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ABSTRACT: We investigated the interaction between cross-reactive
HIV-1 neutralizing human monoclonal antibody m18 and HIV-1yy;,
gp120in an effort to understand how this antibody inhibits the entry of
virus into cells. m18 binds to gp120 with high affinity (Kp & S nM) as
measured by surface plasmon resonance (SPR) and isothermal titra-
tion calorimetry (ITC). SPR analysis further showed that m18 inhibits
interactions of gp120 with both soluble CD4 and CD4-induced
antibodies that have epitopes overlapping the coreceptor binding site.
This dual receptor site antagonism, which occurs with equal potency
for both inhibition effects, argues that m18 is not functioning as a N
mimic of CD4, in spite of the presence of a putative CD4-like loop C}Q
formed by HCDR3 in the antibody. Consistent with this view, m18
was found to interact with gpl20 in the presence of saturating
concentrations of a CD4-mimicking small molecule gp120 inhibitor,
suggesting that m18 does not require unoccupied CD4 Phe43 binding
cavity residues of gp120. Thermodynamic analysis of the m18—gp120
interaction suggests that m18 stabilizes a conformation of gp120 that is
unique from and less structured than the CD4-stabilized conformation. Conformational mutants of gp120 were studied for their
impact on m18 interaction. Mutations known to disrupt the coreceptor binding region and to lead to complete suppression of 17b
binding had minimal effects on m18 binding. This argues that energetically important epitopes for m18 binding lie outside the
disrupted bridging sheet region used for 17b and coreceptor binding. In contrast, mutations in the CD4 region strongly affected m18
binding. Overall, the results obtained in this work argue that m18, rather than mimicking CD4 directly, suppresses both receptor
binding site functions of HIV-1 gp120 by stabilizing a nonproductive conformation of the envelope protein. These results can be
related to prior findings about the importance of conformational entrapment as a common mode of action for neutralizing CD4bs
antibodies, with differences mainly in epitope utilization and the extent of gp120 structuring.
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uring the initial stages of HIV-1 infection, attachment and
fusion of the virus to the host cell membrane are mediated
by the viral envelope spike. The spike structure is composed of a
heterotrimeric complex of three glycoprotein 120 (gp120) and
three glycoprotein 41 (gg)4l) subunits that associate through
noncovalent interactions.' * During infection, gp120 initially
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interacts with CD4 expressed on T-cells and macrophages.
Binding to CD4 leads to conformational structuring within
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gp120, facilitating interactions with an obligate coreceptor, either
CCRS or CXCR4.' Interaction with the coreceptor then
induces further conformational changes within gpl120 and
gp41, exposing gp41 to the host membrane, which ultimately
leads to fusion of the virus and host cell membranes.''>* As
such, the development of entry inhibitors that target conserved
regions of the envelope and block the initial attachment and
fusion processes is an important strategy in combating the spread
of HIV-1.>> However, this has been impeded by extensive
sequence variability among virus subtypes and the conforma-
tional masking of receptor binding sites within gp120.>°"*' Any
effective HIV-1 entry inhibitor that targets gp120 must therefore
recognize a site that is conserved throughout the isolates. A
promising target for such entry inhibitors is the CD4 binding site
(CD4bs) because of its absolute functional conservation among
all isolates of HIV-1.

Broadly neutralizing monoclonal antibodies (mAb) to the
HIV-1 envelope have been found to be rare, and those that have
been identified have been investigated in an attempt to find both
clues about vaccine design and insights into the envelope
protein’s role in entry of the virus into host cell. > >* Represen-
tative broadly neutralizing antibodies that recognize envelope
gp120 include CD4bs antibody bl12, outer domain-directed
antibody 2G12, VRCO1 that is directed at multiple neutralizing
epitopes, and spike-dependent PG9 and PG16. b12 binds to a
region of gp120 that partially overlaps with the CD4 binding
interface and prevents the formation of both the fully structured
CD4bs and a structured bridging sheet for coreceptor binding.*®
A similar mode of action has been elucidated for the less broadly
neutralizing mAb F105.** In contrast, monoclonal antibody
2G12 binds to the outer domain of gp120 through interactions
with carbohydrate groups on the exposed envelope surface. This
antibody does not interfere with CD4 or coreceptor binding by
monomeric gpl20 but nonetheless inhibits viral entry, likely
by effects on envelope function in the context of the virus
spike.** * Recently, a highly potent CD4bs antibody, VRCO1,
was identified that appears to exert its neutralization breadth by
partially mimicking CD4 and at the same time interacting at a
glycosylation site.*>** Furthermore, a set of potent neutralizing
antibodies, PG9 and PG16, have been identified that bind to
envelope spike trimers, but not to gp120 monomers.*~*

In spite of the observation of antibodies such as those
mentioned above, these have proven to be difficult to elicit as
dominant antibody responses upon envelope protein vaccina-
tion, reflecting the ability of the virus to evade elimination by the
immune system. Nonetheless, the fact that broadly neutralizing
antibodies can be isolated indicates that their highly conserved
binding sites are potential targets for developing compounds to
halt HIV-1 entry. In addition, their modes of action can provide
clues for designing vaccines that could elicit improved neutraliz-
ing responses.

In this paper, we describe the characterization of m18, a
monoclonal antibody against HIV-1 that was initially isolated
through phage display technology, utilizing complexes of soluble
CD4 (sCD4) and HIV-1 gp120 to select for tightly binding
sequences.”® >° Previous results showed that Fab m18 was able
to bind to HIV-1 envelope gp120 and to inhibit virus infection.**
We sought to characterize Fab m18 binding through biophysical
assays to improve our understanding of how the antibody
interaction suppresses gp120 function. This was achieved by
combining surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC) experiments to investigate the kinetic

and thermodynamic properties of the interaction between m18
and wild-type HIV-1yyy., gp120 (herein designated gp120) and
various conformationally constrained mutants of the gpl20
protein. m18, though classified as a CD4bs antibody, does not
require unoccupied CD4 Phe43 binding pocket residues for
gp120 interaction. Instead, the results argue that the major mode
of gp120 inhibition occurs through interactions of the m18
paratope with structural elements outside the Phe43 binding
pocket, leading to stabilization of a gp120 conformation with
both of its receptor binding sites suppressed. The resulting
phenomenon of dual receptor site inhibition has been observed
as a recurrent theme for a number of neutralizing CD4bs
antibodies.”'

