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Abstract

The transmembrane subunit (gp41) of the HIV envelope protein complex (Env) mediates the viral 

fusion step of HIV entry. The membrane-proximal external region (MPER), one of the functional 

domains of gp41, has been the focus of a great deal of research because it is a target for 

neutralizing antibodies. In this study, we examined 23 amino acid residues in MPER (660-683) in 

both a CXCR4 co-receptor utilizing strain (HXB2) and a CCR5 utilizing strain (JRFL) by alanine 

scanning mutagenesis.

Despite the high degree of gp41 sequence conservation, the effects of alanine mutation in the 

MPER were different between the two strains. Most mutations in HXB2 had fusogenicity and 

protein expression levels not less than 50% of wild type in the case of cell-cell fusion. However, 

about thirty percent of the mutants in HXB2 showed a severe defect in fusogenicity in viral entry. 

Mutations in the MPER of strain JRFL had more dramatic effects than HXB2 in cell-cell fusion 

and viral entry. The fact that there are large differences in the effects of mutation between two 

strains suggests the potential for MPER interaction with non-conserved sequences such as the 

fusion peptide and/or other NHR domains as well as potential long-range structural effects on the 

conformational changes that occur with the Env complex during membrane fusion.

Introduction

The HIV-1 envelope protein (Env) is expressed as a precursor protein (gp160) and cleaved 

by a cellular protease into two subunits: the surface subunit (gp120) and the transmembrane 

subunit (gp41). The transmembrane subunit (gp41) mediates membrane fusion and is 

composed of several domains: the fusion peptide, the N-terminal heptad repeat (NHR), the 

loop region, the C-terminal heptad repeat (CHR), followed by the membrane proximal 

external region (MPER), and the transmembrane region (Fig 1).1

MPER is located proximal to the viral lipid bilayer at the C-terminal end of the ectodomain 

portion of gp41. MPER is highly conserved and is essential for membrane fusion.2 A 

conserved tryptophan-rich motif plays an important role in Env-mediated fusion and 

infectivity.3 Five tryptophan residues in MPER are known to be involved in fusion-pore 

expansion.4
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MPER has been focused on as one of the important targets in HIV vaccine development.5–7 

Human antibodies, 2F5, 4E10, Z13el, and 10E8 bind to MPER and neutralize a broad range 

of HIV-1 strains.8–14 These broadly neutralizing antibodies are known to disrupt MPER 

function and membrane fusion.15, 16 The MPER sequence also makes up a portion of the 

only peptide entry inhibitor in the clinic, T20 (brand name-Fuzeon, generic name-

enfuvirtide) as it contains 14 of the MPER amino acid residues.17–19 MPER is an important 

region to manipulate in attempts to improve immunogenicity and elicit neutralizing 

antibodies.20–25

There are issues, however, with utilizing MPER as a target. MPER is occluded by steric 

hindrance caused by quaternary Env packing and is exposed only transiently at a relatively 

late stage in the entry mechanism.26–29 Inaccessibility to MPER due to the viral membrane 

and structure of the Env trimer remains one of the obstacles in developing vaccines and 

therapeutic intervention methods targeted to this region.5

There are several crystal structures of HIV gp41, but most atomic-level structures contain 

only the gp41 core made up of the two helical heptad repeats and the middle loop 

region.30–33 The structure of full length intact gp41 with the MPER and the transmembrane 

region has not been solved at the atomic level. There are recent reports of smaller gp41 

constructs that include the MPER sequence. One X-ray crystallographic structure reported 

consists of CHR and MPER constructs (residues 630-680) which form an asymmetric dimer 

with itself.34 Another structural study included NHR, CHR, and MPER and suggests that the 

MPER portion is a long, slightly bent helix and relatively flexible.35 There is a report of a 

crystal structure of gp41 (residues 528-680) including MPER and the fusion peptide which 

is located upstream of the NHR.36 This report suggests that the structure has a ~90° turn of 

MPER at N677.

As gp41 is a membrane protein and the viral membrane is involved in neutralization by 

neutralizing antibodies, it is important to consider this region in the context of the lipid 

environment.37 The structure of MPER in the lipid environment is not clearly understood, 

but there are diverse structures that have been proposed. One study suggests a metastable L-

shaped structure embedded on a membrane surface.16 The L-shaped MPER structure 

consists of a helix and a flexible hinge followed by another helix. This L-shaped MPER 

structure can be disrupted by neutralizing antibodies.15 Another structural study of trimeric 

MPER on a detergent micelle shows a symmetrical α-helical conformation with a bend 

between the 2F5 and the 4E10 epitopes.38 A recent study shows that MPER can have at least 

two stable conformations in the lipid bilayer suggesting that the topology can be switched 

depending upon the physiological environment.39 Taken together, evidence suggests that 

flexibility in the MPER may be partially responsible for poor immunogenicity.

