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ABSTRACT. The linear peptide 12p1 (RINNIPWSEAMM) was previously isolated from a phage display
library and was found to inhibit interaction of HIV-1 gp120 with both CD4 and a CCR5 surrogate, mAb
17b [Ferrer, M., and Harrison, S. (1999) Virol. 73 5795-5802]. In this work, we investigated the
mechanism that leads to this dual inhibition of gp120 binding. We found that there is a direct interaction
of 12p1 with gp120, which occurs with a binding stoichiometry of 1:1. The peptide inhibits binding of
monomeric YU2 gp120 to both sCD4 and 17b atd@alues of 1.1 and 1.6M, respectively. The 12p1l
peptide also inhibited the binding of these ligands to trimeric envelope glycoproteins, blocked the binding
of gp120 to the native coreceptor CCR5, and specifically inhibited HIV-1 infection of target cells in
vitro. Analyses of sCD4 saturation of monomeric gp120 in the presence or absence of a fixed concentration
of peptide suggest that 12p1 suppression of CD4 binding to gp120 is due to allosteric inhibitory effects
rather than competitive inhibition of CD4 binding. Using a panel of gp120 mutants that exhibit weakened
inhibition by 12p1, the putative binding site of the peptide was mapped to a region immediately adjacent
to, but distinguishable from, the CD4 binding footprint. In the case of the peptide, the effects of single-
12p1 residue substitutions and various peptide truncations indicate that the side chain of Trp7 and other
structural elements of 12p1 are critical for gp120 binding or efficient inhibition of binding of a ligand to
gp120. Finally, 12p1 was unable to inhibit binding of SCD4 to a gp120 mutant that is believed to resemble
the CD4-induced conformation of gp120. These results suggest that 12p1 preferentially binds gp120 prior
to engagement of CD4; binding of the peptide to gp120 limits the interaction with ligands (CD4 and
CCRS5) that are generally crucial for viral entry. More importantly, these results indicate that 12p1 binds

to a unique site that may prove to be a prototypic target for novel-@ip4 20 inhibitors.
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infected persons and 3.1 million deaths in 2002. To combat
this virus, multiple approaches must be taken; the seemingly
few vulnerabilities of HIV may have to be targeted simul-
taneously to successfully prevent or inhibit viral infection
and/or replication.

A primary target is the HIV envelope glycoprotein (Env).
The Env spikes on the viral membrane are composed of a
gp41 transmembrane trimer and three noncovalently associ-
ated gp120 surface glycoproteins. Viral infection is initiated
by the interaction of gp120 with the extracellular portion of
CD4 on the target cell. The binding of these two proteins
promotes a conformational change in gp120 that increases
its affinity for a cell surface coreceptor, usually CCR5. This
second binding event leads to further conformational changes
that culminate in the fusion of the viral and target cell
membranes. Blocking the interactions between gp120 and
cell surface receptors, then, is an attractive goal for prevent-
ing HIV infection.

The HIV-1 Env proteins, however, exhibit unusual features
that influence their feasibility as a target. While there is
currently no crystal structure of gp120 in the unbound state,
calorimetric methods have determined that it undergoes a
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large structural rearrangement upon binding of several of induce or prefer the activated (CD4-bound) state. This
its ligands, especially CD4 and antibodies directed againstsuggests that limiting the ability of gp120 to assume an

receptor-binding regionsl). Monomeric gp120 has been
proposed to be extremely flexible prior to binding; it has

activated conformation may contribute to the mode of 12p1
inhibition of HIV-1 entry.

been suggested that the inner and outer domains of gp120
are mobile with respect to each other, and the bridging sheetEXPERIMENTAL PROCEDURES

that spans the two domains is unfold@yl (Thermodynamic
analyses demonstrate that the binding of CD4 to gpl2

causes an unusually large decrease in entropy, indicating

significant ordering of the proteir8), and that this structural

o Peptide Synthesis and PurificatidReptides were initially

obtained from American Peptide Co. (Sunnyvale, CA). These
peptides were synthesized, purified by reverse phase HPLC

stabilization is propagated to other regions of the gp120 (RP-HPLC), and validated by electrospray MS and amino

monomer, being initiated from the CD4 binding sifg.(An
inhibitor that could take advantage of the unusual flexibility
of gp120 might be more effective than a traditional competi-
tive inhibitor. If, for example, a small molecule could prevent
gp120 from attaining conformations critical for entry, as has
been seen for some CD4 binding site antibod#@si( could
inhibit either the binding of HIV-1 to its receptors or
postreceptor binding events involved in fusion of the viral
and target cell membranes.

acid analysis. We synthesized additional peptides using solid
phase peptide synthesis on an Applied Biosystems 433A
peptide synthesizer. Peptides were made at the 0.1 mmol
scale on Rink amide resin using FastMoc synthesis, as
described previouslylj. Peptides were cleaved from the
resin with 10 mL of trifluoroacetic acid, 0.5 mL of J@,

0.5 mL of ethanedithiol, and 0.25 mL of thioanisole for 2 h
at room temperature (RT). Resin was filtered out, and the
peptide was precipitated with cold ether. Dried, solid peptide

Several small peptide mimetics of CD4 have been repor‘cedwas dissolved in 10% acetic acid and purified by RP-HPLC

thus far to inhibit the binding of gp120 to CDA4,(5, 6).
Most of these, however, have produced conformationa

changes in gp120 similar to those induced by CD4 and hence

have led to activation, to a state with increased coreceptor 3 ) i
4 buffered saline (PBS) at pH 7.4. The peptide concentration

affinity. In this way, these molecules are successful CD
competitors, but potentially could facilitate, rather than
inhibit, HIV-1 entry. A more successful inhibitor might not
only inhibit CD4—gp120 binding but also either physically
block the gpl26-coreceptor interaction or prevent the

on a C18 preparative column (Vydac). The peak with the

| desired peptide was verified by MALDI-MS (performed at

the Wistar Institute, Philadelphia, PA). HPLC fractions were
lyophilized, and the solid peptide was dissolved in phosphate-

and amino acid composition were determined by amino acid
analysis (performed at the Howard Hughes Medical Institute/
Keck Biotechnology Resource Laboratory, Yale University,
New Haven, CT).

activating conformational change that gp120 must undergo Biosensor Experimentsll surface plasmon resonance

to efficiently bind CCR5.
Ferrer and Harrison7j screened a random phage library

of 12-mer peptides for candidates that would bind to gp120.

