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The structural and antigenic properties of a peptide
(“CRK”) derived from the V3 loop of HIV-1 gp120 protein
were studied using NMR and SPR techniques. The se-
quence of CRK corresponds to the central portion of the
V3 loop containing the highly conserved “GPGR” resi-
due sequence. Although the biological significance of
this conserved sequence is unknown, the adoption of
conserved secondary structure (type II b-turn) in this
region has been proposed. The tendency of CRK (while
free or conjugated to protein), to adopt such structure
and the influence of such structure upon CRK antige-
nicity were investigated by NMR and SPR, respectively.
Regardless of conjugation, CRK is conformationally av-
eraged in solution but a weak tendency of the CRK
“GPGR” residues to adopt a b-turn conformation was
observed after conjugation. The influence of GPGR
structure upon CRK antigenicity was investigated by
measuring the affinities of two cognate antibodies:
“5023A” and “5025A,” for CRK, protein-conjugated CRK
and gp120 protein. Each antibody bound to all the anti-
gens with nearly the same affinity. From these data, it
appears that: (a) antibody binding most likely involves
an induced fit of the peptide and (b) the gp120 V3 loop is
probably conformationally heterogeneous. Since 5023A
and 5025A are HIV-1 neutralizing antibodies, neutraliza-
tion in these cases appears to be independent of adopted
GPGR b-turn structure.

The principal neutralizing determinant (PND)1 of HIV-1 has
been mapped to the third hypervariable (V3) loop of the HIV-1
envelope protein, gp120 (1). PND-derived peptides are used as

immunogens to elicit antibodies that possess HIV-1 virus neu-
tralization capabilities (2, 3). The binding of neutralizing anti-
bodies blocks virus entry into the host cell but does not prevent
binding of HIV-1 to its primary cell receptor protein, CD4 (4, 5).
Although the V3 loop represents an important target for the
development of vaccines against AIDS, its high sequence var-
iability also makes it a very problematic one (6). Nonetheless,
the occurrence of the highly conserved residue sequence,
“GPGR,” at the tip of the V3 loop has raised the possibility that
these residues make up a conserved secondary structural ele-
ment in gp120. The function of such a structural element, if one
exists, is presently unknown, however. The precise predicted
secondary structure adopted by the GPGR residues is a type II
b-turn (6, 7).

In order to determine whether the conserved GPGR sequence
confers certain secondary structural tendencies upon this re-
gion of the V3 loop, numerous NMR studies were conducted
upon a variety of V3 loop-derived peptides (8–21). These pep-
tides were shown to have only low density populations of folded
structure and to be conformationally averaged in solution. De-
spite the report of a “core” gp120 protein complex crystal struc-
ture, this complex was prepared using a form of gp120 which
lacked most of the hypervariable loops including V3 (22). In-
formation regarding the actual three-dimensional structure of
the V3 loop in native gp120 is therefore still unavailable.

Due to the linear and flexible nature of V3 loop peptides in
solution, a variety of methods have been employed to induce
greater and presumably more “native” structure in previously
studied V3 loop peptides. These methods included aminoisobu-
tyric acid substitution (10), insertion into a viral coat protein
(23), glycosylation (12–14), attachment to resin beads (24),
cyclization of the peptide (15), and trifluoroethanol addition
(14–19).

One particular method used previously to induce structure in
short, linear peptides involves covalent attachment (or “conju-
gation”) of the peptide to BPTI protein. Using this method, a
nine-residue peptide derived from hemagglutinin (25) was
shown to significantly affect the solution structure of this pep-
tide after its conjugation to BPTI (26). Due to the well charac-
terized NMR properties of BPTI protein (27–32) and the fact
that no modification of the peptide or solvent conditions are
required, we chose to employ this method in an attempt to
induce greater CRK peptide structure for these solution NMR
studies.

We began NMR and surface plasmon resonance (SPR) stud-
ies of a PND peptide in order to investigate the structural
propensities of this peptide (while free and conjugated to
BPTI), and their potential importance to the binding of this
peptide by HIV-1 neutralizing antibodies. The PND peptide of
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interest, “RK,” has the following sequence: Arg1-Ile2-Gln3-Arg4-
Gly5-Pro6-Gly7-Arg8-Ala9-Phe10-Val11-Thr12-Ile13-Gly14-Lys15.
This sequence, corresponding to residues 308–322 of the gp120
envelope protein of HIV-1 (using the gp120 numbering scheme
for strain IIIB, Ref. 33), comprises the tip of the gp120 V3 loop
and represents the center of the HIV-1 PND. The two antibod-
ies studied, “5023A” and “5025A” were both raised against RK
and both exhibit HIV-1 virus neutralization as well as cell
fusion inhibition capabilities in vitro (33). Since a cysteinylated
peptide was needed for the protein conjugation study, the free
and BPTI-conjugated form of an N-terminal cysteinylated form
of RK (“CRK”) were actually studied and compared by NMR
techniques.

To determine the overall importance of folded CRK structure
to its binding by its cognate antibodies, 5023A and 5025A, SPR
techniques were used to measure the binding of these antibod-
ies to various forms of the CRK antigen- free CRK peptide,
BPTI-conjugated CRK peptide, and intact gp120. Based upon
the NMR and SPR data presented in this study, the relation-
ship between peptide antigenic structure versus antibody bind-
ing preference (for this PND peptide and these antibodies) is
then discussed.