With this report, the study of gp41 by alanine scanning mutagenesis in the literature 

encompasses the NHR, CHR, loop region, and now MPER, providing insights into the role 

and importance of each residue in the gp41 ectodomain.40–42 Herein, we report alanine 

scanning studies of MPER using both CXCR4 and CCR5 utilizing strains to determine the 

importance of each amino acid in cell-cell fusion and viral entry. These studies help to 

identify critical regions for potential intervention and also regions that have the potential to 
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be subjected to manipulations for labeling for ultrastructural studies without detrimental 

effects on function. This is especially important for domains such as MPER that are critical 

in the membrane fusion process.

Experimental Procedures

Plasmids and Mutagenesis

The envelope protein expressing plasmids which contain alanine mutations on MPER were 

prepared as described previously41 from pHXB2-env43 and pJRFL-env44 using the 

QuikChange II XL site-directed mutagenesis kit (Stratagene) and they were verified by 

DNA sequencing (Roswell Park Cancer Institute DNA Sequencing Laboratory). The 

plasmid expressing HIV Rev protein, pRev-145 and the plasmid expressing Tat protein, 

pCEP4-Tat46 were used in the cell-cell fusion assay. The HIV backbone plasmid, 

pNL4-3.HSA.R-E-47 was used in the production of HIV pseudovirus.

Cell Culture

TZM-bl48 and 293T (ATCC) cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) which contained 10% fetal bovine serum (FBS), 1% penicillin-streptomycin. Cells 

were incubated in 5% CO2 incubator with humidification at 37 °C.

Cell-Cell Fusion Assay

For the cell-cell fusion assay, the wild type (WT) or alanine mutants of the envelope 

plasmid, pHXB2-env or pJRFL-env, were transfected with pRev45 and pTat46 plasmids by a 

standard polyethylenimine transfection49 into 293T cells. 5 × 105 cells/well of 293T cells 

were prepared the day before the transfection and 3 μg of envelope plasmid, 0.8 μg of each 

pRev and pTat plasmid were used per well for the transfection in a 6-well plate. At 24 hours 

post-transfection, the cells were detached from the plate and seeded at 5 × 104 cells/well 

along with 5 × 104 cells/well of TZM-bl in a 96 well plate. The plate was incubated for 

another 24 hours at 37 °C in a 5% CO2 incubator and membrane fusion activity was 

measured by a luciferase assay (One-glo, Promega) according to the manufacturer’s 

protocol. Fusion levels were normalized to the fusion level of WT envelope protein-

expressing cells.

Virus Entry Assay

HIV-1 was produced by co-transfection of 10 μg of plasmids encoding envelope protein, 

either WT or mutant, and 10 μg of pNL4–3.HSA.R-E-47 into 293T cells in a 100 mm dish as 

described previously.50 The HIV-1 p24 antigen capture enzyme-linked immunoassay (AIDS 

& Cancer Virus Program, National Cancer Institute at Frederick, Frederick, MD) was 

performed to determine p24 concentration of mutant enveloped viral particles as well as WT 

virus.

TZM-bl cells were seeded at 2 × 104 cells/well in a 96-well plate and virus was added at the 

equivalent of 100 ng of p24 per well. The virus was spinoculated at 1,000 × g for 1 hour at 

room temperature and then incubated at 37 °C in a 5% CO2 incubator.50, 51 At 48 hours post 

infection, viral entry levels were measured by a luciferase assay as described above.
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Western Blot Analysis

Cellular pellets were lysed using M-PER mammalian protein extraction reagent (Thermo 

Scientific) containing protease inhibitor cocktail (Roche). The virus pellet was prepared by 

ultracentrifugation at 55,000 rpm for 1 hour using a Beckman SW55Ti rotor. The pellets 

were resuspended in lysis buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.5% 

Nonidet P-40, and 0.1% SDS].40, 41

Protein was quantified using a BCA protein assay (Pierce) and SDS-PAGE was performed. 

After transfer, the nitrocellulose membranes were blocked with the blocking buffer (LI-

COR) and then probed with mouse anti-HIV-1 gp41 monoclonal antibody (Chessie-8,52) 

and goat anti-HIV-1 gp120 polyclonal antibody (USBiological) simultaneously.

The secondary antibodies used in this study were IR800-conjugated donkey anti-mouse IgG 

(LI-COR) for gp41 and IR680-conjugated rabbit anti-goat IgG (LI-COR) for gp120. For the 

quantification, p24 levels were also analyzed by re-probing the membrane with anti-HIV-1 

p24 monoclonal antibody.53

The membranes were scanned by the Odyssey Infrared Imaging System (LI-COR). Data for 

the quantification of each band were obtained from the integrated intensities (I.I) after the 

median background subtraction method. The I.I from each band was used to calculate the 

relative expression levels of proteins. For virus and virus-producing cells, the relative 

expression was calculated as follows: [(I.I of Mutant Env/I.I of p24)/(I.I of WT Env/I.I of 

p24)] X 100. In this way, the relative expression ratio of gp41, gp120, and gp160 from each 

mutant was obtained. For the transfected cells used for the cell-cell fusion assay, 

normalization was to the WT level of gp41, gp120, and gp160 respectively, as there is no 

expression of p24 in this case.