(SPR) experiments were performed on a BIA3000 optical
biosensor (Biacore, Inc., Uppsala, Sweden), in a manner
similar to that in previous studied)( A CM5 sensor chip

They discovered a sequence, RINNIPWSEAMM (12p1), that Was derivatized by amine coupling with either the CD4

bound to gp120 and inhibited its interaction not only with

extracellular domain (sCD4), mAb 17b Fab, or gp120 YU2,

CD4 but also with 17b, an antibody that recognizes an using mAb 2B6R Fab (to IL-5 receptax) as a control
epitope overlapping the CCR5 binding site. Here we extend surfa}(;e. For competition experiments, .||gands were im-
this study with a number of goals: (a) to quantitate the degree mobilized to a surface density of approximately 8400

of co-inhibition of CD4 and 17b binding, (b) to demonstrate

RU. The indicated analytes were passed over the surfaces at

the direct binding of the peptide to gp120 and determine its @ flow rate of 50uL/min, for 2.5 min, followed ly a 2 min

stoichiometry, (c) to determine which residues are critical
for gp120 binding and ligand inhibition, (d) to determine

dissociation phase. Surfaces were regenerated with 35 mM
NaOH and 1.3 M NacCl for sCD4, and 10 mM HCI for 17b

the site of interaction on gp120, (e) to examine interaction and 2B6R. For direct binding experiments with a YU2 gp120

of 12p1 with the Env trimer, including functional virion
trimers, and (f) to investigate the influence of gpl120
conformation on peptide binding. A variety of modifications

surface (2000 RU), a flow rate of A_/min was used, with
a 5 min association phasedia 2 min dissociation phase.
CD4 saturation analyses in the presence or absence of 100

and truncations of the parent 12p1 peptide were made touM 12p1 were performed on a YU2 gp120 surface (2400

identify residues that are critical for binding gp120. The

RU). sCD4 or sCD4/12p1 analyte mixtures were injected

peptides were studied both with a biosensor for effects on over the YU2 gp120 surface at a rate gil5/min for 5 min,

monomeric gpl120 binding and with an ELISA for effects
on binding to stable gp120 trimers.
The results confirmed that 12p1 inhibits interaction of

followed by a 5 min dissociation phase. YU2 gp120 surfaces
were regenerated with 35 mM NaOH and 1.3 M NacCl. Buffer
injections and control surface binding were subtracted for

gp120 with both CD4 and 17b, as well as CCR5, and showed all reported data. Experiments were performed twice in

that its binding exhibits 1:1 stoichiometry at inhibitory

duplicate.

concentrations. We found that several residues, especially Biosensor Data Analysisthe initial rate ¢;) of binding

Trp7, are critical for 12p1 inhibition of binding of gp120 to

of gp120 to either sCD4 or 17b in the presence or absence

CD4 and 17h, and that truncation of the peptide also weakensof peptide was determined during the period of the associa-
its inhibitory effectiveness. We also investigated the mode tion phase from 6 to 21 s. The slope of that line (RUf},
of action of 12pl. The 12pl peptide appears to bind an at each peptide concentration was calculated using Biaeval
unactivated (CD4-unbound) conformation of gp120, resulting 3.0 software (Biacore). The fraction of thg of gp120

in noncompetitive inhibition of the binding of ligands that

binding in the presence versus absence of peptide was
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determined for each peptide concentration. For determinationypq 1 Sequence Alignment of 12p1 and Variant Peptides vs CD4
of the IG; of 12p1, these fractions were plotted against the
log of the 12pl concentration. Curves were fit using 12p1 R
SigmaPlot (SPSS, Inc.), and the 12p1 concentration at which[RlA]12p1
the v; of gp120 binding was half of that without peptide was

designated the I§. For direct binding of the peptide to  [R1K]12pl
gp120, Biaeval software was used to determRg at

equilibrium (during the period of the association phase from (I5dA]12pl
285 to 295 s) for each peptide concentratiRn.was plotted [W7F]12p1
versus 12pl concentration, and the software calculgtgd
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for 1:1 binding. Rnax Was estimated for comparison by 12pl1(1-10) RINNIPWSERA_
performing the identical experiment with sCD4 and calculat-

ing Rmax for 12p1 based on its mass difference with sCD4, 12p1(1-8) RINNILIPWS

asRnaxis proportional to mass. Sensorgrams obtained from [R1A]12p1(1-8) AINNTIPWS

sCD4 saturation analyses also were fit to a 1:1 binding model
using Biaeval software, and resultd®t values were plotted ~ 12p1(2-8) INNIPWS
against sCD4 concentration. Saturation curveRegiersus
sCD4 concentration in the presence or absence of 12p1 wer
then fitted against a 1:1 steady-state model to obtain o ] ]
equilibrium Kp values. gen) containing 10% fetal bovine serum (Sigma) and 100
Effect of the Peptide on gp12Qigand Binding Measured ~ #9/mL penicillin-streptomycin (Mediatech, Inc.). Cf2Th cells
with an ELISA The ELISAs were conducted with soluble, ~Stably expressing human CD4 and CCRS or CXC®4nere
stabilized sgp148683(~/GCN4) trimers from the HxBc2 ~ grown in medium supplemented with 0.4 mg/mL G418
HIV-1 strain @). These soluble envelope glycoprotein trimers (Invitrogen) and 0.15 mg/mL hygromycin B (Roche Diag-
have C-terminal C9 peptide and kitags. The murine mAb ~ Nnostics). 293T cells were cotransfected with vectors express-
1D4, which is directed against the bovine rhodopsin C9 ing the pPCMVAP1Aenv HIV Gag-Pol packaging construct
peptide, was immobilized on the ELISA plate at°C (10), the envelope glycoproteins of vesicular stomatitus virus
overnight. After the plates had been blocked and washed,(VSV) or HIV-1 isolates (ADA, JR-CSF, YUZ, or HxBc2),
the soluble HIV-1 envelope glycoprotein trimers were and afirefly luciferase reporter gene, at a DNA ratio of 1:1:3

