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ABSTRACT: Transferred nuclear Overhauser enhancement (TRNOE) experiments have been performed at
800 MHz to investigate the bound conformation of the hexapeptide DRPVPY, a functional molecular
mimic of the group AStreptococcuscell-wall polysaccharide. The hexapeptide binds to the monoclonal
antibody SA-3, mimicking the branched trisaccharide repeating unit,L-Rha-R-(1 f 2)-(D-GlcNAc-â-(1
f 3))-R-L-Rha (Rha, rhamnose; GlcNAc,N-acetylglucosamine). The peptide adopts a tight turn
conformation with close contacts between the side chains of valine and tyrosine. Relaxation network
editing experiments (QUIET-NOESY) were used to confirm the validity of the observed contacts and to
evaluate the presence of spin diffusion pathways. Saturation transfer difference (STD-NMR) experiments
with selective saturation of protein resonances revealed enhancements of many of the peptide resonances
due to close contacts between the peptide and the protein within the antibody combining site.

Cell-surface polysaccharides of bacteria are important as
virulence factors and antigens (1-4). Some polysaccharide-
based vaccines have been successfully developed (1-4);
however, development has been complicated by weak
immunogenic effects, particularly T-independent response
without memory function, and poor response in infants (1-
5). These problems have been circumvented, in some cases,
by conjugation to proteins (5) or peptides (6). Glycoconjugate
vaccines elicit T-dependent responses and can be used
directly as antigens or as priming agents for boosting with
polysaccharide (5). Carbohydrate-mimetic peptides (7-11)
are attractive as lead candidates for vaccines because of their
immunogenic potential (12-19) and their greater discrimina-
tion of complementary topographies in antibody combining
sites (8). Such peptides present the possibility of fine-tuning
of an immune response against a particular epitope (e.g., to
prevent autoimmune reactions), whereas such discrimination
might not be possible with carbohydrate epitopes (8). In
several studies, phage-displayed peptide libraries have been
screened with monoclonal antibodies directed against car-
bohydrates to obtain binding peptide sequences (7). Often,
binding affinities are similar to or greater than those of the
carbohydrates, and consensus sequences for groups of
crossreactive peptides have been identified (8). In several
cases, these peptides have been used as immunogens to elicit
crossreactive carbohydrate-directed responses (12-19). Pep-

tide-carbohydrate mimicry has also been observed with
enzymes (20, 21) and lectins (22, 23).

As yet, there is little information regarding the origin of
peptide-carbohydrate mimicry. Structural mimicry, whereby
a mimetic ligand makes the same contacts to a protein
receptor as a carbohydrate ligand, has been observed for
mimetic proteins, as in the case of a camel heavy-chain
antibody against lysozyme (24), and inR-amylase-inhibitor
complexes (25, 26), but not yet for mimetic peptides. The
crystal structure of a peptide mimetic ofCryptococcus
neoformanscapsular polysaccharide, in complex with an
antibody, has been reported, in which the peptide adopts a
conformation consisting of two tight turns (27). However,
the corresponding carbohydrate-bound structure is not avail-
able, precluding comment on the nature of mimicry. We have
recently communicated our results with a monoclonal
antibody directed against theShigella flexneriY O-antigen
(28). Here, crystal structures of the Ab-octapeptide mimetic
and Ab-pentasaccharide complexes were compared. The
results indicate that although both ligands engage some
common groups on the Ab receptor in hydrogen bonding
and hydrophobic interactions, each ligand also displays
unique interactions with the protein, lending support to our
previous hypothesis that “functional” mimicry and not
“structural” mimicry might be active in peptide mimicry of
carbohydrates (8).

