This article was downloaded by:

On: 23 January 2011

Access details: Access Details: Free Access
Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Carbohydrate Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713617200

New NHR Techniques for Structure Determination and Resonance

Assignments of Complex Carbohydrates

Ad Bax*, William Egan®; Pavol Kova®

2 Laboratory of Chemical Physics, National Institute of Arthritis, Diabetes, and Digestive and Kidney
Diseases National Institutes of Health, Bethesda, MD " Office of Biologies Research and Review, Center
for Drugs and Biologies, Bethesda, MD © Laboratory of Chemistry, National Institute of Arthritis,
Diabetes, and Digestive and Kidney Diseases National Institutes of Health, Bethesda, MD

To cite this Article Bax, Ad , Egan, William and Kova, Pavol(1984) 'New NHR Techniques for Structure Determination and
Resonance Assignments of Complex Carbohydrates', Journal of Carbohydrate Chemistry, 3: 4, 593 — 611

To link to this Article: DOI: 10.1080/07328308408057920
URL: http://dx.doi.org/10.1080/07328308408057920

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713617200
http://dx.doi.org/10.1080/07328308408057920
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 22 23 January 2011

Downl oaded At:

J. CARBOHYDRATE CHEMISTRY, 3(4), 593-611 (1984)

NEW NMR TECHNIQUES FOR STRUCTURE DETERMINATION AND RESONANCE

ASSIGNMENTS OF COMPLEX CARBOHYDRATES

Ad Bax®%, William Egan®, and Pavol Kova¥®

dLaboratory of Chemical Physics and CLaboratory of Chemistry,
National Institute of Arthritis, Diabetes, and Digestive and Kidney
Diseases
National Institutes of Health
Bethesda, MD 20205

boffice of Biologics Research and Review, Center for Drugs and
Biologics
8800 Rockville Pike, Bethesda, MD 20205

Received May 14, 1984

ABSTRACT

This paper describes several new NMR techniques for structure

determination and spectral assignment of polysaccharides. Positions

of linkages between sugar units can be determined unambigously and

with high seusitivity using a modified version of the well known
INEPT experiment. A new two-dimensional experiment is shown to
Erovide excellent resolution and sensitivity in correlating 14 and
3¢ chemical shifts.

INTRODUCTION

NMR spectroscopy, and in particular 1y and +3¢ R spectroscopy,
has become an increasingly important tool for the chemical and
physical characterization of carbohydrates and their derivatives. The
usefulness of the NMR method follows from the assignments of

individual proton and carbon resonances to particular hydrogens or
593
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carbon atoms.! The ability to make these assignments has been
enormously facilitated by the introduction of two-dimensional (2-D)
NMR techniques.2 A variety of 2-D 1y experiments3‘ll and, especially,
homonuclear chemical shift correlation (COSY),3'7 has aided signal
assignments in 1y spectra. When proton assignments have been made,
L3¢ assignments follow, straightforwardly, from the coanstruction of

a u-13¢ heteronuclear, chemical shift correlation maplz'l5 or, as
will be demonstrated in this paper, by a recently introduced

"totally decoupled”™ CSCM experiment.16»l7 In those instances in
which only partial assignment of the proton spectrum can be made, a
two-dimensional, heteronuclear RELAY experiment can be used to
identify adjacent, protonated 13¢ nuc1e1;18'24 alternatively, a
13¢-13¢ INADEQUATE experimentzs"z6 can be used to trace the entire
carbon skeleton of the molecule. Recently, the two-dimensional NOE
experiment8 and the COSY experiment were used for determining
oligosaccharide interglycosidic Linkages.27»28 Both of these
approaches to establishing the interglycosidic linkage rely on proton
NMR, and are often complicated because of severe spectral overlap.
Additionally, the effects on which those methods are based, NOE effect
across the glycosidic linkage and the AJHCOCH scalar coupling, are
strongly conformation dependent, and therefore not always unambiguous.
Alternatively, the linkage site can be determined via the 1y-13¢
three-bond scalar coupling from the anomeric proton across the oxygen
atom to the aglycon carbon atom. The presence of such a coupling, as
well as its magnitude, can be gotten from either a selective proton
flip experiment29 or a selective heteronuclear decoupling
experiment.30'32 Both of these experiments, however, are
time-consuming, and the selective decoupling experiment suffers
especially from poor semsitivity.

