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Abstract

Fusion of host and viral membranes is a critical step during infection by membrane-bound viruses. 

The HIV-1 glycoproteins gp120 (surface subunit) and gp41 (fusion subunit) represent the 

prototypic system for studying this process; in the prevailing model, the gp41 ectodomain forms a 

trimeric six-helix bundle that constitutes a critical intermediate and provides the energetic driving 

for overcoming barriers associated with membrane fusion. However, most structural studies of 

gp41 variants have been performed either on ectodomain constructs lacking one or more of 

membrane-associated segments (the fusion peptide, FP, the membrane-proximal external region, 

MPER, and transmembrane domain, TM), or on variants consisting of these isolated segments 

alone without the ectodomain. Several recent reports have suggested that the HIV-1 ectodomain, 

as well as larger construct containing the membrane-bound segments, dissociate from a trimer to a 

monomer in detergent micelles. Here we compare the properties of a series of gp41 variants to 

delineate the roles of the ectodomain, FP, and MPER and TM, all in membrane-mimicking 

environments. We find that these proteins are prone to formation of a monomer in detergent 

micelles. In one case, we observed exclusive monomer formation at pH 4 but conditional 

trimerization at pH 7 even at low micromolar (~5 μM) protein concentrations. Liposome release 

assays demonstrate that these gp41-related proteins have the capacity to induce content leakage, 

but that this activity is also strongly modulated by pH with much higher activity at pH 4. Circular 

dichroism, NMR, and binding assays with antibodies specific to the MPER provide insight into 

the structural and functional roles of the FP, MPER, and TM and their effect on structure within 

the larger context of the fusion subunit.

Infection by enveloped viruses requires fusion of the host and viral membranes, a process 

that is facilitated by the envelope glycoprotein. Although the details vary among viruses and 

structural classes (Class I, α-helical; class II, β-sheet; or class III, mixed α/β structure), the 

general aspects are conserved and involve three distinct conformations of the envelope 
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glycoprotein: a prefusion form, an extended or “prehairpin” intermediate, and a stable post-

fusion form. The HIV-1 envelope glycoproteins gp120 and gp41 are perhaps the most well 

studied viral fusion proteins.1–6 The fusion pathway (Figure 1) typifies the class I 

mechanism and is typically drawn with gp120 and gp41 forming a trimer of heterodimers in 

the prefusion conformation. Interaction of gp120 with CD4 and coreceptors (CXCR4 or 

CCR5) results in a conformational change in gp41 such that the N-terminal fusion peptide is 

extended into the host cell membrane to create the extended intermediate.2,4 Next, formation 

of a six-helix bundle by the N- and C-terminal heptad repeat regions (NHR and CHR) of the 

gp41 ectodomain promotes initial fusion events that ultimately lead to coalescence of the 

viral and host cell membranes. Formation of a fusion pore allows transfer of the viral genetic 

contents into the host cell, and this is promoted by formation of the post-fusion six-helix 

bundle.

Fusion of two lipid bilayers is a thermodynamically favorable but there is a high kinetic 

barrier (40–50 kcal/mol) associated with bringing the two phospholipid surfaces into 

proximity and introducing local deformations in the membrane required for initial lipid 

mixing events.2–4 It is argued that the energy released from folding of the fusion subunit 

(gp41 in HIV-1) six-helix bundle is required to overcome the membrane fusion barrier. 

Although there is general agreement with this model, the evidence for it is largely indirect. 

The hypothesized extended intermediate conformation of gp41 has never been visualized in 

high- or low-resolution.7,8 Furthermore, there are experimental observations that formation 

of the six-helix bundle does not occur concomitantly with hemifusion (mixing of the outer 

two bilayers) but rather at some point later in fusion.9 Fusion inhibitors and immunogens 

that mimic conformational intermediates of the fusion pathway are subjects of intense 

therapeutic and vaccine development campaigns. Therefore, understanding atomic details of 

HIV-1 gp41-mediated membrane fusion is of both basic and translational importance.

Most structural studies on gp41 to date (alone or in the context of the prefusion spike) have 

involved either isolated ectodomain segments (i.e., NHR, CHR, and intervening loop) or the 

isolated membrane segments (fusion peptide, FP, membrane-proximal external region, 

MPER, and transmembrane domain, TM).1,5,6,10–16 A handful of studies have focused on 

larger combinations of membrane and ectodomain segments; characterization of these 

variants has yielded some surprising results. Weliky and coworkers have demonstrated that 

constructs consisting of the FP, NHR, and CHR exhibit pH-dependent fusion activity.13,15,17 

More recently, this group reported that the dominant state of a gp41 ectodomain construct 

was a monomer at low pH (pH 3.2) in the absence of guanadinium hydrochlodride 

(GdnHCl), but a hexamer at either pH 3.2 or pH 7.4 in the presence of 6 M GdnHCl.18 Bax 

and coworkers have shown that a construct consisting of the FP, NHR, immunodominant 

loop, CHR, MPER and TM form complete trimers in n-dodecylphosphocholine (DPC) 

micelles but only at high concentrations (hundreds of micromolar).19 Similar results have 

been reported by the Wingfield and Tamm groups on a similar gp41 construct but lacking 

the FP segment.20,21 Furthermore, the ectodomain NHR/CHR segments themselves undergo 

dissociation from the canonical trimer to a structured but dynamic monomer in the presence 

of DPC micelles.12 These insights have led to a newer molecular model for membrane 

fusion in which dissociation of the core NHR/CHR trimer represents a novel “monomeric” 

or “dissociated” intermediate in the fusion pathway (Figure 1A).12 However, the precise role 
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of this monomeric/dissociated intermediate, and which fusion-related activities may result 

from it, remain to be established.

