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ABSTRACT: The envelope glycoprotein of HIV-1 consists of the surface subunit gp120 and the
transmembrane subunit gp41. Binding of gp120 to target cell receptors induces a conformational change
in gp41, which then mediates the fusion of viral and cellular membranes. A buried isoleucine (1le573) in
a central trimeric coiled coil within the fusion-active gp41 ectodomain core is thought to favor this
conformational activation. The role of 1le573 in determining the structure and function of the gp120
gp41 complex was investigated by mutating this residue to threonine, a nonconservative substitution in
HIV-1 that occurs naturally in SIV. While the introduction of Thr573 markedly destabilized the gp41l
core, the three-dimensional structure of the mutant trimer of hairpins was very similar to that of the
wild-type molecule. A new hydrogen-bonding interaction between the buried Thr573 and Thr569 residues
appears to allow formation of the trimer-of-hairpins structure at physiological temperature. The mutant
envelope glycoprotein expressed in 293T cells and incorporated within pseudotyped virions displayed
only a moderate reduction in syncytium-inducing capacity and virus infectivity, respectively. Our results
demonstrate that the proper folding of the gp41 core underlies the membrane fusion properties of the
gpl20-gp41 complex. An understanding of the gp41 activation process may suggest novel strategies for
vaccine and antiviral drug development.

Membrane glycoproteins of enveloped viruses control the to an energetically more stable fusion-active state2( 5,
key process of viral entry by mediating the attachment of 6). Inhibition of this type of activation and refolding of the
the virion to target cells and the fusion of viral and cellular viral envelope protein may be central to strategies for the
membranes. Envelope glycoproteins on the surface of thetreatment or prevention of viral infections.
virion are thus major targets for the induction of protective
immunity and for the development of pharmacologic inter-
ventions. The best characterized viral membrane fusion
protein is the influenza virus hemagglutinin (HA)In
response to the mildly acidic conditions of the mature
endosome, influenza fusion is activated in a process requiring
complex structural changes in HA from a native (prefuso-

Human and simian immunodeficiency viruses (HIV and
SIV) also utilize a membrane fusion event to introduce their
infectious genomes into cells. The envelope glycoprotein is
synthesized as a gp160 polyprotein and cleaved intracellu-
larly to yield a noncovalent complex of the surface subunit
gp120 and the transmembrane subunit gp41 (reviewed in refs

