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1. Introduction

This chapter reviews the occurrence, structure, and reactivity of
chlorophyll catabolites from vascular plants and from some micro-
organisms. In parallel, synthetic means for obtaining such tetrapyrrolic
compounds are recapitulated. The available structural information on
chlorophyll catabolites (/) has provided a basis for deriving much of the
current insights into the biochemical pathways of chlorophyll break-
down in plants and for complementary plant-biological work, as has
been reviewed elsewhere recently (see Scheme 1) (2, 3, 4, 5, 6).

Breakdown of the green plant pigments and the emergence of
autumnal colours in the foliage of deciduous trees represent most fas-
cinating natural phenomena (7) (see Fig. 1). In spite of the high visibility
of these processes, in the early 1990s still, breakdown of chlorophyll in
plants was considered to be an enigma (8). The plant chlorophylls (Chls),
chlorophyll a (Chl a, 1a) and chlorophyll » (Chl b, 1b), even seemed
to disappear “without leaving a trace” (9). The earlier search for Chl-
catabolites was generally directed at finding coloured compounds and
has remained rather fruitless: indeed, the first chlorophyll catabolites
to be identified from higher plants turned out to be colourless tetra-
pyrroles (10).

Due to their unique roles in photosynthesis, the chlorophylls have
a special position among the natural porphinoids (//, 12, 13). Indeed,
biosynthesis and degradation of the green pigments are probably the
most visual sign of life on earth (8), and are observable even from
outer space (4) (see Fig. 1). Although considerable work has been
done on the biosynthesis of the chlorophylls (/4, 15, 16), there has
been a definitive lack of information on the fate of the green plant
pigments. According to recent estimates, more than 10° tons of
chlorophyll (Chl) are biosynthesized and degraded every year on the
earth (8). In view of the obvious ecological and economic relevance of
these intriguing processes, the fate of Chl and Chl-breakdown are of
considerable interest.

References, pp. 3743
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R

chlorophyll a (R = CHj)
chlorophyll b (R = HC=0)

CHs  CHg

SERC)
HO,C  CO,CHs

Pheo a
HO o
/
H
o e
HO:C  CO,CH,4 HO.C CO,CHs
Hw-NCC-1

pFCC

Scheme 1. Overview of chlorophyll breakdown in senescent higher plants (2). The
chlorophylls (Chl a, 1la (R=CHj) or Chl b, 1b (R=CH=O0) are degraded via
pheophorbide a (Pheo a, 5a), “red” chlorophyll catabolite (RCC, 11), the primary
“fluorescent” chlorophyll catabolites (pFCCs, 10) to ‘“‘non-fluorescent” chlorophyll

catabolites (NCCs), such as H»-NCC-1 (2, also called RP-14)
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Fig. 1. Top: Satellite images of Europe, colour coded according to the Vegetation Index

and taken in June (left) and October 2000 (right) (made available by Deutsches

Fernerkundungsdatenzentrum (DFD), Oberpfaffenhofen, Germany). Bottom: Senescent

leaves of a Katsura tree (Cercidiphyllum japonicum) growing in the Hofgarten, Innsbruck,
and pictured in October 2003

By analogy to heme breakdown in plants and animals (/7), an
oxygenolytic opening of the porphinoid macrocycle of the Chls was
commonly considered as the key step in Chl-breakdown (8). Based on

References, pp. 3743
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experiences on the reactivity of chlorins towards electrophilic agents
(18), it was assumed that an opening of the Chl-macrocycle would occur
at the “western” é-meso position, i.e. next to the peripherally reduced
ring D of the macrocycle (8). Photo-oxygenolysis of chlorins indeed was
found to preferentially occur at the 6-meso position and thus served as a
chemical model (/9). The structural analyses by Kishi and coworkers of
luciferin from the dinoflagellate Pyrocystis lunula and of a luminescent
compound from krill appeared to strengthen the relevance of this
observation for Chl-breakdown (see formulae of compounds 33 and 34
in Section 4): Both of these compounds were found to be linear
tetrapyrroles that were most likely derived from Chls by opening at the
d-position of the macro-ring (20, 21).

Studies by Matile and coworkers of senescent leaves of a non-de-
greening genotype of the grass Festuca pratensis gave first good evi-
dence for the existence of non-green Chl-catabolites in leaf extracts
(22, 23): Comparison of the extracts from the senescent (de-greened)
wild-type leaves with those from the non-de-greening mutant by analysis
by thin-layer chromatography revealed the formation of pink and rust-
coloured spots on the silica-gel plates, in the case of the wild-type leaves
only. These coloured compounds were termed “pink pigments” and
“rusty pigments” and were suggested to be chemical degradation prod-
ucts of what seemed to be colourless Chl-catabolites originally. Similar
compounds were found in yellowing primary leaves of barley (24, 25),
when forced to de-green in permanent darkness. Surprisingly they were
found in the vacuoles, rather than in the de-greened chloroplasts, from
where they must have originated (24). Incorporation of '*C isotopic
label from 4-'*C-§-aminolevulinic acid suggested the role of Chls as the
precursor of the ‘“‘rusty pigments” (26). One of them, called ‘“‘rusty
pigment 14” originally (but later designated as Hv-NCC-1, 2), was
identified as a colourless catabolite of Chl a (1a) by spectroscopic means
and its constitution could be established unambiguously as that of a
3',32,8-trihydroxy-1,4,5,10,15,20-(22H,24H)-octahydro-13*-(methoxy-
carbonyl)-4,5-dioxo-4,5-seco-phytoporphyrinate, see Scheme 2 and
Section 2.2.6 below) (10, 27).

This work revealed the first structure of a non-green Chl-catabolite
from plants and gave first-hand clues as to the major structural changes
occurring in the degradation of Chl during senescence, as further dis-
cussed below. Indeed, the major Chl-catabolites from vascular plants are
now known to have the same basic skeleton as 2 and to be colourless
“non-fluorescent” chlorophyll catabolites (NCCs). The NCC-structures,
such as of Hv-NCC-1 (2), were clearly incompatible with a cata-
bolic relevance in Chl-breakdown of an oxygenolytic opening at the
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Cc32 051
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2: H-NCC-1 HO.C178  (134A 0134-C135

Scheme 2. Left: Constitutional formula of Hv-NCC-1 (2), originally named RP-14 (10);
right: atom numbering used, which is based on the numbering of the Chls (/0)

a-position of the chlorin macrocycle, as well as of some “early”
hydroxylation reactions at the intact chlorin macrocycle of the Chls (2,
10). It was also remarkable to see that the genetic control of chlorophyll
breakdown had a crucial impact on the development of the laws of
genetics, which Mendel established in the last century (28). The puzzling
observation of the phenotype of a recessive allele in Mendel’s “‘green
peas” is now known to be due to a specific gene involved in chlorophyll
breakdown and recently identified in a variety of plants, including
peas (29).

2. Chlorophyll Catabolites from Vascular Plants
2.1. Green Chlorophyll Degradation Products in Vascular Plants

2.1.1. Chlorophyllide a and b from Chlorophylls by Loss
of the Phytol Side Chain

The structure of Hv-NCC-1 (2) was consistent with the loss of the
phytol side chain from Chl a (1a) as an early event of Chl-breakdown.
The enzymatic hydrolysis of Chl a (1a) to chlorophyllide a (3a) and
to phytol by chlorophyllase was discovered in the early 20" century by
A. Stoll (see Scheme 3) (30). Chlorophyllase removes the lipophilic
phytol anchor of the Chl-molecules, which is crucial for binding of the

References, pp. 3743
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CHs,

SEe)
HO,C  CO,CHjg

1a: chlorophyll a (M = Mg"; R = CHs)
1b: chlorophyll b (M = Mg"; R = HC=0) --- |~
4: pheophytin a (M = 2H; R = CH3)

—% 3a: chlorophyllide a

CHs

HO,C  CO,CHs

phytol 5a: pheophorbide a

Scheme 3. Chlorophyll @ (R=CHj;, 1a) or chlorophyll » (R=CH=0, 1b) are

degraded via chlorophyllide a (3a) to pheophorbide a (5a) and phytol (recovered

as phytyl-acetate); alternatively, pheophytin a (4) is also hydrolyzed to 5a and
phytol

green pigment to the Chl-binding proteins and for insertion of the Chl-
protein complexes into the thylakoid membranes of chloroplasts (37).
Chlorophyllase is localized in the chloroplast envelope (32) and hy-
drolyses or trans-esterifies not only Chl a (1a), Chl » (1b), but also
pheophytin a (4) (33). Hydrolytic loss of phytol has recently been shown
to set the stage for further enzymatic degradation of both the Chls and
the proteins (3, 34). In the course of leaf senescence, the total content
of phytol is remarkably constant: in de-greened barley leaves, it is stored
as phytyl acetate in the lipid rich plastoglobuli of the senescent
chloroplasts (35).
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2.1.2. Reductive Path from b- to a-Type Chlorophyll(ide)s

The NCCs detected in extracts from senescent leaves of vascular
plants were all found (with one exception (36), see Section 2.2.4) to have
a 7-methyl group, as is present in Chl a (1a). The fate of the b-type Chls
in Chl-breakdown was, therefore, a matter of particular interest (3). The
absence of catabolites derived from Chl b (1b) was puzzling, at first.
The finding of a biochemical pathway from the b-type to the a-type
chlorophyll(ide)s helped to rationalize it (15, 37, 38, 39): chlorophyllide
b (3b) is transformed to chlorophyllide a (3a) by reduction of the 7-
formyl group of 3b to a 7-methyl group (as in 3a) in a sequence in-
volving two enzymes (15).

The well-established biosynthetic oxidation of the a-type to the b-type
Chls (/5, 40) has thus obtained an unexpected reductive counterpart.
The two counteracting redox sequences now represent a “(Chl a/Chl b)-
cycle”, which can help to regulate the (Chl a/Chl b)-ratio in plants for the
purpose of adapting the photosynthetic apparatus to the light intensity (75,
40). Clearly, the reductive part has the additional role as a very early and
obligatory step in chlorophyll breakdown (/5). The reduction of chlo-
rophyllide 5 (3b) to chlorophyllide a (3a) ensures that all the plant Chls
are made available for the catabolic ‘“pheophorbide a” pathway (2, 3, 4, 5).
This is important, since the crucial and senescence specifically expressed
oxygenase that cleaves the chlorin macrocycle accepts pheophorbide a
(Pheo a, 5a), but is inhibited by Pheo b (5b) (41) (see Section 2.2.2
below). When primary leaves of barley were artificially de-greened in the
presence of deuterated water, the NCC Hv-NCC-1 (2) was found to carry
a mono-deuterated 7-methyl group, consistent with the operation of the
chlorophyll(ide) b (to a) reduction during Chl-catabolism (42).

2.1.3. Pheophorbide a from Chlorophyllide a by Removal
of the Magnesium Ion

Most of the available information on Chl-breakdown suggested de-
phytylation and reductive conversion of b-chlorophyll(ide) to a-type
analogues to precede the loss of the magnesium ion (2, 3, 4, 5, 43).
Removal of the magnesium ion from chlorophyllide a (3a) occurs with
extreme ease in dilute acid and generates Pheo a (5a). In senescent
cotyledons of oilseed rape (44), as well as in leaves of Chenopodium
album (43) activity of a magnesium dechelating enzyme has been ob-
served. A large fraction of the magnesium set free by the degradation of
chlorophyll during senescence is transported out of the senescent leaf
and stored in the remaining part of the plant (9).

References, pp. 3743
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2.1.4. 13*-Carboxy-pyropheophorbide a from Hydrolysis
and Pyropheophorbide a from Overall Loss of the Methoxycarbonyl
Group of Pheophorbide a

Pyropheophorbide a (Pyropheo a, 6) was observed in Chenopodium
album and was considered as an “early” catabolite of Chl-degradation
in this green plant (45, 46). A related study with Chlamydomonas
reinhardtii gave results that supported this view (47): When senescence
of this green alga was artificially induced by lack of light, while Chl-

CH3 CHj

H
s (0]
HOQC COZCHS HOQC

xQO

5a: pheophorbide a ————  7: 132-carboxy-pyropheophorbide a
(X = CO,H)
6: pyropheophorbide a (X = H)

HO,C

8a: R =CHj 9
8b: R = CH=0

Scheme 4. In Chenopodium album pheophorbide a (5a) is degraded to pyropheophorbide a

(6) via 13*-carboxy-pyropheophorbide @ (7). The red tetrapyrroles 8a and 8b were isolated

from the culture medium of the green alga Chlorella protothecoides (the monoacid 8a is
likely to be a nonenzymatic decarboxylation product of the diacid 9) (58, 59)
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degradation was blocked due to strictly anaerobic conditions, Pheo a (5a)
and Pyropheo a (6) accumulated. However, it remains to be seen whether
6 represents an early intermediate of Chl-breakdown in senescing plants
and algae: so far, a non-green tetrapyrrolic Chl-catabolite having a 13%
methylene group (as in 6) has not been isolated from senescent higher
plants (1, 2, 3, 4, 5, 36, 48, 49, 50, 51, 52, 53, 54, 55, 56).

In Chenopodium album significant amounts of 13*-carboxy-pyro-
pheophorbide a (7) were identified, suggesting that only hydrolysis of
the methyl ester function of Pheo a (5a) was enzyme-catalyzed (43).
As expected (48), the (-ketocarboxylic acid function of 7 underwent
non-enzymatic decarboxylation readily at ambient temperature to give
Pyropheo a (6) (43), supporting the feasibility of a non-enzymatic origin
of the latter (see Scheme 4). Related observations have been made with a
red isolate from the green alga Chlorella protothecoides (57): When the
origin of the red, ring opened derivative 8a of Pyropheo a (6) from
Chl-breakdown was reinvestigated, 8a was found to be due to a non-
enzymatic decarboxylation during work-up of the dicarboxylic acid 9
(with a -keto-carboxylic acid function, see Scheme 16 in Section 3,
below) (58, 59). Indeed, at present, all known natural NCCs from higher
plants still carry either a methoxycarbonyl group or a carboxylic acid
function at the crucial 132-positi0n (2). A direct link between the ob-
servation of Pyropheo a (6) and the later stages of Chl-catabolism in
higher plants (and green algae) is thus lacking (2, 5). However, the
relevance for Chl-catabolism of the enzymatic hydrolysis of the 13-
methoxy-carbonyl group of Pheo a (Sa) (observed in Chenopodium
album (43)) may not be discounted, as a variety of NCCs (and an FCC)
were indicated to carry a 13%-carboxyl functionality (see e.g. (48,
52, 60)).

2.2. Non-green Chlorophyll Degradation Products
from Vascular Plants

Colourless, non-fluorescent Chl-catabolites (NCCs) have meanwhile
been observed to accumulate in a variety of senescent vascular plants (/,
2,3,4, 5, 36,48, 49, 50, 51, 52, 53, 54, 55, 56). All of them feature an
annealed cyclopentanone unit, substituted by a carboxylate or methoxy-
carbonyl function (/), a hallmark of the natural chlorophyll derivatives
(61). The molecular constitution of the NCCs revealed an intriguing and
specific oxygenolytic ring-opening reaction at the a-meso position (rather
than at the d-meso carbon) of the chlorin macrocycle with retention of
the a-meso carbon as a formyl group (/).

References, pp. 3743
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2.2.1. Discovery and Structure Analysis of Fluorescent
Chlorophyll Catabolites

The structures of the NCCs were (with one exception (36), see
Section 2.2.4) consistent with a direct lineage to chlorophyll(ide) a. At
the same time, their complex build-up indicated the involvement of
several (enzymatic) steps in their formation from Pheo a (5a), their
common precursor (4/). In the context of the search for possible
intermediates on the way to the NCCs, the fleeting appearance of nearly
colourless but fluorescent compounds in senescent cotyledons of oilseed
rape (‘“‘Brassica napus’) was intriguing. These fluorescent compounds
could be seen most clearly, when the apparent rates of Chl-breakdown
were high (62). They were provisionally named “fluorescing Chl-
catabolites” (FCCs), because '*C-labeling identified them as porphyrin
derivatives (63, 64, 65). As none of these fluorescent compounds ac-
cumulated in vivo, they were considered to represent precursors for the
NCCs and possibly even the “primary” products of cleavage of the
porphinoid macrocycle of Sa. This assumption was strengthened by
locating such fluorescent compounds in intact chloroplasts isolated from
senescent leaves of barley, from where they were released under
appropriate conditions (64). On the other hand, the long sought for
discovery of coloured Chl-catabolites from senescent higher plants (9)
was not achieved in a variety of related experiments (63, 66).