We have previously reported the Ab-bound conformation
of a trisaccharide corresponding to the cell-wall polysac-
charide (CWPS)1 of group A Streptococcusby TRNOE
NMR spectroscopy (29). Group AStreptococcusare patho-
genic species that cause rheumatic fever, necrotizing fasciitis,
and streptococcal toxic shock syndrome (30-34). Antibodies
directed against the CWPS are restricted in sequence and in
gene usage (8) and recognize, as a minimal unit, a trisac-
charide representing the branch point,L-Rha-R-(1 f 2)-
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(D-GlcNAc-â-(1 f 3))-R-L-Rha (35). We have used the
NMR-derived trisaccharide conformation, together with
comparative modeling of the Fv region of the Ab Strep 9,
to derive a model for the Ab-CWPS complex (36). We now
report the bound conformation of a peptide mimetic of
CWPS, DRPVPY, to a related MAb, SA-3, by trNOE NMR
spectroscopy. This IgM MAb is directed against the same
carbohydrate epitope and has high homology to Strep 9 in
the VL and VH regions (8). The mimetic peptide for MAb
SA-3, DRPVPY, was selected from a phage-displayed library
(8). The success of the trNOE experiment is critically
dependent on the dissociation rate constants of bound ligands,
and thus far, we have had success only for the MAb SA-3
system.

We emphasize that the database of such protein-ligand/
protein-surrogate ligand pairs is still extremely small and
that conclusions about the nature and origin of mimicry must
await further structural investigations. This study serves as
a prelude to the detailed comparison of the ligand topogra-
phies for a carbohydrate and its mimetic, and the nature of
the Ab-ligand interactions in these complexes. To date, we
have not obtained crystals of the Fab-ligand complexes (36).

MATERIALS AND METHODS
Reagents.The hexapeptide, DRPVPY, was synthesized

and purified by HPLC at the Alberta Peptide Institute
(Edmonton, Alberta). The monoclonal antibody SA-3 was
purified from murine ascites fluid by precipitation with 45%
saturated ammonium sulfate, followed by size-exclusion
chromatography on Sephacryl HR-300 (Pharmacia) and
concentration with Centriprep-30 (Millipore).

NMR Experiments.NMR samples were prepared in
phosphate-buffered saline solution, pH 6.15 (12 mM phos-
phate, 137 mM NaCl, 3 mM KCl, 10% D2O, 0.02% NaN3).
Preliminary experiments were performed on a Bruker
AMX600 spectrometer. For measurement of the affinity
constant, 1D spectra were recorded at peptide: binding site
ratios of 3:1, 6:1, 10:1, 20:1, and 25:1. 2D trNOESY spectra
were recorded to determine the most favorable ratio for
transferred NOE effects, which was found to be 20:1.
Therefore, the final sample was prepared with 3.7 mg of
antibody (6.3µM antibody; 38 nmol binding sites) and 0.57
mg of peptide (1.27 mM; 760 nmol; 20:1 peptide/binding
site ratio) in 600µL of buffer. Control samples were prepared
with 0.60 mg of peptide and 3.5 mg of BSA in 600µL of
buffer. After optimization of the peptide/antibody ratio, final
experiments were performed on a Varian 800 MHz spec-

trometer (NANUC, Edmonton, Alberta) for highest sensitiv-
ity and spectral dispersion. Resonances of the peptide were
assigned based on 2D TOCSY and DQF-COSY experi-
ments. Water suppression was achieved by presaturation or
WATERGATE (37). Chemical shifts were referred to
external DSS. 1D spectra were acquired with 48K data
points. NOESY and trNOESY experiments were acquired
at 298 K in phase-sensitive mode using the States (hyper-
complex) method, with 8K points and 752 t1 increments, and
a relaxation delay of 1.5 s. Mixing times of 50-300 ms were
used to obtain full buildup curves. QUIET-NOESY experi-
ments (38, 39) were acquired with 4K points and 640 t1

increments, a relaxation delay of 1.5 s, and a mixing time
of 200 ms. Gaussian G3 cascade pulses (6.2-6.3 ms,γB1

) 1.0 to 1.1 kHz) applied halfway through the mixing time
provided doubly selective inversion of 0.75 ppm wide bands
at chosen positions in the spectrum. STD-NMR spectra (40-
42) were acquired at 600 and 800 MHz. Experiments at 800
MHz were performed with selective saturation of protein
resonances at 10 ppm (35 ppm for reference spectra) using
a series of 40 SEDUCE pulses (50 ms, 1 ms delay between
pulses,γB1 ) 0.1 kHz, excitation width approximately 100
Hz) for a total saturation time of 2 s. Subtraction of saturated
spectra from reference spectra was performed by phase
cycling (40-42); 8K scans were acquired for sensitivity in
the difference experiment.

