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ABSTRACT: We sought to identify sequences in the monoclonal antibody m18 complementarity determining regions (CDRs)
that are responsible for its interaction with HIV-1 gp120 and inhibition of the envelope receptor binding sites. In the accompanying
paper (DOI 10.1021/bi101160r), we reported that m18 inhibits CD4 binding through a nonactivating mechanism that, at the same
time, induces conformational effects leading to inhibition of the coreceptor site. Here, we sought to define the structural elements in
m18 responsible for these actions. Direct binding and competition analyses using surface plasmon resonance showed that YU-2
gp120 binding is stabilized by a broad paratope of residues in the m18 CDRs. Additionally, several m18 residues were identified for
which mutants retained high affinity for gp120 but had suppressed CD4 and 17b inhibition activities. A subset of these mutants did,
however, neutralize HXBc2 viral infection. The results obtained in this work demonstrate that the combined m18 paratope contains
subsets of residues that are differentially important for the binding and inhibition functions of the m18 neutralizing antibody. The
data also add to prior observations that high-affinity antibodies that do not inhibit monomeric gp120 receptor site interactions may
still exhibit significant antiviral activity.

HIV-1 is one of the most genetically diverse pathogens
described to date. Entry is initiated by the encounter of

the envelope spike protein, gp120, with the host cell receptors.
The most conserved regions of gp120, consisting of the CD4 and
coreceptor binding sites, are attractive targets for neutralization.
However, these regions within the viral spike are hidden from the
immune system through glycosylation and conformational
masking.1-5 In spite of these obstacles, a number of potent
neutralizing antibodies specific to the envelope have been
identified. Some potent antibodies to gp120 are b12 and
VRC01, directed against the CD4 binding site (CD4bs), and
2G12, which recognizes a carbohydrate epitope on the outer
domain.6-12 Antibodies which bind to the quaternary structure
of the envelope, PG9 and PG16, bind to the V2 and V3 loops of
gp120 but do not bind to gp120 alone.13,14 They bind to an
epitope formed by these loops on trimeric gp120 and also a
carbohydrate epitope and represent new target sites by which to
combat HIV-1 entry.13,15-17 Recently, an additional neutraliza-
tion site has been identified on gp120 proximal to the CD4bs,
and antibodies to this site, such as HJ16, make interactions with
residues that do not overlap with those of other CD4bs
antibodies.18,19 The rarity of such gp120 neutralizing antibodies
makes them important tools in studying vulnerable structural
elements and possible inhibitory mechanisms.

Among the already identified neutralizing antibodies against
HIV-1 envelope gp120, two easily distinguishable classes are
those to the CD4bs, such as b12, and those to the N-linked

glycosylation sites, such as 2G12. 2G12 inhibits gp120 by binding
to a glycosylation site on the outer domain, is thus not directly
competitive for gp120 binding to CD4 or coreceptor, but none-
theless inhibits viral entry into the host cell.9,10,20-22 The
inhibitory effect of 2G12 is thus primarily manifested by its
impact on structure of envelope in the virus trimer spike. On the
other hand, b12 binds to a site that overlaps with the CD4bs and
at the same time disrupts this site by stabilizing a structure of
gp120 monomer that is unique from the activated state.6,8,23

Furthermore, b12 induces conformational changes within the
inner domain and bridging sheet that in effect disrupt the
activated conformation of gp120.23 F105, another CD4bs anti-
body, also blocks the formation of the bridging sheet.24 While
both of these CD4bs antibodies physically occlude the Phe43
cavity and entrap gp120 into a nonactivated conformation, the
structures of gp120 stabilized by these antibodies are different.
Understanding these differences may help to determine why b12
is so broadly neutralizing whereas F105 is not. Overall, what is
common among these CD4bs antibodies is the blockade of CD4
binding and entrapment of the gp120 protein from a significantly
disordered ground state into a functionally suppressed structure.
As described in the preceding paper (DOI 10.1021/bi101160r),
the neutralizing mAb m18 has a mode of action that bears many
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similarities to CD4bs antibodies including induction of a func-
tionally suppressed soluble gp120 monomer conformation.

M18 was isolated through phage display technology.25,26

Mutational analysis revealed that the epitope for m18 binding
is largely localized to the outer domain of gp120, overlapping the
conserved b12 and CD4 epitopes.6,27 The m18 complementarity
determining region denoted as heavy chain three (HCDR3),
composed largely of hydrophobic residues and forms a β-hairpin-
like structure with a number of hydrogen bonds formed between
residues within this loop, closely resembles the Phe43 binding
loop of CD4. Dockingmodels of Fabm18, along with mutational
analysis on gp120, suggested that the HCDR3 loop of the
antibody might be able to insert itself into the CD4 binding
pocket of gp120, thereby blocking CD4 binding.27 However, in
the accompanying paper (DOI 10.1021/bi101160r), we re-
ported that m18 does not mimic CD4.