We now wish to show that the recently introduced selective INEPT
experiment33:34 can be used to effectively detect the presence of
long~range 1y-13¢ couplings, and thus can be used as a method for
determining the position of linkages between sugar uanits. We will
also show that the selective INEPT experiment provides excellent

sensitivity.
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Spectral assignment of a trisaccharide

While spectral assignments of a saccharide are usually
accomplished by comparison with related compounds, they can also
be done in a direct manner. As an example, we describe here the

1y and 13¢ assignment of the aldotriuronic acid derivative (1).

HO
H:X:ﬁ:':sk.——o 0

OH
HO OCH,
o)
1 0 COOCH;,
HO
e OCH;,

Spectral assignment of the proton resonances of the ring designated
"C" follows immediately from the COSY spectrum. First, the anomeric
proton, Cl, is identified on the basis of the small homonuclear
coupling and the downfield shift. From this (see Figure 1), the C2
proton is then weasured to be at 3.60 ppm, and this proton is in
turn coupled to C3 (3.80 ppm) (broken lines in Fig. 1). Protons C4
(3.34 ppm) and C5 (4.68 ppm) are then also straight forwardly
assigned. Protons of the remaining two sugar rings, A and B, are
assigned in an identical manner; however, distinguishing which
protons correspond to which ring is not readily possible but
requires correlation with the L3¢ spectrum and use of the selective
INEPT experiment, as will be described later. Several proton
resonances are close together, and correlation with 13¢ chemical
shiftsl2-17 requires very high resolution in the proton dimension
(F1) of the CSCM spectrum. This high F] resolution dramatically
decreases the sensitivity of the experiment, because signal energy
is distributed over all proton-proton multiplet components in the Fy
dimension.35,36 2 recently introduced wmodification of the chemical
shift correlation experiment avoids this loss in sensitivity by
refocusing the dephasing that normally occurs during the evolution

period due to the proton-proton coupling. The signal of all proton
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Figure 1. Two-dimeunsional COSY spectrum of trisaccharide, 1,
recorded at 500 MHz. The spectrum results from a 256x512 data
matrix, which corresponds to data acquisition times (t1pax and
tomax) ©f 230 ms in both dimensions. A non-shifted sine hell
filtering function was used in both dimensions. 1In order to reduce
spectrometer instabilities that generate "tj-noise,” the sample was
not spun. The coupling network can easily be traced out from this
spectrum, as discussed in the text.

BAX, EGAN, AND KOVAC
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Figure 2. Pulse scheme of the homonuclear broad-band decoupled
heteronuclear shift correlation experiment. The phases of the rf
pulses and receiver are cycled according to Table 1. For optimﬁﬁ
sensitivity, the delay time between the end of data acquisition
(and proton decoupling) and the first 90° 1y pulse of the next
experiment should be on the order of 1.5 T), where T) is the
average proton longitudinal relaxation time. This experimental
scheme yields a heteronuclear shift correlation map from which the
vicinal lu-1i couplings are effectively removed. Splittings due to
geminal proton coupling will still be present im the F; dimension.

multiplet components will then be concentrated into one narrow line
at the proton chemical shift frequency.16»17 The pulse sequence of
this totally decoupled heteronuclear chemical shift correlation
experiment is depicted in Fig. 2. The difference between this
sequence and the regular CSCM experiment is that the 180° 13¢ pulse
at the mid-point of the evolution period is replaced by a bilinear
pulse37 that refocuses dephasing due to all proton-proton scalar
couplings, apart from the geminal coupling betweean non—equivalent
methylene protons. A section of the CSCM spectrum, displaying the
most crowded area of the 2D spectrum, is shown in Figure 3. The
spectrum was recorded on a NT-270 spectrometer, operating at 68 iz
13¢ frequency. A 128x2048 data matrix was acquired and the total
measuring time was 2 hrs. The proton chemical shifts can be measured
accurately from this decoupled shift correlation map, and
assignment of the 13¢ shifts is directly possible by comparison with

the proton shifts determined from Figure 1.

