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Abstract

Saponins SAPO50 and SAPQO30, of which SAPO50 is highly haemolytic, have been
isolated from the commercial Merck Saponin. Their structures have been determined exclu-
sively by high-field gradient-enhanced NMR methods. The 'H and C NMR spectra of these
saponins in pyridine—deuterium oxide have been assigned by homonuclear and heteronuclear
correlation experiments. Anomeric configurations were obtained by combined use of 'Jgy,
3JH_LH_2, and 1D-NOESY data. Sugar residues were identified by use of *Jy; values obtained
from their subspectra recorded using an optimized 1D-z-TOCSY sequence. Linkage assign-
ments were made using the ge-HMBC and 1D-NOESY spectra. This study shows that
SAPOS0 represents a hitherto undescribed saponin with the following structure: 3-O-$-D-
xylopyranosyl-(1 — 3)-[ B-D-galactopyranosyl(1 — 2)]-B-D-glucuronopyranosyl gypsogenin
28-0-(6-deoxy-B-D-glucopyranosyl)-(1 — 4)-[ B-D-xylopyranosyl-(1 — 3)-B-D-xylopyranosyl-
(1 - 4)}-a-L-rhamnopyranosyl-(1 — 2)-B-D-fucopyranoside. SAPO30, however, corresponds
to a saponin previously described [D. Frechet, B. Christ, B. Monegier du Sorbier, H. Fischer,
and M. Vuilhorgne, Phytochemistry, 30 (1991) 927-931]. © 1997 Elsevier Science Ltd.
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1. Introduction

Saponins are steroid or triterpene glycosides that
have the distinctive property of forming a soapy
lather in water. This group of natural substances
possess a broad spectrum of biological properties [1];
in particular, they have been described as potent
haemolytic agents [2,3]. The commercial Merck
Saponin (E. Merck No. 7695), also known as Saponin
Pure White, is a crude saponin fraction obtained from
roots and rhizomes of Gypsophyla paniculata. Due to
its high haemolytic properties, it has been extensively
used in the past as a standard for haemolytic tests in
most saponin determinations. In order to identify the
saponins responsible for the high-haemolytic activity,
we have used chromatographic methods to separate
this crude product. A highly haemolytic fraction was
analyzed further and two major compounds were
isolated by reverse-phase HPLC: SAPO50 and
SAPO30, which possess 25% and 1%, respectively,
of the total haemolytic activity of the crude extract.
The structure of such molecules composed of one or
several sugar chains linked to an aglycone is usually
determined by derivatization followed by degradation
[2,4] or by °C and /or 'H spectroscopy [5,6]. Surpris-
ingly, there are few examples in the literature of
structure eluctdation of complex saponins using only
homo- (e.g. Ref. [7]) and/or hetero-nuclear NMR
spectroscopy (e.g. Refs [8—10]), without recourse to
chemical degradation. Even though NMR spec-
troscopy of very large biomolecules (proteins, nucleic
acids) in solution is now commonly used for assign-
ment purposes and structural determinations, oligo-
saccharides of natural or synthetic origin, even of
moderate complexity, often present proton spectra
(and sometimes carbon spectra) not amenable to di-
rect analysis. Most of the non-anomeric protons ap-
pear in the 3-5ppm region, leading to excessively
overcrowded spectra. In this paper, we describe the
sole use of multidimensional 'H and "C (natural
abundance) NMR spectroscopy [mainly gradient-en-
hanced (ge-) techniques] at high field (600 MHz for
proton) to solve the structure of SAPO30 and
SAPO50. We found that SAPO30 corresponds to a
saponin previously described by Frechet et al. as
3-0-B-p-xylopyranosyl-(1 — 3)-[ B-p-galactopyrano-
syl-(1 — 2)]-B-p-glucuronopyranosyl gypsogenin 28-
O-B-p-glucopyranosyl-(1 — 3)-[ B-p-xylopyranosyl-
(1 - 4)}-a-L-rthamnopyranosyl-(1 — 2)-B-D-fucopyr-
anoside [8]. Since our data are in complete agreement
with the reported data, we restrict this report to the
structure elucidation of SAPOS50.

2. Results and discussion

Identification of the aglycone moiety.—Since the
proton and carbon resonances of the aglycone moiety
are well resolved at high field (600 MHz for proton,
125MHz for carbon), their assignment, based on
proton-detected heteronuclear experiments, was rela-
tively straightforward (data not shown).

