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Abstract

Complex carbohydrates have critical roles in a wide variety of biological processes. An understanding of the
molecular mechanisms that underlie these processes is essential in the development of novel oligosaccharide-
based therapeutic strategies. Unfortunately, obtaining detailed structural information for larger oligosaccharides
(>10 residues) can be exceedingly difficult, especially where the amount of sample available is limited. Here we
demonstrate the application 5iC O-acetylation in combination with novel NMR experiments to obtain much of

the information required to characterize the primary structure of oligosaccharideg,dEPE-HEHAHA and
H(Cme)COH-HEHAHA experiments are presented that use heteronuclear Hartmann—Hahn transfer to correlate
the acetyl groups with sugar ring protons in peracetylated oligosaccharides. The in-phase, pure absorption na-
ture of the correlation peaks in these experiments allows measurement of both chemical shifts and, importantly,
IH-1H coupling constants that are used to define the stereochemistry of the sugar ring. Fha@B8 and
(HCme)COH-RELAY experiments provide additional methods for obtaining chemical shift assignments for larger
oligosaccharides to define the sites of glycosidic linkages from the patterns of acetylation.

Introduction rides are becoming increasingly important targets in
the development of novel therapeutic strategies.

Complex carbohydrates are important components of ~ The primary structure of an oligosaccharide can
nearly all biological systems and play essential roles be defined by determining the identity of each
in a variety of processes including mammalian embry- monomer, the stereochemistry at the anomeric posi-
onic development (Metzler et al., 1994), intercellular tion and the location of the glycosidic linkages be-
recognition events (Homeister et al., 1998), regulation tween the monomers. Unlike proteins and nucleic
and mediation of the immune response (Hennet et al., acids, the building blocks that make up oligosaccha-
1998), plant cell signaling (Darvill et al., 1994) and rides may differ from each other solely in the nature
cytokine localization (Hileman et al., 1998). Changes of their stereochemistry, and the patterns of inter-
in the native structures of mammalian glycoproteins monomer linkages can be extremely heterogeneous.
and glycolipid oligosaccharides have been shown to Consequently, determining the structures of complex
correlate with various cancer cell metastases (Houn- oligosaccharides is a difficult problem.

sell et al.,, 1997) and inherited diseases (Tan et al., = NMR spectroscopy can be used to obtain much
1996; Chui et al., 1997). Consequently, oligosaccha- of the information needed to characterize the struc-
tures of oligosaccharides. In particular, the values of
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mine the relative axial/lequatorial relationships of the site of acetylation were very small and not observable.
sugar ring protons which are unique for each type of From these experiments it was possible to identify
monosaccharide. However, NMR studies of oligosac- those protons at positions which are not acetylated:
charides are complicated by the following factors: namely the anomeric proton, the proton at the posi-
first, the sugar ring protons, other than the anomeric tion of cyclization (H5 for pyranose) and the proton at
protons, resonate over a very narrow spectral region the position of theglycosidic linkage This approach
(approximately 3.3—4.3 ppm) which may make it diffi- works well for smaller oligosaccharides8-10 sug-
cult to obtain chemical shift assignments and accurate ars) but for larger molecules the increased resonance
measurements ofH-'H coupling constants because overlap limits the information that can be obtained.
of the severe resonance overlap; second, it is often  We present here a set of heteronuclear multi-
not possible to unambiguously establish the ring po- dimensional NMR experiments for the study of larger
sitions of linkages between the monosaccharides, asoligosaccharides prepared with doubi§C-labeled
the strongest NOEs may not be between protons di- acetyl groups. These experiments establish correla-
rectly across the glycosidic linkage. In addition, the tions between protons on the sugar rings and the acetyl
measurement otJcy across the glycosidic bond to  groups in three independent dimensions, namely the
establish sequential linkages is a relatively insensitive 13C methyl #3CMe) and'3C-carbonyl carbons¢CO),
technique for natural abundance oligosaccharides andand the methyl protonsti™€). The (H)GueCOH-
often requires biosynthetic enrichment Wiic; third, HEHAHA and H(Gye)COH-HEHAHA experiments
the limited chemical-shift dispersion in the spectrum generate in-phase, pure-absorption spectra that can be
of oligosaccharides leads to strong coupling effects be- used to obtain almost all the chemical shift assign-
tween some ring protons which may make it difficult ments andH-H J-coupling constants for individual
to determine accurate values®fy. sugar rings. The (Hfze)COH correlates the acetyl
Biosynthetic enrichment with3C can be used to  group with the proton at the site of acetylation and the
reduce the problems of resonance overlap. However, (HCue) COH-RELAY establishes correlations to pro-
this option is often not available for many interesting tons immediately adjacent to the site of acetylation.
and important oligosaccharides such as those isolatedTogether these latter two experiments provide addi-
from human cells in diseases such as cancer. In thesetional methods for obtaining unambiguous chemical
cases the limited amounts of material available ef- shift assignments. We demonstrate the application of

