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ABSTRACT: Two complex saponins, amole F and G, were characterized and their spectra were assigned using
only 1D and 2D 'H and NMR methods. Amole F and G have seven and six monosaccharides, respectively, linked
to the triterpene aglycone bayogenin. In addition to standard 2D methods, a series of TOCSY spectra with different
mixing times and a high-resolution coupled HSQC spectrum were particularly useful for assigning the monosaccha-
ride units. It is concluded that saponins of this complexity are approaching the limit of structural complexity that
can be solved by NMR alone, although the limit might be pushed further by access to ultra-high field NMR

spectrometers. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Michrosechium helleri (popularly known as amole) is a
little studied plant which grows in Guatemala and the
southern region of Mexico.! Conversations with the
inhabitants of the region where it was harvested indi-
cated that traditional uses of aqueous extracts of the
rhizomes of this plant are as a laundry soap and as a
lotion to prevent hair loss. The former use suggested the
presence of saponins in the plant since many saponins
have detergent properties.? However, no pharmacolo-
gical or phytochemical investigations of this plant
appeared to have been reported. Consequently, we
decided to undertake such an investigation. Herein we
report the isolation and the identification, mainly by 2D
NMR, of two complex saponins, amole F and G, iso-
lated from a methanolic extract of the roots of M.
helleri.

RESULTS AND DISCUSSION

Since we were interested in subjecting the two isolated
saponins, which were available in limited amounts, to
subsequent pharmacological testing, we avoided clas-
sical degradative techniques and similar destructive
methods which are commonly used in investigating
complex saponins.”? Instead, we used only NMR
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methods. 'H, '3C and DEPT-edited !3C spectra of the
two compounds suggested that each was a saponin.
They appeared to share a common triterpene aglycone
unit, with amole F having seven associated monosac-
charide units whereas amole G had only six. Many of
the 13C peaks in the saccharide region also had identi-
cal chemical shifts (within 0.02 ppm) for the two com-
pounds, suggesting close structural similarities for
amole F and G.

Identification of the aglycone unit

The structure and stereochemistry of the common agly-
cone unit was determined by a combination of COSY,
ROESY, HSQC and HMBC spectra. ROESY spectra
were used in place of NOESY since the molecules were
found to have correlation times in solution such that
NOE effects were near zero.> HSQC spectra were used
in place of HMQC spectra to take advantage of the sig-
nificantly better 13C resolution (and sensitivity) of the
former spectra.*> Two sets of HMBC spectra were
acquired with optimization of Jy4 for 5 and 10 Hz.

The approach used to identify the aglycone unit and
to assign its spectrum was similar to that which we had
reported earlier for other triterpenes.®~® In particular,
two and three-bond cross peaks from methyl protons in
the HMBC spectra allow the determination and assign-
ment of much of the molecular skeleton of the aglycone.
Starting points were provided by a geminal methyl pair
(subsequently assigned as C-29 and C-30) and a geminal
CH,;/CH,OH pair (subsequently assigned as C-24 and
C-23). These results, in combination with the results of
the COSY and HSQC spectra, allowed the identifica-
tion of the aglycone as 2,3,23-trihydroxyolean-12-enoic
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acid. The assignment of the stereochemistry at C-3 and
confirmation that the third OH group was bonded to
C-23 rather than C-24 was provided by the ROESY
spectra. Key observations included ROESY cross peaks
between H-3 and both H-1,,;,, and H-5, between H-5
and both H-23 protons and between H-24 and H-25
methyl peaks. Finally, the sterochemistry at H-2 was
determined from high-resolution coupled HSQC
spectra’® (see below for further discussion). This showed
only small (<5 Hz) and unresolved vicinal couplings of
H-2 to H-3 and the two H-1 protons, indicating that it
was a-equatorial. Other ROESY cross peaks confirmed
the expected stereochemistry of the oleanene skeleton
(1). Thus, the aglycone is 2f,3,23-trihydroxyolean-12-
en-28-oic acid, a known triterpenoic acid with the trivial
name bayogenin.” The 'H and '3C chemical shifts for
bayogenin in the two compounds were identical (within
0.02 ppm) and are listed in Table 1.

