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The feasibility of obtaining high quality homonuclear or heteronuclear diffusion-ordered 13C NMR data is
shown to be greatly improved by using 13C isotopically-enriched samples. Stable isotope-enhanced dif-
fusion ordered (SIE-DOSY) 13C NMR has been applied to 13C-enriched carbohydrates, and has been used
to determine diffusion coefficients for pentose and hexose monosaccharides, and a disaccharide and tri-
saccharide. These 2D spectra were obtained with as little as 8 min of acquisition time. Fully resolved 3D
DOSY-HMQC NMR spectra of [U-13C]xylose, [U-13C]glucose, and [1-13Cgal]lactose were obtained in 5 h.
Sample derivatization with [carbonyl-13C]acetate (peracetylation) extends the usefulness of the tech-
nique to included non-labeled sugars; the 13C-carbonyl – carbohydrate ring proton 1H–13C correlations
also provide additional structural information, as shown for the 3-D DOSY-HMQC analysis of a mixture
of maltotriose and lactose per-[carbonyl-13C]acetates.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Diffusion-ordered NMR spectroscopy (DOSY NMR) is a powerful
but as yet under-utilized NMR technique for the resolution of com-
ponent molecules based on differences in translational diffusion
rates [1,2]. Individual diffusion constants are derived for molecules
with differing hydrodynamic radii that may arise as a consequence
of molecular mass, complexation or even as a consequence of con-
formational variation [3–5]. Diffusion rates are calculated from the
exponential decay of the NMR signal due to the molecular motion
between sets of gradient pulses. Typically, a conventional spec-
trum is obtained with chemical shift in one dimension, resolved
by diffusion constant (expressed as log (D/m2 s�1)) in the second
dimension [3]. This approach has been successfully applied to the
analysis of a variety of systems including glycans in glycoproteins
[6], oligosaccharide mixtures of various degrees of polymerization
[7,8], proteins [9], and for quantitative screening of ligand-sub-
strate interactions [10,11].

Because of its intrinsic sensitivity, to date 1H has been the nu-
cleus of choice for the DOSY experiment. In the analysis of mix-
ll rights reserved.
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tures of structurally related compounds, such as molecules of
biological interest, the overlap of signals in the 1H NMR domain re-
sults in apparent averaging of the diffusion constants. The combi-
nation of DOSY with homo- (COSY, TOCSY) and heteronuclear
(HMQC) two-dimensional NMR experiments to give a three-
dimensional spectrum greatly enhances the versatility of the tech-
nique [12–14], but suffers from two difficulties. First, the addition
of a third dimension necessitates excessively long experimental
times to give usable resolution. To some extent this can be miti-
gated by the spectral aliasing technique of Vitorge and Jeannerat
[15]. Second, for sensitivity reasons, DOSY NMR methods based
on proton nuclei have been generally preferable, limiting these
methods to 1H-detected spectra.

In many respects, because of the narrow peak widths and large
chemical shift range and, hence, improved spectral resolution, 13C
is an attractive nucleus for DOSY NMR. Other nuclei, including 19F,
31P, and even 195Pt, have been used [16–18], but there are as yet
very few reports of DOSY 13C NMR [19]. We presume this is be-
cause of the poor sensitivity of 13C NMR due to the low abundance
of the 13C isotope in natural carbon-based samples, along with
13C’s weak sensitivity relative to 1H NMR. 13C-enriched samples
are often used to increase the sensitivity of the 13C NMR experi-
ment, leading to the idea that isotopic enrichment might also en-
able us to use the desirable properties of 13C to obtain DOSY 13C
NMR spectra in a timely manner. This report describes how the
components in a mixture of 13C-enriched sugars can be characterized
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by DOSY 13C NMR. 3D spectra were obtained in 5 h and 2D spectra
in 8 min. For those samples not amenable to enrichment by growth
on a 13C-labeled substrate, derivatization of sugars with 13C-la-
beled acetate is shown to provide similar utility.

2. Experimental

All NMR experiments were performed on a Bruker Avance spec-
trometer (Bruker BioSpin Corp., Billerica, MA) operating at
500.11 Mhz using a standard 5 mm z-gradient BBI probe at 27 �C.
Chemical shifts are reported as ppm from tetramethylsilane calcu-
lated from the lock solvent. The deuterated solvents used were ob-
tained from Cambridge Isotope Labs (Andover, MA). The sugars
were obtained from Omicron Biochemicals, Inc. (South Bend, IN)
and dissolved at a concentration of 10 mg/mL.

