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ABSTRACT: Previous attempts to define the oligomeric state of the HIV and SIV envelope glycoproteins 
have yielded conflicting results. We have produced in Escherichia coli a recombinant model for the 
ectodomain of the SIV envelope protein gp41 and have identified a small, trimeric subdomain by proteolytic 
digestion of this gp4 1 fragment. The subdomain assembles from two peptide fragments, spanning residues 
28-80 (N28-80) and residues 107-149 (c107-149) of SIV gp41. Each of these peptides contains a 4,3- 
hydrophobic repeat, the hallmark of coiled-coil sequences. Upon mixing, the peptides form a highly 
helical, trimeric complex [3(N + C)] that resists proteolysis and has a melting temperature (T,) above 90 
"C in physiological buffer. The N- and C-terminal fragments are antiparallel to each other in the complex, 
as judged by the observation that digestion of a variant recombinant protein truncated at the amino terminus 
yields a C-terminal fragment shortened at its carboxy terminus. The N28-80 peptide contains more positions 
within the heptad repeat than c107-149 that are predominantly hydrophobic, suggesting that N28-80 is buried 
in the interior of the complex. We propose that the complex consists of a parallel, trimeric coiled-coil of 
the N-terminal peptide, encircled by three C-terminal peptide helices arranged in an antiparallel fashion, 
and that this complex forms a core within the gp41 extracellular domain. 

The immunodeficiency viruses HIV' and SIV attach to 
and gain entry into cells by means of an envelope glyco- 
protein (Env) that is present on the viral surface. Env is 
processed from a precursor, gp160, into a receptor-binding 
surface subunit, gp120, and a transmembrane subunit, gp41, 
necessary for fusion of the virus and host cell membranes 
[reviewed in Vainshav and Wong-Staal (1991)l. This 
functional organization of the viral envelope protein into two 
subunits, one for binding to the cellular receptor and the other 
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essential for membrane fusion, is common to many viruses 
(Hunter & Swanstrom, 1990). 

A high level of sequence variability is present in the Env 
proteins of the immunodeficiency viruses (Coffin, 1986). 
This sequence divergence is reflected in three significant 
phenotypic differences between laboratory strains of SIV and 
HIV. First, the HIV gp120 subunit binds CD4 more tightly 
than does the gp120 subunit of SIV Env (Sattentau et al., 
1993). Second, the HIV gp120 subunit sheds from the virus 
upon binding of CD4 in some laboratory-passaged strains 
of HIV-1, whereas SIV gp120 does not, suggesting that the 
gp120 and gp41 subunits associate more tightly in SIV than 
in HIV (Moore et al., 1990; Sattenau & Moore, 1991; 
Sattentau et al., 1993). Finally, soluble CD4 inactivates 
laboratory-passaged strains of HIV (Moore et al., 1990), 
whereas it appears to enhance the ability of isolates of SIV 
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FIGURE I :  A. Schematic of gp41. Thc ectodomain consists of  four distinct rcgions (I-IV). Rcgions 11 a n d  IV contain 4.3-hydrophobic 
repeats. Sequence numbering is such that residue one is thc first residuc of SIV gp4l (rcsiduc 526 of En\*). ( R )  Products of protcinasc K 
digestion of the SlVl I-I(J and SIV,, - I ~ [ J  rccombinani proteins. Products from thc N-tcrminal cnd of' thc protcin arc sh;ldcd gray. a n d  products 
from the C-terminal end are in  whitc. The termini of identificd proteasc-rcsistant pcptidcs arc indicntccl in bold. (C)  Comparison ot' products 
of proteinase K digestion of the SIvzx-140 and S I V ~ X - I J ~ J  proteins. indicating tha t  thc N a n d  C pcptidcs arc antipar;illcl in thc N + C 
complex. The termini of identified protease-resistant peptides are indicated in bold. 

(and of some primary isolates of HIV- I ; Sullivan et al.. 1995) 
to cause membrane fusion. a function in which the gp41 
subunit plays the primary role (Allan et al.. 1990). 

