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Abstract—Investigations of the conformations of carbohydrates, their analogues and their molecular mimics are described, with

emphasis on structural and functional information that can be gained by NMR spectroscopic techniques in combination with

molecular modeling. The transferred nuclear Overhauser effect (trNOE) has been employed to determine the bound conformations

of carbohydrates and other bioactive molecules in complex with protein receptors. The corresponding experiments in the rotating

frame (trROE) and selective editing experiments (e.g., QUIET-NOESY) are used to eliminate indirect cross-relaxation pathways

(spin diffusion), thereby minimizing errors in the data used for calculation of conformations. Saturation transfer difference NMR

experiments reveal detailed information about intermolecular contacts between ligand and protein. Computational techniques are

integrated with NMR-derived information to construct structural models of these bioactive molecules and of their complexes with

proteins. Recent investigations into the nature of molecular mimicry with regard to protein–ligand interactions are described, along

with applications in determining the mode of action of enzyme inhibitors. The results are relevant for the design of the next gen-

eration of drug and vaccine candidates.
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1. Introduction

Molecular recognition of small molecules (ligands) by

proteins is important in many biological processes. For

example, recognition of cell-surface molecules of foreign

organisms by antibodies is an important part of immune

defense. Protein–carbohydrate recognition occurs in

diverse processes such as blood clotting, leukocyte roll-

ing, cell–cell and cell–matrix interactions, and intracel-

lular protein transport.1–5 Cell-surface carbohydrates of
mammalian cells also serve as opportunistic targets for

the attachment of viruses, bacteria, and bacterial toxins,

mediated by specific binding of proteins.1–5 Therefore, it

is of interest to determine how this molecular recogni-

tion occurs, in order to understand how these processes

work and to intervene in these processes for therapeutic

purposes. Various NMR spectroscopic and molecular

modeling techniques are useful in such investigations.
This review will describe such studies from our own

laboratory aimed at the investigation of protein/carbo-

hydrate and protein/carbohydrate-mimetic interactions.

Topics are introduced at a fundamental level suitable for

students prior to detailed discussions of case studies. For

a more general coverage of the field, including the use of

NMR screening in drug discovery, the reader is referred

to several excellent accounts.6–14
2. Exchanging protein–ligand systems

The binding of a ligand to a protein is depicted below.

The ligand, L, a small molecule (such as a peptide or

oligosaccharide) binds reversibly to the protein, P (such

as an enzyme or antibody).

Pþ L�
kon

koff
P � L ð1Þ

The binding is characterized by an association con-

stant, KA:

KA ¼ kon
koff

¼ ½P � L�
½P�½L� ; ð2Þ

The association constants of typical binding reactions

of biomolecules range from 102 to 1012 M�1. However,
KA values for protein–carbohydrate interactions are

typically weaker, in the 102–106 M�1 range.15 Since the
association rate is usually rapid, limited only by

molecular diffusion (kon typically 108 M�1 s�1), dissocia-

tion rates are also rapid (koff > 100 s�1), leading to fast

exchange of the ligand between free and bound states.
3. The nuclear Overhauser effect

The nuclear Overhauser effect (NOE) is defined as the

change in intensity of a certain resonance after pertur-

bation of the population of a spin in close spatial

proximity (by saturation or inversion). The interaction

through space of the dipoles of neighboring nuclei, or

cross-relaxation, gives rise to the NOE. The cross-

relaxation rate, r, governs the magnitude and sign of the

NOE. For an isolated two-spin system, the change in
intensity of spin I after perturbation of spin S is

described by the Solomon equation16

dIZ
dt

¼ �ðIZ � I0ZÞðW0IS þ 2W1I þ W2ISÞ � ðSZ � S0
ZÞ

	 ðW2IS � W0ISÞ; ð3Þ

where the W factors are transition probabilities (rate

constants) for zero-, single-, and double-quantum tran-

sitions between energy levels of the two-spin system, as

shown in Figure 1, and IZ and SZ are the longitudinal

components of the magnetization of spins I and S.
Transitions between the energy levels are stimulated

by transient local magnetic fields induced by the dipoles

of the spins tumbling past each other. The W transition
probabilities (rate constants) therefore depend on the

rate of molecular tumbling. The term W2IS is the rate

constant for double-quantum transitions and is stimu-

lated by local magnetic fields fluctuating at frequencies

of 2m0 (the frequency difference between the aa and bb
energy levels); therefore, it is greatest if the rate of

molecular tumbling is rapid. This term gives rise to

positive NOE enhancements. The term W0IS describes
zero-quantum transitions, and is stimulated by fields

fluctuating at very low frequencies ðmI � mS 
 0Þ; this

term gives rise to negative NOE enhancements. The



Figure 2. NMR experiments employed for the measurement of NOE

effects (some of these experiments are described later in the text). t1
indicates the incremented delay used to create the first (indirect) fre-

quency dimension; t2 indicates the time for acquisition of the NMR

signal (direct frequency dimension). sM indicates the mixing time,

during which the NOE effects develop. The dark rectangles represent

90� pulses. (A) The NOESY experiment. (B) The NOESY experiment

with a T1q filter added after the first 90� pulse, to suppress protein

resonances. (C) The 1D selective version of the NOESY experiment

(1D transient NOE); 180�sel indicates a low-power shaped pulse used to

provide selective inversion of one resonance. (D) The ROESY exper-

Figure 1. Energy level diagram for a two-spin system, showing tran-

sition probabilities (W ) and the spin states a and b. The I spin state is

written first and the S spin state second. After Ref. 17.
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term ðW2IS � W0ISÞ in the Solomon equation is the overall
rate constant for dipole–dipole transitions giving rise

to the NOE, or cross-relaxation; this term is known

as the cross-relaxation rate constant, rIS . The term

ðW0IS þ 2W1I þ W2ISÞ is the dipolar longitudinal relaxa-

tion rate constant of spin I , or qIS .
17 An expression for

the steady-state nuclear Overhauser effect (NOE), the

change in I spin intensity on saturation of spin S
(abbreviated fIfSg), may be derived by setting
dIZ=dt ¼ 0 and SZ ¼ 0:17
iment; here, the mixing time is provided by a spin-lock pulse (SL). (E)

The QUIET-NOESY experiment; here, 180�sel indicates a doubly

band-selective 180� pulse, applied halfway through the mixing time, to
0 ¼ �ðIZ � I0ZÞðW0IS þ 2W1I þ W2ISÞ
þ S0

ZðW2IS � W0ISÞ; ð4Þ

invert resonances of interest.
IZ � I0Z
S0
Z

¼ W2IS � W0IS

W0IS þ 2W1I þ W2IS
: ð5Þ

Since S0
Z ¼ ðcS=cIÞI0Z ,

fIfSg ¼ IZ � I0Z
I0Z

¼ cS
cI

W2IS � W0IS

W0IS þ 2W1I þ W2IS
¼ cS

cI

rIS

qIS
: ð6Þ

When the dependence of the W rate constants on the

precession frequencies of the spins ðxÞ and on the

molecular tumbling rate (defined by the rotational cor-

relation time, sc), is incorporated into the above

expression, the result is,

fIfSg ¼ cS
cI

5þ x2s2c � 4x4s4c
10þ 23x2s2c þ 4x4s4c

; ð7Þ

which reduces to 0:5ðcS=cIÞ for small molecules tumbling

rapidly ðxsc 
 1Þ; and to �1ðcS=cIÞ for large molecules

tumbling slowly ðxsc � 1Þ. NOE enhancements are

expected to be positive for small molecules, and negative

for large molecules.