B EXPERIMENTAL PROCEDURES

Reagents and Proteins. Expression plasmids, HIV-1yy.,
gp120 and the HIV-1yy 5 s37sw/T2s7s gp120 mutant, were kind
gifts from J. Sodroski. The expression plasmid for HIV-1yy.5 core
gp120 was a gift from R. Wyatt. HIV-1yy, op1 gp120 protein
was provided by J. Sodroski and X. Yang. CHO-ST4.2 cells were
obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health
(NIH), from D. Littman. IgG F10S5 was obtained through the
AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH, from M. Posner and L. Cavacini. Antibodies
IgG b12 and IgG b6 were kindly provided by D. Burton. IgG
412d and IgG 48d were kindly provided by J. E. Robinson.
Monoclonal antibody 17b was purchased from Strategic Biosolu-
tions; D7324 was purchased from Aalto Bio Reagents Ltd. F425
B4A1 was acquired from M. Posner and L. Cavacini.

Expression of HIV-1 gp120 Protein. HIV-1yy., gpl20, its
mutants, and HIV-1yycore gp120, all in expression vector
pcDNA3.1, were produced as soluble proteins in mammalian
cells using the 293F Invitrogen protocol. Briefly, a 1 L culture of
freestyle human embryonic kidney cells (HEK 293F) was grown
to a density of 1 X 10° cells/mL under 7.4% CO, in Gibco
Freestyle 293F medium (Invitrogen). The cells were then
transfected with 1 mg of plasmid DNA per liter of culture using
293F Fectin (Invitrogen) and Opti-MEM I (Invitrogen). The
cells were grown at 37 °C in 7.4% CO, for S days, after which the
supernatant was clarified and the protein was purified as
outlined below.

Purification of HIV-1 gp120 Protein. Wild-type gp120 was
purified with an F10S affinity column as previously described to
obtain a homogeneous population for ITC experiments.>” This
protein was then further purified through a Hiload 26/60
Superdex 200 column (GE Healthcare) to separate monomeric
gp120 from misfolded and aggregated protein. Wild-type and
mutant gp120 proteins for SPR experiments were purified using
immobilized metal affinity chromatography (IMAC) through a
C-terminal histidine tag. The clarified supernatant was passed
through a column of nickel-nitrilotriacetic acid (Ni-NTA) agar-
ose beads charged with nickel sulfate. Once the supernatant had
passed through it, the column was washed repeatedly with
20 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 20 mM
imidazole. The bound gp120 was eluted using 20 mM Tris-
HCI (pH 7.4), 150 mM NaCl, and 200 mM imidazole. All of the
proteins were concentrated, exchanged into phosphate-buffered
saline (PBS) [0.01 M NaH,PO, and 0.15 M NaClI (pH 7.0) ], and
stored at —80 °C. SPR analysis of wild-type gp120 purified with
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an affinity column versus an IMAC column showed little
difference in the affinity measurements for sCD4, b12, 17b,
and Fab m18 (data not shown).

Mutagenesis of HIV-1 gp120. The D368R mutation of
gp120 was introduced using primers S'cccagcagcgggggcaggeccg-
agatcgtgacc3/ and 5’ggtcacgatctcgggcctgcccccgctgctgggy via ba-
sic mutagenic protocols.>>>* The 1420R mutation was intro-
duced using primers 5/accctgccctgccg%cggaagcagatcatcaac3/ and
§'gttgatgatctgcttcegecggagggeagggtd’ >’ The 1423M/N425K/
GA431E triple mutation was introduced into gp120 using primers
5/tgccggatcaagcagatgatcaagatgtggcaggaggtggagaaggccatgtacgcc?)/
and 5’ggcgtacatggccttgcccacctcctgccacatgttgatcatctgcttgatccggc-
a3'.>® Mutants DS and D9GG were based on constructs created
by Rits-Volloch et al."> The DS mutant has a four-residue
deletion (,0sPKs07 and 513IP;,) from the 53—/3S loop sequence
(206PKVTFEPIP, ) caused by using primer sets of S’atcacccagg—
cctgegtgagettegageeed’ and §'gggctegaagetcacgeaggectgggtgatd’,
and 5’gtgagcttcgagcccatccactactgcgcc?)’ and &' ggcgceagtagtggatg-
ggctcgaagetcac3’, respectively. The DS mutant was mutated
further to create the D9GG mutant. Using primers S'atcaccca-
ggcctgcggcggcatccactactgcgcc3’ and 5'ggcgcagtagtggatgccgecgc-
aggcctgggtgat3’, the 33—/35 loop sequence (50sPKVTFEPIP,,,)
was completely removed and replaced with two glycine residues.
Other point mutations in gp120 were also introduced: P124A
(5’gaccagagcctgaaggcctgcgtgaagctgacc3' and Slggtcagcttcacgc-
aggccttcaggctctggtc3’), T278A (5/cggagcgagaacttcgccaacaacg—
ccaagaccd’ and S'ggtcttggegttgttegcgaagttetegetecgd’), N279A
(5’agcgagaacttcaccgccaacgccaagaccatc3' and S'gatggtcttggcgtt-
ggcggtgaagttctcgctS'), N280A (5/gagaacttcaccaacgccgccaagac—
catcatc3’ and $'gatgatggtcttggcggcgttggtgaagttctcl’), A281G (§'-
aacttcaccaacaacggcaagaccatcatcgtg3’ and Slcacgatgatggtcttgcc-
gttgttggtgaagtt3/), K282A (5/ttcaccaacaacgccgccaccatcatcgtgc-
ag3’ and ' ctgcacgatgatggtggcggcgttgttggteaald’), T283A (S acca-
acaacgccaaggccatcatcgtgcagctg3' and Slcagctgcacgatgatggcct-
tggcgttgttggt3’), and R456A (5/ggcctgctgctgaccgccgacggcggc—
aaggac?)’ and 5’gtccttgccgccgtcggcggtcagcagcaggcc?y’). Site-direc-
ted mutagenesis was conducted in three rounds using standar-
dized techniques (Stratagene).

