu-12 assuming a (3-conformation, while Figure
7B shows an idealized trimeric FP subunit in PBS as an
antiparallel (3-sheet. Although FP is here modeled to maxi-
mize H-bonding between opposing peptides (residues 1-12)
in the antiparallel (3-sheet, it should be emphasized that the
precise vertical register between the fusion peptides has not
been experimentally determined. Further addition of FP
peptides to either side of the trimeric FP subunit may create
an “infinitely long” antiparallel -sheet with a fibril axis
perpendicular to the extended polypeptide chain.

Molecular dynamics simulations of FP
in an explicit SDS micelle

FP interactions with a sodium dodecyl sulfate (SDS) micelle
were explicitly simulated using CHARMM version c28b2
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Figure 7. Ribbon representations of the N-terminal (FP) of HIV-1 gp41 in
PBS solution as a monomer (A) and as a trimeric (B) antiparallel B-sheet.
Residue-specific information on backbone conformations was derived
from '*C-labeled FP peptides in the PBS solution (Figs. 4,5A—C,6). Amino
acid residues Ala-1 to Leu-12 were determined as antiparallel B-sheet,
while residues Gly-13 to Ser-23 were here assigned random and extended
B-conformations (Fig. 4). (A) Monomer FP in PBS, with the conformer
backbone modeled as a red ribbon and side chains as blue sticks; the
N-terminal residue (Ala-1) and C-terminal residue (Ser-23) are indicated.
(B) Trimeric FP in PBS with residues Ala-1 to Leu-12 as an antiparallel
B-sheet, with the middle monomer assuming the same orientation as that of
FP in Figure 7A. The precise vertical alignment for the monomers in this
B-sheet is undetermined.

(Brooks et al. 1983; Kaznessis et al. 2002). The system of
more than 16,000 atoms was simulated for 2.5 nsec at a
constant pressure P = 1 atm and constant temperature
T = 303.15 K. Initially, the SDS micelle consisted of 60
detergent molecules, built in an all-trans configuration,
largely following an earlier established procedure (Mac-
Kerell 1995). Briefly, the carbon atom of the methyl group
at the end of the acyl chain was positioned on the surface of
a sphere with a radius of 3.5 /0\, with the remainder of the
molecule extending outward. Keeping the position of the
last methyl group fixed, systematic body rotations of SDS
molecules were used to perform a global search and reduce
the number of unrealistic hard-core overlaps. Bad contacts
are defined as a distance less than 2.3 A between any two
nonhydrogen atoms. Energy minimization was then con-
ducted, allowing the internal degrees of freedom of the mol-
ecules to relax. This led to a spherical micelle of radius 23.3
A, calculated as the average distance between the sulfur
atoms of the headgroup and the center of mmass of the
micelle.

The initial conformation of the FP peptide used in the
FP-SDS micelle simulations was obtained from the Protein

1022 Protein Science, vol. 13

Data Bank (PDB accession code: 1ERF; http://www.rcsb.
org), based on '*C-enhanced FTIR spectroscopy of FP in
the HFIP solvent and molecular dynamics simulations (Gor-
don et al. 2002). In the membrane-mimicking HFIP solvent,
FP assumes a«-helix (residues 3-16) and random and
B-structures for residues 1-2 and residues 17-23. The pep-
tide with this conformation was then inserted into the above
SDS micelle with its a-helical axis (Ala-15 to Ile-4) over-
lapping with the end-to-end distance axis of one of the SDS
molecules. The N terminus of the peptide was incorporated
into the detergent micelle such that the C-a atom of Ala-15
overlapped with the sulfur atom of the SDS molecule. This
left the hydrophilic C terminus of the peptide effectively
outside the micelle wrapped around the sulfate headgroup of
the SDS molecules (Fig. 8). Of course, this insertion led to
a very large number of unrealistic overlaps. With the pep-
tide kept stationary, a global search was performed with
systematic rigid rotations and translations of the SDS mol-
ecules to reduce the number of overlaps. Once again, energy
minimization eliminated all the bad contacts between non-
hydrogen atoms. The peptide-SDS micelle complex was
subsequently solvated in a cube with 4375 TIP3P water
molecules (Jorgensen et al. 1983). Finally, 0.15 M NaCl
was added in the water region, positioning the ions ran-
domly in space. Periodic boundary conditions were applied
in all dimensions.