fectively restrict the investigator to the use '¢1-1H these techniques to a tetrasaccharide (1):
experiments. . . . a-Glucose (1-3) a-Glucose (1-4) a-Glucose (1-3) Glucitol 1
13C O-acetylation is a powerful tool for reducing A B c p O

the problem of spectral overlap for oligosaccharides.
This approach has particular advantages compared
to biosyntheticl3C labeling of the sugar backbone:
(i) it introduces twol3C nuclei that have very dif-
ferent chemical shifts which can be manipulated in-
dependently; (ii)O-acetylation induces changes in
the chemical shifts of the ring protons, which sig- paterials and methods

nificantly improves the spectral resolution in the

dimension. This is in contrast to biosynthetic label- Samp|es of peracety|ated 0|igosaccharide (]_) for
ing which produces no change; (i) most importantly, NMR spectroscopy were prepared as previously de-
13C O-acetylation can be used for any oligosaccharide, scribed (Bendiak, 1999) except that acetic anhydride
regardless of its source, and is not limited to samples (1,1,2,2-13c,, Cambridge Isotopes) was used in-

The high resolution and chemical shift dispersion in
these experiments suggest that it may be possible
to obtain structural information for oligosaccharides
containing up to 15-20 sugars.

produced from bacterial or cell cultures. stead. Samples were dissolved in 99.996% GDCI
Initial studies of peracetylated oligosaccharides (Aldrich) to a final concentration of 0.2 mM.
that werel3C-labeled only at the carbonyl position All NMR experiments were performed on a Var-

used heteronuclear COSY and HMBC experiments to jan Inova spectrometer equipped with Z-axis gradients
correlate'*CO-tH"" pairs (Bendiak, 1999). These and operating at &H frequency of 500 MHz. All
experiments established the range of values for the experiments were recorded at 7 using a 5 mm
3Jco-n coupling as 2.5-4.7 Hz and confirmed that friple resonance probe. The spectrometer was con-
longer range couplings to ring protons other than atthe figured with pulse shaping capability on both the
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IH and!3C transmitter channels and in addition had the'3CMé is applied as a selective re-burp pulse (Geen
pulse shaping capability on the gradient channel. All and Freeman, 1991) to minimize sensitivity losses that
the shaped pulse waveforms were generated usingmay result from direct transfer dH"e magnetiza-
the Varian software ‘Pbox’ and verified in the pro- tion to13CO through théJco_nme coupling (7 Hz).
gram ‘Pulsetool’ and checked experimentally. Gra- Artifacts due to imperfections in the 18@ulses are
dient waveforms were generated from in-house pro- removed by the gradients g1. Immediately after the
grams. Data were processed using Felix (MSI Inc.). 90° 1H pulse at the end of this INEPT period the trans-
In all experiments a mild composite sinebell/Gaussian mitter frequency is switched to the middle of the
window function (Ernst et al., 1987) was applied in all spectrum. At this point the coherence frod nu-
dimensions prior to Fourier transformation. clei that is not attached to tHeéCV€ is dephased by
the gradient g2. Following a selective “9pulse on
the 13CMe (e-burp-2), magnetization evolves during
Results the evolution period;. In pulse sequences designed
for proteins it would be usual to combine this evolu-
(H)CmeCOH-HEHAHA and H(Ge) COH-HEHAHA tion period with the following transfer step. However,
the small spectral width in th€CMe dimension (2—
The (H)GueCOH-HEHAHA and H(Gue)COH-HE- 3 ppm) resuilts in a large time incrementtinwhich
HAHA were designed to correlate the acetyl groups severely limits the number of increments that can be
of peracetylated oligosaccharides with the protons on recorded using such a combined approach. The ef-

