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I. Introduction

The development of methods for conformational analysis of

oligo- and polysaccharides started in the 1970 ± 1980s and

was associated with the fundamental works in the field of

glycobiology, which demonstrated the exceptionally impor-

tant role of carbohydrate derivatives in many processes of

cell recognition. It is at that time that the structures of many

classes of carbohydrate compounds were established, in

particular, of blood group determinants,1, 2 microbial poly-

saccharides,3, 4 glycolipids, glycoproteins and others.5 The

classical studies of biosynthesis of complex natural glyco-

conjugates 6 and the mechanism of their recognition by

different types of carbohydrate-binding proteins were car-

ried out.7 ± 9 This formed the basis for further successful

investigations of the role of natural glycoconjugates in

thrombogenesis, tumorigenesis and metastases, inflamma-

tions, microbial infections and other serious diseases.10 ± 17

Understanding of the mechanisms of the origin and the

course of the mentioned processes at the molecular level can

serve as a tool for drug research and structure optimiza-

tion.18

The activity of carbohydrate derivatives in biological

processes is directly related to their spatial organization

and, hence, the elucidation of factors regulating the con-

formational behaviour of oligo- and polysaccharides in

solution is the topical task of modern physical chemistry

of natural compounds. This area includes both theoretical

studies of conformational properties, including their pre-

diction, and experimental analysis of conformations of

carbohydrate derivatives in solution. In our previous

review,19 we considered modern computation techniques in

the theoretical studies of carbohydrate conformations. In

the present review, we discuss the modern techniques of

NMR spectroscopy for recording the proton ± proton

nuclear Overhauser effects (NOE), proton ± proton and

proton ± carbon vicinal spin ± spin coupling constants

(SSCC) and the areas of their application in conformational

analysis of carbohydrates in solution.

II. Structural and spectral (NMR) characteristics
used in the conformational analysis of oligo-
and polysaccharides

Numerous studies by various independent methods (X-ray

crystallography, solution NMR spectroscopy, theoretical

calculations) show that intraresidue bond lengths, bond

and torsion angles of monosaccharides in the pyranose

form depend slightly on the oligosaccharide type.20 The

pyranose residues in solution are characterized by one

predominant conformation, either 4C1 or 1C4 , depending

on the monosaccharide nature. Unlike pyranoses, furanose

rings are more flexible and exist in several interconverting

conformations.21 ± 23

The most important structural unit that determines the

conformation of oligo- and polysaccharides is the intermo-

nosaccharide bridge (Fig. 1), in which the bond lengths and

bond angles vary insignificantly. The conformation mobi-

lity is provided by rotation about the bonds incorporated in

the intermonosaccharide bridge.20 For (1?6)-linked disac-

charide units these are torsion angles j, c and o (fragment

A in Fig. 1), whereas for (1?2)-, (1?3)- and (1?4)-linked
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disaccharide units these are angles j and c (fragment B in

Fig. 1).

Among all the known experimental methods for the

investigation of the structure of oligo- and polysaccharides

in solution, 1H and 13C NMR spectroscopy is the most

informative. Data on the structure can be obtained from

proton nuclear Overhauser effect values,24 from the values

of spin ± lattice relaxation time (T1) of protons 24 and homo-

and heteronuclear coupling constants between the 1H and
13C nuclei.25 ± 30

The measured values of the NOE and relaxation times of

protons are related to the direct dipole ± dipole interaction

of nuclei 31 and have the same physical nature. The spin ±

spin coupling constants reflect the indirect interaction of the

nuclear spins transmitted through the polarization of

valence electrons 32 and, thus, their physical nature differs

from that of the NOE and relaxation times. Therefore, there

are two independent approaches to the determination of

structural parameters of oligo- and polysaccharides in

solution using NMR spectroscopy.

It should be mentioned that information on carbohy-

drate structures can be obtained from the values of direct

dipole ± dipole constants observed in weakly oriented

media. However, this approach will not be considered

here, because the topic of the present review is restricted to

the study of oligo- and polysaccharides in solutions. The

studies of biomolecules in weakly oriented media are con-

sidered in another review.33

Indirect data on the conformations of disaccharide

fragments of carbohydrates can be obtained from the values

of 13C nuclear chemical shifts in the close vicinity to the

glycosidic bond. It was shown 34 that steric interactions of

protons belonging to the neighbouring monosaccharide

residues and localized at the glycosidic bond affect the

chemical shifts of the carbon atoms bound to these protons

(Fig. 2). The equation proposed 35 by Grant and Cheney in

1967 was used for the quantitative analysis of changes in

chemical shifts in the 13C NMR spectra.

d13C=1680 cosYexp(72.671r), (1)

where d13C is the chemical shift difference (ppm) due to the

interaction of the neighbouring protons; r is the distance

between the interacting protons (�A); Y is the angle between

the vectors C7H and H7H (see Fig. 2).

At present only the qualitative use of formula (1) is

possible. Attempts of its quantitative application to the

calculation of glycosylation effects or any other type of

O-modification (O-sulfation, O-phosphorylation, etc.) for

carbon atoms in oligo- and polysaccharides were unsuccess-

ful. The reason is that the formula was obtained and

parameterized for rough mechanical models of molecules,

because in the 1960s the exact data on conformations of

organic molecules were limited.

Carbohydrate molecules are characterized by several

energy minima due to the flexibility of glycosidic bonds.

Thus, it should be kept in mind that the experimentally

observed characteristics of the NMR spectra are averaged

over the ensemble of acceptable conformers. Therefore, the

experimental data are usually analyzed considering the

results of molecular modelling based on the molecular and

quantum mechanics methods.

Indirect spin ± spin interactions and the nuclear Over-

hauser effect are especially significant for studies of oligo-

and polysaccharides in solution. In the next sections, we will

consider their relationship to the structural parameters of

molecules, the current experimental methods for their

measurements and instantiate their application in structural

analysis of carbohydrates.

III. Modern methods for the determination
of spin ± spin coupling constants and specific
aspects of their use in conformational analysis
of oligo- and polysaccharides

The homo- (JH,H) and heteronuclear (JC,H) SSCC find wide

use in configurational and conformational analyses of

carbohydrates. The vicinal (through three bonds) proton ±

proton SSCC (3JH,H) are used for the determination of the

configuration of monosaccharide residues.

The dependence of the vicinal constants 3JH,H on the

dihedral (torsion) angle H7C7C7H (y) was experimen-

tally found and theoretically substantiated. Karplus 36 pio-

neered in the theoretical prediction of this dependence in the

form of equation (2), and modified equation (3) appeared

later.37

3JH,H=A cos2 y+B, (2)

3JH,H=A cos2y+B cos y+C. (3)

The coefficients in Eqns (2) and (3) depend on the bond

length between the carbon atoms (the 3JH,H constant is

doubled with the shortening of the C7C bond from 1.46 to

1.34 �A), on the H7C7C bond angles (their decrease

increases the constants) and on the electronegativity of

substituents at the carbon atoms in the H7C7C7H frag-

ment (the introduction of electronegative substituents

decreases the 3JH,H constant).25 It is especially difficult to

take into account the influence of the latter factor, because
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Figure 1. Torsion angles about the glycosidic bonds that determine

the conformations of the (1?6)-linked disaccharide fragment (j, c, o)
(fragment A) and the conformations of the (1?2)-, (1?3)- and

(1?4)-linked disaccharide fragments (j, c) (fragment B).
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Figure 2. Interaction of the anomeric and transglycosidic protons in

the intermonosaccharide bridge affecting the chemical shift values of

signals for the C1 and Cn carbon atoms linked through a glycosylated

oxygen atom.
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the 3JH,H value depends not only on the presence of electro-

negative substituents, but also on their arrangement relative

to protons in the isomers or rotamers.

There were many attempts to write the Karplus equation

in the explicit form for the H7C7C7H fragment with

allowance for the listed factors.38 Equation (4) proposed by

Haasnoot et al.39 seems to be the most successful attempt

where the dependence of the constant value on not only the

torsion angle y but also the electronegativity of the first (a)
and second (b) atoms in each substituent, as well as on the

mutual orientation of these atoms, was taken into account.

3JH,H=P1 cos2 y+P2 cos y+ (4)

+
X
i

Dwi [P3+P4 cos2 (xi y+P5jDwi j)],

where P17P5 are the parameters (Table 1) empirically

found by least squares method from 315 experimental

values of 3JH,H ;

Dwi= wi7wH ,

wi and wH are the electronegativities of the ith substituent

and hydrogen, respectively; xi=� 1 depending on the

orientation of the ith substituent (Fig. 3). For the substitu-

ents containing the b-atoms,

Dwi=Dwaÿatomi ÿ P6

X
j

Dwbÿatomj ,

where P6 is the parameter (see Table. 1).

Equation (4) can also be used for the determination of

the constants 3JH,H in carbohydrates. In practice, the

inverse problem is often solved for these compounds: the

torsion angles y between two vicinal protons are determined

from the experimental 3JH,H values using Eqn (4). As

already mentioned, the monosaccharide residues in the

pyranose form usually possess rigid conformations.20

Therefore, from the experimental 3JH,H values between the

intraresidue protons in the pyranose ring, one can readily

calculate the corresponding torsion angles y. In turn, from

the angle values, one can determine the relative configura-

tions of the chiral centres in the molecule and thus deter-

mine the type of the monosaccharide residue.