The entire system was minimized with 2000 steps of
steepest descent and heated up to 303.15 K in the course of
500 psec. Two different views are shown for the system
before (Fig. 8) and after minimization and heating (Fig. 9).
Another 500 psec of equilibration at constant temperature
and pressure were then conducted. The constant pressure-
temperature module of CHARMM is used for the simula-
tions with a leap-frog integrator (2-fsec time step). The
temperature was set at 303.15 K using the Hoover tempera-
ture control with a mass of 1500 kcal psec? for the thermal
piston (Hoover 1985). For the extended system pressure
algorithm employed, all the components of the piston mass
array were set to 500 amu (Andersen 1980). The nonbonded
van der Waals interactions were smoothly switched off over
a distance of 3.0 A, between 9 A and 12 A. The electrostatic
interactions were simulated using the particle mesh Ewald
(PME) summation with no truncation (Essman et al. 1995).
A real space Gaussian width of 0.42 A‘l, a B-spline order
of 6, and a FFT grid of about one point per A (64 x 64 x 64)
were used. The SHAKE algorithm was used to hold the
hydrogen bonds fixed (Ryckaert et al. 1977). Throughout
the simulation the backbone atoms of residues 3—16 were
not constrained as a-helix.

The conformation and topography of FP in the SDS mi-
celle at the end of the 2.5-nsec dynamic simulation is shown
in Figure 9, and the coordinates for the 19 lowest energy
structures of FP in the SDS micelle system have been de-
posited in the PDB under the accession code 1P5A. The FP
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Figure 8. Initial conformation of hydrated FP-SDS micellar system before molecular dynamics simulations, viewed from the side (A)
and down (B) the peptide a-helix (FP residues 3-16). (A) Side view of the initial configuration of the hydrated FP-SDS micelle, with
the peptide’s a-helix (residues 3—16) penetrating the micelle, whereas the hydrophilic C-terminal region (residues 17-23) wraps around
the micellar surface (i.e., micelle—water interface). The SDS detergent lipids are represented by green stick models; the FP backbone,
as a red ribbon with the side chains for Ile-4, Leu-7, Phe-8, Leu-9, Phe-11, and Leu-12 as blue stick models; and the water molecules
and sodium and chloride ions by dots. (B) Top view of the same initial configuration for the FP-SDS micellar system. The overall initial
configuration of the FP-SDS micelle is spherical.

conformation in SDS micelles exhibits both similarities and significantly more frayed, although the central helical con-
differences with that of the initial FP structure (accession formation for residues Ile-4 to Ala-15 remains largely intact
code: 1ERF). The N terminus of FP (residues 1-3) becomes if somewhat distorted (Fig. 9). Using definitions for helical

A B

Figure 9. Final conformation of hydrated FP-SDS micellar system after molecular dynamics simulations, viewed from the side (A) and
down (B) the peptide helix (FP residues 4-15). (A) Side view of the final configuration of the hydrated FP-SDS micelle, with the FP
moving to one end of the micelle. The central core of FP remains buried in SDS, with the primary hydrophobic interactions with the
micelle coming from the side chains of Ile-4, Leu-7, Phe-8, and Leu-12. However, the opposing residues on the amphipathic helix (i.e.,
Gly-5, Ala-6, Gly-10, Gly-13 Ala-14, Ala-15), and also residues 1-4, interact favorably with water molecules. The hydrophilic
C-terminal region (residues 17-23) still lies on the micellar surface exposed to solvent, but now FP residues Ser-17 to Gly-20 form
a type-1 B-turn. The SDS detergent lipids are represented by green stick models; the FP backbone, as a red ribbon with the side chains
for Ile-4, Leu-7, Phe-8, Leu-9, Phe-11, and Leu-12 as blue stick models; and the water molecules and sodium and chloride ions, by
dots. (B) Top view of the same final configuration for the FP-SDS micellar system, indicating that the spherical micelle has been largely
compacted by the presence of FP to form a more oblate conformation.
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structures that focus on the respective H-bonding patterns
(Kabsch and Sander 1983), FP exhibits a-helix for residues
Ile-4 to Leu-7, and the rarely seen m-helix for residues
Phe-8 to Ala-15. FP also forms a type-1 B-turn for residues
Ser-17 to Gly-20 (Fig. 9). Rather more dramatic changes
occur in the overall topographical organization of FP in the
SDS micelle. In the equilibrium conformation, the peptide
has moved from the center to one end of the micelle (Fig. 9).
The final structure demonstrates the amphipathic nature of
the peptide, orienting its helix to promote strong interac-
tions at the water—hydrophobic interface. The central hy-
drophobic core of FP remains buried in SDS, with its pri-
mary hydrophobic interactions with the micelle coming
from the side chains of Ile-4, Leu-7, Phe-8, Leu-9, Phe-11,
and Leu-12 (Fig. 9). On the other hand, Ala-6, Ala-14, and
Ala-15 interact favorably with water molecules, as do resi-
dues Ala-1 to Gly-3. The hydrophilic residues Gly-16 to
Ser-23 remain exposed to solvent, being in close association
with the sulfate headgroup region of the SDS micelle. Of
interest is the finding that the SDS micelle is substantially
perturbed by the presence of FP, in which the initial, spheri-
cal micelle (Fig. 8) has been largely compacted at the end of
the dynamics simulation to a more oblate conformation
(Fig. 9). The fatty acyl chains of SDS molecules have re-
configured themselves to facilitate tight associations with
the hydrophobic side of FP. There also seems to be a con-
siderable splaying or disorganization of the individual SDS
molecules that surround FP, with some SDS chains in ver-
tical alignment with the long axis of the helix (Fig. 9).

