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ARTICLE INFO ABSTRACT

Keywords: There is complete attenuation of fusion and infection mediated by HIV gp160 with gp41 subunit with V2E
HIV mutation, and also V2E dominance with WT/V2E mixtures. V2E is at the N-terminus of the ~25-residue fusion
gp4l peptide (Fp) which likely binds the target membrane. In this study, large V2E attenuation and dominance were

Fusion peptide
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Membrane fusion

observed for vesicle fusion induced by FP_HM, a large gp41 ectodomain construct with Fp followed by hyper-
thermostable hairpin with N- and C-helices, and membrane-proximal external region (Mper). FP_HM is a trimer-
of-hairpins, the final gp41 structure during fusion. Vesicle fusion and helicity were measured for FP_HM using
trimers with different fractions (f’s) of WT and V2E proteins. Reductions in FP_HM fusion and helicity vs. fyzg
were quantitatively-similar to those for gp160-mediated fusion and infection. Global fitting of all V2E data
supports 6 WT gp41 (2 trimers) required for fusion. These data are understood by a model in which the ~25
kcal/mol free energy for initial membrane apposition is compensated by the thermostable hairpin between the Fp
in target membrane and Mper/transmembrane domain in virus membrane. The data support a structural model
for V2E dominance with a membrane-bound Fp with antiparallel § sheet and interleaved strands from the two
trimers. Relative to fyor = 0, a longer Fp sheet is stabilized with small fyor because of salt-bridge and/or
hydrogen bonds between E2 on one strand and C-terminal Fp residues on adjacent strands, like R22. A longer Fp
sheet results in shorter N- and C-helices, and larger separation during membrane apposition which hinders

fusion.
1. Introduction physiologically-beneficial and pathogenic processes [1-4]. Fusion is
thought to follow a stepwise mechanism with distinct membrane
Fusion (joining) of two membranes is important in both structural intermediates. One common mechanistic model is: (1) close

Abbreviations: A, percent activity; CD, circular dichroism; DPC, dodecylphosphocholine detergent; Ed, ectodomain; ext, extent; F, fluorescence; FHa2, Ha2
ectodomain; Fp, fusion peptide; FP_HM, gp41 ectodomain construct with fusion peptide followed by thermostable hairpin and Mper; gp41/120/160, glycoprotein
with 41/120/160 kDa mass; Ha2, influenza hemagglutinin protein subunit 2; HIV, human immunodeficiency virus; IPTG, isopropyl -D-1-thiogalactopyranoside; LB,
Luria-Bertani; M, percent vesicle fusion; Mper, membrane-proximal external region; POPC, 1-palmitoyl-2-oleoyl-phosphatidylcholine; POPG, 1-palmitoyl-2-oleoyl-
phosphatidylglycerol; R, fluorophore/quencher distance; Rp,,, Forster distance; SDS, sodium dodecylsulfate detergent; SEC, size-exclusion chromatography; T,
number of gp160 trimers required for efficient HIV fusion and infection; Tris/SDS, 10 mM Tris buffer at pH 7.4 with 0.2% SDS; Tmd, transmembrane domain; WT,
Wild-type; 0 500, circular dichroism mean residue molar ellipticity at 222 nm.
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(nm) apposition of the two membranes; (2) formation of a bilayer “stalk”
that connects the two membranes and is contiguous with their outer
leaflets; (3) topological transformation of the stalk to a planar “hemi-
fusion” bilayer diaphragm that is contiguous with the inner leaflets of
the two membranes; and (4) formation and expansion of pores in the
hemifusion diaphragm that result in a single bilayer that encompasses
the two bodies [3-5]. Steps 2 and 3 are experimentally detected by lipid
mixing between the two membranes and step 4 is detected by contents
mixing between the two bodies. A variety of computational approaches
have been applied to estimate energy barriers for the different steps with
typical values of 25 kcal/mol for step 1 and 10 kcal/mol per step for 2, 3,
and 4 [4].

The present study focuses on fusion relevant to the membrane-
enveloped human immunodeficiency virus (HIV) which is the path-
ogen for AIDS, a global disease. There is currently no cure or vaccine for
AIDS, but there are therapeutics and prophylactics that control and
prevent HIV infection and are typically taken daily. Fusion between the
membranes of HIV and a target cell is an early and required step in
infection [3,4]. There is consequent deposition of viral genetic material
in the cytoplasm which is necessary for viral replication within the cell.
Fusion between HIV and target cells is mediated by the viral envelope
glycoprotein 160 kDa (gp160) which had been proteolytically-cleaved
into N-terminal gp120 and C-terminal gp41 subunits, that are respec-
tively ~500 and 350 residues. Gp41 has a ~ 180-residue N-terminal
ectodomain (Ed) outside the viral membrane which assembles as a
trimer and non-covalently associates with three gp120 subunits to form
a spike in the viral envelope [6,7]. There is a single transmembrane
domain (Tmd) C-terminal of the gp41 Ed followed by a ~ 150-residue
endodomain inside the virus. The first step in infection is gp120 binding
to the CD4 receptor and then the CXCR4 or CCR5 chemokine receptor of
immune system cells like T-cells and macrophages. This is followed by
separation of gp120 from the gp41l Ed, and then a large structural
change of much of the Ed into a hyperthermostable trimer-of-hairpins
structure [8-10]. The ~60-residue “N-helices” of three gp41l mole-
cules form a parallel coiled-coil within this structure and are followed by
180° turns so that the three ~60-residue “C-helices” are antiparallel and
in van der Waals contact with the external grooves of the N-helix core, i.
e. each gp41 molecule is a helical hairpin. There are ~25 gp41 residues
N-terminal of the N-helix that are denoted the “fusion peptide” (Fp),
Fig. 1 [11]. The Fp has extended irregular structure in the initial gp41/
gp120 complex, and is the epitope of some broadly-neutralizing anti-
bodies [6,12-14]. Some Fp residues are thought to bind target mem-
brane early in the fusion process. The Fp alone or with C-terminal
hairpin often adopts intermolecular antiparallel f sheet structure in
membrane, and can adopt P sheet or helical monomer structure in
detergent-rich media [15-25]. There are ~10 residues between the C-
helix and Tmd that are part of the “membrane-proximal external region”
(Mper) some of which may also bind the viral membrane with pre-
dominantly helical structure [26-32]. In some studies, the Mper in-
cludes residues that are part of the C-helix in Fig. 1. These residues may

Wild-type FP_HM sequence
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bind the viral membrane in the initial gp41 Ed complex with gp120. The
Mper also includes linear epitopes of broadly-neutralizing antibodies
which also bind the final trimer-of-hairpins structure of gp41 [27,33].

To our knowledge, there aren’t yet clear experimental data that
elucidate the relative timings of changes in membrane and gp41 Ed
structure during fusion. Models of the mechanism of gp41l-induced
fusion are instead based on data that include the initial and final
structures of the gp41 Ed, fusion inhibitors, and computation. The most
common type of model posits that some of the thermodynamic energy
released as the gp41 Ed changes from the initial complex with gp120 to
the final hairpin is converted into activation energy between membrane
intermediates [2,34,35]. These models often hypothesize well-defined
structural intermediates of the gp41 Ed that catalyze formation of spe-
cific membrane intermediates, e.g. separated N- and C-helices that bind
to the initial apposed membranes or to the stalk [36-41]. For this overall
group of models, the final Ed hairpin is a “post-fusion” state, i.e. most or
all of the membrane changes during fusion happen prior to final hairpin
formation. A separate type of model posits that the final gp41 hairpin
forms prior to membrane fusion and is the fusion-catalytic structure.
Some data supporting this model type are: (1) rapid and extensive
vesicle fusion induced by large gp41 constructs with hairpin structure;
and (2) vesicle, cell-cell, and computational fusion induced by the
related influenza virus hemagglutinin subunit 2 (Ha2) protein in the
final trimer-of-hairpins state [23,25,33,42-47]. For most models, fusion
barriers are also reduced by target membrane-binding by the Fp, and by
virus membrane-binding by the Mper (Fig. 1) [32,48-53].