EXPERIMENTAL PROCEDURES

Peptide Synthesis—A N-terminal cysteinylated form of peptide RK
known as CRK, Cys21-Arg1-Ile2-Gln3-Arg4-Gly5-Pro6-Gly7-Arg8-Ala9-
Phe10-Val11-Thr12-Ile13-Gly14-Lys15, was synthesized and studied. The
cysteine residue was required for conjugation of RK peptide to BPTI
protein via a heterobifunctional chemical linker. This 16-residue pep-
tide was synthesized using a Rainin Automated PS-3 Peptide Synthe-
sizer and Fmoc chemistry. The crude peptide was purified using a
Rainin HPXL HPLC System equipped with a Rainin Dynamax-300A
reverse phase column with acetonitrile as the elution solvent. The
peptide composition was verified by amino acid analysis and its molec-
ular weight by FAB mass spectroscopy (Multiple Peptide Systems, San
Diego, California). The peptide sequence and its purity (.95%) were
evaluated by two-dimensional NMR techniques.

BPTI Modification and Peptide Coupling—The modification of BPTI
and its coupling to CRK peptide was accomplished according to the
method developed by Ebina et al. (34) with modifications. BPTI was
modified using OMIU and then covalently linked to the chemical linker,
SPDP, before peptide coupling. The modification of BPTI proceeds by
conversion of its lysine residues to homoarginines. As a result, the
N-terminal amino group remains as the only free amino group available
for SPDP coupling. The cysteinyl side chain of the peptide is covalently
attached to this linker. The protein was modified using o-methylisourea
and then purified using a Amersham Pharmacia Biotech LKB FPLC
system and a Mono-S ion exchange column. A NaCl salt gradient in a 20
mM glycine, pH 10.5, buffer was used to purify the modified protein. The
main protein fraction, which eluted at NaCl concentrations greater
than 0.54 M, was collected. This fraction was then dialyzed extensively
against deionized, distilled water and subsequently lyophilized. The
molecular weight of the OMIU-modified BPTI (OMIU-BPTI) was deter-
mined via matrix-assisted laser desorption/ionization-time of flight
mass spectroscopy to be 6681 (versus 6513 for native BPTI), the ex-
pected mass for correctly modified BPTI. Amino acid analysis also
conducted upon this protein further verified that conversion of the
lysine side chains had been achieved. CRK peptide was then coupled via
its terminal cysteine side chain to OMIU-BPTI using the cross-linker,
SPDP. A disulfide bond between the peptide cysteine sulfhydryl group
and linking reagent (shown in brackets below) is formed to produce the
final protein-peptide conjugate: BPTI-NH-{CO-CH2-CH2-S}-S-Cys-RK
Peptide. “BPTI-CRK” is the abbreviation used to denote CRK peptide
conjugated to OMIU-BPTI. The conjugate was then purified using an
FPLC and a Mono-S column. The conjugate was eluted using a 0–100%
1 M NaCl gradient in 100 mM sodium phosphate, pH 7.5. The conjugate
eluted at ;0.95 M NaCl with this gradient and the fraction collected at
this salt concentration was then dialyzed against 0.1 M NaCl followed
by de-ionized, distilled water via ultrafiltration and an Amicon YM-3
membrane.

NMR Sample Preparation—NMR samples of CRK peptide, OMIU-
BPTI, and BPTI-CRK peptide conjugate were prepared in 90% H2O,
10% D2O solutions at pH 4.1 with typical sample volumes of 0.5 ml. The
various sample concentrations were 5.7 mM(CRK), 6.0 mM (modified

BPTI), and 5.9 mM (BPTI-CRK). The pH of all NMR samples (uncor-
rected for deuterium isotope effects) was adjusted to 4.1 using DCl and
NaOD solutions and an Orion520A pH meter. All proton resonances
were ultimately referenced against DSS. To maintain the uncoupled
cysteinylated peptide in its reduced state, dithiothreitol-d6 was added
to these samples using a molar ratio of dithiothreitol:peptide 5 50:1.

NMR Spectroscopy—A Bruker DMX 500MHz spectrometer was used
to acquire the NMR data presented. Standard NMR experiments and
pulse sequences such as DQF-COSY (35, 36), NOESY (37), TOCSY (38),
and double quantum experiments (39, 40) were used for assignment
purposes. The water resonance was suppressed via the use of low level
rf pulses applied at the beginning of the pulse sequence (usually 1.5 s
long) and during the mixing time of a NOESY sequence. The sweep
widths used were 5000–8012 Hz. The number of points collected was
8192 or 4096 during t2 and 512 or 1024 points during t1. For each t1

point, 32 scans were acquired for all the NMR experiments. All NMR
probe temperatures were calibrated using neat methanol (41).

The NMR data were processed using Felix 2.30 (Biosym Technolo-
gies, Inc.) software run either on a Silicon Graphics INDIGO R4000 or
a Sun SPARCstation5 computer. Typical processed two-dimensional
data matrices were 4 K by either 1 or 2 K. A p/2 phase-shifted sinebell
window function was applied during F1 and F2 processing. Prior to F1
transformation, the first interferogram was multiplied by 0.5 to sup-
press t1 ridges (42). The intensities of NOESY cross-peaks were meas-
ured by calculating the volumes of the cross-peaks as the integral of all
the data point intensities within the cross-peak footprints. For the NOE
intensity measurement of free and coupled peptides, the relative inten-
sities of these NOEs were calibrated against the daN(i, i11) NOE
observed between the F10 Ha and V11 HN protons of each peptide.

