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Abstract: The scarcity of structural information on carbohydrates results from combined difficulties to
crystallize and the limitations in NMR analysis. Current methods for determining basic NMR parameters
such as 1H homonuclear scalar couplings are very limited, especially for large molecules such as
polysaccharides, oligonucleotides, and the carbohydrate part of glycoproteins. In this paper, a NMR
experiment for the determination of endocyclic 1H homonuclear scalar couplings (3JHH) in unlabeled
carbohydrates is presented. In addition to scalar couplings, cross-correlated dipole-dipole relaxation rates
were measured for large polysaccharides. The measurement of all endocyclic homonuclear coupling
constants within monosaccharide units is presented for lactose, a model disaccharide, and for a natural-
abundance 2 MDa bacterial polysaccharide excreted by Streptococcus thermophilus Sfi39.

Introduction

Carbohydrates are a group of molecules presenting a wide
diversity of structures. Although several methods for structural
studies of carbohydrates by NMR have been developed, these
advances have been limited either to small molecules such
as oligosaccharides1,2 or to classes of molecules for which13C-
labeling was available, namely oligonucleotides3 and oligo-
saccharides.4 For polysaccharides and the carbohydrate part
of glycoconjugates, the large variety of producing organisms
and the diversity of carbon sources currently prevents general
labeling strategies and only a small number of13C-labeled
samples have been described.5 As a result, NMR-based structural
analysis of large carbohydrates relies on two types of methods
applicable to natural abundance samples,1H-13C HMBC and
the1H homonuclear two-dimensional experiments TOCSY and

NOESY. Recent work has shown the usefulness of cross-
correlated dipole-dipole relaxation in the determination of
glycosidic linkages.6

In carbohydrates,1H homonuclear scalar couplings are
determined by direct measurement of peak separation for
isolated signals either in 1D1H spectra or 1D TOCSY spectra
or in two-dimensional COSY spectra.7,8 Experiments designed
for small oligosaccharides have been used relying either on the
use selective pulses1 or on E.COSY.9 The applicability of
selective pulses for large carbohydrates is very limited mainly
because of rapid relaxation, while partial signal cancellation
inherent to E.COSY is a major difficulty in the case of natural
abundance samples that are rapidly relaxing such as polysac-
charides. Moreover, these methods are limited to well-separated
multiplets with a line width smaller than the scalar couplings,
a situation rare in carbohydrates and nonexistant in poly-
saccharides. Although recent advances in data analysis offer* To whom correspondence should be addressed. E-mail:
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solutions in the absence of overlap,10 few 1H homonuclear scalar
coupling constants for polysaccharides were measured and
published. Methods developed in protein NMR11 such as
quantitativeJ were designed for the nonoverlapping amide
protons HN and aliphatic protons HR. In carbohydrates, extensive
1H overlap prevents the use of these experiments.

A strategy is presented for the determination of endocyclic
three-bond1H homonuclear3JHiHi+1 scalar couplings in natural
abundance carbohydrates. The13C-COSMO-HSQC experiment
relies on a1H magnetizationcosine modulation of all active1H
homonuclear scalar couplings as a preparation before aHSQC.
The experiment can be applied to all types of unlabeled
carbohydrates. An application is shown for lactose, a small
disaccharide for which several scalar coupling values were
available, and for a natural-abundance 2 MDa polysaccharide
secreted by a lactic acid bacteria,Streptococcus thermophilus
Sfi39. In both cases, all endocyclic three-bond1H homonuclear
scalar couplings were determined using the13C-COSMO-HSQC
pulse sequence.

Theory

Within each monosaccharide ring, the anomeric proton H1 is coupled
only to its direct neighbor, H2, through3JH1H2. The other endocyclic
protons, namely H2 (3JH1H2 and3JH2H3), H3 (3JH2H3 and3JH3H4), and H4
(3JH3H4 and3JH4H5), are all coupled to both theiri-1 andi+1 neighbors.

