BIOCHEMISTRY

including biophysical chemistry & molecular biology

DOI: 10.1021/bi1005267

Article

Alanine Scanning Mutagenesis of HIV-1 gp41 Heptad Repeat 1: Insight into
the gp120—gp41 Interaction’

Jayita Sen,* Tianran Yan,* Jizhen Wang,* Lijun Rong,® Lin Tao," and Michael Caffrey*+

tDepartment of Biochemistry and Molecular Genetics, University of Hlinois, Chicago, lllinois 60607, * Department of Microbiology and

Immunology, University of Illinois, Chicago, Illinois 60612, and”Department of Oral Biology, University of Illinois,

Chicago, Illinois 60612
Received April 8, 2010; Revised Manuscript Received May 18, 2010

ABSTRACT: On the basis of mutagenesis, biochemical, and structural studies, heptad repeat 1 of HIV gp41
(HR1) has been shown to play numerous critical roles in HIV entry, including interacting with gp120 in
prefusion states and interacting with gp41 heptad repeat 2 (HR2) in the fusion state. Moreover, HR 1 is the site
of therapeutic intervention by enfuviritide, a peptide analogue of HR2. In this study, the functional
importance of each amino acid residue in gp41 HR1 has been systematically examined by alanine scanning
mutagenesis, with subsequent characterization of the mutagenic effects on folding (as measured by
incorporation into virions), association with gp120, and membrane fusion. The mutational effects on entry
can be grouped into three classes: (1) wild type (defined as >40% of wild-type entry), (2) impaired (defined as
5—40% of wild-type entry), and (3) nonfunctional (defined as <5% of wild-type entry). Interestingly, the
majority of HR1 mutations (77%) exhibit impaired or nonfunctional entry. Surprisingly, effects of mutations
on folding, association, or fusion are not correlated to heptad position; however, folding defects are most
often found in the N-terminal region of HR1. Moreover, disruption of the gp41—gpl20 interaction is
correlated to the C-terminal region of HR1, suggesting that this region interacts most closely with gp120. In
summary, the sensitivity of gp41 HR1 to alanine substitutions suggests that even subtle changes in the local
environment may severely affect envelope function, thereby strengthening the notion that HR 1 is an attractive

Biochemistry 2010, 49, 5057-5065 5057

site for therapeutic intervention.

The HIV' and simian immunodeficiency virus envelope pro-
teins are class I fusion proteins synthesized as glycosylated,
polyprotein precursors and subsequently cleaved by a cellular
furin-like protease into the transmembrane subunit gp41 and the
noncovalently associated surface subunit gp120 (/—3). During
entry, gpl20 mediates binding to the CD4 and chemokine
receptors and gp41 mediates fusion of the viral and target cell
membranes (4—6). HIV and SIV envelope proteins are thought to
exist in at least three conformations: (1) preattachment (before
receptor engagement), (2) attachment (bound to CD4 and
coreceptor), and (3) fusion (in which the viral and target
membranes fuse). High-resolution structural information is
available for isolated domains in each of the three conforma-
tional states. For example, the structure of the SIV gp120 core
represents the preattachement state (7), and the structure of the
HIV gp120 core bound to CD4 domains represents the attach-
ment state (§—10). Moreover, the structures of the SIV and HIV
gp41 ectodomains comprised of highly conserved heptad repeats,
termed HR1 and HR2, represent the fusion state (//—15).
However, in each case, significant regions of the gp120—gp4l
complex are missing. For example, the gp120 structures character-
ized to date are missing gp41, and thus, the structures give only
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limited insight into the conformation of the envelope complex in
the preattachment and attachment states.

As alternative approaches, biochemical and mutagenesis stu-
dies provide novel insights into envelope structure in various
conformations. For example, the potent antiviral enfuviri-
tide (/6), which is a peptide corresponding to the gp41l HR2
region, interacts with HR1 only after receptor binding, suggest-
ing that HR1 is transiently exposed (17, 18). On the other hand,
mutagenesis studies provide insights into the overall architecture
of the envelope complex and the importance of individual
residues in envelope function. For example, Binley et al. have
introduced pairs of non-native cysteines to distant residues of
gp120 and gp41 and interpreted the formation of intermolecular
disulfide bonds as evidence that these residues are in the
proximity of the preattachment conformation (/9). In other
studies, extensive site-directed mutagenesis of the gpl120 and
gp41 domains has identified long-range intra- and intermolecular
interactions and elucidated the importance of specific side chains
to membrane fusion (20—32). In this study, we have analyzed the
importance of each amino acid residue of the HIV-1 gp41 HR1
by alanine scanning mutagenesis with the goal of identifying gp41
residues that are important to envelope function, as well as
identifying attractive sites for therapeutic intervention.