In the work described here, we sought to define the structural
elements within m18 that are critical for binding to HIV-1 gp120
and inhibition of receptor binding to gp120.Weperformed alanine
scanning mutagenesis on the CDRs of Fab m18.We identified the
YU-2 gp120 binding determinants through SPR analysis and
further characterized the ability of these m18 mutants to inhibit
gp120 interactions with soluble CD4 and IgG 17b. These studies
revealed a broad paratope onm18 for gp120 binding. A small set of
residues was also found to be critical for inhibition of CD4 and 17b
binding but not for m18 affinity to gp120. Several mutants of m18
with suppressed receptor binding inhibition still exhibited HXBc2
antiviral activity in cell infection assays. The ability to separate
binding and inhibitory structural elements in m18 is consistent
with a mode of function that is at least partly controlled by
conformational effects on the envelope protein.

’EXPERIMENTAL PROCEDURES

Reagents and Proteins. The HIV-1YU-2 gp120, HIV-1HXBc2
gp120, and HIV-1HXBc2 gp140 expression plasmids were kind
gifts from J. Sodroski. CHO-ST4.2 cells were obtained through the
AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH, from D. Littman. HOS-CD4-CXCR4 cells
and pNL4-3.Luc.R-E- were obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID, NIH,
from N. Landau. The monoclonal antibody, 17b, was purchased
from Strategic Biosolutions, USA.
Gp120 Protein Expression and Purification. HIV-1YU-2

gp120 and HIV-1HXBc2 gp120 were in the expression vector
pcDNA3.1 and were produced as soluble protein in mammalian
cells using the 293F Invitrogen protocol. Briefly, a 1 L culture
volume of freestyle human embryonic kidney cells (HEK 293F)
was grown to a density of one million cells/mL under 7.4% CO2

in Gibco Freestyle 293F media (Invitrogen, CA). The cells were
then transfected with 1 mg of plasmid DNA/L of culture using
293F Fectin (Invitrogen) and Opti-MEM I (Invitrogen, CA).
The cells were grown at 37 �C in 7.4%CO2 for 5 days, after which
the supernatant was clarified and the protein was purified. Both
gp120s were purified via affinity chromatography through a
column with the monoclonal antibody, 17b, immobilized onto
Sepharose beads coated with protein A to produce a homo-
geneous population of protein. The clarified supernatant con-
taining the gp120s was passed through the column at 1 mL/min
to bind functional protein to the column. This was followed by
repeated washings of the column with phosphate-buffered saline
solution (PBS; 0.01 M NaH2PO4, 0.15 M NaCl, pH 7.2), and

then the bound gp120 was eluted using 0.1 M glycine, pH 2.5.
The proteins were concentrated and exchanged into PBS and
stored at -80 �C.
Fab m18 Mutagenesis, Expression, and Purification. The

Fab m18 gene is contained in the phage display vector,
pComb3x. Site-directed mutagenesis was performed using stan-
dardized techniques (Stratagene, CA) to create the various
alaninemutations. ThemutatedDNAwas verified by sequencing
and then transformed into HB2151 cells (Maxim Biotech, CA).
The transformed cells were grown in super broth media at 37 �C
until the optical density reached 0.8 absorption unit. Protein
expression was then induced with 2 mM IPTG and grown at
30 �C for 18 h. Cells were spun down and resuspended in PBS
with 20 nM PMSF, 100 μM lysozyme, and 100 μM DNase VI.
The cells were then sonicated at 50% power with repeated cycles
of 15 s on and 10 s off for 5 min. The lysed cells were spun down
at 18000 rpm for 20min, and the supernatant was passed through
a 0.2 μm filter. Fab m18 and its mutants were affinity purified via
protein G chromatography and eluted from the column with 0.1
M glycine, pH 2.5. The proteins were exchanged into PBS and
stored at -20 �C.
Soluble CD4 Production. Soluble CD4 (sCD4) was pro-

duced from CHO-ST4.2 cells and contained all four extracellular
domains of the receptor. The soluble protein was secreted by the
cells into the supernatant and purified as described previously.28

Surface Plasmon Resonance Binding Analysis. All surface
plasmon resonance (SPR) assays were performed at 25 �C on a
BIAcore 3000 instrument (GE Healthcare, USA). Ligands were
immobilized onto a CM5 dextran sensor surface through stan-
dard amine coupling techniques using 0.2 M EDC and 0.05 M
NHS, based on manufacturer protocols and as described
previously.29 A reference surface was created through immobi-
lization of IgG 2E3, an anti-IL5 monoclonal antibody, and, along
with PBS buffer injections, was used to correct for nonspecific
interactions and instrumental artifacts.
Direct binding interactions of m18 and its mutants to YU-2

and HXBc2 gp120 were studied through SPR. Gp120 (600 RU)
was immobilized onto the surface of a CM5 chip. Serial dilutions
of m18 and its mutants were made in PBS and injected over the
gp120 surface at 50μL/minwith a 250 s association and up to 300 s
dissociation. The 2E3 and gp120 surfaces were then regenerated
with a 5 s pulse of 10 mM glycine, pH 1.5, at 100 μL/min. Kinetic
analysis of m18 binding to gp120 was performed by fitting the
binding curves to a Langmuir 1:1 model using the BIAevaluation
4.0 program, with low residuals and Chi2. This analysis deter-
mined the average ka and kd values, which were then used to
calculate the associated KA and KD values.
Competition assays were performed to study Fab m18 and