The most conserved regions of Env lie within the 
ectodomain of gp4 1, and the ectodomains of gp4 I from HIV 
and SIV isolates contain approximately 50-60% sequence 
identity. The striking similarities among the ectodomains 
of the envelope proteins from many different viruses 
[reviewed in Hunter and Swanstrom (1990)) have led to a 
working model for the structure of the extracellular domain 
of gp41 (Gallaher et al., 1989). This model contains four 
distinct regions (Figure 1).  The first of these. the fusion 
peptide (Gallaher, 1987; Kowalski et al., 1987). is a 
hydrophobic, glycine-rich sequence that is necessary for the 
fusion of the viral and host cell membranes (Freed et al.. 
1990; Rafalski et a]., 1990). The next segment contains a 
4,3-hydrophobic repeat sequence (segment 11 of Figure 1 A: 
Gallaher et al., 1989; Chambers et al., 1990: Delwart et al.. 
1990). Such 4,3-hydrophobic repeats ("leucine zippers") are 
characteristic of coiled-coil structures (Crick, 1953: Land- 
schulz et al., 1988; O'Shea et al.. 1989, 1991 : Cohen & Parry. 
1990), in which hydrophobic residues lie at the first (a) and 
fourth (d) positions within a seven amino acid repeat 
sequence. The third segment is a disulfide-bonded "loop" 
region, which is followed by the final region, a second 4.3- 
hydrophobic repeat (segment IV of Figure I A) that precedes 
the transmembrane segment. 

Protein dissection studies of the ectodomains of other viral 
envelope glycoproteins have led to insights about confor- 
mational changes that result in membrane fusion. The 
"spring-loaded" model for the conformational change of 
influenza hemagglutinin (HA) evolved from the observation 

that ii "loop" in the crystal structure of the neutral-pH form 
of HA (Wilson et al.. I98 I ) forms ;I coiled coil as an isolated 
peptide (Carr Rr Kim. 1993). The crystal structurc of the 
low-pH form of the influenza HA2 subunit (disulfide bonded 
to ;i short peptide deri\.ed from the HA1 subunit) that 
confirms this model  as solved from a protein frasment of 
the ectodomain of HA2 (Rullou~h et al.. 1994). A model 
for the fusion-acti\.e forin of the rranstnetnbrane subunit 
(p IS) of Moloncy murine leukemia \sirus has emerged from 
study of the ectodomain after rcimnral of. the hydrophobic. 
N-terminal fusion peptide (Fass Rr Kim. 1995). 

By protein dissection. "e recently identified a protease- 
resistant. trimeric core of the HIV sp4I ectodomain (Lu et 
al.. 1995). 'I'lit: core consists 01'  11 complex o f  two discon- 
tinuous polypeptides from the en\*elopt. sequence. designated 
N and C. A tnodel for the structure of the complex was 
proposed. on the basis of thc biophysical propcrtics nnd 
sequence characteristics of the two peptides (Lit et al., 1995). 

Here. we have applied :I similar protein dissection stratepy 
to the ectodomain of SIV gp41. Despite 40-50% sequence 
diversence between the SIV and HIV gp41 ectodomains. ii 
remarkably similar protease-resistant trimeric core. fully 
consistent with the proposed model. has been identified. The 
enhanced degree of sequence identity at the interior positions 
of the N and C 4.3-hydrophobic repeats of SIV and HIV 
Env likely accounts for the conser\.ation of this structural 
motif. 

MATERIALS AND METHODS 

Mtitc~ritrls. Plasmid pSlVMac~tl:~;.  containing the sene 
encoding the envelopc slycoprotein from SIV strain Mac2.39. 
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was a generous gift from D. Sanders and R. C. Mulligan 
(Whitehead Institute). Escherichia coli strain BL21(DE3) 
pLys(S) was used for expression of recombinant proteins 
(Studier et al., 1990). Proteinase K was purchased from 
Boeringer-Mannheim Biochemicals. 

