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Envelope oligomerization is thought to serve several crucial functions during the life cycle of human im-
munodeficiency virus type 1 (HIV-1). We recently reported that virus entry requires coiled-coil formation of the
leucine zipper-like domain of the HIV-1 transmembrane envelope glycoprotein gp41l (C. Wild, T. Oas, C.
McDanal, D. Bolognesi, and T. Matthews, Proc. Natl. Acad. Sci. USA 89:10537-10541, 1992; C. Wild, J. W.
Dubay, T. Greenwell, T. Baird, Jr., T. G. Oas, C. McDanal, E. Hunter, and T. Matthews, Proc. Natl. Acad. Sci.
USA 91:12676-12680, 1994). To determine the oligomeric state mediated by this region of the envelope, we have
expressed the zipper motif as a fusion partner with the monomeric maltose-binding protein of Escherichia coli.
The biophysical properties of this protein were characterized by velocity and equilibrium sedimentation, size
exclusion chromatography, light scattering, and chemical cross-linking analyses. Results indicate that the
leucine zipper sequence from HIV-1 is capable of multimerizing much larger and otherwise monomeric pro-
teins into extremely stable tetramers. Recombinant proteins containing an alanine or a serine substitution at
a critical isoleucine residue within the zipper region were also generated and similarly analyzed. The alanine-
and serine-substituted proteins behaved as tetrameric and monomeric species, respectively, consistent with the
influence of these same substitutions on the helical coiled-coil structure of synthetic peptide models. On the
basis of these findings, we propose that the fusogenic gp41 structure involves tetramerization of the leucine

zipper domain which is situated approximately 30 residues from the N-terminal fusion peptide sequence.

Envelope multimerization is thought to be critical for repli-
cation of fusogenic viruses such as human immunodeficiency
virus type 1 (HIV-1) (for reviews, see references 17, 40, and
50). Oligomerization of the viral envelope (Env) polypeptide
precursor gp160 is required for the processing and intracellular
transport (16, 17, 21) of a functional Env complex (composed
of the surface glycoprotein gp120 and the transmembrane pro-
tein gp41). This process has been termed assembly oligomer-
ization and is mediated through gp41 (19, 20). On the surfaces
of virus particles and infected cells, gp120 and gp41 are found
noncovalently associated in multimeric Env complexes that
have been variously described as dimers (19, 39, 49), trimers
(25, 35, 37), and tetramers (19, 37, 39, 40, 45, 49). Virus entry
also requires multimerization of the leucine zipper-like domain
(15) of gp41 via an intact coiled-coil structure (10, 11, 18, 51,
52), a process recently referred to as fusogenic oligomerization
(51).

While the molecular determinants of the different types of
Env oligomerization have been defined to various degrees, the
unique nature of the gp41 leucine zipper-like motif allows for
a more rigorous characterization. First described for eukary-
otic transcriptional activators (28), the leucine zipper consists
of four or five heptad repeat units of hydrophobic (typically
leucine or isoleucine) residues located at the first and fourth
positions of each heptad. The heptad motif gives rise to a-he-
lices that have been predicted to specifically associate along a
hydrophobic interface to form a coiled-coil structure (12, 13).
This structural prediction has been confirmed by X-ray crys-
tallographic studies (23, 33) using synthetic peptides that ac-
curately model the leucine zipper of the yeast transcription
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factor GCN4. On the basis of secondary structural analyses,
Gallaher and colleagues (24) identified a 33-residue region
(residues 560 to 592 of HIV-1, 4, gp160; numbering according
to reference 31) of gp4l that was predicted to assume an
extended amphipathic a-helix. This region was later shown to
contain several characteristics of the classic leucine zipper (15).
We have modeled this region using the synthetic peptide DP-
107 (residues 558 to 595 of gp160) and have shown that this
region does indeed exhibit structural components characteris-
tic of a coiled coil (51, 52). The gp41 zipper motif is highly
conserved among isolates of HIV-1, HIV-2, and the related
simian immunodeficiency viruses (15, 31). Similar heptad re-
peat sequences have also been detected in the transmembrane
envelope proteins of other families of viruses such as influenza
viruses (8), paramyxoviruses (4, 5, 8), and coronaviruses (3, 8),
pointing to a conserved functional role for this region in virus
replication.

Since leucine zippers have been shown to mediate dimeriza-
tion of several DNA-binding transcription factors (28, 34), it
has been suggested that the zipper domain of gp41 may be
responsible for multimerization of HIV-1 Env (15, 24). The
assembly domain of gp160 has been mapped to a 62-residue
region (residues 584 to 646 of gp160) located within the extra-
cellular domain of gp41 and overlaps the last heptad repeat
unit of the zipper-like motif (20). However, direct involvement
of this latter motif in Env assembly oligomerization has yet to
be demonstrated. In contrast, oligomerization of the gp41 zip-
per domain has been shown to be critical for Env multimer-
ization during the virus entry process (10, 11, 18, 51, 52). In
synthetic peptide models evaluated by circular dichroism (51,
52), single helix-disrupting nonconservative substitutions (e.g.,
proline or serine) at an invariant isoleucine residue (position
578) centrally located in the gp41 zipper sequence abrogated
coiled-coil formation, unlike the case for peptides containing a
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conservative substitution (e.g., alanine) at that position. Fur-
thermore, the ability of these peptides to assume a coiled-coil
structure was directly related to their antiviral activity (51, 52).
HIV-1 Env glycoproteins containing the same nonconservative
substitutions failed to mediate cell fusion when evaluated in an
Env expression system, although the synthesis, processing, as-
sembly oligomerization, and cell surface expression of the Env
complexes were unaltered (11, 18, 51). In addition, viruses con-
taining nonconservative substitutions at that position were un-
able to undergo membrane fusion and consequently failed to
initiate an infection (11, 18). In related studies by Chen and
colleagues (10, 11), single proline substitutions at four critical
isoleucine or leucine residues within the zipper motif yielded
similar results. These collective findings have led to the hy-
pothesis that the coiled-coil structure of the gp41 leucine zip-
per motif is involved in the formation of the fusogenic oli-
gomer but not the native prefusogenic oligomer. Such a model
then is reminiscent of the structural transition of an analogous
sequence in the influenza virus hemagglutinin envelope trans-
membrane protein (HA2) that occurs during pH-induced mem-
brane fusion, as described recently by Carr and Kim (7) and by
Bullough et al. (6).