An extract of the chloroplast membranes from senescent cotyledons
of oilseed rape eventually constituted an in vitro system for the prep-
aration of a larger sample of an FCC. It contained the needed en-
zymatic oxygenating activity and converted Pheo a (5a) into about 5%
of an FCC (isolated by HPL-chromatography) (62). The constitution of
this apparently rather labile FCC (named Bn-FCC-2) was elucidated by
mass spectrometric and NMR-spectroscopic means (62): the molecular
formula of Bn-FCC-2 (10) was determined by high-resolution mass
spectrometry as C3sHyoN4O7. Formally, this indicated 10 to differ from
5a only by addition of one equivalent of molecular oxygen and two
equivalents of molecular hydrogen. The NMR-derived constitution
identified 10 as a 31,32—didehydro—1,4,5,10,17,18,20-(22H)—octahydr0—
132—(methoxycarbonyl)—4,5—dioxo—4,5—seco—phytoporphyrin. Bn-FCC-2
(10) is a linear tetrapyrrole, derived from Pheo a (5a) by an oxy-
genolytic cleavage at the a-meso position and by saturation of the 8- and
b-meso positions (62). Consistent with a chromophore, extending over
rings C and D, the UV/Vis-spectrum of 10 now shows two prominent
bands, near 361 and 320nm (/). Aqueous solutions of the FCC 10
show strong luminescence, with a maximum near 436 nm, as was also
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CHj

—_—
e
H g
N o)
HOgC COZCH3 HOQC
5a: pheophorbide a "primary" fluorescent chlorophyll catabolites

10 (pFCC) and epi-10 (epi-pFCC)

Scheme 5. In higher plants pheophorbide a (5a) is degraded to the ““primary” fluorescent
chlorophyll catabolite (pFCC, 10) and to its C(1)-epimer epi-10 (epi-pFCC)

observed for the fleetingly existing fluorescing compounds. The derived
structure of Bn-FCC-2 (10) clearly identified it as an intermediate in
Chl-breakdown preceding the stage of the NCCs: the characteristic
complete de-conjugation of the four pyrrolic units of the tetrapyrrolic
NCCs could result, formally, from the FCC 10 by a tautomerization
reaction (see Section 2.2.4 below) (62). The constitution of the FCC 10
reflected the minimal transformations needed to convert green Pheo a
(5a) into a colourless compound with the chromophore of an FCC (see
Scheme 5). The fluorescent catabolite from oilseed rape, Bn-FCC-2 (10),
therefore, was postulated to represent the first formed or “primary’” FCC
(or pFCC) 4, 62).

A second fluorescent Chl-catabolite, Ca-FCC-2, was isolated from
another in vitro system, based on enzymatic activity obtained from ripe
(red) sweet pepper (Capsicum annuum) and its structure was analyzed
(67). The new “fluorescent” catabolite could be shown by mass spec-
trometry to be an isomer of 10: Further NMR-spectroscopic analysis re-
vealed Ca-FCC-2 to have the same constitution and to differ from pFCC
(10) only in the absolute configuration at C(1). Ca-FCC-2 was thus
assigned as the epimeric “primary” 1-epi-pFCC (epi-10) (67).

As is delineated in more detail below (Section 2.2.3), the chiral center
C(1) is introduced via the highly stereo-selective reduction step catalyzed
by a reductase, present in the two plant species (67, 68, 69). These
findings, identified the two FCCs (10 and epi-10) as direct products of
these reductases and supported the earlier proposal to consider both of these
fluorescent compounds as “primary” fluorescent Chl-catabolites (2, 3).

References, pp. 3743
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A further important piece of information about the early steps in Chl-
breakdown was supplied by the discovery that Pheo a (5a) accumulated
in the absence of molecular oxygen in the higher plant Festuca pratensis
(70), but not Pheo b (5b). This finding suggested the involvement of both
O, and 5a, as common substrates in the oxidative enzymatic step during
Chl-breakdown that cuts open the chlorin macrocycle. As described in
the next section, an enzyme bound, ring-opened ‘“‘red” chlorophyll
catabolite (RCC) was indeed found to be the product of this oxygenase,
which is now called “pheophorbide a oxygenase” (PaO) (5).

2.2.2. Preparation of the Elusive Red Chlorophyll
Catabolite by Partial Synthesis

The structure of the “primary” fluorescent Chl-catabolite pFCC
(10, 3'3%didehydro-1,4,5,10,17,18,20-(22H)-octahydro-132-(methoxy-
carbonyl)-4,5-dioxo-4,5-seco-phytoporphyrin, see Scheme 5) (62), and
other findings (41, 71), made the cleavage of the porphinoid macro-ring
of Pheo a (5a) by an oxygenase a likely “key step” in Chl-breakdown
(2, 72). The putative oxygenase, whose activity depended upon an iron-
containing reactive center (but not upon a heme cofactor) (71), was
considered likely to be related to other non-heme iron-dependent
(mono)-oxygenases. An oxygenolytic opening of the macro-ring at its
a-meso position might give the elusive “red” tetrapyrrole 11, which,

11: "red" chlorophyll catabolite 10: "primary" fluorescent chlorophyll catabolite
(RCC) (pFCC)
epi-10: 1-epi-pFCC (C(1)-epimer of pFCC)

Scheme 6. “Primary” fluorescent catabolites (pFCCs) 10 and epi-10 result from enzy-
matic reduction of the elusive red chlorophyll catabolite (RCC, 11) by RCC-reductase
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therefore, would represent a putative intermediate in chlorophyll break-
down (62). The red compound 11 was suggested to be, potentially,
a direct precursor of 10: a reduction step, involving the addition of
two hydrogen atoms of the “western” §-meso position and at C(1),

s \\\; o
CO,CHy CO2CHs CO,CH; CO2CHs

|: 12: methyl-pheophorbidate a (M = 2H)
Cd-13: Cd-methyl-pheophorbidate a (M = Cd") ——— 14: Cd-methyl-4,5-dioxo-4,5-
Zn-13: Zn-methyl-pheophorbidate a (M = Zn'") secopheophorbidate a

s Yo
CO,R  CO,CHj

S (0}
¢0,CH, CO2CHa

pheophorbidate a (M = Cd") (RCC methyl ester, R = CHg)
Zn-15: Zn-methyl-19,20-dioxo-19,20-seco- 11: red chlorophyll catabolite (RCC, R = H)
pheophorbidate a (M = Zn')

Cd-15: Cd-methyl-19,20-dioxo-19,20-seco- |——>16: methyl-4,5-dioxo-4,5-secopheophorbidate a

Scheme 7. Partial synthesis of the elusive red chlorophyll catabolite (RCC, 11) from
pheophorbide a (5a). Photo-oxygenolysis of Cd-methyl-pheophorbidate a (Cd-13) gave
Cd-methyl-4,5-dioxo-4,5-secopheophorbidate a (14) (besides a trace of the isomeric Cd-
methyl-19,20-dioxo-19,20-seco-pheophorbidate, Cd-15); reduction of 14 with sodium
borohydride and metal extrusion with dilute aqueous acid provided methyl-4,5-dioxo-4,5-
seco-pheophorbidate 16 in good yield; partial hydrolysis of the red diester 16 with pig
liver esterase was regio-selective and produced red chlorophyll catabolite 11 (RCC)
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respectively, and catalyzed by the “RCC-reductase”, would generate the
“primary”” fluorescent chlorophyll catabolite (10) from the red tetra-
pyrrole 11 (62) (see Scheme 6).

The elusive tetrapyrrole 11 appeared attractive as an intermediate, as
it had also the same chromophore structure as some of the red bilinones,
which were found to be excreted as final degradation products of the
chlorophylls in the green alga Chlorella protothecoides (57, 58, 59). Based
on earlier work for the chemical preparation of red tetrapyrrolic isolate 8
from the green alga C. protothecoides via a photo-oxygenolytic opening of
the macrocycle of the Cd-methyl pyropheophorbidate (see Scheme 16,
Section 3) (73, 74, 75), the red tetrapyrrole 10 could be prepared by partial
degradation of methyl-pheophorbidate a (12, the methyl ester of Pheo a
(5a)) in a sequence of five chemical steps (see Scheme 7) (76): Photo-
oxygenolysis of the Cd-methyl-pheophorbidate a (Cd-13) gave the Cd-
methyl-4,5-dioxo-4,5-secopheophorbidate a 14 in approximately 35%
yield (besides about 10% yield of the isomeric Cd-methyl-19,20-dioxo-
19,20-seco-pheophorbidate (Cd-15), see Scheme 2 for atom numbering).

As observed earlier (74), under comparable experimental conditions,
photo-oxygenolysis of Zn-methyl-pheophorbidate a (Zn-13) generated
the Zn-methyl-19,20-dioxo-19,20-seco-pheophorbidate a (Zn-15) as the
main product (25% yield, see Scheme 7) (76). This latter cleavage
pattern, with the main cleavage site at the d-meso-position (i.e. next to
the partially reduced ring D) of the chlorin macro-ring, has been gen-
erally observed in photo-oxygenation reactions with chlorins (8, 19, 75)
(see Section 4 for an interesting and very recent further study (77) to this
subject). The photo-oxygenation of Zn-13 led to Zn-15 as main product,
indicative of cleavage between the C(19) and C(20) centers. In contrast,
the photo-oxygenolysis of 20-methyl-pheophorbides, such as of bacterio-
chlorophyll ¢, provided 1,20-dioxo-1,20-secopheophorbidates, indicat-
ing cleavage to occur at the C(20) and C(1) carbons (8, 19, 77). All of
these results agreed with the known preferred reactivity of chlorins with
electrophiles at the §-meso-position (8, 18).

The cadmium 4,5-dioxo-4,5-seco-pheophorbidate 14 was reduced
with sodium borohydride and demetallated with dilute aqueous acid to
provide methyl-4,5-dioxo-4,5-secopheophorbidate 16 in about 72%
yield. The UV/Vis-spectrum of the weakly fluorescing red diester 16
has prominent absorbance maxima near 500 and 316 nm (/). The diester
16 was spectroscopically identified (76) with the methylation product
(compound 32a, see Scheme 16) of the diacid 9 from the green alga C.
protothecoides (78). Regioselective, partial hydrolysis of the diester 16
with pig liver esterase occurred practically exclusively at the propionic
acid side chain and produced the red chlorophyll catabolite 11 (RCC,
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3! ,32-didehydr0-4,5 ,10,17,18-(22H)-hexahydro-1 32-(methoxycarb0nyl)—
4,5-dioxo-4,5-seco-phytoporphyrin), a monoacid, in nearly quantitative
yield (76).

2.2.3. An Enzyme-bound Red Chlorophyll Catabolite from Enzymatic
Oxygenation of Pheophorbide a

With the authentic red tetrapyrrolic RCC (11) available as a refer-
ence material from the synthetic work (76), an identical red compound
was detected in senescent plant material and was identified as an elu-
sive “red” chlorophyll catabolite, when Pheo a (5a) was incubated with
aerated extracts of washed membranes of senescent Canola chloroplasts
(see Scheme 8) (68, 69). In addition, incubation of chemically pre-

- .8

s
N

e S o]
HO,C ~ CO2CHj; HO,C  CO2CHs
5a: pheophorbide a 10: unlabeled pFCC
80-10 ('80-labeled) pFCC
18 18
( )()2 H2o( ) T
[enzyme- _
bound] RCC
reductase
Fdox I:dred Fdox Fdred

Scheme 8. The mono-oxygenase pheophorbide a oxygenase (PaO) cleaves Pheo a (5a)

to enzyme bound RCC (11), which is reduced to pFCC (10); mono-oxygenation of Pheo a

(5a) is indicated by use of 180-labeled O, and mass spectrometric analysis of 180-label in
the pFCC ('%0-10)
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pared 11 with a preparation of stroma proteins from chloroplasts of
senescent cotyledons resulted in the formation of three FCCs, provid-
ed that reduced ferredoxin was furnished under anaerobic conditions.
These fluorescent compounds had UV/Vis-absorbance properties as the
primary fluorescent chlorophyll catabolite 10 (pFCC, 31,32-didehydr0—
1,4,5,10,17,18,20-(22H)-octahydro-1 32—(meth0xycarb0ny1)—4,5—di0x0—
4,5-seco-phytoporphyrin), one of the three fractions displaying also
HPLC-characteristics identical to those of 10 (68, 69).

The oxygenolytic formation of (enzyme bound) red chlorophyll cata-
bolite 11 from Pheo a (5a) involved molecular oxygen and was achieved
by a single enzyme, an oxygenase termed pheophorbide a oxygenase
(PaO) (5, 79). The activity of PaO, which catalyzes the crucial (and
effectively irreversible) cleavage reaction of the porphinoid macrocycle,
was low in green leaves and had a considerably higher level in senescent
leaves: PaO was thus considered to represent the “‘key enzyme” of Chl-
breakdown (5, 72).

An in vitro assay helped to characterize the mechanism of PaO: As
the oxygenase was known to be inhibited by its tightly binding product
11 (41), the analysis was actually carried out with an assay containing
both partially purified oxygenase and an extract containing the reductase
from oilseed rape (Brassica napus, see below), so that the “primary”
fluorescent chlorophyll catabolite 10 (pFCC = Bn-FCC-2) (62) was
analyzed as the product of both steps (72). In the presence of '*0,, the
mixture of partially purified enzymes converted Pheo a (5a) into '*O-
labeled pFCC (*%0-10) containing one 80-atom per molecule of ca-
tabolite, as determined from analysis of the molecular ion by mass
spectrometry (see Scheme 8) (72). From mass spectral analysis of
fragment ions of '®0-10, the isotopic label could be localized further to
the formyl group at “ring B’. As these results indicated the incorpo-
ration of one oxygen atom from O, at C-5 of the a-meso position of Sa,
one of the two oxygen atoms introduced in the oxidation reaction of
S5a to 11 must stem from a different source, most likely (directly or
indirectly) from water. Accordingly, PaO was characterized as a mono-
oxygenase (72).

PaO is intriguingly specific for Pheo a (5a) and is located in the
chloroplast envelope. It catalyzes the remarkable transformation of Sa
into (a bound form of) RCC (11) (5). Besides the incorporation of two
oxygen atoms, the ring opening at the newly oxygenated sites appears
to achieve, all in this step, the formation of two carbonyl functions and
the saturation of the “eastern” [-meso position. The mechanism of the
hypothetical isomerization of the primary enzymatic oxygenation prod-
uct to the ring-opened (enzyme-bound form of) 11 has not been clarified.
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Formally, 11 arises from Pheo a (5a) by addition of one equivalent each
of dioxygen and dihydrogen (see Section 4 for a mechanistic suggestion
by Gossauer et al. concerning the formation of the related red bilinones
(such as 9) in the green alga C. protothecoides (58, 59, 78)). The red
catabolite 11 inhibits PaO by binding to it in an as yet structurally
uncharacterized state. For this reason, significant amounts of RCC (11)
have never been observed in the course of the senescence processes in
fully functional higher plants. Trace amounts of 11 may be found in
in vitro catabolic experiments, when Chl-breakdown is artificially inter-
rupted (68, 69). Alternatively, the absence of the activity of RCC-
reductase, the enzyme that catalyzes the reduction of RCC to the pFCC
(10) or its epimer (epi-10), in genetically produced deletion mutations of
Arabidopsis thaliana led to the accumulation of RCC (11) or related
compounds (80), as similarly suspected to occur in plants defective in
the “death genes” acd-1 and acd-2 (81, 82), which are now associated
with the reductase (80).

2.2.4. Fluorescent Chlorophyll Catabolites from Enzymatic
Reduction of the Red Chlorophyll Catabolite

The red chlorophyll catabolite RCC (11) is bound strongly to PaO and
inhibits it. In an in vitro assay, the soluble reductase from oilseed rape
converted 11 to the primary fluorescent chlorophyll catabolite pFCC
(10, 3'3%didehydro-1,4,5,10,17,18,20-(22H)-octahydro-13-(methoxy-
carbonyl)-4,5-dioxo-4,5-seco-phytoporphyrin) (62, 83). The reductase,
which was named red chlorophyll catabolite reductase (RCC-reductase)
(68, 80, 83), introduced the chiral center C(1) via a stereo-selective
reduction step. However, early studies with oilseed rape and sweet pep-
per indicated a remarkable stereo-dichotomy of the respective reductases
(see above) (67, 68, 69). Screening of a variety of plant species for their
type of “primary” FCC revealed the broad existence of two classes of
the “RCC-reductases’’, whose stereo-selectivity was species specific (84).
At present, the (absolute or relative) configuration at C(1) in the two
pFCCs (10 and epi-10) is not yet established (2). Indeed, the existence of
the two epimeric pFCCs (10 and epi-10) (see Scheme 6) indicated the
absolute configuration at the newly generated chiral center to have no
apparent functional relevance (67, 68, 69).