Discussion

Our "*C-FTIR spectroscopic findings on FP in PBS permit
the development of an aqueous structural model for FP
based on the antiparallel (-sheet (Figs. 4,7). As noted
above, conventional 'C-FTIR spectra of FP suspended in
aqueous environments reflected elevated proportions of an-
tiparallel (3-sheet (Fig. 2; Table 1; Agirre et al. 2000; Gor-
don et al. 2002), yet could not identify those amino acids
participating in the B-structures. Here, '"*C-FTIR spectros-
copy indicated the following conformational map for FP in
aqueous PBS: antiparallel (3-sheet for residues 1-12, with
extended [B-structures and random (or disordered) for resi-
dues 13-23 (Fig. 4). An idealized trimeric FP subunit based
on this residue-specific information is shown in Figure 7B,
representing a model that maximizes H-bonding between
opposing peptides (residues 1-12). Addition of FP peptides
to either side of the trimeric FP subunit through H-bonding
may create an “infinitely long” antiparallel (3-sheet with a
fibril axis perpendicular to the extended polypeptide chains.
A second fibril axis (perpendicular to the plane of the an-
tiparallel B-sheet) may be formed by successively layering
these antiparallel B-sheets on top of one another, in a man-
ner analogous to that proposed for a peptide fragment of the
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human islet amyloid polypeptide (IAPP; Ashburn et al.
1992). The first fibril axis stabilized by hydrogen bonding
would be expected to be stronger than the second axis,
which depends on weaker hydrophobic interactions between
the aromatic and aliphatic side chains projecting from the
extended FP chains (residues 1-12). Such a structural
model, predicated on the trimeric FP motif in Figure 7B,
readily accounts for the large fibrillar structures seen in the
present (Figs. S-3,S-4) and earlier (Slepushkin et al. 1992;
Pereira et al. 1997) EM studies. It is also tempting to specu-
late that comparable antiparallel 3-sheet structures (Figs.
4,7) may be associated with membranes, as prior CD and
2C-FTIR studies have frequently demonstrated [-sheet
conformations for FP added to liposomes at high P/L ratios
(Rafalski et al. 1990; Gordon et al. 1992; Mobley et al.
1999; Saez-Cirion and Nieva 2002). Experimental support
for this hypothesis comes from a recent SS '>C-NMR analy-
sis of FP bound to mixed liposomes indicating that residues
Ala-1 to Ala-15 are extended 3-strands (Yang et al. 2001).
Furthermore, antiparallel 3-sheet (residues 5—15) have been
detected from the '*C-FTIR spectra of FPgs 4,5 added to
erythrocyte ghosts or lipids at high P/L ratios (Gordon et al.
2002).

The 'C-FTIR spectroscopic and TEM observations in
this paper provide additional confirmation for proposals that
the N-terminal domain of HIV-1 gp41 and prions belong to
the same superfamily of proteins (Callebaut et al. 1994;
Nieva et al. 2000; Tamm and Han 2000). In an early se-
quence homology and hydrophobic cluster analysis, Calle-
baut et al. (1994) reported that the N-terminal HIV-1 gp41
domain and the prion protein (PrP) each share similar hy-
drophobicity and unusually high levels of glycine and ala-
nine, as well as serine and valine. Fernandez and Berry
(2003) more recently suggested that enriched levels of
amino acids with short side chains are unable to protect
backbone amide—carbonyl H bonds (HB) from water, and
may provide a molecular mechanism accounting for the
formation of amyloid fibrils in aqueous media. When im-
mersed in membrane environments where water has been
excluded, amyloid peptides are likely to form a-helical or
random coil structures. However, when exposed to water,
amyloid peptides cannot properly “wrap” their HB intramo-
lecularly, and instead aggregate in a supramolecular (3-sheet
structure dominated by intermolecular wrapping (Fernandez
and Berry 2003). Similar to previous studies with such amy-
loid peptides derived from amyloid-forming protein (3/A4),
IAPP, PrP, and SP-C (Halverson et al. 1991; Ashburn et al.
1992; Baldwin 1999; Johansson 2001), we here find that FP
in the membrane-mimic SDS micelles primarily folds as an
a-helix, while FP in aqueous PBS buffer assumes a domi-
nant (3-sheet conformation (Figs. 4,7,8,9). Also consistent
with FP belonging to the prion family are our FTIR spectral
findings that '3C = O substitutions for residues participating
in antiparallel 3-sheet produce a characteristic split 1628
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ecm™' peak (i.e., high-field '>C=0 peak and an anoma-
lously-intense low-field '*C =0 peak; Figs. 5,6), in agree-
ment with earlier '>C-FTIR spectra of amyloid peptides in
water (Halverson et al. 1991; Ashburn et al. 1992; Baldwin
1999).