Fab Preparation—Antibodies 5023A and 5025A were cleaved using
papain and purified following standard procedures (43). All buffers
were degassed before use and most steps in the procedure were con-
ducted under N2 gas. The enzyme and antibody solutions were mixed in
a 1:100 papain:antibody ratio. The cleavage proceeded at 310 K for 12 h
before the addition of iodoacetamide to a final concentration of 40 mM.
This mixture was then incubated at 298 K for 1 h. The Fab was then
dialyzed against a phosphate-buffered saline, pH 7.0, buffer using an
Amicon and a YM30 membrane. The Fab fragment was purified with a
FPLC system equipped with a Pharmacia 5-ml pre-packed protein A
column using a pH 7.0 phosphate-buffered saline wash buffer and a 50
mM citrate, pH 3.0, elution buffer.

SPR Experiments—Binding kinetics were determined by SPR using
a BIAcore 1000TM biosensor system (Biacore Inc., Piscataway, NJ) (44).
The BPTI-peptide conjugate and gp120 (strain LAV, obtained from
MicroGeneSys, Inc. via the NIH AIDS Research and Reference Reagent
Program) were immobilized on research grade CM5 sensor chips at
concentrations of 5 mg/ml in 10 mM sodium acetate, pH 4.5, for the
conjugate and 10 mM sodium acetate, pH 6, for gp120 using the amine
coupling kit supplied by the manufacturer. Approximately 150 reso-
nance units of each conjugate and 2500 resonance units of gp120 were
immobilized; one RU corresponds to an immobilized protein concentra-
tion of ;1 pg/mm2 (45). Unreacted moieties on the surface were blocked
with ethanolamine. The N-terminal cysteine of CRK was used to im-
mobilize the peptide onto research grade CM5 sensor chips using a
thiol-exchange coupling procedure. The carboxylated dextran surfaces
of the sensor chips were first activated with N-hydroxysuccinimide and
N-ethyl-N9-(dimethylaminopropyl)carbodiimide. Reactive disulfides
were then introduced by reaction with 2-(2-pyridinyldithio)ethaneam-
ine in 100 mM borate buffer, pH 8.5. The N-terminal cysteinylated
peptide was then introduced at concentrations of 5 and 0.5 mg/ml,
respectively, in 10 mM acetate buffer, pH 4.5. Finally, unreacted moi-
eties on the surface were blocked with cysteine. All measurements of
5023A and 5025A Fab binding to the conjugate, gp120, and peptide
surfaces were carried out in HEPES-buffered saline which contained 10
mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA. Analyses were
performed at 298 K and flow rates of 30–50 ml/min. All surfaces were
regenerated with 100 mM H3PO4.

SPR Data Analysis—Association and dissociation rate constants
were calculated by numerical integration and global fitting to a 1:1
interaction model using BIAevaluation 3.0 software (Biacore, Inc.) and
the equation: dRU(t)/dt 5 kaC(Rmax 2 RU(t)) 2 kdRU(t), where RU(t) is
the response at time t, Rmax is the maximum response, C is the concen-
tration of analyte in solution, ka is the association rate constant, kd is
the dissociation rate constant, and RU (0) 5 0.
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RESULTS

Proton Resonance Assignments—Proton chemical shift as-
signments for uncoupled and BPTI-coupled CRK peptide (Ta-
ble I) were made on the basis of DQF-COSY, TOCSY, and
NOESY data obtained from these samples according to stand-
ard assignment procedures (46). The spin systems were estab-
lished from DQF-COSY and TOCSY data, while sequential
resonance assignments were determined from NOESY data
collected on these samples. All resonance assignments reported
here for the various peptide and BPTI forms were obtained at
298 K and pH 4.1.

In the uncoupled and coupled CRK peptide spectra (Table I),
a major, as well as minor, set of resonances was observed for
residues Gly5 to Arg8. Based upon the daaa(i, i11) NOEs ob-
served between the Ha protons of the minor form of Gly5 and
Pro6 that were measured from D2O samples of free CRK and
peptide (data not shown), the minor resonances were attrib-
uted to the cis form of these peptides arising from cis-trans
isomerization about the Gly5-Pro6 peptide bond. The amount of
cis conformer present in both peptide forms was estimated to be
close to 10%.

BPTI Modification and Peptide Coupling—Nearly complete

proton resonance assignments for native,2 OMIU-modified, and
peptide-conjugated BPTI were obtained in order to determine
whether chemical modification and peptide coupling signifi-
cantly affected BPTI. This was accomplished via comparison of
the native BPTI versus OMIU-BPTI HN and Ha resonance
frequencies. Very few resonance frequency changes were ob-
served for most BPTI residues regardless of BPTI form and
most of these were less than 0.02 ppm. The largest changes
(observed after linkage of SPDP to OMIU-modified BPTI) con-
sisted of large frequency shifts involving the following protein
resonances: the HN and Ha of Ala58 and the Ha of R1. The
OMIU-modified Ala58 backbone resonances underwent sub-
stantial frequency changes due to peptide coupling: the NH, Ha
resonances shifted from 8.05 (4.05) to 7.81 (4.13 ppm) after
coupling. A corresponding R1 Ha frequency shift from 4.36 ppm
(OMIU-BPTI) to 4.58 ppm (BPTI-CRK) was also seen. Compar-
ison of the modified versus peptide-conjugated BPTI R1 amide
HN frequency was not possible since the R1 amino group is

2 Upon request, we will provide the 1H NMR assignments for native,
OMIU-modified, and peptide-conjugated BPTI. Peptide J-coupling,
temperature coefficient, and ROESY data will also be given upon
request.