The central steps of chlorophyll breakdown in higher plants, which
result in the cleavage of the Chl-macrocycle, thus depend on the inti-
mate cooperation of the membrane bound PaO and RCC-reductase:
these two effectively coupled enzymatic steps possibly provide an ex-
ample of “‘metabolic channeling” (4, 5, 60, 85).
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2.2.5. Model Experiments for the Reduction of the Red Chlorophyll
Catabolite to Fluorescent Chlorophyll Catabolites

RCC-reductase depends on reduced ferredoxin as electron donor,
while (other) cofactors appear not to be involved in its task of reducing
enzyme-bound RCC (11) to 10 (83). At first sight, this observation
appeared very puzzling. However, it suggested the possibility, that the
bound red catabolite 11 might be sufficiently redox-active as substrate of
this reductase, to undergo a ferredoxin-driven reduction to 10 without
the help of a reducing cofactor. To test this assumption, the reduction of
the methyl ester of the red chlorophyll catabolite (““RCC methyl ester”
(16) available from partial synthesis (76)) was studied in analytical as

N
$
<

H3CO,C CO,CH3 H3CO,C CO,CH3

16: RCC methyl ester 17: pFCC methyl ester
epi-17: 1-epi-pFCC-methyl ester

18: (3E)-2,32-dihydro-RCC methyl ester

H3CO.C 0,CHj

Scheme 9. Electrochemical reduction of RCC methyl ester (16) to the methyl esters of
pFCC and epi-pFCC (17 and epi-17), as well as to the regio-isomeric reduction product
18 (and its stereo-isomers)
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well as in preparative electrochemical experiments (86): Indeed, elec-
trochemical reduction of 16 in methanol and at room temperature re-
duced about 25% of the starting material into two major (and two minor)
compounds displaying the UV/Vis-absorbance properties of pFCC (10).
The electrochemical reduction proceeded rather stereo-unselectively and
provided about 12% each of the strongly luminescent tetrapyrroles 17
and epi-17, the methyl esters of the two epimeric pFCCs (10 and epi-10,
see Scheme 9). In addition, about 30% of new reduction products were
formed, with a different chromophore structure and a UV/Vis-spectrum
showing absorbance maxima near 310 and 420nm (86). Mass spectro-
metric investigations showed the four main fractions to have the same
molecular formula as 17. The practically non-fluorescent tetrapyrrole 18
and its three stereoisomers were structurally characterized further by
NMR spectroscopy. They were found to differ from each other by the
stereochemistry at C(2)- and C(13%) and to be tetrapyrrolic reduction
products with an ethylidene functionality at ring A, i.e. to be regio-
isomers of 17 and epi-17 (see Scheme 9). The spectroscopically derived
functionalities of the methy1—31,32—didehydr0—1,4,5,10,17,18,20,22—octa—
hydro-132-(methoxycarbonyl)-4,5-dioxo-4,5-seco-(22H)-phytoporphyrin
(17) and of the methyl-3'-dehydro-2.4,5,10,17,18,22-heptahydro- 13
(methoxycarbonyl)-4,5-dioxo-4,5-seco-(22H)-phytoporphyrin (18, and
of their stereo-isomers) are remarkably reminiscent (86) of the structures
of some phycobilins (87), enzymatic reduction products of biliverdin
(19), such as phytochromobilin (20) and 15,16-dihydrobiliverdin (21)
(88, 89). Indeed, RCC-reductases (5, 83) show considerable homology
with ferredoxin-dependent biliverdin reductases (89, 90).

The electrochemical model experiments, therefore, support the idea,
that RCC (11) might be inherently sufficiently redox-active to undergo
ferredoxin-driven and enzyme-mediated reduction to 10 or epi-10 (86).
The reduction of RCC by RCC-reductase thus may come about in single
electron reduction and protonation steps. If so, RCC-reductase would
have the role (i) of docking both enzyme-partners, product loaded
pheophorbide oxygenase (i.e. with bound 11) and reduced ferredoxin,
(i1) of mediating the electron transfer reactions, and (iii) of controlling
properly the regio- and stereo-selective protonation (at C(20) and C(1))
of the protein bound tetrapyrrolic reduction intermediates. In this model,
the reductase as such would not carry out the reduction steps; it would,
however, help directing them in an optimal way and play the part of a
“chaperone” in a redox reaction (86). On the other hand, the homology
of RCC-reductase and of some biliverdin reductases (89, 90), their
related demand for ferredoxin, and the relationships of the biochemical
transformations catalyzed by these enzymes are all rather striking: they
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HO.C COzH HO-C CO.H

HO.C COsH HO,C COH

20: (32)-phytochromobilin 21: 15,16-dihydrobiliverdin

Scheme 10. Biliverdin (19), bilirubin (39) and isomeric, natural dihydro-biliverdins,
phytochromobilin (20) and 15,16-dihydro-biliverdin (21, bilane type atom numbering, see
(87, 88))

point at an organizational similarity in higher plants of heme-breakdown
(via biliverdin (19) towards the phycobilins (such as phytochromobilin
(20) or 15,16-dihydro-biliverdin (21)) and Chl-breakdown (via RCC (11)
and pFCC (10) (see Scheme 10) (86, 89).

2.2.6. Non-fluorescent Colourless Chlorophyll Catabolites

The constitution of H»-NCC-1 (2, 3',3%,8-trihydroxy-1,4,5,10,15,20-
(22H,24H)-octahydro-1 32-(methoxycarbonyl)-4,5-dioxo—4,5—seco-phyto—
porphyrinate (see Scheme 2) gave first clues on the basic transformations
involving the Chl-chromophore (/, 2, 4, 10). When, in addition, the
structure of the fluorescent chlorophyll catabolite pFCC (10) was re-
vealed, an isomerization of the chromophore of the FCCs into that of
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the corresponding colourless and non-fluorescent chlorophyll catabolites
(NCCs) was suggested to be a likely “final” transformation (/, 62). The
characteristic complete de-conjugation of the four pyrrolic units of the
tetrapyrrolic NCCs could (possibly) result from non-enzymatic tauto-
merization reactions involving the chromophoric system of rings C and
D of the FCCs, the final steps in the complex transformation of the
chromophoric system of the highly coloured Chls into that of the
colourless NCCs (56).

2.2.7. A Non-enzymatic Tautomerization Achieves the “Final”
Transformation of Fluorescent Chlorophyll Catabolites
to Non-fluorescent Colourless Chlorophyll Catabolites

The fluorescent chlorophyll catabolites, such as pFCC (10), were
observed not to accumulate during chlorophyll breakdown in senescent
leaves (24). The indicated further transformation of the FCC chro-
mophore to those of non-fluorescent chlorophyll catabolites (NCCs) was
suggested to possibly be the result of a non-enzymic isomerization (56,
62). In analogy to the results of studies on the tautomerization chemistry
of a range of hydro-porphinoids (97), the isomerization of the chromo-
phore of FCCs into that of NCCs was judged to be rather favorable,
thermodynamically. The complete de-conjugation of the four pyrrolic
units, characteristic of the tetrapyrrolic NCCs, thus may occur in the
course of natural chlorophyll breakdown under rather mild and, possibly,
even without catalysis by (an) enzyme(s) (56).

Indeed, the generation of the primary FCCs (10 and epi-10) in the
chloroplast, and the spatial localization of the NCCs to the vacuoles (24),
both suggested a transport in the senescent leaf cell during chlorophyll
breakdown and the site of the hypothetical FCC to NCC isomerization to
possibly coincide with the vacuolar system. The acidic medium in these
organelles could also provide the required weakly acidic medium for a
hypothetical non-enzymatic conversion of an FCC into the correspond-
ing NCC (4). Considering the functional groups present in the typical
NCCs (such as Hv-NCC-1, 2), further peripheral modifications of the
pFCCs by enzymes within the chloroplast were taken into account.
However, considering the variability of the structures of the known
NCCs, the hypothetical FCC- to NCC-isomerization (which cuts into
two parts and de-conjugates the main chromophore of the FCCs) may
occur before, in parallel or after such further modification reactions. The
export of functionalized FCCs from the chloroplast and their carrier
mediated entry in the vacuoles were considered to be supported by the
availability of polar peripheral groups (3, 4). The recent observation of
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—_—
—_—
o)
HO,C  CO,CHs
10: pFCC — > 22:pNCC

epi-10 = 1-epi-pFCC  —>  epi-22: epi-pNCC

HO,C CO,CH3

Scheme 11. Non-enzymatic isomerization of epi-pFCC (Ca-FCC-2, epi-10) to the “primary”’

NCC Cj-NCC-2 (epi-22) see (56) and of the pFCC (10) to the NCC (22) and stereochemical

assignment in natural NCCs, derived from the suggested isomerization mechanism via an

intramolecular protonation at the re-face of C15 (with a proton mediated via the propionic acid
side chain at C(17), see proposed reactive conformation in the lower formula) (56)
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more polar compounds displaying fluorescence properties as those of the
pFCCs in Arabidopsis thaliana would also support the view (80) that the
vacuoles, the final storage vessel for the NCCs, would be the likely sites
for the final isomerization of FCCs to NCCs. Indeed, chemical experi-
ments with the pFCC epi-10, available from the in-vitro transformation
system from senescent Capsicum annuum (67), showed a considerable
readiness of this pFCC to undergo acid-induced, stereo-selective tau-
tomerization to the corresponding NCC epi-22 in the absence of en-
zymes (see Scheme 11) (56).

The NCC epi-22 turned out to be identical with a non-polar NCC
from senescent leaves of the tree Cercidiphyllum japonicum and named
Cj-NCC-2, a 3'3%didehydro-1,4,5,10,15,20-(22H,24H)-octahydro- 13-
(methoxycarbonyl)-4,5-dioxo-4,5-seco-phytoporphyrinate and an isomer
the of the pFCC (epi-10, see Scheme 11) (56). The NCC epi-22 lacked
the characteristic oxygen atom attached at carbon 82, at the ethyl side
chain of ring B (see Scheme 11). As an isomerization of the pFCC epi-
10 directly gave the NCC epi-22, it was considered a ““primary” NCC
(or pNCC) of Cercidiphyllum japonicum (56). The tendency of pFCC
(10) to tautomerize under mild conditions was also investigated in
recent further studies. Both of the primary FCCs turned out to un-
dergo readily the stereo-selective, acid-catalyzed isomerization to the
corresponding NCCs, in contrast to the dimethyl ester 17 and epi-
17 (indication of participation of the propionic acid function, see
Scheme 11) (92).

2.2.8. Peripheral Functional Groups and Conjugations Found
in Non-fluorescent Colourless Chlorophyll Catabolites

The structures of most natural NCCs, such as of Hv»-NCC-1 (2) or
of Cj-NCC-1 (23), indicate further refunctionalization reactions, most
of which are likely to be enzyme-catalyzed. A remarkable peripheral
hydroxylation at the terminal position of the ethyl side chain at ring B is
systematically indicated by the published structures of NCCs (such as,
e.g. H-NCC-1, 2) (I, 2, 10). This peripheral hydroxylation, for which
an enzyme-catalyzed reaction appears to be required, may serve the
purpose of increasing the polarity of the catabolites and of providing an
anchor point for further, secondary refunctionalization with hydrophilic
groups (4). A uniform picture concerning the timing and the spatial
localization in the leaf cell of the enzymatic activities for hydroxylation
of the ethyl group at carbon 8 and for oxidation (with di-hydroxylation)
of the vinyl side chain at carbon 3 is not yet apparent. Possibly, even the
discrimination between FCCs or NCCs as enzyme substrates by some of
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these enzymes may not be high (5). However, the mentioned localization
of the NCCs in the vacuoles of senescent plant leaves is consistent with
the requirement for intriguing transport mechanisms.

HO,C COLH
28c: At-NCC-3

Compound R R2 R

2 H»NCC-1 OH CHs CH(OH)CH,OH

22 CjNCC-2 H CHs  CH=CH,

23 CiNCC-1 OH CHs CH=CH

24a Bn-NCC-1  O-Mal H CH=CH,

24b Bn-NCC-2 0-B-Glc H  CH=CH,
24c Bn-NCC-3 OH H  CH=CH,
24d Bn-NCC-4 H H  CH=CH,
25a So-NCC-1 OH H  CH(OH)CH,OH
25b So-NCC-2 OH CH; CH(OH)CH,OH

25¢ So-NCC-3 OH H  CH=CH,
25d So-NCC-4 OH CHs CH=CH,
25e So-NCC-5 H CHs CH=CH,
26a NFNCC-1  O-B-(6-O-Mal)Glc CH; CH=CH,
26b N-NCC-2 O-B-Glc CHs CH=CH,
27a Zm-NCC-1 0O-8-Glc CHz CH(OH)CH,0H
27b Zm-NCC-2 O-8-Glc CHs CH=CH,
28a AtNCC-1  O-B-Glc H  CH=CH,
28b AtNCC-2 OH H  CH=CH,
28d A:NCC-4 O-B-Glc CH; CH=CH
28e A+NCC-5 H H  CH=CH,

Abbreviations: Mal = malonyl; Glc = glucopyranosyl

Scheme 12. Constitution of non-fluorescent chlorophyll catabolites (NCCs) from higher
plants (/)
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The catabolite Hv-NCC-1 (2) was obtained from de-greened primary
leaves of the monocot barley (Hordeum vulgare), which were forced to
senesce in permanent darkness (10, 25, 27). In naturally de-greened
senescent cotyledons of the dicot canola (Brassica napus), NCCs (Bn-
NCCs) also were found. This was of particular interest, as the senescence
of these cotyledons occurred under natural growth conditions (93, 94).
Four NCCs were found in the cotyledons of oilseed rape, termed Bn-
NCCs (Bn-NCC-1 (24a), Bn-NCC-2 (24b), Bn-NCC-3 (24c¢) (48, 95), and
the less polar Bn-NCC-4 (24d), as recently identified by mass spectrom-
etry (96)). Most notably the common basic structure of the three (more
polar) Bn-NCCs (24a-24c) were revealed through spectroscopic in-
vestigations to be the same as the one of Hv-NCC-1 (2) from barley (see
Scheme 12) (48, 95). The three Bn-NCCs differed from the catabolite 2
of barley merely by some peripheral (re)functionalizations. Bn-NCC-3
(24¢), might be the biosynthetic precursor of the more polar analogues
(24a, 24b) (48, 94, 95): The observed primary alcohol function at
position 8% of Bn-NCC-3 (24c¢) appeared to represent an anchor point for
further secondary conjugations with hydrophilic moieties, such as with a
malonyl group in Bn-NCC-1 (24a) and with a B-glucopyranosyl group in
Bn-NCC-2 (24b). The esterification of NCCs with a free 8*-hydroxyl
function with malonic acid has been achieved with a protein preparation
from Canola cotyledons and malonyl-CoA as substrate (97). The Bn-
NCCs accounted for practically all of the Chls broken down in the
senescent cotyledons of oilseed rape.

23: Cj-NCC-1 25b: So-NCC-2

Scheme 13. Stereo-unselective chemical dihydroxylation of Cj-NCC-1 (23) gives So-
NCC-2 (25b and its C(32)-epimer), which is also the C(1)-epimer of Hv-NCC-1 (2)
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Non-fluorescent chlorophyll catabolites (NCCs) were found in a
variety of senescent higher plants, such as the autumn leaves of sweet
gum (Liquidambar styraciflua, see Scheme 12) (49) and of the tree
Cercidiphyllum japonicum (Cj-NCCs, see Schemes 11-13) (50, 56), in nat-
urally de-greened leaves of spinach (So-NCCs 25a-25e, see Scheme 12)
(51, 52), of tobacco (Nr-NCCs 26a, 26b) (53), of corn (Zm-NCCs 27a,
27b) (54), etc. All NCCs isolated, so far, from a variety of de-greened
plants represent linear tetrapyrroles of uniform basic build-up (see
Schemes 2 and 12) and relate to Chl a (1a) rather than to Chl b (1b) (/,
2, 3). However, among the five NCCs from artificially de-greened leaves
of Arabidopsis thaliana (the At-NCCs 28a—28e) (36, 60), an NCC of
intermediate polarity (Az-NCC-3, 28c) carried a hydroxyl-methyl group
at position 7 and an unmodified ethyl side chain at carbon 8 (36) (see
Scheme 12). The mechanistic explanation for this remarkable exception
from the observed hydroxylation pattern is still lacking (36).