EXPERIMENTAL PROCEDURES

Mutagenesis and Viral Entry Assays. Mutants were pre-
pared from plasmid pHXB2 (33) using the Stratagene QuikChange
IT site-directed mutagenesis kit with subsequent verification by
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FIGURE 1: (a) Organization of HIV envelope proteins (36). Putative glycosylation sites are denoted by asterisks. Domain abbreviations: SP, signal
peptide; C1—CS5, conserved domains 1—35, respectively; V1—V5, variable domains 1—5, respectively; FP, fusion peptide; DL, disulfide loop; TM,
transmembrane domain; CD, cytoplasmic domain. (b) Amino acid sequence alignment of HIV-1, HIV-2, and SIV,, gp41 HR1 (36). Conserved
residues of gp4l HRI are highlighted in gray. Residues that are substituted with alanine in this study are denoted below. The numbering
corresponds to that of HIV-1 HXB2. Heptad repeat positions are shown as lowercase letters. (¢c) Schematic diagram of the HR1—HRI1 and
HRI1—HR?2 interactions observed in structures of the gp41 fusion state (//—15).

DNA sequencing. The functionality of gp41 mutants was deter- conducted in triplicate from transfection to assay of luciferase
mined in a luciferase-based entry assay (34). For this assay, activity, and thus, the uncertainties represent all stages of the
plasmids pHXB2 (bearing wild-type or mutant gp41) and pNL4- experiment. In all cases, the viral entry levels fell within the linear
3.Luc.R-E- (34) were cotransfected by Lipofectamine 2000 range of detection [i.e., the values of the wild type and mutants
(Invitrogen) into 293T cells, which were maintained in Dulbecco’s never exceeded 3 x 10° relative light units (37)].

medium with 10% FBS, 1% r-glutamine, 1% penicillin-strepto- p24 Assay. The relative virus concentration of the virus stock

mycin, and 0.5 mg/mL G418. Forty-eight hours post-transfection, was determined by the HIV-1 P24 Antigen Capture Assay Kit
the medium was harvested and filtered through a 0.45 um filter to (NCI-Frederick Cancer Research and Development Center

make the virus stock. For an assay of viral entry, U87.CD4. AIDS Vaccine Program). In this assay, a standard curve was
CXCR4 cells (34), which were maintained in Dulbecco’s medium generated by measuring the p24 protein concentration of Triton
with 15% FBS supplemented with 1 yg/mL puromycin, 300 ug/mL X-100-lysed HIV-1. Then the p24 concentration of each of the 48
G418, 1% vr-glutamine, and 1% penicillin-streptomycin, were samples was quantified by ELISA, the data of which were fitted
seeded to a density of 1 x 10> cells/well of a 12-well cell culture to the standard curve.

plate in a volume of 1 mL. The following day, 500 uL of the virus Western Blot Analysis. Cell lysates were collected from

stock was added to each of the wells of the U87 cells after removal 293T producer cells using lysis buffer [SO mM Tris (pH 7.5),
of the medium. The plates were incubated overnight at 37 °C in a 150 mM NaCl, 5mM EDTA, 0.5% NP-40, and 0.1% SDS]. The

CO, incubator. After approximately 16 h, the virus was aspirated virus pellet was prepared by ultracentrifugation on a cushion of
and replaced with U87 medium and the cells were allowed to rest 20% sucrose at 55000 rpm for 35 min using a Beckman SW55Ti
for an additional 24 h. Luciferase activity was measured using the rotor. The virus pellets were resuspended in lysis buffer [S0 mM

Luciferase Assay System from Promega and a Berthold FBI2 Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, and
luminometer running Sirius software. The experiments were 0.1% SDS]. After SDS—PAGE and transfer and after the
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F1GURE 2: Effects of mutations on viral entry with respect to wild-type HIV-1, based on the luciferase reporter assay for entry into U87.CD4.
CCRS cells (cf. Experimental Procedures). The error bars represent the standard deviation of three separate experiments from the transfection
step. Entry levels have been normalized to p24 present in virion preparations, as assayed by ELISA.

