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HIV gp41 six-helix bundle constructs induce rapid vesicle fusion
at pH 3.5 and little fusion at pH 7.0: understanding pH
dependence of protein aggregation, membrane binding,
and electrostatics, and implications for HIV-host cell fusion
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Abstract The HIV gp41 protein catalyzes fusion between

HIV and target cell membranes. The fusion states of the

gp41 ectodomain include early coiled-coil (CC) structure

and final six-helix bundle (SHB) structure. The ectodomain

has an additional N-terminal apolar fusion peptide (FP)

sequence which binds to target cell membranes and plays a

critical role in fusion. One approach to understanding gp41

function is study of vesicle fusion induced by constructs

that encompass various regions of gp41. There are apparent

conflicting literature reports of either rapid or no fusion of

negatively charged vesicles by SHB constructs. These

reports motivated the present study, which particularly

focused on effects of pH because the earlier high and no

fusion results were at pH 3.0 and 7.2, respectively. Con-

structs include ‘‘Hairpin,’’ which has SHB structure but

lacks the FP, ‘‘FP-Hairpin’’ with FP ? SHB, and ‘‘N70,’’

which contains the FP and part of the CC but does not have

SHB structure. Aqueous solubility, membrane binding, and

vesicle fusion function were measured at a series of pHs

and much of the pH dependences of these properties were

explained by protein charge. At pH 3.5, all constructs were

positively charged, bound negatively charged vesicles, and

induced rapid fusion. At pH 7.0, N70 remained positively

charged and induced rapid fusion, whereas Hairpin and FP-

Hairpin were negatively charged and induced no fusion.

Because viral entry occurs near pH 7 rather than pH 3, our

results are consistent with fusogenic function of early CC

gp41 and with fusion arrest by final SHB gp41.
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Abbreviations

Chol Cholesterol

CHR C-terminal heptad repeat

FP Fusion peptide

LUV Large unilamellar vesicle

MPER Membrane-proximal external region

NCL Native chemical ligation

NHR N-terminal heptad repeat

N-dansyl-DOPE N-(5-dimethylamino-1-

naphthalenesulfonyl) (ammonium salt)

dioleoylphosphatidylethanolamine

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

N-PHI N-terminal half of the pre-hairpin

intermediate

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PHI Pre-hairpin intermediate

POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine
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POPG 1-Palmitoyl-2-oleoyl-sn-glycero-3-

[phospho-rac-(1-glycerol)] (sodium salt)

PS Phosphatidylserine

RP-HPLC Reverse phase–high performance liquid

chromatography

SHB Six-helix bundle

Sph Sphingomyelin

TCEP Tris(2-carboxyethyl) phosphine

hydrochloride

Introduction

The HIV transmembrane protein gp41 directs fusion

between the viral envelope and target cell membranes as an

initial step in host cell infection (Figs. 1, 2a). During

fusion, gp41 adopts distinct conformations, and there is

fundamental interest in the mechanism by which specific

structures and/or structural changes of gp41 direct mem-

brane fusion (White et al. 2008). The *180-residue gp41

ectodomain lies outside the virus and begins with the

apolar fusion peptide (FP) region followed by N-heptad

repeat (NHR), loop, and C-heptad repeat (CHR) (Fig. 2a).

Gp41 is trimeric, and early fusion-active conformation

termed the pre-hairpin intermediate (PHI) (Fig. 1b) has an

extended ectodomain with parallel coiled-coil assembly of

the NHR (Bewley et al. 2002; Furuta et al. 1998; Jones

et al. 1998). It is generally written that the FP in the PHI is

bound to the target cell membrane although, to our

knowledge, this has not been experimentally verified

(Durell et al. 1997; White et al. 2008). Hydrophobic

interaction between the NHRs and CHRs results in collapse

to a final hyperthermostable and compact six-helix bundle

(SHB) structure (Fig. 1c) (Caffrey et al. 1998; Tan et al.

1997; White et al. 2008).

Virus–cell membrane fusion is generally accepted to

occur through the following sequential steps: (1) mixing of

lipids between the two membrane bilayers; (2) formation of

a hemifusion intermediate with retention of distinct virus

and cell compartments separated by a single bilayer ‘‘dia-

phragm’’; (3) breaking the diaphragm to make a fusion pore

with creation of a single continuous membrane enclosing

the virus and cell compartments; and (4) enlargement of the

fusion pore and complete mixing of virus and cell contents

(Chernomordik et al. 2006). Although these membrane

fusion steps occur contemporaneously with the gp41

structural changes pictured in Fig. 1, it is not yet clear how

specific gp41 structures or structural changes catalyze par-

ticular fusion steps or are time-correlated with these steps

(Markosyan et al. 2003). One widely presented idea is that

no membrane fusion steps occur prior to folding from PHI

to SHB structure and that this folding initiates fusion by

bringing virus and cell membranes close together. (Chan

and Kim 1998; Weissenhorn et al. 1997). For this model,

fusion catalysis occurs because much of the free energy

released by PHI ? SHB folding is transformed into free

energy of activation of membrane fusion. To our knowl-

edge, there are no clear experimental data which support

this model. An alternative hypothesis is that PHI structure

correlates with lipid mixing and hemifusion and that SHB

formation is coincident with creation of small, stable fusion

pores. There are some gp41-mediated cell fusion data which

support this model (Markosyan et al. 2003).

Several constructs encompassing various regions of

gp41 catalyze vesicle fusion as assayed by inter-vesicle

lipid mixing, and these data provide useful information to

understand gp41-mediated membrane fusion. A variety of

membrane compositions have been used in these assays,
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Fig. 1a–c HIV fusion model. a On naı̈ve virions, trimeric gp41 is

initially sequestered by three viral gp120 surface subunits (Center

et al. 2002). b, c Following binding by gp120 with specific target cell

receptors, gp41 becomes activated and undergoes conformational

change, interacts with the target cell membrane, and directs mem-

brane fusion (Furuta et al. 1998; Jones et al. 1998; Markosyan et al.