So-NCC-2 (25b), the most abundant of the five NCCs detected in
spinach, had the same constitution as the catabolite from barley, Hv-
NCC-1 (2) (51). Both of these isomeric NCCs can result (in a formal
sense) from an enzymatic dihydroxylation at the vinyl group at ring A.
With osmium tetroxide, the catabolite Cj-NCC-1 (23) (or its methyl ester
29) was stereo-unselectively dihydroxylated at the corresponding vinyl
group. One of the dihydroxylation products of 23 proved to be identical
with So-NCC-2 (25b), whose configuration at C(1) thus differed from
that of Hv-NCC-1 (2) (see Scheme 13) (51).

A common feature of the Bn-NCCs and of several other NCCs (see
Scheme 12) is the presence of a free (-ketocarboxylic acid group at
C(13%) of the characteristic cyclopentanone moiety (48, 94, 95). In
contrast, the 13%-methyl ester function of the Chls is still present in a
group of other NCCs, such as Hv-NCC-1 (2) (see Scheme 12) (1, 2). For
most given plant species, the 132-methyl ester function was found in all
its NCCs (see e.g. Cj-NCCs and Nr-NCCs) (53, 56) or it was absent (see
e.g. the Bn-NCCs 24a-24c) (48, 94, 95). In contrast, the substitution
pattern at C(13%) was non-uniform in naturally de-greened leaves of
spinach: So-NCC-2 (25b) and So-NCC-3 (25¢) carry a methyl ester
function, So-NCC-4 (25d) a free carboxylic acid group at position
C(13%) (see Scheme 12) (51, 52). As the pFCC 10 was observed in de-
greened cotyledons of oilseed rape, enzymatic hydrolysis of the 13*
methoxycarbonyl group in the course of the formation of the Bn-NCCs
(24a-24c) in this plant is indicated to occur at the stage of the FCCs or
later. Treatment of the pFCC 10 by an active extract of soluble enzymes
from de-greened cotyledons of oilseed rape produced an FCC with
significantly higher polarity, to which the structure of the 3'3-di-
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dehydro-l,4,5,10,17,18,20—(22H)-octahydro-132-(carb0xy)—4,5—di0x0-4,5—
seco-phytoporphyrin (30, a 13%*-demethyl-pFCC, see Scheme 14) was
tentatively assigned, based on mass spectrometric data (2, 94). The same
extract from senescent cotyledons of oilseed rape did not hydrolyze the
methyl ester function in several NCCs, indicating hydrolysis of the 13*
methoxycarbonyl function in these senescent leaves to occur at the stage
of the FCCs (2, 94). In artificially de-greened leaves of A. thaliana three
FCCs were similarly identified tentatively, which were more polar than the
pFCC 10 and were thus also indicated to carry bipolar functional groups
(60). All in all, the situation concerning the timing of the corresponding
enzyme-catalyzed modifications is not yet clear and may differ from one
plant species to the other. Indeed, in naturally de-greened leaves of spinach
the simultaneous appearance of methyl ester and of free acid forms of
the C13? S-ketocarboxylic acid grouping in the So-NCCs 25a—25e also
suggests the hydrolysis of the corresponding methyl ester function to occur
at a rather late stage (48, 94, 95). These findings indicate modified Pheo
a derivatives not to be involved in Chl-breakdown in these higher plants
(2), such as the ones observed in Chenopodium album (i.e. pyropheo-
phorbide a (Pyropheo a, 6) and 13*-carboxy-pyropheophorbide a (7)) (43).

The hydroxylation of the terminal position of the ethyl group on
ring B is a most remarkable modification among the polar groups
“introduced” in NCCs. As noted above, the observed primary alcohol
function represents a suitable function for further secondary conjuga-
tions with hydrophilic moieties (see Scheme 13), which possibly are
required for the purpose of intra-organellar transport to the vacuoles
(3, 98). Esterification and glucosylation (as first seen in 24a and 24b)
(48, 94, 95) are reminiscent of many secondary plant metabolites (99)
which are, like NCCs, deposited in the vacuoles (3, 98, 100).

2.2.9. Evidence for Further Breakdown of the Non-fluorescent
Colourless Chlorophyll Catabolites in Higher Plants

Endogenous breakdown of chlorophyll in senescent plant produces
NCCs as the apparent “final”’ stage of a rapid ‘‘detoxification” process
(3, 5, 85). In senescent leaves of higher plants NCCs accumulate in the
vacuoles (98, 100) and in various de-greened leaves, the amount of
NCC:s corresponded roughly to the calculated amount of Chls (a and b)
present initially in the green leaf (e.g. the Bn-NCCs in the cotyledons
from oilseed rape (48) the Pc-NCCs in de-greened leaves of the pear tree
(55)). Likewise, in senescent leaves of barley and of French beans
(Phaseolus vulgaris L.), the total content of NCCs appeared not to de-
crease strongly over a time of several days (25, 93).

References, pp. 3743



Chlorophyll Catabolites 29

It is unclear, at present, whether NCCs, the colourless tetrapyrrolic
remnants of the Chls in the senescent leaves, have a further function in
the plant. Indeed, NCCs were recently also identified in fruit (in peels of
pears and apples) (55). In addition, NCCs were recognized to be rather
effective antioxidants (55). Both findings are suggestive of a further
possible physiological role in the ripened fruit (where their amounts do
not come up for the Chls present initially in the green fruit) or in the
senescent leaf (55). Evidence of tetrapyrrolic products of further deg-
radation of NCCs was provided by the identification of colourless uro-
bilinogenoidic linear tetrapyrroles, described as the two stereoisomers
31 and epi-31 (see Scheme 15) (/01) in extracts of de-greened primary

2: Hv-NCC-1 31

epi-31: C(9)-epimer of 31

HO,C COH
30: 13*-demethyl-pFCC

Scheme 14. Constitutional formulae of the polar FCC 30, of Hv-NCC-1 (2) and of its
oxidative deformylation products 31, epi-31
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leaves of barley. The tetrapyrroles 31 and epi-31 were associated with
further degradation of Hv-NCC-1 (2), from which their constitution
differs on account of the absence of the formyl group derived from the
a-meso position of Pheo a (5a) (101).

The tetrapyrroles 31 and epi-31 were suggested to arise from further
endogenous (yet possibly non-enzymatic) transformation of the NCCs in
the tissue of the senescent barley leaves. Oxidative loss of the formyl
group from related linear tetrapyrroles has been noted (/07). The
original characterization for H»-NCC-1 (2) as a “rusty” pigment also
pointed to the readiness of these reduced linear tetrapyrroles to undergo
spontaneous reactions, which become manifest by the appearance of the
rust colour (3, 4, 25). Clearly, these and other transformations, such as
the one of Hv-NCC-1 (2) to the two tetrapyrroles 31/epi-31, may reflect
further degradation of the NCCs in the senescent tissue.

Further breakdown to mono-pyrrolic oxygenation products as further
remains of Chls have also been considered (3, 102). These studies re-
ceived further support from recent work by Shioi and coworkers, who
obtained evidence for the presence of hematinic acid (4-methyl-2,5-
dioxo-2,5-dihydropyrrole-3-propionic acid), ethyl-methyl-maleimide and
a putative bicyclic degradation product of the ring-C-E section of Pheo
a (103).

3. Chlorophyll Catabolites from the Green Alga
Chlorella protothecoides

The green alga Chlorella protothecoides was shown earlier to excrete
red pigments when grown in nitrogen-deficient and glucose-rich medium
(104, 105). These red pigments were subjected to structural studies in
the laboratory of Gossauer (reviewed in (58, 59, 78)), where they were
determined to be linear tetrapyrroles. Interestingly, the deduced struc-
tures of the red catabolites from the green alga indicated them to also
correlate to the Chls by an oxygenolytic cleavage of the macroring at the
“northern” «-meso-position. In contrast to the plant systems, the red
catabolites were found to be derived from Chl a (1a), as well as from
Chl b (1b) (see Scheme 15) (58, 59, 106). Subsequent investigations
indicated that the diacid 9 was the authentic product of enzymatic
catabolism in C. protothecoides (58, 59), rather than monoacids, such
as 8a and 8b, which were isolated and identified originally (57) as the
(di)methyl esters 32a and 32b. These observations may point to the
relevance of the enzymatic hydrolysis of the 13 methyl ester func-
tionality of the Pheos 5a/5b in C. protothecoides, similar to the situation
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in Chenopodium album (47). A non-enzymatic decarboxylation of (-
keto acids, such as 9, may readily occur, and, consequently, the methyl
esters 32a and 32b are likely to be artefacts of the original isolation
procedure (58, 59).

Isotopic labeling studies with '®0, and mass spectrometric analysis
of the excreted pigment as the '®O-labeled methyl ester 32a, clearly
indicated incorporation of only one '*0O-atom (from molecular oxygen)
(73). From analysis of a fragment, the '®O-label was assigned to the
formyl group derived from the meso-carbon of Chl. This result sug-
gested the hypothetical ring cleaving enzyme of the green alga to be a
mono-oxygenase (73), whose direct substrate(s) and product(s) are not

HO,C

8a: R =CH;, 9
8b: R=CH=0

o)

HaCOLC CO,CHs
32a: R = CH,
32b: R = CH=0

Scheme 15. Red tetrapyrrolic degradation products of Chl a (1a) and Chl » (1b) from
C. protothecoides. Isolated monoacids 8a and 8b and diacid 9 and derived dimethy] esters
(32a and 32b)
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known. Further studies concerning the incorporation of deuterium label
in the course of the degradation of the Chls in this green alga, showed
highly stereo-selective attachment of one hydrogen atom (from water) at
the “eastern” [3-meso position of the red isolate 32a, indicating that this
step in the formation of the red catabolites most likely occurs under
control of an enzyme (/07). The formation of the red Chl-catabolites in
the green alga C. protothecoides has been suggested to result from
hydration of an epoxide intermediate and subsequent rearrangement
(58, 59, 78). The structural resemblance of the red intermediates from
Chlorella and the red plant catabolite RCC (11), as well as the apparent
similarity of the oxygenation mechanisms in chlorophyll breakdown in
higher plants (72) and in the green alga (73) indicate a biochemical
relationship. Both of the mono-oxygenases (from higher plants and
C. protothecoides) may display comparable catalytic properties. Two
notable differences concern the substrate specificity and the requirement
of a second enzymic reaction (catalyzed by RCC-reductases) in the case
of chlorophyll breakdown in higher plants (2, 72). The latter enzyme is
not known from the green alga, which disposes of its red catabolites by
simple excretion, a process which is hardly possible in the case of the
vascular plants.

4. Chlorophyll Catabolites from Marine Organisms

Photosynthetic organisms are widely occurring in the oceans (/08,
109). In contrast to the information now available on chlorophyll
catabolism in two green algae and in several higher plants, little is
known about the fate of the chlorophylls (or bacteriochlorophylls) from
marine organisms. One exception concerns the luciferin of the dino-
flagellate Pyrocystis lunula, which was suggested earlier to be struc-
turally related to chlorophyll (/10). The constitution of this colourless,
luminescent compound 33a and of two air oxidation products (33b and
33c) was elucidated with the help of spectroscopic and of chemical
degradation methods in the laboratory of Y. Kishi (see Scheme 16) (21).
Likewise, the bioluminescent transformation of the luciferin 33a by the
dinoflagellate luciferase was shown to lead to the oxidation product 33d.
A related study concerned the structure of the light emitter from krill
(Euphasia pacifica), which was assigned the structure of the related
linear tetrapyrrole 34a (and which is also readily air oxidized — to 34b)
(20). Both luminescent compounds (33a, 34a) were thus confirmed to
have structural features of Chl derivatives, of 1,20-dioxo-1,20-seco-
pyropheophorbides, in particular. Both these linear tetrapyrroles appear
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CHyX

NaOzC

33a: X=H
34a: X =OH

NaO,C NaO,C

33c 33d

Scheme 16. Formulae of chlorophyll catabolites (33a, 34a) from marine organisms, of
their air oxidation products (33b, 33c and 34b) and of the main product (33d) from the
luciferin reaction

to arise by an oxygenolytic cleavage at the “western” 6-meso position
from their natural Chl-precursor(s).

Indeed, recent studies by Kishi and coworkers on the photo-
oxygenolysis of the 20-methoxy-pyropheophorbide 35 have confirmed
the assumed tendency of such substituted pheophorbides (see e.g. (75))
to undergo oxygenolytic cleavage of the chlorin macro-ring at the
“western” meso-position, between C(20) and C(1), and providing synthet-
ic access to the 1,20-seco-pyropheophorbidate 36 (see Scheme 17) (77).

As a model for the dipyrrolic chromophore fragment of dino-
flagellate luciferin the tri-cyclic pyrrole derivative 37 was prepared by
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CO-CHs CO,CHy

35 36

Scheme 17. Photo-oxygenolytic opening of the 20-methoxy-pyropheophorbidate 35 to
the 1,20-dioxo-1,20-seco-phytoporphyrinate 36

0 o
HSC ch
/ — /
HCTNTN HCT N N—np
H H
HN
(2)-37 (E)-37

Scheme 18. Tri-cyclic model compounds 37 for the C,D-segment of the tetrapyrroles
33a/34a

chemical synthesis (see Scheme 18) (/71). Spectroscopic studies of (E)-
37 and (Z)-37 (the (E)- and (Z)-isomers of 37) provided firm support for
the (E)-configuration at the C(15)-C(16) double bond of the natural
dinoflagellate luciferin 33a (/12).

5. Conclusions and Outlook

In the last fifteen years, Chl catabolism has turned from a major
“biological enigma” (8, 9) to a thriving research field (2, 78, 85). All of
the main chemical studies on Chl-breakdown have identified linear tetra-
pyrroles as the isolated products from (ring-opening) breakdown of the
Chls and have concerned investigations with higher plants (2, 7, 113),
green algae (58), and marine organisms (27). In spite of the first contribu-
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tions to this last subject (27), the fate of (bacterio)chlorophylls available
in marine systems is still far from being revealed. In fact, considering the
absence of molecular oxygen and the resulting anaerobic environment in
deep-sea water, non-oxygenolytic mechanisms may be the dominant form
of degradation of chlorophylls from marine photosynthetic organisms.
Consistent with such a scenario, the important observation of ubiquitous
“geo-porphinoids” in petroleum and shale oil (notably the vanadyl-
“deoxo-phylloerythroetioporphyrin” 38a, a 17°-decarboxy-13'-deoxo-
phyto-porphyrinate, discovered in the early 20™ century) (114, 115) may
well be relevant to Chl-breakdown. These porphyrins are now recognized
as abundant “molecular fossils”. Most of the known ‘“petro-porphyrins”
are Ni(Il)- or vanadyl-complexes of a large variety of substituted
porphyrins, that carry remnants of the substitution pattern of natural
chlorophyll-derivatives; accordingly, some of these are typically associated
with a degradation of chlorophyll (see Scheme 19 for a selection of two
structural formulae) (109, 115). The “petro-porphyrins” are remnants
(from partial degradation under anaerobic conditions) of porphyrins or
chlorins available and used in the “geological window” of the biosphere
and have found use as geochemical biomarkers in petroleum (709, 115).
The most visible aspects of Chl-catabolism clearly concern the emer-
gence of the ‘““fall colours” (4, 7) and ripening of fruit (55), biological
phenomena due to higher plants. The factors and conditions responsible
for the induction of chlorophyll breakdown in higher plants are still
incompletely understood (116, 117, 118). Light is an important factor
and photo-periodical control operates (e.g.) in deciduous trees (3, 7).
Leaf yellowing and senescence processes including chlorophyll break-
down have been demonstrated to be subject to control by phytohormones,
and are hastened by ethylene and abscissic acid (//8). Conversely,

CHs CHs

<J =
38a 38b

Scheme 19. Formulae of two representative ‘“‘petro-porphyrins”. Vanadyl-porphyrinate
38a and nickel-porphyrinate 38b
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cytokinin inhibits or retards chlorophyll breakdown as well as other
senescence processes (//8). Both phytohormones (cytokinin and abscissic
acid) were found to have regulatory effects on PaO (5, 119).

Over fifty senescence associated genes in higher plants have been
identified (5, 120), among them the ones coding for chlorophyllase (121,
122), RCC-reductase (83), PaO (79), and, most recently, Mendel’s
“green gene” (29). “Accelerated cell death genes” (acd-1 and acd-2) in
Arabidopsis thaliana were correlated with the absence of functioning
RCC-reductase in mutants of this plant (82) and with senescence in-
duced Chl-breakdown, as the marker of this visual form of programmed
cell death in plants (6, 81, 123).