Combining the present results with an earlier '*C-FTIR
study of FP in environments of varying polarity (Gordon et
al. 2002) immediately suggests a model for how FP converts
from an a-helical conformation in membranes to an amy-
loid-like antiparallel B-sheet in PBS. Under conditions of
high hydrophobicity, '*C-FTIR spectra of FP in POPG li-
posomes indicated a-helix for residue 1-16 (Gordon et al.
2002). With the slightly more polar HFIP solvent, both '*C-
FTIR spectra and molecular modeling indicated that the
a-helix was largely conserved, except for a limited fraying
of the N-terminal Ala-1 and Val-2 residues. The molecular
model of FP in HFIP (PDB accession code: 1ERF) also
indicated that FP folded as an amphipathic a-helix, with a
hydrophobic side (i.e., residues Ile-4, Leu-7, Phe-8, Leu-9,
Phe-11, and Leu-12) and a more polar, hydrophilic side
encompassing the “glycine stripe” (i.e., Gly-3, Gly-5, Gly-
10, Gly-13, Ala-14, Ala-15, and Gly-16; Gordon et al.
2002). "*C-FTIR spectra demonstrated that a more polar
TFE solvent further converted FP residues 1-7 into - and
random conformations, and also residues 13—16 into ran-
dom conformations, while still leaving considerable a-helix
for the hydrophobic core residues Leu-7 to Leu-12 (Gordon
et al. 2002). In accord with Fernandez and Berry (2003),
these results are explained by a progressive attack of water
on the exposed “glycine stripe” and other underwrapped
residues (e.g., Ala, Val) at the N- and C-terminal ends of the
original a-helix with subsequent fraying of the a-helix,
leaving only the wrapped hydrophobic core (residues 7-12)
still helical. For FP in PBS buffer, even the hydrophobic
core residues now shift from an a-helical conformation into
antiparallel 3-sheet (Figs. 4,7). This permits the N-terminal
gp41 peptide in aqueous PBS to form characteristic “amy-
loid-like” fibrils that have been observed with EM (Figs.
S-3,S-4; Slepushkin et al. 1992; Pereira et al. 1997), analo-
gously to that reported for such other prion peptides as PrP
(Pillot et al. 1997) and SP-C (Gustafsson et al. 1999). In this
regard, it should be noted that the ability of FP to fuse and
lyse model liposomes and cells (see Introduction) is shared
by the amyloid peptides PrP, Alzheimer (-amyloid and
TIAPP (Lorenzo and Yankner 1994, Pillot et al. 1997; Teni-
dis et al. 2000). Given the observations here supporting the
hypothesis that FP and prions belong to the same superfam-
ily, it will be of interest to explore whether FP and other
amyloid peptides also lyse and fuse cells and liposomes
through common mechanisms.

It is also important to consider the relationship between
the FP structure elucidated in SDS micelles using '*C-FTIR
spectroscopy (Fig. 4) with that determined for this peptide
in membrane environments. Although membrane-associ-