The 13C-COSMO-HSQC experiment (Figure 1) is a 2D HSQC
experiment where1H in-phase magnetization is either labeled by a
cosine function of the1H homonuclear scalar couplings or left
unperturbed. Modulations resulting from1H homonuclear cross-
correlated dipole-dipole relaxation ratesΓHi-1Hi/HiHi+1

DD/DD also occur for
large molecules. The delay 2τ during which magnetization is labeled
by the scalar couplings is separated in two identical halves by a BIRD
sandwich12 that either selectively inverts protons attached to a13C (180°

(13C), φ3 ) φ2) or leaves all spins unperturbed (0° (13C), φ3 ) -φ2).
As a result of the low natural13C abundance, each13C-labeled position
is isolated from other13C and the inversion by the BIRD sandwich is
selective for1H directly attached to a13C. Since in carbohydrates the
one-bond scalar couplings1JCH are relatively uniform around 145 Hz
for positions C-2 to C-6 and 165 to 175 Hz for the anomeric position
C-1, a BIRD sandwich tuned to an average value of 160 Hz is an
efficient way to invert all13C-bound protons. It was estimated by
numerical simulations that the error induced by an incorrectly tuned
BIRD sandwich would result in a negligibly small error (<1%) on the
determined1H homonuclear scalar couplings.

Initially neglecting cross-correlated dipole-dipole relaxation, the
evolution of magnetization can be described as follows: after initial
purging of residual13C magnetization, proton magnetization is excited
by a 90° (1H) pulse and let evolve for a timeτ under the effect of1H
homonuclear scalar couplings. The 180° (1H) proton pulse applied at
τ/2 refocuses evolution of both chemical shifts and one-bond hetero-
nuclear scalar couplings1JCH. At the end of the delayτ (point a in the
sequence), the density matrix contains the four terms-H y

i , 2H z
i-1H x

i ,
2H x

i H z
i+1, and 4H z

i-1H y
i H z

i+1, whereH i is the product operator term
for i ) 1, 2, 3, and 4, modulated by cosine and sine functions of the
respective scalar couplings (See Supporting Information for details).

At point a in the sequence, a BIRD sandwich of duration 2δ1 )
1/1JCH is applied with either a 180° (13C) or a 0° (13C) pulse. A 180°
(13C) pulse inverts the two singly antiphase terms resulting in an
effective decoupling of3JHH scalar couplings for the period 2τ, while
a 0° (13C) pulse leaves these terms unperturbed. After the BIRD
sandwich (pointb in the sequence), a second evolution timeτ
enables evolution under the effect of three-bond1H homonuclear
3JHiHi+1 scalar couplings yielding either-H y

i unmodulated for 180°
(13C), or -H y

i , 2H z
i-1H x

i , 2H x
i H z

i+1, and 4H z
i-1H y

i H z
i+1 terms still

modulated by the cosine and sine functions of the respective scalar
couplings for 0° (13C). The antiphase terms are then all purged by the
trim pulse applied at the end of the delay 2τ (point c in the sequence),
which prevents the conversion of antiphase magnetization 2H x

i H z
i+1

(or 4H z
i-1H y

i H z
i+1) by the INEPT into higher order heteronuclear

coherences (4Cy
i H y

i H x
i+1 or 8Cy

i H x
i-1H z

i H x
i+1) that could lead to

observable magnetization distorting the resulting signal intensities. After
evolution of carbon chemical shifts duringt1 and encoding of the
coherence by the pulsed field gradient g5, the sensitivity-enhancement
scheme13 was applied with signal decoding by the alternating pulsed
field gradient g6.

In practice, two experiments are recorded in an interleaved manner.
After separation of the datasets with standard processing software, the
ratio of peak intensities gives a direct access to the coupling constants:

whereI mod is the intensity measured from the cosine modulated13C-
COSMO-HSQC spectrum recorded with a 0° (13C) pulse andI dec the
intensity measured from the decoupled13C-COSMO-HSQC spectrum
recorded with a 180° (13C) pulse.

