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Abstract

Four-dimensional nuclear magnetic resonance spectroscopy of oligosaccharides that correlates 1H–1H ROESY cross peaks to two
additional 13C frequency dimensions is reported. The 13C frequencies were introduced by derivatization of all free hydroxyl groups with
doubly 13C-labeled acetyl isotags. Pulse sequences were optimized for processing with the filter diagonalization method. The extensive
overlap typically observed in 2D ROESY 1H–1H planes was alleviated by resolution of ROESY cross peaks in the two added dimensions
associated with the carbon frequencies of the isotags. This enabled the interresidue 1H–1H ROESY cross peaks to be unambiguously
assigned hence spatially proximate sugar spin systems across glycosidic bonds could be effectively ascertained. An experiment that selec-
tively amplifies interresidue ROESY 1H–1H cross peaks is also reported. It moves the magnetization of an intraresidue proton normally
correlated to a sugar H-1 signal orthogonally along the z axis prior to a Tr-ROESY mixing sequence. This virtually eliminates the inco-
herent intraresidue ROESY transfer, suppresses coherent TOCSY transfer, and markedly enhances the intensity of interresidue ROESY
cross peaks.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Carbohydrates play crucial roles in a number of cellular
recognition events including ligand–receptor interactions
during development and various cell adherence and signal-
ing processes [1–4]. With glycoproteins, disruption of oligo-
saccharide biosynthetic pathways correlates with oncologic
events, highlighting the need to rapidly and confidently
determine the primary structures of the carbohydrate com-
ponents [5]. In the past, oligosaccharides have been primar-
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ily investigated by NMR in D2O solution [6–8]. For
structures derived from natural sources, any sensitive cor-
relation experiments are essentially restricted to 1H–1H
couplings. However, their 2D 1H–1H spectra are notorious-
ly difficult to assign because six out of seven of the sugar
ring protons are found in an overlapped spectral precinct
of less than 1 ppm in either dimension. While some of the
protons can be assigned by TOCSY correlations to H-1
protons that are found downfield, magnetization transfer
around the ring is often restricted at some point due to a
small J-coupling. Two-dimensional 1H–1H NOESY or
ROESY [8,9] experiments are usually difficult to fully
assign due to spectral overlap. Moreover, interresidue
1H–1H assignments, when possible to make, are not
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necessarily the strongest between two protons directly
across a glycosidic bond, hence glycosidic linkage positions
cannot be established with certainty from interresidue
NOESY or ROESY correlations.

We have previously demonstrated that by completely
derivatizing complex carbohydrates with doubly 13C-la-
beled acetyl groups (‘‘isotags’’) [10,11] five major advanta-
ges can be realized for the primary structure determination
of carbohydrates: (1) The spectral range of the sugar ring
proton signals is increased about 3-fold resulting in nearly
a 9-fold increase in spectral area for 1H–1H correlations
and far fewer strong couplings. (2) The 3-bond couplings
(2.5–4.7 Hz) between the acetyl carbonyl carbons and the
sugar ring protons at the site of acetylation easily establish
the acetylation positions through simple hetCOSY correla-
tions [10]. By inference, locations of glycosidic linkages on
individual sugars are readily assigned, as acetylation and
glycosidic linkage sites are mutually exclusive. This pro-
vides a simple alternative to a time-honored method for
sugar linkage site determination (‘‘permethylation analy-
sis,’’ [12]) previously performed to obtain the same
information, but requiring complete oligosaccharide degra-
dation. (3) The acetyl group nuclei can be correlated to
sugar ring protons to provide up to three additional
frequency dimensions. This markedly increases spectral
resolution of the sugar protons. By maintaining purely
absorptive in-phase magnetization transfer within each
sugar proton spin system, the axial/equatorial relationships
of the sugar ring protons can be determined around each
monosaccharide [13]. Furthermore, with pyranosides, acet-
ylation does not affect the sugar chair forms, so J-couplings
are similar to underivatized molecules [10]. (4) Each mono-
saccharide spin system usually correlates to more than one
set of acetyl group frequencies, which drastically reduces
the chance that overlaps will exist in indirect dimensions
for oligosaccharides having many spin systems. (5) Magne-
tization can be transferred into the sugar ring proton spin
system from different sites. This greatly ameliorates the
problem of having to correlate sugar ring protons to the
H-1 in TOCSY transfers because the sugar 1H–1H correla-
tions can be monitored starting from any of the acetylated
positions around the sugar ring. Tailoring the pulse
sequence to leverage the resolving power of the filter diag-
onalization method (FDM, [14,15]) enabled four-dimen-
sional spectra to be acquired rapidly with far fewer
points required in the indirect dimensions as compared to
conventional Fourier transform or mirror-image linear pre-
diction methods [13]. While the stereochemistry, anomeric
configuration and site of linkage substitution for each
monosaccharide can now be effectively determined using
the aforementioned through-bond experiments, the prob-
lem of which sugars are specifically linked to which remains.