mutant inhibition of YU-2 and HXBc-2 gp120 binding to sCD4
and 17b. For these experiments, sCD4 (2000 RU) and 17b (700
RU) were immobilized onto a sensor surface. The sCD4 surface
was regenerated with a 5 s pulse of 1.3 M sodium chloride and
35 mM sodium hydroxide at 100 μL/min. The 17b surface was
regenerated with a 5 s pulse of 10mM glycine, pH 1.5, at 100 μL/
minute.29,30 Increasing concentrations of m18 and m18 mutants
(4-500 nM) were premixed with a final concentration of 100
nM gp120 and then passed over the sensor surface to detect
gp120 binding to the immobilized sCD4 and 17b. Each concen-
tration series was analyzed in sequence as a set, and then the
analysis of the concentration series was repeated twomore times,
resulting in a total of three analyses per concentration. Premixed
samples of gp120 and either m18 or m18 mutant were incubated
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at 4 �C until injection into the SPR flow cell. All samples in each
concentration series were set up at the same time, such that
incubation times at 4 �C for each concentration combination
varied from a minimum of 10 min (sufficient for complete
equilibration) to a maximum of 355 min. This variable-incuba-
tion protocol was found not to affect the degree of competition
measured for any given concentration. This was concluded from
the similarity of results from repeat analyses with different
premixing times over the entire time course. Data from a
three-repeat series for representative mutants are shown for
YU-2 gp120 in Supporting Information Figure S1. Using the
affinity for each of themutants to gp120, we calculated howmuch
protein was needed to saturate 100 nM gp120 to greater than
95%.31 The data were analyzed by plotting the maximum
response at steady state against the concentration of m18 in
the solution and then fitting to a four parameter equation
through the BIAevaluation 4.0 program.28 This analysis calcu-
lated the half-maximal binding (IC50) value.
Preparation of Recombinant Luciferase Expressing Virus

and Cell Infection Assays. Single round recombinant,

luciferase-reporter viruses were produced in HEK293T cells
using Fugene transfection reagent (Qiagen) according to the
manufacturer’s protocol. Cells were seeded in T75 flasks
(approximately 3 � 106 cells per flask) and transfected the
following day with 4 μg of plasmid encoding the envelope HIV-
1HXBc2 together with 8 μg of the envelope-deficient pNL4-
3-Flucþenv- provirus developed by N. Landau.32 Culture super-
natants containing viral particles were collected 48-72 h after
transfection, clarified by centrifugation, filtered, aliquoted, and
stored at -80 �C until use. For inhibition experiments, the viral
stocks were first incubated with serial dilutions of the inhibitor at
37 �C for 30 min. The mixture was added to human osteosarco-
ma cells which stably express CD4 and CXCR4 (HOS.CD4.
CXCR4) for 48-72 h. The cells were then lysed with passive
lysis buffer (Promega) followed by freeze-thaw cycles. Lucifer-
ase assays were performed using 1 mM D-luciferin salt (Anaspec)
as substrate and detected on a 1450Microbeta liquid scintillation
and luminescence counter (Wallac and Jet). IC50 values were
estimated using nonlinear regression analysis with Origin 7
(Origin Lab). All experiments were performed in triplicate, and

Table 1. Direct Binding Affinities and IC50 Values for Fab m18 Mutant Interactions with YU-2 Gp120 As Determined by SPRa

chain residue % side chain exposure ka (1/(M s)) kd (1/s) KD (nM) % ka % 1/kd CD4 IC50 (nM) 17b IC50 (nM)

