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ABSTRACT: The transmembrane subunit, gp41, of the HIV envelope mediates the viral
fusion step of entry into the host cell. The protein consists of an extracellular domain, a
transmembrane domain, and a cytoplasmic tail. The extracellular domain contains a fusion
peptide, an N-terminal heptad repeat, a loop region, a C-terminal heptad repeat (CHR), and
a membrane-proximal external region. For this study, we examined each amino acid in the
CHR (residues 623—659) by alanine scanning mutagenesis in two HIV strains: one CCRS-
utilizing strain (JRFL) and one CXCR4-utilizing strain (HXB2). We studied the functional
importance of each amino acid residue by measuring mutational effects in both cell—cell
fusion and viral entry and assessing envelope expression and gpl20—gp41 proteolytic

Cell-Cell Fusion

Viral Entry

processing. The transmembrane subunit of the HIV envelope, gp41, is very sensitive to subtle

changes, like alanine substitution, which severely affect envelope function at multiple sites. Two important general findings are
apparent when the entire data set from this study is taken into account. (1) Strain HXB2 is much more stable to mutagenesis
than strain JRFL, and (2) viral entry is much more stable to mutagenesis than cell—cell fusion. These findings strengthen our
notion that gp41 is a vulnerable target for therapeutic and prophylactic intervention. Further structural studies aimed at gaining a
full understanding of the intermediate states that drive HIV membrane fusion are imperative.

Infection by human immunodeficiency virus type 1 (HIV-1)
is initiated when the virus particle makes contact with the
receptor cell surface; subsequently, HIV envelope gp4l
mediates membrane fusion, thereby allowing the viral genetic
material to enter the cell. The HIV-1 envelope glycoprotein is
synthesized as a precursor polyprotein, gpl60, which is
proteolytically processed by the cellular protease, furin, to
generate two subunits, the surface subunit gp120 (sometimes
termed SU) and the transmembrane subunit gp41 (sometimes
termed TM). These subunits are noncovalently associated and
form a trimer of heterodimers that is the envelope glycoprotein
spike on the viral surface. Initial contact with the host cell is
made when gp120 interacts with CD4. Conformational changes
allow subsequent binding of gp120 to a chemokine coreceptor
(CCRS or CXCR4) found on the surface of target cells. These
events trigger gp41 to undergo conformational changes that are
crucial for activation of HIV-1 membrane fusion. HIV-1 fusion
likely involves substantial conformational changes in gp41,
going from a metastable state to an energetically more stable
conformation.'™* The control of these structural rearrange-
ments is thought to be central to HIV-1 entry and an important
target for drug development, proven by the therapeutic use of
the fusion inhibitor (T20/Fuzeon/Enfuvirtide).>™”

Structural studies have demonstrated that the N-terminal
heptad repeat (NHR) and C-terminal heptad repeat (CHR)
regions of the gp41 ectodomain associate to form a six-helix
bundle in the postfusion state with three N-terminal helices
forming a trimeric coiled coil in the center and three C-terminal
helices packing on the surface of the coiled coil in a reverse
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orientation resembling a hairpinlike structure.®”'* This
transition is concomitant with membrane fusion.'>'® The
transmembrane region is positioned in the viral membrane, and
the fusion peptide is embedded in the cellular membrane after
gp120 makes contact with the cellular receptors. Intermediate
states of the gp41 molecule are vital to viral function, and the
regions involved are highly conserved. Hence, they serve as a
target for the development of HIV-1 inhibitors.

There is evidence that packing interactions between the
NHR and CHR are important determinants of HIV-1
entry.”"”~" The receptor-triggered conformational changes
in the HIV-1 envelope glycoprotein that result in the formation
of the stable gp41 core are suspected to drive the increasing
proximity of the membranes and/or the subsequent lipid
bilayer fusion.'® Therefore, it is of fundamental importance to
understand the structural and mechanistic basis for the
interactions in the core.

The CHR is a functionally important region in HIV gp41
that forms a part of the postfusion six-helix bundle (6HB)
structure of gp41. The 6HB conformation of gp41 is a stable
trimer in which the NHR forms an internal three-helix bundle
and the CHR wraps obliquely around the internal bundle to
form the 6HB.>7'*'*?%2! I this study, alanine substitutions at
37 positions within the CHR have been characterized in two
different HIV-1 strains, one CCRS-utilizing strain (JRFL) and
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one CXCR4-utilizing strain (HXB2). We have studied these
mutations for effects on membrane fusion, viral entry, envelope
expression, furin cleavage, and gp41—gp120 association. We
used alanine substitutions because alanine is considered one of
the most subtle single-amino acid changes that can be made
with respect to chemical character and molecular structure but
which also does not add backbone flexibility, as would be the
case with glycine substitution. We present a systematic
mutagenesis approach to studying the importance of each
amino acid residue of the CHR region to gp41 function in two
different HIV-1 strains, one CCRS-utilizing strain (JRFL) and
one CXCR4-utilizing strain (HXB2), with the long-term goal of
identifying regions that are attractive sites for drug intervention
and are amenable to manipulation for labeling for structural
studies.