Results

Gp41 MPER Alanine Scanning

Two different co-receptor utilizing HIV strains were used in this study: HXB2 for CXCR4-

usage and JRFL for CCR5-usage. We compared the entire amino acid sequence of gp41 

from both HXB2 (NCBI GenBank accession number: K03455.1) and JRFL (NCBI 

GenBank accession number: U63632.1. There was about 96% identity (821 residues 

identical of 856) in the gp41 amino acid sequence between HXB2 and JRFL, indicating high 

conservation in the gp41 sequence between these two strains (Fig 1).

The MPER domain is defined as a total of 24 amino acid residues (660-683 in the HXB2 

envelope sequence) based on structural studies and the HIV genome (Fig 1, boxed area). 

Between HXB2 and JRFL, only 2 residues are different (22 residues identical out of 24). 

One is residue 675 and the other is residue 678. Overall, there is 92% amino acid sequence 

identity between these two strains in MPER (Fig 1, the boxed area). A total of 23 amino 

acids out of 24 amino acids were substituted with alanine as residue 667 is already an 

alanine residue.
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Cell-Cell Fusion and Viral Entry of gp41 MPER Mutants

To determine the effects of alanine mutagenesis on MPER, a cell-cell fusion and a viral 

entry assay were performed as described previously.41 For both cases, we performed three 

sets of experiments and obtained the average of the fusion levels, and then the fusion levels 

of each alanine mutant were compared to WT levels.

Figures 2 and 3 show activity in cell-cell fusion and viral entry in the HXB2 strain and the 

JRFL strain respectively. Tables 1 and 2 show the summary of these data.

For cell-cell fusion, most HXB2 alanine substituted mutants were not less than 50% of WT 

with the exception of D664 for which the fusion level was extremely low (Fig 2 black bars, 

Table 1 left panel). These data indicate that there were only modest effects if any on cell-cell 

fusion caused by alanine mutation in the MPER of HXB2.

However, levels differed significantly in viral entry (Fig 2 white bars, Table 1 right panel). 

Seven mutants (L663A, K665A, L669A, L679A, W680A, Y681A, and K683A) showed 

abolished fusion activity in viral entry. Five mutants were less than 50% (D664A, W666A, 

I675A, W678A, and I682A). Two mutants, W670A and N674A had enhanced fusion levels 

in viral entry. The remaining mutations were either WT level or moderately diminished. In 

general, alanine substitution in HXB2 MPER was more deleterious in viral entry than in 

cell-cell fusion.

The alanine-substituted mutants of JRFL were more variable in cell-cell fusion than were 

mutations in strain HXB2 (Fig 3 black bars, Table 2 left panel). One mutant, D674A had 

diminished cell-cell fusion activity compared to WT. There were three mutants (L663A, 

W666A, and N671A) that exhibited abolished activity in cell-cell fusion. Another four 

mutants (W678A, W680A, Y681A, and K683A) had an enhanced level of fusion. The 

remaining mutations were the same level as WT in cell-cell fusion.

The viral entry levels in strain JRFL varied dramatically as well (Fig 3 white bars, Table 2 

right panel). Three mutants (L661A, L669A, I682A) had increased levels of viral entry. 

Many were decreased to below 50% of WT (K665A, W670A, F673A, T676A, L679A, 

Y681A, K683A). Very few mutations were near the WT level. These included L660A, 

E662A, and S668A. On a general level, JRFL viral entry was very sensitive to alanine 

scanning mutations in MPER.

Mutant Expression, Processing, and gp120-gp41 Association Effects

Alanine mutation of each residue in MPER could have effects on 1) protein expression or 

folding of the precursor protein gp160, trafficking of the protein to the plasma membrane via 

the endoplasmic reticulum and Golgi apparatus, 2) proteolytic cleavage of the precursor 

gp160 protein to the gp41/gp120 subunits by the cellular enzyme furin, 3) association 

between gp41 and gp120, or 4) a defect in fusogenicity.

To determine which of these steps the mutation affected, Western blot analysis was 

performed. The data were quantified and normalized as described in the experimental 
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procedures. Tables 1 and 2 summarize the effects of alanine mutation in cell-cell fusion and 

viral entry for HXB2 and JRFL respectively.

HXB2 MPER Mutant Expression, Processing, and gp120-gp41 Association

Most HXB2 mutants produced cell-cell fusion levels not less than 50% of WT levels. 

D664A was one of the residues most dramatically affected. Most mutants including D664A 

expressed all Env proteins at WT levels as seen in the cell lysate from the cell-cell fusion 

experiments (Fig 4A). L663A was slightly diminished but the cell-cell fusion level was not 

dramatically affected. L669A and W670A were diminished in protein levels, however, the 

cell-cell fusion effects were not dramatic. Most mutants had WT levels of cleavage, 

association, and fusogenicity (Fig 4A, left panel in Table 1). D664A had a fusogenicity 

defect as the levels of protein expression, cleavage, and association appeared to be near WT. 

Generally, scanning alanine mutations in MPER of HXB2 did not cause dramatic effects on 

cell-cell fusion at most residues.

