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The solution structure of the ectodomain of simian
immunodeficiency virus (SIV) gp41 (e-gp41), consisting
of residues 27-149, has been determined by multi-
dimensional heteronuclear NMR spectroscopy. SIV
e-gp41 is a symmetric 44 kDa trimer with each subunit
consisting of antiparallel N-terminal (residues 30-80)
and C-terminal (residues 107-147) helices connected
by a 26 residue loop (residues 81-106). The N-terminal
helices of each subunit form a parallel coiled-coil
structure in the interior of the complex which is
surrounded by the C-terminal helices located on the
exterior of the complex. The loop region is ordered and
displays numerous intermolecular and non-sequential
intramolecular contacts. The helical core of SIV e-gp41
is similar to recent X-ray structures of truncated
constructs of the helical core of HIV-1 e-gp4l. The
present structure establishes unambiguously the con-
nectivity of the N- and C-terminal helices in the trimer,
and characterizes the conformation of the intervening
loop, which has been implicated by mutagenesis and
antibody epitope mapping to play a key role in gp120
association. In conjunction with previous studies, the
solution structure of the SIV e-gp41 ectodomain pro-
vides insight into the binding site of gp120 and the
mechanism of cell fusion. The present structure of SIV
e-gp41 represents one of the largest protein structures
determined by NMR to date.
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Introduction

The initial step of viral infection is often mediated by
viral envelope proteins (Coffin, 1986; Freed and Martin,
1995). In the case of the human (HIV) and simian (SIV)

the gp41—gp120 complex associates with the CD4 receptor
and the chemokine coreceptor (Moateal.,, 1993, 1997).
Concurrently, gp41 dissociates from gpl20, associates
with the target membrane and mediates fusion of the viral
and the cellular membranes by a process that involves the
N-terminal hydrophobic region of gp41, termed the fusion
peptide (Gallaher, 1987). Details of the fusion process,
particularly concerning the association of gp41 and gp120,
remain unknown, and structural information on the proteins
involved is essential for the development of anti-HIV
drugs.

gp41 comprises four functional domains: an N-terminal
fusion peptide, an ectodomain (e-gp41), a transmembrane
domain and a cytoplasmic domain (Freed and Matrtin,
1995). The ectodomain is the most conserved region of
gp41, with 50-60% sequence identity between HIV-1 and
SIV isolates (Douglagt al., 1997; Figure 1). The X-ray
structure of subdomains of the HIV-1 e-gp41 have recently
been solved (Charet al, 1997; Tanet al, 1997;
Weissenhorret al, 1997). However, all three constructs
employed in the crystallographic studies (Figure 1) omitted
a central portion of e-gp4l comprising 35-44 residues,
which had been shown by mutagenesis and antibody
epitope mapping to play a role in gp120 association and
possibly membrane fusion (Cast al, 1993; Sattentau
et al, 1993). In two recent papers we described the
expression and purification (Wingfieket al., 1997), and
determination of the secondary structure and global fold
(Caffrey et al,, 1997) of a soluble construct of trimeric
SIV e-gp41 comprising residues 27-149. In this paper,
we present the complete determination of the three-
dimensional structure of the trimeric 44 kDa SIV e-gp41l
by multidimensional nuclear magnetic resonance (NMR)
spectroscopy.

Results and discussion

Structure determination

The solution structure of SIV e-gp41 was solved using
double and triple resonance multidimensional NMR
spectroscopy (Clore and Gronenborn, 1991, 1998; Bax
and Grzesiek, 1993). The structure was determined on the
basis of 2160 experimental NMR restraints per subunit,
including 232 unambiguous intersubunit nuclear
Overhauser enhancements (NOEs). Examples of the qual-
ity of the NMR data, showing a typical plane of a 4D
13C/A3C-separated NOE spectrum and strips from a 3D
13C-separatedfC-filtered NOE spectrum, are provided in
Figure 2. Intermolecular NOEs were identified from

immunodeficiency viruses, the envelope proteins exist as avarious isotopically filtered NOE spectra recorded on 1:1
complex of a surface subunit (gp120) and a transmembranemixtures of C/AN/H:12CAN/H, 13C/A4N/H:12C/5N/

subunit (gp41), which are proteolytic products of the
gp160 precursor coded by teavgene (Freed and Martin,
1995). During the initial step of HIV or SIV infection,
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2H and *C/*5N/?H:*°C/**N/*H labeled SIV e-gp41, which
enable one to specifically observe NOEs from protons
attached t0'3C or 15N to protons attached t&C or 1*N,
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3-D solution structure of SIV gp41 ectodomain
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Fig. 1. Secondary structure of SIV e-gp41, and alignment of SIV (Sooty Mangabey) and HIV-1 (consensus sequence;eDaligl®97) e-gp41.