2003). Gp120 is omitted from b and c in order to focus on gp41

organization. To date, there are high-resolution structures for the SHB

structure of c and high-resolution structures for FP in membranes and

in detergent which show both b sheet and helical conformations

(Jaroniec et al. 2005; Li and Tamm 2007; Pereira et al. 1997; Qiang

et al. 2008; Reichert et al. 2007; White et al. 2008). There are

conflicting reports about the fractions of specific parallel and

antiparallel b sheet registries (Sackett and Shai 2005; Yang and

Weliky 2003)
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and reference compositions include those from membranes

of host cells of HIV or from HIV itself. A reasonable model

of the lipid headgroup ? cholesterol composition of the

host cell is denoted ‘‘LM3’’ and has phosphatidycholine

(PC):phosphatidylethanolamine (PE):phosphatidylserine

(PS):sphingomyelin (Sph):phosphatidylinositol (PI):cho-

lesterol (Chol) in a 33:17:7:7:3:33 mol ratio (Aloia et al.

1993; Brugger et al. 2006; Yang et al. 2001). A model

composition for HIV is PC:Sph:PE:PS:Chol in

15:15:15:10:45 mol ratio. Because the FP is thought to

initially bind to the host cell membrane, studies of FP-

containing constructs have typically focused on LM3-type

compositions.

There have also been studies of gp41 construct-induced

fusion of vesicles with simpler compositions, most notably

PC:PG:Chol in 0.53:0.13:0.34 (8:2:5) mol ratio (Sackett

et al. 2009, 2010). This composition reflects the respective

large and small fractions of lipids with choline and nega-

tively charged headgroups in LM3 as well as the significant

fraction of cholesterol in both cellular and HIV membranes

(Aloia et al. 1993; Brugger et al. 2006). We note that a 4:1

PC:PG mol ratio has been commonly used in biophysical

studies of viral fusion proteins and that negatively charged

lipids are found in the outer leaflet of the HIV membrane

(Aloia et al. 1993; Callahan et al. 2003; Han et al. 2001;

Macosko et al. 1997; Nguyen and Hildreth 2000). The

relevance of the PC:PG:Chol and PC:PG compositions has

been evidenced by the following: (1) for a particular gp41

construct, the rate and extent of fusion of vesicles with the

PC:PG:Chol or PC:PG composition is typically similar to

that observed with the more complex LM3 composition;

and (2) fusogenicity trends among different gp41
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Fig. 2 a Schematic of the HIV

gp41 ectodomain with

functional regions designated by

colored boxes. Above and below
in brackets are gp41 constructs.

b–d Structural representation of

N70, FP-Hairpin (N70(L6)C39),

and Hairpin (N47(L6)C39),

respectively, in aqueous

solution, with primary sequence

color-coded to match functional

regions in a. The alignment of

the NHR and CHR sequences

approximately reflects their

alignment in crystal structures

of HIV gp41 in SHB

conformation (Chan et al. 1997;

Weissenhorn et al. 1997). Basic

and acidic amino acids (other

than histidine) are underlined
and marked by an adjacent

circled plus or minus sign,

respectively. At most pHs, the

N-terminus of each molecule

carries a positive charge while

the C-termini of Hairpin and

FP-Hairpin carry a negative

charge. N70 has uncharged

C-terminal amidation
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constructs are observed with LM3, PC:PG:Chol, or PC:PG

vesicles (Sackett et al. 2010; Yang et al. 2004b). The

present study focuses on fusion in the pH 3–7 range, and

PG rather than PS was used in part because the apparent

pKa of PG in vesicles is in the 1–3 range, whereas the pKa

of PS is in the 3–5 range (Tocanne and Teissie 1990; Tsui

et al. 1986; Winiski et al. 1986). Relative to vesicles with

PS, a much higher degree of negative vesicle charge will be

maintained at low pH for vesicles with PG, and the pH

dependence of protein-vesicle electrostatic energy can be

primarily understood in terms of changes in protein charge.

N70 has been a commonly studied gp41 construct and is

the 70 N-terminal gp41 residues, which includes the FP and

most of the NHR (Fig. 2) (Sackett et al. 2009; Sackett and

Shai 2002). N70 serves as a model of the N-terminal half of

the PHI conformation (N-PHI), and at pH 7.2 induced rapid

fusion between vesicles with the 8:2:5 POPC:POPG:Chol

composition. Extensive N70-induced fusion has also been

reported for vesicles with a fraction of either negatively

charged PS or PG lipid (Korazim et al. 2006; Sackett et al.

2009, 2010; Sackett and Shai 2003). The construct ‘‘FP-

Hairpin’’ contained the FP, NHR, short non-native loop, and

CHR and has hyperthermostable (Tmelt & 110�C) SHB

structure (Fig. 2) (Sackett et al. 2009, 2010). In striking

contrast to N70, FP-Hairpin induced no vesicle fusion at pH

7.2, and addition of FP-Hairpin stopped vesicle fusion ini-

tiated by shorter constructs such as FP34 (Fig. 2a). However,

there was another literature report that SHB constructs either

with or without the FP induced extensive vesicle fusion at pH

3.0 (Lev et al. 2009). Such fusion was observed for vesicles

with 45 mol% negatively charged lipid but not for vesicles

without negatively charged lipid, although we note that a

third group has reported significant fusion for neutral vesi-

cles at pH 7.5 with an FP ? SHB construct (Cheng et al.

2010). These different results motivated the present study to

examine the effect of pH on vesicle fusion induced by N70

and FP-Hairpin. Experiments were also carried out on the

NHR ? loop ? CHR ‘‘Hairpin’’ construct with known

SHB structure in order to (1) distinguish the contributions to

fusogenicity from the FP and SHB regions as well as their pH

dependences; and (2) compare to the earlier report of high

fusogenicity at pH 3.0 from SHB constructs with or without

the FP (Sackett et al. 2009, 2010). The pH dependences of

aqueous solubility and membrane binding of each construct

were also examined as these properties might be correlated

to fusogenicity. For example, aggregation and/or lack of

membrane binding might be reasons for low fusogenicity.

This pH-dependent study was motivated by fundamental

biophysical interest and the desire to understand apparently

very different results from the literature. We note that HIV/

host cell fusion likely occurs at physiologic pH & 7 as

there is significant evidence for fusion between the virus

and plasma membranes (Grewe et al. 1990; Stein et al.

