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Summary

Although chlorophyll synthesis in Spring and its degradation in Autumn are undoubtedly the most colorful mani-
festations of life on Earth, chlorophyll catabolism remained an enigma until about fifteen years ago. Contrary to
expectation, chlorophyll breakdown in vascular plants rapidly leads to colorless degradation products and only
fleetingly involves colored intermediates, which result from enzymatic oxidative opening of the chlorophyll
macrocycle. This key oxygenolytic step in higher plants is rapidly followed by an enzymatic reduction to form
short-lived fluorescent catabolites. These latter tetrapyrroles isomerize rapidly in an acid-catalyzed chemical
step to colorless tetrapyrrolic catabolites. The colorless and non-fluorescent bilanones finally accumulate in the
vacuoles of the degreened plant tissues. This chapter outlines the structural features of chlorophyll catabolites
from natural sources and the biochemistry of chlorophyll breakdown.

* Author for correspondence, email: bernhard kraeutler@uibk.ac.at

Bernhard Grimm, Robert J. Porra, Wolfhart Riidiger and Hugo Scheer (eds): Chlorophylls and Bacteriochlorophylls: Biochemistry,
Biophysics, Functions and Applications, pp. 237-260. © 2006 Springer. Printed in The Netherlands.



238
l. Introduction

Only in the last fifteen years has chlorophyll (Chl)
catabolism in plants begun to yield some of its
mysteries (Kréutler et al., 1991; Matile et al., 1996).
The earlier lack of knowledge (Brown et al., 1991)
is surprising, considering man’s fascination with
the seasonal appearance and disappearance of the
green plant pigments and the emergence of autum-
nal colors which are probably the most visual signs
of life on Earth, observable even from outer space.
Chl metabolism is also of obvious ecological and
economic importance. More than 10° tons of Chl
are biosynthesized and degraded every year on earth
(Hendry et al., 1987).

This lack of information on the fate of the green
plant pigments (Hendry et al., 1987) contrasts with
the extensive literature on Chl biosynthesis (Beale
and Weinstein, 1991; Chapters 10—15). In this chapter,
we review our present knowledge on the structures
and reactivity of known Chl catabolites in higher
plants, microorganisms and from synthetic sources,
as well as the catabolic pathway leading to their
formation from the plant Chls. Some of this work
has been described in recent reviews (Hortensteiner,
1999; Krautler and Matile, 1999; Hortensteiner and
Krautler, 2000; Krautler, 2003).

Earlier research failed to detect Chl breakdown
products which would permit an informed glimpse
at the biological degradative pathway. This earlier
search for Chl catabolites was generally directed at
finding colored compounds (Matile, 1987), but the
major Chl catabolites from vascular plants are now
known to be colorless (Krdutler et al., 1991; Matile
et al., 1996; Kriutler and Matile, 1999). By anal-
ogy to heme breakdown in plants and animals, an
oxygenolytic opening of the porphinoid macrocycle
was commonly considered as the key step in Chl
breakdown (Brown et al., 1991). However, based on
the reactivity of chlorins towards electrophilic agents
(Woodward and Skaric, 1961), it was assumed that
the Chl macrocycle would open at the ‘western’ C20

Abbreviations: A. — Arabidopsis; acd — accelerated cell death;
ALA — aminolevulinic acid; B. — Brassica; C. — Chlorella;
Chl — chlorophyll; Chlide — chlorophyllide; E. — Escherichia;
F.— Festuca; FCC — fluorescent chlorophyll catabolite;
LHCP — light harvesting chlorophyll protein; /s — lethal leaf
spot; MRP —multidrug resistance-associated protein; MS —mass
spectrometry; NCC — non-fluorescent chlorophyll catabolite;
NMR — nuclear magnetic resonance; PaO — pheophorbide a
oxygenase; pFCC — primary fluorescent chlorophyll catabolite;
Pheide — pheophorbide; RCC — red chlorophyll catabolite
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meso position (next to the peripherally reduced ring
D of the macrocycle, see Scheme 1), where photo-
oxygenolysis of chlorins was also found to occur
(Brown et al., 1991); further, Kishi and coworkers
(Nakamura et al., 1988, 1989) found that Iuciferin
from the dinoflagellate Pyrocystis lunula and a lumi-
nescent compound from krill (see Scheme 14, Section
IV) were linear tetrapyrroles derived from Chls by
cleavage of the macrocycle at C20. Nonetheless, as
shown later, macrocycle opening in the major Chl
degradative pathway in plants occurs at the ‘northern’
CS5 bridge carbon. For the numbering of the macro-
cycle, see Scheme 2 and Chapter 1 (Scheer).
Matile et al. (1987) and Thomas et al. (1989) pro-
vided the first evidence of non-green Chl catabolites
in extracts of senescent leaves of a non-yellowing
genotype of the grass Festuca (F) pratensis. When
such extracts were analyzed by chromatography on
silica-gel plates and compared with extracts from the
naturally degreening wild-type, ‘pink’ and ‘rusty’
pigments were formed on the plates but only from
extracts of the senescent (degreened) wild-type
leaves. These pigments were thought to be artifactual
chemical degradation products of the natural color-
less catabolites. Similar pigments were formed in
yellowing primary leaves of barley (Matile et al.,
1988; Bortlik et al., 1990) when forced to degreen in
permanent darkness; surprisingly, they were found in
the vacuoles rather than in the de-greened chloroplasts

1: Hv-NC(C-1
Scheme 1
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(Matile et al., 1988). Incorporation of '“C isotopic
label from [4-'*C]-5-aminolevulinic acid (ALA)
into these ‘rusty pigments’ suggested that Chl was
their precursor (Peisker et al., 1990). One of these
so-called ‘rusty pigments’, earlier known as RP-14
but now designated as Hv-NCC-1 (1) (Kréutler et al.,
1991), was identified by mass spectrometry (MS) and
nuclear magnetic resonance (NMR) spectroscopy as
31,32,8%-trihydroxy-1,4,5,10,15,20-(22H,24H)-octa-
hydro-132-[methoxycarbonyl]-4,5-dioxo-4,5-seco-
phytoporphyrinate, a colorless catabolite of Chl a (2a)
(see Scheme 1 and section I1.C: also Kriutler et al.,
1991; 1992); the numbering system used for the linear
tetrapyrroles follows that of the Chls (Moss, 1987)).
This work on the first structure of a non-green Chl
catabolite from plants provided the first clues about
Chl catabolism during plant senescence (Matile et
al., 1996, 1999; Hortensteiner, 1999; Krautler and
Matile, 1999; Krautler, 2003).

Il. Chlorophyll Breakdown and Chlorophyll
Catabolites in Higher Plants
A. Early Events in Chlorophyll Breakdown

The structure of Hv-NCC-1 (1) was consistent with

2a: chlorophyll @ (R = CHj3)
2b: chlorophyll & (R = HC=0)
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dephytylation of Chl a (2a) as one of the first events
of Chl breakdown. In the early 20" century, Arthur
Stoll (1912) contributed to this subject by discovering
chlorophyllase which catalyses the enzymatic hydro-
lysis of Chl a (2a) yielding chlorophyllide (Chlide) a
(3a) and phytol (see Scheme 2). Chlorophyllase
thus removes the lipophilic phytol anchor of the Chl
molecules, which is necessary for binding the green
pigment to the Chl-binding proteins and for inser-
tion of the Chl-protein complexes into the thylakoid
membranes of chloroplasts (Paulsen et al., 1993).

Until recently, chlorophyllase was the only known
enzyme of the Chl degradative pathway: the sub-
sequent steps remained enigmatic, as further Chl
catabolites were unknown. We now know (Bachmann
et al., 1994; Matile et al., 1996), that the hydrolytic
loss of phytol sets the stage for further enzymatic
degradation of both the Chlide and the proteins
(Thomas and Hilditch, 1987).