Determination of linkages

A modification of the INEPT experiment39_4l has recently been

introduced that allows magnetization transfer from a pre-selected
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Figure 3. The most crowded section of the homonuclear-decoupled,
heteronuclear shift correlation spectrum of trisaccharide, 1,
recorded at 270 MHz proton frequency. The full spectrum resulted
from a 128x2048 data matrix (tyn,=300 ms, to,.., =250 ms). The
total measuring time was 2 hrs. Moderate Lorentzian to Gaussian
resolution enhancement is used in both dimensions. The proton-
proton coupling in the F; dimension has been effectively removed.

TABLE 1. The rf phases of the final proton pulse and 13¢ pulse (¢),
and the way data are added to or substracted from memory in the
various steps of the experiment.

Step No. k) ACQ
1 b4 +
2 y -
3 -X +
4 -y -
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TABLE 2. l# and 13C Chemical shifts of Trisaccharide 1.

Ring 1 2 3 4 5 6 Me(l) Me(4) Me(6)

1y 4.46 3.25 3.42 3.62 3.32
A 3.98
13¢ 103.3 74.1  76.9 70.5 66.5

In 4.47 3,32 3.65 3.76 3.39 3.53
B 4,09
13¢ 105.4 79.2 73.4 78.1 64.0 58.6
1y 5.23 3.60 3.80 3.34 4.68 3.46  3.84
C
3¢ 99,5 72.2 73.3 82.6 70.8 173.3 61.1  54.5

proton to a nucleus (e.g., 15§ or l3C) that has a long-range scalar
interaction of several or more Hertz with this proton.33:34 It has
been demonstrated that this modified, selective INEPT experiment can
be used for sensitivity enhancement of non-protonated 15y nuclei,33
and for assignment of 1g anag 13c spectra.34 We herein demonstrate
that the coupling across the interglycosidic linkage in an
oligosaccharide can be used, in a direct and unambiguous way, to
establish the presence of this linkage. The pulse sequence of the
modified INEPT experiment is schematized in Figure 4. The experiment
functions basically in the same way as the usual, refocused INEPT
experiment;41 there are several important differences: all proton
pulses are soft pulses (YHZ ~ 20 Hz), affecting only or predominantly
magnetization of one preselected proton. During the delay Ay, proton

coupling magnetization vectors precess under influence of long-range

13-13¢ interaction (provided that a 13¢ nucleus is present at two or three

bonds removed from this proton) and all other effects (proton chemical
shift, homonuclear proton coupling, and static magnetic field
inhomogeneity) are removed by the 5255'180° 1y pulse, applied at the
mid-point of the interval Aj. In analogy with the regular INEPT

experiment, the delay, Aj, is set to a duration on the order of
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Figure 4. Pulse scheme of the selective INEPT experiment. All
proton pulses are soft pulses (yip =~ 20 Hz), applied to a
preselected proton resonance. The phase of the second 90° 1y pulse
is alternated along the ; y axis in successive experiments, and data

are accordingly added and subtracted. For optimum polarization
transfer from one proton to one 13¢ nucleus with a scalar coupling
J, the optimum condition for tramsfer is A] + 2199 = A2 + 190 =
1/23, vwhere 199 is the duration of the soft 90° proton pulse

(= 12 ms).

