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Summary

During leaf senescence and fruit ripening, chlorophyll is broken down to colorless linear
tetrapyrroles, which are stored in the vacuoles of degreened cells. The pathway of chlorophyll
degradation that is active in these developmental processes is fairly well known regarding its
biochemistry and cell biology. It comprises at least six enzymatic and one non-enzymatic
reaction and the chemical structures of several intermediary and final chlorophyll catabolites
have been elucidated. In the last few years, genes coding for a number of chlorophyll catabolic
enzymes have been characterized and mutants in these genes have been analyzed. This includes
pheophorbide a oxygenase (PAO), the key enzyme of the pathway, which is responsible for
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opening of the chlorine macrocycle present in chlorophyll, thereby providing the characteristic
structural basis of all further downstream breakdown products. The pathway is therefore
nowadays termed the ‘PAO pathway’. This review summarizes information on the structures
of chlorophyll breakdown products and the reactions involved in their formation. In addition
cell biological and regulatory aspects of the PAO pathway are discussed.

I. Introduction

Evolution of advanced life forms on Earth
would probably not have occurred without
the evolution of oxygenic photosynthesis
some three billion years ago (Xiong and
Bauer 2002). It allowed for cellular energy
production through access to both indefinitely
available H,O as a source of electrons and
solar radiation as energy source. Chlorophyll
(Chl) is essential for the absorption of sun
light and thus for the conversion of solar
energy to chemical energy during photosyn-
thesis. Heterotrophic organisms depend on
this source of energy. Besides its importance
in photosynthesis, green-colored Chl appears
to have positive effects on human psycho-
logical well-being (Pretty et al. 2007), and in
urban environments, human health benefits
from green infrastructure and urban green
space systems (Tzoulas et al. 2007).
However, under adverse conditions, such
as during stress or after the application of
herbicides, the photosynthetic apparatus of
plants can be overexcited. In these cases, Chl
can act as a strong photosensitizer, generating

Abbreviations: ABC — ATP binding cassette; ACD —
Accelerated cell death; Chl — Chlorophyll; Chlide —
Chlorophyllide;, CLH - Chlorophyllase; Fd -
Ferredoxin; #/FCC — Hypermodified fluorescent Chl
catabolite; HMR — Hydroxymethyl Chl reductase;
LHC - Light harvesting complex; MCS — Metal
chelating substance; mFCC — Modified fluorescent
Chl catabolite; NCC — Nonfluorescent Chl catabo-
lite; NOL — NYCl-like; NYC — Non yellow color-
ing; NYE — Non yellowing; PAO — Pheophorbide a
oxygenase; pFCC — Primary fluorescent Chl catabo-
lite; Pheide — Pheophorbide; Phein — Pheophytin;
PPH — Pheophytinase; PS — Photosystem; RCC — Red
chl catabolite; RCCR — Red Chl catabolite reductase;
ROS — Reactive oxygen species

reactive oxygen species (ROS) which in turn
can cause cell damage and death (Apel and
Hirt 2004). Likewise, defects in heme and
Chl biosynthesis, which partly share the
same pathway, as well as in Chl degradation,
have been shown to result in cytotoxic effects,
which are caused by the accumulation of
photodynamic  metabolic  intermediates
(Hu et al. 1998; Pruzinska et al. 2003;
Mochizuki et al. 2010).

These toxic effects explain the require-
ment for a tight regulation of Chl metabolism,
well known in the case of Chl biosynthesis.
Here transcriptional and posttranslational
mechanisms as well as complex product
feedback control at the level of aminolevu-
linic acid exist to prevent accumulation of
biosynthesis intermediates (Cornah et al.
2003; Tanaka and Tanaka 2006, 2007). There
is also evidence that Chl breakdown is sub-
ject to different levels of regulatory mecha-
nisms with the aim of limiting the occurrence
of photodynamic breakdown intermediates
(Hortensteiner 2006; Park et al. 2007).

It is believed that plants degrade Chl
throughout their lifespan. Thus, breakdown
occurs not only during leaf senescence and
fruit ripening when Chl is massively degraded
within short periods of time, but also as a
response to many biotic and abiotic stress
events and during post-harvest. Even at
steady state, Chl turns over at a certain rate.
Whether the mechanism of Chl breakdown
under all these conditions is the same, remains
unknown. To date, the best characterized
mechanism is the ‘PAO pathway’ of Chl
breakdown occurring during leaf senescence,
and there is convincing evidence that Chl
degradation in ripening fruits is (largely)
identical. The pathway is named after a key
enzyme, pheophorbide a oxygenase (PAO),
which accounts for the open-tetrapyrrolic
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backbone structure of several key Chl
catabolites found in senescent leaves and
fruits. The first identification and structure
determination of a nonfluorescent catabolite
(NCC) from barley (Hordeum vulgare) in
1999 (Krautler et al. 1991) marked a mile-
stone in deciphering the fate of Chl, which
before had been termed a biological enigma
(Hendry et al. 1987).

The PAO pathway can be divided into
two parts, i.e. (early) reactions affecting
colored intermediates ending with the for-
mation of a primary fluorescent Chl catabo-
lite (pFCC) and (late) pFCC-modifying
reactions, typically ending with the isomer-
ization of modified FCCs (mFCCs) to their
respective NCCs. These two parts of the
pathway are also spatially separated in the
cell: formation of pFCC occurs in plastids
whereas subsequent modification and
isomerization are localized in cytosol and
vacuole, respectively.

This review summarizes our current
knowledge of the PAO pathway of Chl break-
down during leaf senescence, including Chl
catabolites, Chl catabolic reactions and their
subcellular localization and pathway regula-
tion. In addition, it aims to provide an over-
view of Chl turnover at the steady state, and
finally discusses Chl breakdown in the con-
text of stress responses.

Il. Chlorophyll Turnover at Steady
State

Labeling experiments using either radio-
labeled CO, or aminolevulinic acid have
provided evidence that Chl turns over at the
steady state in leaves, i.e. without net loss of
overall Chl amount. The half-life of Chl has
been calculated as between a few hours and
several days (Stobart and Hendry 1984;
Hendry and Stobart 1986), but interestingly,
turnover seems mainly to affect Chl a
(Feierabend and Dehne 1996; Beisel et al.
2010), thus correlating with the rapid turnover
of the D1 polypeptide of photosystem II
(PSII) (Melis 1999). Furthermore, long-term
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highlight acclimation accelerated rates of
Chl turnover, indicating that under these
conditions turnover also affected Chl bound
to light harvesting complex (LHC) proteins
of PSII (LHCII) (Beisel et al. 2010), the
abundance of which decreases during high
light acclimation (Ballottari et al. 2007).
Although Chl turnover occurs at steady
state levels, the mechanism of turnover is
largely unknown. "C-labeling experiments
in Synechocystis followed by pigment analy-
sis using MALDI-TOF mass spectrometry
indicated that Chl turnover involves hydroly-
sis of the phytol chain of Chl to yield chloro-
phyllide (Chlide) and re-esterification of
Chlide to Chl (Vavilin and Vermaas 2007).
As in plants, turnover in the cyanobacterium
mainly was associated with PSII and was
increased at high light intensities. Thus, Chl
seems to be not degraded, but rather continu-
ously recycled. The enzymes responsible for
Chl de- and re-esterification are unknown. It
remains to be shown whether a mechanism
for Chl degradation beyond the level of
Chlide is active in plants at steady state. The
involvement of the PAO pathway is rather
unlikely. For example, catabolites like FCCs
or NCCs have never been observed before
the initiation of senescence (Pruzinska et al.
2005, 2007), and most of the Chl catabolic
enzymes known to date are expressed in a
senescence-related fashion (Pruzinska et al.
2003; Kusaba et al. 2007; Park et al. 2007;
Schelbert et al. 2009). In addition, turnover
of D1 under normal illumination is not
affected in a Festuca mutant that is deficient
in the PAO pathway of Chl breakdown, but
D1 exhibits an unusual stability during senes-
cence in this mutant (Hilditch et al. 1986).

lll. Chlorophyll Breakdown During
Leaf Senescence

Until some 20 years ago, the fate of Chl
during leaf senescence was enigmatic and the
pigment seemed to disappear without leaving
a trace (Hendry et al. 1987; Brown et al.
1991). Within the last two decades this
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situation has changed dramatically, starting
with the pioneering identification of the first
structure of a NCC from barley, Hv-NCC-1,
(Krautler et al. 1991). To date more than two
dozen structures of different catabolites of
Chl occurring transiently (‘intermediary’
catabolites) or permanently (‘final’ catabo-
lites) during leaf senescence have been dis-
covered. The identification of these
catabolites was a key step for the elucidation
of the sequence of reactions in the PAO path-
way. Structures of final catabolites of Chl,
i.e. FCCs and NCCs, will be presented in a
separate section, while intermediary catabo-
lites will be introduced along with the
enzymes catalyzing their synthesis and fur-
ther metabolism.

