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ABSTRACT: HIV is an enveloped virus and fusion between
the HIV and host cell membranes is catalyzed by the
ectodomain of the HIV gp4l membrane protein. Both the
N-terminal fusion peptide (FP) and C-terminal membrane-
proximal external region (MPER) are critical for fusion and are
postulated to bind to the host cell and HIV membranes,
respectively. Prior to fusion, the gp41 on the virion is a trimer
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in noncovalent complex with larger gp120 subunits. The gp120 bind host cell receptors and move away or dissociate from gp41
which subsequently catalyzes fusion. In the present work, large gp41 ectodomain constructs were produced and biophysically and
structurally characterized. One significant finding is observation of synergy between the FP, hairpin, and MPER in vesicle fusion.
The ectodomain-induced fusion can be very efficient with only ~15 gp41 per vesicle, which is comparable to the number of gp41
on a virion. Conditions are found with predominant monomer or hexamer but not trimer and these may be oligomeric states
during fusion. Monomer gp41 ectodomain is hyperthermostable and has helical hairpin structure. A new HIV fusion model is
presented where (1) hemifusion is catalyzed by folding of gp41 ectodomain monomers into hairpins and (2) subsequent fusion
steps are catalyzed by assembly into a hexamer with FPs in an antiparallel § sheet. There is also significant interest in the gp41
MPER because it is the epitope of several broadly neutralizing antibodies. Two of these antibodies bind our gp41 ectodomain
constructs and support investigation of the gp41 ectodomain as an immunogen in HIV vaccine development.

Human immunodeficiency virus (HIV) is enveloped by a
membrane obtained during viral budding from an
infected host cell. An early step in infection of another cell is
fusion of the viral and cell membranes with accompanying
release of the viral nucleocapsid into the cytoplasm.' The HIV
membrane includes a gp160 glycoprotein complex comprised
of two noncovalently associated subunits, gp120 and gp41.”
Gp41 is a ~350-residue monotopic integral membrane protein
with a ~180-residue ectodomain (Figure 1). Gp120 is bound to
the gp41 ectodomain. HIV targets lymphocytes via binding of
gpl20 to cell receptors and gpl20 moves away from or
dissociates from gp41. Gp4l then undergoes large conforma-
tional changes with accompanying catalysis of membrane
fusion. Direct fusion with the plasma membrane has been
observed as well as fusion with endosomes following virion
endocytosis.”> Fusion appears to occur near physiologic pH via
either route. To our knowledge, the gpl120/cell receptor
complex is only for target cell identification and gp41 is the
only fusion protein. Much of our biophysical understanding of
fusion has therefore come from studies of gp41 with an
empbhasis on its ectodomain which can contact the outer leaflets
of both the viral and cell membranes. Mutagenesis has
demonstrated that there are two ~20-residue regions of the
gp41 ectodomain that play key roles in fusion likely through
membrane interaction.* ® The N-terminal fusion peptide (FP)
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and C-terminal membrane-proximal external region (MPER)
are postulated to bind to the host cell and viral membranes,
respectively. The fusion significances of the FP and MPER have
been supported by observation of vesicle fusion induced by FP
or MPER peptides. There is an intervening N-heptad repeat
(NHR), loop, and C-heptad repeat (CHR) between the FP and
MPER domains (Figure 1).

Electron micrographs of virions show clusters of three gp160,
that is, three gp120 and three gp41 molecules. These clusters
are likely the initial protein state before any changes in
membrane topology because of membrane fusion.” The
extraviral region of gp160 is termed gp140 and is comprised
of gp120 and the gp41 ectodomain without the gp41 TM and
gp41 endodomain. WT gpl40 is typically monomeric but
gpl40 trimers can be stabilized via mutations and a gp120/
gp41 ectodomain cross-link.>” There are ~5 A resolution
structures of such gpl40 trimers that likely represent the
protein state prior to membrane fusion.''> The structure
includes a loose bundle of three parallel NHR helices and three
CHR helices forming a tripod. The monomer structure is
NHR-helix/70°-turn/ CHR-helix. The FP and MPER are not in
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Figure 1. (A) Schematic diagram of HIV gp41 where FP = fusion peptide, NHR = N-heptad repeat; CHR = C-heptad repeat, MPER = membrane-
proximal external region, TM = transmembrane domain, and endo = endodomain. (B) Amino acid sequences of HP, HM, and FP-HM. The epitopes

of the 2F5 and 4E10 bNAbs are marked.

the structure. There are also atomic-resolution structures of
segments of the gp41 ectodomain typically without the FP and
MPER and without gp120."*7*® These show NHR-helix/180°-
turn/CHR-helix hairpin structure as well as assembly of three
molecules into a six-helix bundle (SHB) with the three NHRs
forming parallel coiled-coil structure on the bundle interior and
the three CHRs packing antiparalle] to the NHRs on the
bundle exterior. Melting temperatures of ~70 °C are observed
for shorter ectodomain constructs with hairpin structure
whereas temperatures up to 110 °C are observed for longer
constructs.'”'® This thermostability has supported the SHB as
the final gp41 structure during fusion.

In addition to the initial NHR/70°-turn/CHR bent structure
and the final NHR/180°-turn/CHR SHB structure, a “pre-
hairpin intermediate” (PHI) structure has been proposed to
form after removal of the gp120s. Each PHI gp41 has a fully
extended (no turn) structure, that is, NHR-helix/0°-turn/
CHR-helix and there are separate NHR and CHR trimer helical
bundles. To our knowledge, the existence of the gp41 PHI is
only supported by functional studies, in particular inhibition of
membrane fusion and HIV infection with NHR or CHR
+MPER peptides.'”*° These peptides are proposed to bind to
the CHR and NHR bundles of the PHI, respectively, and to
inhibit the PHI — SHB structural transition. CHR+MPER
peptides are a clinically prescribed HIV treatment.”'

There are also distinct membrane structures during fusion.
The separate viral and host cell membranes first merge into a
hemifusion intermediate characterized by intermembrane lipid
mixing and no contents mixing. This is followed by breaking
the hemifusion barrier and formation of a small pore through
which small species (e.g,, atomic ions) can pass. The fusion
pore then expands to create a single membrane enclosing the
cell and the viral capsid.

There are little data about the relative timing of gp41 and
membrane structural changes. One common model I has been:
(1) gp120 receptor binding followed by gp120 removal; (2)
formation of extended PHI gp4l trimer followed by FP
insertion into the host cell membrane; (3) PHI — SHB trimer
folding that brings the two membranes close together; (4)
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hemifusion; () initial pore formation; and (6) fusion pore
expansion.”® The appealing intuitive aspect of this model is that
some of the free energy released during PHI — SHB folding is
used to form membrane intermediates. However, the relative
timings of this model are not supported by the observation that
CHR+MPER peptides inhibit fusion up to the final fusion pore
expansion step.”’ Because the peptides are presumed to bind to
the PHI trimer but not the SHB trimer, these data suggest an
alternative model II: (1) gp120 receptor binding followed by
gp120 removal; (2) formation of extended PHI gp41 trimer
followed by FP insertion into the host cell membrane; (3)
hemifusion; (4) initial pore formation; (5) PHI — SHB trimer
folding; and (6) fusion pore expansion.**