NMR Data Processing.Data acquired at NANUC were
converted to Bruker format by XWIN-NMR (Bruker) and
all further processing was performed within XWIN-NMR.
The 2D NOESY data (8K× 752) were subjected to linear
prediction to 852 points in F1, followed by zero-filling to
2K points and multiplication by a squared cosine function,
to give a final data matrix of 8K× 2K. The 2D QUIET-
NOESY data (4K× 640) were subjected to linear prediction
to 740 points in F1, followed by zero-filling to 2K points
and multiplication by a squared cosine function, to give a
final data matrix of 4K× 2K. 2D Fourier transformation
gave the final spectra. All 2D spectra were baseline-corrected
automatically prior to integration of cross-peak volumes.

Distance Information from trNOESY Spectra.Cross-peaks
in 2D trNOESY spectra were integrated using XWIN-NMR.
Apparent distances were calculated using the distance
extrapolation method, which partially corrects for spin
diffusion (43). Distances were not normalized to the diagonal
peak intensity, as in many cases the diagonal peaks could
not be resolved. The distance between the aromaticδ andε

protons of tyrosine (2.47 Å) was used as a reference for
calibration. TrNOE buildup curves were plotted within Excel
(Microsoft); apparent distances were plotted against mixing
time and extrapolated to zero mixing time using a second-
order polynomial.

Molecular Modeling.Distance restraints obtained from
trNOESY spectra were incorporated into a simulated an-
nealing protocol within the program XPLOR (44), using the
parallhdg force field. Only unambiguously assigned cross-
peaks were used to calculate distances, resulting in 61
distance restraints. Distance restraints to unresolved or
nonstereospecifically assigned diastereotopic protons were
incorporated usingr-6 summation (44). Minimized structures
of the peptide in either all-RR, all-â or all-RL conformation
were used as starting points for molecular dynamics. Simula-
tions consisted of 90 ps of molecular dynamics at 1000 K,

1 Abbreviations: NMR, nuclear magnetic resonance; 1D and 2D,
one-dimensional and two-dimensional; NOE, nuclear Overhauser effect;
trNOE, transferred nuclear Overhauser effect; NOESY and trNOESY,
nuclear Overhauser effect spectroscopy and transferred nuclear Over-
hauser effect spectroscopy; QUIET-NOESY, quenching undesirable
indirect external trouble in NOESY; ROESY, rotating-frame Overhauser
effect spectroscopy; TOCSY, total correlation spectroscopy; DQF-
COSY, double-quantum-filtered correlation spectroscopy; WATER-
GATE, water suppression by gradient-tailored excitation; DSS, 3-(tri-
methylsilyl)-1-propanesulfonic acid; F1 and F2, first and second
frequency dimensions; STD-NMR, saturation transfer difference NMR;
Rha, rhamnose; GlcNAc,N-acetylglucosamine; Ab, antibody; MAb,
monoclonal antibody; CWPS, cell-wall polysaccharide; Fv, variable
fragment; FAb, fragment with antigen binding; VL, variable light chain;
VH, variable heavy chain; HPLC, high-performance liquid chromatog-
raphy; BSA, bovine serum albumin; rmsd, root-mean-square difference;
SFU, Simon Fraser University; NANUC, National High-Field Nuclear
Magnetic Resonance Centre.
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with increasing force constants for geometry and a force
constant for NOE-derived distances of 50 kcal/mol‚Å2,
followed by cooling to 100 K for 20 ps. The resulting
structures were refined by another cooling cycle from 1000
to 100 K over 45 ps using either the CHARMm force field
(ε ) 4) or the parallhdg force field, followed by 1200-1500
cycles of energy minimization using the parallhdg force field.
The criteria for acceptance of structures were correct
geometry and no NOE restraint violations of> 0.5 Å.
Analysis of the structures was performed within InsightII
(Accelrys Inc.) or MOLMOL (45).

RESULTS AND DISCUSSION

NMR Parameters of the Free Peptide.The NMR param-
eters of the free peptide revealed little evidence for organized
3D structure. Chemical shifts and J(HN-HR) values were
close to random-coil (average) values (Table 1) (46). The
HN resonance of Arg-2 had a reduced temperature coefficient
(Table 2); this usually indicates participation in an intramo-
lecular hydrogen bond. However, in the presence of BSA
or antibody, this amide proton also had a much faster
exchange rate, as deduced from its low intensity and

increased line width. This could possibly result from interac-
tion with the neighboring, charged Asp residue. The cause
of the slight downfield shift of this resonance is unknown;
such a shift usually indicatesâ structure, but there is no
accompanying shift of HR, also an indicator ofâ structure.