Production of Fab m18. The Fab m18 gene, contained in
phage display vector pComb3x, was transformed into HB2151
cells (Maxim Biotech). The transformed cells were grown in
super broth medium at 37 °C until the optical density reached 0.8
absorption unit. Protein expression was then induced with 2 mM
IPTG, and the cells were grown at 30 °C for 18 h. Cells were spun
down and resuspended in PBS with 20 nM PMSF, 100 uM
lysozyme, and 100 #M DNase VI. The cells were then sonicated
at 50% power with repeated cycles of 15 s on and 10 s off for §
min. The lysed cells were spun down at 18000 rpm for 20 min,
and the supernatant was passed through a 0.2 ym filter. Fab m18
was affinity purified via protein G chromatography and eluted
from the column with 0.1 M glycine (pH 2.5). The protein was
exchanged into PBS and stored at —20 °C.

Production of Soluble CD4. Soluble CD4 (sCD4) was
produced from CHO-ST4.2 cells and contained the entire
extracellular domain of the receptor. The soluble protein was
secreted by the cells into the supernatant and purified as
described previously.>

Peptide Synthesis. [FSW]CD4F23, a miniprotein mimic of
CD4, was synthesized through solid phase peptide synthesis
using an ABI 433A peptide synthesizer (Applied Biosystems,
Foster City, CA) and purified through a C18 reverse phase
HPLC column as previously reported.’> The sequence of

[FSW]CD4F23 corresponds to that of the previously reported
CD4F23% with a tryptophan mutation at position $ to facilitate
quantification of the miniprotein (CNLHWCQLRCKSLGL-
LGKCAGSFCACV-NH,) by UV spectroscopy without its bind-
ing properties being disturbed. MALDI mass spectroscopy
was performed by the Wistar Institute Proteomics Facility
(Philadelphia, PA) on the oxidized peptide and gave a mass of
2905.9 Da (the calculated value is 2906.3 Da).

Surface Plasmon Resonance Binding Analysis. Surface
plasmon resonance (SPR) assays were performed on a BlAcore
3000 instrument (GE Healthcare). Ligands were immobilized
onto a CMS dextran sensor surface through standard amine
coupling techniques using 0.2 M EDC and 0.05 M NHS, based
on manufacturer protocols and as described previously.>* Briefly,
the carboxymethyl dextran was activated via injection of 35 4L of
the EDC/NHS solution over the surface at a rate of 5 #L/min.
The ligand was diluted to 0.01 pg/uL in 10 mM sodium acetate
(pH 4.5) and manually injected over the activated CMS sensor
surface until the appropriate amount of ligand [in response units
(RU)] was immobilized onto the surface. The reactive surface
was then quenched via injection of 35 uL of 1 M ethanolamine-
HCl (pH 8.0) over the surface at a rate of S #L/min. A
nonspecific reference surface was created through immobiliza-
tion of IgG 2E3, an anti-ILS monoclonal antibody. This reference
surface, along with buffer injections [PBS (pH 7.2) (Roche
Diagnostics GmbH)], was used to correct for nonspecific inter-
actions and instrumental artifacts.

Direct binding interactions of gp120 and its mutants to sCD4,
b12, Fab m18, and 17b were studied through SPR. Soluble CD4
(2000 RU), IgG b12 (700 RU), Fab m18 (400 RU), and IgG 17b
(700 RU) were immobilized onto the surface of a CMS chip. On
average, immobilized Fab m18 is only 15% active because of the
random orientation of the Fab molecules during the immobiliza-
tion process. This does not affect the affinity measurements
because inverting the assay and immobilizing gp120 on the
surface yields the same affinity values for the m18—gp120
interaction (data not shown). Serial dilutions of gp120 and its
mutants were made in PBS and injected over the Fab m18 surface
at a rate of 50 #L/min with a 250 s association and dissociation
for up to 300 s. The 2E3, sCD4, m18, and b12 surfaces were then
regenerated with a S s pulse of 1.3 M sodium chloride and 35 mM
sodium hydroxide at a rate of 100 #L/min. The 17b surface was
regenerated with a S s pulse of 10 mM glycine (pH 1.5) at a rate
of 100 #L/min. Kinetic analysis of binding of gp120 to sCD4,
b12, m18, and 17b was performed by fitting the binding curves to
a Langmuir 1:1 model using BIAevaluation version 4.0, with low
residuals and XZ. This analysis determined the average k, and kg
values, which were then used to calculate the associated K, and
Kp values.

Competition assays were performed using SPR to study the
effect of Fab m18 on interactions of gp120 with sCD4 and 17b.
During these experiments, sCD4 and 17b were immobilized onto
a sensor surface and regenerated as stated above.>%! Increasing
concentrations of m18 (from 4 to S00 nM) were premixed with a
final gp120 concentration of 100 nM and then passed over the
sensor surface to detect binding of gp120 to immobilized sCD4
and 17b. m18 and gp120 were premixed so that gp120 could bind
to the Fab before being allowed to bind to sCD4 or 17b, allowing
for true competition. If gpl120 is allowed to bind to the
immobilized sCD4, m18 cannot bind to this complex. Reverse
experiments were also performed in which Fab m18 was im-
mobilized and 100 nM gp120 was premixed with increasing
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concentrations of sCD4 or Fab 17b. During all the competition
assays, each concentration series was run in triplicate. Because of
the setup of the SPR experiments, the premixing times were
variable for all of the samples, but this was found via repeat
analyses not to affect the degree of competition for any given
concentration throughout the duration of the experiments. In a
similar assay, ligands IgG F105, IgG b6, IgG 412d, IgG 48d, Fab
XS, Fc M9, IgG D7324, and IgG B4A1 were all immobilized onto
separate sensor surfaces to a maximal density of 600 response
units and competition was studied in the same manner described
above. IgG CGI10 was immobilized onto a sensor surface to a
maximal density of 1000 RU. Binding of this antibody to gp120 is
fully dependent on the presence of sCD4. To obtain direct
binding kinetics for binding of gp120 to CG10, serial dilutions of
gp120 (from O to S00 nM) were premixed with a final sCD4
concentration of 600 nM (to obtain 99% saturation of gp120)
before being injected over the CG10 surface.”> These immobi-
lized ligands were all regenerated with a S s pulse of 1.3 M sodium
chloride and 35 mM sodium hydroxide at a rate of 100 #L/min.