The numbering scheme employed is that of SIV e-gp41. Residues that are conserved in HIV-1 and SIV e-gp41 are color-coded as follows: green,
hydrophobic; blue, positively charged; red, negatively charged; yellow, others. The location of the fusion peptide, the secondary structure and the
construct used in the NMR study are indicated above the SIV sequence. The constructs used for the crystallographic studies are shown below the
HIV-1 sequence and coded as follows: X-ray a, Weissenkoml. (1997); X-ray b, Charet al (1997); and X-ray c, Taet al (1997). The locations

of putative glycosylation sites (Dedst al., 1992) are indicated by the symhgl The two cysteine residues within the loop, Cys86 and Cys92, are
highlighted by an asterisk, and were mutated to alanine in the SIV e-gp41 construct used for NMR studies to prevent problems associated with
multiple potential modes of intra- and intersubunit disulfide bond formation.

from protons attached t&C to protons attached t&N a symmetric trimer and is cylindrical in shape, ~112 A in
and from protons attached #N to protons attached to  length and ~35 A in diameter, consistent with results
12C or N, respectively (Clore and Gronenborn, 1998). from electron microscopy (Weissenhoghal., 1996) and
Since e-gp41 is trimeric, it is important to note that while hydrodynamic modeling based on the observed sediment-
it is possible to distinguish intra- from intersubunit NOEs ation coefficient (Wingfieldet al., 1997). The three sub-
using various types of heteronuclear filters, one cannot units, which we term A (blue), B (red) and C (green), are
distinguish whether an intermolecular NOE arises from a arranged in a counter-clockwise manner when viewed
close interproton distance contact between, for example,from the top (Figure 4a, top panel) or side (Figure 4b) of
subunits A and B or subunits A and C. Thus, all inter- the molecule. Each subunit comprises N-terminal (residues
molecular NOE restraints were treated as¥%)-/6 sums 30-80) and C-terminal (residues 107—-147) helices, which
(Nilges, 1993), thereby permitting an NOE restraint from are 81 and 62 A long, respectively, connected by a long
a specified proton on subunit A to be close to the specified loop (residues 81-106) which protrudes ~26 A upwards
proton on either subunit B or C, whichever is closest in from the helical core. The contact surface (3726 pér
the evolving calculated structures, the restraint being subunit) between the subunits is extensive. The accessible
satisfied providing that at least one of the target protons surface area of the N-terminal helix, the loop and the
is close. The superposition of the final 40 simulated C-terminal helix are reduced by 2434, 538 and 754 A
annealing structures is shown in Figure 3 and the structural per subunit, respectively, upon trimerization. Although the
statistics are summarized in Table I. loop is somewhat more mobile than the helical core
(Caffreyet al., 1997), it is still well-ordered as evidenced
Structure description by numerous long-range and intermolecular NOEs (cf.
Ribbon diagrams and a molecular surface representationFigure 2B). Indeed, within the loop we observed 128
of SIV e-gp41 are displayed in Figure 4. The structure is medium-range (& | i — j | <4) and 28 long-range
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Fig. 2. (A) A H-13C plane taken from a 4B°C/A3C-edited NOE spectrum (80 ms mixing time) recorded™#®/°N-labeled SIV e-gp41. The plane
shown corresponds to that of Valyl9 Cross-peaks which have their maximum intensity on other planes are denoted by astyiSiede¢ted

strips from a 3D'3C-edited??C-filtered NOE spectrum (80 ms mixing time) recorded on a 1:1 mixturf@f“N- and 13C/5N-labeled SIV e-gp41,
illustrating intersubunit contacts involving the loop (Leu81 and Ala86 strips) and the N-terminal helix (Val68, lle71 and Leu75 strips). Residual
diagonal peaks arising frod?C-attached protons are denoted by asterisks.

(I i =j | >5) intramolecular NOEs per subunit and 24 residues such as Leu, lle and Val (Figure 5c, f and g), as
intermolecular NOEs per subunit. Since intramolecular well as aromatic residues such as Trp (Figure 5d). In
NOEs are readily distinguished from intermolecular ones, addition, there are a number of polar interactions between
the connectivity between the N- and C-terminal helices the helices. These include the intermolecular hydrogen-
(that is the assignment of the N- and C-terminal helices bonding network formed by the sidechain of GIn50 of the
to individual subunits) is established unambigously in the three subunits at the interface of the three N-terminal
NMR structure. helices (Figure 5e), as well as a network of intermolecular
The N-terminal helices of the three subunits form a hydrogen bonds between GIn38 of the N-terminal helix
trimeric coiled-coil within the protein interior and are of subunits A, B and C, and GIn136 and Asn140 of the
oriented parallel to each other at an angle of ~15°. C-terminal helix of subunits B, C and A, respectively
The C-terminal helices are oriented antiparallel to the (Figure 5g). The loops of each subunit associate via
N-terminal helices, lying in the hydrophobic grooves hydrophobicinteractions between their N-terminal portion,
formed by adjacent N-terminal helices and wrapping in a and include contacts involving Leu81, Ala83, Ala86,
left-handed direction around the central coiled-coil. The Ala87 and Phe88 (Figure 5b).
C-terminal helices exhibit extensive intra- and inter-
molecular interactions with the N-terminal helices (contact Surface hydrophobicity and electrostatic potential
surfaces ~925 and 7542Arespectively). Intermolecular  Protein—protein interactions are largely dependent on
interactions exclusively involve contacts between the hydrophobic contacts, supplemented by electrostatic inter-
C-terminal helices of subunits A, B and C and the actions (Covellet al, 1994; Younget al, 1994; Jones
N-terminal helices of subunits C, A and B, respectively. and Thornton, 1996). We have therefore mapped the
The interhelical angles between the C-terminal helix of electrostatic potential (Figure 6a) and the two highest
subunit A and the N-terminal helices of subunits A and ranking surface hydrophobic clusters (computed as
C are ~165 and ~157°, respectively. described by Younget al, 1994) (Figure 6b) onto a
Figure 5 illustrates the distribution of amino acid types molecular surface representation of e-gp41 in order to
(hydrophobic, polar and other) in the structure, and the characterize potential binding sites for gp120.
details of some of the internal sidechain packing between The exposed surface of the C-terminal helix is predomin-
the subunits. There are extensive hydrophobic contactsantly negative, whereas that of the N-terminal helix is
between the N-terminal helices of the three subunits, andlargely neutral, with the exception of two small patches
between the N and C-terminal helices. These include of negative charge arising from Asp45 and Asp77, and
interactions involving 4—3 hydrophobic repeats of aliphatic two patches of positive charge, one formed by Arg49 and
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Fig. 3. Stereoviews showing best-fit superpositions aftbe backbone (N, & C') and p) selected side chains of the ensemble of 40 simulated