the sugar ring. In previous studies we used heteronu-fects of couplings to*H and *3CO are removed by
clear COSY experiments to establish these correla- application of 180 pulses in the middle of the evo-

tions (Bendiak, 1999). However, these COSY-based |ytion time. The pulse on thé3CO frequencies is

experiments retain the antiphase splitting in the cor- applied with a seduce-1 profile (McCoy and Mueller,
relation peaks and are less useful for studying larger, 1993), phase modulated to produce inversion at the
more complex systems, especially when the digi- 13cO position (Boyd and Soffe, 1989; Patt, 1992).
tal resolution is limited in the indireCtly detected The B|Och_Siegert phase shifts induced by this pu|se
dimensions in 3D experiments. The (H)&COH- are compensated for by making corrections to the
HEHAHA and H(Gue) COH-HEHAHA use heteronu-  phase of thé3CMe 90° pulse at the beginning of the
clear Hartmann—Hahn mixing (Braunschweiler and eyolution period. During the following INEPT period
Ernst, 1983) to generate in-phase, pure-absorption cor-(2, A3) magnetization is transferred from tAhgcMe
relations between doubl}*C-labeled acetyl groups tg 13CO while simultaneously allowing theH-13cMe

and the protons of the sugar ring. This avoids the Coup”ng to refocus for a period of AJcme—n before
cancellation problems that arise in COSY-type exper- turning on the proton decoupler. InversiondcMe
iments and results in spectra with high resolution and gnd13co is achieved with a single hyperbolic secant
relatively high sensitivity. The principles of these ex- 18@ pulse (Silver et al., 1984; Baum et al., 1985),
periments are similar to sequences developed for the phase modulated so it is centered in the middle of the
Study of prOteiﬂS (Majumdar et al., 1993; Richardson 13C Spectrum (|n Figure 1A this pu|se marked (C) is
et al., 1993; Wang and Zuiderweg, 1995; Zuiderweg depicted as Separate pu|ses ]éﬁ:Me and 13CO but
etal., 1996) and nucleic acids (Kellogg, 1992; Kellogg s applied as a single pulse). This pulse introduces
and SChWEitzer, 1993, Nikonowicz and Pardi, 1993, a frequency_dependent quadratic phase shift on the
Schweitzer et al., 1995; Wijmenga et al., 1995; Skle- transverse magnetization which is compensated for
nar et al., 1996) and so only a brief description of the by applying the same pulse at the end of the sec-

experiments is presented here. ond period A3 at position (d) (Hwang and Shaka,
1995; Kupce and Freeman, 1997). After a selective
(H)CmeCOH-HEHAHA 90° pulse (Q5 Gaussian (Emsley and Bodenhausen,

The (H)GueCOH-HEHAHA (Figure 1A) correlates  1992)) onl3CMe, the frequency of thé3C transmit-
the 13CMe and 13CO of the acetyl groups with the ter is switched to the center of tA8CO region. The
protons on the sugar ring. The experiment starts with following period 2<A3 is used to refocus the magneti-
a selective 90 e-burp-2 pulse (Geen and Freeman, zation into pure absorption GGafter which it evolves
1991) on the"HM® of the acetyl groups. In the follow-  duringt,. Again the refocusing and detection periods
ing INEPT transfer period A1) the 180 pulse on
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Figure 1. Pulse sequences used to record (A) the (ffCOH-HEHAHA, and (B) the (H@e)COH. In both schemes wide solid bars represent

hard 180 pulses and narrow bars represent hard @@lses. Shaped 18@ulses are represented as solid filled curves and shagepu@ses

are represented as gray shaded curves. In all experimeri'tbi tin@nsmitter is initially placed at the center of the methyl protons (2.2 ppm) and

the 13C transmitter is placed at the center of the methyl carbons (21.3 ppm). SubsequehHytthrsmitter is moved to the center of the

spectrum (3.9 ppm) and tHEC transmitter is moved to the center of th&cO region (170 ppm) at the points indicated by the arrows. The
selective pulse on th&HMe at the beginning of each experiment has a duration of 5.75 ms and has an e-burp-2 profile (Geen and Freeman,
1991). Selectivé3C 90° pulses that act on Z magnetization are applied for §8@vith an e-burp-2 profile. Selecti’éC 9¢° pulses that act

on transverse magnetization are applied as a80Q5 Gaussian pulse (Emsley and Bodenhausen, 1992). Decoupiihgjufing the period