WT 6.9 e4( 0.3 9.8 e-5( 5.7 1.4 100 100 33.0 ( 3.6 36.0 ( 1.2

HCDR1 N30A 61 4.0 e4( 0.4 1.7 e-3( 0.3 40.9 58 6 >1000 >1000

N31A 78 5.1 e4( 1.0 1.3 e-3( 0.5 25.9 74 8 >1000 >1000

Y32A 47 1.2 e5( 0.2 6.1 e-5( 3.0 0.4 217 161 247.3 ( 15.8 431.7 ( 31.5

Y33A 45 1.2 e5( 0.5 3.8 e-3( 0.2 30.7 174 3 135.3 ( 7.1 149.7 ( 3.5

Y33F 4.2 e4( 1.9 2.4 e-3( 0.8 56.3 61 4 >1000 >1000

HCDR2 D53A 47 1.6 e4( 1.3 1.2 e-4( 1.1 7.0 23 82 >500 >500

S54A 48 3.9 e4( 0.5 2.2 e-3( 0.7 56.4 57 4 >1000 >1000

D56A 74 2.5 e4( 0.6 6.1 e-4( 4.5 26.2 36 16 >1000 >1000

T57A 68 8.4 e4( 2.0 2.1 e-4( 0.4 2.5 122 47 16.8 ( 3.8 33.1 ( 8.0

P61A 61 3.3 e4( 1.0 6.3 e-4( 1.0 19.3 48 16 >1000 >1000

S62A 45 3.5 e4( 0.9 1.6 e-3( 0.4 44.2 51 6 >1000 >1000

S64A 62 2.1 e4( 0.7 8.6 e-4( 5.9 40.0 30 11 >1000 >1000

S65A 80 3.6 e4( 1.2 1.4 e-3( 0.2 39.1 52 7 >1000 >1000

HCDR3 H96A 45 9.3 e4( 2.9 1.1 e-3( 0.6 11.7 135 9 >500 >500

F99A 79 4.5 e4( 2.5 2.6 e-4( 1.5 5.9 65 38 >500 >500

F99Y 9.4 e4( 2.5 1.1 e-4( 0.9 1.1 136 89 53.7 ( 1.5 75.3 ( 20.6

I100A 71 2.7 e4( 1.3 3.6 e-4( 1.4 13.1 39 27 >500 >500

R100aA 67 3.4 e4 ( 0.9 7.6 e-5( 5.1 2.3 49 129 >500 >500

R100aE 1.6 e4( 0.6 1.1 e-3( 0.7 69.2 23 9 >1000 >1000

Y102A 46 3.7 e4( 1.4 1.2 e-3( 0.4 31.5 54 8 >1000 >1000

LCDR1 R24A 79 2.3 e4( 0.9 3.9 e-4( 3.7 16.8 33 25 >1000 >1000

Q27A 55 7.2 e4( 2.9 4.9 e-4( 3.9 6.7 104 20 49.6 ( 3.1 54.5 ( 3.5

D28A 67 2.8 e4( 3.1 1.9 e-5( 0.7 0.7 41 516 65.5 ( 0.5 70.8 ( 1.8

Q30A 43 9.1 e4( 0.1 1.2 e-4( 0.1 1.4 132 82 80.3 ( 16.7 129.3 ( 5.0

K31A 58 2.9 e4( 0.4 8.9 e-5( 1.9 3.1 42 110 >500 >500

K31R 3.1 e4( 1.2 1.1 e-3( 0.2 34.7 45 9 >1000 >1000

LCDR2 S52A 51 1.7 e4( 0.9 8.1 e-5( 9.3 4.7 25 121 g500 >500

T53A 50 2.0 e4( 2.1 7.1 e-4( 7.0 35.2 29 14 >500 >500

S56A 89 2.8 e4( 0.7 6.6 e-4( 1.4 25.7 41 15 >500 >500

LCDR3 R93A 46 3.9 e4( 0.2 8.0 e-5( 0.9 2.0 57 122 49.5 ( 20.5 78.7 ( 3.2

P95A 44 5.3 e4( 1.6 1.9 e-3( 0.3 35.5 77 5 >1000 >1000
a Percent side chain exposure was determined by analyzing the PDB structure of Fab m18 (2AJ3) through AREAIMOL1 to obtain the accessible surface
areas for each atom by residue. The side chain atom accessibility was added up, and a percentage was determined based on the total accessible surface area
for amino acid side chains in a G-X-G peptide as determined by Miller et al.43
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results were expressed as relative infection with respect to cell
infected with virus in the absence of inhibitor (100% infected).

’RESULTS

Mutagenic Analysis of the m18 CDRs To Define the
Paratope for gp120 Binding. Mutational analysis was per-
formed on significantly exposed residues of the Fab m18 CDRs,
as determined by the crystal structure.27 These included HCDR1
N30, N31, Y32, and Y33; HCDR2D53, S54, D56, T57, P61, S62,
S64, and S65; HCDR3 H96, F99, I100, R100a, and Y102;
LCDR1 R24, Q27, D28, Q30, and K31; LCDR2 S52, T53, and
S56; and LCDR3 R93 and P95.

The effects of single alanine mutations for each of the above
residues on m18 binding to YU-2 gp120 were evaluated by
interaction kinetics using SPR. We found that a large proportion
of these single-sitemutants had affinities whichwere reduced by an
order of magnitude or more (Table 1). From the values of
association (ka) and dissociation (kd) rates determined by SPR
(Figure 1), mutants that led to a significant affinity loss were
generally characterized by a substantially faster off rate rather than
a slower on rate. The significant affinity loss in a large subset of
single site mutants and the lack of specific sites of extreme
mutational sensitivity argue that the YU-2 gp120 utilizes a broad
binding surface onm18, encompassingmultiple CDRs (Figure 2).
Impact of m18 Mutations on YU-2 gp120 Receptor Site

Inhibition. We evaluated the ability of the Fab m18 mutants to

Figure 1. Fabm18 andmutants binding to gp120. Fabm18 and its mutants at concentrations ranging from 4 to 500 nMwere passed over a CM5 sensor
surface which had immobilized YU-2 gp120 at a density of 600 RU. The direct binding sensorgrams were then fit to a Langmuir 1:1 binding model (red)
using the BIAevaluation 4.0 program to calculate the affinity values, and the data were plotted using Origin 7. These experiments were performed at least
three times. On the left is wild-typem18with an affinity of 1.4 nM to YU-2 gp120. In themiddle is themutant, S52A. Thismutant has a slower association
rate than wild type (Table 1), but the calculated affinity comes out to be similar to that of wild-type m18. On the right is the mutant, Y33A. This mutant
has a faster dissociation rate, which is more obvious from the sensorgrams and the calculated affinity comes out to be 22 times weaker than wild type.