Here we describe biochemical studies on several gp41 variants containing different 

combinations of the ectodomain and membrane segments to understand the role of each 

individual element. We find, in agreement with recent studies, that the fusion subunit has the 

capacity to dissociate into monomers in detergent environments. In one case, we discovered 

that the trimer to monomer dissociation is induced by low pH. Furthermore, we found that 

these membrane-bound gp41 proteins induce leakage from liposomes, suggesting fusogenic 

activity, but that this lytic activity is affected by pH with higher activity at pH 4 and strongly 

attenuated activity at pH 7. Subsequent CD and binding studies with antibodies against the 

MPER provide additional insight into the structural and functional roles of the membrane-

bound segments.

MATERIALS AND METHODS

Protein Expression and Purification

Synthetic DNA fragments encoding gp41 constructs (described in the Results section) were 

obtained from a commercial supplier (Genewiz, South Plainfield, NJ). These gp41 construct 

genes were cloned into expression vector pET-22b(+) (Novagen, Billerica, MA). Protein 

expression for these constructs was screened using several E. coli strains: BL21(DE3) (New 

England Biolabs, Ipswich, MA), Lemo21(DE3) (New England Biolabs, Ipswich, MA), 

BL21-AI (Life Technologies, Carlsbad, CA), C41(DE3) (Lucigen Corporation, Middleton, 

WI), C41(DE3)-pLysS (Lucigen Corporation, Middleton, WI), C43(DE3) (Lucigen 

Corporation, Middleton, WI) and C43(DE3)-pLysS (Lucigen Corporation, Middleton, WI)). 

BL21(DE3) cells provided the highest expression of gp41-longNC while Lemo21(DE3) 

cells provided the highest expression for all other constructs. For all constructs, cell culture 

was grown to OD600nm ~ 0.5 at 37 °C and induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) at 22 °C. After 16–20 hours expression, cells were pelleted 

with centrifugation. The expressed cell pellet was first lysed with BugBuster (EMD 

Millipore, Billerica, MA) lysis buffer in phosphate buffered saline (PBS, pH 7.0) and the 

lysate pellet which contains gp41 protein as inclusion bodies was washed three times with 

PBS. The washed pellet was then solublized with PBS containing 0.2% SDS and 8 M urea. 

Solublized gp41 proteins were purified through Ni-NTA (Ni-Nitrilotriacetic acid agarose, 

QIAGEN, Valencia, CA) column, and folded by exchanging SDS with n-

dodecylphosphocholine (DPC, Avanti Polar Lipids, Alabaster, AL) on the column. After 

purification, gp41 proteins were characterized in 20 mM sodium phosphate buffer with 0.5% 

DPC at pHs 6–8 or in 20 mM sodium acetate buffer with 0.5% DPC at pHs 4–5.

Circular Dichroism

Circular dichroism (CD) measurements were performed on a Jasco J-815 spectrometer with 

a 1 cm quartz cuvette for the full-wavelength spectra and chemical denaturation 

experiments. Protein concentrations for CD ranged from 1 to 2 μM, as determined by the 

absorbance at 280 nm. Full wavelength spectra were obtained with a 0.5 nm step size and 

represent the average of three scans. The signal was converted to mean molar ellipticity (θ) 
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using the equation: θ (in deg cm2 dmol−1) = millidegrees/(pathlength in millimeters × the 

molar protein concentration × the number of residues). 0–7 M guanidinium hydrochloride 

(GdnHCl) was used for chemical denaturation of gp41 constructs. The denaturation was 

monitored at 222 nm (θ222) at 22 °C. Estimation of secondary structure content was 

performed by the K2D3 program.22

Analytical Ultracentrifugation

A sedimentation velocity study of the gp41 constructs was conducted using the absorption 

optics of a Beckman Optima XL-I analytical ultracentrifuge with samples loaded into two-

sector cell assemblies run in the AN-60Ti rotor. Boundary movement was followed at 280 

nm during centrifugation at 58,000 rpm and 20 °C in buffer containing 20 mM sodium 

phosphate, 150 mM NaCl buffer with 0.5% DPC at pHs 6, 7 and 8, and 20 mM sodium 

acetate, 150 mM NaCl with 0.5% DPC at pHs 4 and 5. D2O was used to density match the 

DPC present in the buffer.23–25 Sixty to 70 scans were typically collected over the course of 

the sedimentation run of which a subset, beginning with those where a clear plateau is 

evident between the meniscus and the boundary, was selected for time-derivative analysis 

using DCDT+ version 2.4.2 by John Philo.26,27 The extinction coefficient at 280 nm was 

calculated from the protein sequences using ExPASy. Protein concentrations ranging from 4 

to 16 μM were analyzed, and the corresponding buffer was used to blank each sample. 

Values of the buffer density and viscosity were calculated from the composition (neglecting 

the detergent) using Sedenterp version 20120828 Beta (http://sednterp.unh.edu/#). The 

partial specific volume of the gp41 construct was calculated from its sequence also using 

Sedenterp. The sedimentation parameters were corrected to standard conditions (20, w) 

using these values.