Structures of the polysaccharide portions of amole
Fand G

Inspection of the normal and DEPT-edited spectra of
amole F and G suggested that the former contained two
hexapyranose units, two 6-deoxy hexapyranose units
and three pentapyranose units, whereas the latter had
one less hexapyranose unit. However, identification of
individual monosaccharide units proved to be a very
challenging task. To aid in this assignment, several
additional 2D spectra were obtained, starting with a
series of five TOCSY spectra with mixing times ranging
from 0.01 to 0.12 s. Inspection of cross-sections through
anomeric protons (and also through CH; protons for
the two 6-deoxy sugars) as a function of mixing time

S,=G,- (AMOLE G)
S,=G,(123)-G,- (AMOLE F)

XA 1-»3I)
S, = Ry(123)-X,-(1+4)-R,-(122)-A-

G = p-D-Glucose
R = a-L-Rhamnose
X = B-D-Xylose

A = a-L-Arabinose

greatly facilitated the identification of sequences of
protons in each monosaccharide unit. The HSQC
spectra allowed the assignments of directly coupled
13C-'H pairs. However, this still left many ambiguities
due to numbers of protons with very similar chemical
shifts (particularly in the region 63.15-3.40). Fortu-
nately, many of these ambiguities could be resolved by
observation of two- or three-bond connectivities in the
HMBC spectra between clearly resolved and assignable
protons and ambiguous carbons. However, this did not
resolve all ambiguities, mainly because of the limited
13C resolution in the HMBC spectrum (the presence of
'H multiplet structure along f; in an HMBC spectrum
limits resolution to >0.2 ppm, even if sufficient f; data

Table 1. "3C and "H chemical shift for bayogenin aglycone in amole F? [in ppm relative

to (CH,),Si in CD;0D]

0y° Ou
Carbon® dc Axial Equatorial Carbon Oc Axial Equatorial
1 44.38 1.14 2.05 16 23.74 2.02 1.66
2 71.19 — 431 17 48.24 — —
3 83.92 3.61 — 18 42.66 2.89 —
4 42.96 — — 19 47.11 1.71 1.12
5 48.18 1.30 — 20 31.61 — —
6 18.79 1.45 1.50 21 34.88 1.40 1.20
7 33.53 1.59 1.32 22 33.33 1.74 1.56
8 40.74 — — 23 65.76 — 3.24, 3.61
9 49.31 1.56 — 24 14.81 0.94 —
10 37.54 — — 25 17.60 1.28 —
11 24.70 1.99 1.92 26 18.04 0.78 —
12 123.94 5.30 27 26.39 1.16 —
13 144.99 — — 28 177.74 — —
14 43.15 — — 29 24.03 0.92 —
15 28.88 1.65 1.14 30 33.53 — 0.89

? Chemical shifts for the same aglycone in amole G agreed to within 0.02 ppm with those listed here.

®Numbering as in 1.

¢ Assignment of individual protons as axial or equatorial was determined from the width of multiplets in
HSQC spectra and the presence or absence of 1-3 diaxial peaks in ROESY spectra.

© 1998 John Wiley & Sons, Ltd.
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points can be collected or linearly predicted). Fortu-
nately, high-resolution coupled HSQC spectra,® which
were obtained to aid in stereochemical assignments,
allowed us to eliminate the remaining ambiguities.
These spectra covered the saccharide region with an
f>(*H) spectral window of 1775 Hz and an f;(*3C) spec-
tral window of 6200 Hz, 2048 data points with zero-
filling to 8192 and 256 time increments with linear
prediction to 2048 and, zero-filing to 4096. This provid-
ed excellent resolution along both axes. Parts of the
spectrum for amole F is illustrated in Fig. 1. Two par-
tially over lapping peaks are observed at 678.22 and
678.21 with similar *H chemical shifts. Cross-sections
through the shoulders of the two peaks showed that the
peak at 678.22 was bonded to a proton at 63.27 whereas
the peak at 478.21 was bonded to a proton at 63.31.
The former was a clean triplet, corresponding to two
vicinal couplings of ca. 10 Hz, while the latter showed a
similar triplet structure but with an additional coupling
of ca. 4 Hz. The differences in coupling patterns (in con-
junction with information from other spectra) aided the
assignment of the former signal to C-3 of a xylose unit
while the latter could be assigned to C-5 of a glucose
unit. The same approach helped to resolve other ambig-
uous assignments.