membranes had been blocked with 5% milk/TBST for gp41 and
SuperBlock (Pierce) for gp120, the blots were probed with either
goat anti-HIV-1 gpl120 polyclonal antibody (United States
Biologicals) or mouse anti-HIV-1 gp4l monoclonal antibody
[Chessie 8, NIH AIDS Research and Reference Reagent
Program (35)]. HIV-1 p24 was detected by probing the mem-
brane with mouse anti-HIV-1-p24 antibody (United States
Biologicals). The secondary antibody used was peroxidase-
conjugated AffiniPure donkey anti-goat or goat anti-mouse
IgG (H+L) from Jackson ImmunoResearch Laboratories, Inc.,
and developed using the ECL kit (Pierce). The relative amount of
envelope on the Western blots was determined by a densitometric
analysis. Briefly, digital scans of the blots were opened in
Photoshop 7.0, and the image was inverted. The appropriate
bands were selected with the Lasso function, and the mean
intensity and area were measured with the Histogram func-
tion. Subsequently, the relative percent was determined by the
relationship

relative % = 100 x (Ieprexp - IcontAcom)/(thAwt - IcontAcom)

where / and A denote mean intensity and band area, respectively;
the subscripts exp, cont, and wt denote experimental, control
(i.e., in the absence of envelope plasmid), and wild type, respec-
tively (37). On the basis of analysis of identical samples on
different blots, the error is <20%.

RESULTS

Design of the HIV gp41 HRI1 Mutants. As shown in Figure 1a,
the gp41 HR1 follows the fusion peptide region of gp41. On the
basis of the NMR structure of the ectodomain of SIV
gp4l (14, 15), HR1 spans approximately ~54 residues [amino
acids 539—592 of HIV-1 strain HXB2 (36)]. In this region,
30 residues are conserved among HIV-1, HIV-2, and SIV to give
56% sequence identity [Figure 1b (36)]. For reference, the
heptad repeat positions (a, b, ¢, d, e, f, and g) are shown above

the sequence (//). The HRI—HR1 and HR1—HR2 interactions
observed in the structures of the gp41 fusion state are shown in
Figure 1c (11—15). Notably, the a and d positions form the basis
of the HR1—HR1 interactions, which are parallel, and the e and
g positions form the basis of the HRI—HR2 interactions,
which are antiparallel. In this study, 48 alanine substitutions
were generated (five residues were already alanine, and we
were unable to generate the L544A mutant). As noted above,
gp41 HR1 is the target for therapeutic intervention by en-
fuviritide, which inhibits HIV-1 but not HIV-2 or SIV (/6).
Interestingly, in the clinical setting, the region encompassing
residues 546—>556 of HR1 is often the site of resistance to the
entry inhibitor enfuviritide (37—39).

Entry of the Virus for the HIV gp41 HR1 Mutants. The
effects of alanine substitutions in gp41 HR1 were first assayed by
a luciferase reporter-based viral entry assay, in which viral entry
is proportional to the observed luciferase activity (34). For
comparison to the wild-type envelope, each entry assay has been
performed on three separate occasions from the transfection step
to the luciferase readout step and normalized to the amount of
p24 present in virion preparations. As shown in Figure 2 and
summarized in Table 1, the effects of the mutations range from a
minimal effect on viral entry (e.g., L566A) to almost complete
abolishment (e.g., ES60A) relative to the wild-type entry levels.
On the basis of the values for entry, the mutants can be divided
into three categories as having (1) wild-type entry (defined as
>40% of wild-type entry), (2) impaired entry (defined as 5—40%
of wild-type entry), or (3) nonfunctional entry (defined as <5%
of wild-type entry). Accordingly, 23% of the mutants exhibit
wild-type entry, 31% of the mutants impaired entry, and 46% of
the mutants nonfunctional entry.

Mutants that exhibit wild-type entry, defined as exhibiting
>40% of wild-type entry, include Q543A, 1548A, QS550A,
N5S3A, Q563A, H564A, L565A, L566A, L581A, R585A, and
L591A. In this group, four of the 11 residues are conserved
among the three viral families [1548, Q550, Q563, and L566
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Table 1: Summary of HIV-1 gp4l HR1 Alanine Substitutions