Liposomal Release Assays

Fluorescent dye 8-aminonapthalene-1,3,6 trisulfonic acid (ANTS) and its quencher p-

xylene-bis-pyridinium bromide (DPX) were co-encapsulated in POPC/POPG (POPC, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoglycerol; Avanti Polar Lipids) (4:1, molar ratio) liposomes. 10 cycles of Freeze/

thaw process and 11 rounds of extrusion with 100 nm membrane were performed to 

generate homogenous large unilamellar vesicles. Next, a 10 mL Sepharose CL-2B size 

exclusion column was used to isolate liposomes with encapsulated ANTS/DPX for the 

following assays.

An Infinite M1000 PRO plate reader was used to monitor liposomal content release induced 

by gp41 constructs. Excitation was at 355 nm with an 8 nm slit width, and emission was 

monitored at 520 nm with a 12 nm slit width. The stock protein solutions used for the 

leakage assay were pre-adjusted to the corresponding pHs and 4 μM protein concentration. 

Varying concentrations of gp41 proteins were added to ANTS/DPX-encapsulated liposomes 

to test for their fusion activity. Addition of extra amount of Zn2+ was used to coordinate 

histidine tags within the proteins and to remove potential leakage effects from the tags. 

Buffer with 0.005% DPC was used as baseline (0% content release), while buffer with 0.3% 

triton was used as 100% content release.
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Nuclear Magnetic Resonance

Minimal media (M9) with 15NH4Cl was used for expressing gp41-shortNC and gp41-

longNC. The 15N labeled gp41 proteins were purified using the same protocol as unlabeled 

proteins. After purification, the protein samples were concentrated to ~100 μM for NMR 

measurements at pH 4. NMR experiments were carried out on a Bruker Avance III 600 MHz 

spectrometer using a Cryo-TCI probe. All TROSY-HSQC were acquired at 37°C for 3.5 

hours with a maximum acquisition time of 66 ms in t1 and 95 ms in t2. Data were processed 

with a Gaussian filter with a baseline correction in both dimensions using NMRPipe.28 

Referencing was made with respect to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

Biolayer Interferometry

The forteBio BLItz system was used to determine the binding properties of gp41 constructs 

with HIV-1 gp41 monoclonal antibodies 2F5 and 4E10. Anti-human Fc capture sensors 

were used for initial antibody (2F5 or 4E10) loading, which was followed by gp41 proteins 

association and dissociation analysis. 10 and 100 μg/mL antibody were used for loading at 

pH 7 and 4, respectively. The measurements for both gp41 association and dissociation were 

performed in buffers containing 0.1% DPC. For each gp41 construct, at least three different 

concentrations, varying from 0.1 μM to 10 μM, were used, and subsequently global fitting 

was used to generate the ka (association rate constant), kd (dissociation rate constant) and KD 

(equilibrium dissociation constant) values.

RESULTS

Protein Design, Expression, and Purification

The proteins characterized in this study are shown in Figure 2. We focused our designs on 

residues 512–715 of the Env precursor (HxB2 numbering), which contains all the fusion-

relevant portions and encompasses the FP (512–541), the NHR (542–581), 

immunodominant loop (582–627), CHR (628–664), MPER (665–683), TM domain (684–

711), and four residues of the C-terminal tail (712–715). The construct “gp41-longNC” 

consists of all the membrane segments and the intervening ectodomain but with a short 

polypeptide linker (~SGGRGG~) replacing the immunodominant loop. A number of studies 

have shown that behavior of the NHR and CHR segments in the absence or presence of 

detergent is similar in constructs containing or lacking the immunodominant loop.12–15,29 

The construct “gp41-shortNC” also contains full membrane segments but with significantly 

shorter segments of the NHR and CHR, joined by a ~GSWGG~ linker. This design was 

intended to retain minimal portions of the NHR and CHR, potentially in an α-helical 

conformation, but reduce its contribution to structure and stability while retaining the full 

membrane-active behavior. When compared to the crystal structure of the “post-fusion” 

ectodomain,1,5 the NHR and CHR segments in gp41-shortNC encompass ~4 and 4.5 α-

helical turns each. Two deletion mutants, gp41-shortNCΔFP and gp41-shortNCΔMTC lack the 

FP and MPER-TM-C regions, respectively, and were intended to explore role of interactions 

between the FP and MPER-TM segments in structural stability and fusion activity. Finally, a 

construct consisting of the MPER, TM, and C segments (gp41-MTC) was also examined, 

and is similar to the MPER-TM1 protein previously studied by Scott and coworkers.10 All 

constructs contain N- and C-terminal hexahistidine tags. Proteins were expressed in E. coli 
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and purified from inclusion bodies, with the presence SDS required to maintain solubility 

throughout the purification. Refolding was accomplished by on-column buffer exchange into 

buffer containing 0.5% DPC.

Structural and Functional Properties of gp41-longNC and gp41-shortNC

Circular dichroism (CD) revealed that both gp41-longNC and gp41-shortNC are α-helical 

across a broad pH range, evident by characteristic double minima wavelength spectra 

(Figures 3A and 4A). That the proteins do not precipitate over this pH range and remain α-

helical indicates that their secondary structure does not change over the pH range analyzed. 

The CD spectra predict α-helical content of 70% for gp41-longNC. The prediction is 44% 

α-helical for gp41-shortNC, which is consistent with the smaller length of the helical NHR 

and CHR, with some additional fraying near the connecting linker. To determine whether 

the short construct retains the structural features of the gp41-longNC, both proteins were 

produced in 15N-labeled form and their 1H15N TROSY spectra recorded (Figure 5). 