In the present work, we show that the gp41 ectodomain can
form stable hairpin monomers as well as stable hexamers that
are likely composed of two SHB trimers. CHR+MPER
inhibitor peptides likely bind to the monomer but not the
trimer or hexamer. These findings are the basis of a new model
III (Figure 12): (1) gp120 receptor binding followed by gp120
removal; (2) dissociation of gp41 ectodomain into monomers
and formation of extended PHI gp41 ectodomain monomer
followed by FP insertion into the host cell membrane; (3) PHI
— hairpin monomer folding that brings the two membranes
close together; (4) hemifusion; (S) initial pore formation; (6)
hairpin monomer — SHB trimer — hexamer ectodomain
assembly; and (7) fusion pore expansion. Like model I and
unlike model II, the new model III retains the appealing
coupling of the PHI — SHB transition to initial steps of
membrane fusion. There are more reasonable coordinated
changes of the ectodomain and membrane topologies for PHI
— SHB monomer folding of model III than for PHI — SHB
trimer folding of models I and II Finally, the discovery of
stable hexamers correlates with other data supporting a
requirement of multiple gpl60 trimers for membrane fusion
and HIV infection.”**¢

Much of our understanding of the FP and MPER regions of
the gp41 ectodomain has been based on studies of vesicle
fusion induced by peptides.”’ > Rapid (~5 s) fusion typically
requires 500—1000 peptides per ~100 nm diameter vesicle
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which is much higher than the ~30 gpl60 per virion and
suggests that there are aspects of viral fusion unaccounted for in
the peptide studies.®® A reasonable hypothesis with some
supporting data is that the rest of the ectodomain plays an
important role in fusion. In the present work, we demonstrate
efficient vesicle fusion with only ~15 gp41 per vesicle provided
that the FP, hairpin, and MPER are included in the large gp41
ectodomain construct. To our knowledge, this is the first
demonstration of fusion synergy between the FP, hairpin,
MPER in a large gp41l ectodomain construct. Such synergy
correlates with postulated binding of FP and MPER regions to
host cell and viral membranes, respectively, and also with
postulated FP/MPER interaction in a folded hairpin structure.

The MPER is the epitope of several broadly neutralizing
antibodies (bNAbs) that prevent infection by diverse isolates of
HIV.>*" There has consequently been continued effort to
develop a HIV vaccine with a MPER immunogen. The
ectodomain with MPER and hairpin structure is a candidate
immunogen in part because of the stability of this structure.
However, there is disagreement in the literature about the
antigenicity of the hairpin, that is, whether bNAbs bind well to
the MPER in this structure.**>* The present study shows such
binding for the hairpin ectodomain which is initially in a
monomer or hexamer state.

B MATERIALS AND METHODS

HP and HM Inserts. Amino acid (Figure 1B) sequences are
for the HXB2 laboratory strain of HIV and are described using
gpl60 numbering (see Supporting Information for DNA
sequence). HP and HM include the NHR residues S535-
(M535C)-581 and a non-native loop (SGGRGG). HP includes
CHR residues 628—666 and a non-native Hg tag. HM includes
CHR+MPER residues 628—683, a non-native G, spacer, and a
non-native H, tag. The HP insert in the pGEM-t vector without
the Hy tag has been previously described and the Hg tag was
then added via PCR.*® The HM insert was generated from the
HP insert via multiple rounds of PCR.

HP and HM Expression, Solubilization, and Purifica-
tion. The expression host was Escherichia coli, BL21(DE3)
strain. The typical protocol began with addition of 1 mL of
bacterial glycerol stock to S0 mL of LB medium. After
overnight growth at 37 °C, the 50 mL culture was added to 1 L
of fresh LB medium. Growth was continued for 2 h with a final
ODyg of ~0.8. Protein expression was induced with addition of
2 mM IPTG and continued for 6 h at 37 °C. “Pellet I” (~9 g)
was harvested by centrifugation at 9000g. The next steps were
done at 4 °C using 30 mL PBS at pH 7.4 with protease
inhibitor cocktail. Three g of pellet I was suspended in PBS and
lysed by tip sonication in an ice bath. The lysate was
centrifuged at 48000g and the resultant “pellet II” was sonicated
in PBS with subsequent centrifugation. SDS-PAGE showed that
the resultant “pellet III” had a high mass fraction of
recombinant protein (RP). Pellet III was effectively solubilized
by sonication in PBS + 6 M GuHCI and the RP in this solution
was purified at ambient temperature by affinity chromatography
with Co?* resin. The resin suspension solutions were PBS (pH
74) + 6 M GuHCI + imidazole and resin was isolated using
gravity filtration. After initial protein binding with 1 mM
imidazole, weakly bound proteins were removed using
sequential washes with S mM imidazole (2x), 10 mM
imidazole (2X), and 20 mM imidazole (2X). The RP was
eluted using 250 mM imidazole (4 X ) and the purified yields of
HP and HM were ~50 and ~15 mg/L culture, respectively, as
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determined by A,g. Elutions were (1) diluted to ~0.1 mg RP/
mL in PBS + 6 M GuHCI + 2 mM DTT; (2) dialyzed at 4 °C
against SO mM sodium formate buffer (pH 3.2) + 150 mM
NaCl + 0.2 mM TCEP reducing agent; and (3) concentrated to
~1 mg/mL. HP and HM were aggregated in the pH 5—9 range
in the absence of GuHCI. Aggregation of either protein was
evidenced by a visibly significant quantity of protein precipitate.

Synthesis and Purification of FP-HM. FP23 (residues
512—534 (S534A)-(thioester linker)) was synthesized manually
by t-boc chemistry, purified by RP-HPLC, and quantitated with
the BCA assay. Purity was >95% by MALDI MS. Native
chemical ligation between FP23 and HM was done with 1.2
mM FP23, 1.2 mM HM, 0.1 M sodium phosphate buffer at pH
7.2, 8 M GuHCl, 60 mM MPAA, 2 mM TCEP, 1 day time, and
ambient temperature. The ligation products were purified by
RP-HPLC.

Size-Exclusion Chromatography (SEC). A DuoFlow
Pathfinder 20 instrument (Bio-Rad) was used with a flow
rate of 0.3 mL/min, A,g detection, and Tricorn semi-
preparative columns (GE Technologies).

CD Spectroscopy. A Chirascan spectrometer (Applied
Photophysics) was used with a quartz cuvette with 1 mm path
length. There were 0.5 nm steps with 1.5 s per step. For each
sample, three scans were averaged. The final spectrum was the
(RP + buffer) — buffer difference spectrum.

Western Blots. Purified RP in SDS buffer (~0.5 mg/mL)
was boiled followed by SDS-PAGE (~5 ug RP per lane) and
transfer to a nitrocellulose membrane and incubation in a 10
mL solution containing antibody (S yg), TBST at pH 7.4, and
5% w/v nonfat dry milk. Subsequent incubation with Goat
Anti-Hamster IgG (H+L) HRP conjugate secondary antibody
(1 pg) was followed by development with SuperSignal West
Pico chemiluminescent substrate.

Immunoprecipitation. Five microgram quantities of RP
and antibodies were used from 1 mg/mL stocks. Solutions
other than RP stock contained PBS at pH 7.4. bNAb was
incubated with Protein G magnetic beads followed by 3X wash
removal of free bNAb. Because RP binds to unpassivated beads
but not IgG, the beads were incubated with IgG and then
washed. The beads were then incubated with RP in 700 uL
solution for 1 h and washed. Bound RP and antibodies were
removed by boiling in SDS sample buffer and analyzed by SDS-
PAGE.