A.‘Final’ Chlorophyll Catabolites
1. Nonfluorescent Chlorophyll Catabolites

When senescent leaves are extracted with
methanolic buffers and the extracts subse-
quently analyzed by reversed-phase HPLC,
NCCs can usually be identified by their typi-
cal UV absorption spectrum, exhibiting a
characteristic peak maximum at around
315 nm. Depending on the plant species ana-
lyzed, patterns of NCCs can be complex, i.e.
containing several different NCCs, such as in
Arabidopsis thaliana (Arabidopsis), or sim-
ple with one major NCC, such as in the case
of senescent leaves of the deciduous tree
Cercidiphyllum japonicum. Furthermore,
NCCs from different species are often unique
and not found in other species. The reason
for this complexity arises from the fact that
although the open tetrapyrrole backbone of
all NCCs is identical, they vary with regard
to one or more of three side positions depicted
as R!'to R3in Fig. 16.1. In addition, the chiral
center of C1 provides further variability in
NCCs, because, depending on the plant spe-
cies analyzed, the pyrrole ring A is present in
the R or the S configuration. This results from
the stereospecific action of red Chl catabolite
reductases (RCCRs) from different plant
species (Hortensteiner et al. 2000; Pruzinska
et al. 2007), which are responsible for the
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introduction of the Cl-stereocenter during
the formation of pFCC from red Chl catabo-
lite (RCC) (see below). Thus, two possible
stereoisomers, pFCC and epi-pFCC, can
occur and this ultimately results in
Cl-isomeric NCCs. With the exception of
At-NCC-3 from Arabidopsis, all NCCs
identified so far from plants have a methyl
group at C7 and are therefore derived from
Chl a (Krautler 2003; Kriutler and
Hortensteiner 2006). It has been shown (see
below) that conversion of Chl b to Chl ¢ is a
prerequisite for Chl breakdown through the
PAO pathway, which explains this specificity.
By contrast, RCC-like catabolites derived
from both Chl a and Chl 5 have been
identified in Auxenochlorella protothecoides
when the green alga is forced to de-green
under heterotrophic and N-limiting condi-
tions in the dark (Iturraspe et al. 1994; Engel
et al. 1996). A--NCC-3 has a hydroxymethyl
group at C7, indicating that it derives from a
slightly divergent, as yet unknown, PAO
pathway (Miller et al. 2006). All major
NCCs found so far carry a hydroxyl group at
C8?, indicating that this is an important and
common modification of NCCs.

To date NCCs have been structurally char-
acterized from senescent leaves of the fol-
lowing species (Table 16.1): Arabidopsis (5)
(Pruzinska et al. 2005; Miiller et al. 2006),
canola (Brassica napus; 4) (Miihlecker et al.
1993; Miihlecker and Krautler 1996;
Pruzinska et al. 2005), maize (Zea mays; 2)
(Berghold et al. 2006), C. japonicum (2)
(Curty and Engel 1996; Oberhuber et al.
2003), barley (1) (Krautler et al. 1991), Aztec
tobacco (Nicotiana rustica; 2) (Berghold
et al. 2004), Liquidambar orientalis (1)
(Iturraspe et al. 1995), Liquidambar
styraciflua (1) (Iturraspe et al. 1995), spin-
ach (Spinacia oleacea; 5) (Berghold et al.
2002), peace lily (Spathiphyllum wallisii; 1)
(Kréutler et al. 2010), pear (Pyrus commu-
nis; 2) (Miller et al. 2007). Despite the
complexity of modifications occurring in
NCCs, identical compounds were identified
in several cases (Table 16.1). In particular
Cj-NCC-1, which is derived from epi-pFCC
and is hydroxylated at C8? is identical to
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Fig. 16.1. The PAO pathway of chlorophyll breakdown active in senescing leaves. Chemical structures of Chl
and of Chl catabolites are shown along with the enzymes involved in the pathway. Enzymes, for which genes
and mutants have been characterized in the past, are in bold. Note that dephytylation and Mg-dechelation were
recently shown to proceed through Phein and that the alternative path involving CLH plays, if at all, a minor role.
Note also that the PAO pathway is split at the later reactions, resulting in the production of either ZFCCs or
(ultimately) NCCs. Pyrrole rings (A-D), methane bridges (0.-0) and relevant carbon atoms are labeled in Chl a.

R'"R*in FCCs and NCCs indicate modifications as outlined in Table 16.1. For abbreviations see the text.
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Table 16.1. List of NCCs and of modified and hypermodified FCCs structurally identified from higher plants

Name R!® R2® R3® R*s® Cl-epimer® Source Reference
At-FCC-1¢©  OH H Vinyl H 1 L Pruzinska et al. (2005)
At-FCC-2¢ H H Vinyl H 1 L Pruzinska et al. (2005)
Mc-FCC-49 ¢ O-glucosyl CH,  Vinyl Daucic acid epi F Moser et al. (2009)
Mc-FCC-56¢ OH CH,  Vinyl Daucic acid epi F Moser et al. (2008a)
Ma-FCC-61¢ OH CH,  Vinyl Digalactosyl- epi L Banala et al. (2010)
glyceryl
Sw-FCC-62¢ OH CH,  Vinyl Dihydroxypheny- 1 L Kréutler et al. (2010)
lethylglucosyl
At-NCC-1°¢  O-glucosyl H Vinyl H 1 L Pruzinska et al. (2005)
At-NCC-2¢ OH H Vinyl H 1 L Pruzinska et al. (2005)
At-NCC-3¢  OH*e H Vinyl H 1 L Pruzinska et al. (2005)
At-NCC-4¢  O-glucosyl CH,  Vinyl H 1 L Pruzinska et al. (2005)
At-NCC-5¢ H H Vinyl H 1 L Pruzinska et al. (2005)
Bn-NCC-1¢  O-malonyl H Vinyl H 1 L Miihlecker
and Krautler (1996)
Bn-NCC-2¢  O-glucosyl H Vinyl H 1 L Miihlecker
and Krdutler (1996)
Bn-NCC-3¢ OH H Vinyl H 1 L Miihlecker
and Kréutler (1996)
Bn-NCC-4¢ H H Vinyl H 1 L Pruzinska et al. (2005)
Cj-NCC-1¢  OH CH,  Vinyl H epi L Curty and Engel (1996)
Cj-NCC-2¢ H CH,  Vinyl H epi L Oberhuber et al. (2003)
Hv-NCC-1¢  OH CH, Dihydro- H 1 L Kréutler et al. (1991)
xyethyl
Lo-NCC-1¢ OH CH, Vinyl H nd L Iturraspe et al. (1995)
Ls-NCC-1¢  OH CH,  Vinyl H nd L Iturraspe et al. (1995)
Ms-NCC-2¢  OH CH,  Vinyl H epi F Miiller et al. (2007)
Nr-NCC-1¢  O-glucosyl- CH,  Vinyl H epi L Berghold et al. (2004)
malonyl
Nr-NCC-2¢  O-glucosyl CH,  Vinyl H epi L Berghold et al. (2004)
Pc-NCC-1¢  O-glucosyl CH,  Vinyl H epi F Miiller et al. (2007)
Pc-NCC-2¢  OH CH,  Vinyl H epi F Miiller et al. (2007)
So-NCC-1¢ OH H Dihydro- H epi L Berghold et al. (2002)
xyethyl
So-NCC-2¢ OH CH, Dihydro- H epi L Oberhuber et al. (2001)
xyethyl
So-NCC-3¢ OH H Vinyl H epi L Berghold et al. (2002)
So-NCC-4¢ OH CH,  Vinyl H epi L Berghold et al. (2002)
So-NCC-5¢ H CH,  Vinyl H epi L Berghold et al. (2002)
Sw-NCC-58 ¢ OH CH,  Vinyl H 1 L Kréutler et al. (2010)
Zm-NCC-1¢  O-glucosyl CH, Dihydro- H epi L Berghold et al. (2006)
xyethyl
Zm-NCC-2 ¢  O-glucosyl CH Vinyl H epi L Berghold et al. (20006)

AR'"R* indicate residues at C3, C8, C13% and C17° side positions, respectively, of FCCs and NCCs as shown in
Fig. 16.1

°C1 stereochemistry refers to the type of pFCC, i.e. pFCC (1) or epi-pFCC (epi), formed in the respective species, nd
not determined

°A nomenclature for NCCs (and FCCs) has been defined (Ginsburg and Matile 1993) in which a prefix indicates the
plant species and a suffix number indicates decreasing polarity in reversed-phase HPLC

9These catabolites are indexed according to their retention time in HPLC analysis. At Arabidopsis thaliana, Bn
Brassica napus, Cj Cercidiphyllum japonicum, Hv Hordeum vulgare, Lo Liquidambar orientalis, Ls Liquidambar
styraciflua, Ma Muca acuminate, Mc Musa cavendish, Ms Malus sylvestris, Nr Nicotiana rustica, So Spinacia
oleracea, Zm Zea mays

°In A+-NCC-3, the site of hydroxylation is indicated to be C7' (rather than C8?)

Source: leaf (L) or fruit (F)
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NCCs isolated from three other plant species
(Berghold et al. 2002; Miiller et al. 2007).

