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Abstract—It is demonstrated that the H2BC NMR pulse sequence (J. Am. Chem. Soc. 2005, 127, 6154, Magn. Reson. Chem. 2005,
43, 971-974) offers unambiguous assignments and significant simplification of NMR spectra of large and complex carbohydrates
compared to other techniques for the establishment of correlations over more than one bond. H2BC almost exclusively correlates
protons and proton-bearing carbon spins separated by two covalent bonds and is independent of occasionally vanishing >Jcy; cou-
pling constants, which alleviates the problem of missing two-bond correlations in HMBC spectra. H2BC also solves the problem of
distinguishing two- and three-bond correlations in HSQC-TOCSY or HMBC. It is a further asset of H2BC that the experiment is
significantly shorter than HMBC and HSQC-TOCSY, and hence less sensitive to transverse relaxation. The H2BC experiment is

demonstrated on an approximately 30-residue oligosaccharide from Francisella victoria.

© 2005 Elsevier Ltd. All rights reserved.
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Structure assignment of complex carbohydrates, oligo-
or polysaccharides is a prerequisite for understanding
their biological function and biosynthesis. One of the
most powerful methods for this purpose has proven
to be nuclear magnetic resonance (NMR) in combina-
tion with, for example, mass spectrometry or chemical
analysis methods.

NMR structure determination of large carbohydrates
at natural '*C isotopic abundance is primarily faced
with two problems: low sensitivity and spectral overlap
caused by inherently low chemical shift dispersion of
the sugar residues and low diversity even at high field.
In contrast to NMR of proteins and other biomolecules,
where '*C and "N enrichment is used routinely, isotopic
enrichment is currently not widespread for large carbo-
hydrates and hence NMR work on carbohydrates is
normally performed on natural abundance samples.
Two-dimensional NMR techniques, and especially such
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involving '*C together with 'H and thereby combining
the chemical shift dispersions of the two nuclei, are
indispensable for the assignment of large and complex
oligo- or polysaccharides. Occasionally, also three-
dimensional NMR techniques are used.

This paper demonstrates, through application to a
challenging complex oligosaccharide consisting of about
30 residues, that the recently published pulse sequence
H2BC'? (heteronuclear 2-bond correlation) is very use-
ful for the assignment of carbohydrates. The key advan-
tage of H2BC is that it pinpoints the two-bond
correlations, in contrast to alternative pulse sequences
for establishing multiple-bond correlations, HMBC?
and HSQC-TOCSY, which usually yield no indication
of the number of bonds between the correlated '"H and
13C nuclei. Needless to say, the simplicity of H2BC spec-
tra is another asset in work with large carbohydrates.
Thus H2BC is expected to find its place in the standard
protocol of carbohydrate NMR experiments.*

As described in detail elsewhere,! the H2BC experi-
ment initially excites proton magnetization and then,
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in a delay 7T of typically 15-25 ms, establishes an anti-
phase character with respect to another coupled proton
via *Jyy. The constant-time delay 7 is also used for tem-
porary excitation of '*C coherence via 'Jcyy so that °C
chemical shifts evolve in the indirect dimension of the
2D experiment. Next, the proton magnetization anti-
phase with respect to *Jyy is transferred for detection
by a n/2(H) pulse to the coupled proton three bonds
away from the original proton and two-bonds away
from the '*C monitored in the F; dimension.

The largest carbohydrate structures determined by
NMR so far are, to the best of our knowledge, com-
posed of 23 and 25 monosaccharide residues.”® The full
structure of the oligosaccharide used for demonstration
in this paper will be published separately. Briefly, the
purification of lipopolysaccharide from the bacteria
Francisella victoria afforded a large complex oligosac-

charide of about 30 residues as the main component
along with a couple of minor components of similar size.

Figure 1 shows the spectral region of the "H anomeric
signals of this glycan, and the correlations to C1 and C2.
In grey are shown the one-bond C1-H1 anomeric corre-
lations and C5-HS5 fucose correlations obtained by a
gradient-enhanced HSQC experiment. Overlaid in black
is the plot of the two-bond correlations involving the
anomeric protons obtained by an H2BC experiment.
For the main component, this is the complete set of
C2-H1 correlations and nothing else.