Recombinant Proteins. Cassettes encoding recombinant 
SIV ectodomain fragments rSIVl1-164, rSIV28-149, and 
rSIV38-149, flanked by NdeI and BamHI restriction sites, were 
produced by the polymerase chain reaction (PCR) and 
inserted into the vector pAED4 (Doering, 1992). The 
identities of all amplified DNA fragments were verified by 
DNA sequencing. In rSIV3~-~49, both cysteine residues were 
mutated to alanines to increase yield and simplify protein 
purification. Recombinant proteins were expressed in E. coli 
behind a T7 promoter (Studier et al., 1990), using the vector 
pAED4 (Doering, 1992). Cells were induced during loga- 
rithmic phase (OD600 of about 0.6) with IPTG and harvested 
after a 2-h induction period. Cells were lysed by sonication 
in 50 mM Tris buffer containing 25% sucrose (wh)  and 1 
mM EDTA, pH 8.0. Recombinant proteins were purified 
from inclusion bodies and oxidized using published methods 
(Peng & Kim, 1994). The identities of the recombinant 
proteins were confirmed by N-terminal sequencing. 

Limited Proteolysis Experiments. Purified rSIV recom- 
binant proteins were subjected to proteolysis with proteinase 
K. rSIV proteins were suspended in 50 mM phosphate buffer 
containing 150 mM NaCl, pH 7.0. Initially, rSIV proteins 
were subjected to proteolysis at 37 "C for 2 h, using a 1: 10 
ratio of rSIV proteidprotease (w/w). For large scale 
preparation of N and C peptides, digestion was performed 
for 2 h at 37 "C. 

Proteinase K was inactivated by addition of PMSF to a 
final concentration of 3 mM, with further incubation at room 
temperature for 15 min. The proteolytic product was isolated 
by gel filtration chromatography on a G-75 Sephadex 
column. The N-peptide and C-peptide components of the 
protease-stable complexes were purified by reversed-phase 
HPLC on a Vydac C-18 column. Identities of the isolated 
peptides were established by N-terminal sequence analysis 
combined with laser desorption mass spectrometry (Finne- 
ganMAT, Lasermat). For quantitative reconstitution of 
the N28-80 + Clop 149 complex, lyophilized peptides were 
dissolved in water and mixed in equimolar amounts 
before dilution into 50 mM sodium phosphate buffer and 
150 mM NaCl, pH 7.0. These proteolysis and reconstitution 
conditions were also used to evaluate the sensitivities of 
N28-80, C107-149, and the N28-80 + c107-149 complex to 
proteolysis. 

Biophysical Studies. Circular dichroism spectroscopy 
(CD) was performed on an Aviv 62DS spectrometer equipped 
with a thermoelectric temperature controller. Spectra were 
recorded at 0 "C in a 10 mm path length cuvette (1.5 
nm bandwidth), using a 5 p M  sample of protein in 50 
mM sodium phosphate buffer and 150 mM NaCl, pH 7.0. 
Protein concentration was determined by the method of 
Edelhoch (1967) in 20 mM sodium phosphate buffer, pH 
6.5, containing 6 M guanidinium chloride. The thermal 
dependence of the CD signal was monitored at 222 nm, 
using a 2-min equilibration period, a 30-s signal averaging 
time, and a step size of 2 "C. Samples for thermal melts 
consisted of 5 p M  protein in 50 mM sodium phosphate 
buffer containing 150 mM NaC1, pH 7.0. The thermal 
denaturation curve of c107-149 is >95% reversible; N28-80 
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precipitates after thermal denaturation. The thermal depen- 
dence of the CD signal of the N28-80 + C107-~49 complex is 
-90% reversible at temperatures below 95 "C. An irre- 
versible cooperative transition takes place with a midpoint 
at -97 "C, and the recovered sample contains visible 
aggregates. 