Protein-Induced Vesicle Fusion. Lipid:Chol (1.0:0.5
umole) was dissolved in chloroform followed by chloroform
removal with nitrogen gas and vacuum pumping. The film was
homogenized by freeze—thaw cycles in ~1 mL buffer and
extruded through 100 nm diameter pores to form unilamellar
vesicles. Fluorescently labeled vesicles were similarly prepared
except that the mixture also contained 2 mol % of the
fluorescent lipid N-NBD-PE and 2 mol % of the quenching
lipid N-Rh-PE. Labeled and unlabeled vesicles were mixed in
1:9 ratio with total [lipid+Chol] & 230 #M. Fluorescence of the
stirring vesicle solution was measured at 37 °C with 467 nm
excitation, 530 nm detection, and 1 s time increment. After
measurement of the baseline fluorescence F, a protein aliquot
was added and marked time t = 0. Vesicle fusion was reflected
in the increased fluorescence AF(t) = F(t) — F, because of
longer distances between fluorescent and quenching lipids in a
fused (labeled+unlabeled) vesicle relative to the initial labeled
vesicle. The dead-time in the assay was ~5 s and asymptotic
fluorescence (AF;) was usually reached by ~600 s. The
maximum fluorescence change (AF,,) was detected after
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Figure 2. (A) *C SSNMR spectra of a cell pellet harvested from centrifugation of a cell lysis in PBS. The E. coli cells contained a plasmid with the
HM insert and expression was induced for 2 h in minimal medium containing *CO-Leu. Any expressed HM will therefore be *CO-Leu labeled.
The SSNMR acquisition parameters included a 9.4 T magnetic field, 4 mm diameter rotor, 8 kHz magic angle spinning frequency, and ~1 day of
signal averaging. The ratio of integrated isotropic '*CO intensity (peaked at ~175 ppm) to integrated aliphatic intensity (0—90 ppm region)
translates to expression of ~300 mg HM/L culture. (B) SDS-PAGE of purified HM (MW = 13.7 kDa) and HP (MW = 11.6 kDa). (C) MALDI MS
of FP-HM ligation product twice-purified by RP-HPLC. The experimental ratio [m/z(FP-HM)/m/z(HM)] is 1.1522 and matches the ratio of

expected MWs, [MW(EP-HM)/MW(HM)] = 1.1522.

addition of 12 uL 10% Triton X-100 which solubilized the
vesicles. Percent fusion was M(t) = {AF(t)/AF.,} X 100.
Comparison among assay replicates showed 6(M;)/M; ~ 0.02.

We wanted to compare vesicle fusion induced by HP, HM,
and FP-HM where all proteins were in the same stock buffer
conditions. FP-HM was not soluble without 6 M GuHCI, so
the chosen stock conditions were 10 mM sodium formate at
pH 3.2, 6 M GuHC], and 0.2 mM TCEP. The effects of the
stock pH and GuHCI were minimized by always adding 7.5 uL
of stock into a final total volume of 1200 uL with final
[GuHCl] = 40 mM. Vesicle fusion was done for final pHs of 3.2
and 7.4 with respective stock [protein] = 20 M and 160 uM,
chosen so that (1) for all proteins, M; < 100% with no light
scattering; and (2) for at least one protein, My was appreciably
greater than 0%.

B RESULTS

High-Yield Protein Production. Cells that had expressed
HP were lysed in PBS but SDS-PAGE of the soluble lysate did
not show a clear HP band. It was therefore concluded that most
of the HP was in inclusion bodies (IBs). After an additional
lysis in PBS, different solubilization conditions were tested for
“pellet III” as defined in the Experimental section. Similar
intensity HP bands were observed in SDS-PAGE of the lysates
from glacial acetic acid, 1% w/v SDS, 8 M urea, or 6 M GuHCL
Purification of the 6 M GuHCI lysate yielded HP with high
purity (Figure 2B). The most intense band was the HP
monomer and there were also reproducible weaker dimer bands
confirmed to be HP by Western blotting with anti-His tag
antibody. The purified yield was ~50 mg HP/L culture.
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The first HM construct had a Hg C-terminal tag without
glycines and the initial efforts to solubilize and purify the
protein were unsuccessful as judged by no clear band in SDS-
PAGE. It was unclear whether the main problem was low
expression, low solubilization, or purification losses. HM
expression prior to solubilization was then quantitated with a
recently developed solid-state NMR (SSNMR) method.*®
Addition of *CO-Leu during the expression period resulted
in *CO-labeling of HM. Cells were lysed in PBS followed by
centrifugation of the lysate and the harvested pellet was
enriched in any HM IBs. The *C NMR spectrum of this pellet
showed a prominent *CO feature consistent with ~300 mg
HM/L in IBs (Figure 2A). The main bottlenecks to purified
HM were therefore low solubilization of HM IBs or purification
losses.

A systematic search was carried out to find conditions for
solubilization of HM IBs. Two sequential lyses were done in
PBS to solubilize other proteins. Assessment of solubilization of
HM IBs in pellet III was done by (1) visual reduction in pellet
size; and (2) SDS-PAGE of the solution. Many conditions that
solubilized HP IBs did not solubilize HM IBs. Appreciable HM
solubilization was only achieved with 1% SDS or 6 M GuHCl
and the latter additive was chosen for solublization and
purification. HM with Hg tag did not bind the Co®" resin
whereas HM with a G,Hg tag bound so tightly that there was
no elution with 250 mM imidazole. HM with a G,H, tag both
bound tightly to the resin with 20 mM imidazole and also
eluted from the resin with 250 mM imidazole. The purified
yield was ~15 mg HM/L culture and SDS-PAGE showed
dominant monomer and weaker dimer bands (Figure 2B).

FP-HM was produced by native chemical ligation between
FP and HM and purified by RP-HPLC. For one round of
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Figure 3. SEC Ay profiles for HP with (A) 1 mg/mL loading, Superdex 200 column and (B) 10 mg/mL loading, Superdex 7S column. The loading
and running buffer was 50 mM sodium formate pH 3.2, 150 mM NaCl, and 0.2 mM TCEP. The blue numbers are the MW standards in kDa and
their respective elution volumes are the downward blue arrows. There are accompanying SEC profiles of the MW standards, as well as plots of K,, vs

log,o(MW) (Supporting Information).

purification, MS intensities showed FP-HM:HM = 1.2 which
correlated with SDS-PAGE (Supporting Information). For two
rounds of RP-HPLC, the FP-HM:HM ~ 10 (Figure 2C).
However, there was too little FP-HM, so the FP-HM+HM
mixture after only one round was used for subsequent
experiments.

Solubility Only at pH 3 or with 6 M GuUHCI. Solubility in
a particular buffer was examined by (1) dialyzing the protein
(~0.2 mg/mL) against the buffer for 1 day; (2) centrifugation
at 16000g for S min; and (3) measuring protein concentration
in the supernatant. A protein was typically either soluble by the
criterion [final concentration]/[initial concentration] > 0.8 or
poorly soluble with obvious precipitation.

None of the proteins were soluble in (1) 10 mM sodium
formate at pH 5.0; (2) S mM HEPES/10 mM MES at pH 7.4;
(3) PBS at pH 7.4 with or without 0.1% (w/v) nonionic
detergent (Triton X-100, N-lauroylsarcosine, n-decyl-f-p-
maltopyranoside, and n-dodecylphosphocholine were tested);
or (4) 10 mM Tris at pH 9.0. Both HP and HM were soluble in
10 or 50 mM sodium formate buffer at pH 3.2. However, FP-
HM was not soluble under these conditions. All proteins were
soluble with 6 M GuHCI at either pH 3.2 (50 mM sodium
formate) or pH 7.4 (10 mM sodium phosphate). There was
solubility either with or without 150 mM NaCl. At pH 7.4,
there was no appreciable solubility with [GuHCl] < 6 M.