2.1. Diffusion experiments

The pulse sequences used were Bruker programs ledbpgp2s and
stebpgpin1s for 1H-detected and 13C-detected DOSY respectively,
and the 3D heteronuclear sequence DOSY-HMQC [13]. Adiabatic
decoupling (Bruker sequence p5m4sp180 with smoothed chirp
pulse) was used to reduce convection caused by sample heating
in the 3D experiments. The gradient strength was incremented in
(typically) 16 steps from 2% to 95% of the maximum gradient
strength. Diffusion times were varied between 30 and 150 ms
and gradient pulse lengths ranged from 1.7 to 6 ms in order to
attenuate the NMR signals of interest to �10% of original intensity.
All processing was done with the Bruker TOPSPIN software pack-
age (version 1.3).

2.2. Isotopic labeling with [carbonyl-13C]acetate

Carbohydrate samples (10 mg) were peracetylated in a 2:1 (vol/
vol) mixture of trifluoroacetic anhydride/glacial [carbonyl-13C] ace-
tic acid (200:100 lL) at room temperature (25 oC) for 30 min
[20,21]. The completeness of the reaction was monitored by MAL-
DI-TOF mass spectrometry. The sample generally dissolved within
5 min and, at the end of the reaction time the solution was evapo-
rated to dryness. The acetylated product was dissolved in CDCl3/
DMSO-d6 (20/80 v/v) for NMR spectroscopy.

3. Results and discussion

A comparison of the DOSY NMR spectra obtained on representa-
tive hexose sugars (the aldose glucose and the 2-ketose fructose) is
shown in Fig. 1. The 1H NMR spectrum (not shown) of unlabeled D-
glucopyranose in deuterated water is characterized by alpha- and
beta-anomeric proton resonances at 5.15 ppm (J1a,2a = 4 Hz) and
4.55 ppm (J1b,2b = 8 Hz) respectively, and pyranosyl ring protons be-
tween 3 and 4 ppm. For the DOSY 1H NMR spectrum of univer-
sally-13C-labeled [U-13C]glucopyranose, these resonances are split
by 1H–13C coupling (�170 Hz) to adjacent 13C nuclei. Hence, the al-
pha proton doublet is observed at 5.00 and 5.35 ppm, and the beta
proton doublet at 4.40 and 4.75 ppm. This 1H–13C coupling, and
the sugar ring protons, can be seen in the DOSY spectrum (Fig. 1, pa-
nel A) to give a diffusion coefficient (log (D/m2 s�1)) of�9.21 (Fig. 1,
panel A). A small signal due to residual water is apparent at
4.65 ppm, with log (D/m2 s�1) = �8.67. Comparable results were ob-
tained for the 1H DOSY of [1-13C]glucose (Supplemental Fig. S1, pa-
nel A) and assigned log (D/m2 s�1) = �9.23 (Table 1).
1 Abbeviations used: SIE-DOSY, stable isotope-enhanced diffusion-ordered spectros-
copy; DOSY, diffusion-ordered spectroscopy; HMQC, heteronuclear multiple quantum
correlation.
The SIE-DOSY1 13C NMR spectrum of [U-13C]glucose shown in
Fig. 1, panel B, was obtained with just 11 min of acquisition time.
The expected 13C resonances for the alpha and beta-anomeric car-
bons are evident at 92.1 and 95.9 ppm, respectively, and are split
by 13C–13C coupling to the 13C-labeled C-20s (J1,2 = 46 Hz). Other sig-
nals, due to labeled glucose ring carbons, are evident at 61 ppm (C-6,
methylenes) and 70–78 ppm (C-2 to C-5, methines). Comparable
with the 1H DOSY result, the 13C DOSY data extrapolated to log (D/
m2 s�1) = �9.24 (Fig. 1, panel B). The ring carbon resonances and
13C–13C coupling are absent for selectively labeled [1-13C]glucose,
but there was sufficient spectral information to assign the diffusion
coefficient (log (D/m2 s�1)) as �9.23 (Supplemental Fig. S1, panel B;
Table 1).