Chlorophyllase is localized in the chloroplast
envelope (Matile et al., 1997) and exhibits a remark-
able latency. Although it is constitutively present,
chlorophyllase activity can only be measured in vivo
in the presence of high concentrations of detergents
or solvents (Trebitsh et al., 1993); further, the in
vivo expression of chlorophyllase in orange fruit
requires induction by ethylene and methyl jasmonate

3a: chlorophyllide a

(R = CH;)
3b: chlorophyllide b
(R =HC=0)
g D
. 07 COCH,
PEN
O OH

CH,

~CH;

phytol

Scheme 2
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(Jacob-Wilk et al., 1999). Chlorophyllase has been
purified from different plant sources (Trebitsh et al.,
1993; Tsuchiya et al., 1997) and has been cloned
and functionally over-expressed in Escherichia (E.)
coli (Jacob-Wilk et al., 1999; Tsuchiya et al., 1999).
The cloned chlorophyllase proteins all contained a
highly conserved serine lipase motif, but otherwise
the overall homology was rather low (30—40%).
Chlorophyllase hydrolyses or transesterifies Chl a
(2a), Chl b (2b) and the demetallated pheophytin a
(4a), but not the phytyl ester of magnesium proto-
chlorophyllide (5) (see Scheme 3) (McFeeters, 1975;
Hynninen, 1991).

Remarkably, the Chl catabolites detected in extracts
from vascular plants were all derived from Chl a (2a)
and none from Chl b (2b), the 7-formyl analogue of
2a (Kriutler and Matile, 1999; Hortensteiner, 1999;
Krautler, 2003). The fate of Chl 4 (2b) during Chl
breakdown was, therefore, of particular concern
(Matile et al., 1996; Kriutler and Matile, 1999) but
the recent discovery of a biochemical pathway from
the h-type to the a-type chlorophyll(ide)s (Chapter
14, Ridiger) now provides a clue for the absence
of Chl b-type catabolites (Ito et al., 1993; Ito and
Tanaka, 1996; Scheumann et al., 1996; 1999). The

4a: pheophytin @ (R = CHj)
4h: pheophytin b (R = HC=0)
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well-known oxidative biochemical link between the
a-type and the b-type Chls (Porra et al., 1994; Tanaka
etal., 1998) has thus obtained an unexpected reductive
counterpart which, together, establish a ‘Chl a/Chl b
cycle’ (Riidiger, 1997; Chapter 14, Rudiger). The
reductive step to Chl @ may function as a very early
and obligatory step in Chl b breakdown (Ohtsuka et
al., 1997; Riidiger, 1997) in higher plants; indeed,
Chl b reductase activity is enhanced during senes-
cence (Scheumann et al., 1999). The Chl b reductase
and the ‘Chl cycle’ may also participate in regulating
Chl a/b ratios in plants during acclimation of the
photosynthetic apparatus to changing light intensities
(Ridiger, 1997). These discoveries were consistent
with other findings that pheophorbide a oxygenase
(Pa0), the crucial oxygenase which is specifically
expressed during senescence, cleaves the chlorin
macrocycle of pheophorbide (Pheide) a (6a), but is
inhibited by Pheide b (6b) (see Section I1.B. below)
(Hortensteiner et al., 1995). Thus, the reductive
transformation of Chlide 4 (3b) to Chlide a ensures
the availability of all plant Chls for the ‘Pheide a’
degradative pathway (Hortensteiner, 1999; Matile et
al., 1999; Hortensteiner and Krautler, 2000). Analysis
of the deuterium content of the non-fluorescent Chl

S CHj

5: Mg-protochlorophyllide

Scheme 3
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catabolite Hv-NCC-1 (1), obtained from artificially
degreened primary leaves of barley, provided further
independent evidence for the operation of a Chl(ide) b
(to a) reduction in Chl catabolism during senescence
(Folly and Engel, 1999).

Most available information suggests that dephy-
tylation and reductive conversion of »-Chl(ide)s to
a-type analogues precedes the loss of the magnesium
ion (Langmeier etal., 1993; Shioi etal., 1996a). While
the magnesium ion is easily removed from Chlide a
(3a) with dilute acid to generate Pheide a (6a) (see
Scheme 4), a magnesium dechelatase activity has
been detected in senescent leaves of Chenopodium
album (Shioi et al., 1996a) as well as in oilseed rape,
Brassica (B.) napus (Langmeier et al., 1993). In the
former, it is reported that the magnesium ion is re-
moved and sequestered by a low molecular weight and
heat stable ‘magnesium dechelating substance’ (Shioi
et al., 1996a). Much of the magnesium, liberated by
Chl degradation during senescence, is transported out
of the senescent leaves and stored in the remaining
parts of the plant (Matile, 1987).

Pyropheophorbide a (7), observed in C. fusca,
Euglena gracilis and Chenopodium album, has been
considered an ‘early’ Chl catabolite in these green
organisms (Schoch et al., 1981; Ziegler et al., 1988;
Shioietal., 1991) and an enzyme, referred to as a ‘de-
carbomethoxylase,” was isolated from Chenopodium
album (Shioi et al., 1991). Consistent with this, the

N R

241

green alga Chlamydomonas reinhardtii showed accu-
mulation of Pheide a (6a) and of pyropheophorbide a
(7) (Doietal.,2001) when senescence was artificially
induced by lack of light but Chl degradation, beyond
the stage of green pigments, was blocked by strictly
anaerobic conditions. While these observations
suggest enzymatic loss of the 132-methoxycarbonyl
group in senescing plant leaves and algae during an
early phase of Chl breakdown, all presently known
colorless, non-fluorescent Chl catabolites from higher
plants still possess a methoxycarbonyl function or a
carboxylic acid function at C13? (Kréutler,” 2003). In-
deed, anon-green tetrapyrrolic Chl catabolite having
a 132-methylene group (as in the pyropheophorbides)
has not been isolated from senescent higher plants
(Kréutler, 2003; Berghold et al., 2004).

More recent investigations with Chenopodium
album, however, suggested that only hydrolysis
of the methyl ester function of Pheide a (6a) was
enzyme-catalyzed, as significant amounts of 132-
carboxy-pyropheophorbide a (8) could be identified
by chromatography (Shioi et al., 1996b). The active
enzyme, now tentatively named ‘pheophorbidase’,
was specific for chlorins with the highest affinity
for Pheide a (K, 12.5 uM). In addition, the reac-
tion was inhibited by methanol, a presumed product
of the demethylation (Shioi et al., 1996b). The
B-keto-carboxylic acid function of the dicarboxylic
acid 8 was found to readily undergo non-enzymatic

W CH;

6a: pheophorbide @ (R = CH,)
6b: pheophorbide b (R = CH=0)

7: pyropheophorbide a (X = H)
8 132—carboxy-pyropheophorbide a (X =CO,H)

Scheme 4
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9a: methyl-4,5-dioxo-4,5-
seco-pyropheophorbidate «
{R = CHa)

9b: methyl-4,5-dioxo-4,5-
seco-pyrepheopherbidate b
(R = HC=0)
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10: 132-carbnxy-4,5-dioxo-
4,5-seco-pyropheophorbide @

Scheme 5

decarboxylation at ambient temperature to give the
pyropheophorbide a (7) (Shioi et al., 1996b; Doi et
al., 2001). Miihlecker and Kréutler (1996) had sug-
gested the feasibility of the non-enzymatic origin
of the latter (see Scheme 4). Likewise, the original
characterization of the red, ring-opened derivative
(9a) of pyropheophorbide from Chl breakdown in the
green alga C. protothecoides (Engel etal., 1991) was
found more recently to be due to a non-enzymatic
decarboxylation during work-up of the corresponding
dicarboxylic acid 10 (see section III and Scheme 5;
also Engel et al., 1996; Gossauer and Engel, 1996).
Currently, therefore, no direct link exists between
the observation of pyropheophorbide a (7) and the
later stages of Chl catabolism in higher plants (and
green algae).