The anomeric H1 protons are coupled to only one single proton H2
through3JH1H2. As a result, the ratio simplifies to:

Cross-correlated dipole-dipole relaxation ratesΓ Hi-1Hi/HiHi+1
DD/DD trans-

fer magnetization within the same subspace as1H homonuclear scalar
couplings3JHH. Since the cross-correlated dipole-dipole relaxation rates
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Figure 1. 13C-COSMO-HSQC pulse sequence for the simultaneous deter-
mination of1H homonuclear scalar couplings and1H homonuclear cross-
correlated dipole-dipole relaxation rates in natural abundance13C carbo-
hydrates. 2τ is the total time for evolution of scalar couplings, 2δ1 ∼ 1/1JCH

) 6.25 ms is the BIRD sandwich duration, 2δ2 ∼ 1/(2 × 1JCH) ) 6.9 ms
is the time for INEPT transfer,∆1 is a compensation delay for pure
phase int1, and ∆2 is a compensation delay for the decoding gradient.
Narrow black rectangles indicate 90° pulses, open rectangles indicate
180°, while the large black rectangle was a 1 mshigh-power purging
pulse. All pulses without phase indication are along thex axis.φ1 ) x,-x;
φ2 ) x; φ3 ) x or -x; φ4 ) x,x,-x,-x; φ5 ) x,x,x,x,-x,-x,-x,-x;
φ6 ) x,x,x,x,-x,-x,-x,-x; φ7 ) y,y,y,y,-y,-y,-y,-y; and φrec )
x,-x,-x,x,-x,x,x,-x. Phase sensitivity and sensitivity enhancement
were achieved by echo-antiecho through cycling ofφ7 in the reverse
double-INEPT and alternation of the sign of g6. Gradients [G/cm] were
either 500µs (g2 and g3) or 1 ms (g1, g4, g5, and g6) long and of the
following amplitudes: g1) -25.5, g2) 0.8, g3) 1.1, g4) 35.5, g5)
40, and g6) (10.1.

I mod(2τ)

I dec(2τ)
) cos(π 3JHi-1Hi 2τ) cos(π 3JHiHi+1 2τ) (1)

I mod(2τ)

I dec(2τ)
) cos(π 3JH1H2 τ) (2)
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increase with the correlation timeτc,14 their effect which can be
neglected for small oligosaccharides needs to be included for large
molecules such as polysaccharides. For a13C-COSMO-HSQC experi-
ment with 180° (13C) pulse in the BIRD sandwich, the modulation of
the in-phase term-H y

i is expressed as an hyperbolic cosine function
cosh(ΓHi-1Hi/HiHi+1

DD/DD 2τ). In the case of a13C-COSMO-HSQC experi-
ment with 0° (13C) pulse in the BIRD sandwich, the in-phase coherence
is modulated by the following function: cosh(ΓHi-1Hi/HiHi+1

DD/DD 2τ) cos(π
3JHi-1Hi 2τ) cos(π 3JHiHi+1 2τ) + sinh(ΓHi-1Hi/HiHi+1

DD/DD 2τ) sin(π 3JHi-1Hi

2τ) sin(π 3JHiHi+1 2τ). The intensity ratio is then given by:

Since the anomeric H1 protons are coupled only to H2,1H
homonuclear cross-correlated dipole-dipole relaxation does not affect
the peak ratio and eq 2 remains valid for H1 protons in large
carbohydrates.

Scalar couplings and cross-correlated dipole-dipole relaxation rates
can be obtained from the peak intensity ratio, using eq 3. One
consequence of having to take cross-correlated dipole-dipole relaxation
rates into account is that it becomes difficult to evaluate the couplings
and rates for protons H5 and H6 which are either coupled to three
coupling partners (H5) or strongly coupled (H6). We therefore limited
our analysis to the endocyclic protons H1 to H4.