The alternative to H2BC for obtaining the C2-HI
correlations would be HSQC-TOCSY, but such a spec-
trum would also contain correlations between the ano-
meric protons and further intra-ring 13C, that is, it
would not be possible to unequivocally assign the C2
carbons from such a spectrum. In HMBC spectra, as
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Figure 1. 'H anomeric region of overlaid HSQC (grey) and H2BC (black) 800 MHz NMR spectra of the about 30-residue oligosaccharide from

Francisella victoria.
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an alternative for establishing C2-H1 correlations, some
of the correlations might be missing due to vanishing
2J(C2-H1) coupling constants.”® Both H2BC and
HSQC-TOCSY are independent of these J coupling
constants as they rely on >J(H1-H2) for establishing
C2-H1 correlations. An example of such an HMBC-un-
friendly and H2BC-friendly situation is in sugar residues
with an anti-periplanar arrangement of H1 and H2 like
B-glucopyranosides or [-galactopyranosides, which
have large *J(HI1-H2) couplings and small 2J(H1-C2).
The opposite occurs in, for example, B-mannopyran-
osides with a small *J(HI-H2) and a relatively large
2J(H1-C2),** that is, a stronger C1-H2 two-bond corre-
lation can be expected in HMBC than in H2BC. Other
examples include 3-deoxy-p-manno-octulosonic acid
(Kdo) residues as illustrated below.

Another example of the usefulness of H2BC as shown
in Figure 2 involves not starting the assignment from
the anomeric end but from the opposite end of the spin
system. Similar to Figure 1, the alternatives of HSQC—
TOCSY and HMBC would not uniquely identify HS
for glucose units or H7 for Kdo units, as their spectra
possibly would also contain correlations between H4
and C6 or H6 and C8, respectively. The H2BC spectrum
was recorded with the edited version of H2BC? with
BCH+'*CH; signals in one subspectrum (plotted in
red) and '*CH, signals in another (plotted in fade
red). These H2BC spectra are overlaid with edited
HSQC spectra showing CH, (plotted in green) and
CH-+CHj; (plotted in fade green) one-bond correlations.
The editing pulse sequences are useful for solving over-

lap involving hydroxymethyl groups of several mono-
saccharide residues, especially when glycosylation of
these gives rise to a '*C downfield shift to about 66—
72 ppm into the bulk region of CH signals as is evident
in the lower part of Figure 2. Also illustrated in Figure 2
is another key aspect of H2BC, namely effective suppres-
sion of one-bond correlations by a third-order low-pass
J filter.'® Without this filter, the leftmost C8,H?7 peak
could easily have been obscured by a dominating
C8,H8a one-bond correlation peak.

As has been demonstrated above, the pinpointing of
two-bond correlations in H2BC is a valuable help in
spectral assignments but concomitantly there is also
the fact of spectral simplification in H2BC, as these
spectra ideally contain only two-bond correlations, that
is, there are fewer peaks than in HSQC-TOCSY or
HMBC spectra. This is illustrated in Figure 3a with
the bulk region of the H2BC spectrum. The number of
possible two-bond correlations is about double the num-
ber of one-bond correlations and less than the number
of peaks in HMBC or HSQC-TOCSY spectra. In fact,
the bulk spectral region of this carbohydrate is suffi-
ciently well resolved to allow numerous assignments in
combination with a one-bond correlation spectrum.
For comparison, the same region from the HMBC spec-
trum is shown in Figure 3b. The H2BC and HMBC
spectra are quite complementary as can be seen in the
expanded frame in Figure 3c with the two spectra over-
laid, and hence the combination of the two is most help-
ful for assigning this crowded spectral region of
carbohydrate spectra. The interplay of the two is essen-
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Figure 2. Excerpt from an edited HSQC (green colour representing CH, groups and fade green representing CH+CHj3 groups) spectrum showing
one-bond correlations from H6a/H6b to C6 (or from H8a/H8b to C8) overlaid with an edited H2BC (red representing CH+CHj groups and fade red
representing CH, groups) spectrum giving the correlation to H5 or H7 for five of the sugar residues.
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Figure 3. The crowded bulk region of (a) H2BC, (b) HMBC NMR spectra of the studied large oligosaccharide and (c) expansion of the framed

region in (a) and (b).

tial when *Jy vanishes and at least one of the corre-
sponding 2Jcy does not. The expansion in Figure 3c
shows all H2BC peaks to be expected for C2 in the fuco-
pyranose and C4 in the two mannopyranose units while
the mannopyranose C4-H5 two-bond correlations are
missing in the HMBC spectrum due to vanishing
2J(C4-H5) coupling constants. For the Kdo units, the
C4-HS5 and C5-H6 correlations are missing or very
weak in the H2BC spectrum due to vanishing *J(H4—
HS5) and *J(H5-H6) coupling constants, respectively,
whilst the C4 correlation to the deoxy H3 protons are
present but outside of the spectral region of Figure 3c.