genic) to a fusogenic (fusion-active) conformatidi-@). 7 and §). Con3|dder?b_le evidence now indicates .thatl the
Recent work has led to the hypothesis that the native PfiMate immunodeficiency virus entry process involves
conformation of HA is metastable: when incubated at the multiple steps. Upon interaction of the viral trimeric gp120
pH of fusion, it is transformed in a “spring-loaded” manner 9P41 complex with cellular receptors (CD4 and members
of the chemokine receptor family), the envelope glycoprotein
T This work was supported by National Institutes of Health Grants ““dergoes a conforma'qonal cha'ng'e ,that a"OWS t_he gp41
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aritapble lrust. H H
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hydrophobic grooves on the outer surface of the N-terminal MATERIALS AND METHODS
trimeric coiled coil (3, 15—21). The N-terminal coiled-coil ) ) ) )
formation appears to play a critical role in initiating the gp41 ~ Plasmid Constructions®lasmids for the expression of the
refolding process leading to membrane fusi@®, (and rgcomblnant I573T and |573.T/N36(L6).C34 .model polypep-
references therein). In the simplest model, the N-terminal tld_es were constructed by oligonucleotide-directed mutagen-
heptad-repeat region exists in an non-coiled-coil conforma- €SiS Of plasmids pN34/C28(L6) and pN36/L34(L6), respec-
tion in the native state but forms a coiled-coil trimer in the tively (28, 40). Standard protocols for DNA manipulations
prehairpin intermediate and fusogenic hairpin conformations Were followed ¢1). The 11e573 to threonine mutation was
(22—28). Evidence for the functional importance of this Introduced into the molecularly clonedw gene of the HIV-1
structural rearrangement comes from the finding that peptidesPrimary isolate ACH168.10 (168P) by using QuikChange
corresponding to the C-terminal helical region are potent Mutagenesis (Stratagene, La Jolla, CA) and verified by DNA
inhibitors of HIV-1 infection in vitro @9, 30); these peptides ~ Séduencing 42—44). The expression of the HIV-1 168P
are thought to pack into hydrophobic grooves of the envelopfa protein was W|th_|n the context of the eukaryotic
N-terminal trimeric coiled coil, thereby preventing formation €XPression vector pCR-Uni 3.1 (Invitroged3. The DNA
of the fusion-active hairpin structuré3, 15—-17). One such  Seéquence of the molecularly cloned 168fR (168P23) is
peptide, T-20, shows efficacy in reducing viral loads in referenged by accession number AF035532._ _Note that the
clinical trials 31). Furthermore, a prominent hydrophobic numbering system used to denote the positions of gp4l
cavity on the surface of the gp41 N-terminal coiled-coil core esidues in HIV-1 168P is based on the numbering of residues
has been shown to serve as a binding pocket for small-In HIV-1_ HXBZ,' to faC|I|ta_te comparison with structural
molecule fusion inhibitors32, 33). Thus, understanding the ~ information published for this envelope glycoprotel3(16,
factors that influence the folding and conformation of gp41
is likely to provide insights into the complex biology of Transfection and ImmunoprecipitatidRuGENE-6 reagent
HIV-1 entry and its inhibition. (Roche Molecular Biochemicals) was used to transfect
Coiled-coil motifs share a characteristic seven-amino acid human 293T cells (provided by G. Nabel, University of
(heptad) repeatapcdefq,, with hydrophobic residues atthe ~Michigan, Ann Arbor, MI) for transient expressiod).
first (a) and fourth ¢) positions and polar residues generally Typically, 1ug of the HIV-1erw expression plasmid and 3
elsewhere 34—36). Sequence comparisons between HIV-1 #L of FUGENE reagent were used, according to the
and SIV gp41 show that residues at thandd positions of manufacturer’s instructions, to transfect210° cells/well
the N-terminal heptad-repeat region are highly conserved in a six-well microculture dish. Transfection efficiencies were
(37—39). There is only one nonconservative substitution determined by immunochemical staining of monoloayers
(Ile573 in HIV-1 and threonine in the corresponding position fixed in a cold methanol/acetone mixture (1:1) using anti-
in SIV). Interestingly, the hydrophobicity of the side chain HIV immunoglobulin from infected persons (HIVIG) with
at position 573 markedly affects the proper folding of the alkaline phosphate-conjugated goat anti-human IgG antibody
gp41 core as well as the in vivo phenotypes of the gp120 (Kirkegaard and Perry Labs, Inc., Gaithersburg, MD) and
gp41 complex 23, 28). For example, the 1le573 to serine PhThalo Red chromogen (Kirkegaard and Perry Labs, Inc.).
mutation that impedes formation of the trimer of hairpins The expression of the 168#w within the transfected cell
also abolishes HIV-1 infectivityQ3, 28). Serine and threo- ~ Population and on the cell surface was also assessed by
nine differ by a Sing|e methy| group, yet threonine is entire|y Western blot anaIySiS. Surface proteins were labeled with
functional at the corresponding position (573) in SIV gp41. biotin (NHS-LC-biotin; Pierce Chemical Corp., Rockford,
This study directly tests the role of the Thr573 side chain, IL) as previously describedtp). Cells were lysed on ice in
as opposed to those of serine and isoleucine, in conferring90 MM Tris-HCI (pH 7.5), 150 mM NacCl, and 1% Triton
the structural specificity and conformational stability of the X-100 containing aprotinin, leupeptin, and pepstatin.gl
gp41l core, as well as in determining the membrane fusion ML each), and the envelope glycoprotein was immunopre-
activity of the HIV-1 envelope protein complex. The lle573 cipitated using HIVIG and protein ASepharose (Sigma).
to threonine substitution was found to decrease the thermalV¥Western blot analysis was performed using either the gp120
stability of the trimer of hairpins by 28C, relative to the V3 loop-directed mAb 50.146) or the gp41-directed mAb
wild-type molecule. In the 2.3 A resolution crystal structure Chessie 847), and horseradish peroxidase-conjugated sheep
of the mutant gp41 core, the,@tom of Thr573 is hydrogen ~ anti-mouse IgG antibody (Cappel, West Chester, PA). The
bonded to the Thr569 main chain CO group of the same biotinylated cell surface envelope glycoprotein was detected
helix, thereby forming a buried polar interaction in an by using the avidirrhorseradish peroxidase conjugate (Biome-
otherwise hydrophobic interface between the helices. This da Corp., Foster City, CA). Proteins were visualized by ECL
buried polar interaction appears to allow accommodation of detection (Amersham Pharmacia Biotech). Spontaneous and
the polar atom of Thr573 in the hydrophobic interface of soluble CD4-induced (18g/mL; 1 h at 37°C) shedding of
the N-terminal coiled-coil core and thus to maintain the gp120 into the supernatant of transfected cell cultures was
structural integrity of the trimer of hairpins for functional ~also assessed by Western blot analysis of HIVIG immuno-
gp41 activation. Indeed, the HIV-1 envelope glycoprotein Precipitable protein.
bearing the 11e573 to threonine mutation exhibits only a  Cell-Cell Membrane Fusion Assayhe ability of wild-
moderate reduction in fusion activity and virion infectivity. type and mutant envelope glycoproteins to mediate—cell
Our studies validate the notion that the conserved coiled- cell fusion was determined by coculturing env-expressing
coil interactions within the N-terminal heptad repeat are cells with U87 cells expressing CD4 and the CXCRA4
important determinants of the gp41 conformational change coreceptor43, 48, 49). Transfected envelope glycoprotein-
required for HIV-1 membrane fusion. expressing 293T cells and U87-CD4-CXCR4 cells were
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resuspended using 0.1 mM EDTA in physiologically buffered cuvette with buffer alone. The fractional helix content was
saline (PBS), and X 10* cells of each were added to a calculated from the CD signal by dividing the mean residue
96-well microculture dish. Cocultures were fixed and im- ellipticity at 222 nm by the value expected for 100% helix
munochemically stained after 3 and 24 h, and the percentageformation by helices of comparable size33000 deg crh
of envelope protein-expressing cells involved in syncytium dmol? (56). Thermal stability was determined in the same
formation was determined microscopically. buffer by measuringf].2, as a function of temperature. A
Generation and Characterization of Pseudotyped Virions. 1.0 cm path length cell was used with continuous stirring.
HIV-1 virions containing the wild-type or mutant envelope Thermal melts were monitored in T intervals with a 2
glycoprotein were constructed by cotransfection of human min equilibration at the desired temperature, and an integra-