TABLE I
Free and conjugated CRK 1H chemical shift assignments

The proton resonances (in ppm) of free and conjugated CRK were assigned at pH 4.1 and 298 K. The free and conjugated CRK residues are
represented using standard three-letter amino acid abbreviations, followed by N, where N corresponds to the residue number. Free and conjugated
CRK residues are represented as “XxxN” and “CXxxN”, respectively. The H2O resonance (4.8 ppm at 298 K) is used as the internal frequency
standard. Degenerate protons are indicated using a single chemical shift value. The chemical shift values of cis form resonances are italicized.
Asterisk indicates that all the arginine NhH protons of free CRK were unresolvable. Overlap with BPTI resonances prevented assignment of the
following conjugated CRK resonances: C-Arg8 (cis form) side chain and all arginine NhH protons.

Residue NH aH bH Others

C-Cys21 4.39 3.27 & 3.18
Cys21 4.29 3.12
C-Arg1 8.94 4.49 1.79 gH 1.62 dH 3.20 N«H 7.23
Arg1 8.81 4.47 1.82 gH 1.66 dH 3.22 N«H 7.21 *NhH 6.69
C-Ile2 8.38 4.17 1.81 gH 1.50 & 1.22 gCH3 0.94 dCH3 0.86
Ile2 8.38 4.22 1.84 gH 1.51 & 1.22 gCH3 0.90 dCH3 0.87
C-Gln3 8.57 4.40 2.05 & 1.96 gH 2.33 N«H 7.52 & 6.88
Gln3 8.57 4.42 2.09 & 1.99 gH 2.36 N«H 7.54 & 6.88
C-Arg4 8.51 4.41 1.82 gH 1.63 dH 3.18 N«H 7.19
Arg4 8.49 4.43 1.88 & 1.78 gH 1.67 dH 3.21 N«H 7.21 *NhH 6.69
C-Gly5 8.35 4.17 & 4.06

8.31 4.05 & 3.84
Gly5 8.34 4.30 & 4.05

8.31 4.09 & 3.85
C-Pro6 4.46 2.27 gH 2.03 dH 3.64

4.63 2.39 & 2.17 gH 1.87 dH 3.60 & 3.53
Pro6 4.48 2.30 & 2.00 gH 2.06 & 2.01 dH 3.67

4.64 2.40 gH 1.97 & 1.89 dH 3.57
C-Gly7 8.52 3.95

8.64 4.00
Gly7 8.52 3.97

8.64 4.02
C-Arg8 8.16 4.30 1.82 & 1.72 gH 1.59 dH 3.17 N«H 7.19

8.34 4.31
Arg8 8.16 4.33 1.82 & 1.74 gH 1.61 & 1.63 dH 3.20 & 3.21

8.34 4.33 1.85 & 1.72 N«H 7.18 *NhH 6.69
C-Ala9 8.28 4.29 1.31
Ala9 8.27 4.31 1.32
C-Phe10 8.20 4.66 3.11 & 3.03 2,6H 7.22 3,5H 7.34 4H 7.28
Phe10 8.19 4.67 3.15 & 3.03 2,6H 7.25 3,5H 7.37 4H 7.30
C-Val11 8.08 4.19 2.03 gH 0.90
Val11 8.08 4.21 2.05 gH 0.93
C-Thr12 8.29 4.38 4.14 gH 1.20
Thr12 8.28 4.35 4.16 gH 1.21
C-Ile13 8.26 4.22 1.80 gH 1.50 & 1.22 gCH3 0.87 dCH3 0.86
Ile13 8.25 4.23 1.90 gH 1.52 & 1.24 gCH3 0.96 dCH3 0.89
C-Gly14 8.50 3.97
Gly14 8.49 3.98
C-Lys15 7.89 4.23 1.84 gH 1.39 dH 1.68

«H 3.00 NH3
1 7.53

Lys15 7.87 4.23 1.86 gH 1.41 dH 1.71 «H 3.02 NH3
1 7.54 eH 3.02 NH3

1 7.54
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converted to an amide after peptide coupling.
Uncoupled Versus Coupled Peptide NOE Studies—The un-

coupled peptide gave rise to medium-strong daN(i, i11) NOEs
involving residues Arg1 through Gly14 (Fig. 1A). A weak daN(i,
i11) NOE was also observed between Arg1 and Ile2. At the
same time, a few medium to weak dNN(i, i11) NOEs were
detected between residues Gly7-Thr12. Other sequential NOEs
observed included a dbN(i, i11) NOE between Ala9 and Phe10.
In addition, strong dad(i, i11) NOEs between both Gly5 Ha
protons and the Pro6 Hd proton were measured. Intraresidue
dNa(i, i) NOEs were observed for residues Gly5, Gly7, Val11,
Thr12, and Gly14. This type of NOE was also observed for Arg8.
The intraresidue dNa(i, i) NOEs of Arg4 and Ala9 were over-
lapped with sequential daN(i, i11) NOEs between Gln3-Arg4

and Arg8-Ala9, respectively.
As observed for the uncoupled peptide, most of the backbone

protons of the coupled peptides gave rise to strong daN(i, i11)
NOEs (Fig. 1B). For coupled CRK peptide, dNN(i, i11) NOEs
were measured between sequential residues beginning with
Ile2-Thr12 (except Gln3-Arg4 and Ala9-Phe10). The strongest
dNN(i, i11) NOEs involved residues Gly7-Ala9. Furthermore, a
weak Pro6-Arg8 daN(i, i12) NOE was observed (Fig. 2A). For
residue Pro6, strong dad(i, i11) NOEs between Gly5 and Pro6

were observed. Additionally, a dNd(i, i11) NOE between the
Gly5 HN and Pro6 Hd protons was observed for coupled CRK.
Another weak, but significant ddN(i, i11) NOE between the
Pro6 Hd and Gly7 HN protons was also detected (Fig. 2B).
Other sequential NOEs observed included dbN(i, i11) NOEs
between residues Ile2-Gln3, Ala9-Phe10, and Val11-Thr12. For
the conjugated peptide, strong to medium intraresidue dNa(i11)
NOEs were measured, except for residue Phe10, for which a weak
NOE of this type was measured instead. This type of NOE was
not observed for Cys21 and Arg1. Intraresidue dNa (i11) NOEs of
Arg4 and Ala9 were overlapped with daN(i, i11) NOEs of Gln3-
Arg4 and Arg8-Ala9, respectively. The corresponding Ile13 NOE
was overlapped with an intramolecular BPTI NOE.