1987). Endocytosis of HIV has also been observed, but any

fusion between HIV and endocytic membranes likely

occurs in neutral rather than acidified (pH & 5.5) endo-

somes (McClure et al. 1988; Miyauchi et al. 2009). The

larger goal of our work is to elucidate specific membrane

fusion functional roles of intermediate and final gp41

conformations such as those displayed in Fig. 1.

Materials and methods

Materials

Boc and Fmoc amino acids, Boc MBHA resin, and Fmoc rink

amide MBHA resin were purchased from Novabiochem. S-

Trityl-b-mercaptopropionic acid was purchased from Pep-

tides International. Di-tert-butyl-dicarbonate, Tris(2-car-

boxyethyl) phosphine hydrochloride (TCEP), and Triton

X-100 were purchased from Sigma. N-(7-nitro-2,1,3-ben-

zoxadiazol-4-yl) (ammonium salt) dipalmitoylpho-

sphatidylethanolamine (N-NBD-DPPE), N-(lissamine

rhodamine B sulfonyl) (ammonium salt) dipalmitoylpho-

sphatidylethanolamine (N-Rh-DPPE), N-(5-dimethylamino-

1-naphthalenesulfonyl) (ammonium salt) dioleoylpho-

sphatidylethanolamine (N-dansyl-DOPE), 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-

2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium

salt) (POPG), and cholesterol (Chol) were purchased from

Avanti Polar Lipids. All other reagents were of analytical

grade.

Peptide and protein sequences

The sequences in Fig. 2b–d are from the Envelope protein

of the HXB2 strain of HIV-1. Residue 512 of Envelope

corresponds to residue 1 of gp41.

Peptide synthesis

Peptides included FP34(linker), 512–545-(thioester);

FP23(linker), 512–534(S534A)-(thioester); and N36(S546C),

546–581 (Fig. 2). Peptides were synthesized as described

previously and purified to[95% purity by reverse phase–high

performance liquid chromatography (RP-HPLC) on C18 or

C4 semi-preparative columns using a linear gradient between

water/0.1% trifluoroacetic acid and 10% water/90% acetoni-

trile/0.1% trifluoroacetic acid (Sackett and Shai 2002; Sackett

et al. 2006). Purified peptides were lyophilized and stored at -

20�C under argon. Mass spectroscopy was used to confirm the

identity of each purified peptide with respective expected and

observed masses of 3,580.0 and 3,580.2 Da for FP34(linker),

2,195.5 and 2,194.4 Da for FP23(linker), and 4,138.8 and

4,138.7 Da for N36(S546C).
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Protein expression

The Hairpin construct with NHR ? loop ? CHR and SHB

structure was composed of Envelope residues 535(M535C)

to 581 (gp41 residues 24–70) followed by a short non-

native SGGRGG loop and then residues 628–666 (gp41

residues 117–155) (Fig. 2). Hairpin was expressed and

purified as described previously (Curtis-Fisk et al. 2008;

Sackett et al. 2009). Expression was done in BL-21 cells

using the T7 expression system, and following bacteria

growth, induction, and protein expression, the centrifuged

cell pellet was lysed with glacial acetic acid. After centri-

fugation, the supernatant was dialyzed against trifluoro-

acetic acid:water (1:2,000 v/v) with 150 lM dithiothreitol

reducing agent, and then filtered and concentrated. Hairpin

was purified to [95% homogeneity by RP-HPLC using a

C18 preparative column, lyophilized, and stored under

argon at -20�C. Mass spectroscopy confirmed Hairpin

identity (10,724.1 Da expected mass and 10,724.5 Da

observed mass), and quantification was based on A280 using

e = 23,490 M -1 cm-1.

Native chemical ligation

N70 was prepared by ligating FP34(linker) with

N36(S546C) as described previously (Sackett et al. 2006).

The FP ? SHB construct (FP-Hairpin) was prepared by

ligating FP23(linker) with purified Hairpin at ambient

temperature in a solution containing 8 M guanidinium

chloride and 30 mM 4-mercaptophenylacetic acid (Johnson

and Kent 2006; Sackett et al. 2009). Ligation reactions

were purified by RP-HPLC using a C4 semi-preparative

column with N70 or FP-Hairpin eluting as a well-separated

single peak that was identified by mass spectroscopy. FP-

Hairpin was dialyzed into 10 mM formate with 200 lM

TCEP reducing agent at pH 3.0 and stored at 4�C, while

N70 was lyophilized and stored under argon at -20�C. For

either the N70 or FP-Hairpin ligations, the guanidinium

chloride denaturant eluted in the HPLC void volume during

purification and a subsequent HPLC of the purified product

showed no guanidinium chloride contaminant. Mass spec-

troscopy confirmed FP-Hairpin and N70 identity with

respective expected and observed masses of 7,500.9 and

7,500.5 Da for N70 and 12,814.6 and 12,816.0 Da for FP-

Hairpin. Quantification was based on A280 using e = 5,500

and 23,490 M -1 cm-1 for N70 and FP-Hairpin,

respectively.

Protein aqueous solubility

A 40 lM solution of each gp41 construct was prepared in

either 10 mM formate with 200 lM TCEP at pH = 3.0 or

25 mM citrate with 200 lM TCEP at pH & 3.5. Under

constant stirring, pH was either increased or decreased with

aliquots of NaOH or HCl solution, respectively. Sample

aliquots were removed at each titration point, centrifuged

for 5 min at 14,000 g, and soluble concentration was

determined by A280 of the supernatant. The lower detection

limit for A280 was 0.03 and corresponded to a minimum

detectable concentration of 1.5 lM for Hairpin and FP-

Hairpin and 5.5 lM for N70. When A280 C 0.1, spectral

appearance between 200 and 350 nm was typical for a

protein with tryptophan(s) with absorbance maximum and

shoulder at 280 and 290 nm, respectively.