293T cells with the env-expressing plasmid and éme- tion time of 30 s. Reversibility was checked by repeated
defective proviral plasmid pSVNLthyDBgK@, 50). This scans. The thermal melt of I573T was not reversible, while
latter plasmid contains the HIV NL4-3 provirus wittBgll — that of 1I573T/N36(L6)C34 was reversible with superimpos-

Bgll deletion of theernw gene. Cells were transfected using able folding and unfolding curves arx90% of the signal
a 1:1 ratio of the HIV-1 168w plasmid and pSVNLthy- regained upon cooling. The midpoint of the thermal unfolding
DBgl DNAs and FUGENE reagent (total ofdg of DNA transition ) was determined from the maximum of the
and 3uL of FUGENE-6 reagent for  10° cells per well first derivative, with respect to the reciprocal of the tem-
in a six-well microculture dish). Transfection and harvest perature, of thed].., values b7). The error in the estimation
conditions were optimized using the wild-type 168Rv of T is £1 °C.
plasmid. Three days post-transfection, cell culture superna- Sedimentation EquilibriumApparent molecular weights
tants containing pseudovirions were collected, filtered (0.22 were determined by sedimentation equilibrium studies with
um), and used without freezing. The relative amount of a Beckman XL-A Optima analytical ultracentrifuge as
envelope glycoprotein incorporated within wild-type and described previously5@). Protein samples were dialyzed
mutant pseudovirions was determined by analysis of pelletedovernight against 50 mM sodium phosphate (pH 7.0) and
particles purified by centrifugatiorb{, 52). The envelope 150 mM NacCl, loaded at initial concentrations of 10, 30,
glycoprotein was quantitated by Western blot analysis using and 10QuM, and analyzed at 28C at rotor speeds of 20 000
the gp120 V3-directed mAb 50.1 as described above, exceptand 23 000 rpm for 1573T, and 17 000 and 20 000 rpm for
that ECL-Plus (Amersham Pharmacia Biotech) was used andi573T/N36(L6)C34. Data were acquired at two wavelengths
specific chemifluoresence was determined using a Fuji FLA- per rotor speed and processed simultaneously with a non-
3000G analyzer. The relative amount of p24 was similarly linear least-squares fitting routin9). Solvent density and
quantified using HIVIG to identify pseudovirion p24%). protein partial specific volume were calculated according to
The infectivity of pseudovirion-containing supernatant was solvent and protein composition, respectivé@)( Molecular
determined by the enumeration of infected U87-CD4-CXCR4 weights were all within 10% of those calculated for an ideal
cells in 96-well microcultures4@, 48). The number of trimer, with no systematic deviation of the residuals.
infected foci was determined 2 days after infection by  Crystallization, Data Collection, and Structure Determi-
immunochemical staining of cultures fixed in a methanol/ nation. The I1573T/N36(L6)C34 mutant was crystallized by
acetone mixture using HIVIG, as described above. the hanging-drop vapor diffusion method at room tempera-
Protein Production and PurificationAll recombinant ture. To grow crystals, a 10 mg/mL HPLC-purified protein
polypeptides were expresseddacherichia colBL21(DE3)/ stock was diluted 1:1 with a reservoir and allowed to
pLysS using the T7 expression systed3)( Cells, freshly equilibrate against the reservoir solution. Initial crystallization
transformed with an appropriate plasmid, were grown to late conditions were screened by using sparse matrix crystalliza-
log phase. Protein expression was induced by addition oftion kits (Crystal Screen | and Il, Hampton Research,
0.5 mM isopropyl thiog-p-galactoside (IPTG). After an  Riverside, CA) and then optimized. Crystals of I573T/N36-
additiond 3 h of growth at 30 or 37C, the bacteria were  (L6)C34 in space groupl were grown from 0.1 M sodium
harvested by centrifugation, and the cells were lysed with citrate (pH 4.6), 5% propanol, and 7% polyethylene glycol
glacial acetic acid as described previously)( Proteins were ~ 4000. For data collection, crystals were transferred to a
purified from the soluble fraction to homogeneity by reverse- cryoprotected solution containing 15% (v/v) glycerol in the
phase HPLC (Waters) with a Vydac C-18 preparative column corresponding mother liquor. Diffraction data were collected
using a water/acetonitrile gradient in the presence of 0.1% at 95 K using an R-axis IV image plate detector mounted
(v/v) trifluoroacetic acid. The peptide identity was confirmed on a Rigaku RU200 rotating anode X-ray generator at the
by matrix-assisted laser-desorption ionization mass spec-X-ray Crystallography Facility at the Weill Medical College
trometry (PerSeptive Biosystems Voyage Elite). Protein of Cornell University. Diffraction intensities were integrated
concentrations were determined by measuring the absorbancey using DENZO and SCALEPACK softwarel) and
at 280 nm in 6 M guanidinium hydrochlorid&%). reduced to structural factors with the program TRUNCATE
Circular Dichroism SpectroscopyCD spectra were ac-  from the CCP4 program suité&?).
quired on an AVIV 62DS circular dichroism spectrometer  The structure of I573T/N36(L6)C34 was determined by
with a thermoelectric sample temperature controller. Samplesmolecular replacement using the program AMoB8)(The
for wavelength spectra were 10M peptide in 50 mM 2.4 A X-ray structure of the N34(L6)C28 trimer was used
sodium phosphate (pH 7.0) and 150 mM NaCl. The cuvette as a search model(). The initial model was built by using
path length was 0.1 cm. The wavelength dependence of molarconventional (B, — Fo)®cac and o — Fo)Pcac maps at
ellipticity, [6], was monitored at OC as the average of five 3.0 A. Overall anisotropi8-factor and bulk solvent correc-
scans, usig a 5 sintegration time at 1.0 nm wavelength tions were applied. Many cycles of torsional angle simulated
increments. Spectra were baseline-corrected against theannealing and groupeB-factor refinement §4) were fol-
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Ficure 1: Schematic view of the HIV-1 gp41 envelope glycoprotein. The important functional features of the gp41 ectodomain, the peptides
identified by protein dissection, and the sequences of N36 and C34 are shown. The N36(L6)C34 model consists of N36 and C34 plus a
six-residue linker. The Thr573 to threonine substitution is indicated below the N36 sequence. The disulfide bond and four potential
N-glycosylation sites are depicted. The residues are nhumbered according to their position in gp160 of the HXB2 HIV-1 strain.

