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ABSTRACT. The generation of neutralizing antibodies by peptide immunization is dependent on achieving
conformational compatibility between antibodies and native protein. Consequently, approaches are needed
for developing conformational mimics of protein neutralization sites. We replace putative main-chain
hydrogen bonds (NH> O=CRNH) with a hydrazone link (NN=CH—-CH,CH,) and scan constrained
peptides for fit with neutralizing monoclonal antibodies (MADbs). To explore this approach, a V3 MADb
58.2 that potently neutralizes T-cell lab-adapted HiW-Was used to identify a cyclic peptide, [JHIGPGR-
(Aib)F(p-Ala)GZ]G-NH; (loop 5), that binds with~ 1000-fold higher affinity than the unconstrained peptide.
NMR structural studies suggested that loop 5 stabiljzedrns at GPGR and R(Aib)BfAla) in aqueous

solvent implying considerable conformational mimicry of a Fab 58.2 bound V3 peptide determined by
X-ray crystallography [Stanfield, R. L. et al. (1998¥ructure 142131—-142]. Rabbit polyclonal antibodies
(PADbs) generated to loop 5 but not to the corresponding uncyclized peptide bound thetdévnielope
glycoprotein, gp120. When individual rabbit antisera were scanned with linear and cyclic peptides, further
animal-to-animal differences in antibody populations were characterized. Loop 5 PAbs that most closely
mimicked MAb 58.2 neutralized HIV+Jy with similar potency. These results demonstrate the remarkable
effect that conformation can have on peptide affinity and immunogenicity and identify an approach that
can be used to achieve these results. The implications for synthetic vaccine and HIV-1 vaccine research
are discussed.

The development of broadly cross-reactive neutralizing undergone an unprecedented degree of mutat®rthat
antibodies is an important aim of HI\AVaccine research  complicates vaccine design. Sera from HIV-1 seropositive
(1, 2). However, the HIV-1 envelope glycoproteins, gp120 individuals generally neutralize HIV-1 very poorly. Never-
and gp41, are poorly immunogenit, @). HIV-1 has also  theless, antisera from a subset of long-term nonprogressors
show a marked broadening of HIV-1 neutralizing activities,

(AIT3T7V5“152WOFKAV(\£a§ Supdp%tlaifsbl)gzthe l?liti\%la]l( InSRtittJts of dH?'?wlth and a few potent neutralizing monoclonal antibodies have
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1 Abbreviations: TCLA, T-cell lab-adapted: HIV-1. human immu- to generate antibodies which in some cases are neutralizing

nodeficiency virus type 1: MN, HIV-dx; 1B, HIV-1 y5; JR-CSF, (7). While the availability of peptides favor the approach, it
HIV-1iresk rgpl20, baculovirus-derived recombinant envelope glyco- is limited by conformational issues8{10). Peptides are

protein 12@n; p24, HIV-1 protein; MAb, monoclonal antibody; Fab, ; ; :
antigen binding fragment; PAbs, polyclonal antibodies; Adbe- Conformatl(_)na”y heterogeneous in aqueous solutiti), (
dimethylglycine; NMP,N-methylpyrrolidone; DIC, 1,3-diisopropyl-  often differing from the structures their cognate sequences

carbodiimide; HOBt, 1-hydroxybenzotriazole; DIEA, diisopropyleth- adapt in native proteins. This has two important conse-

lamine; DCM, dichloromethane; AN, acetonitrile; TFE, trifluroethanol; ; ; L ; :
KAS’ mass_spectrometry: MAPS, multiple-antigen-peptide systern: dUENCES. First, it reduces the affinity of peptides for antibod-

ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-bufferedies generated by native proteir& @, 12). For a peptide to
saline; pNPPp-nitrophenyl phosphate; Eg: effective concentration  hind a native protein antibody, it must approximate the native

of peptide that inhibited 50% of the binding of antibody to plate-bound . . . S
antigen; 1Go, concentration (or titer) of antibody that inhibitecd0% conformation with a cost in free energy that can significantly

of HIV-1 infectivity; TCIDso, 50% tissue culture infective dose; lower affinity (12). Second, the binding pockets of antipep-
NOESY, nuclear Overhauser effect spectroscopy; ROESY, rotating- tide antibodies reflect the conformational heterogeneity of

frame Overhauser effect spectroscopy; TOCSY, total correlation . . - g
spectroscopy; P. E. COSY, phase-edited correlation spectroscopy; TPPIPePtides 13) and are for the most part incompatible with

time-proportional phase incrementation. native protein surfaced(, 11, 13—15).
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Table 1: Linear, Cyclic Peptides and MAPS Prepared for This Study

peptide sequence
MN 11 —H2—-13—-G4—-P5-G6—R7—A8—F9-Y10
linear 1 Ac-GHIGPGRAFGGG-NH
linear 2 Ac-GHIGPGRAFGGGG-NH
linear 3 Ac-GHIGP)-Ala)RAFGGGG-NH
linear 4 Ac-GHIGPGR(Aib)FGGGG-NH
linear 5 AcG1l—H2—-13—G4—P5-G6—R7—(Aib)8 —F9—(p-Ala)10—GGG-NH;
linear 5/C Ac-GHIGPGR(Aib)Ff-Ala)GGC-NH,
loop 1 [JHIGPGRAFGZ]G-NH
loop 2 [JHIGPGRAFGGZ]G-Nh
loop 3 [JHIGP6-Ala)RAFGGZ]G-NH,
loop 4 [JHIGPGR(Aib)FGGZ]G-Nhl
loop 5 [J—H2—13-G4-P5-G6-R7-(Aib)8-F9-p-Ala)10-GZ]G-NH,
loop 5/C [JHIGPGR(Aib)F§-Ala)GZ]C—NH,
loop 6 Ac-[CHIGPGR(Aib)FGGC]-NH
loop 7 [JHVGPGR(Aib)Fp-Ala)GZ]G-NH;
MAPS core (chloro-AETT2}KKK) 4(KGG),KA-NH
linear 5-MAPS (linear 5/€ Ac-{ TT2} KKK) 4(KGG)KA-NH
loop 5-MAPS (loop 5/G-Ac-{ TT2} KKK) 4(KGG),KA-NH

2The MN sequence was renumberét;(our numbering) is 1312 from the MN sequend).(The same numbering system was used for the
peptides as shown for linear 5 and loop 5. The single letter code is used for standard aminp-Atads.p-alanine; Aib isa,a-dimethylglycine;
Jand Z are linking residues used to form the hydrazone link which is indicated by brackets; Ac is acetyl; chloro-Ac is chloroacetgprésints
a C-terminal carboxamide a{d’ T2} is a tetanus toxoid T-helper epitope, QYIKANSKFIGITEL. MAPS structures are depicted in Figure 7 and
Supporting Information.

The immunological activities of peptides can, however, available during the course of this proje2tl). Essentially,
be improved by constraining them to mimic protein sub- we found that constraining a short V3 peptide with the
structures§, 16—18). This expedient though needs synthetic hydrazone link enhanced its affinity for MAb 58.2. This
methods that can be used to broaden the approagh ( identified a cyclic peptide that showed considerable mimicry
Recently, two of us reported a solid-phase synthetic methodof the MAb 58.2 bound conformer by NMR spectroscopy.
for replacing main-chain hydrogen bonds (NHO=CRNH) In turn, we found that the mimetic was a far better
with a hydrazone covalent mimic (NXCH—CH,CH,) (19). immunogen than the corresponding unconstrained peptide
On average, about 60% of the amino acids in globular demonstrating the effectiveness of this approach.
proteins engage in main-chain hydrogen bor23).(Since
protein substructures can be distinguished by differences inMATERIALS AND METHODS

hydrogen bonding patternsl9), we reasoned that the _ " . .
hydrazone link might be used to constrain peptides to Peptide Synthesid.inear and cyclic peptides were syn-

different conformations depending on where it was positioned th‘?s'zed by sqhd-phase methods. Side chains were protected
in the peptide 19). Indeed, the hydrazone link has been used USiNg Fmoc-His(Trt), Fmoc-Arg(Pbf), Fmoc-Cys(Trt), Fmoc-

to constrain short peptides ashelices (9) and loops 21). LYS(BOC)’ anq Fmoc-Lys(Fmo_c). Peptides were pur|f|ed W'th

It is also chemically stable in agueous solution at physi- G|Iso_n analytical and preparative HPLC systems using linear
ological temperature and pH as required of immunogenic 9radients formed from solvent systems A: 0.1% TFAM
peptides 19). (v/v) and B: 0.1% TFA/AN (V/V).