The mechanisms of cell—cell fusion and viral entry have
historically been considered to be substantially similar following
the same steps of (1) attachment of gp120 to CD4 on the cell
surface, (2) conformational changes in gpl20 leading to
coreceptor binding, and (3) further conformational changes
in gp41 mediating membrane fusion at the plasma membrane.
Interestingly, however, recent studies have convincingly
demonstrated that HIV entry occurs through the endocytic
pathway.'®*> This alteration to the paradigm of HIV viral entry
suggests that the mechanistic difference between cell—cell
fusion and viral entry might also be greater than originally
thought. Membrane fusion is required for both phenomena;
however, different membranes are now implicated, with the
plasma membrane being the site of cell—cell fusion and the
endocytic membrane being the membrane that must fuse with
the viral membrane for viral entry of the core. It is not yet clear
what restricts the virion from fusing with the plasma
membrane. It is known, however, that dynamin is required
for HIV entry, which implicates the clathrin-dependent
pathway.'®** There is a difference in the amount of membrane
curvature between the two mechanisms. The region of
membrane fusion between two cells is often considered to
have so little curvature that it can be estimated as a plane,
whereas the curvature of the viral membrane is much greater
and more closely matches the curvature of the endosomal
membrane than the curvature of the plasma membrane. There
is also a possibility that there are different concentrations of
host cell proteins in the environment in which membrane
fusion is taking place, and this could have an effect on the two
processes.

Interestingly, we found the effects of mutagenesis on cell—
cell fusion versus viral entry to vary substantially in some cases.
This would suggest that there are key differences in the
mechanisms between these two phenomena. In fact, researchers
had found evidence to suggest this in previous studies. For
instance, Konopka et al. found that there was a difference in
monoclonal antibody binding between cell—cell fusion and
virus—cell membrane fusion with a murine monoclonal
antibody (mAb F-91—55) raised against the complex of CD4
and gp120.>* In another study, additional monoclonal antibod-
ies were found to be relatively ineffective at inhibiting cell—cell
fusion as well>* Antibodies b12, ml4 IgG, and 2G12 had
moderate activity, whereas 4E10 and 2FS5 that bind the
membrane-proximal region of gp41 had no inhibitory effect.”*
Further study to elucidate differences between the mechanisms
of cell—cell fusion and viral entry in HIV-1 biology is
warranted.
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B MATERIALS AND METHODS

Plasmids and Mutagenesis. The plasmids bearing alanine
substitutions were prepared from pHXB2 [National Institutes
of Health (NIH) AIDS Research and Reference Reagent
Program catalog no. 526]*° and pJRFL that, to match the
background of pHXB2, was cloned into the pSV7D background
plasmid from pCAGGSJRFL (a gift from J. M. Binley).”®
Mutagenesis was performed using the Stratagene QuikChange
II XL site-directed mutagenesis kit, and changes were verified
by DNA sequencing (Roswell Park Cancer Institute DNA
Sequencing Laboratory). The plasmid expressing Rev was
pCMV-rev (pRev-1) (NIH AIDS Research and Reference
Reagent Program catalog no. 1443),>” and the plasmid
expressing Tat was pCEP4-Tat (NIH AIDS Research and
Reference Reagent Program catalog no. 4691).2%

Cell—Cell Fusion. For the cell—cell fusion assay, envelope
plasmid pHXB2 or pJRFL, wild type (WT) or each mutant, was
cotransfected with plasmids for both Tat and Rev viral proteins
by precipitation of calcium phosphate into 293T cells (ATCC),
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. Twenty-four hours post-transfection, the cells
were removed from the plate, counted, and then seeded at a
density of 2 X 10* cells/well along with 2 X 10* cells/well of the
receptor cell line, TZM-bl (NITH AIDS Research and Reference
Reagent Program catalog no. 8129),% into a 96-well plate. The
plates were incubated overnight at 37 °C in a 5% CO,
incubator. After 24 h, membrane fusion levels were measured
by a luciferase assay (One-glo, Promega) according to the
manufacturer’s protocol using the Spectra Max MS (Molecular
Devices) plate reader, and levels were normalized to the WT
fusion levels. Experiments were performed in triplicate from the
transfection step to the measurement of luciferase activity; thus,
the uncertainties are inclusive of all steps of the experimental
procedure.