Establishing interresidue 1H–1H correlations between all
sugar spin systems in oligosaccharides under isotropic con-
ditions is often surprisingly difficult. Typically, any coher-
ent correlations (4JH,H and sometimes 5JH,H) are weak
[16,17]. Many oligosaccharides are in the intermediate tum-
bling regime where incoherent correlations via longitudinal
cross-relaxation are either weak or vanish (where
x0sc ¼

ffiffiffiffiffiffiffiffi
5=2

p
). This was one original impetus for develop-

ment of CAMELSPIN (ROESY) by Bothner-By et al. [8].
Both ROESY and NOESY correlations have been reported
between sugars in unlabeled acetylated oligosaccharides
[18,19]; the ROESY experiment is of course more generally
applicable to oligosaccharides of varying molecular weight.
The presence of unwanted cross peaks due to coherent
intraresidue (TOCSY- and COSY-type) transfer during
ROESY experiments is well known [9,20]. Fortunately,
they can now be markedly suppressed with multiple-pulse
elements (Tr-ROESY or MP-ROESY [21,22]) applied dur-
ing mixing times to effectively remove these and zero-quan-
tum effects. These pulse trains have markedly improved the
fidelity of spectra, with assurance that cross peaks actually
represent incoherent magnetization transfer.

Another problem, often less appreciated, is illustrated in
Fig. 1, where data was taken from crystallographic, NMR,
and computer modeling studies [23–29]. Intraresidue
1H–1H distances are usually less than those across the gly-
cosidic bond. For example, for glycosides having either an
axial or equatorial proton at position 2, either in a- or b-
configuration, there is always a nearby intraresidue proton
at a distance of 2.6 Å or less from the sugar H-1. This is
either the H-2, or, for b-sugars, the H-3 and H-5 protons.
This is most pronounced for a b-pyranoside having an
equatorial H-2 such as a b-mannoside (Fig. 1), where three
protons are nearby. The time-averaged proton distances
between sugars across glycosidic linkages typically vary
from 2.3–3.5 Å, depending on the glycosidic torsion angles
/ and w. The maximum possible distance still maintaining
a covalent linkage is near 4.2 Å and when such distances
are approached NOE intensities are weak. Simply for the
purposes of assigning interresidue adjacencies, maximal
interresidue NOE buildup with highest sensitivity is sought,
as opposed to measuring initial NOE buildup rates to cal-
culate 1H–1H distances. As an NOE (or ROE) is dependent
on r�6, it is worth noting that in many cases the majority of
the magnetization from an H-1 proton (over 90%) can
transfer to intraresidue protons, often primarily to one of
them, rather than to a proton or protons of an adjacent res-
idue. A similar scenario results for the transfer of magneti-
zation between protons in the opposite direction across the
glycosidic bond, where simple calculations reveal that the
majority of the magnetization for most sugars transfers
to intraresidue protons. Here, we address this intraresidue
‘‘siphoning’’ of magnetization by significantly suppressing
ROE transfer to the nearest intraresidue proton, which
enables more magnetization to transfer to interresidue pro-
tons and hence markedly enhances interresidue ROESY
cross peak intensities.

Finally, ROESY correlations are restricted to one
1H–1H plane and the same issues of spectral overlap occur
in the acylated oligosaccharides as occur with the underiv-
atized molecules, albeit with somewhat less congestion due
to the increased proton dispersion. By bringing the advan-



Fig. 1. Distances between protons in typical carbohydrate structures. Intraresidue distances and distances across the glycosidic bond are indicated for
representative hexopyranosides having either an axial or equatorial hydroxyl group at C-2, for both anomeric configurations. All distances are shown as
double-headed arrows between protons and are in Å. Angles (/ and w) illustrating rotational degrees of freedom about glycosidic bonds are indicated.
Data are from a compilation of crystallographic, NMR, and computational modeling studies [23–29].
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tages of isotags to bear on the assignment of interresidue
1H–1H correlations observed in ROESY experiments, con-
nectivities between sugars can be resolved in additional
dimensions through their correlation to isotag nuclear fre-
quencies and the value of the FDM can be wielded to full
advantage. In this paper, we present a four-dimensional
experiment that enables the linkages between specific sug-
ars of complex carbohydrates to be established, in combi-
nation with previous through-bond experiments to
formally assign the positions of acetyl substitutions and
the stereochemistry of individual monosaccharides
[13,10]. The experiments enable the primary structure of
complex carbohydrates to be determined with far greater
confidence and efficacy.