Protonated carbon resonances, as well as the car-
bon multiplicity, were determined using a gradient-
enhanced (ge-) multiplicity-edited PEP-HSQC exper-
iment !. Compared to the traditional phase-cycled
HSQC experiment, the use of pulse-field gradient to
select the desired coherence-transfer pathway has the
considerable advantage of effectively discarding un-
desired magnetization, such as that from the “C-
bonded proton ("H-"?C), without the need of prepa-
ration period (e.g. the BIRD [11] pulse sequence).
Moreover, the sensitivity loss associated to conven-
tional gradient-enhanced experiments, due to the se-
lection of a single specific coherence-transfer path-
way [12—14], can be easily balanced by the use of the
PEP (Preservation of Equivalent Pathways) method-
ology [15,16] shown to improve the signal-to-noise
ratio [17,18]. Furthermore, the implementation of an
editing block in the PEP-HSQC sequence, as recently
proposed by Parella et al. [19] 2, allows us to eluci-
date the carbon multiplicity. Thus, of the twenty-two
signals in the aglycone spectrum, corresponding to
protonated carbons, ten were identified as secondary
carbon atoms based on their negative sign. Six of the
twelve remaining positive signals were unequivocally
assigned to methyl groups, and an aldehydic group
was identified based on its low-field shift (208.7 ppm).

A 2D-HSQC-TOCSY [20] experiment recorded
with a mixing time of 80 ms gives the connectivities
between the different protonated carbons. In this
case, the conventional phase-cycled HSQC [21] pulse
sequence was used, with the addition of pulse-field
gradients as spoils in order to destroy the 'H-'>C
magnetization, thus avoiding the use of the BIRD
sequence. The simple implementation of these purges
on HSQC-type experiments [17] was the reason for
their preference over the HMQC-type [22] homo-
logue pulse sequences. In combination with the re-
sults obtained from a high-resolution DQF-COSY

't Parella, F. Sanchez-Ferrando, and A. Virgili, per-
sonal communication, in preparation.

®T. Parella, F. Sanchez-Ferrando and A. Virgili, per-
sonal communication, in preparation.
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[23] experiment, which yields the complete proton
coupling network, all the proton and the protonated
carbon resonances could be unambiguously assigned
(data not shown).

The quaternary carbons were identified using the
assigned protonated carbon resonances by means of a
long-range proton—carbon correlation experiment
(data not shown). This latter experiment was recorded
using the gradient-enhanced version of the heteronu-
clear multiple-bond correlation (HMBC) experiment
[24-26]. Here again, the selection of coherence path-
ways by an adequate combination of B, pulse-field
gradients effectively discards all subtraction artefacts
usually observed in the phase-cycled version of this
experiment.

By comparison with literature data [27] the agly—
cone was identified as gypsogenin. The 'H and C
assignments are listed in Table 1.

Identification and NMR assignments of sugar
residues.—The identification of the sugar residues
and their connectivities proved more challenging,
given the extensive overlap of their NMR signals,
even at very high field. The identification of the
sugar residues, based on their anomeric protons, rep-
resented the first step. Proton subspectra of the vari-
ous carbohydrate moieties were obtained from the
rows corresponding to their anomeric proton reso-
nances or methyl groups in a z-TOCSY [28-30]
experiment with a mixing time of 150ms (Fig. 1). In
this manner, eight sugar units [individual sugars are
indicated by bold capital letters (A-H), following
their chemical shift in the 1D proton spectrum] were
identified in SAPO50 (seven in SAPO30) based on
their characteristic proton signals in the 3.5-5ppm
region. Note that the additional proton resonance in
the anomeric region previously has been assigned to
the vinylic proton (H-12) of the gypsogenin. This
result was strongly supported by the presence of eight
BC resonances in the HSQC spectrum in the 90—
105 ppm range (C-12: 119.1 ppm). Correlations be-
tween three methyl resonances and sugar resonances
indicate the presence of three methylated sugar units:
two were unambiguously assigned to sugars A and G,
by comparison of the subspectra extracted either from
the corresponding anomeric protons or from the
methyl group. The third could not be determined at
this step, as only one correlation to this CH, group
was observed in the TOCSY spectrum, which cannot
lead to an unequivocal assignment.

The problem, generally faced when studying sac-
charides, is the determination of the direct connectivi-
ties between the proton resonances belonging to the

Table 1

BC and 'H NMR data (8 in ppm)? for the aglycone
mo1et1y of SAPO50 (and SAPO30) in 1:1 pyridine-d; -D,O.
The “C chemical shifts of boundary carbons with the
sugar chains are italicized.