Protein binding to membranes

Protein binding to vesicles was qualitatively measured

from 525 nm fluorescence of dansyl headgroup–labeled

lipids which had been excited by energy transfer from

protein tryptophans that were excited by 280 nm radia-

tion. The Förster distance of the tryptophan-dansyl pair is

*22 Å, which indicates that distances up to *30 Å

result in measurable energy transfer (Wu and Brand

1994). Large unilamellar vesicles (LUVs) were prepared

by extrusion of lipid films through filters with 100 nm

pore diameters (Yang et al. 2004b). The composition of

the vesicles was POPC:POPG:N-dansyl-DOPE:Chol in a

7.5:2.0:0.5:5.0 mol ratio. The vesicles were extruded with

[total lipid ? cholesterol] & 10 mM, and the buffer was

25 mM N-(2-hydroxyethyl) piperazine-N0-2-ethanesulfo-

nic acid (HEPES) at pH 7.4. Vesicles were diluted to

[total lipid ? cholesterol] & 230 lM in 25 mM citrate

buffer with final pH = 3.5, 4.5, 5.0, or 7.0. The vesicle

solution was transferred to the fluorimeter (Photon

Technology International model 810) and was contained

in a glass cuvette at 37�C with constant stirring. The

excitation wavelength was the absorption maximum of

tryptophan = 280 nm, and the fluorescence wavelength

was the emission maximum of the dansyl vesi-

cles = 525 nm. Fluorescence was detected at 90� relative

to the incident beam, and 5 nm slit widths were used for

both excitation and emission. Baseline fluorescence of the

vesicle solution was first measured for 20 s, protein

solution was then added, and fluorescence was measured

for an additional 10 min with steady-state fluorescence

usually reached within 30 s. There was typical variation of

\5% in absolute fluorescence among different repetitions

of the assay. Each protein stock solution had [pro-

tein] = 40 lM in 10 mM formate, 200 lM TCEP pH 3.0.

For N70, 60 lL of stock solution was added to 1.2 mL

vesicle solution so that final [N70] = 2 lM. For Hairpin

and FP-Hairpin, 30 lL of stock solution was added so

that final [Hairpin] or [FP-Hairpin] = 1 lM. The pH of

the vesicle ? protein solution was the same as the pH of

the initial vesicle solution.
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Protein-induced vesicle fusion

Protein-induced vesicle fusion was detected by mixing of

lipids between the fusing vesicles. The particular assay was

the increase in fluorescence observed when a vesicle

‘‘labeled’’ with small fractions of fluorescent and quench-

ing lipids fuses with a vesicle without these lipids (Struck

et al. 1981). The fluorescence increase reflected the larger

average fluorophore-quencher distance in the fused vesicle.

The procedure for vesicle preparation was similar to that

described for the membrane binding experiments with

[total lipid ? cholesterol] & 230 lM in a 25 mM citrate

buffer with pH = 3.5, 4.0, 4.2, 4.6, 5.0, 5.5, 6.0, 6.5, or 7.0.

Ninety percent of the vesicles were ‘‘unlabeled’’ and con-

tained POPC:POPG:Chol (8:2:5); and ten percent were

‘‘labeled’’ with an additional 2 mol% N-NBD-DPPE fluo-

rescent lipid and 2 mol% N-Rh-DPPE quenching lipid.

Fluorescence was done in a manner similar to that of the

binding experiments except with excitation and fluores-

cence wavelengths of 467 and 530 nm, which were the

peak absorption and emission wavelengths of the N-NBD-

DPPE fluorescent lipid. In addition, the time-resolved

‘‘percent lipid mixing’’ or M(t) was calculated from the

time-resolved fluorescence change DF(t) measured after

addition of protein. The maximum fluorescence change

DFmax was measured after subsequent addition of 12 lL of

10% Triton X-100 detergent. This solubilized the lipids and

cholesterol with resultant very large average fluorophore-

quencher distance. The M(t) = DF(t)/DFmax 9 100 with

typical variation of \5% in the long-time value of

M(t) among different repetitions of the assay. The

DF(t) and DFmax were corrected for the fluorophore dilu-

tion from the small increase in volume from the added

protein or detergent solution.

An assay variant that probed pH-triggered vesicle fusion

was also done. Baseline fluorescence was measured for the

vesicle-only solution at pH 7.0, DF(t) was measured fol-

lowing addition of protein and then measured after sub-

sequent addition of an HCl aliquot which reduced the pH to

3.3. The effect of lowered pH on vesicle fluorescence was

probed by another assay variant in which the HCl aliquot

was added first with subsequent addition of the protein.

Results and discussion

pH-dependent aqueous solubility

The vesicle fusion assays were done by addition of an

aqueous protein solution to a membrane vesicle solution.

Binding of the protein to the vesicle is likely a prerequisite

for fusion. However, in aqueous solution, the gp41 con-

structs often have exposed apolar regions such as the FP,

and under some solution conditions these regions have

been shown to form large aggregates (Yang et al. 2001,

2004a). Such aggregation might compete and/or interfere

with membrane binding and/or fusion. In order to under-

stand the possible contribution of pH-dependent protein

aggregation to pH-dependent fusion, measurements were

made of the aqueous solubilities of N70, Hairpin, and FP-

Hairpin at different pHs (Fig. 3). By the centrifugation

assay described in the ‘‘Materials and methods’’ section, all

constructs at the initial pH of 3.0–3.5 were fully soluble for

[protein] = 40 lM : 100% solubility. For comparable

solution conditions, a significant fraction of N70 molecules

have been shown to be trimers with coiled-coil NHR

assembly, while the NHR ? loop ? CHR region of Hair-

pin and FP-Hairpin have trimeric SHB structure (Fig. 2b–

d) (Sackett et al. 2006, 2009, 2010).

Figure 3a (black circles) shows that N70 remains fully

soluble up to pH & 8 with decreasing solubility in the pH

8–10 range and *0% solubility in the pH 10–12 range.

Both Hairpin (blue circles) and FP-Hairpin (red circles) are

soluble to pH & 4 with decreasing solubility in the pH 4–5

range and *0% solubility in the pH 5–6 range. FP-Hairpin

remains largely insoluble at higher pHs whereas Hairpin

returns to 100% solubility in the pH 6–7 range and retains

this solubility to pH 10 (Fig. 3b). This panel also shows

that Hairpin solubility profiles are very similar in formate

and citrate solutions, where the latter buffers over a greater

pH range. The aggregation of Hairpin in the pH 4–6 range

is reversible as evidenced by return to 100% solubility

when the pH was increased to 7 or decreased to 3 (Fig. 3c).