Depending on the mutual orientation of vicinal protons

in the pyranose residues, three types of the coupling

constants between them are distinguished (Fig. 4): 3Ja,a is

the coupling constant between two axial protons, 3Je,a is the

coupling constant between the equatorial and axial protons

and 3Je,e is the coupling constant between the equatorial

protons. The values of these constants vary in a relatively

wide range (see Fig. 4) depending on the type of substitu-

ents S1 and S2 at the carbon atoms of the H7C7C7H

fragment. However, in any pyranose residue the values of

the coupling constants 3Ja,a are larger and can easily be

distinguished from the SSCC 3Je,a and 3Je,e . The ranges of

the coupling constants 3Je,a and 3Je,e overlap. Nevertheless,

it was empirically found 26 that an individual set of coupling

constants 3JH,H between the ring protons corresponds to

each particular pyranose residue (Table 2). The exceptions

are glycopyranose derivatives with conformationally flexi-

ble rings, namely, a-altrose, a- and b-idopyranoses, a- and
b-ribopyranoses, a- and b-lyxopyranoses, including their

analogues containing other functional groups (aminosac-

charides, uronic acids and others). For the same reason, it is

difficult to determine the configuration of furanose resi-

dues, where the presence of a bulky substituent at one of the

hydroxy groups, including the anomeric group, can change
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Figure 3. Determination of the `positive' (xi=+1) and `negative'

(xi=71) substituents Si [for Eqn (4)] with respect to the

H7C7C7H fragment of the tetrasubstituted ethane molecule.39

Table 1. Dependence of the empirical parametersP17P6 in Eqn (4) on the
number of substituents Si in the fragment H7C7C7H.

Para- 1 substi- 2 substi- 3 substi- 4 substi-
meter tuent tuents tuents tuents

P1 13.70 13.89 13.22 13.24

P2 70.73 70.98 70.99 70.91

P3 0.56 1.02 0.87 0.53

P4 72.47 73.40 72.46 72.41

P5 16.98 14.98 19.98 15.58
P6 0.14 0.24 0 0.19

Ha

Ha

S1

S2

O

Ha

S1 S1
S2

S2

He

He

He

O O

3Ja,a=8 ± 11 Hz 3Je,a=1 ± 4 Hz 3Je,e=1 ± 3 Hz

Figure 4. Types of coupling constants 3JH,H between the vicinal

protons in the pyranose derivatives and the typical ranges of their

values.

Table 2. Experimental values of coupling constants 3JH,H between the
ring protons H17H5 in the conformationally rigid pyranose rings.26, 27

Configu- 3JH1 ;H2 /Hz 3JH2 ;H3 /Hz 3JH3 ;H4 /Hz 3JH4 ;H5 /Hz
ration a

a-glcp 3.8 9.8 9.6 9.7

b-glcp 8.0 9.6 9.6 9.6

a-manp 1.5 3.3 9.6 9.6

b-manp 1.1 3.5 9.5 9.5

a-allp 3.8 3.3 3.1 9.6

b-allp 8.3 3.2 3.1 9.9

a-galp 4.0 10.2 3.5 1.5

b-galp 7.9 9.9 3.5 1.5

b-altp 1.2 4.0 3.3 9.7

a-talp 1.8 3.3 3.3 1.5

b-talp 1.2 3.2 3.2 1.2

a-gulp 3.8 3.6 3.6 1.4

b-gulp 8.4 3.7 3.7 1.0

aDesignations refer to the configuration of substituents in the pyra-

nose rings and do not include the nature of substituents at C5.
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the predominant conformation of the ring compared to that

for the unsubstituted residue 21 ± 23 and, correspondingly,

can change the 3JH,H coupling constant values between the

ring protons.

It should be mentioned that strong steric hindrance in

oligo- and polysaccharides can change even the conforma-

tions of stable pyranose rings. For example, the analysis of

the experimental 3JH,H values for cyclic b-oligoglucos-
amines showed 40 that they changed strongly in disaccharide

2 as compared to trisaccharide 1.

In the case of trisaccharide 1, the coupling constants
3JH,H (Table 3) had values typical of the 4C1 conformations

of the b-glucopyranose residues (see Table 2). For disac-

charide 2, the 3JH,H values differed strongly from the typical

values, indicating strong distortion of the 4C1 conforma-

tions of the pyranose rings. The change in the conforma-

tions of the glucopyranose residues in the disaccharide

favours the release of the steric strain that occurs in this

molecule.

The 3JH,H values can be determined from the multi-

plicities of the signals in the 1D 1H NMR spectrum. How-

ever, for higher oligosaccharides and polysaccharides with

the repeating units built of many monosaccharide residues,

the determination of the 3JH,H values from these spectra is

often impossible because of strong overlap of the signals.

In this case, phase-sensitive 1H ± 1H COSY,41 ± 43

COSY-DQF,43, 44 E.COSY,43, 45, 46 PE.COSY 43, 47 and

heteronuclear 1H ± 13C HMQC,48 HSQC,49 XLOC 50 ± 52

2D experiments are usually employed (the description of

these experiments is given below). The application of these

methods makes it possible to present the data of the 1D
1H NMR spectrum in two dimensions; as a result, the

number of overlapped signals decreases strongly and the

measurement of the 3JH,H constants becomes possible.

Another type of constants that are often used for the

determination of monosaccharide configurations is direct

proton ± carbon coupling constants (1JC,H). Analysis of the

coupling constants between the C1 and H1 atoms (1JC1;H1) in

monosaccharide residues makes it possible to exactly dis-

tinguish the furanose and pyranose forms of molecules: for

the monosaccharide residues in the furanose form they are

173 ± 175 Hz regardless of the configuration of the anomeric

centre (a or b), in the pyranose residues with the a-config-
uration of the anomeric centre these values range from 168

to 173 Hz, whereas for the b-configuration they are

155 ± 165 Hz. The GATED,32 HMQC 48, 53 and HSQC 49, 53

experiments (see below) are usually employed to determine

the coupling constants 1JC,H.

From the technical viewpoint, the simplest experiment

providing information about the coupling constants JC,H is

recording of the 13C NMR spectrum without suppression of

carbon ± proton spin ± spin interactions (without `proton

decoupling'). In this case, one should take into account

that 13C NMR spectroscopy is considerably less sensitive

than 1H NMR spectroscopy because of the low content of

the 13C isotope in the sample (the natural abundance is

1.1%) and the lower magnetization of the 13C nuclei [the

gyromagnetic ratio of the 1H nucleus (gH) exceeds that of
13C nucleus (gC) by a factor of 3.97]. To obtain 13C NMR

spectra with the high signal-to-noise ratio, the free induc-

tion decay (FID) acquisition should be run for a long time.

The sensitivity of the 13C NMR experiment can be

enhanced owing to the nuclear Overhauser effect emerging

on the 13C nuclei with the saturation of transitions of the
1H nuclei.32 For this purpose, the broad band (BB mode)

low-power radiofrequency irradiation of the whole range of
1H nuclear resonances in the molecule is performed during

the relaxation delay. This is the so-called GATED experi-

ment (Fig. 5).

Figure 6 b presents the GATED spectrum of propyl

(1?3)-fucosyl-fucoside (3) recorded by us.

In this spectrum, the signals corresponding to particular

carbon atoms are split into multiplets due to C7H cou-
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Table 3. Experimental values of the coupling constants JH,H for cyclic tri- and diglucosamines inferred from the 1H NMR spectra (spectrometer
500 MHz, D2O, 303 K).40

Compound 3JH1 ;H2 /Hz 3JH2 ;H3 /Hz 3JH3 ;H4 /Hz 3JH4 ;H5 /Hz 3J
H5 ;H

6R /Hz 3J
H5 ;H

6S /Hz 2JH6R ;H6S /Hz

[-b-(1?6)-GlcNH2-]3 (1) 8.1 8.9 9.1 9.1 3.9 *1 12.2

[-b-(1?6)-GlcNH2-]2 (2) 41 5.7 9.8 9.8 1.9 41 12.8

t1

trel

Pa

13C

1H BB

FID

Figure 5. Pulse sequence in the GATED experiment.

Pa is the excitation electromagnetic pulse at the frequency of the 13C

nuclei generated by the spectrometer transmitter; BB is the broad-band

low-power radiofrequency irradiation acting on the whole 1H nuclear

range; trel is the relaxation delay; FID is the free induction decay

detected by the spectrometer receiver within the t1 .32
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pling, revealing both the direct (1JC,H) and long-range

coupling constants (2JC,H , 3JC,H). This spectrum made it

possible to determine the values of the 1JC1;H1 constants

between the anomeric C1 and H1 atoms in monosaccharide

residues A and B, which were equal to 169.4 Hz (Fig. 6 c).

Thus, it was unambiguously shown that residues A and B in

the disaccharide under study had the a-configuration. Note

that in the GATED spectrum the long-range coupling

constants 2JC,H , 3JC,H for the C1 atoms of this compound

are not resolved because of their too low values. The

spectrum also allows one to determine the 1JC3;H3 value

(144.2 Hz). However, it is difficult to find the 3JC,H values

because of the high noise level in the spectrum (Fig. 6 d ).

A drawback of the GATED experiment in JC,H constant

determination is that the spectrum is difficult to interpret.

As a rule, each carbon atom in the molecule is spin ± spin

coupled to several (N ) protons and, hence, its signal is split

into 2N components. The structure of oligo- and polysac-

charides contains large groups (tens and even hundreds) of

non-equivalent carbon atoms, each having several lines (due

to splittings) in the GATED spectrum, due to which the

latter are difficult to interpret without additional experi-

ments. Therefore, in the case of higher oligosaccharides and

polysaccharides, HMQC (Heteronuclear Multiple Quantum

Coherence) 48, 53 and HSQC (Heteronuclear Single Quan-

tum Coherence) 2D experiments (NMR methods based on

the excitation and detection of heteronuclear multiple

quantum or single quantum coherence, respectively) are

usually employed for the determination of direct coupling

constants 1JC,H.49, 53 Unlike the GATED spectra, in 2D

HMQC and HSQC spectra recorded in the decoupling

mode, the chemical shifts of the 13C nuclei and 1JC,H
constants are plotted alongside different dimensions (F1

and F2, respectively).