position % entry % p24 % gpl120 % gp4l  phenotype
wild type - 100 100 100 100 wt
V539A b 3.2 94 <5 <5 nf-folding
Q540A c 0.34 89 <5 <5 nf-folding
R542A e 0.86 110 <5 <5 nf-folding
Q543A f 93 110 210 150 wt
L545A a 1.6 130 86 110 nf-fusion
S546A b 6.1 88 20 16  imp-folding
G547A c 1.5 160 28 31 nf-fusion
1548A d 88 91 130 100 wt
V5S49A e 11 120 70 76 imp-fusion
Q550A f 64 160 120 150 wt
QS551A g 24 100 170 130 imp-fusion
Q552A a 0.72 200 16 14 nf-folding
N553A b 88 110 130 150wt
NS554A c 17 130 90 130 imp-fusion
L555A d 3.2 110 34 29  nf-fusion
L556A e 7.8 61 14 21  imp-folding
RSS7A f 37 110 170 120 imp-fusion
1559A a 1.1 140 63 55 nf-fusion
ES560A b 1.8 120 <5 <5 nf-folding
Q562A d 5.2 97 <5 <5 imp-folding
Q563A e 120 100 120 96  wt
H564A f 99 110 160 140 wt
L565A g 58 150 95 160 wt
L566A a 130 76 26 120 wt-association
Q567A b 4.7 120 <5 11 nf-folding
L568A c 8.6 180 17 110 imp-association
TS69A d 1.2 100 <5 47  nf-association
V570A e 32 170 68 130 nf-fusion
WS571A f 1.1 160 <5 41  nf-association
GS72A g 097 160 <5 <5 nf-folding
I573A a 6.9 180 87 180  imp-fusion
K574A b 15 200 100 150 imp-fusion
Q575A c 15 160 54 110 imp-fusion
L576A d 2.3 120 15 68  nf-association
Q577A e 16 130 41 67  imp-fusion
R579A g 1.3 120 42 69  nf-fusion
I580A a 2.1 160 45 98  nf-association
LS81A b 45 180 160 180  wt
V583A d 2.0 94 14 55 nf-association
ES84A e 4.4 33 <5 11 nf-folding
R585A f 51 61 55 150  wt-association
YS86A g 0.36 89 11 66  nf-association
L587A a 0.51 150 24 100 nf-association
KS88A b 29 55 38 77  imp-association
D589A c 6.0 75 44 64  imp-fusion
Q590A d 9.4 85 16 53 imp-association
Q591A e 62 78 52 100 wt-association
L592A f 2.2 66 7 21  nf-folding

“Phenotypes: nf (nonfunctional, defined as < 5% entry), imp (impaired,
defined as 5—40% entry), wt (wild type, defined as >40% entry), folding
(defined as <25% gp4l), association (defined as a gp120/gp41 ratio of
<0.5), and fusion (defined as <40% entry, >25% gp4l, and a gp120/gp41
ratio of >0.5). Note that wt-association refers to the case of a mutant that
exhibits wild-type like entry but weakened gp120—gp41 association.

(Figure 1b)], suggesting that alanine substitution of these residues
does not have a significant impact on envelope function. Of the
seven remaining mutants in this group, the substituted residues
are a mixture of nonconserved hydrophobic residues (L565, L581,
and L591) and nonconserved hydrophilic residues (Q543, N553,
H564, and R585).

Mutants that exhibit impaired entry, defined as exhibiting 5—40%
of wild-type entry, include S546A, V549A, Q551A, NS54A, L556A,
R557A, Q562A, L568A, 1573A, K574A, Q575A, QS77A, L588A,
D589A, and Q590A. In this group, 10 of the 15 are well-conserved
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among the three viral families [V549, Q551, L556, Q562, L568,
K574, Q577, K588, D589, and Q590 (Figure 1b)], and thus, the
deleterious effects on envelope function are not surprising. On the
other hand, the remaining mutants include a nonconserved
hydrophobic residue (I573) and nonconserved hydrophilic resi-
dues (S546, N554, R557, and Q575), and hence, the impaired
entry of the alanine substitutions, particularly in the case of the
hydrophilic residues, is somewhat unexpected.

Mutants that exhibit nonfunctional entry, defined as exhibit-
ing <5% of wild-type entry, include V539A, Q540A, R542A,
L545A, G547A, Q552A, L555A, 1559A, E560A, Q567A, T569A,
V570A, W5ST1A, GS72A, L576A, RS579A, I580A, V583A,
ES84A, Y586A, L587A, and L592A. In this group, 15 of the
22 residues are strictly conserved among the three viral families
[Q540, R542, 1545, G547, Q552, L5535, T569, V570, W5T71,
G572, L576, R579, ES84, Y586, and L587 (Figure 1b)], and
again the deleterious effects of the mutations may be expected. Of
the remaining mutants of this category, they are a mixture of
nonconserved hydrophobic residues (V539, 1559, 1580, V583, and
L.592) and nonconserved hydrophilic residues (E560 and Q567).