Monomer or Hexamer and Not Trimer. Oligomerization
was probed by SEC for conditions that satisfied the above
solubility criteria. The typical protein loading was 1 mg/mlL,
and there was ~10-fold dilution in the column. For a particular
buffer, the dominant oligomeric state was either monomer or
hexamer and never trimer. For example, for HP at pH 3.2
without GuHCI, the SEC profile is consistent with a monomer
(Figure 3A). This is significant as CD, calorimetric, and vesicle
fusion studies of gp41 ectodomain constructs have often been
done with protein at pH 3."%*>* It has typically been assumed
that there are SHB trimers; however, the SEC only shows
monomers. For 10 mg HP/mL loading concentration, the SEC
profile also shows a major fraction monomer with much smaller
fractions of trimers, hexamers, and larger aggregates (Figure
3B). SEC was attempted for HM at pH 3.2 without GuHCl but
the protein bound to the Superdex column material. For buffer
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with 6 M GuHCI at either pH 3.2 or pH 7.4, both HP and HM
show major fraction hexamer with much smaller fractions
assigned to dodecamers, 24-mers, and aggregates with MW > 2
MDa (Figure 4). Although cell physiology does not include 6
M GuHC], it is the only condition we found that resulted in a
defined small oligomer state. The hexamer is also the dominant
species when non-native protein tags are added to the
ectodomain construct.>® We therefore used 6 M GuHCI as
one initial solubilization condition in subsequent experiments.
The major hexamer population and minor populations of larger
oligomers likely represent a thermodynamic equilibrium state.
This was evidenced by collecting the hexamer fraction,
concentrating to 1 mg/mL, and then reloading this fraction
for a second round of SEC. The resultant SEC profiles for HP
and HM are similar to those initially observed (Supporting
Information).

Hyperthermostable Hairpin Structure of the Mono-
mer. CD spectra of HP and HM at pH 3.2 without GuHCI
have the 208/222 nm minima characteristic of a helical
structure and the 6,,, values are consistent with dominant
helical structure (Figure SA). HP is predominantly a monomer
in this buffer so the data support a highly helical monomer.
There is a small fraction of trimer for high SEC loading and the
CD spectrum of this fraction is also consistent with dominant
helical structure. The ~15% reduction in 16,,,| of trimer relative
to monomer is not understood. For HM, there was a small
linear decrease in 16,5, between 20 and 95 °C (Figure SB) that
is similar to the previously observed temperature-dependence
for HP and other large ectodomain constructs at pH 3. This
corrlglates with calorimetrically determined T, values of ~110
°C.

CD spectra for the D632A and D632A/W628A mutants of
HP provide additional support for the helical monomer model
(Figure SC). In the atomic-resolution SHB trimer structure,
D632 and WS574 form an intermonomer CHR/NHR salt
bridge and W628 and W571 form an intramonomer hydro-
phobic interaction. There is negligible difference between the
WT and D632A CD spectra whereas there is about two-times
less magnitude molar ellipticity in the D632A/W628A
spectrum that is consistent with a significant loss in helicity.
These data support hairpin monomer structure of HP which is
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Figure 4. SEC A, profiles from a semipreparative Superdex 200
column for HP and HM in buffers containing 6 M GuHCI and 150
mM NaCl. The pH 3.2 buffer was 50 mM sodium formate with 0.2
mM TCEP and the pH 7.4 buffer was 10 mM phosphate with 2 mM
DTT. For each run, the loading and running buffers were the same and
the loading stock solution had a 1 mg/mL protein concentration. The
blue numbers are the MW standards in kDa and their respective
elution volumes are the downward blue arrows. The most prominent
peaks in the profiles correspond to hexamer masses and vertical dashed
lines show the elution volume offset between the HP and HM
hexamers. Smaller peaks most consistent with dodecamer and 24-mer
masses are identified by shaded regions. For HM, there is also a small
peak associated with the V, void volume, that is, aggregates with MW
> 2 MDa.

similar to a monomer unit of the SHB trimer structure (Figure
11A). The T, of ~110 °C corresponds to unfolding of hairpin
monomer rather SHB trimer.

For HP and HM in 6 M GuHCI at either pH 3.2 or pH 7.4,
there is a 222 nm minimum consistent with helical structure
(Figure SD). Significant absorption/interference from the
GuHCI precludes quantitation of the helical fraction. The
hexamer is the dominant oligomeric state under these
conditions and may be a dimer of two SHB trimers. For HP
in 6 M GuHCl at pH 7 between 20 and 90 °C, there is a linear
decrease in 16,,,| comparable to Figure 5B change without
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GuHCI. This supports thermostability of the hairpin monomer
structure within the hexamer.

The ligations are done in 8 M GuHCI at pH 7 and ambient
temperature so it is interesting to consider the structural
properties in this condition. For HP in 8 M GuHCI at 20 °C,
the 16,,,| is about 60% of the value in 6 M GuHCI. In addition,
the 10,,,] in 8 M GuHCI exhibits a small linear decrease
between 20 and 70 °C. These data are consistent with a dimer
of SHB trimers in 8 M GuHCL

Hairpin Monomer with MPER is Highly Fusogenic.
Earlier work has shown that peptides corresponding to the FP
and the MPER regions induce vesicle fusion.””” For the
present study, we investigated the effects of these regions as
part of the gp41 ectodomain including the hairpin region. The
typical vesicle composition was POPC:POPG:Chol (8:2:5) and
reflected the major fraction PC, minor fraction negatively
charged lipid, and mole fraction Chol in the membranes of HIV
and its host cells.** Fusion was studied at final pHs of 3.2 and
7.4 which was motivated by previous studies with HP showing
much greater fusion of negatively charged vesicles at pH 3.2
relative to pH 7.4.*" A second vesicle composition was
POPC:DOTAP:Chol (8:2:5) and contained positively charged
DOTARP rather than negatively charged POPG. Comparison of
results for the two compositions and two pH values provides
insight into the role of protein/vesicle electrostatics because the
POPG and DOTAP are respectively negatively and positively
charged at both pH values, whereas the protein is positively
charged at pH 3.2 and negatively charged at pH 7.4.

HP and HM were solubilized as monomers at pH 3.2 and
induced rapid fusion of negatively charged POPG vesicles at
this pH with low 1:700 protein:total lipid mole ratio (Figure
6A). This is likely monomer-induced fusion because of
insufficient time for oligomerization at the membrane surface
prior to fusion. At pH 7.4, comparable fusion required an order-
of-magnitude higher 1:75 ratio (Figure 6B). For 1:150 ratio,
there was negligible fusion which is consistent with earlier
work. For positively charged DOTAP vesicles, there was little
fusion at pH 3.2, measurable fusion at pH 7.4, and higher fusion
at pH 9.0 (Figure 6C and D). The different pH dependences
for POPG and DOTAP vesicles likely reflect differences in
protein/vesicle electrostatic energy, that is, (1) attractive energy
between the positively charged protein and negatively charged
POPG vesicles at low pH and between the negatively charged
protein and positively charged DOTAP vesicles at neutral and
high pH and (2) repulsive energy between the negatively
charged protein and negatively charged POPG vesicles at
neutral pH and between the positively charged protein and
positively charged DOTAP vesicles at low pH. Attractive
energy results in a higher fraction bound protein and repulsive
energy results in a lower fraction. In the spatially restricted
environment of HIV/host cell fusion, there is likely high
protein/membrane binding that is similar to near-quantitative
binding during the pH 3.2 vesicle fusion of POPG vesicles.
Higher fusion extent for POPG vesicles at low pH relative to
DOTAP vesicles at neutral and high pH may be a consequence
of the different magnitudes of attractive electrostatic energy.
This hypothesis is evidenced by calculated hairpin charges of
about +10 at pH 3.2, —2 at pH 7.4, and —4 at pH 9.0. For many
data, fusion was rapid and occurred during the ~5 s dead-time
of the assay which is consistent with earlier studies. Other
studies have also shown that as the fraction of charged lipid in
the vesicle is decreased, the fusion rate decreases but the fusion
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Figure 5. (A) CD spectra of HP and HM in pH 3.2 buffer. All spectra show 6,,, indicative of a significant fraction of « helical structure. (B) 6,,, vs
temperature for HM at pH 3.2. No unfolding transition is observed. (C) CD spectra of WT and mutant HP at pH 3.2. For a SHB trimer, the D632A
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and 2 mM DTT.

