J Biomol NMR (2014) 59:95-110
DOI 10.1007/s10858-014-9830-6

ARTICLE

NMR structure analysis of uniformly >C-labeled carbohydrates

Carolina Fontana - Helena Kovacs -
Goran Widmalm

Received: 19 March 2014/ Accepted: 16 April 2014 /Published online: 26 April 2014

© Springer Science+Business Media Dordrecht 2014

Abstract Inthis study, a set of nuclear magnetic resonance
experiments, some of them commonly used in the study of
13C-labeled proteins and/or nucleic acids, is applied for the
structure determination of uniformly '*C-enriched carbo-
hydrates. Two model substances were employed: one com-
pound of low molecular weight [(UL—13 C)-sucrose, 342 Da]
and one compound of medium molecular weight (**C-enri-
ched O-antigenic polysaccharide isolated from Escherichia
coli 0142, ~10 kDa). The first step in this approach
involves the assignment of the carbon resonances in each
monosaccharide spin system using the anomeric carbon
signal as the starting point. The '*C resonances are traced
using "*C-"2C correlations from homonuclear experiments,
such as (H)CC-CT-COSY, (H)CC-NOESY, CC-CT-
TOCSY and/or virtually decoupled (H)YCC-TOCSY. Based
on the assignment of the '*C resonances, the 'H chemical
shifts are derived in a straightforward manner using one-
bond "H-'C correlations from heteronuclear experiments
(HC-CT-HSQC). In order to avoid the 1JCC splitting of the
13C resonances and to improve the resolution, either con-
stant-time (CT) in the indirect dimension or virtual decou-
pling in the direct dimension were used. The monosaccharide
sequence and linkage positions in oligosaccharides were
determined using either '*C or 'H detected experiments,
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namely CC-CT-COSY, band-selective (H)CC-TOCSY,
HC-CT-HSQC-NOESY or long-range HC-CT-HSQC.
However, due to the short T, relaxation time associated with
larger polysaccharides, the sequential information in the
O-antigen polysaccharide from E. coli O142 could only be
elucidated using the 'H-detected experiments. Exchanging
protons of hydroxyl groups and N-acetyl amides in the '*C-
enriched polysaccharide were assigned by using HC-H2BC
spectra. The assignment of the N-acetyl groups with '°N at
natural abundance was completed by using HN-SOFAST-
HMQC, HNCA, HNCO and *C-detected (HYCACO spectra.

Keywords Carbohydrates - '*C-uniform labeling -
NMR - Structure determination

Introduction

Carbohydrates, also known as glycans, are one of the major
classes of biopolymers found in nature. They play an
essential role in a wide range of biological processes, for
instance, in bacterial recognition and initiation of the host
immune response (Aich and Yarema 2009; Ghazarian et al.
2011; Varki et al. 2009). The number of different structures
that can be generated with just a few monosaccharides is
enormous when compared to other biopolymers, making a
detailed structural analysis crucial for the understanding of
the role of these molecules in biological systems. Nuclear
magnetic resonance (NMR) spectroscopy is one of the most
powerful techniques to study these molecules in solution.
The classical approach in NMR structural elucidation of
carbohydrates takes advantage of the higher sensitivity and
abundance of the 'H spin nuclei: the different spin systems
are characterized using proton—proton correlations from
homonuclear experiments, and the protons are then
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connected to their respective '*C resonances through one-
bond heteronuclear correlations. However, the structural
characterization of glycans by this approach is seriously
hindered by severe spectral overlap of the 'H resonances.

The use of '*C-detected experiments is well established
in the NMR spectroscopy of '*C-enriched proteins (Bermel
et al. 2006, 2008) and nucleic acids (Fares et al. 2007; Fiala
and Sklenar 2007; Richter et al. 2010), but only limited use
has been made of '*C-enriched carbohydrates (Battistel
et al. 2012; Harris et al. 1997; Kiddle and Homans 1998;
Kjellberg et al. 1998; Martin-Pastor et al. 2003; Martin-
Pastor and Bush 2000; Norris et al. 2012; Wang et al. 2008;
Xu and Bush 1998; Yu et al. 1993). Glycans do not nec-
essarily assume a particular fold free in solution, instead,
they may appear in extended, flexible conformations with
mere transient structural elements (Martin-Pastor and Bush
2000; Sarkar et al. 2013). This dynamic behavior renders
sharper NMR signals albeit with a reduced chemical shift
dispersion. Thus, there is a certain analogy to intrinsically
disordered proteins (IDP) (Felli and Pierattelli 2012).
Recently, 13C_detected NMR methods have become
instrumental in the investigations of IDPs (Felli and Pi-
erattelli 2012; Sibille and Bernadé 2012), and we here
explore their applicability for glycans. '*C-labeling avoids
the problem of the reduced 'H chemical shifts dispersion
often found in carbohydrates and facilitates the complete
NMR analysis through the large chemical shift dispersion
of the '*C spins. Consequently, given the access to '>C-
labeled carbohydrates (Fairweather et al. 2004; Kamiya
et al. 2011; Kato et al. 2010), a set of optimal pulse
sequences for the structural elucidation needs to be defined.

Even though the spectral dispersion of '*C spins is by
far larger than that of the 'H spins, the resolution of the
NMR spectra of uniformly '*C-labeled compounds is
reduced by the large homonuclear one-bond '*C-'*C
couplings, as well as a variety of smaller >C-'>C long-
range couplings. Since carbohydrate spectra are often very
crowded, the removal of the splitting of the resonances in
the direct and/or indirect dimensions is a critical point to be
addressed. In this regard, the main strategies discussed in
this work include the use of constant-time (CT) experi-
ments for removal of the large homonuclear splitting in the
indirect dimension, or the use of in-phase anti-phase
(IPAP) or double in-phase anti-phase (DIPAP) schemes
(Bermel et al. 2006) for virtual decoupling in the direct
dimension.

The two '*C-enriched compounds used herein are
uniformly '*C-labelled [UL-'’C]-sucrose and uniformly
3C-enriched O-antigen polysaccharide of Escherichia
coli (E. coli) 0142 (Landersjo et al. 1997), whereas the
[1-"3C]-enriched O-antigen polysaccharide of E. coli 091
(Lycknert and Widmalm 2004) (~ 10 kDa) is used for
the determination of the polymer dynamics (cf. Fig. 1).
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As one of the major targets of the host immune
response, the O-antigen polysaccharide plays a critical
role in host-pathogen interactions. This is the most var-
iable part of the lipopolysaccharide and its serological
specificity is used as one of the major bases for sero-
typing schemes in gram-negative bacteria (DebRoy et al.
2011; Stenutz et al. 2006). In the case of E. coli, 174
serogroups are currently described and some of them are
considered pathogenic, such is the case of the afore-
mentioned E. coli 0142 and O91 serogroups which have
been classified as enteropathogenic E. coli (EPEC)
(Bugarel et al. 2011) and Shiga toxing-producing E. coli
(STEC) (Son et al. 2014), respectively. Analogously to
what is found in proteins and nucleic acids, the NH
groups of amino sugars can also act as hydrogen donors
and influence the three-dimensional structure of carbo-
hydrates through inter-residue hydrogen bonding inter-
actions (Norris et al. 2012). Furthermore, the many
hydroxyl groups available in these molecules can act
either as hydrogen donors or acceptors but, since the
H,O molecules can also compete for the same hydrogen
bond, the use of aprotic co-solvents and/or low temper-
atures may be required to detect such kind of interac-
tions (Battistel et al. 2013; Norris et al. 2012). Whether
hydrogen bonds involving hydroxyl groups may or may
not influence the three-dimensional fold of carbohydrates
under physiological conditions is a question that still
remains unanswered; they have, however, proven to play
a critical role in carbohydrate—protein interactions such
as in the recognition by antibodies (Villeneuve et al.
2000). As a consequence, the possibility to detect NH
and OH protons by NMR spectroscopy, and unambigu-
ously assign these resonances, is of paramount impor-
tance in understanding the function of these molecules in
biological systems.