In practice, the most useful information is obtained

from transient NOE experiments, rather than from
steady-state NOE experiments. Transient experiments

include NOESY, or the 1D selective equivalent (illus-

trated in Fig. 2). From these experiments, NOE buildup
rates, governed by rIS , are measured. The initial rate of

NOE buildup is directly proportional to rIS :

dIZ
dt

¼ �rISS0
Z : ð8Þ

The relative values of rIS for different proton pairs

within a molecule provide a measure of internuclear

distances, because the dipole–dipole interaction, which

gives rise to cross-relaxation, has a strong ðr�3Þ depen-
dence on distance.

The dipole–dipole coupling constant is

DIS ¼
�l0

4p
�hcIcS

1

2

3 cos2 hIS � 1

r3IS

� �
; ð9Þ

DIS , in combination with the spectral density at certain

frequencies, defines the W transition rate constants, as

follows:

W2IS ¼ 3
5
D2

ISJð2x0Þ W0IS ¼ 1
10
D2

ISJðxI � xSÞ: ð10Þ

The cross-relaxation rate rIS , defined earlier as

ðW2IS � W0ISÞ, is therefore proportional to D2
IS and r�6:

rIS ¼ W2IS � W0IS ¼ 3
5
D2

ISJð2x0Þ
� 1

10
D2

ISJðxI � xSÞ; ð11Þ



Figure 3. Bound conformation of the branched trisaccharide Rha-a-
(1fi 2)-(GlcNAc-b-(1fi 3)-)Rha-a-OPr (A0-(C)-B). Some of the major

observed trNOE contacts are indicated by arrows, namely H-1A0–H-

2B, H-5A0–H-1B, H-1C–H-3B, and H-1C–H-2B. Reproduced with

permission from Ref. 24. Copyright � 1995 American Chemical

Society.
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rIS ¼
D2

IS

10
ð6Jð2x0Þ � Jð0ÞÞ ¼ K

r6
ð6Jð2x0Þ � Jð0ÞÞ

¼ K
r6

6sc
1þ 4x02s2c

�
� sc

�
ð12Þ

Eq. 12 describes the homonuclear case, JðxI � xSÞ ffi
Jð0Þ. The factor K is defined as

K ¼ l0

4p

� �2
�h2c2I c

2
S

10

� �
: ð13Þ

It is usually assumed that the molecule is tumbling

isotropically and that sc is the same for all pairs of spins
in the molecule. One may then calculate the distances

between pairs of protons by using the NOE buildup rate

for a pair of protons of known separation as a calibra-

tion factor:

rij

rknown

¼
r�6
ij

r�6
known

: ð14Þ
A set of these internuclear distances allows molecular

conformation to be determined.
4. The transferred nuclear Overhauser effect

For a small-molecule ligand binding reversibly to a pro-

tein, fast exchange on the �relaxation time scale� implies

that koff is greater than r, in both the free and bound

states of the ligand. This condition leads to averaging of

the cross-relaxation rate, and therefore of the observed

NOE, between the ligand free and bound states:

rOBS ¼ pBrB þ pFrF; ð15Þ
where pB and pF are the fractions of bound and free

ligand. This leads to the phenomenon of the transferred

nuclear Overhauser effect, which allows the determina-

tion of bound-ligand conformations.18–23

The transferred nuclear Overhauser effect (trNOE)

refers to the observation of negative NOE effects, rep-

resentative of the bound conformation, for a small-

molecule ligand in solution with a protein, in contrast to

the positive NOE effects normally expected for a small

molecule in the absence of protein. Since rB is much

greater than rF, rOBS is dominated by rB even with an

excess of free ligand:

pBrB � pFrF; ð16Þ

rOBS ffi pBrB: ð17Þ
The large, negative NOE effects which develop when

the ligand is bound to the protein are transferred from

the bound to the free state of the ligand by chemical

exchange. This allows transferred NOE effects to be
measured on samples containing a mixture of the pro-

tein and an excess of free ligand. These transferred NOE

effects may be used to calculate distances between pro-
tons in the ligand, using a known distance as a reference,

as described above. A set of several of these internuclear

distances allows the bound conformation of the ligand

to be calculated.

In an ideal case, a sample containing only free ligand

would show positive or zero NOE effects, allowing the

negative transferred NOEs to be easily distinguished. A

control experiment using another protein should also be
run to ensure that the observed changes in NOE sign

and intensity do not result simply from the higher vis-

cosity of a solution containing protein.

TrNOE experiments have been used to demonstrate

the selection of certain conformers by a protein, from an

ensemble of conformers present in solution. For example,

the recognition of a branched trisaccharide correspond-

ing to the repeating unit of the cell-wall polysaccharide of
Group A Streptococcus (GAS), by a monoclonal anti-

body directed against GAS, was investigated by trNOE

experiments.24 It was demonstrated that the antibody

recognizes a local minimum conformation of the trisac-

charide, Rha-a-(1fi 2)-(GlcNAc-b-(1fi 3)-)Rha-a-OPr

(A0-(C)-B). This conformer is slightly higher in energy

(estimated at 2 kcalmol�1) than the global minimum

conformation, and differs by a rotation around the Rha-
a-(1fi 2)-Rha (A0-B) linkage. The bound conformation

is shown in Figure 3; examples of the trNOE buildup

curves are shown in Figure 4. In this case, the free tri-

saccharide also showed negative NOE effects; however,

the trNOE effects could be distinguished from these by

their more rapid buildup rates (Fig. 4).
5. Experimental complications

The most important source of error in transferred NOE

experiments is considered to be spin diffusion, or rapid
NOE buildup not only between neighboring spins, but

through many spins on the protein and ligand, resulting



Figure 4. (A) Time dependence of the NOE (free trisaccharide, dotted

lines) and trNOE (bound trisaccharide, solid lines) effects for H-1A0–

H-2A0 and H-1A0–H-2B. (B) Time dependence of the decay of the

selectively inverted H-1A0 resonance; more rapid T1 relaxation is

observed for the bound trisaccharide. Reproduced with permission

from Ref. 24. Copyright � 1995 American Chemical Society.
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from the rapid cross-relaxation rate, rB. Spin diffusion

along a network of many spins may lead to the

appearance of NOE effects between two spins, which are

not actually close in space. This may lead to erroneous
Figure 5. A comparison of the 1D transient NOE spectrum (lower row, mixi

H-1C in F1 (4.65 ppm) from the trNOESY (upper row, mixing time 200ms) a

with asterisks are artifacts resulting from t1 noise. Reproduced with permiss
internuclear distances and errors in the calculated con-

formation. Therefore, several methods have been
developed to remove spin-diffusion effects from NOE

spectra.
6. The transferred ROESY experiment

The ROESY experiment25;26 is an alternative method of

observing distances through space between nuclei in a

molecule. The experiment is performed by replacing the

mixing time of a NOESY sequence with a mixing time in

which a spin-lock pulse is applied (Fig. 2). This is an
additional magnetic field pulse along the same axis

where the spins are already aligned. This has the effect of

abolishing precession in the xy-plane and �locking� the
spins together along one axis of the rotating frame.