The identification of NCCs as the major
degradation end products of Chl brings into
question the relevance of different types of
(green) Chl catabolites that have been dis-
cussed as being genuine Chl breakdown
intermediates.  These  include  CI13%
hydroxylated Chls (Maunders et al. 1983;
Schoch et al. 1984) and Cl13%-
decarboxymethylated (so-called ‘pyro’-)
forms of pheophorbide or pheophytin
(Schoch et al. 1981; Ziegler et al. 1988;
Shimokawa et al. 1990). These intermediates
might arise from unspecific oxidative reac-
tions or be the result of artifacts of tissue
extraction. For instance, the release of Mg**
or the formation of pyro-forms readily takes
place under acidic conditions (Amir-Shapira
et al. 1987; Engel et al. 1996). In addition,
the identification of pyropheophorbide as the
‘end’ product of in vitro Chl breakdown
using enzyme preparations isolated from
senescent leaves (Shioi et al. 1991) is pos-
sibly due to impropriate assay conditions
that did not allow degradation beyond the
level of pheophorbide (Pheide).

Recently, analysis of NCC structures has
been extended to fruit ripening (Kréutler
2008). Different NCCs were isolated from
the peels of ripening apples and pears and
their constitution resolved (Miiller et al.
2007). In addition, further, so far structurally
uncharacterized, NCCs were identified in the
peels of yellow bananas (Musa cavendish)
(Moser et al. 2008a). The structures of the
NCCs from fruits contain peripheral substit-
uents like those found in NCCs isolated from
leaves, and in the case of pear the same two
NCCs were found in fruit peel and leaves
(Miiller et al. 2007). This indicates that the
pathway of Chl breakdown is identical dur-
ing leaf senescence and fruit ripening.

In most plant species analyzed so far,
NCCs are the predominating final catabo-
lites and FCCs are generally low in abun-
dance. NCCs were shown to accumulate
inside the vacuoles of senescing cells (Matile
et al. 1988; Hinder et al. 1996) and for a
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long time their synthesis (from FCCs) was
considered to occur before vacuolar import
(Matile et al. 1996). However, experiments
on Chl catabolite transport into isolated bar-
ley vacuoles (see below), indicated that
FCCs rather than NCCs are imported into
the vacuole (Hinder et al. 1996). This was
corroborated by in vitro isomerization under
acidic conditions of epi-pFCC to its corre-
sponding NCC, which is identical in struc-
ture to Cj-NCC-2 (Oberhuber et al. 2003).
Thus, after import into the vacuole, FCCs
seem to be rapidly converted to NCCs by an
acid-catalyzed isomerization. According to
a mechanism proposed by Oberhuber et al.
(2003), a free propionic acid side chain at
C17 is required for this isomerization. This
view is supported by the identification of
persistent FCCs that are conjugated at C17°
(see below). Furthermore, the FCC-to-NCC
isomerization forms NCCs with a defined
stereochemistry at C15, in which the steri-
cally demanding functions at C13% and C15
are in trans configuration.

2. Fluorescent Chlorophyll Catabolites

As mentioned above, FCCs are generally low
in abundance. However, several FCCs have
been identified in senescent leaf extracts
from different species (Ginsburg and Matile
1993; Bachmann et al. 1994; Pruzinska et al.
2005) and the constitution of pFCC and some
mFCCs have been resolved (Table 16.1). The
fact that the modifications found in FCCs are
identical to the ones of NCCs (Pruzinska
et al. 2005) supports the view that
modification of these side positions occurs at
the level of FCC rather than NCC. FCCs
exhibit a characteristic UV absorption spec-
trum with maxima at 320 and 360 nm. In
addition, they are blue fluorescing with a
broad emission maximum around 430 nm.
The fluorescence is due to the Schiff’s base
configuration of the unsaturated j~methine
bridge linking pyrrole rings C and D, which
is lost upon FCC-to-NCC isomerization.

In contrast to the low abundance of FCCs
in senescent leaves of many species, it was
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recently shown that ripening bananas accu-
mulate FCCs to rather high concentrations.
These FCCs seem therefore not to occur
transiently, but to persist to late ripening
stages (Moser et al. 2008a, 2009).
Subsequently, persistent FCCs have also
been identified from senescent banana
(Banala et al. 2010) and peace lily leaves
(Kréutler et al. 2010). This new and unex-
pected finding is explained by the structures
of these FCCs, which has been elucidated in
some cases; in these FCCs, the C17 propi-
onic acid group is conjugated with different
moieties, including unusual moieties such
as daucic acid and different C6-linked sub-
stituted pyranose units (Table 16.1). As a
consequence of C17-modification, the nor-
mal acid-induced isomerization to NCCs
does not occur and these FCCs have been
termed ‘hypermodified’ (AFCC) (Moser
et al. 2009). The identification of AFCCs
indicates the existence of a second variant
fate of Chl catabolites within the PAO path-
way, i.e. C17-modified catabolites persist as
FCCs, whereas unmodified ones are converted
to NCCs. Interestingly, both variants, i.e.
hFCCs and NCCs, occur simultaneously in
banana and peace lily, pointing to the possi-
bility that ”AFCCs might have some physio-
logical role (Moser et al. 2009), e.g. in
producing an optical effect protecting, for
instance, against herbivores. Yet so far,
hFCCs have been identified in only a few
species, and large scale screening of senes-
cent tissue for the presence of AFCC is
needed in order to show how wide-spread
hypermodification of FCCs is within the
plant kingdom. This will be a prerequisite
for investigating the possible physiological
function of #/FCCs.

3. Degradation Beyond FCCs/NCC?

In most plant species analyzed so far, abun-
dance of NCCs increases with progression of
senescence, in agreement with the idea that
they are the final products of Chl breakdown.
This is supported by calculations for C.
japonicum (Curty and Engel 1996) and
canola (Ginsburg and Matile 1993) that show
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that the amounts of NCCs account for almost
all metabolized Chl. However, several fur-
ther breakdown products have been identified,
indicating a possible degradation beyond the
NCC level. An urobilinogenoidic derivative
of Hv»-NCC-1 (Losey and Engel 2001) and
monopyrrolic Chl catabolites were identified
in barley (Suzuki and Shioi 1999).
Furthermore, senescent leaves of C. japoni-
cum contained small amounts of a yellow-
colored Chl catabolite (YCC), an oxidation
product of Cj-NCC-1 (Moser et al. 2008b). It
remains to be shown whether any of these
compounds are synthesized by enzymes as
part of a defined pathway within intact
senescing cells, or whether they are formed
by unspecific oxidation events after tissue
disintegration at late stages of senescence.

B. Biochemistry of the PAO Pathway
of Chlorophyll Breakdown

FCCs and NCCs exhibit a common tetrapyr-
rolic backbone structure, which is the result
of the activity of PAO. This points to the
existence of a basic common pathway, which
we nowadays call the PAO pathway. Analysis
of mutants affected in different steps of Chl
breakdown as well as inhibition and cell frac-
tionation studies allowed the identification
of further intermediates of Chl breakdown,
in particular Pheide a. Furthermore, the
establishment of in vitro enzyme assays and
crucial efforts in chemical synthesis of
potential intermediates (Krautler et al. 1997;
Oberhuber et al. 2008) provided the basis for
the elucidation of most of the individual
steps of the pathway and allowed the recent
cloning of Chl catabolic genes. Mutants are
available for all known enzymes involved in the
pathway. The following sections summarize
our current knowledge of the PAO pathway.

1. Chlorophyll b to Chlorophyll a Reduction

Apart from At-NCC-3 (Miiller et al. 20006),
all FCCs and NCCs identified so far from
higher plants are derived from Chl a. In
addition, barley leaf senescence in the
presence of D O partially labeled Hv-
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NCC-1, indicating it to derive in part from
Chl b (Folley and Engel 1999). Furthermore,
PAO was shown to accept Pheide a, but not
Pheide b, as substrate (Hortensteiner et al.
1995), and PAO mutants (see below)
specifically  accumulated Pheide a
(Pruzinska et al. 2003; Tanaka et al. 2003).
Together these data demonstrated that con-
version of Chl b to Chl a occurs before fur-
ther degradation via PAO and upstream of
Pheide formation. Biochemically, Chl b-to-
Chl a conversion constitutes the reductive
half of the so-called Chl cycle, which allows
interconversion of Chl(ide) ¢ and Chl(ide) b
via C7-hydroxymethyl Chl(ide) (Riidiger
2002). Substrate preferences of the enzymes
involved indicate that the oxidative part is
predominantly active towards Chlide (Oster
et al. 2000), while the reductive part mainly
uses phytylated pigments as substrate
(Scheumann et al. 1999). The cycle is
important to balance the ratio of a- and
b-type pigments for adaptation to particular
physiological conditions, for example
changing light intensities.

Both oxygenation steps from Chlide a
to Chlide b are catalyzed by Chlide a oxy-
genase, a Rieske-monooxygenase (Tanaka
et al. 1998; Oster et al. 2000), which was
recently shown to be regulated by a feed-
back mechanism (Sakuraba et al. 2007).
Chl b modulates the stability of Chlide a
oxygenase through the activity of the chlo-
roplast Clp protease system (Sakuraba
et al. 2009).