2. Theory

The FDM [14,15] is a multi-dimensional data analysis
technique that allows high-resolution spectral estimates to
be constructed from temporally limited data sets. The the-
ory of the method as applied to 4 dimensions has been pre-
sented previously in detail [13]; only a cursory description
will be presented here. The major advantage of the method
arises from the fact that in a multi-dimensional data set
there is a relationship between each point in every dimen-
sion. Even though the data is acquired as a set of indepen-
dent FIDs, the data is not transformed serially one
orthogonal dimension at a time as in conventional meth-
ods. If one can mathematically describe the relationship
between every point in related sets of time-domain data
(the FIDs), then their relationship in the frequency domain
is also known. In the case of the FDM, the relationship
between each time-domain point is described by a multidi-
mensional time evolution operator, the form of which is
not necessarily known for each experiment, but which
can be constructed in an appropriate basis by the time-do-
main points themselves. The relationship between the
points in the frequency domain is represented through a
mathematical eigenstructure employing the eigenvalues
and eigenvectors of the operators. By obtaining the exact
solution for these parameters, a multidimensional spectrum
can be calculated directly from the complex multidimen-
sional sinusoidal elements, with arbitrary digital resolution.
In other words, the number of data points collected in any
given dimension has no direct bearing on the final digital
resolution of the spectrum in that dimension, as long as
the total size of the multidimensional data set (product of
the number of points in each dimension) is sufficiently large
to accurately describe the relationships between the time-
domain points.

In practice, the analysis of the time-domain data and the
construction of a high-resolution spectrum is affected by
several real-world limitations. This leads to a set of param-
eters that usually need to be adjusted in order to obtain a
suitable result. The first problem is the size of a multi-di-
mensional time-domain data set. Even with the collection
of just a few points in each indirectly detected dimension,
their product, coupled with the large number of data points
usually present in the directly acquired dimension, is quite
large. While the resolving power of the FDM hinges on this
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fact, it leads to a numerically intensive eigenvalue problem.
This cannot be solved directly in a reasonable period of
time. For this reason, the FDM can be broken into smaller
frequency ‘‘windows,’’ which can be calculated more rapid-
ly and added together to give the final spectrum. This gives
rise to the first adjustable parameter, Kwin, or the number
of basis functions included in each window. Practically
speaking, this parameter is usually on the order of a few
hundred basis functions to give decent spectral estimates
in a reasonable amount of computational time. The size
of the window can also be adjusted in each dimension indi-
vidually, which can offer advantages in certain situations
[30,31].

A second problem arises because the actual number of
frequency components that give rise to a time-domain data
set is unknown. This, coupled with the fact that noise in the
signal cannot be effectively described by an evolution oper-
ator (there is no correlation between the time-domain
points for noise), leads to uncertainty in the spectral repre-
sentation of the data. Usually, this uncertainty manifests
itself as sharp spurious artifacts distributed throughout
the spectrum, where the linewidth of the spikes is deter-
mined by the final digital resolution of the spectrum. These
can be markedly suppressed using a smoothing constraint
in the solution of the eigenvalue problem [15], which
requires the use of a regularization parameter, q, that must
be adjusted manually based on the presence of the sharp
artifacts in the resulting spectrum.

The presence of noise in the data may also have an effect
on the accuracy of the spectral parameters determined by
the method. In particular, the linewidths of the spectral fea-
Fig. 2. Pulse sequence(s) for transfer of magnetization through the labeled
interresidue transfer: the 4D carbon-correlated Tr-ROESY experiments. The s
black rectangles are hard 90� pulses, the shaded rectangles indicate application
black curves represent shaped 180� pulses. The series of shaped pulses on eithe
other 180� shaped pulses are BIP pulses [34]. The three shaped pulses on carb
remove native carbon magnetization. The first shaped 90� pulse on proton was
used are as follows: D1 = 3.8 ms, D2 = 1.9 ms, D3 = 1.5 ms, D4 = 29.2 ms, and
2 kHz at the carbonyl and ring proton frequencies (9440 and �50 Hz, respective
transfer of magnetization. After the DIPSI mixing sequence, the selective e-SNO
sugar ring H-2 frequencies near 4.8 ppm to selectively move them along the z-
400 ms. Zero-quantum artifacts were removed in two places (during g10 and g12