Consistent with previous studies on gp411–194 and gp4127–194 constructs,19,20 we found the 

solubility and stability of gp41-longNC and gp41-shortNC to be greatest at pH 4 and spectra 

were recorded under these conditions. In particular, gp41-longNC was prone to precipitation 

at concentrations higher than ~20 μM at pH 7, but stable at 120 μM at pH 4, in accordance 

with observations that gp41 constructs containing the ectodomain and FP having higher 

solubility in acidic pH environments.18,30,31 The 1H15N TROSY spectra of both proteins 

showed the modest spectral dispersion typical of α-helical proteins (Figure 5), suggesting 

that both were well folded, with considerable α-helical content. The chemical shifts for 

gp41-longNC are quite similar to those previously reported for a similar construct.19 Of the 

95 resolvable cross-peaks for gp41-shortNC, 85 nearly overlap with the corresponding 

cross-peaks in gp41-longNC, indicating that the gp41-shortNC construct is folded with a 

structure similar to the gp41-longNC construct.

Sedimentation velocity experiments conducted at 4 – 5 μM protein concentrations and at 

pHs 4 and 8 revealed surprisingly that gp41-longNC undergoes a pH-dependent monomer-

to-trimer assembly. The s* distribution at high and low pH is well described as a single 

component (Figure 3B). S20,w and apparent Mw (S/D) values of 1.352 (68.3% confidence 

limits: 1.349, 1.354) S and 19.5 (19.3, 19.7) kDa and 3.309 (3.298, 3.319) S and 62.1 (58.7, 

65.5) kDa were measured at pH 4 and pH 8, respectively. The S and apparent Mw values are 

consistent with gp41-longNC shifting from monomer to trimer as a function of pH 

(calculated Mw values are 21.7 and 65.1 kDa, respectively). Furthermore, gp41-longNC is a 

stable trimer from pH 8 to 6 at the 4 – 5 μM protein concentrations used in the experiments 

(Figure 3B). At pH 5.0, a bimodal s* distribution is observed that is well described by a 

constrained monomer to trimer assembly with S20,w (S/D) values of 1.514 (1.507, 1.519) S 

and 3.024 (3.024, 3.027) S respectively, and apparent Mw of 21.5 (21.0, 21.8) kDa for 

monomer. This result is consistent with equilibration of monomer and trimer being slow 

relative to the sedimentation rate and thus appropriately modeled as the sum of two 

independent components. Confirmation of this conclusion was obtained by conducting 

additional sedimentation studies at higher and lower protein concentrations. Bimodal 

distributions are again observed with the higher S component (trimer) increasing with 

increasing protein concentration (data not shown). Taken together these results confirm that 
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gp41-longNC is in a slowly equilibrating reversible monomer-trimer assembly reaction in 

solution.

In contrast, the s* distribution obtained for gp41-shortNC at concentrations ranging from 5 

to 21 μM at pH 7 is best described as monomer with a very small fraction (3.6%) of trimer 

with S20,w values of 1.120 (1.115, 1.123) S and 2.834 (2.789, 2.871) S respectively, and 

apparent Mw (S/D) value of 18.7 (18.2, 19.0) kDa for monomer (calculated Mw value is 16.0 

kDa). Thus, gp41-shortNC has significantly less propensity to form trimers at neutral pH 

compared to gp41-longNC (Figure 4B) indicating that portions of the NHR and CHR 

contribute to oligomerization.

Overall, these results are in agreement with recent NMR studies with other gp41-based 

proteins in DPC micelles. Bax and coworkers reported that the gp41 ectodomain, with or 

without the immunodominant loop, dissociates into a monomer in the presence of 

detergents.12 Two other reports on longer constructs, containing some or all of the 

membrane segments, have shown that these segments undergo monomer-trimer equilibria at 

high concentrations in DPC micelles at pH 4.19,20 In our case, at lower protein 

concentrations (~5 μM), gp41-longNC, which is similar to the proteins gp411–194 and 

gp4127–194 studied previously,19,20 was found to be exclusively monomeric at pH 4 but 

undergoes a shift to trimer at neutral pHs.

We explored the capacity of gp41-longNC and gp41-shortNC to induce leakage of contents 

from POPC:POPG vesicles under several conditions ranging from pH 4 to 7 (Figures 3C and 

4C, respectively). Since both proteins are stable only in the presence of detergent, samples 

were added in buffers containing small amounts of DPC (generally below 0.005%). Low 

concentrations of DPC were found to induce a minor amount of background liposome 

leakage and so data were normalized to DPC controls in all cases. Liposomal release for 

both proteins was highest relative to the DPC control at lower pHs (4 and 5) and 

significantly reduced at neutral pHs (6 and 7), although the pH-dependence was slightly 

attenuated for gp41-shortNC relative to gp41-longNC. In both cases, 100% leakage was 

observed at high protein concentrations (200 nM, corresponding to protein:lipid ratio of 

0.002 for both gp41-longNC and gp41-shortNC) at pH 4, but this highest amount of leakage 

was reduced to ~20% and ~10% at pH 7. Intermediate pH conditions yielded intermediate 

levels of leakage. pH-Dependent fusogenic activity has previously been reported in gp41 

constructs consisting of the FP and ectodomain, and has been attributed to electrostatic 

characteristics of these segments.13,15,17 Both gp41-longNC and gp41-shortNC contain N- 

and C-terminal hexahistidine tags that may affect the overall charge and fusogenic activity. 