Sedimentation equilibrium measurements were performed 
at 20 "C on a Beckman Optima XL-A analytical ultracen- 
trifuge, using an An-Ti rotor and six-sectored equilibrium 
centrifugation centerpieces. To determine the masses of the 
N28-80 + c107-149 and N28-80 + C103-149 complexes, rotor 
speeds of 13 000 and 16 000 rpm were used. Samples of 
50 p M  complex were prepared in 50 mM phosphate buffer 
containing 150 mM NaCl, pH 7.0, and were dialyzed 
exhaustively against the same buffer. Three dilutions of each 
sample (5-50 pM) were prepared by dilution with dialysate, 
and dialysate was used to fill the reference channels. N28-80 
peptides were evaluated at concentrations of 15- 150 p M  
and rotor speeds of 16 000 and 20 000 rpm. The apparent 
molecular weights were calculated by fitting data sets from 
each sector to a single ideal species model using the software 
program Kaleidagraph and partial specific volumes of 0.737 
for the N~s-80 + C107-149 and N28-80 + c103-149 complexes 
and 0.748 for the N28-80 peptide (Schuster & Laue, 1994). 

RESULTS 

Proteolytic Digestion of Recombinant gp41 Yields Two 
Peptide Fragments, N a n d  C. A recombinant peptide model 
(rSIVll-]64) for the extraviral domain of SIV gp41, which 
lacks only 11 residues from the fusion peptide at the 
N-terminus of the ectodomain, was produced in E. coli 
(Figure IB). Proteolytic digestion of rSIV11-164 with pro- 
teinase K yields two major peptide fragments, identified by 
N-terminal sequencing and mass spectrometry (Figure 1 B). 
These fragments correspond to two discontinuous segments 
of the polypeptide, spanning residues 29-80 (N29-80), and 
107-148 (c107-148), with lengths of 52 and 41 residues, 
respectively. 

Expression of rSIvl1-164 was limited to -3 mg of protein 
per liter of cells. Remarkably, the rSIV28-149 protein was 
expressed at -50 mg per liter. rSIV28-149 was digested with 
proteinase K, and the time course of digestion was monitored 
by reverse-phase HPLC. After -10 min, the suspension had 
clarified, and two major peaks resistant to further digestion 
for at least 2 h emerged (data not shown). The major 
products of proteolysis, N28-80 and clO7-149, were almost 
identical to those obtained above (the fragments N28-82 and 
C103-149 were also obtained; Figure 1B). The N28-80 and 
c107-149 peptides were purified in larger quantities by HPLC 
for further characterization. 

The N a n d  C Peptides Form a Trimeric Complex. Neither 
N28-80 nor c107-149 is resistant to proteolysis in isolation. Only 
when the N28-80 and C107-149 peptides are mixed is a protease- 
resistant species formed (Figure 2). The stoichiometry of 
N28-80:C107-149 in the protected mixture is 1:l (Figure 2). 
Equilibrium centrifugation of the reconstituted, protease- 
resistant species over a 10-fold range of concentration yields 
a mass of 34 900 Da, consistent with a composition for the 
complex of three N28-80, and three c107-149 peptides each 
(calculated mass 35 013; Figure 3). 

The Complex is Fully Helical and Extremely Stable. The 
complex of N28-80 with c107-149 is fully helical (Figure 4A). 
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FIGURE 2:  Reversed-phase HPLC chromatograms from the pro- 
teolysis protection experiments. (A) N28-80, no protease. (B) 
c107-149, no protease. (C) An equimolar mixture of N18-~0 and 
clO7-149, no protease. (D) N28-80, after proteolysis. (E) Cl07-149. 
after proteolysis. (F) [N28-80 + C107-1491 after proteolysis. 

The far-UV CD spectrum clearly differs from the weighted 
average of the spectra of the individual peptide components, 
N28-80 and cl07-149 (see below and Figure 4A), indicating 
formation of a complex. The complex has a melting 
temperature (T,) above 90 "C (Figure 4B); this extraordinary 
stability to thermal denaturation likely explains the resistance 
of the complex to proteolysis. 