these BIP pulses was applied at 65 kHz for 30 ms, the second at 12 kHz for
acquisition. The decoupling was modulated to apply 1.375 kHz to the methy
represented as separate WALTZ-16 and WALTZ-8 sequences applied at eac
g1 = 2.3 G/cm, g2 = 2.3 G/cm, g3 = 2.3 G/cm, g4 = 11.5 G/cm, g5 = 2.3 G/c
g10 = 10.2 G/cm, g11 = �25.3 G/cm, and g12 = �1.9 G/cm. Durations of the
g7 = 200 ls; g10 and g12, 30 ms. Phase cycling was accomplished by alternating /
[44] incrementation of /1, /2, and /4. The number of points and spectral wid
tures may be affected by noise. If the natural linewidth of a
feature is small (or in the case of constant time data, zero)
then small perturbations may lead to an arbitrary change in
sign of its amplitude. For this reason, it is beneficial to
apply a reasonable linebroadening, C, to the feature before
the spectrum is constructed. This value is usually on the
order of the natural linewidth of the peak under ideal sam-
ple conditions.

The final issue that arises is the physical memory space
required for the multi-dimensional spectrum. As the spec-
trum can be constructed with arbitrary digital resolution,
the product of the number of spectral points may end up
being quite large. Since the spectrum is not constructed
one dimension at a time, rather all at once, this entire fre-
quency space must be held in memory until the calculation
is complete. For this reason, the digital resolution that can
be obtained in practice is in fact limited by the amount of
memory available to the program. However, as higher-di-
mensional spectra have major regions that do not contain
signals, it may be beneficial to construct high-resolution
spectral estimates for small regions of focal interest, one
at a time, rather than the entire spectrum.

3. Experimental

A pulse sequence (Fig. 2) was developed to transfer
magnetization stepwise, starting from acetyl methyl pro-
tons, detecting indirectly on both 13C nuclei of the isotags,
then over to the protons of the sugar rings via a heteronu-
clear Hartmann–Hahn (HEHAHA) mixing period. It is
well-known that the magnetization unavoidably transfers
nuclei of acetyl isotags to sugar ring protons followed by incoherent
equence was constant-time in indirect carbon dimensions (t1 and t2). The
of gradients. The small gray shaded curves represent shaped 90� pulses. All
r side of t1 and t2 were hyperbolic secant ABSTRUSE [35] pulse trains. All
on at the beginning of the pulse sequence are hyperbolic secant pulses to
an e-BURP [40] pulse, applied at the methyl proton frequency. The delays
D5 = 20.8 ms. The DIPSI-3 [41,32,33,42] mixing sequence was applied at

ly) for 290 ms. These values were optimized empirically to affect the largest
B pulse (bracketed) [43] was applied conditionally at 100 Hz for 14.2 ms to
axis, prior the Tr-ROESY [22] pulse train. This was applied at 5 kHz for
) using a simultaneous 180� BIP pulse and gradient z-filter [36]. The first of

20 ms. WALTZ decoupling was applied on the carbon channel during
l frequency and 0.687 kHz to the carbonyl. On the diagram it has been
h frequency. Gradients used in this sequence have the following values:
m, g6 = �16.1 G/cm, g7 = 3.9 G/cm, g8 = �18.4 G/cm, g9 = 20.7 G/cm,