£D4 (F43 underlined) *s P G K T L F S G QN G

captured on the plate. Biotinylated soluble sCD4 (0gf (micrograms) using Effectene transfection reagent (Qiagen).
mL) was then added to the plate in the presence of increasingCOtransfectlon produced single-round, replication-defective
concentrations of peptide (0, 12.5, 50, and 200) for 1 h viruses. The virus-containing supernatants were harvested

at RT. This was followed by washing and addition of avidin- 24—30 h after transfection, filtered (0.48n), aliquoted, and
bound HRP at a 1:45000 dilutionrfa h at RT. Todetermine frozen at—80 °C until further use. The reverse transcriptase
peptide competition with a panel of human anti-gp120 mAbs, activities of all viruses were measured as described previ-
100 uM peptide and 0.5:g/mL antibody (1:2000 dilution) qusly (1). To determine infection by single-round luciferase
were added to the immobilized trimers of wild-type or mutant Viruses, Cf2Th-CD4-CCRS/CXCR4 target cells were seeded
HxBc2 gp120 simultaneously and incubated for 1 h. An at a density of 6x 1@ cells/well in 96-well luminometer-
HRP-conjugated goat anti-human antibody (1:5000) was nextcompatible tissue culture plates (Dynex) 24 h before infec-
added to the bound antibody. The extent of HRP conjugatetion. On the day of infection, the 12p1 peptide (6300
binding was detected in both assays with 1000f TMB uM) was added to recombinant viruses (10 000 reverse
substrate (KPL, Gaithersburg, MD). The reaction was ftranscriptase units) to a final volume of 50 and incubated

stopped by adding 100L of 1 N HCI, and the OD was &t 37°C for 30 min. The medium was then removed from
measured at 450 nm with a microplate reader. the target cells, which were then incubated with the virus/

CCR5 Binding AssayTo determine if peptides could peptide mixture for 48 h at 37C. The medium was removed
inhibit binding of gp120 to CCRS5 independent of cD4 from each well, and the cells were lysed with 80 of
interactions, 50QuL of crude cell supernatant containing Passive lysis buffer (Promega) and by three freehaw
monomeric ADAAV1/V2 gp120, metabolically labeled with cycles. An EG&G Berthold_LB 96V ml_cr_oplate luminometer
[33S]Cys/Met, was first incubated in the presence or absenceVas usgq to measure Iumf_era_se activity of each well after
of peptide (10«M) at RT for 1 h. This mixture was then the addition of 10Q«L of luciferin buffer [15 mM MgSQ,
added to Cf2Th-CCR5 target cells, and the cells were 15 MM KPQ; (pH 7.8), 1 mM ATP, and 1 mM dithiothreitol]
incubated at 37C for 2 h. After being washed, the cells and 50uL of 1 mM d-luciferin potassium salt (BD Pharm-
were lysed, and the bound proteins were precipitated with aingen).
mixture of sera from HIV-1-infected individuals and sepa- RESULTS
rated by SDS PAGE. The precipitated labeled ADAV1/

V2 gpl120 was visualized by autoradiography and quantitated Peptide 12p1 Inhibits Binding of YU2 gp120 to both CD4
using the Storm 820 imaging system (Molecular Dynamics). and 17b.It has been previously shown that peptide 12p1

Viral Inhibition Assay.To determine if peptide 12p1 (sequence shown in Table 1) inhibits the binding of gp120
inhibits infection of cells by virus, viral inhibition assays to CD4 (by ELISA) and 17b (by SPRY). We sought to
were performed. 293T human embryonic kidney cells and establish a quantitative assay for determining the extent of
Cf2Th canine thymocytes (ATCC) were grown at87and inhibition by 12pl and variant peptides. To assess the
5% CG in Dulbecco’s modified Eagle’s medium (Invitro-  inhibition of binding of gp120 to CD4 and 17b, we examined
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6.57uM FiIGURE 2: Direct binding of 12p1 to immobilized gp120. (A)
Response curves for increasing concentrations of 12p1 binding to
immobilized YU2 gp120. (B) Fit of direct binding data to a steady-
state 1:1 binding modeR.qwas calculated from 285 to 295 s from
“2s 25 75 125 175 225 275 325 each curve in panel A and plotted vs 12p1 concentration. Equilib-
time (s) rium binding constants for the YU2l2pl interaction are as
follows: Ka = 2.74 x 10° Mt andKp = 3.65uM.
1.2 4 C
2 o (Figure 1A) and 17b (Figure 1B) surfaces. The fraction of
I B L——:*-_"t;-::,x the initial rate of YU2 binding in the presence or absence of
F - - peptide (taken to be 1.0) was determined for each peptide
g ' \\g\ concentration and plotted as a function of the log of the
. \‘\ peptide concentration (Figure 1C). Using SigmaPlot software,
E - . the 1G5 values for 12p1 inhibition of binding of gp120 to
E ol :‘\ sCD4 and 17b were determined to be 1.1 and AM,
E AN respectively. The value for sCD4 inhibition is more than 20-
Eo2; \‘“;— fold lower than that reported by Ferrer and Harrison for
HxBc2 gp120 (as measured with an ELISA), but is in line
° - g " . with the values reported for strains SF2 and ADA. (

log [12p1] (M) ' Peptide 12p1 Binds Directly to YU2 gp12®e next used
SPR to verify that 12p1 hinds directly to gp120 and to
Ficure 1: Peptide 12p1 inhibition of binding of gp120 to CD4  determine the binding stoichiometry at the peptide’s effective

and 17b. CD4 (A) and 17b (B) were immobilized on a CM5 sensor ; ; ;
chip in a BIA3000 instrument. YU2 gp120 (50 M) was passed concentration. Increasing concentrations of 12p1 were passed