annealing structures of SIV e-gp41. Subunits A, B and C are displayed in blue, red and green, respectively. The location of the N- and C-termini of

subunit B are indicated in (a).

the other by Arg67. The loop, on the other hand, is mainly
neutral, with the exception of its tip which bears a positive
charge arising from Arg89.

The highest ranking hydrophobic cluster forms a cylin-
der that surrounds the lower two-thirds of the loop and
the last turn of the N-terminal helix, comprises Asp77,
GIn80, Trp84, Thr95, Val96, Pro97 and Trp98 of each

subunit, and overlaps with the negative charge arising

from Asp77. The second highest ranking hydrophobic
cluster is located in the central region of the helical core
of e-gp41 and comprises Asp45, Arg49, Glu52, Leu53,
Leu56 and Trp59 of the N-terminal helix, and Lys118,
Phel21 and Asn125 of the C-terminal helix. This hydro-
phobic cluster overlaps with two patches of negative
charge, one arising from Glul16, Asp120, Glul23 and
Glul24, the other from Asp45, and with a patch of positive
charge arising from Arg49. Interestingly this region over-

laps with the putative glycosylation site at Asn125 (Dedra
et al, 1992).

We propose that the highest ranking hydrophobic cluster
which involves the loop region may represent the binding
surface for gp120, consistent with the results from muta-
genesis (Caet al, 1993) and antibody epitope mapping
(Sattentawet al., 1993) studies (see below).

Correlation with biochemical studies

Within the loop region there is a conserved di-cysteine
motif, which is common to the transmembrane subunit of
all lentivirus surface envelope proteins and has been
proposed to be important for gp120 association (Schulz
et al, 1992). In the structure of SIV e-gp41 solved here,
the two cysteines at positions 86 and 92 have been mutated
to alanines to avoid multiple potential modes of intra- and
intersubunit disulfide bond formation (Caffregt al,
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Table I. Structural statistics

<SA> (SA)
r.m.s deviations from distance restrathts
All (1500) 0.024+ 0.001 0.023
Intramolecular
Interresidue sequential ¢ j | = 1) (451) 0.015+ 0.004 0.010
Interresidue short range @ | i — j| < 5) (368) 0.026+ 0.002 0.030
Interresidue long rangei ¢ j | >5) (118) 0.042+ 0.006 0.023
Intraresidue (153) 0.008 =+ 0.010 0.001
H-bonds (178) 0.023 0.003 0.036
Intersubunit (232 0.028 = 0.003 0.019
r.m.s. deviations from dihedral restraints (°) (360) 0.286* 0.048 0.215
r.m.s. deviations fron3J coupling constarits
33uHa (H2) (22) 1.09+ 0.05 1.13
3Jcoco(Hz) (13) 0.73+ 0.04 0.75
r.m.s. deviation fronPDC4(ND) isotope shift (ppb) (26) 1.04 0.09 1.23
r.m.s. deviations from secondakC shifts
B3¢, (p.p.m.) (121) 1.23+ 0.01 1.23
13CB (p.p.m.) (118) 0.97 0.02 0.96
Deviations from idealized covalent geometry
bonds (&) (2058) 0.003: 0.000 0.004
angles (°) (3722) 0.403 0.009 0.585
impropers (°) (1079) 0.41% 0.035 0.645
Meaures of structure quality
E,.; (kcal/molf -1948+ 21 -1682
PROCHECK
% residues in most favorable region of Ramachandran plot 90065 90.4
number of bad contacts/100 residues 69.4 8.4
Coordinate precision of the trimer (&)
backbone (N, g, C', O) atoms 0.58+ 0.16
all heavy atoms 0.94 0.18

&The notation of the structures is as followsSA> are the final 40 simulated annealing structures; SA is the mean structure obtained by averaging

the coordinates of the individual SA structures best-fitted to each other using residues 27-149 of the three subunits. (SA)r is the restrained
regularized mean structure obtained by restrained regularization of the mean structure SA. The number of terms per subunit for the various restraints
are given in parentheses. The final force constants employed for the various terms in the target function used for simulated annealing are as follows:
1000 kcal/mol/& for bond lengths; 500 kcal/mol/rddor angles and improper torsions (which serve to maintain planarity and chirality);

4 kcal/mol/A* for the quartic van der Waals repulsion term (with the van der Waals radii set to 0.8 times their value used in the CHARMM
PARAM19/20 parameters); 50 kcal/mofAor the non-crystallographic symmetry term; 30 kcal/md8lfAr the experimental distance restraints

(interproton distances and hydrogen bonds); 200 kcal/mélfarcthe torsion angle restraints; 1 and 2 kcal/mofHar the 33\ and3Jcoco

coupling constant restraints, respectively; 0.5 kcal/moPdpbthe 3AC,(ND) deuterium isotope shift restraints (which are related toyiHeackbone

torsion angle); 0.5 kcal/mol/p.p.ffor the secondary3C chemical shift restraints; and 1.0 for the conformational database potential.