Figure 7 shows the fragment of the HSQC spectrum of

synthetic trimannoside 4 containing the correlation peaks

corresponding to the interaction of the carbon C1 atoms

and protons H1 (Ref. 54).

The spectrum was recorded in the decoupling mode and

made it possible to determine the coupling constants 1JC1;H1

for mannopyranose residues A, B and C that were equal to

168, 170 and 155 Hz, respectively. For residues A and B,
1JC1;H1 5 168 Hz, and for residue C 1JC1;H1 < 165 Hz. Thus,

it was unambiguously established that residues A and B

have the a-configuration and residue C is in the b-config-
uration. Note that it is impossible to determine the anome-

ric configuration of these mannopyranose residues from the

vicinal proton ± proton constants (3JH1;H2) because of over-

lap of the acceptable ranges for Ja,e and Je,e (see Fig. 4).

The difference between the HMQC and HSQC spectra is

only that the correlation peaks in the former are split along
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BnO
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O
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C1BC1A
C3A

a

100 95 90 85 80 75 70 65 ppm

C3A

C1BC1A b

100 98 96 ppm

169.4 Hz 169.4 Hz

c

144.2 Hz

77 76 75 ppm

d

C1A C1B
C3A

Figure 6. The 13C NMR spectra of propyl (1?3)-fucobioside (3) (500 MHz spectrometer, D2O, 303 K).

(a) Spectrum with the broad-band proton decoupling; (b) GATED spectrum; (c) fragment of the GATED spectrum containing signals of the

carbon atoms C1A and C1B split due to the SSCC 1JC1 ;H1 (169.4 Hz); (d ) fragment of the GATED spectrum containing the signal of the carbon

atom C3A.
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the vertical axis (F1 dimension) due to the proton ± proton

SSCC (JH,H) and, hence, their shape is broader along this

dimension. As a result, the HMQC spectrum is somewhat

less resolved along the F1 axis than the HSQC spectrum.

However, the pulse sequence of the HMQC experiment

contains smaller number of pulses and instrumental delays

and therefore is simpler and less sensitive to the instrument

adjustments.

Let us consider the pulse sequence in the 2D HMQC

experiment (Fig. 8). First, a non-selective 908 pulse (P90) at

the frequency of protons acts on the system and transfers

the magnetization vectors (Fig. 9) to the plane xy. Then the

evolution of the system occurs during the time interval D
under the action of chemical shifts of the 1H nuclei and

SSCC (both homonuclear, JH,H and heteronuclear, JC,H).

The delay duration D is selected such that the magnet-

izations caused by the direct coupling constants 1JC,H are in

antiphase: D=1=�2 1JC;H�. In the HMQC experiment, D is

usually specified as 3.3 ms, which corresponds to the

average value of the coupling constant 1JC,H in organic

molecules equal to 150 Hz. This is prerequisite for the

subsequent generation of heteronuclear multiple quantum

coherence by the 908 pulse at the frequency of the 13C nuclei

(see Fig. 8), which transfers the magnetization vectors of the
13C nuclei also to the plane xy.

The heteronuclear multiple quantum coherence is char-

acterized by the state of the system where the magnet-

izations of the nuclei of both types (1H and 13C) are in the

transverse plane.53 It is of interest to follow the develop-

ment of the multiple quantum coherence during the evolu-

tion time t1 , but it is impossible to correctly describe this

coherence in terms of the vector model. It is known that the

heteronuclear multiple quantum coherence develops under

the action of chemical shifts of both protons and 13C nuclei.

However, its specific feature is that the coherence does not

develop under the action of the `active' coupling constants
1JC,H. Remind that the 2D HMQC spectrum in the F1

dimension contains no information on chemical shifts of 1H

nuclei, which is achieved by refocusing their magnetization

formed during the evolution period t1 through the 1808
pulse at the proton frequency in the middle of the period t1
(spin echo creation). This pulse exerts no effect on the

evolution of chemical shifts of 13C nuclei and therefore the
13C chemical shifts provide the frequency marking of the F1

dimension of the 2D spectrum. At the end of the period t1,

the system is affected by the final 908 pulse at the frequency
of the carbon nuclei. This pulse withdraws the magnet-

izations from the plane xy, whereas the magnetizations of

protons remain in this plane. The proton magnetizations

coupled to each other by 1JC,H occur again in the antiphase.

The second delay D (its duration is equal to the first delay D)
is inserted into the end of the pulse HMQC sequence in

order to re-focus these magnetizations. After the second

delay, the proton magnetizations are detected as the FID

during the time t2 . The result of the double Fourier trans-

form of the obtained data set is the 2D HMQC spectrum in

which the correlations appear between the 1H and 13C

atoms coupled by the direct SSCC 1JC,H . The correlation

signals along the proton axis (F2 dimension) are split into

doublets with the couplings equal to those of 1JC,H (see

Fig. 7). If information about the 1JC,H values is redundant,

the 2D HMQC experiment is carried out in the decoupling

mode, which makes it possible to enhance the sensitivity of

the experiment due to merging the components of the

multiplet signals into singlets. In this case, the 13C nuclei

of the system are subjected to the broad band irradiation

with the electromagnetic field generated by the spectrometer

transmitter during the detection of the FID from the

protons (see Fig. 8). Note that it is the decoupled

2D HMQC spectra that are used for the determination of

the homonuclear JH,H values.

The second delay D at the end of the HMQC pulse

sequence (see Fig. 8) also allows one to re-focus the influ-

ence of shifts of the 1H nuclei that exists during the first

delay D (in the beginning of the HMQC pulse sequence).

Remind that during the first delay D the evolution of the
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168 Hz

170 Hz 155 Hz
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H1A H1B H1C

Figure 7. A fragment of the HSQC spectrum (recorded without

decoupling, 500 MHz spectrometer, CDCl3 , 303 K) of synthetic tri-

mannoside 4.54

The region of interaction of the C1 carbon atoms and H1 protons is

shown.
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Figure 8. Pulse sequence in a 2D HMQC experiment (see text).
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Figure 9. Evolution of the 1H nuclear magnetization in the first stage

of the HMQC experiment.

The delay duration D is selected in such a way as to provide the

antiphase arrangement of proton magnetizations caused by the SSCC
1JC,H , which is necessary for the further development of the multiple

quantum coherence.
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system occurs due not only to the direct 1JC,H constants

discussed, but also chemical shifts of the 1H nuclei and

homonuclear JH,H constants. However, the influence of the

JH,H constants on the 1H nuclear magnetization cannot be

eliminated and, hence, the correlation peaks in the HMQC

spectrum are split due to JH,H along the F1 axis. As already

said, this splitting is absent from the HSQC spectra, which

are consequently better resolved in the F1 dimension.

The main problem of the HMQC experiment is the

suppression of the 1H712C signals, which can hide the

desirable correlation peaks caused by the constants 1JC,H .

The application of new methods of gradient spectro-

scopy 55, 56 made it possible to carry out an efficient sup-

pression of unnecessary magnetization components

(coherences) during pulse sequences of NMR experiments.

For example, the use of pulse field gradients in the HMQC

experiment allows one to completely annihilate the 1H712C

signals.53

Yet another type of SSCC that are often used in

structural analysis of oligo- and polysaccharides, are the

vicinal proton ± carbon coupling constants (3JC,H). As

already said, conformations of disaccharide fragments are

primarily defined by values of torsion angles j and c at the

glycosidic bonds (see Fig. 1). The vicinal SSCC can be put

in correspondence to each angle: the Jj constant in the

fragment 13Cn7O7C17H1 corresponds to the angle j,
and the Jc constant in the fragment 13C17O7Cn7Hn

corresponds to the angle c.
The angular Karplus dependence is versatile for all

magnetic nuclei and, in particular, for the spin ± spin cou-

pling of the 13C nucleus and proton through three bonds in

the fragments 13C7X7Y71H, where X and Y are any

atoms.57 As we have already seen, the coupling constants
3JC,H through the oxygen atom in the fragment
13C7O7C71H are most important for structural chemis-

try of oligo- and polysaccharides. By comparing the cou-

pling constants 3JC,H for various carbohydrates in which the
13C7O7C71H fragments exist in one preferential confor-

mation and the torsion angle values in the crystal structures

of these molecules determined by X-ray diffraction analysis,

the Karplus equation (5) for this fragment was obtained 28

(Fig. 10).

Jy=5.5 cos2y70.7 cos y+0.6, (5)

where y=j or c, Jy= Jj or Jc .

Thus, with the experimental values of the Jj and Jc
constants at hand and using Eqn (5), one can calculate the

values of torsion angles j and c at the glycosidic bonds,

which provides a possibility of conformational analysis of

oligo- and polysaccharides. It should be kept in mind that

the observed Jj and Jc constant values are averaged over an

ensemble of acceptable conformers of the glycosidic bond.

Also note that other equations similar to Eqn (5) were

obtained 29, 30 for the 13C7O7C71H fragment of carbo-

hydrates.

In the case of (1?6)-linked disaccharide fragments (see

Figs 1 and 11), the Jj and Jc constants described by

Eqn (5) correspond to the angles j and c, and the hetero-

nuclear constants 3JH6R;C4 and 3JH6S;C4 [Eqn (6) 58] or homo-

nuclear constant 3JH6R;H5 and 3JH6S;H5 [Eqns (4) or (7), (8) 59]

can be put in correspondence to the angle o; Eqns (7) and
(8) are specially adapted for the calculation of the coupling

constants 3JH,H corresponding to the hyroxymethyl group

of the hexopyranose residues.

Jo0=8.06 cos2o070.87 coso0+0.47, o0=oR or oS , (6)

3JH6R ;H5 =5.08+0.47 coso+0.90 sino7 (7)

70.12 cos(2o)+4.86 sin(2o),
3JH6S ;H5 =4.9271.29 coso+0.05 sino+ (8)

+4.58 cos(2o)+0.07 sin(2o).