extent increases where the latter effect is probably due to
reduced intervesicle electrostatic repulsion.*

Fusion is enhanced with inclusion of the MPER in the
construct as evidenced by the following differences for HM
relative to HP with POPG vesicles: (1) at pH 3.2, higher initial
fusion rate and (2) at pH 7.4, higher final fusion extent (Mj).
For pH 3.2, the final [protein] = 0.2 uM (~0.003 mg/mL) and
the hairpin monomer likely makes initial contact with the
vesicle. HM-induced fusion occurs within a few seconds, so the
monomer is likely a fusion-active species. The enhanced fusion
with inclusion of the MPER is consistent with earlier
observations of vesicle fusion induced by MPER peptides.

Synergy of FP, Hairpin, and MPER with the gp41
Copy Number of a Virion. The individual and collective
contributions of the FP, hairpin, and MPER to ectodomain-
induced fusion were studied with HP, HM, and FP-HM
solubilized as hexamers in 6 M GuHCI. The final [GuHCI] =
40 mM and in the absence of protein, only modest fusion was
observed at pH 3.2 (M; ~ 4%) and no fusion was observed at
pH 7.4 (Supporting Information). Much greater fusion was
observed with protein (Figure 7). Relative to HP which lacked
most of the MPER, inclusion of the full MPER in HM resulted
in higher M. Even greater M; was induced for FP-HM which
contains both the FP and MPER. Similar quantitative binding
was observed in the absence and presence of the FP.*"** Dose
response was observed for HM and FP-HM (Figure 8). A
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substantial M; of ~15% was observed for FP-HM even at
ultralow protein/lipid 1:4800 that corresponds to ~15
proteins per ~100 nm diameter vesicle, estimated using the
area-per-lipid. This number is significant because it is
comparable to the ~30 gp4l molecules per virion. To our
knowledge, this is the first observation of rapid (~S s)
ectodomain-mediated vesicle fusion at the protein copy number
of a virion. In some contrast, rapid FP or MPER peptide-
induced vesicle fusion has typically been observed at 500—1000
peptides per vesicle. Our result highlights the importance of the
whole ectodomain in fusion, including contributions from FP,
hairpin, and MPER regions.*** The fusogenicity of FP-HM is
even higher than shown in Figure 8 because our FP-HM stock
contained ~40% HM impurity.

Although the stock protein is predominantly hexameric
(Figure 4), the fusion-active oligomeric state is not clear
because of the ~200-fold dilution of protein and GuHCI prior
to fusion. HP is a monomer at equilibrium under these diluted
conditions (Figure 3) and HM and FP-HM are probably
monomers as well. Protein stock with 6 M GuHCI was used
because this was the only condition for which FP-HM was
soluble at ~1 mg/mL.

Folded Hairpin Ectodomain with MPER Binds bNADbs.
The MPER region of gp4l includes the linear epitopes of
several bNADbs and there is consequently continued effort to
develop a MPER-based immunogen as a HIV vaccine. HM or
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similar folded hairpin molecules are appealing because of their
high stability but there are conflicting data about the extent to
which they bind bNAbs. However, our Western blots show
reproducible binding of HM to the 4E10 bNAb (Figure 9A).
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HP lacks the 4E10 epitope and serves as a negative control.
Western blots also show that HM binds to the 2FS bNAb more
strongly than HP which includes only part of the 2FS epitope
(Figures 9B and 1B). In the Western blot approach, the protein
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is in 15% SDS prior to antibody binding. Although we do not
know HM structure in this condition, HM hairpin structure is
hyperthermostable and a shorter ectodomain construct without
the MPER forms crystals in SDS with helical SHB structure.*
A gel shift is not observed between HP and HM (Figures 2B
and 9B) and could be the result of folded rather than random
coil structure. HM is predominantly monomeric in 15% SDS
and may therefore bind bNAD as a hairpin monomer. The blots
also show minor dimer populations binding to 2FS.

Binding to bNAbs was probed under physiological
conditions using direct immunoprecipitation. The protein
stock solution contained either monomeric or hexameric
protein and the binding was done at pH 7.4 with [GuHCl] <
10 mM. For either initial oligomeric state, HM bound to 4E10
and 2FS (Figure 10) whereas there was no binding to IgG
(Supporting Information). This is the antigenicity needed for a
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Figure 10. SDS-PAGE of the immunoprecipitation of HP and HM
with the 4E10 and 2F5 bNAbs. There is stronger binding of HM to
4E10 and 2FS and weaker binding of HP to 2FS. The protein stock
buffer contained 50 mM sodium formate at pH 3.2 with 150 mM
NaCl. For the right three lanes of the panel A gel, the buffer also
contained 6 M GuHCI whereas for the left three lanes of panel A, the
GuHCI was absent. Binding was done in PBS at pH 7.4 and for the
right lanes, the diluted [GuHCI] = 10 mM. The center lane is the MW
ladder in kDa.

vaccine immunogen. HP binds 2FS weaker than HM which is
consistent with an incomplete epitope in HP.

B DISCUSSION

Significant Findings. The ectodomain of the HIV gp41
protein plays a major role in catalyzing fusion between HIV and
host cell membranes. The likely respective binding of the FP
and MPER to the host cell and viral membranes are probably
part of the underlying physical basis for catalysis. Although
there has been significant functional and structural study of FP
and MPER peptides, there have been just a few investigations
of these regions as part of the larger ectodomain. The present
work shows the significance of the FP, hairpin, and MPER
regions for ectodomain-induced vesicle fusion including fusion
with ~15 proteins per vesicle which is comparable to the gp41
copy number of the virion. For FP or MPER peptides, there has
typically only been appreciable rapid vesicle fusion at 500—
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correlates with the observed intermolecular antiparallel § sheet structure of FPs.
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1000 peptides per vesicle and to our knowledge, ours is this
first observation of rapid vesicle fusion at the virion gp41 copy
number. Detection of either predominant monomer or
hexamer gp41 ectodomain rather than trimer gp41 ectodomain
was incorporated into the new HIV/host cell membrane fusion
model IIT (Figure 12). One significant feature is inclusion of
monomer ectodomain rather than trimer ectodomain PHI —
hairpin folding at step 3. The free energy of gp41 ectodomain
folding is coupled to free energy of formation of membrane
intermediates. Our work may also aid HIV vaccine develop-
ment via an immunogen with a folded gp41 ectodomain
including MPER. This immunogen has the advantage of very
high stability but there is literature disagreement about
ectodomain binding to bNAbs. We show bNAb binding to
gp41 ectodomain protein initially prepared as a monomer or
hexamer.
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SSNMR is a Novel and Important Tool in RP
Production. One key result that moved the work forward
was SSNMR detection of HM in IBs at ~300 mg/L culture.
The bottleneck to purified protein was therefore IB
solubilization rather than expression and subsequent effort
was focused on increasing solubilization. This result exemplifies
how SSNMR is a general method to quantitate RP yield
without solubilization or purification. High expression was
obtained with common and inexpensive plasmids, E. coli strain,
and growth and expression conditions. IB solubilization rather
than expression may therefore be a general determinant of
purified protein yield. Our yields were 15—50 mg/L and
obtained with single-step affinity purification which should be
advantageous in immunogen production. Our approach
contrasts with earlier efforts that used protein fusion tags that
had to be cleaved.*®
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Monomer and Hexamer Rather than Trimer gp41
Ectodomain. For gp4l ectodomain constructs lacking
solubility tags, only constructs with short NHR and CHR
segments and no FP or MPER appear to form soluble trimers
near pH 7.*’ For longer constructs that contain some or all of
the FP or the MPER, for example, HP and HM, the present and
earlier studies show most protein forming large aggregates
(MW > 2 MDa) even in the presence of nonionic detergents.*®
There is solubility near pH 3 and many biophysical
measurements have been done at this pH. High fractional
helicity and T, > 100 °C were considered strong evidence of
SHB trimers.