Material and Methods

Spectra were recorded on a 600 MHz AVANCE spectrometer
equipped with a shielded single axis pulsed field gradient inverse
probe. The temperature was set to 63°C and the samples were prepared
with either 20 mg of lactose (1) or 4 mg of Sfi39 polysaccharide15

(2) dissolved in 400µL of 99.96%2H2O (Euriso-Top, France):â-D-
Galp-(1f 4)-D-Glcp [lactose (1)] andf3)-R-D-Glcp-(1f 3)-[â-D-Galp-
(1f 6)]-â-D-Glcp-(1f 3)-â-D-Galf-(1f [Sfi39 polysaccharide repeating
unit (2)].

Data matrices consisted of 64× 512 complex points, the spectral
widths inω1 andω2 were 3773 and 4195 Hz and were processed with
the NMRPipe/NMRDraw package.16 A relaxation delay of 3 (for1) or
1 s (for 2) and 8 (for1) or 64 scans (for2) were accumulated. For a
given 2τ period, the coupled and decoupled experiments were acquired
in an interleaved manner. Total acquisition times for a pair of13C-
COSMO-HSQC spectra were 1h45 for lactose and 5h45 for Sfi39
polysaccharide. In both cases, evolution times 2τ between 10 and 200
ms were recorded. The indirect dimension was linear predicted up to
128 complex points and each dimension was apodized with a sine square
window function and zero-filled once prior to Fourier transformation.
The volumes were fitted with NMRPipe/NMRDraw.

The scalar couplings were then obtained by fitting the curves
representing theI mod(2τ)/I dec(2τ) ratio (eqs 2 and 3) as a function of
the time 2τ, using the Levenberg-Marquart algorithm implemented in
Matlab.17 Two procedures were compared: First, a sequential fitting
was developed in which a first evaluation for the anomeric signals
yielded 3JH1H2 from eq 2. This coupling was used as an initial value
for the fitting of the curve for H2 according to eq 3, the curve for H2
containing the two scalar couplings3JH1H2 and 3JH2H3, and the cross-
correlated dipole-dipole relaxation rateΓH1H2/H2H3

DD/DD . During the fitting
procedure, the3JH1H2 scalar coupling was allowed to vary within 10%

of the previously determined value, while the other scalar coupling
3JH2H3 and the cross-correlated dipole-dipole relaxation rate were not
constrained. This yields values forΓH1H2/H2H3

DD/DD , a second determination
of the scalar coupling3JH1H2 and a value for3JH2H3 that was then used,
again within(10% boundaries, as an initial value for the fit of the H3
curve. This procedure was then repeated up to H4, the last proton for
which eq 3 could be used. The second procedure was to fit simulta-
neously all four curves recorded for H1, H2, H3, and H4. The coupling
constants are expected to be more constrained since they are simulta-
neously used on two curves. Due to the large number of parameters
and to the fact that the convergence of the Levenberg-Marquart
algorithm was sensitive to initial values of the parameters, a systematic
search through possible starting1H homonuclear scalar coupling values
(-15 to 15 Hz by 1 Hz steps) was implemented.

For the fitting of couplings involving H4 and H5 protons, particular
care was required to evaluate the reliability of the fitted values since
only one curve was available. Values were judged unreliable when the
fit did not converge, i.e., the Levenberg-Marquart algorithm never
reached a minimum even by multiplying several times the number of
fitting steps.

Only absolute values of the scalar couplings are determined by this
method.

Results and Discussion

As a test case, lactose (1) was chosen as a nonlabeled
carbohydrate of small size for which several1H homonuclear
coupling constants were available from the literature.18 For this
small molecule, cross-correlated dipole-dipole effects are neg-
ligible and eqs 1 and 2 were used for the fitting. The endocyclic
1H homonuclear scalar couplings are shown in Table 1 and
Figure 2. The agreement between the values from13C-COSMO-
HSQC and literature is excellent (Figure 2).