The data for the 13C-labeled ketose sugar, [1-13C]fructose, is
shown in the lower panels of Fig. 1. Fructose has no anomeric pro-
ton signal because the anomeric carbon is quaternary. Hence, all of
the proton resonances for fructose are in the range 3.3–4.1 ppm
(Fig. 1, panel C), where they overlap with the ring proton signals
for aldose sugars such as glucose. Although the diffusion coefficient
for fructose is apparent from the 1H DOSY spectrum (log (D/
m2 s�1) = �9.21, Fig. 1, panel C), without a unique anomeric signal,
this overlap of the ring proton signals limits the usefulness of DOSY
1H NMR for resolving fructose in carbohydrate mixtures. In the SIE-
DOSY 13C NMR experiment, the isotopically-labeled –CH2OH group
at C-1 is apparent from resonances at 62.7, 62.9 (minor), and
63.9 ppm, and these signals were clearly resolved in the 13C DOSY
spectrum (Fig. 1, panel D). Extrapolation of these 13C signals in the
diffusion domain assigned the diffusion coefficient log (D/m2 s�1)
for fructose as�9.22 (Fig. 1, panel D), comparable to that estimated
from the 1H DOSY (Table 1).

Because fructose and glucose are both hexose sugars with
equivalent molecular masses, similar diffusion coefficients are ex-
pected and the results are shown in Table 1. A disaccharide such as
lactose, Gal-b-(1 ? 4)-Glc, has a slower diffusion, as evident from
the 1H DOSY spectrum (Fig. 2, panel A); the diffusion coefficient
log (D/m2 s�1) obtained in this spectrum for [1-13Cgal]lactose is
�9.35. In the 13C DOSY experiment, the single [1-13C]-labeled
beta-anomeric carbon of the galactose residue is observed at
103.0 ppm (Fig. 2, panel B), and is well resolved from the anomeric
carbons for the monosaccharides, glucose or xylose. The diffusion
constant obtained from this 13C DOSY data correlates well with
that from the comparable 1H DOSY experiment (Table 1).

We chose to examine the DOSY 1H NMR spectrum and the SIE-
DOSY 13C NMR spectrum of a 5-carbon pentose sugar, D-xylose, the
relative molecular mass of which differs from that of glucose and
fructose by just 30 mass units. The 1H DOSY spectrum for univer-
sally-labeled [U-13C]xylose is shown in Fig. 2, panel C, and the com-
parable 13C DOSY spectrum is shown in Fig. 2, panel D. As with the
U-13C-labeled glucose, the xylose alpha- and beta-anomeric proton
signals are further split by 1H–13C coupling and, in this case, one of
the beta signals is partially overlapped by the residual water peak.
However, the xylose and water signals are well resolved in the dif-
fusion domain to reveal the anomeric signals at 4.35 and 4.65 ppm
(H-1, beta) and 4.96 and 5.30 ppm (H-1, alpha), and the diffusion
coefficient log (D/m2 s�1) = �9.18. In the SIE-DOSY 13C NMR exper-
iment on [U-13C]xylose the anomeric carbon resonances were suf-
ficiently resolved to observe 13C–13C coupling (Fig. 2, panel D), as
was also observed for the U-labeled glucose experiment (Fig. 1, pa-
nel B). The diffusion 13C NMR spectra are therefore obtained rap-
idly but without significant degradation of the spectral quality.
Noticeably two of the 13C signals, at 65.5 and 94.0 ppm, were
specific to [U-13C]xylose and do not overlap the 13C signals from
either glucose or lactose. The diffusion coefficient for [U-13C]xylose
was extrapolated from this data (log (D/m2 s�1) = �9.20) and com-
pares favorably with that obtained from the 1H DOSY experiment
(Table 1).



Fig. 1. DOSY NMR spectra of isotopically-enriched hexose sugars: aldohexose D-[U-13C]glucose (TOP) and ketohexose D-[1-13C]fructose (LOWER). (A) and (C) show DOSY 1H
NMR spectra, and (B) and (D) are DOSY 13C NMR spectra. Chemical shifts (ppm) are on the x-axis and diffusion data (log (D/m2 s�1)) on the y-axis. Comparable data for
anomerically-labeled D-[1-13C]glucose are included as on-line Supplementary Fig. S1.