Position Be 'H
C-1/H-1 35.0 1.60/1.62
C-2/H-2 21.8 2.33/2.02
C-3/H-3 824 4.17

C-4 52.7

C-5/H-5 45.1 1.49
C-6/H-6 174 1.49/1.14
C-7/H-7 294 1.66/1.52
C-8 37.7

C-9/H-9 44.6 1.73

C-10 32.6

C-11/H-11 20.5 1.93/1.89
C-12/H-12 119.1 5.44

C-13 140.7

C-14 39.0

C-15/H-15 254 1.86/1.45
C-16/H-16 20.1 2.11/1.85
C-17 45.3

C-18/H-18 38.9 3.06
C-19/H-19 432 1.75/1.23
C-20 27.0

C-21/H-21 30.7 1.32/1.21
C-22/H-22 29.2 1.90/1.72
C-23/H-23 208.7 9.8

C-24 /H-24 7.6 1.5
C-25/H-25 12.6 0.93

C-26 /H-26 14.2 0.99
C-27/H-27 22.8 1.28

C-28 174.0

C-29 /H-29 30.0 0.98
C-30/H-30 20.5 0.93

* Chemical shifts with the h1ghest field signals of pyndlne-
dy as reference (7.19ppm for 'H and 123.5ppm for °C).

same sugar unit. Due to the severe overlap in the
3.5-5ppm region of the proton spectrum, almost
only H-1,H-2 connectivities (from anomeric protons),
and *H-6,H-5 connectivities (from methyl groups,
H-6 stands for the methyl groups at position 6) can
be unambiguously identified from a DQF-COSY ex-
periment. To address this problem, stepwise RELAY
experiments have been proposed [31], but this ap-
proach implies the a priori knowledge of the °J
coupling constants for the different protons of a same
sugar unit in order to optimize the relay-transfer
times. Moreover, this approach fails in the case of
strongly coupled systems, as observed in residue H.
The strategy based on heteronuclear experiments,
namely the multiplicity-edited ge-PEP-HSQC spec-
trum and 2D-HSQC-TOCSY spectra, circumvents the
problems described (Fig. 2). The HSQC spectrum
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Fig. 1. Slices extracted from the z-TOCSY spectrum (mixing time 150 ms) of SAPOS0 showing (Top) the correlations
obtained from the methyl resonances and (Bottom) the correlations obtained from the anomeric resonances. Sugar units are
labelled by bold capital letters (A-H, H?-6 stands for the methyls groups at position 6), following their anomeric proton
chemical shift. Vertical lines connect the similar subspectra obtained from both the methyl groups and the anomeric
resonances. The resonances of protons H-2 and H-5 reported in this spectrum have been identified by their direct

connectivities in a DQF-COSY spectrum.

leads to direct (one-bond) 'H-"C correlations,
whereas a HSQC-TOCSY recorded with a short mix-
ing time (16 ms) gives additionally the vicinal corre-
lation. The result of this experiment is equivalent to
that of a 2D-HMQC-COSY [22]; however, the ob-
served correlation cross-peaks are in phase prevent-
ing the accidental cancelling of overlapping peaks.
Moreover, in our hands, this experiment appeared
considerably more sensitive than the corresponding
HMQC-COSY. Note that with the small mixing time
used, the three bond connectivity generally vanishes
when the *J proton is small (< 3Hz), thus giving
semi-quantitative information on the relative stereo-
chemistry of the two bound carbons. This correlation
is usually present in the HSQC-TOCSY recorded
with a longer mixing time (80ms). In this latter
experiment, correlation peaks from the anomeric pro-
ton could be traced to all ">C resonances belonging to
the same residue (Fig. 2).

Finally, to identify the carbohydrate unequivo-
cally, the relative stereochemistry of each asymmetric
centre was determined based on the vicinal coupling

constants. Since all anomeric resonances are well
separated at this frequency, 1D-z-TOCSY experi-
ments (150 ms mixing time) [32] were used. Subra-
manian and Bax have shown that the use of the
z-filtering [33] technique allows for the acquisition of
pure-phase subspectra [34], which is mandatory when
measuring coupling constants. The very robust
DANTE-Z [35,36] sequence was used for the fre-
quency selection, allowing an easy implementation of
the 1D-z-TOCSY experiment. A minor but exces-
sively efficient modification was introduced in our
previously published sequence, consisting in a weak
pulse-field gradient (or, alternatively, a homospoil
pulse) in order to purge spurious coherences at the
end of the mixing period (Fig. 3). Due to the high
digital resolution of the 1D subspectra obtained, cou-
pling constants could be determined with sufficient
accuracy (Fig. 4). Additional information on the con-
figuration has been extracted from 1D-NOESY ex-
periment [32] obtained by selective inversion of the
anomeric protons.