B. Central Steps of Chlorophyll Breakdown

Colorless, non-fluorescent Chl catabolites have been
observed in several senescent vascular plants (Kréut-
ler and Matile, 1999; Kréutler, 2003). When high
rates of Chl breakdown were observed in senescent
cotyledons of oilseed rape, tiny amounts of nearly
colorless but fluorescent compounds were fleetingly
observed (Bachmann et al., 1994). These compounds
were named ‘fluorescent Chl catabolites’ (FCCs),
because *C-labeling by [4-“C]-ALA identified them
as porphyrin derivatives (Matile et al., 1992; Ginsburg

et al., 1994). The FCCs did not accumulate in vivo
and were thus deemed to be early, possibly ‘primary’,
products of cleavage of the porphinoid macrocycle
of 6a. This assumption was supported by their loca-
tion in intact chloroplasts of senescent barley leaves,
from which (under appropriate conditions) they were
released (Matile et al., 1992).

Another clue about the early steps in Chl break-
down was the discovery that Pheide a (6a), but not
Pheide b (6b), accumulated in a F pratensis mutant
which stays green during senescence (Vicentini etal.,
1995a). Also, the accumulation of polar green pig-
ments occurred only in the absence of O, (Thomas et
al., 1989) suggesting, therefore, that O, and 6a were
common substrates in an enzymatic oxidation dur-
ing Chl breakdown. Similarly, as mentioned above,
senescent cells of Chlamydomonas reinhardtii, ac-
cumulated Pheide a (6a) or pyropheophorbide a (7)
in the absence of O, (Doi et al., 2001).

1. Enzymatic Experiments with Synthetically-
derived Red Chlorophyll Catabolite

Determination of the structure of the ‘primary’
fluorescent Chl catabolite (pFCC; 11) as (3',3%-dide-
hydro-1,4,5,10,17,18,20,(22H)-octahydro-13*-(me-
thoxycarbonyl)-4,5-dioxo-4,5-seco-phytoporphyrin,
see Scheme 6) (Miihlecker etal., 1997) suggested that
the key step in Chl breakdown was an oxygenolytic
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12: "red" chlorophyll catabolite 11:

(RCC)
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"primary” fluorescent chlorophyll catabolite
(pFCC)

11-epi: 1-epi-pFCC (C(1)-epimer of pFCC)

Scheme 6

cleavage at the ‘northern’ C5 position of the por-
phinoid macrocycle of Pheide a (6a) by an elusive
oxygenase (Ginsburg and Matile, 1993; Hortensteiner
etal., 1995), followed by hydrogenation of the ‘west-
ern’ C20 meso position, thus generating the pFCC
(11). Consequently, the ‘red chlorophyll catabolite’
(RCC) 12 (3',32-didehydro-4,5,10,17,18,(22H)-
hexahydro-132-(methoxycarbonyl)-4,5-dioxo-4,5-
seco-phytoporphyrin) was proposed as a precursor
of pFCC (11), since it differed only by addition of
two hydrogen atoms at C1 and C20. This suggested
that RCC (12), which shared the same chromophore
structure as some red bilinones excreted as final Chl
degradation products by C. protothecoides (Engel et
al., 1996; Gossauer and Engel, 1996), was an interme-
diate in Chl breakdown in higher plants (Miihlecker
etal., 1997).

By analogy to the earlier chemical preparation of
red tetrapyrrolic isolate 9a from C. protothecoides
by Iturraspe and Gossauer (1992), RCC 12 could
be prepared in a sequence of five chemical steps by
partial degradation of methyl pheophorbidate a (13)
via methyl-4,5-dioxo-4,5-seco-pheophorbidate 14
(RCC methyl ester; see Scheme 7; also Kréutler et
al., 1997; and reviewed in Krautler, 2003). The UV/
Vis-spectrum of the weakly fluorescing red diester
14 has prominent absorbance maxima near 500 and
316 nm (Fig. 1). The diester 14 was spectroscopically
identical with the methylation product of the di-acid
10 from the green alga C. protothecoides (Gossauer
and Engel, 1996; Kriutler et al., 1997).

rel. Abs
1

2 [nm]

Fig. 1. UV/Vis-spectra of RCC methyl ester (14, in chloroform)
(Kréutler et al., 1997) and of the methyl ester of pFCC (15, in
methanol) (Oberhuber and Krautler, 2002).

With the authentic RCC (12) now available (Kriut-
leretal., 1997), the identical red compound was found
in senescent plants as the elusive RCC in the experi-
ments of Rodoni etal. (1997a,b): small amounts of the
red compound 12 were obtained from Pheide a (6a)
by enzyme-catalyzed oxygenolysis during aerobic
incubation with extracts of washed senescent canola
chloroplast membranes supplied with reduced ferre-
doxin. The identity of the elusive RCC, thus produced,
was confirmed by co-chromatography with synthetic
12 using HPLC. The enzymatic activity in the washed
senescent chloroplast membranes was achieved by
a single enzyme, an oxygenase meanwhile termed
PaO.The putative oxygenase possessed a non-heme
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4 chemical steps
i -

EAN
0" “ocH,

13: methyi-pheophorbidate &
{M=2H)

v
o7 “och,

14: methyl-4,5-dioxo-4,5-seco-pheophorbidate a
(RCC methy] ester)

Scheme 7

iron-containing reactive center as shown by the
in vitro and in organello inhibition of fluorescent
catabolite formation by chelators, such as 2,2 -di-
pyridyl (Schellenberg et al., 1990; Hortensteiner et
al., 1995). Thus, the enzyme was probably related to
other non-heme iron-dependent (mono)oxygenases
(Lippard and Berg, 1994).

Anaerobic incubation of chemically-prepared
RCC (12) with stroma proteins, isolated from barley
chloroplasts, and reduced ferredoxin produced three
fluorescing compounds which had the same UV/Vis-
spectrum as the pFCC 11: one of these compounds
shared identical HPLC characteristics with pFCC
(11) (Rodoni et al., 1997a,b).

2. Pheophorbide a Oxygenase Cleaves the
Porphyrin Macrocycle

PaO catalyzes the crucial and (effectively) irrevers-
ible cleavage of the porphinoid macrocycle and may
be considered to represent a key enzyme of Chl
breakdown. Since the oxygenolytic transformation of
Pheide a to enzyme-bound 12 involves O, (Rodoni
et al., 1997a), this transformation could be achieved
either by a mono-oxygenase or by the joint action of
a dioxygenase and a reductase. An in vitro assay of
PaO was developed using an oilseed-rape prepara-
tion containing partially purified oxygenase and the
reductase (see below; see also Hortensteiner et al.,
1998). As the oxygenase was known to be inhibited
by its product (Hortensteiner et al., 1995), the pres-
ence of the reductase was essential to achieve useful
turn-over and the reduction product, pFCC (11), was

analyzed. In the presence of *0,, this active enzyme
mixture converted Pheide a (6a) into '*O-labeled
pFCC (11-*0) containing one '*O-atom per molecule
of catabolite, as determined by MS analysis of the
molecular ion (see Scheme 8). From MS analysis of
fragmentation ions of 11-'30, the isotopic label was
localized to the formyl group attached to ‘ring B’
thus indicating the incorporation of one oxygen atom
from O, at the C5 position of 6a. As only one of the
two oxygen atoms introduced in the oxidation of 6a
to 12 is derived from O,, PaO is a mono-oxygenase
and the other oxygen atom is, most likely, derived
(directly or indirectly) from water (Hortensteiner et
al., 1998).