It is therefore likely that there are folded SHB trimers in

the aggregates, which is consistent with the Tmelt & 110�C

for SHB trimers, i.e., hyperthermostability. FP-Hairpin

aggregation was similarly reversible (Fig. 3d).

Much of the pH dependences of the solubilities of the

three constructs can be understood in terms of their pIs. We

first consider Hairpin whose sequence (Fig. 2d) shows a

larger number of acidic than basic residues and whose

pI = 5.3 was calculated from a model of independent

ionizable groups (e.g., –COOH) whose pKas are the same

as those of single amino acids (Bjellqvist et al. 1993; Ga-

steiger et al. 2005). For pH = pI, we expect uncharged

Hairpin, and as the pH is decreased (increased) from pI,

Hairpin attains greater positive (negative) charge. Aggre-

gation is disfavored by inter-protein electrostatic repulsion,

and we therefore expect highest Hairpin solubility for pHs

that are very different than the pI, as is experimentally

observed (Fig. 3). The high and low solubilities of N70 for

the pH = 3–8 and 10–12 ranges, respectively, can be

similarly understood by its calculated pI = 11.5. The high

and low solubilities of FP-Hairpin in the pH 3–4 and 4–7

ranges correlate with its calculated pI = 5.6. The contin-

ued low solubility at higher pHs for FP-Hairpin is likely
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due to the relatively small negative protein charge at pHs

between the pI and the pKa of lysine. The resultant small

inter-trimer electrostatic repulsion is insufficient to coun-

teract the hydrophobicity of the FP segments.

pH-dependent membrane binding

Protein binding to vesicles merits investigation because

this binding is likely a requirement of protein-induced

vesicle fusion. Figure 4a1, b1, c1 displays the fluorescence

of the dansyl-labeled vesicles in the absence (time \20 s)

and presence (time [20 s) of protein. Binding of the pro-

tein to vesicles is indicated by increased vesicle fluores-

cence due to energy transfer from excited tryptophan(s) in

the protein. It was not possible to determine a binding

constant because only a single protein and single vesicle

concentration were used. Relative to only vesicles,

N70 ? vesicles had greatly increased fluorescence for pHs

in the 3.5–7.0 range (Fig. 4c1), which supports substantial

N70 binding to the vesicles for this pH range. Similarly at

pH 3.5, addition of Hairpin caused a substantial jump in

vesicle dansyl fluorescence, and there was a monotonic

decrease in the fluorescence change as pH was raised with

change &0 at pH 7.0 (Fig. 4a1). These data support sub-

stantial binding of Hairpin to vesicles at pH 3.5 and a

decrease in binding as pH is raised with no binding at pH

7.0. At pH 3.5, FP-Hairpin also bound vesicles signifi-

cantly, and the binding appeared to decrease somewhat

with higher pH, but unlike Hairpin, there was still sub-

stantial binding at pH 7.0 (Fig. 4b1). This retention of

binding is likely due to the apolar FP region which by itself

is known to bind to membranes at pH 7.0 (Qiang et al.

2009).

Hairpin lacks the FP, and the pH dependence of its

binding can be understood in terms of electrostatic inter-

actions with the negatively charged vesicles whose com-

position was designed to model the average fraction of

negatively charged lipids of host cell membranes. Given

the pI = 5.3 (consistent with the pH dependence of solu-

bility, Fig. 3b), Hairpin would be positively charged at

pH = 3.5, approach zero charge at the pI, and be nega-

tively charged at pH 7.0. There would therefore be

attractive protein-vesicle electrostatic interaction at pH 3.5

and repulsive interaction at pH 7.0, which is consistent

with the observed vesicle binding at pH 3.5 and no binding

at pH 7.0.
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Fig. 3a–d The pH-dependent solubility of HIV gp41 constructs

where 100% solubility corresponds to 40 lM. Each construct was

initially completely dissolved at 40 lM at pH & 3.0, and the pH was

incrementally increased with concentrated NaOH. For c and d, this

was followed by reverse titration to lower pH using concentrated HCl.

For all panels, lines are drawn between data points. a Solubility of

N70 (black), FP-Hairpin (red), and Hairpin (light blue) in 10 mM

formate solution. b Solubility of Hairpin in 10 mM formate (light

blue circles) or 25 mM citrate solution (dark blue triangles). c Hairpin

and d FP-Hairpin solubility in 25 mM citrate buffer where triangles
correspond to titration to higher pH and squares correspond to

subsequent titration to lower pH. For a, comparison of experimental

replicates resulted in the following estimated uncertainties for each

datum: Hairpin and FP-Hairpin, ±4%; N70, ±10%. The uncertainties

of the N70 data were larger because of the smaller N70 extinction

coefficient and absorbances
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The pI of N70 is 11.5, and N70 is therefore likely

positively charged in the pH 3.5–7.0 range with consequent

attractive electrostatic interaction with the vesicles in this

range. For N70 in the pH 3.5–7.0 range, it is therefore

expected that both attractive electrostatic interaction and

the FP hydrophobicity will contribute to approximately

pH-independent membrane binding, as was experimentally

observed (Fig. 4c1). For FP-Hairpin with pI = 5.6, this

model predicts attractive electrostatic and FP hydrophobic

interaction with vesicles at pH 3.5 and repulsive electro-

static and attractive FP hydrophobic interaction at pH 7.0,

which is consistent with significant binding at pH 3.5 and
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Fig. 4 pH-dependent membrane binding (a1, b1, c1) and vesicle

fusion (a2, b2, c2) where a, b, and c correspond to Hairpin, FP-

Hairpin, and N70, respectively. For each trace, a vesicle solution was

prepared in 25 mM citrate buffer with [total lipid ? choles-

terol] & 230 lM. At 20 s, protein was added with final [pro-

tein] = 1 lM (Hairpin or FP-Hairpin) or 2 lM (N70). For all

panels, the red, light blue, and black traces correspond to pH = 3.5,

5.0, and 7.0, respectively. The green trace is pH = 4.5 (left panels) or

4.6 (right panels). Orange, yellow, dark blue, and violet traces in the

right panels correspond to pH = 4.0, 4.2, 5.5, and 6.5, respectively.