The b2turn NOEs observed for conjugated CRK were absent
in the corresponding free peptide NOESY data, regardless of
the mixing time (100–600 ms) used. To verify whether this
discrepancy was a consequence of the peptide correlation time,
free peptide ROESY data2 were also collected (data not shown).
The overall pattern of peptide resonances and the relative
intensities of the free CRK cross-peaks measured were similar
in the ROESY versus the NOESY data. Regardless of ROESY
mixing time (50–300 ms, data not shown) used, GPGR b2turn

cross-peaks were not observed at 298 K and 500 MHz in free
CRK ROESY data. Since the NOESY and ROESY experiments
were equally sensitive as far as detection of peptide cross-
relaxation peaks, the NOESY experiment was employed since
it allowed for better observation of BPTI resonances in the
BPTI-CRK conjugate.

Antibody Binding Kinetics and Affinity Measurements—SPR
was used to determine the kinetics and affinities of 5023A and
5025A binding to the following antigens: uncoupled and cou-
pled CRK peptide and native gp120 protein. The SPR studies
employed an antigen surface that was produced by immobiliz-
ing the antigen onto a dextran surface. The Fab (5023A or
5025A) was then flowed over this surface. Good fits to a 1:1
interaction model were obtained for most of the 5023A SPR
sensorgram data. The overall quality of the fit is reflected in
the relative errors of the affinity (KAff) constants derived from
the sensorgram data. Table II summarizes the 5023A and
5025A KAff values, association (ka) and dissociation (kd) rates
measured for all the antigens. By SPR, the affinities of both
antibodies for RK and CRK were measured to be the same,
within experimental error (data not shown). The 5023A and
5025A affinities for RK peptide (data not shown) were similar
to those published earlier and determined by modified enzyme-
linked immunosorbent assay (47). It was determined from mi-
crocalorimetry experiments that 5023A and 5025A do not bind
appreciably to BPTI (data not shown). Fig. 3 provides an ex-
ample of the 5023A and 5025A sensorgram data used to obtain
the values listed in Table II.

The data for 5023A Fab binding to CRK and gp120 fit well to
a 1:1 interaction model but the data for 5023A Fab binding to
BPTI-CRK gave somewhat inferior fits and larger errors (Table
II). In general, the affinities for the various antigens were
relatively high (.108 M21) and not dramatically different. The
relative error associated with the measured CRK and gp120
affinities were both relatively low (;5% or less) indicating that
the 7-fold higher affinity for CRK relative to gp120 is signifi-
cant. The 5023A/BPTI-CRK affinity had the highest (;10%)
relative error among all the measured affinities for both anti-
bodies (see Table II). In terms of binding kinetics, the associa-
tion rates for CRK and BPTI-CRK were all similar whereas the
corresponding dissociation rates for these complexes differed
considerably. The BPTI-CRK dissociation rate was nearly twice
that of CRK and this accounts for the corresponding decreased
BPTI-CRK antibody affinity. Despite the difference in gp120
versus CRK association rates, their dissociation rates were

FIG. 1. Backbone NOE connectivi-
ties observed for the free (trans) CRK
(A) and coupled (trans) CRK (B).
These charts were based upon NOESY
(500-ms mixing time) data recorded from
these peptides at 500 MHz, 298 K, and pH
4.1. The lines drawn correspond to NOEs
observed between the indicated protons
and residues. Relative intensities of these
NOEs are represented by relative line
thickness. The dad(i, i11) NOE between
Gly5 Ha and Pro6 Hd protons represent
the average of the two daN(i, i) and dad(i,
i11) NOEs between the two nondegener-
ate Gly5 Ha protons and the Pro6 Hd pro-
tons. The dNa(i, i) of Gly5 is the average of
the two dNa(i, i) NOEs between the two
nondegenerate Gly5 Ha protons and its
HN proton. “*” indicates resonance
overlap.
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nearly the same. In either case, both of these antigens dissoci-
ated from the 5023A at a slower rate than did BPTI-CRK.

The Fab binding kinetics and affinity data obtained were
more uniform in the case of 5025A with the binding to all three
antigens fitting well to a 1:1 interaction model with low relative
errors. The typical 5025A affinity (KAff) was approximately 106

M21 and this was about 100-fold lower than the average 5023A
affinity. The preferred order of 5025A binding, BPTI-CRK .
CRK . gp120, should be accurate in view of the good fitting to
the interaction model in each instance. Relative to gp120, the
ka and kd rates for CRK peptide (regardless of conjugation
state) binding were both somewhat faster.