Senescence processes play a very prominent role in the recycling of
nutrients, such as reductively fixed nitrogen and magnesium ions from
senescent leaves to other parts of the plant (9). About one third of the
total amount of the reductively fixed nitrogen contained in mature
chloroplasts is represented by the proteins of the thylakoid pigment
complexes. During senescence, chloroplast proteins are broken down
and amino acids are exported for re-use in developing leaves or for
the filling of seeds with reserve proteins. However, the apoproteins of
chlorophyll are not degraded efficiently as long as the pigments are
bound intact, and plant mutants that are disturbed in chlorophyll break-
down (stay-green genotypes) have a metabolic disadvantage due to
incomplete nitrogen recycling during senescence (113, 124).

At present, there is no evidence of rapid breakdown of Chl beyond
the stage of tetrapyrroles. Chl-breakdown, therefore, is not aimed at
reusing the four nitrogen atoms of the chlorin macrocycle (which
represents only a few percent of total leaf nitrogen) (/, 2, 3, 4, 5, 6), but
rather at rapidly destroying the chromophores of photoactive Chls. So
far, two main consequences of the degradation of Chl were identified: i)
the dismantling of Chl protein complexes, as a prerequisite of efficient
enzyme catalyzed protein degradation (/13, 124); ii) the freed Chls are
phototoxic and the machinery of Chl catabolism is a vitally important
detoxification process. A third consequence may result from a possible
physiological role of the NCCs in the plants, as they have recently been
found to be effective antioxidants (55). Remarkably, NCCs (from de-
gradation of chlorophyll) thus also exhibit similar properties, as an-
tioxidants, as bilirubin (39), a reduced form of biliverdin (19), the
tetrapyrrolic breakdown product of heme, see e.g. (87, 125), which is
important in the metabolism of mammals. Indeed, since the breakdown
of protein and the recycling of nutrients depend on a well organized
metabolism, it is important for cells to remain viable to the very end of
the senescence period.

References, pp. 3743



Chlorophyll Catabolites 37

The biochemistry of the cleavage of the porphinoid macrocycle by the
mono-oxygenase PaO (the “key step” of Chl breakdown in green plants)
as well as “fate” and “role” of the tetrapyrrolic breakdown products,
the regulation of Chl breakdown steps, are still (largely) unsolved and
highly intriguing plant-biological and biochemical questions. Likewise,
the chemical reactivity and structural properties of natural Chl catabolites
are only revealed to a marginal extent. Research on chlorophyll break-
down is bound to continue providing fascinating and important insights
and to allow for further glimpses at the often fascinating interplay of
ubiquitous natural products and basic life processes.
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The medicinal activities of plants are generally due to the secondary
metabolites (/) which often occur as glycosides of steroids, terpenoids,
phenols, efc. Saponins are a group of naturally occurring plant glyco-
sides, characterized by their strong foam-forming properties in aqueous
solution. The cardiac glycosides also possess this property but are
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classified separately because of their specific biological activity. Unlike
the cardiac glycosides, saponins generally do not affect the heart. These
are classified as steroid or triterpenoid saponins depending on the nature
of the aglycone. Steroidal glycosides are naturally occurring sugar con-
jugates of C,7 steroidal compounds. The aglycone of a steroid saponin
is usually a spirostanol or a furostanol. The glycone parts of these
compounds are mostly oligosaccharides, arranged either in a linear or
branched fashion, attached to hydroxyl groups through an acetal linkage
(2, 3). Another class of saponins, the basic steroid saponins, contain
nitrogen analogues of steroid sapogenins as aglycones.

Steroidal glycosides have drawn much attention in the last few de-
cades not only as economically important raw materials for the pharma-
ceutical industry used in the production of various steroidal hormones (4—7)
but also as biologically active compounds (8—/3) and as ingredients for
cosmetics (/4). General reviews dealing with steroid saponins have been
published earlier by Tschesche and Wulff (15), Elks (16, 17) and Takeda
(18). Following our previous review of steroid saponins (/9) which cov-
ered the literature up to 1980 a number of reviews dealing with specific
aspects of spirostanes, furostanes and their glycosides have appeared
(20-32) covering the literature up to early 1998. The present review is a
compilation of steroid saponins isolated during the period 1998 to mid
2006 together with their biological activities. It also includes a summary
of the latest developments in purification processes and structure elu-
cidation techniques (mainly NMR and mass spectrometry).

2. Isolation

The methods for isolation of steroid saponins are similar to those of
triterpenoid saponins. Since glycosides, as a class, are particularly prone
to enzymatic or microbial degradation, processing of plant material
needs to be started soon after collection to avoid delays. Air-dried
powdered plant material is defatted and then extracted, either with cold
or hot methanol or ethanol or with 50% aqueous ethanol or methanol at
ambient temperature. Usually the extract is concentrated at reduced
pressure, macerated with water, and partitioned successively using ethyl
acetate and n-BuOH. Most of the saponin constituents are found in the
n-BuOH soluble fraction. However, highly polar glycosides may be
found in the aqueous layer.

Steroidal saponins are usually highly polar compounds occurring as
complex mixtures, and their separation into individual components is a
formidable task. The traditional purification and separation process for

References, pp. 127-141
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steroidal saponins consists of repetitive chromatography on silica gel
columns using chloroform-methanol and/or chloroform-methanol-water
as eluent, followed by fractional crystallization, preparative TLC, etc.
This method is widely used even today, to get rid of coloring matters and
other non-saponin constituents. In this way our group was able to sep-
arate five steroidal saponins, kallstroemins A—E, from the aerial parts of
Kallstroemia pubescens (33) and six steroidal saponins, floribundasa-
ponins A-F, from the yams of Dioscorea floribunda (34). Although such
a process may yield homogeneous compounds in a few cases, this clas-
sical method is now used mainly for separating the crude saponin
mixture into different fractions according to their polarity, final purifica-
tion being achieved by modern chromatographic techniques. Nowadays
the crude saponin mixture is applied to a column of Diaion HP-20,
which is washed with water-methanol in various ratios (0, 30, 50, 80
and 100% methanol). Often the saponin fraction is obtained from the
70-100% methanol eluates. Fractions found to have the same pattern on
TLC are combined and further purified by silica gel column chroma-
tography (chloroform-methanol/chloroform-methanol-water in various
ratios), ODS medium pressure LC and finally by HPLC. Isolation of
racemosides A—C, steroidal saponins from the fruits of Asparagus
racemosus (35), may be taken as an example. The air-dried powdered
fruits of Asparagus racemosus were first defatted at room temperature
with petroleum ether and extracted with methanol at ambient tem-
perature. The methanol extract was concentrated under reduced pressure
and partitioned between n-butanol and water. The organic layer was
washed with water and concentrated to dryness under reduced pressure.
The residue was applied to a column of Diaion HP-20 and washed with
water followed by 30%, 50%, 80% and 100% of methanol. Fractions
eluted with 50% methanol contained saponin(s). Repeated chromato-
graphic purification over a silica gel column furnished racemoside A and
a mixture of racemosides B and C, which were successfully separated
into individual saponins by preparative TLC over silica gel (35).
Another example describes the isolation of three hexasaccharides
(I, T and V) and two trisaccharides (I and IV) from the leaves of
Agave fourcroydes (36). Air-dried leaves were extracted with methanol
and applied to a column of Diaion HP-20. The fraction eluted with 100%
methanol was partitioned between ethyl acetate and 10% aqueous
methanol and the aqueous phase was further extracted with n-butanol.
This n-butanol-soluble fraction was subjected to ODS column chro-
matography and eluted with gradient mixtures of 50-100% methanol
in water. Rechromatography over ODS of the 80% methanol-eluted
fraction using gradient mixtures of 60—75% methanol in water furnished
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a fraction eluted with 70-75% methanol. This was further purified by
HPLC over an ODS column (Develosil ODS HG-5, 10 x 250 mm,
eluent: 75% methanol) to afford I and IV. The fractions of the n-butanol
soluble part, eluted in the earlier chromatography with 70 and 80%
methanol furnished IL, III and V on further purification by ODS column
chromatography, Sephadex LH-20 and repeated HPLC.
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In another example six steroidal glycosides possessing antineoplastic
activity were isolated from the African plant Sansevieria ehrenbergii
following bioactivity-directed isolation procedure. The dried and chipped
plant was extracted with methanol-methylene chloride (1:1) at ambient
temperature. The extract was separated into methylene chloride and
methanol-water phase by addition (30 vol%) of water. The methanol-
water extract was fractionated into n-hexane, methylene chloride, ethyl
acetate, n-butanol and aqueous fractions. The respective extracts were
repeatedly chromatographed over Sephadex LH-20 and silica gel
columns. Finally the streroidal glycosides, sansevierin A, sansevistatins
1 and 2 as well as three known steroidal saponins were separated by
HPLC using a Zorbax SB C;g column (25cm x 4.6 mm, 5 pm) with an
isocratic mobile phase: 75% methanol in water (37).

Sautour et al. (38) isolated three anti-fungal steroidal saponins from
the roots of Smilax medica. Dried, powdered roots were boiled thrice
with methanol:water (7:3). After filtration the combined extract was
evaporated to dryness. The residue was suspended in water and parti-
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tioned successively with n-hexane and n-butanol. The n-butanol fraction
was evaporated to dryness, dissolved in methanol, concentrated, and the
glycosides were precipitated with repeated addition of diethyl ether. The
precipitate was filtered, dried and further purified by vacuum-liquid chro-
matography (VLC) on a C;g reversed-phase column using water, various
mixtures of water-methanol and finally pure methanol to give four
different fractions. The fractions were submitted to MPLC over silica gel
(15-40 pm) and eluted with chloroform:methanol:water (13:7:2, lower
phase) to give four homogeneous steroidal saponins.

22,25-Epoxy-furost-5-ene and 20,22-seco-type steroidal glycosides
were isolated from the fruits of Solanum abutiloides (39) as follows: The
fresh fruits were extracted with methanol at room temperature for three
months. The dried methanol extract was partitioned between equal vol-
umes of chloroform and water. The aqueous part was dried and subjected
to column chromatography over MCI gel CHP20P with methanol-water
in various ratios (40, 50, 60, 70, 80 and 90%) to afford different frac-
tions. The fractions were further purified by repeated ODS and silica gel
column chromatography using various solvent systems, followed by
HPLC on a ODS (PrePAK-500/C,g, Waters) column to afford abutilo-
sides L, M, N and O, aculeatisides A and B, and a pregnane-type
glycoside, compound Pd.

In another example Zhang ef al. (40) isolated ten furostanol saponins
as five pairs of 25R- and 25S-epimers from the fresh rhizomes of
Polygonatum kingianum. The fresh rhizomes were extracted thrice with
50% aqueous ethanol. The combined extract was concentrated under
reduced pressure, passed over a macroporous resin AB-8 and eluted with
a gradient mixture of acetone-water (1:9, 1:1, 4:1) to give three fractions.
The fraction eluted with 50% acetone-water was rechromatographed
on macroporous resin SP825 and eluted with a gradient mixture of
acetone:water (1:4, 3:7, 2:3, 4:1). Further purification of the fraction
eluted with acetone:water (3:7) over silica gel (50 um) and repeated
preparative HPLC furnished all the ten homogeneous epimers.

3. Structure Elucidation

Structure determinations of the homogeneous saponins are usually
carried out by a combination of chemical and spectroscopic methods.
Extensive investigations of the aglycones demonstrated that most of
them are spirostane derivatives or modified spirostanes. Furostanol gly-
cosides have also been isolated and characterized, which according to
Marker and Lopez (41) are precursors of sugar conjugates of spirostanes.



50 N. P. Sahu et al.

Steroidal glycosides possessing a furostane skeleton do not exhibit IR
absorptions at 918 and 900 cm ™! characteristic of spirostane derivatives
(42). Moreover, furostanol glycosides, with some exceptions (43), show
a characteristic red color on thin layer chromatographic (TLC) plates
when developed with p-dimethylaminobenzaldehyde in methanol and
exposed to hydrochloric acid [Ehrlich reagent (44)]. Confirmation of the
furostanol structure may also be obtained by analyzing the products
obtained by either Marker’s degradation or Baeyer-Villiger oxidation
followed by hydrolysis (34, 45).

18-Norspirostanol derivatives, which possess unusual steroid
skeletons with «,(-unsaturated ketone and hydroxyl groups at C-23
and C-24, have been isolated from three Liliaceae plants, Trillium
kamtschaticum, T. tschonoskii and Paris quadrifolia (46-53). In a rare
case, Yokosuka et al. (54) have isolated two new steroidal glycosides
possessing 3,5-cyclospirostanol and furostanol as the aglycones. However,
these new glycosides usually vary only in the carbohydrate chain and the
nature of the sugar sequence.

Generally the sugar moieties of steroidal saponins are oligosaccha-
rides consisting of two to five kinds of sugar units. D-Glucose, D-galactose,
D-xylose, L-arabinose and L-fucose occur widely, while D-apiose
and D-quinovose occur only rarely. Steroidal saponins linked to a
2-deoxyribose unit have also been reported (55). The carbohydrate moi-
ety is linked to the aglycone through hydroxyl groups either in a linear or
branched fashion.

Structural studies of the saponins can be broadly divided into three
stages, viz. conventional methods, spectrometry coupled with chemical
methods and modern spectrometric methods. With the advent of modern
spectroscopic methods, examination of the intact glycoside itself may
lead to determination of the complete structure.

3.1. Conventional Methods

The conventional method of structure elucidation of steroidal sa-
ponins starts with acid hydrolysis of the homogeneous saponin leading
to identification of the aglycone and the individual monosaccharide
constituents separately. The structure of the sugar moieties of the gly-
cosides is then determined by identification of the monosaccharides
(obtained on acid hydrolysis) by PC, GLC (alditol acetates/TMS de-
rivatives), and HPLC (comparison with authentic samples). Sometimes
microhydrolysis is used to identify the monosaccharide constituents (56).
The method has been applied to the identification of monosaccharide
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constituents of saponins isolated from Polycarpon succulentum (57, 58).
The saponins were applied to silica gel TLC plates and left in a HCI
atmosphere in an oven at 100°C for one hour. After elimination of HCI
vapour, authentic sugars were applied to the chromatography plate and
developed. The spots were visualized by spraying with anisaldehyde and
sulfuric acid followed by heating. The monosaccharides were identified
on comparing the spots with those of authentic samples. However,
partial hydrolysis or controlled hydrolysis followed by isolation and
characterization of prosapogenins and, where possible, by characteriza-
tion of oligosaccharides is sometimes employed for the determination of
the sugar sequence (59-61). Mimaki et al. (62) carried out partial hy-
drolysis with 0.2 M HCI (dioxane:water, 1:1) at 100°C for two hours to
obtain apiose, present as the terminal sugar moiety of steroidal gly-
cosides isolated from Chlorophytum comosum.

In some steroidal glycosides, an acyl function is present as part of the
sugar moieties. Treatment with sodium methoxide or ammonia solution
in methanol at room temperature was found to be suitable for deacyla-
tion. Mimaki et al. (63) have used 10% ammonia solution in methanol to
cleave the acetyl group present at C-4 of galactose, keeping the C-6
acetyl function intact, in the structure elucidation of steroidal glycosides
isolated from Ruscus aculeatus. However, use of 3% sodium methoxide
in methanol cleaved both the acetyl groups. Very rarely, a sulfate group
is present in the oligosaccharide part of the glycosides. Desulfonication
is usually done by solvolysis (64). A spirostanol saponin isolated from
the underground parts of Ruscus aculeatus was desulfonicated by
refluxing with a mixture of pyridine and dioxane (65). After completion
of the reaction, the mixture was passed through a Sep-Pak C,g cartridge
(Waters) and eluted successively with water and methanol. The fraction
eluted with methanol was chromatographed on silica gel to yield the
desulfonicated compound. When the aqueous phase was examined by
paper chromatography, sulfuric acid was detected as a light yellow spot
after spraying the paper with a solution of barium chloride followed by
potassium rhodizonate.

(-Glucosidases are usually employed to hydrolyze the (-glucosidic
linkage(s) of a glucoside. There are a number of (3-glucosidases pos-
sessing specific activity for various substrates, such as cyanogenic
glucosides (66, 67), hydroxamic acid glucosides (68), 3-linked oligo-
glucosides (69, 70), isoflavonoid glucosides (71) or furostanol glyco-
sides (72—74). The precursors of spirostane glucosides are furostanol
glucosides, in which a glucose unit is linked to the C-26 hydroxyl of
the sapogenin. Usually the glucose unit of the latter is cleaved by a
(-glucosidase enzyme to form the spiroketal ring of steroidal glycosides.
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Thus, the furostanol glycoside 26-O-(-glucosidase from the rhizomes of
Costus speciosus cleaves the furostanol glycosides protodioscin and
protogracillin to the corresponding spirostanes (74).

(-Glucosidase has also been used by other authors (75-79) to cleave
the C-26 glucose unit of 26-O-furostanol glucosides. Other enzymes
used to cleave the monosaccharide unit of furostanol glycosides are
almond emulsin (80) and hesperidinase (81).