1/(21T3cy), where lejoy is the expected value for the three—bond
long-range Jgy coupling. To minimize the effects of i transverse
relaxation, a shorter value for A] is often selected (on the order
of 50 msec). At the end of the interval, Ay, the 90°(1H)/90°(13¢)
pulse-pair transfers the proton polarization to the 13¢ aucleus.39,41
During the delay, Ap, the average precession of the transferred 13¢
magnetization is determined solely by the long-range coupling lrJCH,
to the preselected proton, since all other interactions are refocused
by the 13¢ pulse. After a time, A2=l/(21rJCH), all transferred
magnetization 1s in phase along the y axis, when high power broad-
band proton decoupling is begun. To limit relaxation effects, the
delay, A, is also chosen to be slightly (20-40%) shorter than
l/(erJCH). For transfer of magnetization from the three equivalent
protons of a methyl group to a 13¢ nucleus that has a long-range
coupling with those protons, the optimum Ay value is approximately
l/(SIrJCH).41

It has been shown3# that the selective INEPT experiment is very
sensitive and, like the regular INEPT experiment, can give a i3¢
signal enhancement of approximately a factor of four. Because of a

miss set of the delays, A1 and A2, for the generally unknown values
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Figure 5. (a) Proton spectrum of sucrose recorded at 270 iHz, on a
0.6 M solution in a 5 mm sample tube. (b) 13¢ spectrum obtained in
8 scans (c) Selective INEPT spectrum, pulsing proton G-1, obtained
from 32 scans. All 13¢C resonances that have a significant long-
range coupling with proton G-1 appear in the selective INEPT
spectrum.

of the long-range couplings, sensitivity will suffer, but will still
be better than, for example, selective decoupling30'32 or the two

dimensional selective proton-flip experiment29 or selective population

42

As a first example, Fig. 5 shows the selective INEPT spectrum

of a 0.6 M solution of sucrose (2) in 2H20, selectively pulsing
proton H-1 of the glucose ring, and yields glucose carbons G-3 and

CH,OH
HO 0
OH °
0 CH,0H

2
OH
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G-5 and fructose carbon F-2. The spectral assignments of sucrose
were made originally by Pfeffer E£_§1143 and later confirmed by a
two-dimensional double quantum INADEQUATE experiment.25 As expected,
the two-bond coupling between i~1 and carbon G-2 is small (= 1lHz)
(see references 44 and 45) and results in little polarization
transfer in the selective INEPT experiment. The critical factor in
applying the selective INEPT experiment for determination of the
interglycosidic linkage position is the size of the three—bond
coupling constant, 3JHCOC' The magnitude of this coupling depends
oun the dihedral angle, in a Karplus—-type relationship. The values
of those three-bond couplings have been measured for sugars 1, 2 and

3, and are given in Table 3.

O,
HO
M°/m/oc"s
OoH HO oH

3

All of the three-bond couplings across the glycosidic linkage lie
between 3.5 and 5.5 Hz and are presumably typical values for this
type of linkage. These couplings are sufficiently large to allow

unambiguous use of the selective INEPT experiment. Figure 6 shows

TABLE 3. Magnitude of
SJHCOC Couplings in a Number of Oligosaccharides

Sugar Ly 13¢ 3Jucoc  (Hz)
1 Al B4 4.6 % 0.2
1 B4 Al 5.0 + 0.1
1 c1 B2 3.5 & 0.5
1 B2 cl 5.2t 0.1
1 Bl Me Bl 5.1 & 0.2
1 Me Bl Bl 5.25 £ 0.1
1 Me C6 cé 7.0 + 0.1
2 GL F2 4.0 t 0.1
3 Al B4 4.5 t 0.2
3 B4 Al 4.6 t 0.2
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Figure 6. Spectra of a 0.3 M solution of disaccharide, 3, in 24 o,
in a 5 mm sample tube. (a) 270 MHz proton spectrum (b) %8 MHz 13¢
spectrum obtained from 16 scans (c¢)-(f) Selective INEPT spectra,
transferring from protons Al, B4, Bl and the methyl protons,
respectively. All selective INEPT spectra result from 64 scans.