Figure 2. Mutagenic analysis of the M18 CDRs. Depicted here is the crystal structure of the Fab m18 CDRs with the protruding HCDR3 loop
positioned at the center of the structure. The light chain is colored light orange, and the heavy chain is colored green. The left figure depicts all of the
residues which weremutated to an alanine (magenta). The right figure depicts all of the alaninemutants which had a 10-fold or greater decrease in affinity
compared to wild type. Colored in blue are all of the residues, when mutated to an alanine, that had greater than 50% faster dissociation rate than wild
type. In red are the alanine mutants which had both greater than 50% slower association and greater than 50% faster dissociation rate than wild type. The
PDB code for this structure is 2AJ3 and was originally published by Prabakaran et al.27
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inhibit sCD4 and IgG 17b binding to gp120, and the ligand
inhibition data, expressed as IC50 values, are given in Table 1 for
all of the mutants. We found that a majority of the m18 mutants
which had a relatively large reduction in affinity also failed to have
any observable inhibitory effects in the inhibition analysis
performed through SPR. This analysis was constrained by a
narrow window for observing inhibition potency due to the
limiting amounts of proteins available for these studies. Although
all of the competition analyses did reach greater than 95%
saturation for each of the m18 mutants tested, we could not test
higher concentrations. The one exception was Y33A, which
exhibited a reduced affinity for YU-2 gp120 but maintained its
inhibitory effects. This behavior could be related to the fast on
rate observed for this mutant binding to YU-2 gp120 (Figure 3).
In thecaseofm18mutantswithclose tonormalYU-2gp120affinities,

wewere struckby thepresenceof two typesof behavior.Anumberof the
mutants had a high affinity for YU-2 gp120, withKD values within 5-fold
of thewild type, andmaintained their inhibitor effects as expected. These
mutants include Y32A and T57A of the heavy chain and Q27A, D28A,

Q30A, and R93A of the light chain. On the other hand, a subset of
mutants that had high affinity for YU-2 gp120 showed significantly
suppressed inhibition of YU-2 gp120 interactions with sCD4 and 17b.
These mutants include D53A, H96A, F99A, I100A, and R100aA of the
heavy chain and K31A and S52A of the light chain. The distribution of
residues for which mutations lead to high-affinity binding to gp120 and
reducedreceptor inhibitoryactivity aredepicted inFigure4.Thepresence
of such residues argues that gp120 binding and the suppression of
receptor interactions are separable.
The observation of high-affinity m18 mutants with suppressed

inhibition suggests the possibility that three-component com-
plexes might form. A potential caveat in SPR competition
analyses is that complexes preformed between YU-2 gp120 and
m18 mutants might dissociate during the course of the injection,
and the free YU-2 gp120 could bind to the immobilized ligand.
That this is not likely is shown by the comparison of twomutants,
T57A and F99A, in Figure 5A,B. Both of these mutants have
similar off rates when binding to YU-2 gp120, yet their effects on
receptor binding are starkly different as shown by the inhibitory
action of T57A and the lack of inhibition by F99A. This suggests
that predissociation is not likely to explain the lack of inhibition
seen in the SPR analysis. We carried out a follow-up SPR analysis
to determine if direct binding could be detected between YU-2
gp120-F99A and immobilized CD4. As shown by the dose-
response analysis in Figure 5C, experimentally significant and
dose-dependent binding could be observed, though only at
relatively high concentrations of YU-2 gp120 where F99A was
saturating. The concentration dependence of the YU-2 gp120-
F99A complex binding to immobilized CD4 suggests that the
three component complexes can form, given the high soluble
analyte concentrations used. CD4 and 17b competition of YU-2
gp120 binding to F99A, the reverse of the experiment depicted in
Figure 5A,B, shows that these ligands can compete with and
block gp120 binding to F99A similar to the results published with
wild-type m18 in the accompanying paper (DOI 10.1021/
bi101160r). CD4 inhibited F99A binding with an IC50 value of
39 nM ((10), and 17b suppressed binding down to 20%.
Since the alanine replacements typically introduce large-scale

changes in the amino acid side chains, we examined the role of
these side chains by introducing more conserved replacements.
In several cases, including Y33F and K31R, these mutations
actually led to a more severe loss of function than observed with
the alanine replacement. Such results argue a critical role for the
original side chain in m18 function. On the other hand,
replacement of the heavy chain F99 with a tyrosine yielded a
higher affinity mutant with significant receptor site binding
suppression than with the alanine mutant, indicating that the
functionally important feature for this residue’s inhibitory func-
tion is an aromatic side chain.
Differential Effects of m18 Mutations on Inhibition of

Monomeric HXBc2 gp120 versus Viral Envelope. Prior work
by Zhang et al.25 detected Fab m18 neutralization of HIV-1
viruses from a number of clades. Since we observed residues that
bind well to YU-2 gp120 but with suppressed receptor binding
inhibition, we evaluated how these mutants would be able to
inhibit the envelope in the context of the virus spike. Fabm18 did
not neutralize HIV-1YU-2 pseudotyped viruses in our cell infec-
tion assays, but neutralization did occur with HIV-1HXBc2. Viral
neutralization assays were performed with this laboratory-
adapted strain of gp120, taken as a prototype example for the
purposes of the current work, in order to understand the
differences between wild-type m18 and a few of its mutant