PNone of the structures exhibited interproton distance violatisfss A, dihedral angle violations-5°, or 334 OF 3Jcoco coupling constant

violations>2 Hz. The torsion angle restraints consist of 119420y, 76 X;, 43 X, and 2X3 angles per subunit.

Only structurally useful intraresidue NOEs are included in the restraints (i.e. involving protons separated by more than three bonds).

dThese NOEs were treated &)~/ sums.

€The Lennard-Jones van der Waals energy was calculated with the CHARMM PARAM19/20 parameters and is not included in the target function

for simulated annealing or restrained minimization.

The overall quality of the structure was assessed using the program PROCHECK (Laskbaisk1993). There were ng/s angles in the

disallowed region of the Ramachandran plot. The dihedral angle G-facto@ufox1/X», X1, X3/Xs4 are 0.72+ 0.02, 0.65+ 0.05, —0.15+ 0.12 and

0.11 + 0.13, respectively.

9Defined as the average r.m.s. difference between the final 40 simulated annealing structures and the mean coordinates.

1997). These two Cys Ala mutations have only a minimal  the C-terminal helix in a region which is solvent exposed
effect on the structure since the—°N correlation spectra  and proximal to the fusion peptide (Figure 4c). This
of the wild-type and mutant SIV e-gp4l are virtually epitope is known to be exposed in the presence of gp120
superimposable (Caffregt al., 1997). The G-C, separ- (Satteneatet al.,, 1995), indicating that it cannot overlap
ation between Ala86 and Ala92 within each subunit is with the gp120 binding site. This is fully consistent with
~9 A, and between Ala86 of different subunits it is ~4 A the proposed location of the gp120 binding site in the
(Figures 4a and b, and 5b). This is consistent with the loop region (see above).
observation that both intra- and intersubunit disulfide
bridges can be formed over time in wild-type HIV-1 Comparison with HIV-1 gp41
and SIV e-gp4l (Weissenhoret al, 1996; Wingfield There is extensive sequence similarity (with 56% overall
et al, 1997). sequence identity) throughout e-gp41 of HIV-1 and SIV
There are three putative N-glycosylation sites in SIV (Figure 1). The major differences correspond to a four
e-gp41, one in the loop (Asn100) and two in the C-terminal residue deletion in the loop region of SIV e-gp41 relative
helix (Asn109 and Asn125) (Dedmt al, 1992) (Figure to that of HIV-1 e-gp41, and a generally lower degree of
4c). All three asparagines are located on the exterior of sequence identity in the loop region and C-terminal helix.
the structure. Finally, the binding site for the neutralizing Specifically, the extents of sequence identity for the
antibody 2F5 (Musteet al, 1993) occurs at the end of N-terminal helix, loop region and C-terminal helix are 64,
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-+——2F5 Ab

Fig. 4. Ribbon diagrams of SIV e-gp41 viewed from) (the top (upper panel) and bottom (lower panel) adodtfie side with respect to the viral
membrane (note that the transmembrane segment of gp41 is connected to the C-terminal helices via a flexible 20 residag Niokec)lér

surface of e-gp41 displayed in the same orientation as the ribbon diagram shown in (b). Subunits A, B and C are displayed in blue, red and green,
respectively. The location in the loop of thg @toms of residues 86 and 92 which are cysteines in the wild-type sequence but have been mutated to
alanine in the current structure are indicated by spheres in (a) and (b). The locations of the three putative glycosylation sitesaDa®@2) and

the epitope for the 2F5 neutralizing monoclonal antibody (Musteal., 1993) are indicated in (c).

46 and 53%, respectively. Figure 7 provides a comparison influenza virus hemagglutinin (Weissenh@hal., 1997).

of the NMR structure of SIV e-gp41l (residues 27-149) This connectivity coincides with that observed in the X-
with structures of truncated versions of the helical core ray structure of Taret al. (1997), where the portions of
of HIV-1 gp41 determined by X-ray crystallography. The the N-terminal (residues 34—67) and C-terminal (residues
three X-ray structures of HIV-1 e-gp41 correspond to 112-139) helices employed in the construct were artifi-
residues 34-67 and 112-139 (Tahal., 1997), 34-69 cially connected by a six residue linker. It should be
and 112-145 (Chaet al., 1997), and 29-76 and 112-149 noted, however, that this short linker only permitted one
(Weissenhornet al, 1997) using the SIV numbering connectivity, whereas several permutations are potentially
scheme, and are 54, 58 and 73 A in length, respectively, feasible when the two helices are connected by the long
compared with 112 A for the complete e-gp41 of SIV. 26 residue loop.