Viral Entry. For the viral entry assay, plasmids pHXB2 or
pJRFL, WT and each mutant, and pNL4-3.HSA.R-E- (NIH
AIDS Research and Reference Reagent Program catalog no.
3417) were cotransfected by calcium phosphate precipitation
into 293T cells, which were maintained in DMEM with 10%
FBS and 1% penicillin/streptomycin. Forty-eight hours post-
transfection, the medium was harvested and filtered through a
0.45 uM filter and centrifuged at 55000g for 1 h to make the
virus stock. The infectious titer of the wild-type (WT) virus was
measured by X-gal staining as previously described.*" The HIV-
1 p24 antigen capture enzyme-linked immunoassay (AIDS &
Cancer virus program, National Cancer Institute at Frederick,
Frederick, MD) was performed to determine equivalent
amounts of mutant envelope viral particles to WT virus at a
multiplicity of infection (MOI) of 0.01. Then the amount of
p24 at an MOI of 0.01 of WT was utilized to normalize for viral
particle number, and a p24 concentration of each mutated virus
of 100 ng/mL was used throughout the work. The receptor
cells, TZM-bl, which were maintained in DMEM with 10% FBS
and 1% penicillin/streptomycin, were seeded at a density of 2 X
10* cells/well in a 96-well plate in a volume of 100 pL. The
following day, the medium was removed and 100 uL of the
virus stock (MOI of 0.01, 100 ng/mL p24) was added to each
of the wells. The plates were centrifuged at 3000g for 1 h and
then incubated at 37 °C in a 5% CO, incubator. After 48 h,
viral entry levels were measured by a luciferase assay as
described above for the cell—cell fusion assay.
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Figure 1. Diagram of the HIV genome, with an emphasis on the CHR domain of the envelope transmembrane subunit, gp41. Amino acids that are

not conserved between the two strains are shown in bold.
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Figure 2. Levels of cell—cell fusion and viral entry substitutions in the
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CHR region of strain HXB2. The results are presented as a percentage of the
t the standard deviation of three separate experiments.

Protein Quantification. The virus pellet was prepared by
ultracentrifugation at 55000 rpm for 1 h using a Beckman
SWSSTi rotor. The pellets were resuspended in lysis buffer [SO
mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.5%
Nonidet P-40, and 0.1% SDS]. The 293T cell lysates were
collected using M-Per mammalian protein extraction reagent
(Thermo Scientific). Cell lysates and virus pellets were
normalized for total protein concentration using the BCA
protein assay kit (Pierce).

Western Blot Analysis. After electrophoresis, transfer, and
blocking, the blots were probed with mouse anti-HIV-1 gp41
monoclonal antibody (Chessie 8; NIH AIDS Research and
Reference Reagent Program catalog no. 526)** and the anti-
HIV-1 gp120 polyclonal antibody (U.S. Biologicals). To ensure
that the virus stock contains equal amounts of virus particles,
normalization was performed on the basis of Western blots for
p24 levels using the anti-HIV-1 p24 monoclonal antibody
(NIH AIDS Research and Reference Reagent Program). The
total protein concentration was determined using the BCA
assay as described above, and 10 pg of total protein was loaded

per lane. The secondary antibody used was IR800-conjugated
donkey anti-mouse IgG for gp4l and p24 and IR700-
conjugated rabbit anti-goat IgG for gpl20, and blots were
scanned and analyzed using the Odyssey Infrared Imaging
System (LI-COR).

B RESULTS

Design of gp41 CHR Mutational Scanning. On the basis
of structural studies and the HIV genome, the CHR consists of
37 residues (623—659) in the HIV-1 HXB2 envelope sequence.
In the sequence from the amino terminus to the carboxy
terminus, the gp41 subunit is divided into the fusion peptide,
the NHR, the loop region, CHR, the transmembrane region,
and the cytoplasmic tail (Figure 1). Of the 37 residues that
constitute the CHR, 30 are conserved between the two strains
tested in this study, HXB2 and JRFL, which yields an overall
level of sequence identity of 85%.

Cell-Cell Fusion and Viral Entry of gp41 CHR
Substitutions. The effects of scanning mutagenesis on cell—
cell fusion were assayed by a luciferase-based assay in which the
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Figure 3. Levels of cell—cell fusion and viral entry substitutions in the CHR region of strain JRFL. The results are presented as a percentage of the
luciferase signal normalized to the WT level. The error bars represent the standard deviation of three separate experiments.

core containing the genetic material of the virus can enter the
cytoplasm only upon membrane fusion of the plasma
membrane of the receptor cell line with the plasma membrane
of the cell line containing the envelope complex. Fusion of
these two cellular plasma membranes is proportional to the
observed luciferase activity. Likewise, the effects of scanning
mutagenesis of gp41 on entry of the virus into receptor cells
were assayed by a luciferase-based assay in which viral entry is
proportional to the observed luciferase activity. As shown in
Figures 2 and 3 and summarized in Tables 1 and 2, the effects
of the mutations range from near complete abolishment to no
effect on fusion activity to significantly enhanced activity
(HXB2 only). Pictorial representations of the results of both of
the functional assays, cell—cell fusion and viral entry, are
depicted in Figure 10 to display the position in the helices
colored for functional level.