Similar to enzyme mechanisms, a proposed mechanism of gp160-
mediated fusion is also supported if the mechanism provides sensible
explanations of the effects of gp160 mutations on fusion, with particular
emphasis on mutations that greatly impair fusion but don’t affect initial
assembly of gp160 spikes in the HIV membrane. V2E is this type of point
mutation and is located at the N-terminus of the Fp of the gp41 subunit
of gp160 (Fig. 1). V2E eliminates fusion between cells expressing gp160
and cells expressing CD4 and chemokine receptors, and also eliminate
HIV infection of cells [54]. To our knowledge, V2E is the only gp41
mutation that exhibits dominance in mixed trimers of wild-type (WT)
and V2E gp160, with fyor = fraction V2E and fyzg = 1 - fiyr. As one
example, relative to fygg = 0, fyog = 0.09 results in only 40% cell-cell
fusion and HIV infection. The dependences of the reductions in fusion
and infection on fy9r have been analyzed with mathematical models to
determine a number of WT trimers (T) required for efficient fusion and
infection. Different research groups have done the analysis using the
same or similar data, and the derived values of T depend strongly on the
assumptions of the model used in the analysis, with variation in T be-
tween 1 and 19 trimers among the different analyses [55]. The large
range for T makes it more difficult to distinguish between different
possible mechanisms of gpl160-mediated fusion. As one consideration,
the typical virion has only ~15 trimers, so the fusion rate and viral
infectivity might be predicted to be inversely-correlated with T [56]. As
an example, if T = 1, each trimer could independently catalyze fusion,

Fig. 1. Amino acid sequence of the Wild-type FP_HM construct
with 50 residues per line. The sequence is from the HXB2
laboratory strain of HIV. The DNA sequence is displayed in
Fig. S1. The construct contains HIV gp41 residues 1-70 and
117-172 separated by SGoRG. non-native linker, with addi-
tional G¢LEHg non-native C-terminal tag for affinity purifica-
tion. Residues 1-70 with gp41 numbering correspond to
512-581 with gp160 numbering, and 117-172 correspond to
628-683 numbering. Much of FP_HM adopts thermostable
hairpin structure like the final state of the soluble ectodomain
of gp41 without gp120 (Fig. 8). For gp41, the hairpin has a N-
helix (residues 24-84/535-595) and C-helix (residues
104-164/615-675) that are in close contact and antiparallel
with an intervening turn (Fig. 8). There is colour coding of the

FP_HM segments that are part of N- and C-helices, and different colors for regions that contain the N-terminal fusion peptide and membrane-proximal external region

that respectively bind target cell and viral membrane.
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whereas if T = 15, fusion requires concerted action of all trimers of the
virion. On the other hand, fusion could be faster when T is larger because
of summation of multiple gp160-associated reductions in energy bar-
riers between fusion intermediates. T may also be the approximate
number of trimers in the local region of the viral membrane undergoing
fusion. This hypothesis is correlated with electron micrographs of vi-
rions that are bound to target cells prior to fusion. The inter-membrane
electron density in the micrographs has been interpreted to be due to a
cluster of gp160 trimer ectodomains bound to cellular receptors [57].

It isn’t clear why the V2E N-terminal point mutation of gp41 greatly
attenuates gp160-mediated fusion and HIV infection, in part because
there aren’t clear data about the differences in V2E vs. WT structures.
Structure-function studies to-date have focused on ~25-residue peptides
with the Fp sequence. Peptide-induced vesicle fusion was attenuated for
V2E vs. WT, but to our knowledge, V2E dominance has not been
observed for WT + V2E peptide mixtures [58-60]. Comparative struc-
tural studies have been done for the WT and V2E peptides in detergent
and in membrane. For either peptide, there are populations of molecules
with either predominant helical or p sheet structures. The different
studies present conflicting data about the helical:p sheet ratio for V2E vs.
WT, and include reports of larger, smaller, or no change in ratio [60-64].
There are similarly conflicting data about whether relative to WT, V2E
has shallower or deeper location in the micelle or membrane.

The present study addresses unresolved questions about the mech-
anism of HIV fusion and its V2E-dominant attenuation, and includes a
new model for V2E attenuation based on data from the present and
earlier studies. The study focuses on the large Ed “FP_HM” construct
which includes the Fp followed by the hyperthermostable (T, > 100 °C)
hairpin, i.e. the final gp41 structural state (Fig. 1) [25,33,44,65]. Earlier
studies showed that vesicle fusion induced by FP_HM has significant
similarities with gp160-induced cell/cell fusion, and under some con-
ditions, FP_HM induces vesicle fusion with protein:lipid mole ratio =~
1:5000 similar to the gp160:lipid ratio in virions [33]. The present study
investigates whether fusion is highly-attenuated for V2E FP_HM and also
whether V2E is dominant in mixed WT/V2E FP_HM trimers. Observation
of these effects would support an important catalytic role for the final
gp41 hairpin state in HIV fusion and also provide other information
about the fusion mechanism.

2. Materials and methods
2.1. Materials

Commercial sources included: DNA, GenScript (Piscataway, NJ);
Escherichia coli (E. coli) Novagen (Gibbstown, NJ); Luria-Bertani (LB)
medium, Dot Scientific (Burton, MI); isopropyl p-D-thiogalactopyrano-
side (IPTG), Goldbio (St. Louis, MO); and Co?t affinity resin, Thermo
Scientific (Waltham, MA). Avanti Polar Lipids (Alabaster, AL) was the
source for lipids that included 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3- [phospho-rac-(1-
glycerol)] (sodium salt) (POPG), N-(7-nitro-2,1,3-benzoxadiazol-4-yl)
(ammonium salt) Dipalmitoylphosphatidylethanolamine} (N-NBD-
DPPE) and N-(lissamine Rhodamine B sulfonyl) (ammonium salt)
dipalmitoylphosphatidylethanolamine} (N-Rh-DPPE). Other materials
were typically purchased from Sigma-Aldrich (St. Louis, MO).

2.2. FP_HM constructs, expression, and purification

FP_HM proteins were produced using E. coli BL21(DE3) cells that
were typically incubated at 37 °C in LB medium with kanamycin (50
mg/mL) and shaking at 150 rpm. Fig. S1 displays the DNA sequence that
coded for the Wild-type (WT) FP_HM sequence and non-native C-ter-
minal GgLEHg. The WT sequence with Gg was subcloned into a pET-24a
(+) plasmid with Lac operon and kanamycin antibiotic resistance and
the plasmid with insert was transformed into E. coli cells. After culture
growth in LB medium, the plasmid was extracted from a culture aliquot
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followed by PCR with DNA primers (Fig. S2) to produce a plasmid with
V2E + G6 DNA that was subsequently transformed into E. coli cells. The
WT and V2E inserts were confirmed by DNA sequencing of their
respective extracted plasmids. WT and V2E culture stocks were sepa-
rately prepared by streaking cells onto an agar plate, overnight growth,
single colony selection, overnight growth in 50 mL LB medium, and
mixing 1 mL culture aliquot and 0.5 mL 50% (v/v) glycerol with storage
at —80 °C.