Presence of gp120 and gp41 in Mutant Virus. It is next of
interest to compare the effects of mutations on viral entry with
the amount of gp120 and gp41 present in virion preparations by
Western blot analysis as shown in Figure 3 and summarized in
Table 1. In addition, the amount of p24 present has been
quantified by ELISA (Table 1) and verified by Western blotting.
In the case of the wild type, the Western blots clearly show the
presence of gpl20 and gp41, indicating that envelope protein is
incorporated into virus, which includes processing by furin, and
that gp120 remains associated with gp41 on the virus surface. We
will first consider mutants that exhibit wild-type levels of entry.
Not surprisingly, Q543A, I548A, QS550A, N553A, Q563A,
H564A, L565A, and L581A exhibit wild-type levels of gpl20
and gp4l in virions [defined herein as >25% gpl120 and gp41
with respect to wild-type levels (Figure 3 and Table 1)], suggesting
that the mutation has not deleteriously affected incorporation
into virions and the stability of the gp120—gp41 complex. Note
that the incorporation of the envelope into virions requires
surface expression of the envelope, which has been previously
shown to be dependent upon proper folding and oligomeri-
zation (40—42), and thus, we will interpret folding on the basis of
incorporation of the envelope into virions. Interestingly, L566A,
R585A, and Q591A exhibit a significantly decreased level of
gp120 with respect to the level of gp41, suggesting that gp120—
gp4l association has been weakened (Figure 3 and Table 1).
Nonetheless, the entry levels observed for these mutants indicate
that their disruption of the gp120—gp41 interaction has only
minimal effects on viral entry.

Next we consider the profile of the mutants exhibiting
impaired viral entry (S546A, V549A, QS51A, N554A, L556A,
RS557A, Q562A, L568A, 1573A, K574A, Q575A, Q577A,
L588A, D589A, and Q590A). Within this category, we observe
a number of different profiles in the Western blots. First, S546A,
L556A, and Q562A exhibit decreased levels of gp120 and gp41
[defined herein as <25% of the wild-type level (Figure 3 and
Table 1)], which indicates that the envelope proteins are incor-
porated into virus at significantly lower levels, presumably due to
disruption of envelope folding and/or oligomerization (40—42),
and thus, we will designate these mutants as exhibiting defective
folding. Second, L568A, K588A, and Q590A exhibit decreased
levels of gpl120 with respect to the level of gp4l [defined as
a gpl120/gp41 ratio of <0.5 (Figure 3 and Table 1)], suggesting
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FI1GURE 3: Western blot analysis of virion incorporation of envelope and gp120—gp41 association for wild-type HIV-1 and the gp41 HR1 mutants
(cf. Experimental Procedures). The positions of gp41, gp120, and gp160 are shown.

that the alanine substitution weakens gp120—gp41 association
(i.e., causes shedding). In this case, the disruption of the gp120—
gp41 interaction results in impaired entry, and we will designate
these mutants as defective in gpl120 association. Interestingly,
V549A, Q551A, NS554A, RS57A, 1573A, KS74A, QST5A,
Q577A, and D589A exhibit wild-type levels of gp120 and gp4l
in virions (Figure 3 and Table 1). In these cases, the impaired
entry is presumably due to disruption of membrane fusion events
[the disruption of receptor binding is also possible but seems
unlikely in that gp4l HRI is expected to be distant from the
receptor binding sites on gp120 (10)], and thus, we will designate
this group as being defective in membrane fusion. In summary,
the phenotypes of the impaired mutants are divided as follows:
20% defects in folding, 20% defects in gp120 association, and
60% defects in membrane fusion.