Traditionally synthetic peptides have been used to model
coiled-coil structures in biological systems (34). Despite nu-
merous attempts, we have been unable to determine the exact
oligomeric state (e.g., dimer, trimer, or tetramer) of the gp41
leucine zipper region via sedimentation analysis of DP-107 and
related synthetic peptides. As an alternative approach, we have
expressed this domain as a fusion partner with the monomeric
maltose-binding protein (MBP) of Escherichia coli (2). This
strategy allows for a more rigorous biophysical characteriza-
tion, as coiled-coil formation in this context would require
multimerization of a much larger heterologous protein. To as-
sess the influence of single substitutions at residue 578 on pro-
tein oligomerization, mutant recombinant proteins containing
either an alanine or a serine substitution at this position were
also generated. The physical properties of the recombinant
proteins were characterized by five well-established methods:
sedimentation velocity and equilibrium ultracentrifugation,
size exclusion chromatography, light scattering, and chemical
cross-linking. The biological properties of these proteins were
also evaluated in an assay for virus-mediated cell fusion. In
these studies, the recombinant proteins appeared to accurately
model the gp41 coiled-coil structure. Using these complemen-
tary approaches, we determine the multimeric valency of this
region as expressed as a recombinant protein and evaluate the
effects of residue substitutions on polypeptide oligomerization.
Finally, we discuss potential roles that the gp41 zipper may
assume in the virus entry process.

MATERIALS AND METHODS

Plasmid construction. A fragment of the HIV-1yxp; env gene (nucleotides
2110 to 2256 [14]) encoding amino acids 550 to 598 of gp160 was generated via
PCR amplification of plasmid pgTAT (30). After purification, the fragment was
cloned into the pMAL-p2 vector (New England Biolabs, Beverly, Mass.) at the
Xmnl and EcoRI sites, in frame with the malE gene, which encodes MBP (26).
DNAs encoding the fusion proteins MBPAla and MBPSer were generated by
PCR-directed mutagenesis of pgTAT, using overlapping amplification primers
(27) which change the ATC codon specifying an isoleucine residue at position
578 to GCC (alanine) and TCC (serine), respectively. All 3" amplification prim-
ers introduce a stop codon immediately following the gp41 coding sequence. To
generate DNA expressing the control protein MBPstop, an Nhel linker (5'-
GGCTAGCC-3'; New England Biolabs) encoding a stop codon was introduced
into the Xmnl site of pMAL-p2 immediately downstream of the malE coding
sequence. Use of this linker resulted in the addition of a glycine residue to the
C terminus of the plasmid-encoded carrier sequence. All insert sequences were
confirmed by dideoxy sequencing using Sequenase enzyme (Amersham/Life Sci-
ences, Arlington Heights, IIL.).
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Protein expression and purification. Fusion proteins were expressed at 37°C in
E. coli NovaBlue cells {endAI hsdR17 (1>~ Myy,") supE44 thi-1 recAl gyrA96
relA1 lac [F' proA™B™ lacIZAM15::Tnl0(Tet")]; Novagen, Madison, Wis.}. Fol-
lowing induction with isopropylthiogalactoside (IPTG), proteins were extracted
from the bacterial periplasmic space via osmotic shock treatment and purified by
amylose affinity chromatography as recommended by the manufacturer. Protease
inhibitors (aprotonin at 2 pg/ml, phenylmethylsulfonyl fluoride at 40 wg/ml,
pepstatin A at 1 pg/ml, and leupeptin at 2 wg/ml; all obtained from Sigma, St.
Louis, Mo.) were added during purification. Protein-containing fractions were
pooled, dialyzed against phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 1.5 mM KH,PO,, 6.5 mM Na,HPO, [pH 7.4]), and concentrated by lyoph-
ilization, and the reconstituted proteins were stored at —70°C prior to analysis.
Typical yields ranged from 4 to 6 mg/liter of culture.

Peptide synthesis. Peptides were synthesized on an Applied Biosystems model
431A peptide synthesizer by using Fast Moc chemistry and purified by reverse-
phase high-pressure liquid chromatography as described previously (52). The
molecular masses of the peptides were confirmed by electrospray mass spectrom-
etry. Peptide and protein concentrations were determined spectrophotometri-
cally at A, (22).