over each surface in the absence (0 nM) or presence of 821 nM to®Ver & hlgh-d_ensny (20_00 RU) YU2 gp120 Surfape (Figure
6.57uM 12p1. Buffer injections and control surface binding have 2A). The binding data fit to those expected of a bimolecular
been subtracted to obtain all curves. Experiments were repeatecbinding process with &p of 3.7 uM (Figure 2B). Using
tWicerin dUPEiCC:?tEOWiU}OStif]%i:aégteesrl#t%n%;gf I)rfflnzogf?n?ﬁgwem SCD4 as a standard, the expecRglx for 12p1, assuming
are shown. ni nnipiu . H H H
of binding of gplZOgthD4Q) and 17b (S. Curves evere fit using 1.'1 b_lndlng, was 26.7 RU. Although the response for pep_tlde
SigmaPlot, and the 12p1 concentration at which the initial rate of Pinding exceeded 30 RU at the highest 12p1 concentrations,
gp120 binding was half of that without peptide was designated the the Rnax at 100uM peptide (roughly 30-fold greater than
ICs0. Kp) did not exceed the expected stoichiometric value.
Therefore, we believe that the effect of the peptide is a result
the interactions by surface plasmon resonance (SPR) usingf 1:1 peptide-gp120 binding and not of an aggregation of
a Biacore 3000 instrument. The analyte, YU2 gp120 (50 nM) the peptide, or of the peptide binding to multiple sites on
in the absence or presence of increasing amounts of peptidegp120.
was passed over immobilized sCD4, 17b Fab, and control Using this same high-density YU2 gp120 surface, we
2B6R Fab. Under the conditions that were used, 12pl confirmed the inhibition of gp126CD4 binding in the
exhibited no direct binding to either sCD4 or 17b (data not reverse orientation compared with that in Figure 1A. Figure
shown). As shown in Figure 1, increasing concentrations of 3 shows the inhibition of binding of sCD4 to surface-
12p1 significantly inhibited the binding of YUZ2 to both sCD4 immobilized YU2 gp120 by increasing concentrations of
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70 (sCD4) concentrations. This is not the case with 12p1,
62 s however, with the binding capacity of sCD4 for gp120 being
S 54 ™ no peptide reduced similarly over a wide range of sCD4 concentrations.
X 46 ‘ This is typically indicative of a noncompetitive, allosteric
8 38 e oteumaanpen. 21M effect. In addition, the saturation curves were fitted to a 1:1
S 30 / M”’//': 4uM steady state binding model to determine # with and
o » /’ f*"w oo SUM without peptide. Under the conditions outlined in Experi-
& 1 i - - 16uM mental Procedures, the gpt26CD4 interaction had an
6 e apparent equilibrium dissociation constant of 429 nM. In the
2 presence of the peptide, th& was 721 nM. Our results,
10 including both Figure 4 and the sensorgrams (not shown)
25 25 75 125 175 225 from which they were obtained, show that the affinity of
time (s) observed gpl126sCD4 interaction remains the same when

FiGURE 3: 12p1 competition with CD4 for binding to immobilized ~ 12p1 is present and that it is the overall binding capacity of
gp120. CD4 (10 nM) was passed over a high-density YU2 gp120 the gp120 surface that is reduced. This argues for a mode of
surface at a rate of 3pL/min in the absence (no peptide) or  action of 12p1 in which the peptide binds to and stabilizes
presence of 216 uM 12p1. a form of gp120 that is not competent to bind CDA4.

250 - Variants of 12p1 Hae Reduced Inhibitory Acility. Ferrer

and Harrison previously determined, through Ala scanning

20 { A mutations of 12p1, that the peptide sequence was important
. for its inhibitory activity (7). Replacement of any of the
. interior residues (NNIPWS) was especially detrimental to
Lt peptide inhibitory function. The effect of sequence was
. ) . . «  sCD4/12p1 explored further by synthesizing a number of variants of
5 L peptide 12p1l (Table 1). Peptides were tested for their abilities

l.- " to inhibit gp120 binding as described above for 12p1. All
0 of the variations had effects on the inhibitory abilities of the
peptides, to differing extents. Two peptides, [I5dA]12p1 and

_ _ _ [W7F]12p1, showed no significant inhibitory activity toward
Ficure 4: Analysis of sCD4 saturation of YU2 gp120 in the

presence and absence of 12B3;values were obtained from fitting either sCD4 or 17b binding at cc_)ncentratlons of up o
sensorgrams charting the response of immobilized YU2 to increas- 1254M (data not shown). Other peptides that had truncations

ing concentrations of CD4 (63.5uM) in the presence or absence from either the N- or C-terminus, or that contained altered
of 100uM 12p1. The resultanRq responses were then plotted vs  residues closer to either terminus, were still able to inhibit
sCD4 concentration and fitted to a steady-state 1:1 binding model gp120-CD4 or —17b binding, although with reduced

to obtain equilibrium binding constant§, and Kp. Under the s . -
conditions that were used, the presence of 12p1 had no discernibleapparent affinities (Figure 5). Peptides 12p1(D),

effect on the kinetics of interaction between YU2 and sCR4 (  12p1(1-8), 12p1(2-8), and [R1A]12pl (panels AD of
values of 721 and 429 nM in the presence and absence of theFigure 5, respectively) retained inhibitory activity against
peptide, respectively) but had a marked effect on the total amount17b— and sCD4-gp120 binding, but only at much higher
of sCD4 bound by YU2. concentrations compared with 12p1. The initial rates in the