The isolated N28-80 peptide is highly helical at neutral pH 
(Figure 4A). However, it does not form a unique oligomeric 
species, as judged by gel permeation chromatography (data 
not shown) and equilibrium centrifugation. The number of 
associated N28-80 peptides exceeds three at concentrations 
of 15 p M  or greater (Figure 3C). The N28-80 oligomer 
undergoes a thermal unfolding transition with an apparent 
T, of -50 "C, but this transition is irreversible due to 
aggregation of the unfolded peptide (Figure 4B). The 
c107-149 peptide, on the other hand, is unfolded in isola- 
tion (Figure 4A) and does not undergo a thermal transition 
(Figure 4B). 

The N and C Peptides are Antiparallel in the Complex. 
The orientation of the N- and C-terminal peptides in the N + C complex was defined by proteinase K digestion of 
rSIV38- 149, which has a 10-residue N-terminal truncation 
(Figure 1C). Removal of the first 10 residues of N should 
expose the first 10 residues of C to proteolysis in a parallel 
complex or the last ten residues of C in an antiparallel 
complex. The major products of digestion of rSIV38-149 are 
N40-82 (shortened by 13 residues at the N-terminus) and 
c103-136 (trimmed by 13 residues at the C-terminus). These 
findings indicate that N and C associate antiparallel to each 
other in the complex (Figure 1C). 

DISCUSSION 

A Model f o r  the Core Subdomain of gp41. Our results 
indicate that the SIV gp41 ectodomain contains a stable, 
protease-resistant core that spontaneously assembles from 
two components, N28-80 and C107-149. This subdomain is a 
trimeric complex of these two components [3(N + C)]. The 
termini of this subdomain, defined by proteolysis of rSIVl~-lH, 
are residue 29 (the amino terminus of N) and residue 148 
(the carboxy terminus of C). 
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FIGURE 3: (A) Equilibrium centrifugation of the N28-80 + C107-149 
complex at 20 "C in physiological buffer (50 mM sodium 
phosphate, 150 mM NaCI, pH 7.0), 5 pM concentration. Log of 
the concentration distribution of protein as a function of the square 
of the radial position at 16 000 rpm and 20 "C. The best fit line 
describes a single homogeneous species of molecular mass 34 900 
Da (ideal trimer model). Lines expected for dimeric and tetrameric 
complexes are included for comparison. (B) Residuals to the fit. 
No systematic trend is observed. (C) Oligomeric order ( n )  as a 
function of protein concentration for the N18-80 + c107-149 complex 
(open circles), the N28-80 + C1~3-149 complex (diagonal crosses), 
and the isolated N28-80 peptide (filled triangles). The horizontal 
line indicates the value n = 3. 

We recently proposed a structural model for a similar N 
+ C complex from the gp41 ectodomain of HIV, in which 
the N peptide forms an interior, trimeric coiled coil and 
associates with three surrounding C peptides aligned in an 
antiparallel orientation (Lu et al., 1995; Figure 6). The N28-80 + C107-149 trimeric subdomain of the SIV gp41 ectodomain 
is fully consistent with this model, in which the hydrophobic 
e and g positions of adjacent N28-80 strands are buried in 
the protein interior, packed against the a and d hydrophobic 
residues of a single C107-149 strand. The remaining residues, 
derived from the b, c, and f positions of N28-80 (see Figure 
5A)2 and the b, c, e, f, and g positions of C107-149 (see Figure 
5B), are more surface-exposed (Figure 5C), consistent with 
the predominance of polar and charged residues at these sites. 
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as the a and d positions of the GCN4-pl dimer (Harbury et 
al., 1993). In the N28-80 peptide, the a, d, e, and g positions 
are of similar hydrophobicity (Figure 5A), with few charged 
residues at the e and g positions. The extended hydrophobic 
surface in N28-80 may be prone to nonspecific aggregation 
when C107-149 is not present. 

Both HIV-1 and SIV gp41 have a similar cluster of four 
conserved glycosylation sites. Two of these sites lie between 
the N and C peptides, and two are within the sequence of 
the C107-149 peptide (in SIV at N110, an e position, and N126, 
a g position). Site-directed mutagenesis of the asparagine 
residues of HIV- 1 gp41 by several groups suggests that each 
of these sites is glycosylated in uivo (Lee et al., 1992; 
Fenouillet et al., 1994). No glycosylation sites are present 
in the N28-80 peptide. The location of these sites only within 
the C107-149 peptide, which is proposed to be on the exterior 
of the N + C complex, is consistent with the general features 
of our model for the N + C complex. 