Note that the functions corresponding to Eqns (5) ± (8)

are periodical and hence several values of torsion angles

may correspond to one experimental value of the coupling

constant J. The wrong angle values can usually be excluded

on the basis of the theoretical conformational analysis.

As already mentioned, the 3JH,H values are usually easy

to determine. The GATED,32 HMBC,51, 60 ± 63

HSQMBC 64, 65 NMR experiments, 2D J spectroscopy 66, 67

and experiments of the E.COSY type,45, 46 namely, X-filtred

NOESY, TOCSY and RELAY COSY,68 ± 70 can be used for

the determination of 3JC,H values. Let us consider in more

details the principles of these experimental protocols.
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Figure 10. Dependence of the coupling constant Jy on the dihedral

angle of the 13C7O7C71H fragment in carbohydrates [see

Eqn (5)].28

C4

C6

C1

HO
HO

HO

OH

O5
O6

OO

O

H6S

H6R

H1 H5

NH3

NH3

j
c

o

+

+

Figure 11. Torsion angles j, c and o in the di-b-(1?6)-glucosamine

fragment, which is the major structural unit of poly(N-acetylglucos-

amine). The latter is the extracellular polysaccharide (adhesin) pro-

duced by Staphylococcus aureus and a number of other bacteria.14
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We will discuss their advantages and disadvantages and

consider specific examples of their application for the

determination of the SSCC 3JC,H .

The GATED spectrum contains information on the

direct coupling constants 1JC,H and also the long-range

constants nJC,H (where n5 2). Figure 6 d shows the frag-

ment of the GATED spectrum of (1?3)-fucobioside con-

taining the signal of the glycosylated carbon atom C3A. This

signal is split into a multiplet due to the spin ± spin coupling

of this carbon atom with the protons H3A (1JC,H), H1A

(3JC,H) and H1B (3JC,H) of the glycosylating residue. The

large coupling constant through one bond between the C3A

carbon atom and H3A proton (1JC,H=144.2 Hz) is well

determined in this GATED spectrum. However, it is impos-

sible to exactly determine small coupling constants through

three bonds (3JC,H) because of the high noise level in the

spectrum.

Information on the long-range coupling constants nJC,H
can also be obtained from experiments of the HMBC

(Heteronuclear Multiple-Bond Correlation) type, which

make it possible to reveal heteronuclear correlations

through several bonds.53, 71 The 1H and 13C chemical shifts

are plotted on the F2 and F1 axes in the 2D HMBC

spectrum, respectively (Fig. 12), whereas the correlations

in the spectrum lie on the intersection of the coordinates

corresponding to the chemical shifts of the nuclei that are

bound by the long-range SSCC. The HMBC experiment

seems to be most convenient for the determination of the

heteronuclear spin ± spin interactions, because it contains

information on all interactions of this kind that occur in the

molecule. Unlike the GATED spectrum, the data in the

HMBC spectrum are presented in two dimensions, which

decreases the probability of signal overlap.

The pulse sequence of the 2D HMBC experiment

(Fig. 13) is similar to that of the 2D HMQC experiment

(see Fig. 8), except for two points. First, the delay duration

(D) in the HMBC experiment is substantially longer. This

duration is selected such that the antiphase arrangement of

magnetizations caused by small long-range coupling con-

stants nJC,H is formed. As a rule, nJC,H<8 Hz and, there-

fore, the delay D should be at least 60 ms (1/2 nJC,H).53

Second, to decrease the sensitivity loss in the HMBC

experiment due to relaxation processes, the end of its pulse

sequence should contain no second re-focusing delay D.
This results in the distorting of the signal phase and, hence,

the HMBC spectra are usually presented as a phase-insensi-

tive power spectrum. Although the delay D is chosen on the

basis of the long-range SSCC values, sometimes the delays

that characterize the direct interactions (1/2 1JC,H) are

proportional to D. In these cases, the correlations caused

by the direct coupling constants 1JC,H also appear in the

spectrum. However, they are split into doublets along the

F2 axis, because the FID of protons is detected in the

HMBC experiment without decoupling from 13C nuclei.

The direct constants 1JC,H can be suppressed by low-pass

J-filter (LPJF),73 which quenches modulations generated by

the SSCC having frequencies higher than the specified

frequency (in our cases, this is a frequency of 125 Hz,

because for organic molecules 1JC,H5 125 Hz). Depending

on the required filtration band, the LPJF with the number

of steps from 1 to 3 are used.

The HMBC spectrum provides information on the

protons and 13C nuclei bound by the long-range coupling

constants nJC,H. However, this spectrum contains no infor-

mation about the values of these constants. The experiments

that make it possible to determine the values of long-range

coupling constants nJC,H were developed on the basis of the

HMBC pulse sequence. One of such experiments is 2D

J-HMBC.51, 61 The 2D J-HMBC spectrum (Fig. 14) has the

same format as the standard 2D HMBC spectrum, except

for the fact that the correlation peaks caused by the long-

range interactions in the 2D J-HMBC spectrum are split

into doublets along the 13C axis (F1 dimension). The

splittings are proportional to the long-range nJC,H values

that cause the occurrence of these correlations. The scale

factor k defining the splitting value of the peaks depends on

the experimental conditions and is expressed as follows:

k � D
tmax
1

,

where tmax
1 is the maximum duration of the evolution period

t1 (Fig. 15). The D value should correspond to the lowest

value of the long-range coupling constant nJmin
C;H , which

should precisely be measured, i.e.,

D � 1

2 nJmin
C;H

.

?3)-b-D-Galp-(1?6)-b-D-Manp-(1?4)-b-D-Manp-(1?3)-

-b-D-Galp-(1?4)-b-D-Manp-(1?4)-b-D-Manp-(1?
A B C

D E F
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Figure 12. A fragment of the 1H713C HMBC spectrum (500 MHz

spectrometer, D2O) of polysaccharide from the cell wall of the actino-

mycete Kineosporia aurantiaca VKM Ac-702T (see Ref. 72).

The correlation signals in the spectrum reflect the interactions of the

anomeric protons of polysaccharide characterized by the long-range

coupling constants nJC,H . The digits before and after the slash refer to

the H and 13C atoms, respectively, of the residues A ± F.

P90 P180

1H

P90 P90

13C
trel D t1 t2

Figure 13. Pulse sequence in a 2D HMBC experiment (see text).
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The 2D J-HMBC spectrum of sulfated tetrafucoside 5

presented in Fig. 14 made it possible to determine the values

of the majority of transglycosidic constants Jj and Jc in the

molecule (Table 4).74

The theoretical conformational analysis by molecular

mechanics (MM3 force field) for this compound 74 showed

two conformers for the (1?3)-bonds and one conformer for

the (1?2)-bond. The averaged constants were calculated on

the basis of the theoretical simulation (see Table 4). A

comparison of the experimental and calculated Jj and Jc
values shows good agreement (the discrepancy does not

exceed 1 Hz), indicating that the theoretical conformational

analysis data are reliable. Thus, the combined analysis of

the experimental and theoretical data made it possible to

determine the conformational characteristics of tetrafuco-

side 5.

The pulse duration of the 2D J-HMBC experiment (see

Fig. 15) differs from that of 2D HMBC (see Fig. 13) by

additional 1808 pulses at the frequencies of the protons and
13C nuclei, which act during the delay D. The moments of

their application change proportionally to the change in the

period t1 during the 2D experiment. In order to distinguish

the desirable magnetizations and to eliminate the magnet-

izations caused by the non-ideal character of the 908 and

1808 pulses, the 2D J-HMBC experiment is carried out using

the pulse gradients of the field B0 .51, 55

Other procedures for measuring long-range coupling

constants nJC,H 60, 62, 63 based on the HMBC sequence and

similar to the J-HMBC experiment 51, 61 are also docu-

mented. However, these procedures are less convenient in

practice or require additional calculations to obtain neces-

sary information on the constants. Looking ahead, we can

mention that the J-HMBC experiment is the most conven-

ient and versatile, in our opinion, among all presently

known methods for the determination of long-range cou-

pling constants nJC,H.
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Figure 14. Application of the 2D J-HMBC experiment for the deter-

mination of the long-range coupling constants nJC,H (see Ref. 74).

(a) J-HMBC spectrum of sulfated tetrafucoside 5 (500 MHz spectrom-

eter, D2O, 303 K). In this spectrum, the correlations are split along the
13C axis into doublets (scaling coefficient k=34); (b) a fragment of the

J-HMBC spectrum of tetrafucoside 5 that made it possible to deter-

mine the coupling constants Jc for three glycosidic bonds of the

molecule.

P90

1H

13C
trel D+tmax

1 t1 t2
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D� tmax
1 ÿ t1
2
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kt1/2
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Figure 15. Pulse sequence in a 2D J-HMBC experiment (see text).51, 61

Table 4. Experimental (500 MHz spectrometer, D2O, 303 K) a and calcu-
lated values of the transglycosidic coupling constants Jj and Jc for
sulfated tetrafucoside 5.74

Disaccharide fragment Jj /Hz Jc /Hz

experi- calcu- experi- calcu-
ment lation ment lation

?3)-a-L-Fuc-(1?3)-a-L-Fuc-OPrn 4.4 b 3.5 2.8 3.0

?3)-a-L-Fuc-(1?3)-a-L-Fuc-(1? 3.7 3.4 4.2 3.7

a-L-Fuc-(1?2)-a-L-Fuc-OPrn 2.3 2.7 3.7 3.3

aMost constants were determined from the 2D J-HMBC spectrum

(Fig. 14).b The constant was determined from the 2D J spectrum (for

its description, see further). This value cannot be determined from the

2D J-HMBC spectrum because of signal overlap.
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The 2D HSQMBC (Heteronuclear Single Quantum

Multiple-Bond Correlation) 64, 65 spectrum (Fig. 16 a) has

the same format as the 2D HMBC spectrum. In this

spectrum, the 1H and 13C chemical shifts are plotted on

the axes F2 and F1, respectively, and the correlation peaks

in the spectrum correspond to the nuclear pairs 1H/13C

bound by the long-range coupling constants nJC,H. The

spectrum contains information on all long-range spin ± spin
13C/1H interactions that occur in the molecule. However,

the full line shape of the correlations should necessarily be

analyzed to determine the nJC,H values from the

2D HSQMBC spectrum, Figure 16 demonstrates the deter-

mination of the constants 3JC2A;H1B and 2JC1B;H2B in sucrose.64

For this purpose, the shape of the correlation peaks corre-

sponding to these constants was simultated from the

2D HSQMBC spectrum using one-dimensional proton

spectra or from the 2D HSQC spectrum using the cross

sections. In the 2D HSQMBC spectrum, the correlation

Ci/Hj (between the ith carbon atom and jth proton coupled

by the long-range constant nJC i;H j ) along the proton axis

(F2 axis) is split into a multiplet due to the long-range

coupling constant nJC i;H j and due to the proton ± proton

coupling constants JH j;H k that characterize the proton Hj .