However, the results are quite different in viral entry. Most HXB2 mutants had impacts on 

viral entry from alanine substitution. Six of these mutants (L663A, K665A, L669A, L679A, 

Y681A, and K683A) showed either WT or minimally decreased Env expression in both the 

producer cells and in the virus samples (Fig 5A, Fig 6B, and right panel in Table 1). Some of 

these mutants (L663A, K665A, Y681A) also had near normal levels of cleavage and gp41/

gp120 association whereas the level in viral entry was abolished indicating a defect in 

fusion. Alanine mutation at these residues had less impact on cell-cell fusion (Fig. 2; black 

bars), suggesting they play a more critical role in viral entry. L669A had a very low amount 

of gp120 in the producer cell lysate but the protein levels on the virus were not decreased 

below 50%. L679A had a lowered level of gp160 expression along with a lowered level of 

gp41 in the producer cell lysate, however, the levels on the virus were not dramatically 

decreased. K683A had lowered expression but WT levels of gp41/gp120 in the producer 

cells and levels in the virus not decreased below 50% of WT.

One mutant, W680A had WT levels in the producer cell lysate, however, gp41 on the virus 

was diminished to approximately 50% and gp120 was undetectable. This suggests both an 

incorporation defect due to lowered gp41 on virus and an association defect. The ratio of the 

levels between gp120 and gp41 was calculated to be < 0.5, which implies that there is an 

association defect. This resulted in a severe disruption in viral entry in the case of W680A.

Finally, two mutants, W670A and N674A had enhanced levels of viral entry. W670A had a 

higher level of gp160, gp41, and gp120 in the producer cell lysate. N674A, on the other 

hand, had increased levels of gp160 and gp41 in the producer cell lysate but a decreased 

level of gp120. Despite this, both mutations (W670A and N674A) had higher levels of 

gp120 in the virus particles than of gp41 which was closer to the wildtype level.

JRFL MPER Mutant Expression, Processing, and gp120-gp41 Association

In contrast to strain HXB2, alanine mutation of the JRFL strain had far greater effects on 

cell-cell fusion and effects were seen in viral entry as well (Fig 4B, Fig 5B, Fig 6B, and 

Table 2). Five of the mutants (L660A, K665A, S668A, L679A, and I682A) which produced 

WT fusion levels in cell-cell fusion had a lower level of gp120 than gp160 (left panel in 
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Table 2). Nevertheless, this resulted in only a minimal effect on the cell-cell fusion levels 

which were near WT.

Two mutants (L663A and N671A) had abolished levels of cell-cell fusion and also had low 

levels of gp120 compared to gp160 expression. Another mutant, W666A which had 

abolished levels of cell-cell fusion expressed Env protein at the WT level and had wildtype 

levels of gp41 and gp120. This indicates that the alanine mutation on W666 causes a 

fusogenicity defect.

There are also mutants (W678A, W680A, Y681A, and K683A) which had increased levels 

of cell-cell fusion. Interestingly, W678A, W680A, and Y681A all had an increased level of 

Env protein expression (gp160), a high level of gp41 but a very low level of gp120. 

Similarly, only K683A had an increased cell-cell fusion level along with increased levels of 

gp160, gp41, and gp120. The levels of gp160 and gp41 were higher than that of gp120 in 

this case as well.

The impact on viral entry of alanine mutation in the JRFL Env sequence was varied. Only 

two mutants, L669A and I682A showed enhanced levels in viral entry and increased Env 

expression. Each of these mutations showed dramatically higher levels of gp160, gp41 and 

gp120 in both the virus-producing cells and the virus samples.

Of the mutations that were decreased to 50% or below the level of WT (K665A, W670A, 

F673A, T676A, L679A, Y681A, K683A) many had protein levels near WT or higher 

(W670A, F673A, T676A, L679A, Y681A, K683A). This indicates a fusion defect. On the 

other hand, K665A, had dramatically lowered levels of gp160 in the producer cell lysate 

while all levels of gp41 and gp120 both in the producer cell lysate and in the virus sample 

were elevated above WT levels.

There are also two mutants (N671A and W672A) that had lowered amounts of gp120 while 

the viral entry levels were approximately 50%. The case of N671 is quite dramatic with 

gp120 levels on the virus undetectable. Taken together with the results of cell-cell fusion in 

which these two mutations had an impact on gp120 levels as well, there is most likely a 

defect in association between gp41 and gp120.

Discussion

In this study, the effects of alanine substitutions in the HIV gp41 MPER domain were 

extensively characterized in two different HIV-1 strains, one CCR5-utilizing (JRFL) and 

one CXCR4-utilizing strain (HXB2) by a side-by-side scanning mutation approach. 

Consistent with a previous report by our group41, HXB2 was more stable to alanine 

substitution in MPER as it had also been shown to be in the C-terminal heptad repeat (CHR) 

region when compared to JRFL.