Figure 3 shows two spectra obtained from a13C-COSMO-
HSQC experiment recorded with an evolution time of 2τ ) 90
ms for the Sfi39 polysaccharide (2). In the spectrum in Figure
3a, evolution of1H homonuclear scalar couplings was refocused
with a 180° (13C) pulse within the BIRD sandwich and the
spectrum is similar to an HSQC of2. The anomeric peaks were
folded once as a result of a diminished spectral window in the
indirect carbon dimension. All peaks (except forC6, the cross-
peaks between the carbon 6 and geminal protons H6a and H6b
of the â-D-Glcp unit C) are positive. On the other hand,1H
homonuclear scalar couplings modulate the spectrum in Figure
3b and many peaks have changed sign. Figure 4 shows the
I mod(2τ)/I dec(2τ) intensity ratios for the four1H of unit A (f3)-
R-D-Glcp-(1f) of the Sfi39 polysaccharide repeating unit (2).
The I mod(2τ)/I dec(2τ) ratios were fitted by using the two
procedures described in Materials and Methods. The results were
very similar and the resulting coupling constants and cross-

(14) Reif, B.; Henning, M.; Griesinger, C.Science1997, 276, 1230-1233. Felli,
I. C.; Richter, C.; Griesinger, C.; Schwalbe, H.J. Am. Chem. Soc.1999,
121, 1956-1957.

(15) Germond, J.-E.; Delley, M.; D’Amico, N.; Vincent, S. J. F.Eur J. Biochem.
2001, 268, 5149-5156.

(16) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax, A.J.
Biomol. NMR1995, 6, 277-293.

(17) MATLAB (c), 1984-2002.

(18) Dorland, L.; van Halbeek, H.; Vliegenthart, J. F.; Schauer, R.; Wiegandt,
H. Carbohydr. Res.1986, 151, 233-245. Platzer, N.; Davoust, D.;
Lhermitte, M.; Bauvy, C.; Meyer, D. M.; Derappe, C.Carbohydr. Res.
1989, 191, 191-207.

Table 1. Three-Bond 1H Homonuclear Scalar Couplings 3JHiHi+1
Determined for Lactose from a Series of 13C-COSMO-HSQC
Spectraa

â-D-Galp-(1 f f 4)-R-Glcp f 4)-â-Glcp

3JH1H2 7.8 (7.8) 3.8 (3.7) 8.4 (7.9)
3JH2H3 10.7 (10.0) 9.7 (9.8) 9.1 (9.2)
3JH3H4 3.3 (3.4) 9.5 (8.9) 9.7 (na)b

3JH4H5
a 1.6 (na)b 10.2 (9.9) 9.2 (na)b

a Literature values given in parentheses are from ref 18.b na ) not
available.

I mod(2τ)

I dec(2τ)
) cos(π 3JHi-1Hi 2τ) cos(π 3JHiHi+1 2τ) +

tanh(2τ ΓHi-1Hi/HiHi+1
DD/DD ) sin(π 3JHi-1Hi 2τ) sin(π 3JHiHi+1 2τ) (3)
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correlated dipole-dipole relaxation rates are given in Table 2.
The scalar couplings are in good agreement with couplings

measured for the corresponding monosaccharide moieties in
small molecules. These represent the first scalar coupling values
available for a polysaccharide.

The determination of scalar couplings by13C-COSMO-HSQC
did not pose any particular problem for furanose moieties (such
as residueB of 2), as well as for other moieties such as
N-acetylglucosamine andN-acetylgalactosamine.

The cross-correlated dipole-dipole relaxation rates determined
by this procedure are related to the dynamical properties of the
corresponding pairs of dipolar vectors. The major difficulty in
interpreting these values is the lack of molecular model
describing accurately molecular tumbling of a polymer.