Materials and methods
Sample preparation

Commercially available [UL-13C]-sucrose 99 % B¢
enrichment) was purchased from ISOTEC. The '*C-enri-
ched O-antigen polysaccharide of E. coli 0142 was
obtained as previously reported by supplementing the LB
growth medium with [UL-'C]-p-glucose and subsequently
isolating the lipopolysaccharide from the outer membrane
of the bacterium followed by pertinent purification
(Landersjo et al. 1997; Norris et al. 2012). The [1-13C)-
enriched O-antigen polysaccharide of E. coli 091, avail-
able from a previous study (Kjellberg et al. 1999), had been
prepared in a similar way. The concentration of sucrose
was 8-22 mg mL™' (23-64 mM) and the concentration of
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Fig. 1 Structures of the '>C- '
enriched compounds used in (0]
this study. Representation of the
structures of the repeating units
of the O-antigen
polysaccharides of E. coli 0142 O
and O91 (top left and bottom,
respectively), and sucrose (top o)
right), in schematic and
standard nomenclature. Sugar
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0142 was typically 3.0-6.0 mg mL ™" (corresponding to an
effective repeating unit concentration of 3—-6 mM). The
0142 O-antigen polysaccharide chain consists of a basic
unit of five monosaccharides that is repeated ~ 10 times in
a single molecule. Furthermore, the O142 polysaccharide
contains four N-acetyl groups per repeating unit, with '°N
at natural abundance in the present case.

NMR spectroscopy

Unless otherwise specified the experiments were carried
out on Bruker Avance III 600 MHz or 700 MHz spec-
trometers equipped with a 5 mm TCI CryoProbe™ (with
the nuclei 'H-"2C/"*N).

NMR spectra of [UL—BC]-sucrose

Unless otherwise specified the experiments were recorded
at 25 °C in D,O solution (4 mg in 0.5 mL) at magnetic
field strength of 16.4 T.

The CC-CT-COSY (correlated spectroscopy) (Bermel
et al. 2003) spectrum of Fig. 2b was acquired over a spectral
region of 60 ppm in both dimensions, using acquisition
times of 97 and 10 ms in F2 and FI, respectively, and 16
scans per increment. A CT delay (27) of 12 ms was
employed. The spectrum of Fig. 7a was acquired with the
same parameters as above but using acquisition times of 97
and 20 ms in F2 and F1, respectively, and a 27T delay of
22 ms. The CC-CT-TOCSY (total correlated spectroscopy)
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Fig. 2 '’C and 'H chemical
shift assignments of
oligosaccharides. a 'H-
decoupled 3¢ spectrum of
[UL-'3C]-sucrose, b selected
region of the CC-CT-COSY
spectrum (27 = 12 ms)
showing correlations from
anomeric carbons. c—f Selected
regions of the CC-CT-TOCSY
spectra of [UL-'3C]-sucrose
(2T = 22 ms) recorded with
different mixing times

(T = 4.7, 9.4, 14.1 and

18.8 ms, from panel c to f,
respectively) showing
correlations from the anomeric
carbon of the fructose (c—e) and
glucose (f) residues. g '*C-
decoupled "H NMR spectrum of
[UL-'3C]-sucrose. h Plot of the
expected peaks intensities in the
HC-CT-HSQC spectrum as a
function of the one-bond
carbon—carbon couplings and
the number of neighboring
aliphatic carbons (n) using two
different CT values.(Vuister and
Bax 1992) i, j) The HC-CT-
HSQC spectrum of [UL—13C]—
sucrose (27 = 22 ms) showing
the region for the ring atoms and
those from hydroxymethyl
groups (i), as well as the
anomeric region (j). The sign of
the '*C magnetization is
opposite for carbons directly
attached to an odd versus an
even number of neighboring
aliphatic carbons (shown in red
and black color, respectively)

(Eletsky et al. 2003) spectra of Fig. 2c—f were recorded over
a spectral region of 60 ppm in both dimensions using
acquisition times of 97 and 22 ms in F2 and F1, respec-
tively, 8 scans per increment, and a CT delay (27) of 22 ms.
The total length of the FLOPSY-16 mixing sequence
(Kadkhodaie et al. 1991) is given by the following equation:
mixing time (t,) = 188.448 x (length 90° pulse) x n,
where 7 is the number of times the cycle is repeated. Since
the length of the 90° pulse was 25 ps, spectra with four
different mixing times (4.7, 9.4, 14.1 and 18.8 ms) were

recorded.
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The HC-CT-HSQC (heteronuclear single quantum
coherence) (Vuister and Bax 1992) spectrum (Fig. 2i, j)
was recorded over a spectral width of 6 x 80 ppm, using
acquisition times of 122 and 9 ms in F2 and F1, respec-
tively, 8 scans per increment and a 27 value of 22 ms.

The band-selective (H)ICC-TOCSY spectrum (Fig. 7b)
was recorded over a spectral width of 70 ppm in both
dimensions, using acquisition times of 83 and 8 ms in F2
and F1, respectively, and 2 scans per increment. For the
anomeric selective adiabatic '*C—'>C-spinlock a constant

adiabaticity (ca) WURST-2 shape (Kupce et al. 1998) with
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Fig. 3 '’C chemical shift assignment in polysaccharides. Selected
region of the a (H)CC-CT-COSY (2T = 10 ms) and b (H)CC-
NOESY (1, = 500 ms) spectra of the '}C-enriched O-antigen
polysaccharide of E. coli O142 showing correlations from the C2
carbons to the anomeric resonances. Selected regions of (H)CC-
TOCSY spectra (t,, = 20 ms) recorded with: ¢ virtual decoupling of
"Jei.co couplings in the direct dimension using the TPAP scheme
(Bermel et al. 2006) and d simultaneous decoupling of IJCI’CZ and
"Jea.cs couplings in the direct dimension using the DIPAP scheme
(Bermel et al. 2006)

5.3 kHz nominal sweep, 800 ps duration and amplitude
power index of 2 was chosen. The shape was then expan-
ded with a p5p9 phase cycle (KupCe et al. 1998) which
gave a total duration of 36 ms and a total rotation of zero in
a 4.3 kHz wide region at the peak power of 2.6 kHz. The
average power of the shape was, however, only 37 %. The
selective Pc9_4_90.1000 excitation pulse of 1 ms (Kupce
and Freeman 1994) and the adiabatic mixing pulse (ca-
WURST, 5.3 kHz, 36 ms) were centered at the middle of

the region for the anomeric carbons, and a total spinlock
time of 144 ms was employed.