Resonances attributable to minor isomers of the peptide
were assigned to cis isomers about the peptide bonds to
proline. The observation of chemical exchange cross-peaks
in the NOESY spectrum between resonances of the major
(trans) and minor (cis) isomers confirmed this assignment.
The concentration of the most populated cis isomer was 20%
of that of the major trans isomer.

NMR Experiments on Peptide with Antibody.In the
presence of the antibody, selective line-broadening of the
resonances of only the major trans isomer was observed,
indicating binding of the peptide to the antibody. The affinity
constant was estimated from the line-broadening at different
peptide/antibody ratios (47) to be 5× 104 M-1. The affinity
constant for the antibody binding to a hexasaccharide ligand
representative of the group AStreptococcusCWPS was
determined by microcalorimetry to be 5.71× 104 M-1, while
that for the longer peptide ADGADRPVPYGACG(Orn-
biotin), was found to be 1.60× 106 M-1 (8). Attempts to
measure the affinity constant of the hexapeptide by micro-
calorimetry were unsuccessful, as the purified antibody was
inactivated by precipitation during the runs. The longer
peptide comprises the six-residue sequence selected by phage
library screening as well as flanking residues derived from
the sequence of the phage pIII protein. These measurements
show that the hexapeptide DRPVPY is necessary and
sufficient for binding, but residues from the phage protein
do contribute additional binding energy. Specificity for the
antibody is provided by the hexapeptide DRPVPY, as shown
previously (8).

The bound conformation of the peptide was investigated
by trNOESY experiments. A large number of transferred
NOE contacts were observed in the presence of the antibody.
These included cross-peaks indicative of contacts between
Val-4 and the backbone and side chains of Arg-2, Pro-3,
Pro-5, and Tyr-6; between Arg-2 and Pro-3; and between
Pro-5 and Tyr-6 (Figure 1).

The increased solution viscosity upon addition of protein
slows the tumbling time of molecules in solution and could
lead to the appearance of negative NOEs in the free peptide,
which might be mistaken for transferred NOEs resulting from
the bound conformation. Therefore, a negative control was
provided by recording NOESY spectra of the peptide in the
presence of BSA at the same w/v concentration as was used
for the antibody sample. Virtually no NOEs were observed

Table 1: Chemical Shifts of the DRPVPY Peptide

resonance
δ (310)
(ppm)a

δlit (298)
(ppm)b

δlit (298)- δ (310)
(ppm)

Asp-1
HR 4.31 4.64
Hâ 2.90 2.72

2.77 2.65
Arg-2
HN 8.60 8.20 -0.40
HR 4.69 4.65 -0.04
Hâ 1.88, 1.77 1.81
Hγ 1.68 1.67
Hδ 3.21 3.21
HNε 7.14 8.07
HNú 6.62
Pro-3
HR 4.48 4.42 -0.06
Hâ 2.28, 1.90 2.29, 1.94
Hγ 2.04 2.02
Hδ 3.82, 3.67 3.63
Val-4
HN 7.99 8.02 0.03
HR 4.42 4.44 0.02
Hâ 2.02 2.06
Hγ 0.93, 0.90 0.97, 0.92
Pro-5
HR 4.41 4.42 0.01
Hâ 2.18, 1.93 2.29, 1.94
Hγ 1.98 2.02
Hδ 3.79, 3.64 3.63
Tyr-6
HN 7.60 8.12 0.52
HR 4.52 4.55 0.03
Hâ 3.07, 3.01 3.03, 2.98
Hδ 7.14 7.14
Hε 6.85 6.84

a Chemical shifts are reported for 10.8 mM DRPVPY in phosphate-
buffered saline solution, pH 6.15 (12 mM phosphate, 137 mM NaCl,
3 mM KCl, 10% D2O, 0.02% NaN3) at 310 K and are relative to
external DSS.b Chemical shift values for amino acid proton resonances
in unstructured (random coil) peptides are taken from ref46 and were
measured at 298 K and pH 5.0 relative to internal DSS. For the residues
followed by a proline (Arg-2, Val-4), the literature values are those
reported by the authors for residues followed by proline in an
unstructured peptide.