Essentially, the constant B0 field is replaced by the much

smaller B1 magnetic field.

The relaxation properties of nuclei precessing around

the B1 field are analogous to those of nuclei in the B0

field, with the exception that the size of the field is much

(roughly 10,000 times) smaller. Therefore, essentially all

molecules are in the fast-tumbling limit, and the NOEs

observed (called ROEs, or rotating frame NOE effects)

are positive for all molecules. Therefore, each NOE

(ROE) transfer results in a change in sign, and direct

effects will have positive signs, while three-spin effects

will have negative signs. In a trROESY spectrum, these
signs allow one to distinguish between true close dis-

tances and distances, which are mediated by spin diffu-

sion. In practice, one often observes cancellation, or

reduction in intensity, of cross-peaks which have
ng time 840ms) of the free trisaccharide with traces at the frequency of

nd trROESY (middle row, mixing time 200ms) spectra. Peaks denoted

ion from Ref. 24. Copyright � 1995 American Chemical Society.
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contributions from both direct effects and spin-diffusion

effects.

TrROESY also has some disadvantages; for large

molecules, it is less sensitive than trNOESY because the

rates of buildup and decay are more similar, and reso-
nance offset effects and Hartmann–Hahn effects com-

plicate the calculation of internuclear distances.17

Therefore, it is usually used as a check: the NOE data

are used as the primary data for distance determination

and structure calculation, while ROE spectra are used

qualitatively, to verify that the NOE cross-peaks repre-

sent true close distances; in some cases, the ROE data

are also used to furnish distance information.
An example of the use of trROESY experiments is

shown in Figure 5 for the branched trisaccharide/anti-

GAS antibody system described above. The figure

compares NOE effects of the free trisaccharide (lower

row) to trNOE effects observed for the bound trisac-

charide (upper row) and to trROE effects observed for

the bound trisaccharide (middle row). The figure shows

traces at the frequency of H-1C; therefore, the peaks
observed all represent NOE contacts of H-1C to other

protons of the trisaccharide. A relatively strong trNOE

effect is observed from H-1C to H-2B; however, the

intensity of this peak is considerably reduced in the

trROESY spectrum, indicating that spin diffusion con-
Figure 6. An example of a 2D QUIET-NOESY spectrum. The positions of

lines. The quiet windows occur where the bands intersect. Cross-peaks in thes

signs are inverted relative to the rest of the spectrum (inverted regions, red;
tributes to this cross-peak. The distance between these

protons was therefore extracted from the trROESY
spectra rather than the trNOESY spectra.

Another example of the use of trROESY to identify

spin-diffusion effects was provided by Glaudemans and

co-workers,27;28 who initially reported a conformational

change in a flexible, (1fi 6)-linked disaccharide upon

binding to an antibody, based on trNOE data.27 How-

ever, the cross-peak defining this conformation disap-

peared in the trROESY spectra, indicating that spin
diffusion had contributed to its intensity, and therefore,

the revised data did not support this conformational

change.28
7. Relaxation network editing

An alternative strategy to reduce or eliminate spin-dif-

fusion effects is to selectively remove certain spins from

the relaxation network by applying magnetic field pulses.

This is known as �relaxation network editing�: the net-

work is �edited� by selectively eliminating indirect cross-
relaxation pathways, allowing the observation of direct

pathways only.29 Several methods exist for this purpose.

In the MINSY experiment (Mixing Irradiation during

NOESY),30 one spin of the ligand is selectively saturated
the inverted bands (3.5–4.5 and 6.7–7.7 ppm) are indicated by dashed

e windows are free of spin diffusion from spins outside the bands; their

noninverted regions, blue).
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using a low-power pulse, during the NOESY mixing

time, effectively removing it from the network and neu-
tralizing any NOE transfers mediated by this spin.

Alternatively, in the QUIET-NOESY experiment

(Quenching of Undesirable External Trouble in

NOESY), a doubly band-selective inversion pulse is

applied halfway through the NOESY mixing time.31;32

The positions of the inverted bands are chosen to contain

resonances contributing to a cross-peak of interest. After

the inversion, NOE buildup occurs as normal between
these resonances, since they have both been inverted.
Figure 7. A hypothetical representation of spin-diffusion effects in

maltose in complex with a protein. The solid arrow represents a direct

NOE between the H-10 and H-4 protons (red), while the dashed arrow

represents spin diffusion from H-4 to H-6a; this would result in the

observation of a cross-peak between H-10 and H-6a in the trNOESY

spectrum. This cross-peak would not represent a true close distance

between H-10 and H-6a, but rather would arise from spin diffusion, as

described. The lower panel shows the expected appearance of traces

from the NOE spectra taken at the frequency of H-10. The traces are

shown with the sign of H-10 negative. (A) The trNOESY spectrum

would show negative trNOE cross-peaks for both H-4 and H-6a. (B)

The trROESY spectrum would show a true (positive) trROE cross-

peak to H-4, but a negative trROE cross-peak to H-6a, indicating a

three-spin NOE transfer (spin-diffusion pathway). (C) The QUIET-

NOESY spectrum would show a cross-peak to H-4, but no cross-peak

to H-6a; in this case, the spin-diffusion pathway would have been

eliminated. (In this case, the signs of H-10 and H-4 are positive, as the

observation of direct cross-peaks between them requires each to be

inverted halfway through the mixing time.)
However, NOE buildup between resonances within the

bands and resonances outside the bands changes sign,
and by the end of the mixing time, is cancelled. There-

fore, spin diffusion originating from resonances outside

the bands is eliminated, and cross-peaks remaining

within the quiet window (intersection of the bands) are

due to true close distances.31;32 A sample QUIET-

NOESY spectrum, showing the positions of the inverted

bands and quiet windows, is shown in Figure 6.