FP_HM production began with addition of 75 pL bacterial glycerol
stock to 50 mL LB medium, ~7 h culture growth, transfer to 1 L fresh LB
medium, and ~ 3 h growth. The growth times resulted in final ODggg‘s of
~0.8. Expression was induced by addition of 2 mmole IPTG followed by
incubation at 37 °C for 6 h. The cell pellet was harvested by centrifu-
gation at 9000 g for 15 min and stored at —20 °C. For subsequent steps,
the PBS pH was 7.4, tip sonication was done with a surrounding ice bath,
and centrifugation was done with 48,000 g for 30-45 min at 4 °C. FP_HM
has low solubility in PBS without additives and was separated from PBS-
soluble molecules by 3x repetition of sonication of 5 g cell pellet in 30
mL PBS followed by centrifugation and harvesting the new pellet. The
final pellet with FP_HM was then solubilized by sonication in PBS with 8
M urea followed by centrifugation and collection of the supernatant.
Some dissolved molecules including FP_HM were then precipitated by
increasing [NaCl] to ~300 mM. Subsequent steps were: (1) centrifuga-
tion, harvesting, and then vortexing the pellet in distilled water; (2)
centrifugation, harvesting, and then pellet dissolution in 20 mL PBS with
6 M GuHCL (3) centrifugation and collection of the supernatant; and (4)
Co**-affinity chromatography. The chromatography was done in a
fritted column with liquid removal by gravity filtration, and all solutions
contained PBS with 6 M GuHCI. There was: (1) filtration of 5 mL of resin
suspension; (2) resin washing with 10 mL of 10 mM imidazole; (3)
addition of the FP_HM-containing supernatant followed by agitation
overnight at 4 °C; and (4) sequential washing/elution in 15 mL without
imidazole, 10 mL of 10 mM imidazole, 5 mL of 300 mM imidazole, and
10 mL of 600 mM imidazole. The elutions with 300 and 600 mM
imidazole were combined and dialyzed overnight against distilled water
with consequent precipitation, and the suspension was centrifuged,
followed by harvesting and lyophilization of the pellet, and storage at
—20°C.

2.3. Preparation of FP_HM samples including WT/V2E mixtures

Lyophilized FP_HM (either WT or V2E) was typically dissolved in 10
mM Tris buffer at pH 8.0 with 0.17% n-decyl-B-D-maltoside, 2 mM
EDTA, and 1 M L-arginine. This solution was agitated overnight at 4 °C
and then dialyzed against 10 mM Tris buffer at pH 7.4 with 0.2% SDS
(Tris/SDS) which is a solution in which FP_HM is predominantly
trimeric [25]. The dialysis was for four days with one buffer change.
[FP_HM] was then measured using Asgy and sometimes adjusted with
dilution or concentration. Preparation of WT/V2E mixed trimers began
with separate solutions of WT and V2E in 200 mM Tris buffer at pH 6.8
with 8% SDS and 400 mM dithiothreitol, which is the solution used for
SDS-PAGE in which FP_HM is predominantly monomeric. Mixed trimers
with a specific fyor were formed by combining the appropriate volumes
of WT and V2E solutions, followed by dialysis against Tris/SDS.

2.4. Circular dichroism spectroscopy, Size-exclusion chromatography,
and Vesicle fusion

Circular dichroism (CD) spectra of FP_HM in Tris/SDS were obtained
with a J-810 spectrometer (Jasco; Easton, MD) with sample temperature
controlled by a water bath. The quartz cuvette pathlength was 1 mm,
and ultraviolet wavelength was scanned in 0.5 nm steps between 190
and 250 nm. Size-exclusion chromatography (SEC) was done using a
DuoFlow Pathfinder 20 instrument (Bio-Rad; Hercules, CA) and HiLoad
16/600 Superdex 75 pg column (Cytiva; Marlborough, MA). FP_HM in
Tris/SDS (1 mg/mL) was centrifuged at 9000 g for 30 min and
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chromatography was done with 100 pL injection of the supernatant,
Tris/SDS running buffer with flow rate of 1 mL/min, and Aygp detection.

Preparation of “unlabeled” POPC:POPG (4:1) unilamellar vesicles for
vesicle fusion included freeze-thaw cycles (~10x) followed by extrusion
(~10x) through a filter with 100 nm diameter pores. A separate set of
“labeled” vesicles was similarly prepared and contained additional N-
NBD-DPPE fluorescent lipid and N-Rh-DPPE quenching lipid, with
~0.02 mol fraction for each labeled lipid. The POPC:POPG (4:1)
composition was chosen because: (1) these are common lipids used for
earlier studies of viral fusion protein constructs; (2) phosphatidylcholine
is a common lipid in membranes of host cells of HIV; and (3) the
negatively-charged lipid fraction of host cell membranes is represented
by the POPG which is negatively-charged over the pH 3.3-7.4 range of
the present study [44,66-69]. The target cell outer membrane normally
has little anionic lipid, but there is evidence for scramblase-mediated
transport of anionic phosphatidylserine lipid from the inner to outer
leaflet prior to gp160-mediated fusion [70]. A vesicle solution was
prepared with labeled:unlabeled ratio = 1:9, [total lipid] ~ 150 pM, and
typical 25 mM citrate buffer at pH 5.3. The solution was placed in the
fluorimeter, warmed to 37 °C, and fluorescence (F) measured at 530 nm
using excitation at 467 nm. Initial fluorescence is denoted Fy. An aliquot
of stock with [FP_HM] ~ 150 pM in Tris/SDS was added to the vesicle
solution at time t = 0, followed by measurement of F(t) tot ~ 600sin1s
increments, with larger uncertainties for t < 5 s. Because the ratio of
labeled:unlabeled vesicles = 1:9, a labeled vesicle likely fuses with an
unlabeled vesicle, and fluorescence consequently increases with fusion
because of the larger separation between fluorescent and quenching
lipids. This intervesicle lipid mixing correlates with lipid mixing that is
sometimes assayed and observed in cell-cell fusion and which is a
feature of steps of stalk formation and hemifusion for the fusion mech-
anism described in the Introduction. Specifically, stalk formation results
in lipid mixing between the outer leaflets of the viral and target mem-
branes, and hemifusion results in mixing between the inner leaflets of
these membranes. FP_HM-induced vesicle fusion was typically nearly
complete by t =~ 600 s, and the associated fluorescence extent (Fext) was
approximately time-invariant. A 35 pL aliquot of 20% Triton X-100
detergent was then added and dissolved the vesicles, with consequent
maximum fluorescence (Fpax) associated with the large increase in
separation between fluorescent and quenching lipids. By literature
convention, time-dependent percent vesicle fusion is calculated as M(t)
= 100 X [F(t) — Fol/[Fmax — Fol with long-time fusion extent (Mex)
calculated using F(t) = Fex. The F « (1/ [1 + (Rpor / R)®] ) where R is

(A) SDS-PAGE of Wild-type

-
70 -
50 -
7as IO
25 . '
20 .. e
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' re —
10 —-—
MW Before After After After
Stand. NaCl NaCl affinity affinity
precip. precip. purif purif

(B) SDS-PAGE of V2E
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fluorophore/quencher distance, Rg,, is the Forster distance (~50 10\), and
(...) is the average over all fluorophores [71]. For the initial Fy condi-
tions, the estimated ( R ) ~ Rpor and fusion between two vesicles results
in (R) = (2)2 x Rpo with resulting Mex; ~ 80%. There is typical 2%
variation in Mgy, for replicate assays using the same vesicle and FP_HM
stocks [23]. Assays with different WT:V2E ratios were done on the same
day using the same vesicle stock.