Mutant Expression, gp160 Proteolytic Processing,
and gp120-gp41 Association Effects. The effects of
gp41 mutations on function could be the result of a variety
of factors. For example, mutations could have deleterious
effects on (a) gpl60 expression or the trafficking of the gp160
protein through the endoplasmic reticulum, Golgi apparatus, to
the plasma membrane, (b) proteolytic processing of precursor
gpl60 to the gp4l1—gpl20 complex by furin cleavage, (c)
gp41—gp120 association, or (d) a defect in fusogenicity. We
tested which of these steps was influenced using Western blot
quantification of both the cell lysates and the virus stocks. The
results of the Western blot analysis on cell lysates used for cell—
cell fusion are summarized in the left halves of Tables 1 and 2.
In the right halves of Tables 1 and 2, the results for protein
levels on the virus are summarized. The protein levels for the
cell lysates for both cell—cell fusion and viral production are
shown in Figures 4—7. The expression level of the virus-
producing cells could have an effect on resulting protein levels
on the virus surface. Finally, quantification of the Western blot
analysis for levels of gp120 and gp41 on the virus is shown in
Figures 8 and 9.

B DISCUSSION

Comparison of Cell-Cell Fusion and Viral Entry in
HXB2. Our results reveal several differences between cell—cell
fusion and viral entry levels in the case of strain HXB2. In
general, viral entry is much less affected by mutation to alanine,
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with 21 of the 37 mutation sites reduced to a much greater
extent in cell—cell fusion than in viral entry levels (Figure 2). In
fact, there are no mutations in HXB2 that exhibit viral entry
levels of approximately <50%. Interestingly, many of the
substitutions in HXB2 resulted in cell—cell fusion and viral
entry levels that are higher than the WT level. Enhanced cell—
cell fusion in the case of HXB2 correlated with an increased
amount of gp41 as compared to precursor gp160 or the binding
partner gpl20 in the following instances: N624A, T639A,
E648A, Q653A, and E654A. This suggests the intriguing
possibility that excess gp41 on the cell surface may facilitate
fusion pore formation at the plasma membrane. Of this group
of five mutations that are enhanced in cell—cell fusion, four of
them are also substantially enhanced with respect to viral entry
as well: N624A, T639A, Q653A, and E654A. In the case of viral
entry, however, the level of gp4l on the virus is not
substantially different from the level of gp120, so it is unlikely
that unbound gp41 would be the cause for enhancement of
viral entry. One of the mutations with enhanced function,
N624A, has a dramatic decrease in the level of expression of
gp160. In this case, there is only a slight decrease in the amount
of gp41—gp120 complex that the virus incorporates despite the
level of gp160 expression being only 45% of the WT level in the
producer cell line. The levels of gpl20 and gp4l in the
producer cell line are much closer to those of the WT (80—
100%). Similarly, for mutations W623A, H625A, and T626A,
the level of gp160 expression is ~45%; however, the amount of
gp120 and gp41 on the virus is 80%, and the function is near
WT levels. Viral entry in the cases of T639A and E654A is
enhanced, although the gp120 and gp41 levels are the same as
that of the WT.

There is an interesting region in HXB2 (S640A through
1646A) in which alanine substitutions result in cell—cell fusion
levels that are dramatically decreased while the level of viral
entry remains near WT levels or is substantially increased. In
the case of S640A and L641A, there seems to be a loss of gp120
in both the cells used in the cell—cell fusion assay and the cells
used for virus production (Figures 4 and 6). I642A has a clear
defect in the proteolytic processing of gpl60 to the gp120—
gp41 complex in the cells used for cell—cell fusion and virus
production. H643A, S644A, L645SA, and 1646A have partially
decreased levels of gp120 and gp4l in both cells producing
virus and those used for cell—cell fusion (Figures 4 and 6).

dx.doi.org/10.1021/bi400201h | Biochemistry 2013, 52, 3552—3563
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Table 1. HXB2 Envelope Protein Quantification”