. ) presence of each peptide were approximately half that of
12pl. In addition to buffer and control surface subtraction, gp120 alone at 25, 68.9, 100, and &M, respectively. In

the binding of peptide alone at each concentration has beerg,cp case, the ratio of SCD4 to 17b inhibition at every peptide
subtracted from the corresponding curve plus sCD4. 12p1 cqncentration is very close to 1, similar to the pattern of
clearly inhibits gp126-CD4 binding with either gp120 or  jphibition observed for 12pl. These data indicate that
sCD4 immobilized. sequence elements spanning the entire peptide contribute to
Peptide 12p1 Inhibition Follows an Allosteric Modé/e inhibitory activity.
investigated the mode of inhibition of binding of CD4 to We then investigated whether the lack of inhibition of
gp120 by 12pl via biosensor experiments. Soluble four- binding of gp120 by peptides [I5dA]12pl and [W7F]12p1
domain CD4 (ImmunoDiagnostics, Inc.), in the range of was due to an inability to bind to gp120. High concentrations
0—3.5 uM, was passed over a high-density YU2 gp120 of the two different peptides were used as the analyte with
surface (2400 RU) in the presence or absence of 40 the high-density YU2 gp120 surface, as described above for
12p1 peptide. The resultant sensorgrams were analyzed usind2pl. Both peptides were able to bind to gp120, but only at
Biaeval 3.0 and fitted to a 1:1 binding model. From the fitted concentrations much higher than those of the other peptides,
data, the predicted responses at equilibria) (vere plotted and much higher than the concentrations at which they were
against the concentration of sCD4 analyte to generatetested in the inhibition assays (not shown). For example, at
saturation curves, which are shown in Figure 4. In the 1.76 mM, 1000-fold higher than the 4gof 12p1, theRnax
absence of the 12p1 peptide, an experimental maximum forfor binding of [I5dA]12p1 to gp120 was only approximately
sCD4 bhinding of approximately 200 RU was reached. half of the value expected for 1:1 stoichiometry. It is likely,
However, this maximum response was decreased to only 85then, that the peptides’ lack of inhibition of gp120 binding
RU in the presence of 1Q@M peptide. For an inhibitor that  is due to their severely reduced affinities for gp120.
operates competitively, it would be expected that its inhibi-  Effects of the Peptide on Trimeric Eglope Glycoprotein
tory effect should be negated at sufficiently high substrate Interactions Because gp120 exists on the virus as a trimer,

000E+00 500E07 100E08 150E-08 200E.05 250506 300E06 S50E.08 400E-06
[sCD4] (M)
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Ficure 5: Inhibition of binding of gp120 to sCD4 and 17b by peptide variants. Increasing concentrations of peptides-12p14),
12p1(%-8) (B), 12p1(2-8) (C), and [R1A]12p1 (D) were incubated with 50 nM YU2 gp120, and then the mixtures were passed over sCD4
(dark bars) and 17b (light bars) biosensor surfaces. The initial rgtef(gp120 binding was determined for each peptide concentration.
The fraction ofy; at each peptide concentration vs thef gp120 alone is reported.

we sought to test the inhibitory effectiveness of 12p1 with determine peptide competition with a panel of human anti-
this more naturally relevant form of gp120. For the ELISA- gpl120 mAbs. Peptide and antibody were added to the
based assays, soluble, stabilized HIV-1 envelope glycoproteinimmobilized trimers simultaneously, and bound antibody was
trimers (HxBc2 strain) were captured on the plate via an detected with an HRP-conjugated goat anti-human antibody.
immobilized antibody to their C-terminal C9 peptide tags. Figure 7A shows the binding of four different antibodies to
Peptide competition for the binding of biotinylated sCD4 the envelope glycoprotein trimers in the absence or presence
was assessed. As shown in Figure 6A, the peptides hadof peptides 12p1 and [R1A]12pl. Antibody 2G12 recognizes
similar effects on envelope glycoprotein triméZD4 binding a discontinuous glycosylated epitope in the gpl120 outer
as they did on monomeric gp120 binding in the biosensor domain (4—16). The 17b antibody, which recognizes an
analyses. Peptide 12p1 was the most potent inhibitor, epitope overlapping the CCR5 binding regidtv), is the
followed by 12p1(310) and the other truncated peptides. same CD4-inducible antibody used in the biosensor experi-
As in the biosensor assays, [I5dA]12pl and [W7F]12pl1 did ments. Antibodies F105 and b12 both bind distinct epitopes
not inhibit binding of CD4 to the envelope glycoprotein overlapping the CD4 binding sitd —20). However, F105
trimers. An additional peptide, [W7A]12p1, also did not preferentially binds an unactivated, or CD4-unbound, con-
inhibit the trimer-CD4 interaction. These results are con- formation of gp120 13).
sistent with those from the biosensor assays. With wild-type envelope glycoprotein trimers, antibodies
The group of peptides also was tested for their effects on 2G12 and b12 bound well, and the peptides did not affect
sCD4 binding to a mutant envelope glycoprotein trimer with this binding. 12p1 inhibited the binding of both 17b, as was
an alteration in gp120, S375W. This gp120 mutant was seen in Figure 1B, and F105. [R1A]12p1 slightly inhibited
designed with the intention of filling the cavity that is these interactions as well, but was much less effective.
partially occupied by Phe43 of CD4 in the gpt20D4 Identical experiments were performed with two mutant
complex (2, 13). The S375W change appears to promote a envelope glycoprotein trimers with changes in gp120. The
gpl120 conformation that resembles the activated, CD4- S375W variant, as described earlier, favors the CD4-bound,
bound, state 13). Previous studies have shown that this “active”, conformation, while 1423P disrupts the CD4-bound
mutant binds sCD4 more readily than wild-type gp120 and conformation {3). As seen in Figure 7B, each antibody in
shows a slight increase in the level of CCR5 binding in the the absence of peptide bound similarly to the S375W and
absence of sCD41QB). None of the peptides, including 12p1, wt trimers, except for F105. This result is consistent with
were able to inhibit binding of sCD4 to the S375W trimeric previous studies suggesting that F105 favors an “unactivated”
envelope glycoprotein (Figure 6B). conformation of gpl20 and that the S375W mutant ap-
Localization of Peptide Bindingn an effort to further proximates a more “activated”, CD4-bound conformatién (
elucidate the nature of the binding of 12p1 to gp120, we 13). Neither peptide inhibited the binding of 17b to the
used a modification of the ELISA described above to S375W trimer.
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Ficure 6: Effects of peptides on CD4 interaction with wild-type
(A) and S375W mutant (B) envelope glycoprotein trimers. Soluble
trimers of wild-type or S375W envelope glycoproteins were
immobilized on ELISA plates. Peptides at varying concentrations
were incubated with biotinylated sCD4 and added to the plates.
The extent of sCD4 binding was assessed with avidin-bound HRP.