Multiple attempts to remove these tags by proteolysis were unsuccessful, since the proteins 

can only be stabilized in the presence of detergent that inactivates most common proteases. 

Instead, we performed the content release assays in 1 mM Zn2+ (10,000 times that of the 

protein concentration); the divalent cation is predicted to coordinate the histidine tags and 

prevent changes in protonation state. We found through NMR that the high concentration of 

Zn2+ can coordinate the histidine tags and weaken histidine tag NMR signals (data not 

shown). The leakage results were similar in the presence of Zn2+ at pH 4 (Figure S1, 

Supporting Information), indicating that protonation state of the histidine tag has no effect 

on fusogenic activity.
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Roles of the Ectodomain, FP, and MPER-TM Segments

Comparison of the behavior of gp41-shortNC, and the two related deletion mutants, gp41-

shortNCΔFP and gp41-shortNCΔMTC, provides the opportunity to explore contributions of 

the FP and MPER-TM to structural stability. Previous work has suggested that the FP and 

MPER-TM segments may work alone or in concert to catalyze membrane fusion 

events.32–38 The membrane-bound segments have been associated previously with 

membrane lytic activity,13,38 and an X-ray structure of an “extended” six-helix bundle, 

containing segments of both the FP and MPER, suggests direct interactions between these 

two segments stabilize the post-fusion conformation.39 Although segments of the FP and 

MPER-TM have been studied as isolated peptides, or together with larger constructs, their 

specific contributions to structure and function have not previously been explored in 

membrane environments. CD spectra indicate that gp41-shortNCΔFP and gp41-

shortNCΔMTC are both α-helical in DPC, but that removal of the MPER-TM results in a 

significant loss of α-helical character, as expected (Figure 6A). The MPER-TM-C region 

alone (gp41-MTC) was significantly α-helical, matching previous reports of similar related 

variants. Both gp41-shortNCΔFP and gp41-MTC were monomeric by AUC (Figure S2, 

Supporting Information) and thus removal of the membrane segments did not affect the 

oligomerization state.

To explore the effects of the membrane segments on global structural stability, gp41-

shortNC as well as both deletion mutants and gp41-MTC were all subjected to chemical 

denaturation with guanidinium hydrochloride (GdnHCl). The gp41-longNC construct was 

also included for comparison. Since all constructs were stabilized in the presence of DPC 

micelles, the effect of GdnHCl on micelle stability was first explored by dynamic light 

scattering (Table S1, Supporting information). We found that micelles were monodispersed 

of ~4 nm diameter, as expected for DPC,40,41 up to GdnHCl concentrations of 5 M. At 

GdnHCl concentrations of higher than 5 M, the dynamic light scattering data quality was 

significantly affected by the substantial amount of GdnHCl, and it is not possible to 

determine if the DPC micelles are still intact. Therefore, definitive energetic analysis as is 

normally done for chemical denaturation was precluded. Nonetheless, general comparisons 

among unfolding trends should provide some insight into relative contributions of the 

membrane segments.

Gp41-longNC, gp41-shortNC, and gp41-shortNCΔFP could not be completely unfolded in 

0.5% DPC (Figure 6B). Both gp41-shortNC and gp41-shortNCΔFP had mean residue 

ellipticity at 222 nm (θ222) of −15,000 deg/dmol cm2 without denaturant and at 7 M GdnHCl 

reached plateaus at −8,000 and −11,000 deg/dmol cm2, respectively, indicating residual α-

helicity. In contrast, gp41-shortNCΔMTC started at lower intensity negative θ222 values, 

consistent with less overall α-helicity, and reached a plateau of −2,000 deg/dmol cm2 at high 

denaturant concentration, suggesting almost complete unfolding of gp41-shortNCΔMTC. It is 

likely that the residual α-helicity of gp41-shortNC and gp41-shortNCΔFP at 7 M GdnHCl 

results from the MPER and/or TM, which are presumably buried in micelles and retain α-

helical conformation in the presence of detergents despite high concentrations of chaotropic 

reagents. This is further confirmed by the denaturation profile of gp41-MTC which gives the 

least dynamic range of denaturation and that most of the secondary structure was retained 
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even at 7 M GdnHCl (Figure 6B). Secondary structure of membrane and transmembrane 

segments is not driven by hydrophobic interactions that are weakened by chaotropic agents. 

It was found in HIV-1 gp41 constructs and other α-helical transmembrane proteins that, 

even though their tertiary structures may be lost under chemical or thermal denaturing 

conditions, secondary structures of the transmembrane segments are typically retained 

within the membrane environment, considering the large energy penalty for the solvation of 

hydrophobic transmembrane helices.31,42–44 Nonetheless, sigmoidal unfolding trends were 

observed for gp41-longNC, gp41-shortNC and gp41-shortNCΔFP with denaturation 

midpoints (CMs) of 5.7 M, 4.3 M and 1.8 M, respectively. The dynamic range for gp41-

shortNCΔMTC was smaller since, at baseline (0 M GdnHCl), this variant had less α-helical 

character than the MPER-TM-C-containing constructs. Nonetheless, a sigmoidal unfolding 

trend was also observed with a CM of 3.9 M. Lastly, gp41-MTC, the construct with the least 

denaturation dynamic range, shows a CM of 2.1 M.