The constant JC i;H j determines the antiphase arrangement

of signals in the multiplet, and the constant JH j;H k deter-

mines the synphase arrangement. This multiplet can be

simulated from the corresponding signal of the proton

spectrum. For this purpose, two 1H NMR spectra (one of

which is in the antiphase) shifted relative to each other by

the value of the coupling constant JC;i;H j should be sum-

mated. Thus, to determine the constant JC i;H j by the 2D

HSQMBC procedure, the section of the correlation Ci/Hj

should be simultated by two proton spectra. The shift value

of one 1H NMR spectrum relative to another is equal to the

constant JC i;H j .
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Figure 16. A procedure for determination of the long-range coupling constants nJC,H from the 2D HSQMBC spectrum.64

(a) 2D HSQMBC spectrum of sucrose (600 MHz spectrometer, D2O);65 (b) a fragment of the 2D HSQMBC spectrum that reflects the interaction

of the atoms C2A and H1B; (c) a fragment of the 1H NMR spectrum containing the signal for H1B; (d) two signals for H1B in the antiphase shifted

relative to each other by the heteronuclear coupling constant JC2A ;H1B of 3.9 Hz; (e) the result of summation of two doublets shifted relative to each

other presented in Fig. d; ( f ) a horizontal section of the correlation C2A/H1B from the 2D HSQMBC spectrum; (g) a fragment of the

2D HSQMBC spectrum that reflects the interaction of the atoms C1B and H2B; (h) a section from the 2D HSQC spectrum containing the signal for

H2B; (i ) two signals for H2B in the antiphase shifted relative to each other by the heteronuclear coupling constant JC1B ;H2B of 0.5 Hz; ( j ) the result

of summation of two signals for H2B shifted relative to each other of presented in Fig. i; (k) a horizontal section of the C1B/H2B correlation from

the 2D HSQMBC spectrum.
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Since the additional analysis of the signal line shape is

necessary, the 2D HSQMBC experiment is less convenient

for the determination of the long-range coupling constants
nJC,H than the 2D J-HMBC experiment. However, the

2D HSQMBC experiment can be useful when the constants

cannot be determined by the 2D J-HMBC experiment

because of the overlap of the correlation peaks in the

spectrum. Remind that in the 2D J-HMBC spectrum the

long-range nJC,H coupling constants appear as the splitting

of the correlation peaks along the 13C axis (F1 dimension)

and, therefore, this spectrum is less resolved along the 13C

axis than the 2D HSQMBC spectrum in which the con-

stants are observed along the 1H axis. Another significant

advantage of the 2D HSQMBC experiment is that the

values JC,H<2 Hz can be determined rather accurately

from this experiment, which is difficult to do from the

2D J-HMBC experimental data. As shown in Fig. 16, the

value of the coupling constant 2JC1B;H2B of 0.5 Hz was

determined for sucrose using the 2D HSQMBC experiment.

For the precise determination of this constant by the

2D J-HMBC experiment, one should use the delay

D � 1

2 nJmin
C;H

� 1

2JC1;H2

� 1

2 � 0:5=1 s.

However, during this time (D=1 s) the magnetization of

the sample disappears almost completely (due to relaxation)

and, therefore, the sensitivity of the 2D J-HMBC experi-

ment becomes very low.

In the 2D selective J spectrum 66, 67 (Fig. 17), the long-

range SSCC nJC,H and chemical shifts of the 13C nuclei are

plotted alongside different dimensions of the 2D spectrum.

To obtain the 2D selective J spectrum, the signal of one of

the protons of the system is subjected to preliminary

excitation. As a result, the correlation peaks corresponding

to the 13C carbon atoms coupled by the long-range SSCC

with the excited proton are split along the J axis (F1

dimension) into doublets with couplings equal to the

SSCC (see Fig. 17). For the excitation of the proton signal,

one should use highly selective pulses to avoid the pertur-

bation of the resonance lines of the satellites caused by the

direct SSCC 1JC,H (the 1JC,H values range from 125 to

220 Hz). The high selectivity of the pulse is achieved due

to the long time of signal excitation (20 ± 50 ms), which

corresponds to a selectivity of 50 ± 20 Hz,66 and to the

power decrease. Thus, only the long-range constants nJC,H
are modulated during the period t1 of this experiment, and

their values for oligo- and polysaccharides do not exceed

10 Hz. Hence, a small spectral window SW4 20 Hz is

usually used when measuring F1 (J dimension) in the 2D J

experiment, which makes it possible to obtain a very good

resolution (at a small number of points detected along the

coordinate t1) and to measure the values of the coupling

constants with high accuracy. In the case of trifucoside 6,

the transglycosidic coupling constant J �A;B�j =3.6 Hz was

determined using the J spectrum (see Fig. 17).75, 76

Recently, it has become possible to use non-rectangular

excitation pulses 77 ± 80 that enhance the selectivity. The

Gaussian pulse 77, 78 (Fig. 18) is one of the most frequently

used selective pulses. In the frequency representation, this
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Figure 17. A fragment of the 2D selective J spectrum of trifucoside 6

(spectrometer 500 MHz, D2O, 303 K)75 containing the correlation

peaks of the carbon atoms C3A and C3B.

These signals are split due to the spin ± spin interactions with H1B

irradiated during the experiment.
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Figure 18. Selective pulses of the Gaussian (a) and rectangular (c)

shapes and their Fourier images (frequency representations) (b and d,
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pulse, unlike the rectangular one (see Fig. 18), has no

undesirable wiggles at the edges of the excitation range

and, hence, does not perturb the signals of the protons

neighbouring to the excited proton.

The nuclear Overhauser effect that emerges on the 13C

nuclei upon the pre-irradiation of protons is usually

employed to enhance the sensitivity of the 2D J experiment.

For this purpose, in the beginning of the experiment, all

protons are subjected to the excitation with the weak

electromagnetic field during the relaxation delay trel (about

1 ± 5 s). The sensitivity of the 2D J experiment can also be

increased due to the transfer of polarization from protons to

the 13C carbon atoms. In this case, the sequences DEPT,81

INEPT 82 or PENDANT are incorporated into the begin-

ning of the sequence of the J experiment.67

An advantage of the 2D selective J experiment is the

small number of correlation peaks in the spectrum, which

decreases the probability of their overlap. Only one splitting

caused by the particular SSCC corresponds to each carbon

atom bound by the long-range coupling constant nJC,H to

the excited proton; the 13C chemical shifts and SSCC are

plotted on different axes (F2 and F1, respectively). In some

cases, this helps to determine the nJC,H values in this

experiment, while other experiments are inefficient. For

instance, the transglycosidic coupling constant

J �B;C�j � JC3B;H1C = 3.8 Hz (Fig. 19) was determined from

the 2D J-HMBC spectrum of trifucoside 6. However, it

was impossible to determine the J �A;B�j � JC3A;H1B value

because of the overlap of the correlation peaks C3A/H1B

and C3B/H1B. This constant was determined from the

2D selective J spectrum (see Fig. 17): J �A;B�j =3.6 Hz.

A disadvantage of the selective J experiment is that the

corresponding spectrum contains information about the

SSCC of the carbon atoms with only one irradiated proton.

To determine the SSCC values with another proton, it is

necessary to repeat the experiment with the selective pulse at

the resonance frequency of the corresponding proton. It

should be mentioned that the sensitivity of this experiment

is somewhat lower compared to the GATED, J-HMBC and

HSQMBC experiments.

The pulse sequence of the inverted 2D selective J experi-

ment was described 67 (Fig. 20) in which the 1H NMR

spectrum of the compound under study is plotted along

side the F2 axis. The correlation peaks corresponding to the

protons that are directly bound to the 13C atoms that have

long-range SSCC with the selectively irradiated proton are

split into doublets with the magnitude of this SSCC.

Yet another class of NMR experiments providing infor-

mation about the long-range heteronuclear SSCC is pre-

sented by experiments of the E.COSY type 45, 46 (X-filtred

2D NOESY, TOCSY or RELAY COSY 68 ± 70). In the

corresponding 2D spectra, the cross-peaks corresponding

to proton couplings are split due to the heteronuclear

SSCC. In this case, the type of splitting is analogous to the

splitting of correlations in the E.COSY spectra (Fig. 21).