In spectra (c)-(e), both delays, 81 and Az, were set to 50 ms. 1In
transfer from the methyl protons (g), delay 4, was set to 50 ms and
by to 24 ms.
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the selective INEPT spectra for methyl B-xylobioside, 3. It is seen
from Figure 6 that the interglycosidic linkage can be easily checked
in both directions. Figure 6¢c shows transfer from proton Al to
carbon B4, and 6d shows transfer from proton B4 to carbon Al.
Similarly, the methylated site can be found by transfer from protou
Bl (Fig. 6e) or by transfer from the methyl protons (Fig. 6f).
Transfer from overlapping, but not mutually coupled protons, is also
possible but will generally show more 13¢ resonances because
magnetization is transferred from a number of different protons.
(These 13¢ resonance assignments are in agreement with those

reported in the literatureaﬁ). Figure 7 shows the selective INEPT
spectra for the trisaccharide, I, that define the positions of
interglycosidic linkages and that show the methylated sites.

Figure 7g, which shows transfer from the methyl protons to carbon C6,
also shows a low intensity resonance for carbon C4, due to transfer
XEE,ZJCH from proton C3, which is close in frequency to the methyl
resonance selected. From the limited number of sugars investigated
in this paper, one finds that the coupling across the interglycosidic
linkage seems independent of the type of linkage (o and B). However,
at least for the pyranose sugars, the couplings between the anomeric
proton and carbons 3 and 5 of the same ring seem to be very small for
the B configuration, but significant for the o configuration (the

glucose unit in sucrose and ring C in 1).

Selective polarization transfer in a polymer

The use of the selective INEPT experiment is based on the
presence of long-range heteronuclear scalar couplings. The question
arises whether this technique is exclusively applicable to small
molecules with a relatively long transverse relaxation time, Ty, or
whether this method can also be applied to the study of macromolecules
wherein long-range couplings are poorly or not at all resolved. It
will be shown, that although the efficiency of the experiment
decreases for short transverse relaxation times, a selective INEPT
experiment 1is still feasible for Ty values in excess of 100 msec.

Experiments were pérformed on the Haemophilus influenzae type b

capsular polysaccharide 4, a compound investigated in the past by
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Figure 7. Spectra of a 0.15 M solution of the trisaccharide, 1, in
H0, in a 5 mm sample tube. (a) 270 MHz proton spectrum. (b) 68
MHz 13C spectrum obtained from 64 scans. (c¢)-(g) Selective INEPT
spectra transferring from protoms Cl (c), overlapping protons Al

and Bl (d), the methyl protons at 3.54 ppm (e), the methyl protons at
3.45 ppm (f) and the methyl protons at 3.85 ppm (g). All selective
INEPT spectra result from 256 scaas.
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Figure 8. Spectra of a solution of 20 mg of Eolymer, 4, in 0.5 ml,
2H20 recorded on a NT-270 spectrometer. (a) 1H spectrum. (b) 13¢
spectrum resulting from 300 scans. (c) Selective INEPT spectrum,
pulsing the anomeric proton H-1. The spectrum is the result of 3200
scans (l.2 hrs). (d) Decoupled selective population transfer
spectrum, obtained from 300 scans, transferring from the down-field
satellite of proton H~2. The smaller resonance is due to spurious
transfer from the down-field satellite of proton H-4.

3¢ nir.47 Figures 8a and b show the proton and 13¢ spectra,

[ H OH HOH |
HOH,C O O\CHZ »
\ CH,0]
HO H
O OH
i
— P—0
]
o 4
L - —In

recorded at 270 MHz. The proton transverse relaxation time of H-1

was determined using a selective Ty experiment and found to be
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160 + 25 msec. L3¢ Ty values were measured using a 90° - t - 180° -
T spin echo sequence with no proton decoupling during the delays,