(2+A3) and of13CO during acquisition is achieved with a WALTZ-16 decoupling scheme (Shaka et al., 1983) applied with field strengths of
4.1 kHz and 2.2 kHz, respectively. In those cases where a hyperbolic secant pulse is applied to transverse magnetization the delays on either
side of each pulse, including those for power switching and other programming events, are carefully arranged to be exactly symmetrical to
avoid any subsequent phase errors. Other details for each experiment are discussed separately. (A) IpdGOHHEHAHA the pulse

shapes and lengths are: (a) reburp-2 (Geen and Freeman, 1991)s;6@) seduce-1 (McCoy and Mueller, 1993), 356, phase modulated

by 148.9 ppm (Boyd and Soffe, 1989; Patt, 1992); (c) hyperbolic secant (Silver et al., 1984; Baum et al., 1985), ptise modulated by

70 ppm; (d) is the same as pulse (c) and is applied to refocus the quadratic shift. In the figure pulses (c) and (d) are represented as separate
pulses on thé3cMe and13CO resonances but in practice are applied as a single pulse. Heteronuclear Hartmann—Hahn mixing uses a DIPSI-3
sequence (Shaka et al., 1988; Brown and Sanctuary, 1991; Majumdar et al., 1993) with a field strength of 3.05 kHz applied for a period of
141 ms. Other delays werel = 1.9 ms,A2 = 3.8 ms,A3 = 4.5 ms. The spin-lock pulse (SLx) at the end of the mixing period was applied

for a period of 30 ms at the same time as the trapezoidally shaped gradient pulse (Davis et al., 1993). This gradient, gz-trap, had a maximum
strength of 4 G/cm and the period used to ramp the gradient up to its maximum strength (and subsequently back down to zero) was 25% of the
total gradient duration (30 ms). The durations and strengths of the other gradients we(8.4Ins, 16 G/cm), g2 (0.4 ms, 20 G/cm), g3

(0.4 ms, 18 G/cm), g4 (0.4 ms, 16 G/cm), g5= (0.5 ms, 18 G/cm). The phase cycling used Wwas= 4(x),4(—X), 2 = (X, X, —X,—X), ¢$3

= (X, —X), rec= (X, =X, —X, X, =X, X, X, —X). Quadrature detection in the indirect dimensions used States-TPPI (Marion et al., 1829) of

for F1 and of$3 for F2. (B) In the (HGye)COH and (HGye)COH-RELAY the shapes and durations of pulses are (a) reburp,.60(b) and

(c) hyperbolic secant, 450s, phase modulated by 70 ppm; (d) seduce-1, 2§0phase modulated by 148.9 ppm; (e) reburp, 680phase
modulated by 148.9 ppm; (f) reburp, 608. Bloch—Siegert compensating pulses are indicated witliraie delays weré\1 = 1.9 ms,A2 =

3.8 ms,A3=4.5ms,A4=4.5ms,A5 =65 ms,A6 = 65 ms. The gradient strengths and durations are ¢1.4 ms, 16 G/cm), g2 (0.4 ms,

20 G/cm), g3= (0.4 ms, 18 G/cm), g4 (0.4 ms, 16 G/cm), g5 (0.5 ms, 18 G/cm), gé&= (0.4 ms, 10 G/cm), g% (0.5 ms, 20 G/cm). The

phase cycle il = 4(x),4(—x), $2 = (X, X, —X,—X), $3 = (X, —X), rec= (X, —X, —X, X, —X, X, X, —X) and quadrature detection in F1 is
obtained by States-TPPI ¢8. In the (HGe) COH-RELAY sequence the findH spin-lock pulse (SLx) is replaced with a harcPQgulse with