For example, in the X-filtred 2D NOESY experi-

ment 68, 69 the cross-peaks are split alongside one axis due

5.15 5.10 5.05 5.00 4.95 ppm
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75
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78
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C3A

C3B

H1B H1C H1A

JC3B ;H1C

3.8 Hz

JC3A ;H1A

5.3 Hz

JC3A ;H1B

JC3B ;H1B

Figure 19. A fragment of the 2D J-HMBC spectrum of trifucoside 6

(500 MHz spectrometer, D2O, 303 K)75 reflecting the interactions of

C3A and C3B with the anomeric protons H1A, H1B and H1C.
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Figure 20. The inverted 2D selective J spectrum of adenosine

(400 MHz spectrometer, DMSO-d6, 303K).67

The correlations corresponding to H20 and H8 are split into doublets

due to the spin ± spin interactions of the atoms C20 and C8 with the

selectively inverted proton H10.

Jkl

Jkl

Jkm

Jkm

Jlm

Jlm

Im

Figure 21. The shape of cross-peaks in the E.COSY spectra.

The cross-peak corresponding to the interaction of the nuclear spins Ik
and Il in the three-spin system IkIl Im is shown. The constant Jkl causes

the cross-peak splitting into four components arranged at vertices of

the square. This square is replicated due to the SSCC Jkm and Jlm
between the active spins k and l and the passive spin m. To determine

the SSCC values Jkm and Jlm from the multiplicity of the cross-peak, it

is necessary that at least one of these SSCC is large to provide the

resolution of the components of the cross-peak relative to each other.
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to the direct heteronuclear coupling constant 1JX,H with one

of the interacting protons, whereas the splitting alongside

the second coupling constant is due to the long-range

constant nJX,H with another interacting proton. As a rule,

direct heteronuclear coupling constants 1JX,H are large,

which favours the resolution of the multiplet components

and thus makes it possible to determine small long-range

coupling constants nJX,H . The direct (1JX,H) and long-range

(nJX,H) heteronuclear coupling constants in the cross-peaks

of the proton correlation spectra are plotted alongside

different axes (F1 and F2), because the magnetization

caused by the NOE between two protons during the period

t1 evolves at the frequency of one proton, whereas during

the period t2 its evolution occurs at the frequency of the

other proton.

Note that the determination of the heteronuclear SSCC
nJC,H of oligo- and polysaccharides using the E.COSY

experiments requires the sample to be enriched in the 13C

carbon magnetic isotope at the X nucleus by 100%. Other-

wise, the cross peaks corresponding to the 13C and 12C

carbon isotope nuclei will overlap, which makes impossible

the determination of the long-range heteronuclear coupling

constants nJC,H . However, in studies of oligo- and poly-

saccharides, one seldom deals with samples enriched in the
13C isotope by 100%. Therefore, the use of X-filtred

2D NOESY, TOCSY and RELAY COSY experiments, for

the study of such compounds, including their conforma-

tional analysis, is practically uncommon.

Remind that the 1H71H E.COSY homonuclear experi-

ment,43, 45, 46 its modification PE.COSY 43, 47 and the
1H713C XLOC heteronuclear experiment 50 ± 52 in which

the shape of the cross peaks is the same as that in the

E.COSY spectra, can also be used for the determination of

the coupling constants JH,H.

IV.Modern methods for registration of the nuclear
Overhauser effect and specific aspects of its use
in conformational analysis of oligo- and
polysaccharides

The phenomenon of the nuclear Overhauser effect is the

change in the NMR signal intensity of a nucleus upon

saturation of the resonance of another nucleus interacting

with the former through the dipole ± dipole mechanism.83

The NOE value ( f dk � is defined as the ratio of the change in

the signal intensity d under the conditions of saturation of

the nucleus k to its intensity in the absence of saturation

[Eqn (9a)].

f dk �
Id ÿ I 0d

I 0d
, (9a)

where I 0d is the signal intensity of the nucleus d in the NMR

spectrum in the absence of resonance saturation of the

nucleus k, Id is the signal intensity d upon resonance

saturation of the nucleus k. The signal intensities (I) in the

NMR spectra are directly proportional to the longitudinal

nuclear magnetization values (S) and, hence, Eqn (9a) can

be written as Eqn (9b):

f dk �
Sd ÿ S 0

d

S 0
d

. (9b)

The nuclear Overhauser effect is a consequence of the

tendency of a system of interacting nuclei to reach the

thermal equilibrium state upon the change in the occupa-

nices of the spin states of the nucleus k. This process is

accompanied by the excess energy redistribution to other

nuclei of the system bound by the dipole ± dipole interac-

tion, which results in a change in the signal intensities of the

non-irradiated nuclei.

Thus, the NOE, unlike SSCC, can be used for studies of

the mutual spatial arrangement of nuclei separated by many

bonds. In the case of oligo- and polysaccharides, the NOE

values can be used for both the establishment of the

configuration of monosaccharide residues (from the NOE

values between the protons of the same ring, Fig. 22) and

the study of solution conformations of these molecules. In

the latter case, the NOE values between the protons

separated by the glycosidic bonds are the most significant

(Fig. 23). The NOE values emerging on protons of the

glycosylated residue upon pre-irradiation of the anomeric

proton (H1) of the glycosylating residue (see Fig. 23) are

most often studied in conformational analysis of oligo- and

polysaccharides. This figure shows that the proton ± proton

interactions observed help to draw complete conclusions

about the conformations of the disaccharide fragment of a

substance under study.

The pulse sequence of the experiment for the detection

of the NOE between protons differs from that of a stand-

ard 1H NMR experiment in the prolonged low-power radio-

frequency radiation (CW) with the frequency corresponding

to the resonance of the proton k (Fig. 24).32 The NOE

develops in the system within this time period (ts), changing
the intensity of the detected signals.

Difference NOE spectra are usually considered in prac-

tice to minimize the artifacts appearing due to radiofre-

quency radiation (CW). For this purpose, the spectrum in

H4

H5

H3H1

H2

OHOH

HO

HO

O
O

Preliminary
irradiation

`Through-space' interaction
of protons

Figure 22. Interactions of protons in the b-L-glucopyranose residue

leading to the NOE upon the irradiation of the proton H1.
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O
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OH

Preliminary irradiation`Through-space' interaction
of protons

Figure 23. An example of interaction of protons from different resi-

dues of a disaccharide fragment leading to the NOE upon the

irradiation of the proton H1 of the `glycosylating' residue.
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which the irradiation frequency (CW) corresponds to the

frequency of the saturated signal k is recorded first. Then

the spectrum in which the radiation frequency falls into the

spectral region free of signals is detected. The subtraction of

these two spectra gives the difference NOE spectrum.

The NOE value observed for signals of other protons of

the system change with the irradiation time (ts) of the

proton k (see Fig. 24). The general view of the dependence

of the NOE value for the proton d ( f dk) on the irradiation

time of the proton k is shown in Fig. 25. The plot shows

that at first the NOE is gradually enhanced with the

elongation of the irradiation time of the nucleus; however,

at the longer irradiation times the NOE value reaches a

plateau, which corresponds to a new steady state achieved

by the system.

Experiments on the steady-state and transient NOE are

distinguished depending on the duration of irradiation of

the system.84 In the former case, the difference in occupan-

cies of transitions of the nucleus k is perturbed for such a

long time that the system has time to achieve the new steady

state. It is usually necessary that the irradiation time

exceeds the longest relaxation time in the molecule by a

factor of two to three (for protons in the carbohydrate

derivatives this time is *7 ± 9 s).

Noggle and Schirmer obtained 83 the equation for the

calculation of the proton ± proton steady-state NOE values

in molecules

f dk �
��

6tc
1��2o0tc�2

ÿ tc

���
3tc

1�2o0tc�2
� tc � 6tc

1��2o0tc�2

��
6

6

 
rÿ6dkX

j 6� d

rÿ6dj

ÿ
X
j 6� k; d

rÿ6dj f
j
kX

j 6� d

rÿ6dj

!
, (10)

where rdj is the distance between the protons d and j, tc is the
time of isotropic rotational correlation.

Thus, the steady-state NOE ( f dk) depends on several

factors, first of all, on the distance between the saturated

proton k and the observed proton d (inversely proportional

to r6dk), on the correlation time of the protons tc and on the

Larmor frequency of the protons o0 (Fig. 26). It should be

emphasized that Eqn (10) was obtained under assumption

that the predominant contribution to the relaxation is made

by the intramolecular dipole ± dipole interaction of protons.

If other mechanisms contribute substantially to the relaxa-

tion, the real NOE value will be lower than that calculated

by Eqn (10).

For small organic molecules, the correlation times lie in

the interval 10712< tc< 10710 s; for example, for the

monosaccharide residues tc& 10711 s, and for disacchar-

ides tc& 10710 s. At an instrumental frequency of

500 MHz, the Larmor frequency of protons o0& 109 and,

therefore, o2
0t

2
c 55 1. In this case, the expression in braces of

Eqn (10) is equal to 0.5 and, thus, Eqn (10) is simplified to

f dk �
rÿ6dk

2
X
j 6� d

rÿ6dj

ÿ
X
j 6� k; d

rÿ6dj f
j
k

2
X
j 6� d

rÿ6dj

. (11)

These systems are characterized by the positive NOE,

i.e., the signal resonance of the observed proton d increases

upon the resonance saturation of the proton k. In the case

of the system of two interacting protons, the value f k =0.5

is independent of the distance between the irradiated and

observed protons. The value f kd=0.5 is the maximum

positive NOE, which can be achieved in the system of

interacting protons. The condition o2
0t

2
c 55 1 is called the

extreme narrowing limit and corresponds to the total

disappearance of the dipole ± dipole-induced line broaden-

ing in the NMR spectra.

We used the steady-state NOE values for the compara-

tive conformational analysis of propyl 3-O-(a-L-fucopyr-
anosyl)-a-L-fucopyranoside (3) and its C4-sulfated deriva-

tive 7 (Fig. 27).85

For this purpose, selective saturation of the resonance of

the H1 proton of the glycosylating residue was carried out,

which resulted in emerging of the NOE on signals of H3, H4

and H5 of the glycosylating residue A (Figs 27 and 28,

OPrn

O

O

Me

NaO3SO

7

A

B

OH

Me
OH

O

OH

OH

t1

trel ts

CW

P90

Figure 24. Pulse sequence in the experiment for recording the proton

NOE (see text).84

0 2 4 6 8 ts /s

f dk

Figure 25. Dependence of the NOE value for the proton d ( f dk ) on the

irradiation time of the proton k.