Analytical ultracentrifugation. Sedimentation velocity and equilibrium analy-
ses were performed, using a Beckman Optima XL-A analytical ultracentrifuge
equipped with absorbance optics and an An-60Ti rotor (Beckman Instruments
Inc., Palo Alto, Calif.). For velocity studies, proteins were evaluated at concen-
trations ranging from 0.3 to 1.2 mg/ml in PBS. Samples were placed in two-
channel Epon centerpieces and centrifuged at 3,000 rpm and 25°C to confirm
initial solute concentrations. Samples were then subjected to velocity centrifu-
gation for 4 h at 24,000 rpm. Radial distributions of proteins were monitored by
optical absorbance at 280 nm, and boundary sedimentation data were collected
at 15-min intervals. Data from 7 to 10 consecutive scans were analyzed to
determine an apparent weight average sedimentation coefficient (s) for each
protein. Raw s values were derived by the transport method (44) and corrected
to standard conditions (sy,,) by using partial specific volumes (v, determined
from the amino acid composition and adjusted for temperature), solvent density
(p), and solvent viscosity as previously described (29). Estimated molecular
weights (M) were determined from corrected s coefficients by using the formula

M2/3 — Sl_}l’/}
= 0.01(1 - vp).

Sedimentation equilibrium analyses of MBP107 in six-channel Epon center-
pieces were conducted at 20°C and at four (for 1.5, 0.75, and 0.38 mg/ml in PBS)
or five (for 0.14 mg/ml in PBS) rotor speeds that ranged from 7,000 to 12,000
rpm. Radial distributions of proteins were monitored by optical absorbance at
280 or 220 nm, and data (approximately 100 datum points at each concentra-
tion and rotor speed) were collected after equilibrium had been established,
as judged from superimposition of successive scans taken at least 2 h apart.
Using the Optima XL-A Data Analysis software program, sedimentation
equilibrium data were fitted to theoretical curves predicted for each of four
models for evaluation of single data sets. These models employ a nonlinear
least-squares fit algorithm to model the following species: (i) a single ideal
species, (ii) a single nonideal species, (iii) two nonassociating species, and (iv)
a reversible associating system represented by up to four species. Multiple data
sets were analyzed simultaneously, using the multi-self model. The theoreti-
cal monomeric molecular size of MBP107 (48,184 Da) served as the basis for
molecular weight considerations in the self-associating monomer-multimer mod-
els.

Size exclusion chromatography. Proteins were also evaluated by gel filtration
fast protein liquid chromatography (FPLC). Sample aliquots were injected onto
a Superdex 200 column (1 by 30 cm diameter; Pharmacia Biotec, Piscataway,
N.J.) equilibrated with 250 mM sodium phosphate buffer (pH 7.1) containing 125
mM NaCl at room temperature. The flow rate was 0.5 ml/min, and absorbance
was monitored at 214 nm. The following globular protein standards were ob-
tained from Sigma Chemical Company: B-amylase (200 kDa), alcohol dehydro-
genase (150 kDa), bovine serum albumin (66 kDa), and carbonic anhydrase (29
kDa). Also used as protein standards were murine immunoglobulin G2b (150
kDa) and human gamma globulin fraction II (156 kDa). Apparent molecular
weights of the fusion proteins were determined by comparing their elution peaks
(calculated as the ratio of elution volume [V.] to void volume [V)]) against a
calibration curve generated by the elution peaks of the protein standards. 1, was
determined by gel filtration of blue dextran.

Light scattering. Light scattering analyses (36) were conducted with a Dy-
naPro-801 instrument (Protein Solutions, Charlottesville, Va.). Samples (1 mg/ml in
PBS) were centrifuged briefly, and the supernatants were passed through either
a 0.02- or 0.01-pm-pore-size filter prior to analysis. Three to five independent
determinations at room temperature were made for each sample. The apparent
molecular weight of each sample was determined from the measured transla-
tional diffusion coefficient and hydrodynamic radius by using the DynaPro-801
AutoPro software program. Light scattering data were best fitted either to a
monomodal regression model (for samples containing a single component) or to
a bimodal regression model (for samples containing two components).

Chemical cross-linking. MBP107 was further analyzed following chemical cross-
linking with ethylene glycol bis(succinimidyl succinate) (EGS; Sigma). Freshly
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FIG. 1. Diagram of MBP-based recombinant proteins expressing the HIV-1 gp41 leucine zipper-like domain. The HIV-1 gp41 transmembrane glycoprotein is shown
as a linear schematic. Highlighted is the 49-residue region (residues 550 to 598 of HIV-1; o; gp160) present in the recombinant proteins. The leucine and isoleucine
residues of the heptad repeat units are indicated by outline type. Residues corresponding to synthetic peptides used in this study are depicted relative to the protein
sequences. The factor Xa cleavage site is marked by an arrow, and residue position 578 is boxed.

prepared EGS dissolved in dimethyl sulfoxide was added to MBP107 (~0.5
mg/ml), and N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH
7.5) was added to a final concentration of 100 mM. The final EGS concentrations
are indicated in the legend to Fig. 6. After a 1-h incubation on ice, the reactions
were quenched for 30 min with glycine (100 mM [final concentration], pH 7.0).
The protein was then treated with sodium dodecyl sulfate (SDS) disruption
buffer and dialyzed against Tris-SDS buffer (50 mM Tris-HCI [pH 6.8], 1% SDS)
overnight at 4°C before analyzing by SDS-polyacrylamide gel electrophoresis
(PAGE).