Cell-cell fusion assays have not always correlated with the results from viral entry 

assays.41, 54–57, 58 This suggests that the envelope proteins function differently in these two 

processes. In the case of cell-cell fusion, envelope is mediating the binding and fusion 

between two cells of relatively similar size via fusion of the plasma membranes of the 
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envelope-expressing and the target cells. The HIV viral particle has been observed to fuse at 

neutral pH without the need for endosomal internalization. 59, 60 It has also been observed to 

enter via an endosomal pathway. 61 In the case of fusion at the plasma membrane, as the 

diameter of mature HIV (approximately 110–128 nm 62) is much smaller than the receptor 

cell, the envelope protein complex is mediating binding and fusion between the more highly 

curved viral membrane and the larger receptor cell plasma membrane. However, if 

endocytosis is a productive route of entry, the fusion event occurs between the endosomal 

membrane and the viral membrane which more closely resemble each other in size and 

curvature.61 Further biophysical and ultrastructural studies of the two processes, cell-cell 

fusion vs. viral entry, are warranted in order to provide insight into the differences in the 

mechanistic function of the membrane fusion protein complexes. However, the results from 

the viral entry assays are more relevant for drug and vaccine development as the 

physiological role of cell-cell fusion in the host has not been conclusively shown.

HXB2 cell-cell fusion

There are several specific residues that warrant further discussion from each of the strains. 

In HXB2, there is only one residue that stands out as impacted in cell-cell fusion, D664A. 

Indeed, mutation to alanine at this residue did not significantly impact any of the protein 

levels. This suggests a critical role in promoting cell-cell fusion for this residue. Many of the 

mutants that had impacts on viral entry in the case of HXB2 had very little effect on 

expression, processing, incorporation, or association, which also suggests that the step 

impacted was membrane fusion. Gp160 levels were rarely impacted in the case of HXB2 in 

lysates from cell-cell fusion or in lysates from virus-producing cells indicating that 

expression of Env for strain HXB2 is stable to mutation.

HXB2 Viral Entry

The protein levels measured on virus-producing cells in the case of mutation HXB2 L669A 

suggest an association defect. The gp120 level is much lower than the gp160 and gp41 

levels. However, the levels of gp120 and gp41 on the virus are not dramatically different 

from one another or greatly reduced. This suggests that in the case of the L669A mutant, 

shedding of gp120 at the cell surface may be occurring, yet the virus is able to bud with 

envelope complexes that have similar amounts of gp41 and gp120. In contrast, W680A 

seems to have both a defect in incorporation of gp41 into the virion and a defect in the 

gp120/gp41 association. However, the protein levels in the producer cell lysates are at or 

above WT level. These differences in incorporation into the virion within a distance of 11 

amino acid residues suggest that the envelope complex is sensitive to changes that may be 

due to long-range effects upon the global structure of the large multimeric membrane 

complex.

W670A and N674A were both enhanced in viral entry. In the case of both W670A and 

N674A, there is a higher amount of gp120 protein in the virus sample than gp41. Levels in 

the producer cells are high for gp160, gp120, and gp41 in the case of W670A. On the other 

hand, the level of gp120 is less than the WT level and less than gp160 and gp41 in the 

producer cell line for N674A. It is interesting to note that the enhanced level of gp120 as 

compared to gp41 correlates with enhanced viral entry in both mutants.
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JRFL cell-cell fusion

In the case of JRFL, a number of mutants with WT or enhanced fusion levels had a lowered 

amount of gp120 (L660A, K665A, S668A, W678A, L679A, W680A, Y681A, I682A). This 

suggests that gp41 can mediate membrane fusion between the plasma membranes of cells 

expressing envelope and cells expressing the receptors despite a lowered amount of gp120. 

This could be an artifact of a cell population that has been transfected to express only 

envelope protein and which has no budding virus particles. A gp41/gp120 association defect 

could result in rapid release of gp120 into the cellular milieu immediately after cleavage and 

presentation on the plasma membrane. This would lead to a decreased amount of gp120 

detectable in the cell lysate. In the case of L663A and N671A, the abolished levels of cell-

cell fusion correlated with low levels of gp120 which is to be expected. W666A has an 

apparent fusogenicity defect as studied in cell-cell fusion as all protein levels were wildtype 

or higher and yet cell-cell fusion was dramatically decreased.

JRFL viral entry

There are many mutations within the C-terminal half of this region of JRFL that have a clear 

defect in the fusion step of viral entry as can be concluded based upon functional levels 

being at or below 50% but protein levels of gp160, gp41, and gp120 at WT or greater levels 

(W670A, F673A, T676A, L679A, Y681A, K683A). K665A had a low level of gp160 and 

yet the levels of gp41/gp120 were greater than wild type. This was the case both in the virus 

producing cells and in the protein levels on the virus. Despite the elevated levels of gp41/

gp120, entry levels were diminished. There is the possibility that gp160 in this case is 

cleaved more efficiently. If this is the case, then there also appears to be a fusogenicity 

defect. This mutant is likely causing multiple defects. N671A and W6712A also produced 

anomalous results. Although there seems to be a dramatic effect on the gp41/gp120 

association, entry levels were around 50%.

In general the protein levels (gp120/gp41) in the virus particles in the case of strain JRFL 

were quite stable, however, mutations often led to defects in entry suggesting an important 

role in membrane fusion. There is also the possibility that long-range conformational effects 

could be caused by mutation that would affect gp120 binding to the receptors or that the 

larger global structure of the multisubunit complex could be altered. Ultrastructural studies 

of this complex at different stages during the entry process are warranted but technically 

challenging.