The long-range HC-CT-HSQC spectrum (Fig. 7c) was
recorded using the same conditions as for the HC-CT-
HSQC spectrum described above, but the delay for evo-
lution of the proton—carbon couplings was optimized for
"Jeu = 12 Hz instead of 145 Hz. The HC-CT-HSQC-
NOESY spectrum (Fig. 7d) was acquired at a magnetic
field strength of 14.1 T, using a room temperature TXI
probe. The pulse sequence used to carry out this experi-
ment was derived from the same HC-CT-HSQC sequence
described above (Vuister and Bax 1992) but inserting a
NOESY (nuclear Overhauser effect spectroscopy) block
(Parella et al. 1997) just prior to the acquisition. The
spectrum was recorded over a spectral region of
7 x 60 ppm using acquisition times of 122 and 14 ms in
F2 and F1, respectively, 4 scans per increment, a 27 value
of 22 ms and a mixing time of 500 ms.

NMR spectra of the '*C-enriched O-antigen
polysaccharide of E. coli 0142

The experiments were recorded at different temperatures
ranging from 2 to 70 °C. The (H)CC-CT-COSY, (H)CC-
NOESY, virtual-decoupled (H)CC-TOCSY, HC-H2BC
(heteronuclear 2-bond correlation), HC(C)H-COSY and
HN-SOFAST-HMQC (band-selective optimized flip angle
short transient HMQC) experiments were acquired in HO/
D,0O 95:5 solution (2-3 mg in 0.5 mL).

The (H)CC-CT—COSY spectrum (Fig. 3a) was recorded
at 3 °C and at a magnetic field strength of 14.1 T using a
pulse sequence similar to the one described above, but with
a proton starting block implemented for better sensitivity.
The spectrum was recorded over a spectral region of
120 x 100 ppm using acquisition times of 113 and 7 ms in
F2 and F1I, respectively, 80 scans per increment and a
2T value of 10 ms. The (H)CC-NOESY spectrum (Fig. 3b)
was recorded under the same conditions as for the (H)CC-
CT-COSY, using a standard pulse sequence (Bertini et al.
2003, 2004) but with a proton starting block implemented
for better sensitivity. The spectrum was recorded over a
spectral region of 180 x 180 ppm using acquisition times
of 75 and 4 ms in F2 and F1I, respectively, 128 scans per
increment and t,,, = 500 ms.

The (H)CC-TOCSY spectrum (t,, = 20 ms) with vir-
tual decoupling of lJCl’Cz in the direct dimension (Fig. 3c)
was recorded at 40 °C at a magnetic field strength of
14.1 T using a 2D version of the IPAP (Bermel et al. 2006)
pulse sequence described by Richter et al. (Richter et al.
2010) for investigations of ribose in RNA. For the virtual
decoupling scheme a band-selective 180° refocusing Re-
burp.1000 pulse of 1.35ms and a 90° excitation
Eburp2.1000 pulse of 1.2 ms were applied at the center of
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the anomeric carbon resonances (~ 100 ppm), and a 180°
refocusing Reburp.1000 pulse of 1.00 ms was applied off-
resonance at the center of the ring carbon resonances
(~62 ppm). The spectrum was recorded over a spectral
region of 70 ppm using acquisition times of 97 and 12 ms
in F2 and F1, respectively, and 40 scans per increment.
The (H)CC-TOCSY spectrum (1, = 20 ms) with simul-
taneous virtual decoupling of the IJCI,Cz and lJCQ,C3 cou-
plings in the direct dimension (Fig. 3d) was recorded at
40 °C at a magnetic field strength of 14.1 T using a 2D
version of the DIPAP (Bermel et al. 2006) pulse sequence
described by Richter et al. (Richter et al. 2010). For the
virtual decoupling scheme the following 180° selective
refocusing pulses were applied: a 2.2 ms Reburp.1000
pulse centered at the middle of the C2 carbon resonances
(~51 ppm), a 2.2 ms double selective Reburp.1000 pulse
centered at two positions (middle of the C1 resonances at
~ 100 ppm and middle of the C2 resonances at ~51 ppm)
and a 1.0 ms Reburp.1000 pulse centered at the middle of
the C2 and C3 resonances (~ 62 ppm). The spectrum was
recorded over a spectral region of 70 ppm using acquisition
times of 97 and 24 ms in F2 and F1, respectively, and 40
scans per increment.

The HC-H2BC (Nyberg et al. 2005) spectrum for
hydroxyl-"H assignments (Fig. 5b) was recorded at 2 °C at
a magnetic field strength of 16.4 T. It was acquired over a
spectral region of 14 x 94 ppm using acquisition times of
209 and 4 ms in F2 and F1, respectively, and 64 scans per
increment.

The experiments for amide-'H and N-acetyl groups
assignments (HC-H2BC, HC(C)H-COSY, HN-SOFAST-
HMQC, BEST-HNCA, BEST-HNCO and (H)CACO
spectra) were recorded at 40 °C at a magnetic field strength
of 16.4 T. The HC-H2BC (Nyberg et al. 2005) spectrum
(Fig. 6b) was recorded over a spectral region of
14 x 110 ppm using acquisition times of 209 and 3 ms in
F2 and F1I, respectively, and 64 scans per increment. The
2D HC(C)H-COSY spectrum (Fig. 6d) was acquired as a
"H-'3C plane of the 3D HC(C)H-COSY experiment. The
spectrum was recorded over a spectral region of
14 x 110 ppm, using acquisition times of 122 and 6 ms in
F3 and F2, respectively, and 8 scans per increment. The
HN-SOFAST-HMQC (Schanda and Brutscher 2005)
spectrum (Fig. 6e) was recorded over a spectral region of
6 x 40 ppm using acquisition times of 46 and 23 ms in F2
and F1, respectively, and 8 scans per increment. A recycle
delay of 0.1 s and the following 'H shaped pulses were
employed: a 120° excitation Pc9_4 120.1000 pulse of
2.57 ms (centered at 8.0 ppm) and a 180° refocusing
Q3_surbob.1 pulse of 1.2 ms (centered at 8.0 ppm). The
BEST-HNCA (Lescop et al. 2007; Schanda et al. 2006;
Schanda and Brutscher 2005) spectrum (Fig. 6¢) was
recorded over a spectral region of 12 x 80 ppm, using
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Fig. 4 'H chemical shift assignment in polysaccharides. a '*C and
b '*C-decoupled '"H NMR spectra of the '*C-enriched O-antigen
polysaccharide of E. coli 0142 (1.5 mg in 0.5 mL of D,0). c—e The
HC-CT-HSQC spectrum (27 = 22 ms) of the same polysaccharide,
showing the region for methyl groups (c¢) and anomeric resonances
(d), as well as the region for the ring atoms and those from
hydroxymethyl groups (e). The signs of the cross-peaks are opposite
for carbons directly attached to an odd versus an even number of
neighboring aliphatic carbons (shown in red and black color,
respectively)