The model of Figure 6 likely captures the essence of the 
structure of the N + C complex, although it is possible that 
glycosylation may lead to fraying of the amino-terminal end 
of the C-peptide andor a register shift in the heptad repeat 
(Bullough et al., 1994). A register shift of the heptad repeat, 
for example, would place asparagine 126 at a more solvent- 
exposed position of the helix (a c position). It seems 
improbable, however, that proteolysis of the recombinant SIV 
and HIV- 1 ectodomains of gp4 1 would artifactually generate 
such similar peptide fragments, and that the fragments from 
each viral source would spontaneously assemble into such 
stable, discrete, trimeric helical complexes. 

Comparison with HIV Findings. Despite -50% sequence 
divergence in the gp41 ectodomain between HIV and SIV, 
the precise boundaries of the proteinase K-resistant N and 
C peptides are essentially conserved (Figure 5C). The 
lengths of the two proteinase K resistant peptides are 
maintained, and the helical contents of the N + C com- 
plexes are comparable, strongly suggesting that the protease- 
resistant core represents a distinct stable structural subdo- 
main. 

The primary sequences of the HIV-1 and SIV N + C 
complexes show a striking pattem of sequence conservation, 
in which residues postulated to be buried in the interior of 
the N + C complex are strongly conserved (Figure 5C). In 
particular, the e and g positions of the N peptide, which 
comprise the interface for specific interaction with the C 
peptide in the structural model, are almost fully conserved 
(only a single A - V substitution at a g position exists). In 
addition, 10 of 15 residues at the a and d positions are 
identical, with a single nonconservative substitution (an I - T change) present at an a position. The a and d positions 
of the C peptide are also highly conserved (75% identity) 
between the SIV and HIV complexes. In contrast, positions 
postulated to be at the exterior of the model of the N + C 
complex have only 38% sequence identity and more frequent 
nonconservative substitutions. 

The most notable difference between the SIV and HIV-1 
subdomains is that observed in the CD spectra of the isolated 
N peptides. The N28-80 peptide from SIV has a characteristic, 
fully helical CD spectrum, whereas the N peptide from HIV 
gp41 has an atypical CD spectrum (Lu et al., 1995). 
Although it is not immediately apparent why the two spectra 
differ, one possibility is that T58 (an a position) may provide 
a buried polar interaction within the SIV N peptide that is 
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FIGURE 4: (A) Circular dichroism (CD) spectra of N28-80 (open 
circles), cI07-149 (open triangles), and the N28-80 + C107-149 complex 
(filled circles). Spectra were recorded at 0 “C in physiological buffer 
(50 mM sodium phosphate, 1.50 mM NaC1, pH 7.0). The predicted 
spectrum for non-interacting N28-80 + c107-149 peptides (filled 
triangles) is shown for comparison. (B) Thermal dependence of 
the CD signal at 222 nm in physiological buffer. Open circles, 
N28-80 peptide; open triangles, C107-149 peptide; filled circles, N28-80 + cl07-149 complex. 

The presence of both species, N~s-80, and c107-149, is 
necessary for formation of a unique oligomer. Inspection 
of the helical wheel projection (Figure 5A) also suggests why 
the N28-80 peptide alone (and peptide DP-107, see below; 
Wild et al., 1992) does not form a unique oligomer. In coiled 
coils, the hydrophobic a and d positions of the heptad repeat 
form the core of the coiled-coil interface, and residues at 
the e and g positions pack against positions a and d to 
complete the hydrophobic interface. Two- and three-stranded 
coiled coils contain numerous interhelical salt bridges 
between charged side chains at the e and g positions, which 
are exposed substantially to solvent (O’Shea et a]., 1991; 
Harbury et al., 1993; 1994). In contrast, the e and g positions 
of the GCN4-pLI tetrameric coiled coil are almost as buried 