Correlation analysis between HXB2 and JRFL

We performed a correlation analysis between the mutants in HXB2 and JRFL using the data 

sets for cell-cell fusion and for viral entry (GraphPad Prism). The calculated Pearson’s r was 

−0.188 for the cell-cell fusion data set and −0.147 for the viral entry data set. A value of −1 

represents perfect negative correlation. In both the cell-cell fusion and viral entry data sets, 

there was a relatively small negative correlation between the results for the two strains.

Comparison with Previously Published Alanine Substitutions in the MPER

To the best of our knowledge, this is the first report of an extensive comparison of cell-cell 

fusion and viral entry using alanine scanning mutagenesis of the HIV MPER for both a 
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CCR5 and a CXCR4-utilizing strain of HIV-1. A summary of previously published results 

for mutation to alanine in this region is shown in Table 3. The alanine mutation at L660 in 

the JR2 strain had a severe defect on virus infectivity63, however, our results showed only a 

modest defect because of mutation to alanine at this residue. The mutation at L661 had a 

WT level in JR2 Env mediated viral entry,63 whereas it had a modest impact in HXB2 viral 

entry in our study. Residue E662 had a normal level in viral entry with the JR2 strain in 

agreement with our study. L663A was reported to have no impact on viral entry with the 

JR2 strain63, whereas in our study, this mutation was impaired in HXB2 viral entry and in 

JRFL cell–cell fusion. The D664A mutation was reported to have no effect in JR2 viral 

entry, whereas it showed a severe impact in HXB2 cell-cell fusion and a modest effect in 

HXB2 and JRFL viral entry in our study. The K665A mutation was reported to have no 

effect in JR2 viral entry63, however, it did cause a defect in both HXB2 and JRFL viral entry 

in our study.

W666A also had the most severe impact on viral infectivity in the JR2 strain63, however, 

our results showed only a modest effect on viral entry for either strain. In the case of cell-

cell fusion with the JRFL strain, this was the only residue with a severe defect. The W666A 

mutant was previously reported for the HXB2 strain3 and resulted in expression, processing, 

gp120 association, and cell-cell fusion levels similar to WT in agreement with our results.

The alanine mutation on residue 668 (S in HXB2 and JRFL, N in JR2) showed no effect on 

JR2 viral entry63 which is consistent with what we observed in both HXB2 and JRFL viral 

entry. L669A of JR2 showed a severe reduction in viral infectivity compared to infectivity 

of WT JR2 strain63, in agreement with our data for HXB2 viral entry. The W670A mutation 

in JR2 strain was reported to have a decreased level of viral entry63 in agreement with our 

results for JRFL viral entry.

While the N671A in JRFL in our cell-cell fusion study showed a defect in cleavage, N671A 

in the JR2 strain had no impact on viral entry.63 While W672A and I675A caused a severe 

reduction in viral entry in the JR2 strain63, we did not observe this severe impact. F673A in 

the JR2 strain had no impact in viral entry 63, whereas our data showed modest impact in 

HXB2 and JRFL viral entry. N674A in the JR2 strain also had no impact on viral entry63, 

however, it showed an enhanced viral entry level in HXB2. T676A in the JR2 strain63 

showed diminished activity in viral entry in agreement with our study for both both HXB2 

and JRFL. N677A in the JR2 strain had no impact on viral entry63 whereas our alanine 

mutant in HXB2 at this residue had a modest defect in viral entry. There is a report showing 

slightly reduced association of gp120 with gp41 of HXBc2 strain64 for the W678A mutation 

which we saw only in the case of JRFL cell-cell fusion. Our data showed that the L679A 

mutation in HXB2 produced a severe defect in viral entry in agreement with the previously 

reported results for JR2 Env mediated viral entry.63 The W680A mutation had a severe 

defect in association of gp120 with gp41 in HXB2 viral entry in our study, whereas it was 

reported that it had no impact on expression, processing, or gp120 association in HXB2 Env 

mediated cell-cell fusion in agreement with our study.3
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Structural Implications

Molecular models of the MPER trimer structure are shown in Fig 7. Since there is no MPER 

structure available until residue K683 as well as no structure of the full length gp41 protein 

in the 6HB formation, we were not able to model the potential interaction of MPER with the 

fusion peptide region. To better understand the effects of mutation in MPER, we took the 

membrane-associated MPER trimer model38 and compared the locations of residues that are 

affected by alanine mutations.

Mutations that are affecting viral entry were located in the proximity of the viral membrane. 

Interestingly, the membrane proximal residues including L679, W680, Y681, and K683A in 

HXB2 were severely affected in viral entry by alanine mutations, whereas mutations in these 

residues either enhance or have only a modest effect in the JRFL strain. This could suggest 

that mutations affect the orientation of aromatic residues which can then affect stability of 

the whole gp41 structure leading to defects in fusogenicity. This is plausible because these 

residues are also known to play an important role in fusion pore expansion4 and changes in 

orientation may cause distinct defects in the process.