3. Results
3.1. Purified FP. HM

Fig. 2 displays SDS-PAGE of (A) WT and (B) V2E FP_HM at different
stages of purification. The samples for the gel lanes had been solubilized
in PBS and 8 M urea and were: (i) the cell pellet after removing PBS-
soluble molecules; (ii) the precipitate formed in 300 mM NaCl; and
(iii) the precipitate formed after the combined 300 and 600 mM imid-
azole elutions from the Co?*-resin had been dialyzed against water. The
(iii) lanes are the most important because this is the protein used in the
subsequent experiments. Both WT and V2E exhibit a prominent band
with apparent MW of ~15 kDa which was confirmed to be FP_HM by (C)
anti-Hg Western blot and by (Fig. S3) 88% coverage of the FP_HM
sequence by peptides from trypsin digestion of the band. The prepara-
tion procedure for the Western blot has been previously described [33].
The 15 kDa band is observable in the (i) cell pellet lane for V2E and in
the (ii) NaCl-induced precipitate for WT. When Co?*-affinity purifica-
tion was done without the NaCl precipitation, the elutions showed more
impurities, particularly for WT. The yield after Co?*-affinity purification
was ~4 mg/L culture for WT and ~ 8 mg/L for V2E which correlates
with a smaller cell pellet for WT vs. V2E. Relative to V2E, WT may be
more fusion-active in the E. coli cells and have higher cytotoxicity.

3.2. WT is more helical than V2E and both proteins are
hyperthermostable

Fig. 3 displays CD spectra of (A) WT and (B) V2E in Tris/SDS that
were acquired between 22 and 95 °C. All spectra were acquired on a
single day. At all temperatures, the WT and V2E spectra have a double-
well shape that is characteristic of predominant helical structure. For
WT at 22 °C, the magnitude of the mean-residue-molar-ellipticity at 222
nm (|0222]) is 2.25 x 10* deg—cmz—dmol_l, which corresponds to 68%
helicity using 3.3 x 10* deg-cm?-dmol™! for 100% helicity [72]. The

(C) Anti-Hg
Western blot

—

— a» 50
.

15 '
- ~-w

Mw Wild-type V2E
Stand

After Before
NaCl NacCl
precip. precip

Fig. 2. SDS-PAGE at different steps of purification of (A) wild-type and (B) V2E FP_HM and (C) anti-Hg western blotting of SDS-PAGE of both proteins after Co%*
affinity purification. The samples for the gel lanes had been solubilized in PBS and 8 M urea and were: (i) the cell pellet after removing PBS-soluble molecules; (ii) the
precipitate formed in 300 mM NaCl; and (iii) the precipitate formed after the combined 300 and 600 mM imidazole elutions from the Co®*-resin had been dialyzed

against water.
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Fig. 3. Circular dichroism spectra of (A) Wild-type, (B) V2E, and (C) mixtures of Wild-type and V2E FP_HM. A sample typically contained [FP_HM] between 1 and 5
pM in 10 mM Tris at pH 7.4 with 0.2% SDS. The pure Wild-type and V2E samples in panels A and B were at temperatures between 22 and 95 °C. Spectra of replicate
samples are displayed in Fig. S4. The mixtures in panel C were at 22 °C and were formed by co-dissolution in 8% SDS in which FP_HM is predominantly monomeric
(Fig. 2A,B) followed by dialysis into 0.2% SDS to form mixed trimers (Fig. 4). All of the spectra in panels A-C are characteristic of predominant helical structure. The
magnitude of the mean residue molar ellipticity at 222 nm (|0 222|) is the parameter typically used to quantitate helicity. At 22 °C, |0 222| is ~15% smaller for (A) WT
vs. (B) V2E and exhibits (C) V2E-dominant reduction in mixed WT/V2E trimers. The |0 25| decreases with increasing temperature for both (A) WT and (B) V2E, but
retains the wavelength-dependent profile that is characteristic of helical structure. These data evidence some helical disordering but not transformation to a random
coil structure, and therefore T, > 95 °C.



M. Rokonujjaman et al.

SEC of FP_HM
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Fig. 4. Size-exclusion chromatography of FP_HM in 10 mM Tris at pH 7.4 with
0.2% SDS. There are (blue) Wild-type and (red) V2E traces. FP_HM at 1 mg/mL
was loaded on a Superdex-75 column with ~10x dilution in running buffer and
final A,go detection. Down-arrows mark the peak elution times of MW stan-
dards in kDa (Fig. S5). The MW’s of peaks in the FP_HM traces were estimated
by interpolation between MW standards using log(MW) dependence of elution
time. The largest peak for both Wild-type and V2E is at ~90 kDa and assigned
to FP_HM trimer with smaller peaks at ~160 kDa (hexamer) for Wild-type and
~ 70 kDa (dimer) and ~ 30 kDa (monomer) for V2E. The chromatograms are
similar to earlier data for Wild-type but have broader peaks that may be due to
absence of 150 mM NacCl in the running buffer for the present data and its
presence for the earlier data. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

68% value is very similar to the 66% helicity calculated using previous
structural data. In particular, residues 23-70 and 117-164 are contin-
uous N- and C-helices in crystal structures of hairpin constructs that are
similar to HM [10]. Earlier CD and NMR studies support predominant f
strand conformation for Fp residues, and non-helical structure is ex-
pected for the non-native SGGRGG loop and GgLEHg tag [21,23-25].

For V2E at 22 °C, |0222] ~ 1.95 x 10* deg-cm?-dmol~?, which cor-
responds to 59% helicity. The reproducibility of greater WT vs. V2E
helicity is evidenced by Fig. S4 CD spectra of FP_HM proteins from
different purifications than in Fig. 3. The WT and V2E spectra between
50 and 95 °C are also consistent with predominant helical structure, but
the |0| values become smaller as temperature increases, with |0222/95¢
/|8222]22¢ = 2/3 for spectra of all WT and V2E samples. The CD spectra
support Ty, > 95 °C for WT and V2E, which is consistent with the
previously-reported WT Ty, =~ 110 °C from differential scanning calo-
rimetry [43,44].

3.3. WT and V2E are predominantly trimeric in Tris/SDS

Earlier studies showed there can be many different oligomeric states
of gp41 hairpin constructs in aqueous solution, including monomer,
dimer, trimer, hexamer, and dodecamer [22,25,33,37,73,74]. The dis-
tribution of oligomeric states depended on the gp41l regions in the
construct, concentration of the construct, and additives and pH in the
solution. For the present study, the distribution of oligomeric states in
Tris/SDS at pH 7.4 was studied because earlier SEC showed predomi-
nant trimers for WT in this environment, and hairpin trimers may be the
fusion-active state of gp41 [25]. Fig. 4 displays the SEC profiles for WT
and V2E, with down arrows marking the positions of peaks of MW
standards. Fig. S5 displays the SEC profiles for these standards. The
dominant SEC peak for WT and V2E has apparent MW =~ 90 kDa which
was calculated using interpolation between MW standards and K,y « log
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(MW). This was also the dominant peak in the earlier WT SEC and is
assigned as the trimer [25]. There is a smaller peak for V2E with MW =~
165 kDa that is assigned as the hexamer, and smaller peaks for WT with
MW = 70 kDa and 35 kDa that are respectively assigned as dimer and
monomer. Peaks with similar masses as the assigned species have been
observed in earlier SEC of FP_HM and HM in DPC detergent at pH 4 [25].
The monomer, dimer, trimer, and hexamer assignments correlate with
SDS mass contributions of ~20, 35, 40, and 65 kDa, respectively. It is
likely that most of the SDS molecules bind the apolar Fp and Mper
segments of FP_HM. The mass of these segments is ~3 kDa per FP_HM
molecule, and the SDS:Fp + Mper mass ratios with these assignments are
within the previously-reported range of 3-7 for SDS-bound membrane
protein segments [75].