gradients were: g1–g3 = 500 ls; g4, g6, g8, g9, and g11 = 400 ls; g5 and

3 = (x,y) and rec = (x,�x). Complex data was acquired using States-TPPI
ths in each dimension are described in Section 3.
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through the sugar proton spin system during a standard
HEHAHA mixing period via homonuclear Hartmann–
Hahn (HOHAHA) transfer [32,33]. The final step involves
a Tr-ROESY transfer [21,22] to correlate sugar ring pro-
tons through-space to protons of adjacent sugar spin sys-
tems. Transfer steps are illustrated schematically in
Fig. 3. The pulse sequence is a direct extension of the 4D
constant-time pulse sequence presented previously [13],
employing the additional multiple-pulse transverse rotating
frame cross-relaxation mixing period. Overall magnetiza-
tion transfer was optimized through the use of broadband
inversion (BIP [34]) and ABSTRUSE [35] pulses. Purely
absorptive in-phase magnetization was selected using an
effective zero-quantum dephasing procedure [36]. The car-
bohydrate used was Nigeran tetrasaccharide (Sigma
N7263, a-D-Glc-[1 fi 3]-a-D-Glc-[1 fi 4]-a-D-Glc-[1 fi 3]-
a-D-Glc). The compound was reduced with sodium boro-
hydride to the alditol form before being acetylated with
doubly 13C-labeled acetic anhydride according to [10].
Data were collected on a Varian Inova 500 spectrometer
equipped with a triple resonance gradient probe. The sam-
ple concentration was approximately 8 mM in CDCl3 sat-
urated with D2O, allowing the ROESY data to be
collected in 64 transients. Only two of the three acetyl
group nuclei were indirectly observed in these experiments,
the methyl carbon and carbonyl carbon, based on the spec-
tral dispersion afforded by these nuclei. Three different sets
of 4D experiments could be run leaving any one of the ace-
tyl group nuclei out of the detection, but in the case of this
molecule, two were sufficient to resolve the system. In the
methyl carbon dimension, six points were collected with a
spectral width of 150 Hz, 10 points were collected in the
carbonyl carbon dimension with a spectral width of
200 Hz and 64 points in the indirect sugar ring proton
dimension, with a spectral width of 1000 Hz. The experi-
ment was constant-time in each of the carbon dimensions.
In the direct dimension, a spectral width of 1000 Hz was
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Fig. 3. The structure of the peracetylated nigeran tetrasaccharide-alditol, havin
large bold letters, and the numbering of carbons is shown for each sugar. Stepw
as arrows, with each transfer indicated with a small letter: (A) INEPT transfer
concurrently proceeds (in step D) through homonuclear Hartmann–Hahn tra
relaxation correlations across glycosidic bonds are shown as dotted lines.
used and 1024 data points were recorded. The data collec-
tion took 60 h. This time period was mainly required to
obtain enough transients for moderate sensitivity of
ROESY crosspeaks, not to improve resolution per se; other
signals along the 1H–1H diagonal were easily observed.
Data were processed using FDM software written in-house
to apply the FDM algorithm to 4D data sets [13]. The spec-
tral data was converted to NMRPipe [37] file format for
visualization and further manipulation. All calculations
were performed on an Apple PowerMac G5 with dual
2.5 GHz CPUs and 2 Mb RAM. The FDM calculation,
using a single basis function per window[38] in the direct
dimension (Kwin = 60) took 3 h with this configuration.
The remaining parameters for the FDM calculation were
optimized at: q2 = 1 · 10�4 and C = 1 Hz. The final 4D
spectrum was digitized with 32 points in each of the carbon
dimensions and 1024 and 64 points in each of the direct
and indirect proton dimensions, respectively.

4. Results and discussion

4.1. Correlation of sugar ring 1H–1H Tr-ROESY cross
peaks to acetyl 13C frequencies in a single four-dimensional

experiment processed with the filter diagonalization method

The 4D experiment outlined in Fig. 2 correlates two
sugar ring 1H–1H dimensions through a basic Tr-ROESY
mixing period with two of three possible dimensions
defined by the frequencies of the acetyl isotags. When the
experiment is performed using the 13CO and 13CMe fre-
quencies of the acetyl groups in indirect dimensions, it is
preferable to initially analyze the data by viewing 2D pro-
jections of the 4D spectrum. For example, first a sugar spin
system of interest can be selected from the 13CO-direct pro-
ton projection (Fig. 4A). The purely absorptive in-phase
nature of the multiplets enables the stereochemistry of
the spin systems to be determined, as previously reported
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using a similar pulse sequence without the final Tr-ROESY
step [13]. Once a spin system is identified (as in the boxed
area in Fig. 4A), the 13CO frequency can be read from
the projected axis. Then the 13CO–13CMe projection
(Fig. 4B) can be used to obtain the corresponding acetyl
methyl carbon frequency. A 2D 1H–1H slice from the 4D
 

A

B

C

spectrum that corresponded to these two carbon frequen-
cies (Fig. 4C) was then selected and viewed. This allowed
an independent 2D 1H–1H Tr-ROESY spectrum to be gen-
erated for each spin system, correlated to a pair of acetyl
group 13C frequencies ‘‘tagged’’ to that spin system. These
2D slices contain the ring proton signals for the representa-
tive spin systems as positive multiplets along the diagonal,
with negative signals off the diagonal corresponding to Tr-
ROESY correlations between protons through space. The
greatest proton signal intensity was found along the diago-
nal of these 2D 1H–1H planes, as incoherent correlations
were less sensitive. Contour levels are drawn at a relatively
high threshold in Fig. 4C to illustrate the multiplet struc-
tures along the diagonal and to permit their comparison
to the same spin system enclosed in the box in Fig. 4A.