The 1423P mutant does not bind CD4 or 17b and is thought
to be inefficient at assuming the CD4-bound conformation
(13). Here, 1423P trimers bound 2G12 and b12 as well as
the wild-type gp120, and 12p1 did not significantly affect
antibody binding (Figure 7C). 17b did not bind to this
“unactivated” gpl120 mutant, as previously reportd@®)(
F105, however, was able to bind 1423P trimers very well,
and peptide 12p1 inhibited the interaction.

Effects of the Peptide on gp12C€CRS5 InteractionsAs
12p1 inhibits interactions of gp120 with both CD4 and 17b,
we sought to determine if the inhibitory effect on 17b, a
CCRS5 surrogate, could be extended to CCR5 itself. To test
this, we studied the binding of a CD4-independent gp120
(ADA AV1/V2) metabolically labeled with3fS]Cys/Met,
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Ficure 7: Inhibition of binding of antibodies to immobilized wild-
type (A), S375W (B), and 1423P (C) envelope glycoprotein trimers.
Wild-type or mutant envelope glycoprotein trimers were captured
on ELISA plates. Different antibodies to gp120 were incubated with
or without peptide (10QtM), and then added to the plates. The
extent of antibody binding was measured with HRP-conjugated
secondary Ab.

120

100

g0

60

40

20

% binding relative to [W7F]12p1

1}

Q\
N @,\Q\

Ficure 8: Peptide inhibition of binding of gp120 to cell surface
CCR5. The ADAAV1/V2 gpl120 glycoprotein was incubated with
the various peptides (106M), and then added to Cf2Th cells
expressing CCR5. Bound proteins were precipitated, and the extent
of peptide inhibition was determined.

The one exception to the above correlation is peptide
[R1A]12p1, which exhibited strong inhibition of CCR5
binding, but had levels of 17b and CD4 inhibition much
lower than that of 12p1.

Peptide Inhibition of Viral InfectionTo determine whether

in the presence or absence of peptides, to CD4-negative target2pl inhibits infection of cells by HIV-1 virus, we used a

Cf2Th cells expressing CCR21). The bound proteins were
immunoprecipitated with a mixture of sera from HIV-1-
infected individuals and visualized by SB8AGE. Figure

8 shows a hierarchy of CCR5 inhibition efficacies similar
to that obtained with the biosensor and ELISA for CD4 and
17b inhibition. 12p1 strongly inhibited binding of gp120 to
CCRS5, with the other peptides exhibiting reduced activity.

single-round infection assay in which recombinant HIV-1
viruses encoding luciferase are pseudotyped with different
envelope glycoproteins. The 12p1 peptide was incubated with
recombinant wild-type and mutant viruses, and this virus/
peptide mixture was added to target cells expressing the
appropriate HIV-1 receptors. The luciferase activity in the
cells provided an indication of the efficiency of infection in
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Ficure 9: Inhibition of viral infection by 12p1l. Single-round,

replication-defective viruses, displaying envelope glycoproteins of

VSV or HIV-1 isolates (YU2 or HXBc2) and containing a firefly

luciferase reporter gene, were incubated with 12p1-(G xM)

at 37 °C for 30 min. Cf2Th-CD4-CCRS5 target cells were then

incubated with the viruspeptide mixture for 48 h at 37C. Viral

infection was detected by cell lysis, followed by the measurement

of luciferase activity. Data are reported as the percentage of viral

infection in the absence of the peptide.

100

50

the presence of the peptide. 12p1 inhibited infection of cells
by both R5 (YU2, JR-CSF, and ADA) and X4 (HxBc2)
HIV-1 isolates (Figure 9 and data not shown). The observed
inhibition was specific to HIV, as infection with a VSV
G-pseudotyped control virus was not inhibited.

The inhibition of several variants of the ADA, YU2, and
JR-CSF viruses by 12pl was examined. In CD4-CCR5-
expressing target cells, 12p1 was found to havg \@lues
of 8 uM for wild-type ADA and 67 and 9@M for the CD4-
independent [N197S]gp120 and ADAV1/V2 viruses,
respectively (data not shown). The 12p1 peptide did not
inhibit infection of cells by virus pseudotyped with YU2
[S375W] envelope glycoproteins (data not shown), in agree-
ment with the trimer ELISA data (Figure 6). Finally, while
cell infection by a virus pseudotyped with wild-type JR-CSF
envelope glycoprotein was inhibited by 12p1, a variant in
which Arg476 substituted with Ala was strongly resistant to
12p1 (Figure 10A). Similar substitutions at residues Lys97
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Ficure 10: (A) 12p1 inhibition of infection by JR-CSF viruses
pseudotyped with envelope variants. The recombinant HIV-1 viruses
(JR-CSF) expressing firefly luciferase and containing the wild-type
and mutant envelope glycoproteins were used to infect Cf2Th-CD4-
CCR5 cells in the presence of different concentrations of 12p1.
The percentage of luciferase measured in the target cells relative
to that in the absence of 12p1 is shown. The values are the means
and standard deviations of triplicate points in the assay, and results
are typical of those obtained in two independent experiments. (B)

and Glu102 ShOW?d intermediate resistance (data not ShOWF‘)StructuraI localization of residues whose mutations lead to decreased
These gp120 residues are located near the binding site forl2p1 efficacy. The crystal structure of wild-type YU2 core gp120