We chose Tris/SDS as the buffer of stock FP_HM for vesicle fusion
assays, based on predominant folded helical trimer for WT and V2E
(Figs. 3 and 4), and the likelihood that this is an important catalytic
structure of gp41 during fusion. Although some proteins unfold in SDS
and others adopt increased helical structure, neither of these effects are
apparent in the Figs. 3 and 4 data. As noted above, the 6 555 of WT in SDS
at 22 °C matches the fractional helicity calculated using the lengths of
helical segments of the crystal structure of a HM-like construct. The
crystal was grown in the absence of detergent [10]. Also, the Fig. 3 CD
spectra of (A) WT and (B) V2E support Ty, > 95 °C, which is consistent
with Ty, =~ 110 °C detected for FP_HM and similar constructs in the
absence of detergent [25,44]. In addition, earlier crystal structures and
CD studies of gp41 constructs that are smaller than FP_HM show either
no change or small increase or decrease in helicity with vs. without
detergent, where SDS was sometimes the detergent [24,76].

3.4. FP_HM induces highest vesicle fusion extent near pH 5 with much
greater fusion for WT vs. V2E

Fig. 5 displays vesicle fusion induced by WT and V2E in the pH range
of 3.3-7.4 and with FP_HM:lipid = 1:100 mol ratio. For all pH’s, WT
induces greater fusion extent (Mey) than V2E. For both WT and V2E,
Mext exhibits a maximum at pH 5.3 with lower extents at lower and
higher pH. This is different than an earlier study for similar gp41 con-
structs which showed monotonic decrease in fusion extent as pH was
raised from 3.5 to 7 [45]. These different dependences of fusion extent
vs. pH may be related to the initial protein trimer state for the present
study vs. predominant monomer state in the earlier study [33]. For the
present study, the initial rate of fusion is inversely correlated with pH,
which was also observed in an earlier study [23]. In addition, the Mey,
w1/Mext,voE ratio becomes larger as pH is increased. This trend is most
apparent by comparing pH 4.3 and 6.3 data which both have Mex wt ~
30% whereas Mext,vor ~ 17% at pH 4.3 and 7% at pH 6.3. Subsequent
assays were done at pH 5.3 where fusion is maximal.

3.5. Mixed WT/V2E trimers exhibit V2E-dominant reduction of vesicle
fusion and helicity

There has been 30-year interest in the striking gp41 V2E-dominant
reduction of gp160-induced cell/cell fusion and HIV infection. These
data have been analyzed to estimate the number of gpl60 trimers
required for fusion and infection. We tested whether there are also V2E-
dominant reductions of FP_HM-induced vesicle fusion and helicity.
These experiments required mixed WT/V2E trimers, so WT and V2E
were first co-dissolved in SDS-PAGE buffer in which both proteins are
predominantly monomeric (Fig. 2) and then dialyzed into Tris/SDS in
which the proteins are predominantly trimeric (Fig. 4). Fig. 6 displays
vesicle fusion with FP_HM:lipid = 1:100 and different WT:V2E ratios
and Fig. 3C displays CD spectra with different WT:V2E ratios. Both
datasets demonstrate that V2E causes dominant reductions of fusion and
helicity. The V2E dominance is supported by fusion data obtained with
WT and V2E stocks from other purifications and by data with FP_HM:
lipid = 1:300 (Fig. S6). The fusion extents for all data are presented in
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Fig. 5. Vesicle fusion induced by Wild-type (black) and V2E mutant (red) FP_HM at pH’s between 3.3 and 7.4. Assays were done at 37 °C using vesicles that had been
extruded through 100 nm diameter pores. The vesicles contained POPC:POPG (4:1) with [total lipid] = 150 pM. The vesicle solution contained 25 mM citrate buffer
at pH = 3.3, 4.3, 5.3, and 6.3, and 10 mM Tris buffer at pH = 7.4. At time = 0, an aliquot of FP_HM stock solution was added to the vesicle solution to achieve FP_HM:
lipid with 1:100 M ratio. The stock had 150 pM FP_HM at pH 7.4 with 0.2% SDS. The small apparent negative fusion for V2E at pH 7.4 is likely the result of
fluorophore dilution because of increased volume of the vesicle solution upon addition of FP_HM stock. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
Table 1.

3.6. Quantitative similarity of V2E dominance for FP_HM fusion and
helicity, gp160 cell-cell fusion, and HIV infectivity, and global fitting
support efficient fusion requiring at least two Wild-type gp41 trimers

It is interesting to understand how quantitatively-similar are the V2E
dominances for FP_HM-induced vesicle fusion, FP_HM helicity, gp160-
induced cell/cell fusion, and HIV infectivity [54]. For each assay type,
percent activity (A) is calculated as a function of the fraction gp41 with
V2E (fyzg), with A = 100% and 0% when fyor = 1 and 0, respectively.
For cell/cell fusion and infectivity, A = 100 x N(fy2r)/N(0), were N =
experimental numbers of syncytia and colonies, respectively. For fyr =
0.5, the A’s are ~0, which presumably also holds for fysg = 1. For
FP_HM-induced vesicle fusion, the A(fyog) = 100 X [Mext (fy2r) — Mext
(1)1/[Mext (0) — Mex¢ (1)1, and a similar expression is used for FP_HM
helicity with 0955 substituted for Mext. Table 2 displays the A values from
the different assays and their associated uncertainties and Fig. 7 displays
a plot of all A vs. fysg. A straightforward model for V2E dominance is
that activity requires a cluster with number = n WT gp41 molecules, so
activity is proportional to the fraction of these clusters with only WT and
without V2E gp41 molecules. For this model, A = 100 x (fyt)" = 100 x
(1 — fy2p)". Global fitting of all the Fig. 7 data yields best fit n = 6.00 &
0.39,i.e. T =2 fully WT trimers are required for the greatest cell-cell and
vesicle fusion, HIV infection, and helical hairpin structure.

4. Discussion

4.1. V2E dominance of FP_HM vesicle fusion and helicity supports an
important role of the final gp41 hairpin structure in maintaining close
membrane apposition prior to fusion

The V2E mutation of gp4l exhibits dominance in both gp160-
mediated cell/cell fusion and HIV infectivity [54]. Several different
groups have analyzed infectivity data as a function of fyo with resulting
estimates between 1 and 19 gp160 trimers required for infection, with
the specific number depending on the assumptions of the model used in
the analysis [55]. The major discovery of the present study is V2E
dominance for FP_HM in both vesicle fusion and helicity that is
quantitatively-similar to earlier cellular and viral data (Table 2 and
Fig. 7). FP_HM adopts the hyperthermostable trimer-of-hairpins struc-
ture which is the final state of gp41 without gp120, so this similar
dominance supports an important role in viral fusion for the final hairpin
structure. These data do not support models in which the hairpin is the
“post-fusion” structure that forms after most or all of membrane fusion
has occurred. Fig. 8 displays a model that correlates the reductions in
gp41 helicity and fusion for V2E vs. WT hairpin gp41. Panel A depicts
two WT trimers (n = 6, T = 2) whose hairpins have ~60-residue N- and
C-helices, with trimers connected through an antiparallel § sheet located
in the outer leaflet of the target membrane and composed of six inter-
leaved Fp strands, each with ~17 N-terminal gp41 residues. For clarity,
only a single molecule of each trimer is displayed. The hyper-
thermostability of the hairpin (T, ~ 110 °C), in conjunction with the Fp
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Fig. 6. Vesicle fusion induced by FP_HM mixed trimers with different Wild-
type:V2E ratios. The vesicle solution had 150 pM total lipid, pH 5.3, tempera-
ture = 37 °C, and POPC:POPG (4:1) vesicles formed by extrusion through 100
nm diameter pores. At time = 0, an aliquot of FP_HM stock solution was added
to the vesicle solution to achieve FP_HM:lipid = 1:100 M ratio. The stock had
150 pM FP_HM at pH 7.4 with 0.2% SDS. Stocks with Wild-type/V2E mixtures
were prepared by co-dissolution in 8% SDS with predominantly monomeric
FP_HM (Fig. 2 A,B) followed by dialysis into 0.2% SDS to form FP_HM mixed
trimers (Fig. 4). Fig. S8 displays vesicle fusion data with different preparations
of vesicles and protein stocks, and with FP_HM:lipid either 1:100 or 1:300. The
data in Fig. 5 and Fig. S8 data exhibit similar trends and the long-time fusion
extents are presented in Table 1. The fusion extent is <1% when stock buffer
without FP_HM is added to the vesicle solution.