DISCUSSION

BPTI Modification and Peptide Coupling—The largest ef-
fects observed upon BPTI due to peptide conjugation were
restricted to the C- and N-terminal regions of BPTI. These
effects were seen only after BPTI linkage to SPDP and con-
sisted of substantial changes in the Ala58 and Arg1 backbone
resonance frequencies. At the pH (4.1) of these studies, a salt
bridge exists between the a-amino group of Arg1 and the C-
terminal carboxylate group of residue Ala58 in native BPTI (48,
49). Since the a-amino (or N) terminus of BPTI becomes an
amide group after BPTI reaction with SPDP, a relatively large
(.0.2 ppm) shift of the BPTI Arg1 Ha resonance occurred after
SPDP coupling. Substantial shifts of the BPTI Ala58 Ha and
HN resonances were also observed upon SPDP coupling and
peptide linkage. The simultaneous occurrence of frequency
changes involving the backbone Ala58 and Arg1 resonances is
consistent with disruption of the native BPTI Arg1-Ala58 BPTI
salt bridge due to conjugation of peptide to BPTI.

Since only minor NMR changes were observed for the re-
maining backbone resonances of BPTI after conjugation, the
backbone of BPTI appears to be mostly unperturbed by such
conjugation. This, along with the lack of significant CRK pep-
tide resonance changes (regardless of peptide coupling), sug-
gest that CRK and BPTI do not interact with each other sig-
nificantly in the conjugate. This is supported by NOE build-up
data for the free and conjugated forms of the peptide and BPTI
(data not shown) which indicate that the overall correlation
times (tc) of BPTI and CRK are not significantly affected by
conjugation. The backbone CRK NOE maximum remains the
same (regardless of conjugation to protein) and occurs at a
much longer mixing time (400–500 ms, data not shown) com-
pared with BPTI for which the NOE maximum remains be-
tween 100 and 150 ms (regardless of peptide coupling). How-
ever, relaxation studies of CRK peptide indicate that
attachment of the peptide does affect CRK dynamics to some
extent.3

Structural Tendencies of Uncoupled Versus BPTI-Coupled
CRK Peptide—By NMR, free CRK peptide was determined to
be mostly unstructured in solution. This is based upon the
simultaneous observation of numerous, relatively strong se-
quential daN(i, i11) NOEs and a few relatively weak dNN(i,
i11) NOEs throughout the peptide (50). In addition, the signif-
icant absence of medium- to long-range NOEs indicates that
CRK adopts very little folded structure and that it undergoes
extensive conformational averaging in solution. Other NMR
evidence in support of such averaging was provided by the
averaged JNa constants2 (5.7–7.7 Hz, data not shown) and

3 Y. Sharma, L. Rosenblum, T. Elsass, and P. Tsang, manuscript in
preparation.

Hd and Gly7 HN protons. “G5N-P6d” corresponds to the dNd(i, i11) NOE
between the Gly5 HN and Pro6 Hd protons.

FIG. 2. NOESY data recorded from free and coupled forms of
CRK peptide at 500 MHz using a 500-ms mixing time. A, upper
panel corresponds to the f2 row at the Pro6 Ha proton frequency in the
NOESY spectrum of free CRK; lower panel is the analogous row in the
NOESY data obtained from coupled CRK. The NOEs observed between
the Pro6 Ha and Gly7 HN and the Pro6 Ha to Arg8 HN proton of the
coupled peptide are indicated. B, fingerprint region of the NOESY
spectrum. “P6d2G7N” corresponds to the ddN(i, i11) NOE between Pro6
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relatively high values for the backbone amide proton temper-
ature coefficients2 (25.3 to 29.1 ppb/K, data not shown). The
strong intensities of the daN(i, i11) NOEs are indicative of an
extended peptide backbone. The peptide also exhibits a slight
tendency to adopt some non-extended conformation involving
residues Gly7-Thr12, based upon the weak dNN(i, i11) NOEs
observed for these residues.

The BPTI-coupled peptide NOEs also consisted primarily of
strong backbone daN(i, i11) NOEs and less frequently, weaker
intensity dNN(i, i11) NOEs. In cases where both NOE types
were observed simultaneously, the relative intensity of the
sequential daN(i, i11) NOE was always much higher. The
coupled peptide backbone was also mostly extended and the
peptide was still conformationally averaged after BPTI cou-
pling. Since dNN(i, i11) NOEs were observed for residues Ile2 to
Thr12 in coupled CRK, the middle to N-terminal portion of the
peptide backbone was less extended relative to the remainder
of the peptide. An alternative explanation for the higher inten-
sities of these particular dNN(i, i11) NOEs may be that these
residues are more motionally restricted due to their proximity
to the protein attachment site.

In terms of NOEs specific to non-extended backbone struc-
ture, the coupled peptide Gly7-Ala9 dNN(i, i11) NOEs were
stronger relative to other dNN(i, i11) NOEs and these residues
therefore adopt non-extended conformations more readily.
However, two new, but weak NOEs were observed for the

coupled peptide. One of these corresponds to a daN(i, i12) NOE
between the Pro6 Ha and Arg8 HN protons, and it reflects a
small b2turn tendency in the GPGR region. The second is a
ddN(i, i11) NOE between the Pro6 Hd and Gly7 HN protons and
it is further consistent with a type I b-turn in this region.
However, the concurrent existence of a type II b-turn cannot be
ruled out on the basis of these data alone since a strong daN(i,
i11) NOE between the Pro6 Ha and Gly7 HN protons was also
observed. This latter NOE is characteristic of either a type II
b-turn comprised of residues Gly5 through Arg8 or an extended
backbone involving residues Pro6 and Gly7. Based on the rela-
tively low intensity of this daN(i, i12) NOE, the b-turn tend-
ency is therefore significant but weak.

The daN(i, i12) and ddN(i, i11) cross-peaks were unobserv-
able in NOESY and ROESY2 data recorded from the free pep-
tide. While it is possible that the GPGR turn tendency exists in
the unconjugated peptide but was undetectable via NOESY
due to peptide correlation time, these b-turn cross-peaks
should still have been detected via the ROESY experiments
that were also performed. Therefore, this structural tendency
probably does not exist in the free peptide, or if it does, it is too
weak for detection.