Table 2: Temperature Coefficients of Amide Proton Resonances in
the DRPVPY Peptide

amide proton
resonance

temperature coefficient
ppb/Ka +SA-3b +BSAc

Arg-2 -5.8 -5.7 n.d.
Val-4 -11.4 -11.6 -10.9
Tyr-6 -13.5 -10.0 -8.2

a Temperature coefficients were measured in 1D1H NMR spectra
recorded at 281, 285, 298, and 310 K.b Temperature coefficients were
measured from 1D1H NMR spectra recorded at 281, 288, and 300 K.
c Temperature coefficients were measured from 1D1H NMR spectra
recorded at 298, 300, and 310 K.
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for the free peptide with BSA at 298 K. This showed that
the large number of negative NOEs observed in the presence
of the antibody was due to transfer from the bound peptide
(transferred NOE).

Structure Calculations.The trNOESY cross-peaks were
integrated and converted to distance restraints to be used in
calculating the bound conformation. A lower distance bound
of 1.8 Å was used for all distances, while the upper distance
bound was set to the calculated distance+1.0 Å. Ther-6

summation method (44) was used to calculate distances to
unresolved or nonstereospecifically assigned diastereotopic
protons; correspondingly, peak intensities were not corrected
for multiplicity. The distance restraints were incorporated
into a simulated annealing protocol within XPLOR (44). A
set of 40 structures produced by simulated annealing were
subjected to refinement and energy minimization, followed
by checks for correct geometry and agreement with the
distance restraints. Of 40 structures produced by simulated
annealing, 27 were judged to be acceptable by these criteria.
All of the latter adopted a very similar conformation,
comprising a well-defined tight turn in the last three residues
of the peptide, VPY (Figure 2A). This is also apparent from
the contacts between the side chains of these residues in the
trNOESY spectra (Figure 1). The tight turn is stabilized by
association between the hydrophobic side chains of VPY,
as shown by van der Waals contacts between the side chains;
representative distances in the average structure (Figure 2B)
are Val-4 Cγ1-Tyr-6 Cε1 3.98 Å, Val-4 Cγ1-Tyr-6 Cδ1
4.10 Å, and Pro-5 Câ-Tyr-6 Cδ1 3.76 Å. The Val residue
adopted an unusual conformation with a positiveφ angle (φ
) 89°; Table 3A), corresponding to theRL region of the
Ramachandran map. This is uncommon for any residue but
glycine. The 27 structures superimposed with rmsd) 0.11
Å for backbone atoms, or 0.80 Å for all heavy atoms,
considering residues Val-4 to Tyr-6 (Figure 2A). There is
more disorder in the first part of the peptide, DRP, which is
less well-defined by the trNOEs. The derivation of restraints
in this part of the peptide was hampered by spectral overlap
of the Val-4 Hâ and Pro-5 Hγ resonances, and of the Val-4,
Pro-5 and Tyr-6 HR resonances. In addition, the Arg HN
resonance was so broad (∆ν1/2 estimated at 44 Hz) that no
trNOE cross-peaks involving this proton were observed.
Nevertheless, contacts between the Arg-2 and Val-4 side

chain provided some restraints on the conformation. If the
entire peptide is considered, the 27 structures superimpose
with rmsd) 0.24 Å for backbone atoms or rmsd) 1.16 Å
for all heavy atoms.

The calculation was repeated using restraining terms to
prevent left-handed turns (positiveφ angles). This procedure
decreased the fraction of accepted structures to 10%; those
that were acceptable were very similar to those obtained in
the first simulations, but with a more usualâ conformation
(φ ) -175°; Table 3B, Figure 2C-E) for the Val-4 residue.

EValuation of Spin Diffusion.The possibility for error
caused by spin diffusion in transferred NOESY experiments
has been investigated by others in both theoretical and
experimental studies (38, 39, 48-55). However, in many
experimental studies, the extent of such error is not rigorously
evaluated. Such evaluation is particularly important in studies
with very large protein receptors, since the cross-relaxation
rate in the bound state is increased (56). Therefore, we chose
to investigate the effects of spin diffusion in detail. Some of
the trNOE buildup curves showed unusual shapes due to
gains or losses from spin diffusion (Figure 3). The distance
extrapolation method (43) was used in calculating distances
to bias the intensity measurements toward initial values that
are less affected by spin diffusion.