Cells and virus. CEM cells (obtained from P. Creswell, Duke University
Medical Center, Durham, N.C.) were propagated in RPMI 1640 culture medium
containing 10% fetal calf serum. Molt-4 cells (obtained from J. Hoxie, University
of Pennsylvania, Philadelphia, Pa.) were cultured in RPMI 1640 medium con-
taining 20% fetal calf serum. HIV-1;5 was originally obtained from R. Gallo
(National Cancer Institute, Bethesda, Md.) (38).

HIV-1 cell fusion assay. The ability of fusion proteins and peptides to inhibit
virus-mediated cell fusion was evaluated as described previously (52). In a 96-
well microtiter plate format, CEM cells (10* in 45 pl of culture medium) chron-
ically infected with HIV-1;;3 were incubated with uninfected Molt-4 cells (7 X
10* in 45 pl of culture medium) in the presence or absence of inhibitor (10 pl,
twofold concentrations in PBS). After a 24-h incubation at 37°C, multinucleated
giant cells (syncytia) present in the cell culture were enumerated by microscopic
examination.

RESULTS

Construction, expression, and purification of fusion pro-
teins. To evaluate the oligomeric properties of the gp41 leu-
cine zipper-like domain in the context of a protein, this region
was expressed as a fragment fused to the C terminus of the
E. coli MBP. As diagrammed in Fig. 1, the leucine zipper
region lies within the extracellular domain of gp41 and is lo-
cated approximately 30 residues C terminal to the fusion pep-
tide domain in the linear gp41 amino acid sequence.

The recombinant protein MBP107 contains a total of 436
residues: 387 residues encoded by pMAL-p2 and 49 residues
derived from gp4l (Fig. 1). The pMAL-p2 vector encodes
MBP (373 residues) followed by a 10-glutamine residue spacer
and the four-residue factor Xa digestion site (Ile-Glu-Gly-
Arg). The gp41-derived region includes 38 residues modeled
by the peptide DP-107 (50) and an additional 8 residues N
terminal and 3 residues C terminal to the DP-107 region. The
additional N-terminal residues lengthen the plasmid-encoded
spacer located between the MBP- and gp41-specific sequences,
thus permitting the fusion proteins greater flexibility to bind to
the amylose resin during affinity purification and potentially
enabling the gp41-derived region to adopt an intermolecular
coiled-coil structure. The protease factor Xa cleavage site al-
lows the gp41-derived polypeptide to be separated from the
MBP fusion partner following factor Xa digestion (32). As
estimated by SDS-PAGE (Fig. 2), MBP107 migrates with a
molecular mass of approximately 50 kDa, consistent with its
calculated molecular mass of 48.2 kDa.

Also constructed were DNAs expressing mutant proteins
that contain a single substitution of either alanine (MBPAla)
or serine (MBPSer) at an isoleucine residue (I-578) centrally
located within the coiled coil (Fig. 1). Single point mutations at
this position have been shown to alter the biophysical proper-
ties of the gp41 coiled coil when modeled as peptides (51, 52).
MBPAIa and MBPSer also have apparent molecular masses of
approximately 50 kDa in SDS-PAGE (Fig. 2). As a control,
DNA encoding only the MBP carrier was generated. The re-
sultant protein MBPstop encodes 388 residues (387 MBP-
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FIG. 2. Expression of recombinant proteins. Proteins were expressed in E.
coli following induction with IPTG and were subjected to SDS-PAGE (10% gel).
Shown are preinduction (lane 1), postinduction (lane 2), and affinity-purified
(lane 3) samples of MBP107. Also shown are affinity-purified MBPAla (lane 4),
MBPSer (lane 5), and MBPstop (lane 6). Positions of molecular weight markers
are shown on the left.

derived residues and a C-terminal glycine residue generated
during plasmid construction). Its apparent molecular mass of
44 kDa (Fig. 2) is also consistent with the theoretical molecular
mass of 42.6 kDa.
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Fusion proteins were overexpressed in bacterial cells follow-
ing IPTG induction. The presence of an export signal encoded
by malE enabled the proteins to be exported into the periplas-
mic space, a process thought to promote the native folding of
bacterially expressed proteins (48). One-step affinity chroma-
tography was used to purify the fusion proteins to =95% ho-
mogeneity as assessed by SDS-PAGE followed by Coomassie
blue staining (Fig. 2).

Analysis by velocity sedimentation. Recombinant proteins
were subjected to velocity analytical centrifugation as an initial
attempt to determine the oligomeric state of the gp41 zipper
domain. In three independent experiments, various concentra-
tions of the recombinant proteins (0.3 to 1.2 mg/ml in PBS)
were analyzed at 25°C and 24,000 rpm. Representative sedi-
mentation scans are shown in Fig. 3. Apparent molecular
weights were estimated from the normalized s coefficients and

compared with the theoretical monomeric molecular weights
(Table 1).
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FIG. 3. Velocity sedimentation ultracentrifugation of recombinant proteins. Proteins (0.4 to 0.8 mg/ml in PBS) were centrifuged in an Optima XL-A centrifuge at
24,000 rpm and 25°C, and boundary sedimentation data were collected at 15-min intervals. Shown are raw data from scans taken at 45-, 105-, and 165-min intervals,
plotted as the absorbance of the solute concentration at 280 nm versus the radial distance. The peak located at the left of each scan marks the sample meniscus.