Finally, we will consider the expression profile of the mutants
exhibiting nonfunctional entry (V539A, Q540A, R542A, L545A,
G547A, Q552A, L555A, 1559A, ES60A, Q567A, TS69A, V5T0A,
WST1A, G572A, L576A, R579A, I580A, VS83A, ES84A, YS86A,
L587A, and L592A). Mutants V539A, Q540A, R542A, Q552A,
E560A, Q567A, G572A, V583A, and L592A exhibit decreased
levels of gp120 and gp41, which again indicates that the envelope
proteins are not incorporated into virus and thus have resulted in
nonfunctional virus. In contrast, mutants T569A, WS571A,
L576A, 1580A, V583A, Y586A, and L587A exhibit decreased
levels of gpl120 with respect to gp4l, which suggests that the
mutation has disrupted gp120—gp41 association to a degree that
renders the envelope nonfunctional. On the other hand, mutants
L545A, G547A, L555A, 1559A, V570A, and R579A exhibit wild-
type levels of gp120 and gp41 in virions, implicating a defect in
membrane fusion. In summary, the phenotypes of the nonfunc-
tional mutants are divided as follows: 41% defects in folding, 32%
defects in gpl20 association, and 27% defects in membrane
fusion.

DISCUSSION

Summary of the gp41 HRI Mutational Effects. In this
study, alanine substitutions at 48 positions within HIV gp41 HR1
have been characterized for effects on viral entry and the profile
of envelope present in virions. We have chosen alanine as a
substituting residue because of its relatively conservative nature.
For example, alanine is found at interior and exterior sites within
proteins. Interestingly, we find that the effects on envelope

Table 2: Summary of HRI1 Alanine Substitutions Characterized in Pre-
vious Studies

mutant % entry/fusion refs
1548A 84¢ 20

V549A 100,% 80° 24,28
Q551A 100,% 60° 24,28
L556A 090,20, 70 21,22,24, 28
1559A 0° 21

Q562A 0° 21

Q563A 100, 80, 95° 23,24, 28
L565A 0,”5/°10° 24,27, 28
L566A 0° 21

L568A 29,920, 35" 20, 25, 27
T569A 0° 21

V570A 0,004/ 25" 23-25,27,28
W571A 04 25

G572A 0,90, 5" 21,22,24, 28
I573A 0° 21

K574A 109 25

Q577A 100,730, 100° 23,24, 28
R579A 0,” 30 24,28

I580A 0° 21

ES84A 03" 20, 26
L587A 0° 21

“HXB2 envelope-mediated virus entry. "JHXB2 envelope-mediated
cell—cell fusion. “LAI envelope-mediated cell—cell fusion. “NL4-3 envelope-
mediated virus entry.

function are not correlated with amino acid type. For example,
mutations to 20 hydrophilic and 17 hydrophobic positions
exhibited impaired or abrogated entry, supporting the notion
that each residue has evolved to serve a purpose, often critical to
function. Moreover, even relatively conservative mutations, as
evidenced by S546A and T569A, may lead to severe inhibition of
viral entry. In total, 77% of the mutants exhibit impaired or
abrogated entry. In previous mutagenesis studies performed by
our group, we have found impaired or abrogated entry for 57%
(12 of 21 residues), 59% (10 of 17 residues), and 50% (13 of 26
residues) of the alanine substitutions within gp120 conserved
domain 1 (32), gp120 conserved domain 5 (3/), and the gp4l
disulfide loop (29), respectively. Taken together, these studies
suggest that the HIV envelope is generally sensitive to mutation
and further underscores the importance of the gp41 HR1 region
to envelope function with respect to other conserved domains.
Such an observation may imply that gp41 HRI is an attractive
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FIGURE 4: Mutational effects of HIV gp41 HR1 on entry with respect to heptad repeat position (a) and location in the HR1 helix (b). In panel a,
the relative percentages of entry effects are shown for each position in the heptad repeat. The structure of HR1 is taken from that present in the
HIV gp41 fusion state (/0—15) and presented in a space filling representation. The interior face corresponds to positions a and d (i.e., those that
interact with another HR1 in the fusion state); the exterior face corresponds to positions b and f (i.e., those that that are solvent-exposed in the

fusion state).

target for therapeutics. Indeed, this notion is strongly supported
by the clinical success of enfuviritide, which targets gp4l
HRI1 (16). As noted above, mutations within the sequence of
residues 546—>556 are often correlated with resistance to enfuviri-
tide (37). Furthermore, Wexler-Cohen and Shai have shown that
the 25 N-terminal residues of enfuviritide, which are expected to
directly interact with the N-terminal region of gp4l HRI, are
most important to the peptide’s antiviral activity (43). Interest-
ingly, the V549A mutation is the most frequent mutation
correlated with enfuviritide resistance (38, 39). With respect to
our study, we found that the V549A mutation exhibits a reduced
level of entry (11% of the wild-type leve) and a phenotype of
reduced membrane fusion (Table 1). Consequently, in the clinical
setting, this mutation would be interpreted as a compromise
between significantly reduced viral fitness and increased resis-
tance to enfuviritide, with the increased resistance due to the
removal of intermolecular hydrophobic contacts between V549
and the enfuviritide peptide (39).