Figure 3. Fab m18 and mutant competition of YU-2 gp120 binding to
(A) sCD4 and (B) 17b. Fab m18 and its mutants, m18, F99A, F99Y,
I100A, K31A, and S52A, at concentrations ranging from 0 to 500 nM
were premixed with 100 nM YU-2 gp120 before being passed over CM5
sensor surfaces which had immobilized sCD4 (A) and 17b (B). The
maximum response at steady state for each concentration was fit to a
four-parameter equation through the BIAevaluation program to deter-
mine the IC50 for inhibition of sCD4 and 17b binding to YU-2 gp120,
and the average of three or more experiments is plotted through Origin
7. The data shown are in percent YU-2 gp120 binding to the sCD4 and
17b surfaces, respectively, and 100 nM YU-2 gp120, 0 nM Fab m18
represents 100% binding to the surface.
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counterparts. We selected a panel of Fab m18 mutants, F99A,
F99Y, I100A, K31A, and S52A, along with wild-type Fab m18
itself, and compared the mutational effects on the inhibition of
monomeric HXBc2 gp120 interactions versus neutralization of
the functional HXBc2 viral spike (Table 2). We first determined
their binding and inhibitory properties against monomeric
HXBc2 gp120 through SPR assays. As with YU-2 gp120, we
identified mutants that retained strong binding for HXBc2 gp120
but had suppressed sCD4 and 17b binding inhibition (Figure 6).
These included heavy chain I100A and light chain K31A and
S52A. In contrast, both K31A and S52A were able to neutralize
viral infection with nearly wild-type efficacy. Interestingly, the
mutant, F99A, did not show any receptor inhibition for YU-2
gp120 but did show receptor inhibition for HXBc2 gp120 and
was able to neutralize viral cell infection. The results with HXBc2
gp120 provide further support that m18 residues can function at
distinguishable binding and ligand inhibition steps upon inter-
action. At the same time, the viral neutralization results demon-
strate that m18mutants can inhibit viral infection to an extent not
predicted by their inhibition of monomeric HXBc2 gp120
receptor sites.

’DISCUSSION

The HIV-1 interaction characteristics of mAb m18 argue that
this antibody inhibits the viral envelope through a mechanism
that involves conformational entrapment of the envelope protein
into a functionally suppressed state (Gift et al., accompanying
paper (DOI 10.1021/bi101160r)). While initial studies with
YU-2 gp120 mutants showed that the m18 binding site is
primarily localized to the outer domain of the envelope protein,27

the way m18 engages YU-2 gp120 is not the same as CD4. In the
current study, we sought to deepen our understanding of how
m18 binds and inhibits YU-2 and HXBc2 gp120 by evaluating
site-directed mutants of this antibody.

We focused on residues of the m18 CDRs with solvent-
exposed side chains in order to minimize structural effects on
m18 due to the mutation. Residues with a side chain exposure of
50% or greater were replaced by alanine residues in order to map

residues important for interactions with YU-2 gp120 with mini-
mal involvement in intramolecular interactions within m18 itself.
The mutagenic analysis of the exposed residues showed that
mutations affecting YU-2 gp120 binding are broadly distributed
across the surface of the CDRs. Furthermore, none of the
mutants had affinities that were reduced by more than 50-fold.
This would indicate that m18 binding to YU-2 gp120 is stabilized
by small contributions in energy from a large number of side
chains versus a few residues with large contributions. Among
other aspects, the YU-2 gp120 binding paratope is not dominated
by the HCDR3 loop, which has a structure reminiscent of the
Phe43 loop of CD4.27 The mutagenic results argue that m18
engages YU-2 gp120 in a manner which is distinct from CD4.
This is perhaps not surprising considering the dual receptor site
antagonism exhibited by m18, compared to the activation of the
YU-2 gp120 coreceptor binding site by CD4.

The mutagenic studies reported here were carried out in the
absence of a high-resolution structure of a gp120-m18 complex.
Hence, a caveat of the work is that, while the role of residues in
binding energetics can be defined, direct physical contact be-
tween the m18 paratope and the gp120 structure can only be
inferred. In the case of b12, mutational effects tracked by ELISA
defined residues in HCDR2, HCDR3, and LCDR1 as important
for gp120 binding.8,33 In contrast, the crystallographic structure
localized the interface mainly on HCDR1, HCDR2, and
HCDR3.23 The b12 results highlight the complementarity of
mutagenic and crystallographic data for defining antibody inter-
actions of a protein system, such as gp120, that undergoes large
conformational changes as part of the complexation process.

A second potential caveat of the current work is the possibility
that mutations can have an effect on global structural stability as
opposed to direct antibody contacts. This seems unlikely for the
mutations reported here, all of which were expressed at high
levels and involve residues in exposed regions with minimal
intramolecular packing contacts. Mutations for which low ex-
pression was observed in this work were excluded in view of
possible global destabilization in those cases.