We have evaluated the sequence of SIV gp41 with two algorithms 
used to predict coiled-coils. Remarkably, neither the program of Lupas 
et al. (1991) (maximum score, residues 28-55, of 1.14, <5% 
probability) nor the algorithm of Berger et al. (1995) (probability, 
residues 26-76 of <S%) predict that a sequence from region I1 forms 
a coiled coil. The program of Lupas et al. (1991) (maximum score, 
residues 113-140, of 1.74, >99% probability) predicts that a sequence 
from region IV forms a coiled coil, which is less strongly predicted by 
the algorithm of Berger et al. (1995) (probability, residues 110-138 
of 26%). However, the database for the latter algorithm is limited to 
two-stranded coiled coils, and the Lupas et al. program is known to 
lead to a significant number of “false positives”. 
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FIGURE 5: (A) Helical wheel projection of residues 28-80 of gp41 from SIV strain Mac239. A view down the helix axis from the amino 
terminus is shown. P-Branched amino acids prevail at the a and d positions of the heptad repeat, suggesting a trimeric oligomerization state 
(Harbury et al., 1993). The e and g positions are predominantly hydrophobic. (B) Helical wheel projection of residues 107-149 of gp41 
from SIV strain Mac239. [see also footnote 21. (C) Comparison of the primary sequences of the HIV-lHnbZ and S I V M ~ ~ ~ ~ ~  proteinase-K 
resistant N and C peptides. Positions of sequence identity are indicated by an asterisk (*). Heptad repeat positions are printed above in bold 
type. Conserved glycosylation sites are boxed. 

not present in the HIV N peptide [the analogous residue in 
the HIV N peptide is isoleucine (Figure 5C)]. Buried polar 
interactions have been shown to be critical for maintaining 
orientational and oligomeric specificity in other coiled coils 
(Lumb & Kim, 1995). 

Relationship to Preuious Studies. Previous attempts to 
define the oligomeric state of the HIV and SIV envelope 
glycoproteins have yielded conflicting results. Findings 
consistent with dimeric, trimeric, and tetrameric forms of 
both HIV-1 Env (Gelderblom et al., 1989; Schawaller et al., 
1989; Earl et al., 1990; Weiss et al., 1990; Doms et al., 1991) 
and SIV Env (Doms et al., 1990; Rey et al., 1990; Rhodes 
et al., 1994; Spies et al., 1994) have been reported. Our 
studies clearly indicate that the protease-resistant subdomains 
of both HIV-1 gp41 (Lu et al., 1995) and SIV gp41 are 
trimeric. 

Our studies are also relevant for interpreting observations 
about two short peptides from the ectodomain of HIV gp4 1 
that have antiviral activity (Wild et al., 1992, 1993, 1994; 
Chen et al., 1995). One of these, DP-107, which spans 38 

residues of the N-terminal4,3-hydrophobic repeat, is highly 
helical, but attempts to define its oligomeric state have 
yielded inconclusive results (Wild et al., 1992), perhaps for 
the reasons outlined above. A 36-residue peptide from the 
second (C-terminal) 4,3-hydrophobic sequence from HIV 
gp4 1, DP- 178, is a more potent antiviral agent than DP- 107 
but lacks solution structure (Wild et al., 1994). When the 
DP-107 and DP-178 peptides are mixed, the resulting CD 
spectrum suggests association (Wild et al., 1995), and an 
antibody epitope has also been reconstituted by combining 
DP-178 with a fusion protein of gp41 linked to maltose 
binding protein (Chen et al., 1995). These results are 
consistent with our observation that the Nz8-80 and C107-149 
peptides of SIV gp41 combine in stoichiometric amounts to 
form a specific, trimeric, helical complex. 

