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Abstract—Saturation-transfer difference NMR spectroscopy (STD-NMR) experiments have been performed to analyze the topo-
graphy or epitope of the octapeptide MDWNMHAA recognized by the anti-carbohydrate antibody SYA/J6 in solution; the anti-
body is directed against the Shigella flexneri Y O-antigen polysaccharide. The results permit a valuable comparison of solution
versus crystal-structure data, and provide insight for the design of the next-generation binding ligands.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Shigella flexneri Y is a Gram-negative enterobacterium
that causes bacillary dysentery by invading the colonic
mucosa.1 The O-antigen polysaccharide forms part of
the cell-surface lipopolysaccharide, which is antigenic
and therefore provides a suitable vaccine candidate. The
O-polysaccharide consists of the repeating unit!2)-a-l-
Rha-(1!2)-a-l-Rha-(1!3)-a-l-Rha-(1!3)-b-d-GlcNAc-
(1! (1) (Scheme 1).2,3 However, the development of
vaccines based on polysaccharides may be complicated
by several factors, including poor immunogenicity, and
poor response in infants.4 In several cases, these factors
have been circumvented, with considerable success, by
conjugation of polysaccharides to proteins.4 An alter-
native strategy is the use of carbohydrate-mimetic pep-
tides, which have demonstrated immunogenic potential.5

Peptide ligands have been identified for a wide range of
anti-carbohydrate antibodies, and for a limited number
of other carbohydrate-binding proteins.5 These peptides
are specific molecular mimics of carbohydrates, and in
general, bind with similar or greater affinity to receptors.5

Significantly, immunological studies showed that in some
cases, these peptides could not only bind to anti-carbo-
hydrate antibodies, but could induce an immune
response against the original carbohydrate.5

An understanding of peptide-carbohydrate mimicry
requires detailed knowledge of the topography of the
ligands of both classes recognized by complementary
protein receptors. Analysis of the topography, or epitope
mapping, may be performed by a variety of methods.6

The use of NMR spectroscopy permits a direct char-
acterization of protein–ligand interactions at the mole-
cular level. Thus, a combination of transferred NOE
(trNOE)7 and saturation-transfer difference (STD)8�11

experiments has been used to probe the conformations
of ligands bound to receptors and to define the critical
epitope, that is, the portions of the ligand in close con-
tact with the protein.12 These data are useful in the
construction and validation of models of protein-ligand
complexes.13 In addition, binding ligands have been
identified from complex mixtures of compounds by
STD-NMR experiments.9 Vogtherr and Peters14 have
described the use of STD-NMR spectroscopy, in com-
bination with chemical modification, for the simulta-
neous epitope mapping of a library of ligands, and the
use of STD-2D-NMR methods, for example,
STD-TOCSY and STD-HMQC. We have recently
described a STD-1D-TOCSY sequence for more rapid
epitope mapping.13

As part of our program to study the nature and origin
of peptide-carbohydrate mimicry and to develop pep-
tide-based vaccines, the crystal structures of complexes
of the anti-carbohydrate monoclonal antibody (mAb)
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SYA/J6 with carbohydrate15,16 and mimetic peptide,
MDWNMHAA 217 ligands (Scheme 1) were deter-
mined, revealing the nature of mimicry in this system.
The peptide proved to be a partial structural mimic of
the carbohydrate, providing several similar interactions
with the combining site, but also taking advantage of
areas of the site not contacted by the carbohydrate.
Interestingly, water molecules were extensively involved
in binding, bridging between the peptide and antibody
through hydrogen bonding.17 It is of interest to study
the same system using solution NMR techniques in
order to identify similarities and differences in molecular
recognition, and to investigate the potential of these com-
plementary methods. Such knowledge will be useful (1) to
probe the validity of information obtained in the solid
state, (2) to provide a complementary, faster method of
analysis, and (3) to assist in the design of the next-genera-
tion binding ligands. We report here a study of the pep-
tide-antibody complex by STD-NMR spectroscopy,8�11

and demonstrate the potential of solution NMR techni-
ques for epitope mapping and the study of protein–ligand
interactions.
2. Results and discussion

The 1D STD-NMR spectrum of the octapeptide 2 in the
presence of the antigen binding fragment (Fab) of themAb
SYA/J6 is shown in Figure 1. Saturation produced strong
enhancements of the Trp-3 ring protons and the Met-5
side-chain protons. In addition, both Met-1 and Met-5
methyl groups were enhanced, with one enhanced more
strongly than the other.