A schematic diagram showing how spin diffusion may
arise within a ligand bound to a protein is shown in

Figure 7. In addition, schematic traces from 2D spectra,

illustrating the expected appearance of trROESY and

QUIET-trNOESY spectra, that would allow the iden-

tification of these indirect effects, are shown.
8. Epitope mapping

8.1. Line-broadening effects

Selective line broadening of certain resonances of the

ligand that are in close contact with the protein may
occur due to enhanced T2 relaxation. The large size of

the ligand–protein complex, and its slow tumbling in
A

B

C

D

Figure 8. 1D NMR spectra of 2, in the absence and presence of glu-

coamylase G1. (A) 1D NMR spectrum of 2 in the absence of the

enzyme. (B) 1D spectrum of 2 in the presence of the enzyme. (C, D) 1D

spectra with T1q filters of 16 and 200ms, respectively. The signals H-10,

H-20, and H-4 (marked with asterisks) show faster relaxation than the

rest of the signals; these signals are reduced to near-zero intensity in the

spectrum with the 200ms filter (D). Reproduced with permission from

Ref. 34. Copyright � 2000 American Chemical Society.
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solution, will increase the rate of T2 relaxation, giving

rise to greater line widths for the ligand resonances.
Enhanced T1q relaxation (the analogue of T1 relaxation

in the rotating frame) may also occur, and may be

observed in ROESY spectra as a decrease in intensity, or

even complete disappearance, of certain resonances.

This is also the basis of the use of a T1q filter (a short

spin-lock pulse, applied after the first 90� pulse of the

NOESY sequence) to relax protein resonances, for

clearer observation of ligand resonances in trNOESY
spectra (Fig. 2). For example, Scherf and Anglister33

used the T1q filter in NOESY to remove intramolecular

NOEs of the protein from the trNOESY spectrum of a

peptide, in a rapidly exchanging peptide–antibody sys-

tem. In this case, a 10-fold difference in T1q between the

antibody protons (10ms) and the peptide protons (100–

500ms) allowed the application of a 20ms spin-lock

pulse to rapidly relax the protein protons, while mini-
mizing the effect on the peptide resonances.

Enhanced T1q relaxation in both T1q-filtered 1D spec-

tra and trROESY spectra was observed in complexes of

glucoamylase with the inhibitors 1 and 2.34
Figure 9. 2D NMR spectra of 1 and 2, in the presence of glucoamylase G1. (A

time of 200ms. (B) TrNOESY spectrum of 1 in the presence of the enzyme, wi

and weak trNOE effects are visible for the binding a-anomer; the b-anome

enzyme, with a spin-lock pulse duration of 200ms; the diagonal- and cross

TrROESY spectrum of a mixture of 1 and 2 in the presence of the enzyme, w

cross-peaks of the H-10 and H-4 signals of both 1a and 2 are missing due to r

still visible. Reproduced with permission from Ref. 34. Copyright � 2000 A
HO S
OH

HO
OH
X O

OH

HO OH
OCH3

1 X = NH
2 X = S

H1'
H4

Line broadening in excess of that observed for the

other resonances, and faster T1q relaxation, were

observed for the H-4 and H-10 resonances of 1 and 2

(Fig. 8). In addition, the diagonal- and cross-peaks of

these resonances disappeared in the trROESY spectra,

due to rapid T1q relaxation (Fig. 9). This enhanced

relaxation originated from especially close distances of
these protons to protons of aromatic residues of the

enzyme, as revealed by molecular modeling of the

inhibitors in the enzyme active site (Fig. 10).34

Similar effects were observed in the complex of DD-

gluco-dihydroacarbose (3), a potent glycosidase inhibi-

tor, with glucoamylase G2.34 Despite a high affinity
) TrNOESY spectrum of 2 in the presence of the enzyme, with a mixing

th a mixing time of 250ms. Compound 1 exists as an anomeric mixture,

r does not bind. (C) TrROESY spectrum of 2 in the presence of the

-peaks of H-10 and H-4 are missing, due to rapid T1q relaxation. (D)

ith a spin-lock pulse duration of 200ms; in this case, the diagonal- and

apid T1q relaxation. The H-4 signal of the nonbinding compound, 1b, is
merican Chemical Society.



Figure 10. Close contacts between H-10, H-20, and H-4 and aromatic

amino acids Tyr-311 and Trp-317 of the protein, in the complex of 2

with the catalytic domain of glucoamylase. Reproduced with permis-

sion from Ref. 34. Copyright � 2000 American Chemical Society.

Figure 11. Conformations of DD-gluco-dihydroacarbose (3) at the N-

glycosidic linkage between rings A and B. Panel (A) shows the model

of 3 observed in an X-ray crystal structure of the complex with glu-

coamylase (conformation A, preferred at basic pH).36 Panel (B) shows

the model of the �inverted� conformation preferred at acidic pH (con-

formation B), which differs from A by a rotation around the wH angle

of the N-glycosidic linkage. Distances less than 3�A are labeled in panel

(A); these correspond to trNOEs observed for the glucoamylase/3

complex. Short distances are also indicated in panel (B); the corre-

sponding trNOEs were not observed, indicating that conformer B is

not bound by the enzyme. Reproduced with permission from Ref. 35.

Copyright � 2000 Elsevier Science.
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constant (KA ¼ 3	 107 M�1), the off-rate for the com-

plex was still high enough to allow the observation of

transferred NOEs. Two conformational families about

the N-glycosidic linkage of 3 are populated in solution.

Thus, conformation A (Fig. 11A), defined as (/H,

wH ¼)44�, )27�) is preferred in basic solution, while the

�inverted� conformation B, which differs from A by a

rotation around the wH angle (/H, wH ¼)22�, )179�) is
preferred in acidic solution (Fig. 11B).36 It was deter-

mined that only one of these families is selected and

bound by the enzyme (Fig. 11). Thus, trNOEs repre-

sentative of conformation A (Fig. 11A), for example, A

H-1–B H-4 and A H-7e–B H-6, were observed, but no

trNOEs representative of conformation B (Fig. 11B), for

example, A H-1–B H-3 or A H-1–B H-5, were observed.

Interestingly, even at acidic pH (pH4.5), the enzyme
selects conformation A, which is not the predominant

conformer for the free ligand 3 at acidic pH.

OH
HO
HO

OH
HN O

H3C

HO
OH
O O

OH

HO
OH
O O

OH

HO
OH OH

A

B

C

D3

The trNOE NMR study34 was in agreement with the

results of crystallographic analysis, which had showed

conformer A bound in the enzyme active site.37 The

comparison of molecular recognition in the solution

phase with that observed in solid-phase crystal struc-

tures is of general significance.
Contributions from spin diffusion were evaluated by

transferred ROESY experiments, as described above.

For example, the contact between the methyl group of

ring B (B H-6) and one of the methylene protons of ring

A (A H-7a), which spans the N-glycosidic linkage,
showed a change of sign in the trROESY spectrum (Fig.

12). This observation demonstrates that this contact

results from spin diffusion, probably mediated by the

short distance between B H-6 and A H-7e (Fig. 11A).

The B H-6–A H-1 contact did not change sign, but was

reduced in intensity in the trROESY spectrum, also

indicating a significant contribution from spin diffusion.