phase= x as described in the text.
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are separate because of the small spectral width in thelH""9 spectrum the signals from the acetyl groups at
13CO dimension (2-3 ppm). the C2 and C4 positions of Glc (B) are exactly coinci-
In-phase CQ magnetization is transferred to the dent but in the 3D spectrum they are clearly resolved
ring protons, where it is detected, by Hartmann—Hahn with the C413CO at 169.35 ppm and tHéCO of the
cross-polarization (Braunschweiler and Ernst, 1983), C2 substituent at 170.57 ppm. The acetyl groups at
using a DIPSI-3 mixing sequence (Shaka et al., 1988; the C2 and C4 positions show correlations to all other
Brown and Sanctuary, 1991; Majumdar et al., 1993). sugar ring protons, although the relative intensities
Optimal transfer from the acetyl group to the ring differ. Any spectral overlap that remains in this experi-
protons requires a mixing period ef130-140 ms. ment can be resolved in an alternative 3D experiment,
However, during this relatively long mixing period the H(Gue)COH-HEHAHA. This experiment detects
significant magnetization transfer occurs to other pro- the methyl protons of the acetyl groups instead of the
tons in the sugar ring through the more efficient methyl carbons in the first evolution period (data not
homonuclear Hartman—Hahn transfer process (Bear-shown). Alternatively, the 4D version of the sequence
den and Brown, 1989; Zuiderweg, 1990; Brown and shown in Figure 1A that correlates all three frequen-
Sanctuary, 1991; Ernst et al., 1991). Thd-1H cies of the acetyl groups with the ring protons can be
couplings (~3-12 Hz) are generally larger than the created by simply including an incremented evolution
13CO1H couplings (2.5-4.7 Hz) and homonuclear delay in the firstH-13C transfer step (not shown).
transfer is proportional tdy whereas heteronuclear The in-phase nature of the correlation peaks in
transfer is proportional tdch/2 (Zuiderweg, 1990).  the HEHAHA experiments means that accurite
Therefore any magnetization that is transferred from 'H coupling constants can be obtained for almost the
13CO to 1H9 s efficiently transferred to other ring  complete sugar ring spin system, even in the 3D spec-
protons. In the (HEe) COH-TOCSY spectrum of this  trum. The values for those protons at sites that are not
oligosaccharide, recorded with similar spin-locking acetylated, which include the anomeric proton, the site
field strengths, we observe significant transfer to al- of the glycosidic linkage and the proton at the site of
most all the other ring protons using mixing times of cyclization, can be obtained from the relayed corre-

~15 ms (data not shown). lation peaks. Occasionally it will not be possible to
Figure 2A shows thel3CO-1H™I spectrum observe all the correlations where overlap is severe or

recorded using a 2D version of the (H)&COH- a small*H-1H coupling limits magnetization transfer.

HEHAHA sequence of Figure 1A. Each acelyCO In these instances the couplings may be measured by

group shows correlations to a number of protons their contributions to the mutually coupled partners.
within the sugar ring as a result of homonuclear In Figure 2C a correlation peak to the H1~&%.4 ppm
Hartmann—Hahn transfer. These additional correla- is clearly observed, originating from the C2 position.
tions provide almost complete sub-spectra of indi- This correlation is also observed originating from the
vidual sugar ring spin systems originating from each C4 position but it is substantially weaker. However,
acetyl substituent. The resulting correlations are in- an accurate measurement}fi_y2 can be obtained
phase and pure absorption in all dimensions. As a from the C4 acetyl group from its correlation to the
result, almost all the correlations are well resolved for H2, which is significantly more intense.

this small oligosaccharide. Any ambiguities that do Accurate values o8-coupling constants can only

remain can be resolved in the correspondifgVe- be obtained from these Hartmann—Hahn-based exper-
1H1ng spectrum (Figure 2B) as there is no apparent iments if the anti-phase dispersive contributions to the
correlation between thé3CO and13CMe chemical  lineshapes that result from zero-quantum coherences

shifts. For smaller oligosaccharides these two sub- are suppressed. We adopted the method proposed by
spectra can be acquired in a relatively short period of Keeler and co-workers (Davis et al., 1993) that uses a
time with excellent signal to noise and resolution in period of spin locking in the presence of an inhomo-
both dimensions. geneousBy field at the end of the Hartmann—Hahn
For larger oligosaccharides, correlations in the 3D mixing period. The inhomogeneity in thBo field

version of the (H)@eCOH-HEHAHA spectrum are  is generated by application of an adiabatically swept
likely to be well resolved. Figure 2C shows3CO- gradient with a trapezoidal shape. This has the advan-
1H1ng plane from the 3D spectrum of the oligosaccha- tage that complete suppression of the zero-quantum
ride (1) taken at @3CMe chemical shift of 21.30 ppm  contributions is possible in a single scan. The gra-
(marked with an arrow in Figure 2B). In the 28CMe- dient parameters required for this suppression were
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Figure 2. (A) 13coyring spectrum recorded using a 2D version of the sequence shown in Figure 1A incrementirtg. droyty-eight
transients were recorded for each FID to give a total acquisition time of 7 h. Data were acquired over spectral widths in F2 and F3 of 300 Hz
and 2500 Hz and with 96 complex pointstjnand 2048 complex points i3 and zero-filled to 512 and 4096 points, respectively before Fourier
transformation. (BY-3CMe-1HMNG spectrum recorded using a 2D version of the sequence shown in Figure 1A but incrementig tmly

this case 128 transients were collected for each of 64 incremetigdngive a total acquisition time of 12 h. The spectral width in F1 was