As attempts to purify PaO were not overly success-
ful (Hortensteiner et al., 1998) a functional genomic
approach was used to clone PaO. Exploiting known
biochemical properties of PaO, the 4. thaliana pro-
tein database (Arabidopsis Genome Initiative, 2000)
was screened for candidate proteins that may encode
PaO. From 21 proteins identified this way, one protein
(At3g44880) was subsequently shown to encode
A. thaliana PaO (AtPaO) (Pruzinska et al., 2003).
Thus, the biochemical properties of the recombinant
protein were identical to PaO isolated from natural
sources. AtPaO is a Rieske-type iron-sulfur protein
thatis identical to the previously identified A. thaliana
accelerated cell death 1 (ACD1) and homologous
to lethal leaf spot 1 (LLS1) from maize (Gray et
al., 2002). Using a /Is/ mutant, the function of PaO
could be confirmed: /ls/ leaves showed a stay-green
phenotype in the dark and accumulated Pheide a upon
senescence induction (Pruzinska et al., 2003).
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The enzymatic oxidation of Pheide a (6a) into the
RCC, 12, by PaO is a remarkable structural trans-
formation. The oxygenase is intriguingly specific
for Pheide a (6a) (Hortensteiner et al. 1995), and
ferredoxin drives its redox cycle (Schellenberg et
al., 1993). Besides the incorporation of two oxygen
atoms, the ring opening at the newly oxygenated sites
includes also formation of two carbonyl functions
and the saturation of the ‘eastern’ C10 meso position.
Formally, 12 arises from Pheide a (6a) by addition
of one equivalent each of dioxygen and dihydrogen,
but the mechanism of the hypothetical isomerization
of the primary enzymatic oxygenation product to the
ring-opened (enzyme-bound) form of 12 is not clear.
Section 11 describes the related problem of the forma-
tion of red catabolites (such as 9a and 10) in the green
alga C. protothecoides (Curty et al., 1995; Gossauer
and Engel, 1996; Curty and Engel, 1997).

Chl breakdown and the process catalyzed by PaO
had a crucial impact on the development of the laws
of genetics that Mendel established in the 19" century
(Mendel, 1865). The puzzling observation of the phe-
notype of a recessive allele in Mendel’s ‘green peas’
is now known to be connected to a deficiency of the
activity of this oxygenase (Thomas et al., 1996). In
addition, a stay-green mutant of F pratensis, Bf 993,
which is unable to degreen during senescence, has
been demonstrated to be biochemically deficient in
PaO (Vicentini etal., 1995a). The mutation of Bf993
is inherited as a single recessive gene, sid (Thomas,
1987) suggesting that the Sid locus encodes or regu-
lates the gene for PaO.

3. Red Chlorophyll Catabolite Reductase
Produces Colorless, Fluorescent Chlorophyll
Catabolites

As described above, RCC (12) is bound strongly to
the membrane-attached oxygenase, PaO, and inhibits
further oxygenase activity; however, a stromal reduc-
tase, employed in an in vitro assay (see above), reduces
authentic 12 to pFCC (11) which is no longer enzyme
bound (Miihleckeretal., 1997; Rodoni etal., 1997a).
This reductase, named RCC reductase (Rodoni et
al., 1997a; Wiithrich et al., 2000), is dependent on
reduced ferredoxin as electron donor (Wiithrich et
al., 2000). As the cleavage of the Chl macrocycle
in higher plants requires the intimate cooperation
of the membrane-bound PaO and the stromal RCC
reductase, it may represent an example of ‘metabolic
channeling’ (Rodoni et al., 1997a,b; Matile et al.,
1999). Evidence for this is the lack of accumulation
of RCC in coupled in vitro assays of PaO activity.
RCC reductase produces pFCC by stereospecifically
reducing C1 of PaO-produced (and enzyme-bound)
12. However, authentic chemically-derived 12 was
transformed to three FCCs by tissue extracts contain-
ing RCC-reductase (Rodoni et al., 1997a; Wiithrich
etal.,2000), suggesting that the interaction with PaO
confers stereospecificity to RCC reductase (Wiithrich
etal., 2000). Further, the finding that RCC reductase
activity is inhibited by O, (Rodoni et al., 1997a,b),
while PaO requires O, for activity (Hortensteiner et
al., 1998), supports the idea of a PaO-RCC reductase
interaction, whereby O, consumption by PaO could
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generate an O,-depleted micro-environment at the
site of RCC-reductase activity.

The molecular formula of 11 (C;;H,,N,O,) de-
termined from high-resolution MS, indicated 11
to be derived from 6a by formal addition of one
equivalent of O, and two equivalents of H,. By NMR
spectroscopy, 11 was identified as 3',3?-didehydro-
1,4,5,10,17,18,20(22H)-octahydro-132(methoxycar-
bonyl)-4,5-dioxo0-4,5-seco-phytoporphyrin, a linear
tetrapyrrole derived from Pheide a by an oxygenolytic
cleavage at the ‘northern’ C5 meso position and by
reductive saturation of the ‘western’ C20 and C1 posi-
tions (Miihlecker et al., 1997). This structure clearly
showed 11 to be an intermediate in Chl catabolism
preceding the stage of the ‘non-fluorescent’ Chl ca-
tabolites (NCCs, see below). Meanwhile, a second
fluorescent Chl catabolite (1-epi-pFCC, 11-epi) was
isolated from sweet pepper (Capsicum annuum) and
its structure was determined (Miihlecker et al., 2000):
11-epi was shown to be a stereoisomer of 11 differ-
ing only in its configuration at C1, the asymmetric
carbon center newly-introduced by the two highly
stereo-selective RCC reductases present in sweet
pepper and oilseed rape (Hortensteiner et al., 2000;
Miihlecker et al., 2000). Thus, these two FCCs (11
and 11-epi) are direct reduction products of two dif-
ferent RCC reductases and both should, therefore, be
considered as pFCCs (Miihleckeretal., 1997, 2000).
The UV/Vis-spectrum of 11 and of 11-epi shows two
prominent absorption bands, near 361 and 320 nm
(see Fig. 1), and solutions of the pFCCs possess a
luminescence maximum near 436 nm. The remark-
able stereo-dichotomy of the respective RCC reduc-
tases of the two plant species indicates an apparent
functional irrelevance of the absolute configuration
at the C1 chiral center generated by these reductases
(Miihlecker et al., 2000). Meanwhile, screening a
variety of plant species by HPLC for their pFCC
epimer type revealed a species-dependent distribution
of the two classes of RCC reductases (Hortensteiner
et al., 2000): within a plant family, all genera and
species produce the same epimeric pFCC. The RCC
reductase activity found in the ancient terrestrial spe-
cies, Selaginella (Hortensteiner et al., 2000) and the
livermoss Marchantia polymorpha (Wiithrich et al.,
2000), but not in the green alga C. protothecoides
(S. Hortensteiner, unpublished), indicates that the
‘invention’ of RCC reductase might have been an
important evolutionary step from the unicellular
aquatic stage to multicellular land plants; indeed,
in C. protothecoides, Chl catabolism ends with the
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excretion of RCC-like linear tetrapyrroles into the
medium (Section III).

RCC reductase has been purified from senescent
barley primary leaves (Rodoni etal., 1997b; Wiithrich
etal., 2000) and a cDNA fragment was subsequently
isolated. Database searches identified homologous
sequences from different species, and RCC-reduc-
tase from 4. thaliana (AtRCCR) was cloned and
functionally expressed in E. coli (Wiithrich et al.,
2000). Recombinant AtRCCR converted chemi-
cally-prepared RCC (12) (Krautleretal., 1997) to the
epimeric pFCCs, 11 and 11-epi. As observed with
native RCC reductase (Hortensteiner et al., 2000),
when heterologously-expressed AtRCCR was as-
sayed in the presence of PaO (Wiithrich et al., 2000),
the reaction was stereo-selective for the production
of 11. In barley and A. thaliana, RCC reductase is
encoded by a single copy gene which seems to be
constitutively expressed. Independently, an acceler-
ated cell death 2 (acd?) mutant of 4. thaliana was
identified (Greenberg et al., 1994) which is defective
in the RCC reductase gene (Mach et al., 2001). This
mutant spontaneously forms spreading lesions and
activates a constitutive pathogen defense even in the
absence of pathogen infection. This hypersensitive
reaction only occurred in the light, suggesting that
the Chl catabolic pathway has an important role
in disease resistance by removing photoactive Chl
catabolites.