Note that H2BC peaks for molecules of this size often
do not exhibit multiplet structure because the phase-sen-
sitive spectra are phased to pure dispersion in the F,
dimension,? which concentrates the intensity in the cen-
tre of the peaks.

Sugar units with a configuration corresponding to the
configuration of C3, C4 and CS in galactopyranose rep-
resent an unusual case of long-range correlations. In this
category, the oligosaccharide studied contains several
fucose residues and a few Kdo residues where C5 corre-
sponds to C4 in galactopyranose. The following was
observed in these Kdo residues. No C5-H6 two-bond
correlations were present in the H2BC spectrum due to
vanishing *J(H5-H6) coupling constants, but all these

correlations were observed in the HMBC spectrum
where the coherence transfer pathway relies on 2J(C5—
Ho6). No C5-H7 three-bond correlations were observed
in the HMBC spectrum probably due to vanishing
3J(C5-H7) coupling constants in the Kdo configuration.
C5-H4 two-bond correlations were observed in both
spectra with the stronger ones in the HMBC spectrum
where all of them were present. In the HMBC spectrum,
only few C5-H3 three-bond correlations were observed.
Finally, the spectral features around C4 in the fucose resi-
dues were similar to the observations around C5 in Kdo.

Figure 4 shows an excerpt from the overlaid HSQC
(plotted in green) and H2BC (plotted in red) spectra
showing how the entire intra-ring assignment of a 3-
substituted B-QuiN (2-amino-2,6-dideoxyglucose) sugar
unit from C1,H1 to C6,H6 can be traced out. This kind
of assignment walks hinge on the two-bond correlation
exclusivity of H2BC that is the key feature of the tech-
nique. Similar unequivocal assignments can be obtained
by the INADEQUATE experiment that currently is not
feasible with the amount of material available in this
study.

H2BC supplements the experiments in the standard
protocol of carbohydrate NMR experiments rather than
replacing any of them. H2BC can be considered equiva-
lent to HSQC-TOCSY with a cut-off after the first
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Figure 4. Example of the assignment of the complete spin system for a 3-substituted B-QuiN residue based on the overlaid HSQC (green) and H2BC
(red) spectra starting from the anomeric proton/carbon 4.478 ppm/101.6 ppm correlation in the HSQC spectrum via H2BC to H2/C2 2.908 ppm/

57.7 ppm and all the way to H6/C6 1.288 ppm/17.4 ppm.

'"H-'"H TOCSY transfer, that is, no further transfer than
two-bonds away from the pertinent carbon, but all
H2BC correlations can usually also be found in
HSQC-TOCSY spectra. The complementarity between
HMBC and H2BC spectra is based on the fact that
the strongest correlations in HMBC spectra often are
over three bonds while some two-bond correlations are
absent. Furthermore, HMBC 1is usually superior to

H2BC and HSQC-TOCSY in bridging across the glyco-
sidic bond in carbohydrates.

The following is a practical procedure for the interpre-
tation of heteronuclear correlation spectra over more
than one bond. A priori, the assumption is that all peaks
in H2BC spectra represent two-bond correlations. Error
signals in H2BC spectra, that is, correlations over more
than two bonds only occur to the extent that four-bond



B. O. Petersen et al. | Carbohydrate Research 341 (2006) 550-556 555

or higher Jyy coupling constants'' do not vanish.

Hence it must be kept in mind that there is a chance that
the weakest peaks in H2BC spectra can represent three-
bond or higher correlations, although that is unlikely in
applications to large carbohydrates. All correlations in
H2BC spectra will normally also occur in HSQC-
TOCSY spectra, which then tentatively allows all peaks
present in the HSQC-TOCSY spectrum and absent in
the H2BC spectrum to be interpreted as correlations
over more than two bonds. A similar rule applies to
the HMBC spectrum compared to the H2BC spectrum,
although it must be kept in mind that a two-bond
correlation can be stronger in the HMBC spectrum
(relying on *Jcy) than in the H2BC spectrum (relying
on 3JHH) when 2Jcy is larger than 3 Jam. In the extreme
case of a vanishing 3Jun, a two-bond correlation can
be absent in the H2BC spectrum and only be obser-
ved in the HMBC spectrum as discussed for C4-HS5
correlations in the galactopyranose configuration
above.