Competition analysis of binding of NBD-556°° to gp120 and
blocking Fab m18 interactions were performed using immobi-
lized Fab m18 as stated above. Increasing concentrations of
NBD-556 (up to 250 M to reach 99.9% saturation of gp120)
were premixed with a final gp120 concentration of 100 nM in 2%
DMSO before being injected over the m18 surface at a rate of
50 uL/min. DMSO (2%) was added to the buffer to solubilize
NBD-556; this additive had negligible effects on gp120 as judged
by control gp120 binding analysis in 2% DMSO and the absence
of NBD-556 (data not shown). This experiment was repeated
with [FSW]CD4F23, which was immobilized to the sensor
surface of a CMS chip through standard amine coupling proce-
dures to a maximal density of 300 RU. The peptide surface was
regenerated with a single S s pulse of 10 mM glycine (pH 1.5) ata
rate of 100 uL/min. The data were analyzed by plotting the
maximal response at steady state against the concentration of
NBD-556 in solution and then fitting to a four-parameter
equation using BIAevaluation version 4.0.>” This analysis yielded
the half-maximal binding inhibitory concentration (ICs).

Isothermal Titration Calorimetry. Isothermal titration ca-
lorimetric experiments were performed using a high-precision
ITC200 titration calorimetric system from MicroCal LLC
(Northampton, MA). The calorimetric cell (~0.2 mL), contain-
ing gp120 at a concentration of ~3 uM dissolved in PBS (pH
7.4) (Roche Diagnostics GmbH), was titrated with m18 dis-
solved in the same buffer. Fab m18 at a concentration of 30 uM
was added in steps of 1.4 uL with preset intervals. All solutions
were degassed to avoid any formation of bubbles in the calori-
meter during stirring. The experiments were performed at 15, 20,
25, 30, and 35 °C. The heat evolved upon injection of the
antibody was obtained from the integral of the calorimetric
signal. The heat associated with the binding reaction was
obtained by subtracting the heat of dilution from the heat of
reaction. The individual binding heats were plotted against the
molar ratio, and the values for the enthalpy change (AH) and
association constant (K, ) were obtained by nonlinear regression
of the data.

B RESULTS

Inhibition of Binding of gp120 to sCD4 and 17b by Fab
m18. To understand how m18 binding affects the exposure of
the receptor sites on gpl20, we performed SPR competition
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Figure 1. (A) Fab m18 inhibition of binding of gp120 to sCD4 and
mADb 17b. Serial dilutions of Fab m18, from 0 to 500 nM, were premixed
with a final gp120 concentration of 100 nM before being passed over
immobilized sCD4 and 17b. The maximal response at steady state for
each concentration of Fab m18 was taken, and these values were then fit
to a four-parameter equation, using BIAevaluation, to determine the
ICs values for m18 inhibition of sCD4 and 17b. (B) Serial dilutions of
CD4 and Fab 17b, from 0 to 500 nM, were premixed with a final gp120
concentration of 100 nM before being passed over immobilized Fab
m18. The maximal response at steady state for each concentration of
sCD4 and 17b was taken, and these values were then fit to a four-
parameter equation, using BIAevaluation, to determine the ICs, value
for sCD4 (96 £ 12 nM). 17b inhibition of m18 could not be assessed.
These competition data are in percent gp120 binding to the sCD4 and
IgG 17b surfaces, with 100 nM gp120, 0 nM Fab m18 represents 100%
binding to the surface. (C) m18 (600 RU) was immobilized onto a CMS
sensor chip via a BIA3000 instrument. Increasing concentrations of
gp120 premixed with a fixed IgG 17b concentration of 1 M were passed
over the surface to obtain these response curves (black), and the data
were fit to a Langmuir 1:1 binding model (red) using BIAevaluation.
The averages of the association and dissociation rates were used to
determine the overall affinity for these protein—protein interactions.
The affinity of 17b-saturated gp120 for m18is49.0 nM [k, = (1.3 £ 0.9) X
10° M 's7! and kg = (6.2 £ 4.1) x 10> s~ ']. Buffer injections and
control surface binding were subtracted from each curve. The data were
plotted with Origin 7.
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analyses with sCD4 and mAb 17b. In experiments with mono-
meric gp120, we used 17b as a surrogate in lieu of the soluble
coreceptor, CCRS.%303%57616465 Thege assays were conducted
via SPR by immobilizing sCD4, 17b, and 2E3% onto a sensor
surface and injecting a constant concentration of gp120 (100
nM) premixed with increasing concentrations of Fab ml8.
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Figure 2. Fab m18 inhibition of binding of gp120 to various antibody
ligands of HIV-1. (A) Fab m18 inhibition of binding of gp120 to sCD4
and CD4bs mAbs as well as an antibody to the C-terminus of
gp120: sCD4, mAb B12, mAb F105, mAb B6, and mAb D7324. (B)
Fab m18 inhibition of binding of gp120 to coreceptor site antibodies
and one antibody specific for the tip of the V3 loop: mAb 17b,
mAb 412d, mAb 48d, mAb X5, mAb M9, and mAb B4Al. Serial
dilutions of Fab m18, from 0 to 500 nM, were premixed with a final
gp120 concentration of 100 nM before being passed over the immobi-
lized ligands. The maximal response at steady state for each concentra-
tion of Fab m18 was taken, and these values were then fit to a four-
parameter equation, using BIAevaluation, to determine the ICs, values
for m18 inhibition. The data are in percent gpl20 binding to the
immobilized ligand surfaces, with 100 nM gp120, 0 nM Fab m18
representing 100% binding to the surface. The data were plotted with
Origin 7.