One important contribution of the present study is SEC
showing predominant monomer rather than trimer gp4l
ectodomain at pH 3 (Figure 3). Our SEC monomer result is
consistent with the SEC of large ectodomain constructs done
by other groups (Figure 1A from ref 48 and Figure S1 from ref
51) although this monomer interpretation was typically not
made by the authors of these papers. For these latter studies,
the construct was NHR + native loop + CHR, FP + NHR +
native loop + CHR + MPER + TM, or short NHR + short loop
+ short CHR.

The gp4l ectodomain monomer is highly helical and
hyperthermostable. The most plausible monomer structure is
N-helix/180° turn/C-helix model (Figure 11A) similar to the
monomer unit of the high-resolution SHB trimer structures.
The trimer is stabilized by several intermonomer NHR/NHR
hydrophobic interactions and small reorientations of helices
could reposition residues for favorable intramonomer NHR/
CHR interactions. A looser helical monomer hairpin structure
has been observed for a short NHR + loop + CHR construct in
nonionic detergent but we favor the tight structure of Figure
11A.% Large ectodomain constructs like HP and HM have T,
> 100 °C either in the absence or presence of detergent and
this high thermostability likely reflects substantial interhelical
contact in the folded monomer. The looser structure of much
shorter ectodomain constructs may be reflected in their typical
T, < 70 °C.

Measurements of large ectodomain constructs at low pH
should be interpreted in the context of monomer protein. For
example, the hyperthermostability detected by calorimetry and
CD is likely a consequence of intramolecular NHR/CHR
interaction rather than intermolecular NHR/NHR interaction.
The stability of the ectodomain monomer would be consistent
with an important role for the monomer in fusion, discussed in
a subsequent section and presented in Figure 12. We also note
that rapid vesicle fusion using stock protein at low pH is likely a
consequence of membrane perturbation by hairpin monomer
rather than SHB trimer. This includes fusion of negatively
charged vesicles at pH 3.2 (Figure 6A) and positively charged
vesicles at pH 7.4 and 9.0 (Figure 6C and D).

For 10 mg HP/mL SEC loading, there is a major monomer
peak as well as minor trimer and oligomer/aggregate peaks
(Figure 3B). The normalized values of monomer:trimer:larger
oligomer integrations are 0.72:0.18:0.10. These correspond to
[monomer] &~ 60 uM and [trimer] 5 uM using the
experimentally determined 10-fold dilution in SEC. For the
association equilibrium, 3 monomer <« trimer, the derived K, ~
2 X 10'M™ and corresponds to equal mass concentrations of
monomer and trimer for total HP of ~9 mg/mL (~90 mg/mL
loading in SEC). Earlier analytical ultracentrifugation (AUC)
data have been analyzed to yield K, ~ 5 x 111! M~2'*%%" we

~
~
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do not understand the discrepancy between the SEC and AUC
analyses.

Protein hexamers were observed in 6 M GuHCI at either pH
3.2 or 7.4 (Figure S). The data show the hexamer as the
fundamental unit of oligomerization rather than the trimer, for
example, dodecamers were observed but not nonamers. A
reasonable model for a hexamer is a dimer of SHB trimers with
intertrimer contact between the MPERs (Figure 11B). This
model is consistent with the observed helical structure in the
hexamer and with T,, > 100 °C. This model is also consistent
with some of the crystal packing of SHB trimers.” In addition,
SSNMR studies of FP structure in the membrane-associated
gp4l ectodomain show an oligomeric FP f sheet with
antiparallel but not parallel arrangement of the FP strands.”*
The antiparallel arrangement would be consistent with end-on
arrangement of two SHB trimers (Figure 11C).

It is important to consider the impact that GuHCI may have
on the ectodomain structure as GuHCI often but not always
denatures proteins.>> We think denaturation is unlikely for the
ectodomain because there is substantial helical structure and T,
> 100 °C. In addition, to our knowledge, it is very unusual that
denatured protein would have a well-defined oligomeric state
other than monomer. The hexamer is also the dominant
oligomeric state of a modified ectodomain construct in
physiologic solution, that is, pH 7.4 without any GuHCL*®
This Soc-gp4lectoM-Fd construct includes a central gp4lec-
toM region, which is very similar to FP-HM, as well as a ~9
kDa non-native Soc protein N-terminal of the FP and a ~2 kDa
Fd non-native protein C-terminal of the MPER. The Soc and
Fd proteins were chosen because they form homotrimers in
physiological solution. However, there was only minor trimer
population of Soc-gp4lectoM-Fd in physiologic solution.
Instead, the hexamer was dominant with additional smaller
populations of two larger oligomers. The overall oligomer
distribution of Soc-gp4lectoM-Fd in physiologic solution is
very similar to that of HP and HM in 6 M GuHCl with
dominant hexamer and two minor higher-order oligomers that
are reasonably assigned to dodecamer and 24-mer. It is likely
that there are similar hexamer structures of HP, HM, and Soc-
gp4lectoM-Fd.

Biophysical Model of Oligomerization. At neutral pH,
large ectodomain constructs form >2 MDa aggregates, whereas
at low pH, monomers predominate for <10 mg protein/mL
and there is significant trimer population with SHB structure
for >50 mg protein/mL. The pH-dependence of oligomeric
state is observed with or without nonionic detergent so our
explanatory model is based on relative magnitudes of protein
electrostatic vs hydrophobic effects. Trimer stabilization is
primarily because of hydrophobic interaction between the three
NHR helices on the SHB interior. At low pH, there is a
calculated charge of ~+10 for the hairpin region of the
ectodomain monomer. We posit that monomer rather than
oligomers are favored at low pH because intermolecular
electrostatic repulsion overwhelms the hydrophobic interaction.
At neutral pH, the calculated charge is —2 and hydrophobic
interaction is dominant. The resulting aggregates may be
composed of SHB trimers.

For solutions containing GuHCI at both low and neutral pH,
hexamers predominate, that is, addition of GuHCI induces
monomer — hexamer oligomerization at low pH and induces
aggregate — hexamer breakup at neutral pH. To our
knowledge, the specific interaction of positivel;r charged
GuH" with protein molecules is not understood.”® For the
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ectodomain protein, we posit that the hexamer is formed from
two SHB trimers (Figure 11B and C) and that GuH" interacts
with COO™ groups on the SHB surfaces. The —COO™ rather
than the —COOH state is favored at both pH’s because of
attractive interaction with GuH'. At low pH, this reduces the
positive charge of the protein so that the SHB trimer does not
dissociate due to electrostatic repulsion between monomers.
Hexamers form because of favorable hydrophobic interaction
between the FP/MPER end of one SHB trimer and the FP/
MPER end of a second trimer. Aggregation beyond hexamers is
disfavored because this aggregation would reduce exposed
protein surface area and therefore the number of GuH"/COO~
contacts. As noted above, SOC-gp41lectoM-Fd forms a hexamer
in the absence of GuHCI, and we posit this is also two SHB
trimers. Further aggregation is disfavored because of the
solubility of the SOC and FD proteins and perhaps because of
their steric bulk.