The off-diagonal negative ROESY peaks are observed
upon lowering the contour threshold (Fig. 5A) which
obscures the diagonal peak multiplet structure. The same
2D plane is shown in Fig. 5A as was shown in Fig. 4C,
at a much lower threshold in Fig. 5A. The Tr-ROESY sig-
nals fall into a few well defined regions because acetylation
shifts all those sugar ring protons at acetylated positions
downfield. Protons at positions not substituted with acetyl
groups, with the exception of a-H1 signals, are upfield.
Intraresidue ROESY cross peaks occurring between the
H1 proton and protons at acetylated positions of the same
sugar are downfield in both the direct and indirect proton
dimensions. These signals can be easily discerned from
the interglycosidic bond ROESY cross peaks, which occur
between a downfield H1 and an upfield proton at the link-
age position across the glycosidic bond. In addition,
because the spin system has been isolated in multiple
dimensions, no diagonal signal of an adjacent spin system
is associated with the interglycosidic 1H–1H ROESY corre-
lation. This makes identification of two sugars involved in
a glycosidic linkage straightforward. The intensities of the
interresidue ROESY cross peaks can vary markedly. In
Fig. 5B, the cross peak between residue D H-3 and residue
C H-1 is shown. It was far greater in intensity than was
observed for the ROESY crosspeak between sugar residue
Fig. 4. Two-dimensional plots from the 4D experiment performed on the
peracetylated nigeran tetrasaccharide-alditol having doubly 13C-labeled
acetyl groups. (A) The projection of the entire 4D data set onto the acetyl
13CO-sugar ring 1H plane. One spin system (residue B, Fig. 3) and part of
another is shown within the boxed area. (B) The projection of the 4D data
set onto the 13CO–13CMe plane. The region enclosed within both
rectangular boxed areas corresponds to the frequencies of acetyl group
carbons that correlate to the main proton spin system enclosed in the box
in (A), and to the 1H–1H plane selected in (C). Cross peaks look
‘‘squarish’’ in some cases because they reflect the digital resolution
afforded by the 4D experiment without additional manipulation or
smoothing of data. (C) The 1H–1H plane that correlated to the acetyl
group frequencies of 75 and 6 Hz along the 13CO and 13CMe axes,
respectively [bounded by both boxed regions in (B)]. The contour levels of
this 2D slice were selected to show the couplings of signals along the
diagonal. This illustrates the same spin system in two dimensions as is
shown in the boxed region of (A).

b



Fig. 5. Two-dimensional sugar ring 1H–1H Tr-ROESY planes representing individual sugar spin systems selected from the 4D experiment performed on
the peracetylated nigeran tetrasaccharide-alditol having doubly 13C-labeled acetyl groups. (A) The isolated 1H–1H plane that corresponds to acetyl group
frequencies of 75 and 6 Hz along the CO and CMe axes, respectively (as in Fig. 4C), shown at lower contour levels. The dashed line indicates an interresidue
ROESY cross peak from sugar B H-3 to sugar A H-1 (Fig. 3). The 1D trace at this frequency is shown above the 2D plane, to indicate the relative
intensities of the magnetization along the diagonal and the ROESY cross peak (the offset 1D region shows the diagonal at 1/500 intensity). (B) The
isolated sugar ring 1H–1H plane that corresponds to acetyl group frequencies of 50 and 19 Hz along the CO and CMe axes, respectively (see Fig. 4B). The
dashed line indicates an interglycosidic Tr-ROESY cross peak from the sugar-alditol D H-3 to sugar C H-1 (Fig. 3). A 1D trace at this frequency is shown
above the 2D plane (the offset 1D region shows the diagonal at 1/4 intensity). The ability to isolate individual sugar spin system 1H–1H planes from the 4D
experiment enables interglycosidic 1H–1H ROESY correlations to be easily assigned.
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B H-3 and A H-1 (compare traces and diagonal intensities
of the 1D offsets in Figs. 5A and B).

Sensitivity of the Tr-ROESY signals is greatest from
the linkage position proton (upfield) to the H1 proton
of the previous ring as this signal is only split by the
H1–H2 coupling. For this reason, it is beneficial to start
assignment of the linkages at the reducing end of the oli-
gosaccharide. This spin system is readily identifiable due
to the lack of an H1 signal (as it has been reduced prior
to acetylation). In the case of this tetrasaccharide, the 2D
1H–1H slice corresponding to methyl carbon and carbon-
yl carbon frequencies of 19 and 50 Hz, respectively, (that
of the sugar-alditol D, Fig. 5B), showed an interresidue
Tr-ROESY cross peak to an H1 signal at 5.08 ppm (that
of sugar residue C). Selecting the spin system associated
with this H1 frequency yielded a second 2D 1H–1H slice
corresponding to methyl carbon and carbonyl carbon
frequencies of 25 and �32 Hz respectively, having an
interresidue Tr-ROESY cross peak to an H-1 at
5.4 ppm (that of sugar residue B). This then allowed
the selection of a third 2D 1H–1H plane (Fig. 5A), with
a methyl carbon frequency of 6 Hz and a carbonyl car-
bon frequency of 75 Hz, showing an interresidue Tr-
ROESY cross peak to an H-1 at 5.23 ppm, the fourth
and final ring of the tetrasaccharide. The final spin sys-
tem (the non-reducing sugar, residue A, Fig. 3) showed
no ROESY signals to other sugar H1 protons as expect-
ed. Using this straightforward approach, the linkages
between each of the individual spin systems in the carbo-
hydrate were unambiguously determined. By moving the
planes of individual 1H–1H spin systems into additional
dimensions defined by two of their isotag 13C frequen-
cies, interresidue ROESY assignments become simple. It
is worth noting that without FDM processing the high
resolution afforded in the indirect dimensions would
not have been possible within a time period available
between nitrogen fills.

