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Abstract Few solution NMR pulse sequences exist that

are explicitly designed to characterize carbohydrates

(glycans). This is despite the essential role carbohydrate

motifs play in cell–cell communication, microbial patho-

genesis, autoimmune disease progression and cancer

metastasis, and despite that fact that glycans, often shed to

extra-cellular fluids, can be diagnostic of disease. Here we

present a suite of two dimensional coherence experiments

to measure three different correlations (H3–C2, H3–C1,

and C1–C2) on sialic acids, a group of nine-carbon car-

bohydrates found on eukaryotic cell surfaces that often

play a key role in disease processes. The chemical shifts of

the H3, C2, and C1 nuclei of sialic acids are sensitive to

carbohydrate linkage, linkage conformation, and ionization

state of the C1 carboxylate. The experiments reported

include rigorous filter elements to enable detection and

characterization of isotopically labeled sialic acids with

high sensitivity in living cells and crude isolates with

minimal interference from unwanted signals arising from

the *1% 13C-natural abundance of cellular metabolites.

Application is illustrated with detection of sialic acids on

living cells, in unpurified mixtures, and at the terminus of

the N-glycan on the 55 kDa immunoglobulin G Fc.

Keywords N-acetylneuraminic acid � Sialic acid �
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Introduction

Eukaryotic cell surfaces are coated with a layer of lipid-

anchored and protein-linked complex carbohydrate chains

(glycans) that shield the membrane and mediate signaling in

response to external stimuli. They also provide ready

markers for proper organismal development and the onset

of disease. Glycans on stem cells were among the first

markers of stem cell differentiation (Muramatsu and

Muramatsu 2004), proteoglycans and mucin glycopeptides

shed to the blood stream provide markers for certain types

of cancer (Brockhausen 2006; Reis et al. 2010; Theocharis

et al. 2010), and shed fragments of glycosaminoglycans

provide indicators of osteoarthritis (Melrose et al. 2008;

Witsch-Prehm et al. 1992). These carbohydrate structures

are clearly essential to life and the maintenance of a quality

in life, but complete characterization of glycan three

dimensional structures is challenging. Relative to tools for

the structural and dynamical characterization of proteins

and nucleic acids, development of tools to study carbohy-

drates has been slow. There are two primary reasons for

this. The extensive dynamic sampling of conformations by

most carbohydrate chains prevents straightforward appli-

cation of most structural biology techniques, and the con-

formational and compositional heterogeneity of glycan

structures in most natural isolates inhibits crystallization

and introduces a high level of complexity to spectroscopic

approaches. In principle, solution NMR spectroscopy can

provide a wealth of information on dynamic systems, and

when combined with proper isotope labeling strategies can
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reduce compositional complexities even in natural isolates.

One limitation that exists, however, is the absence of spe-

cific spectroscopic experiments to take advantage of unique

spectroscopic properties and isotopic labeling patterns of

glycans. Here we present three new solution NMR pulse

sequences to measure chemical shifts of one important

glycan constituent (a sialic acid residue) that are extendable

to the measurement of structural and dynamic parameters.

Sialic acids are carbohydrate residues that share a

common nine-carbon motif, neuraminic acid (Varki 2009).

The only sialic acid believed to be produced by humans is

N-acetylneuraminic acid, a 9-carbon sugar that forms a

pyranose ring as shown in Fig. 1. This residue is found at

the (non-reducing) termini of glycans distal to the cell

surface and is essential to proper growth, development and

immune function (Nacher et al. 2010; Nasirikenari et al.

2006). For example, self/nonself discrimination in complex

organisms occurs at the cell surface where sialic acid res-

idues are specifically recognized by the immune system as

self epitopes (Varki 2007). Notably, the influenza virus

uses sialic acid in the initial attachment and invasion of

host cells (Skehel and Wiley 2000). Bacteria display

N-acetylneuraminic acids or residues with remarkable

structural similarities on their outermost surface (Varki

2009), perhaps to evade the host immune system. A few of

these sugars, produced by Campylobacter jejuni and

Escherichia coli, are shown in Fig. 1.