Correlation of Vesicle Fusion with HIV/Cell Fusion.
One significant result is observation of vesicle fusion for ~15
FP-HM per vesicle (Figure 8B), which is comparable to the
gp41 copy number of ~30 in the virion. To our knowledge, FP-
HM thus provides the first example for which protein-induced
vesicle fusion might reasonably be directly compared to viral
fusion. FP-HM is more fusogenic than shorter ectodomain
constructs like HP, which lacks the FP and MPER, and also
more fusogenic than isolated FP or MPER peptides. This
potent fusogenicity highlights the importance of the full
ectodomain in fusion, with inclusion of the N-terminal FP,
hairpin region, and C-terminal MPER. During HIV/cell fusion,
the FP and MPER likely bind to the cell and HIV membranes,
respectively, and higher fusion for FP-HM relative to HM
supports synergy between these two regions, likely via
membrane perturbations. Vesicle fusion is probably a better
model of the earlier hemifusion (lipid mixing) step of viral
fusion than the final fusion pore expansion step. Pore formation
and expansion in vesicle fusion is less regulated than in HIV/
cell fusion and leakage of contents out of the vesicles occurs
much faster than mixing of contents between vesicles.

For conditions with attractive protein/vesicle electrostatic
energy, protein/vesicle binding is quantitative and FP-
independent. The observed FP-dependent fusogenicity is
therefore not reasonably ascribed to FP-dependent binding.
Protein binding is described by the equation f,, = (K, X [L])/
{1 + (K, x [L])} where f,, = fraction bound-protein, K,
equilibrium constant derived from G, = binding free-energy,
and L = lipid. For our assays, [L] = 1.5 X 10™* M and protein/
vesicle binding is quantitative (f,, = 1.0) when K, > 10° M.
The G, = Gejec + Ghyaro 2nd corresponding K, = Ko X Kygro
describe contributions from electrostatic and hydrophobic
interactions. The FP is hydrophobic but lacks ionizable residues
so it affects Gyyq,, but not G- For negatively charged vesicles
at pH 3 and positively charged vesicles at pH 9, the calculated
Kgec > 10° M™! and corresponds to quantitative binding of all
proteins, which has also been experimentally observed. For
conditions with much smaller K, such as negatively charged
vesicles at neutral pH, binding may be FP-dependent and
changes in fusogenicity could be related to binding differences.

High fusion by FP-HM requires a pH for which there is
attractive protein/vesicle electrostatic energy with resultant
quantitative binding to the vesicles (Figure 6). Attractive
electrostatic energy is not a requirement for fusion by the
ectodomain of full-length gp41 in the virion, likely because the
ectodomain is restricted to the space between the viral and host
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cell membranes. This spatial confinement favors protein
binding to the membranes even without electrostatic attraction.
For the present study, a 0.2 fraction charged lipid was used
which is larger than the typical fraction in the cell membrane.
However, a recent study showed efficient vesicle fusion with
much smaller fractions charged lipid.** As the fraction charged
lipid is decreased, there is a corresponding increase in fusion
extent that is likely due to decreased intervesicle electrostatic
repulsion. Some charged lipid is needed for quantitative protein
binding to the vesicles and consequently fusion. As one
example, HP at protein/lipid = 1:700 (~100 HP molecules/
vesicle) induced ~40% fusion of vesicles containing only 0.02
fraction negatively charged phosphatidylserine lipid. These
results, along with the higher fusogenicity of FP-HM relative to
HP (Figure 7A), support correlation between FP-HM induced
vesicle fusion and hemifusion between the HIV and cell
membranes mediated by the viral ectodomain. Viral fusion is
probably also affected by membrane curvature and fluidity.
New Fusion Model with gp41 Monomer and Hexamer
Ectodomain. As noted in the Introduction, models for gp160-
induced membrane fusion have typically considered changes in
structure of a gp160 trimer that are temporally and energetically
coupled to changes in the topologies of the HIV and host cell
membranes. Models I and II of the Introduction share the
feature of trimeric ectodomain gp41 throughout fusion. For
model I, concerted PHI — SHB trimer folding is coupled to
subsequent hemifusion. However, this is inconsistent with
fusion inhibition by CHR+MPER peptides up to the final pore
expansion step and the corollary assumption of peptide binding
to the PHI trimer but not the SHB trimer. Model II delays the
PHI — SHB trimer folding until the pore expansion step which
suggests that the SHB is only associated with fused membrane
stabilization and fusion arrest. The new model III incorporates
asynchronous ectodomain monomer PHI — hairpin folding
followed by changes in membrane topology leading to
hemifusion (Figure 12). There is subsequent ectodomain
monomer hairpin assembly into SHB trimers and final assembly
of two trimers into a hexamer with an antiparallel FP f sheet
like Figure 11 C model. During viral fusion, the N-terminal FP
is likely attached to the cell membrane and the C-terminal TM
is in the viral membrane. In our view, these membrane
topologies are more reasonably maintained with asynchronous
folding of individual monomer ectodomains than with
concerted folding of the three ectodomains of the trimer.
Asynchronous ectodomain monomer folding to a hairpin is also
consistent with the hyperthermostability (T,, &~ 110 °C) of the
monomer hairpin. Model III is based on integration of findings
of the present study including ectodomain monomers and
hexamers with previous biophysical and viral fusion results.
There is evidence supporting the involvement of monomer
hairpin gp41 ectodomain at some stage of HIV/host cell fusion.
Such fusion has typically been assayed using the surrogate
system of fusion between cells expressing gpl60 and cells
expressing CD4 and coreceptor proteins. Fusion is quantitated
using the number of syncytia (fused cell aggregates). There is
typically dramatic reduction in fusion with mutations impacting
intramonomer CHR/NHR interactions, for example, no
syncytia are formed with the W571R mutation.”* Membrane
fusion and HIV infection are inhibited by the clinically
prescribed CHR + MPER enfuvirtide therapeutic which could
act by binding to exposed NHR surfaces in the PHI or hairpin
ectodomain monomer but would not bind to the SHB trimer
for which the three NHR helices are on the bundle interior.>®
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The physiological relevance of the gp41 ectodomain monomer
is also supported by observation of monomer rather than trimer
WT gp140 protein.® Gp140 is a noncovalent complex between
the HIV gp120 protein and the ectodomain of gp41 but lacks
the TM and intraviral regions of gp41.

A role for hexameric gp41 in HIV/cell fusion is supported by
the trans-dominant effect of the VS13E mutation in the FP
region of gp41 on gpl60-mediated membrane fusion and HIV
infection.*® These data have been modeled using a requirement
of multiple gpl60 trimers for fusion and infection.”® A
membrane-associated gp41 hexamer is consistent with the
antiparallel f sheet FP structure in the membrane-associated
gp4l ectodomain observed by SSNMR.** Such structure is
consistent with interleaved FP strands from two trimers (Figure
11C).