These results were consistent with the rest of the NMR
data defining the bound conformer.

Line-broadening effects were also observed. Thus, the

H-4 resonance of ring B had a much greater line width

than the other ligand resonances (Fig. 12). Inspection of

the crystal structure of the glucoamylase/3 complex

revealed a close distance between this proton and He1 of
Tyr-311. Such close contacts to protons of the protein

receptor will increase the rate of T2 and T1q relaxation of
certain ligand protons in the complex, and will lead to

line broadening of the ligand resonances involved.34;35



1.52.02.53.03.54.04.5 ppm

B6

A7e A5
A7a

B4

A1
B5

Figure 12. Cross-sections of trNOESY (lower trace, mixing time 200ms) and trROESY (upper trace, spin-lock time 200ms) spectra at the position of

the B6 methyl resonance of 3, in the presence of glucoamylase G2. The proton signals are labeled with a number, and a letter to indicate the ring (i.e.,

B6 instead of B H-6). The reduction of the peak intensity for the A1 resonance, and the change in sign of the A7a resonance, in the trROESY trace

indicate spin-diffusion effects. In addition, pronounced line broadening of the B4 resonance in the trNOESY trace is observed; in the trROESY trace,

this peak has completely relaxed during the spin-lock time in the ROESY experiment. The A1 resonance also shows line broadening, although it is

not as pronounced as that of the B4 resonance. Reproduced with permission from Ref. 35. Copyright � 2000 Elsevier Science.
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The studies described above illustrate the use of

enhanced relaxation to identify ligand protons that are

in close contact with protons of the protein receptor;
this information contributes to knowledge of the bound

topography or epitope (epitope mapping).

8.2. Saturation transfer difference NMR (STD-NMR)

A related concept to that described above is that of

saturation transfer difference NMR (STD-NMR).6;38–41

In this experiment, resonances of the protein are selec-
tively saturated, and intramolecular NOE effects build

up rapidly and are transferred throughout the protein by

spin diffusion. Intermolecular NOE transfer to a binding

ligand also occurs, resulting in a decrease of the ligand

resonance intensities due to the buildup of negative

NOE (Fig. 13). This decrease may be observed as
Figure 13. The STD-NMR experiment. Resonances of the protein are selectiv

(buildup of negative NOE effects; represented by the red color) throughout th

intensity of ligand resonances in close contact with the protein (red). These

tification of parts of a ligand contacting the protein (epitope).
enhancements in a difference spectrum, that is, the result

of subtracting a 1D 1H NMR spectrum of the ligand

from a 1D spectrum recorded without saturation of the
protein.38–41 This allows determination of the areas of

the ligand actually contacting the binding site (epitope),

or in other words, epitope mapping.

This experiment was first described by Akasaka, who

observed a decrease in the resonance intensities of

adenosine 50-diphosphate (ADP) in the presence of

myosin, on saturation of the protein.42 Recently, STD-

NMR has been applied to determine the epitopes of
oligosaccharides binding to plant lectins,41;43 of bacterial

carbohydrate antigens to antibodies,44;45 of glycopeptide

tumor-associated antigens to an anti-tumor antibody,46

of a carbohydrate tumor-associated antigen to a lectin,47

and of peptide ligands to human cell-surface glycopro-

teins embedded in liposome membranes.48 Vogtherr and
ely saturated, and this saturation is quickly transferred by spin diffusion

e protein. Intermolecular NOE transfer also results in a decrease in the

changes may be observed in a difference spectrum, allowing the iden-
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Peters49 have described the use of STD-NMR, in com-

bination with chemical modification, for the determi-
nation of the binding specificity of a plant lectin. This

provides information not only on which ligands are

active, but also identifies hydroxyl groups of the sac-

charide residues that make important intermolecular

contacts. This work also combined the saturation

transfer difference technique with 2D NMR methods,

for example, STD-TOCSY and STD-HMQC.

Another important application of STD-NMR is the
identification of compounds with binding affinity to a

receptor directly from complex mixtures of many com-

pounds.6;38;39
9. Recent examples

9.1. Epitope mapping of a carbohydrate-mimetic peptide

of the Shigella flexneri Y O-polysaccharide

The comparison of epitope mapping data obtained by

STD-NMR and those obtained by X-ray crystallogra-
phy is especially important both in validating the STD

technique and also in identifying differences that may
Figure 14. 1D 1H NMR spectrum (top) and 1D STD-NMR spectrum (botto

with permission from Ref. 50. Copyright � 2004 Elsevier Science.

Figure 15. Expansions of the amide HN and aromatic region of the 1D 1H N

NMR spectrum with spin-lock pulse (bottom) of the octapeptide (4) in the

Copyright � 2004 Elsevier Science.
exist between complexes in the solution phase and in the

crystal. STD-NMR epitope mapping of the carbohy-
drate-mimetic peptide MDWNMHAA (4) in complex

with an anti-carbohydrate antibody directed against the

O-polysaccharide of S. flexneri Y revealed certain fea-

tures consistent with the high-resolution crystal struc-

ture, and certain features that were inconsistent.50 For

example, STD enhancements were observed for the side

chains of residue Trp-3 (Figs. 14 and 15), consistent with

its position buried within a hydrophobic pocket in the
antibody combining site. Many other enhancements

consistent with the crystal structure were also observed

(Fig. 16). In contrast, certain other enhancements are

difficult to explain: for example, the Met-1 c-methylene

proton at 2.3 ppm is not within 5�A of any anti-

body proton in the crystal structure. Interestingly, no

enhancements of the amide protons of the peptide were

observed, although His-6 and Met-5 HN are both close
to several protons of the antibody in the crystal struc-

ture. This observation represents a point of difference

between the crystal structure and NMR data. A com-

plicating factor is the presence in the crystal structure of

ordered water molecules, several of which form hydro-

gen-bonded bridges involving amide protons of the
m) of the octapeptide (4) in the presence of the antibody. Reproduced

MR spectrum (top), 1D STD-NMR spectrum (middle), and 1D STD-

presence of the antibody. Reproduced with permission from Ref. 50.



Figure 16. The crystal structure of the (4)/antibody 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 spec-

trum) remain white. Reproduced with permission from Ref. 50.

Copyright � 2004 Elsevier Science.
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peptide ligand. Thus, exchange effects mediated by water

may be responsible for the lack of STD effects;
O
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Figure 17. Structures of the Group A Streptococcus cell-wall polysaccharide

recognized by antibodies.
alternatively, the peptide conformation in solution may

differ somewhat from that observed in the crystal
structure.