cell—
cell viral
gp120 gp41 fusion  gpl20 entry
residue  expression expression (%) level  gp4llevel (%)
W623A ++++ 44+ 97 ++++ +++ 90
N624A ++++ +H+++ 136 +++ +++ 121
H625A ++++ ++++ 108 ++++ +++ 108
T626A ++++ ++++ 100 ++++ ++++ 90
T627A + + 10 +++ +++ 49
W628A + + 7 ++ ++ 47
M629A + + 1S ++ ++ 48
E630A + + 15 +4++ +++ 70
W631A + + N + + 68
D632A + + 17 + + 78
R633A ++ ++ 45 +++ +++ 88
E634A ++ ++ 20 +++ +++ 70
1635A +++ ++++ 40 ++++ +++ 95
N636A ++ ++ 29 +++ +++ 72
N637A ++++ 4+ 108 ++++ ++++ 144
Y638A ++++ ++++ 113 ++++ +++ 146
T639A ++++ +++++ 113 ++++ ++++ 131
S640A +++ ++++ 63 ++++ +++++ 122
L641A +++ ++++ 62 ++++ ++++ 149
1642A + + 13 +++ ++++ 106
H643A +++ +++ 62 +H+++ ++++ 142
S644A +++ +++ 12 ++++ ++++ 118
L645A +++ +++ 18 ++++ ++++ 143
1646A +++ +++ 13 ++++ ++++ 111
E647A ++++ ++++ 99 ++++ ++++ 144
E648A ++++ +H+++ 122 ++++ ++++ 97
S649A +++ +H++ 71 ++++ ++++ 118
Q650A +++ ++++ 63 ++++ ++++ 116
N6S1A +++ ++++ 48 ++++ ++++ 108
Q652A +++ ++++ 56 +++ ++++ 120
Q653A ++++ +++++ 159 ++++ ++++ 116
E654A ++++ -+ 177 ++++ ++++ 162
K6S5A ++++ ++++ 102 ++++ ++++ 117
N656A +++ +++ S1 ++ ++ 47
E657A ++++ ++++ 151 ++++ ++++ 141
Q658A ++++ ++++ 95 ++++ ++++ 110
E659A ++++ 4+ 119 ++++ 4+ 109

“The left-hand side shows protein levels in the cell lysates used for
cell—cell fusion. The right-hand side shows protein levels on the virus.
Protein levels of expression and incorporation are as follows: +, 0—
20% of WT levels; ++, 20—50% of WT levels; +++, 50—80% of WT
levels; ++++, >80% of WT levels; and +++++, >120% of WT levels.

Despite differences in expression levels, the levels of both
gp120 and gp41 on the virus are relatively stable, both being
>80% in all cases (Figure 8). This dramatic difference between
the effects of alanine substitution on viral entry versus cell—cell
fusion is most likely due to the propensity for the virus to
incorporate the envelope complex with the properly cleaved
and associated gp120—gp41 complex. Whereas the cell surface
will contain uncleaved gp160, along with any dissociated gp41
that has lost its association with gpl20, the population of
properly cleaved and associated gp120—gp41 complex is only a
small part of the total envelope.

Mutations in the Hydrophobic Pocket Binding
Domain. HXB2 is generally quite robust to mutation;
however, this strain does seem to be particularly vulnerable in
the region from T627A to N636A. This region encompasses a
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Table 2. JRFL Envelope Protein Quantification®

viral
gp120 gp41 cell—cell ~ gpl20 gp4l entry

residue  expression expression fusion (%) level  Ilevel (%)
W623A + + 2 + + 2
N624A ++++ ++++ 30 ++ ++ 35
N62SA ++++ ++++ 35 ++ ++ 24
M626A ++ ++ 33 ++ ++ 21
T627A + + 9 + 8
W628A + + 1 +

M629A ++++ ++++ 45 ++ ++ 40
E630A ++++ ++++ 52 ++ ++ 39
W631A ++ ++ 1 + ++ 1
E632A + + 60 + ++ 31
R633A + + 16 + + 16
E634A ++ +++ 69 + + S8
1635A ++ ++ 1 + + 1
D636A + ++ 45 + + 34
N637A +++ +++ 73 + + 34
Y638A ++++ ++++ 40 + + 47
T639A +++ +++ 68 + + 47
S640A + ++ 47 + + 61
E641A ++ ++ 1 + + 2
1642A +++ ++++ 19 + +

Y643A +++ ++++ 12 + + 38
T644A 4+ 4+ 73 + + 11
L64SA +++ ++++ S + + 6
1646A ++++ ++++ 29 + +++ 29
E647A ++ ++ 36 + + 36
E648A + ++ 26 + + 30
S649A +++ +++ 33 + + 33
Q650A ++++ ++++ 30 + + 30
N6S1A ++++ +++ 115 +H++ 90
Q652A ++++ ++++ 112 et 102
Q653A ++++ ++++ 52 + + 52
E654A ++++ ++++ 105 + + 75
K6S5A ++++ ++++ 93 + + 3
N6S6A ++++ ++++ 37 + + 37
E657A ++++ ++++ 24 ++ ++ 21
Q658A ++ ++ 0 + + 9
E659A + + 19 + + 1

“The left-hand side shows protein levels in the cell lysates used for
cell—cell fusion. The right-hand side shows protein levels on the virus.
Protein levels of expression and incorporation are as follows: +, 0—
20% of WT levels; ++, 20—50% of WT levels; +++, 50—80% of WT
levels; ++++, >80% of WT levels; +++++, >120% of WT levels.