In contrast to an earlier study of a nonapeptide conjugated to
BPTI (26), the conjugation of BPTI to CRK did not significantly
affect the structural tendencies of CRK. This may simply re-
flect differences between these two peptides in terms of their
inherent structural tendencies.

The NMR results reported here for uncoupled (or free) CRK
peptide are consistent with other NMR investigations con-
ducted by numerous groups upon a variety of V3 loop-derived
peptides (8–21). The peptides studied varied somewhat in
length (12–24 residues) and sequence but they all contained
the highly conserved V3 loop GPGR residues. Typically, the
overall tendency of these peptides to adopt a b-turn (of either
type I or II) conformation in the GPGR region was relatively
low. The peptides studied that were similar in length to CRK
were shown to be primarily extended and mostly unfolded in
solution. The relative intensities of the GPGR b-turn NOEs
observed for other V3 loop peptides (similar to CRK in length)
were comparable to those of coupled CRK peptide (see above).
Therefore, the relative populations of b-turn structure adopted
by those peptides versus coupled CRK in aqueous (without
added trifluoroethanol) solution are about the same.

Antigen Structure versus Antibody Binding—The binding
data indicate that 5025A antibody binds to both forms of CRK
slightly better than gp120. For 5023A, the observed affinity
differences are somewhat larger (,7-fold) and free CRK is
preferred equally over the conjugated peptide and gp120 anti-
gens. However, since the 5023A/BPTI-CRK sensorgram data fit
least well to the interaction model, some caution must be ex-
ercised in interpretation of 5023A binding differences involving
this antigen and others such as CRK, for example. The lower
quality of the 5023A/BPTI-CRK SPR data is most likely attrib-
utable to effects upon 5023A binding due to heterogeneous

TABLE II
5023A, 5025A Fab binding affinities (KAff)

Antibody Constant
Antigen

CRK BPTI-CRK gp120

5025A ka
a (M21 s21) 2.4 3 104 2.2 3 104 2.9 3 103

kd (s21) 4.1 3 1023 2.1 3 1023 1.1 3 1023

KAff (M21)/S.E. 5.9 3 106/0.5% 10.0 3 106/2.0% 2.6 3 106/1.8%

5023A ka (M21 s21) 7.6 3 105 2.5 3 105 9.9 3 104

kd (s21) 6.0 3 1024 1.1 3 1023 5.0 3 1024

KAff (M21)/S.E. 13.0 3 108/5.2% 2.3 3 108/9.8% 2.0 3 108/4.5%
a kd and ka are the dissociation and association rates, respectively, and KAff 5 ka/kd.

FIG. 3. SPR sensorgrams showing the binding of 40 nM 5023A
and 400 nM 5025A to immobilized gp120 (A) and CRK (B) and the
fitting of the data to a 1:1 interaction model. The data points are
shown as open circles and the fitted lines in solid black.
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coupling of BPTI-CRK to the binding surface.
Since all the antigens (except CRK) were coupled via their

amino groups, they were heterogeneously coupled to this sur-
face. CRK was attached via its cysteine side chain, and was
homogeneously coupled instead. Heterogeneous antigen cou-
pling effects upon antibody binding are more significant for
5023A binding to the peptide conjugate than it is for gp120,
since the latter has many more non-epitope amino groups
available for surface immobilization.

Non-homogeneous antigen coupling to the surface can lead to
complex binding behavior if coupling results in a mixture of
fully and partially active antigen. This in turn will lead to
complex Fab binding behavior and poorer fits of the obtained
SPR data to simple interaction models. Such surface coupling
heterogeneity is anticipated to yield SPR data with a faster
than expected dissociation rate and a higher relative error for
the value of the antibody affinity. Both of these phenomena
were observed in the case of the 5023A/BPTI-CRK SPR data
and the corresponding affinity. Therefore, the 5023A 7-fold
binding difference between the different forms of CRK is prob-
ably not meaningful.

In contrast to 5023A, all the 5025A-conjugate sensorgram
data were fit well to a 1:1 interaction model. Correspondingly,
the relative errors obtained for the 5025A KAff values were all
lower compared with those of 5023A. This discrepancy can be
rationalized on the basis of differences in the 5023A and 5025A
antigenic epitopes (47, 51). The 5023A RK epitope consists of
residues Arg4, Pro6, Gly7, Arg8, Ala9, Phe10, Thr12, and Gly14,
whereas the 5025A epitope is smaller and involves only resi-
dues Pro6, Arg8, Ala9, and Phe10. Since all the 5025A epitope
residues are distant from both peptide coupling sites, hetero-
geneous coupling effects upon 5025A binding to the conjugate
were probably much less significant. For 5023A, however, res-
idue Gly14 is a 5023A epitope residue that is adjacent to Lys15;
hence 5023A binding to BPTI-CRK peptide could be hindered
due to surface coupling of this peptide via its Lys15 side chain.

The differences in antibody binding to the various antigens
(discussed above and summarized in Table II) were all mean-
ingful, with the possible exception of the 5023A binding to
CRK-BPTI data. However, all these binding differences were
,10-fold and corresponded to #1 kilocalorie/mol affinity
changes. Hence, antibodies 5023A and 5025A both exhibited no
strong binding preference for any of the antigens, CRK, BPTI-
CRK, and gp120.