However, the main advantage of the coupled HSQC
spectrum was the useful stereochemical information
which it supplied. This included not only the magni-
tudes of vicinal couplings but also the magnitudes of
one-bond 3C-'H couplings for anomeric carbons. The
latter information is useful because equatorial anomeric
protons have 'J(*3C,'H) ~ 170 Hz while the corre-
sponding axial protons have 'J(*3C,'H)~ 160 Hz.'°
There was one additional advantage to the use of
coupled HSQC spectra beyond those which we have
described previously.’ In some cases, protons on adja-
cent carbons have nearly coincident chemical shifts. The
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Figure 1. Expansion illustrating one region of the
coupled HSQC spectrum of amole F. Both positive and
negative contours are plotted to allow clearer observ-
ation of multiplet patterns.
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resultant strong coupling significantly complicates the
determination of vicinal coupling constants from either
ID 'H spectra or most 2D spectra. However, in a
coupled HSQC spectrum, one is determining 'H, 'H
coupling from a 'H—'3C—'2C—'H unit and the large
one-bond !3C, 'H coupling effectively produces weak
"H-'H coupling (this corresponds to the long estab-
lished technique of using '3C satellite peaks in 'H
spectra to determine coupling between otherwise mag-
netically equivalent protons'!). The information from
the coupled HSQC spectrum allowed easy assignment
of six of the seven monosaccharides in amole F as two
p-glucose units, two a-rhamnose units and two f-xylose
units. In the case of glucose and xylose units, this was
based on the observation that each methine proton
showed large vicinal couplings (ca. 10 Hz) to adjacent
methine protons (and to one of the C-5 methylene
protons of xylose). For rhamnose, the anomeric 3C,'H
coupling was 171 Hz whereas H-1, H-2 and H-2, H-3
couplings were both small, requiring both H-1 and H-2
to be equatorial. Although the absolute stereoche-
mistries of the individual monosaccharide units were
not determined (since this would have required sample
degradation), it is assumed that they are B-D-glucose,
p-D-xylose and a-L-rhamnose (2), based on observations
on other plant saponins.? Amole G differed in having
only one f-glucose unit.

The remaining pentapyranose unit differed from the
other monosaccharides in showing only one large
vicinal coupling constant, between H-4 and one of the
H-5 protons. Cross-sections through individual carbon
peaks in the coupled HSQC spectrum are illustrated in
Fig. 2. The anomeric 3C,'H coupling constant is 172
Hz, suggesting an equatorial orientation for the anom-
eric hydrogen. This is supported by the observation that
H-1 shows stronger cross peaks to C-3 and C-5 than to
C-2 in the HMBC spectrum optimized for J(**C,'H)
= 10 Hz, suggesting that H-1 is anti to C-3 and C-5.
Vicinal coupling constants for protons H-1 through H-4
are all ca. 4 Hz while there is a coupling of ca. 10 Hz
between H-4 and one of the H-5 protons. These data
are entirely consistent with a-arabinose, assumed to be
the L-isomer based on observations on related plant
saponins.? However, the coupling constants indicate
that a-arabinose is in its normally less stable!? 1C chair
conformation (the 1C chair has three of four OH or OR
groups axial compared with only one of four for the
alternate C1 chairs; 2). A possible reason for this
observation is provided below. Complete 'H and 3C
chemical shift assignments for the various monosaccha-
ride units are given in Table 2.

The final information required is the linkage sites
between monosaccharides and to the aglycone unit.
This was easily established from the HMBC spectra. In
each case of an interglycosic link, three-bond connec-
tivity peaks were observed between one anomeric
hydrogen and a particular carbon on the second mono-
saccharide unit, along with a cross peak between the
corresponding attached proton on the second monosac-
charide unit with the anomeric carbon of the first unit.
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Similarly, cross peaks between H-1 of one glucose and
C-3 of the aglycone (and H-3 of the aglycone with C-1
of glucose) established one point of attachment to the
aglycone while a clear cross peak between H-1 of arabi-
nose and the ester carbon (C-28) of the aglycone estab-
lished the second point of attachment. The
interglycosidic links are shown in 1 along with points of
attachment to the aglycone. Hence amole F has the
structure  3-0-[ f-D-glucopyranosyl-(1 — 3)-8-D-gluco-
pyranosyl]-28-0-{a-L-rhamnopyranosyl-(1 - 3)-§-D-
xylopyranosyl-(1 — 4)-[ f-D-xylopyranosyl-(1 — 3)]-a-
L-rhamnopyranosyl-(1 — 2)-a-L-arabinopyranosyl~(1 — }

d) C-4

c) C3

e

T
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Figure 2. Cross-sections through individual carbons of
arabinose from the coupled HSQC spectrum of amole F.

© 1998 John Wiley & Sons, Ltd.