Chl b reduction was shown to require two
different enzymes, Chl b reductase and
hydroxymethyl Chl reductase (Ito et al.
1996; Scheumann et al. 1998). Whereas the
latter is a stroma-localized, ferredoxin (Fd)-
dependent enzyme whose molecular nature
is not yet known, Chl b reductase has been
identified in a forward genetic screen for
stay-green mutants in rice (Kusaba et al.
2007). The protein identified, NON-
YELLOW COLORING1 (NYC1), is a
member of the family of short-chain dehy-
drogenases/reductases with three predicted
transmembrane spanning domains. These
features fit with the biochemically identified
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dependence on NADPH as electron source
and the predicted localization of Chl b
reductase activity at the thylakoid membrane
(Scheumann et al. 1999). Furthermore,
NYCI gene expression correlated with leaf
senescence (Kusaba et al. 2007), confirming
the increase of Chl b reductase activity
which was demonstrated in senescing barley
leaves (Scheumann et al. 1999). The analy-
sis of the rice nycl/ mutant, which showed
particular retention of LHCII subunits and
Chl b, favored the assumption that NYC!
encodes Chl b reductase (Kusaba et al.
2007). This was largely confirmed when
analyzing Arabidopsis mutants defective in
the ortholog of NYC1 (At4g13250) (Horie
et al. 2009). However, in vitro activity could
not be demonstrated for either rice or
Arabidopsis NYC1 (Kusaba et al. 2007;
Horie et al. 2009), possibly because of the
hydrophobic nature of these proteins. In
both rice and Arabidopsis a close homolog
of NYC1, NYC1 LIKE (NOL), is present
and both proteins were shown to exhibit Chl
b reductase activity when expressed in
E. coli (Horie et al. 2009; Sato et al. 2009).
In addition, rice NYC1 and NOL physically
interact, and in line with this, NOL, although
predicted to be a soluble protein, co-purifies
with the thylakoid membrane (Sato et al.
2009). Chl b reductase is an early (or the ini-
tial) step of Chl breakdown and NOL of
Arabidopsis was shown to reduce Chl b to
hydroxymethyl Chl when isolated trimeric
LHCII complexes were used as substrate. In
addition, this reaction was sufficient to
release Chl from the complexes, indicating
that Chl b reductase activity is an initial
reaction required for both Chl breakdown
and degradation of LHCII proteins (Horie
et al. 2009).

2. Mg-Dechelation and Dephytylation

In Bf 993, a stay-green mutant of F. pratensis,
Pheide a was shown to accumulate upon
senescence induction (Vicentini et al. 1995a).
Likewise, inhibition of Chl breakdown through
addition of iron chelators, such as 2,2’ dipyridyl,
caused Pheide a accumulation, indicating
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that Pheide « is a genuine intermediate of
Chl breakdown (Langmeier et al. 1993;
Vicentini et al. 1995a). The establishment of
an in vitro assay that involves PAO and
RCCR and converts Pheide a to pFCC
(Hortensteiner et al. 1995) corroborated
this assumption. It demonstrated that
removal of phytol and the central magnesium
atom of Chl precedes the chlorine ring
opening reaction through PAO. There was
still a puzzling question concerning the
order of these two reactions. Until recently,
phytol removal was considered to precede
Mg-chelation (Hortensteiner 2006; Tanaka and
Tanaka 2006), although in some instances,
pheophytin (Phein) had been identified as an
intermediate indicating the possibility of
the reactions occurring in inverse order
(Amir-Shapira et al. 1987; Heaton and
Marangoni 1996).

It has been suggested that phytol, after
hydrolysis from Chl, is re-utilized for the
synthesis of a-tocopherol because its abun-
dance increases during senescence (Peisker
et al. 1989; Rise et al. 1989). This requires
the activation of phytol to phytyl pyrophos-
phate, the co-substrate of condensation with
homogentisic acid, and nucleotide-dependent
phosphorylation of phytol was demonstrated
in spinach chloroplast extracts (Soll et al.
1980). A phytol salvage pathway for tocoph-
erol biosynthesis was recently established
(Ischebeck et al. 2006). It involves two
sequential phosphorylation steps, the first of
which is catalyzed by VTES of Arabidopsis
(Valentin et al. 2006) in a CTP-dependent
reaction (Ischebeck et al. 2006). The second
enzyme, phytylphosphate kinase, has not yet
been cloned.

In addition to feeding Chl-derived phytol
into a-tocopherol biosynthesis, substantial
quantities of phytol are found during senes-
cence or nitrogen deprivation in esterified
form, mainly with various fatty acids
(Ischebeck et al. 2006; Gaude et al. 2007).
These fatty acid phytyl esters accumulate
predominantly within plastoglobules, lipo-
protein vesicles of plastids, whose abun-
dance and size increases during senescence
and which are considered to have an impor-
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tant role in lipid metabolism (Bréhélin
et al. 2007).

Chlorophyllase hydrolyzing phytol from
Chl was biochemically identified 100 years
ago (Willstitter and Stoll 1913) and was
believed to be active in Chl breakdown dur-
ing senescence. The biochemical properties
of chlorophyllase are intriguing because the
enzyme was shown to be highly active at
temperatures above 45°C and at high con-
centrations of acetone. In addition, it hydro-
lyzes a wide variety of hydrophobic
substrates, such as Chl, Phein and fatty acid
esters (McFeeters 1975; Arkus et al. 2005),
and also catalyzes transesterification reac-
tions (Fiedor et al. 1992). Chlorophyllase
activity was shown to be present constitu-
tively, but a relationship between chlorophyl-
lase and senescence-related Chl breakdown
was inferred from the latency of the enzyme
and its proposed localization at the chloro-
plast envelope (Matile et al. 1997). Thus, in
plant tissue extracts, chlorophyllase activity
can only be measured after solubilization
with solvents or detergents (Trebitsh et al.
1993; Matile et al. 1997). In addition, it was
considered that chlorophyllase was able to
act on Chl only after its release from Chl-
binding proteins and shuttle to the chloro-
plast envelope, involving an unknown Chl
carrier (Matile et al. 1999).

In 1999, two groups independently suc-
ceeded in cloning chlorophyllase (CLH)
genes from orange (Citrus sinensis) and white
goosefoot (Chenopodium album) (Jakob-
Wilk et al. 1999; Tsuchiya et al. 1999) based
on amino acid sequence information obtained
from purified protein fractions exhibiting
in vitro chlorophyllase activity (Trebitsh
et al. 1993; Tsuchiya et al. 1997). Since then,
CLH genes have been described from a few
other plant species, including Arabidopsis,
broccoli (Brassica oleracea), Ginkgo biloba
and wheat (Tsuchiya et al. 1999; Tang et al.
2004; Arkus et al. 2005; Chen et al. 2008).
Surprisingly, prediction of subcellular local-
ization revealed that some of the cloned CLHs
might localize outside plastids, i.e. in the
cytosol or the vacuole. CLHs were therefore
considered to localize to different compart-
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ments, implying the existence of multiple
pathways for Chl breakdown (Takamiya et al.
2000). Experimental analysis of subcellular
CLH localization using different methods
resulted in inconsistent conclusions. The two
Arabidopsis CLHs, AtCLH1 and AtCLH2,
localized to the cytosol when tagged with
GFP (Schenk et al. 2007), while the
N-terminus of G. biloba CLH targeted GFP
to the chloroplast (Okazawa et al. 2006).
Lemon (Citrus limon) CLH was shown by in
situ immunofluorescence to reside inside the
chloroplast in lemon flavedo tissue (Azoulay
Shemer et al. 2008) and to co-purify with
chloroplast membranes after heterologous
expression in tobacco mesophyll protoplasts
(Harpaz-Saad et al. 2007). Experiments aim-
ing to investigate the involvement of CLHs
in Chl breakdown produced similarly contra-
dictory results: absence of one or both of
AtCLH1 and AtCLH2 in the respective
mutants (Schenk et al. 2007) as well as RNAi-
based gene silencing of AtCLH1 (Kariola
et al. 2005) or AtCLH2 (Liao et al. 2007) had
little or no effect on Chl breakdown during
leaf senescence. In addition, expression pat-
terns of AtCLHs do not correlate with Chl
breakdown (Zimmermann et al. 2004; Liao
etal. 2007). This indicated that in Arabidopsis
CLHs are not required for leaf senescence-
related Chl breakdown. In contrast, investiga-
tions in some other species support an
involvement of CLH in Chl breakdown. For
example in broccoli, antisense-suppression
of CLH delayed rates of postharvest head yel-
lowing (Chen et al. 2008). Yet in the same tis-
sue, expression of CLH genes does not
correlate with progression of Chl breakdown
(Btichert et al. 2011). During fruit ripening in
Citrus species, CLH was convincingly shown
to participate in Chl breakdown and also to
promote Chl breakdown when expressed in
squash (Cucurbita pepo) leaves or tobacco
protoplasts (Harpaz-Saad et al. 2007; Azoulay
Shemer et al. 2008).