lowed by extensive rebuilding. The resulting map revealed fusogenic gp41 conformation needed for initiating HIV-1
traceable electron density for all the amino acid residues membrane fusion. It is therefore puzzling that SIV gp41l
except for a few at the helix termini and in the linker region. contains the polar threonine residue at the corresponding
The final model corresponding to two trimers was built with position. To address how this nonconservative mutation
the program O &5). The structure was refined by using affects the folding of HIV-1 gp41, we substituted lle573 with
positional and-factor refinementsgd) for all data between  threonine in N34(L6)C28 (Figure 1). This mutant recombi-
50.0 and 2.3 A resolution. Crystallographic refinement of nant polypeptide, named 1573T, was produced by bacterial
the structure was carried out with the program CNS 66. expression and purified by reverse-phase high-performance
As the refinement proceeded, 271 waters were added. Modeliquid chromatography.

geometry was analyzed by PROCHECK7), with all Sedimentation equilibrium measurements were used to
residues but a few at the helix termini and in the linker region getermine the oligomerization state of the 1573T mutant. Like
occupying most-preferred regions of the Ramachandranipe wild-type peptide, 1573T sediments as a discrete trimer
space. Ala578 of monomers A and B, Leu660 of monomer ,yer a 10-fold range of peptide concentrations{1004M)

B, 116580 and Serl of monomer D, and Leus81 and GIu659 (rigure 2a and Table 1). On the basis of circular dichroism
of monomer E lie in the additionally allowed regions of the | ,easurements at a protein concentration 0N 50 mM
Ramachandran plot. The overall temperature factor of the gqq4iym phosphate (pH 7.0) and 150 mM NaCl 4€01573T
model is 28.5 A Side chains of Arg579 of monomers A ;onains >95% a-helical structure, whereas the same
and F, Arg4 of monomers AC and E, Met629 and Arg633 o ompinant peptide with the fusion-defective serine mutation

of monomer B, Glu659 of monomers C and F, Glu654 of (1573S) appears to be40% helical (Figure 2b and Table
monomer E, and GIn577 and GIn658 of monomer F are 1y ynder these conditions, 1573T exhibits a cooperative

disordered and were thus modeled as serine. Side chains ofhermal unfolding transition with an apparent melting tem-
Met629 of monomer A, GIn550, Arg57‘:_’3, [1e580, and Lys655 perature T) of 45 °C, as compared to the appar@tvalue

of monomer B, GIn577, Arg579, His643, Asn651, and of 70 °C for N34(L6)C28 (wild-type) (Figure 2c and Table
GIn658 of monomer C, His643, Glu654, and GIN658 Of 1y The |573T trimeric structure is less stable than the wild-
monomer D, Lys655 and GIn658 of monomer E, and 116580 1ne mojecule, yet it is considerably more stable than the
and Lys655 of monomer F were modeled as alanine, while ¢ resnonding 1573S mutant (Table 1). This reinforces the
side chains of LeuS81 and Ser1 of monomer A were modeled ey ation that buried polar residues in the hydrophobic
as glycine. In addition, 1le580 of monomer A, LeuS81 of . of 4 coiled coil are generally destabilizing (e.g..6@f
monomers B and C, Serl, Gly2, and Gly3 of monomers B, \eyertheless, it would appear that the 1573T mutant can fold

C, and F, and Leu661 of monomers A aned-E were left o, 5 stable trimer-of-hairpins structure at physiological
out of the model because of the absence of '”terpretabletemperature.

electron density for these atoms. . . . .
y To better understand how the buried threonine side chain