The points of attachment of different sugar units are revealed by
permethylation of the glycoside followed by hydrolysis or methanolysis
and identification of the partially methylated sugar derivatives by GLC.
The non-methylated sites of the hydrolysis products of the permethylate
revealed the sites of the linkages. Moreover, Smith degradation as well as
periodate oxidation have also been employed for determining the nature
of the sugar chain in saponins (82-84). One of the most important pro-
cedures for determining interglycosidic linkages is to carry out a GC-MS
analysis of the derivatised sugars of the permethylated saponins. The per-
methylated saponin is hydrolyzed, reduced and subsequently acetylated,
thus producing the corresponding monosaccharide derivatives, which are
analyzed and compared with the data from authentic specimens (85).

The absolute configuration of the monosaccharides can be deter-
mined by analyzing the sugars (obtained from hydrolysis experiments)
on a chiral HPLC column (86, 87). The absolute stereochemistry of the
monosaccharides may also be derived by chiral GC analysis (88, 89).
Moreover, one can also compare the observed value of the molecular
rotation with the value calculated on the basis of Klyne’s rule (90).

3.2. Spectrometry Coupled with Chemical Methods

Since 1980, the advent of modern spectrometric methods like soft
ionization mass spectrometry and FT-NMR has made the structural
study of saponins somewhat easier. FDMS and FABMS turned out to be
very powerful tools in the structure elucidation of saponins. They not
only provide the correct molecular weight but also in many instances the
sequence of the glycone part. FABMS in conjunction with "H and *C
NMR spectroscopy (glycosidation and esterification shift rules, compar-
ison of NMR data, utilization of Jyj1; values for determining anomeric
configurations) together with chemical strategies has simplified structure
elucidation of even complicated saponins. Such techniques were success-
fully applied by us to a number of saponins to determine the molecular
weight and the monosaccharide sequence, as well as to assign the
carbon and proton resonances by comparison with data of similar struc-
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Fig. 1. Characteristic fragments obtained from [M + Na]* ion in the FDMS of tribulosin (VI)

tures (91/-94), using chemical-shift (95) and glycosidation shift rules
(93, 96-98). The following exemplifies application of both chemical and
spectral methods in determining the structure of the steroidal saponin
tribulosin (VI) isolated from Tribulus terrestris (91) where FDMS,
'"H and '>C NMR, and chemical transformations of tribulosin were
successfully utilized. FDMS exhibited ion peaks at m/z 1189 and 1173
corresponding to [M + K]* and [M + Na] " respectively thus indicating a
molecular weight of VI as 1150. Appearance of doubly charged ion
peaks corresponding to the ions [M+ 2Na]™* and [(M+2Na+H) —
xylose]™ also supported the molecular weight assignment. The
formation of different ion peaks in the FDMS spectrum (Fig. 1) of VI
indicated that xylose was present as a terminal sugar. Controlled acid
hydrolysis (0.75M H,SO,4 in EtOH on a steam bath for 20 min) of
tribulosin (VI) furnished two prosapogenins (VII) and (VIII) (Fig. 2).
Further acid hydrolysis of the less polar one VII yielded neotigogenin
(IX) as the aglycone and D-galactose as the monosaccharide constituent,
indicating that D-galactose was linked directly to the aglycone. The other
prosapogenin (VIII) on acid hydrolysis furnished two monosaccharides,
glucose and galactose. Moreover, treatment of VI with sodium meta-
periodate followed by acid hydrolysis afforded glucose and galactose as
the monosaccharides, indicating that the monosaccharides were inter-
linked in such a fashion that none of the two sugars had vicinal hydroxyl
groups. From the foregoing evidence it was presumed that tribulosin
(VI) had one of the structures (i), (ii), or (iii). Permethylation and
methanolysis liberated methyl 2,3,4-tri-O-methyl-L-rhamnopyranoside,
methyl 2,3,4-tri-O-methyl-D-xylopyranoside, methyl 3,6-di-O-methyl-
D-galactopyranoside and methyl 4,6-di-O-methyl-D-glucopyranoside,



54 N. P. Sahu et al.

glucose
ORO
|

Y Ro/ﬁg _O0 _OR
PO AN % o o
RO 0 =

OR / RO IX. Neotigogenin
galactose O

| VILR=H

VI.LR=H
A.R=Me

C.R=Me

D.R=Me

Fig. 2. Controlled hydrolysis and permethylated products of VI

identified from GLC studies. Thus tribulosin could be represented by

O} Neotigogenin galactose — glucose —— xylose
rhamnose — Xxylose
xylose
()  Neotigogenin galactose — glucose ~
‘ ~~xylose
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either of the two isomeric structures (iia) and (iib). The complete struc-
ture of tribulosin (VI) was established as (iia) through partial hydrolysis
followed by permethylation, separation of the partially methylated pros-
apogenins A-D (Fig. 2) and identification of the methanolysis products
of tribulosin by GLC (91).
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3.3. Modern Spectrometric Methods

With the advent of modern spectroscopic methods, especially 2D-NMR
and soft ionization mass spectrometry, the structural study of saponins
no longer necessitated most of the time consuming and sample de-
manding chemical methods. Determination of the structure of saponins
by spectrometric methods has the advantage of confining the analysis to
the saponin itself, avoiding processing that might produce artefacts. In
many cases a complete structure determination is possible by NMR
spectroscopy using only a few milligrams of sample (99). Furthermore,
the recent introduction of HPLC coupled either to a UV photodiode
array detector (LC-DAD-UV) and a mass spectrometer, or to an NMR
spectrometer (LC-NMR) provides on-line useful structural information
of plant constituents with only a minute amount of plant material (/00).

3.3.1. Mass Spectrometry

Mass spectrometry can provide information not only about the mo-
lecular weight and the molecular formula, but also about the number of
monosaccharides, and sometimes even the sequence of the oligosaccha-
ride chain. The use of soft-ionization mass spectrometric methods,
viz. FAB-MS (101-106), field desorption (107, 108), plasma desorption
(109, 110), and laser desorption (/17) has been extensively discussed by
others. In recent years MALDI-TOF-MS and ESI-MS have become
popular for structural studies of complex molecules (//2—116). The use
of MALDI-TOF-MS for structural studies of saponins is so far limited
to a report (/7/7) on the BSA conjugate of the saponin aculeatiside A,
where the technique was applied only to determine the ratio of hapten in
the antigen conjugate. However, electrospray ionization (ESI) in con-
junction with multi-stage tandem mass spectrometry has been shown to
constitute a powerful tool for the analysis of saponin mixtures, which
can obviate the isolation of individual saponins and provide considerable
structural information on various types of compounds including steroidal
glycosides isolated from natural sources (/18—124). Useful information
can be obtained by separating the individual parent ions followed
by collision-induced decomposition (CID) and analysis of the different
fragments. Li et al. (I25) have applied this technique to elucidate
the structures of 13 steroid saponins extracted from the rhizomes of
Dioscorea panthaica. In order to study the fragmentation pathways of
these steroid saponins, they also carried out ESI-QTOF-MS/MS of ten
authentic steroid saponins. In addition, they have used atmospheric pres-
sure chemical ionization mass spectrometry combined with ion trap
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Fig. 3. Diagnostic fragment ions for the spirostanol and furostanol A’-steroid saponins

tandem mass spectroscopy (APCI-IT-MS/MS) for analysis of these 13
steroid saponins and detected the diagnostic fragment ions for the
spirostanol and furostanol AS-steroid saponins (Fig. 3).

The utility of CID, fast atom bombardment (FAB), electrospray
ionization mass spectrometry (ESI-MS) and tandem mass spectrometry
(MS/MS) for the structure elucidation of spirostanol and furostanol sapo-
nins was discussed by Liang et al. (126). These techniques have been ap-
plied to structure determinations of four steroidal saponins isolated from
Asparagus cochinchinensis. In the ESI-CID spectrum, the authors ob-
served a characteristic fragmentation involving the loss of 144 Da (Fig. 4)
arising from cleavage of the E-ring when there was no sugar chain at
the C-26 position. If a glucoside group was present at the C-26 position,
it was preferentially eliminated. However, all compounds produced a
major ion peak at m/z =255 arising from the skeletal unit (/26) and
exhibited sequential loss of sugar moieties, which helped in determining
the structure of the glycoside.

Although the saccharide chain and the aglycone could thus be iden-
tified by mass spectrometry, it is as yet not possible to establish the
configurations of glycosidic linkages by this technique.

+
OH
o
m/z 144
miz 255

Fig. 4
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3.3.2. NMR Spectroscopy

Of all physical methods NMR techniques have changed most during
the last two decades. The introduction of high field instruments and
multidimensional NMR techniques has greatly advanced structure stud-
ies of saponins. Information about the aglycone, the nature and number
of the constituent sugar units including their ring sizes, anomeric con-
figurations, interglycosidic linkages as well as the point(s) of attachment
of the sugar chain to the aglycone can be obtained more readily by this
method than by any other.

The first step in the structure elucidation of a saponin is to obtain
the 1D 'H and ">C-NMR spectra. Saponins are usually investigated
as deuterium exchanged samples and the most commonly used solvent
is pyridine-ds, although the use of methanol-d, or DMSO-dg has been
reported in the literature. Hydroxylic protons can be exchanged by add-
ing few drops of D,O when required.

3.3.2.1. "H NMR Spectroscopy

The "H NMR spectra of steroid glycosides display some recognizable
signals. The location of two singlets and two doublets in the region
0.5-1.7 ppm due to the methyl groups at C-10, C-13, C-20 and C-25 is
very helpful in structure determination of the aglycone. The '"H NMR
chemical shifts of the geminal protons at C-26 assist in establishing the
nature of the steroid part (spirostane or furostane) and also the stereo-
chemistry of the methyl group at C-25. In spirostane type compounds with
an equatorial 27a-methyl group, the geminal protons at C-26 resonate in a
narrow range between ¢=3.26-3.59 and the methyl group at C-25
resonates at 0 =0.57-0.83; in contrast, in compounds with an axial
273-methyl group, the C-26 geminal proton signals appear distinctly at
0=3.18-3.42 and 3.88—4.11 while the methyl group at C-25 resonates in
the region 6 = 0.95-1.14 (127). In furostane steroids, a comparison of the
"H NMR chemical shift data reflects several interesting characteristics.
The resonances of H,-26 are more resolved in the spectra of 25(S) com-
pounds than in their 25(R) counterparts (A¢ is usually >0.57 ppm in 258
compounds and <0.48 ppm in 25R compounds). The signals appear in
the ranges ¢ =3.42-3.52 and 4.02-4.10 ppm, respectively, in 255 com-
pounds but at 6=3.52-3.63 and 3.92-3.98 ppm, respectively, in 25R
isomers. The methyl group at C-25 resonates at 6 =0.97-1.10 in the S
isomers but somewhat upfield, at 6 =0.92-1.03, in the R isomers (/28).

The "H NMR spectrum also provides information about the location
of the double bonds. The olefinic hydrogen at C-6 and the exomethylene
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protons of C-27 in spirostane analogues resonate at ~ 6 =5.26-5.53 (129)
and 4.80—4.83 (130), respectively, while 23-H in A** furostane analogues
resonates at 6 =4.60 (/31). Although most of the sugar protons reso-
nate in a narrow range (6 = 3.0-4.5) leading to much overlap, at least the
anomeric protons are clearly distinguishable. Their signals are usually
found as doublets with coupling constants 6.5-9.0 or 1.5-4.0 Hz in the
region 6 =4.1-6.4ppm (/32). Methyl doublets (/=6Hz) of 6-deoxy
sugar units appear at 6 = 1.3-1.5 (35, 133).

3.3.2.2. >C NMR Spectroscopy

3C NMR spectroscopy has played an important role in structure
elucidation of steroidal glycosides. The spectra give a better dispersion
over a 200 ppm range and the protonation levels are deducible from a
DEPT experiment (/34). Resonances of the sugar anomeric carbons are
found in the well separated chemical shift range of 6 =96-112ppm,
while those of the non-anomeric carbons are in the range § = 60-90 ppm,
which provides information about the number of monosaccharide units
present and sometimes also about the nature of the glycosidic linkages.
The C-1 signals of B-anomers usually appear 2—6 ppm downfield from
their a-counterparts (/32). Glycosylation causes a downfield shift of
7-12ppm for the a-carbon and an upfield shift of 2-5ppm for the
(-carbon (35). Methyl groups attached to C-10, C-13, C-20, and C-25
resonate in the region 6 =14-24, 14-17, 12-17, and 16-18 ppm, re-
spectively. Variation in the stereochemistry of the ring junction affects
the chemical shifts of the angular methyl groups as well as those of other
neighbouring carbons. Significant differences in the resonance positions
of several carbons within rings A and B have been reported for Sa-H and
53-H steroids (viz. tigogenin and smilagenin). Thus, chemical shifts for
C-3, C-4, C-5, C-6, C-7, and C-19 of tigogenin are 6 =77.9, 35.0, 44.8,
29.1, 32.6 and 12.5, respectively (/35), while those for smilagenin are
75.0, 30.0, 36.0, 26.6, 26.4 and 23.7, respectively (38).

When a double bond in a spirostane is located at A% or A?>?7,
the involved carbons resonate at ~§ = 138.0 (C-5), 125.1 (C-6), 144.5
(C-25), and 108.6 (C-27) (129). In the case of furostane analogues
with a double bond located at 20(22) or 22(23), the carbon signals ap-
peared at ~103.5 (C-20), 152.4 (C-22) or at 157.4 (C-22), 96.2 (C-23)
(131, 136, 137).

13C NMR spectrometry is also very helpful in assignment of stereo-
chemistry at C-25 (R/S) of spirostane type steroidal saponins and sapo-
genins. Agarwal et al. (138) have studied in detail the carbon resonances of
smilagenin and sarsasapogenin using DEPT, COSY, TOCSY, HETCOR,

References, pp. 127-141



Steroidal Saponins 59

k¢ : 1714 E
.;‘: 27CH3 H
\22 [ : ! \< : 25.77
Smilagenin (25 R) Sarsasapogenin (25 S)
Fig. §

HMQC, HMQC-TOCSY, HSQC-RELAY, HMBC and selective reverse
INEPT techniques. As expected, the major differences (Fig. 5) were
observed in the ring F resonances. All the carbon resonances except
C-22 (~6=109.0) occur at higher field in sarsapogenin than in smi-
lagenin [shift differences (6, — 6;): C-22 (0.48), C-23 (5.45), C-25 (3.23),
C-26 (1.73), and C-27 (1.09)].

3.3.2.3. 2D NMR Spectroscopy

The identity of the aglycone, the sugars, and the sugar sequence of
the oligosaccharide chain can be determined by a combination of 2D
NMR techniques like COSY (/39), HOHAHA (140, 141) or TOCSY
(142), HETCOR (/43) or HMQC (/44), HMBC (i45), and NOESY
(146, 147) or ROESY (148, 149). The DQF-COSY or HSQC-TOCSY
spectra generally identify the fragments (short spin systems); these are
linked to each other using the information obtained from NOESY/
ROESY and HMBC. Careful analysis of the 'H and '>C NMR spectra
then suggests whether tracing along the 'H, 'H coupling network (DQF-
COSY, TOCSY or HSQC-TOCSY) will be enough or whether HMBC/
INADEQUATE experiments (where proton density is low) are required
for determining the structure. To establish the structure of the steroid
nucleus, HMBC correlations from the angular methyl groups (18-CHs,
19-CH3) are most helpful. Commonly the 18-CHj3 proton signals display
correlations with C-12, C-13, C-14, and C-17, whereas the 19-CHj;
signals show correlations with C-1, C-5, C-9, and C-10. From the results
of the HMBC spectra and the fragments obtained from the COSY,
HETCOR/HSQC and TOCSY spectra, it is possible to construct the
steroid skeleton and identify the functional groups too. Furthermore the
key correlations observed in the NOESY/ROESY spectra help to estab-
lish the configurations of the ring junctions. A few key NOEs will help
to quickly establish the configurations at the ring junctions; thus NOESY
correlations between H-13, H-11«, and H-73, H-15« generally indicate
the trans fusion of the rings A and B, and rings C and D in steroid
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skeleton. The NMR analysis of steroids and natural products has been
recently reviewed by Croasmun and Carlson (/50), as well as by Bross-
Walch et al. (151).