The proposed non-involvement of CLHs
in Arabidopsis leaf senescence prompted a
search for alternative phytol-cleaving
esterases. A candidate esterase was identified
in three independent approaches, i.e. a func-
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tional genomics screen of the Arabidopsis
proteome (Schelbert et al. 2009), a screen
for genes co-expressed with NYE1/SGR in
Arabidopsis (see below) (Ren et al. 2010)
and a screen for stay-green mutants in rice
(Morita et al. 2009). Yet only in one of these
investigations, a functional analysis of the
enzyme as a possible phytol hydrolase was
performed (Schelbert et al. 2009). After
heterologous expression, the Arabidopsis
protein (At5g13800) exhibited esterase
activity with Phein a or Phein b as substrate
yielding the respective Pheide pigment.
Surprisingly, the enzyme did not dephyty-
late Chl, pointing to an intriguing specificity
towards metal-free pigments. The enzyme
was therefore termed pheophytinase (PPH).
This substrate specificity was consistent
with accumulation of Phein a in senescent
leaves of Arabidopsis pph mutants. pph
exhibits a stay-green phenotype similar to
the one observed in nyc/ mutants with high
retention during senescence of thylakoid
membrane structures, LHCII subunits and
Chl (Morita et al. 2009; Schelbert et al.
2009; Ren et al. 2010). As expected for a
Chl-dephytylating enzyme, PPH and its rice
ortholog, NCY3, were shown to localize to
the chloroplast. In addition, PPH/NYC3
mRNA increases with senescence, thus
exhibiting high level of co-expression with
other Chl catabolic genes such as PAO and
NYEI1/SGR (Ren et al. 2010). Similarly,
PPH expression correlated with yellowing
of broccoli heads, indicating that also dur-
ing postharvest PPH but not CLH is active
(Biichert et al. 2011).

In summary, there is increasing evidence
that dephytylation occurs only after removal
of Mg from Chl, and PPH/NYC3 is likely to
be responsible for this reaction. This is cer-
tainly true for Arabidopsis and rice leaf
senescence. However, for other systems, in
particular fruit ripening, CLH could have a
role (in addition?) and further investigations
are required to solve this riddle. From a met-
abolic perspective it is understandable that
Chl breakdown should proceed via PPH and
not CLH, because then Chlide, the last pre-
cursor of Chl biosynthesis, is not simultane-
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ously an intermediate of Chl breakdown.
Hence, biosynthetic and catabolic reactions
are entirely separated allowing better meta-
bolic control of overall Chl metabolism.

The mechanism of Mg-dechelation has
not been clear until now. Two types of activi-
ties have been described in the literature. In
two cases, white goosefoot (Shioi et al.
1996a; Suzuki and Shioi 2002) and straw-
berry (Fragaria x ananassa) (Costa et al.
2002), heat-stable low-molecular weight
compounds have been described that cata-
lyze Mg-dechelation. These compounds were
termed metal-chelating substance (MCS)
and they have molecular weights of <400 Da
(goosefoot) and 2,180 Da (strawberry).
However, their molecular nature has so far
not been determined. Inhibition studies indi-
cated that MCS compounds may contain
active SH-groups, pointing to a possible pro-
teic nature (Shioi et al. 1996a; Costa et al.
2002). The speculation that MCS compounds
merely represent prosthetic groups of
Mg-dechelating proteins (Matile et al. 1996)
has been refuted (Suzuki et al. 2005). The
second type of Mg-dechelating activity was
attributed to heat-labile proteins, termed
Mg-releasing proteins (MRP) (Vicentini
et al. 1995b; Suzuki and Shioi 2002). MRP
activity has so far only been demonstrated
using the artificial substrate chlorophyllin,
i.e. alkali-hydrolyzed Chl, not with Chlide as
substrate. This was interpreted as MCS being
active in vivo (Kunieda et al. 2005).
Considering the fact that, at least in some
systems, Mg-dechelation occurs before
dephytylation (Schelbert et al. 2009), it is
possible that Chlide is not the natural sub-
strate for Mg-dechelation. Hence, there is a
need to re-examine MCS and MRP-like
activities with Chl as substrate.

3. Macrocycle Ring Opening

The establishment of an in vitro assay that
catalyzes conversion of Pheide a to pFCC
(Ginsburg et al. 1994; Hortensteiner et al.
1995) and the chemical synthesis of RCC
(Kréutler et al. 1997), which is an intermediate
of this reaction, were crucial for elucidating
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the mechanism of the two-step macrocycle
ring opening reaction. A still puzzling aspect
of this reaction is the fact that both individual
steps, i.e. Pheide a-to-RCC conversion cata-
lyzed by PAO and RCC-to-pFCC conversion
catalyzed by RCCR, are inefficient on their
own, and large amounts of pFCC can be pro-
duced only in the coupled reaction (Rodoni
et al. 1997a). This biochemical property and
the demonstration of physical interaction
between PAO and RCCR using a bacterial
two-hybrid system (Pruzinska et al. 2007)
strongly indicates that metabolic channeling
takes place in the PAO/RCCR reaction.

PAO is an iron-dependent oxygenase,
whose activity was shown to be inhibited by
chelating substances such as 2,2'-dipyridyl
or o-phenanthroline (Ginsburg et al. 1994).
In PAO, two iron centers, a Rieske iron-sulfur
center and a mononuclear iron center, are
present (Pruzinska et al. 2003), the latter of
which is responsible for the activation of
molecular oxygen (Schmidt and Shaw 2001).
pFCC-labeling experiments using 'O,
showed that PAO is a monooxygenase that
specifically incorporates an oxygen atom
derived from molecular oxygen at the
formyl group attached to pyrrole ring B
(Hortensteiner et al. 1998). As for other
Rieske type oxygenases, electrons required
to drive the iron-redox cycle of PAO are sup-
plied through reduced Fd (Ginsburg et al.
1994; Pruzinska et al. 2003). Based on the
distribution of its activity, PAO was believed
to reside in the chloroplast envelope (Matile
and Schellenberg 1996). PAO proteins do
contain two C-terminally located transmem-
brane helices, and recent proteomics data
indicate that PAO could also localize to
thylakoid membranes (Joyard et al. 2009).
A further C-terminal motif containing con-
served cysteine residues was identified as a
target of thioredoxin regulation, indicating
redox-regulation of PAO function (Bartsch
etal. 2008). As mentioned above, PAO exhib-
its an intriguing specificity for Pheide a, with
Pheide b inhibiting the activity in a competi-
tive manner. This specificity provides an
explanation for the almost unique occurrence
of Chl a-derived FCCs and NCCs.
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Based on the biochemical properties of
PAOQ, a functional genomics screen was per-
formed in Arabidopsis to identify PAO at the
molecular level (Pruzinska et al. 2003). PAO
turned out to be identical to ACCELERATED
CELL DEATH (ACD) 1 (At3g44880)
(Greenberg and Ausubel 1993), which after
heterologous expression in E. coli exhibited
PAO activity with properties similar to those
of native PAO (Pruzinska et al. 2003). In an
independent approach using antisense
silencing of candidate genes, ACD1 was also
identified as likely to be PAO (Tanaka et al.
2003). PAO/ACDI1 is the ortholog of
LETHAL LEAF SPOT 1 in maize (Gray
et al. 1997), and absence of these proteins in
corresponding mutants or antisense lines
from Arabidopsis, rice or tomato results in
premature cell death phenotypes (Greenberg
and Ausubel 1993; Gray et al. 2002;
Spassieva and Hille 2002; Pruzinska et al.
2003, 2005; Tanaka et al. 2003). In all cases
investigated, Pheide a was shown to accu-
mulate to high concentrations. The photo-
toxicity of Pheide was considered to trigger
the observed cell death phenotype in a light-
dependent manner. However, cell death in
Arabidopsis PAO-antisense lines was
recently shown to be light-independent and
a cell death signaling mechanism involving
Pheide a was proposed (Hirashima et al.
2009). Components of such a pathway have
not yet been identified and it remains to be
confirmed to what extent direct phototoxic-
ity of Pheide a contributes to cell death.

RCCR is a soluble protein of about 30 kDa
that catalyzes the C1/C20 reduction of RCC
to pFCC. As in the case of PAO, electrons are
supplied from reduced Fd, but the protein
does not contain any known domain that
would indicate the mechanism of the reac-
tion. However, RCCR is distantly related to a
family of Fd-dependent bilin reductases
(Frankenberg et al. 2001). These include
bilin reductases from algae and cyanobacte-
ria required for phycobilin biosynthesis, such
as phycoerythrobilin synthase (PebS) and
phycocyanobilin:ferredoxin oxidoreductase
(PcyA), as well as phytochromobilin syn-
thase (HY?2) from higher plants that catalyzes

375

the final step in phytochrome chromophore
biosynthesis (Kohchi et al. 2001). For PcyA
and HY2, a reaction mechanism has been
proposed that involves a radical intermediate
resulting from direct transfer of an electron
from Fd to a critical (conserved) glutamate
residue in the enzymes (Tu et al. 2004, 2008).
The recent elucidation of the crystal struc-
tures of Arabidopsis RCCR in the absence or
presence of RCC (Sugishima et al. 2009,
2010) demonstrated a high degree of struc-
tural similarity to the 3D structures of PebS
and PcyA (Hagiwara et al. 2006; Dammeyer
et al. 2008), supporting the idea that in
RCCR, a radical mechanism involving a glu-
tamate residue (glutamate , of Arabidopsis
RCCR) is also active.