7, and measured to be 80 * 20 msec for the ring carbons of the sugar
unit, and might possibly have been shortened by slow exchange

of the hydroxyl 2y. Figure 8c shows the selective INEPT spectrum
obtained from pulsing proton H-l, and yields resonances C-4 and C-1'
(previously assigned47) and C-3. To show that the previously
unassigned resonance is indeed C-3 and does not originate from a
two-bond transfer to C-2, a 14-13¢ correlation 1is necessary. First
H-2 was assigned using the COSY experiment. Then the decoupled
selective population transfer (SPT) experiment,48 applied to the
low-field 13¢ satellite of protoa H-2, shows resonances C-2 (Fig. 8d)
(high intensity) and C-4 (low intensity). This one-dimensional
heteronuclear shift correlation is an extremely sensitive and simple
method in cases where only a small number of carbons have to be
identified and where the proton spectrum is sufficiently resolved to
allow a selective pulse for one of the 13¢ satellites in the 4
spectrum. The pulse sequence of this decoupled SPT experiment is
sketched in Fig. 9. A number of 90° 13¢ pulses prior to the
selective 180° 1lH pulse saturates all 13¢ magnetization. The proton
180° pulse, applied selectively to the 13¢ satellite of one
preselected proton, changes the iantensity of the 13¢ doublet

Wy [ ] & oecourte

13, ﬂ [l ACQUIRE

SATURATE

Figure 9. Pulse sequence of the decoupled SPT experiment.
Saturation of the 13¢ signal 1s obtained by the application of a
number (©5) of 90° 13¢ pulses spaced on the order of 15 msec. The
radiofrequency field strength of the soft proton 180° pulse is on
the order of 20 Hz (pulse width 25 ms). Data acquisition i1s
started immediately after the 90° observe pulse, and broad-band
decoupling is switched on a time, 4, later. The duration of A is
set to 1/(2Jcy) for methine resonances and to 1/(4Jgy) for
methylene and methyl groups.
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components in opposite sense, by a factor of four compared with their
thermal, equilibrium value.49 A 13c 90° pulse makes this 13¢
magnetization observable, but since the doublet components have
opposite phase, broad-band decoupling is not switched on until a
time 1/(21JCH) later. Data acquisition however, is started
immediately after the observed 90° 13¢ pulse. All 13¢ magnetization
transferred from the down-field 13C satellite in the proton spectrum
will give a positive resonance, whereas magnetization transferred
from a high-field satellite will give rise to a negative absorption
mode line. Tt is then readiiy seen from Figure 7, that the resonance
of C-4 is due to transfer from the low-field satellite from H-4,

and is not transferred from the high-field satellite of H-3. 1In the

latter case, the resonance would have negative intensity.

DISCUSSION

The 14 and 13c assignment of individual sugar residues caan be
accomplished by a combination of proton correlated spectroscopy
(COSY) and homonuclear decoupled heteronuclear shift correlation
spectroscopy. Those methods reduce the need for very high magnetic
field strengths and are readily applied. Complete assignment of a
partially assigned 13¢ spectrum can most sensitively be accomplished

by a decoupled selective polarization transfer experiment.

The selective INEPT experiment demonstrates unambiguously the
presence of glycosidic and ether linkages by magnetization transfer
via a 3JCH coupling. For small molecules, the seusitivity of the
selective INEPT experiment is only about a factor of two lower than
a proton—-decoupled 13¢ spectrum. The experiment is even applicable
in the case of non- or poorly-resolved couplings. Accurate values
for the magnitude of the structure-seunsitive, three-bond couplings

are easily obtained by using the selective proton-flip experiment.

The use of the new one- and two-dimensional NMR experiments
described in this paper 1is, of course, not limited to
oligosaccharides. Especially in the study of small peptides, these
new methods should be very powerful, both for structure determination
and for spectral assignment. For example, the assignment of carbonyl

resonances 1s directly accomplished by the use of the selective INEPT
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experiment, and proton-carbon shift correlation of the o resonances
benefits strongly from the proton-proton decoupling in the CSCi

experiment.
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