The identity of the sugars and the sequence of the oligosaccharide
chain can also be established by a combination of 2D NMR techniques.
Since the anomeric protons of each sugar residue resonate in a char-
acteristic region well isolated from those of the other sugar protons, they
are the preferred starting points for analyzing the spectra. Although a
COSY spectrum, preferentially DQF-COSY (/52), may sequentially
identify all the proton signals of a monosaccharide unit starting from the
anomeric proton resonance, some ambiguity may result due to signal
overlap. The easiest course is to take the help of a HOHAHA/TOCSY
spectrum, which optimally detects protons 3 to 5 bonds away.
Sometimes, several HOHAHA experiments (/53) with different mixing
times may be necessary to trace the spin systems from the anomeric to
the terminal proton step by step. Once the 'H resonances have been
completely assigned, '°C signals can be assigned unambiguously with
the help of a HETCOR or HMQC experiment. Moreover sugar residues
can also be identified by comparing the '>C chemical shifts with those
of standard methyl glycosides or from the available literature data on
steroidal saponins. The anomeric configuration can then be deduced
from the magnitude of the 3JH’H coupling between H-1 and H-2 (large,
~7-9 Hz, for diaxial orientation but much smaller, ~1-3 Hz, for axial/
equatorial or diequatorial arrangement) and by comparing the chemi-
cal shift of the anomeric carbon with published data. The difference
in IJCI,HI coupling constants between the a- and S-isomers of sugars
also indicates their anomeric configurations (4C1 or 1C4); the values
are 167-170Hz for the a-anomers but 158-160Hz for (-anomers
(133, 154, 155).

After identification of each sugar residue and the anomeric configu-
ration, all that is required is to identify the sugar sequence and the inter-
glycosidic linkage. It is necessary to make use of either homonuclear
dipolar coupling (NOE measurements) or the long range hetero nuclear
coupling constant *Jcy across the glycosidic linkages. The presence of
an inter-glycosidic NOE from the anomeric proton of a particular sugar
residue to a proton of the other sugar or non-sugar residue (sapogenin)
defines the glycosidic linkage between the two residues. NOE connec-
tivities are most often observed between the anomeric proton and the
proton connected to the carbon atom of the linkage. This has been found
to be of wide applicability in structure determination of naturally oc-
curring glycosides. The conventional NOEs can be positive or negative
and pass through zero when wqgr, the product of spectrometer angular
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frequency and molecular rotational correlation time that depends on the
size and shape of the molecules and on the viscosity of the rotating
medium, is approximately equal to unity. The problem, which is typical
of middle sized molecules like glycosides, can be solved by performing
the experiment in the rotating frame, the so-called ROESY (756, 157).
An example of a ROESY spectrum is shown in Fig. 6 illustrating the
structure study of racemoside A (35).
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Fig. 6. ROESY spectrum of racemoside A from Asparagus racemosus

Correlations observed in the ROESY spectrum of racemoside A establishing the sugar-
sugar and sugar-aglycone linkage
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However, in rare cases the observed NOEs may be inconclusive if the
chemical shift of the aglyconic proton located at the glycosylated carbon
coincides with the chemical shifts for protons of other sugar moieties.
This usually happens in the case of complex saponins. Therefore, NOEs
should not be used as the sole criterion for establishing the position of
a glycosidic linkage, especially when dealing with branching centers of
the oligosaccharide chain, e.g. the saponin mimusopin from the seeds
of Mimusops elengi (133).

A more effective way to determine the sugar linkage and sequence is
to detect the long-range *Jcy coupling across the glycosidic bond. The
most practical technique is heteronuclear multibond correlation (HMBC).
An HMBC experiment can furnish multi-bond correlation between the
anomeric proton and the aglycone carbon or sugar carbon to which it is
linked and thus serve to identify the linkage. The three bond carbon-
proton couplings also follow the Karplus relationship, the maximum
being usually observed at a dihedral angle of 180° and the minimum near
about 90°. So, HMBC also furnishes information regarding anomeric
configurations (/58).

4. Biological Activity

Saponins have varied biological properties that have attracted the
attention of mankind since ancient times. Although they are highly toxic
when given intravenously to higher animals, their toxicity is much less
when administered orally (/59). They are more water-soluble than their
aglycones as the attachment of a carbohydrate chain to the aglycone
moiety increases hydrophilicity, which influences the pharmacokinetic
properties of the compounds in circulation, concentration in the body
fluids and elimination. Moreover, some glucosides can be transported as
such into brain tissue using the glucose-transport system. Furthermore,
the ability of saponins to form pores in membranes has contributed to
their common use in physiological research (/60-162). Earlier studies
on the bioactivity of saponins were conducted mainly with crude saponin
mixtures containing not only saponins but also other constituents present
in the extract. The advent of modern sophisticated techniques of iso-
lation and structure determination prompted many researchers to study
the biological activity of homogeneous saponins or fractions containing
only saponins. In recent years there have been several reviews dealing
with biological activity of saponins (/63—168). In the following section,
information on biological activities of steroid saponins reported during
the period 1999 to mid 2006 is given.
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4.1. Cytotoxic Activity Against Cancer Cell Lines

Mimaki et al. (169) have isolated eighteen steroidal saponins from
the rhizomes of Hosta sieboldii and evaluated their cytotoxic activ-
ity against human promyelocytic leukemia HL-60 cells following a
modified method of Sargent and Taylor (/70). The compounds were
found to be less potent compared with the standard antileukaemic
drugs etoposide and methotrexate. Gitogenin diglycoside and tigogenin
triglycoside exhibited cytostatic activity with ICsy values of 3.0 and
4.5 ugml~!, respectively, but introduction of a hydroxyl group at the C-2
position of tigogenin enhances the activity to 2.8 pgml~!. Removal of
the rhamnosyl unit from gitogenin diglycoside and introduction of a
hydroxyl group at C-12 of gitogenin caused the activity to fall (to more
than 10 pgml~'). Furostanol saponins showed considerable activity,
ICs ranging from 3.0 to 5.9 pg ml~'. Glycosides possessing a glucosyl-
(1 — 2)-glucosyl-(1 — 4)-galactosyl moiety as the common saccharide
sequence at the C-3 position of gitogenin inhibited cell proliferation
with an ICs; value of 3 pg ml~!. However, modification of the aglycone
moiety either with a C-12 carbonyl (manogenin) or a conjugated car-
bonyl (9,11-dehydromanogenin) decreases the activity by half to one
third or more.

Phytochemical examination of fresh bulbs of Allium jesdianum,
which is native to Iran and Iraq but cultivated in Japan as a garden plant
with purple-lilac flowers, yielded four steroidal glycosides that were
evaluated for cytotoxic activity against HL-60 human promyelocytic
leukemia cells (/71). One of the compounds exhibited considerable
cytotoxic activity with an ICsy value of 1.5pugml~! compared with
etoposide used as a positive control (ICsy 0.3 pg ml~!), while other com-
pounds were inactive (ICso > 10 ugml~'). The authors concluded that
introduction of a hydroxyl group at C-6 of the spirostane skeleton caused
the activity to decrease, while compounds belonging to the cholestane
series showed no activity. Evaluation of the active glycoside in the
National Cancer Institute 60 cell line assay (/72) showed that the mean
concentrations required to achieve Glsy, TGI and LCs, levels against
the panel of cells tested were in the order of 4.5, 18, and 54 uM,
respectively. However the bioactive spirostane glycoside was also relatively
active against the human T cell lymphoblast-like cell line (CCRF-CEM),
non-small cell lung cancer HOP-62, and breast cancer MCF-7 cells.

Ruscogenin diglycoside (glycosylation at C-1 of the genin) with
three acetyl groups attached to the inner galactosyl moiety and its cor-
responding 26-glucosyloxyfurostanol saponin from the underground
part of Ruscus aculeatus (63) exhibited 98.2 and 82.5% inhibition at



64 N. P. Sahu et al.

10 pgml~!, respectively, against leukemia HL-60 cells, whereas two
other steroidal saponins of neoruscogenin and its corresponding furo-
stanol glucoside from the same source showed inhibitory effects against
the same cell line gave ICs, values of 3.0 and 3.5 ugml~!, respectively
(65). This suggested that the acetyl and 2-hydroxy-3-methylpentanoyl
groups attached to the sugar moiety contribute to the cytotoxic activity.
Twelve steroidal saponins isolated from the bulbs of Allium karataviense
(81) were evaluated for cytostatic activity against human promyelocytic
leukemia HL-60 cells. Only the spirostanol (25R) glycosides exhibited
cytostatic activity using etoposide as a positive control.

Three new spirostanol glycosides and a bisdesmosidic cholestane gly-
coside from the aerial parts of Polianthes tuberosa (173) were evaluated
for cytotoxic activity on HL-60 human promyelocytic leukemia cells.
Although the cholestane glycoside did not show any activity, the
spirostanol glycosides showed moderate activity. Mimaki et al. isolat-
ed a number of steroidal glycosides from the aerial parts of Dracaena
draco (174), and studied their cytotoxic activity against HL-60 cells.
Diosgenin-rhamno-glucoside isolated earlier from Trillium kamtschaticum
(175), and (23S,245)-spirosta-5,25(27)-diene glycoside showed rela-
tively potent cytostatic activity when compared with the standard drug
etoposide.

The steroidal saponins gracillin, methyl protogracillin and methyl
protoneogracillin from the rhizomes of Dioscorea collettii var.
hypoglauca were evaluated for cytotoxicity against human cancer cell
lines from leukemia and eight solid tumor diseases (176, 177). Methyl
protoneogracillin exhibited strong cytotoxic effects against two leukemia
cell lines, one colon cancer line, two CNS cancer lines, one melanoma
line, one renal cancer line, one prostate cancer line, and one breast
cancer line. Moderate activity was also observed against four NSCLC
lines, one colon cancer line, one CNS cancer line, two melanoma lines,
four ovarian cancer lines, three renal cancer lines, and four breast cancer
lines. Gracillin was cytotoxic against most cell lines with Glso, TGI and
LCs0 at micromolar levels, but no activity was observed against non-
small cell lung cancer, colon cancer, ovarian cancer, and renal cancer.
Preliminary toxicity studies indicated that the maximum tolerated dose
for methyl protoneogracillin in mice was 600 mg/kg (/77). Regarding
structure-activity relationships, the C-25 R/S configuration appears to be
critical for activity against solid tumor cells, but was not critical for
leukemia cells. COMPARE software analysis indicated that the mecha-
nism(s) of action involved was a novel one (178, 179).

Isoterrestrosin B from the fruits of Tribulus terrestris (136) exhibited
cytotoxicity against SK-MEL cells while the steroidal saponins isolated
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from the leaves of Cestrum nocturnum (180) showed considerable cy-
totoxicity against HSC-2 cells. Moderate cytotoxicity was observed for
yayoisaponins A-C against P388 murine leukemia cells compared with
dioscin (/87). Two out of five steroidal glycosides from the rhizomes of
Tacca chantrieri displayed considerable cytotoxicity against HL-60 leu-
kemia cells while the other three saponins did not show any cell growth
inhibitory activity even at a concentration of 10 pg ml~!, suggesting that
the structures of both the aglycone and the sugar moieties contribute to
the cytotoxicity (/82). Both spirostanol and furostanol glycosides from
Cestrum nocturnum (183) showed potent cytotoxic activity against
human oral squamous cell carcinoma compared with doxorubicin.
In vitro cytotoxic studies of steroidal saponins isolated from fresh tubers
of Polianthes tuberosa (135) against Hela cells was determined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
colorimetric assay (/70). Compounds with a carbonyl group at C-12 of
the aglycone showed stronger cytotoxicities compared with those with
no carbonyl group in the aglycone. The major steroidal saponins
neosibiricosides C and D (/84) from the rhizomes of Polygonatum
sibiricum showed moderate cytotoxic activity in vifro against human
MCEF-7 breast cancer cells. The spirostanol saponins aspaoligonins A—C
from Asparagus oligoclonos (185) were evaluated against human lung
carcinoma, human ovary malignant ascites, human malignant melanoma
and human central nervous system carcinoma in vitro using the standard
SRB assay (/72), which showed significant levels of cytotoxicity. The
compounds are similar in activity to carboplatin but are much less potent
than adriamycin. Degalactotigonin from Solanum nigrum showed better
cytotoxicity in vitro (186) against human liver carcinoma, human lung
carcinoma, human breast carcinoma and human glioma compared with
10-hydroxycamptothecin as calculated by the LOGIT method (/87).
The corresponding 23-O-glucoside and the 15-OH analogues did not
show any inhibitory activity, suggesting that the aglycone moiety con-
tributed to the cytotoxicity (/88). Ikeda et al. (189) studied the cy-
totoxicity of steroidal glycosides (having the frameworks of spirostane,
furostane, spirosolane, and pregnane) from Solanum nigrum and
S. Iyratum as well as steroidal glycosides from Allium tuberosum
against human lung cancer (/90) and human colon cancer (/917) cell
lines. Of the 21 compounds tested, G-lycotetraosyl spirostanol without
an additional oxygen functional group in the steroid nucleus was the
most effective against both cell lines. The 8-lycotetraosyl derivatives of
spirostanes were more cytotoxic than the chacotriose derivatives, while
protodioscin and the S-lycotetraosyl derivatives of furostane glycosides
proved as potent as dioscin. The activity of the compounds against
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human lung cancer cell line was lower when the terminal xylopyranosyl
moiety was replaced with a glucopyranose unit. On comparison of the
aglycone moieties it was found that glycosides having 25§ stereo-
chemistry showed almost no activity, whereas those with 25R stereo-
chemistry were as active as the standard drug CDDP, suggesting that
the C-25 position might play an important role in mediating cytotoxic-
ity. Furthermore the presence of oxygenated functional groups on the
aglycones reduced the activity.

Hernandez et al. (192) reported that icogenin, a furostanol glycoside,
inhibited the growth and viability of HL-60 cells in a dose dependent
manner as determined by the MTT dye-reduction assay method (7/93).
Growth inhibition was caused by induction of apoptosis, as determined
using quantitative fluorescent microscopy on nuclear changes. Further-
more, it was demonstrated by western blot analysis that the 116kDa
active poly(ADP-ribose) polymerase-1 protein was cleaved into its char-
acteristic 85 kDa fragment after treatment of the cells with icogenin thus
confirming in vivo activation of caspase, the main protease responsible
for poly(ADP-ribose) polymerase cleavage (194, 195). In order to study
structure activity relationships, three other spirostanol glycosides, — an
acetyl derivative of a spirostanol glycoside, diosgenone and diosgenin —
were also taken into account. It was found that the spirostanol or
furostanol ring or the acetyl groups in the sugar moiety do not play any
crucial role in cytotoxicity, but an a-L-rhamnosyl moiety attached to C-2
of the inner glucosyl moiety has more substantial effects.

Steroidal saponins have been found to have potent antiproliferative
activity. The saponins from the roots and rhizomes of Dracaena
angustifolia (196) were tested for antiproliferative activity against
human HT-1080 fibrosarcoma, murine colon 26-L5 carcinoma and B-16
BL6 melanoma cell lines. Cellular viability in the presence or absence of
test samples was determined following the standard assay method (/97).
The results indicated that the spirostanol saponins possess a greater
antiproliferative activity compared with their furostanol analogues. A
24-0-fucopyranosyl unit and a xylopranosyl unit in the inner glucose
moiety attached to C-3 of the aglycone seem to be important for cyto-
toxic activity against HT-1080 fibrosarcoma cells. The ICsy values
varied from 0.2 to 3.8 uM compared to 0.2 uM for the positive control
doxorubicin.

4.2. Antifungal Activity

The antifungal activity of steroidal saponins against agricultural
pathogens has been known for a long time (/98-201) and several patents
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have been issued (202-205). Many steroidal saponins exhibit antifungal
activity under experimental conditions. Yang et al. studied the antifungal
activity of 22 steroidal saponins and six steroidal sapogenins isolated
from a number of monocotyledons against Candida albicans, C. glabrata,
C. krusei, Cryptococcus neoformans and Aspergillus niger. The agly-
cone moieties of the steroidal saponins were hecogenin, neohecogenin,
tigogenin, neotigogenin, chlorogenin, or diosgenin. Four saponins with
tigogenin as aglycone and a sugar moiety of four or five monosaccha-
ride units exhibited significant activity against C. neofoemans and A.
fumigatus comparable to the positive control amphotericin B, suggesting
that the C,7-steroidal saponins may be considered as potential antifungal
agents (200).