Since the hydrazone link satisfied important criteria, we  Linear peptides (Table 1) were synthesized with an ACT-
decided to test whether it could improve the antigenicity 350 multiple peptide synthesizer (Advanced Chem Tech) on
(affinity for antibodies) and immunogenicity (generation of Rink amide resin (0.40.6 mmol/g) using standard Fmoc
neutralizing antibodies) of a short peptide from the V3 loop. synthesis with DIC/HOBt coupling. The N-termini of pep-
The V3 |00p is a 35-residu&t( 2 residues) disulfide |00p tides were acetylated on the resin with 15% acetic anhydride
on gp120 that encompasses a neutralizing epitope on TCLAIN DMF. The acetylated peptides were cleaved with Reagent
HIV-1 viruses @2). V3 peptides have provided important K (31), precipitated with diethyl ether and purified using a
testing grounds for synthetic vaccine approact&ss-@7). preparative RP C-18 column (Cosmosil 5C18-ARx 25
Interest in the V3 loop has also led to the identification of ¢m) eluting at 8 mL/min with a 650% AN gradient over
potent neutralizing V3 MAbs28—30). We decided to use 30 min. Peptides were confirmed by FAB MS or ES MS.
one of these MADbs to explore the antigenicity of hydrazone-  Cyclic hydrazone-linked peptides (Table 1) were synthe-
linked peptides with the goal of identifying a constrained sized by solid-phase synthesis on Rink amide resin—0.4
peptide mimetic of the MAb bound conformer using 0.6 mmol/g) according to Scheme 1 using previously
enhanced affinity as a measure of fit. The mimetic could described procedure$9). These syntheses required the prior
then in turn be tested as an immunogen. preparation of J and Fmoc-Z(Actl9). N-a-Fmoc-glycine

We relied mostly on MAb 58.230) as a template for our  chloride was prepared according to Carpino et 32) @énd
studies MAb 58.2 potently neutralizes TCLA HIVqy and shown to be>98% acyl chloride by the methanol te82].
binds a V3 epitope that encompasses a short neutralizinglnitially, Fmoc-GZ(Act)G/C(Trt)-resin was synthesized manu-
determinant (SND), IGPGRAF, that is shared by the majority ally in resin packets19). The most critical step was the
of Clade B HIV-1 virusesZ2). X-ray crystallography of Fab  coupling of Fmoc-Gly chloride to Z(Act). Fmoc-Gly chloride
58.2-peptide complexes were being pursued and becamewas freed of trace HCI under vacuum before use, mixed with
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Scheme 1 using Ellman’s test34), the reaction mixture was lyophilized
- and loop 6 was purified by HPLC on a RP-C18 column and
Fmoc—ECHzC\é)H + 6@ confirmed by ES MS.
FmocZ(Act))K MAPS Synthesi®dAPS (35) were modified 86, 37) and
L. PyBOP/HOB prepared for immunizations using a chemical ligation
2. Piperidine protocol @7). First, a chloroacetylated MAPS core (Table
1) was synthesized on TGR resin (NovaBiochem, 0.1 mmol/
z2¢-@ g) with the ACT-350 synthesizer using Fmoc synthesis.-
Act Fmoc-Lys(Fmoc) was used at the branch points. The
1. FmocGlyCl/DIEA N-termini of the four branches of the MAPS core were
2. Piperidine chloroacetylated on the resin with 10 equiv of chloroacetic
G_Z_G_‘ acid anhydride in DMF for 15 min. The chloroacetylated
Act MAPS core was cleaved from the resin and deprotected by
treating it with 5% HO/95% TFA for 1 h. It was then
1. FmocAA/DIC/HOBt precipitated with cold diethyl ether, lyophilized, and purified
2. Piperidine by HPLC on a preparative RP C4 column (Vydac, 214TP1022,

2.2 x 25 cm) eluting at 15 mL/min with a-620% AN

'T'"'G'P'G'B'Aib'F'DA'G'7r'G'. gradient over 10 min followed by a 2(80% AN over 20

™ Pt Act min. Pure chloroacetylated MAPS core (5% vyield) was
HiCO OCH, O identified by ES MS: caled (MH), 9377, obs 9374
HC AN ANy | PYBOPHOBUDIEA (Supporting Information).
J Second, linear 5/C or loop 5/C (Table 1) were chemically
J-H-1-G-P-G-R-Aib-F-DA-G- Z -G-@) ligated to the chloroacetylated MAPS core. A 5-fold molar
Trt Pbf Act excess (relative to chloroacetylated arms) of linear 5/C (2.8

mgq) or loop 5/C (2.7 mg) was mixed with chloroacetylated
\ HCI/TFE/DCM/15min MAPS core (1.0 mg) in 0.5 mL degassed 0.5 M Tris, pH
8.9, ard 3 M guanidiniumHCI containing 8 mM EDTA

-_ - E" under nitrogen. The reactions were monitored on an analyti-
H-1-G-P-G-R-Aib-F-0A-G-[Z | G-@) cal RP C4 column (Vydac, 214TP54) eluting at 2 mL/min
™ Pof with a 0-20% AN gradient over 10 min followed by a 20

32% AN over 30 min (Supporting Information). The reaction
appeared complete aft2 h but was continued overnight to
ensure a complete reaction. The products were purified on
H'l-G-P-G-R-Aib-F-DA-G-E"G'NHz the preparative RP C4 column (Vydac, 214TP1022) eluting
at 15 mL/min with a 6-20% AN gradient for 5 min followed
NMP, and briefly shaken with Z(Act)G/C(Trt)-Resin before by a 26-35% AN for 30 min. These purifications yielded
adding DIEA (19). The product, Fmoc-GZ(Act)G/C(Trt)- 0.8 mg of linear 5-MAPS (52% yield based on MAPS core)
resin, was removed from the resin packet and transferred toand 0.6 mg of loop 5-MAPS (40% yield) which were stored
the ACT-350 peptide synthesizer where it was extended usingdry at — 20 °C. Both MAPS were soluble in water. Linear
standard Fmoc synthesis. The addition of Fmoc-Arg(Pbf) to 5-MAPS was identified by ES MS: calcd (MH), 14244,
Aib was the only difficult coupling step, proceedirgs0% obs 14245. Loop 5-MAPS was identified by MALDI MS:
despite triple coupling. After adding the final amino acid, calcd (MHt), 14228, obs 14223 (Supporting Information).
Fmoc-His(Trt), the peptide-resin was transferred to resin  Immunization.Linear 5-MAPS and loop 5-MAPS were
packets, the Fmoc group removed with piperidine, the peptide prepared in separate lots for immunizations by dissolving
capped with J and then rapidly cyclized in acidic 20% TFE/ them in deionized water and vigorously mixing with an equal
DCM (19). Cyclic peptides were cleaved from the resin and volume of twice the recommended concentration of RIBI
deprotected with 5% pD/95% TFA and precipitated with  adjuvant system R-730 (RIBI ImmunoChem Research, Inc)
diethyl ether. Thiol scavengers were excluded from the in PBS. Each rabbit (NZW female,—2.5 kg) was im-
cleavage reaction since high concentrations of free thiol in munized with 1 mL of emulsion at multiple sites (subcutane-
TFA destroy the hydrazone linkL®). The cyclic peptides  ous, intraperitoneal, intradermal, intramuscular) as recom-
were typically purified by HPLC using a preparative RP C-18 mended by RIBI on days 0 (20@g MAPS), 28 (100ug
column (Cosmosil, 5C18-AR) eluting at 8 mL/min with a MAPS), 71 (50ug MAPS), and 225 (5Qug of linear
0—20% AN gradient over 5 min followed by 2840% AN 5-MAPS or 17ug for loop 5-MAPS). The rabbits were bled
over 30 min (Supporting Information). The yields of cyclic on days 0, 28, 38, 44, 71, 82 (week 12), 89, 225, and 235
hydrazone-linked peptides (based on resin loading) were(week 34).
~5—10%. Each purified cyclic peptide showed one peak by  ELISA Titers.Titrations of rabbit antisera against linear
HPLC and was confirmed by FAB MS or ES MS. 5, loop 5, and rgp120 were carried out in duplicate, and the
The disulfide loop 6 (Table 1) was initially prepared as a results were averaged. Background absorption was deter-
linear peptide using Fmoc-Cys(Trt) and cleaved from the mined by titrating each antiserum in the same manner but
resin with Reagent K as described above. The linear peptidewithout antigen.
(12 mg/mL) was quantitatively cyclized in 20% DMSQO/B, Linear 5/C and loop 5/C (Table 1) were conjugated to
pH 4.0, in 1 day 83). After confirming the loss of free thiol  biotin-BMCC (Pierce) according to the manufacturer. Bio-

TFA/H,0/60 min
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tinylated-peptide (10 ng/100L of PBS/well) was added to 90 uL from each well was mixed with 1QL of 10%
96-well neutrAvidin coated microtiter plates (Pierce) for 2 empigein (Calbiochem, La Jolla, CA) and assayed for p24
h at room temperature which were then washed four timesin an ELISA 38). Reported values from the ELISA are based
with distilled water. Rabbit antisera was serially diluted on median values from the triplicate determinations for each
2-fold with 1% BSA/0.05% Tween 20/PBS into titer wells concentration of antibody.