The crystal structure of the Fab-MDWNMHAA 2
complex17 reveals that the side chain of Met-5 is in close
contact with the Trp H33 indole ring, consistent with
the strong enhancements. In contrast, Met-1 is largely
exposed to solvent; only its e-methyl group makes a few
contacts with the antibody. On this basis, the more
strongly enhanced e-methyl signal (2.08 ppm) was
attributed to Met-5, while the more weakly enhanced
e-methyl signal (1.96 ppm) is likely that of Met-1. One
of each of the g-methylene protons of Met-1 and Met-5
are enhanced (Fig. 2, Table 1), and in addition, the
overlapping resonance of the other methylene protons,
at 2.4 ppm, is enhanced. The latter enhancement likely
has a contribution from Met-5, as both of its g-methyl-
ene protons are in close contact with Trp H33 (Fig. 3).
The enhancement of the Met-1 g-methylene proton at
2.3 ppm, however, is difficult to explain, as it is not
within 5 Å of any antibody proton in the crystal struc-
ture. The Met-1 a-proton is not enhanced, consistent
with the crystal structure in which the N-terminus of the
peptide is far from the antibody surface. We conclude
that the terminus of the Met-1 side chain in the bound
solution conformation does contact the antibody, unlike
that in the crystal structure.

Strong enhancements of all the Trp-3 ring protons were
observed (Figs 1 and 3, Table 1). This is also consistent
with the crystal structure, which shows that Trp-3 is
buried in a hydrophobic pocket composed of residues
from CDR L3 (Thr L91, Val L94, Pro L95) and a fra-
mework residue (Trp H47). The contacts with the
pocket are extensive. Even an enhancement of the He1
proton (10.13 ppm) is observed.

Enhancements of both Ala b-methyl groups were
observed (Figs 1 and 2). This is consistent with the
crystal structure, which shows that the Ala-7 methyl
group makes contact with Tyr L32, at the top of
another hydrophobic pocket in the binding site, while
the Ala-8 methyl group contacts the Trp H33 side chain,
Scheme 1. The lipopolysaccharide O-antigen of Shigella flexneri Y (1) and an octapeptide molecular mimic, MDWNMHAA (2).
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adding to the hydrophobic contacts made by Met-5.

Other enhancements consistent with the crystal struc-
ture are those of Asp-2 and Asn-4. The b-CH2 hydro-
gens of Asp-2 are minimally enhanced, while those of
Asn-4 show stronger enhancements, consistent with
more extensive contact with the binding site (Figs 1 and
2, Table 1).

Interestingly, few enhancements were observed for the
amide hydrogens of the peptide. These hydrogens make
few direct contacts with the binding site. Rather, the
amide hydrogens of Trp-3, Asn-4, and Met-5 all form
hydrogen bonds to water molecules, which act as
hydrogen-bonded bridges between the peptide and
antibody. Only the Trp-3 amide hydrogen, with five
other neighboring hydrogens (<5 Å) in the binding site,
shows an enhancement. Evidently, the present STD-
NMR experiment either does not detect contacts medi-
ated through water molecules or alternatively, these
bound water molecules are not present in the complex in
solution. The amide hydrogens of His-6, Ala-7 and Ala-
8 are all involved in intramolecular hydrogen bonds
with Asn-4, which stabilize the a-helical turn con-
formation of the last four residues of the peptide.
However, the amide hydrogens of His-6 andMet-5 are in
close proximity to five and eight neighboring hydrogens,
respectively, yet do not show enhancements. This
observation points to a difference between the bound
ligand conformation in solution and in the solid state.

Another point of difference between the crystallographic
and STD-NMR spectroscopic data is in the contact of
His-6. The STD-NMR data indicate that the b-CH2
Figure 1. 1D 1H NMR spectrum (top) and 1D STD-NMR spectrum (bottom) of the octapeptide 2 in the presence of the antibody. Intensities are
given in Table 1.
Figure 2. Expansions of the 1D 1H NMR spectrum (top), 1D STD-NMR spectrum (middle), and 1D STD-NMR spectrum with spin-lock pulse
(bottom) of the octapeptide 2 in the presence of the antibody. Intensities are given in Table 1.
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methylene hydrogens of His-6 are not enhanced,
although they are close to many antibody hydrogens in
the crystal structure. It is possible that since this residue is
located on the surface of the binding groove, its side chain
may adopt a more exposed position in solution, with the
His-6 side chain forming only one hydrogen bond to Tyr
L32 OH. However, even in this conformation, the His-6
b-CH2 methylene hydrogens are still within 5 Å of many
hydrogens in the antibody combining site.
The other side-chain protons of this residue could not
be observed, probably due to rapid exchange. Interest-
ingly, only one of the Trp-3 b-CH2 protons was
enhanced, although both are close to the antibody
(Table 1).