As mentioned above, formation of pFCC
by RCCR is highly stereospecific, i.e. two
possible Cl-stereoisomers, pFCC or epi-
PpFCC, are formed. The constitution of both
Cl-epimers was verified by one- and two-
dimensional NMR methods (Miihlecker
et al. 1997, 2000). The source of RCCR
defines this specificity, as shown by the anal-
ysis of more than 50 plant species
(Hortensteiner et al. 2000; Pruzinska et al.
2007). In order to analyze this biochemically,
chimeric proteins were produced in E. coli,
in which parts of Arabidopsis RCCR
(At4g37000) producing pFCC were replaced
by the corresponding parts of tomato RCCR
(specifically forming epi-pFCC). This
attempt identified phenylalanine, ,, which
when replaced by valine (present in tomato
RCCR) switched Arabidopsis RCCR from
PpFCC to epi-pFCC production (Pruzinska
et al. 2007). Interestingly, this residue is
located within the RCC binding pocket in the
crystal structure (Sugishima et al. 2009), but
3D structure analysis of the phenylalanine -
to-valine variant did not convincingly explain
the altered stereospecificity (Sugishima
etal. 2010).

RCCR has been cloned from barley based
on amino acid sequence information obtained
from the purified protein (Rodoni et al.
1997b; Wiithrich et al. 2000). The partial
cDNA sequence obtained exhibited high
homology to ACD2, which had been identified
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in a genetic screen for accelerated cell death
in Arabidopsis and which had been consid-
ered to be a component of a cell death signal-
ing pathway (Greenberg et al. 1994).
Chloroplast-import experiments confirmed
the proposed (Ginsburg et al. 1994; Rodoni
et al. 1997a) chloroplast localization of
RCCR (Wiithrich et al. 2000). However,
ACD2/RCCR also partially localizes to mito-
chondria (Mach et al. 2001), in particular in
response to stress conditions, such as patho-
gen infection or protoporphyrin X treatment
(Yao and Greenberg 2006). Mitochondrial
localization of ACD2 was believed to have a
possible function in preventing the cellular
death that is observed in acd? mutants. Cell
death in acd? is preceded by an early mito-
chondrial oxidative burst (Yao et al. 2004)
and it was proposed that ACD2 could protect
mitochondria from such an oxidative burst
(Yao and Greenberg 2006), but the mecha-
nism of this protection has not been
resolved yet. This, together with the obser-
vation that cell death in acd? also occurred
in Chl-free root protoplasts, called into ques-
tion the role of RCCR/ACD?2 as a Chl cata-
bolic enzyme (Yao and Greenberg 2006).
However recently, the in vivo participation of
RCCR in Chl breakdown during senescence
hasbeen demonstrated (see below) (Pruzinska
et al. 2007).

When analyzing acd? with respect to
Chl breakdown, it turned out that progres-
sion of cell death in the mutant was highly
correlated with the accumulation of RCC
and RCC-like pigments (Pruzinska et al.
2007). Cell death was light-dependent and
coincided with the production of singlet
oxygen, indicating a phototoxic effect of
RCCs. Whether RCCs are directly photo-
toxic, or whether cell death is the result of
a death signaling pathway involving ROS,
remains to be demonstrated. In the case of
the Arabidopsis flu mutant, which accumu-
lates high levels of protochlorophyllide
(Meskauskiene et al. 2001), cell death does
not occur because of direct phototoxicity of
this Chl biosynthetic intermediate. Instead, it
was shown that protochlorophyllide-dependent
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production of singlet oxygen (op den Camp
et al. 2003) triggers a cell death pathway
that involves EXECUTER 1 and EXECUTER
2, two novel chloroplast-localized proteins
with so far unknown function (Wagner et al.
2004; Lee et al. 2007).

Surprisingly, acd2 mutants are not entirely
blocked at the level of RCCR, because
despite the accumulation of RCCs they still
produce FCCs and NCCs (Pruzinska et al.
2007). Interestingly, for several of these
catabolites, including pFCC, the presence of
both Cl-epimers could be shown. This
implied a loss of stereospecificity during
RCC reduction, indicating that this reduction
occurs through a stereo-unselective mecha-
nism that is unknown so far. In electro-
chemical reduction experiments on RCC,
pFCC and epi-pFCC are obtained in equal
quantities (Oberhuber et al. 2008). This dem-
onstrates that under appropriate conditions,
which are possibly also present in chloro-
plasts, (stereo-unselective) RCC-to-pFCC
reduction could occur without the involve-
ment of an enzyme. Complementation of
acd2 with versions of RCCR that exhibited
different C1-specificities in vitro resulted in
stereospecifically uniform patterns of catab-
olites, which corresponded to the specificity
of the complementing enzyme (Pruzinska
et al. 2007). These experiments allowed it to
be unambiguously conclude that RCCR is
active in Chl breakdown.

4. Modifications of the Primary
Fluorescent Chlorophyll Catabolite

The diversity of known FCC- and NCC-type
catabolites indicates that additional reactions
occur after the common formation of pFCC
(or epi-pFCC). Overall, pFCC side group
modification has so far been shown to be pos-
sible at four different positions. While hydroxy-
lation at C8? appears to be a common reaction,
other modifications occur in a species-specific
manner. For example, although several identi-
cal NCCs are found in canola and Arabidopsis,
Bn-NCC-1, carrying a malonyl group at C82, is
absent from Arabidopsis. Enzymes catalyzing
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these modifications have so far not been
identified at the molecular level and only for
some reactions have biochemical activities
been demonstrated.

Cl132-demethylated catabolites have been
identified in Brassicaceae, but not in many
other species such as barley (Table 16.1).
This pattern of occurrence of demethylated
forms of catabolites fits well with the pres-
ence in these species of an enzyme termed
pheophorbidase (Suzuki et al. 2002).
Pheophorbidase (PPD) is capable of hydro-
lyzing the C13?-methylester of Pheide, but it
does not accept metal-containing chlorins or
Cj-NCC-1 as substrate, indicating a high
degree of substrate specificity (Suzuki et al.
2006). The product of the reaction, C13%-
carboxyl pyropheophorbide, was shown to
decarboxylate spontaneously to pyropheo-
phorbide (Shioi et al. 1996b), a proposed
product of Chl breakdown found mainly in
algae and during post-harvest senescence
(Ziegler et al. 1988; Aiamla-or et al. 2010).
PPD was recently cloned from radish
(Raphanus sativus) and was predicted to
localize to the cytosol (Suzuki et al. 2006). It
is arguable whether Pheide is the true sub-
strate  for Cl3%-demethylation, because
Pheide a formation and further metabolism
occurs in plastids (Hortensteiner 2006;
Kréutler and Hortensteiner 2006), hence PPD
action on Pheide would require an unlikely
export from, and re-import into, senescing
chloroplasts. In addition, Arabidopsis paol
doesnotaccumulate C132-carboxyl pyropheo-
phorbide or pyropheophorbide (Pruzinska
et al. 2005). PPD is a serine-type esterase and
is highly homologous to the Arabidopsis
methyl esterase (MES) protein family. The
closest homolog of PPD, MES16, was shown
to hydrolyze methyl esters of jasmonic acid
and indole acetic acid (Yang et al. 2008).

An NCC that carries a malonyl group
attached to C82 has been found in canola
(Miihlecker et al. 1993). In this case, C8*-
hydroxylation by a (so far unknown) mecha-
nism precedes malonylation (Hortensteiner
1998). Likewise, Nr-NCC-2, a C8-
glucosylated NCC from tobacco, was shown
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to have a malonylated counterpart, Nr-
NCC-1 (Berghold et al. 2004). In both cases
malonyltransferase reactions have been dem-
onstrated that transfer the malonyl moiety
from malonyl-coenzyme A to the NCC
substrate. The activity isolated from canola
was shown to be specific for Chl catabolites,
but because of the presumed cytosolic local-
ization of the transferase (Hortensteiner
1998), FCCs rather than NCCs are the likely
in vivo substrates.

C. Subcellular Localization of the
Pathway and Catabolite Transport

Chl is localized in chloroplasts and the early
catabolic reactions (at least up to pFCC) also
localize to this organelle. This view is cor-
roborated by the finding that isolated senes-
cent chloroplasts are capable of pFCC
formation and release (Matile et al. 1992).
The site of pFCC-modifying activities is
most probably located in the cytosol. This is
deduced from the biochemical properties of
the modifying enzymes characterized so far
(Hortensteiner 1998; Suzuki et al. 2006). A
possible exception might be C8? hydroxy-
lation. In addition to pFCC, isolated chloro-
plasts produce a second more polar FCC
(Schellenberg et al. 1990; Ginsburg et al.
1994), which can serve as the substrate for
malonylation, indicating it to be hydroxy-
lated (own unpublished results).