Several mutants of m18 exhibited unexpectedly suppressed
dual antagonist properties. While mutants with suppressed YU-2

Figure 4. High-affinity mutants of M18. Depicted here is the crystal structure of the Fab m18 CDRs. The light chain is colored light orange, and the
heavy chain is colored green. The figure on the left highlights all of the alanine mutants of m18 which retained high-affinity binding to YU-2 gp120 (less
than 10-fold loss in affinity compared to wild-type m18) but lost all inhibitory activity against CD4 and 17b. Colored in blue are all of the residues, when
mutated to an alanine, that had greater than 50% faster dissociation rate than wild type. Colored in orange are all of the residues, when mutated to an
alanine, that had greater than 50% slower association rate than wild type. In red are the alanine mutants which had both greater than 50% slower
association and greater than 50% faster dissociation rate than wild type. The figure on the right depicts residues important for binding to YU-2 gp120 in
magenta and residues important for inhibition in orange. The PDB code for this structure is 2AJ3 and was originally published by Prabakaran et al.27



2775 dx.doi.org/10.1021/bi101161j |Biochemistry 2011, 50, 2769–2779

Biochemistry ARTICLE

gp120 affinity exhibited corresponding reduced inhibition of
CD4 and 17b interactions, a subset of mutants with high affinity
also showed reduced inhibition. These results suggest that m18
can bind to a site on gp120 that does not completely overlap the
receptor sites. This is consistent with a two-step model of gp120-
m18 interaction with an initial binding step and a secondary

locking of the envelope protein into a functionally suppressed
form. In this model, a subset of residues would be expected to
allow gp120 binding but not the subsequent entrapment into a
form with a suppressed receptor binding site. The conforma-
tional constraint of gp120 into an inactive conformation by m18
is consistent with partial structuring of YU-2 gp120 seen through

Figure 5. Fab m18 and mutant competition. Increasing concentrations of Fab m18 (blue), T57A (red), and F99A (green) were premixed with a fixed
concentration of YU-2 gp120 (100 nM) before being passed over immobilized (A) sCD4 and (B) 17b to detect competition. T57A and F99A have
decreased stability in their dissociation rates but opposite effects on the inhibition of sCD4 binding to gp120. The results of F99A competition in this
analysis are similar to what was found for other similar mutants which are listed in Table 1. (C) Increasing concentrations of YU-2 gp120 (from 200 to
800 nM) were premixed with greater than 97% saturating levels of F99A (1 μM) and passed over immobilized sCD4 to detect the formation of a
potential three-component complex. The direct binding sensorgrams were then fit to a steady-state affinity model using the BIAevaluation 4.0 program
to calculate the affinity value (KD = 0.7 ( 0.04 μM). The data were plotted using Origin 7.
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Table 2. Direct Binding Affinities, SPR-BasedCompetition, and Viral Inhibition Values for Fabm18 andMutant Interactions with
HXBc2 Gp120

chain residue ka (1/(M s)) kd (1/s) KD (nM) % ka % 1/kd CD4 IC50 (nM) 17b IC50 (nM) HxBC2 viral inhibition (nM)

WT 5.2 e4( 2.2 2.2 e-4( 0.9 4.3 100 100 36.1 ( 12.9 56.9 ( 13.0 70.8 ( 37.4

HCDR3 F99A 1.0 e5( 0.02 1.3 e-4( 0.1 1.3 192 169 58.2 ( 4.3 69.5 ( 3.7 81.8 ( 50.8

F99Y 1.0 e5( 0.03 9.2 e-5( 0.6 0.9 192 239 62.8 ( 12.3 66.7 ( 6.1 14.6 ( 1.9

I100A 1.7 e4( 0.07 4.6 e-5( 1.0 2.8 33 478 >500 >500 >500

LCDR1 K31A 1.7 e4( 0.5 3.1e-4( 1.1 18.7 33 71 >500 >500 138.8 ( 106.5

LCDR2 S52A 3.5 e4( 2.1 2.0 e-5( 2.8 0.6 67 1100 >360 >360 81.0 ( 20.9

Figure 6. Fabm18 andmutant competition of HXBc2 gp120 binding to (A) sCD4 and (B) 17b and (C) viral inhibition withHXBc2 pseudotyped virus.
Fab m18 and its mutants, m18, F99A, F99Y, I100A, K31A, and S52A, at concentrations ranging from 0 to 500 nM were premixed with
100 nM HXBc2 gp120 before being passed over CM5 sensor surfaces which had immobilized (A) sCD4 and (B) 17b. The data shown are in percent
gp120 binding to the sCD4 and 17b surfaces, respectively, and were fit in the same manner as Figure 2. (C) Recombinant single round, luciferase-
reporter HIV-1HXBc2 viruses were incubated with increasing concentrations of m18 and mutants (0-500 nM) and then allowed to infect CD4 and
CXCR4 positive cells. Infected cells were detected through luciferase assays, and the IC50 values were estimated using nonlinear regression analysis with
Origin 7. (D) Comparison of competition of gp120 monomer binding and inhibition of pseudoviral cell infection by m18 mutants against monomeric
and pseudotyped HXBc2 Env. The inhibition of sCD4 binding to HXBc2 gp120 by Fab m18 and five of its mutants is plotted against their ability to
inhibit viral entry into cells. This is further divided into four theoretical quadrants. Fab m18 mutants in quadrant I are those found to inhibit sCD4
binding to monomeric HXBc2 gp120 in solution assays, as well as to prevent viral cell entry. The mutant in quadrant IV is ineffective in inhibiting both
monomeric HXBc2 gp120 binding and viral cell infection. Mutants in quadrant II are those that have suppressed inhibition of sCD4 binding to
monomeric HXBc2 gp120 but are nonetheless effective in preventing viral entry into target cells. Mutants in quadrant III (none found) would be
effective in inhibiting sCD4 but ineffective at inhibiting viral entry. All experiments were performed in triplicate.
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calorimetry (Gift et al., accompanying paper (DOI 10.1021/
bi101160r)).