A significant point of difference with the crystallo-
graphic data is observed with the contact to the Asn-4
residue. Here, no enhancement was observed for the
Figure 3. Expansions of the amide HN and aromatic region of the 1D 1H NMR spectrum (top), 1D STD-NMR spectrum (middle), and 1D STD-
NMR spectrum with spin-lock pulse (bottom) of the octapeptide 2 in the presence of the antibody. Intensities are given in Table 1.
Table 1. Enhancements observed in the STD-NMR spectrum of the octapeptide 2 in the presence of the Fab, and distances to atoms within the

antibody combining sitea
Resonance
 d (ppm)
 STD enhancementb (%)
 Closest distance to antibody (heavy atoms)
 # Nearby antibody hydrogens (<5 Å)
Ala-7Hb
 1.38
 39
 3.73
 8

Ala-8Hb
 1.41
 44
 3.46
 5

Met-1/5H�
 1.98–2.01
 43
 5.57 (Met-1), 3.6 (Met-5)
 8 (Met-5H�2), 0 (Met-1H�1)

Met-1/5H�
 1.93–1.95
 0
 5.57 (Met-1), 3.6 (Met-5)
 0 (Met-1H�2), 2 (Met-5H�1)

Met H"
 1.97
 34
 if 1: 3.78
 2

Met H"
 2.08
 67
 if 5: 3.48
 16

Met-1H�
 2.3
 56
 5.09
 0 (Met-1Hg)

Met-1/5H�
 2.40
 72
 5.09 (Met-1), 3.56 (Met-5)
 0 (Met-1H�), 10 (Met-5H�2)

Met-5H�
 2.48
 100
 3.56
 13 (Met-5H�1)

Asp-2/Asn-4H�
 2.58
 32
 4.54 (Asp-2), 4.02 (Asn-4)
 2 (Asp-2H�2), 9 (Asn-4H�2)

Asn-4H�
 2.65
 42
 4.02
 12 (Asn-4H�1)

Asp-2H�
 2.71
 0
 4.54
 1 (Asp-2H�1)

His-6H�
 3.13
 0
 3.43
 8 (His-6H�1)

His-6/Trp-3H�
 3.25
 0
 3.43 (His-6), 3.59 (Trp-3)
 9 (His-6H�2), 10 (Trp-3H�1)

Trp-3H�
 3.34
 13
 3.59
 11 (Trp-3H�2)

Met-1Ha
 4.02
 0
 6.59
 0

Ala-8, Met-5, Ala-7Ha
 4.27–4.29
 23
 4.89 (Ala-8), 4.18 (Met-5), 3.52 (Ala-7)
 2 (Ala-8), 3 (Met-5), 5 (Ala-7)

C-terminal CONH2
 6.85
 0

Asn Hd2
 7.03
 0
 3.03
 15 (Asn-4H�21)

Trp-3Hz3
 7.15
 88
 3.70
 13

Trp-3HZ2
 7.25
 54
 11

Trp-3Hd1 (His-6Hd2)
 7.30
 42
 3.37
 9

Asn-4Hd2
 7.48
 0
 3.03
 11 (Asn-4H�22)

Trp-3Hz2
 7.51
 49
 3.59
 7

C-terminal CONH2
 7.58
 0

Trp-3He3
 7.64
 65
 3.76
 13

Met-5HN
 8.01
 0
 3.80
 8

Ala-7HN
 8.17
 0
 3.51
 3

Ala-8HN
 8.22
 0
 5.30
 2

Asn-4HN
 8.26
 0
 3.32
 3

His-6HN
 8.29
 0
 4.08
 5

Trp-3HN
 8.32
 21
 4.20
 5

Trp-3He1
 10.13
 25
 3.58
 7
aRows corresponding to resonances that are not stereospecifically or regiospecifically assigned are shown in italics.
bNormalized to the strongest enhancement, Met-5Hg (2.48 ppm).
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Asn-4Hd side chain hydrogens. This is surprising since
this side-chain is located deep within the binding site,
where one amide hydrogen forms a hydrogen bond to
Thr L91 O, while the other acts as a hydrogen bond
donor to Ala-7 O. Both hydrogens have many near
neighbors in the binding site and enhancements would
be expected. An alternative binding mode with rotation
of the Asn-4 side chain to bind to water molecules
within the deepest part of the site is possible; however,
this would require loss of the four intramolecular
hydrogen bonds provided by the Asn-4 side chain, and
therefore, this explanation is not considered likely.

Strong enhancements of the hydrogens on the Fab were
also observed, and experiments employing a spin-lock
pulse to reduce the intensities of these resonances were
performed. A similar pattern of enhancements was
observed; however, the ligand resonances were also sig-
nificantly reduced (Figs 2 and 3, bottom spectra), so
that little additional information could be obtained.
However, a small enhancement of one of the Asn-4 side
chain amide hydrogens (Fig. 3, bottom spectrum; 7.03
ppm) was observed.