1C, C1 = Chair conformations of A

2

bayogenin. Amole G differs in having only one glucose
ring attached to C-3 of the aglycone.

The a-L-arabinose unit has the aglycone unit O-
linked to C-1 and a branched tetrasaccharide unit O-
linked to C-2. Adoption of the 1C chair form (2) puts
these two bulky groups in an anti arrangement, mini-
mizing steric hindrance. Hence it appears that it is this
need to minimize repulsion between attached groups
which requires the a-arabinose unit to adopt the nor-
mally less stable 1C chair.

Finally, the ROESY spectra show a number of signifi-
cant interglycosidic NOE peaks within the pentasac-
charide unit ester linked to C-28, in addition to those
between the pairs of protons at either end of each inter-
glycosidic link. Clearly assignable peaks are listed in
Table 3. The presence of these additional peaks suggests
that there are strongly preferred conformations within
the pentasaccharide unit, along with restricted rotation
about interglycosidic bonds. The presence of these
peaks has potential value in determining the preferred
conformation within the pentasaccharide unit. At the
same time, they make the ROESY spectra less useful
than the HMBC spectra for determining specific sites of
interglycosidic links, since the HMBC cross peaks are
specific to these sites while the ROESY cross peaks are
not.

Comparisons with structures of related saponins

Saponins based on a hydroxylated olean-12-en-28-oic
acid aglycone unit are the most common of all plant
saponins.? Of these, 3-hydroxyolean-12-en-28-oic acid
and 3p,23-dihydroxy-olean-12-en-oic acid are the most
common aglycones. Relatively fewer saponins are based
on the 2p8,38,23-trihydroxy compound (bayogenin)
found in this investigation.? A search of the literature
revealed no saponins with an identical structure to
either amole F or G. However, a series of even more
complex saponins with a bayogenin aglycone unit have
been isolated and characterized.!® Three of these sapo-
nins, isolated from Solidago canadensis, have a core
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Table 2. '3C and "H chemical shifts for monosaccharide units in amole F and G [in ppm relative to (CH,),Si in CD,0D]

Monosaccharide®  Carbon 8c® Sy [*J(*3C,'H)]°*° Monosaccharide  Carbon ¢ Ou [tJ(*3C,tH)]
A 1 93.80 5.66 [172] X, 1 106.05 4.54 [161]
2 75.61 3.79 2 75.32 3.26
3 70.50 3.90 3 78.22 3.26
4 66.77 3.82 4 71.04 3.47

5 6331 3.49(), 3.89(a) 5 67.04  3.22(a), 3.85()
R, 1 101.00 5.00 [171] G, 1 105.12 448 [159]
2 72.22 4.03 2 74.72 3.46
3 82.16 3.87 3 87.95 3.53
4 78.83 3.67 4 69.50 348
5 69.03 3.71 5 77.33 3.30
6 18.36 1.25 6 62.14 3.71, 3.80
R, 1 102.66 5.14 [171] G, 1 105.24 4.55 [161]
2 72.27 3.93 2 75.49 3.27
3 72.16 3.97 3 77.79 3.36
4 73.97 3.38 4 71.54 3.26
5 69.96 4.00 5 78.21 3.31
6 17.90 1.23 6 62.62 3.62, 3.87
X, 1 104.80 470 [163] G,G¢ 1 105.48 4.43 [160]
2 76.28 3.19 2 75.39 3.27
3 84.39 3.38 3 78.21 3.36
4 70.21 3.49 4 71.09 3.36
5 6695  3.16(a), 3.82(e) 5 71.73 327
6 62.28 3.70, 3.80

2 Labeling of monosaccharides as illustrated in 1. A = a-L-arabinose; G = f-D-glucose; R = a-L-rhamnose; X = f-D-xylose.

® Chemical shifts were determined for amole F, unless indicated otherwise. The corresponding *H and *3C chemical shifts for all A, R and X monosaccharides in amole G agreed to

within 0.02 ppm with those for amole F.

¢1J(*3C,'H) for anomeric carbon (in Hz), determined from a coupled HSQC spectrum.