0.5

0

70.5

71.0

f dk

72 71 0 1 log(o0tc)

Figure 26. Dependence of the NOE value on the product o0tc .83
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Table 5). It was found that the sulfation of the OH group at

C4 in the disaccharide decreased the NOE value for the H4

from 88.8% to 41.5%. At the same time, the theoretical

conformational analysis performed for these compounds 85

and based on the molecular mechanics calculations (force

field MM3) showed two conformers (I and II) for the

(1?3)-linked disaccharide fragments of these molecules

(Fig. 29). The transition from disaccharide 3 to sulfated

disaccharide 7 was accompanied by a decrease in the frac-

tion of conformer I. The NOE values calculated by the

molecular mechanics and Eqn (11) agreed well with the

experimental values (see Table 5), indicating that the molec-

ular modelling is reliable.

It is of special note that the negative NOE values are

observed for the H5 of difucoside 3 and its C4-sulfated

derivative 7 (see Table 5), which is not characteristic of

direct proton ± proton NOE at the extreme narrowing limit

(o2
0t

2
c 55 1) and is due to spin diffusion.53, 84 The matter is

5.1 4.9 4.7 4.5 4.3 4.1 3.9 3.7 ppm

a

b

c

H4A

Irradiated

signal (H1B)
Signal from solvent (HOD)

H5A H2B H3A

Figure 27. Determination of the steady-state NOE in difucoside 7.85

(a) 1H NMR spectrum of difucoside 7 obtained by the pulse sequence

of the NOE experiment (see Fig. 24); the signal-free spectral region

was subjected to the radiofrequency irradiation (CW); (b) spectrum of

the steady-state NOE of difucoside 7 obtained due to the saturation of

the resonance of the proton H1B for 7.2 s (500 MHz spectrometer,

D2O, 307 K); (c) difference NOE spectrum obtained by the subtraction

of spectrum b from spectrum a (the intensity of spectrum c was

amplified for clarity relative to spectra a and b). The main signals

caused by the NOE are marked in the spectrum.
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A B
R=H or SOÿ3 .

Figure 28. Principal NOE interactions in difucoside 3 and C4-sulfated

difucoside 7 appearing upon the saturation of the resonance of the

proton H1 of the glycosylating residue B.

Solid arrows mark the direct NOE interactions (positive), and dashed

lines indicate the secondary NOE interactions (negative).

Table 5. Experimental (500 MHz spectrometer, D2O) and calculated
relative values of the steady-state NOE observed on protons of the
glycosylated residue in difucoside 3 and C4-sulfated difucoside 7 upon
saturation for 7.2 s of the resonance of the proton H1 of the glycosylating
residue B.85

Compound Proton NOE (%)

experiment calculation

Difucoside 3 H3 100 100

H4 88.8 85.0

H5 712.9 714.1

C4-Sulfated difucoside 7 H3 100 100

H4 41.5 49.0

H5 713.3 711.9

R=H or SOÿ3 .
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Figure 29. Characteristic conformers I and II of difucoside 3 and its

C4-sulfated derivative 7.85
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that along with direct proton pair interactions secondary

effects can occur, that are due to the transmission of the

perturbation induced in the molecule through the proton

chain. For instance, in difucosides 3 and 7, the presatura-

tion of the resonance of the H1 proton of the glycosylating

residue (B) changes the difference in the level occupancies of

H3 and H4 of the glycosylating residue (A) (see Fig. 28)

resulting in the appearance of the positive NOE. These

protons in turn affect H5 (spin diffusion) inducing the NOE

of an opposite sign on this proton. In this case, no direct

NOE is observed for H5, because the latter is remote from

the irradiated proton H1. In addition to the NOE signals in

the spectrum (see Fig. 27 c), there are small false signals

characterized by a distorted phase. These signals appear

because the magnetic field of the spectrometer is unstable in

time and the electromagnetic pulses are inaccurately repro-

duced, which results in the non-ideal subtraction of spectra

a and b.

A situation where o0tc& 1 and no NOE is observed

( f dk =0) can appear for molecules of medium size. This

means that the signal of the proton in question disappears

completely in the NOE spectrum. Indeed, at o0tc= 1.118,

the numerator in Eqn (10) is zero. At a frequency of the

instrument of 500 MHz, the corresponding tc value is

3.5610710 s.

If o2
0t

2
c 44 1 (tc> 3.5610710 s satisfies this condition),

the expression in braces in Eqn (1) becomes equal to 71

and the formula for the calculation of the NOE value takes

the following form:

f dk � ÿ
rÿ6dkX

j 6� d

rÿ6dj

�
X
j 6� k; d

rÿ6dj f
j
kX

j 6� d

rÿ6dj

. (12)

Thus, the negative NOE values are observed in solutions

with high viscosity or in solutions of large molecules (higher

oligosaccharides, polysaccharides, etc.). For the system of

two protons, under these conditions f dk =71, which is a

minimum possible value of the NOE.

The fact that the first term in Eqns (11) and (12)

considerably exceeds the components of the second sum

opens a way for the determination of the NOE values by the

iteration method. For this purpose, the following parame-

ters

rÿ6dkX
j 6� d

rÿ6dj

,

are calculated from the distances between protons and

substituted into the full equations of the NOE (10) ± (12),

and this gives the refined values.

The experiment on the steady-state NOE is highly

sensitive. A serious drawback of this procedure is that it

requires the preliminary selective irradiation of one of the

resonance lines in the 1H NMR spectrum. Thus, the proce-

dure of measuring the steady-state NOE can successfully be

used for molecules with well resolved 1H NMR signals.

In the case of experiments on the transient NOE, the

irradiation times used are considerably shorter than those

necessary for the establishment of a new steady state in the

system.84 The pulse sequence somewhat different from that

presented in Fig. 24 is usually applied. This is the so-called

1D NOESY experiment (Fig. 30).

In the first stage of experiments on the transient NOE

(see Fig. 30), as well as in experiments on measuring the

steady-state NOE, the difference in site occupanices of the

energy levels of the irradiated nucleus k is perturbed.

However, in transient NOE experiments the magnetization

of the nucleus k is inverted (the magnetization vector is

directed along the axis 7z), unlike the steady-state NOE

method, where the occupanices of the energy levels of the

nucleus k (saturation of transitions of the nucleus k) are

equalized. The inversion of the signal of the proton k is

achieved by the selective 1808 pulse (SP180) at the frequency

of this proton (nk). After the action of the selective pulse

during the time tm , which is called the mixing time, the

perturbation introduced into the site occupanices of energy

levels of the nucleus k is redistributed to other protons of

the system (the appearance of the NOE). Then the non-

selective 908 pulse (P90) transmits the magnetization vectors

of protons to the plane xy where they are detected as the

FID by the receiver coil of the NMR spectrometer.32 Note

that the selective non-rectangular pulse (for example, the

Gaussian pulse, see Fig. 18) is used in 1D NOESY experi-

ments. This allows one to affect the signals neighbouring the

irradiated one to a lesser extent than in the case of the

steady-state NOE experiments and thus to measure the

NOE with a higher accuracy.

The general view of the dependence of the transient

NOE for the proton d on the mixing time tm is shown in

Fig. 31. It can be seen that at short times tm the dependence

is linear as that in Fig. 25. The initial NOE increase for the

nucleus d is proportional to the cross-relaxation constant

(Rkd) between the irradiated (k) and observed (d ) protons

even in the multispin system

dSd

dt
!Rkd . (13)

SP180

P90

trel tm
t1

Figure 30. Pulse sequence in a 1D NOESY experiment (for clarifica-

tions, see text).

f dk

!Rkd

tm

Figure 31. Dependence of the non-steady-state NOE for the proton d

( f dk ) upon irradiation of the proton k on the mixing time tm .53
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The cross-relaxation rate constant is given by the

expression

Rkd �
1

10

�
m0
4 p

�2

g4h2
�

6 tc
1� �2o0tc�2

ÿ tc

�
1

r 6kd
, (14)

where m0 is the magnetic constant of vacuum, g is the

gyromagnetic ratio of the proton, and h is Planck's con-

stant.

Expression (13) is the so-called condition of initial

approximation of the rate of growth of the transient

NOE.53 At short times tm, a pair of nuclei behaves in such

a way as if they were an isolated system with the NOE value

between them proportional to tm . At longer mixing times,

the relaxation rate of the nucleus d becomes comparable

with the cross-relaxation rate, which induces the deviation

of the NOE function from a linear law and its decrease to

zero at tm44T1 (T1 is the longitudinal relaxation time for

the nucleus d ). Thus, the initial approximation condition

can be applied only to the mixing times tm55T1 .

Since the cross-relaxation rate constant Rkd between the

observed (d ) and irradiated (k) protons is inversely propor-

tional to the sixth power of the distance between these

atoms (rÿ6kd ) [Eqn (14)], the following equation can easily be

obtained from relation (13)

f dk � crÿ6kd tm , (15)

where c is the constant including the fundamental constants

and the correlation time of the molecule (tc).53 Equa-

tion (15) can directly be used for the determination of the

interproton distances rkd from the known NOEs. The

correlation time can be determined from the data on the

relaxation times T1 of the 13C nuclei.86

In practice, the reproducible measurement of the NOE

values depends on several experimental conditions: the

concentration and nature of the sample, the presence of

paramagnetic impurities, the degree of saturation of irradi-

ated signal transitions and specific properties of the instru-

ment. However, the ratio of two NOEs within one molecule,

which is refferred to as the relative NOE, is less sensitive to

all these factors and inversely proportional to the sixth

power of the ratio of the corresponding interproton dis-

tances.

f dk
f mn
�
�
rkd
rnm

�ÿ6
. (16)

It is Eqn (16) that is used in practice for the determination

of the spatial structure of molecules from experimental

values of the transient NOE.