sequence that is important to the association of the NHR with
the CHR in the formation of the core of the 6HB conformation
of gp41 that facilitates membrane fusion.”*** In the CHR,
residues W628, W631, and 1635 represent three key hydro-
phobic residues that bind to an important region in the NHR
called the hydrophobic pocket.>> There is also a critical salt
bridge between D632 on the CHR and K574 on the NHR.*®
Mutations in this region substantially decrease the level of cell—
cell fusion. The level of viral entry is also decreased, although
not as dramatically. This is the only sequence in HXB2 with
more than one amino acid in a row that is affected in viral entry.
For residues 627—632, it is apparent in the Western blot
analysis that the level of gp160 expression is increased over WT
levels but that very little cleaved gpl20—gp41 complex is
apparent (Figure 4). This would suggest that the low level of
cell—cell fusion and the decrease in the level of viral entry in

dx.doi.org/10.1021/bi400201h | Biochemistry 2013, 52, 3552—3563
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Figure 4. Western blot quantification of gp160, gp120, and gp41 levels from HXB2 envelope transfection into 293T cells for cell—cell fusion. The
results are presented as a percentage of the WT infrared fluorescence intensity.
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Figure 5. Western blot quantification of gp160, gp120, and gp41 levels from JRFL envelope transfection into 293T cells for cell—cell fusion. The
results are presented as a percentage of the WT infrared fluorescence intensity.

this region are caused by a defect in the proteolytic processing
of precursor gpl60 into the noncovalent active gp120—gp41
complex. For residues T627—E630, despite the low level of
cleavage, there is approximately 40—50% incorporation of
cleaved gp120—gp41 complex incorporated into the virus
particle. Interestingly, this would suggest a highly functioning
selection process for the cleaved gp120—gp41 complex. In the
case of W631A and D632A, there is very little virus
incorporation. However, for these two mutations, the viral
entry level is relatively high, between 60 and 80%, suggesting
that even a small amount of envelope can promote viral entry.
It is also interesting to note that in the case of D632, the
relatively conservative mutation to alanine decreases the level of
viral entry to only 78%, whereas when this residue is switched
to the opposite charge, viral entry is abolished.** Even mutation
to valine, which is more hydrophobic than alanine, causes
abrogation of viral entry, whereas alanine does not.*® In the
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case of alanine substitutions between positions 627 and 632,
the major defect seems to be in proteolytic cleavage.
Comparison of Cell-Cell Fusion and Viral Entry in
Strain JRFL. The difference between cell—cell fusion and viral
entry was not as dramatic in the case of strain JRFL. Both cell—
cell fusion and viral entry were affected to a much greater
extent, with the levels of all but 11 sites reduced to <50% in
both assays. Only two mutation sites in strain JRFL had WT
levels in the cell—cell fusion and viral entry assays, and only
four total sites had WT levels in cell—cell fusion. Although with
strain JRFL, as opposed to strain HXB2, the difference between
cell—cell fusion and viral entry was much less dramatic, the level
of cell—cell fusion was more often higher than the level of viral
entry compared to the WT levels in each case. In contrast, the
level of cell—cell fusion was lower than the level of viral entry in
only two cases (S640A and Y643A). In fact, the level of cell—
cell fusion was much greater in four cases: E632A, N637A,
T644A, and K6SSA. In comparison to this effect seen with
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Figure 7. Western blot quantification of gp160, gp120, and gp41 levels from JRFL envelope transfection into 293T cells for virus production. The
results are presented as a percentage of the WT infrared fluorescence intensity.

strain JRFL, there is no case in which the level of cell—cell
fusion is dramatically higher than the level of viral entry for
strain HXB2. This suggests that strain HXB2 is markedly robust
at assembly and produces functional virus despite defects in
expression and/or proteolytic processing of gpl60 to the
gp120—gp41 complex. This observation is consistent with the
fact that strain HXB2 is a highly lab-adapted strain.*”**
Another interesting issue with strain JRFL is that several
mutational sites have a functional defect in cell—cell fusion,
whereas the upstream events, including expression, proteolytic
cleavage, and gp120—gp41 association, do not appear to be
affected. These residues are N624A, N625A, M629A, E630A,
Y638A, T644A, 1646A, Q653A, N656A, and E657A. The level
of incorporation into the virus is relatively low for all of these
sites, and therefore, the defect in viral entry is likely due to a
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combination of effects on incorporation as well as six-helix
bundle formation.

Comparison between Strains HXB2 and JRFL. Our
mutagenesis study is the first conducted using side-by-side
scanning of two different viral isolates each with different
coreceptor usage: HXB2 is CXCR4-utilizing, and JRFL is
CCRS-utilizing. Our results show a distinct difference between
the two strains. JRFL is much more vulnerable both in cell—cell
fusion and in viral entry studies to single-amino acid substation
with alanine than is HXB2.