150 Hz, all other parameters were the same as in Figure 2A. (C) Part of the 34BYIH-HEHAHA spectrum recorded with the sequence
shown in Figure 1A. Thid¢3CO-1H"Y plane is taken at th&3CMEshift of 21.3 ppm which corresponds to the position marked with an arrow

in Figure 2B. Data were acquired with 32, 32 and 2048 complex data points over spectral widths of 150 Hz, 300 Hz and 2400 Hz in F1, F2 and
F3, respectively. Thirty-two transients were recorded for each FID to give a total acquisition time of 96 h. Spectral resolution was improved
in the F1 and F2 dimensions by linear prediction to 64 and 64 points, respectively. Data were zero-filled to 128, 128 and 4096 points prior to
Fourier transformation. This section shows correlations from C2 and C4 of glucose (B). A cross-section through the correlations from C4 is
shown above the spectrum and the identity of the ring protons involved in the correlations is indicated in bold.

calibrated from homonuclear TOCSY experiments us- tion from the zero-quantum coherences which do not
ing the same zero-quantum suppression technique.have time to de-phase during the ‘suppression’ delay.
The narrow range of chemical shifts present in these  Starting points for making chemical shift assign-
samples requires a relatively long period (30 ms) to ments in the HEHAHA experiments are provided by
completely de-phase the unwanted contributions in particular ring protons. The anomeric protons have
these experiments. This leads to a reduction in the only a single coupling to the adjacent proton, H2, and
overall signal intensity due to relaxation. However, in show up as a characteristic doublet (Figure 2C). In
spectra recorded with a purge pulse or other simple z- contrast, all other coherences have more complex mul-
filters we observed significant discrepancies between tiplet structures. Correlations involving the H6/HB

the 'H-1H coupling constants compared to those val- hexoses and/or H5/M5n pentose sugars exhibit a
ues measured in a 1D spectrum (data not shown). Thelarge coupling constant 6f11 to —13 Hz which can
coupling constants measured in the spectrum recordedreadily be distinguished from other correlations. Using
with the adiabatic gradient sweep (Table 1) are essen-these correlations it is relatively easy to trace the paths
tially identical to those measured in the 1D spectrum of coherence transfer from the sites of acetylation and
except for some correlations between H5 and H6. Pre- obtain almost all the chemical shift assignments from
sumably this is because of the very similar chemical a single spectrum.

shifts, which result in a very low frequency contribu-
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Table 1. Values of coupling constants measured directly

from the HEHAHA-based experiments of acetylation. Magnetization is transferred from the

1HMe {5 13CO in the same manner described above for

Jvalue  Sugar residue the HEHAHA experiments. After detecting théCO
Glc-A Glc-B Gle-C  Glc-ol(D) magnetization during the evolution timg the INEPT
; 120 period (2<A5) is used to convert the magnetization
v B - - o into CQ,Hz. At the same time the anti-phase compo-
Iy o - - - 7.3 o . o
I 37 2.9 38 34 nent, Q" COQy, is refocused by application of a selec-
Jiz 103 102 102 55 tive 180 pulse (seduce-1 profile (McCoy and Mueller,
Joa o5 05 a8 55 1993)) to thel3cMe after a period of~1/4Jco-c
s 101 10.1 9.8 4.0 (A4). Afinal INEPT period (2A6) is used to generate
Jsjﬁ 41 34 1.5 34 observableé'H magnetization. A purge pulse applied
35'6, 1.6° 2 o 38 ) immediately prior to acquisition is used to remove any
36:6, —122 124 -123 -122 undesired coherences.