That RCC reductase required no cofactors, other
than reduced ferredoxin, for reduction of RCC (12) to
form 11 appeared puzzling and suggested that the en-
zyme-bound RCC (12) was a sufficiently redox-active
substrate to undergo a ferredoxin-driven reduction to
form 11 without requiring further reducing cofactors.
To test this assumption, the electrochemical reduc-
tion of the methyl ester (14) of RCC, available from
partial synthesis (Krautler et al., 1997), was studied
in both analytical and preparative electrochemical
experiments (Oberhuber and Krautler, 2002); indeed,
electrochemical reduction of 14 in methanol at room
temperature proceeded stereo-unselectively and gave
two major compounds with UV/Vis-absorbance prop-
erties of pFCC, 11 (see Fig. 1). It resulted in about
12% each of the strongly luminescent tetrapyrroles,
15 and 15-¢pi, the methyl esters of the two epimeric
pFCCs, 11 and 11-epi, (see Scheme 9). In addition,
about 30% of a new type of reduction products was
formed which possessed a different chromophore
structure with a UV/Vis-spectrum showing peaks near
310 and 420 nm. MS studies showed the four main
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fractions to have the same molecular formula as 15.
The almost non-fluorescent linear tetrapyrrole 16 and
its three stereoisomers were further characterized by
NMR-spectroscopy (Oberhuber and Krautler, 2002).
They were found to differ in their stereochemistry at
C2- and C13?and to be linear tetrapyrrolic reduction
products with an ethylidene group on ring A; that
is, to be regio-isomers of 15. The structures of the
methyl-3!,32-didehydro-1,4,5,10,17,18,20(22H)-oc-
tahydro-13%-(methoxycarbonyl)-4,5-dioxo-4,5-seco-
(22H)-phyto-porphyrin (15) and of the methyl-3'-de-
hydro-2,4,5,10,17,18,22-heptahydro-132-(methoxy-
carbonyl)-4,5-dioxo-4,5-seco-(22H)-phytoporphyrin
(16), as well as of their stereo-isomers, were spec-
troscopically determined. These two electrochemical
reduction paths to 15 and 16 are reminiscent of the
known pair of isomeric enzymatic reductions of
biliverdin (17) to phytochromobilin (18) and 15,16-
dihydrobiliverdin (19) (Beale and Weinstein, 1991;

Beale and Cornejo, 1991).

These electrochemical model experiments suggest,
therefore, that RCC (12) is sufficiently redox-active
to undergo ferredoxin-driven and enzyme mediated
reduction to 11 or 11-epi (Oberhuber and Kréutler,
2002); thus, reduction of RCC by RCC reductase may
occur in single electron reduction and protonation
steps. The following functions can therefore be as-
signed to RCC reductase:

(i) binding PaO with bound 12 and reduced fer-
redoxin,

(i1) mediating the electron transfer reactions from
ferredoxin to the bound substrate, and

(iii) controlling properly the regio- and stereo-se-
lective protonation at C20 and C1 of the protein-
bound tetrapyrrolic reduction intermediates.
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19: 15,16-dihydrobiliverdin

Scheme 10

In this model, RCC reductase would not carry
out the reduction steps, but would direct them in an
optimal way in the manner of a ‘chaperone.’

RCC reductases show remarkable homology with
some ferredoxin-dependent biliverdin reductases
(Frankenberg et al., 2001). Not only the sequence
homologies but also the requirement for ferredoxin
as a reductant (Wiithrich et al., 2000), as well as the
similar chemical transformations catalyzed by these
reductases indicate unexpected similarities between
the biodegradation of heme (Beale and Cornejo, 1991;
Falk, 1989) and Chl in higher plants (Hortensteiner
et al., 2000; Oberhuber and Kriutler, 2002).

C. Late Stages of Chlorophyll Breakdown

The chemically labile, fluorescent Chl catabolites,
such as pFCC (11), do not accumulate during
Chl breakdown in vascular plants, but are readily
transformed further to the colorless NCCs, such as
Hv-NCC-1, (1, 3',3%8trihydroxy-1,4,5,10,15,20-
(22H,24H)-octahydro-132-(methoxycarbonyl)-4,5-
dioxo-4,5-seco-phyto-porphyrinate, (see Fig. 1 for
structure of 1 and Fig. 2 for UV- and CD-spectra;
also Krautler etal., 1991, 1992; Krautler, 2003). The
colorless NCCs are the first linear tetrapyrrolic in-
termediates during chlorophyll breakdown, in which
the four pyrrolic units are completely de-conjugated.
A direct isomerization of FCCs to the correspond-
ing NCCs may achieve this result (Miihlecker et al.,
1997; Krautler and Matile, 1999; Hortensteiner and
Krautler, 2000). Such a reaction is likely to be ther-
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Fig. 2. UV-/Vis- (—) and CD-spectra (- - -) of the nonfluorescent
chlorophyll catabolite Hv-NCC-1 (1, in water) (Krdutler et al.,
1992).

modynamically favorable, by analogy with studies
of the tautomerization of various hydro-porphinoids
(Eschenmoser, 1988). Indeed, recent non-enzymatic
experiments showed the stereo-selective isomeriza-
tion of the authentic pFCC 11-epi to the NCC 21
(see Scheme 11) to occur very readily at ambient
temperatures and in weakly acidic aqueous medium
(Oberhuber et al., 2003). Therefore, this ‘final stage’
in the natural breakdown of the intensely-colored Chl
into colorless NCCs possibly occurs under rather
mild, non-enzymatic, conditions.
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Careful re-analysis of extracts of senescent leaves
of'the tree, Cercidiphyllum japonicum, confirmed not
only the dominant presence of the non-fluorescent
Chl catabolite (Cj-NCC-1, 20) (Curty and Engel,
1996), but also revealed the less polar Cj-NCC-2.
NMR-spectroscopic analysis showed Cj-NCC-2 to
be a 3',3%-didehydro-1,4,5,10,15,20-(22H, 24H)-oc-
tahydro-13%-(methoxycarbonyl)-4,5-dioxo-4,5-seco-
phytoporphyrinate and to be identical with Cj-NCC-2,
21. the latter is is an isomer of a ‘primary’ FCC (11
or 11-epi) and is the first of the known NCCs lack-
ing the characteristic hydroxyl function at ring B
(see Scheme 11; also Krautler, 2002; Oberhuber et
al., 2003). Cj-NCC-2 (21) is thus suggested to be
formed directly by (nonenzymatic) isomerization
of pFCC 11-¢pi and to be a “primary’ NCC (pNCC)
of Cercidiphyllum japonicum (Kriutler and Matile,
1999; Hortensteiner and Kréutler, 2000; Oberhuber
et al., 2003).

The timing and the organellar location within the
senescent leaf cell (see Fig. 3) of the isomerization
of FCCs into the corresponding NCCs during Chl
breakdown, have been a matter of special interest
(Matile et al., 1996; Hortensteiner, 1999; Krautler
and Matile, 1999). This (hypothetical) isomerization
may occur before, in parallel with or after the side
chain modification (refunctionalization) reactions,
which are indicated by the structures of the known
NCCs (see below). As low pH values are typical of
vacuoles, the isomerization of FCCs to NCCs is now
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suggested to occur as a non-enzymatic process in the
vacuoles during the natural course of Chl breakdown.
The vacuoles thus appear to be the sites for this final
isomerization, as well as the final storage compart-
ment for the NCCs.