The finding of mutants that bind strongly to YU-2 gp120 but do
not inhibit CD4 and 17b predicts that three-component com-
plexes should be able to form. We tested this possibility using the
F99A mutant. Indeed, SPR analysis showed that YU-2 gp120
saturated with F99A bound to immobilized CD4 with an
observably weak affinity of 0.71 μM ((0.04). Moreover, this
interaction is directly affected by the orientation of the experiment.
When CD4 is premixed with YU-2 gp120 first, gp120 binding to
F99A is inhibited in a similar manner as wild-type m18 (shown in
the accompanying paper (DOI 10.1021/bi101160r)). It is likely
that the three-component complex, observable kinetically in
Figure 5C, is not stable at equilibrium. Indeed, attempts during
this study to observe three-component complexes in mixtures of
F99A, YU-2 gp120, and CD4 by analytical ultracentrifugation
failed to convincingly separate out such complexes. This could be
due in part to the slower off rate of CD4, in comparison to F99A,
preventing the formation of a long-lasting three-component
complex of these two protein ligands with YU-2 gp120.

Wild-type m18 has a high affinity for YU-2 and HXBc2 gp120,
inhibits their receptor sites in SPR assays, and suppresses
recombinant HXBc2 viral infection. A number of m18 mutants
that had high affinity for HXBc2 gp120 binding, but exhibited
reduced or undetectable CD4 and 17b inhibition effects in SPR
assays, were nonetheless found to suppress recombinant viral
infection. This result is reminiscent of observations of significant
anti-FLAG induced viral neutralization of pseudoviruses contain-
ing the FLAG sequence imported into the V4 loop of gp120. V4
is highly variable and distant from the binding sites for both CD4
and coreceptor. Antibodies directed at this inserted linear FLAG
sequence were sufficient to reduce cell infection by the modified
pseudotyped envelope by a maximum of 80%. The finding of
residual (20%) infection even at saturating anti-FLAG was
interpreted to indicate that the CD4 and coreceptor binding
sites are not directly blocked by anti-FLAG binding to
gp120.34-36 Instead, the FLAG antibody results argued that
noncompetitive effects of an antibody on the functional virus
spike could be sufficient to allow neutralization of the virus. The
neutralization of HIV-1 HXBc2 pseudovirus by m18 mutants
that do not inhibit CD4 and 17b interactions with monomeric
HXBc2 and YU-2 gp120 appear analogous to the prior finding
with anti-FLAG neutralization. Although these two strains of
HIV-1 utilize different coreceptors (YU-2 utilizes CCR5 and
HXBc2 utilizes CXCR4) during infection,37,38 we have shown
using gp120 mutants that m18 binding is independent of
the coreceptor site (accompanying paper (DOI 10.1021/
bi101160r)). Hence, we would expect that m18 inhibition should
be independent of coreceptor usage. Furthermore, coreceptor
usage is determined by the variable loops of gp120,39 and we and
others have shown that Fab m18 binds with high affinity to core
gp120, which has all of the variable loops removed.23,24

We cannot rule out the possibility that such mutants may inhibit
receptor binding to YU-2 and HXBc2 gp120 in the context of
trimeric envelope spike. We also cannot distinguish at present
whether the noninhibitory m18 mutants are neutralizing by
altering envelope spike conformation or instead limiting receptor
access to the receptor binding sites of the envelope spike. These
HXBc2 viral neutralization assays were performed with a limited
subset of Fab m18 mutants, representing the different patterns of
competition observed through SPR, in order to identify the
extent of the relationship between SPR and antiviral effects.

The results obtained demonstrate that inhibition of monomeric
HXBc2 gp120 receptor binding is not necessarily a predictor of
antiviral cell infection effects.

Investigation of neutralizing antibodies against HIV-1 gp120
such as m18 can help to determine how ligand interactions can
lead to specific neutralization of the virus. Our results, taken in the
context of other neutralizing antibodies, reveal that antagonizing
viral entrymay occur through different mechanisms of binding site
inhibition and viral spike disruption.3,6,13,17,18,23,24,40-42 Under-
standing these different mechanisms may prove useful in deter-
mining productive routes to inhibit HIV entry.
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