RESULTS influences the folding and stability of the gp41 core, we
determined the X-ray crystal structure of the trimeric gp41
gp41 Ectodomain Core with Buried Thr573 Residlés core containing the 1le573 to threonine mutation at 2.3 A
lle573 residue, located at am heptad position in the  resolution. We were unable to obtain crystals of the I573T
N-terminal heptad-repeat region of gp4l, is completely mutant in the N34(L6)C28 model and so made use of the
conserved in 208 of 213 fully sequenced M group HIV-1 slightly larger N36(L6)C34 model 70) (see Figure 1).
strains 68). All the remaining five isolates at this position Crystals of 1573T/N36(L6)C34 have distinct, triclinic sym-
possess a conservative valine substitution. Mutagenesismetry and contain six monomers in the asymmetric unit; each
studies have shown that nonconservative substitutions formonomer is related by an approximate noncrystallographic
lle573 abolish infectivity and membrane fusioR3| and 3-fold axis. Using the molecular replacement method, an
cause a folding defect in the recombinant N34(L6)C26 initial model corresponding to two trimers was built. Iterative
polypeptide model for the gp41 ectodomain ca&28)( Thus, rounds of manual rebuilding and refinement increased the
the high level of sequence conservation of the buried quality of the initial electron density map and served to
isoleucine residue is thought to result from selective pressurereduce model bias, as guided chiefly by improvement in the
to maintain the trimeric coiled-coil interactions within the freeR-factor. The structure has been refined to a conventional
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Ficure 2: Folding of the I573T peptide as anhelical trimer. (a)
Sedimentation equilibrium data (20 000 rpm) of I1573T collected
at 20°C in 50 mM sodium phosphate (pH 7.0) and 150 mM NaCl
at a protein concentration 0f30 uM. The natural logarithm of
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Table 1: Summary of Circular Dichroism and Sedimentation
Equilibrium Data for the HIV-1 gp41 Core Mutants

—[0]222 molecular
model (deg cn? dmoi™?) Tn? (°C) mass (kDa)
N34(L6)C28 31 300 70 24.4
1573S 13100 25 NA
1573T 32 300 45 24.1

a All scans and melts were performed at a protein concentration of
10 uM. P NA, not applicable. The 1573S peptide forms an insoluble
aggregate at concentrations abevE M in 50 mM sodium phosphate
(pH 7.0) and 150 mM NacCl.

The overall architecture and helix packing of the 1573T/
N36(L6)C34 trimer are the same as those of the wild-type
gp41l core 13, 16, 17). Three molecules, each consisting of
an N36 helix paired with an antiparallel C34 helix, pack
together around the noncrystallographic 3-fold axis to form
a trimer of hairpins. Three N36 helices form an interior, par-
allel coiled-coil trimer with a left-handed superhelical pitch,
while three C34 helices wrap in an oblique, antiparallel man-
ner against the surface of the N36 coiled coil (Figure 3b).
The root-mean-square (rms) deviation between ghtoms
of the entire helical regions between 1573T/N36(L6)C34 and
the wild-type N36/C34 complex16) is 0.54 A. This
correspondence indicates that the Thr573 substitution causes
little distortion of the trimer-of-hairpins structure. In addition,
comparatively weak electron density and higher-than-average
main chainB-values suggest that the Ser-Gly-Gly-Arg-Gly-
Gly hydrophilic linker of the I573T/N36(L6)C34 mutant may
be dynamically disordered. Thus, the linker does not
dominate formation of the trimer of hairpins.

In both wild-type and 1573T/N36(L6)C34 structures, three
N helices are packed together in the classical acute “knobs-
into-holes” arrangement characteristic of trimeric coiled coils,
in which the G—C;s bonds in the side chains (knobs) of
residuesa and d make an acute angle with respect to the
recipient holes formed by spaces between four residues on
the neighboring helice$0, 71). The Thr573 side chains, at
the a position, face each other across the molecular 3-fold
symmetry axis and form a network of new hydrogen bonds
between the side chain,@tom and the backbone carbonyl
group of Thr569 in the preceding turn of the same helix
(Figure 4). As a consequence, a cavity (29 & located

the absorbance at 280 nm is plotted against the square of the radiabetween the Thr569 and Thr573 layers. No electron density
position. The random distributions of the residuals indicate that |45 apparent in this cavity. The Thr573 side chains move
the data fit well to an ideal single-species model. The slope of the | ¢ h other t d th t f th iled-coil
plotted data indicates the 1573 peptide is a trimeric species. The ¢'0S€l 10 €ach other toward the center of the colled-col
calculated data for dimeric and tetrameric models are indicated by trimer. The radius of the coiled-coil core at this Thr573 layer,

solid and dashed lines, respectively. (b) Circular dichroism (CD) calculated on the basis of the average—C, distance

spectra of I573T ®) and 1573S 4) at 0 °C in 50 mM sodium

phosphate (pH 7.0) and 150 mM NaCl at a protein concentration

of 10 uM. (c) Thermal melts monitored by CD at 222 nm for 1573T
(O) and 1573S 4). The decrease in the fraction of a folded molecule
is shown as a function of temperature.