Sialic acid has several properties that are well suited for

studies using solution NMR spectroscopy. First, 13C labels

may be incorporated either in vitro using 13CU pyruvate to

synthesize 13C1,2,3-N-acetylneuraminic acid (Aubin and

Prestegard 1993; Simon et al. 1988), or in vivo using 13C

glucose, 15N ammonium chloride, and an E. coli cell line to

produce (13CU, 15N)-N-acetylneuraminic acid (Azurmendi

et al. 2007). Isotope-enriched material may then be used to

modify purified glycoproteins or added to metabolically

active cells. Second, the resonance frequencies of the three

carbons on the reducing end of the sugar (those introduced

by the in vitro procedure) are widely dispersed and, with

appropriate instrumentation, may each be manipulated

discretely. The 13C1 carboxylate is found between 175 and

180 ppm, the 13C2 anomeric carbon is between 95 and

105 ppm, and the 13C3 methylene carbon is between 40

and 45 ppm (Bhattacharjee et al. 1975). Utilizing sequential

coherence transfers between 13C nuclei in a band-selective

manner promises to provide substantial background sup-

pression capabilities in complex samples, a feature required

when observing sialic acid in the presence of living cells.

Third, the C1 and C2 positions are not directly bonded to a

proton and thus potentially have long spin lifetimes that will

allow multiple magnetization transfer periods.

In addition to being widely dispersed and useful spec-

troscopic probes, the chemical shifts of the H3, C1, C2 and

C3 nuclei also reflect alterations in the chemical (compo-

sitional) and conformational structure. The H3eq and C2

nuclei are sensitive to the linkage of N-acetylneuraminic

acid, and resonances display different chemical shifts

whether a2-3, a2-6 of a2-8 linked. The C2 frequency is

likely also sensitive to rotation around the glycosidic bond,

and the C1 carboxylate, and to a lesser extent C2 and C3, is

sensitive to pH through environmentally sensitive pKas for

this group (Gerken and Dearborn 1984).

We developed three pulse sequences to characterize sialic

acid resonances with high specificity in purified samples,

unpurified cell lysates and living cells. These sequences

include multiple elements to filter unwanted signals arising

from natural 13C abundance in cellular metabolites, a

requirement for observation of small soluble sialic acid

carrying metabolites in unpurified samples. N-acetylneu-

raminic acid is also found on a wide variety of larger

molecular assemblies including glycolipids in membrane

fragments, glycoproteins and capsular polysaccharide. The

sequences presented are applicable to a wide range of these

larger sialylated glycoconjugate studies, as illustrated by

work on the glycosylated Fc domain of immunoglobulin IgG.

Materials and methods

Preparation of 13C-labeled E. coli cultures

All materials, unless otherwise noted, were obtained from

Sigma (St. Louis, MO). A single colony of E. coli EV239

Fig. 1 Chemical structures of N-acetylneuraminic acid and similar

carbohydrates show the unique features of these residues, including

the H3 methylene protons, the non-protonated anomeric C2 and the

carboxylate C1. N-acetylneuraminic acid is often found on eukaryotic

cell surfaces at the termini of carbohydrate chains. Pathogens display

this carbohydrate as well as residues with a high degree of structural

similarity, including the three sugars shown on the right, potentially

to evade host defense systems
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(Steenbergen et al. 1992) was used to inoculate a 5 mL LB

medium culture supplemented with 40 lg/mL (13CU, 15N)

N-acetylneuraminic acid, 50 lg/mL kanamycin and

12.5 lg/mL tetracycline for *20 h. The medium was then

replaced by washing cells, pelleted in an IEC clinical

centrifuge, 2 times with 5 mL 1-times phosphate buffered

saline, and finally gently resuspended in 300 lL of fresh

wash solution (supplemented with 10% D2O). This mixture

was transferred to a 4 mm NMR tube for observation.

Isotope-enriched (99% 13C) monomeric and polymeric

N-acetylneuraminic acid was prepared as described

(Azurmendi et al. 2007). For the NMR sample, 2.4 mg of

polymeric N-acetylneuraminic acid was dissolved in

*300 lL D2O and placed in a 4 mm NMR tube.

Preparation of 13C1,2,3-N-acetylneruaminic acid-labeled

immunoglobulin G Fc

Isotope-enriched ([95%) N-acetylneuraminic acid

(13C1,2,3) was prepared according to published reports

(Aubin and Prestegard 1993; Simon et al. 1988). Human

IgG Fc (10 mg, Athens Research and Technology, Athens

GA) was desialylated and galactosylated, then sialylated

with 13C1,2,3-N-acetylneuraminic acid using published

procedures to produce a uniformly galactosylated glycan

with a sialic acid ([95%) on the a1-3 branch of the Asn297

N-glycan (Barb et al. 2009). IgG Fc was purified using a

Protein A Sepharose column (GE Healthcare) and placed in

a buffer containing 25 mM sodium phosphate, 100 mM

potassium chloride and 1 mM DSS, pH 7.0 in 100% D2O.