CD4 (Figure 10B) but do not make contact with CO4),
DISCUSSION

The overall goal of this study was to gain an improved
understanding of the properties governing the interaction of
peptide 12p1 (RINNIPWSEAMM) with HIV-1 gp120 and,

is shown in ribbon format and colored on the basis of secondary
structure: red for-helix, blue for-sheet, green for turns, and
white for unordered. Labeled in yellow are residues that contact
CD4 as determined by Kwong et allg), whereas residues in
magenta are amino acids that form the Ciag120 interface (CD4
Phe43 binding pocket). The important Ser375 is shown in orange.
As can be seen, the three residues which when mutated weaken
the 12p1 inhibitory effect (K97, E102, and R476) reside in a locale

by inference, how it is able to inhibit binding interactions distinct but adjacent to residues involved in CD4 binding. This area
of the multiple function-associated receptor with gp120. We could potentially be involved in 12p1 binding.

used SPR to quantitate 12p1 binding. We showed that 12p1

inhibits YU2 gp120 binding to both CD4 and 17b with slightly higher than that suggested by the SPR data (not
equivalent potencies, with kgvalues of 1.1 and 1.@M, shown). The difference in I§ may reflect differences
respectively (Figure 1). 12p1 inhibition of CD4 binding was between monomeric and trimeric forms of the HIV-1
found to be noncompetitive (Figure 4), possibly caused by envelope glycoproteins, between the methods, or between
allosteric binding of the peptide to gp120 at a site present in the two gp120 strains. The possibility of strain disparity was
the CD4-unbound form of gp120 that lies adjacent to the expected, however, as 12p1 was previously reported to have
site of the CD4 binding footprint (Figure 10B). Importantly, slightly different efficacies against gp120s derived from
12p1 inhibition of CD4 and 17b binding (Figures 6A and different viral strains 7).

7A) was found to extend to trimeric envelope glycoproteins A key aim of this study was to determine the stoichiometry
of the HxBc2 strain, a prerequisite for inhibitors targeted to of binding of 12p1 to gp120, as this had not been addressed
multiple and diverse viral isolates. The sfCversus CD4 before and the potential usefulness of the peptide as an
estimated for the trimer using the ELISA (1281) was antagonist lead depends on a well-defined stoichiometry for
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binding to gp120. Figure 2 shows that 12p1 indeed binds lle5 likely would alter the conformation of the original 12p1
directly to gp120, and that the extent of this binding is peptide. The importance of peptide conformation is unclear,
concentration-dependent. Over the range of concentrationshowever, as replacement of lle5 withAla also reduced
at which 12p1 inhibits binding of gp120 to CD4, 17b, and inhibitory activity (7). We conclude from the available
CCRS5, the interaction appears to occur with a binding sequence variation data that many of the interior 12p1
stoichiometry of<1:1. Although we did see interactions at sequence elements, and possibly peptide conformation, are
the highest concentrations of peptide that might fractionally critical for 12p1 inhibition of gp120 binding interactions,
exceed 1:1 binding, these may be due to peptide aggregatingvhile the more distal residues may enhance peptide binding
with itself. There is no evidence forzal:1 stoichiometry at  affinity.
the lowest concentrations, where inhibition is still very strong. A noteworthy property of 12p1 elucidated in the original
In addition, the observation that 12p1 inhibits CD4 and 17b report of Ferrer and Harriso@)(is the concomitant inhibition
binding with nearly identical 1€, values supports a single of binding of gp120 to 17b and CD4. No other peptide
binding site for the peptide. Considering all these data, we inhibitors of gp126-CD4 binding that have been identified
conclude that the binding interaction of 12p1 with gp120 is so far inhibit binding of both ligandsl(5, 6). In the current
specific and leads to a 1:1 peptidgpl20 complex. This  work, we demonstrated that the inhibitory effect of the
finding strongly argues for a unique 12p1 binding site and peptide extends to the coreceptor CCRS5, therein showing
predicts the possibility of using 12p1 structure in the gp120- that the peptide suppresses binding to both envelope receptors
bound state as a template for the design of novel €D4 of the host cell. Assays of binding of gpl120 to cells
gpl120 antagonists. expressing CCR5 on their surface in the absence of CD4
Another key aim of this investigation was to determine showed that 12p1 could indeed inhibit this interaction (Figure
whether the peptide binds in a manner similar to that of CD4 8). Only ~10% of the gp120 was able to bind to CCR5 on
or by an alternative mechanism. The two most critical gp120 the cells in the presence of 12p1, compared with binding in
binding residues on CD4 are Phe43 and Argb8 £2). The the presence of [W7F]12p1. The other peptide variants were
presence of the large aromatic residue Trp, along with the much less able to inhibit this binding, except for [R1A]12p1,
Arg at the N-terminus of 12p1, led us to consider the which did show significant inhibition. These data demonstrate
possibility that the peptide mimics CD4 binding. Making this that the effects of 12p1 are not confineditavitro receptor
possibility more likely is the presence of Pro6, which could surrogates. The additional ability of 12pl to inhibit viral
promote formation of a turn at the Trp7 position that would infection of cells (Figure 9) supports its possible value as a
be analogous to thg-turn containing the critical Phe43 of therapeutic lead.
CD4. The first logical peptide variation, then, was to replace  The demonstration that 12p1 inhibits recognition of both
Trp7 with Phe. Ferrer and Harrison had previously reported host cell receptors by the envelope protein, combined with
that Ala could not substitute for Trp in the peptid®,(but elucidation of both 1:1 stoichiometry and a non-CD4
we found also that Phe cannot replace the Trp residue.character of peptide sequence usage, evokes the enticing
[W7F]12p1 did not inhibit CD4 or 17b binding (Figure 6 possibility of designing unique antagonists of the HIV-1
and data not shown). Direct binding studies showed that fusion process. Toward that objective, it will be important
[W7F]12pl was able to bind to gpl120, but the level of to delineate the mechanism of action of 12p1. Several types
binding was very low at high peptide concentrations (not of data obtained in this work provide key starting points in
shown). Since Phe is not a surrogate for Trp7 and 12p1 hasachieving this goal. CD4 saturation competition binding
a much different effect on gp120 than does CD4, it is likely analysis (Figure 4) suggests that the inhibition of CD4
that the peptide does not bind to gp120 in the same mannetbinding by 12p1 is noncompetitive. This argues that 12p1l is
as CD4. Nonetheless, a binding site near the CD4 site not binding at the same binding site as CD4. The findings
remains possible and even likely (see below). with escape variants (for example, Figure 10A) give struc-
Our data also confirm that the entire sequence of 12p1 is tural support to this latter conclusion. These results identify
important for its action. A change of Argl to Ala or Lys residues 97, 102, and 476 as being potentially important in
caused a reduction in inhibitory activity, but not complete 12p1 binding. None of these residues are CD4 conta@®s (
loss of inhibition (Figures 5 and 6). The various truncations although they are near the CD4 binding site (Figure 10B).
of 12p1, from either the N- or C-terminal end, also reduced That residues 97, 102, and 476 involve both the inner and
the efficacy of the peptides (Figures 5 and 6). In these casesputer domains of gp120 leaves open the possibility that 12p1
the truncations did not seem to affect the mode of action of inserts into an interdomain interface on unliganded gp120.
the peptides, but seemed instead to have reduced theilOf note here is also the fact that residues E102 and R476
affinities for gpl20, as demonstrated by direct binding are conserved among all HIV-1 isolatd<), which implies
experiments with these peptides (data not shown). A peptidethat peptide 12p1, or derivatives thereof, may prove to be
smaller than residues-8B was not tested, as it was previously effective against a broad range of viral isolates across
shown that these internal residues were critical for peptide multiple clades.
activity (7). The other peptide besides [W7F]12pl with a  Other binding data in this work further clarify the nature
mutation in one of these interior residues, [I5dA]12p1, also of the 12pl binding site. Because 12pl is effective on
lost all inhibitory activity toward gp120 binding (Figure 6). trimeric and functional envelope glycoproteins, as well as
The p-Ala residue was meant to disrupt the backbone gpl120 monomers, we can rule out interactions with the
structure of the peptide, perhaps interfering with a possible portions of gpl120 that are inaccessible on the trimer,
turn, indicated by the presence of the neighboring Pro primarily the inner domain23). The 2G12 antibody recog-
residue. It is not known if indeed a turn is formed by the nizes a largely glycosylated (mostly mannose) gp120 epitope
peptide after it binds to gp120, but tleAla in place of specified by the C3 and V4 regionk4—16). 2G12 can bind
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cannot access this latter state. In contrast, 12p1 inhibits
binding of F105 to the 1423P variant of envelope trimers,
suggesting that 12p1 can access the unactivated state that
this envelope mutant assumes and hence could stabilize an
unactivated state in the HIV-1 envelope. These data are