The antifungal activity of eight steroidal saponins isolated from
Smilacina atropurpurea (207) was tested following a modified version
of the NCCLS methods (208, 209). Among them two, atropurosides B
and F, were found to be moderately active against Candida albicans,
C. glabrata, Cryptococcus neoformans and Aspergillus fumigatus, while
dioscin, one of the major components of the plant, was more active than
amphotericin B against C. albicans and C. glabrata. Antifungal activity
in vitro was also detected in the crude extract from Yucca gloriosa
against Candida albicans, C. tropicalis, C. glabrata, C. krusei and
C. kefyr. The two spirostanol glycosides yuccaloesides B and C isolated
from the plant exhibited fungicidal activity and were as effective as
amphotericin B and ketoconazole (2/0). The results are quite close to
those reported by Miyakoshi et al. in a study of steroidal saponins from
Y. schidigera (211) used as an antideteriorating agent in foods. The
saponins with a branched-chain trisaccharide unit without any oxygen
functionalities at C-2 and C-12 exhibited potent antiyeast activities,
while saponins with a 23-hydroxyl or 12-keto group showed very weak
or no activity.

The antifungal activities of the steroidal saponins isolated from
Solanum hispidum and S. chrysotrichum possessing 255 and 25R
stereochemistry were studied following the conventional agar dilution
assay procedure (212). Spirostanol glycosides with 25R configuration
and a disaccharide moiety [xylose (1 — 3) quinovose] at C-6 of the
aglycone were shown to exhibit a broad spectrum of activity against
yeast as well as dermatophyte species. The structure activity rela-
tionships were discussed (273, 2714). Steroidal saponins isolated from
Smilax medica were evaluated for antifungal activity against the hu-
man pathogenic yeasts Candida albicans, C. glabrata and C. tropicalis.
Compounds having a spirostane skeleton exhibited antifungal activity
against the three yeasts tested, while the compound with a furostane
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skeleton showed negative results, suggesting that the E and F rings of
spirostane-type steroids play a key role in the mediation of antifungal
properties (38). These results were also in agreement with earlier pub-
lications (215-217).

4.3. Miscellaneous Effects

The hemolytic properties of steroidal saponins isolated from Agave
species have been investigated and reviewed (278). A steroidal saponin
isolated from A. attenuata was shown to possess powerful hemolytic
properties (219) when compared with adjuvants commonly used in ani-
mal and human experimental models by an in vitro assay method (220).

Aphids are sap-feeding insects causing direct damage to the agri-
cultural crops and are virus vectors (227, 222). Luciamin, isolated from
Solanum laxum, exerts a deterrent effect on aphids and was the first
steroidal glycoside found to possess this property (223).

The hypocholesterolaemic effects of several saponins in a variety of
experimental animals have been reported (224). Koch (225) indicated
that the cholesterol-lowering effect of garlic preparations may be due to
its saponin content. Cholesterol-lowering effects of the saponin fractions
from garlic rich in steroidal saponins have been studied in rat models.
Plasma total and LDL cholesterol concentration levels decreased
significantly without change of HDL cholesterol levels in all rat groups
when they were fed with 0.3 g/kg/day garlic extract for 16 weeks. The
author has suggested that special consideration should be given to ste-
roid saponins besides organosulphur compounds in biological and phar-
macological studies of garlic and its preparations (226).

Torvanol A and torvoside H isolated from Solanum torvum (76)
showed antiviral activity (herpes simplex virus type 1) in vitro. The I1Cs
values were threefold less compared with the reference compound,
acyclovir.

Leishmaniasis is a public health problem throughout most of
the tropical and subtropical world, and the visceral form is the most
fatal if left untreated. To date, there are no vaccines against visceral
leishmaniasis and chemotherapy is the main weapon in the physician’s
arsenal. The first line of treatment is losing its effectiveness due
to parasite resistance while others are toxic, expensive and prone to
resistance development. Racemoside A, a steroidal saponin isolated
from Asparagus racemosus, is a potent anti-leishmanial agent effective
(in vitro) against antimony sensitive (AG83, ICso=1.25 pg/ml) as well
as unresponsive (GE1F8R, ICsy = 1.61 pg/ml) L. donovani promastigotes,
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and exerts its leishmanicidal effect through induction of programmed
cell death. Racemoside A caused plasma membrane alteration as mea-
sured by Annexin V and PI binding, loss of mitochondrial membrane
potential culminating in cell cycle arrest at sub GO/G1 phase, and DNA
nicking as evidenced from deoxynucleotidyltransferase-mediated dUTP
end labeling (TUNEL). Morphological alterations include cell shrink-
age, aflagellated ovoid shape and chromatin condensation. The com-
pound is also effective against amastigotes (ex vivo) of L. donovani
(AG83, IC5y=0.17 pg/ml) but is almost nontoxic to the murine peri-
toneal macrophages even up to a higher concentration of 10 pg/ml
(viability >89%). Racemoside A can be considered as a potent anti-
leishmanial agent meriting further pharmacological investigation
(35, 227).

5. Biosynthesis of Steroidal Glycosides

Plants synthesize diverse classes of secondary metabolites, including
steroidal saponins, mainly to defend themselves against pathogen attack
and pests (228-231). Biosynthesis of cardenolides, bufadienolides and
steroidal sapogenins has been reviewed earlier by Tschesche (15, 232).
It has been well established that the classical mevalonate pathway is
involved in the synthesis of isopentenyl pyrophosphate which sub-
sequently synthesizes the hydrocarbon squalene. The enzyme squalene
monooxygenase oxidizes squalene to 2,3-oxidosqualene, the precursors
of steroid sapogenins, via cycloartenol and cholesterol. Oxidation of
cholesterol at C-16, C-22 and C-26/27, and subsequent cyclization of the
oxygenated cholesterol leads to the formation of the spiroketal ring
(233). Glucosylation of the hydroxyl group at C-26/27 takes place earlier
than the formation of the spiroketal ring (234, 235), thus forming the
furostanol 26-(-D-glucoside. The resulting furostanol glucoside would
then be glycosylated effectively by the enzyme UDPGIc (236, 237) at
the C-3 hydroxyl group to form the bisdesmosidic furostane saponins.
Enzymatic removal of the C-26 glucose moiety and spontaneous
cyclization to form the heterocyclic ring leads to formation of spirostane
glycosides. However, it is worth mentioning that the biogenetic relationship
between the furostane and spirostane derivatives is still controversial as
experiments indicated that the glucosyltransferase (Gtase) from asparagus
fern efficiently glucosylated the spirostane derivative yamogenin but was
unable to glucosylate its furostane analogue (238). This proposition is
supported by results obtained using cell suspension cultures of crape
ginger (239). During the last two decades substantial progress has been
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made in the identification and biochemical characterization of Gtases
involved in the biosynthesis of saponins and glycoalkaloids. A number
of enzymes taking part in the formation or the rearrangements of
the carbohydrate moieties found in these compounds have been iso-
lated from various plant species and thoroughly characterized (240).
However, a detailed study of gene function may be necessary to unravel
the reactions taking place in the formation of such secondary plant
metabolites.

6. Report of New Steroidal Saponins
(1998-Mid-2006)

New steroidal saponins isolated during the period 1998-mid-2006
along with their natural distribution, available physical data and spectral
data are listed in Table 1. Structures 1-173 are sapogenins of the various
saponins presented in Table 1.
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39. 1B,4B,5B-OH (25S): Convallogenin B
40. 1B,2,301,24(S)-OH (25R):

(24 S)-Hydroxy-neotokorogenin
41. 1B,2B,4B8,5B-OH (25R): Pentologenin
42. 1B,2B,4B,5B,7pB,24(S)-OH,6-ox0 (25S)
43. 12-oxo (25R): Gloriogenin

(25R): Tigogenin

(25S): Neotigogenin
1B-OH (25R)

25R): Gitogenin

(
20-OH (25S): Neogitogenin

1.
2.
3.
4. 20-OH
5.
6.
7.

20-OH 12-ox0 (25R): Manogenin HO b
20-OH, 9(11)ene, 12-oxo: 44. 58 H,3B-OH: Macranthogenin
9,11-Dehydromanogenin 45. 53 H,3B-OH, 12-oxo
8. 60-OH (25R): Chlorogenin 46. 5B H,2B,38-OH: Schidegeragenin C
9. 60-OH (25S): Neochlorogenin 47. 50, H,1B,30-OH: 1B-Hydroxycrabbogenin
10. 60-OH, 12-0x0 (25R) 48. 50 H,1pB,20,38-OH

11. 6B-OH (25R): B-Chlorogenin
12. 63-OH, 2-oxo: Porrigenin B
13. 12B-OH (25R): Rockogenin
14. 150-OH (25R)

15. 150-OH,12-ox0 (25R)

16. 23-OH (25R)

17. 23-OH,26-ox0 (22R,25R)

18. 1B,20-OH (25R)

19. 20,,60-OH (25R)

20. 20,6B-OH: Agigenin 49. (22R,25R): Diosgenin

21. 20,12B-OH (25R) 50. (22R,25S): Yamogenin

22. 20-OH, 27-CH20H (25S): Crestagenin 51. (22S,25R): Epiyamogenin

23. 60,,230-OH: Chrysogenin 52. 18-OH (25R): Ruscogenin

24. 60,,23-OH (22R,23S,25S) 53. 1B-OAc (25R): Ruscogenin 1-acetate

25. 60,23-OH (22R,23S,25R)
26. 60,23-OH (22R,23R,25S)
27. 150,230-OH,26-ox0 (22R,25R)

54. 20-OH (25R): Yuccagenin
55. 70-OH (25R)

28, 23,24-OH (255) 56. 150-OH (22R,253)
29. 60,23,24-OH (25S): Agavegenin C 57. 170-OH, (25R): Pennogenin
30. 20.,50.,6B,24-OH (24S5,25S) 58. 17a-OH, 26(R)-OMe (25R)
31. 12-oxo (25S): Neohecogenin 59. 23(S)-OH (25R)
32. 12-oxo0 (25R): Hecogenin 60. 24(S)-OH (25R)
33. 12-ox0, 9(11)-ene (25R) 61. 25-OH: Isonuatigenin
, % 62. 26(R)-OH (25R)
- 63. 27-CH,0H (25S): Isonarthogenin

o} 64. 27-CH,OH, 12-0x0 (25S)
65. 1B,20-OH (25R)

66. 1B,24(S)-OH (25S)

67. 1B,24(S)-OH (25R)

HO H 68. 20, 15B-OH (25R)

34. (25S): Sarsasapogenin 69. 20, 170-OH (25R)

35. (25R): Smilagenin 70. 20,24-OH (24S,25R)

36. 1B-OH (25R): Isorhodeasapogenin 71. 140,170-OH (25R): Ophiojaponin C
37. 17a-OH (25S) 72. 14,24-OH

38. 1B,24(S)-OH (25S) 73. 14,27-OH

References, pp. 127-141
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74. 170,23(S)-OH (25S)

75. 23(S),24(R)-OH (25S)

76. 1B-OAC,23(S),24(R)-OH (25R)
77. 23(S),26(R)-OH (22R,25R)
78. 23(S),27-OH,12-0x0 (259)

79. 1B,20,170-OH

80. 1B,23(S),24(S)-OH, 15-0x0

81. 120,170,23(S)-OH (25R)

82. 140,170,23(S)-OH (25R)

83. 26(R)-OMe (25R)

HO

84. 38-OH Sceptrumgenin

85. 18,3B-OH Neoruscogenin

86. 1B,2a,3p3-OH

87. 1B,3B,23(S)-OH

88. 1B,30,24B-OH

89. 1B,20,3B,12p-OH

90. 1B,20,3B,230-OH

91. 1PB,3p,23(S),24(S)-OH

92. 1B,3B,23(S),24(S)-OH, 21-OAc

HO

93. 5a H, 22&-OMe (25R)
94. 50 H, 220-OMe (25R)
95. 5a H, 20-OH, 220-OMe (25R)

96. 50 H, 20-OH, 22&-OMe,12-o0x0 (25R)

97. 5a H, 20-OH, 22£-OMe, 12-ox0,
9(11)-ene (25R)

98. 50 H, 220-OH (25R)

99. 50 H, 220-OH (25S)

100. 50 H, 228-OH (25R)

101. 500 H, 220-OH 12-ox0 (25R)

102. 50 H, 20,,220-0OH (25R)

103. 50 H, 20,,228-OH (25R)

104. 50 H, 20,,226-OH (25S)

105. 50 H, 6B3,22&-OH (25R)

106. 20.,50.,220-OH

107. 20,50.,223-OH

108. 20,50,,63-OH, 22&-OMe (25R)

109. 20,50,6B,220-OH
110. 20,50,6B,22B-OH
111. 58 H, 220-OMe (25S)
112. 5 H, 220-OMe (25R)
113. 5 H, 22(R)-OH (25R)
114. 53 H, 220-OH (25R)
115. 5 H, 22-OH (25S)
116. 5p,601,226-OH (258)

1,

117. 50. H, 1B,30-OH, 22&-OMe

118. 50 H, 1B,3B-OH, 22&-OMe

119. 50 H, 1B,30,40-OH, 226-OMe

120. 50. H, 1B,3B,40-OH, 22£-OMe

121. 5B H, 1p,3p,6p,220-OH

122. 58 H, 1B,2B,3B,4B,5B,70-OH,
22E-OMe, 6-oxo

123. 1B,3B-OH, 226-OMe
124. 1B,30,,22¢-OH

125. 1B,20,33-OH, 226-OMe
126. 1B,20,3p,22¢-OH

127.220-OH (25R)

128. 226-OH (25S)

129. 22¢-OH, 12-0x0 (25S)
130. 22&-OH, 12-oxo (25R)
131. 220-OMe (25R)

132. 220-OMe (25S)
133.22:-OMe  (25R)
134. 226-OMe  (25S)

135. 22(R)-OMe (25R)

136. 22(R)-OMe (25S)

137. 1B,22E-OH (25R)
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138. 1B,226-OH (25S)

139. 1B-OH, 226-OMe (25R)
140. 1B-OH, 220-OMe (25S)
141. 20-OH, 220-OMe (25R)

OH

7,

OH

142

HO

143. (259)

144. 23(S)-OMe (25R)
145. 1B-OH (25R)
146. 20-OH (25R)

H

Q,
I
|
e}
o

H
147. (255)
148. 12-0x0 (25R)
OH
o) .
o)
o)
HO'
149. (25R)
150. 23(S)-OH (25R)
OH
o
o)

HO
151
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HO

154. (25S): Nuatigenin
155. 7B-OH
156. 73-OMe

159
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HO

HO™

163. 20-OH (20S,25S)

164. 201,20-OH (208,255)

165. 201,20-OH (20R,25S)

166. 20-OH,20-OMe (20R,25S)

HO

OH OH_-OH OH_-OH
o

Ho/g\&/OH Hogi\/o"‘ %\/OH
HO on OH OH

H
Glucose Galactose Gulose
oH MO~ oy
Me .0 H3C,
Ho—/ 79 7 HOTSZ Qo
HO
OH OHOH OH
Rhamnose Apiose Quinovose
HO
OH Me
OH HO o o
o /L0 PO OH o OH
OH OH
OH Xylose Fucose

Arabinose

125

P76
o OH

OH

167. 21-OH: Trillenogenin
168. 21-Deoxytrillenogenin

170

172. (25R)
173. (25S)

OH

Solatriose
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7. Conclusion

This review presents recent advances in the techniques used in the
isolation and structure elucidation of steroidal saponins as well as a
compilation of new steroidal saponins during the last eight years
together with their available physical data. About 317 new compounds
have been isolated during the period based on 173 genins. Most of these
steroidal glycosides possess very complex and highly branched oligo-
saccharide moieties and present a formidable task for their purification
and structure elucidation. HPLC has become an indispensable method
of purification of steroidal saponins. Mass spectrometry, particularly
ESI-MS, can establish the correct molecular weight and even the oligo-
saccharide sequence. However, NMR plays the key role in the structural
elucidation of the compounds. With the help of 2D-NMR techniques one
can now establish complete structures of these saponins without the need
for prior acid hydrolysis.

Saponins present in plants or plant products show diverse biolog-
ical effects in the animal body. Most steroidal saponins exhibit a wide
range of cytotoxic effects against cancer cells. The ability to lower the
serum cholesterol level has been reported, so also antifungal activity.
The effect of steroidal saponins or their derivatives on animal and human
reproductive systems is another area that needs attention. These favour-
able effects and accumulated evidence underline the potential of
steroidal glycosides in the development of pharmaceutical preparations.
Further developments relating to their use in agriculture need attention
too. From the information available in the literature it is difficult to
explain the functions of saponins and their structure-activity relationships
in biological systems because of the similarity in chemical structures,
complexity of physiological reactions involved and the non-availability of
pure/homogeneous saponins in sufficient amounts. Alternate methods of
investigation may have to be pursued for this. As the study of steroidal
saponins has by now provided a reasonable amount of information related
to their extraction and structure elucidation, designed compounds may
conceivably be prepared in the future though semi-synthesis to allow
further biological evaluation of saponins.
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(23S, 24S5)-Spirosta-5,25(27)-diene glycoside
64
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