The details of the application of this strategy to the
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Fig. 2. Sugar region of the multiplicity-edited ge-HSQC and HS(%C—TOCSY (mixing times 16 and 80ms) spectra of
SAPO50. The multiplicity-edited ge-HSQC shows the direct BC-'H correlation. Positive and negative peaks are not
differentiated in the plot, but the negative signals corresponding to methylenic carbons are indicated in the dotted frame.
The HSQC-TOCSY with 16ms essentially displays direct and vicinal correlations, whereas complete proton or carbon
subspectra can be extracted from the HSQC-TOCSY recorded with a 80 ms mixing time, as indicated for residue F (dotted
line). The walk from anomeric >C and 'H resonances across the full subspectra of residue C is indicated by the dark
arrowed line. The corresponding direct connectivities are labelled in the HSQC spectrum.
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Fig. 3. Pulse sequence of the 1D-z-TOCSY experiment.
The DANTE-Z sequence is used for frequency selection. It
allows for the inversion of a selected proton multiplet only
in odd-numbered scans. Correspondingly, data are added
and subtracted by phase alternation of the receptor phase.
The isotropic mixing sequence (WALTZ-16) is applied
immediately after the DANTE-Z block, followed by a very
weak pulse-field gradient (1ms duration and 0.5G/cm
strength, corresponding to 1% of the maximum amplifier
power) or, alternatively, a homospoil pulse which destroys
all unwanted transverse magnetization components. The
delay time T which follows has been adjusted (6ms) to
minimize perturbation of the last pulse in the sequence by
the gradient. Pulses have been phase-cycled as: ¢, =2x,
A=x) d=x, —x, —x, x; d;=4x, 4—x), 4y,
4(— y); Acgq=2x, — x), 2(—x, x), 2(y, — y), 2(— y,
y). Since, the isotropic mixing is applied on z magnetiza-
tion, the phase of the WALTZ-16 sequence is not critical:
we obtained best results when using the same phase cycle
as ¢,. Note that only the first four steps are needed for the
DANTE-Z selection, the additional steps (CYCLOPS) help
to reduce quadrature artefacts.

Acq

eight monosaccharides constitutive of SAPOS0 are
discussed below. All NMR data are collected in
Table 2 (°C chemical shifts), Table 3 (‘"H chemical
shifts), and Table 4 ("H coupling constants).

Residue A.—The anomeric proton of residue A
shows only three cross-peaks in the TOCSY spec-
trum (7, 150 ms), but the complete subspectra can be
traced from methyl proton AH3-6 (A stands for
residue A, H?-6 for the methyl group at position 6) or
from the well-resolved AH-2 proton in the same
spectrum (not shown). Inspection of the DQF-COSY
spectrum shows that the AH-2 and AH-5 resonances
could be unequivocally assigned. Since the AH-1,
AH-2, and AH’-6 resonances are well resolved in the
1D spectrum, the vicinal coupling constants *J H-1LH-2>
3JH 2.Ha and JH 6.H.s have been accurately mea-
sured. "Jy 344 and “Jy 4y were measured on the
1D-z-TOCSY spectrum obtained from selective exci-
tation of AH 2. Along with 'Jo, (171Hz) and
Ty Lu- and Ty 2u3 (1.9 and 4.0Hz, respectively),
residue A was assigned as a- rhamnopyranos1de since
it is known that, in general, 'Jo, < 165Hz and
T Lu2 > SHz 1nd1cate a B configuration, and 'Jy
> 165Hz and JH a2 <3Hz an « conflguratlon
[37,38]. The well-resolved assignments of "°C reso-

l l 1 “ML%
B GH-lJ

GH-2
| J ‘j [ y
pon 8 5 !

Fig. 4. 600-MHz spectra of SAPOS50 in 1:1 pyridine-ds—
D,0 at 320K. (A) Regular 1D spectrum of SAPOS0,
recorded with 32 scans (4 dummy scans) and repetition
rate of 3s. The frequency of the anomeric proton of
residue G is indicated with an asterisk. (B) Selection of the
anomeric resonance of residue G by the DANTE-Z se-
quence with the following parameters (37): 6 (nutation
value of the pulses used in the 180° DANTE train) = 0.3°
(corresponding to 7 pulse length of 1.5ms), 7 (precession
delay) =100 ws, n=300. Four dummy scans and thirty-
two scans were acquired, as in (A). (C) Subspectrum of
residue G obtained with the 1D-z-TOCSY sequence (128
scans, 4 dummy scans) described in Fig. 3, with a mixing
period of 150ms. Inset: a zoom on the sugar-ring proton
resonances of this residue shows the excellent phase purity
of the subspectrum obtained.

nances were obtained from HSQC and 2D-HSQC-
TOCSY experiments.