Most mutagenesis studies to date have focused on strain
HXB2. In the case of strain HXB2, it is most common to see a
defect in incorporation that coincides with a cleavage defect
(T627A, W628A, M629A, E630A, W631A, E632A, R633A,
E634A, 1635A, N636A, N637A, Y638A, T639A, and L641A).
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One of the most surprising results of our study, however, was
that many of the alanine substitutions in strain JRFL resulted in
a cleavage defect that was nonetheless incorporated into the
virus as full-length gp160. This is true despite the fact that the
region that we are scanning, namely the CHR, is at the opposite
end of the ectodomain from the cleavage site, which is located
at the extreme N-terminus of gp4l. Long-range effects on
function can occur when a mutation in one region affects the
local secondary structure. This in turn affects the region’s ability
to associate with other regions to form the tertiary or
quaternary structure necessary for proper function. This type
of long-range effect has been observed previously for single-
amino acid substitutions.””>® However, it has not been
commonly observed for the virus to incorporate uncleaved
gp160, which is indeed what we see in strain JRFL for multiple
residues (W623A, N624A, N625A, M626A, T627A, W628A,
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M629A, E630A, W631A, E632A, R633A, E634A, 1635A,
E641A, 1642A, T644A, L64SA, 1646A, E647A, EG48A, S649A,
Q650A, N651A, Q652A, Q653A, E654A, K6SSA, N656A,
E657A, Q658A, and E659A). This suggests that the viral
process of selecting for the functional cleaved envelope trimer is
not as robust in strain JRFL as in lab-adapted strain HXB2 for
which we see robust levels of the gp120—gp41 complex on the
virus despite dramatic defects in expression and/or cleavage of
gp160.

There could be many factors underlying the potential for
differences between strains HXB2 and JRFL. Miyauchi et al. in
visualizing retrovirus uptake found that strain JRFL has a much
higher propensity to dissociate from cells and hence is less
efficient at entering cells than is strain HXB2." It is possible
that this lowered efliciency contributes to the sensitivity of
JRFL to alanine substitution. Strain JRFL has also been found

dx.doi.org/10.1021/bi400201h | Biochemistry 2013, 52, 3552—3563
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Table 3. Published Results for Alanine Substitutions Performed in the CHR Region of gp41

1L,a

1la

residue isolate published results

W628  HXB2 impaired precursor cleavage, abrogated viral entry level compared to that of the WT'?

W628  HXB2 expression sirlxllilar to that of the WT, with a lowered level of cell surface gp120 and a lowered level of syncytium formation compared to those
of the WT

We631  HXB2 expression 1similar to that of the WT, with a lowered level of cell surface gp120 and lowered level of syncytium formation compared to those of
the WT ™

1635 HXB2 expression similar to that of the WT, with a lowered level of cell surface gp120 and a lowered level of syncytium compared to those of the
WT 4

Y638 HXB2 levels of expression on the cell surface, proteollytic processing, gp120 association, and syncytium formation similar to those of the WT despite
the level of gp120 shedding being elevated'™

T639 HXB2 no expression, no syncytium formation*'

1642 HXB2 expression si:lx}ilar to that of the WT, with a lowered level of cell surface gp120 and a lowered level of syncytium formation compared to those
of the WT

L645 H64333  levels of expression, surface gp120, and syncytium formation similar to those of the WT

S649 HXB2 levels of expression, surface gp120, and syncytium formation similar to those of the WT

Q652 HXB2 levels of expression, surface gp120, and syncytium formation similar to those of the WT

1a

“Note that in this study WT levels of syncytium formation were designated to be those between 50 and 120% of that of the wild type.

Strain HXB2

Strain JRFL

Cell-Cell Fusion

Viral Entry

Right Side View

Left Side View

Cell-Cell Fusion Viral Entry

Figure 10. Molecular models highlighting the functionality of mutations in the HIV gp41 CHR. The inner NHR helical bundle is shown as a gray
ribbon diagram. The top of the structure is that which is oriented toward the loop region. The top panel of models is a view of the right side of the
CHR helix. The bottom panel is a view that is flipped about the vertical access to display the left side of the CHR helix. Only one of the CHR
peptides is shown for the sake of simplicity. Amino acid residues without highlighting (light gray) have levels of 80—120% of either cell—cell fusion
or viral entry as indicated. Those colored green have levels increased above 120% of the WT level. Those colored dark gray have levels diminished to
20—50% of the WT level, and those colored red have levels diminished to <20% of the WT level. The structure was rendered with Discovery Studios
Visualizer based upon coordinates from the theoretical model of Protein Data Bank entry 11F3 with HIV HXB2 as the sequence.*

to have unusually efficient gpl60 proteolytic processing.*’
However, in our studies, both strains have a similar number of
alanine substitution mutations with clear cleavage defects (7 in
JRFL and 10 in HBX2). Therefore, efficient proteolytic
processing of gpl60 to the gpl20—gp4l complex in strain
JRFL does not seem to make up for defects seen with these
mutations.