As a prerequisite for the isomerization of FCCs
to NCCs, the controlled transport of the FCCs to
the vacuoles becomes an important event in Chl
breakdown. Consideration of the observed side chain
functions of the NCCs suggests the availability of
polar peripheral groups to be relevant for a carrier-
mediated transport (of the FCCs) into the vacuoles.
This further suggests that side chain modifications
would occur at the level of the pFCCs and in the
senescent chloroplasts (Krautler and Matile, 1999;
Hortensteiner and Kréutler, 2000). Treatment of the
pFCC 11 by an active extract of soluble enzymes
from degreened cotyledons of oilseed rape produced
an FCC with significantly higher polarity which was
tentatively assigned the structure of the 3!,3%-dide-
hydro-1,4,5,10,17,18,20-(22H)-octahydro-132-(car-
boxy)-4,5-dioxo0-4,5-seco-phytoporphyrin (22) (see
Scheme 11; Hortensteiner and Kréutler, 2000). The
same extract from senescent cotyledons of oilseed
rape did not hydrolyze the methyl ester function in
several NCCs, indicating that hydrolysis of the 132-
methoxycarbonyl function in these senescent leaves
occurs at the stage of the FCCs (Hortensteiner, unpub-
lished). This view is consistent with the observation in
senescent leaf extracts of small amounts of unknown

11: pFCC

20: (-NCC-1 (R = OH) 22

-epi: epi-pFCC ———————» 21 (j-NCC-2 (R = H)

Scheme 11
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that are thought to be involved. Putative (enzymatic) steps are indicated with a question mark.

compounds displaying fluorescence properties similar
to those of the pFCCs (Hortensteiner, 1999; Horten-
steiner and Krautler, 2000).

The discovery in naturally degreened cotyledons
of the dicot, B. napus, of three NCCs, namely, Bn-
NCC-1 (23), Bn-NCC-2 (24) and Bn-NCC-3 (25),
which have the same basic structure as 1 (see Scheme
12; Miihlecker and Kréutler, 1996), strengthened
the general significance of the original structure of
Hv-NCC-1 (1) as a natural Chl breakdown in higher
plants (Ginsburg and Matile, 1993; Miihlecker et al.,
1993). Most notably, the Bn-NCCs proved to be linear
tetrapyrroles which were again derived from Chl a
(2a) by an oxygenolytic ring opening at the ‘northern’
C5 meso position, while differing from catabolite 1 of
barley merely by some of the peripheral side chains
(see Scheme 12). More recently, compounds with
spectral characteristics of NCCs were also found in

autumn leaves of sweet gum, Liquidambar styraciflua
(Iturraspe et al., 1995), and of Cercidiphyllum japoni-
cum (the Cj-NCCs, see Curty and Engel, 1996), in
naturally degreened leaves of spinach (the So-NCCs,
see Oberhuber et al., 2001; Berghold et al., 2002)
and of tobacco leaves (the Nr-NCCs, see Berghold
etal.,2004). All NCCs isolated so far from a variety
of degreened plants represent linear tetrapyrroles of
uniform basic structure (see Schemes 1 and 12) and
relate to Chl a (2a) rather than to Chl b (2b) (Kréutler
and Matile, 1999; Kriutler, 2003). It is noteworthy that
So-NCC-2 (26), the most abundant of the four NCCs
detected in spinach, has the same constitution as the
catabolite from barley, Hv-NCC-1 (1), but differs from
1 by the configuration at C1 (26 and 1 are epimers).
With osmium tetroxide, the catabolite Cj-NCC-1 (20)
from Cercidiphyllum japonicum (or its methyl ester
27) could be regio-selectively dihydroxylated at its
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Scheme 12

vinyl group and one of the two stereo-unselectively
prepared dihydroxylation products of 20 proved to
be identical with So-NCC-2 (26) (see Scheme 12;
also Oberhuber et al., 2001).

The most remarkable of the peripheral side chain
modifications found in the NCCs is the hydroxylation
of the terminal position of the ethyl group on ring B
which would be difficult to achieve in a non-enzymatic
reaction (Kriutler et al., 1991; Krautler, 2003). The
primary alcohol function appears to represent an an-
chor point for further conjugations with hydrophilic
moieties, such as the malonyl group in Bn-NCC-1
(23) and the B-glucopyranosyl group in Bn-NCC-2
(24) (see Scheme 12; also Miihlecker and Kréutler,
1996). Several NCCs with a free 82-hydroxyl func-
tion could be esterified with a malonyl moiety using
a protein preparation from canola cotyledons and
malonyl-CoA as co-substrate, while 1-aminocy-
clopropane-1-carboxylic acid (ACC), the substrate
for ACC malonyltransferase, was not accepted as
a substrate (Hortensteiner, 1998). The two tobacco
Nr-NCCs are also conjugated to glucosyl moieties
(Berghold et al., 2004). Esterification and glucosyl-
ation, as in 23 and in 24, are reminiscent of many
secondary plant metabolites which are deposited in
the vacuoles (Hinder et al., 1996; Matile, 1997).

While all Bn-NCCs possess a B-keto carboxylic
acid group at C13? of the characteristic cylopenta-
none moiety (Hortensteiner and Kréutler, 2000), the

132-methyl ester function of the Chls is retained in
Hv-NCC-1 (1) and in many other NCCs (Krautler,
2003). Interestingly, in naturally degreened leaves of
spinach, So-NCC-2 (26) and So-NCC-3 (28) retain
the C132 methyl ester but So-NCC-4 (29) carries a
free B-keto carboxylic acid group at C132. The oc-
currence of both the methyl ester and of free acid
groups at C13? in some So-NCCs raises the question
of the possible timing of the methyl ester hydrolysis
(Berghold et al., 2002).

Currently, the further endogenous breakdown of
Chl in senescent plant tissue, beyond the stage of
the NCCs, has not been well established and may
not follow a specific pathway. Indeed, the NCCs are
accumulated in the vacuoles of senescent leaves of
higher plants (Hinder et al., 1996; Matile, 1997) and,
insamples of degreened cotyledons from oilseed rape,
the amount of Bn-NCCs present corresponded to the
calculated amount of Chls a and b initially present
in the green leaf (Miihlecker and Kréutler, 1996).
Further, the total content of NCCs in degreened
leaves of barley, oilseed rape and French beans
did not markedly decrease over a period of several
days (Bortlik et al., 1990; Matile, 1992; Ginsburg
and Matile, 1993); thus, the NCCs may be the final
products of controlled Chl breakdown in senescent
vascular plants (Krautler and Matile, 1999; Horten-
steiner and Krautler, 2000).

First evidence of tetrapyrrolic products of further
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degradation of NCCs was the recent identification of
colorless urobilinogen-like linear tetrapyrroles in ex-
tracts of degreened primary leaves of barley, described
as the two stereoisomers 30 and 30-epi (see Scheme
13). Since both 30 and 30-epi were associated with
further degradation of Hv-NCC-1 (1) by loss of the
C5-derived formyl group on ring B, it was suggested
they represent a new type of Chl catabolite in barley
(Losey and Engel, 2001).

Possibly 30 and 30-epi arise in senescent barley
leaves by non-enzymatic oxidative loss of the C5
formyl group of the NCCs as has been noted in related
linear tetrapyrroles (Losey and Engel, 2001). Indeed,
the original characterization of Hv-NCC-1 (1) as a
‘rusty’ pigment indicates the readiness of these color-
less reduced linear tetrapyrroles to undergo sponta-
neous reactions to develop the rust color (Bortlik et
al., 1990; Krautler and Matile, 1999). Clearly, such
transformations, as well as the suggested oxidative
loss of the formyl group of Hv»-NCC-1 (1), and any
further reactions of the NCCs, may be dependent on
factors modifying the environment within the senes-
cent plant tissue; for example, further degradation of
NCCs in degreened leaves or other plant tissues will
depend on their eventual fate, including their further
use or their consumption by heterotrophic organisms.
Fungal pathogens are also known to exploit and, in
some instances, to exert local control over senes-
cence processes in the plants (Hammond-Kosack
and Jones, 2001). Earlier considerations of further
degradation to monopyrrolic oxygenation products
(Llewellyn et al., 1990; Brown et al., 1991) received

renewed support from Suzuki and Shioi (1999) who
detected hematinic acid, ethyl-methyl-maleimide
and a putative degradation product of the C-E-ring
moiety of Pheide a.

D. Subcellular Organization and Regulation
of Chlorophyll Breakdown in Higher Plants

The NCCs, formed during rape- and barley-leaf
senescence, accumulate in the central vacuoles of
mesophyll cells (Matile et al., 1988; Hinder et al.,
1996), whereas Chl resides in the thylakoid mem-
branes of the chloroplast. The different subcellular
location of the enzymes of Chl catabolism and the
requirement for catabolites to cross intra-cellular
membranes raises interesting questions about the
subcellular organization of the pathway.