The central helical core of SIV e-gp41 is structurally very

similar to that of the HIV-1 peptides in agreement with Correlation with mutagenesis studies

the high degree of sequence identity between HIV-1 and A number of site-directed mutants of HIV-1 e-gp41 have
SIV proteins. The backbone of the X-ray structures of been studied (Caet al., 1993; Chen, 1994). One set of
Tan et al. (1997), Chanet al. (1997) and Weissenhorn mutations severely impairs the processing of gp160 into
et al. (1997) can be superimposed onto the correspondinggp120 and gp4l and hence automatically results in an
regions of SIV e-gp41 with backbone atomic r.m.s. differ- apparent decrease in both association with gp120 and cell
ences of 0.5, 0.8 and 0.8 A, respectively. Note that the fusion in thein vivo assays employed. The other set of
N- and C-terminal helices of SIV e-gp41l clearly extend mutations, for which processing exceeds ~20%, can be
4 and 5 residues, repectively (SIV residues 77—80 and 107—divided into three classes which are displayed in Figure
111), with respect to the most complete X-ray structure of 6c. All these mutations involve residues that are conserved
HIV-1 e-gp4l (Weissenhoret al, 1997). Most import- in HIV-1 and SIV e-gp41.

antly, the present structure includes the central 35 residues The first class of mutations, green in Figure 6¢, has no
of the ectodomain, which have been implicated previously significant effect on either gp120 association or fusion,
in gpl20 association and membrane fusion (discussedand is exclusively located on the exposed surface of the
below). Finally, the present NMR structure of SIV e-gp41 C-terminal helix (Glu13L Leu, GIn136- Leu, Leul4 7,
establishes unambiguously the connectivity of the N- and Phe) close to the base of e-gp41l, suggesting that these
C-terminal helices, which previously could only be inferred residues are not involved in either gp120 binding or
by the limited functional and structural homology to membrane fusion. While Glul131 is completely solvent
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Fig. 5. (a) Overall view of SIV e-gp41 illustrating the distribution of amino acid types with the backbone shown asvar@ (white), and

hydrophobic (aliphatic and aromatic), positively charged (Arg, Lys and His), negatively charged (Asp and Glu) and other amino acids displayed in
green, blue, red and magenta, respectively. Sidechain interactions illustiatimgefmolecular contacts between the loogsafide) intermolecular
contacts between the N-terminal helice$,ahdg) intermolecular contacts between the N- and C-terminal helices, faumtr@amolecular contacts

between the N- and C-terminal helices; subunits A, B and C are color-coded blue, red and green, respectively. The location of (b) to (g) in the full
structure is indicated in (a).

accessible, the other two residues, GIn136 and Leul47,C-terminal helices. Both Asp77 and Trp84 are located in
are only partially solvent accessible and do participate the loop, are accessible to solvent and form part of the
in some intersubunit interactions between the C- and highest ranking surface hydrophobic cluster (Figure 6b).
N-terminal helices. The Leul47Phe mutation, however, This suggests that one possible explanation for the effects
is conservative in nature and would be expected to be of the Asp77-Leu and Trp84- Met mutations is that
well tolerated. GIn136(A), on the other hand, is involved they may strengthen the association between gp41l and
in an intersubunit hydrogen bonding network with gp120 and thus prevent fusion by inhibiting dissociation
GIn38(C) and GIn42(C) (Figure 5g); presumably replace- of gp120.
ment of GIn136 by Leu, while removing these intermolecu-  Finally, the third class of mutations, yellow in Figure 6c,
lar hydrogen bonds preserves and possibly enhances thabolishes (Val96. Ser) or significantly reduces (LeuZ5
intersubunit hydrophobic contacts sufficiently to have little  Pro) gp120 association, and, as a consequence, fusion can
or no effect on the stability or structure of e-gp41. These no longer be initiated. Val96 is located in the loop and is
results also suggest that gp120 does not bind to this regioncompletely solvent accessible, suggesting that it may be
of gp41, consistent with the model presented above. a critical residue involved in gp120 association. Interest-
The second class of mutations, red in Figure 6c, ingly, Val96 is located in the highest ranking surface
significantly reduces or abolishes cell fusion but has little hydrophobic cluster on e-gp41 (Figure 6b). Leu75, on the
impact on gpl20 association; all these mutations (with other hand, is located at the C-terminus of the N-terminal
the exception of two, Asp74Leu and Trp84- Met) helix and participates in intersubunit contacts at the trimer
comprise residues that participate in intersubunit contactsinterface. The Leu75Pro substitution may result in
and would be expected to destabilize the trimer (that is premature termination of the N-terminal helix and distort
to shift the monomer—trimer equilibrium towards the the subsequent conformation of the loop, thereby dis-
monomeric form). Mutants lle36Ala, GIn50- Leu rupting the gp120 binding site.
(Figure 5e), Leu54. Gly or Pro and Leu64. Pro (Figure
5c) involve substitutions at the interface of the three gp720 binding site
subunits formed by the three N-terminal helices. Mutants Taken as a whole, the mutational and structural data
Leu56- Ala or Pro (Figure 5d), Trp58 Arg (Figure 5d) suggest that the stability of the trimer is more critical to
and Asnl140-Leu (Figure 5g) involve substitutions at cell fusion than to gp120 association and that the surface
points of intersubunit contact between the N- and hydrophobic cluster on the loop presents the most likely
C-terminal helices. The Leu53Pro mutation involves a  binding site for gp120 (cf. Figure 6b). This is consistent
residue that participates in intermolecular contacts betweenwith the finding that in HIV-1 dissociation of gpl120
both the N-terminal helices, and between the N- and from gp41l exposes an epitope, recognized by the murine
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Fig. 6. Mapping of @) the electrostatic potential an)(the two highest ranking surface hydrophobic clusters on the molecular surface of SIV