9.2. Epitope mapping of the Group A Streptococcus
(GAS) cell-wall oligosaccharides

The epitope mapping of biologically active ligands by

STD-NMR is extremely useful in the design of next-

generation vaccines consisting of chemically well-defined
structures presented as protein conjugates. An experi-

ment combining selective 1D-TOCSY with the satura-

tion transfer difference technique has been developed by

our group and has been applied to the epitope mapping

of oligosaccharides representing portions of the cell wall

of Group A Streptococcus (GAS).51 A branched trisac-

charide and hexasaccharide (Fig. 17) were found to

share the same pattern of STD enhancements (Figs. 18
and 19) with strongest enhancements for the branching

GlcNAc residue and weaker enhancements for the

backbone rhamnose residues. Selective STD-1D-TOC-

SY experiments were employed to investigate enhance-

ments observed in the 3–4 ppm region where many

resonances overlap. All enhancements investigated in

this manner revealed resonances of several spin systems,

indicating that the rhamnose and GlcNAc residues are
all involved in contact with the antibody.

Mapping of the observed enhancements onto the

bound conformation of the trisaccharide, previously

determined by trNOE studies,24 allowed the overall

pattern of enhancements to be observed (Fig. 20).

Importantly, the NMR data complemented immuno-
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, and of branched trisaccharide (5) and hexasaccharide (6) fragments



Figure 18. 1D 1H NMR spectrum (top) and 1D STD-NMR spectrum (bottom) of the trisaccharide (5) in the presence of the antibody. Reproduced

with permission from Ref. 51. Copyright � 2002 American Chemical Society.

Figure 19. An enhancement at 3.4 ppm (A) in the 1D STD-NMR spectrum of (5) may indicate involvement of the H-4/5 protons of the C GlcNAc

residue, and/or the H-4 proton of the A0 residue. The STD-1D-TOCSY spectrum (B) reveals contributions from both residues. A 1D-TOCSY

spectrum is shown for reference. Reproduced with permission from Ref. 51. Copyright � 2002 American Chemical Society.
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logical studies that had shown that, although anti-GAS

antibodies may bind weakly to GlcNAc, and GlcNAc is

the immunodominant monosaccharide residue, larger

oligosaccharides––minimally, a pentasaccharide––were
required for effective production of anti-GAS antibod-

ies.52 Therefore, the topography presented by the cell-

wall polysaccharide (CWPS) (Fig. 21)53 and uniquely

recognized by antibodies is an extended surface such as

that shown for the hexasaccharide 6 (Fig. 20C) with

backbone Rha and branching GlcNAc residues all

involved in defining the spatial features characteristic of

GAS CWPS. It follows that conjugate vaccines must
include fragments of the CWPS large enough to com-

prise such an extended surface.

Furthermore, the NMR data allowed the refinement

of a previously constructed theoretical model of the

Ab-oligosaccharide complex in which the C residues
were buried most deeply in the site, while the B Rha

residues contacted the antibody more peripherally and

no contact was made by the A Rha residues.53 The STD

data allowed us to observe that in fact both A and B
Rha residues are involved in the epitope.

9.3. Bound conformation and epitope mapping of a peptide

mimic of the GAS cell-wall polysaccharide

The combination of several of the above techniques is

illustrated by studies of the binding of a peptide

molecular mimic of the CWPS to another anti-GAS
antibody. Transferred nuclear Overhauser effect

(trNOE) experiments were performed at 800MHz to

investigate the bound conformation of the hexapeptide

DRPVPY 7, a functional molecular mimic of the Group

A Streptococcus cell-wall polysaccharide (Fig. 22).54 The



Figure 21. A model of the cell-wall polysaccharide (CWPS) of the

Group A Streptococcus (GAS) looking down the barrel of the helix.

The core of the helix is composed of a-LL-rhamnose residues with the b-
DD-N-acetylglucosamine moieties displayed on the periphery.

Figure 20. (A) Bound conformation of the trisaccharide (5) derived by

trNOE, with protons enhanced in the STD-NMR and STD-1D-

TOCSY spectra, which form the epitope, colored according to the

degree of enhancement in the STD spectra. (B) A molecular surface

representation of the epitope. (C) A molecular surface representation

of the hexasaccharide (6), with the top branched trisaccharide unit in

the same orientation as those in parts A and B, colored according to

the degree of enhancement in the STD spectra. Reproduced with

permission from Ref. 51. Copyright � 2002 American Chemical

Society.
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hexapeptide 7 binds to the monoclonal antibody SA-3,
mimicking the branched trisaccharide repeating unit, LL-

Rha-a-(1fi 2)-(DD-GlcNAc-b-(1fi 3))-a-LL-Rha. Trans-

ferred NOE experiments revealed that the peptide

adopts a tight turn conformation in the bound state,

with close contacts between the side chains of valine and

tyrosine (Fig. 23). QUIET-trNOESY experiments were

used to confirm the validity of the observed contacts and
NH3

HN

N

O

O

NH

N
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N
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treptococcus (left, with monosaccharide residues of the branched tri-

mic of the CWPS, the hexapeptide DRPVPY 7 (single letter amino acid



Figure 23. Bound conformation of the hexapeptide DRPVPY 7 in

complex with the monoclonal anti-carbohydrate antibody SA-3. (A) A

family of 27 calculated structures, with backbone atoms of residues 4–6

superimposed. (B) Average of the 27 structures shown in panel (A).

Residues 4–6 adopt a well-defined tight turn. Reproduced with per-

mission from Ref. 54. Copyright � 2002 American Chemical Society.

Figure 24. TrNOESY and QUIET-trNOESY spectra of the hexapeptide DR

SA-3. (A) Regions of a trNOESY spectrum (sm ¼ 200ms) showing Val-4

Corresponding regions of a QUIET-trNOESY spectrum (sm ¼ 200ms) with

the intersection of the quiet bands (quiet window), the Val HN–Pro-5 Hd cr

absent, indicating cancellation due to spin diffusion. Reproduced with perm
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to evaluate the presence of spin-diffusion pathways.

Interestingly, only one weak trNOE contact was found
to disappear in the QUIET-trNOESY spectrum, indi-

cating that it had been caused by spin diffusion (Fig. 24);

removal of the distance restraint corresponding to this

contact did not affect the calculated structure.

Interestingly, the QUIET-trNOESY spectra described

above showed residual trNOE peaks within the bands

connecting the quiet windows. The absence of such peaks

in particular spectra, depending onwhich bands had been
inverted, was proposed as an indicator of spin-diffusion

pathways. For example, Figure 25 depicts traces taken at

the F1 frequency of Pro-3 Ha. A residual contact to Val-4

Hc is present in all of the spectra except that shown in

trace A, in which Val HN is also inverted; the disap-

pearance of this effect indicates a possible spin-diffusion

pathway from Pro-3 Ha to Val-4 HN to Val-4 Hc.
The residual contacts observed, and their intensities,

varied depending on the positions of the inversion

bands. This phenomenon may be due to second-order
PVPY 7 in the presence of the monoclonal anti-carbohydrate antibody

HN–Pro-3,-5 Hd cross-peaks and Pro-3,-5 Hd–Hd cross-peaks. (B)

inversion of 0.75 ppm wide bands centered at 4.15 and 8.1 ppm; within

oss-peaks are still present, while the Val HN–Pro-3 Hd2 cross-peak is

ission from Ref. 54. Copyright � 2002 American Chemical Society.