Conclusions

A two-dimensional 13C-COSMO-HSQC experiment was
presented which enables the determination of all endocyclic1H
homonuclear scalar couplings within unlabeled carbohydrates
of any molecular size. All couplings are obtained from a series
of 13C-COSMO-HSQC spectra recorded with varying evolution
times. The results were demonstrated for lactose (1), a model
disaccharide, and for a biopolymer composed of several
thousand repeating units, an exopolysaccharide produced by

Figure 2. Comparison of1H homonuclear three-bond scalar couplings3JHH

from literature and from13C-COSMO-HSQC measured for lactose (1). The
correlation coefficient isR2 ) 0.986.

Figure 3. Two 13C-COSMO-HSQC spectra obtained with the pulse
sequence of Figure 1 on the Sfi39 polysaccharide with an evolution time
2τ ) 90 ms. (a) Decoupled spectrum obtained with a 180° (13C) pulse in
the BIRD sandwich and (b) modulated spectrum obtained with a 0° (13C)
pulse within the BIRD sandwich. All parameters were as in Figure 1. The
peaks are labeled with a letter for monosaccharide assignment (A ) R-D-
Glcp, B ) â-D-Galf, C ) â-D-Glcp, andD ) â-D-Galp) and a number for
the position (1 to 6). Positive peaks: black circles with several contour
lines. Negative peaks: one single contour line.

Figure 4. Experimental points ofI mod(2τ)/I dec(2τ) in Sfi39 polysaccharide
as a function of the evolution time 2τ. I mod and I dec were obtained from
integration of peak intensities in13C-COSMO-HSQC spectra recorded with
evolution time 2τ varying between 5 and 200 ms. The monosaccharide unit
chosen wasA, the backbone Glcp unit.

Table 2. Three-Bond 1H Homonuclear Scalar Couplings 3JHiHi+1

and Cross-Correlated Dipole-Dipole Relaxation Rates ΓHi-1Hi/HiHi+1
DD/DD

Determined for the Sfi39 Polysaccharide from a Series of
13C-COSMO-HSQC Spectra Recorded with Varying Evolution
Times 2τ

R-D-Glcp (A) â-D-Galf (B) â-D-Glcp (C) â-D-Galp (D)

3JH1H2 3.8 1.4 8.1 8.0
3JH2H3 10.3 3.1 9.1 10.9
3JH3H4 9.2 5.6 8.6 3.6
3JH4H5

a 9.6 3.6 -b 1.0

ΓH1H2/H2H3
DD/DD -1.8 0.6 0.1 2.7

ΓH2H3/H3H4
DD/DD 5.0 1.5 -0.7 0.1

ΓH3H4/H4H5
DD/DD -c 1.2 1.2 2.0

a The 3JH4H5 scalar couplings were fitted from only one curve.b 3JH4H5

was unreliable for unitC. c ΓH3H4/H4H5
DD/DD was unreliable for unitA.
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milk fermentation from the lactic acid bacteriaStreptococcus
thermophilusSfi39 (2). Scalar couplings smaller than the line
widths can and have been determined in the presence of
extensive1H signal overlap.

The13C-COSMO-HSQC experiment provides the first method
for determining all endocyclic1H homonuclear scalar couplings
in natural abundance carbohydrates independently of1H reso-
nance overlap and line widths. These important structural
constraints should enable a faster development in the study of
carbohydrate structures. Although presently1H homonuclear
scalar couplings are scarcely used in the structural analysis of
carbohydrates, the introduction of a general method for their
measurement is likely to increase the usefulness. Furthermore,
both in the context of polysaccharides dynamics, as approached
for example by molecular modeling, and for the measurement

of residual dipolar couplings, the13C-COSMO-HSQC method
opens new fields of investigation. Finally, the determination of
1H homonuclear cross-correlated dipole-dipole relaxation rates
in carbohydrates also opens new perspectives concerning the
study of carbohydrates’ tertiary structures and dynamics.
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