R-factor of 19.1% and a freB-factor of 27.0% for data in

between the residues at the same heptad layer, is 3.79 A. In
contrast, the radius of the corresponding lle573 layer in the
wild-type N36/C34 structure is 3.94 A. It would appear that
the stabilization energy gained from the favorable hydrogen-
bonding and side chain packing interactions allows the polar
threonine residues to be accommodated in the interior coiled-

the resolution shell from 50.0 to 2.3 A. The root-mean-square coil core without significantly altering the trimer-of-hairpins
deviations of bond lengths and bond angles from the ideal structure. In addition, the,Gatoms of the Thr573 side chains

values are 0.006 A and 0.9respectively. The final B, —

are too far from each other to make van der Waals contacts

F. electron density map is of good quality (Figure 3a) and and the buried Thr573 residue therefore contributes little to
reveals the positions of all amino acid residues except for athe interhelical packing interactions.

few disordered residues at the helix termini and in the six-

Membrane Fusion Properties of the 1573T Jeiope

residue loop region (see Materials and Methods). The Glycoprotein Replacement of the buried lle573 residue by

crystallographic statistics are summarized in Table 2.

either serine, glycine, or proline completely inhibits the abil-
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a

FiGURe 3: Crystal structure of the 1573T/N36(L6)C34 trimer. (a) Stereoview of the final electron density map at 2.3 A resolution, contoured
at 1.0 standard deviation above the average density. The acute knobs-into-holes packing of Thr5a &irebis shown. (b) Side view

of the G, traces of the N36 and C34 helices in the N36/C34 complex (green) and 1573T/N36(L6)C34 (red) structures which were used for
the superposition. The N-terminus of N36 and the C-terminus of C34 are at the top of the figure. (c) A cross section of the helix packing
near the Thr573 layer. Structures of N36/C34 (green) and I573T/N36(L6)C34 (red) are overlaid. The figures were generated with the
program SETOR&2).

ity of the envelope glycoprotein to mediate membrane fusion in other studies of envelope glycoprotein biologa,(45,

and also disrupts formation of the trimeric N34(L6)C28 72). The gp41 subunit of the 168P envelope glycoprotein is
complex @3, 28). The structure and folding of the gp41 core identical to the wild-type N34(L6)C28 in amino acid

is thus believed to control the key process of HIV-1 sequence throughout the N34 region and ataatind d
membrane fusiorn?@, 28). Therefore, a mutation that affects  positions of the C28 helix.

the stability of the trimer-of-hairpins structure would be In keeping with the minimal structural changes induced
predicted to change the fusion properties of the HIV-1 by the lle573 to threonine mutation characterized above, we
envelope glycoprotein. Since the 1573T mutant clearly could detect no differences in the biosynthesis of the wild-
maintains the trimer-of-hairpins structure, albeit with less type 168P and I573T envelope glycoproteins when expressed
thermal stability, we asked whether the threonine mutation in human 293T cells. Transient transfection studies yielded
would also affect the membrane fusion activity of the comparable frequencies and levels of envelope glycoprotein
gpl20-gp41 complex. To test this, we introduced the lle573 expression. Furthermore, envelope glycoprotein processing
to Thr mutation into the intact envelope glycoprotein of the and transport to the cell surface were also comparable, as
HIV-1 primary isolate ACH168.10 (168P). This dual core- determined by Western blot analysis of cell surface-expressed
ceptor-utilizing primary isolate has been well-characterized gp160 and gp120 (Figure 5a). In both case80% of the

(42, 44), and the molecularly cloneshw gene has been used cell surface envelope protein was found as mature, pro-
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Table 2: X-ray Data Collection and Refinement Statistics a cell surface  supernatant
unit cell dimensions S L
a,b, c (A) 38.92, 41.87, 55.98 N8 N8
a, B,y (deg) 90.59, 88.93, 96.28 gp120
space group P1
data processing -
resolution (A) 50.6-2.3
no. of measured reflections 62249
no. of unique reflections 14667 .
completeness (%) 96.1 b pseudovirions
Rmergé' (%) 7.6
refinement \ﬁ\\bﬁﬁ’a\gﬁ‘ \ﬁ\\é'“qa\@'b‘
resolution (A) 50.6-2.3 :
no. of reflections in the working set 13174
no. of reflections in the test set 1493 9p160-— “ . 024
no. of protein non-hydrogen atoms 3494 gp120-
no. of water molecules 271
red” (%) 27.0 Ficure 5: Analysis of envelope glycoprotein expression and
Rerys? (%) 19.1 incorporation into pseudotyped virions. (a) Western blot analysis
averageB-factor (A2) 28.5 of wild-type and I573T envelope glycoprotein expression in
rms deviations from ideality transfected 293T cells. The cell surface envelope glycoprotein (left)
bond lengths (A) 0.006 was identified by surface biotinylation as described in Materials
bond angles (deg) 0.9 and Methods. Shed gpl120 was identified in the cell culture
torsion angles (A) 15.9 supernatant (right) using mAb 50.1. (b) Western blot analysis of

@ Rmnerge = 2|l — [OOVZI, wherel is the intensity of an individual
measurement andClis the average intensity from multiply recorded
reflections.® Reyst = Z|Fobs — Fead/ZFobs WhereFo,s and Fearc are the
observed and calculated structural factors, respectivelyo Matoff
was appliedRyeis calculated for a set of reflections that were excluded
from refinement.

—

Thr 573

Thr 569

Ficure 4: Thr573 side chain hydrogen bonding to the Thr569
carbonyl group in the I1573T/N36(L6)C34 structure. Oxygen,
nitrogen, and carbon atoms are colored red, blue, and yellow,
respectively. The hydrogen bond is shown as a purple dotted line.
This figure was created with the program SETCER)(

teolytically processed gp120. The accumulation of unproc-

centrifugally purified pseudotyped virion particles containing wild-
type and I573T envelope glycoprotein. The virion envelope
glycoprotein (left) was identified as described using mAb 50.1. The
virion p24 core antigen (right) was identified using HIVIG.