4 Data for single f-D-glucose unit in amole G.
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Table 3. Assignable interglycosidic NOE peaks from
ROESY spectrum of amole F

A(D)-R,(5)*

AQ)-R,(1)
R,(3)-X,(1)
R,(#)-X,(1)
R,(5)-Xy(1)
R,(2)-X,(1)
R,(3)-X,(1)

R,(#)-X,(1)
R,()-X,(2)
R,(D-X,(3)
R,(9-X,(3)
G,(1)-G,(3)
G,(1)-G,(4)

2 A letter with or without a subscript corresponds to monosaccharide
defined in 1. Numbers in parentheses corresponds to the proton
within that monosaccharide unit for which an NOE peak is observed.

skeleton identical with that of amole F but with one or
two additional attached monosaccharide units. The first
two compounds have either an a-L-rhamnose unit of a
p-D-apiose unit linked to C-3 of the arabinose unit
while the third has the same additional ¢-rhamnose unit
plus a B-p-galactose unit linked to C-2 of the terminal
rhamnose unit. All three were characterized with the aid
of chemical degradation and derivatization, in addition
to spectroscopic methods.!3* NMR assignments were
provided for only the first two compounds.!3® These are
generally in good agreement with our results with two
main exceptions. First, the chemical shifts for the arabi-
nose units were significantly different from those which
we have obtained. This is undoubtedly related to the
presence of the additional group linked to C-3 of arabi-
nose. With this third attached group, there is a major
steric hindrance in either chair form of a-arabinose. In
fact, it was concluded that their arabinose units existed
in strongly distorted chair conformations.'3® Second,
there was a much larger number of uncertain assign-
ments in the earlier investigation, e.g. 13 in the com-
pound with the one additional a-rhamnose unit.!3® This
is undoubtedly partly due to the increased spectral com-
plexity but also to the additional spectral information
which was available to us, particularly from the coupled
HSQC spectra. For example, in the earlier work, the
carbon at 678.21 was tentatively assigned to C-5 of the
internal glucose unit and that at §77.33 was assigned to
C-5 of the external glucose. The main problem in
making this assignment was obviously the nearly equal
chemical shifts of the two attached protons (see Table
2). Our investigation reverses these assignments. As dis-
cussed above, the coupled HSQC spectrum shows that
the proton attached to the carbon at 678.21 shows a
large (ca. 10 Hz) and a small (ca. 4 Hz) coupling to the
two H-6 protons in addition to a diaxial coupling (ca.
10 Hz) to H-4. By contrast, the proton attached to the
carbon at 77.33 shows only one large coupling (to H-4)
and two smaller unresolved couplings (see Fig. 1).
Cross-sections through the two C-6 carbons shows that
one of the protons bonded to the carbon at §62.62
shows a large vicinal coupling while both protons
attached to the carbon at 462.14 show small vicinal
couplings. Thus the carbon at §77.33 is bonded to the
carbon at 662.14 rather than the carbon at 662.62, as

© 1998 John Wiley & Sons, Ltd.

previously assigned. Cross-sections through anomeric
protons in a TOCSY spectrum with a 0.12 s mixing
time allowed completion of the glucose assignments by
demonstrating that the methylene protons at 63.71 and
03.80 attached to the carbon at §62.14 were part of the
same coupled spin system as the anomeric hydrogen at
04.56 while the methylene protons at 63.62 and §3.87
belonged to the same spin system as the 64.48 anomeric
proton.

Consideration of the limitations of NMR for
determining structures of saponins and complex
polysaccharides

The discussion immediately above concerning one spe-
cific assignment problem clearly illustrates the diffi-
culties in using NMR spectroscopic methods to
determine the structure and assign the spectrum of a
compound of this level of complexity.!* In certain
important ways, the investigation of a complex poly-
saccharide is more difficult than the investigation of a
protein of higher molecular weight. First, almost all of
the 'H and '3C chemical shifts occur in much narrower
spectral windows for a polysaccharide than for a
protein. Second, the individual peptide fragments are
bonded in a regular and predictable fashion in a protein
whereas a hexapyranose unit can be linked to an adja-
cent monosaccharide through one of C-1, C-2, C-3, C-4
or C-6. Finally, polysaccharides have only two spin-3
nuclei compared with three for a doubly labelled
protein, limiting the possibilities of spreading frequency
information along three or four axes. The possibility of
using 3D methods for polysaccharide structure eluci-
dation has been discussed.'®> However, it would be diffi-
cult to obtain adequate resolution along the two
time-incremented axes, even with the aid of linear pre-
diction,'® in any reasonable time. This problem is
further aggravated by the necessity of working at
natural 13C abundance. These problems balance against
the larger number of assignments for a protein to create
a problem of comparable difficulty.