Another important observation is that mutations that affected membrane fusion were mostly 

on the side of MPER oriented toward the N-terminal heptad repeat/fusion peptide in the 

post-fusion structure.30, 32, 33, 65–69 This suggests that MPER interacts with fusion peptide 

and/or other NHR domain sequences and mutations on MPER may interfere with the 

interaction between them either in the process of folding or unfolding during the steps in the 

fusion mechanism.

It is very interesting as well that we observed different effects of mutation on the two HIV-1 

strains despite the high degree of sequence conservation between them (Fig 1). There are 

only two amino acid residues that are different between these two strains in MPER. HIV 

gp41 has a distinct sensitivity to mutation between different strains that seems to be 

sequence independent but nonetheless can be affected on a functional level. This suggests 

the possibility that there are direct interactions or long-range structural changes affecting 

MPER that are caused by regions that are non-conserved within the gp41 sequence (e.g., 

fusion peptide).

It is also intriguing that there are significant differences in the effects of alanine mutagenesis 

between cell-cell fusion and cell-free viral entry. This type of difference between modes of 

virus transmission has been reported not only by us but also other groups. Many studies 

presented loss of susceptibility to entry inhibitors and neutralizing antibodies (nAbs) 

targeting HIV-1 Env in transmission of virus between cells while these remained effective in 

cell-free virus infection. For example, the nAb2 4E10 and 2F5 (targeting MPER), 17b 

(targeting a CD4 induced epitope), b12 (targeting CD4 binding site) were not always 

observed as effective at inhibiting Env mediated cell-cell transmission.54–57 A recent 

investigation also observed that the antibodies targeting the CD4 binding site such as CD4-

IgG2, VRC01, and b12 lost their inhibitory activity easily only in the case of cell-cell virus 

transmission while their activity remained in viral entry.58 Taken together, these studies 

along with our report herein suggest that there are dramatic mechanistic differences between 

cell-cell fusion versus virus-cell entry that have implications in vaccine development. This 
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body of knowledge points to the need to carefully discriminate between targets especially 

when considering the design of a prophylactic vaccine versus a therapeutic vaccine. 

Targeting viral entry will be important in the case of a prophylactic vaccine while targeting 

the mechanism of transmission of virus between cells will be important in the case of a 

potential therapeutic vaccine.

Our comparative mutagenesis study of the MPER suggests that the current discrepancies in 

the details of MPER structure reported based upon in vitro studies may very well be real and 

related to mechanistic differences between strains. For example, while one X-ray 

crystallography study reported an asymmetric dimer of alpha-helical MPER constructs had 

utilized prototype B strain HXB2 gp41 sequence34, another structural study suggesting the 

MPER portion with a slightly bent helix structure used subtype A isolate from Cameroon.35 

Another structural study of trimeric MPER showed a symmetrical α-helical conformation 

with a bend between the 2F5 and the 4E10 epitopes and used B/F1 recombinant isolate 

01BAB055.38 Furthermore, even with the same HXB2 gp41 MPER, different structures 

were suggested. For instance, a study that used HXB2 sequence showed ~90° turn of MPER 

at N67736 which had not been observed previously.34 On a membrane surface, HXB2 

MPER showed a metastable L-shaped structure16 but another study showed MPER with at 

least two stable conformations in the lipid bilayer.39

MPER has been one of the most promising targets in the approach to elicit neutralizing 

antibodies due to the broadly neutralizing antibodies 2F5 and 4E10.5–14 However, our study 

suggests that there may be significant differences between virus strains in how localized 

regions are involved in cell-cell fusion and viral entry. The discrepancies reported for this 

region from in vitro structural studies if considered in the context of the dramatic differences 

we see between strains using mutagenesis studies in cell culture may well be real differences 

implying a structural plasticity in this region important for consideration in vaccine and drug 

design.

Another critical issue is that exposure of these vulnerable regions during the entry process is 

limited in timeframe. The MPER is not exposed on the native virus particle before 

interaction with the receptors.28 Interestingly, researchers have suggested that specific single 

amino acid changes in gp41 could potentially expose epitopes for neutralization by 

antibodies.25 If this is indeed possible, our scanning mutagenesis suggests that mutations 

L660A and E662A, from both strains may potentially be useful to manipulate the protein for 

better exposure of MPER to raise neutralizing antibodies without altering function.

Finally, the amino acid positions that are unchanged (light gray) can be seen as potential 

candidates for manipulation to facilitate labeling for highly desired ultrastructural studies. 