Previous Mutagenesis Studies of gp41 HRI. It is next of
interest to compare the results presented here to the results of
previous mutagenesis studies of gp4l HRI. In Table 2, we

summarize envelope function of previously characterized alanine
substitutions of HIV-1 gp4l HR1. Note that previous studies
have targeted specific positions (e.g., heptad repeat positions a
and d); in contrast, this study represents the first comprehensive
mutagenesis study of gp4l HRI. In the previous mutagenesis
studies, envelope function was measured by a pseudotyping
assay, which is analogous to the assay used in this work and
some other studies (20, 22, 23, 25); alternatively, envelope
function was assayed by a cell—cell fusion assay in which viral
envelope proteins are expressed in one cell line and mixed with
cells expressing CD4 and coreceptor (21, 24, 26—28). In total,
previous studies have characterized alanine substitutions at 21 of
the 48 positions examined in this work. In cases where multiple
groups studied the identical mutant, the studies are in general
agreement. However, note that Q577A has been reported to
exhibit both wild-type function (24) and impaired function (23)
by different groups. The differences are most likely due to
different assays of envelope function (virus entry vs cell—cell
fusion). With respect to the set of mutations presented here, the
observed wild-type functions of I548A, Q563A, and Q577A
(Table 1) are in close agreement with that reported previously
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panel a, the relative percentages of phenotype effects are shown for each position in the heptad repeat. (b) The structure of HR1 is taken from that
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(Table 2). Moreover, the impaired function or nonfunction
observed for L556A, 1559A, Q562A, L568A, TS69A, V5T0A,
WS571A, G572A, 1573A, K574A, R579A, 1580A, ES84A, and
L587A (Table 1) are also in close agreement with that reported
previously (Table 2). On the other hand, our results for V549A,
Q551A, L565A, and L566A are in contrast to those of previous
studies (Tables 1 and 2), which is again presumably due to
different assays of envelope function (i.e., virus entry in our case
vs cell—cell fusion in the previous studies). Finally, we note that
27 of the mutations characterized in this study are novel.
Location of the Mutations in gp41 HR1. Itis interesting to
consider the position of the mutated residues with respect to the
heptad repeat position and known structures of gp4l HR1. In
Figure 4, we have color-coded the mutational effects on entry
with respect to position in the helical wheel and high-resolution
structure of gp4l HR1 in the fusion state (//—15). As discussed
above, gp41 HR1 is thought to be a homotrimer in all conforma-
tional states, and on the basis of the fusion structures, the
HR1-HRI1 contacts are primarily at the a and d sites
(Figure 1c and refs (1/—15)). Moreover, in the fusion sate, the
HRI1—HR2 contacts are primarily at the e and g sites of HR1,
and the b and f sites of HR1 are solvent-exposed (Figure 1c and
refs (1/—15)). Consequently, the b, e, f, and g sites would be

expected to be available for interactions with gp120 domains, as
well as with other gp41 domains, in the prefusion conformations.
As shown in Figure 4a, we observe impaired or nonfunctional
mutants at all positions in the heptad repeat; the least disruptive
site is at position f, and the most disruptive sites are at positions a,
¢, d, and g. As shown in Figure 4b, the effects on entry are evenly
dispersed along the sequence (in this figure, the “interior” repre-
sents the a and d face of HR1 and the “exterior” represents the b
and f face of HR1). One interpretation is that essentially all heptad
positions in HR1, with the exception of the f sites, are involved in
interactions with either gp4l domains (e.g., fusion peptide,
disulfide loop, or HR2) or gp120 domains via direct or indirect
propagated effects. Alternatively, one could interpret the lack of
correlation between entry effects and heptad repeat position
as evidence that the heptad repeat does not exist for the pre-
attachment and/or attachment conformations of the envelope.
In Figure 5, we have color-coded the mutational effects on
phenotype to the position in the helical wheel and high-resolution
structure of gp4l HRI in the fusion state. With respect to
incorporation of envelope into virus, which has previously been
suggested to be correlated with envelope folding and oligomeri-
zation (40—42), mutational effects are not well-correlated to
heptad position (Table 1 and Figure 5a), although positions b and
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FIGURE 6: Mutagenesis-based model for long-range intermolecular interactions between gp120 and gp41. The orange residues represent alanine
substitutions that disrupt association of gp120 with gp41. For reference, the furin processing site is colored blue. The structure of gp120 C1 was
based on secondary structure predictions (32); the structure of gp120 C5 was taken from Guilhaudis et al. (47), and the structures of gp41 HR1 and

the disulfide loop were taken from Caffrey et al. (/4, 15).