ated proteins and peptides are frequently investigated spec-
troscopically by first solubilizing them in detergent micelles
such as SDS (Henry and Sykes 1994), there have been
limited opportunities to directly compare the respective
structures of proteins/peptides in detergent micelles and
lipid bilayers. Such a comparison is possible here because of
an earlier '>C-FTIR spectroscopic analysis of FP in POPG
liposomes at low P/L (Gordon et al. 2002), which indicated
a-helix for residues 1-16 and random and extended [3-struc-
tures for residues 20-21. Consequently, FP in either SDS or
POPG liposomes at low peptide loading share the same
a-helical conformation for Gly-5 to Gly-16, with a glycine-
based cap at Ala-15 known as the o; motif in which Gly-16
assumes a left-handed conformation and a single hydrogen
bond occurs between the )N—H at Gly-16 and the )C= O at
Leu-12 (Gordon et al. 2002). Based on these findings, it is
tempting to propose that the a-helical motif (Gly-5 to Gly-
16) observed in SDS is also responsible for the high a-he-
lical levels reported for synthetic N-terminal gp41 peptides
(no. 23 residues) in either model (Rafalski et al. 1990; Mar-
tin et al. 1996; Curtain et al. 1999; Mobley et al. 1999;
Saez-Cirion and Nieva 2002) or erythrocyte ghost lipo-
somes (Gordon et al. 1992) at low P/L ratios (< ~ 1/70).
Support for this hypothesis comes from a recent '*C-FTIR
spectral analysis of erythrocyte ghost liposomes with FPg5_ A5
at a low P/L of 1/70, which confirmed that Gly-5 through
Ala-15 is a-helical (Gordon et al. 2002). Similar "*C-FTIR
spectroscopic observations for FPgs .5 in erythrocyte
ghosts at a low P/L of 1/70 (Gordon et al. 2002) raise the
possibility that the hydrophobic core (residues Gly-5 to Ala-
15) of the N-terminal gp41 peptide domain may also fold as
a-helix when inserted into the surface membrane of target
CD4*-cells during HIV infection.

Nevertheless, it should be pointed out the FP conforma-
tion in SDS micelles does not faithfully reproduce all of the
structural features of FP in membrane lipid bilayers. Al-
though "*C-FTIR spectroscopy showed that the a-helix for
FP in POPG extended from residues 1-16 (Gordon et al.
2002), the corresponding 2D-NMR (Chang et al. 1997a) and
3C-FTIR (Fig. 4) spectral analyses for FP in SDS indicated
fraying of the a-helix at the N-terminal residues Ala-1 to
Ile-4. The participation of the N-terminal residues in the
a-helix determined for FP in POPG (Gordon et al. 2002)
may be relevant in HIV-cell fusion, because removal of as
few as three residues from the N terminus of gp41 markedly
diminished syncytia formation of CD4" cells transfected
with this deletion mutant (Schaal et al. 1995). In summary,
the residue-specific structures determined for N-terminal
gp41 peptides in SD micelles using either 2D-NMR (Chang
et al. 1997a; Vidal et al. 1998) or '*C-FTIR (Fig. 4) spec-
troscopy appear to be first approximations of the FP struc-
ture in membrane environments at low P/L ratios. Accord-
ingly, the conformational differences characterized here for
FP in detergent micelles and bilayer lipids may serve as a
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more general caveat when extrapolating peptide/protein
structures determined with detergents to those in membrane
environments.