The final NMR sample contained *0.5 mM 13C1,2,3-

N-acetylneuraminic acid-terminated glycan.

NMR spectroscopy

NMR experiments were collected on a 21.1 T spectrometer

equipped with a Varian VNMRS console and a 5 mm

cryogenically-cooled probe. The samples were observed at

25�C with the exception of IgG Fc, which was observed at

25 or 50�C. NMR experiments were conducted using the

Varian VNMRJ software (ver 2.3A) with the BioPack

upgrade. NMR data were processed using NMRPipe

(Delaglio et al. 1995) and analyzed using NMRViewJ (One

Moon Scientific, Westfield, NJ).

Results

H3–C2 correlation

A fundamental challenge in detecting 13C-labeled mole-

cules in complex mixtures (in or on living tissue, for

example) is suppressing undesirable background signals

which may be 100s–1,000s of fold more intense. In tradi-

tional NMR acquisitions (a 1H–13C HSQC experiment, for

example) these signals arise from the *1% natural abun-

dance of 13C in cellular metabolites. The unwanted signals

are reduced 90-fold to 100-fold when compared to detected

signals from a 90–100% enriched 13C-labeled molecule at

equal concentrations, but this reduction often cannot be

achieved when lipids and certain metabolites with consid-

erable spectral overlap exist at 10 s of mM concentrations.

Additional suppression of background signals (up to

100-fold) could be achieved, in principle, by detecting
13C–13C pairs in the molecules of interest. Further

enhancements may be achieved by applying band-selective

radio-frequency (rf) pulses and pulsed field gradients to

select coherences of interest.

The first NMR experiment presented was designed to

detect sialic acid residues on living cells with high sensi-

tivity and exceptional background suppression capabilities.

The pulse strategy is shown in Fig. 2a. It transfers mag-

netization from the H3 protons, through C3 to C2 via a

small number of band-selective 13C pulses which refocus

or invert magnetization. The magnetization evolution

pathway to the point following the pulse marked /2 is

H3z ! �H3z C3z ! 2H3z C3x C2z ! �2H3z C3z C2x

This operator is allowed to evolve under the chemical

shift of the C2 carbon while the effect of scalar C3 and C1

coupling is removed with an amplitude-modulated band-

selective pulse. Next, the sf/p.f.g.(4) ? refocus ? sf/

p.f.g.(4) element eliminates single 1H–13C coherences that

have leaked through the sequence. This provides an

additional filtering mechanism. The coherence is then

converted to pure H3x for detection.

The benefit of the aggressive background suppression in

detecting the H3–C2 sialic acid correlations on living

E. coli EV239 cells is illustrated in Fig. 3. EV239 cells are

a K12 strain engineered to contain a K1-type capsule [poly-

N-acetylneuraminic acid (pSA)] (Steenbergen et al. 1992;

Vimr 1992). The traditional 1H–13C HSQC experiment

shows correlations between other 1H–13C pairs, including

the N-acetylneuraminic acid N-acetyl and some unidenti-

fied background metabolite peaks (Fig. 3a). These

unwanted signals are absent in Fig. 3b owing to the effi-

cient removal by the numerous filter elements. Initial

attempts to collect the H3–C2 coherence suffered from

substantial t1 noise in samples containing high background

metabolite signals (data not shown). This noise was largely

eliminated by the addition of the C2 refocusing element

after C2 chemical shift evolution (described above).

The benefit of separating sialic acid signals based on the

C2 chemical shift is shown in Fig. 3b. Three forms of the

N-acetylneuraminic acid are seen: the monomeric form

which exists primarily as the b anomer, a polymeric a2-8-
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linked pSA, and a form consistent with a polymeric a2-8

linkage that has undergone a condensation (between the C1

carboxylate and the C8 hydroxyl of the preceding residue)

to form a lactone (pSA-lactone, Azurmendi et al. 2007).

The C3 chemical shifts of these species are similar, but

there is a large difference between the pSA and pSA-lac-

tone C2 chemical shifts. In addition, resolving species with

the C2 shift offers the potential for higher resolution

Fig. 2 Pulse sequences specific for sialic acids utilize single quantum

coherences. a An experiment that correlates the H3 nuclei with C2

utilizes band-selective carbon refocusing and inversion pulses to

prepare the desired coherences effectively filters unwanted signals.