and incubated fol h at 37°C. After washing 10 times with NMR Spectroscopfeptides were dissolved in 0.5 mL of
distilled water, bound antibody was determined using alkaline 10% D,0/90% HO (v/v) and adjusted to pH 5.0 with
phosphatase-conjugated goat antirabbit IgG {¢Bierce)  aqueous NaOH and HCI solutions. Dioxane was added as
[100 uL/well of 1/500 dilution of IgG F(ab. in 1% BSA/  an internal chemical shift reference (3.75 ppm). 1D and 2D
0.05% Tween 20/PBS]. After incubation at 3C for 1 h COSY, P. E. COSY, TOCSY, and ROESY experiments were
and washing 10 times with distilled water, 100 of carried out with a Bruker AMX 500 spectrometer. 1D NMR
developing solution (1 mg of pNPP/mL of developing buffer) spectra were run with presaturation of water. 2D ROESY
was added. The developing solution was prepared by addingspectra were run in the phase-sensitive mode using TPP! for
5 mg of pNPP (Sigma) to 5 mL of developing buffer (50 quadrature detection if. Typically, 32 transients of 1024
mL of diethanolamine, 50 mg of Mg&bH;O, and 97.5mg  data points were acquired in tfiedimension at a spectral
of NaN; were brought to 500 mL, pH 9.7, with déf,0 width of 5555 Hz with 512; increments which were zero
and NaOH). Optical density was determined at 415 nm after fjlled to 2024 data points. A 400-ms mixing time was used.
30 min with a Molecular Devices SpectraMAX 190. Additional ROESY spectra were acquired for loops 5 and 7
Titers to protein were determined using rgpQQim- at 10°C using a Bruker DRX-600 MHz spectrometer at a
munoDiagnostics Inc.). High binding 96-well microtiter spectral width of 7186 Hz using eight transients for each of
plates (Costar, polystyrene 1/2 area) were coated overnights12 increments and a 400-ms mixing time. Temperature
at 4°C with sheep PAD specific for the C-terminus of rgp120 coefficients were obtained from a series of 1D spectra. Probe
(no. 6205, International Enzymes, Fallbrook, CA, Adof temperatures were determined using a methanol standard.
PADb/50uL of PBS/well). After removal of unbound antibody 1D and 2D data were processed and analyzed on a Silicon
by washing four times with distilled water, rgp120 (04%  Graphics Indigo2 Extreme computer using Felix (Molecular
of rgp120/50uL of 1% BSA/0.05% Tween 20/PBS/well)  Simulations, Inc).
was added and incubated at room temperature for 2 h.
Unbound rgp120 was removed by washing four times with RESULTS

distilled water, antibody was added, and the assay was ]
continued in the same manner as described above. MAb 58.2.MAb 58.2 was generated by White-Scharf et

End-point titers are the highest dilution of antisera that @l (30) to a40-residue MN peptide (RP70) that encompassed
gave >2x background absorbance. Midpoint titers of the V3-disulfide loop. It was the most potent neutralizing
antibodies for rgp120 are equal to the dilution of antisera MN MAb among >3000 V3 positive hybridomas (from 85

that gave an optical density of 1.0 after correcting for Mice) generated by the peptide. MAb 58.2 also weakly
background. neutralized primary isolatesS(). MAb 58.2 is about twice

Competition ELISA Assafach experiment was carried &S Potent against MN as MAb 50.1 from the same series
out in duplicate and the results were averaged. First, linear(30) that has been grouped with the most potent MN
5/C-biotin (10 ng/well) or rgp120 (0.025g of rgp120/well) ~ heutralizing human V3 MADs30). Although MAb 58.2 is
were bound to titer wells as described above. A subsaturating!echnically an antipeptide MAD, its high potency suggested
concentration of antibody was premixed with 4-fold serially that it bound the MN V3 epitope in a conformation that could
diluted competing peptide and transferred to the antigen- P& Used to represent the native structure.
coated wells (5@L/well in 1% BSA/0.05% Tween 20/PBS). Several approaches have been taken to characterize the
After incubation at 37C for 1 h, the unbound antibody was MAb 58.2 epitope 21, 30, 40-42). Phage-displayed peptides
removed by washing 10 times with distilled water. Quanti- and peptide arrays identified GPxR, the least variable region
fication of the bound antibody was carried out with alkaline ©of the SND, as the core epitop&Q]. This specificity most
phosphatase-conjugated goat antirabbit IgG as describedikely accounts for the broad recognition of gp120s from
above. 100% binding to plate-adsorbed antigen was deter-primary isolates by MAb 58.24(1). Alanine scanning of a
mined in the absence of competing peptide. Background RIHIGPGRAFY peptide with MAb 58.2 showed that it binds

absorbance was determined without plate-adsorbed antigedGPGRAF @0). Later, serial deletion competition ELISAs
and subtracted from the average of values with rgp120. indicated that MAb 58.2 binds RIHIGPGRAFY with the
Neutralization AssaysNeutranzation assays were carried terminal amino acids contributing about 1000-fold to af'finity
out in triplicate in 96-well tissue culture plates (Costar). In (42).
a typical assay, 100 TCHp virus (MN or JR-CSF) was A crystal structure of a Fab 58:Aib peptide complex
mixed with 2-fold serially diluted rabbit antisera or MAb in  showed that the antibody binds RIHIGPGR(Aib)FX1J.
100 uL of culture medium and incubatedrfd h at 37°C. The bound structure (Figure 1) has been characterized as a
Then either 2x 10* human T-lymphoid H9 cells (to MN)  strand followed by three overlappiifigturns @1). It can also
or 5 x 10* phytohaemagglutinin-stimulated, peripheral blood be viewed in terms of a strarg turn—pivot—; turn motif.
mononuclear cells (to JR-CSF) were added to each well andParsing the conformer in this manner identified structural
incubated for 24 h at 37C; PBMCs were pooled from three  elements that were useful for the design, manipulation, and
donors. After washing three times with culture medium and conformational analysis of a mimetic. In this rendition, Fab
bringing each well to 20@L with culture medium, incuba-  58.2 binds RIHI as a strand, and GPGR and R(AIb)FY as
tion was continued for 7 days at 3C under 5% CQ@ Then overlapping type | ¢g — og] S-turns. BothS-turns are
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FicUre 2: Transformation of a predicted MN \fBhairpin structure
(A) into a hydrazone-linked loop 1 (B). The hydrazone link (boxed
areas) was formed in a reaction between J and Z (Scheme 1).

sequence would form@strand-type Il 5 turn—p strand-a

helix with GPGR occupying a type Il turn. One manifestation
of this prediction would place the SND in /&hairpin. It
was recently reported that a related V3 1lIB peptide binds a
[1IB neutralizing MAb as as-hairpin @6). S-hairpins are
characterized by various sized loops at their apexes and a
stem @7). The stems consist of antiparall@istrands that
hydrogen bond across alternating pairs of amino acids. The
hydrogen bonds provide sites for substitution with the
hydrazone link 19). For example, a predictggthairpin for

the V3 MN sequence that includes the SND and a pair of
hydrogen bonds characteristic of a stem is shown in Figure
2. The hydrazone link can be used to replacé kK — i
main-chain hydrogen bonds in the manner shown for this
structure to give in this case, loop 1 (Figure 2). However,
FiGurRe 1. (top) Fab 58.2 bound MN V3 Aib-peptide, RHIG-  the initial pair of hydrogen bonds could traverse a different

PGRAIbFY 1), PDB accession code 1f58. V3 Aib-peptide (stick  set of amino acids determined by the size and position of
model) against a Connolly surfaced Fab 58.2 (light chain, pink; the loop

heavy chain, blue) as rendered by Mike Pique using AVS. (bottom) . . ) .
Stereoview of Fab 58.2 bound, IGPGR(Aib)FY. A set of corresponding linear and cyclic peptides was

synthesized beginning with linear 1 and loop 1 (Table 1 and
Table 2: Comparison of the Conformations Adapted by GPGRAFY below). Loop 1 was then expanded using enhanced affinity
Peptides and Analogs in Aqueous Solution and Fab-Peptide Crystal for MAb 58.2 to identify a complementary loop while

Structures in Terms of A-Turn—Pivot—/-Turn Motif limiting as far as possible the composition of the loop to the
structure p-turn  pivott  B-turn SND. Corresponding linear and cyclic peptides were used

MN sequence GPGR R RAFY to assess the effect of cyclization on affinity, independent

linear Aib-peptide NMR structuPe random coil j random coft of changes in amino acids. The hydrazone-linked peptides
loop 5 NMR structure type | ol typel were synthesized on Rink amide resin using manual and
Ezg gg:i:xg Qé%g’gg;%ﬁg ggg:l g ggg: machine-assisted multiple peptide synthesis according to
Fab 50.1-V3 peptide4@) type II° NBf NB' Scheme 1. The coupling of Fmoc-amino acids to Z requires

a Arg is shared by botf#-turns and acts as a pivot occupying either .the us'e of ar! Fmoc-amino acid Chlonde. since the reaction
thea- or S-region of Ramanchandran spat&rom this study. Dynamic 1S Sterically hindereq19). Fmoc-Gly chloride was used for
equilibria of structures including the indicated structufdday include coupling to Z for this series. Coupling to Z is not necessarily
a minor population of3-turn. It is likely that R also occupies the  restricted to Gly {9). It required little more effort to assemble
ﬁirreg'rf’anuégﬁeéuag%faﬁggsﬁéfg'32?5&25 :ﬁg'gg’:gnmﬂtﬁype a hydrazone-linked peptide than a linear peptide and the
Il turn. ' Not bound by Fab. yields were high for cyclic peptides of this complexity.