The conformational and topographical findings from our
explicit dynamic simulations here for FP in SDS micelles
provide a physical model that accounts for both the limita-
tions and applicability of detergent micelles in emulating
membrane environments for this peptide. Dynamic simula-
tions indicate substantial changes from the initial FP con-
formation as the peptide migrates from the central core to
one end of the micelle. Figure 9 shows that the N terminus
of FP (residues 1-3) becomes more frayed, although the
central helix for residues Ile-4 to Ala-15 remains largely
intact albeit somewhat distorted, with a type-1 B-turn for
Ser-17 to Gly-20 closely associated with the SDS micellar
headgroup region. FP exhibits a-helix for residues Ile-4 to
Leu-7, while residues Phe-8 to Ala-15 loosen to form m-he-
lix, in which the backbone C=0 of residue i hydrogen
bonds to the backbone HN of residue i + 5 (PDB accession
code: 1P5A). Thus, the «; motif that originally caps the
a-helix is converted into a characteristic “mw-bulge,” which
forms the C-terminal end of the helix. Although infre-
quently observed (Weaver 2000), a recently modified m-he-
lix definition algorithm (Fodje and Al-Karadaghi 2002)
showed that the m-helix may be 10 times more prevalent
than earlier reported. Results from physical experiments and
other dynamic simulations provide independent confirma-
tion for many, but not all, of the structural features of the
dynamics simulation model for FP in SDS micelles (Fig. 9).
The fraying of the N-terminal residues and the a-helix for
residues Gly-5 to Leu-7 seen in Figure 9 is confirmed by
both 2D-NMR (Chang et al. 1997a) and '*C-FTIR (Fig. 4)
spectra. Furthermore, the type-1 B-turn for the hydrophilic
residues Ser-17 to Gly-20 in Figure 9 was also observed
from in vacuo dynamic simulations of FP (Chang et al.
1997a). However, there is no independent confirmation for
the m-helix noted for residues Phe-8 to Ala-15 of FP (Fig.
9), as only an a-helix was determined in 2D-NMR (Chang
et al. 1997a) and "*C-FTIR (Fig. 4) studies. The fraying of
N-terminal residues and loosening of the helix at the C-
terminal end in Figure 9 are each attributed to the aqueous
exposure of the N-terminal residues, “glycine stripe” and
GAAG helical cap, and subsequent attack by water on the
underwrapped HB (Fernandez and Berry 2003). Interest-
ingly, the related amyloid peptide SP-C, which is a-helical
in a hydrophobic environment (Johansson et al. 1994), also
exhibits a loosening into w-helix for C-terminal residues
when exposed to water in dynamics simulations (Kovacs et
al. 1995). It is tempting, then, to speculate that the w-helix
may contribute a minor component to the overall confor-
mational space allowed to FP in SDS micelles, to the extent
that the FP helix becomes exposed to the aqueous media. In
this regard, H/D exchange-NMR experiments for FP in SDS
indicated that, after 30 min of exchange, resonances from
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amide-H due to Gly-5 through Leu-12 are still seen, while
only the corresponding resonances from Phe-8, Leu-9 and
Leu-12 are observed after 2 h of exchange (Chang et al.
1997a). These results are in agreement with the topographi-
cal model for FP in SDS (Fig. 9), which shows residues
Gly-5 through Leu-12 relatively protected from H/D ex-
change by insertion of hydrophobic residues into the micel-
lar core. Also, it is important to note that the dynamics-
simulated FP-SDS model in Figure 9 proposes that Phe-8
will be buried in the hydrophobic interior of the micelle, and
indeed, fluorescence spectra of an FP analog (Trp — Phe-8)
with SDS demonstrate a blue-shift, in accord with this resi-
due inserting into the micellar interior (Chang et al. 1997a).

Last, the structure assessed from dynamic simulations of
FP in SDS micelles (Fig. 9) may be relevant to the corre-
sponding structural models for FP in membranes. Earlier
experiments showed an oblique intercalation of the a-heli-
cal N-terminal gp41 peptide into membrane lipids (Martin
et al. 1993, 1996) with relatively deep penetration into the
bilayer (Gordon et al. 1992), in agreement with recent
Monte Carlo (Maddox and Longo 2002) and explicit (Ka-
math and Wong 2002) dynamic simulations. Additionally,
Kamath and Wong (2002) reported that the amphipathic
a-helix of the 16-residue FP orients its “glycine stripe”
towards the polar headgroups of the bilayer and its hydro-
phobic side facing the bilayer core, reminiscent of the to-
pography of the 23-residue FP structure in SDS micelles
that buries the helical Phe-8 into the micellar core (Fig. 9).
Experimental support for the membrane model of Kamath
and Wong (2002) comes from the FP analog (Trp — Phe-8)
exhibiting the characteristic blue-shift in fluorescence ex-
periments, for peptide incorporated into lipid bilayers
(Chang et al. 1997a; Saez-Cirion and Nieva 2002). A more
detailed account of the interactions between FP and SDS is
outside the scope of this article, and will be presented else-
where (Y.N. Kaznessis, in prep.).

Materials and methods

Materials

Peptide synthesis reagents, included Fmoc amino acids and cou-
pling solvents, were obtained from Applied Biosystems. SDS was
from Avanti Polar Lipids. Deuterium oxide was supplied by Al-
drich Chemical Co. Deuterated HFIP and formic acid were ob-
tained from Cambridge Isotope Laboratories. Fmoc '*C-carbonyl
alanine, glycine, leucine, and phenylalanine were purchased from
Cambridge Isotope Laboratories. '*C-carbonyl phenylalanine was
converted to the Fmoc derivative by AnaSpec. Uranyl acetate was
purchased from Ted Pella. All organic solvents used for sample
synthesis, purification and preparation were HPLC grade or better.

Solid-phase peptide synthesis, purification
and characterization

The 23-amino acid N-terminal sequence of gp41 (FP; Fig. 1) of the
HIV-1 strain LAV, was prepared with either an ABI 431A pep-
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tide synthesizer or a Protein Technologies Symphony7/Multiplex
SPPS synthesizer, and purified by reverse phase HPLC; FP en-
compasses amino acid residues 519-541 of HIV-1 gp41 (Myers et
al. 1991). The following '*C-carbonyl enhanced FP analogs were
similarly prepared: FP, 63 FPA1a36sn7 FPas/ae FPas are
FPy 7101120 FPG13.G1e and FPgy0.a0; (Fig. 1). After HPLC puri-
fication, the peptides were twice freeze-dried from 0.01 M HCI to
remove any residual acetate counter ions that might interfere with
FTIR measurements. The expected molecular masses of FP and
isotope-enhanced FP analogs were obtained by fast-atom bom-
bardment and electrospray ionization mass spectrometry (UCLA
Center for Molecular and Medical Sciences Mass Spectrometry).
Quantitative amino acid compositions for the peptides were deter-
mined at the Emory University Microchemical Facility.