Narrow (wide) rectangles indicate 90� (180�) pulses. The pulse

marked ‘‘j’’ is a polychromatic selective REBURP (Geen and

Freeman 1991) pulse with 20 ppm bandwidth centered at two

frequencies (102 ppm and 43 ppm). ‘‘k’’ is a square 180� pulse to

decouple C1 and C3 during C2 chemical shift evolution, is centered at

175 and 43 ppm, and is only applied when t1 is greater than the time

required to apply this pulse. ‘‘l’’ is a 20 ppm C2-selective REBURP

pulse centered at 102 ppm. The transfer delay sa is 1/4JCH (1.85 ms),

sc is 1/4JC3-C2 (5.8 ms), sf is 650 ls. The gradient delays (ms), and

levels (G/cm) are: 0: 1.0, 9; 1: 0.3, 18; 2: 1.0, 21; 3: 0.6, 15; 4: 0.5,

-14; 5: 0.5, 1. The phase cycling is /1 = {x, -x}; /2 = {2(y),

2(-y)}; /3 = {4(y), 4(-y)}; /4 = {8(x), 8(-x)}; /rec = {4(x, -x),

4(-x, x)}. Quadrature detection is achieved according to the

STATES-TPPI method (Marion et al. 1989) by modulating the

coherence orientation in a stepwise fashion: 1 (/1, /2 and /rec as

stated), 2(/1 and /2 ? 90�, /rec as stated), 3 (/1, /2 and /
rec ? 180�, /rec as stated) and 4 (/1 and /2 ? 270�, /rec ? 180�).

Horizontal black rectangles represent water flip-back pulses

(*1.2 ms rectangular pulses). b An experiment that correlates the

H3 nuclei with C1 utilizes band selecting excitation, refocusing and

inversion pulses. The first pulse (marked with a *) is the only broad-

band carbon pulse. All remaining carbon pulses, shown as hollow
narrow (wide) rectangles are band-selective 90� (180�) pulses

centered at the nucleus indicated (C3: 43 ppm, C2: 102 ppm, C1:

175 ppm). The pulse characteristics are given in Table 1. The transfer

delay sd is 1/4JC2–C1 (4.0 ms). The gradient delays (ms) and levels

(G/cm) are: 0: 1.0, 9; 1: 0.3, 5; 2: 1.0, 21; 3: 1.4, 21. The phase

cycling is /1 = {x, -x}; /2 = {2(y), 2(-y)}; /3 = {-x}; /
4 = {4(x), 4(-x)}; /5 = {8(y), 8(-y)}; /6 = {4(x), 4(-x)}; /
7 = {y}; /rec = {x, -x, -x, x, 2(-x, x, x, -x), x, -x, -x, x}.

Quadrature detection is achieved according to the STATES-TPPI

method by modulating /4 and /rec. This sequence is also capable of

collecting the C2 chemical shift in a three dimensional experiment.

Quadrature in this circumstance is achieved by STATES-TPPI

modulation of /7 and /rec. c A C1–C2 experiment collects C1 and

C2 chemical shifts as well as the one-bond C1–C2 scalar coupling at

high resolution. Each pulse in this sequence is band-selective at the

nucleus indicated with narrow (wide) rectangles indicating 90� (180�)

pulses. Refocusing and inversion during the INEPT (Morris and

Freeman 1979) periods is achieved using polychromatic selective

REBURP pulses centered at 176 and 102 ppm with 25 ppm

bandwidths. 90� pulses are executed using the EBURP1 (Geen and

Freeman 1991) shape with a 25 ppm bandwidth at the indicated

frequency. The central 180� pulse decouples C1 and C3 from C2

evolution using a polychromatic Gauss 180 pulse with 20 ppm

bandwidths. Proton decoupling is achieved with continuous wave

decoupling during both periods. The gradient delays (ms) and levels

(G/cm) are: 1: 0.5, 9; 2: 1.0, 21. The phase cycling is /1 = {2(x),

2(-x)}; /2 = {-x, x}; /rec = {x, -x, -x, x}. Quadrature detection

is achieved according to the STATES-TPPI method by modulating /1

and /rec
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spectra in the indirect dimension when using complex

samples because the C2 linewidths at 21.1T are consider-

ably less than the C3 linewidths (data not shown). An

added benefit of increased resolution with the C2 chemical

shift is the ability to separate signals with a reduced

acquisition time in the indirect dimension when compared

to C3. This is advantageous when observing peaks with

increased R2 relaxation rates, as would be expected for

large glycoproteins or cell-surface glycans.