In conclusion, H2BC is useful as a general technique
for assigning heteronuclear two-bond correlations and
for tracing out the proton-bearing carbon skeleton of
the molecule together with an HSQC spectrum.
HSQC-TOCSY is useful for delineating the intra-resi-
due 'H spin systems on the anomeric carbons. HMBC
is unique for bridging the glycosidic bond. In addition,
HMBC is a valuable support for H2BC in the bulk
region and for both H2BC and HSQC-TOCSY in the
region of the anomeric carbons. The key assets of
H2BC in work with large carbohydrates is (1) that the
peaks observed in H2BC spectra in general can be relied
on as representing correlations over two bonds, and (2)
that two-bond correlation peaks are observed in H2BC
spectra that are absent in HMBC spectra due to vanish-
ing 2Jcy coupling constants.

1. Experimental
1.1. Sample preparation

F. victoria was initially isolated as the predominant
Gram-negative pathogen from the kidney of a mori-
bund, apparently wild Tilapia sp., Oreochromis niloticus.
F. victoria grew slowly at <30 °C on cysteine heart agar
and was positively speciated as a Francisella sp. by cross
reactivity with rabbit antisera to three well-known
Francisella sp. and as a unique species by 16S rRNA
gene sequencing. Oligosaccharide preparation will be
described in a future publication.

1.2. NMR spectroscopy

All NMR spectra of about 30-residue oligosaccharide
from F. victoria were recorded at 25°C on a Varian

Unity Inova 800 instrument at 799.96 MHz for proton
and 201.12 MHz for carbon using a 5 mm cold probe.
The sample contained 3 mg of freeze-dried material
dissolved in 120 uL D>O in a 3 mm NMR tube. The
parts per million scales are calibrated to acetone for
proton (2.225 ppm) and to 1,4-dioxane for carbon
(67.4 ppm).

1.2.1. HSQC experiments. The delays of the gradient-
enhanced pulse sequence were tuned for a one-bond
coupling of 140 Hz. The number of scans was 32, the
acquisition time 0.21 s with WURST adiabatic decou-
pling with B; field strength of 3100 Hz as limited by
the cold probe, and the relaxation delay 1.5 s. The data
matrix (784, 2k) covering 30,000 Hz in F; and 5000 Hz
in F, were treated with a cosine window function in #;
and ¢, prior to Fourier transformation.

1.2.2. HMBC experiments. The gradient-enhanced
pulse sequence employed an excitation delay of 63 ms
and a third-order low-pass J filter set for 140 <
J <170 Hz for suppression of one-bond correlations.
The number of scans was 64, the acquisition time
0.21 s and the relaxation delay 1.5s. The data matrix
(784, 2k) covering 30,000 Hz in F; and 5000 Hz in F,
were treated with a cosine window function in #; and a
nt/4 shifted sine in 7, prior to Fourier transformation.

1.2.3. H2BC experiments. Both the standard H2BC
and edited H2BC spectra were obtained with
T =121.8 ms, a relaxation delay of 1.5s, 64 scan. The
third-order low-pass filter was set for 125<'Joy <
170 Hz for the standard experiment and 140 <J<
170 Hz for the editing pulse sequences, as the focus in
the latter was the bulk region without the methyl
groups. An acquisition time of 0.21 s was used in the
standard H2BC experiment with WURST adiabatic
decoupling with B field strength of 1100 Hz. The data
matrix (784, 2k) covering 30,000 Hz in F; and 5000 Hz
in F> were treated with a cosine window function in #
and a /4 shifted sine in ¢, prior to Fourier transforma-
tion. In the editing H2BC experiment, the parameters
were the same as in the standard H2BC experi-
ment apart from an acquisition time of 0.41s
doubling the size of the data matrix. Addition and sub-
traction of the standard and up-down pulse sequence
data sets yielded the CH+CHj3; and CH,, subspectra,
respectively.
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