Binding to Broadly Neutralizing Antibodies (bNAbs)

The bNAbs 4E10, 2F5, Z13e1 and, most recently, 10E8 all target the MPER. Both 4E10 and 

2F5 contain unusually long third heavy chain complementarity determining regions (CDRs) 

that cross-react with lipid environments45 Structural studies of MPER peptides in membrane 

environments alone and in complex with the bNAbs have illustrated the structural plasticity 

of this region. The MPER forms a kinked α-helix structure in membrane,16 an α-helix when 

bound to 4E10 and 10E8,46,47 a β-loop when bound to 2F5,48 and an S-shaped loop when 

bound to Z13e1.49 We used biolayer interferometry to explore binding of 2F5 and 4E10 to 

gp41-longNC, gp41-shortNC, gp41-shortNCΔFP and gp41-shortNCΔMTC at pH 4 and pH 7 

in DPC micelles (Table 1 and Figure S3, Supporting Information). Binding to gp41-

shortNCΔMTC by either antibody was not observed (Figure S3, Supporting Information), 

which was expected since this construct does not contain the MPER sequence that is bound 

by both 4E10 and 2F5. Both 4E10 and 2F5 bound strongly to all constructs at pH 7, with 

dissociation constants in the single digit nanomolar range, consistent with previous 

reports.11,50 However, both antibodies bound with much lower affinity at pH 4. In the case 

of 2F5, binding was reduced by ~100- to 4,000-fold; although less dramatic, reduction in 

binding was also observed with 4E10 (~3- to 20-fold).

DISCUSSION

A few recent studies have suggested that membrane- or detergent-bound HIV-1 gp41 can be 

present in monomeric form under certain conditions, and that the canonical core trimer, 

observed by X-ray crystallography, of the ectodomain lacking the membrane segments may 

not reflect the sole conformational preference of this subunit.12,19,20 Our results are in 

general agreement with this observation and lend further evidence that dissociation to a 

monomeric form in detergents represents a relevant conformational preference of the fusion 

subunit. In addition, we discovered that the monomertrimer shift is affected by 

environmental pH for one of our constructs, gp41-longNC which contains the majority of 

the ectodomain and all of the membrane segments. Lytic activity, which we interpret as a 

proxy for fusogenic activity, is strongest at low pH for this construct suggesting that 

fusogenic activity is associated with the monomeric form. These results are consistent with 
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previous observations of pH-dependence of lipid mixing activity by similar gp41 constructs 

containing the ectodomain and the N-terminal fusion peptide, which showed hyper activity 

at pH 3 but negligible activity at pH 7.5.30,51 However, we also note that gp41-shortNC, 

which contains less of the ectodomain and which we expect to be monomeric across a broad 

pH range, also exhibits a similar pH-dependent pattern of liposomal release. Therefore, the 

fusogenic activity may not be completely linked to a monomeric form of the protein.

Weliky and coworkers previously observed pH-dependent fusion activity in similar gp41 

constructs containing the FP and ectodomain but lacking the MPER, TM, and C regions, and 

in this case the pH-dependence was ascribed to differential protonation states of ionizable 

residues that affect interaction with the membrane.13,15,17 More recently, the pH-dependent 

fusion activity of gp41 variants was explored using vesicles with negative, neutral and 

positive charges; it was found that attractive electrostatic binding between gp41 residues and 

membrane vesicles are critical for protein-induced vesicle fusion.18 These charged residues 

are also present in gp41-longNC and therefore may also be playing a role in pH-dependent 

behavior. The lipid composition of vesicles used in our studies contain only two components 

(POPC and POPG), with the phosphatidylcholine headgroup (POPC) as the major 

constituent as is the case with both plasma and HIV-1 viral membranes.52 However, the 

effect of gp41-longNC and gp41-shortNC may differ with more complex membrane 

compositions, especially those containing headgroups with different charge characteristics 

and cholesterol. Our bulk leakage assay does not permit analysis of intermediate fusogenic 

effects; Weliky and coworkers have detected fast and slow fusion processes of vesicle fusion 

induced by ectodomain-containing constructs, and the fast process was attributed to protein 

monomers while the slow process to protein oligomers.17 Although it is still not defined 

whether the monomeric or the oligomeric form of gp41 is physiologically relevant, their 

data agree with our observation that the liposomal leakage was most significantly induced 

by gp41 monomers at pH 4.

pH-Dependent fusogenic or conformational behavior has been observed in a number of 

fusion proteins, but generally this conditional behavior is associated with endosomal 

mechanisms of viral entry.3,4,53–57 Although some reports suggest that some of the HIV-1 

viral particle undergoes viral membrane fusion within endosomes (pH 4),58 the majority of 

evidence indicates that fusion occurs at the plasma membrane (pH 7). Therefore, the direct 

relevance of the pH-dependent trimer dissociation and lytic activity described here and by 

others to membrane fusion during infection remains unclear.

Although several groups have documented a monomeric form of gp41 in detergent 

environments,12,19,20 the topology of such a conformation in lipid bilayers remains elusive. 