Individual amino acids and their replacements are referred

characterized by main-chain i, 4 3 hydrogen bonds and 0 using the numbering system in Table 1.

share Arg that acts as a pivot to orient the turns with respect Peptide Affinities. The affinities of linear and cyclic

to one another in a double-headed loop (Figure 1). This motif peptides for MAb 58.2 were determined using a competition

also provides a common framework for comparisons with ELISA assay (Figure 3) and are reported as affinity indices,

the conformations of V3 peptides bound by two other MN EGCso values of the peptides relative to the &@alue for

neutralizing antibodies, Fabs 50.43] and 59.1 44, 45) linear 1 (Table 3). Assays were carried out at ¥7 to

(Table 2), that are referred to in this study. simulate the conformational differences that occur at physi-
Design and SynthesiSince a Fab 58.2-peptide crystal ological temperature.

structure was not initially available, we began with a  Loop 1 bound MAb 58.2 with an affinity index of 23. A

hypothetical structure based on a secondary structure predicFab 58.2-loop 1 crystal structure has been report@d)(

tion made by LaRosa et ak?) who predicted that the V3  The propylene moeity of the hydrazone link appears fully
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Ficure 3: Competition ELISA assays of linear (¥; 2,0; 3, 0; 4, A; 5, 0) and loop peptides (1v; 2,H; 3, 4; 4, A; 5, ®; 6, square with

cross) for MAb 58.2 and rabbit antisera P2 (anti-linear 5), P4 and P5 (anti-loop 5). Peptides compete with plate-bound rgp120 (MAb 58.2,
P4, P5) or linear 5 (P2). Percent antibody bound refers to the antibody bound by the plate-bound antigen. The peptides are identified in

Table 3 which also includes relative glralues from these data.

Table 3: Affinity Indices of Linear and Loop Peptides for MAb 58.2 and P4 and P5 rgp120-Specific Antibodies

peptide sequence MADb 58.2 P4 P5
linear 1 Ac-GHIGPGRAFGGG-NH 1.0 1.0 1.0
linear 2 Ac-GHIGPGRAFGGGG-NH 1.5 0.6 1.2
linear 3 Ac-GHIGP§-Ala)RAFGGGG-NH 0.3 0.2 0.2
linear 4 Ac-GHIGPGR(AIb)FGGGG-NH 13 1.0 222
linear 5 Ac-GHIGPGR(Aib)Fg-Ala)GGG-NH, 10 14 400
loop 1 [JHIGPGRAFGZ]G-NH 23 6.5 9.5
loop 2 [JHIGPGRAFGGZ]G-NK 167 108 20
loop 3 [JHIGP(-Ala)RAFGGZ]G-NH, 0.5 22 33
loop 4 [JHIGPGR(Aib)FGGZ]G-NK 968 144 370
loop 5 [JHIGPGR(Aib)F§-Ala)GZ]G-NH, 1667 464 400
loop 6 Ac-[CHIGPGR(AiIb)FGGC]-NH 176 11 167

a Affinity indices are reciprocals of the (Egvalues for the peptide)/(Egvalue for linear 1). The E& values were obtained from Figure 3.

extended in the Fab 58.2 bound structure suggesting that loopan MN linear peptide that encompasses the complete MAb
1 is barely wide enough to fit the binding site. This 58.2 epitope42).

impression was strengthened by the later observation that Three additional modifications were made to loop 2 at the
Gly10 in loop 1 was rotated relative to Tyrl0 in the Fab X positions, [JHIGRRXFXGZ]G-NH,, to either probe
58.2 bound linear Aib-peptide (Figure 1). When loop 1 was conformational preference and/or improve the affinity of loop
expanded by adding a second Gly to the C-terminal end of 2 for MAb 58.2. (i) Since Fab 58.2 binds GPGR as a type
the SND to give loop 2, the affinity index improved to 167. 1 turn (Figure 1), loop 3 was prepared with a Gly&ila

We therefore eliminated smaller loops from consideration. substitution as a potential probe for this prefereneéla
When loop 1 was instead expanded from the N-terminus by at the i+ 2 position of ag-turn in cyclic pentapeptides
adding lleu to give [JIHIGPGRAFGZ]G-N§l the affinity destabilizes the type | turn and favors the type Il tu48)(
index remained at about 23 (not shown). Since the higher The affinity index for loop 3 decreased from 167 to 0.5
affinity index for loop 2 suggested considerable comple- indicating the difficulties of binding GBtAla)R as a type
mentarity with the MAb 58.2 binding site, ring expansion | turn. An examination of the Fab 58:2eptide crystal
was stopped to limit the mimetic as far as possible to the structure (Figure 1), indicated that theAla o-methyl group
SND. For comparison, MAb 58.2 binds RP70 (complete MN would not interfere sterically if loop 3 were bound as a type
V3 disulfide loop peptide) with 22-fold higher affinity than | turn. Consequently, loop 3 provides a sensitive probe for
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type | turn specificity. (ii) Fab 58.2 also binds R(Aib)FY as
a type | turn (Figure 1). Aib favors thew-region of
Ramachandran spacé9j which is adopted by Aib8¢ =
—50°, v = —42°) in the Fab 58.2 bound peptid2l). The
additionalo-methyl group on Aib (as compared with Ala)

projects into space and does not contact Fab 58.2 in the

crystal complex (Figure 1). When Ala8 in loop 2 was
replaced with Aib to give loop 4, the affinity index improved
about 6-fold to 968 indicating a conformational stabilization
by Aib. (iii) The conformational preference of MAb 58.2

for Gly10 was probed. Gly is a preferred amino acid at the

i, I + 3 position of type | turns, often occupying the-
region of Ramachandran spa&9), Consequently, it is not
surprising to find thab-amino acids can occupy i,+ 3
positions in type | turns in cyclic pentapeptidet8(50).
When Gly10 was substituted wititAla to give loop 5, the
affinity index improved to 1667. However, whenAlal0

in loop 5 was replaced with Aib, the replacement had little

effect on affinity (not shown) suggesting that X10 can occupy
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FIGURE 4: The amide proton region of 1D NMR spectra for (A)
20 mM linear Aib-peptide, acetyl-GHIGPGR(Aib)FGGG-MHn
10% D,0/90% HO at pH 5.0, 24C and (B) 20 mM loop 5 at pH

different regions of Ramachandran space in the bound states o 21°c. in 10% 5,0/90% HO.

A disulfide loop 6 (Table 1) was prepared to determine
the effect of a different linker on affinity. Disulfide links
are often found just beyong-strand pairs where they are
offset diagonally from the strandSJ). The disulfide loop 6
links cysteine side chains to form a 38-member ring while
the hydrazone-linked loop 5 is a main-chain linked 37-
member ring. Replacing the hydrazone link with the disulfide
link reduced the affinity index of loop 6 for MAb 58.2 to

A comparison of the amide NH regions of 1D NMR
spectra for the linear Aib-peptide and loop 5 (Figure 4)
revealed large shifts in resonance positions indicating major
differences in chemical environment and conformation
consistent with a structural basis for affinity enhancement.
Both the linear and cyclic peptides showed a minor com-
ponent (10%) that could arise from eigans isomerization

176 (Figure 3) suggesting that the hydrazone link can betterat the Gly-Pro tertiary amide link. Another short, protected
accommodate the conformer bound by MAb 58.2 than the MN V3 peptide has been reported to isomerize in DMSO

disulfide link.

The affinities of linear and loop peptides for a second V3
MAb 59.1 were compared to determine whether MAb 59.1,
which binds peptides in a related but different conformation
to MAb 58.2 (Table 2), could discriminate among these
peptides. MAb 59.1 bound loops 2 and 4 with about 4-fold
higher affinity than the corresponding linear 2 and linear 4
peptides (not shown). The substitution of Aib for Ala8 had
little or no effect on affinity. Consequently, loop 5 stabilizes

or can adapt to the MAb 59.1 bound conformer but not nearly

as well as to the conformer bound by MAb 58.2.

One further comparison was made of the affinity of MADb
58.2 for the MN peptide, acetyl-RIHIGPGRAFY-NHwith
a corresponding peptide, acetyl-SIHIGPGRAFY-Niep-

resentative of the primary isolates that were weakly neutral-

ized by the antibody 30). A competition ELISA assay

showed that MADb 58.2 bound the MN peptide with 14-fold
higher affinity than the primary isolate peptide (Supporting
Information). The N-terminal Arg forms a bifurcated,

(52). As expected, the major component of loop 5 displayed
a strong G4-P5 NOE indicating a trans peptide bon&3j.
Fab 58.2 binds V3 peptides with GiPro in the trans
configuration (Figure 1) Z1). Although we could not
establish full connectivities for the 10% isomer, a°&2B*
NOE was evident for a minor component in loop 5 (not
shown) indicating the presence of a cis GRro isomer %3).
The acylhydrazone is another potential source of-trians
isomerization. No &Z* NOE was apparent for the major
component indicating that the main-chain-R link is in
the trans configuration relegating the~N- link to the “cis”
position Fab 58.2 binds loop 1 in this configuratio@1j.
Loop 5 showed additional minor component$s@s) (Figures
4 and 6), which may reflect isomerization at the acylhydra-
zone or the presence of minor peptide impurities, possibly
from racemization since no impurities were detected by mass
spectroscopy (Supporting Information).