e appear to be most sensitive to mutation. Interestingly, the
majority of the mutants exhibiting a defective folding phenotype
are found in the N-terminal region of HRI (Table 1 and
Figure 5b), suggesting that this region plays critical roles in
envelope folding. With respect to mutants exhibiting putative
defects in membrane fusion, the b and f sites are least sensitive
and the a, d, e, and g sites are most sensitive (Figure 5a).
Moreover, the fusion phenotype is distributed throughout the
HRI1 sequence (Figure 5b). Together, these observations are
consistent with the long-range contacts of HR1 found in the
fusion state (refs (//—15) and Figure 1c). Recently, Markosyan et
al. directly measured the fusion properties of alanine substitu-
tions at the e and g heptad sites within HR1 and found that the
most important effects on fusion occurred in the C-terminal
region of HR1 (28), which would seem to be at odds with our
results. However, the entry effects presented herein for theeand g
sites of HR1 are in close agreement with those of Markosyan et
al. [with the exception of L556A, which may be attributed to
different assays of function (cf. Table 2)]. In our study, other sites
in the N-terminal region of HRI (e.g., L545A, G547A, and
V549A) exhibit putative defects in membrane fusion (with the
caveat that we have not directly measured fusion and thus the
phenotype could be due to disruption of receptor binding or an
unknown intermediate step). Consequently, our interpretation is
that the effects of the e and g sites on fusion are due to direct
interactions with HR2, as proposed previously (28), and the
effects at other sites are due to indirect effects.

It is next of interest to consider the location of the mutants that
exhibit increased level of dissociation of gp120 (Table 1). Pre-
viously, alanine scanning mutagenesis has been exploited to
identify “hot spots” of protein—protein interactions (44—46),
which is relevant in this study of gp120—gp4l interactions for
which there is no high-resolution structural information. As
shown in Figure 5a, mutations to the a and d sites are most
disruptive. Interestingly, mutants that disrupt gp120 association
are generally found in the C-terminal region of HR1, which
implies that this region has its strongest interaction with gp120 in
the preattachment state, and thus, this region of HR1 is a hot
spot. Notably, Cao et al. have previously observed weakened
gp120 association for mutations in the N-terminal region, S528T,
M530S, Q552L, L555G, and Q562L, as well as mutations in the
C-terminal region, E5S84A and V608A (20).

Previously, two domains of gp120, conserved domains 1 and 5,
and one other domain of gp4l, the disulfide loop, have been

subjected to comprehensive mutagenesis (29, 31, 32). In Figure 6,
we have modeled long-range interactions between gpl20 and
gp41 based on mutagenic effects on gp120—gp41 association. In
this figure, the structures of gp120 conserved domains 1 and 3,
which are largely absent from available crystal structures, are
based on the predicted secondary structure and solution struc-
ture, respectively (32, 47). The structures of gp4l HR1 and the
disulfide loop are based on the solution structure in the fusion
state (14, 15). Mutation sites found to be most disruptive to
gp120—gp41 association are colored orange. For reference, the
border between gpl120 and gp4l, the furin recognition site, is
colored blue, and putative long-range intermolecular interactions
are denoted by orange arrows. We note that arginine, isoleucine,
tryptophan, and tyrosine are the four most common amino acids
found at hot spots of protein interfaces in general (44—46), which
is consistent with the observed association defects of mutant
1491A in gp120 conserved domain 5 (3/) and mutants W571A,
I580A, R585A, and Y586A in gp4l HRI. Interestingly, in our
previous alanine scanning mutagenesis study of the gp41 disulfide
loop (29), we found that mutants W596A and G597A, residues
that are close to the C-terminal region of HRI, were most
disruptive to the gpl20—gp4l interaction, thereby supporting
the notion that the C-terminal region of HRI is the site of
interaction with gpl120. In summary, the alanine scanning
mutagenesis studies give new insights into the gpl120—gp4l
interaction, an interaction that has been intractable to high-
resolution structural studies to date. Studies that aim to better
characterize the gp120—gp41 interaction site by a combination of
mutagenesis, biochemistry, and structural biology techniques are
currently underway in our laboratories.
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