The ability of the wild-type and I573T envelope glyco-
proteins to mediate ceficell fusion was assessed by coc-
ulture of envelope glycoprotein-expressing 293T cells with
human U87 glioma cells expressing both CD4 and the
CXCR4 coreceptor (U87-CD4-CXCR433, 48, 49). Enve-
lope glycoprotein-induced ceticell fusion was assessed
microscopically at 3 and 24 h following mixing of the cells.
The 1573T mutant envelope glycoprotein was entirely
competent in inducing multinucleated syncytium formation.
In most experiments, however, the 1573T mutant yielded a
slightly lower percentage of envelope glycoprotein-express-
ing cells in syncytia and a smaller number of nuclei per
syncytia at the 24 h time point (typically £@0 nuclei/
syncytium vs 36-50 nuclei/syncytium in the wild type)
(Figure 6). Syncytium formation could be inhibited by
incubation with soluble CD4, and both envelope glycopro-
teins were similarly sensitive to this inhibition, with an
ICso (50% inhibitory concentration) of100ug/mL. Thus,
and in striking contrast to the previously published 1573S
mutant envelope glycoprotei@3), the I573T protein appears
only slightly reduced in its ability to mediate membrane
fusion.

Infectivity of HIV-1 Virions Bearing the 1573T Emlope
Glycoprotein To test the ability of the I573T mutant
envelope glycoprotein to mediate virgsell fusion and to
initiate infection, we generated pseudotyped virion particles
bearing the wild-type and 1573T envelope glycoproteins.

essed (and fusion-inactive) gp160 presumably reflects satu-These pseudotyped viruses were produced by cotransfection

ration of the cellular proteolytic machinery in the context of
high levels of envelope protein expression. Examination of
the cell culture supernatants from transfected cells also

of 293T cells with a plasmid expressing the respective
envelope glycoprotein and a plasmid expressing an otherwise-
infectious HIV NL4-3 provirus genome but with a deletion

revealed comparable levels of spontaneously shed wild-typein the erw gene 43, 50). Particles comprising the NL4-3

168P and I1573T gp120 (Figure 5a). Incubation with soluble
CD4 did not significantly increase the amount of gp120
shedding above this level. Thus, the wild-type and 1573T
envelope glycoproteins were indistinguishable in their bio-
synthesis transport and processing.

core and the respective envelope glycoprotein were harvested
from the culture supernatant and contained comparable
amounts of virion p24 core antigen (Figure 5b). In addition,
both wild-type and 1573T envelope glycoproteins were
incorporated into virion particles with comparable efficien-
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wild-type 1573T

Ficure 7: Infectivity of pseudotyped virions bearing wild-type or
I1573T envelope glycoprotein. Pseudotyped virions were prepared
as described, and assayed for infectivity using U87-CD4-CXCR4
cells. Infectious titer of pseudovirions per milliliter of transfected
cell supernatant. Nominal titers were calculated using data from
the 1:16 dilution.

DISCUSSION

Evidence suggests that the HIV-1 envelope glycoprotein
can adopt at least three different conformations: the native
state, the prehairpin intermediate, and the fusogenic state
(reviewed in refsl2 and73). This structural polymorphism
is the means whereby the gp41 molecule is activated to drive
membrane fusion during viral entry. The structural and
biophysical properties of a proteolytically resistant ectodomain
of HIV-1 gp41l in the putative fusogenic state are well-
characterized]@, 1517, 28, 54, 74). Three gp41 molecules
envelope glycoprotein. 293T cells were transfected to transiently form a trimer of hairpins in which an N-terminal three-
express the wild-type or I573T envelope glycoprotein and were stranded coiled coil is surrounded by a sheath of three
cocultured with U87-CD4-CXCR4 target cells for 24 h to assess antiparallel C-terminal helices. Earlier genetic studies showed
envelope glycoprotein-mediated cedell fusion. The micropho- 4t conservative changes (leucine or valine) in the 1le573

tograph demonstrates the functionality of the 1573T envelope _. o . .
glycoprotein (b), as well as the slight reduction in the ultimate extent S't€ (ana position in the gp41 N-terminal heptad-repeat

of multinucleated cell (syncytium) formation relative to the wild-  region) maintain a wild-type fusion phenotype, while non-
type glycoprotein (a). Envelope protein-expressing cells are stainedconservative mutations (serine or proline) result in the