Table 1
Percent Fusion Extent for different V2E mole fractions.”

fyor Protein: Lipid Protein: Lipid Protein: Lipid
=1:100 =1:100 =1:300
(Dataset 1) (Dataset 2)

0 90 96 43

0.05 81 86 32

0.10 48 65 25

0.25 38 44 15

0.5 35 31 15

1 32 30 18

 Data for each column were obtained using a separate vesicle preparation and
a separate protein stock preparation. The Mgy = 100 X (Feyxy — Fo)/(Fimax — Fo)
where Fy is the fluorescence prior to protein addition, Fey is the long-time
(~600 s) asymptotic fluorescence after protein addition, and Fp.x is the
maximum fluorescence after Triton X-100 addition. There is typical +2% vari-
ation in My for an assay replicate with the same vesicle preparation and same
protein stock preparation.

in target membrane and Mper+Tmd in viral membrane, partially
counteracts the ~25 kcal/mol energy for close membrane apposition
prior to fusion. The energy for this initial apposition is the highest
barrier in many computational studies of membrane fusion [4]. For the
Fig. 8A model, the final trimer-of-hairpins state is the fusion-catalytic
state of gp41 and forms prior to fusion, which is consistent with the
results of some earlier experiments and simulations of enveloped virus
fusion [46,47]. The N-helix and C-helix in Fig. 8A are approximately
residues 24-84 and 104-164, respectively, based on high-resolution
structures and supported by the WT CD spectra in Fig. 3A, as
described in the Results section [9,10]. Two trimers for efficient fusion is
supported by fitting of the Activity vs. fysg data (Fig. 7 and Table 2) and
agrees semi-quantitatively with an earlier report of two to three gp160
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Table 2
Percent activity for different V2E mole fractions.”
fyor Vesicle Vesicle Vesicle Helicity  Cell- HIV
fusion fusion fusion cell infectivity
P.L = P.L= P.L = fusion
1:100 1:100 1:300
(Dataset (Dataset
1) 2)
0.05 85(6) 85(6) 58(13)
0.09 39(20) 44(4)
0.10 27(5) 54(5) 30(12) 56(5)
0.17 18(8) 33(10)
0.25 11(5) 22(4) 28(5)
0.33 6(1) 16(4)
0.5 6(5) 2(1) 11(5) 4(3) 5(2)

@ For FP_HM-induced vesicle fusion and FP_HM helicity, Activities (A’s) were
based on the present study, and for cell-cell fusion and HIV infectivity, on [54].
Uncertainties are in parentheses. For vesicle fusion, A(fyor) = 100 X {[Mex
(fv2r) — Mext (1)1/[Mext (0) — Mexe (1)1}. The uncertainty of A was calculated
using +2% uncertainty for each Mey. The helicity A was similarly calculated
with 0555 substituted for Mey,. Cell-cell fusion was done with HeLa T4 cells
transfected with plasmids coding for the HIV gp160 protein, and fyr was a
fraction of the transfected DNA. Fusion was quantified using the number of
cellular syncytia (N), with A = 100 x {N(fy2r)/N(0)}. The uncertainty of A was
the standard deviation from several trials. HIV infectivity was similarly quan-
tified with N = number of colonies after infection and incubation of HeLa T4
cells.

90
80 A =100 X (1 - fyoe)"
70

Best fitn =6.00 £ 0.39

60
50
40~
30
20
10

Percent Activity (A)

0 T T T
0 0.1 0.2 03 04 05
Fraction V2E

Fig. 7. Plot of Percent Activity (A) vs. fraction V2E (fy,p) data and fitting to A
=100 x (1 - fyzg)™ The individual A values and their uncertainties are pre-
sented in Table 2 and are based on vesicle fusion and circular dichroism data
from the present study and earlier cell-cell fusion and HIV infection data. The
fitting equation is based on fusion requiring n Wild-type and no V2E molecules.
The best-fit n = 6.00 + 0.39, i.e. 6.00(39). For data subsets from a single
approach where fyog is the only variable parameter (single columns in Table 2),
best-fit n are: FP_HM-induced vesicle fusion at 1:100 ratio, trial 1, 8.68(2.36)
and trial 2, 5.29(41); FP_HM-induced vesicle fusion at 1:300 ratio, 11.10(40);
CD-calculated FP_HM helicity, 4.69(65); gp160-induced cell-cell fusion, 7.14
(40); and HIV infectivity, 6.97(1.49).

trimers for efficient infection by HIV primary isolates, i.e. HIV strains
obtained from infected patients [55]. One of these isolates was a
“transmitted founder” isolate, i.e. an isolate that initiates infection of an
uninfected person. In Fig. 8, the Fp antiparallel p sheet structure in
membrane is supported by NMR data which also show a distribution of
N-terminal strand lengths, with 1 — 17/17 — 1 as a major population
[18-20]. This registry clusters together the apolar N-terminal Fp
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Fig. 8. (A, B) Model that correlates lower helicity of V2E vs. Wild-type FP_HM with reduced fusion of V2E. The gp41 hairpin reduces the energy of the membrane
apposition state that exists just prior to fusion. There are two gp41 trimers with hairpin structure that are joined through an intermolecular Fp p sheet in the outer
leaflet of the target membrane. The Fp strands are antiparallel and interleaved between trimers. For clarity, only one gp41 monomer is shown in each trimer. The
model has dominant C-terminal extension of the Fp f sheet for V2E vs. Wild-Type that results in loss of helicity at the N-terminus of the N-helix and C-terminus of the
C-helix. There is consequent larger separation of the viral and target membranes for V2E and higher activation barrier for subsequent stalk formation because of the
need for larger-amplitude protrusion of lipid acyl chains into the intermembrane region. Relative to WT, the V2E Fp f sheet may also have shallower membrane
location with consequent lower probability of lipid protrusion. For (A) Wild-type gp41 hairpin, the N- and C-helices are each ~60 residues. There is a distribution of
WT Fp antiparallel registries that includes residues 1 — 17/17 — 1 which is depicted in panel A and in panel C, right, V2E middle strand/WT bottom strand. This
registry clusters together the apolar N-terminal Fp residues of the different strands which likely correlates with more favorable free energy of insertion in the
membrane hydrophobic core. A longer 1 — 23/23 — 1 registry is depicted for V2E in panel B, and correlates with loss of 6 helical residues in both the N- and C-
helices and the experimentally-observed ~9% loss of helicity for V2E vs. WT FP_HM (Fig. 3A,B). This registry is depicted in panel C, left and could correlate with an
interstrand E2/R22 salt bridge. The membrane thickness and lengths and widths of the N- and C-helices and Tmd in panels A and B are drawn approximately to the
displayed scale. Helices are drawn with ~1.5 A length per residue, Fp p strands are drawn with ~3.5 A length per residue, and other gp41 segments are drawn with
~2.5 A length per residue. The Mper may also bind the viral membrane, based on existing Mper structures. Panel C displays schematic registry arrangements of three
antiparallel Fp strands, WT/V2E/WT either (left) with or (right) without V2E dominance of registries, i.e. 1 - 23/23 - 1/1 - 23 or 1 —» 23/23 - 1/1 > 17.

residues of the different strands which likely correlates with more
favorable free energy of insertion into the membrane hydrophobic core
(Fig. 8C, right panel, middle and bottom strands). Although FP_HM
doesn’t have the Tmd, its C-terminal Mper also binds membrane, and
intervesicle lipid mixing could be catalyzed by FP_HM by a similar
structure as shown for the Fig. 8A fusion catalyzed by full-length gp41
with Tmd [26,27].