4.2. Increasing the sensitivity of interglycosidic 1H–1HTr-

ROESY crosspeaks in the 4D experiment by suppressing
key intraresidue transverse cross-relaxation pathways

An issue of unabated concern in making ROESY and
NOESY correlations between protons across glycosidic
linkages in carbohydrates is that the majority of the magne-
tization cross-relaxes preferentially from these to intraresi-
due protons. This often leads to low-intensity cross peaks
both from the proton defined as the source and due to spin
diffusion from the proton defined as the target. It would be
beneficial in some cases, particularly where interresidue
cross peaks are weak, to suppress the internal ROESY
transfers to nearby correlated protons, forcing the ROESY
to pursue a cross-linkage pathway. In the case of this tetra-
saccharide, the strongest ROESY effects actually occur
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between an a-glucoside H-1 and its own H-2 and between
H-6a and H-6b.

The Tr-ROESY mixing sequence [21,22] was designed to
virtually completely suppress TOCSY- and COSY-type
effects during transverse cross-relaxation. The H-1 to H-2
Tr-ROESY transfer can also be eliminated quite readily
as the signals for all of the H2 protons overlap near
4.8 ppm. By applying a selective 90� pulse at these frequen-
cies before the Tr-ROESY mixing sequence (Fig. 2), the H2
protons are moved orthogonal to the cross-relaxation
plane for the entire mixing pulse and do not undergo Tr-
ROESY transfer. Based on the invariant trajectory
approach [39], the cross-relaxation rates between a spin
having an invariant trajectory and one orthogonal to it
(i.e., originating and ending along one axis in the rotating
frame versus the z-axis) approach zero during a multiple
5.6 5.4 5.2 5.0 4.8 4.6
1H

Ring

A

B

Fig. 6. Increasing the intensity of interresidue ROESY crosspeaks by eliminatin
Tr-ROESY step. A comparison is shown between data extracted from two re
alditol having doubly 13C-labeled acetyl groups. Trace A: The standard 4D ex
extracted from a 2D 1H–1H ROESY plane that shows a negative interglycosidi
H-3 signal of sugar residue B, Fig. 3) and the H-1 signal of residue A. This tra
offset at 1/500 intensity. Trace B: The 4D experiment where the H-2 magnetizat
SNOB pulse just prior to the application of the Tr-ROESY step. The 1D
orthogonally with respect to the other protons for the period of the Tr-ROE
ROESY crosspeak (about 10-fold) as compared to the intensity of the diagona
nearby H-2 protons, both from residue B H-3 to H-2 and from residue A H-1
set of Tr-ROESY mixing cycles, within the frequency offset
range used here.

The resultant enhancement in interresidue ROESY cros-
speak intensity is shown in Fig. 6. Four-dimensional exper-
iments were performed with (Fig. 6B) and without
(Fig. 6A) a selective 90� pulse applied to the H-2 signals
of the sugars at 4.8 ppm immediately prior to the Tr-
ROESY mixing period. Although it is difficult to precisely
quantitate the increase in magnetization transfer using the
FDM, comparisons of the sugar B H-3/sugar A H-1
ROESY cross peak intensity to the sugar B H-3 diagonal
intensity (Figs. 6A and B) indicate over a 10-fold improve-
ment in sensitivity as compared to the experiment where
the selective 90� pulse was not applied. This also resulted
in excellent suppression of the H1–H2 intraresidue ROESY
cross peaks (not shown), and increased the intensity of the
4.4 4.2 4.0 3.8