Residue B.—In the TOCSY spectrum, the
anomeric proton of residue B shows three cross-peaks.
The inspection of the 2D-HSQC-TOCSY spectra in-
dicates that this residue is a methylated sugar which
allows us to identify the non-assigned methyl group
in the TOCSY spectrum. In this manner, all proton
and carbon resonances of residue B were clearly
identified. In the TOCSY spectrum, the methyl group
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Table 2
C NMR data (8 in ppm) * for the saccharides of SAPO50 in 1:1 pyridine-ds—D,0O. The 3¢ chemical shifts of boundary
carbons in substituted residues are italicized

Residue 1 2 3 4 5 6

a-Rhap (A) 98.0 68.0 68.5 80.3 65.2 15.0
a7 °®

B-Fucp (B) 91.4 71.6 72.9 79.9 68.7 13.8
(163) ®

B-Galp (C) 100.0 69.6 71.2 67.1 73.3 58.9
(160) ®

B-Xylp (D) 100.7 71.3 73.8 67.1 63.3
(163) ®

B-Xylp (E) 101.7 71.3 73.8 67.1 63.3
(161) ®

B-Xylp (F) 102.8 71.6 83.3 65.6 63.0
(158) ®

B-6-Deoxy-Glcp (G) 102.4 72.3 73.8 72.9 69.6 14.9
157 °®

B-GlcA p (H) 100.1 74.6 82.0 68.3 74.5 172.4
(158) ®

: 1Chemical shifts with the highest field signals of pyridine-ds as reference (123.5 ppm).
Jey in Hz.

Table 3

"H NMR data (8 in ppm) * for the saccharides of SAPOS50 in 1:1 pyridine-d;—D,0

Residue 1 2 3 4 Seq Sax 6
a-Rhap (A) 6.01 4.65 4.44 4.17 4.29 1.71
B-Fucp (B) 5.82 4.44 423 4.15 4.04 1.57
B-Galp (C) 5.36 4.16 4.12 436 4.01 4.37/4.23
B-Xylp (D) 5.24 3.87 4.04 4.11 4.38 3.76

B-Xylp (E) 5.08 3.96 4.04 4.13 4.34 3.73

B-Xylp (F) 5.04 3.88 4.06 4.02 422 3.63
B-6-Deoxy-Glep (G) 4.95 3.84 4.01 3.55 3.73 1.55
B-GlcA p (H) 4.87 430 431 421 429

* Chemical shifts with the highest field signals of pyridine-d; as reference (7.19 ppm).

Table 4

7 coupling constants measured on the saccharides of SAPO50 in 1:1 pyridine-d;—D,0

Residue 311,2 3-]2,3 3J3,4 3J4,Seq 3J4,5ax 3J5ax,5eq 3"5,6
a-Rhap (A) 190 ? 40°% 9.0° 89° 6.20 *
B-Fucp (B) 8.11% 85° 30° 30° 6.20 °
B-Galp (C) 7.63 2 9.1° 30° 41° '
B-Xylp (D) 7.87 ° 83° 92° 39° 9.7° -11.0°

B-Xylp (E) 7.63° 83° 95° 5.1° 10.0° —120°

B-Xylp (F) 7.63° 85" 9.0° 51° 10.0°® -120°
B-6-Deoxy-Glcp (G) 7.87% 8.0° 9.6° 9.0° 6.20 #
B-GlcA p (H) 7.39 % 8¢ : :

* Directly measured on the 1D spectrum (Hz + 0.01 Hz).

® Measured on the subspectra obtained with the 1D-z-TOCSY sequence (Hz + 0.1 Hz).

¢ Estimated from the H-1,H-2 correlation cross-peak in the high-resolution phase-sensitive DQF-COSY (Hz + 1 Hz).
* Not observed.
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of residue B shows only one correlation with BH-5
(unambiguously assigned by the DQF-COSY spec-
trum) whereas the anomeric proton shows correlation
only with BH-2, BH-3, and BH-4, indicating the
existence of a small 3JH_4,H_5 value. This strongly
supports a galacto configuration [39], and residue B
was assigned to a B-fucopyranoside. This assignment
was further confirmed by the values of the vicinal
coupling constants obtained from 1D-z-TOCSY spec-
tra. The B configuration is supported both by the
values of lJCH,1 and 3JH_LH_Z, and the presence of
intense cross-peaks from BH-1 to BH-3 and BH-5 in
the 1D-NOESY spectrum [40].

Residue C.—As for residue B, the cross-section of
the TOCSY spectrum of residue C through the
anomeric proton shows only three cross-peaks, thus
indicating the existence of a small 3JH_“{_5 value and
suggesting a galacto configuration. Moreover, the
analysis of the 2D-HSQC-TOCSY spectra shows a
correlation with a "°C upfield shifted methylenic
resonance at position 6 (the methylenic carbon was
unambiguously identified based on the multiplicity-
edited ge-PEP-HSQC experiment). Thus, residue C

was assigned to a (-galactopyranoside. This assign-
ment was further confirmed by the values of vicinal
coupling constants and the intra-ring nOe network.