Figure 3A shows the®CO-H plane of the

Values denoted with & show significant differences from (HCMe)COH experiment. In this spectrum there is

values measured in other experiments. The error in the mea-

surements ist 0.2 Hz. The designation of H6 and H& only a single correlation peak for each site of acety-
based solely on chemical shift and not stereochemistry. H6 lation and these correspond to the peaks seen in the
is the most upfield shifted of the pair of protons. heteronuclear COSY spectrum (Bendiak, 1999). Un-

like the heteronuclear COSY spectrum the correla-

From the values of theH-1H coupling constants ~ tion peaks are in-phase and pure absorption in the
it is possible to determine the stereochemistry of the indirectly detected dimension. Consequently, the res-
sugar rings. Using the values for Glc (B) in Table 1 as Olution in this dimension is very high and in most
an example, the coupling of 10.3 Hz between H2 and Cases it will be possible to obtain unambiguous assign-
H3 implies that these protons must be oriented axially ments of the!3COH"™Y pairs from the 2D version
with respect to each other. Similar arguments hold for Of this experiment. In larger oligosaccharides it may
the relative stereochemistry of H3 and H4, and H4 and b€ necessary to extend these experiments to higher
H5. This implies that all of these protons must be in dimensions to resolve any overlap by including evo-
axial positions around the sugar ring. The smaller cou- lution periods for thé3CMe and/or'HY® in the same
pling between H1 and H2 of 3.9 Hz therefore places Way as outlined above.
the H1 in an equatorial position, defining this sugaras ~ The correlation peaks of the (hfg)COH are
an a-pyranose sugar. The couplings between H5 and modulated by'H-'H couplings in the acquired pro-
H6/HE do not define any of the stereochemistry of the ton dimension. During the last INEPT transfer pe-

ring. riod (2xA6), magnetization is modulated both by the
13CO1H couplings and by'H-'H couplings. This
(HCme)COH and (HGye) COH-RELAY leads to the development of antiphase terms of the

The (HGye)COH and (HGye)COH-RELAY exper- type I—@sz’, where H represents protons at the site
iments provide additional approaches for making of acetylation and P other protons adjacent to the
chemical shift assignments i#3C O-acetylated  site of acetylation. The range 6fCO-H couplings
oligosaccharides. These experiments are useful for (2.5-4.7 Hz) andH-'H couplings (1-12 Hz) present
resolving ambiguities in those cases where the addi- means that the choice &6 necessarily represents a
tional homonuclear transfer present in the HEHAHA- compromise value. Calculations of the signal intensity
based experiments leads to significant resonance over-as a function ol 6 versuslco—n andJyn suggest that
lap. In the (HGye)COH and (HGye)COH-RELAY, there is no single value a6 that provides adequate
magnetization transfer between the acetyl groups andsignal for the range of couplings present. Therefore
ring protons is limited to the protons at the site of the netintensity of the correlation peaks is very sensi-
acetylation and those protons immediately adjacent to tive to the combination of coupling constants present

those sites, respectively. for each group. For some combinations the inten-
sity is positive, for others it is negative and for other
(HCwme)COH combinations the net intensity will be close to zero.

The (HGvwe)COH experiment (Figure 1B) correlates However, this spectrum is very sensitive and it is pos-
the acetyl carbons with the ring proton at the site
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Figure 3. (A) The (HGye)COH spectrum recorded using the sequence shown in Figure 1B. In this experiment/dekydA6 were both set

to 65 ms. 128 complex points were acquiredsinvith 8 scans per increment to give a total acquisition time:&fh. The spectral widths in F1
and F2 were 400 Hz and 2500 Hz, respectively. Data were zero-filled to 512 points and 4096 points, respectively. (By&f@QHERELAY
spectrum recorded using the sequence shown in Figure 1B with the modification described in the text. In this experimex deldyss

were both set to 65 ms. 128 complex points were acquirégvirith 32 scans per increment to give a total acquisition time of 6.5 h. The spectral
widths in F1 and F2 were 300 Hz and 2500 Hz, respectively. Data were zero-filled to 512 points and 4096 points, respectively.
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sible to collect several spectra with different values of erful method for obtaining primary structure informa-
A6 in a short period of time. The spectrum in Fig- tion of oligosaccharides. These four new NMR exper-
ure 3A was recorded with only 8 scans per increment iments, the (H)@eCOH-HEHAHA, H(Gye)COH-

in less than 2 h. If the final period«A6 is omitted, HEHAHA, (HCme)COH and (HGye) COH-RELAY,

the intensity of the correlation peaks depends only on provide multiple approaches to establish correlations
the range of3CO-'H couplings and the value af5. betweent3C-labeled acetyl groups and protons on the
If A5 is setto~70 ms, this retains-80% of the sig- sugar ring. We have demonstrated the feasibility of
nal intensity for all of the'3CO-'H couplings present  these experiments by the study of a tetrasaccharide
(neglecting the effects of relaxation). In the spectrum to determine both chemical shift assignments and ring
recorded in this manner the correlation peaks are an- stereochemistry.