The 525 nm fluorescence in the left panels is from N-dansyl-DOPE

lipids in the vesicles. The excitation wavelength was 280 nm so that

the increase in fluorescence after protein addition was due to energy

transfer from tryptophan sidechains of the bound protein. Relative to

b1 and c1, slightly larger slitwidths were used in a1, which accounts

for the higher baseline fluorescence in a1 and fluorescence change due

to protein within Förster distance. The lipid mixing assay of the right
panels is described in the ‘‘Materials and methods’’ section
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lower but still substantial binding at pH 7.0, as was

observed in Fig. 4b1.

Figures 3 and 4 provide some insight into the potentially

competing processes of aggregation and membrane binding

for Hairpin in the pH 4–6 range and for FP-Hairpin in the

4–7 range. For example, Hairpin extensively aggregates at

pH 5.0 in the absence of vesicles, and Hairpin also binds

significantly to vesicles at this pH. It seems improbable that

very large Hairpin aggregates bind to vesicles, so it is

likely that the binding rate of individual Hairpin SHB tri-

mers to vesicles at pH 5.0 is at least comparable to the rate

of aggregation of these trimers. Similar arguments apply to

FP-Hairpin in the pH 4–7 range. For Hairpin, changing the

pH from 5 to 7 results in dramatic decreases in both

aggregation and binding so aggregation and binding are not

necessarily inversely correlated. We note that although

hydrophobic interactions underlie hyperthermostable SHB

structure in Hairpin and FP-Hairpin, there is substantial

evidence that the SHB does not unfold in either aggregated

or membrane-associated protein (Peisajovich et al. 2003;

Sackett et al. 2009, 2010).

pH-dependent vesicle fusion

Fusogenicity of the different constructs was probed using

an intervesicle lipid mixing assay. We note that lipid

mixing in HIV/host cell fusion is an earlier step associ-

ated with formation of the hemifusion diaphragm between

the virus and cell. The N70 construct is a model of the

N-terminal part of the early-stage PHI gp41 structure,

whereas Hairpin and FP-Hairpin have the final-stage SHB

structure. Earlier vesicle fusion studies have indicated that

N70 and presumably the PHI are highly fusogenic, while

there have been conflicting results about the fusogenicity

of gp41 constructs with SHB structure. Some of these

earlier lipid mixing studies were done at different pHs

and motivated the present work on lipid mixing at pHs

between 3.5 and 7.0 (Fig. 4 a2, b2, c2). N70 induced

rapid and extensive vesicle fusion at all pHs in this range

(panel c2), whereas Hairpin induced slower but still sig-

nificant fusion at pH 3.5 with rapid loss in rate and extent

of fusion with increasing pH and negligible fusogenicity

for pH C 5.0 (panel a2). The fusogenicity of FP-Hairpin

was also attenuated with increasing pH, but relative to

Hairpin, FP-Hairpin induced measurably faster rate and

extent of vesicle fusion in the pH 3.5–5.0 range with

complete loss of fusogenicity at pH C 5.5 (panel b2).

This result highlights the functional significance of the FP

region. At low pH, SHBs fuse negatively charged vesicles

and this charge was due to either a fraction of PS or PG

lipid (Lev et al. 2009).

The effect of neutral pH on Hairpin or FP-Hairpin

structures or interactions with the membrane might result

in irreversible loss of fusogenicity of the protein. Alter-

natively, pH reduction might reversibly change these pro-

tein properties back to the fusogenic ones. Figure 5 (red

traces) supports the latter hypothesis with no fusion

observed with incubation of protein ? vesicles at pH 7.0

(treatment 1), while extensive fusion was triggered upon

pH reduction to 3.3 (treatment 2). The black traces show

that protein is required for pH-triggered fusion as lowering

the pH of vesicle-only solution (treatment 1) did not induce

vesicle fusion, while addition of protein to the low pH

vesicle solution (treatment 2) resulted in vesicle fusion

which was comparable to that observed with pH triggering

in the red traces. In Fig. 5, the functional significance of

the FP region of FP-Hairpin is highlighted by more

extensive fusion of FP-Hairpin relative to Hairpin at pH

3.3, which correlates with the fusion data of Fig. 4a2, b2.
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Fig. 5 pH-triggered vesicle fusion induced by a Hairpin or b FP-

Hairpin. For each trace, a vesicle solution was prepared in 25 mM

citrate buffer with pH = 7.0 and [total lipid ? choles-

terol] & 230 lM. At 20 s (treatment 1) in the red traces, an aliquot

of protein was added and induced no fusion, whereas at 180 s

(treatment 2), an aliquot of HCl reduced the solution pH to 3.3 and

induced significant fusion. The pH 7.0 state of the protein was

therefore not irreversibly nonfunctional. For the black traces, the

order of addition was reversed so that treatments 1 and 2 correspond

to addition of HCl and protein, respectively, and the data confirm that

both protein and low pH are required to induce fusion. The final

[protein] = 0.33 lM and was threefold smaller than [protein] in the

Fig. 4 assays. For the Fig. 5 assay with sequential addition of protein

followed by HCl, higher [protein] induced formation of large vesicle

aggregates which scattered radiation
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Electrostatic contributions to aqueous solubility,

membrane binding, and fusogenicity

Figure 6 provides a visual summary of much of the aque-

ous solubility, membrane binding, and fusogenicity data

for the three constructs. Protein charge and electrostatic

interactions help to explain much of the pH dependences of

the experimental data. For example, the high solubilities of

all three constructs at pH & 3.5 correlate with the overall

positive molecular charges expected from the pIs and the

consequent repulsive electrostatic intermolecular interac-

tion. Aggregation was observed for each construct when

the pH approached the pI and is explained by the reduction

in both positive charge and intermolecular repulsion. For

Hairpin with calculated pI = 5.3, aggregation was reduced

and solubility was increased for pH = 7.0 and is explained

by the significant negative charge on the SHB trimer and

repulsive inter-trimer interaction.