in red. envelope glycoproteins that are completely defective in
mediating membrane fusio23). Interestingly, a correlation
cies, as determined by the ratio of the envelope glycoproteinjs opserved between mutational effects on the thermal
to the p24 gag core protein in centrifugally purified particles stapility of the N34(L6)C28 trimer and on the membrane
(Figure 5b). As on the cell surface, mature gp120 comprised fusjon activities of the intact envelope glycoprote8y It
only a fraction of the total virion envelope protein. Both wild-  would appear that the free energy made available by the
type and I1573T pseudotyped particles yielded infectious assembly of the fusogenic gp41 core complex is required to
virus. Viral titers were determined by titration of pseudotyped bring two lipid bilayers into intimate approximation to initiate
virus stocks onto U87-CD4-CXCR4 cells. In these studies, fusion @, 12—14). In a similar manner, triggering N-terminal
high concentrations of transfected cell supernatant-containingtrimeric coiled-coil formation at an early step of the gp41
pseudotyped virus{(1:10 dilution of supernatant onto target activation process is postulated to provide a thermodynamic
cells) exhibited an unexplained inhibitory effect on infectiv- driving force for its initial structural rearrangements toward
ity. The nominal titer of infectious wild-type and I573T  the prehairpin intermediate, though few details are understood
pseudotyped virions was therefore determined at greater(22, 26, 28). This conformational change likely facilitates
dilutions where the number of foci of infected cells was exposure of the hydrophobic, glycine-rich sequence termed
linearly related to the virus input (Figure 7). This analysis the fusion peptide at the N-terminus of gp41, leading to
suggests that the infectivity of pseudotyped virions bearing insertion into the bilayer of the target membrane to bridge
the 1573T mutant envelope glycoprotein is not markedly the two membranes at the fusion site 2, 75, 76).
reduced relative to pseudotyped virions bearing the wild-  The N-terminal heptad-repeat sequence of gp41 is one of
type envelope glycoprotein. It should be noted that the precisethe most highly conserved regions within the HIV-1 envelope
interpretation of pseudotyped virion titer is confounded by glycoprotein, a protein noted for its diversity among even
variability among transfection experiments and by the high closely related isolateS7—39). When HIV and SIV gp41
level of uncoordinated synthesis and assembly of virion are compared, 10 of 15 residues at &@ndd positions are
particles in this system. The slight reduction observed in viral identical, with a single nonconservative substitution (11573
infectivity in the 1573T virion corresponds with the previ- to threonine) present at anposition. This high degree of
ously noted reduction in the ability of the I573T envelope sequence conservation supports the proposal that the hydro-
glycoprotein to mediate ceficell fusion, and perhaps with  phobicity of the substituted residue at position 573 is critical
the moderate reduction in the thermal stability of the I573T for refolding of gp41 into its fusogenic conformation during
gp41l core. membrane fusion. The presence of a polar threonine residue
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at this site in SIV gp41 raises questions about this proposal. of the fusion-active gp41 core. We suggest that the confor-
In this study, we have analyzed the structural role of the mational state and membrane fusion activity of the gp120
Thr573 residue on the folding and stability of the HIV-1 gp41 complex are mechanistically coupled and thermody-
gp41 core. Thermal unfolding experiments indicate that the namically linked.
[1e573 to threonine mutation leads to a destabilization of the A major problem in the development of envelope protein
trimer-of-hairpins structure by &, shift of ~25°C, with a immunogens for HIV-1 vaccines is the lack of information
Tm value of 45°C for the 1573T mutant. By comparison, about the antigenic structure of the functioning envelope
the fusion-defective 11e573 to serine mutation essentially glycoprotein. Recent studies suggest that the transiently
disrupts the formation of the gp41 core structure (Table 1). populated intermediate structures within the gpgp41
The crystal structure of the 1573T/N36(L6)C34 mutant at complex are able to elicit broadly neutralizing antibodies
2.3 A resolution shows that the buried Thr573 residue is (72). An understanding of the structural determinants for the
accommodated in the trimer of hairpins, and that tha®m native and intermediate conformations of the HIV-1 envelope
of Thr573 is able to form a new hydrogen bond with the protein will thus have ramifications beyond general consid-
main chain CO group of Thr569 of the same helix. erations of the biology of viral entry and will be critical in
Consequently, the polar atoms of the threonines are inac-the rational design of potential vaccine immunogens. It is
cessible to solvent, thereby allowing them to pack efficiently possible, as perhaps in SIV, that introducing mutations to
in the coiled-coil trimer interface. Indeed, the same buried destabilize the HIV-1 N-terminal trimeric coiled-coil interac-
intrahelical hydrogen bond is formed between Thr569 and tions within the prehairpin intermediate could block gp41
the invariant Thr573 residue in the SIV N36/C34 trim&g)( activation and shift the conformational equilibrium of the
Interestingly, in the case of SIV, the replacement of Thr573 envelope protein toward the native state. Efforts to preserve
with isoleucne further increases tfig of the trimeric SIV the native envelope glycoprotein structure in vaccine can-
N34(L6)C28 complex from 48 to 69.%C, a value close to  didates have to date relied on approaches to stabilize the
that of the analogous HIV-1 wild-type moleculg7. trimeric gp126-gp41 complex&0, 81). Alternatively, muta-
Therefore, we infer that the buried core residue at position tions such as those at position 573 that destabilize the
573 (threonine in SIV vs isoleucine in HIV-1) is responsible fusogenic gp41 hairpin structure may result in an increased
for a thermal stability difference between the HIV-1 and SIV  population of the postulated prehairpin intermediate. The data
gp41 cores. This stability difference may be related to known presented here suggest that the analysis of gp41 ectodomain
phenotypic differences between HIV-1 and SIV envelope core mutants may offer a test bed for the definition of the
glycoproteins 22, and references therein). For example, it gp41 conformational states and may allow the stabilization
has been reported that the gp120 and gp41 subunits associatef either the native gp126gp41 complex or intermediate
more tightly in SIV than in HIV-1 {8, 79). One might structures. Emerging structural, biophysical, and blological
envision that this association is strengthened not by stabiliza-information will provide insights to guide the development
tion of the native gpl126gp41 complex but rather by the of effective HIV vaccines and antiviral agents.
relative destabilization of the fusion-active core of SIV gp41
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