Fig. 8B displays a model with the V2E gp41 hairpin, and reduced
fusion is predominantly attributed to the larger membrane separation
for V2E vs. WT. The Fp p sheet in V2E is hypothesized to have longer
strands, e.g. 1 — 23, because of salt bridge formation and/or hydrogen
bonding between the E2 sidechain and sidechains of polar residues in
the Fp C-terminal region, e.g. R22 (Fig. 8C) [20]. The longer and perhaps
more stable Fp f sheet for V2E vs. WT may also be the basis for the
observed minor hexamer population for V2E in SDS vs. minor dimer and
monomer populations for WT (Fig. 4). The f sheet structure has been
previously observed for V2E peptide in membrane, and there are con-
flicting data about whether there is greater fractional population of
helical or B sheet structure for V2E vs. WT peptides [61,62,64]. NMR
data support predominant f§ sheet structure for the Fp segment of a
membrane-bound construct similar to WT FP_HM [23]. Given that the
present study for FP_HM shows lower helicity for V2E vs. WT (Fig. 3A,B
and Fig. S4A,B) as well as V2E-dominant reduction in helicity for WT:
V2E mixtures (Fig. 3C), our Fig. 8 model uses the V2E p sheet structure.
Longer V2E vs. WT f3 sheets are supported by some comparative NMR
data for V2E vs. WT peptides in membrane [20]. These data also support
a distribution of antiparallel registries for V2E as has been observed for
WT, but for clarity the following discussion is focused on the 1 — 23/23
— 1 V2E antiparallel registry. For WT, residues 18-23 are the linker that
connects the Fp p sheet in the target membrane and the hairpin N-helix
in the intermembrane region. For V2E, the linker would instead be

residues 24-29 which in WT form the N-terminus of the N-helix. These
residues are no longer helical in V2E, and as a consequence, no longer
stabilize the helical structure of six residues at the C-terminus of the C-
helix. The loss of helicity for 12 hairpin residues for V2E vs. WT
approximately matches the experimental ~9% loss in helicity for V2E
vs. WT FP_HM (Fig. 3A,B), i.e. 0.09 x 146. The loss of helicity for the C-
helix residues results in a ~ 10 A increase in intermembrane separation
with consequent reduction in fusion. Specifically, the stalk intermediate
between outer leaflets of the viral and target membranes is hypothesized
to form after apposition via transient “protrusion” (excursion) of lipid
acyl chains into the aqueous phase [47-50]. For the larger separation
with V2E, stalk formation would require larger-amplitude and therefore
higher energy protrusion of the chains, and fusion would be hindered.
Earlier NMR studies also showed that relative to membrane without Fp,
membrane with WT Fp exhibits increased chain protrusion [50]. Other
NMR data showed that the V2E Fp p sheet membrane location is shal-
lower than WT, and this difference may result in attenuated protrusion
with V2E gp41 [64].

4.2. Interleaved fusion peptide strands from two gp41 trimers in an
antiparallel f§ sheet structure as the basis for V2E dominance

In our view, there hasn’t yet been a detailed structural model that
explains V2E dominance in HIV fusion and infection, and this intellec-
tual gap is addressed by the Fig. 8 model with antiparallel § sheet with
interleaved Fp strands from two trimers. Fig. 8C displays schematic
registry arrangements of three antiparallel strands, WT/V2E/WT either
(left) with or (right) without V2E dominance of registries, i.e. 1 — 23/
23 - 1/1 - 23 or 1 - 23/23 - 1/1 — 17, respectively. The (left)
dominant arrangement might be favored because a R22/E2 salt bridge
can form either between the top/middle or bottom/middle strands. If
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two or three of the six strands in the sheet are V2E, there would be even
higher preference for the 1 — 23/23 — 1 registry. For fyor = 0.5, the
maximum number of R22/E2 salt bridges would be achieved when
alternating WT and V2E strands only adopt the 1 — 23/23 — 1 registry.
The predicted absence of fusion and infection with only 1 — 23/23 - 1
registry matches the calculated A = 2% when fysg = 0.5 using the best-fit
eq. A=100 x (1 - fyom)®, Fig. 7. Our model of V2E-dominant reduction
in fusion and helicity caused by V2E-dominant longer Fp strand lengths
includes the reasonable idea that larger intermembrane separation and
perhaps shallowness of membrane location of the Fp B sheet are
positively-correlated with the number of 1 — 23/23 — 1 registries
within the sheet.

4.3. Comparison between the gp41 V2E and Ha2 GI1E fusion-impairing
mutations

The Fig. 8 correlation between increased membrane separation and
reduced fusion is also evidenced by the similar structural effects of
impairing mutations for the influenza Ha2 protein which catalyzes
fusion for this virus. Ha2 and gp41 don’t share sequence homology but
have similar topologies including a viral Tmd and a ~ 180 residue
ectodomain that adopts a final-state trimer-of-hairpins structure
[77,78]. Like gp41, Ha2 also has a ~ 25-residue N-terminal Fp that binds
the target membrane. However, the Ha2 Fp typically adopts helical
rather than p sheet structure in membrane and there isn’t close spatial
proximity between the helical Fp’s of the same or different trimers
[69,79-81]. Two extensively-studied Ha2 mutations are I173E in the C-
terminal region of the hairpin close to the Tmd, and G1E at the N-ter-
minus of the Fp. Both the I173E and G1E mutations greatly reduce Ha-
mediated cell/cell fusion, and also greatly reduce cell-cell fusion medi-
ated by the Ha2 ectodomain protein “FHa2” which is analogous to
FP_HM [46,82,83]. Vesicle fusion induced by FHa2 is also highly
attenuated with these mutations which is similar to the attenuation of
vesicle fusion by V2E FP_HM (Fig. 5) [81]. Unlike V2E (Fig. 3A,B), both
1173E and G1E cause dramatic 35-40 °C reductions in the T, of FHa2, so
the loss of fusion with either mutation is correlated with less stable
hairpin and with larger inter-membrane separation [81]. The reduction
in Ty, for G1E is surprising because the N-terminus of the WT helical Fp is
spatially far from the hairpin. However, H/D exchange data of Ha2
supports a model for reduced hairpin stability in which G1E Fp binding
to the C-terminal region of the hairpin displaces the N-helix from the
hairpin [78]. G1E may not be a dominant Ha2 mutation, as each Fp
adopts independent helical structure [69,80]. To our knowledge, G1E
dominance has not been reported for Ha2 fusion.