Control experiments were performed to verify that Fab m18
does not interact with immobilized sCD4 or 17b (data not
shown). Figure 1A shows that, as the concentration of Fab m18
increased, the level of binding of gp120 to both sCD4 and 17b
decreased. From these inhibition curves, we determined the
relative ICs values for m18 inhibiting binding of sCD4 and 17b
to gp120 were 33.0 &= 3.6 and 36.0 == 3.6 nM, respectively. These
data indicate that m18 binds to gp120 in a manner that weakens
its interaction with both of the functionally important receptor
sites. The reverse experiment was also performed to show that
sCD4 inhibited interactions of gp120 with Fab m18 with an ICy
value of 96.0 £ 12 nM but Fab 17b did not completely inhibit
interactions of gp120 with m18 (Figure 1B). To verify that 17b
incompletely inhibited m18 binding, saturation analysis was
performed. Increasing concentrations of gp120 were saturated
with IgG 17b before being passed over immobilized Fab m18.
The level of interactions of gp120 with m18 was reduced 10-fold
by 17b binding (Figure 1C). To understand if this inhibition was
specific to the CD4 and coreceptor sites, we performed competi-
tion analyses with a number of other CD4bs and CD4i (CD4-
induced site) monoclonal antibodies (Figure 2, Table 1, and
Figure 1 and Table 1 of the Supporting Information ).>>37/57/6967~69
Fab m18 suppressed binding of gp120 to all the CD4bs and CD4i
antibodies but did not block binding of gp120 to antibodies
specific to the C-terminus and the tip of the V3 loop. We also
tested the competition of m18 with mAb CG10 as a control for
the 17b competition effect. CG10 binds to the CD4i site on
gp120 with complete CD4 dependence.'®”®”" When a competi-
tion experiment was performed with m18, there was no detect-
able binding of gp120 or the gp120—m18 complex to CG10,
indicating that the coreceptor site is not available in m18-bound
gp120. CD4-independent binding of CG10 to gp120 was not
seen, as shown in Figure 2 of the Supporting Information. In the
presence of a saturating amount of sCD4, gp120 bound to CG10
with an affinity of 1.5 nM. Overall, these competition experi-
ments further confirm that Fab m18 suppresses interaction at
both gp120 receptor sites.

Reduced Level of Structure of gp120 upon High-Affinity
Fab m18 Binding. Previous ELISA studies demonstrated that
m18 binds to various gp120s with high affinity.*® Here, we
measured the kinetic and thermodynamic parameters of this
interaction. SPR allows for quantification of the individual rate
constants (ko and kog) that contribute to the equilibrium
dissociation constant (Kp). We immobilized gp120 and a control
protein (IgG 2E3) onto the sensor surface of a CMS chip and
injected concentrations of Fab m18 ranging from 4 to S00 nM
over these surfaces. We found that m18 binds to gp120 with low
nanomolar affinity (Kp = 4.8 nM) (Figure 3A and Table 2),
consistent with previously published data.*® The m18—gp120
interaction was characterized by a relatively fast association rate
[k, = (33£0.7) x 10* M~ ' s '] and a very slow dissociation
rate [kq = (1.6 £ 0.3) x 10~ *s~']. We performed experiments
by reversing the orientation of the ligands, immobilizing Fab
m1l8, and passing it over concentrations of gpl120, and the

Table 1. Direct Binding Kinetics for Interactions of gp120 with Monoclonal Antibody Ligands of HIV-1 and ICs, Values for Fab
m18 Inhibition of Interactions of gp120 with These Ligands, As Determined by SPR Analysis®

sCD4 b12 F105 b6 17b
Kp (nM) 10.5 46.6 34.8 1.8 1.8
ICso (nM)  33.0+36 323406 255+16 327412

@ All values are in nanomolar. ® No inhibition detected.

36.0 =12

412d 48d XS M9 D7324  B4Al
3.0 6.0 32 0.7 102 32.6
252+41 226+71 37.6+32 37.5+30 NI NI®
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Figure 3. Binding of gp120 to Fab m18 assessed by SPR and ITC. (A)
Fab m18 was immobilized onto a CMS sensor chip via a BIA3000
instrument. Increasing concentrations of gp120 were passed over the
surface to obtain these response curves (black). These experiments were
repeated a minimum of three times, and each set was fit to a Langmuir
1:1 binding model (red) using BIAevaluation. The averages of the
association and dissociation rates were used to determine the overall
affinity for these protein—protein interactions. Buffer injections and
control surface binding were subtracted from each curve. The sensor-
grams and the fits were created with Origin 7. (B) Microcalorimetric
titration of 30 #M Fab m18 into a 2 uM solution of gp120. This titration
was performed at 25 °C in PBS (pH 7.4) and repeated three times. The
data were fit using Origin.

experiments revealed similar interaction kinetics (data not
shown).

We employed isothermal titration calorimetry to thermody-
namically characterize the binding of Fab ml8 to gpl20
(Figure 3b). m18 binds to gp120 with an affinity of 6.2 nM.
The values for the enthalpy and entropy of binding for interac-
tions of m18 with gp120 at 25 °C are —14.6 kcal/mol and —11.4
cal K™ ' mol }, respectively, and the heat capacity change for this
interaction is —0.56 kcal K~ ' mol '. The enthalpy value for

binding of m18 to gp120 at 35 °C is —19.2 kcal/mol. The
calculated enthalpy and entropy values for this interaction at
37 °C are —21.3 kcal/mol and —3.2 cal K™ " mol ', respectively.
These thermodynamic values suggest that m18 induces a level
conformational structuring in gp120 that is far lower than that
observed for CD4 though greater than that observed for the
broadly neutralizing mAb b12 (see Discussion)

Fab m18 Binding to Conformational Mutants of gp120.
The similarities between the ICsq values for competition of m18
with CD4 and 17b binding (Figure 1A) and the 1:1 stoichiom-
etry of the ml18—gpl20 interaction determined via ITC
(Figure 3B) argue that the effects at both receptor sites are due
to a single m18 binding process. To improve our understanding
of the structural elements at the CD4 and CD4i binding sites that
contribute to m18 binding, we introduced mutations into gp120
that disrupt these sites individually. SPR analysis was performed
in which increasing concentrations of these mutants, from 4 to
500 nM, were passed over a CMS sensor surface with immobi-
lized Fab m18 and the nonspecific control, 2E3. We sought to
determine if constraining the conformation of one receptor site
could disrupt m18 interaction (Table 2). All of the mutant
proteins were validated for functionality using sCD4, 17b, and
b12 (Figure 4 and Figure 3 and Tables 2—S5 of the Supporting
Information).