The role of electrostatics in membrane binding requires

consideration of the 20% of the lipids in the vesicles that

had negatively charged headgroups. High and no mem-

brane binding of Hairpin were observed at pH 3.5 and 7.0,

respectively, and correlated with attractive and repulsive

protein-vesicle electrostatic interaction expected for posi-

tively and negatively charged protein. Electrostatic repul-

sion also played a role in fusogenicity in at least two ways:

(1) the corollary effect of no fusogenicity for cases in

which there was no membrane binding, e.g., Hairpin at pH

7.0; and (2) inhibition of fusion even when there is protein

binding by the FP as for FP-Hairpin at pH 7.0. We note that

other studies have correlated the membrane insertion depth

of the FP to FP-induced membrane perturbation and fus-

ogenicity (Qiang et al. 2009). It may be that the electro-

static repulsion between the SHB and the vesicle draws the

FP to the membrane surface with consequent reduction of

fusogenicity.

Electrostatic attraction between the protein and the

vesicle may also contribute to fusogenicity, e.g., for Hair-

pin at pH 3.5 (Walter et al. 1986). Relative to vesicles only,

vesicles with bound Hairpin likely have smaller negative

charge, which would reduce intervesicle repulsion and the

fusion activation energy. The order of magnitude for this

effect is calculated using the following approximations:

(1) all Hairpin binds to the vesicles under the pH 3.5

assay conditions so that the Hairpin:POPG mol ratio is

*0.03; and (2) most Hairpin carboxyl groups are proton-

ated at pH 3.5 so that the Hairpin molecular charge is

*?9e (Fig. 2d). The ratio of net negative charge of a

vesicle with bound Hairpin to negative charge of vesicle

only would then be *0.7. The ratio of corresponding in-

tervesicle repulsion energies would be proportional to the

square of the ratio of charges or *0.5. This effect may be

larger if Hairpin binds to the vesicle surface (rather than

transmembrane insertion) and is therefore close to the outer

rather than inner leaflet lipids. If only outer leaflet POPG is

considered, the charge ratio for (vesicle with Hair-

pin):(vesicle only) would be *0.4, and the corresponding

intervesicle repulsion energy ratio would be *0.2. This

latter calculation is important because lipid charges are

localized in the headgroups and relative to inner leaflet

lipids, outer leaflet lipids make a larger contribution to

intervesicle repulsion.

Using similar arguments, FP-Hairpin bound to vesicles

at pH 3.5 would reduce the electrostatic contribution to

fusion activation energy, whereas at pH 7.0, it would

increase this contribution and this increase could contribute

to lack of fusogenicity despite the presence of the FP. The

NHR region of N70 is positively charged at both pH 3.5

and 7.0 and is therefore likely to reduce electrostatic

repulsion at both pHs. This hypothesis has been supported

by observation of vesicle fusion at pH 7.4 induced by a
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NHR peptide; however, we note the fusion extent is about

an order of magnitude smaller than that of N70 for the

same peptide:lipid ratio (Korazim et al. 2006). N70 con-

tains the FP with antibody evidence that a significant

fraction of N70 molecules are trimeric with topology

shown in Fig. 2b (Sackett et al. 2006). Cross-linked FPs

with trimeric topology are also highly fusogenic so the

fusogenicity of N70 is likely due to a combination of tri-

meric FP topology and NHR/vesicle electrostatics (Qiang

and Weliky 2009; Yang et al. 2004b). HIV/host cell fusion

likely occurs near pH 7.0, and the most biologically sig-

nificant results of the present work are the respective high

and low fusogenicities of N70 and FP-Hairpin at pH 7.0.

These results suggest that at least the lipid mixing step of

fusion is catalyzed by the PHI state of gp41 (modeled by

N70) and arrested by the SHB state (modeled by FP-

Hairpin). These results are consistent with (1) data for

gp41-induced fusion that correlate the PHI with hemifusion

(Markosyan et al. 2003); (2) data showing inhibition of

both gp41-induced fusion and HIV infection by SHB

constructs (Lu et al. 1999; Shu et al. 2000); and (3) the

reasonable hypotheses that fusion arrest by SHB reflects

stabilization of the fused membrane and that this stabil-

ization improves cell viability and is therefore advanta-

geous to HIV for its replication.

Fusion of some enveloped viruses other than HIV (such

as influenza) occurs in the acidified endosome at pH

between 5 and 6 (Pan et al. 2010; White et al. 2008). This

has motivated earlier studies that examined the pH

dependence of vesicle fusion induced by influenza fusion

protein constructs including the full ectodomain with

fusion peptide (Curtis-Fisk et al. 2007; Epand et al. 1999).

There was rapid and extensive fusion at pH & 5 (similar to

FP-Hairpin at pH 3.5) and little fusion at pH & 7 (similar

to FP-Hairpin at pH 5.0). It would be worthwhile to con-

sider the effect of pH-dependent electrostatics for these

constructs. In some contrast, FP-Hairpin induced negligible

vesicle fusion in the pH 5.5–7.0 range (Fig. 4b2), so we

predict that the final SHB gp41 state would still be non-

fusogenic under hypothetical (and to date unobserved)

fusion of HIV in acidified endosomes.

The electrostatic effects observed in the present study

will likely be modified by higher ionic strength. For

example, addition of NaCl has resulted in much greater

aggregation of FP-containing domains (Yang et al. 2001).

Oligomerization/aggregation of FP-Hairpin

and fusogenicity

The minimum oligomerization state of Hairpin and FP-

Hairpin is trimers due to the hyperthermostable SHB

(Fig. 2). Antibody binding data are also consistent with

trimer formation for a significant fraction of N70

molecules. The contribution of the FP trimeric topology to

fusogenicity is evidenced by rapid and extensive N70-

induced fusion and by the higher fusogenicity of FP-

Hairpin relative to Hairpin. These data correlate with ear-

lier studies showing 20-fold more rapid fusion and deeper

membrane insertion of cross-linked FP trimers relative to

non-cross-linked FPs (Qiang et al. 2009; Yang et al.