Table 1
Compiled diffusion coefficients obtained from DOSY 1H NMR and corresponding
stable isotope-enhanced DOSY 13C NMR spectra.

aCarbohydrate Nuclei blog (D/m2 s�1)
(water)

log (D/m2 s�1)
(sugars)

D-[1-13C]glucose 1H �8.688 �9.230
13C �9.234

D-[U-13C]glucose 1H �8.670 �9.212
13C �9.237
1H/13C �9.215d

D-[1-13C]fructose 1H �8.686 �9.209
13C �9.222

D-[1-13Cgal]lactose 1H �8.685 �9.350
13C �9.378
1H/13C �9.330d

D-[U-13C]xylose 1H �8.691 �9.182
13C �9.203
1H/13C �9.160d

maltotriose per-
[carbonyl-13C]acetate

1H/13C �9.765c

lactose per-
[carbonyl-13C]acetate

1H/13C �9.694c

a Concentrations are 10 mg/mL.
b Diffusion coefficient (D) has units of m2 s. Log (D/m2 s�1) is dimensionless.
c log (D/m2 s�1) values for solutions in CDCl3/DMSO-d6.
d Taken from 3D DOSY-HMQC data.

K. Vermillion, N.P.J. Price / Journal of Magnetic Resonance 198 (2009) 209–214 211
We sought to resolve a mixture of structurally similar carbohy-
drates containing isotopically-labeled [U-13C]xylose, [U-13C]glu-
cose and [1-13Cgal]lactose using stable isotope-enhanced 3D
DOSY-HMQC NMR. Two-dimensional planes in the diffusion do-
main from the 3D DOSY-HMQC spectrum are shown in Fig. 3.
DOSY-HMQC has been used previously for the analysis of complex
mixtures [13], but suffers from low sensitivity and associated long
acquisition times for non-enriched samples. By contrast, the 3D
DOSY spectrum shown in Fig. 3 was obtained in about 5 h of acqui-
sition time. The alpha- and beta-anomeric signals are attributed to
the [U-13C]xylose and [U-13C]glucose, and the majority of sugar
ring proton signals are comparable to those obtained in a simple
2D-HMQC experiment (Fig. 3, Panels B1–B4). For [U-13C]xylose,
the anomeric signals are apparent at 4.5/96.3 ppm (beta) and
5.1/91.1 ppm (alpha), with six other signals observed in the 3.0–
4.0 ppm region (Fig. 3, Panel A2). Comparable data were apparent
for the [U-13C]glucose (Fig. 3, Panel A3) and, as expected, one signal
at 4.4/103.0 ppm is attributed to the isotopically-enriched Hgal-1/
Cgal-1 for [1-13Cgal]lactose (Fig. 3, Panel A4). All of these signals
were also discernible from the spectra summed over the diffusion
dimension (Fig. 3, Panel A1). Diffusion coefficients were obtained
for the component sugars and were compatible with 1H and 13C
DOSY data (Table 1.)



Fig. 2. DOSY NMR spectra of isotopically-enriched disaccharide, D-[1-13Cgal]lactose (TOP), and aldopentose D-[U-13C]xylose (LOWER). (A and C) show DOSY 1H NMR spectra.
(B and D) are DOSY 13C NMR spectra. Chemical shifts (ppm) are on the x-axis and diffusion data (log (D/m2 s�1)) on the y-axis.
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The preceding experiments show the advantages of using 13C
isotope-enrichment for 2-D and 3-D DOSY 13C NMR which might
find use in applications such as metabolic labeling with stable iso-
topes. Because 13C-labeled sugars are not always available, we rea-
soned that it would be beneficial to prepare labeled carbohydrate
derivatives using 13C-enriched derivatizing reagents. Fully acety-
lated carbohydrate esters (peracetylation) are in general use for
sugar analysis [21] and the carbonyl carbon chemical shifts of
per-[carbonyl-13C]acetylated oligosaccharides are sensitive to car-
bohydrate structure [22,23]. Previously, Bendiak used the 1H–13C
splittings to determine linkage substitution of per-[car-
bonyl-13C]acetylated oligosaccharides by COSY and HMBC [22–
24], but did not utilize diffusion NMR. We made use of a novel
mixed anhydride method using economical [1-13C]acetic acid to
prepare fully 13C-acetylated derivatives of maltotriose, lactose
and xylose [20,21]. The completeness of the peracetylation was as-
sessed by MALDI-TOF mass spectrometry and the isotopically-
labeled derivatives were sufficiently pure for DOSY NMR without
the need for chromatography. Prior carbonyl-13C peracetylations
have involved using [carbonyl-13C]-labeled acetic anhydride in ex-
cess pyridine [22], which is inefficient in terms of 13C-acetylation
equivalents, or [1-13C]acetic-pivalic anhydride in dry pyridine
which resulted in extraneous resonances due to residual labeling
reagent [25].
The 3-D DOSY-HMQC spectrum and corresponding 2-D HMQC
for a single component per-[carbonyl-13C]acetylated trisaccharide
(maltotriose) is shown in Fig. 4. Carbohydrate ring protons show-
ing two-bond coupling to the acetyl 13C-enriched carbonyls were
observed in the region 3.8–6.2 ppm. The resolution of carbonyl car-
bon resonances was satisfactory and observed at 168.8–170.7 ppm
(Fig. 4 and Supplemental Fig. S2). The more intense signals are due
to spectral overlap of the three glucose residues. Assuming overlap
at C-2, C-3 and C-6, five 13C-enhanced resonances are expected for
each anomeric form of maltotriose. Good agreement was observed
between the 2-D slice through the diffusion domain of the DOSY-
HMQC spectrum (Fig. 4, panel A) and the HMQC spectrum (Fig. 4,
panel B), except for the signals at 5.25/169.8 ppm. Literature values
assign these as due to the a-3 CH nuclei [26]. Two-bond couplings
from the carbonyl-13C’s to the acetyl methyl protons were appar-
ent in the 2 ppm region, but were insufficiently resolved to provide
further structural information.