The first set of mutations altered the CD4bs by either
enhancing or disrupting receptor binding. S37SW/T257S is a
mutant that enhances the activated conformation of gp120 and
binds to immobilized sCD4 with a 10-fold increase in affinity.>*”>
In contrast, the Fab m18 affinity was not affected by this
mutation. We also studied the D368R mutation, which abolishes
critical contacts in the CD4bs while leaving the coreceptor site
intact.>”*3 95573776 Direct analysis of binding of D368R gp120
(up to S uM) to immobilized Fab m18 indicated that m18 cannot
bind to this mutant.

The second set of mutations disrupts coreceptor binding, but
not sCD4 binding. These mutants include DS and D9GG, which
have constraints in the 33—/35 loop that restrict the formation of
the bridging sheet,'>* and 1420R, which disrupts a key contact in
CCRS binding."**”7* Direct binding analysis showed that Fab
m18 can bind to all three of these mutants with high aflinity.
From these data, the relationship between the m18 binding site
and the CD4 and coreceptor binding sites appears to be
asymmetric, as reflected by the different extents of m18 interac-
tions to mutations made to disrupt these specific sites.

The functional outer domain of gpl20 (OD1), 1423M/
N425K/G431E, and core gpl20 were used to expand our
bindin_ﬁ site characterizations. Truncation of gp120 to create
OD1”” abrogates sCD4 and 17b binding while retaining the b12
epitope, shown through SPR.** In addition, Fab m18 did not
bind detectably to OD1,*” up to 10 #M in our SPR experiments.
1423M/N425K/G431E is a triple mutant in the $20—/21 loop
that has a reduced level of binding to CD4 and no binding to the
coreceptor but retains binding to b12.>* These point mutations
had no effect on binding of m18 to gp120. Finally, we tested
binding of m18 to core gp120 to determine the necessity of the
variable loops for m18 binding.és’67’78 Core gpl120 can bind to
sCD4 and bl2 but binds poorly to 17b in the absence of
sCD4.>37%%% We show that m18 binds to the gp120 core,*>*”
with a high affinity, indicating that the variable loops do not play a
role in the m18 binding epitope. Overall, these data indicate that
disruptions to the general CD4bs directly affect m18 binding,
whereas disruptions to the 17b binding site have minimal effects
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Table 2. Direct Binding Affinities of Wild-Type and Mutant gp120 Proteins to sCD4, IgG b12, IgG 17b, and Fab m18 As

Determined by SPR Analysis”

protein target sCD4 b12 17b ml8

YU-2 gp120 wt 10.5 46.6 1.8 4.8
S375W/T2578 CD4bs 0.9 75.5 3.5 6.0
D368R no binding no binding 12 no binding
DS CD4i 19.4 21.7 no binding 2.4
DIGG 26.1 319 no binding 16.0
1420R 24.8 182.0 no binding 17.9
1423M/N425K/G431E CD4bs and CD4i 78.1 74.9 no binding 3.6
OD1 outer domain no binding 53.8 no binding no binding
YU-2 core variable loops 204 S1.9 551.0 0.2

“Kp values are in nanomolar.

on m18 binding. These data argue that the suppression of 17b B DISCUSSION

binding by m18 is likely due to indirect conformational effects.

In conjunction with conformational mutants, we examined the
effects of gp120 mutations on m18 binding at suspected contact
sites. We compared the CD4 contact residues on gpl120, as
determined by crystal structure, with the mutational analysis
performed to identify the m18 binding site on gp120.°”% We
found eight residues that were not previously tested for m18
binding (P124, T258, N279, N280, A281, K282, T283, and
R456) but were found to form part of the CD4 interface in the
crystal structure. We created alanine point mutations at these
sites, with the exception of A281, which was mutated to a glycine.
Direct binding analysis of the single-site mutants with both CD4
and m18 was performed (Table 3). Interestingly, the single-site
gp120 mutants had a different pattern of effects on the two
ligands, though all effects were relatively muted in comparison to
results with conformational mutants. m18 had reduced affinity
for A281G and K282A, while these mutations had no significant
effect on sCD4 binding. Overall, these data suggest that the
effects of contact site mutations on m18 and CD4 binding are not
the same, further confirming the notion that m18 is not simply a
CD4 mimic.

Incomplete Blockade of Binding of Fab m18 to gp120 by
the Small CD4 Mimic, NBD-556. We have shown that Fab m18
binds to gp120 with high affinity. This binding is dependent upon
the conformational integrity of the CD4bs, as opposed to the
coreceptor binding site. However, what parts of the CD4 binding
site are used by m18 is not evident from these results. We utilized
the small nonpeptidic CD4 mimic, NBD-556, to probe this
question further. NBD-556 binds within the Phe43 cavity of
gp120 and directly competes with CD4 for binding to g3120.63’79
A fixed concentration of gpl120 was premixed with increasing
concentrations of this compound before it was injected over
immobilized Fab m18. Even at a concentration expected to
achieve 99% saturation, NBD-556 still could not reduce the level
of binding of gp120 to m18 below 30% (Figure SA). This
suppressed inhibition is unlikely to be due to gp120 hetero-
geneity because competition of NBD-556 for gp120 binding to
an immobilized CD4 mimic, [FSW]CD4F23, revealed complete
competition in this case (Figure SA). Saturation analysis with
NBD-556 indicates that it does not reduce the affinity of gp120
for m18 (Figure SB). It appears that part of the m18 epitope is
still intact in the gp120—NBD-556 complex. While these data
indicate a partial suppression of m18 binding by NBD-556, it is
clear that the m18 binding site is not dependent on the Phe43
binding cavity.

Previous studies have demonstrated that mAb m18 inhibits
entry of virus into cells for a range of HIV-1 subtypes.*® Structural
and sequence homology between the HCDR3 region of m18 and
the Phe43 loop of CD4 led to the possibility that m18’s specificity
might be derived from mimicking CD4.>° In the initial phase of
this project, we sought to examine the extent of m18’s binding
properties in comparison to those of CD4. Using SPR analysis,
we observed that m18 acted as a dual receptor site inhibitor,
suppressing binding of gp120 to both sCD4 and the coreceptor
surrogate, mAb 17b (Figure 1A). The suppression of 17b binding
is the opposite of the enhancement observed with CD4 and CD4
mimics.>* This dual antagonism indicates that m18 is not simply
a CD4 mimic. We followed up on these initial observations to
improve our understanding of the mechanism by which m18
binds to and inhibits gp120.