The ‘early’ Chl breakdown reactions to FCCs oc-
cur within the plastids as demonstrated in barley and
oilseed rape (Schellenberg et al., 1990; Ginsburg et
al., 1994) (see Fig. 3). Chl b reductase, which reduces
Chl b to Chl g, is located in the thylakoid membrane
(Scheumann et al., 1999).

The second catabolic enzyme, chlorophyllase
(see Fig. 3), is located in the plastid membrane
system and, in Citrus and barley (Brandis et al.,
1996; Matile et al., 1997), it was demonstrated on
the inner envelope membrane; however, the clon-
ing of chlorophyllases from different plants raises
doubts about its plastid membrane location, since
no potential trans-membrane domains are present in
the amino acid sequences. Further, different subcel-
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lular locations were predicted for chlorophyllase by
Jacob-Wilk et al. (1999) and Tsuchiya et al. (1999).
These latter findings were interpreted in terms of an
alternative degradation pathway located outside the
plastid (Takamiya etal., 2000). Although chlorophyl-
lase is present during all stages of development, its
activity is modulated by hormones that also affect
leaf senescence and fruit ripening, such as kinetin
and ethylene (Trebitsh et al., 1993; Jacob-Wilk et
al., 1999).

The subcellular location of the third enzyme of Chl
breakdown, Mg dechelatase (see Fig. 3), is not well
established but preliminary information indicates that
this constitutive enzyme is also located in the plastid
envelope (Schellenberg and Matile, 1995; Vicentini
et al., 1995b).

The key macrocycle cleavage enzymes, PaO, to-
gether with RCC reductase, both reside outside the
thylakoid membrane. PaO has been attributed to the
plastid envelope (Matile and Schellenberg, 1996),
whereas RCC reductase is a soluble stroma protein
(Rodoni et al., 1997a,b; Wiithrich et al., 2000). As
for chlorophyllase, the expression of PaO and RCC
reductase genes is not restricted to senescence (Wiit-
hrich et al., 2000; Pruzinska et al., 2003). Whereas
RCC reductase is a constitutive enzyme, PaO activity
is regulated in a senescence-specific way. Therefore,
it has been proposed that PaO may be regulated post-
transcriptionally, probably by protein modification
(Pruzinska et al., 2003).

In summary, most early reactions of Chl catabo-
lism occur outside the thylakoid membrane and are,
therefore, spatially separated from the primary
substrate, Chl. This suggests that a carrier protein is
necessary to establish contact between Chl and the
early catabolic enzymes (Matile et al., 1996). While
Pheide a (6a) and the Chlides (3a and 3b) accumulate
in the stay-green mutant Bf 993 of £ pratensis due to
the absence of PaO, these dephytylated pigments do
not occur when senescent leaves are treated with a
protein biosynthesis inhibitor (Thomas et al., 1989).
This suggests that a nuclear-encoded protein may be
necessary for chlorophyllase to interact with Chl.

Chl catabolism includes catabolite export through
the chloroplast membrane and import across the to-
noplast into the vacuole (see Fig. 3). Both transport
processes have been only partially characterized in
isolated gerontoplasts of oilseed rape or barley leaves
which not only synthesize FCCs but also excrete
different FCCs, of currently unknown structures,
across the plastid membrane in the presence of ATP
(Matile et al., 1992). ATP is also required for import
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of Chl catabolites into the vacuole where the carrier
on the tonoplast is a primary active ATPase (Hinder
et al., 1996) of the multi-drug resistance-associated
protein (MRP) type (Lu et al., 1998; Tommasini et
al., 1998). These proteins, classified as ATP-binding
cassette transporters, are implicated in the vacuolar
import of a broad range of secondary compounds
and xenobiotics (Martinoia et al., 2000). Thus, for
example, AtMRP2 and AtMRP3 of 4. thaliana can
transport not only Bn-NCC-1 (23) but also glutathi-
one S-conjugates into the vacuole (Lu et al., 1998;
Tommasini et al., 1998). Unfortunately, the nature
of the genuine tetrapyrrole substrate for vacuolar
uptake has not been firmly established. Due to the
low substrate specificity of such transport proteins
(see above), both NCCs and FCCs might serve as sub-
strates. It is noteworthy, however, that the catabolite
carrier(s) of barley vacuoles had a particularly high
affinity for a structurally unidentified FCC (Hinder
et al., 1996) and contained small amounts of FCCs
when isolated from senescent primary leaves (Matile
et al., 1988). Consideration of the above-mentioned
acid-catalyzed, non-enzymatic tautomerization of
the pFCC (11-¢pi) to the corresponding NCC (21)
(Oberhuber et al., 2003), suggests that transport of
Chl catabolites across the tonoplast in vivo occurs
at the level of FCCs which are then converted non-
enzymatically to NCCs in the acidic milieu of the
vacuole (see Fig. 3).

E. Chlorophyll Breakdown and the Nutrient
Economy of Plants

Breakdown of Chl during plant senescence occurs
within a major developmental program ultimately
leading to the death of the respective tissues, such as
leaves or fruits. Chl, together with lipids, proteins and
nucleic acids, is degraded in large quantities during
this process (Matile, 1992). Leaf senescence can be
regarded as programmed cell death, but also serves
in plants to re-mobilize nutrients to surviving organs
(Smart, 1994). Major structural changes first occur
within the chloroplasts: the contact between the grana
stacks of the thylakoid membranes is loosened and,
finally, the membranes disappear with concomitant
loss of Chl and of soluble and membrane-bound
proteins. Later in senescence, mitochondria and the
nucleus are also affected before the cells finally die
through the rupture of the tonoplast by autolysis
(Thomas and Hilditch, 1987; Matile, 1992; Horten-
steiner and Feller, 2002).
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The chloroplasts during senescence contribute
substantially to nitrogen re-mobilization: about
75% of total cellular nitrogen is located within the
chloroplasts (Makino and Osmond, 1991). The most
abundant soluble chloroplast protein, Rubisco, and
the Chl-binding apo-proteins of the thylakoid mem-
branes are the main proteins lost during senescence
(Matile, 1992). In contrast, the Chl molecule accounts
for only about 2% of total cellular nitrogen (Peoples
and Dalling, 1988). Polypeptide degradation of the
light harvesting complex (LHC) II requires the si-
multaneous degradation of Chl: stay-green mutants
of F pratensis and Phaseolus vulgaris, which retain
most of their Chl during senescence, cannot degrade
LHCEP 11, whereas Rubisco is degraded as rapidly as
in their respective wild types (Thomas and Hilditch,
1987); thus, Chl-binding in such pigment-proteins as
LHCEP II confers stability against proteolysis (White
and Green, 1987).

While Chl catabolism is a prerequisite for the
re-mobilization of the apo-proteins during plant se-
nescence, the fact that Chl nitrogen is not released at
the same time, but deposited as NCCs in the vacuole,
raises the question: why do plants degrade Chl at
all? There is striking evidence suggesting that Chl
is transformed into colorless pigments to abolish its
lethal photodynamic properties when it is released
from the pigment-protein complexes (Kriutler et al.,
1991; Hortensteiner, 1999; Pruzinska et al., 2003).
Indeed, Chl catabolism in higher plants resembles,
in many aspects, the stepwise detoxification of xeno-
biotics and herbicides (Kreuz et al., 1996).

lll. Chlorophyll Breakdown and Chlorophyll
Catabolites in Green Algae

It has been known since the 1960s that the green alga,
C. protothecoides, when grown in nitrogen-deficient
and glucose-rich medium, excretes red pigments
(Oshio and Hase, 1969) which were structurally
examined in the laboratory of Gossauer (Engel et
al., 1991, 1996; Iturraspe et al., 1994; Curty et al.,
1995; Gossauer and Engel, 1996; Curty and Engel,
1997). These red pigments were linear tetrapyrroles,
similar to the colorless Chl catabolite, Hv-NCC-1 (1),
resulting from oxygenolytic cleavage of the macro-
cycle at the ‘northern’ C5 bridge carbon. In contrast
to the plant systems, the red catabolites were found
to be derived from both Chls a (2a) and b (2b) (see
Scheme 5; Iturraspe et al., 1994). Subsequent results
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indicated that the diacid 10 was the authentic product
of enzymatic catabolism in C. protothecoides (Engel
et al., 1996; Gossauer and Engel, 1996) rather than
the monoacids, 31a and 31b, which were originally
isolated and identified by Engel et al. (1991) as
their respective monomethyl esters, 9a and 9b (see
Schemes 5 and 13).