To fully determine the structural basis for the antigenic
binding differences observed for the 5023A/5025A antibodies, a
detailed structural comparison between the intact gp120 V3
loop versus the 5023A/5025A antibody-bound state of the V3
loop (i.e. RK) peptide is really required. Such structural infor-
mation regarding the V3 loop of gp120 (22), as well as the
corresponding 5023A/5025A antibody-bound structures of
gp120 and RK, are still unavailable, however. Nonetheless,
general insight into this problem can still be derived from the
structure and affinity data presented here. Based upon the fact
that 5023A and 5025A are both cross-reactive (i.e. they bind to
both the peptide and protein antigens), and that RK peptide is
relatively unstructured in solution, there are at least three
general schemes of anti-peptide antibody binding to consider as
shown below (52). It is assumed in all cases that a substantial
binding difference corresponds to a 10-fold or higher affinity
change and that the antibody conformation remains the same,
regardless of antigen binding. (a) If the anti-peptide antibody
binds substantially better to native protein, the native protein
structure is strongly preferred by this antibody. (b) If the anti-
peptide antibody binds substantially better to the peptide than
the native protein, unfolding of the protein is probably in-

volved. The extent of such unfolding will be reflected by the
extent to which the protein affinity is decreased relative to that
of the peptide. (c) If the anti-peptide antibody binds the peptide
and protein with nearly equal affinity, conformational differ-
ences between the protein and peptide are most likely small.

Typically, anti-peptide antibodies bind preferentially (and
sometimes exclusively), to the “unfolded” protein fragment or
peptide versus the folded protein (53–57). 5023A and 5025A are
both anti-peptide antibodies raised against a protein-conju-
gated form of RK peptide. Both antibodies behaved “typically”
in that they exhibited slightly higher affinities for the less
structured peptide versus the native protein. This preference,
however, was slight since the largest measured protein-peptide
affinity difference corresponded to an energetic change of only
about 1 kilocalorie/mol. Therefore, both antibodies exhibited
essentially the same affinity for the protein and the peptide,
regardless of conjugation. From the 5023A and 5025A affinity
data, these antibodies are therefore examples of c above.

One of the simplest interpretations of the 5023A and 5025A
binding data is that structural differences between CRK pep-
tide and the corresponding V3 loop residue sequence in gp120
protein are probably small. Therefore, only small conforma-
tional changes of the protein may be required for its binding to
5023A and 5025A. CRK peptide was shown by NMR to adopt
very little persistent structure. Hence the relevant residues in
gp120 are also likely to be correspondingly unstructured and
conformationally heterogeneous. This is entirely consistent
with the fact that these residues are located in a loop region of
gp120 protein.

Further evidence that the V3 loop is conformationally heter-
ogeneous is provided by structural studies of various anti-
body-V3 loop peptide complexes (58–62). Structural compari-
son of two different V3 loop peptide-antibody complexes reveals
that the structures adopted by the antibody-bound peptides in
the two complexes were quite dissimilar and antibody-depend-
ent (58, 60). This is despite the fact that both antibodies (0.5b

and 59.1) neutralize the same strain of HIV-1 (IIIB) and there-
fore recognize and bind the same gp120 protein. Based upon
these data, the gp120IIIB V3 loop (from which the CRK se-
quence is derived) is probably conformationally heterogeneous.

From further structural comparison of the antibody-bound
versus unbound V3 loop peptides, it appears that the structure
of the peptide was typically quite different in these two states
(10, 58–62). This observation is also consistent with the ob-
served lack of significant folded structure among the V3 loop
peptides studied, as well as the important influence of the
antibody upon the final antibody-bound structure adopted by
these peptides.

For antibodies 5023A/5025A, CRK antigenicity does not ap-
pear to depend upon b-turn structure adopted in the GPGR
region. This is based upon: 1) the relatively high affinity bind-
ing of these antibodies to CRK which is relatively unstructured,
and 2) the fact that the small tendency of this peptide (in its
conjugated state) did not significantly affect 5023A/5025A
binding to the peptide. This is also consistent with the fact that
the full epitopes recognized by these antibodies include most,
but not all of the residues in the GPGR sequence (47, 51) and
hence adoption of any particular structure in the GPGR region
may be of less consequence to antibody binding. Also, since
CRK lacks significant folded structure, the most likely scheme
of peptide binding by antibodies 5023A and 5025A must involve
an induced fit of this peptide to the binding sites of both
antibodies.

In terms of HIV-1 virus neutralization, the binding of neu-
tralizing antibodies to HIV-1 virus appears to somehow inter-
fere with specific, but still unknown HIV-1 V3 loop binding
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events that are required for infection (63). While the 5023A and
5025A antibodies are not necessarily representative of all
HIV-1 neutralizing antibodies, it appears that their binding to
HIV-1 is independent of the particular, folded structure
adopted by the V3 loop GPGR residues. If a conserved structure
adopted by these conserved residues is not crucial for 5023A/
5025A neutralization of HIV-1, other possible functions for
these residues should be considered. One proposed possibility
is that this V3 region is directly involved in the binding and
interaction between HIV-1 and co-receptor protein(s) (64).
5023A/5025A binding to this region may prohibit important
co-receptor interactions involving these conserved gp120 resi-
dues. Another potential function of this conserved residue se-
quence may be that it serves as a recognition site for proteolysis
of the V3 loop; specific cleavage of the V3 loop has been postu-
lated to precede the cell membrane fusion events required for
virus infection (61, 65–67). Flexibility of the V3 loop, especially
involving the GPGR residues, would also be beneficial in this
situation (66). For this latter possibility, 5023A/5025A binding
to a particular region of the V3 loop could serve to prohibit
access to this critical cleavage site (68).
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