The QUIET-NOESY (quenching of undesired indirect
external trouble in NOESY) technique (38, 39) is a method
of “relaxation network editing”, or selectively eliminating

FIGURE 1: Regions of a trNOESY spectrum (τm ) 200 ms) of the hexapeptide in the presence of the antibody, showing cross-peaks
indicating contacts between the side chains of Val-4, Pro-5, and Tyr-6.

Table 3: Backbone Dihedral Angles (°) in the Bound Conformation
of the Hexapeptidea: (A) Using Only TrNOE-Derived Restraintsb

and (B) with All φ Dihedral Angles Restrained to Negative Valuesc

A B

residue

φ

(C′-N-
CR-C)

ψ
(N-CR-

C-N′)

φ

(C′-N-
CR-C)

ψ
(N-CR-

C-N′)
Asp-1 -125 146
Arg-2 -171 143 -173 155
Pro-3 -50 139 -61 -172
Val-4 89 81 -175 80
Pro-5 -34 -27 -34 -35
Tyr-6 -140 -124
a Average of all accepted calculated conformations.b Average of 27

structures.c Average of four structures.
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indirect cross-relaxation pathways, allowing observation of
direct pathways only. In this experiment, a doubly band-
selective inversion pulse is inserted halfway through the
NOESY mixing time, so that the buildup of NOE between
inverted and noninverted spins changes sign and is canceled
by the time of the observation pulse. This allows evaluation
of an NOE cross-peak by placing each resonance of interest
within the two inversion bands; NOE cross-peaks observed

are then due only to direct cross-relaxation between the two
spins, while spin diffusion contributions from resonances
outside the bands are canceled to first order (39).

Therefore, several of the most interesting cross-peaks
appearing only in the presence of antibody were chosen for
evaluation by QUIET-trNOESY spectra recorded at 800
MHz. These included, for example, Arg-2 Hδ-Val-4 Hγ,
indicating proximity between the Val-4 and Arg-2 side

FIGURE 2: Bound conformations of the hexapeptide. Superposition of structures was performed within InsightII and is based on the backbone
atoms of residues 4-6. (A) Family of 27 structures calculated using trNOE-derived restraints only. (B) Average of the 27 structures in
panel A. (C) Family of four structures calculated with allφ dihedral angles restrained to negative values. The peptide is colored differently
for purposes of comparison in panel E. (D) Average of the four structures in panel C. (E) Average structures from both calculations,
showing the very similar tight turn.
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chains; contacts between the Val-4 and Tyr-6 residues and
the Pro-3,-5 Hδ protons, representative of the geometry of
the turn; and contacts between the Pro-5 Hδ and Tyr-6 Hâ
protons and Val-4 Hγ, longer-range contacts which could
possibly have arisen from spin diffusion. QUIET-trNOESY
spectra with a mixing time of 200 ms and with inversion of
bands containing these resonances were recorded at 800
MHz. As shown in Figure 4, almost all of these contacts
were still present in the QUIET-NOESY spectra, showing
that they are truly representative of close contacts between
protons and not due to indirect pathways. The only exception
is the contact between Val HN and Pro-3 Hδ2, which
disappears in the QUIET-trNOESY spectrum (Figure 4). This
contact was therefore judged to be due to spin diffusion. The
first set of calculations was then repeated, with this distance
restraint eliminated from the calculation. Interestingly, a
nearly identical conformation resulted, showing that inclusion
of this spurious contact, in the presence of many others, had
not led to an incorrect result.

The bands connecting quiet windows in the QUIET-
NOESY spectrum should, in theory, be empty, as all indirect
pathways are canceled. However, residual contacts at∼10-
25% of the intensity in NOESY were observed in the quiet
bands. The individual contacts observed, and their intensities,
varied depending on the position of the inversion bands. This
is most likely due to second-order effects. Because the rate
of NOE buildup is not necessarily the same in the first and
second halves of the mixing time, some contacts may not
be completely canceled. Therefore, for most purposes the
shortest mixing time possible should be used. This informa-
tion may, however, be used to identify possible spin diffusion
pathways, which may be confirmed by other means. As
shown in Figure 5, an incompletely canceled cross-peak

FIGURE 3: Representative trNOESY buildup curves.