Based on this investigation, we doubt if it will be gen-
erally feasible to use NMR methods alone to character-
ize a polysaccharide much more complex than amole F,
at least while working at magnetic field strengths com-
monly available in chemistry laboratories. If one has
sufficient sample to allow degradative methods, com-
bined with chemical derivatization to identify individual
monosaccharides, the degree of complexity of problems
which can be tackled successfully can be at least
modestly increased.!®> However, if one wishes to deter-
mine structures of more complex polysaccharides by
spectroscopy alone, the only viable solution appears to
be access to higher field spectrometers. Since these mol-
ecules are still of low enough molecular weight to
produce sharp 'H and !3C peaks, the 60% increase in
spectral dispersion on going from 500 to 800 MHz
would be of great value in resolving spectral ambi-
guities.
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EXPERIMENTAL

Isolation of amole F and G

Michrosechium helleri was collected in May 1993 in
Santiago Tlazoyoaltepec, Municipio Elta, Oaxaca,
Mexico. A voucher specimen is deposited at the IMSS
herbarium in Mexico City. The rhizomes were cut into
slices, air dried and extracted successively with hexane,
CH,Cl, and CH;OH. The methanolic extract was
injected into an HPLC system (Varian 1090) using
CH;0H-H,O (3:1) with a flow-rate of 1 ml min~"' at
31°C, on a C,4 reversed phase column of 300 mm x 4
mm id. Peaks were detected with a UV detector
(Varian 5090) at 220 nm. Several peaks were observed
in the chromatogram, of which two were purified by
repeated HPLC injections, yielding 8 mg of amole F
and 10 mg of amole G.

NMR methods

All spectra were collected on a Varian Unity 500
spectrometer, equipped with an inverse detection 5 mm
probe (90° 'H pulse width 9.5 ps, *3C 90° decoupler
pulse width 9.4 ps). Spectra were collected for samples
in CD;0D at a probe temperature of 25 °C. Peak posi-
tions of the residual CD,H peak (63.30) and the '*CD,
peak (049.02) were measured relative to internal
(CH,)3Si on the solutions used in the experiments. In
subsequent, experiments, most measurements were then
made relative to the CD,H and '3CDj; peaks to allow
narrowing of spectral windows. Most experiments were
run using standard Varian software, except for the
coupled HSQC spectra, which were obtained with
minor modification of the standard HSQC pulse
sequence.’ 'H and 13C spectra were obtained with spec-
tral windows of 2900 and 23 000 Hz, respectively, 32 768
points (zero-filled to 65536) and 60° pulses. HMBC
spectra were obtained using the same 'H and '3C spec-
tral windows as listed above, 1024 data points (zero
filled to 2048), 256 time increments (linear predicted to
2048 with zero-filling to 4096), a 0.6 s relaxation delay
and 80 transients per increment.

Decoupled HSQC spectra were obtained with the
same 'H spectral window and data points as above, a
13C spectral window of 17000 Hz, again with 256
increments linear predicted to 2048, a relaxation delay
of 2.0 s (to minimize decoupler heating), a BIRD nulling
delay of 0.3 s and 16 transients per increment. Many of
the acquisition parameters for the coupled HSQC
spectra are described in the text. In this case a BIRD
null delay of 0.85 s was used (chosen to minimize OH
and CD,H peaks) along with a relaxation delay of 0.5 s,
with 16 transients per increment. All of the above 2D
spectra were acquired and processed in the phase-

© 1998 John Wiley & Sons, Ltd.

sensitive mode, except for the HMBC spectra, which
were processed in the mixed mode (phase sensitive
along f; and absolute value along f,), as recommended
by the original authors.!” Gaussian weighting was used
in all cases except for the absolute value HMBC axis,
where a 1/3 shifted sine-bell was used.

COSY spectra were acquired in absolute value mode
with 2900 Hz spectral windows along both axes, 1024
data points and time increments (both zero-filled to
2048), 16 transients per increment and a 0.6 s relaxation
delay. Pseudo-echo processing was used along both
axes, followed by triangular folding. TOCSY and
ROESY spectra were both measured in the phase-
sensitive mode, using the same spectral windows and
data points as for COSY, 16 transients per increment,
256 increments (linear predicted to 1024 with zero-
filling to 2048) and relaxation delays of 1.5 s. Isotropic
mixing times for TOCSY spectra ranged from 0.01 to
0.12 s and the ROESY spin-lock duration was 0.15 s.
Gaussian weighting was used for both spectra.
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