4.4. Greatest fusion between pH 5 and 6 is correlated with retention of
FP_HM trimers

Observation of maximum vesicle fusion between pH 5 and 6 for both
WT and V2E (Fig. 5) is different from an earlier study which found
maximum fusion at pH ~ 3 and decreasing fusion as pH is raised, with
negligible fusion when pH is in the 5-6 range [45]. The construct of the
earlier study was similar to WT FP_HM and similar lipid compositions
were used for vesicles in both studies, with a minor fraction of POPG
lipid that has negative headgroup charge over the entire pH range. One
difference between studies is the stock protein buffer which was formate
at pH 3 in the earlier study vs. Tris/SDS at pH 7.4 in the present study.
For both buffers, the stock protein is a thermostable hairpin with Ty, >
100 °C; however, the protein is predominantly a monomer at pH 3 vs.
trimer at pH 7.4 [25,33]. This pH-dependent difference is consistent
with the calculated charges of ~ +12 at pH 3 vs. -1 at 7.4, and the
consequent much larger electrostatic repulsive energy between mono-
mer units at pH 3. At pH 7.4, vesicle fusion is induced by the stock trimer
(Fig. 5) but is not induced by the stock monomer in the earlier study. We
anticipate the stock trimer remains intact because the pH doesn’t
change. Although the stock monomer could form the lowest free-energy
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trimer at pH 7.4, a significant fraction of protein likely binds vesicles as
monomers and wouldn’t adopt the interleaved FP  sheet structure from
two trimers, so there is less compensation of the 25 kcal/mol apposition
barrier and consequent attenuated fusion (Fig. 8A).

For the present study, fusion was measured in the pH 3.3-7.4 range
and the maximum extent of fusion was observed between pH 5 and 6
(Fig. 5). Based on the discussion above, the FP_HM oligomeric state may
be an important factor in the pH dependence. An earlier study provides
insight into the pH dependence of FP_HM oligomerization, and relied on
analytical ultracentrifugation data in dodecylphosphocholine (DPC)
detergent of a construct containing FP_HM plus the transmembrane
domain [84]. There was predominant monomer at pH 4, predominant
trimer at pH 6, and approximately equal fractions of monomer and
trimer at pH 5. Another earlier study showed greater trimer vs. mono-
mer for FP_HM in SDS vs. DPC so we anticipate FP_HM remains a trimer
at pH 5.3 where fusion extent is maximal [25]. The more extensive
fusion for FP_HM at pH 5.3 vs. higher pH may be due to the +2 charge at
pH 5.3 vs. neutral or negative charge at higher pH, with consequent
greater FP_HM binding to the negatively-charged membrane at pH 5.3
[23,33]. The lower fusion when pH < 5 may be due to FP_HM dissoci-
ation into monomers which are probably less fusion-active than trimer.
It isn’t yet known whether the maximum FP_HM-induced vesicle fusion
in the pH 5-6 range is related to HIV fusion within endosomes in this pH
range. Fusion within late endosomes is the major infection route for
some viruses like influenza, but for HIV there is disagreement in the
literature about whether infection is primarily via fusion with the
plasma membrane or within endosomes [85-87].

5. Conclusions

The most important result of this study is observation of V2E
mutational dominance in reduction of helicity and vesicle fusion
induced by FP_HM, which is a hyperthermostable HIV gp41 hairpin
construct that includes the Fp and Mper that bind the target and viral
membranes, respectively. This mutation had previously been observed
to be dominant in reduction of gp160-mediated cell/cell fusion and HIV
infection. Both FP_HM and gp160 are predominantly trimers prior to
fusion and infection, and mixed trimers with WT and V2E molecules
exhibit quantitatively-similar dependences of reduced helicity, fusion,
and infection on fyog. Our observation of similar V2E dominance for
FP_HM and gp160 supports the final trimer-of-hairpins structure of gp41
as an important state in fusion catalysis. A global fit of the present and
earlier V2E data supports efficient fusion and infection requiring 6 WT
gp41 molecules, i.e. two gp41 trimers. A model is developed with two
gp41 hairpin trimers stabilizing the highest-energy initial apposition of
the viral and target membranes prior to fusion. The Mper/Tmd’s are in
the viral membrane and the Fp’s are in the target membrane with
intermolecular antiparallel § sheet structure and interleaved strands
from the two trimers. The hyperthermostable hairpins in conjunction
with the Fp in target membrane and Mper/Tmd in viral membrane
reduce the membrane apposition energy and thereby catalyze fusion.
There are longer Fp strands in V2E vs. WT which results in loss of helicity
for V2E at the N- and C-termini of the hairpin and consequent larger
intermembrane separation. Subsequent formation of the stalk mem-
brane intermediate is impaired with larger separation because of the
need for higher-amplitude and therefore higher-energy protrusion of
lipid acyl chains into the aqueous region. The V2E dominance of longer
strands in the Fp p sheet is correlated with formation of stabilizing salt
bridges and/or hydrogen bonds between E2 and the polar and charged
residues near the Fp C-terminus.
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Figure S1. DNA sequence of Wild-type FP_HM including non-native GsLEHes C-terminal tag. For the V2E
mutant, the T nucleotide at the fifth position is replaced by A.

1 GCCGTGGGTATCGGTGCTCTGTTCCTGGGTTTCCTGGGTGCTGCTGGTTCGACGATGGGTGCCCGCTCAATGACG
76 CTGACGGTCCAAGCACGTCAGCTGCTGAGCGGCATTGTGCAGCAACAGAACAATCTGCTGCGCGCGATCGAAGCC
151 CAACAGCATCTGCTGCAGCTGACCGTTTGGGGTATTAAACAACTGCAGGCTCGTATCCTGAGCGGCGGTCGCGGL
226 GGTTGGATGGAATGGGATCGTGAAATTAACAATTATACGAGCCTGATTCACTCTCTGATCGAAGAAAGTCAAAAC
301 CAACAGGAGAAAAACGAACAGGAACTGCTGGAACTGGACAAATGGGCCTCCCTGTGGAACTGGTTTAACATTACG
376 AACTGGCTGTGGTACATCAAAGGCGGCGGTGGCGGTGGTCTCGANCACCACCACCACCACCAC

Figure S2. Primer nucleotide sequences to produce V2E_FPHM mutant

Forward Primer Sequence: 5’ - CAT ATG GCC GAG GGT ATC GGT G- 3’
Reverse Primer Sequence: 5’ - CAC CGA TAC CCT CGG CCA TAT G- 3’

Figure S3. Protein sequence coverage from mass spectrometry of peptides formed from trypsin digestion. The
highlighted yellow residues were in a peptide. The highlighted green residues were in peptides but had mass
changes consistent with oxidation (M), deamination (Q), or dehydration (E).
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Figure S4. CD spectra of (A) Wild-type and (B) V2E mutant FP_HM at temperatures between 22 and 95 °C.
All spectra were recorded on the same day with [protein] ~ 6 uM in 10 mM Tris buffer at pH 7.4 with 0.2% SDS.
The WT and V2E FP_HM are from different preparations than those used for the CD spectra in Fig. 3A,B in the
main text. The spectra are consistent with helical structure based on shallow minima near 208 and 222 nm. At
22 °C, the | 0222 | values for WT and V2E are 1.82x10* and 1.54x10% deg-cm?-dmol, respectively, which
correspond to 55% and 47% helicity. The CD spectra in Fig. 3A,B in the main text similarly show 9% greater
helicity for WT vs. V2E mutant FP_HM.
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Figure S5. Size-exclusion chromatography of molecular weight standards using Azso detection.
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Figure S6. Vesicle fusion assays at 37 °C and FP_HM:lipid molar ratios of (A) 1:100 and (B) 1:300. The 1:100
data are a second trial and were obtained with a different batch of vesicles and different FP_HM stocks than
Fig. 6 in the main text. At time = 0, an aliquot of FP_HM stock was added to the vesicle solution. The vesicle
solution had [total lipid] = 150 uM at pH 5.3 with POPC:POPG (4:1) composition. The FP_HM stock had 150
uM FP_HM in 10 mM Tris buffer at pH 7.4 with 0.2% SDS.
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