H3–C1 correlation

The C1 chemical shift may also be used as a probe for

glycan structure and dynamics and is more sensitive to the

ionization state of the carboxylate group than C2. Thus, we

devised a method which utilizes a similar background fil-

tering and coherence transfer principle as the H3–C2

experiment to correlate signals from the H3 and C1 nuclei

of sialic acid (Fig. 2b). This approach utilizes a greater

number of band-selective excitation, refocusing and

inversion pulses to separately perturb the C1, C2 and C3

nuclei, which, in principle, should possess even greater

background suppression qualities. The coherence prepara-

tion proceeds in a similar manner to that of the H3–C2

experiment, except the temporally separated band-selective

90� 13C pulses permit insertion of crush gradients while the

magnetization is parallel to the z axis.

Following the pulse marked /3, the coherence pathway

is as follows:

8H3z C3z C2z C1z ! �8H3z C3z C2z C1x

! t1 ! �8H3z C3z C2z C1z ! �8H3z C3z C2x C1z !
� 4H3z C3z C2y ! 4H3z C3y C2z

! �2H3z C3x ! 2H3y C3z ! H3x ! detect

The effect of C2–C1 scalar coupling is removed with a

band-selective C2 inversion pulse if the t1 increment is

greater than the time necessary to apply this pulse.

An H3–C1 correlation spectrum of the 55 kDa

mono-13C1,2,3-sialylated IgG Fc molecule (one sialic acid

per glycan) is shown and compared to H3–C3 and H3–C2

correlation spectra in Fig. 4. The Fc domain of Immuno-

globulin G is a dimer with two complex-type, biantennary

glycans. The structure of these glycans is related to

Fig. 3 Application of the H3–C2 correlation experiment to the

capsular pSA polysaccharide on E. coli EV239 cells demonstrates the

selectivity and sensitivity of the method. a A 13C HSQC spectrum

reveals the H3–C3 N-acetylneuraminic acid coherences as well other

H–13C pairs from intact E. coli cells. This experiment was collected

using 16 scans/increment, 128 increments and a 13C sweep width of

20 kHz. b The three forms of the N-acetylneuraminic acid are clearly

resolved and background signals are effectively removed using the

H3–C2 correlation experiment which collects the resonance frequen-

cies of the H3 and C2 nuclei. This experiment was collected using

128 scans/increment, 96 increments and a 13C sweep width of

3.6 kHz

Table 1 Pulse parameters for

the H3–C1 correlation

experiment

a Geen and Freeman (1991)

Pulse Function Shape Bandwidth (ppm)

a Invert C3 REBURPa 20

b 90� C3 Half gaussian 20

c Refocus C3, invert C2 REBURP, REBURPa 15, 15

d Return C3 to Z, 90� C2 Half gaussian, half gaussian 15, 15

e Refocus C2, invert C1 REBURP, REBURPa 15, 15

f Return C2 to Z Square 90� 25

g 90� C1 Square 90� 25

h Invert C2 Square 180� 30
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autoimmune disease (Parekh et al. 1985) and these glycans

have been shown to be mobile but constrained by the Fc

polypeptide surface (Barb and Prestegard 2011). This

sample contains a biantennary glycan with a single sialic

acid residue at the a1-3 Man branch terminus of the glycan

(Barb et al. 2009). The correlations for this sialic acid

residue are clearly seen and occur at the expected carbon

chemical shift values. The H3–C1 sequence has similar

background filtering properties as the H3–C2 experiment,

but suffers somewhat from reduced sensitivity when

compared to the H3–C2 experiment, likely owing to the

reduced efficacy resulting from the greater number of

shaped pulses and the coherence attenuation by spin

relaxation during the magnetization transfer periods. These

correlations may be stronger at lower magnetic fields

where the effect of carbonyl carbon CSA relaxation is

smaller.