Many of the MPER residues were shown to be stable to alanine mutations. These are 

potential sites to manipulate with cutting edge labeling that will enable researchers to study 

the details of gp41 function.
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Figure 1. Alignment of gp41 amino acid sequence highlighting the MPER from the HXB2 and 
the JRFL strains
Gp41 begins at the N-terminus with the fusion peptide (FP) followed by the N-terminal 

heptad repeat (NHR), a loop, the C-terminal heptad repeat (CHR), a membrane proximal 

external region (MPER), and a transmembrane domain (TM) followed by a C-terminal 

cytoplasmic region (C-tail). The alignment of gp41 amino acid sequence was done using 

CLC Main Workbench 7.5.1. The numbering is shown based on HXB2 strain and the 

matching residues shown as dots. The boxed area indicates the MPER region. We made 23 

alanine substitutions in both strain HXB2 and strain JRFL.
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Figure 2. Effects of alanine substitution on HXB2 Env mediated cell-cell fusion and viral entry
For cell-cell fusion (black bars), each mutant plasmid was transfected into 293T cells along 

with plasmids expressing the tat and rev proteins. The transfected cells were then co-

incubated with the receptor cell line TZM-bl for 24 hours. Fusion activity was measured by 

luciferase assay. For viral entry (white bars), each mutant was transfected into 293T cells 

along with the HIV backbone plasmid and virus was harvested after 48 hours. The amount 

of virus was determined by a p24 antigen capture ELISA assay, and virus stocks with an 

equivalent amount of p24 protein (100 ng) were added to each well of TZM-bl cells. Viral 

entry levels were determined by luciferase assay at 48 hours post infection. The WT level 

and the 50% of WT fusion are indicated with a dotted line.
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Figure 3. Effects of alanine substitution on JRFL Env mediated cell-cell fusion and viral entry
Cell-cell fusion (black bars) and viral entry levels (white bars) were measured as described 

in Figure 2 using JRFL Env mutants.
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Figure 4. Protein expression level in the cell lysates used for cell-cell fusion
293T cells transfected with Env, Tat, and Rev expressing plasmids. The cells were lysed and 

the total protein concentration was quantified by BCA assay. An equal amount of protein 

from each transfected cell sample was loaded onto an SDS-PAGE gel followed by Western 

blot analysis using Chessie-8 (for gp41, and gp160) and anti-gp120 antibodies. Each 

membrane was scanned and band intensity was quantified. The band intensities of gp41, 

gp160, and gp120 were normalized to the WT level of each protein. A) Protein expression 

level of HXB2 Env. B) Protein expression level of JRFL Env.
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Figure 5. Protein expression level in the lysates of the virus-producing cells
293T cells were used for producing virus. These cells were lysed and the protein 

concentration was quantified by BCA assay. Subsequent Western blot analysis was 

performed using Chessie-8 and anti-gp120 antibodies followed by band quantification as 

described in Figure 4. Each membrane was reprobed with anti-p24 antibodies and band 

intensity was quantified. Each band intensity of gp41, gp160, and gp120 was normalized to 

the p24 level and then normalized again to the WT level of each protein. A) Protein 

expression level of HXB2 virus producing cells. B) Protein expression level of JRFL virus 

producing cells.
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Figure 6. Protein levels on the virus
Concentrated virus with each mutant Env were lysed followed by Western blot analysis was 

performed as described above. A) Protein level on HXB2 virus. B) Protein level on JRFL 

virus.
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Figure 7. Molecular models highlighting the functionality of mutations in the HIV gp41 MPER
A membrane associated MPER trimer structure was used to diagram the residues that are 

either diminished or enhanced in function upon mutation to alanine 38. For simplicity, 

mutations are indicated only on one of the monomers (light gray) and the other two 

monomers making up the trimer structure are shown in light blue. The top panel is a view of 

the outer side of the MPER. The bottom panel is a view that is rotated to display the inner 

side of the MPER. Amino acid residues without highlighting (light gray) have levels 80–

120% of WT. Those colored pink have levels diminished to 20–50% of the WT level. Those 

colored red have levels diminished to < 20% of the WT level. The residues colored green 

have levels increased above 120% of the WT level. The structure was rendered with 

Discovery Studio Visualizer 4.0 based upon the coordinates from the Protein Data Bank 

entry 2LP7.
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Table 3

Published Results for Alanine Substitutions Performed in the gp41 MPER Region

Residue Strains Effect of Alanine mutation

L660A JR2 <30% of WT infectivity63

L661A JR2 Similar infectivity to WT63

E662A JR2 Similar infectivity to WT63

L663A JR2 Similar infectivity to WT63

D664A JR2 Similar infectivity to WT63

K665A JR2 Similar infectivity to WT63

W666A
JR2 <10% of WT infectivity63

HXB2 Expression processing, gp120 association, and cell-cell fusion similar to WT3

S668A JR2 (N668A) Similar infectivity to WT63

L669A JR2 <30% of WT infectivity63

W670A
JR2 >30% of WT infectivity63

HXB2 Expression processing, gp120 association, and cell-cell fusion similar to WT3

N671A JR2 Similar infectivity to WT63

W672A JR2 <30% of WT infectivity63

F673A JR2 Similar infectivity to WT63

N674A JR2 Similar infectivity to WT63

I675A JR2 <30% of WT infectivity63

T676A JR2 >30% of WT infectivity63

N677A JR2 Similar infectivity to WT63

W678A

JR2 >30% of WT infectivity63

HXB2, NL4-3 Expression processing, gp120 association, and cell-cell fusion similar to WT3

HXBc2 Processing to WT level, but slightly reduced association of gp120. Cell-cell fusion similar to WT64

L679A JR2 <30% of WT infectivity63

W680A
JR2 >30% of WT infectivity63

HXB2, NL4-3 Expression processing, gp120 association, and cell-cell fusion similar to WT3
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