Labeling studies with 30, followed by MS analysis
ofthe excreted pigment as its '*O-labeled methyl ester
9a, clearly indicated incorporation of only one 8O-
atominto 9 (Curty etal., 1995). Analysis of a fragment
confirmed that the '*O-label was in the formyl group at
the C5 carbon of Chl indicating that a monooxygenase
cleaved the macrocycle in green alga (Curty et al.,
1995): the direct substrate(s) and product(s) are not
yetknown. Deuterium labeling during degradation of
the Chls in this green alga, showed highly stereo-se-
lective attachment of one hydrogen atom (from water)
at the ‘eastern’ C10 bridge carbon of the red isolate
9a, indicating that this was an enzymatic step in the
formation of the red catabolites (Curty and Engel,
1997). Based on the available chemical evidence,
it was suggested that the formation of the RCCs in
C. protothecoides arose from hydration of an epoxide
intermediate and subsequent rearrangement (Engel
et al., 1991, 1996; Curty and Engel, 1997). These,
and related mechanistic considerations concerning
Chl degradation in algae and higher plants, require
further critical experiments. However, the structural
resemblance of the algal catabolites and the plant RCC
(12) and the similar oxygenolytic macrocycle cleav-
age mechanisms in higher plants (Hortensteiner et al.
1998) and in C. protothecoides (Curty et al., 1995)
indicate a clear biochemical relationship. Hence, the
respective oxygenase of C. protothecoides and PaO
of higher plants may display comparable catalytic
properties. Notable differences concern the restriction
of substrate specificity of the higher-plant enzyme
to Chl a and its absolute requirement for a second
enzyme, namely, RCC reductase (Hortensteiner,
1999; Krautler and Matile, 1999; Hortensteiner and
Krautler, 2000): for this latter reason, the simple
excretion of RCCs by the green alga is clearly not
possible in vascular plants.

The excretion of another group of red bile pig-
ments from senescent forms of a Chl b-less mutant
of the green alga, Chlamydomonas. reinhardtii, has
been reported (Doi et al., 1997). The UV/Vis-spec-
trum of the major pigment, tentatively named P535,
displays absorbance maxima near 535, 385 and 275
nm, but these newly-found pigments have not yet
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been structurally identified. Accumulation of P535
required aerobic growth conditions and was prevented
by inhibitors of cytoplasmic protein biosynthesis
(Doi et al., 2001).

IV. Chlorophyll Catabolites from Marine
Organisms

Photosynthetic organisms are widely distributed in
the oceans. Relative to the information available on
Chl catabolism in two green algae and in several
higher plants, little is known about the fate of the
Chls or bacteriochlorophylls from marine environ-
ments. One exception concerns a luciferin, isolated
from the dinoflagellate, Pyrocystis lunula, which
appeared structurally related to Chl (Dunlap et al.,
1981). This colorless, luminescent compound, 32, and

two air oxidation products, 33 and 34, were identified
by spectroscopic and chemical degradation methods
in the laboratory of Y. Kishi (see Scheme 14; Naka-
mura et al., 1989). Similar methods showed that the
bioluminescent transformation of luciferin, 32, by
the dinoflagellate luciferase produced the oxidation
product 35. A related study of the light emitter from
krill (Euphasia pacifica), assigned the structure of
the related linear tetrapyrrole 36 which is also read-
ily air oxidized to 37 (Nakamura et al., 1988). Both
luminescent compounds (32, 36) were identified as
Chl derivatives, namely, 1,20-dioxo-1,20-seco-py-
ropheophorbides arising by an oxygenolytic cleav-
age at the ‘western’ C20 bridge carbons of their Chl
precursor(s).

Further studies by Kishi and coworkers on the photo-
oxygenolysis of the 20-methoxy-pyropheophorbide
38 have confirmed the tendency of some similarly
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substituted Pheides to undergo oxygenolytic cleavage
of the chlorin macrocycle at the “western’ meso-posi-
tion, between C20 and C1. This provides synthetic
access to the 1,20-seco-pyropheophorbidate 39 (see
Scheme 15; Topalov and Kishi, 2001).

Considering the absence of O, in deep sea water,
an oxygenolytic mechanism may not be the dominant
form of degradation of Chls from marine photosyn-
thetic organisms.

V. Conclusions and Outlook

In the last fifteen years, the structures of many relevant
Chl catabolites in higher plants were established thus
gradually revealing the nature of plant Chl catabolism.
The key step in the known degradation paths in green
algae and in plants is an oxygenolytic cleavage of the
porphinoid macrocycle. In higher plants this primary
ring cleavage reaction specifically involves only Phe-
ide a. In a series of (coupled) step(s) Chl breakdown
rapidly reduces the chromophore of a photoactive
and intensely colored chlorin to that of a colorless
tetrapyrrole with de-conjugated hetero-cyclic rings.
Nonfluorescent tetrapyrrolic Chl catabolites are con-
sidered to constitute the ‘final’ products of controlled
Chl breakdown in senescent higher plants while in
green algae the red pigments, which are excreted, are
the final products of Chl catabolism. The degradation
of the Chls in senescent leaves is reminiscent of the
operation of detoxification processes.

The knowledge of the structure of key Chl catabo-
lites and of some of the relevant higher plant enzymes
involved in their formation now sets the stage for
a series of further investigations in areas such as:

(1) molecular regulation and cellular control of Chl
breakdown, (ii) modes of action (and interaction) of
the catabolic enzymes, (iii) possible physiological
roles of tetrapyrrolic Chl breakdown products in
senescent leaves, and (iv) the further general fate of
the tetrapyrrolic remnants of the Chls in the senes-
cent plant.

Note Added in Proof

Since preparation of this chapter, major progress
has been achieved by the detailed analysis of Chl
breakdown in the model plant 4. thaliana (Pruzinska
et al., 2005). It was shown that in contrast to the
previous assumption of a posttranslational regula-
tion of PAO, regulation mainly occurs at the level of
Pao gene expression. Analysis of a paol knockout
mutant corroborates earlier work on maize (Pruzinska
et al., 2003) and substantiates a key role for PAO in
Chl breakdown.

Furthermore, this work includes the isolation and
structural identification of colorless Chl catabolites.
Thus, five different NCCs (4#-NCC-1 to A--NCC-5)
and three FCCs (4#-FCC-1 to At-FCC-3) were
identified during leaf senescence in 4. thaliana;
thereby Az-NCC-1 and A#-NCC-2, respectively,
were identical to Bn-NCC-2 (24) and Bn-NCC-3
(25) of canola, and A7-FCC-3 was identified with
pFCC-1 (11). An NCC of intermediate polarity,
named A-NCC-3, was discovered to be a consti-
tutional isomer of A--NCC-2. In A--NCC-3, the
substituents at C-8 and at C-7 were an ethyl group
and a (functionalized) hydroxyl-methyl group, re-
spectively. So far, the substituent at C-7 has always
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been found to be a methyl group in all other NCCs,
including A--NCC-2. The structure of A-NCC-3
thus indicated a deviation from the known path
of Chl breakdown in A. thaliana (Miiller, 2005).
Rather large quantities of FCCs accumulated in
A. thaliana during leaf senescence as compared to
other systems analyzed so far. The identification of
modified FCCs and structure elucidation of one of
these corroborated an earlier suggestion that modi-
fications as seen in the structures of NCCs occur at
the FCC level.
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