This investigation revealed that m18 stabilizes a conformation
of gp120 that is significantly different and much less structured
than the CD4- and F105-bound conformations of gp120.”
The binding of CD4 to gpl20 is characterized by unusually
large changes in favorable enthalpy and unfavorable entropy
(AH = —34.5 kcal/mol, and AS = —81 cal K" mol ') and a
large negative heat capacity change (AC,) (—1.8 keal K'
mol ). This thermodynamic signature originates from the large
structuring of residues in gp120 that takes place upon binding to
CD4 and leads to the stabilization of the coreceptor binding
site.'”%**" The magnitude of CD4-induced structuring of gp120
reflects the significant amount of disorder of gpl20 in its
unliganded state. We can surmise that m18 stabilizes a partially
structured state. Antibody ligands that inhibit gp120 activation
typically do not induce strong conformational structurin% and
stabilize nonactivated conformations of gp120.'%2%3%376551 The
thermodynamic signature of binding of b12 to gp120, supported
by the crystal structure of the gp120—b12 complex, suggests that
no major conformational structuring takes place in gp120 upon
binding to b12.* In this work, ITC analysis revealed that the
change in entropy and enthalpy for the m18—gp120 interaction
is much smaller than that for binding of CD4 to gp120
(Figure 3B). These data, along with the small change in heat
capacity (AC,), indicate that m18 is similar to other neutralizing
antibodies such as b12, which binds to gp120 with more limited
structuring than CD4.>® From prior results, it has been argued
that, if the binding of CD4 to gpl20 did not induce any
structuring, a change in heat capacity of —0.4 kcal K™' mol ™'
would be expected. This is close to what is experimentally
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P124A

Figure 4. This figure represents the core structure of HIV-1jgg;, gp120 with the V3 loop, and a black star denotes the nexus of the CD4 Phe43 binding
cavity. Residues mutated to produce conformational constraints on YU-2 gp120 are highlighted in panel A. Colored red is the inner domain (ID) of core
gp120 and blue the outer domain (OD), which also consists of the V3 loop colored violet. Highlighted in magenta are the residues (T257S and S375W)
that enhance the activated conformation of gp120.°*”> Highlighted in yellow is D368R, which disrupts the CD4 binding site without disrupting the
coreceptor site.>”*373¥%%7377 I cyan is 1420R, which has been shown to disrupt the coreceptor site without disrupting the CD4 binding site.”®*” The
triple mutant, [423M/N425K/G431E, is shown in shades of orange and has been shown to disrupt both receptor sites simultaneously.> The deletion
mutants, DS (dark green) and D9GG (green and dark green), were based on constructs created by Rits-Volloch et al."”* and have been shown to prevent
the formation of the bridging sheet. The DS mutation is a deletion of four residues (,06PKso7 and ,;3IP,;4) from the 53—fS loop sequence
(06PKVTFEPIP, ). To create the D9GG mutant, the 53—/3S loop sequence (,0sPKVTFEPIP,,,) was completely removed and replaced with two
glycine residues. Our studies with the outer domain were with the full length YU-2 gp120 protein and not the truncated version shown here. The full-
length OD consists of what is colored blue, the V3 loop (violet), and the full V4 loop, which is truncated in this structure. The core YU-2 gp120 structure
studied in this work consists of the inner domain (red) and the outer domain (blue) and does not include the V3 loop shown here. The data for Fabm18
binding to these mutant and truncated YU-2 gp120s are listed in Table 2. (B) Alanine mutants of YU-2 gp120 that were not previously studied with Fab
m18 were created. In yellow are residues that, when mutated to an alanine, had similar or better affinity for Fab m18 in comparison to that of wild-type
YU-2 gp120. In magenta are residues that, when mutated to an alanine, exhibit a >5-fold reduction in affinity for Fab m18. The data for these interactions
are listed in Table 3. The crystal structure represented here is of JRFL gp120 (Protein Data Bank entry 2B4C®®). The residues are numbered according to
the HXBc2 gp120 core protein crystal structure.®® The residues are those found in YU-2 gp120, and all of the mutations were created in YU-2 gp120.

observed for m18. Hence, m18 appears to stabilize a conforma- interaction, we assessed interactions of m18 with gp120 contain-
tion of gp120 that is closer to the unliganded state than the CD4- ing conformational mutations at the coreceptor binding site.
activated state.”’ Using these conformational mutants of gp120, we found that the

In our initial experiments, we observed that m18 suppressed ml8 binding site was not affected by perturbations to the
the activation of the coreceptor site. To further define this coreceptor site. We found that these gpl20 mutants bound
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Table 3. Direct Binding Affinities of gp120 Alanine Mutant
Proteins for sCD4 and Fab m18 As Determined by SPR
Analysis”

protein sCD4 Fab m18
wild type 10.5 48
P124A 26.2 0.4
T278A 7.3 0.01
N279A 34.6 0.01
N280A 6.8 0.6
A281G 12.3 58.4
K282A 11.9 28.3
T283A 16.7 0.02
R456A 11.3 3.5

? Kp values are in nanomolar.

m18 to an extent similar to that of unmodified gp120. This is the
opposite of the finding that CD4i antibodies such as 17b have
essentially no binding to the coreceptor site mutants (Table 2).
Furthermore, competition experiments with 17b showed that,
even at saturating levels of this antibody, interactions of gp120
with m18 were not completely inhibited (Figure 1B,C). These
data indicate that m18 is not interacting directly with the
coreceptor binding site. Overall, interactions of m18 with these
specific gp120 mutants argue that m18 does not require a
structured coreceptor site and that the bridging sheet is not
stabilized in the m18—gp120 complex.