Further structural information was developed for the linear
Aib peptide and loop 5 major components. The resonance
positions for all protons for the linear Aib-peptide and loop

electrostatic bond between the guanidinium side chain andg \ere assigned (Supporting Information) from 2D-NMR
an aspartyl carboxylate group on the Fab (Figure 1) that experiments using standard sequential assignment methods

likely accounts for the higher affinity of the MN peptide.
NMR Structural StudieS.he high affinity indices of loops

(54). These include stereospecific assignments for the loop
5 F93-methylene protons (Figure 5 and Supporting Informa-

2,4, 5, and 6 for MAb 58.2 (Table 3) suggested that these tion) which were made according to the method of Basus

cyclic peptides adopted conformation(s) in water that mim-

icked the MAb 58.2 bound conformer to a much better

(62).
The overlap of several resonances for main-chain amide

degree than the linear peptides. To assess this possibility protons for loop 5 (Figure 4) prompted the synthesis of loop

NMR structural studies were carried out on loop 5 and
compared with those for a linear V3 Aib-peptide, acetyl-
GHIGPGR(AiIb)FGGG-NH, in 10% D,O/H,O, pH 5.0, at
or near ambient temperatures.

7 (lleu3 to Val3) which led to a small improvement in

resonance separation (Supporting Information). Loop 7
showed a similar set of minor components. ROESY experi-
ments for loops 5 and 7 displayed the same structure-defining
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Ficure 5: Summary of NMR data for the (A) linear Aib-peptide
at pH 5.0, 24°C and (B) loop 5 at pH 5.0, 21C. Temperature
coefficients for loop 7 are included with the data for loop 5.
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FiGUrRe 6: Portions of ROESY spectra for 20 mM solutions of (A)
the linear V3 Aib-peptide, acetyl-GHIGPGR(Aib)FGGG-MHN
10% D,O/H,0, pH 5.0, at 24C and (B) loop 5 in 10% BD/H,0,
pH 5.0, at 21°C. NOEs that are indicative @turns are displayed
by loop 5 but not by the linear Aib-peptide (x).

peptide conformationsg). The coupling constants, amide
proton temperature coefficients, and NOEs for the linear Aib-
peptide and loop 5 are summarized in Figure 5. Portions of
spectra from 2D ROESY experiments identifying NOEs for
the linear Aib-peptide and loop 5 are compared in Figure 6.
Both peptides showed strongadi, i + 1) NOEs that are
characteristic of unfolded forms5%). However, loop 5
displayed additional NOEs that indicated the stabilization
of significant populations of-turns within GPGR(Aib)F-
(o-Ala).

Loop 5 showed P5G6Y, P5-G6" (Figure 6 and Support-

Temperature coefficients were determined from linear regression ing Information), and G&R7 (not shown) NOEs that were

analysis of five measurements made between3d3°C with R >
0.996 (Supporting Information),n andJ,s were determined from
1D and P. E. COSY spectra. Asterisk (*) indicates overlapping
signals. Double asterisks (**) indicate that both AfHBN NOEs

not observed for the linear Aib-peptide. In addition, thé-P5
G6" NOE for loop 5 was not as strong as for the linear
peptide. These observations suggest that loop 5 stabilizes a

were medium intensity. Strong, medium-strong, medium, and weak type | -turn at GPGR %3, 57, 58). The resonances for the

NOEs are indicated by the heights of the filled bars. Lines are for
weak NOEs except for the AiBgp-Ala)10N NOE which was
medium intensity. Blank spaces, no NOEs; NA, not applicable. The
loop 5 F¥2 which resonates at 2.95 ppm showed a strontf+9
NOE (Figure 6) and a weak F& NOE (not shown), while F§ at
3.22 ppm showed a weak ¥§ NOE (Figure 6) and a medium
F9#A3 NOE (not shown).

NOEs (Supporting Information) indicating similar structures.
The affinities of loop 5 and 7 for MAb 58.2 differed by no
more than 2-fold consistent with similar structures (Sup-
porting Information). Since loop 5 and loop 7 are chemically
and structurally very similar, the additional NMR data for

G6 o-protons on loop 5, unlike those for the linear-Aib
peptide, are separated (Figure 6) providing another indication
of a better defined environment. Consequently, the
coupling constants (5.4 Hz, 5.4 Hz) for the @&protons
may be significant. These coupling constants are, however,
closer to those predicted for a type Il turn (5 Hz) and a
random coil (6.5 Hz) than a type | turn (9 HZ§). The
medium-strong P5G6N NOE could reflect the presence of

a type Il turn as well as a random co83 57, 58). Type |

and Il turns are often but not always characterized byH, i

3 hydrogen bondssg, 57). The temperature coefficient for

loop 7 resulting from better separation of resonance positionsthe R7 amide proton was lower for loop 7 (6.4 ppb/K) than

are used to supplement the data for loop 5.

for the linear Aib-peptide (7.3 ppb/K) consistent with an i,

Secondary structures display characteristic NOE patternsi + 3 hydrogen bond. However, the effect is small and may

(53), which along with other data can be used to identify

reflect other phenomena. In this regard, R7 and GlIn, which
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are highly conserved by HIV-1 at GPG(R/(@)( are also CI-CH,-CO KKK

favored at this position in type Il turns for their ability to KG
P P Y CI-CH,-CO{T cell epitope} KKK C\

form side chain interactions with the i amino acid that -
. . L 4 _B 11 epit SH R
substitutes for main-chain i 3 hydrogen bonds5g). MAb (Ecctiononcf-sm crch-co [TaTepmme K, /A N

59.1 binds GPGR in this manne4 45). Although the NMR

KG
data suggests that loop 5 stabilizes GPGR as a type | turn, C1.CH,-CO{ Tl epiiope | KKK
it is likely to be in equilibrium with less ordered conformers
and pOSSibly Other turn typeS, 6M Guanidinium Hydrochloride,

.- EDTA, pH 8.9, 20 hours
The NMR data suggests that loop 5 stabilizes a second

pB-turn at R(Aib)Fp-Ala) as well. The data for R(Aib)B¢

Ala) which are characteristic of helices afdurns 63, 58) (B cell epitope}-s-CHy-CO{ T ecll epitope} KKK

are consistent with the presence of type | andSHiurns. KG"\

The type Il turn pir — or — ar — ag] has been merged (B cel epitone}-s ANE
. . pu . . . 2

with and classified as a type | tura — ag] since in both s.cuz.cm\ f

cases th@-turn defining i+ 1 and i+ 2 amino acids occupy {KG

the a-region of Ramachandran spa&9(61). However, a (B cell epitope}-s -CH,-CO{ T cell epitope}- KK

type Il turn is also one turn of a;ghelix that is character-  Fgure 7: Synthesis of linear 5 and loop 5 MAPS. The B-cell
ized by additional NOEs53, 58) that were observed for loop  epitope, either linear 5/C or loop 5/C, was reacted with a
5. chloroacetylated T-cell epitope, QYIKANSKFIGITEL, on a MAPS
The NMR data for R(Aib)Fg-Ala) can be summarized core. The branch points were formed by coupling amino acids to
. . . . the a- ande-amino groups of Lys. Chemical structures are shown
as follows. (i) Sequentialg(i, i + 1_) NOEs.for (Aib)Fe- in Table 1 and Supplementary Information.
Ala)G (not shown) are characteristic of helices and the type
Il turn (53, 58). (i) The R™-FN NOE is weak and of  Aib-peptide. The enhanced affinity of loop 5 for MAb 58.2
similar intensity to the R%(p-Ala)10N NOE (Figure 6 and  which binds GPGR(AIib)FY as overlapping type | turns can
Supporting Information) suggesting a3urn, i.e., type IlI thus be attributed to conformational stabilization. However,
turn (63, 58). It is very unlikely that these weak NOEs or it remains unclear whether loop 5 stabilizes the precise
the weak P5G6N described above arise from minor com- conformation recognized by MAb 58.2 (Table 2) or whether
ponents buried under major component resonances since thefurther conformational adjustments are required for binding.
are observed at two different temperatures for loefab10 ImmunogenicityThe corresponding linear 5 and loop 5
°C (Supporting Information) and 2L (Figure 6)-indicating were incorporated into individual MAPS (Figure 7) for
the same temperature dependencies as the major componemgenerating antibodies. The basic MAPS desigB) (was
resonances. In addition, these NOEs were observed for loopmodified by increasing the distance between branch points
7 (Supporting Information). (iii) An Aib8 (p-Ala)10¥ NOE with tandem glycines3g) and inserting three tandem lysines
is predicted for type | and type Ill turns and observed as an at the carboxyl end of the four branches which imparts
overlapping NOE (Figure 6) for one of thhemethyl groups aqueous solubility37). C-terminal cysteines on linear 5/C
on Aib8. This NOE is clearly resolved for loop 7 (Supporting and loop 5/C were reacted with the chloroacetylated-tetanus
Information). The resonances for the twemethyl groups toxoid T-cell epitope, QYIKANSKFIGITEL (TT2), on a
on Aib8 are well-separated for loop 5 as compared with the four-branched MAPS core to give linear 5-MAPS and loop
linear Aib-peptide (Figure 6) consistent with a more struc- 5-MAPS (Figure 7). Chemical ligation opens a route to larger
tured environment. The pattern of #&oupling constants,  MAPS that can be synthesized with the purity required for
FOV and F9¥ NOEs, which are summarized in Figure 5 characterization by MS6@). The TT2 epitope is capable of
and the accompanying legend, indicate that the conformationrecruiting T-cell help in mice, rabbits, and humagg, (65).
of the F9 side chain is largely restricted to the gonforma- Both MAPS which are protein-sized (132 amino acids) were
tion (y angle= —60°) (62), in agreement with the Fab 58.2 soluble in water and confirmed by MS (Supporting Informa-
bound Aib-peptide (Figure 1)2@). (iv) The temperature tion).
coefficient for thep-Alal0 amide proton of loop 7<3.4 Two groups of three female NZW rabbits were immunized
ppb/K) is low, which is consistent with its participation in a four times during the course of 34 weeks with linear 5-MAPS
hydrogen bond to the R7 carbonyl oxygen atom that is (rabbits P+P3) and loop 5-MAPS (rabbits P46) in
characteristic of type | and Il turns. The temperature RIBI's adjuvant 66). Dosage was minimized and the
coefficient for thep-Alal0 amide proton in loop 5 which is  immunization schedule was lengthened to favor high affinity
well-resolved (Figure 4) is similarly low (not shown). The antibodies §7). High titers of antibodies to the immunizing
NMR data for R(Aib)F6-Ala) suggests a very substantial peptide were observed following the third (12 week) and
population of type | turns that may be embedded in and/or fourth (34 week) immunizations. Unless otherwise noted,
in equilibria with helical-like turns. The linear Aib-peptide analyses were carried out with the 12-week antisera.
may stabilize minor populations of similar structures as  The immunized rabbits showed striking differences in their
suggested by weaknd(i, i + 1) NOEs (not shown) for  antibody responses to the linear 5-MAPS and loop 5-MAPS
AIbFG and a lowered temperature coefficient for the G10 (Figure 8). Each rabbit immunized with the loop 5-MAPS
amide proton. developed antibodies that bound rgpl20, while rabbits
Overall, the NMR data for loop 5 is consistent with a immunized with the linear 5-MAPS did not (Figure 8 and
dynamic equilibrium of structures that include regions of Supporting Information). Both sets of rabbits developed high
disorder and conformers that stabilize type | turns at GPGR end-point titers £ 64 000 for the immunizing peptide) of
and/or R(Aib)Fp-Ala) that are not as evident in the linear antibodies that bound linear 5 and loop 5. However, while
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Ficure 8: End-point titers of antibodies generated by rabbits P1
P3 (linear 5 MAPS) and rabbits P46 (loop 5 MAPS) to linear 5
(clear), loop 5 (striped), and rpg120 (solid).
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Ficure 9: Competition ELISA assays of linear ®) and loop 5