Comparison with Previously Published Alanine
Substitutions in the CHR. A summary of previously
published results for mutagenesis to alanine in this region is
shown in Table 3. To the best of our knowledge, mutations to
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date have been studied only in strain HXB2. The W628A
mutation showed impaired precursor cleavage in agreement
with our results;'> however, viral entry was completely
abrogated, whereas in our case, the level of viral entry was
reduced to ~50%. W628A was also studied by another group
but only in the formation of syncytia."" In this case, cell—cell
fusion was abrogated, which is in agreement with our results
(<10%). This study found a high level of gp120 shedding,
whereas the largest defect of this mutation from our Western
blot analysis would seem to be a defect in precursor cleavage.
Surprisingly, despite the cleavage defect, the virus is able to

dx.doi.org/10.1021/bi400201h | Biochemistry 2013, 52, 3552—3563
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incorporate almost 40% of the WT level of gp41, which seems
to be in a 1:1 stoichiometry with gp120 on the virus surface.
W631A exhibited the same results in the syncytium formation
assay with abrogated cell—cell fusion and gpl20 shedding.
Again, our results suggest that there is a defect in furin cleavage.
In this case, however, the virus has levels of gp41 and gp120 of
<20%. The viral entry level, however, is higher (68%). I635A
exhibited a decreased level of syncytium formation, in
agreement with our results. Indeed, we also see a decrease in
the amount of gp120 as compared to the amount of gp41. On
the virus, however, this effect is diminished, suggesting that the
virus preferentially incorporates the associated gp41—gpl120
complex as opposed to unbound gp41. Hence, viral entry levels
are near WT levels. With Y638A, researchers found a lowered
level of gp120; however, the level of syncytium formation was
near the WT level.'' In comparison, our results for both cell—
cell fusion and viral entry were at or above WT levels. With this
mutation, we found levels of both gp41 and gp120 near WT
levels in all Western blot analyses. In the case of the T639A
mutation, previous research revealed no expression on the cell
surface and a lowered level of syncytium formation.*' We saw a
partially lowered level of gp160 expression; however, the virus
had WT levels of both proteins. Levels of both cell—cell fusion
as measured by the luciferase assay and viral entry were near
WT levels. 1642A similarly showed a decreased level of
syncytium formation with gpl120 shedding.'' With this
mutation, we found a very dramatic cleavage defect with
gp41 and gp120 levels at <<10%. Again strikingly, the virus had
WT levels of both proteins, and the level of viral entry was near
that of the WT. The level of cell—cell fusion, however, was
drastically reduced with the envelope protein on cells being
made up overwhelmingly of uncleaved gp160. It is likely that
this overwhelming concentration of uncleaved gp160 interferes
with the fusion capacity of the very small amount of cleaved
protein on the cell surface. For mutations L645A, S649A, and
Q652A, the results are similar between our study and previous
results.'* However, we see a diminution in the level of cell—cell
fusion with L6435A at 20% and Q652 at 55%. Otherwise, these
mutations exhibit protein levels that are near the WT level and
viral entry levels greater than the WT level.

Structural Implications. Molecular models of the CHR
domains in the presence of the N-helical inner bundle of the
6HB structure of gp41l are shown in Figure 10. Most
surprisingly, mutations that abrogate fusion and/or entry are
not isolated to the hydrophobic pocket region, nor are the
deleterious mutations isolated to one face of the helix as might
be expected because of interference with CHR—NHR
association. This could simply suggest the vulnerability of
HIV gp41 to long-range effects of manipulation. However, it
also suggests that there are other structural conformations
upstream of the postfusion structure that have different
interactions and potentially also secondary structure and
cannot be depicted by models of the 6HB of gp41. Another
observation is that mutations that enhance infectivity in strain
HXB2 are generally not located at the ends of the CHR. In the
case of strain JRFL, it is readily apparent in this depiction how
vulnerable this strain is to mutation. Also, both of the CHR
termini are diminished, and the results for cell—cell fusion in
comparison to viral entry are much more similar than those in
strain  HXB2. Finally, the amino acid positions that are
unchanged (light gray) can be considered as reasonable
candidates for manipulation to facilitate labeling for structural
studies.
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The alanine scanning mutagenesis reported herein reveals
new insights into the individual contributions of the amino
acids of the CHR of gp41 and intriguing differences between
strains and between the phenomena of cell—cell fusion and viral
entry. Most importantly, these data give us a starting point for
the development of tools to better characterize the different
conformations of gp4l by a combination of mutagenesis,
biochemistry, and structural biology techniques.

These studies suggest that the HIV envelope is sensitive to
mutation in a strain-dependent manner. Some strains are
dramatically more sensitive than others, which is proven by the
differences in sensitivity to mutation between strains HXB2 and
JRFL. The dramatic differences between cell—cell fusion and
viral entry also lend support to the possibility that there are
mechanistic differences between these two phenomena. These
data also confirm evidence of the importance of the gp41 CHR
regions to envelope function and provide insight into areas
within the protein sequence that potentially can be manipulated
for labeling purposes while retaining function.
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