FIGURE 4: TrNOESY and QUIET-trNOESY spectra of the peptide
in the presence of antibody. (A) Regions of a trNOESY spectrum
(τm ) 200 ms) showing Val-4 HN-Pro-3,-5 Hδ cross-peaks and
Pro-3,-5 Hδ-Hδ cross-peaks. (B) Corresponding regions of a
QUIET-trNOESY spectrum (τm ) 200 ms) with inversion of 0.75
ppm wide bands centered at 4.15 and 8.1 ppm; within the
intersection of the quiet bands (quiet window), the Val HN-Pro-5
Hδ cross-peaks are still present, while the Val HN-Pro-3 Hδ2
cross-peak is absent, indicating cancellation due to spin diffusion.
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between Pro-3 HR and Val-4 Hγ is present in all the spectra,
except that in which Val HN is also inverted. This indicates
a possible spin diffusion pathway between Pro-3 HR, Val
HN, and Val Hγ. Again, the calculations were repeated with
this distance restraint eliminated, and a very similar confor-
mation resulted. Therefore, although spin diffusion may
contribute to the observed intensity of the Pro-3 HR-Val
Hγ trNOE contact, inclusion of this distance restraint had
not led to bias in the calculated conformation. The results
from eliminating this distance restraint as well as the Val
HN-Pro-3 Hδ2 distance restraint are consistent with general
findings that the observation of a large number of NOEs
can lead to an accurate conformation even if the margin of
error for each individual NOE is quite large (57). It may be
noted that although the presence of second-order effects in
QUIET-NOESY is generally undesirable, and should be
taken as a warning to carefully evaluate the intensities of
contacts in the quiet windows, these effects may also provide
information that is useful in identifying spin-diffusion
pathways.

Further Considerations Regarding Spin Diffusion.The
QUIET-NOESY experiment cannot remove indirect path-
ways occurring due to spins whose resonance frequency
happens to be within the bands of inversion. Therefore, the
experiments described above did not exclude spin diffusion
between, for example, the geminal methylene protons of the
proline residues. This situation is a possibility, as certain
contacts to protons on one side of the Pro-3,-5 rings are
observed in the free peptide spectrum (data not shown), while
contacts to the other side appear in the presence of antibody.
This could be due to an increase in the intensities of trNOEs
over ROEs of the free peptide or to the selection of a
conformation for binding which does not predominate in
solution. In addition, spin diffusion by a close ligand proton
has been shown to be less important than that by a close
protein proton in its effect on the trNOE buildup rate (48).
However, the possibility still existed that these contacts were

due to intraligand spin diffusion. As a test, the calculations
were repeated with some of these contacts excluded. The
only contact whose absence affected the conformation was
that between Val-4 HN and Pro-3 Hâ2. When this contact
was excluded from the calculation, there was some variation
in theφ angle of Val-4, with half of the structures adopting
the RL conformation as before (φ ) 90-110°), while the
other half adopted aâ conformation (φ ) 140°). This made
little difference to the calculated structure, as the overall
conformation of the rest of the peptide was maintained.

Bound Conformation.We conclude, therefore, that the
peptide adopts a tight turn conformation in the bound state.
The turn is well defined by the backbone torsion angles of
Pro-5 and Tyr-6 and theψ angle of Val-4. The characteristic
trNOEs were shown to be valid by QUIET-trNOESY
experiments. Some of the remaining contacts may have some
contributions from spin diffusion, causing some uncertainty
in the φ angle of Val-4. However, this does not affect the
overall conformation of the molecule significantly. The DRP
portion of the peptide is also in a turn conformation, which
is less well-defined by the available trNOEs. Nevertheless,
we show that the conformation includes contacts between
the Arg-2 and Val-4 side chains.