acquisition times of 122 and 3 ms in F3 and F1, respec-
tively, and 256 scans per increment. The BEST-HNCO
(Lescop et al. 2007; Schanda et al. 2006; Schanda and
Brutscher 2005) spectrum (Fig. 6f) was recorded over a
spectral region of 12 x 6 ppm, using acquisition times of
122 and 19 ms in F3 and F1, respectively, and 128 scans
per increment. In both cases (BEST-HNCA and BEST-
HCNO experiments) a recycle delay of 0.2 s and the
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following shaped pulses were employed: selective 90° 'H
excitation Pc9_4_90.1000 pulse of 2.5 ms, 180° 'H refo-
cusing Reburp.1000 pulse of 1.714 ms, 90° 'H excitation
Eburp2.1000 pulse of 1.645 ms, 180° 'H Bip720,50,20.1
pulse of 0.171 ms), 90° '*C excitation Q5.1000 pulse of
274 ps and 180° "*C refocusing Q3.1000 pulse of 219 ps;
all 'H selective pulses were centered at 8.0 ppm, the offset
for the carbonyl carbons was 180/173 ppm (BEST-HNCA/
BEST-HNCO experiments, respectively), and the offset of
the Cyiphaic Was 62/18 ppm (BEST-HNCA/BEST-HNCO
experiments, respectively). The relaxation-optimized
(H)CACO (Bermel et al. 2009a, b) spectrum (Fig. 6g) was
recorded over a spectral region of 20 x 1 ppm, using
acquisition times of 145 and 57 ms in F2 and FI, respec-
tively, and 8 scans per increment. A recycle delay of 0.2 s
and the following "*C shaped pulses were employed: 90°
excitation Q5.1000 pulse of 274 ps, 180° refocusing
Q3.1000 pulse of 219 ps and a highly CHs-selective 180°
refocusing Q3.1000 pulse of 600 ps; the offsets for the CH3
and CO carbon resonances were 22 and 174 ppm, respec-
tively. The 1/(4Jca.co) delay was set to 2.5 ms.

The '"H-decoupled *C (Fig. 4a) and the HC-CT-HSQC
(Fig. 4c—e) spectra were acquired at 40 °C in D,O solution
(1.5 mg in 0.5 mL) and a magnetic field strength of 16.4 T.
The HC-CT-HSQC spectrum (Fig. 4c-e) was recorded over
a spectral region of 6 x 110 ppm using acquisition times of
122 and 10 ms in F2 and FI, respectively; (Vuister and Bax
1992) 4 scans per increment were used, and a 27T value of
22 ms. The offset for the selective pulse used for the refo-
cusing of the carbonyl resonances was set at 174 ppm.

The '*C-decoupled 'H (Fig. 4b) and the HC-CT-HSQC-
NOESY (Fig. 8a, b) spectra were acquired at 40 °C and at a
magnetic field strength of 14.1 T, using a room temperature
TXI (with the nuclei "H-"*C/*'P) probe. The 2D spectrum
was recorded over a spectral region of 7 x 110 ppm using
acquisition times of 122 and 15 ms in F2 and F1, respec-
tively, 16 scans per increment, a CT value of 44 ms and a
mixing time of 100 ms. The same pulse sequence was
employed as for [UL-'’C]-sucrose.

The long-range HC-CT-HSQC experiment was recorded
at 70 °C at a magnetic field strength of 16.4 T. The spec-
trum (Fig. 8c, d) was recorded over a spectral region of
6 x 110 ppm using acquisition times of 122 and 7 ms in F2
and F1, respectively, 32 scans per increment and a delay for
evolution of the proton—carbon couplings optimized for
"Jeu = 20 Hz. The offset for the selective pulse used for the
refocusing of the carbonyl resonances was set at 174 ppm.

Relaxation measurements on the [1-13C]-enriched
O-antigen polysaccharide of E. coli 091

B3¢ T, and T, relaxation times were measured at 59 °C and
at a magnetic field strength of 14.1 and 16.4 T, using 5 mm

room temperature BBO (X—lH) probes. In the case of T,
relaxation, the CPMG (Car-Purcel-Meiboom-Gill) pulse
sequence for heteronuclei was employed, with 'H-decou-
pling during acquisition and 'H-refocussing pulses (32 and
34 ps at 14.1 and 16.4 T, respectively) placed at even
echos. The '*C-refocussing pulses were 48 and 39.6 pis at a
magnetic field strength of 14.1 and 16.4 T, respectively.
Twelve different relaxation delays (between 4.4 and
132 ms at 14.1 T; and between 4.6 and 139 ms at 16.4 T)
were used; the CPMG delay was set to 0.25 ms and the
recovery delay was 4 s. T relaxation measurements were
carried out using the inversion recovery pulse sequence
with '"H-decoupling applied during the T, relaxation delay.
Ten different relaxation delay times (10-2,500 ms) were
used, and the recovery delay was 4 s.

Results

The two-dimensional (2D) NMR experiments discussed
below are summarized in Table 1. The experiments useful

Table 1 Summary of the 2D NMR experiments used in the structural
elucidation of '*C-enriched carbohydrates

Oligosaccharides Polysaccharides

13C chemical shifts assignments
CC-CT-COSY
CC-CT-TOCSY

(H)CC-CT-COSY
(H)CC-TOCSY
(H)CC-TOCSY-IPAP
(H)CC-TOCSY-DIPAP
(H)CC-NOESY

'H chemical shifts assignments
HC-CT-HSQC
HC(C)H-TOCSY

HC-CT-HSQC
HC(C)H-TOCSY
HC(C)H-COSY
HC-HSQC-TOCSY

HC-CT-H2BC (for hydroxyl
protons)

HC-CT-H2BC (for hydroxyl
protons)

Sequence determination
Long-range HC-CT-HSQC
HC-CT-HSQC-NOESY
Band-selective (H)CC-TOCSY
CC—CT-COSY

long-range HC-CT-HSQC
HC-CT-HSQC-NOESY

N-acetyl groups assignments

HC-CT-H2BC (for amide
protons)

HN-SOFAST-HMQC
HNCO

HNCA

(H)CACO
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for oligosaccharides are reported in the left column
whereas the ones suitable for polysaccharide investigations
are given in the right column. Further, in Table 1 the 2D
experiments are grouped according to their purpose of
either '*C or 'H signal assignment, sequential assignment
of the monosaccharide units and determination of the
glycosidic linkage positions, or assignment of N-acetyl
groups and their locations.