Figure 25. Traces from 2D QUIET-trNOESY spectra (DRPVPY/mAb SA-3) taken at 4.46 ppm in F1, Pro-3 Ha resonance frequency. Inverted bands

are indicated by shaded bars below the traces. In each trace the absolute intensity of the Val-4 Hc resonance, relative to the Pro-3 Ha diagonal

resonance in panel (C), is given. This signal is present in panels (B)–(D) due to incomplete cancellation (second-order effects). However, in trace A,

when Val-4 HN is also inverted, the Val-4 Hc signal becomes completely cancelled, indicating a possible spin-diffusion pathway from Pro-3 Ha to

Val-4 HN to Val-4 Hc. Reproduced with permission from Ref. 54. Copyright � 2002 American Chemical Society.
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effects: incomplete cancellation may result because the

rate of NOE buildup is not identical in the first and

second halves of the mixing time; consequently, for most

purposes the shortest mixing time possible should be

used. Relaxation effects during the doubly band-selec-
tive inversion pulse may also contribute.

More information about the mode of peptide binding

was provided by STD-NMR experiments. Enhance-
Figure 26. (A) 1D 1H NMR spectrum of the hexapeptide DRPVPY 7 in the

STD-NMR spectrum of the peptide in the presence of the antibody, showing

antibody combining site. Reproduced with permission from Ref. 54. Copyri
ments of nearly all residues of the peptide were observed

(Fig. 26), with the exception of Asp-1. Since the con-

tribution of Asp-1 to binding is minimal, it appeared to

be an excellent position at which to conjugate the pep-

tide to proteins for the preparation of a conjugate vac-
cine. Synthesis of such peptide conjugates and

confirmation of strong binding to an anti-GAS antibody

have recently been achieved (unpublished results).
presence of the monoclonal anti-carbohydrate antibody SA-3. (B) 1D

enhancements of resonances of protons making close contacts with the

ght � 2002 American Chemical Society.
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9.4. Bioactive conformation of a glycosidase inhibitor

bound to glucoamylase G2

Molecular modeling approaches may be applied to gain

further information about these molecular systems. The

advantages of combining NMR spectroscopic and

molecular modeling approaches are illustrated by a
Figure 28. Putative binding modes of the inhibitor 8 to glucoamylase G2. H

dashed black lines. Residues of the binding site are shown in black. (A) Predi

NMR spectroscopy. An electrostatic interaction between Sþ and the catalytic

Copyright � 2003 American Chemical Society.

Figure 27. Refined 1;4B conformation of the inhibitor 8 bound to

glucoamylase G2, determined by trNOE NMR spectroscopy. Repro-

duced with permission from Ref. 55. Copyright � 2003 American

Chemical Society.
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Figure 29. Repeating unit of the Group B streptococcal type III capsular po
recent study of the binding of a sulfonium-ion glyco-

sidase inhibitor 8 to glucoamylase G2.55 Transferred
NOE experiments were performed and a relaxation

matrix approach was employed to calculate a bound

conformation. The sulfonium ion 8, a novel compound

designed as an analogue of castanospermine, was found

to bind in an unusual, high-energy 1;4B conformation

(Fig. 27), while the major conformer populated in the

free state had a 1C4 conformation of the six-membered

ring. Thus, neither the bound nor the free states of the
compound resemble the ground-state conformation of

castanospermine (4C1). The conformation of castano-

spermine when bound to GA is unknown; however, it

adopts a 1S3 skew conformation when bound to a fungal

glucanase.

The reasons for the selection of this unusual 1;4B

conformation were explored by computational docking

using the program AAutoDDock 3.0, using coordinates
from a crystal structure of glucoamylase. A possible

binding mode within subsite 1 was proposed, with an

electrostatic interaction between the sulfonium-ion

center and the catalytic base Glu 400 (Fig. 28). The

physical constraints of the shape of this site can only

accommodate a relatively flat molecule, such as 8 in the
ydrogen bonds and important electrostatic interactions are shown as

cted binding mode of 8 in the 1;4B conformation determined by trNOE

base Glu 400 is predicted. Reproduced with permission from Ref. 55.
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Figure 30. Decasaccharides 9 and 10 representing two repeating units of the Group B Streptococcus type III capsular polysaccharide.

Figure 31. Epitope mapping of decasaccharides 9 and 10 in the presence of mAb S9. (A) 1D NMR spectrum (800MHz, 298K) of decasaccharides 9

and 10 in the presence of mAb S9. (B) 1D-STD-NMR spectrum (800MHz, 298K) of decasaccharides 9 and 10 in the presence of mAb S9. Selected

resonances are labeled in spectrum (A); all labeled resonances are enhanced in spectrum (B), with the important exception of the H-3 proton reso-

nances of sialic acid (e/e0). For the H-3 resonances, eq and ax denote the equatorial and axial H-3 resonances, respectively. Reproduced with per-

mission from Ref. 56. Copyright � 2003 American Society for Biochemistry and Molecular Biology, Inc.
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Figure 32. The dodecapeptide FDTGAFDPDWPA (11), an immunologically functional molecular mimic of the GBS type III capsular polysac-

charide.
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Figure 33. Views of the calculated bound structure of the peptide

FDTGAFDPDWPA (11). (A) Backbone (N, Ca, C, O) atoms of the 10

structures with lowest NOE restraint energy produced by simulated

annealing refinement, superimposed using backbone atoms of residues

7–10. The lowest-energy structure is colored by atom (C, green; N,

blue; O, red) and a ribbon representation is shown in green, while the

other structures are shown in light blue. Residues 7–10 comprise a type

I b-turn and are labeled. (B) Close-up views of residues 6–12 of the

lowest-energy calculated structure (colored by atom). Backbone atoms

only are shown for residues 6 and 12. In the left panel, the turn is

shown in a similar orientation to the structures in (A); in the right

panel, it is shown in an orthogonal orientation, so that the exposed

position of the Trp-10 side chain, on one face of the turn, is visible. (C)

Close-up views of residues 6–12, as in (B), but in a typical type I b-turn
conformation, as observed for the free peptide in solution. The con-

formation is very similar to the calculated bound conformation (B).

Reproduced with permission from Ref. 56. Copyright � 2003 Ameri-

can Society for Biochemistry and Molecular Biology, Inc.
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1;4B conformation. Other possible conformations such

as the global minimum 1C4 conformation or the alter-

native chair 4C1 conformation were both too bulky to fit

within this subsite. Thus, molecular modeling provided

a potential explanation for the mode of action of this
inhibitor. The observations, based on NMR data, that

the bioactive conformer comprises only a small fraction
of the population of the free compound, suggest a pos-

sible reason for its weak inhibition, and suggest avenues
for the design of new inhibitors. More generally, these

observations, taken together with other recent structural

studies, suggest that the modes of action of alkaloid and

sulfonium glycosidase inhibitors cannot be inferred

simply by configurational similarity, either to sugars or

to each other.