e-gp4l. The electrostatic potential is colored from red (negative charge) to blue (positive charge); regions of highest hydrophobicity are yellow, those
of lowest hydrophobicity are purple, and the gradient from yellow to white to purple corresponds to decreasing hydrophobicity; residues of subunits
B and C are denoted by single and double apostrophes, respectoyeRibbon diagram of SIV e-gp41 in the same orientation as the molecular

surfaces shown in (a) and (b) illustrating the distribution of mutations. The mutations are color-coded as follows: yellow, reduces or abolishes gp120
binding and abolishes fusion; red, abolishes fusion but not gp120 binding; and green, has no significant effect on either gp120 binding or fusion.

’
£
T4

A
SIV e-gp41 HIV e-gp41 HIV e-gp41 HIV e-gp41
(27-149) (29-76/112-149) (34-69/112-145) (34-67/112-139)

Fig. 7. Comparison of the solution structure of SIV e-gp41 with the X-ray structures of truncated versions of HIV-1 e-gp41. The residue numbering
corresponds to that of SIV gp41 (see Figure 1). The X-ray structures were taken from Weissetrdlo(997), Charet al (1997) and Taret al
(1997) (from left to right). All structures are viewed in the same orientation.
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SIV e-gp41

HA2-low pH

Viral Membrane

Fig. 8. Comparison of the structure of SIV e-gp41 with the neutral (Wilsbal, 1981; Weiset al,, 1990) and low (Bullougtet al., 1994) pH forms
of HA2. N-terminal helices are colored cyan and the C-terminal region is colored yellow. Note that the N-terminal helices in hemagglutinin are
located on the exterior of the molecule, whereas in e-gp41 they are located in the interior.

monoclonal antibody KK20, that is located in the loop
and comprises residues 77-99 (Sattengaial, 1993).

There are, however, a number of important distinctions,
both functional and structural, between HA2 and gp41l

The explanation for the observation that gp120 associationwhich suggest that in the case of e-gp41 there is no need

appears to be minimally, if at all, perturbed in timevivo

to invoke the large spring-loaded (Sketedl al., 1982;

assays by mutations that decrease the stability of theCarr and Kim, 1993) conformational change that occurs

trimer is probably due to a counter effect arising from
gp120 binding itself that shifts the monomer—trimer equi-
librium in favor of the trimeric form of e-gp41.

Previous mutagenesis studies of HIV-1 gpl120 have

upon the conversion of the nonfusogenic, neutral pH form
of HA2 (Figure 8, middle panel; Wilsoet al., 1981; Weis

et al, 1990) to the fusogenic, low pH form of HA2
(Figure 8, right panel; Bullouglet al., 1994). First, from

suggested that residues 4-14 of the C1 subdomain area purely functional viewpoint, gp41- and HA2-mediated

involved in binding e-gp41 (Helsetht al, 1991; Ivey-
Hoyle et al, 1991). We note that this region is very
hydrophobic in both HIV-1 and SIV gp120 (LWVTVYY-
GVPV and QYVTVFYGVPA, respectively; Dougla al.,
1997). Moreover, HIV-1 gp120 exhibits a five residue
insertion (residues 34-38) within the C1 subdomain with
respect to SIV gpl120. Interestingly, this insertion may
correlate with a four residue insertion (located between
residues 99 and 100 of SIV e-gp41) in the loop region of
HIV-1 e-gp41l relative to SIV e-gp41 (Figure 1), lending
further circumstantial support for the binding of the gp120
C1 region to the e-gp41 loop region.

Relationship of e-gp41 to influenza virus
hemagglutinin

gp4l (Freed and Martin, 1995) and influenza virus HA2
(Skehelet al,, 1996) share a number of common features:
both proteins are formed by proteolytic cleavage of a

fusion involve a different series of events. In particular,
HAZ2 is internalized by endocytosis and mediates fusion
of the viral and endosome membranes while gp41 mediates
fusion of the viral and outer membranes; in addition,
HA2-mediated fusion is triggered by low pH (Wiley
and Skehel, 1987) while gp4l-mediated fusion is pH-
independent (Steiat al., 1987). Secondly, the loop region
that connects the first and second helices in the neutral
form of HA2 does not contain any prolines, comprises a
sequence with a high degree of helix propensity and,
as demonstrated by X-ray crystallography, undergoes a
transition to a helical coiled-coil at low pH (Bullough
et al, 1994). In contrast, the loop connecting the N- and
C-terminal helices in SIV e-gp41 contains three prolines
(two prolines in HIV-1 e-gp41) and exhibits no propensity
to form a helical coiled-coil, as ascertained using the
program MultiCoils (Wolf et al., 1997). Thirdly, as is
evident from Figure 8, e-gp41 is topologically very differ-

large precursor and mediate virus—target membrane fusion;ent from either the neutral or low pH forms of HA2. In

in both proteins, the fusion peptide is located at the

HAZ2, the N-terminal helix is always located on the outside

N-terminus and the transmembrane domain at the of the molecule. In the neutral form the N-terminal helix
C-terminus of the ectodomain; and both proteins display a is connected by a loop to a second helix which lies internal

trimeric coiled-coil arrangement of the N-terminal helices.
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3-D solution structure of SIV gp41 ectodomain

such that a single contiguous helix in a trimer coiled-coil A

arrangement lying on the outside of the molecule is  association fusion inhibition
formed. Thus, there is no topological impediment to the

conformational transition from the neutral to the low pH N peplide/gp41 heterotrimer
form of HA2 even though this involves a movement of A