C1–C2 correlation

Alternative approaches must be employed when detecting

sialic acids with unfavorable dynamic properties. As

molecular mass increases, due to polymerization or coor-

dination by a large molecule, rotational correlation times

become long. At this limit, experiments utilizing proton

resonances and heteronuclei with directly bonded protons

suffer a disadvantage due to their short transverse relaxa-

tion times. Therefore, non-protonated carbon atoms

become useful spectroscopic probes because they are less

affected by decreased correlation times. Indeed, NMR

experiments to assist in the assignment of backbone poly-

peptide resonances have been designed that bypass H

nuclei entirely (Takeuchi et al. 2010a, b). These methods

are additionally effective when characterizing nuclei in the

presence of paramagnetic centers (Otting 2008), or nuclei

that experience line-broadening by chemical exchange, as

is the case for some of the sites on IgG Fc glycans. It is

therefore of interest to develop an NMR experiment to

observe sialic acid that utilizes only the non-protonated

carbons in sialic acids.

A selective 13C–13C correlation experiment designed to

measure the C1 and C2 chemical shifts is shown in Fig. 5.

This experiment is analogous to a heteronuclear single

quantum coherence pulse sequence except that a coherence

is observed between different carbon frequencies is

observed (Bodenhausen and Ruben 1980; Morris and

Freeman 1979). Detecting the C1 nucleus directly is pref-

erable to detecting C2 when using a 13C1,2,3-labeled resi-

due. The C1 signal at resolutions achievable with large

molecules shows the effect of a single resolved homonu-

clear scalar coupling with C2, while the C2 signal appears

as a quartet due to the presence of two unequal and

resolved scalar couplings to C1 and C3 (62 and 43 Hz,

respectively, for the a anomer). In this experiment, equi-

librium C1z magnetization is transformed into the

Fig. 4 The application of these methods reveals the H3, C3, C2 and

C1 chemical shifts of the 55 kDa 13C-monosialylated IgG1 Fc. a A
13C HSQC spectrum with C2 refocusing applied during C3 chemical

shift evolution. This experiment was collected using 160 scans/

increment, 128 increments and a 13C sweep width of 1 kHz. The H3–

C2 (b) and H3–C1 (c) correlation experiments reveal the chemical

shifts of the non-protonated C2 and C1. The weaker set of peaks seen

in a and b likely result from degraded Fc. The H3–C2 experiment was

collected using 512 scans/increment, 32 increments and a 13C sweep

width of 10 kHz. The H3–C1 experiment was collected using

1,024 scans/increment, 26 increments and a 13C sweep width of

6 kHz

Fig. 5 A C1–C2 correlation spectrum of purified polysialic acid

shows both monomeric sialic acid, mostly as a b anomer, and the

polysialic acid which is a2-8 linked. The scalar C1–C2 couplings are

reported for each of the doublets observed. The inset shows an

enlargement of the b-sialic acid cross peaks. The one-dimensional

spectrum is taken through the a-polysialic acid doublet. This

experiment was collected using 4 scans/increment, 220 increments

and a 13C2 sweep width of 2.5 kHz. Complex points (4096) were

collected with a spectral width of 22 kHz in the direct dimension and

processed with a 1 Hz Gaussian multiplier window function
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antiphase C1zC2x operator and frequency labeled with the

C2 chemical shift. During the chemical shift evolution the

effects of C3 and C1 scalar couplings are removed by

band-selective inversion of these resonances (when

allowed by the length of the t1 period). The C1zC2z oper-

ator, created following a 90� C2 pulse, is transformed into

magnetization proportional to C1yC2z which is then refo-

cused into pure in-phase C1x magnetization for detection.

Proton decoupling during acquisition is included to remove

the effect of the three bond H3(ax)–C1 scalar coupling

which is *1.5 Hz for the a anomer.

This sequence has background suppression properties

like the other two experiments. This is due to the exploi-

tation of two sequential 13C nuclei resulting in a 10,000-

fold enhancement of labeled 13C1,2,3-N-acetylneuraminic

acid over unlabeled background molecules, in addition to

suppressive properties of narrow bandwidth pulses. This

experiment will not be as sensitive as the preceding

sequences when detecting molecules with short correlation

times as a result of the reduced levels of 13C polarization

(1/4th of 1H) and the reduced sensitivity of 13C detection

(1/16th of 1H) when compared to 1H excite/detect experi-

ments, however, for large molecules with long correlation

times, losses during multiple coherence transfer and refo-

cusing steps to and from protons, will more than cancel

sensitivity gains.