13C chemical shift assignments

Three experiments were evaluated for the assignment of '*C
resonances in uniformly labeled '*>C carbohydrates. In this
approach the distinctive '*C anomeric signals are identified
in the 1D "H-decoupled '*C spectra and used as starting
point for the assignments in the respective spin systems. For
instance, the resonances of the carbons directly attached to
these atoms can be readily identified using CC-CT-COSY
experiments. In order to remove the one-bond '*C-'°C
splitting in the indirect dimension, a CT version of this
experiment was employed (Bermel et al. 2003; Machonkin
et al. 2002; Rance et al. 1984). Considering that the average
'Jec coupling in carbohydrates is usually ~45 Hz, the
optimal CT value (27) to be used in this case is ~11.1 ms
[corresponding to 1/(2 x 1Jcc)]. In this kind of experi-
ments, the CT length restricts the maximum number of
increments that can be used and, consequently, this limits
the maximum possible resolution that can be achieved in the
indirect dimension. Therefore, the 27 value can be
increased in cases where improved resolution is required in
the indirect dimension; however, one should consider that
in such a case long-range correlations may also appear in
the spectrum. Furthermore, the 2D CC-TOCSY and 3D
HC(C)H-TOCSY experiment have previously proved to be
useful in the assignments of '*C resonance signals of
polysaccharides (Kjellberg et al. 1998; Linnerborg et al.
1999). Unlike the HH-TOCSY experiment, the '*C-'>C
correlations observed in the CC-TOCSY spectrum are not
sensitive to the configuration of the sugar residue (i.e., they
are not dependent on whether the sugar residue is for
example glucose, galactose or mannose), and the large
magnitude of the 'Jcc couplings facilitates rapid coherence
transfer from the anomeric carbon to the most distant car-
bons of the monosaccharide backbone. In the case of well
resolved anomeric resonances, the CT version of this
experiment (Eletsky et al. 2003) is the most efficient way to
trace all the '*C resonances in each monosaccharide starting
from the respective anomeric signals.

The "H-decoupled '*C spectrum of [UL-'*C]-sucrose is
shown in Fig. 2a. The two distinctive anomeric signals
found at 93.0 and 104.5 ppm were used as a starting point
for the assignments in the respective spin systems, and a
CC-CT-COSY experiment was used to reveal correlations

@ Springer

from the anomeric carbons to the directly attached carbons
(Fig. 2b). Furthermore, in the CC-CT-TOCSY spectrum
recorded with the shortest mixing time two correlations
were observed from the anomeric carbon of the fructofur-
anosyl residue (denoted F2 in Fig. 2¢) to the C1 and C3
carbons in the same residue (denoted F1 and F3). Sub-
sequent correlations to carbon C4, C5 and C6 (denoted F4,
F5 and F6 in Fig. 2d and 2e) were observed in the spectra
recorded with increasing mixing times (9.4 and 14.1 ms).
The resonances in the glucopyranosyl residue (G) were
identified using the same strategy, and a spectrum recorded
with a mixing time of 18.8 ms was required to observe the
correlation from the C1-C6 carbon in the same residue
(denoted G1-G6 in Fig. 2f, respectively). If the CT delay
is set to 1/'Jcc (which is ~22.2 ms) the cross-peaks from
13C spins attached to an odd and even number of neigh-
boring aliphatic carbons will appear with different signs in
the NMR spectrum (in red and black in Fig. 2c—f, respec-
tively). As a consequence, the resonances of the carbon
atoms located at the terminal ends of the monosaccharide
backbone (C1 and C6 in the case of hexoses) will appear
with a different sign than the resonances of the internal
carbons. In the spectrum shown in Fig. 2¢, this editing
capacity is used as an argument to assign the red colored
resonance to C1 and the black colored resonance to C3,
without further analysis of other regions of the NMR
spectrum. Furthermore, the appearance of a second ‘red
colored’ cross-peak in the spectra of Fig. 2e, f indicates
that the complete spin system has been revealed for the
respective monosaccharides. This editing capacity is sim-
ilar to that of the CT-HSQC experiment and will be dis-
cussed in more detail below.

The same approach as described above for oligosac-
charides was used for the assignment of the '*C and 'H
resonances of the '*C-enriched O-antigen polysaccharide
of E. coli 0142 (Fig. 1 top left). Initially, the (H)CC-CT-
COSY experiment was used to reveal correlations from the
anomeric carbons to the directly attached C2 carbons
(Fig. 3a). For large polysaccharides the (H)YCC-NOESY
experiment (Fig. 3b) (Bertini et al. 2003, 2004) is also an
alternative to the (H)YCC-CT-COSY experiment. An array
of (H)CC-TOCSY experiments with different mixing
times can be employed to trace all the carbon resonances in
the different spins-systems, starting from the anomeric
carbon signals. In the case of poorly dispersed '*C ano-
meric resonances (such as the residues A, C and D in the
O-antigen polysaccharide of E. coli O142), the virtually
decoupled version of this experiment allows improved
resolution through the removal of the large homonuclear
13C-13C splitting in the direct dimension and collapsing the
3C-multiplets into a single line. Thus, the assignments of
the '*C resonances were achieved using (H)CC-TOCSY
correlations from the anomeric carbons of each
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monosaccharide residue, and the IPAP scheme (Bermel
et al. 2006) for virtual decoupling of lJchz couplings was
used to improve the resolution of the anomeric carbon
resonances in the direct dimension (Fig. 3c). Furthermore,
a (H)CC-TOCSY experiment recorded using the DIPAP
scheme (Bermel et al. 2006) (Fig. 3d) was useful to
observe correlations from the nitrogen bearing carbons (C2
carbons in residues A, B, C and E) with virtual decoupling
of bothlJCl’Cz and lch,c3 couplings in the direct dimen-
sion. The '"H-decoupled '*C NMR spectrum of the '*C-
enriched O-antigen polysaccharide of E. coli O142 is
shown in Fig. 4a.