Sedimentation is from left to right.
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TABLE 1. Sedimentation velocity measurements of
recombinant proteins

Sedimentation Ratio, apparent mol

Apparent avg mol

Protein coefficient” wt/monomer
&) wt=SD mol wt®
MBP107 9.3-9.5 191,610 = 3,335 4.0
MBPstop 3.3-4.0 47,120 = 4,620 1.1
MBPAla 9.0-10.3 204,470 = 22,430 42
MBPSer 4.0-4.4 59,320 =+ 5,220 1.2

“ Obtained for each protein from three independent determinations (24,000
rpm and 25°C) and were standardized to s, ,,. The range of estimates is shown.

® Molecular weight in solution compared with the theoretical monomer mo-
lecular weight.

In these studies, MBP107 consistently sedimented at a faster
rate than MBPstop (compare Fig. 3A and B). The s coefficients
for MBP107 ranged from 9.3 to 9.5 and corresponded to an
average estimated molecular size of 191,600 Da, indicative of a
tetrameric species (Table 1). In contrast, velocity sedimenta-
tion of MBPstop resulted in an average s coefficient of 3.6 and
a corresponding apparent molecular size of 47,100 Da. Thus,
MBPstop sedimented as a monomer as has been previously
described (2). Similar results were obtained from velocity stud-
ies conducted at 32,000 rpm and at 20°C (data not shown).
Velocity sedimentation of MBP107 in the presence of maltose
did not alter its sedimentation rate (data not shown), indicat-
ing that protein multimerization occurs through the gp41-de-
rived region rather than the MBP carrier.

To determine the effects of single helix-disrupting (e.g.,
serine) and non-helix-disrupting (e.g., alanine) mutations in
the coiled-coil region on gp41 multimerization, recombinant
proteins containing an alanine (MBPAla) or serine (MBPSer)
substitution at position 578 were also examined by velocity
sedimentation. Representative sedimentation scans of MBPAla
and MBPSer are shown in Fig. 3C and D, and results from three
experiments are summarized in Table 1. MBPAla sedimented
with s values that corresponded to a tetrameric form, while
MBPSer sedimented with s values that approximated those of
a monomeric species. Therefore, the oligomeric states of these
mutant proteins are consistent with the ability of these single
residue changes to affect coiled-coil formation, as has been
reported for synthetic peptide models (51, 52).

Analysis by sedimentation equilibrium ultracentrifugation.
While the results from sedimentation velocity experiments
were suggestive of a tetrameric form for MBP107, this fusion
protein was further evaluated by the more accurate sedimen-
tation equilibrium method. Data collected at multiple protein
concentrations and rotor speeds were fitted initially to several
models to identify the one that best described the sedimenting
species. Results from these analyses indicated that the self-
associating monomer-tetramer model best described the be-
havior of MBP107, as determined by the observed fits to the
theoretical monomer-tetramer curves (x> values ranged from
1.3 X 107* to 4.1 X 10~°) and the random distributions of the
fit residuals. As a representative example, Fig. 4 depicts the
results of fitting the data generated by analysis of MBP107 at
1.5 mg/ml (7,000 rpm at 20°C) to self-associating monomer-
dimer, -trimer, -tetramer, and -dimer-tetramer models. Simul-
taneous fitting of multiple data sets obtained from analysis of
MBP107 at 0.14 mg/ml and five rotor speeds (7,000 to 12,000
rpm) also confirmed the best fit of the monomer-tetramer
model (global goodness of fit = 0.5663 and randomly distrib-
uted fit residuals; data not shown). For comparison, MBPstop
(0.75 mg/ml) was also subjected to equilibrium sedimentation
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analysis under similar conditions (10,000 rpm at 20°C). Data
were best fitted to those for a single ideal species having a
calculated molecular weight of 42,544 (x* = 3.39 X 10 ; data
not shown), in excellent agreement with its theoretical molec-
ular weight of 42,600.

To determine the relative concentrations of the monomeric
and tetrameric components of MBP107, monomer-tetramer
association constants (K, ,) were determined from the absor-
bance constants obtained at each protein concentration and
rotor speed (43). The large K, , values (approximately 10'°
M3; data not shown) and tetramer-to-monomer concentra-
tions (~8,000:1; data not shown) argue that MBP107 exists
almost entirely as a tetrameric species, with very little detect-
able monomeric component. The uniform, symmetrical bound-
ary fronts generated from successive scans of MBP107 during
velocity sedimentation (Fig. 3A) also point to a discrete oligo-
meric species assumed by this protein in solution. No evidence
of an intermediate dimeric state was observed, since data fit-
ting to a monomer-dimer-tetramer model was no better than
the theoretical fit to the monomer-tetramer model (Fig. 4C
and D).

Analysis of fusion proteins by size exclusion chromatogra-
phy. The recombinant proteins were also evaluated by size
exclusion chromatography to confirm their multimeric states.
Apparent molecular weights of the recombinant proteins were
estimated by comparing their elution volumes with those of
well-characterized protein standards. Data obtained from four
independent determinations for each protein are presented as
averaged values in Fig. 5.