A C1–C2 correlation spectrum collected using a sample

containing a mixture of purified poly and monomeric sialic

acid is shown in Fig. 5 and provides an indication of the

linewidths that were achieved. This spectrum shows the

resolution of the experiment achieved by exploiting both

the C1 and C2 carbon chemical shift differences. The peaks of

less intensity above both the dominant mono and polysialic

acid crosspeaks likely reflect degradation in the sample.

This experiment also provides a direct measure of the

1-bond C1–C2 scalar coupling values with very high pre-

cision (Fig. 5). The H3(ax)–C1 coupling would be resolved

in a higher resolution spectrum.

Discussion

Development of experiments designed for studies of car-

bohydrates have lagged behind experiments developed for

the study of proteins and nucleic acids. It is appropriate to

point out that the H3–C2 correlation pulse sequence was

inspired by a set of experiments designed by Prof. Kay and

Prof. Tugarinov for the assignment for Ile, Leu and Val

methyl groups in proteins (Tugarinov and Kay 2003).

These experiments were some of several that extended the

capability of NMR spectroscopy to the study of large,

highly deuterated proteins. The carbohydrate-specific

NMR methods presented here in a small way expand the

selection of experiments available to the glycobiology

community.

These experiments are particularly applicable to a

variety of sialic acid-containing biomolecules, including

the purified polysaccharides (Fig. 5), glycoprotein glycans

on large molecules (Fig. 4), and cell surface carbohydrates

(Fig. 3) presented here. These methods are also applicable

to many different types of sialic acids that share the same

C1 carboxylate–C2 anomeric–C3 methylene carbon motif,

including those residues shown in Fig. 1. These pulse

sequences require no modification to function with both
13CU- and 13C1,2,3-enriched N-acetylneuraminic acid and

effectively reduce the background signals of undesirable

cellular metabolites.

One potential asset of the methods presented is the

ability to resolve resonances from sialic acid residues in

different environments, using multiple carbon chemical

shifts. N-glycans, for example, can contain one, two, three

or four antenna that can be modified with single terminal

sialic acid residues in either an a2-3 or a2-6 linkage (Varki

2009). In addition, poly a2-8-linked sialic acid chains

hundreds of residues long are also attached to some N-

glycans (Nelson et al. 1995). N-glycosylation often occurs

at multiple sites on a protein, and different glycans on the

same protein are remodeled to different final structures

with potentially distinct functions. The multiple sources of

chemical diversity provide a great challenge for structural

methods, but these sequences are a multi-dimensional tool

to separate signals from individual units and ultimately

study the mechanisms behind glycan function.

The H3–C2 correlation experiment proved to be the

most sensitive of the three using the conditions presented

here. With stable samples such as glycoproteins the

detection limit for these experiments is much lower than

the spectra presented, given that ample experimental time

is available. Using cell cultures, however, the detection

limit is likely restrained by the amount of labeled material

metabolized by the cell and experimental collection time is

limited by the length of time the culture can withstand the

environment in the NMR tube (likely no more than 24 h).

The H3–C2 spectrum in Fig. 3 using E. coli EV239 cells

was collected for 9.5 h.

These methods are also suited for measuring structural

restraints in the form of residual dipolar couplings (RDCs).

RDCs provide information on how chemical bond vectors,

and molecules to which they are attached, orient in a par-

tially aligning medium. These too are capable of providing

high resolution information on glycan orientation and

structure (Prestegard et al. 2004). With the 13C1,2,3-N-

acetylneuraminic acid labeling, couplings from multiple,

non-colinear bonds provide highly complementary infor-

mation as to the orientation of the carbohydrate residue. By

removing decoupling pulses from these experiments, it is
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possible to measure with high precision RDCs from four

dipole pairs, including C1–C2, C2–C3, H3(ax/eq)–C3, and

C1–H3ax. The most sensitive experiment, the H3–C2

correlation, is capable of providing data to measure the first

three of these values. In combination with other new

methods (Liu and Prestegard 2010), residual chemical shift

anisotropy values which, similar to RDCs are indicative of

orientation, may also be measured with high precision.

These pulse sequences may also be used to measure

distance and orientation information in relation to a para-

magnetic center. Defining conformation about the glyco-

sidic residue–residue linkage is challenging due the few

protons nearby. Paramagnetic centers offer a complemen-

tary approach via paramagnetic relaxation enhancement

and pseudocontact shifts. These can be measured by simply

observing chemical shifts and intensities (Otting 2008).

The C1–C2 experiment in particular offers an advantage in

allowing observation at distances where broadening of

protons lines prevents use of proton detected experiments.
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