Previous work by Zhang et al.*® and Prabakaran et al.,** as well
as our competition analyses, suggests a strong linkage between
the m18 and CD4 binding sites. gp120 mutants were studied to
understand the specificity of this linkage (Table 2). The gp120
mutant, D368R, which suppresses CD4 binding, also does not
bind m18. In contrast, m18’s interaction with the S375W/T257S
mutant of gp120, which is thought to enhance the activated
conformation of gp120, is similar to that of unmodified gp120.
The triple mutant, 1423M/N425K/G431E, was made to disrupt
both receptor sites. Although sCD4 had a reduced level of
binding to this gpl20 mutant, m18 retained full binding.
Although these data indicate that m18 is a CD4bs-like mAb,
they also further distinguish m18 from CD4. These data are
consistent with the m18 binding site being located outside of the
Phe43 binding pocket in gp120. The latter conclusion can also be
drawn from the results of competition analysis with NBD-556, a
low-molecular weight compound that binds in the Phe43
cavity.*”® Competition of gp120 by this compound did not
prevent m18 binding, although it was able to completely block a
CD4 mimic, [FSW]CD4F23, from binding to gp120 (Figure 4).
These experiments cannot distinguish the extent to which m18
binding may physically occlude parts of the CD4 binding site
from the extent of conformational occlusion. The latter could
occur through stabilization of gp120 in a conformation in which
the receptor binding site is structurally disrupted. Nonetheless,
the cumulative binding properties of m18 argue that this
molecule is not simply a mimic of CD4 and does not utilize
the Phe43 binding cavity.

Truncates of gp120 were also studied to further isolate the
structural requirements for m18 binding (Table 2). Of the
mutants tested, we detected no binding of m18 to OD1, leading
us to conclude that m18 requires the inner domain in some
fashion. This is different for the case of b12, which binds to OD1.
We also showed through SPR assays that interactions of m18

= Fabmi8
o [FSWICD4F23

Percent Binding to gp120

1 10 100 1000 10000 100000
[NBD-556] (nM)

401 A

20

Response (RU)

0 100 200 300 400 500
Time (sec)

Figure 5. (A) NBD-556 inhibition of binding of gp120 to Fab m18
and to [FSW]CD4F23. Serial dilutions of NBD-556 (from 4 nM to
250 uM) were premixed with a final gp120 concentration of 100 nM
before being passed over a CMS surface with immobilized Fab m18 and
[FSW]CD4F23. At its maximal concentration, NBD-556 reduces the
level of binding of gp120 to m18 only to 30%. NBD-556 was able to
inhibit binding of gp120 to [FESW]CD4F23 with and ICs value of 784 &
55 nM. (B) M18 (600 RU) was immobilized onto a CMS sensor chip via
a BIA3000 instrument. Increasing concentrations of gp120 premixed
with a fixed NBD-556 concentration of 100 #M in a 2% DMSO buffer
were passed over the surface to yield these response curves (black), and
the data were fit to a Langmuir 1:1 binding model (red) using
BIAevaluation. The averages of the association and dissociation rates
were used to determine the overall affinity for these protein—protein
interactions. NBD-556 does not reduce the affinity of §p120 for m18
[ko=(32£09) x 10°M 's ' kg=(9.6 £ 0.1) x 10 s~ ', and Kp =
3.0 nM]. Buffer injections and control surface binding were subtracted
from each curve. These experiments were repeated a minimum of three
times, and the data were plotted with Origin 7.

with core gp120 are slightly enhanced in comparison to those of
the wild-type protein, indicating not only that the variable loops
are unnecessary for m18 binding but also that their removal may
enhance m18’s accessibility to its binding site. These truncates
lead us to the conclusion that m18 binds to the conserved core of
the envelope, but in a manner that requires the inner domain of
gp120. From these data and the mutagenic data published by
Prabakaran et al.,** we hypothesize that m18 may be binding to a
site located at the interface of these two domains of gp120.
Our results with m18 argue that there are similarities between
its mode of action and those of antibodies b12, b13, and F105.
Complexes of gpl20 with the latter antibodies have been
characterized by X-ray diffraction analysis,>>>” whereas m18
has not. Nonetheless, our results suggest that m18, like the other
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antibodies, stabilizes a nonactivated conformational state of
gp120. Using SPR analysis, m18 was shown to inhibit gp120
interactions at the coreceptor site, similar to that observed
previously for other CD4bs antibodies.”® From our ITC data,
the extent of m18-induced gp120 conformational structuring lies
between those imposed by b12 and F105 and is far less than that
induced by CD4.”” It must be noted that the m18—gp120
interactions that have been obtained utilize the soluble form of
the envelope rather than the trimeric spike as it would exist on the
viral particle. Hence, at this stage, we cannot easily predict the
relative importance of binding site blockade versus conforma-
tional effects in m18’s antiviral mode of action.

In spite of the frequent denotation of antibodies, such as b12,
as competitive inhibitors of gp120 and similarities in m18 and
b12 modes of action, we believe that conformational effects also
tie together m18 with other members of this class of antibody
inhibitors. Certainly, an attractive feature of antibodies that
resemble b12 is their specificity for the conserved and function-
ally critical CD4 binding region of gp120. Indeed, at present, we
cannot structurally define the binding site in gp120 for m18,
including how it relates to the CD4 binding site. Nonetheless, at
least for the case of m18, the term “competitive” obscures the
finding that this antibody does not require an open Phe43
binding cavity and, hence, is not a CD4 mimic. Instead, it is
conformational change that underlies the common action of
m18, many neutralizing antibodies, and CD4 itself in disrupting
or activating the coreceptor site. In the case of m18 and other
neutralizing CD4bs antibodies, this essentially leads to overall
inactivated conformations of gp120. Prior data have shown that
antibodies that entrap gp120 into partially structured conforma-
tions can exhibit strong neutralization effects.”® Interaction of
m18 with gp120 has a thermodynamic signature that defines it as
a weakly structuring antibody, though not as weak as the
prototypic b12. Interestingly, the recently identified VRCO1 is
strongly neutralizing yet induces a large degree of gpl20
structuring.”> While the detailed thermodynamic signatures
may vary among these different cases, it is likely that antibodies
that can bind envelope gp120 and entrap inactive conformations
can be utilized to develop effective HIV-1 antagonists.
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