In agreement with others, we have found that α-helical conformation is retained under 

conditions where the monomer is observed, thus suggesting, as proposed by Bax and 

coworkers, that dissociation of the independent NHR and CHR α-helices is one feature of 

this conformation. However, what is less clear is whether this form represents a compact, 

hairpin-like structure, an extended structure that potentially spans two micelles (FP in one 

and MPER-TM in the other), or some dynamic equilibrium of the two. In either case, the 

exposure of hydrophobic patches on the NHR and CHR, that would constitute the 

interhelical binding grooves for formation of the six-helix bundle, is predicted to result in an 
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extended surface for potential membrane interactions. It is plausible that interaction of the 

hydrophobic regions promote the leakage activity shown here and potentially biological 

fusogenic activity during natural infection. Amphipathic α-helices in general can have 

membrane disrupting activities that is dependent on local secondary structure. Antimicrobial 

peptides such as magainin are prime examples of this phenomenon.59 While it is possible 

that this feature does contribute to the mechanism of membrane fusion, it is somewhat 

inconsistent with the prevailing notion that fusion of the two membranes is completely 

dependent on folding of the six-helix bundle to overcome the kinetic barrier associated with 

bringing the two membranes together. Furthermore, while we have demonstrated strong 

leakage activity here, generally these occur at nanomolar concentrations, and the spike 

density on an individual HIV-1 particle is relatively low. The number of spikes required for 

HIV-1 infection has not been precisely defined.60 Some models estimate eight spikes are 

needed for membrane fusion,60 but it has also been suggested that as few as two spikes may 

be required.61 Therefore, while the bulk liposome release assays shown here provide some 

behavioral characterization of the protein, such characteristics may play only a partial role in 

the actual membrane fusion reaction.

Earlier work has suggested interaction of the MPER segment with the FP may play a role in 

late-stage fusion events by direct interaction with one another.33,39 Our results indicated 

that, within the context of gp41-shortNC, both of these segments do contribute to the 

structural stability. Weissenhorn and coworkers previously reported the X-ray structure of 

an “extended” six-helix bundle, consisting of major elements of the NHR and CHR as well 

as segments of the MPER and FP.39 They found that this extended gp41 six-helix bundle has 

a higher melting temperature than does a related analog lacking the MPER and FP segments, 

and that the X-ray structure indicated direct residue-to-residue contacts between these 

segments. Here, we have found that the FP and MPER/TM segments serve to stabilize the 

structure of gp41-shortNC, as deletion of either one increases susceptibility to GdnHCl 

denaturation. However, since gp41-shortNC is monomeric under these conditions, many of 

the residue-to-residue specific interactions that serve to stabilize the six-helix bundle are 

likely not relevant here, although we cannot rule out that each monomer forms a folded-back 

hairpin conformation which would allow the MPER and FP to be in proximity to one 

another and thus interact. An alternative possibility is that both of these segments serve to 

promote secondary structure in a monomeric membrane-bound form, potentially nucleated 

by interactions with membrane. This would explain why deletion of either segment is 

seemingly non-equivalent, with deletion of the FP having a more significant effect on 

stability.

Gp41 is the target of both fusion inhibitory peptides and MPER-specific bNAbs. We find 

that two such bNAbs, 4E10 and 2F5, bind tightly to gp41 presented within the context of the 

micelle environment at neutral pH, but that binding was reduced at low pH. The fact that the 

binding was comparable for all three constructs containing the MPER (gp41-longNC, gp41-

shortNC, and gp41-shortNCΔFP) suggests that presentation of the critical neutralization 

epitopes within context of shorter-or longer-mimics of the ectodomain do not have a 

substantial effect on binding affinity. Previous reports have demonstrated that presentation 

of the MPER in either membrane environments, or as fusions to the transmembrane domain 

embedded in membrane environments, is a critical aspect of recognition by these two 
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antibodies.10,11,16,45,46 The novel insight provided by our binding studies is that affinity is 

not affected by inclusion of additional portions of the ectodomain or fusion peptide region.

Our data also suggests that the MPER epitopes can be engaged by bNAbs 4E10 and 2F5 

within the context of well-folded micelle-embedded gp41 variants, gp41-longNC and gp41-

shortNC, at pH 7 with single-digit nanomolar affinity. There has been some debate about 

whether the MPER epitope is presented in a conformation relevant to virus neutralization 

when included as part of the folded gp41 ectodomain. Chen and coworkers reported that 

4E10 and 2F5 can bind designed proteins that mimic the gp41 extended intermediate 

(“gp41-inter”, and “GCN4-gp41-inter”), in which the CHR segment preceding the MPER is 

not complexed with the NHR, but not to the folded ectodomain containing both the NHR 

and CHR which is presumably representative of the post-fusion six-helix bundle 

conformation.62,63 However, two other reports have shown that folded gp41 core 

ectodomain constructs containing the NHR, CHR, and the MPER exhibit tight binding with 

4E10 and 2F5.18,64 Our results indicate that micelle-embedded constructs containing major 

elements of the ectodomain indeed are recognized by 2F5 and 4E10 and, in the case of 

gp41-longNC, under conditions where the protein is trimeric. However, in the case of gp41-

longNC, it is not known if the NHR and CHR adopt a six-helix bundle conformation.

The cause for the large drop in binding affinity for both 2F5 and 4E10 at pH 4 is not clear. 