"H chemical shift assignments and exchangeable
protons

The "*C-decoupled 'H NMR spectra of [UL-'3C]-sucrose
and the '*C-enriched O-antigen polysaccharide of E. coli
0142 are shown in Fig. 2g and 4b, respectively. Once the
13C chemical shifts have been assigned, an HC-CT-HSQC
spectrum can be used to correlate the carbon resonances to
their respective protons. Originally developed for proteins,
the CT version of the HSQC experiment (Santoro and King
1992; Vuister and Bax 1992) allows the removal of the
homonuclear '*C—"3C splittings in the indirect dimension,
improving the resolution in the crowded areas of carbo-
hydrates spectra. The editing capability of this experiment
depends on the CT period and differs from that of the
regular multiplicity-edited HSQC. In this experiment, the
sign and relative intensity of the cross-peaks are directly
proportional to cos"[2n(*Jec)T], where 2T is the duration
of the CT period and »n is the number of directly attached
carbons (Vuister and Bax 1992). Consequently, in a spec-
trum recorded with a CT period of 22 ms, the maximum
intensity will be observed for carbons with "Jee ~45 Hz,
which is the average value usually observed in carbohy-
drates. In addition, the sign of the respective cross-peaks
will depend on the number of neighboring aliphatic car-
bons (n); thus, in the case of 3¢ spins with 1JCC couplings
in the range between ~23 and 68 Hz, the sign of the
magnetization will be negative for atoms located at the end
of the monosaccharide backbone (n = 1, red solid line in
Fig. 2h) and positive for the remaining carbons (n = 2,
black solid line in Fig. 2h). If the maximum resolution that
can be achieved with a shorter CT value is not enough to
resolve the resonances in the NMR spectrum, the 27 value
can be doubled to 44 ms. In such a case (dashed lines in
Fig. 2h), the resonances from carbon atoms with lJCC
couplings ~45 Hz will also display the maximum possible
intensity, but the aforementioned editing capacity will be
lost. Furthermore, the intensity of the cross-peaks from
atoms with 'Joc couplings ~34 and 57 Hz will be con-
siderably reduced or not observed at all.
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Fig. 5 'H chemical shift assignment of OH-groups. a The region for
the hydroxyl protons of the 1D 'H spectrum of the natural abundance
O-antigen polysaccharide of E. coli O142. b Selected region of the
HC-H2BC spectrum of the '*C-enriched O-antigen polysaccharide of
E. coli 0142 showing correlations from the hydroxyl protons. The
experiments were run at a magnetic field strength of 16.4 T and a
temperature of 2 °C

The HC-CT-HSQC spectra of [UL-]3C]-sucrose and
the '*C-enriched O-antigen polysaccharide of E. coli 0142,
recorded with a 27 delay of 22 ms, are shown in Fig. 2i, j
and Fig. 4c—e, respectively. The assignment of the 'H
resonances of each monosaccharide residue were carried
out in a straightforward manner using the '*C assignments
from the CC-CT-TOCSY, or virtually decoupled CC-
TOCSY spectra, and correlating them to their respective
protons resonances in the HC—-CT-HSQC spectrum.

In the case of exchanging protons not directly attached
to carbon atoms (e.g. hydroxyl (Battistel et al. 2013) or
amide (Norris et al. 2012) protons) the assignments were
carried out in a H,O/D,O mixture using 'H detected
experiments such as HC-H2BC (Nyberg et al. 2005),
BEST-HNCA (Lescop et al. 2007), HC(C)H-COSY,
HC(C)H-TOCSY (Kay et al. 1993) and/or HC-HSQC-
TOCSY (Ko6vér et al. 1997). In the case of [UL-'*C]-
sucrose both HC-H2BC (Nyberg et al. 2005) and HC(C)H—
TOCSY (Kay et al. 1993) experiments proved to be useful
for the assignment of hydroxyl protons (Fig. S1 in Sup-
plementary Material). In the case of the O-antigen poly-
saccharide of E. coli 0142, the HC-H2BC spectrum
proved to be useful not only for the assignment of the
proton resonances in hydroxyl groups at low temperatures
(2 °C), where exchange is sufficiently slowed down
(Fig. 5), but also for the assignment of the amide protons of
N-acetylated aminosugars (such as those in the residues A,
B, C and E in the O-antigen polysaccharide of E. coli
0142, cf. Figs. 1 top left and 6 a, b). Alternatively, the
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Fig. 6 Assignment of N-acetyl groups. a Selected region of the 'H
NMR spectrum of the '*C-enriched O-antigen polysaccharide of
E. coli 0142 showing the amide protons of residues A, B, C and
E. Selected regions of the: b HC-H2BC, ¢ 'H-'">C plane of the 3D
BEST-HNCA, d '"H-"°C plane of the 3D HC(C)H-COSY, e¢) HN—
SOFAST-HMQC and f) 'H-'3C plane of the 3D BEST-HNCO
spectra of the '*C-enriched O-antigen polysaccharide from E. coli
0142 (>N at natural abundance) showing correlations to the amide
protons. g Selected region of the (H)CACO spectrum showing
correlations from methyl to carbonyl carbons in the respective N-
acetyl groups. The experiments were recorded in a H,O/D,0O 95:5
solution (2 mg of the polysaccharide in 0.5 ml of the solvent) at a
magnetic field strength of 16.4 T and at 40 °C. The correlations used
for the assignment of resonances from the N-acetyl moieties, are
highlighted in the schematic representation located on the top of the
spectra

@ Springer

same correlations from amide protons to C2 carbons
observed in the HC-H2BC spectrum of Fig. 6b can also be
observed in the BEST-HNCA spectrum of Fig. 6c.
Another set of three experiments that make up an alterna-
tive approach to the assignment of the amide protons res-
onances are: HC(C)H-COSY (Fig. 6d), HC(C)H-TOCSY
and HC-HSQC-TOCSY (Fig. S2a-c in Supplementary
Material, respectively). The latter experiments allow the
assignment of the 'H-amide resonances through additional
correlations to more distant carbons in the respective spin
systems. Once the amide protons have been assigned, they
can be connected to their respective '°N resonances using a
HN-SOFAST-HMQC experiment (Fig. 6e) and to the
carbonyl carbons of the respective N-acetyl moieties using
a BEST-HNCO spectrum (Fig. 6f). The carbonyl carbons
can subsequently be linked to their respective methyl car-
bons using a (H)YCACO spectrum (Fig. 6g).

Sequence determination

Two '*C-detected experiments were evaluated for elucida-
tion of inter-residue correlations in [UL-'3C]-sucrose. First,
the CC-CT-COSY experiment described above was opti-
mized for detection of long-range carbon—carbon correla-
tions using 27 values between 20 and 50 ms. In the spectrum
recorded with a 2T value of 22 ms (Fig. 7a), five different
correlations were observed from the anomeric carbon of
residue F (C2): two corresponding to one-bond correlations
(CI and C3), one corresponding to an intra-residue two-
bond correlation (C4) and, finally, two inter-residue corre-
lations to the C1 and C2 carbons in residue G (two- and
three-bonds correlations, respectively, highlighted by a
green and an orange oval in Fig. 7a, respectively). Most
importantly, a '’C-'3C inter-residue correlation was
observed in the band-selective (H)YCC-TOCSY experiment
between the anomeric carbon (C2) of residue F and the
anomeric carbon (C1) of residue G (highlighted by a green
oval in Fig. 7b). It should be noted that the %/ coupling
constant of the carbon atoms at the glycosidic linkage is only
2.4 Hz (Duker and Serianni 1993), thus requiring the long
mixing time of 144 ms in the experiment. The main limi-
tation in the use of 'C-detected experiments such as
(H)CC-CT-COSY and band-selective (H)CC-TOCSY, for
detection of long-range correlations in large polysaccha-
rides, lies in their intrinsic lower sensitivity. The intensity of
the cross-peaks from large molecules can be considerably
diminished due to magnetization losses during the long
delays required for long-range coupling evolution, often
rendering these correlations undetectable.