Despite the undoubted plastidial localiza-
tion of the Chl catabolic enzymes involved in
the above-described PAO pathway (Wiithrich
et al. 2000; Kusaba et al. 2007; Ren et al.
2007; Schelbert et al. 2009), several reports
hint at extra-plastidial pathways for Chl
catabolism (Takamiya et al. 2000). These
include the identification of different types
of chloroplast-derived vesicles, which par-
ticipate in the breakdown of chloroplast con-
stituents (Guiamét et al. 1999; Otegui et al.
2005; Martinez et al. 2008; see also Costa et
al., Chap. 18), and a possible role for
autophagic processes playing a role in chlo-
roplast degradation during senescence
(Ishida et al. 2008; Wada et al. 2009; see also
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Wada and Ishida, Chap. 19). However, to
date none of these processes have demon-
strated to involve Chl catabolism. The stay-
green and cell death phenotypes of Chl
catabolic mutants suggest that the majority
of Chl is degraded via the PAO pathway
inside senescing chloroplasts and that extra-
plastidial pathways, may make — if at all —
only a minor contribution.

Different experimental approaches, such
as fluorescent protein fusion analysis, pro-
teomics and chloroplast-subfractionation
studies, have been used to address the sub-
chloroplast localization of the PAO pathway
enzymes. The results are partially conflicting.
Thus, NYCI1 protein and Chl b reductase
activity reside in the thylakoid membrane
(Scheumann et al. 1999; Sato et al. 2009),
while NOL, which was shown to interact
with NYCI, localized to the envelope in a
proteomics study (Joyard et al. 2009).
Likewise, RCCR is a soluble protein local-
izing to the stroma (Rodoni et al. 1997b;
Joyard et al. 2009), yet RCCR physically
interacts with PAO (Pruzinska et al. 2007),
which was shown to localize to the envelope
(Matile and Schellenberg 1996; Joyard et al.
2009). Finally, PPH was also localized to the
stroma (Schelbert et al. 2009), but since from
its activity towards Phein it has been inferred
that it is likely to be attached to LHCs, local-
ization in the thylakoid membrane would be
expected. In summary, the data obtained so
far imply that Chl catabolism may occur at
both thylakoid and envelope membranes
(Fig. 16.2). As a consequence a mechanism
for shuttling Chl pigments from the thyla-
koid to the envelope has been postulated
(Matile et al. 1999), but the nature of the Chl
shuttle is unknown. Alternatively, the forma-
tion of contact between thylakoid and enve-
lope membranes at sites of active Chl
catabolism could overcome the spatial sepa-
ration of enzymes of the PAO pathway.

Chl catabolites are deposited in the vacuoles
of senescing cells (Matile et al. 1988; Hinder
et al. 1996), indicating that two membranes,
the chloroplast envelope and the tonoplast,
need to be crossed (Fig. 16.2). In both cases,
active transport processes are involved, but
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only for vacuolar import has the transport
been shown to be primary active (Matile
et al. 1992; Hinder et al. 1996). This implied
the participation of members of the ATP
binding cassette (ABC) transporter family,
and for two of these transporters, ABCC2
and ABCC3, transport activity for Bn-NCC-1
has been demonstrated (Lu et al. 1998;
Tommasini et al. 1998). However, the nature
of the in vivo transporter(s) remains uncer-
tain and an Arabidopsis ABCC2 mutant was
only marginally affected in senescence
(Frelet-Barrand et al. 2008). This might be
due to functional redundancy of different
transporters. Export from senescing chloro-
plasts required the (extra-plastidial) presence
of a hydrolysable nucleotide, but ATP could
be replaced by UTP (Matile et al. 1992). The
nature of the transporter at the chloroplast
envelope is unknown.

IV. Chlorophyll Breakdown and Its
Relation to Stress Response

In addition to leaf senescence and fruit ripen-
ing, many biotic and abiotic stresses cause loss
of Chl. However, the mechanism of Chl disap-
pearance is not well understood and in only a
few cases has a direct relation to the PAO path-
way been demonstrated (Yang et al. 2004; Mur
et al. 2010). Analysis of a large number of
microarray studies investigating stress-related
gene expression (Zimmermann et al. 2004)
indicates that many Chl catabolic genes are
regulated in response to different abiotic stress
conditions, in particular drought and osmotic
stress, as well as in response to challenge by
several pathogens, including Pseudomonas
syringae. For most abiotic stress conditions
that result in Chl degradation, it remains to be
established to what extent the PAO pathway
contributes. In situations where stress results in
cell death, Chl disappearance could be due to
unspecific peroxidative or photooxidative path-
ways that become active after tissue death.

In contrast, a large body of evidence exists
that relates Chl breakdown to pathogen infec-
tion as an active response process of plants.
Thus, the Chl catabolic mutants of
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Fig. 16.2. Topographical model of the PAO pathway of Chl breakdown. The model updates the current state of
knowledge about the pathway and incorporates the (presumed) subcellular localization of Chl catabolites and Chl
catabolic enzymes. Putative steps are labeled with question marks. For abbreviations see the text.

Arabidopsis, acdl and acd?, were originally
identified because of accelerated cell death
in response to infection with P. syringae
(Greenberg and Ausubel 1993; Greenberg
et al. 1994). Furthermore, execution of
the hypersensitive response (HR) in the
Arabidopsis-P. syringae pathogenesis system
is linked to light, i.e. a plant’s defense poten-
tial following an incompatible interaction that
results in localized cell death is increased in
the light compared to the dark (Zeier et al.

2004; Griebel and Zeier 2008). Among other
mechanisms, imbalances in Chl metabolism
were considered to trigger pathogen defense
through ROS signaling. As shown for several
lesion mimic mutants (Ishikawa et al. 2001;
Mach et al. 2001; Meskauskiene et al. 2001;
Pruzinska et al. 2003) and transgenic plants
de-regulated in Chl metabolism (Kruse et al.
1995; Tanaka et al. 2003), ROS production
is linked to the photodynamic properties
of many Chl metabolic intermediates.
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Recently, astay-green mutant of Arabidopsis
was shown to suppress HR-related cell
death, and Pheide a played a crucial role in
ROS-mediated establishment of the HR
(Mur et al. 2010). This indicates that Chl
breakdown could have an impact on cell
death during the HR, explaining at least in
part the known light-dependency of HR in
Arabidopsis as elicited by some strains of P.
syringae, but possibly also causing HR-like
phenotypes in other instances of plant-
pathogen and plant-herbivore interactions
(Roberts and Paul 2006). However, it remains
to be shown whether Chl catabolites are
directly involved in the execution of cell death
after pathogen attack.

V. Regulation of Chlorophyll
Breakdown

A.The Stay-Green Protein

In many species, stay-green mutants are
known that upon induction of senescence
show retention of greenness (as compared
to the respective wild types). These have
been categorized into two principal groups:
functional and non-functional (also called
cosmetic) stay-green mutants (Thomas and
Howarth 2000). The difference between these
categories is whether retention of greenness
is coupled to loss (cosmetic stay-greens) or
retention (functional stay-greens) of photo-
synthetic capacity. Thus, cosmetic stay-green
mutants [categorized as type C (Thomas and
Howarth 2000)] show normal senescence
behavior, but retain green color, indicating
them to be defective in Chl breakdown. As
outlined above, mutations affecting some
Chl catabolic enzymes such as PPH or NYC1
have been shown to fall into the type C cate-
gory. However, most cosmetic stay-green
mutants that have been identified from natu-
rally occurring varieties of different species
or during screening programs for stay-green
phenotypes are defective in a different gene,
termed STAY-GREEN (SGR). Plant varieties
in which SGR deficiency has been proven
include fruit ripening mutants of bell pepper
(Capsicum annuum; chlorophyll retainer)

Stefan Hortensteiner

(Efrati et al. 2005; Barry et al. 2008) and
tomato (green flesh) (Barry et al. 2008) as
well as Gregor Mendel’s famous / locus
mutant of pea (Pisum sativum) (Armstead
et al. 2007; Sato et al. 2007), Arabidopsis
nonyellowingl (nyel) (Ren et al. 2007), dif-
ferent rice mutants (Jiang et al. 2007; Park
et al. 2007; Sato et al. 2007) and Bf 993 of
F. pratensis (Armstead et al. 2006, 2007). It
is to be expected that molecular defects in
SGR are also present in other phenotypic
type C mutants, such as soybean (Glycine
max) dd, (Guiamét et al. 1991) and
Arabidopsis orel0 (Oh et al. 2003).