This recognition difference is most dramatic in the case of 2F5 for binding to gp41-longNC 

(4,000-fold difference in KD at pHs 4 and 7), and may reflect the difference in 

oligomerization state we have observed for this protein between the two pH conditions in 

micelles. Consistent with this conclusion is the fact that the effect of pH was much stronger 

for both 2F5 and 4E10 for binding to gp41-longNC (4,000- and 30-fold difference, 

respectively) than either gp41-shortNC or gp41-shortNCΔFP, which are monomeric at both 

pH 4 and 7, despite the fact that binding to all three constructs was similar at pH 7 for both 

antibodies. The gp41-longNC trimer at pH 7 would contain three local copies of the MPER 

and therefore could give rise to an avidity effect. Additionally, there may be different 

conformational preferences of the MPER in the context of the pH 4 monomer and the pH 7 

trimer with the latter being more relevant to binding by 2F5 and 4E10. There was still a 

difference in binding at pH 4 and pH 7 for gp41-shortNC or gp41-shortNCΔFP for both 2F5 

and 4E10, but this difference was less dramatic than observed for gp41-longNC. Therefore, 

another possibility is that the low pH could attenuate the electrostatic interactions between 

the gp41 constructs and the antibodies, considering that there are extensive hydrogen bond 

and salt bridge contacts at both binding interfaces.46,48 It is also possible that some local 

secondary structural changes in the MPER that affect binding or its interaction with DPC 

was induced at low pH. It has been demonstrated previously that the structural stability of 

MPER peptide is pH-dependent, with significant disorder at neutral pH particularly for the 

residues near and including the 2F5 epitope.65 A final possibility is that these pH-induced 

effects affect the antibody structure.

Together, our results support recent reports suggesting the HIV-1 gp41 subunit can 

dissociate to a monomeric form in membrane environments, here as a result of changes in 

pH. Since this monomeric species is associated with functional activity (membrane lysis) 

and remains well behaved in DPC micelles with substantial secondary structure, it seems 
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unlikely that this state represents a globally unfolded or inactivated form of the protein. 

Instead, our results in conjunction with those from other groups strongly imply that the 

monomeric form could represent a novel conformational state, though whether this is a 

mimic of a late-stage fusion intermediate remains to be determined. The fact that 2F5 and 

4E10, two antibodies that are postulated to inhibit membrane fusion, recognize gp41-

longNC under monomeric pH 4 conditions, but with substantially lower activity, suggests 

that at least the MPER region is not in a fusion relevant conformation in this state. 

Nonetheless, these results indicate that potentially multiple pathways or new intermediates 

for gp41-directed membrane fusion may exist and merit further examination.
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ABBREVIATIONS

ANTS 8-aminonapthalene-1,3,6 trisulfonic acid

AUC analytical ultracentrifugation

bNAbs broadly neutralizing antibodies

CHR C-terminal heptad repeat

CD circular dichroism

CDR complementarity determining region

DPC n-dodecylphosphocholine

DPX p-xylene-bis-pyridinium bromide

DSS 4,4-dimethyl-4-silapentane-1-sulfonic acid

FP fusion peptide

IPTG isopropyl β-D-1-thiogalactopyranoside

NHR N-terminal heptad repeat

Ni-NTA Ni-Nitrilotriacetic acid

GdnHCl guanadinium hydrochlodride

ka association rate constant

kd dissociation rate constant

KD equilibrium dissociation constant

MPER membrane proximal external region
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PBS phosphate buffered saline

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

TM transmembrane domain
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Figure 1. Role of the HIV-1 gp41 fusion subunit in viral membrane fusion
(A) Proposed mechanism of viral membrane fusion mediated by gp120 and gp41. A putative 

monomeric/dissociated intermediate has been proposed as a late-stage intermediate. 

Although drawn as a strict monomer here, potentially this intermediate could also be 

trimeric as mediated by the MPER and TM segments. (B) X-ray structure of the six-helix 

bundle (PDB IDs 1AIK and 1ENV, with 1AIK shown here) formed by the NHR (cyan) and 

CHR (blue) segments.
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Figure 2. Schematic of HIV-1 gp41 and constructs studied
FP, fusion peptide; NHR, N-heptad repeat region; CHR, C-heptad repeat region; MPER, 

membrane-proximal external region; TM, transmembrane region; C, C-terminal tail. HXB2 

numbering is shown.
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Figure 3. Properties of gp41-longNC
CD (A), AUC (B), and liposome release assay (C) under various pH conditions. For AUC, a 

monomeric species was observed at low pH (pH 4) and trimeric species at higher pHs (pH 6, 

7 and 8). At pH 5, both monomeric and trimeric species were observed, illustrated in the 

inset. All AUC experiments were performed at 4 – 5 μM protein concentrations.
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Figure 4. Properties of gp41-shortNC
CD (A) and AUC (B) at pH 7, and liposome release assay (C) under various pH conditions. 

For AUC data obtained at 21 μM gp41-shortNC (pH 7), the contributions from monomer 

and trimer are depicted in blue and green, respectively.

Dai et al. Page 21

Biochemistry. Author manuscript; available in PMC 2016 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 1H15N TROSY spectra of gp41-longNC and gp41-shortNC at pH 4
(A) TROSY spectrum of gp41-longNC (blue). Trp side chain region of the spectra are 

shown as insets. Previously reported cross peak positions for similar gp41 constructs12,19 are 

indicated in red cross. (B) Overlay of the TROSY spectra for gp41-longNC (blue) and gp41-

shortNC (red). 90% of the gp41-shortNC cross peaks fall near or on the corresponding 

resonance in the gp41-longNC.
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Figure 6. CD and chemical denaturation of gp41-shortNC, gp41-shortNCΔFP, gp41-
shortNCΔMTC, gp41-MTC, and gp41-longNC at pH 7
(A) CD wavelength scans for gp41-shortNCΔFP, gp41-shortNCΔMTC, and gp41-MTC with 

data for gp41-shortNC and gp41-longNC included for comparison; (B) chemical 

denaturation of all five constructs.
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