Long-range through-bond proton-carbon correlations can
also be used to determine the sequence of monosaccharide
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Fig. 7 Determination of monosaccharide sequence in oligosaccha-
rides. Selected regions of the a CC-CT-COSY (2T = 22 ms),
b band-selective CC-TOCSY (1, = 144 ms), ¢ long-range HC—
CT-HSQC (2T =22 ms and optimized for "Jcy = 12 Hz) and
d HC-CT-HSQC-NOESY (2T = 22 ms, 1, = 500 ms) spectra of
[UL—13C]—sucrose showing correlations from the anomeric atoms. The
inter-residue correlations observed in the different spectra are
indicated with colored ovals and also highlighted in the schematic
representation of the sucrose structure using the same color. The
correlations are observed from the atom indicated with an arrow to
those at the colored positions. In the HC-CT-HSQC-NOESY
spectrum the sign of the B¢ magnetization is opposite for carbons
directly attached to an odd versus an even number of neighboring
aliphatic carbons (shown in black and red color, respectively), and
opposite to the respective autopeaks

residues in oligo- and polysaccharides using 'H-detected
experiments. The HC-CT-HSQC experiment described
above was optimized for detection of heteronuclear long-
range correlations (long-range HC—-CT-HSQC) and allowed
identification of an inter-residue correlation in [UL-BC]—
sucrose from H1 in residue G to C2 in residue F (highlighted
by a magenta oval in Fig. 7c). A CT version of the HC-
HSQC-NOESY experiment was also implemented, and
allowed identification of a through-space correlation in
[UL-'"3C]-sucrose from the anomeric proton (H1) of residue
G and the proton(s) directly attached to the C1 carbon of
residue F (highlighted by a blue oval in Fig. 7d). The stan-
dard version of this experiment was recently used in a study
of 13C,'>N-labeled sialic acid oligomers (Battistel et al.
2012). All the inter-residue correlations aforementioned are
illustrated in the schematic chemical representations of

sucrose located on the bottom of Fig. 7, using the same color-
coding as in the spectra.

Since 'H-detected experiments offer better sensitivity
than the '’C-detected experiments, the long-range HC—
CT-HSQC and HC-CT-HSQC-NOESY experiments were
successfully employed to determine the monosaccharide
sequence and linkage positions of the repeating unit of a
large polysaccharide (the O-antigen polysaccharide of
E. coli O142). Particularly, the HC-CT-HSQC-NOESY
experiment is more sensitive for larger polysaccharides
than small oligosaccharides, allowing the acquisition of
high signal-to-noise spectra in a relatively short time (for
example, an acceptable signal-to-noise spectrum of 1.5 mg
of the O-antigen polysaccharide of E. coli O142 was
obtained in ~30 min at a magnetic field strength of 14.1 T
using a room-temperature inverse-detection probe). The
inter-residue correlations observed from the anomeric
carbons in the '*C-enriched O-antigen polysaccharide of
E. coli O142 are shown in Fig. 8a, b, and they are high-
lighted by colored ovals. These correlations are also
illustrated in the schematic chemical representation of the
polysaccharide (located to the right of the spectrum) using
the same color-coding as in the spectrum. On the other
hand, due to the long delay required for long-range proton-
coupling evolution, the long-range HC-CT-HSQC exper-
iment showed lower sensitivity. This problem could be
overcome to some extent by recording the experiment at a
higher temperature and using a reduced long-range evolu-
tion delay (optimized for "Jcy ~20 Hz instead of a smaller
magnitude that is theoretically required). The long-range
'H,"*C correlations observed in the long-range HC-HSQC
spectrum of the O-antigen polysaccharide of E. coli 0142
(recorded at 70 °C and a magnetic field strength of 16.4 T)
are shown in Fig. 8c, d, where they are highlighted by
colored ovals. These correlations are also represented by
the same color-coding in the schematic chemical repre-
sentation of the polysaccharide shown to the left of the
spectrum.

Contrary to proteins, polysaccharides are not globular
but extended or random structures in which different seg-
ments may display different flexibility (Martin-Pastor and
Bush 2000; Soltesova et al. 2013). To evaluate the effect of
the temperature and the spectrometer magnetic field
strength on the relaxation parameters of this kind of
structures, a polysaccharide model of approximately the
same molecular weight as the O-antigen polysaccharide of
E. coli 0142, but with a simplified labeling pattern, was
selected: the [1-'°C]-labeled O-antigen polysaccharide of
E. coli 091 (Fig. 1 bottom) (Lycknert and Widmalm 2004).
The T, and T, relaxation times were measured for the
anomeric carbons and the data are compiled in Table 2.
The results revealed that increasing the temperature by 22°
(from 37 to 59 °C) significantly lengthened the T,
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Fig. 8 Sequence determination D (o] B A - o-GlcNAC
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Table 2 Comparison of the '*C relaxation data of the anomeric
resonances of the [1-'3C]-labeled O-antigen polysaccharide of E. coli
091 at two different magnetic field strengths and temperatures

H /ppm

Residue 14.1 T 164 T

37 °C 59 °C 59 °C

T2 T| T2 Tl TZ Tl

(ms)* (ms)* (ms) (ms) (ms) (ms)
A 68 484 90 462 101 527
B 72 503 117 479 126 545
C 48 467 77 433 76 515
D 78 507 118 489 130 541
E 62 461 89 414 103 483

* Data from literature (Lycknert and Widmalm 2004)
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relaxation times (by as much as 32-63 %) whereas
changing the magnetic field strength from 14.1 to 164 T
lead only to minor improvements (16 % in the best of the
cases). These results are in agreement with the observation
that in the long-range HC-HSQC spectra the intensities of
the inter-residue correlations were considerably reduced if
longer delays than the ones described above were
employed, or if the experiments were recorded at 40 °C
instead of 70 °C.

Disscusion and conclusions

In this study a selection of experiments were evaluated for
the structural analysis of '*C-enriched carbohydrates. The



J Biomol NMR (2014) 59:95-110

107

strategy consists of three steps: (1) assignment of the '°C
resonances within each monosaccharide spin system, (2)
assignment of the 'H resonances and (3) determination of
the monosaccharide sequence and linkage positions.