Residues D, E, and F.—The cross-sections of the
TOCSY spectrum of these three residues through the
anomeric protons show six signals, including H-1 and
H-5 protons, and five carbons were observed in the
HSQC-TOCSY spectra (r,, 80ms) in which the
anomeric protons show connectivities with carbons
C-2, C-3, C-4, and C-5. The methylenic nature of
carbons C-5 was also unequivocally demonstrated by
the negative sign of their one-bond proton—carbon
correlation cross-peaks in the multiplicity-edited ge-
PEP-HSQC. The pyranoside pattern, as the 8 con-
figuration, was confirmed by intra-ring nOe correla-
tions (H-1/H-3 and H-1/H-5ax) and vicinal
proton—proton and direct proton—carbon coupling
constant measurements. Thus, residues D, E, and F
were assigned to S-xylopyranoside.

Residue G.—The anomeric proton of residue G
shows correlations with methyl protons in the TOCSY
spectrum. This indicates the presence of a large
vicinal coupling among ring protons due to trans
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Fig. 5. Part of the HMBC spectrum (anomeric region in F,) and of the multiplicity-edited HSQC spectrum (sugar ring
resonances) recorded on SAPO50. The line shows the inter-residue long-range connectivities, from anomeric protons

(HMBC) to carbons (HSQC).
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diaxial orientations [38], suggesting a gluco configu-
ration. This was confirmed by the precise measure-
ment of the *J coupling constants in the 1D-z-TOCSY
spectrum. Meanwhile, the 3JH—1,H-2 value for residue
G was 7.87 Hz, excluding the rhamno configuration
and indicating a B-anomeric configuration supported
by the 1JCH value of 157Hz. Therefore, residue G
was assigned to 6-deoxy-B-glucopyranoside. The pro-
cedure used to assign BC resonance was the same as
above.

Residue H.—Difficulty was encountered for
residue H due to signal overlap, posing a problem for
the identification of the residue. Apparently the
anomeric proton shows three cross-peaks, but inspec-
tion of their relative intensity and multiplicity on the
cross-section (or better, on the 1D-z-TOCSY) shows
the presence of a strongly coupled system. Only the
HH-2 resonance could be unequivocally identified
from the DQF-COSY spectrum, and only the assign-
ment of HC-1 could be obtained by direct correlation
with the HSQC spectrum. The complete assignment
of C and 'H resonances was obtained from the
2D-HSQC-TOCSY experiment recorded with a small
mixing time (16 ms). All three-bond correlations could
be obtained from this single experiment, suggesting
large vicinal coupling constants between the ring
protons due to ftrans diaxial orientations. Thus, we
presumed a gluco configuration for this residue.
Additionally, a three-bond intra-ring correlation be-
tween HH-4 and a carboxylic carbon resonance
(172.4ppm) allowed us to assign this residue to a
B- glucuronopyranos1dic acid. The B configuration
was deduced from the *Jy , 4., value (7.39 Hz) and
by the 'Jy values (158 Hz).

Determination of linkages.—The final step in the
elucidation of the structure represents the determina-
tion of the linkages among the sugar residues, as well
as that between the carbohydrate chains and the
triterpene. In principle, this information could be
extracted from the 1D-NOESY experiments previ-
ously used to determine the configuration of each of
the monosaccharides. In practice, however, a saponin
of medium complexity such as SAPO50 (or even
SAPO30), such a strategy leads to ambiguous results
since, in several cases, nOes between each anomeric
proton signal and the crucial methine or methylene
proton signal of other saccharidic unit are severely
overlapped. In this case, the '"H-"C long-range cou-
pling through the glycosidic bond can be employed to
resolve ambiguities. We have therefore used a gradi-
ent-enhanced HMBC experiment, which has the ad-
vantage of being a very sensitive method for estab-

lishing glycosidic linkages since HMBC (as HSQC
and derivatives) is proton-detected. As the B¢ reso-
nances of each sugar moiety have been unambigu-
ously assigned previously, inter-residue correlations
are easily identified. The inter-glycosidic long-range
carbon correlations arising from the anomeric protons
are shown in Fig. 5. Additionally, the large number
of intra-ring cross-peaks (data not shown) observed
in the HMBC spectrum support the 'H and “C
assignments discussed above. The anomeric proton of
residue D is correlated with HC-3, and CH-1 is
correlated with HC-2, identifying a trisaccharide seg-
ment. This sequence was also found in SAPO30. The
trisaccharide D—-C-H is linked to C-3 of the triter-
pene as indicated by a cross-peak between the
anomeric proton of residue H and C-3 of the gypso-
genin. The anomeric proton of residue G shows a
correlation with BC-4, and AH-1 is correlated with
BC-2. EH-1 is correlated to FC-3, and FH-1 to
AC-4, leading to a pentasaccharide chain. The pen-
tasaccharide segment EFA-G-B is linked to the
ester group of the gypsogenin, as indicated by a
strong connectivity between the anomeric proton of
residue B and C-28 of the triterpene.