Turn Conformations in VPY Segments.TrNOE contacts
between the Tyr-6 HN, Hδ and Hε protons and the Val-4
Hγ protons were also observed in preliminary experiments
with the antibody and a longer peptide, ADGADRPVPYG-
ACG(Orn-biotin), representing the six-residue sequence
selected by phage library screening within the context of the
phage pIII protein. These contacts suggest the presence of a
similar bound conformation with a tight turn centered on
Pro-5. These contacts as well as a contact between Pro-5
Hδ1 and Val-4 Hγ were also observed in the ROESY
spectrum of the hexapeptide DRPVPY in the absence of
antibody. This observation suggests that turn conformations
with hydrophobic association between the VPY side chains
are also populated to a certain extent in solution. This

FIGURE 5: Traces from 2D QUIET-trNOESY spectra taken at 4.46 ppm in F1, Pro-3 HR resonance frequency. Inverted bands are indicated
by shaded bars below the traces. In each trace the absolute intensity of the Val-4 Hγ resonance, relative to the Pro-3 HR diagonal resonance
in panel C, is given. This signal is present in panels B, C, and D due to incomplete cancellation (second-order effects). However, in trace
A, when Val-4 HN is also inverted, the Val-4 Hγ signal becomes completely canceled, indicating a possible spin diffusion pathway from
Pro-3 HR to Val-4 HN to Val-4 Hγ.
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conclusion is in agreement with other studies showing that
turn conformations may be populated in several short
peptides, representing antigenic regions of proteins, in
solution (58, 59).

Mode of Peptide Binding.The well-defined VPY segment
of the peptide does not completely comprise the consensus
sequence found from phage-displayed library screening;
rather, RPXXY was the consensus sequence isolated (8). In
particular, the RP residues were shown to be critical for
binding and could not be substituted (8).

After prolonged storage of the samples, hydrolysis of the
peptide, presumably by residual proteases present in the
antibody preparation, was noted. The hydrolytic reaction was
a specific cleavage of the Tyr-6 residue, as shown by
electrospray mass spectrometry. Interestingly, the cleaved
fragment did not give rise to transferred NOEs, as shown
by recording a trNOESY spectrum of a sample containing
completely hydrolyzed peptide; therefore, the Tyr-6 residue
is required for binding.

To provide additional information regarding the peptide’s
mode of binding, saturation transfer difference (STD-NMR)
experiments were performed. The STD-NMR technique
(40-42) is a method of epitope mapping by NMR spectros-
copy. Resonances of the protein are selectively saturated over
a period of time, allowing NOE enhancements to develop
over many resonances of the protein, and in addition, giving
rise to intermolecular NOE effects with a binding ligand. If
the 1D 1H NMR spectrum of the ligand is then recorded
and subtracted from a 1D spectrum recorded without
saturation of the protein, these intermolecular negative NOE
effects are observed as enhancements of the signals of
protons that are in close contact with the protein. This allows
determination of the binding epitope, or the areas of the
ligand actually contacting the binding site.

The STD-NMR spectrum of the hexapeptide in the
presence of the antibody is shown in Figure 6. Almost all
resonances of the peptide are enhanced, with the exception
of the Asp-1 HR and Hâ resonances, showing that all but
the first residue of the peptide are in contact with the binding
site. The Pro-3 HR and Arg Hâ/Hγ resonances also show
smaller enhancements. However, parts of the Arg-2 side
chain are clearly involved in binding, as the Arg-2 Hδ

protons are significantly enhanced. It may also be noted that
the more populated (20%) cis isomer of the peptide does
not bind significantly.

Turn conformations are commonly observed in antibody-
peptide crystal structures (60), and the turn is often important
in allowing peptide side chains to be positioned correctly
within the binding site and to make specific contacts with
residues within the site. This is clearly important here, as is
shown by the epitope mapping data where all side chains
except Asp-1 contact the site.

Such information is valuable in the understanding of
peptide-carbohydrate mimicry and in the design of peptido-
mimetics, where knowledge of the specific residues required
for binding is necessary.

Summary.The data presented here show that binding of
the carbohydrate-mimetic peptide, DRPVPY, by the antibody
SA-3 occurs with the peptide in a tight turn conformation
stabilized by hydrophobic association between the VPY side
chains. Specific contacts to the antibody are made by all
amino acid side chains except that of Asp-1. Knowledge of
the bound conformation and mode of interaction of the
peptide with the antibody will be used as a starting point
for further investigations of this system, with the goal of
elucidating the basis of peptide-carbohydrate mimicry. Thus,
NMR experiments as described above, in combination with
molecular modeling, will aid in the design of new peptides,
glycopeptides, and peptidomimetics with potentially greater
binding affinity.
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