In the first step, the '*C chemical shift assignments are
obtained (in both oligo- and polysaccharides) by employ-
ing '*C-detected experiments such as (H)CC—-COSY,
(H)CC-NOESY and (H)CC-TOCSY, while using the
anomeric resonances of each monosaccharide as the start-
ing point for the assignments. In the case of well resolved
3C anomeric resonances the use of CC—CT-TOCSY
experiments with different mixing times (e.g. ~5, 10, 15
and 20 ms) is the method of choice, allowing the assign-
ment of the resonances within each monosaccharide spin
system in a straightforward manner. However, the use of
(H)CC-COSY and (H)CC-NOESY experiments may also
play an important role in the discrimination between one-
bond and long-range correlations in cases where this dis-
tinction cannot be achieved using CC-CT-TOCSY
experiments. For example, in the case of [UL-'*C]-sucrose
two new correlations were observed in the spectrum
recorded with a mixing time of 9.4 ms (Fig. 2d) that were
not present in the spectrum recorded with a mixing time of
4.7 ms (Fig. 2c). In cases of significant spectral overlap in
the carbon anomeric region, the use of virtually decoupled
(H)CC-TOCSY experiments may help to alleviate the
overlap of signals in that region through the removal of the
!Jcc splitting in the direct dimension. Due to its selective
nature and more demanding setup, the latter experiment is
only recommended if the regular CC—-CT-TOCSY exper-
iment fails to provide sufficient resolution for the assign-
ment of the resonances.

Subsequently, an HC-CT-HSQC spectrum allows the
assignment of the proton resonances of 'H nuclei directly
attached to '3C atoms, based on the assignments obtained
in the previous step. Furthermore, if a CT value of 22 ms is
used, the editing capacity of both CC-CT-TOCSY and
HC-CT-HSQC experiments can be used to identify the
start and end points of the spin systems, since the cross-
peaks of the carbons located at the terminal ends of the
monosaccharide backbone (C1 and C6 in the case of hex-
oses) appear with opposite signs with respect to the cross-
peaks originating from the intermediate carbons (C2-C5) in
the sequence of atoms. An additional HC-CT-HSQC
experiment with a CT value of 44 ms may also be recorded
if higher resolution is required in certain regions of the
spectrum.

In the case of exchangeable protons (Battistel et al.
2014) (hydroxyl or amide protons), the use of HC-H2BC
proved highly informative. This experiment is remarkably
more sensitive and easier to interpret than the HC(C)H-
COSY experiment, that can also be used to achieve the
same purpose in the case of strong overlap in the HC—

H2BC spectrum. For instance, if the C2 resonances are not
well resolved, unambiguous assignment of the amide pro-
tons of 2-amino sugars may not be possible using an HC-
H2BC spectrum, but the HC(C)H-COSY experiment will
allow correlation of the respective amide protons to other
carbons within the same spin system. Furthermore, the
HC-H2BC experiment only works if the nitrogen bearing
carbon (Cx) is protonated as it relies on homonuclear
COSY-type transfer between the amide proton and the Cx-
proton, followed by an HMQC-transfer to the Cx-carbon.
In the HC(C)H-COSY experiment, however, the amide
proton connectivities appear because of a magnetization
transfer over long-range couplings (Hu et al. 2010)
between the amide protons and the Cx (two-bond correla-
tion), C(x — 1) and C(x + 1) (three-bond correlation)
carbons. This being the case, the experiment can be made
more favorable for the amide proton connectivities by
extending the HC-transfer delay. As a comparison, the two-
bond and three-bond carbon-proton couplings of the
hydroxyl protons in sucrose are smaller, and known to be
~1.5-39 Hz (Batta and Kovér 1999). Alternatively,
HC(C)H-TOCSY and HC-HSQC-TOCSY experiments
can also be used for assignment of exchangeable protons
(Fig. S2b and S2c¢ in Supplementary Material, respec-
tively). Both HC-H2BC and HC-HSQC-TOCSY experi-
ments were originally intended for unlabeled samples but,
in fact, they provide higher sensitivity on [UL-'*C]-mate-
rials than the HC(C)H-COSY and HC(C)H-TOCSY
experiments (cf. Fig. S2d-f in Supplementary Material) that
are dedicated to '*C-labeled samples.

The exchange rate of the amide protons in the N-acetyl
groups renders them observable even at 40 °C although,
contrary to proteins, the NH groups in polysaccharides are
only rarely hydrogen bonded in a stable structure. For
maximal sensitivity in the N-acetyl assignment we chose
the so called SOFAST-HMQC and the relaxation opti-
mized 'H-detected versions of the 3D HNCA and HNCO
experiments published by Brutscher and co-workers (Le-
scop et al. 2007; Schanda et al. 2006; Schanda and Brut-
scher 2005). These experiments use band-selective amide
proton pulses and water flip-back pulses for minimal per-
turbation of aliphatic and water 'H spins. Since water is
neither excited nor dephased, even signals from amide
protons in fast exchange with water are retained. The large
amount of aliphatic and water "H spin polarization along
the Z-axis by the end of these pulse sequences then
enhances longitudinal (spin—lattice) relaxation of amide
hydrogen spins via dipole—dipole interactions (NOE
effects) and hydrogen exchange (Lescop et al. 2007,
Schanda et al. 2006; Schanda and Brutscher 2005). For the
3C-detection we used the 'H-start relaxation-optimized
experiment called (H)CACO (Bermel et al. 2009a) that also
allows rapid pulsing through realigning "H magnetization
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along Z-axis, developed particularly for studies of inher-
ently disordered proteins. The four 2D spectra for the
assignment of N-acetyl groups are thus HN-SOFAST-
HMQC (Fig. 6e), the 'H-">C-planes of 3D BEST-HNCA
(Fig. 6¢) and 3D BEST-HNCO (Fig. 6f) and the Bc.
detected (H)CACO (Fig. 6g). It is worth noting that all four
experiments showed high sensitivity although, in contrast
to previously reported triple resonance spectroscopy on
glycans (Norris et al. 2012; Wang et al. 2008), the
O-antigen polysaccharide sample used in our study was
only 13C-labeled, not '*N-labeled.

For the sequence determination in oligosaccharides four
experiments were found useful: (H)CC-CT-COSY, band-
selective (H)CC-TOCSY, HC-CT-HSQC-NOESY and
long-range HC-CT-HSQC; but only the two latter ones
showed enough sensitivity to be used for large polysac-
charides. In the case of large molecules, the main limitation
is the loss of the magnetization during the long delays
required for long-range couplings to evolve, due to fast T,
relaxation. In the case of the long-range HC—CT-HSQC
experiment, this problem could be overcome to certain
extent by increasing the temperature and shortening the
long-range evolution delay. On the other hand, the band-
selective (H)ICC-TOCSY experiment proved valuable in
the case of [UL—13C]-sucrose, but its use is limited to cases
in which the resonances of the carbons at the linkage
positions are not overlapping with other resonances (in
other words, the adiabatic mixing pulse should be selective
to the carbon resonances at the linkage positions).

In conclusion, by means of the experiments discussed
above, we have been able to unambiguously assign not
only the 'H and '*C resonances of a small '*C-labeled
carbohydrate (sucrose) and a '*C-enriched O-antigen
polysaccharide (from E. coli 0142), including its "°N res-
onances, but also to determine the monosaccharide
sequence and linkage positions. Uniform '*C-labeling of
the carbohydrate samples allowed us to extend the selec-
tion of NMR experiments to constitute a comprehensive
toolbox for future studies of this type of biomolecules.
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