tiphase with respect to tHéCO-1H coupling in thetH The characterization of oligosaccharide structures

dimension (data not shown). requires a knowledge of the identity of the individual
sugar rings, the stereochemistry at the anomeric po-

(HCme)COH-RELAY sitions and the positions of the linkages between the

The (HGue)COH-RELAY experiment correlates the  individual sugars. The (H)@COH-HEHAHA and
acetyl groups with the sugar ring protons immediately H(Cwve) COH-HEHAHA experiments contain much
adjacent to the site of acetylation. The pulse sequenceof the essential information required for a complete
for the (HGye) COH-RELAY is created by replacing  structural characterization of the molecule. These
the spin-lock pulse in Figure 1B with a 9&H pulse. two experiments use a heteronuclear Hartmann—Hahn
Now the antiphase termﬁHEthat develop duringthe  (HEHAHA) mixing sequence to transfer magnetiza-
final INEPT period (2A6) are converted into observ- tion from the acetyl groups to protons on the sugar
able magnetization of the type';‘H)?. The resulting ring. The use of HEHAHA mixing sequences is par-
spectrum (Figure 3B) contains both the direct correla- ticularly advantageous for the study GfFacetylated
tion between the acetyl groups and ring protons at the oligosaccharides: (i) the correlation peaks are in-phase
site of acetylation and relayed correlations to protons and pure absorption in all dimensions and so do not
adjacent to the sites of acetylation. Again the intensi- suffer from problems of cancellation; (i) the spectrum
ties of the correlations will depend on the magnitude contains correlations to almost all the individual sugar
of both thel3CO-H couplings and théH-H cou- ring protons from each site of acetylation. If a sugar
plings present. However, in this case a compromise ring has more than one free hydroxyl group, then in the
value of A6 = 60-80 ms will retain>50% of the final spectrum of th&®-acetylated molecule there will
desired coherences across the complete range of bottbe multiple sets of correlations. This redundancy in the
the 13CO-'H and 'H-'H couplings present in these information content is of considerable benefit if there
oligosaccharides. The direct correlations to protons at is either significant resonance overlap or if the cou-
the site of acetylation are also observed, as they arepling constant between adjacent ring protons is small
partially retained by the use of a compromise value (<1-2 Hz). In the latter case magnetization transfer
for A6. The ‘relayed’ correlations are antiphase with through the small coupling is inefficient and not all the
respect toJyanp and are 90 out of phase relative to  correlations from each acetyl group are observed. As
the ‘direct’ correlations. The antiphase splittings in a result it is possible to determine both the chemical
the correlation peaks are only present in the directly shift assignments and théi-1H coupling constants
detected dimension, which can be collected with suf- from just a single experiment.
ficient digital resolution to minimize problems with The (HGue)COH and (HGye) COH-RELAY ex-
cancellation. Again problems with overlap can be periments are designed to identify the sites of acety-
minimized by recording 3D versions of the experi- lation in peracetylated oligosaccharides and by infer-
ment in an analogous manner to the HEHAHA-based ence the ring positions involved in the formation of
experiments outlined above. glycosidic linkages. The (Hfg)COH spectrum estab-
lishes the direct correlation between the acetyl sub-
stituent and the ring proton at the site of acetylation.
Discussion Although this information was previously obtained
from heteronuclear COSY and HMBC experiments
We have shown thdfC O-acetylation in combination ~ (Bendiak, 1999), the (Hf)COH experiment pre-
with multi-dimensional NMR spectroscopy is a pow- sented here has higher sensitivity and greater reso-
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The experiments presented here are designed to
help characterize the primary structure of oligosac-

charides. They provide information about the stere-

ochemistry of the individual rings and also the lo-
cation of sites of substitution that are likely to be
involved in the formation of the inter-sugar glyco-

sidic linkage. However, complex carbohydrates may
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