In these studies, MBP107 eluted as a peak with an average
molecular mass of 187 kDa (range, 175 to 209 kDa). This
apparent molecular mass closely approximates that of a tet-
ramer having a theoretical molecular mass of 192.6 kDa. To
confirm that the elution peak of MBP107 does indeed repre-
sent an oligomeric form, fractions from chromatographed
MBP107 were collected and analyzed by SDS-PAGE (10%
gel). Single protein bands of approximately 50 kDa were ob-
served in fractions containing the elution peak (data not
shown). Rechromatographing of the peak MBP107 elution
fraction after storage for 24 h at 4°C revealed only a single
tetrameric form (data not shown), confirming the stability of
this protein as an oligomer. In contrast, MBPstop eluted as a
single peak with an average molecular mass of 41 kDa (range,
40 to 43 kDa), consistent with the monomeric state of this
protein (2).

The mutant fusion proteins were similarly analyzed by
FPLC. The elution peak for MBPAla corresponded to an av-
erage molecular mass of 217 kDa (range, 209 to 222 kDa),
while its serine-substituted counterpart MBPSer eluted as a
single peak with apparent average molecular mass of 45 kDa
(range, 44 to 49 kDa). Thus, MBPAIla and MBPSer behave as
oligomeric and monomeric species, respectively, consistent
with results obtained from analytical ultracentrifugation.

Light scattering analysis. Dynamic light scattering was used
as a complementary method to estimate the apparent molec-
ular masses of MBP107 and MBPstop. This technique mea-
sures the translational diffusion coefficient of polypeptides,
from which the hydrodynamic (Stokes) radius can be calcu-
lated. For these proteins, data from three to five independent
determinations were best fitted to either monomodal or bi-
modal Gaussian distributions, depending on the number of
components detectable in the sample (Table 2).

The MBP107 sample contained a predominant species of
189 kDa that represented the vast majority (>99%) of the
sample composition and corresponded to a tetrameric form. In
contrast, MBPstop was present as a single monomeric species
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FIG. 4. Sedimentation equilibrium ultracentrifugation of MBP107 as modeled by self-associating monomer-multimer models. The concentration profile of MBP107
was obtained at 20°C and 7,000 rpm under equilibrium conditions, with an initial concentration of 1.5 mg/ml. Data were fitted to the following monomer-multimer
models: monomer-dimer (fit, x> = 2.7 X 1072) (A), monomer-trimer (fit, x> = 8.4 X 1073) (B), monomer-tetramer (fit, x> = 1.3 X 10~%) (C), and monomer-dimer-
tetramer (fit, x> = 1.4 X 10™*) (D). In each panel, the distribution of fit residuals is shown at the top and the data (plotted as solute absorbance versus radial distance)
fitted to the theoretical curve (solid line) are shown at the bottom. Circles denote individual datum points. Sedimentation is from left to right.
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with an apparent molecular mass of 41.4 kDa. These results are
in good agreement with those obtained from analytical ultra-
centrifugation and size exclusion chromatography.

Chemical cross-linking analysis. To further demonstrate its
oligomeric form, MBP107 was treated with the irreversible
chemical cross-linker EGS, and the products were resolved by
SDS-PAGE (Fig. 6). The results suggest the presence of four
major species at the lowest cross-linker concentration (lane
C), with an apparent molecular size of the largest form
(208,000 Da) consistent with a tetramer. At the highest level of
cross-linker, the tetrameric form predominates the electro-
phoretic profile, with little evidence for monomeric or inter-
mediate complexes (lane F). This result is consistent with the
earlier experiments and indicates that the major oligomeric
species of MBP107 is tetrameric.

Antiretroviral activity. To determine whether the recombi-
nant proteins exhibited antiviral activity, these proteins were
evaluated in a HIV-1-mediated cell fusion assay (52). Since the
gp41-derived sequences in these proteins are 11 residues
longer than the 38-residue DP-107 peptide sequence (Fig. 1),
peptides corresponding to the 49-residue gp4l-specific se-
quences of the recombinant proteins were also synthesized and
evaluated to confirm the antiviral activity of each of these
slightly longer peptide sequences.

As summarized in Table 3, none of the fusion proteins in-
hibited syncytium formation in the cell fusion assay when as-
sessed at the highest concentrations tested. However, both the
wild-type peptide DP-280 and the parent peptide DP-107 in-
hibited 90% of syncytium formation at 8 pg/ml (1.4 M) and 7
pg/ml (1.6 wM), respectively. The alanine-containing peptide
DP-291 also demonstrated inhibitory activity, while the serine-
containing peptide DP-290 failed to exhibit antiviral activity at
the highest concentration tested. These results are consistent
with previously published results obtained with the shorter
DP-107 peptide and related analogs (51, 52) and demonstrate
the inhibitory activity of the slightly longer peptides whose
gp41-derived sequences are represented in the recombinant
proteins.

As shown in Table 3, the MBP107 and MBPAla proteins
lacked biological activity in the cell fusion assay. Although the
reason for this is unclear, the results were not unexpected since
the MBP carrier represents approximately 90% of the total
protein mass and may sterically hinder the accessibility of the
gp41 region for its target site. Preliminary attempts to cleave
the wild-type gp41-derived polypeptide from the MBP carrier
by using factor Xa have resulted in only 5 to 10% effective
cleavage (unpublished observations). Other investigators have
also reported difficulties in cleaving MBP-based recombinant
proteins with factor Xa (42). Further experiments will be re-
quired to optimize the conditions under which complete factor
Xa cleavage occurs. These conditions will most likely require
modification of the spacer region to a less structured sequence
(42) and denaturation as the cleaved polypeptide appears to
reassociate with the analogous region on intact fusion proteins
(unpublished observations).