Relationship to Membrane Fusion Events. In the hemag- 
glutinin molecule from influenza virus, the transmembrane 
subunit, HA2, undergoes a structural rearrangement after 
exposure to the mildly acidic endosome [for reviews, see 
Carr and Kim (1994) and Hughson (1995)l. The low-pH- 
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B 

FIGCRE 6: (A)  Model of the N + C complcx. This spccies is represented as a trimeric. parallel coiled coil of Nzx xo in the center. cncirclcd 
by thrcc hcliccs of CI07- 1J0. oricntcd antiparallcl to the N:x core. From the perspective shonm. the rear C-hclix is invisible. The prccisc 
vcrtical positioning of the shortcr C-hclix wi th  rcspcct to thc N-helix is unknown. ( B )  Top view of thc model prcscntcd in panel A. lookins 
down the supcrhclical axis. Perspccti1.c (indicatcd by ;irrows a n d  lines) is from thc amino terminus of CI07- and from rhc carhoxy 
tcrminus of Nzx- 80. Positions o f  tlic hcptnd rcpcat arc indicatcd. 

induced crystal structure (Bullough et al.. 1994) of a 
proteolytic fragment of influenza hemagglutinin (TBHA?) 
confirms the salient featiirc of a "spring-loaded" mechanism 
for the conformational change of influenza HA (Carr & Kim. 
1993): a "loop" region of the native (neutral-pH) state 
(Wilson et al.. 198 1 )  is part of an extended coiled coil in 
the low-pH structure (Bullough et al.. 1994). presumably 
repositioning the hydrophobic fusion peptide distally. in 
position to intcract with the target membrane (Carr & Kim. 
1993). 

N i t  me roil s stud i es s iig gc s t t hit t ii con for in at i on a I c h a ti ge 
also accompanies the conversion from the native to the 
fusogenic states in the HIV and SIV envelope glycoproteins 
(e.g.. Moore et al.. 1990. 1992; Clements et al.. 1991; 
Sattenau et al., 1993). but the nature of this conformational 
change remains undefined. The subdomain identified in our 
studies may be present in  the nati\pe state. the fusogcnic state. 
or both. 

The gp I20 subunit sheds from the surfiice of virions after 
treatment with soluble CD4 in some strains of HIV- 1 (Moore 
et al.. 1990; Hart et al.. 1991). Since the N + C complex 
assembles in  thc abscnce o f  ppl20. one might ar-zuc that 
the complex models the fusogenic state of the transmenibrane 
subunit gp4 I .  This interpretation is also consistent ivith 
previous studies of the transmcmbranc subunits of inilucnza 
hemagglutinin (HA2) and Moloncy murine leukemia \%-us 
(p  IS). which are both in  thc flisogcnic conformation when 
their surface subunits. HA I and gp70. arc abscnt (Schoch et 
al. .  1992; Carr & Kim. 1993: Bullough et al.. 1994: Raghcb 
& Anderson. 1994; Fass Rr Kim. 1995). Moreo\*er. the 
fusogenic conformations of both HA2 and p l S  contain 
trimeric coiled coils ad-jacent to the fusion peptide (Carr & 
Kim, 1993; Bullough et al.. 1994: Fan & Kim. 1995). and 
this organization is conscr\.ed in both HIV and SIV gp41. 
where the N?S-s(, trimeric coiled coil follows the fusion 
peptide [see also Chambers et al. ( 1990). Delwart et al. 
( 1990). and Hunter and Swanstrom ( 199O)I. 

On the other hand. the N + C complex might represent a 
fragment of the nativc statc of thc protein. in which the fusion 
peptide is sequestered away from the target membrane. Only 

-15 residues separate the last residue of CI()~-IJ() from the 
viral membrane. If the complex is oriented perpendicular 
to the membrane. the antiparallel alignment ofthe N and C 
peptides would seem to direct the first residue of N2x-xo 
toward the rlir-d membrane not toward the itrr-gei mernbranc. 
This topological problem might be avoided if  the long axis 
of the protein is aligned parallel to the iriral membrane, a s  
seen in the crystal structure of tick-borne encephalitis virus 
(Rey et al.. 1995). Althouzh definitive evaluation of thc 
gp4 1 ec todomai n awaits high - resol 11 ti  on s t ruc t i i  rii I stud ics. 
the N + C subdomain o f  the SIV gp4l ectodomain described 
here is likely to play an important role in  at least one statc. 
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