The 3-D DOSY-HMQC for a mixture of maltotriose and lactose
per-[carbonyl-13C]acetates is shown as 2-D slices in Supplemental
Fig. S2. Maltotriose per-[carbonyl-13C]acetate was apparent in
spectral slices 44–56, with median slice 48 corresponding to log
(D/m2 s�1) = �9.765. The alpha-anomeric proton is assigned at
6.10 ppm, with signals due to the per-[carbonyl-13C]acetylated
maltotriose ring protons between 3.9 and 5.1 ppm (Fig. 4, panel



Fig. 3. Resolved planes from a 3-D DOSY-HMQC spectrum of a mixture containing D-[U-13C]xylose (panel A2, log (D/m2 s�1) = �9.13 to �9.19), D-[U-13C]glucose (panel A3,
log (D/m2 s�1) = �9.20 to �9.23), and D-[1-13Cgal]lactose (panel A4, log (D/m2 s�1) = �9.31 to �9.35). The summed projections of the diffusion dimension are shown in panel
A1 (log (D/m2 s�1) = �9.00 to �9.50). The lower B panels are the corresponding HMQC spectra for the mixture (panel B1), and individual component sugars; D-[U-13C]xylose
(panel B2), D-[U-13C]glucose (panel B3), and D-[1-13Cgal]lactose (panel B4).

Fig. 4. Stable isotope-enhanced DOSY NMR spectra of per-[carbonyl-13C]acetyl-derivatized maltotriose. Panel A: Two-dimensional slice from the 3-D DOSY-HMQC spectrum;
panel B: 2-D HMQC spectrum.

K. Vermillion, N.P.J. Price / Journal of Magnetic Resonance 198 (2009) 209–214 213
A). The alpha-anomeric proton for lactose per-[carbonyl-13C]ace-
tate overlapped with the equivalent maltotriose signal, with
the beta-anomeric at 5.95 ppm and ring sugar resonances at
4.0–5.2 ppm (Fig. 4, panel B). In the diffusion domain the lactose
per-[carbonyl-13C]acetate was apparent in spectral slices 26–43,
with median slice 35 corresponding to log (D/m2 s�1) = �9.694
(Table 1). These latter experiments demonstrate the feasibility of
heteronuclear 3D DOSY NMR enabled by isotopic enhancement
with 13C-labeled carbohydrate derivatives.

In conclusion, we have demonstrated a novel method (SIE-
DOSY 13C NMR) for the rapid analysis of mixtures by diffusion
NMR spectroscopy that incorporates the resolution advantage
of 13C acquisition. The problem of long acquisition time arising
from samples with low (natural) isotopic abundance are over-
come with a simple, efficient peracetylation using [carbonyl-13C]
acetic acid. It is anticipated that the techniques described will be
of value for diffusion studies such as molecular size estimations,
ion pairing, ligand-protein binding, complexation and micelle
formation.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jmr.2009.02.008.
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