Rationale for '3 C-site—directed FP substitutions

To probe the secondary conformations within FP, FTIR spectros-
copy was conducted with site-directed, isotope-enhanced peptides.
Specifically, '*C-carbonyl groups were incorporated into multiple,
neighboring amino acid residues of synthetic FP peptides (Fig. 1).
Separate peptides were prepared with “cassettes” of multiply '>C-
enhanced substitutions that were staggered to sequentially cover
the peptide (Fig. 1). In prior investigations of various peptides
including FP (Tadesse et al. 1991; Gordon et al. 2000; Gordon et
al. 2002), cassettes of similarly '*C-enhanced peptides permitted
local domain mapping of various secondary conformations (e.g.,
a-helix, B-sheet, B-turn, and random). The primary rationale be-
hind these experiments is that the secondary structure within a
peptide (or protein) usually extends over more than several adja-
cent residues.

FTIR spectroscopy

Infrared spectra were recorded at 25°C using either a Mattson
Research Series FTIR spectrometer (Drew University) or Bruker
Vector 22J FTIR spectrometers (California State Polytechnic Uni-
versity, Pomona, and Harbor-UCLA REI) equipped with DTGS
detectors, averaged over 256 scans at a gain of 4 and a resolution
of 2 cm™' (Mobley et al. 1999; Gordon et al. 2000). For FTIR
spectra of FP originally in solvents, peptide self-films were pre-
pared by air drying peptide solutions in 100% HFIP onto
50 x 20 x 2 mm 45 degree ATR crystals fitted for either the Bruker
(Pike Technologies) or Mattson (Spectral Solutions) spectrom-
eters. The dried peptide self-films were then overlaid with solution
containing deuterated solvents (i.e., deuterated HFIP:water:formic
acid [70:30:0.1, v/v] or PBS [pH 7.4]) prior to spectral acquisition;
control deuterated solvent samples were similarly prepared, but
without peptide. Spectra of FP peptides in solvent were obtained
by subtraction of the deuterated solvent spectrum from the peptide-
deuterated solvent spectrum. For measurements with peptides in a
lipid environment, peptides were suspended at 470 uM in 94 mM
SDS and deuterated PBS at a peptide/lipid (P/L) ratio of 1 : 200.
Spectra were recorded at 25°C on peptide that was first dried on
the ATR from the SDS suspension, and then resolvated with deu-
terated PBS. The FP in SDS spectrum was obtained by subtracting
the SDS with deuterated PBS spectrum from that of FP in SDS
with deuterated PBS. P/L ratios were determined here using the
earlier finding that the peptide concentration is proportional to the
area (Symiqe) of the amide I band (1680-1600 cm™"'; Martin et al.
1993), while the lipid—-SDS concentration is proportional to the
area (S, craipia) Of the lipid-SDS CH, stretching vibrations band

(31002800 cm™"). Therefore, the peptide/detergent ratio is pro-
portional to the following ratio: (S,miae)/(Syicrayipia)-

The amide I bands of conventional '>C-FTIR spectra of FP
self-films and FP-SDS micellar samples were analyzed for the
various secondary conformations (Gordon et al. 2000, 2002). The
proportions of a-helix, B-turn, B-sheet, and disordered conforma-
tions were determined by Fourier self-deconvolutions for band
narrowing and area calculations of component peaks determined
with curve fitting software supplied by Mattson. The frequency
limits for the different structures were as follows: a-helix (1662—
1645 cm™), B-sheet (1637-1613 and 1710-1682 cm™), B-turns
(1682-1662 cm™), and disordered or random (1650-1637 cm™’;
Byler and Susi 1986; Surewicz and Mantsch 1988; Goormaghtigh
et al. 1999).