9.5. Epitope mapping of oligosaccharides corresponding to
the capsular polysaccharide of type III Group B Strep-
tococcus (GBS)

NMR spectroscopic techniques have also been used to

investigate the interactions of ligands with an antibody

directed against Group B Streptococcus.56 The capsular

polysaccharide of type III GBS has a complex branched

structure with terminal sialic acid residues (Fig. 29), and
it has been proposed that antibodies directed against it

recognize a conformational epitope, comprising sec-

ondary structures that, as in the case of the sulfonium

ion described above, comprise a very minor portion of

the conformations populated in solution. Complemen-

tarity to these minor conformations would avoid

cross-reaction with sialic-acid-containing structures

commonly found in human tissues, and the resulting
harmful effects. Interestingly, although sialic acid is not

an immunodominant monosaccharide in this case, it is

essential for the formation of this conformational epi-

tope. Epitope mapping by STD-NMR of �natural�
decasaccharides and decasaccharides modified by N-

propionylation on sialic acid (Fig. 30) revealed an

interesting pattern whereby strong enhancements were

observed for the N-propionyl groups of sialic acid, and
of the N-acetyl groups of GlcNAc and/or sialic acid, but

no enhancements for the H-3 protons of sialic acid,

indicating that the sialic acid was required to present the

N-acyl functionality to the antibody, but its monosac-

charide ring was not involved in binding (Fig. 31). This

represents some evidence for presentation of a confor-

mational epitope.

Transferred NOE effects were not observed in this
system, likely due to unusual binding kinetics.

9.6. Bound conformations and epitope mapping of peptide

mimics of the capsular polysaccharide of type III Group B

Streptococcus (GBS)

TrNOE experiments were used to investigate the binding

of a peptide mimic of the GBSIII capsular polysacchar-
ide (Fig. 32).56 The dodecapeptide FDTGAFDPDWPA

(11) behaves as an immunologically functional molecu-

lar mimic; immunization of mice with this peptide in-

duces an anti-polysaccharide immune response. The

peptide was found to adopt a type I b-turn conforma-

tion spanning residues Asp-7–Trp-10; in addition,



Figure 34. Epitope mapping of FDTGAFDPDWPA (11) in the presence of mAb S9. Resonances enhanced in the STD-NMR spectrum are labeled.

(A) 1D NMR spectrum (800MHz, 298K) of the peptide with mAb S9. (B) 1D-STD-NMR spectrum (600MHz, 310K) of the peptide with mAb S9.

Reproduced with permission from Ref. 56. Copyright � 2003 American Society for Biochemistry and Molecular Biology, Inc.
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STD-NMR revealed the involvement of Trp-10 and

several other residues in this region in contact with the

antibody (Figs. 33 and 34). Importantly, this type I

b-turn was also significantly populated in the absence of

antibody, indicating a strong intrinsic propensity to

adopt the bioactive conformation (Fig. 33B). This
strong preference likely contributes to the peptide�s
immunological effectiveness.

9.7. A novel protein modeling protocol

Finally, we would like to describe a novel application of

the knowledge of bound-ligand conformations to the

problem of protein structure prediction.57 Comparative
Figure 35. Representative members of a library of protein models that

were subjected to screening by computational docking with ligands.

The framework held constant for all models is shown in blue, while the

loop region which differed between the models is shown in colors (five

loops are shown out of a library of 12). Reproduced with permission

from Ref. 57. Copyright � 2003 American Chemical Society.
modeling (homology modeling) is widely used to gen-

erate theoretical models of protein structures, based on

known 3D crystal or NMR structures of related pro-

teins. Comparative models may be quite accurate when

the entire protein structure is considered, having rmsds

of 
1�A. However, this accuracy decreases with the level
of sequence similarity, and importantly, certain regions

such as loops, which vary greatly in sequence and

structure, may differ widely from the known protein and

may therefore be predicted incorrectly. These regions

often contribute to binding or active sites, and accurate

modeling of these regions is very important if models are

to be used to draw conclusions about protein–ligand

interactions and to design new ligands. We have intro-
Figure 36. A view of the pentasaccharide ligand docked in the binding

site of the most accurate antibody model, with the correct H-3 loop

conformation (labeled CDR H3; loop rmsd of Ca atoms¼ 0.69�A). The

ligand is positioned accurately (the position determined experimentally

by crystallography is shown in gray for reference). Reproduced with

permission from Ref. 57. Copyright � 2003 American Chemical

Society.
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duced a method in which the known bound conforma-

tion of a ligand, which may be derived by trNOE
experiments, is used to screen a library of protein

models, each with a different loop conformation, by
Figure 37. A view of the pentasaccharide ligand docked in the binding

site of a slightly less accurate antibody model (loop rmsd of Ca atom

positions¼ 1.72�A). The backbone of the model�s binding site is shown

in blue with the crystal structure in purple; hydrogen bonds are indi-

cated by red dashes. The ligand is positioned accurately (the position

determined experimentally by crystallography is shown in thin gray

lines). Many of the important interactions are predicted correctly, as

the change in the conformation of CDR H3 is relatively small. A

favorable calculated binding energy results, allowing this antibody

model to be identified as being one of the more accurate in the library.

Reproduced with permission from Ref. 57. Copyright � 2003 Ameri-

can Chemical Society.

Figure 38. A view of the pentasaccharide ligand docked in the binding

site of a much less accurate antibody model (loop rmsd of Ca atom

positions¼ 2.88�A). The very different conformation of CDR H3,

highlighted in blue, results in a much smaller binding site that can

accommodate only two residues of the pentasaccharide. None of the

correct hydrogen bonds can be formed, and the Rha B and C and

GlcNAc D methyl groups are exposed to the solvent. These effects are

correctly evaluated by the docking program as resulting in a very poor

binding energy, allowing this antibody model to be identified as being

inaccurate. Reproduced with permission from Ref. 57. Copyright

� 2003 American Chemical Society.
molecular docking. It was shown that the accuracy of fit

(complementarity) between the ligand and the protein
model is an effective scoring function to identify the

most accurate models out of a series, allowing discrim-

ination between a series of protein models that were all

identical if conventional scoring functions such as

sequence homology or force field energy were applied.

This concept was demonstrated using an anti-carbohy-

drate antibody (illustrated in Figs. 35–38).
10. Summary

The combination of NMR experiments and molecular

modeling techniques described above provides impor-

tant information regarding protein–ligand interactions.

Transferred NOE experiments allow the determination

of bound-ligand conformations, and epitope mapping
data provide information about which parts of the

ligand contact the protein. The latter data are critical for

accurate molecular modeling of the ligand in the binding

site of the protein. Appropriate control experiments

should be performed to ensure the accuracy of the

trNOE data. In combination with information about the

protein structure, this information allows the mode of

interaction within the complex to be determined.
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