 (ppm)

x 1/30

x 1/500

g intraresidue magnetization transfer within sugar spin systems during the
lated 4D spectra, performed on the peracetylated nigeran tetrasaccharide-
periment with no selective pulse on the sugar H-2 signals. The trace was

c ROESY cross peak between a signal on the diagonal (the positive upfield
ce is the same as shown in Fig. 5A: the diagonal signal is shown in the 1D
ion of all three cyclic sugars was selectively moved orthogonally using an e-
offset is shown at 1/30 intensity. Moving the sugar H-2 magnetization
SY mixing sequence markedly increased the intensity of the interresidue

l signal. This selectively blocked the rapid ‘‘siphoning’’ of magnetization to
to H-2 during the Tr-ROESY mixing time.
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H1 to linkage proton ROESY cross peaks present upfield
in the direct dimension and downfield in the indirect
dimension, below the diagonal.

For this particular oligosaccharide, the a-glucoside H-2
positions were all acetylated and their signals coincidental-
ly resonated downfield at a similar and unique frequency.
However, it does not matter whatsoever if these H-2 signals
happen to overlap with any other downfield signals of pro-
tons at acetylated positions: they can never be involved in a
glycosidic linkage so eliminating any of these intraresidue
ROESY pathways using a selective 90� pulse can only be
beneficial. In brief, whenever an H-2 signal has a different
chemical shift than the H-1 of the same spin system (i.e.,
they are not strongly coupled) this experiment can be used
to intensify its interglycosidic cross peaks. This simply
involves setting the offset of the selective 90� pulse prior
to the Tr-ROESY, which will be unique to a given spin sys-
tem within different oligosaccharides. The same argument
applies to the elimination of any major intraresidue
ROESY pathway occurring between any proton at a glyco-
sidic linkage position and any proton at acetylated posi-
tions, which by nature resonate downfield. The concept
of blocking certain pathways of cross-relaxation to intensi-
fy others should also be useful in applications to other mol-
ecules for measuring accurate ROESY buildup rates
between distant protons experiencing major spin diffusion
effects to nearby protons. This will be a topic of future
studies using more appropriate spin system models.

4.3. Conclusions

This 4D Tr-ROESY experiment enables linkages
between individual sugar subunits of a complex carbohy-
drate to be assigned much more effectively by spreading
2D 1H–1H ROESY planes of individual spin systems into
more dimensions associated with the acetyl isotags. The
FDM allows the 4D data to be acquired with fewer incre-
ments in indirect dimensions. Because the spin systems are
isolated in multi-dimensional frequency space, the analysis
of the data following FDM processing is straightforward.
While in principle this experiment could be easily extend-
ed to 5D merely by observing on all of the acetyl group
nuclei, the low inherent sensitivity of ROESY transfer
across some glycosidic linkages results in an experimental
time that is probably too great for this to be routinely fea-
sible. It is worth noting that although an 8 mM solution
was used for these 4D experiments, ROESY signals were
readily detected over noise hence sample concentrations
and times could be significantly decreased. Also, the
probe we used had approximately a 750/1 signal/noise
ratio with 0.1% ethyl benzene, whereas current cryoprobes
are quoted above 4000/1. Acetylated oligosaccharides are
very soluble in CDCl3, so certainly lower-volume probes
with mass-limited samples at higher concentrations would
also be advantageous for improving sensitivity. Moreover,
the particular structure used herein, where x0sc was close
to

ffiffiffiffiffiffiffiffi
5=2

p
, is a worst-case scenario, absolutely requiring the
ROESY transfer; for larger structures this can be replaced
with a NOESY transfer step where mixing times can be
lowered for higher sensitivity, as previously noted empir-
ically with oligosaccharides [45]. In cases where interresi-
due ROE sensitivity is low at certain glycosidic linkage
positions, selective elimination of key intraresidue trans-
fers can markedly increase these crosspeak intensities.
Such experiments have to be set up with a different offset
of the final selective 90� pulse for those linkages having
weak interglycosidic 1H–1H correlations for different oli-
gosaccharides. They would be best initially performed as
three dimensional variants to determine the frequencies
of the weakly interacting interglycosidic proton pairs,
then run in four dimensions if assignments prove difficult.
Purely for the purposes of assigning interresidue ROESY
proton pairs, in its 4D form, there are still three different
experiments that can be performed, omitting observation
on any one of the acetyl group nuclei. This experiment,
coupled with the use of isotags and other assignment tech-
niques described earlier [13,10] enables the stereochemist-
ries, sites of linkage substitutions, and specific sugars
involved in glycosidic linkages of complex carbohydrates
to be determined far more effectively. Once set up, the
FDM is of great practical value in generating high-resolu-
tion spectra in the indirect dimensions that would other-
wise be impossible to accomplish in any reasonable
period of time.
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