(@) for rabbit P1-P6 antibodies. Peptides compete with plate-bound
linear 1 (P1-P3) or rgp120 (P4P6). % Antibody bound refers to
the antibody bound to the plate-bound antigen. The data for P2,
P4, and P5 are from Figure 3.

the titer profiles for rabbits immunized with the linear
5-MAPS were similar, those immunized with the loop

Cabezas et al.

5 peptide was adsorbed to neutrAvidin coated titer wells for
competition ELISAs with P£P3 antisera. The PAP3 anti-
linear 5 antibodies bound linear 5 with higher affinities than
loop 5. A significant fraction of the P1 and P2 antibodies
bound loop 5, while P3 antibodies showed a smaller
population of antibodies binding loop 5. The competition
curves for P1 and P2 are relatively flat reflecting heteroge-
neous populations of antibodies.

Competition ELISAs for the P4P6 antibodies was carried
out on plate-bound rgp120 to characterize the protein-reactive
antibodies. The rgp120-binding P#6 antibodies showed
very high affinities for loop 5 [EGy = (0.5-2) x 10° M1,
Figure 9]. The EG values are at least 10-fold lower than
that shown by MAb 58.2 for loop 5 (Bg=2 x 108 M,
Figure 3). Also, the E& values for loop 5 for the P4P6
antibodies are about 16000 times lower than the Eg
values for linear 5 for the PAP3 antibodies [E€ =
(0.2-2) x 10 ¢ M. Although the P4-P6 rgp120-hinding
antibodies are heterogeneous, the individual antisera differed
enough that distinctions can be drawn. The P4 antibodies
showed the greatest similarity to MAb 58.2. P4 antibodies
binds loop 5 with a 330-fold lower Egvalue than linear 5.

In contrast, P5 antibodies bind loop 5 and linear 5 with very
similar apparent affinities. The P6 rgp120-specific antibodies
showed higher affinity for loop 5 but represent a minor
population. The competition curves for PB6 are more
nearly sigmoidal than those for PP3 indicating antibodies
with similar affinities.

The preferences of P2 linear 5 antibodies and P4 and P5
rgp120-specific antibodies were compared with MAb 58.2
using full peptide scans (Figure 3). These scans provide a
more complete picture of the differences in the responses of
rabbits to linear 5 (P2) and to loop 5 (P4, P5) as well as
animal-to-animal differences in the response to loop 5 (P4
vs P5). Relative E§ values (affinity indices) for MAb 58.2,
P4, and P5 rgp120-binding antibodies are compared in Table
3.

The P4 rgp120-specific antibodies came closest to dupli-
cating the competition profile for MAb 58.2 (Figure 3).
The affinity indices were similar with those for loop 5
loop 4> loop 2> loop 1> linear 4/5> linear 1/2> linear
3 (Table 3) for both P4 antibodies and MAb 58.2. The P4
antibodies also bound the disulfide loop 6 with higher affinity
than the corresponding linear 4 peptide implying a confor-
mational effect independent of the linker. Loop 3 is the only
peptide that strongly deviates from the general agreement.
Whereas the substitution ofAla for Gly6 in loop 2 to give
loop 3 decreased the affinity index 334-fold for MAb 58.2,
it reduced the index about 5-fold for the P4 antibodies (Table
3). MAb 58.2 appears unique among the antibodies examined
in its ability to strongly discriminate against loop 3.

The P5 rgpl120-specific antibodies showed strong prefer-
ences for Aib-peptides that appeared to be nearly independent

5-MAPS showed distinct differences. P4 antisera showed of whether the peptide was cyclized or not (Figure 3). The
higher titer to rgp120 than to linear 5 and loop 5. P5 antisera affinity index of P5 antibodies for linear 4 (Aib-peptide) was

showed very high titers to linear 5 and loop 5 and relatively
lower titer to rgp120. P6 antisera showed high titer to linear
5 and loop 5 and very low titer to rgp120.

The antisera were further evaluated in competition ELISA
assays. The relative affinities of linear 5 and loop 5 for-P1
P6 antibodies were compared (Figure 9). Since the I3
antisera did not bind rgp120, a C-terminal biotinylated linear

185-fold higher than that for the corresponding linear 2 (Ala-
peptide) (Table 3) implying that Aib was a core amino acid
and that the additional-methyl group on Aib was specif-
ically bound by the P5 antibodies. The similar affinities and
sharper competition curves of Aib-peptides for P5 antibodies
may reflect very high affinity, stoichiometric binding, of Aib-
peptides to these P5 antibodies. Although P5 antibodies
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- Table 4: Antibody Midpoint Titers for rgp120, MN Neutralization

100
F g E Titers, and Potencies of MAb 58.2 and-PR6 Antisera
>} [ — —
'E 80 i i ] potency
g 60r - - rgpl20 neutralization  (rgp120 titer/
S 40 r 1 ] antibodies midpoint titer  titer ICoo ~ neutralization titer)
I I ] MAD 58.2 50x 10F  15x 10° 33
© 20- . - - P1-P3 (12 week) <125 <16 NA
- 1 1 P4 (12 week) 1.6 104 128 78
Ot 7%y @ ESrerr®ar® . om P4 (34 week) 1.6¢ 10¢ 100 100
10 1 0.1 101 102 103 P5 (12 week) 4.5¢ 10° <16 >281
MADb 58.2, ug/mL Antiserum Dilution P6 (12 week) 200 <16 >13
FicURe 10: The neutralization of infection of H9 cells by 100 2 Antibodies are from 10-day bleeds following the third (12 week)
TCIDso MN with (A) MADb 58.2 with (a) and without ®) 41 uM and fourth (34 week) immunizations. rgp120 midpoint titers were
loop 5 and (B) P+ P6 antisera, week 12 (P®; P2,0; P3,A; P4, determined from the reciprocols of MAb 58.2 (11 mg/mL) or antisera
®; P5,¢; P6, A). The neutralization of MN by P4 antiserum is dilutions that gave an optical density of 1.0 in the standard ELISA
blocked by 41uM loop 5 (not shown). (Materials and Methods). Neutralization titers are for reciprocols of