SGR proteins of different species share a
high degree of sequence similarity
(Hortensteiner 2009), contain a C-terminally
located cysteine-rich consensus sequence
of unknown function (Aubry et al. 2008)
and are targeted to the chloroplast (Park
et al. 2007; Ren et al. 2007; Sato et al.
2007). However, a clear (biochemical) func-
tion for SGR remains elusive. For the
Mendel’s / locus mutant and Bf 993 a link
to PAO function was postulated, because the
mutants had diminished PAO activity and
accumulated Chlide and Pheide @ (Vicentini
et al. 1995a; Thomas et al. 1996). However,
a recent detailed re-analysis of this hypoth-
esis showed that SGR acts independently
and upstream of PAO (Aubry et al. 2008).
Interestingly, rice SGR was shown to inter-
act with LHCII, but not LHCI, subunits,
and this interaction was not compromised
in a valine,, point mutation of rice SGR,
which causes the stay-green phenotype
(Park et al. 2007). Thus, it has been specu-
lated that SGR could be important for desta-
bilization of Chl-protein complexes as a
prerequisite for subsequent Chl and apopro-
tein degradation, but the (point-) mutations
shown to be present in several SGR mutants
(Hortensteiner 2009) could (in addition)
affect an so far unknown enzyme activity or
may affect binding of other factors required
for Chl-apoprotein degradation (Park et al.
2007). This view is corroborated by the fact
that during senescence mutants defective
in SGR specifically retain LHCII subunits.
In contrast, LHCI peptides are less affected
and a corresponding activity that may
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control Chl-apoprotein degradation in PSI
awaits detection. Interestingly, most plant
species analyzed so far contain at least two
SGR genes, but whether the respective para-
logs could be involved in LHCI degradation
remains to be shown. In the case of
Arabidopsis, only SGR1 (At4g22920)
deficiency causes the stay-green phenotype
described; absence of SGR2 (At4g11910)
does not affect Chl breakdown (Aubry
et al. 2008).

In summary, SGR seems to function in
destabilization of Chl-binding proteins.
According to this view it is not itself a Chl
catabolic enzyme, but may be required to
allow the catabolic enzymes to access their
substrates. Thus, SGR can be considered a
regulator of both Chl and apoprotein degra-
dation, which acts at the level of Chl-
apoprotein complex stability. It is interesting
to note that during senescence, Bf 993 accu-
mulates N-terminally truncated fragments
of LHCII subunits, indicating that absence
of SGR prevents the membrane-embedded
core part of the complexes from being prote-
olytically degraded (Thomas and Howarth
2000). SGR might work in addition to or in
concert with NYC1/NOL. Stability of Chl-
apoprotein complexes was shown to require
a defined ratio of Chl a and Chl b (Horn and
Paulsen 2004) and as a consequence Chl
b-less mutants are pale and LHCII apopro-
teins are unstable in these mutants (Harrison
et al. 1993).

B. Chlorophyll Breakdown and Its
Relation to Nitrogen Metabolism

Remobilization of nutrients from leaves to
storage organs or seeds is an intrinsic feature
of leaf senescence. Nitrogen in particular is
efficiently remobilized and the photosynthetic
apparatus, containing some 20% of total cel-
lular nitrogen (Peoples and Dalling 1988),
contributes a major source. In contrast, Chl
only accounts for about 2% of nitrogen in a
leaf cell, a fraction which is lost when FCC/
NCC-containing senescent leaves shed from
the plant. Thus, Chl degradation is not aimed
at recycling pigment-bound nitrogen, but
Chl breakdown can be seen as an important
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detoxification process that is a prerequisite for
the remobilization of nitrogen bound in
Chl-apoproteins. Cosmetic stay-green mutants
defective in SGR, NYC1 or PPH retain large
fractions of these Chl-binding proteins, but so
far the impact of this loss, e.g. for seed filling,
has not been thoroughly investigated. It can be
hypothesized that annual plants may be less
affected than perennial species, such as for
example deciduous trees. In addition, severe
effects might only be seen under nitrogen-
limiting growth conditions.

Except for D1 of the PSII reaction center,
which is turned over by the joint activity of
at least two types of proteases, DegP and
FtsH (Adam et al. 2006; Sakamoto 20006),
proteases responsible for the degradation of
Chl-binding proteins are largely unknown,
although members of the families of Lon,
Clp and FtsH proteases have been impli-
cated (Sakamoto 2006; Liu et al. 2008).

C. Transcriptional Control
of the PAO Pathway

Chl breakdown is the visible symptom of
senescence and the status of yellowing has
been proposed as a biomarker of leaf senes-
cence (Ougham et al. 2008). Thus, the phe-
notypic progression of senescence is mostly
correlated with Chl breakdown. Nevertheless,
the process of yellowing is integrated into
fundamental metabolic changes that occur
during leaf senescence and that are termed
the ‘senescence syndrome’ (Smart 1994).
These include structural changes, such as the
chloroplast-to-gerontoplast transition, as
well as biochemical processes largely aiming
at the recycling of nutrients. Initiation and
progression of the syndrome depend on a
regulatory network, which is only partially
understood so far (Lim et al. 2006).
Regulation of Chl breakdown is integral to
the regulation of leaf senescence. This is evi-
dent from the fact that, although specific sets
of genes are up-regulated when different
types of leaf senescence are compared, Chl
catabolic genes belong to those genes that
are up-regulated under all conditions tested
(Buchanan-Wollaston et al. 2005; Van der
Graaff et al. 2006). Yet in Arabidopsis, several
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Chl catabolic genes are, for example, also
expressed in petals, which do not contain Chl
(Zimmermann et al. 2004). This indicates
that regulation of the PAO pathway could go
beyond leaf senescence. In line with this is
the observation that the genes of the PAO
pathway that are known to be transcription-
ally regulated, i.e. SGR, NYCI, PPH and
PAO, are highly co-regulated (Ren et al.
2010) and consequently cluster closely
together when performing gene network
analyses (Fig. 16.3) (Obayashi et al. 2009).
This suggests the possible involvement of
specific transcription factors regulating the
PAO pathway. Although several hundreds of
transcription factors have been shown to be
differentially regulated during leaf senes-
cence (Balazadeh et al. 2008), factors that
specifically target Chl catabolic genes are
unknown. Interestingly, Arabidopsis RCCR
is not co-regulated with the other known
PAO pathway genes (Fig. 16.3), supporting
the idea that RCCR may have additional
functions (Yao et al. 2004; Yao and Greenberg
2006). Similarly, expression of Arabidopsis
NOL clusters with RCCR rather than with
the other genes. This is different from the
situation in rice, where NOL and NYCI both
show senescence-related enhancement of
expression (Sato et al. 2009).

D. Metabolic Control of the
PAO Pathway?

Chl catabolic mutants such as pph-1 and paol
retain large quantities of Chl and accumulate
only comparatively small quantities of the
respective intermediates, Phein a and Pheide
a (Pruzinska et al. 2005; Schelbert et al. 2009).
This indicates the existence of feedback con-
trol mechanisms that prevent further degrada-
tion of Chl if the pathway is blocked. In the
case of PAO mutants, retention of greenness
was shown to correlate with reduced abun-
dance of SGR transcripts (Park et al. 2007).
Thus, a retrograde signaling pathway seems to
exist that regulates Chl catabolic gene expres-
sion in response to disturbances of the chloro-
plast-localized PAO pathway. The mechanism
of signaling remains to be elucidated.

Stefan Hortensteiner
VI. Conclusions and Outlook

Since the first elucidation of an NCC struc-
ture 20 years ago (Kréutler et al. 1991), the
‘biological enigma’ of Chl breakdown has
largely been solved. Most of the Chl cata-
bolic enzymes of the PAO pathway are known
along with their respective catabolic inter-
mediates and end products. Despite this
major progress, Chl breakdown remains
mysterious in several aspects. The surprising
recent identification of persistent AFCCs
implies that the pathway is even more com-
plex than the proposed linear conversion of
Chl down to NCCs (Hortensteiner and
Kréutler 2011). It also raises the intriguing
possibility that Chl catabolites might not
only be by-products of Chl detoxification,
but that they might have some biological
role. For example, NCCs have a high antioxi-
dative potential (Miiller et al. 2007), and
hFCCs and a C. japonicum YCC have been
shown to contribute, respectively, to the opti-
cal appearance of fruits and to the fall colors
of deciduous trees (Moser et al. 2008b;
Kréutler et al. 2010). Regarding the bio-
chemistry of the PAO pathway, none of the
enzymes that convert pFCC to mFCCs or
hFCCs has been identified at the molecular
level. Cloning the genes encoding these
enzymes will not be an easy task, in particu-
lar because several side group modifying
reactions occur in a species-specific manner.
Furthermore, the molecular mechanism of
Mg-dechelation is unclear, and the steps
involved in Chl turnover at the steady state
also remain enigmatic.

Chl breakdown occurs massively during
fruit ripening as well as during leaf senescence.
Several lines of evidence indicate that the PAO
pathway is active as well. FCCs and NCCs
have been identified from fruit sources (Moser
et al. 2008a, 2009), and PAO and RCCR have
been isolated from bell pepper chromoplast
membranes (Moser and Matile 1997).
Uncertainty remains concerning dephytylation,
i.e. there is a need to show whether PPH and/
or CLH is active during fruit ripening.

On the basis of sequence homology of
the Chl catabolic enzymes, Chl breakdown
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through the PAO pathway is a common
occurrence in higher plants, but comparison
of the proteins to the available genomic
sequences of lower plants indicates the pres-
ence of RCCR-, PPH- and/or PAO-like pro-
teins in algae and even in cyanobacteria
(Gray et al. 2004; Pruzinska et al. 2007,
Schelbert et al. 2009; Thomas et al. 2009). It
remains to be demonstrated whether any of
these homologs does indeed encode catalyti-
cally active Chl breakdown enzymes.
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