Enhancement of FP peptides with site-specific '*C-carbonyl
groups permits the direct determination of those amino acid resi-
dues participating in secondary conformations. Because the
stretching frequencies of the peptide backbone carbonyl groups are
sensitive to local conformations, replacement of '*C with *C
should reduce the stretching frequency of an isolated carbonyl
oscillator by ~37 cm™" (Dwivedi and Krimm 1984; Tadesse et al.
1991). In the absence of significant transition dipole coupling
(TDC) interactions (Moore and Krimm 1976a,b; Krimm and
Bandekar 1986), the a-helix band should be lowered to (1625—
1608 cm™), B-turns to (1645-1625 cm™") and disordered or ran-
dom to (1613-1600 cm™"). These spectral shifts were detected by
measuring FTIR spectra of the natural abundance and '*C-en-
hanced peptides in various environments, and noting the positions
of any new peaks in the '>*C-FTIR spectrum (Tadesse et al. 1991;
Ludlam et al. 1996; Gordon et al. 2000). Subtle spectral shifts were
also detected with difference FTIR spectra, obtained by subtracting
the natural abundance spectrum from that of the isotopically en-
hanced peptide (Tadesse et al. 1991; Gordon et al. 2000). The
difference FTIR spectra should show a negative peak at the origi-
nal position of the conformational band, and a positive peak shifted
from the original by ~37 cm™".

Both '?C- and "*C-FTIR spectroscopy have also been used to
identify antiparallel beta sheets. Without '*C isotopes, TDC inter-
actions between intermolecular antiparallel B-sheets induce a split-
ting of the FTIR spectra into a weak high frequency band (~1695
cm™') and a strong low-frequency band (~1626 cm™"). However,
these TDC interactions may be disrupted by introducing '*C for
'2C at the carbonyl groups. For '*C labels substituted into the
B-sheet, the residual '*C=0 low-frequency peak is shifted to
higher frequencies and a new low-frequency peak appears due to
the '*C=0 absorbance (Halverson et al. 1991; Ashburn et al.
1992; Baldwin 1999). With greater interactions between '>C labels
in adjacent strands, the frequency of the '*C=0 peak will be
lower (Ashburn et al. 1992).

All spectra were presented here using Harvard ChartXL 3.0
(Serif, Inc.; http://www.harvardgraphics.com).

Transmission Electron Microscopy

HIV fusion peptide was diluted in PBS (pH 7.4), to a final con-
centration of 0.5 mM, and incubated at room temperature directly
on formvar-coated, carbon-stabilized 200-mesh copper grids (Ted
Pella) for 1, 5, and 24 h. At the end of incubation, the grids were
stained with 1% aqueous uranyl acetate for 5 min. Samples were
then gently washed five times with ultrapure water and allowed to
dry. Control grids were treated in exactly the same manner with the
exception of peptide inclusion in PBS. To enhance staining of
smaller structures, some samples were stained with 2% aqueous
uranyl acetate for 10 min. Samples were examined in a Zeiss 10C
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transmission electron microscope at 80 kV. Images were collected
on Kodak SO-163 film at 25,000x to 50,000%. The electron films
were digitized at 1200 dpi, giving rise to a final pixel size of
0.42-0.84 nm.

Computational methods for modeling FP in PBS

The amino-terminal peptide (FP) of HIV-1 gp41 in PBS was mod-
eled with an antiparallel 3-sheet conformation using Insight/Dis-
cover 97.0 software (Molecular Simulations) running on a Silicon
Graphics Indigo-2R10000 High Impact workstation (Beckman Re-
search Institute City of Hope core facility).

Computational methods for modeling
the FP-SDS micelle system

The interactions of FP in a sodium dodecyl sulfate (SDS) micelle
were explicitly simulated with CHARMM version c28b2 (Brooks
et al. 1983; Kaznessis et al. 2002), using supercomputing resources
at the Minnesota Supercomputing Institute and the National Com-
putational Science Alliance.

Accession code

The coordinates for the 19 lowest energy structures of FP in the
SDS micelle system (i.e., peptide/lipid (P/L) ratio of 1 : 200, for 94
mM SDS suspended in PBS [pH 7.4]), together with a full list of
restraints, have been deposited in the Protein Data Bank (PDB)
under the accession code 1P5SA.

Electronic supplemental material

Description of the supplementary figures included in Electronic
Appendix:

Figure S-1, difference FTIR spectra of FP peptides in SDS,
obtained by subtracting the spectrum of the native '*C-carbonyl FP
from those of '*C-enhanced FP peptides; Figure S-2, FTIR spectra
of the '*C-labeled FPgs_,,5 peptide in the HFIP or PBS environ-
ments at 25°C, each diluted with the unlabeled, native FP peptide;
Figure S-3, transmission electron microscopy (TEM) of FP in
phosphate-buffered saline (PBS); Figure S-4, transmission electron
microscopy (TEM) of FP in PBS.
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