gpl20 - gpl20-CD4
o R consistent with the possibility that the HIV-1 envelope may
1201 Kocos . 12p1 not be able to convert to a conformation that is appropriate
\: - Koi2p1 Kepanzpr NG for high-affinity receptor binding once 12p1 is bound.
v Kapricns In thig work, we deter.mined that peptide 12p1 ?nhib.its_ the
gp120-12p1 gp120-CD4-12p1 interaction of gp120 with both CD4 and 17b with similar
1 ICso values. The inhibition extends_to different strains of
cba gp120, to both monomers and trimers, and to cellular
coreceptor CCRb5. 12p1 also is able to inhibit viral infection
W . @ of cells. Several sequence elements, as well as the length of

the peptide, are critical for its effectiveness. Truncations of
the peptide and changes in residues8all caused reduction
FiGURe 11: Scheme showing a proposed allosteric model for the N inhibitory activity. 12p1 appears to bind preferentially to
mode of inhibition of gp120 by 12pi. In this model, gp120 is an unactivated conformation of gp120 to which CD4 and
assumed to exist in at least two distinct forms: (1) a CD4 binding 17b/CCR5 are unable to bind, thereby inhibiting viral
efficient form and (2) a CD4 binding inefficient form. gp120 in jnfaction. Dual inhibition of CD4 and coreceptor binding and

both states can bind to the 12p1 inhibitor, but the latter binds . hibiti f viral infecti ke th tici ibility of
preferentially to the inefficient form (left side of the diagram). The '""1BION Ofviralintection evoke the enticing possibility 0

binding of 12p1 to gp120 is proposed to “trap” a conformational Using 12pl asan H'V/NDS therapeutic lead. In this reg_ard,
state that CD4 cannot access and that exhibits slow refolding the data obtained in this work show clearly that 12p1 binds

kinetics back to a CD4 binding efficient conformation. in a 1:1 manner at a unique site on gp120 that can be
distinguished from that of CD4 or the coreceptor. This now
gp120 in multiple conformations. The 12p1 peptide had no rajses the possibility of determining the structure of 12p1 in
effect on 2G12 binding, and thus, the peptide is not the bound state and using that structure to design higher-
interacting with that glycosylated epitope. The interrelation- affinity antagonists. Since 12p1 itself already has a substantial
ship of 12p1 and Ab b12 is slightly unusual. Since b12 is a (low micromolarKp) affinity even without the conforma-
CD4 binding site (CD4BS) Ab and the peptide does not tional constraint and alternative scaffolding that could be
compete with it, we might conclude that the peptide does employed in follow-ups, the results of this work allow the

not bind to the CD4 binding site. The b12 epitope, however, chance of utilizing this peptide system in the drug discovery
seems to be dependent on the gp120 strain and/or oligomerprocess.

ization state. Xiang et al1@) found that b12 did not bind
to monomers of S375W from the YU2 strain, while here ACKNOWLEDGMENT

we found robust binding to HXBc2 trimers and mutants. This

may be due to the importance of the V1 and V2 loops of We thank Dr. Stephen Harrison (Harvard Medical School)
gp120, which vary among strains, for b12 recognition, and and Dr. Richard Virden (University of Newcastle upon Tyne,
also to the differences between the monomer and trimer.Newcastle upon Tyne, U.K.) for their helpful comments
Whatever the b12 epitope, it does not appear to overlapduring the course of this work.

significantly with the binding site of the 12p1 peptide. Further
support for this assumption comes from a recent st@dy, (
which shows that b12 is only moderately affected by alanine
substitutions of E102 and R476. The ability of 12p1 to inhibit
binding of F105, another CD4BS Ab, might be due to epitope
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