~100 A in the position of the N-terminus. In contrast, the 1 N peptide
N-terminal helix of the three subunits of e-gp41 forms a

trimeric coiled-coil within the interior of the protein, fully gp41 trimer/gp120 gp41 trimer gp41 monomer

I

C peptide/gp41 heterotrimer

surrounded by the C-terminal helices on the exterior. A

conformational transition of the type observed in HA2
would therefore require the trimeric coiled-coil formed by
the N-terminal helix of e-gp41 to be everted, which seems
unlikely. Such an event would presumably require prior
dissolution of the trimeric coiled-coil as well as the
complete dissociation of the intra- and intermolecular
contacts between the N- and C-terminal helices. Con-
sequently, the significant structural, topological and func-
tional differences between HA2 and e-gp41 suggest that
parallels between the structure and function of the two
systems, although intriguing, may not necessarily exist.

—_—

+ +
CD4/CR gp120/CD4/CR

C peptide

Inhibition of gp41-mediated fusion by peptides
Peptides derived from both the N-terminal (N-peptide)
and C-terminal (C-peptide) helices of gp41l have been
shown to inhibit fusion in a dominant-negative manner
(Wild et al,, 1992, 1994) and it has been suggested that
these data provide evidence for a large conformational
change from the nonfusogenic to the fusogenic states
(Furutaet al,, 1998; Munoz-Barroset al., 1998). While
';-hoeof Cgp:r}a};lltrir(]: ea'i IEI tr:’ Ia?cﬂ%tfi:%g:ti\gghfgnslr;f?é(\?vissth(:t it Fig. 9. Model for (A) the inhibitory effects of peptides derived from

. ! . . ! the N- and C-terminal helices anB)(gp41-mediated fusion. In (B)
exists as a mixture of monomer and trimer with a self- residues 1-26, which include the fusion peptide (residues 1-15) and
association constant of ~>& 0" M2 for the SIV e-gp41 which lie N-terminal to the e-gp41 construct employed in the present
consiruct employed here and ~XS0' M Z for the - sh (ees 7,008, e e e e Coere e
equivalent HIV-1 e_—gp41 ConStrUCt.(ngflemjaI" 1997). segment ape red; the N-terminal reiqion of SIV)(/e-gp41 (residues 27-80)
Thus, for gp41 trimer concentrations of 500, 50, 5 and s cyan, and the C-terminal region (residues 81-149) yellow; the
0.5 uM, the concentration of coexisting monomeric gp41 helices in gp41 are displayed as cylinders; gp120 is shown as a green
will be 15, 7, 3.2 and 1.5M, respectively, in the case of  sphere.
SIV e-gp41, and 10, 4.7, 2.2 anduM, respectively, in

the case of HIV-1 e-gp41. (Note that under the conditions
employed in the present NMR study where the total
concentration of SIV e-gp4l is ~2.5 mM in monomer

units, <1% of the total e-gp41l will be present in the

monomeric form.)

A possible mechanism of fusion inhibition by the
peptides may therefore simply involve the scenario out-
lined in the scheme shown in Figure 9A. gp41l exists in
an equilibrium between monomer and trimer. In the
presence of excess inhibitory peptide, the equilibrium is

not surprising, since the N-peptide itself forms oligomers,
whereas the C-peptide is monomeric (Blackl@ al.,
1995; Luet al, 1995). Thus, in the case of the N-peptide,
the effective concentration of monomeric N-peptide avail-
able to interact with monomeric gp41 to form heterotrimers
will be much reduced. Moreover, C-peptide-mediated
inhibition significantly decreases upon the addition of
stoichiometric amounts of N-peptide (Let al, 1995),
consistent with the notion that the presence of monomeric
C- or N-peptide is essential for inhibition.

driven from homotrimeric gp41 to a heterotrimer of gp41

and N- or C-peptide. Since the peptides are only effective Model for gp41-mediated membrane fusion

upon gpl20 dissociation, it follows that the absence of The structure of SIV e-gp4l presented here combined
fusogenic activity displayed by the gp4l—peptide hetero- with the mutational and peptide data suggest to us the
trimers is due to the fact that the heterotrimers can no following mechanism for gp41-mediated fusion (Figure
longer present a sufficient number of fusion peptides to 9B). The C-terminus of e-gp41 is tethered via a flexible
the target membrane for effective fusion to take place. 20 residue linker to the transmembrane segment which
The data also suggest that the trimeric state is stabilizedanchors gp41 to the viral membrane (the transmembrane
upon gp120 binding such that heterotrimers (which would domain of SIV gp41 starts at residue 168). As a result,
be expected to bind less tightly to gp120 since they do the orientation of the ectodomain of gp41 with regard to
not possess a trimeric loop structure) cannot be formed inthe plane of the viral membrane is likely to be highly
the presence of bound gp120 (Furetaal., 1998). It has variable and dynamic. For fusion to take place, one would
also been shown that the N-peptide is approximately three predict that the ectodomain should lie approximately
orders of magnitude less active than the C-peptide. This is parallel to the viral membrane, in order to permit the
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N-terminal fusion peptides to have access to the targetfor the higher apparent intensity of methyl protons. In the case of
membrane (Figure 9B). Because of the large size of gplzononstereospeuﬂcally assigned protons and intersubunit NOEs, distances