Transferred NOE effects for the peptide–antibody com-
plex were not observed. This is likely due to unfavorable
binding kinetics; if the off-rate for the complex is not
significantly greater than the NOE buildup rate in the
complex, efficient transfer of the NOEs representative of
the bound conformation to the free state of the ligand
will not occur.7 However, the saturation times employed
in the STD-NMR experiment are longer than the mix-
ing times employed in transferred NOE experiments
(typical values, and those employed in this study, are 2 s
and �300 ms, respectively) and this extra time for NOE
buildup may allow the observation of STD-NMR
effects even when trNOEs are not observable.

The observed STD-NMR enhancements were mapped
onto the crystal structure of the peptide–antibody com-
plex, and define a molecular surface that generally cor-
relates well with the epitope surface observed in the
crystal structure, although with a few differences (Fig.
4). These differences help to reveal parts of the ligand
that are more mobile or more exposed to solvent within
the complex. Thus, the structural features of the com-
plex are not exactly the same in solution and in the solid
state.

The knowledge gained from the STD-NMR work will
guide further development for increasing peptide affinity
through modifications in order to minimize or eliminate
the competing, deleterious effect of the exposure of the
N- and C-termini of the octapeptide with water mol-
ecules. A rapid, functional assessment of critical residues
by mutational analysis of the parent peptide, for example
by synthesis on pins,18 combined with STD-NMR spec-
troscopic analysis may, therefore, be an efficient method
for the design of the next-generation binding ligands.
Furthermore, the STD-NMR data indicate that the
N-terminus of Met-1, since it does not contact the anti-
body surface, could likely be used to link the
MDWNMHAA peptide to protein carriers to generate
vaccines without significant deleterious effects. Finally,
transferred NOE data, in conjunction with STD data,
could be used to design higher affinity ligands, for exam-
ple, by enhancing helicity in the C-terminus. Increasing
the affinity of a hapten for its complementary antibody in
this way could lead to an enhanced immune response, as
demonstrated recently for the case of the immune
response to constrained nicotine conformations.19
3. Methods

3.1. NMR spectroscopy

The octapeptide, MDWNMHAA 2, was purchased
from the Alberta Peptide Institute. NMR spectra were
recorded on a Bruker AMX-600NMR spectrometer.
Chemical shifts were referred to external 3-(trimethyl-
silyl)-1-propanesulfonic acid (DSS). An NMR sample
of the mAb SYA/J6 Fab fragment16 (0.14 mM) was
prepared in phosphate-buffered saline solution (12 mM
K2HPO4/KH2PO4, 137 mM NaCl, 3 mM KCl, 0.02%
NaN3, 10% D2O, pH 6.1) and octapeptide 2 (1.69 mg,
1.73 mmol) was added to the sample, for a final peptide
concentration of 2.9 mM and a ratio of 20:1 2:antibody.
Resonances of 2 were assigned using 2D-TOCSY and
ROESY NMR spectroscopy. No trNOE effects were
observed. All 1D NMR spectra were recorded with 64
scans and 32 K data points, and processed by zero-fill-
ing to 64 K points and multiplication by an exponential
function, followed by Fourier transformation. Data
processing was performed using XWINNMR (Bruker)
software. 1D STD-NMR spectra were recorded at 298
K with 1024 scans, with selective saturation of protein
Figure 4. The crystal structure of the antibody–(2) complex, with
STD-NMR intensities mapped onto the bound peptide. Residues of
the antibody combining site are shown in purple, with selected residues
labeled, and the direction of the backbone indicated in ribbon repre-
sentation. Residues of the peptide are labeled in italics. Heavy atoms
of the peptide are shown in gray, while the default color for hydrogen
atoms is white. Observed STD-NMR intensities are mapped onto
hydrogen atoms of the peptide by color, with red indicating 50–100%
enhancement, orange 30–50% enhancement, and yellow <30%
enhancement. Protons that are definitely not enhanced are shown in
black; those for which no enhancement could be determined (due
to interference by other resonances, or not observable in the 1D
spectrum) remain white.
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resonances at 0 ppm (30 ppm for reference spectra)
using a series of 40 Gaussian shaped pulses (50 ms, 1 ms
delay between pulses, gB1/2p=110 Hz), for a total
saturation time of 2.04 s. For certain experiments, a 10
ms spin-lock pulse (gB1/2p=11 kHz) was applied after
excitation to reduce the intensity of broad protein reso-
nances. Subtraction of saturated spectra from reference
spectra was performed by phase cycling.8,9 Measure-
ment of enhancement intensities was performed by
direct comparison of STD-NMR spectra and reference
1D spectra.

3.2. Molecular modeling

Molecular modeling and visualization were performed
using InsightII/Discover software (Accelrys, Inc.)
implemented on a Silicon Graphics O2 platform.
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