2004b). For FP-Hairpin at pH C 5.5, fusion enhancement

by FP trimerization is completely counteracted by the SHB

region, and this fusion inhibition may be due to (1) elec-

trostatic repulsion between the SHB and the vesicle which

pulls the FP trimer out of the membrane interior; and/or (2)

increased inter-vesicle electrostatic repulsion because of

the negative SHB charge.

In the absence of vesicles, trimers of FP-Hairpin

aggregate under most pH conditions including the most

biologically relevant pH & 7 (Fig. 6b). For the vesicle

fusion as well as the membrane binding assays, nonag-

gregated FP-Hairpin at low pH was diluted into a vesicle

solution at higher pH and aggregation of FP-Hairpin tri-

mers could be concurrent with membrane binding and

fusion. The mixture of aggregation state(s) of the bound

FP-Hairpin trimers and their relative fusogenicities were

not directly measured in our studies. However, as noted

previously, membrane binding of FP-Hairpin trimers or

small trimer aggregates probably occurs faster than

extensive aggregation because (1) large protein aggregates

likely do not bind to membranes; and (2) there was sig-

nificant membrane binding for pH C 4 in which macro-

scopic aggregation was dominant in the absence of

vesicles. By similar reasoning, detection of extensive ves-

icle fusion in the pH 4–5 range supports the fusogenicity of

FP-Hairpin trimers or small trimer aggregates rather than

large aggregates. This correlation between small oligo-

mers/aggregates in aqueous solution and fusogenicity was

also observed in an earlier study on different FP constructs

which were either monomers, small aggregates, or large

aggregates in aqueous solution prior to membrane binding

and subsequent fusion (Yang et al. 2004a). Their extents of

vesicle fusion were ordered as follows: large aggre-

gates \ monomers \ small aggregates. These results have

biological relevance because small aggregates of gp41

trimers have also been shown to be important in HIV/cell

fusion (Magnus et al. 2009).

Reconciling results of earlier studies

This work was motivated by apparently conflicting reports in

the literature about the vesicle fusogenicity of SHB gp41

constructs. Briefly, there was a report of very high fusion

extents for SHB-only and FP ? SHB constructs as well as

reports of no fusion (Lev et al. 2009; Sackett et al. 2009,

2010). All of these studies used vesicles with a fraction of
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negatively charged lipids, and the most obvious difference

between the high- and no-fusion studies was the respective

pHs of 3.0 and 7.2. An important result of the present work is

detection of very rapid and extensive fusion for Hairpin

(SHB) and FP-Hairpin (FP ? SHB) constructs at pH 3.5 and

no fusion at pH 7.0, thereby reconciling the apparent liter-

ature conflict. The change from positive protein charge at pH

3.5 to negative charge at pH 7.0 appears to be the underlying

reason for much of the pH dependence, and this change was

supported by formation of large protein aggregates in

pH & pI aqueous solutions that did not contain vesicles.

The results of the present study likely hold for the full

gp41 ectodomain with native loop and C-terminal mem-

brane-proximal external region (MPER) because (1) a

FP ? SHB construct with native loop also didn’t induce

fusion of negatively charged vesicles at pH 7.4; and (2) the

MPER adds just one more ionizable residue so that the full

ectodomain has calculated pI & 6.3, which is close to the

pI & 5.6 of FP-Hairpin (E. P. Vogel and D. P. Weliky,

unpublished data). The present work does not resolve

conflicting literature data about whether SHB and

FP ? SHB constructs induce fusion of vesicles without

negatively charged lipids. There are studies reporting either

no fusion or extensive fusion (Cheng et al. 2010; Lev et al.

2009). The latter study also provided data showing that

relative to the SHB construct, the FP ? SHB construct

binds more strongly to membranes.

Conclusions

This work focused on measuring the pH dependences of

HIV gp41 construct-induced fusion of vesicles where these

vesicles contained a small mol fraction of negatively

charged lipid (*0.13 relative to total mol lipid ? choles-

terol). We wished to understand whether earlier reports of

either extensive or no fusion induced by SHB gp41 con-

structs could be correlated to the respective pHs of 3.0 or

7.2 used in these studies. This pH dependence of fusoge-

nicity was observed in the present study and resolved the

apparently conflicting literature data. Corollary measure-

ments of aqueous solubility and membrane binding support

a model of positive SHB charge for pH & 3 and negative

charge for pH & 7 with consequent respective attractive

and repulsive electrostatic interaction with the vesicle. This

difference in interaction is probably the major reason for

the pH dependence of fusogenicity. A shorter N70 con-

struct induced rapid vesicle fusion in the pH 3–8 range,

which was due in part to retention of positive N70 charge

and attractive interaction with vesicles over the entire pH

range. N70 models part of the earlier-stage PHI state of

gp41 during HIV/host cell fusion, whereas the FP-Hairpin

models the final SHB gp41 state. Because HIV/host cell

fusion likely occurs with pH & 7, the data of the present

study support a model of membrane perturbation and lipid

mixing induced by early-stage PHI gp41 and membrane

stabilization and fusion arrest by final-stage SHB gp41.

This model is also supported by earlier studies of gp41-

induced cell fusion and by inhibition of fusion and HIV

infection by gp41 SHB constructs.

Other conclusions from this work include the following:

1. Membrane binding is a necessary but not sufficient

condition for fusogenicity. ‘‘Necessary’’ is supported

by the strong binding and fusogenicity of all constructs

at pH 3.5, strong binding and fusogenicity of N70 at

pH 7.0, and no binding and fusogenicity of Hairpin at

pH 7.0. ‘‘Not sufficient’’ is supported by significant

binding of FP-Hairpin at pH 7.0 without corollary

fusogenicity.

2. The FP region and FP trimeric topology make

significant contributions to membrane binding and

fusogenicity as evidenced by comparison of data for

FP-Hairpin relative to Hairpin. However, the fusoge-

nicity of trimeric FP in FP-Hairpin can be completely

inhibited by repulsive SHB/membrane interaction for

pH C 5.5.

3. For Hairpin and FP-Hairpin, loss of solubility and

fusogenicity at higher pHs can be completely reversed

by lowering the pH, i.e., pH-induced changes in

protein aggregation and structure are reversible.
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