_ N . P the highest dilution of antibody that suppressed detectable levels of
showed similar apparent affinities for linear and cyclic Aib- p24. Potencies are rgp120 midpoint titegdGieutralization titer. NA,

peptides, they showed a 17-fold higher affinity index for loop not applicable.
2 (Ala-peptide) as compared with linear 2 (Ala-peptide). The
higher affinity of gpl20-reactive antibodies for a cyclic
peptide was maintained, although it was not as great as
observed for the P4 rgp120-specific antibodies (Table 3).
The P2 antibodies bound with higher affinities to linear
peptides than to the corresponding cyclic peptides (Figure
3). The P2 antibodies showed about a 10-fold higher affinity
index for linear Aib-peptides than for linear non-Aib pep-
tides. Similar differences were observed for P1 and P3
antibodies (not shown). The apparent affinity enhancements
of P1—P3 antibodies for linear Aib peptides:{—10-fold)
were similar to MAb 58.2 £10-fold) suggesting a confor-
mational effect. Regardless, Aib was not a core amino acid
for most P1-P3 antibodies as it was for P5 antibodies (185-
fold Aib effect). About half of the P2 antibodies bound loop

Since a goal of this study was to determine whether the
potent neutralizing activity of a template MAb could be
recapitulated with a mimetic identified by the MAb, we
compared the neutralizing potency of the rabbit antibodies
with MAb 58.2 (Table 4). Potency is a measure of the
concentration of an antibody required for neutralization.
Since PAbs are complex mixtures of antibodies, we used
midpoint antibody titer for rgp120/neutralization titer as a
measure of potency (Table 4). These measures served two
purposes. First, they provided a means for comparing the
neutralizing activity of PAbs with a template MAb. Second,
since the neutralization sensitivity of HIV-1 can vagg(

69), a MAb can provide a standard for wider comparisons.
peptides (Figure 3), while the remaining half did not. The ~ MADb 58.2 and P4 antisera (12 week, 34 week) neutralized
inability to bind a loop could reflect conformational incom- MN with similar potency (Table 4) indicating that loop 5
patabilities between anti-linear 5 antibodies and loops or it WS capable of recapitulating the activity of MAb 58.2. Since
could reflect the requirement for a free N-terminal amino MAb 58.2 compares favorably with the most potent V3
acid (wrap-around binding). However, at least a half of P1 MADS (see above), the P4 antiserum is also potent. On the
and P2 antibodies and a quarter of P3 antibodies bound loopPther hand, the PS5 rgp120-specific antibodies were less potent
5 in ELISAs (Figure 8) indicating that these antibodies do than MAb 58.2 (Table 4). The P6 rgp120-specific antibodies
not require a free end and should not be limited by this Would have to be quite potent to account for even a weak
requirement from binding rgp120. neutrahzmg titer since they were gen_e_rated _at a far lower

The P4-P6 rgp120-binding antibodies share characteristics fitér than the P4 and PS5 rgp120-specific antibodies (Table
that were not found for the P4P3 antibodies, namely, high )-
affinities and a preference for cyclic peptides. Although the ~ Both MAb 58.2 and P4 antiserum were tested for the
modified regions of the peptides could contribute to the neutralization of JR-CSF, an HIV-1 primary isola#) that
affinity of rabbit antibodies for peptides (P5 antibodies for has proven refractory to other V3 MAbg1). Although the
Aib), rgp120 is unmodified. The simplest interpretation of JR-CSF V3 sequence, SIHIGPGRAFY, differs from the
rgp120 binding is that the loop 5 antibodies are more MADb 58.2 MN epitope, RIHIGPGRAFY, at the N-terminus
compatible with the conformation of the V3 epitope on Of the MAb 58.2 epitope, MAb 58.2 weakly neutralized JR-
rgp120 than the linear 5 antibodies. CSF (1Go = 200ug/mL). This is in agreement with previous

HIV Neutralization.Each of the rabbit antisera and MAb ~ reports that MAb 58.2 weakly neutralized primary isolates
58.2 were tested for the neutralization of MN infection of (30). The neutralization of JR-CSF by MAb 58.2 was blocked
human T-lymphoid H9 cells (Figure 10). MAb 58.2 neutral- by loop 5 (41 uM) indicating that neutralization was
ized MN with 1Cy = 0.75ug/mL. P1-P3 linear 5 antisera  antibody-specific. Loop 5 (4LM) by itself did not block
had no effect on MN. The loop 5 P4 antiserum (12 week, infection. P4 antiserum (week 34) had no effect on JR-CSF
34 week) neutralized MN with titers of 128 and 100, infection at 1/4 dilution.
respectively. P5 and P6 antisera (12 week) showed weak Clonal SelectionP4—P6 antibodies show very distinct
neutralizing activity at 1/16 antiserum dilution. Several characteristics indicating animal-to-animal differences in
controls were run concurrently. Neither preimmunization P4 antibody responses to loop 5. First, the relative titers of P4
serum, loop 5 alone (44M), MADb 58.2 mixed with loop 5 P6 antibodies to linear 5, loop 5, and rgp120 are distinctive
(41 uM), nor P4 antiserum (34 week) mixed with loop 5 (Figure 8). Second, the P4 and P5 rgp120-specific antibodies
(41 uM) neutralized MN. show clear differences in relative affinities for the same set
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of linear and loop peptides in competition ELISAs (Figure would be expected to improve their affinities for native
3). Third, P4 antiserum potently neutralized MN, while the protein antibodies in many cases. Indeed, preliminary studies
P5 and P6 antisera were weakly neutralizing (Figure 10). show that hydrazone-linked peptides designed to stabilize
These results imply a restricted clonal response of B-cells loops anda-helices detect antibodies in various antisera to
to loop 5 by the individual rabbits. The clearest case for different pathogens that go undetected with the corresponding
clonal selection can be made with P5 rgpl120-specific unconstrained peptideg4, 75). This has important implica-
antibodies since they show a strong preference for the Aib- tions since it suggests that the native protein antibodies that
peptides. The Aib-peptides differ from the Ala-peptides by are most suited for serving as templates for synthetic vaccine
the addition of a single-methyl group that represents about development are being missed in screens with unconstrained
1% of the mass of loop 5. However, most if not all of the peptides but can nonetheless be detected with constrained
P5 rgp120-specific antibodies show large affinity enhance- peptides because of their much higher affinities.

ments for the linear 4 Aib-peptide as compared with the | gop 5 was also far more immunogenic than linear 5. This
corresponding linear 2 Ala-peptide (Figure 3). This implies jtference reflects structural differences in the peptides. Thus,
that most of these P5 antibodies bind t.he extra methyl groupthe antibodies generated to linear 5 by the-PB rabbits
suggesting that a very narrow population of rgp120-specific showed affinity preferences for linear peptides in comparison
antibodies was generated by P5. with loop peptides (Figures 3 and 9) indicating the difficulties
of accommodating a loop structure. Neither could the-P1
DISCUSSION P3 antibodies bin%l rgplgo (Figure 8), despite exposure of

A striking result from the current study was the 5500- the SND, implying that conformational incompatibil_ities
fold range of affinities of linear and loop peptides for MAb  Prevented binding. On the other hand, the-P% rabbits
58.2 (Figure 3). These affinity differences are most likely 9enerated antibodies to loop 5 that bound rgp120 (Figure 8
due to structural changes within the peptide rather than @nd Supporting Information). These antibodies also bound
contributing or interfering interactions of modified regions 00P peptides as well as or with higher affinity than linear
of the peptide with MAb 58.2. The modifications were made Peptides (Figures 3 and 9) demonstrating their capacity for
exterior to the observed binding face of V3 peptides in Fab Pinding a loop that also can account for why they bound
58.2-peptide crystal complexe®1]. The wide range of  9p120.
peptide affinities shows that the affinity of an antibody for =~ The P4-P6 antibodies also neutralized MN (Figure 10),
a peptide can be extraordinarily sensitive to peptide structure.although with very different activities. Animal-to-animal

Loop 5 binds>1000-fold more tightly to MAb 58.2 than  differences in neutralizing activity generated by V3 peptides
the corresponding unconstrained V3 peptides (linear 1 andhave been frequently observe23(-25, 27, 76). However,

2). Our literature search went back 27 years to the 17-residuethe bases for these differences have rarely been explored. In
disulfide loop of lysozyme to find a similarly large effect one study, a comparison of the amino acid specificities of
(72). The earlier study, as does the present one, proposeddntibodies in nonneutralizing and neutralizing I11IB antisera
that the enhanced antigenicity and immunogenicity of the showed only minor differences24). Consequently, the
cyclic peptide was due to a conformational effect. This affinity profiles of P1-P6 antibodies for the linear and loop
proposal was questioned for the lysozyme loop sty (  Peptides (Figures 3 and 9) are striking for the differences
since no direct evidence was presented that the syntheticthey revealed.

lysozyme loop adapted a native structure. The current study Neutralizing titers are determined by the concentrations
provides a structural analysis that supports a conformationalof neutralizing antibodies and their potencies. The concentra-
basis for enhanced activity. tions of V3 antibodies were measured as titers for linear 5,