DISCUSSION

In a previous study, we reported that synthetic peptide mod-
els of the predicted gp41 leucine zipper sequence assumed a
coiled-coil oligomeric structure in isotonic saline at neutral pH
(52). The prototype peptide, DP-107, contained 38 residues
and four heptad repeat units of the putative leucine zipper
motif. As analyzed by circular dichroism, the peptide model
(10 uM) adopted a stable structure which exhibited approxi-
mately 85% helicity and had a melting temperature of approx-
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imately 72°C. The melting temperature was also dependent on
peptide concentration, suggesting that the helices were stabi-
lized by association of peptide subunits to form coiled-coil
oligomers, consistent with peptide models of an unrelated
leucine zipper motif (34). Nevertheless, we were unable to
define the exact oligomeric state determined by the gp41 zip-
per motif with the synthetic peptide mimics, although a recent
study by Rabenstein and Shin concluded from sedimentation
equilibrium experiments that DP-107 existed as a tetramer
(41). In the current study, we have attempted to resolve this
question by using recombinant proteins engineered to contain
the gp41 zipper sequence at their C termini, reasoning that
such larger proteins would be more amenable to size analysis
by the physical techniques used here. Moreover, such reagents
serve as a more rigorous test of the potential of the gp41 zipper
domain to orchestrate oligomerization of structures with con-
siderably more protein mass than the shorter synthetic pep-
tides studied earlier.

Recently, Bernstein and colleagues (1) reported a similar
approach in which the leucine zipper motif was expressed at
the C terminus of a staphylococcal protein A (SpA) fusion
protein. It was clearly demonstrated in this latter study that the
gp41 heptad repeat sequence directed stable oligomerization
of the SpA fusion protein as either a trimer or tetramer. A
more precise definition of the multimeric state was not possible
because of the asymmetry of SpA. In contrast, MBP is known
to assume a spherical structure in solution (47). In agreement
with these predictions, the MBP control protein (MBPstop)
yielded size estimates close to theoretical by each of the tech-
niques used (Tables 1 and 2, Fig. 5, and data not shown). The
more ideal behavior of MBP then raises confidence in the
molecular weight estimates of MBP-based fusion proteins that

1000

= Molecular weight standards
O Recombinant proteins

MBPAIa

100 4

Molecular Weight (103)

1.0
1.2 H
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T 9w e 9 & %

— - — (o] ™ o~
Ve/Vo

Average Ve/Vo

Fusion protein Average molecular weight

MBP107 1.43 +/- 0.025 186,840 +/- 15,020
MBPstop 1.92 +/- 0.010 41,480 +/- 2,160
MBPAla 1.40 +/- 0.014 216,560 +/- 6,560
MBPSer 1.89 +/- 0.017 45,350 +/- 1,960

FIG. 5. Molecular weight determinations by size exclusion FPLC. A molec-
ular weight calibration curve was obtained from the elution profiles of the
following protein standards: B-amylase (200 kDa), human gamma globulin (156
kDa), alcohol dehydrogenase (150 kDa), murine immunoglobulin G2b (150
kDa), bovine serum albumin (66 kDa), and carbonic anhydrase (29 kDa). Ap-
parent molecular weights of the fusion proteins were determined by comparing
their averaged V,/V, ratios (obtained from four independent determinations for
each fusion protein) against the calibration curve. Numerical values of the
average V./V, ratio, estimated molecular weights, and standard deviations are
also presented.
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TABLE 2. Light scattering analysis of MBP107 and MBPstop

Sample Avg App arerllt . . .
Sample  component(s)® radius® mole’c‘u‘lar Predlcte‘d' olzigomenc
P p % mass state
( ”) (“m) (kDa)*
MBP107 1(99.7) 5.59 189 Tetramer (192.7 kDa‘)
2(0.3) 19.15 3,763 Aggregate
MBPstop 1 (100) 2.94 41.4  Monomer (42.6 kDa)

“ Calculated from the relative amplitude of light scattered from each compo-
nent.

b Hydrodynamic radius of each component estimated from three to five inde-
pendent determinations at room temperature, using a DynaPro-801 light scat-
tering instrument.

¢ Estimated from the hydrodynamic radius.