The observation of the transient NOE from the NOESY

experiment can be carried out in both the one-dimensional

(1D) and two-dimensional (2D) variants.53, 84 The

2D NOESY 87, 88 spectrum contains information about all

interproton NOEs of the molecule (Fig. 32). The

2D NOESY spectrum can theoretically be considered as a

set of 1D spectra in each of which one proton of the system

is selectively irradiated. To obtain the 2D NOESY

spectrum, it is unnecessary to perform selective proton

irradiation, which is usually impeded by signal overlapping

in the 1D 1H NMR spectrum.

Figure 32 b presents the 2D NOESY spectrum of

O-antigenic polysaccharide of Acinetobacter baumannii O-7

(Ref. 89) containing six monosaccharide residues in the

repeating unit (see Fig. 32 a): four of them (A ±D) form

the main polysaccharide chain and two residues are in the

side group.

In the conformational analysis of polysaccharides and

especially oligosaccharides, one should take into account

the fact that these compounds are conformationally flexible

and, as a rule, there is no just a single conformation that

exactly corresponds to the experimentally detected NOE

and SSCC values in the spectra. Therefore, in the simulation

of carbohydrate molecules it is necessary to take into

account the whole set of conformers or to average the

results of the molecular dynamics calculation. For example,

the molecular dynamics calculations of triglucoside 8

showed 90 a possibility for this compound to have several

preferential conformers corresponding to the energy min-

ima.

The averaged interproton distances found from the

calculations coincided well with those obtained from the

experimental NOEs (Table 6). At the same time, the SSCC
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Figure 32. Primary structure (a) and the 2D NOESY spectrum (b) of

O-antigenic polysaccharide of Acinetobacter baumannii O-7.89

Non-diagonal peaks appear in the spectrum due to the NOE between

the spatially close protons.
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values coincided worse (Table 7), although the tendencies

for changing the constant values were reproduced by the

calculations. This shows that it is useful to combine differ-

ent procedures (for instance, NOE and SSCC measurement)

in investigations of oligo- and polysaccharide conforma-

tions.

In conclusion, let us consider specific features of NOE

observation of compounds for which o0tc& 1. The molec-

ular weight of such compounds is usually 1000 ± 2000

(depending on the solution viscosity and the resonance

frequency of the NMR spectrometer used). For these

molecules, the observed NOE values are close to zero and

do not allow one to suggest conformations. This problem

was solved by the introduction of ROESY experiments 91

into NMR spectroscopy where the nuclear Overhauser

effect develops not in the powerful stationary magnetic

field of the spectrometer (B0), but in the magnetic field B1

created by the transmitter of the NMR spectrometer. In this

case, the NOE dynamics changes: gB155 gB0 and, corre-

spondingly, o155o0 . As a result, the condition o2
1t

2
c 55 1

is fulfilled for all real values tc and, therefore, all molecules

behave in such a way as if they were at the extreme

narrowing limit. The effects of the field B0 can be eliminated

by the development of NOE in the plane xy perpendicular

to the field direction B0 . The pulse sequence of the

1D ROESY experiment is shown in Fig. 33.

In the first stage of the 1D ROESY experiment, as in the

1D NOESY experiment, the magnetization of proton k is

inverted (the magnetization vector is directed along the axis

7z) by the action of the selective pulse SP180 . The sub-

sequent non-selective 908 pulse P90 transforms the magnet-

izations of all protons into the plane xy, where they are

retained along the axis y by the low-intensity field B1 of the

transmitter (spin-lock pulse) during the time tm . The

situation during the action of the spin-lock pulse resembles

that during the mixing time tm in the nonequilibrium 1D

NOESY experiment, except for powers of the magnetic

fields (B0 44 B1) in which the NOE develop.

The ROESY experiments (as well as NOESY) are

mainly carried out in the two-dimensional version. How-

ever, the measurement of the experimental NOE values in

the ROESY spectra is associated with additional difficulties

because of the appearance of correlations (TOCSY peaks)

between the spin ± spin coupled protons.92 This is due to the

fact that the spin-lock pulse 91 used in the ROESY experi-

ment for the NOE development is similar to the pulse for

the development of the Hartmann ±Hahn 93 effect in the

TOCSY experiment.

The conformational analysis of pseudo-trisaccharide 9,

which is a structural relative of (1?2),(1?6)-linked man-

notrioside, was carried out 94 on the basis of the ROESY

spectrum.

In the 1H NMR spectra of compound 9, which were

recorded with spectrometers equipped with weak and

medium magnetic fields, the signals of many protons over-

lapped and, hence, the instrument with a strong magnetic

field (800 MHz) was used to study this molecule. In this

case, in the 1H NMR spectrum the signals of some protons

still overlapped, but the number of such signals was much

less. The spatial structure of pseudo-trisaccharide 9 was

determined on the basis of the experimental NOE values.

To determine the latter, the 2D ROESY experiment was

used, because the condition o0tc& 1 was fulfilled for this

compound on a spectrometer with a resonance proton

frequency of 800 MHz, and the NOESY experiment was

poorly informative. The ROESY spectrum made it possible

to determine the preferential conformations of pseudo-

trisaccharide 9 and to compare them with the conforma-

tions of the corresponding (1?2),(1?6)-linked mannotrio-

side.

At the same time, it was shown 95 that the NOESY

experiment is preferable for the determination of the spatial

structures of hexa- (10) and heptasaccharides (11), which

are the fragments of the N-glycan of aD-hemocyanine of

snail Helix pomatia. The NOE values observed in the

NOESY spectra (500 MHz spectrometer, D2O, 282 K)

were negative (o2
0t

2
c > 1). The ROESY spectra also gave

information about the spatial structures of oligosaccharides

HO

OH

OH

O

OMeOOC

MeOOC

O

O

HO

HO

HO

OMe9

OH

Table 6. Interproton distances calculated theoretically and from the
experimental NOEs for 2,3-branched triglucoside 8.90

Protons Distances /�A

calculated from mole- calculated from experi-
cular dynamics data mental NOE values

H1B_H2B 2.42 2.42

H2B_H1A 2.28 2.25

H3B_H1C 2.29 2.26

H1B_H1A 3.01 3.16

Table 7. Calculated and experimental coupling constants 3JC,H for 2,3-
branched triglucoside 8.90

Interacting atoms 3JC,H /Hz

calculation experiment

H1A/C2B 3.9 3.8

H2B/C1A 3.7 4.5

H1C/C3B 3.6 3.9

H3B/C1C 6.0 4.9

P90

SP180

spin-lock

trel tm
t

Figure 33. Pulse sequence in a 1D ROESY experiment (see text).
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10 and 11; however, the data obtained were less accurate

because of many TOCSY peaks that were present in the

spectra and overlapped with the ROESY peaks. The con-

formational analysis of hexa- and heptasaccharides 10 and

11 based on the experimental NOE values and molecular

dynamics calculations made it possible to determine that the

disaccharide fragments a-D-Manp-(1?6)-b-D-Manp,

a-L-Fucp-(1?6)-b-D-GlcpNAc and a-D-Manp-(1?3)-b-D-
Manp were characterized by the presence of several con-

formational minima, whereas one preferential conformation

existed for the fragment b-D-Xylp-(1?2)-b-D-Manp-(1?4)-

b-D-GlcpNAc-(1?4)-b-D-GlcpNAc.95

V. Conclusion

Concluding the consideration of the methods for recording

SSCC and NOE by NMR spectroscopy and the application

of these spectral parameters to the conformational analysis

of oligo- and polysaccharides in solution, it can be noted

that experiments on determination of heteronuclear SSCC

JC,H are less sensitive than of the proton ± proton NOE.

This is mainly due to the low natural abundance of the 13C

carbon isotope (1.1%) in organic compounds and the lower

magnetization of the 13C nuclei compared to the 1H protons

(the interrelation of the gyromagnetic ratios of these nuclei

gH/gC is 3.971). Therefore, the exact determination of

experimental values of the coupling constants JC,H is often

a very difficult problem that sometimes cannot be solved

experimentally. At the same time, an advantage of experi-

ments on the determination of heteronuclear coupling con-

stants JC,H , especially in the two-dimensional version, over

the NOE experiments is their higher resolution. When the

SSCC JC,H are recorded by 2D NMR spectroscopy, one of

dimensions of the spectrum usually corresponds to the

chemical shifts of the 13C nuclei, which in oligo- and

polysaccharides vary in a much broader range

(0 ± 110 ppm) than the chemical shifts in 1H NMR spectra

(0 ± 6 ppm). The problem of spectra resolution becomes

especially topical in the case of higher oligosaccharides

and polysaccharides containing tens and even hundreds of

non-equivalent nuclei.

It should be emphasized that the SSCC and NOE values

reflect changes in the molecular geometry in different

manners. The vicinal SSCC are proportional to the squared

cosine of the corresponding dihedral angle (cos2y), whereas
the NOE values are inversely proportional to the sixth

power of the distance between the interacting atoms (r76).

Therefore, the structural conclusions obtained on the basis

of determination of SSCC and NOE can substantially

supplement each other when used in the conformational

analysis of carbohydrates. It should be taken into account

that the experimental NOE and SSCC values are averaged

over all accessible conformations of carbohydrates in sol-

ution. The same averaged values can be obtained by

theoretical conformational analysis based on the molecular

and quantum mechanics method. That is why the co-

operative analysis of the experimental results considered in

the present review and the theoretical studies makes it

possible to obtain the most comprehensive conclusions

about the spatial structures of oligo- and polysaccharides

in solution.
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