The relationship between the structure and affinity of a loop 5, and rgp120 (Figure 8). Although titers were high to
peptide for an antibody has been described by Anfinsen andthe immunizing peptide, the P46 antisera showed quite
co-workers 12). Formally, affinity can be viewed as the different titers to rgp120. Added to this, the neutralizing
product of the fraction of the total peptide that is folded, potencies of the P4P6 rgp120-specific antibodies also
reflectingKconr, the equilibrium constant for folding, and the differed (Table 4). These measures together with the affinity
binding constant for the folded peptide. Anfinseh2)y profiles of the rgp120-specific antibodies (Figures 3 and 9)
calculated thaK.ns for folding a 51-residue fragment of provide rationales that can account for differences in neutral-
staphylococcal nuclease isx2 10~ reflecting a 5000-fold  izing activity.
affinity enhancement for the catalytically active form of the  The higher neutralizing titer of the P4 antisera was due to
nuclease as compared with that of the inactive fragment for hoth the higher relative concentrations of P4 rgp120-specific
PAbs generated by the native proteli?), The>1000-fold  antibodies (Figure 8) and their higher potencies (Table 4).
improvement in affinity of loop 5 relative to the uncon- The P4 rgp120-specific antibodies were similar in potency
strained V3 peptide for MAb 58.2 indicates that large affinity to MAb 58.2 (Table 4) demonstrating that the activity of a
enhancements can extend to short constrained peptidesemplate MAb can be recapitulated with a PAb response.
(8-residues) as well. Whered&ons for the large nuclease  The P4 antibodies were also generated to a smaller MN
fragment could reflect that for the reconstitution of a epitope, HIGPGRAF, than MAb 58.2, which binds RIHIG-
discontinuous epitope (topological assembly of amino acids PGRAFY. MAb 58.2 could derive a considerable affinity
distant in sequence), the latter result with loop 5 indicates advantage (up to 1000-fold) from flanking amino acidg)(
that large effects can extend to continuous epitopes. that cannot contribute to the affinity of P4 antibodies for

Since peptides are mostly disordered in aqueous solutionMN. Thus the P4 response shows that potent neutralizing
(11), constraining peptides to mimic protein substructures activity can also be focused onto a smaller epitope.
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A comparison of the affinity profile of linear and cyclic The nonimmunogenicity of linear 5 was not entirely
peptides for the P4 rgp120-specific antibodies with the profile expected since other linear peptides with V3 sequences are
for MAb 58.2 showed strong similarities (Figure 3). This is immunogenic 23, 24, 27). For example, Vu et al.2{)
consistent with similar fine structure and conformational reported that a long C4vV3 MN peptide (39-residues; 23
specificities for the SND that could account for their similar from V3) generated high neutralizing titers to MN in rhesus
potencies (Table 4). These profiles, however, also differ in monkeys (2000 te>5000) which showed not only that the
some ways which as discussed below may reflect on C4—V3 MN peptide is immunogenic but implies that it was
requirements for neutralization via the SND. more immunogenic than loop 5. However, comparisons are

The lower neutralizing titer of the P5 antisera relative to complicated for instance by differences in neutralization
the P4 antisera was due more to the lower potency of the P5assays. The neutralization sensitivity of HIV-1 can vary
rgp120-specific antibodies than to concentration differenceswidely for ostensibly the same ass@8(69). Also, longer
(Table 4). It has been shown that the lowered potency of peptides might generate neutralizing antibodies to epitopes
neutralizing MAbs for MN is synomynous with lower affinity — other than the SND. MAb 58.2 served as a reference MAb
for the virus 79). Differences in the affinity of antibodies in this study indicating that loop 5 generated potent neutral-
for MN could arise from a number of sources, including izing antibodies to the SND.
differences in fine structure and conformational specificities  The difference in the immunogenicity of linear 5 and loop
as well as access to the epitope of the viit®.(The affinity 5 is structure-based and indicates that a degree of confor-
profile of P5 rgp120-specific antibodies (Figure 3) shows a mational compatibility must be achieved for antibodies to
strong affinity enhancement for Aib-peptides (Table 3) bind the SND on MN. Structure-based rationales have also
compared with Ala-peptides, indicating that the added been proposed to account for the immunogenicity of long
a-methyl group on Aib can contribute significantly to V3 peptides 11, 27, 56). Various NMR studies show that
affinity. Consequently, the affinity of these P5 antibodies long V3 peptides stabilize structures at various positions in
for MN could be suboptimal. The specificity of the P5 aqueous solutions at™ (27, 56, 77). It has been suggested
antibodies for Aib-peptides also indicates differences in the from models based on NMR data that the -643 MN
epitope recognized by P4 and P5 antibodies that could peptide stabilizes a contiguous apolar surface atH2—
possibly lead to differences in accessibility to the MN 13—G4—P5 (our numbering) and noted that this structure
epitope. Regardless, the observation that most if not all of correlates with neutralizing activity against MIR7j. Long
the P5 antibodies show a specificity for Aib provides strong V3 peptides also stabilizé-turns at GPGRX1, 27, 56, 77)
evidence for a very narrow population of P5 rgp120-specific that have been proposed to account for V3 peptide immu-
antibodies. nogenicity (1, 56). Evidence for gs-turn at GPGR was

The P6 antisera showed, as did the P5 antisera, lowerdependent on the length of V3 peptidés6,(77). Many
neutralizing titer for MN (Figure 10). However, the bases factors including peptide length, copeptid®(27), carbo-
for lower neutralizing titers of the P5 and P6 antisera differ. hydrate {7), or conjugate proteir/@) could alter the balance
The P6 rgp120-specific antibodies were generated at a muchbetween disorder and structure that in turn may determine
lower titer than either the P4 or P5 rgp120-specific antibodies V3 peptide immunogenicity.

(Figure 8). Thus the lower neutralizing titer for P6 antisera  The immunogenicity of loop 5 could be due to its general
reflects lower rgp120-specific antibody concentration rather loop shape and/or the stabilization @turns at GPGR and
than potency. The P6 rgp120-specific antibodies would have R(Aib)F(p-Ala). This compares with observations that MAbs
to be quite potent to account for even weak neutralizing titer 58.2, 50.1, and 59.1 bingturns at these positions and also
(Table 4). The P6 rgpl120-specific antibodies showed like neutralize MN. However, the types ¢@i-turns and their
the P4 antibodies a strong preference for loop 5 as comparedelative orientations differ for the MAb bound conformers
with linear 5 (Figure 9) consistent with a similar conforma- (Table 2) @1). These differences occur largely at GPGR
tional preference providing a basis for higher potency (Table suggesting that GPGR is flexible enough on MN to accom-
4). However, for the P6 rabbit, a third class of loop 5 modate these differences. This apparent flexibility could also
antibodies predominated that bound both linear 5 and loop account for why P4 rgp120-specific antibodies and MAb 58.2
5 but did not bind rgp120 (Figure 8). neutralize MN with similar potencies yet show wide differ-

The appearance of distinct populations of antibodies in ences in their relative affinities for loop 3 (Figure 3). Loop
the P4-P6 rabbits implies clonal selection and an amplifica- 3 is less flexible at PG due to the G6Ala substitution.
tion process. Amplification provides a mechanism for Consequently, it could be used to distinguish differences in
generating populations of antibodies with specificities for the conformational preferences of MAb 58.2 and the P4
selected conformers or families of conformers. Jemmersonantibodies for this position (Figure 3). PG on MN is
and Blankenfeld10) showed that the activation of a B-cell presumably more flexible than®@la) on loop 3 since both
for antibody generation is dependent on the immunogen the P4 antibodies and MAb 58.2 neutralize MN with similar
achieving an affinity for the antigen receptor on the B-cell potencies although they presumably bind PG on MN in
that exceeds that for binding the receptor, i.e., binding alone different conformations.
does not necessarily lead to antibody generation. The rgp120 It can be questioned as to whether the MAbs 58.2, 50.1,
specific antibodies generated by the-H26 rabbits showed  59.1, and the P4 antibodies complement the native SND as
much higher affinity for the corresponding immunogen, loop well as they might. Although the V3 MAbs were selected
5 (EGo~ 107° M), than did the P£P3 antibodies for linear ~ for neutralizing potency, they are technically antipeptide
5 (EGyo ~ 10°%-10"" M) (Figure 9), which may also be antibodies that in general are not anticipated to faithfully
related to this phenomenon and the development of distinc-mirror native protein structure. If this were the case, then
tive antibody populations. one might expect to find human V3 MAbs generated to
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native conformations that fit MN better and are more potent.
However, MAb 50.1 (and by extrapolation, the similarly
potent MAb 58.2 and P4 antibodies) was found to be more
potent against MN (I = 0.08 ug/mL) than many V3
human MAbs (IG, = 0.05-5 ug/mL) in the same assay
(39). One of these HUMAbs, MAb 391/95-29, 39), binds

the same MN sequence as MAb 5842) Thus the data
suggest that GPGR can readily undergo conformational
transition(s) on MN.

Overall, this study demonstrates the enormous effect that
conformational restriction can have on the antigenicity and
immunogenicity of a short, synthetic peptide. It shows the
stability of the hydrazone link under physiological conditions
and the effectiveness of the loop-MAPS at generating native
protein reactive antibodies. It also makes evident the
simplifying role that an antibody template can play in iden-
tifying and improving a constrained peptide immunogen
using enhanced affinity as a measure of fit. The hydrazone
link could find wider use since it can constrain peptides to
a-helices (9) as well as loops that are among the more
commonly found substructures on protein surfaces. The
effectiveness of an HIV-1 vaccine will likely depend on the
degree to which it can generate immune responses to

excluding dependence on variable amino acids. Constrained

peptides provide a means for focusing antibodies on defined 20.

epitopes. A continuing use of constrained peptides can be
expected to lead to improved strategies and further perspec-
tives on synthetic and HIV-1 vaccine research.
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