9 Predicted from the apparent molecular mass. Theoretical molecular masses
are given in parentheses.

contain the wild-type gp41 heptad repeat (MBP107). As de-
scribed in this report, characterization of MBP107 yielded mo-
lecular weight values consistent with tetrameric structures by
all techniques used. This protein appeared to be monodis-
perse, with little or no evidence of monomeric, dimeric, or
trimeric intermediates. This finding is consistent with the very
high K, , values as estimated by sedimentation equilibrium,
which predicts monomer-to-tetramer ratios of only 1 to ap-
proximately 8,000 at the concentrations studied. Similar and
even higher equilibrium constants were obtained by Raben-
stein and Shin for the DP-107 peptide model (41). If monomer
or dimer intermediates were present, then they would be below
the limits of detection associated with these techniques. The
results strongly argue that the gp41 heptad repeat sequence
self-associates into extremely stable tetramers which can best
be defined according to a tetrameric coiled-coil structure.
Previous studies have demonstrated that multimerization
events mediated through the gp41 zipper motif are critical for
virus entry but not for Env assembly into oligomeric complexes
(10, 11, 18, 51, 52). The lack of involvement of this region in
oligomerization of the native envelope was initially puzzling
given the stable multimeric structures assumed by the peptide
models. This apparent anomaly is further amplified in view of
the results presented in this report and those of Bernstein et al.
(1) which demonstrate that the heptad repeat sequence of the
gp41 ectodomain is sufficient to direct the stable oligomeriza-
tion of large and otherwise monomeric proteins such as SpA
and MBP. One model that reconciles these various findings is
based on structural transitions in the analogous envelope com-
ponent of the transmembrane envelope glycoprotein (HA2) of
influenza virus. Carr and Kim (7) and Bullough et al. (6) have
recently shown that a region in HA2 (residues 55 to 76 [6])
which does not participate in the trimeric coiled-coil stem
structure in the native envelope state undergoes a structural
rearrangement to a coiled-coil oligomer under conditions as-
sociated with membrane fusion. This site on HA?2 is approxi-
mately 20 residues C terminal to the HA2 fusion peptide se-
quence, which is the same relative position as the gp41 heptad
repeat and fusion peptide sequences (Fig. 1) (31). In an earlier
report (51), we also argued that the gp41 zipper domain exists
in more than one configuration during the virus life cycle.
During the assembly and native states of HIV-1 Env, this
region of gp4l is probably not a coiled coil but rather an
undefined structure in which the individual heptad repeat se-
quences are held apart, perhaps through interactions with
gp120 or other regions of gp41 (9). This hypothesis is consis-
tent with both mutational experiments which suggest no role of
the gp41 zipper in the oligomerization events that occur during
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FIG. 6. SDS-PAGE analysis of cross-linked MBP107. The MBP107 fusion
protein was treated for 1 h at 0°C with the cross-linker EGS at final concentra-
tions of 0 (lane B), 0.5 mM (lane C), 1 mM (lane D), 2 mM (lane E), and 5 mM
(lane F). The samples were disrupted with SDS and analyzed on an SDS-6%
polyacrylamide gel. The molecular weights of standards (lane A) are shown in
thousands at the left; the apparent molecular weights of the major cross-linked
species are indicated in thousands at the right.

Env assembly (11, 18, 51, 52) and deletion experiments that
point to sites C terminal to the zipper region as playing the
major role in Env assembly oligomerization (20). Therefore,
reorientation of the heptad repeat sequences into stable coiled
coils as noted here most likely occurs as an obligate step as-
sociated with membrane fusion.

Since our experiments strongly suggest a tetrameric struc-
ture for the gp41 zipper-like domain, we also believe it possible
that gp41 as a whole is a tetramer in its fusion-competent state.
However, there is good evidence that the HIV-1 Env precursor
gpl60 exists as a dimer shortly after its synthesis and during
transport to the cell surface (19, 21, 39, 49). Again, the gp41
zipper region does not appear to contribute to formation of
this early complex (11, 18, 49, 50). The oligomeric status of the
native Env following cleavage to gpl120 and gp4l is not as
certain, as dimeric (19, 39, 49), trimeric (25, 35, 37), and tet-
rameric (19, 37, 39, 40, 45, 49) forms have been reported.
Nevertheless, it is interesting to speculate that the oligomeric
state of HIV-1 Env is not constant throughout the virus life
cycle. Rather, Env may best be represented as a dimer during
early morphogenesis steps and perhaps even in the native state
but as a higher-order oligomer in the fusogenic state, the state

TABLE 3. Test for inhibition of virus-induced cell fusion

o .
Test protein Inhibitory concn’

or peptide peg/ml oM

Recombinant proteins

MBP107 >500° >10.4

MBPstop >188° >4.4

MBPAla >300° >6.2

MBPSer >280° >5.8
Synthetic peptides

DP-280 (I-578) 8 1.4

DP-291 (I-578A) 16 2.8

DP-290 (I-578S) >50° >8.8

DP-107 7 1.6

“ Concentration of protein or peptide that gave a 90% reduction in syncytium
formation between uninfected Molt-4 and HIV-1,;;z-infected CEM cells.
® Highest concentration tested.
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in which the heptad repeat coiled-coil oligomer is most likely
formed (11, 18, 51, 52). Such a situation would thus be more
complicated than that for the influenza virus model, which
involves trimeric forms in each of the assembly, native, and
fusogenic configurations of HA2 (6, 7, 53). Experiments are in
progress to further address these questions and better define
the oligomeric status of the DP-107 coiled-coil region as it
exists within gp41 rather than as isolated heptad repeats.
Several consequences may occur as a result of gp41 heptad-
mediated oligomerization during virus entry. As has been pro-
posed for influenza virus HA2, coiled-coil formation may re-
sult in the release of the N-terminal fusion peptide sequence
for subsequent insertion into the target membrane (53), the
recruitment of neighboring gp41 molecules into a growing fu-
sion pore (46), and/or the close apposition of viral and cellular
membranes (55). More recent studies also suggest that the
heptad repeat region defined by DP-107 may be directly in-
volved in binding to the host cell membrane (41). The recom-
binant proteins described in this study should prove valuable as
reagents in defining the contribution of the gp41 zipper region
to the complex entry process. Independent of issues related to
HIV-1 Env structure and function, the results shown here
clearly demonstrate that the leucine zipper motif of gp41 can
be combined with other protein sequences to yield very stable
and homogeneous tetrameric chimeras. Such complexes might
be of interest in a number of applications in which it is desir-
able to increase the valency and avidity of various proteins.
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