The strategy developed and used for SAPOS0
demonstrates the structure elucidation of complex
carbohydrates using high-field NMR. Modern tech-
niques using pulse-field gradients are powerful tools
for the assignment of 'H and Bc spectra. Such robust
experiments are easy to implement for routine use, as
careful adjustment of the different experimental pa-
rameters usually is not necessary. Moreover, despite
the different anomeric configurations and ring forms
for the eight sugars in SAPOS50 (seven in SAPO30),
complete resonance assignments and structure deter-

Scheme 1. Chemical structure of SAPO50.
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mination were possible, based on the redundancy
provided by the different NMR methods used. The
chemical structure of SAPOS50 is shown in Scheme 1.
Note that SAPO30 only differs from SAPO60 by the
nature of the saccharidic chain at position C-28 of the
triterpene. Are the nature and the organization of the
pentasaccharidic chain responsible for the haemolytic
properties of SAPO50? This assumption seems to be
supported by the fact that the monodesmoside, ob-
tained by hydrolysis of the ester function and com-
mon to either SAPO50 or SAPO30, presents no
haemolytic capabilities (unpublished results).

3. Experimental

Isolation of SAPO30 and SAPO50.—TLC (silica
gel plate; 65:50:10 CHC1,—MeOH-H,0) analysis of
the commercial Merck Saponin reveals that
haemolytic constituents, identified by spraying blood
reagent [41], have R, values ranging from roughly
04 to 0.6. The low R, non- or weakly haemolytic
compounds were discarded by dialysis against water.
Analysis of the sample after evaporation to dryness,
shows a two-fold increase of the haemolytic activity
with respect to the commercial Merck Saponin. This
extract was subjected to C-18 column chromatogra-
phy (60:40 MeOH-H,0), and the fraction with the
highest haemolytic activity was then isocratically
chromatographed on a semi-preparative HPLC re-
verse-phase column, using 72:28 KH,PO, (50 mM)
buffer—MeCN as mobile phase. The two main prod-
ucts having retention time of 30 mn (SAPO30) and
50 mn (SAPO50) were isolated. Analysis of these two
amorphous white powders resulted in a single spot on
TLC and a single peak by analytical HPLC. The
haemolytic activities of SAPO50 and SAPO30 show
a 4- and a 100-fold decrease, respectively, with re-
spect to the haemolytic activity of the commercial
Merck Saponin.

General methods.—TLC was carried out on
0.25 mm Silica Gel 60 F,,, E. Merck plates (20 cm X
20 cm). Thin-wall Visking bags (Polylabo) were used
for dialysis (MW 6000—8000). Atmospheric pressure
chromatography was carried out on a 50-cm length,
2.5-cm diameter glass column filled with 35g of
C-18 phase (Macherey Nagel). Analytical HPLC was
performed on a Lichrospher 100 RP 18 (end-capped),
5-pm (4 mm X 250 mm i.d.) column (E. Merck). The
flow rate was 0.7 mL min~' (1750 psi), and the detec-
tion wavelength was 203nm. To retain as far as
possible the analytic separation conditions, the semi-

preparative HPLC was performed on a similar col-
umn: Lichrospher 100 RP 18 (end-capped), 5 um
(10mm X 250 mm i.d.) (E. Merck). The flow rate
was 3mL min~' (2400 psi), and the detection wave-
length was 203 nm. Nano-spin + 4000D units (Gel-
man) were used for desalting, using ultra-centrifuga-
tion (5000 g). All chemical reagents and solvents are
analytical or HPLC purity grade. The haemolytic
activity was estimated using the haemolytic micro-
method test previously described by Jurzysta [42].

Mass spectrometry.—Fast Atom Bombardment
spectra (Xe, 8keV, negative mode, matrix: thioglyc-
erol) were obtained on a Jeol IMS.DX300 spectrome-
ter. The fragmentation pattern obtained by negative
FABMS for SAPO30 was similar to previously re-
ported data [8). The fragmentation pattern obtained
for SAPOS50 confirms our NMR structure determina-
tion: m/z 1683 [M—H+ K], 1551 [M—H+ K —
132]7, 1419 [M—H+ K - 132 - 132]7, 1213 [M —
H+ K — (162 + 176 + 132)]". In particular, they in-
dicate that there are no non-protonated groups (e.g.
sulfate) attached to one or more hydroxyl groups of
the sugars.