In the course of publishing this work, another paper was
published showing that a shorter NHR + loop + CHR gp41
ectodomain construct is monomeric at low pH in nonionic
detergent.*” This result is consistent with our observations for
the larger HP and HM constructs. We also observed that pH
rather than detergent is the critical parameter for solubility. In
the absence of GuHCI, both the HP and HM constructs are
soluble at low pH and insoluble at neutral pH and these results
are independent of the presence or absence of detergent. The
short construct in detergent at low pH has a loose hairpin
structure with noninteracting NHR and CHR helices which lie
on the micelle surface. The low pH micelle location is
consistent with our observations of protein-to-lipid headgroup
contact for a large, membrane-associated ectodomain construct.
At low pH, NHR+CHR backbone *CO-to-lipid *'P distances
of 8—9 A were observed via SSNMR spectroscopy.*” At neutral
pH, there was no detectable contact which corresponds to
BCO->'P distances >12 A even though the protein remained
membrane-bound via the FP region. The pH-dependence of
the protein-to-lipid distances is consistent with the attractive
protein/membrane electrostatic energy at low pH and repulsive
energy at neutral pH.

Although not included in the gp41 constructs of the present
study, the TM domain is important for anchoring gp41 in the
viral membrane and is likely also important in fusion pore
formation.”” The TM sequence is conserved across clades of
HIV and this conservation may be needed for eflicient
trafficking of gpl60 to the infected cell membrane surface
prior to viral budding.*® There are moderate effects on fusion
and infection with some mutations in the TM region.>* It
would be interesting in the future to study the oligomerization
and fusion activity of gp41 constructs that include the TM
domain. SEC of a full ectodomain + TM construct showed
predominant monomers at pH 4 in detergent which is
consistent with the SEC for ectodomain without TM.>!
There was little contact between the FP and TM regions for
the large construct in detergent but some contact has been
observed between synthesized FP peptide and TM peptide in
membranes.®!
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= 2-(N-morpholino)ethanesulfonic acid; MPAA = S-trityl-f5-
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region; SHB = six-helix bundle; NHR = N-terminal heptad
repeat; N-NBD-DPPE = N-(7-nitro-2,1,3-benzoxadiazol-4-yl)
(ammonium salt) dipalmitoylphosphatidylethanolamine; N-Rh-
DPPE = N-(lissamine rhodamine B sulfonyl) (ammonium salt)
dipalmitoylphosphatidylethanolamine; PHI = prehairpin inter-
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rac-(1-glycerol)] (sodium salt); RP = recombinant protein; RP-
HPLC = reversed-phase HPLC; SEC size-exclusion
chromatography; SSNMR solid-state nuclear magnetic
resonance; TCEP = tris(2-carboxyethyl) phosphine hydro-
chloride
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MATERIAL SOURCES

The material is followed by the company name in italics: Chemically competent E. coli cells, Novagen;
Boc-protected amino acids, Novabiochem; Pam-Leu resin and MPAA, Peptides International; Triton X-
100, sodium formate, HEPES/MES, Di-tert-butyl-dicarbonate, Co*" His-select resin, and SDS, Sigma;
TCEP and DTT, Goldbio Technology; N-NBD-DPPE, N-Rh-DPPE), POPC, POPG, and Chol, Avanti
Polar Lipids; 4E10 and 2F5 antibodies, NIH AIDS Reagent Program; Goat Anti-Hamster 1gG (H+L)
HRP conjugate antibody and GuHCI, Invitrogen; PureProteome Protein G Magnetic beads, Millipore;
SuperSignal West Pico chemiluminescent substrate and BCA, Pierce; LB medium and Agar, Acumedia;
Urea, Columbus Chemicals Industries; N-Lauroyl sarcosine, MP Biomedicals; IPTG, Anatrace; Protease
Inhibitor cocktail, Roche; Superdex 75 and 200 SEC columns, GE Technologies.

DNA sequencing and mass spectrometry were done at in-house facilities.



FIGURES

Atg tgc acg ctg acg gta cag gcc aga caa tta ttg tct ggt ata gtg cag cag cag aac aat ttg ctg
agg gct att gag gcg caa cag cat ctg ttg caa ctc aca gl tgg ggc atc aag cag ctc cag gea
aga atc ctg tct ggt ggc cpt ggc get teg atg gag tgg gac aga gaa att aac aat tac aca agc tta
ata cac tcc tta att gaa gaa tcg caa aac cag caa gaa aag aat gaa caa gaa tta ttg gaa tta gat

aaa tgg gcg teg dg tgg aac tgg ttt aac atc acg aac tgg ctc tgg tac atc aag get get gec
ggg cat cac cat cac cat cactga

FIGURE S1. DNA sequence of the HM insert.
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FIGURE S2. (A) First-round RP-HPLC profile of FP+HM ligation. (B) Second-round RP-HPLC of FP-
HM peak from panel A.
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FIGURE S3. MALDI mass spectra of (A) the HM and (B) FP-HM peaks from the first HPLC

purification, Fig. S2A. Inset is SDS-PAGE where the middle lane is the FP-HM peak of Fig. S2A and

the right lane is purified HM.
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FIGURE S4. SEC Ayg, of MW standards loaded on (A) Superdex 75 and (B) Superdex 200 columns.
The protein standards used were (A) Conalbumin (75 kDa), Ovalbumin (44 kDa), Carbonic Anhydrase
(29 kDa), Ribonuclease A (13.7 kDa), and Aprotinin (6.5 kDa) and (B) Thyroglobulin (669 kDa),
Ferritin (440 kDa), Aldolase (158 kDa), Conalbumin (75 kDa), Ovalbumin (44 kDa), Carbonic
Anhydrase (29 kDa), Ribonuclease A (13.7 kDa), and Aprotinin (6.5 kDa)The V, is the void volume and
corresponds to 2 MDa Blue Dextran. Ky, vs logio(MW) for the (C) Superdex 75 and (D) Superdex 200
columns. The Ky, = (Ve — Vo)/(Vc — Vo) Where V. and V. are the elution and column volumes,
respectively.
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FIGURE S5. Evidence for thermodynamic equilibrium between hexamers and larger oligomers. SEC
with Aggo detection was run for HP and HM in buffer containing 50 mM sodium formate at pH 3.2 with
150 mM NaCl, 6 M GuHCI, and 0.2 mM TCEP (Fig. 4). The hexamer peak was collected and loaded
onto the Superdex 75 column for SEC with this same buffer. The loading solution contained (A) 0.3 or
(B) 0.2 mg protein/mL. Each blue number is the MW of a standard in kDa and the blue downward
arrows is its elution volume from Fig. S4.The resultant profiles for (A) HP and (B) HM show a mixture
of hexamers and larger oligomers similar to the profiles of the initial run (Fig. 4). This similarity
supports this mixture as the thermodynamic equilibrium state for the protein.
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FIGURE S6. Vesicle fusion induced by GuHCI at (A) pH 3.2 or (B) pH 7.4. A 7.5 uL aliquot

containing 6 M GuHCI was added to a vesicle suspension with final total [GUHCI] = 40 mM in a volume
of 1200 puL. The assay conditions were the same as Fig. 7 except that there was no protein in the aliquot
that contained GuHCI.
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FIGURE S7. SDS-PAGE of the immunoprecipitation of HP and HM with 1gG. Protein binding to 1gG
is not observed. The protein stock buffer contained 50 mM sodium formate at pH 3.2 with 150 mM
NaCl. For the right two lanes of the gel, the buffer also contained 6 M GuHCI. The antibody binding
was done in PBS at pH 7.4 and for the right lanes of the gel, the diluted [GUHCI] = 40 mM. The inner
lanes are MW ladders in kDa.