. . . . . were represented by%( r9~16sum (Nilges, 1993). Hydrogen bonding
relative to gp41, such an orientation is not accessible t0 \ogiaints (two per hydrogen bond whekerp = 1.5-2.8 A and . =

the gp41-gp120 complex. The same steric hindrance2.4-35 A) were deduced from NH exchange experiments, backbone
mechanism would apply to the complex formed between NOEs and backbone chemical shifts (Caffreyal, 1997).¢ and g
gp41l and the neutralizing monoclonal antibody 2F5 torsion angle restraints were derived frétyyy (Bax et al, 1994) and

3 i . .
. . Jorc couplings (Hu and Bax, 1996), the three-bond amide deuterium
(MUSteret al, 1993) since the latter binds to the base of isotope effect on'3C, chemical shifts (Ottiger and Bax, 1997) and a

e-gp41 (Figure 4c). Upon di_SSOCiation of gp120 from gp41 gatabase analysis of backbone (N, HN,, Cg, C', Hg) chemical shifts
subsequent to the interaction of gp120 to the CD4 and using the program TALOS (Cornilesat al., 1998).x; and X, torsion

chemokine receptors, the full range of orientations of angle restraints were derived from analysis of heteronuélieas *Jvcy

_ ; ; and 3Jcocy couplings (Baxet al, 1994; Hu and Bax, 1997; Het al,
e-gp41 with regard to the viral membrane becomes access 1997) and ROE and short-mixing-time NOE experiments. Minimum

ible, .permlttlng Fhe. N-.termlnal fusion peptides to contact ., ranges employed fag, W, x; and X, were +30, +45, +20 and
and insert transitorily into the target membrane as a result =30°, respectively. Structures were calculated by simulated annealing
of random Brownian motion. in torsion angle space (Steat al., 1997) starting from three extended
This model has several attractive features. First, it igg:‘ddiﬁét;‘)!g‘gsg(ﬁﬁg ;";YGTQ%%?' ussimslﬁfgdprﬁg?:ﬁ'ig?usm< B?gngia”
IS relat'.vely simple since it doe? not require a large, et al, 1998), which was adapted to incorporate pseudopotentials for
topologically complex, conformational change that has 33, . and3}.c coupling contants (Garrett al, 1994), three-bond
not been observed to date by any structural or physico- amide deuterium isotope effects 8fC, shifts (Garrettet al, 1994),
chemical technique. Indeed, only a single conformation secondary*C, and*3Cg chemical shifts (Kuszweslit al, 1995), and
of e-gp41 has been observed by NMR (this paper; Caffrey a conformational database (Kuszewskial, 1996, 1997). A pseudo-

i 1997) circular dichroism (Wingfieldt al 1997) potentla_l term _for noncrystallographic symmetry was employed in all
et al, ’ ; ) v s ’ calculations. Figures were generated using the programs MOLMOL
EPR (Rabenstein and Shin, 1996), electron microscopy (Koradi et al, 1996) and GRASP (Nichollst al, 1991). Electrostatic
(Weissenhornet al, 1996) and X-ray crystallography calculations were performed with GRASP (Nichokg al, 1991).
(Chanet al, 1997; Tanet al, 1997; Weissenhoret al., Calculation, ranking and mapping of surface hydrophobic clusters was

. . . : _ carried out as previously described (Covellal, 1994; Younget al,
1997). Secondly, the fusion reaction is relatively non 1994). The coordinates for the final 40 simulated annealing structures,

specific, in agreement with the tolerance for mutations in together with the coordinates for the corresponding restrained regularized
the fusion peptide (Steffet al, 1992). Thirdly, the loop  mean structure and a complete list of experimental NMR restraints have
region, which is immunodominant, is exposed upon gp120 been deposited in the Brookhaven Protein Data Bank (Accession codes
dissociation (Xuet al, 1991). Finally, we note that this 2E£0: 2EZP, 2EZOMR).

model is not dissimilar from that proposed for the SNARE
proteins, which mediate cellular membrane fusion by
forming a complex between discrete proteins located
on different membranes in a manner analogous to the We thank Dan Garrett, Frank Delaglio and Gabriel Cornilescu for

. _ _ : ; software support, Rolf Tschudin for technical support, and Ad Bax for
association between the N- and C-terminal helices of (ot " discussions. This work was supported by the AIDS Targeted

e-gp41 (Webeet al,, 1998). Antiviral Program of the Office of the Director of the National Institutes
of Health (to G.M.C., A.M.G. and the Protein Expression Laboratory of
NIAMSD).
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