NMR spectroscopy.—Samples (10mg) were dis-
solved in 1:1 pyridine-ds—D,0 (0.4 mL). Spectra were
recorded on a Bruker AMX-600 spectrometer
equipped with a z-gradient triple-resonance ('H, N,
o) probe. The upfield peak of the three pyridin
signals in 'H and "C spectra were taken as the
internal standard (8 7.19 ppm for 'H and & 123.5 ppm
for '>C). All experiments were carried out at 47 °C
for SAPO50 (43 °C for SAPO30). The following
techniques and parameters were used.

All proton spectra were recorded with a spectral
window of 9000Hz (15ppm). Selective 1D experi-
ments were performed using the regular DANTE-Z
sequence for frequency selection. The parameters
used for this sequence are listed in the legend of Fig.
4. In the 1D-NOESY experiment, the mixing time
was 200ms. For each experiment, 512 scans (4
dummy scans) were acquired (32K complex points),
with a repetition time of about 3s. The WALTZ-16
[43] sequence was used for isotropic mixing (250 ms)
in the 1D-z-TOCSY experiment, at a field strength of
5kHz (corresponding to a 7 pulse of 100 wus). This
spin-lock field is sufficient to cover the limited fre-
quency range of the carbohydrate proton resonances,
and excellent spin-locking conditions were obtained
without noticeable heating of the sample (chemical
shifts did not change more than 0.01 ppm compared
to the 1D spectrum). For each experiment, 128 scans
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(4 dummy scans) were acquired (32K complex
points), with a repetition time of about 3s. The
time-domain matrix size of 2D-z-TOCSY and 2D-
DQFCOSY was 4K X 512 (F, X F,) complex points.
Sixteen scans were co-added for each ¢, increment,
with a repetition rate of 1.5s. Before processing, the
time-domain matrices were zero-filled in F, to 2K X
1K real points. Squared-cosine-bell and cosine-bell
apodization functions were applied on the F, and F,
time-domain, respectively, before Fourier transform.
As for the 1D-z-TOCSY, the WALTZ-16 sequence
was used for isotropic mixing (150ms) in the 2D-
TOCSY experiment.

Proton-detected 2D heteronuclear spectra were
generally recorded with spectral widths of 4200 Hz
(7ppm) in F, and 22,500 Hz (150 ppm) in F,, mean-
ing that the signal of the aldehydic group from
gypsogenin and the pyridin residual signals were
folded in both the proton and the carbon dimensions
in order to gain digital resolution. The time-domain
matrix sizes were 2K X 512 complex points, and
were zero-filled in F, to 1K X 1K real points before
processing. The same apodization functions were ap-
plied as in 2D homonuclear experiments before
Fourier transform. "°C Decoupling during the entire
acquisition period was done by composite pulse de-
coupling using the GARP [44] sequence. We are
indebted to Dr. Teodor Parella who supplied us with
the PEP version (Preservation of Equivalent Path-
way) of the sequence of multiplicity-edited ge-PEP-
HSQC before publishing >. HSQC-TOCSY and ge-
HMBC were used as previously described in the
literature, and z-spoils were implemented as pulse-
field gradients in the HSQC-TOCSY sequence as
discussed in the present paper. As for homonuclear
2D-TOCSY, the WALTZ-16 sequence was used for
isotropic mixing (16 and 80ms) in the HSQC-
TOCSY, with a similar spin-locking RF field. Addi-
tionally, an unfolded HMBC experiment was recorded
('H: 15ppm, C: 300ppm) in order to reach the
long-range correlations with down-field shifted groups
(carboxylic, esters, etc.). On the other hand, a high-
"H-resolution (4K complex points), highly >C-folded
(50 ppm, 128 points) HSQC was recorded without
Bc decoupling during the acquisition in order to
measure accurately the anomeric 1JCH coupling con-
stants. Sixteen scans were added for each ¢, incre-

* The pulse program is now available in the electronic-
mail NMR pulse-sequence library at http://rmn3.
uab.es /enciclo.html.

ment in the HSQC experiment, 32 for the HSQC-
TOCSY and the ge-HMBC experiments, with a repe-
tition rate of 1.5s.

In DQF-COSY, z-TOCSY, and HSQC-TOCSY
experiments, quadrature detection in the F, dimension
was obtained by the States-TPPI method [45]. The
multiplicity-edited ge-PEP-HSQC experiment was
acquired with the N and P experiments interleaved,
and processing was applied as described by Palmer et
al. [16] (echo—antiecho mode in the Bruker software).
The ge-HMBC experiment was recorded with phase
modulation (magnitude mode). Data were processed
in an off-line station using indifferently the UXNMR
Bruker software, or the Gifa (version 4) software
[46]. All pulse-sequence micro-programs (Bruker
AMX version) used in the present paper are available
with extensive parameter description upon request to
the senior author.
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