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Phyllobilins — the abundant bilin-type
tetrapyrrolic catabolites of the green plant
pigment chlorophylli:

Bernhard Krautler

The seasonal disappearance of the green plant pigment chlorophyll in the leaves of deciduous trees has
long been a fascinating biological puzzle. In the course of the last two and a half decades, important
aspects of the previously enigmatic breakdown of chlorophyll in higher plants were elucidated. Crucial
advances in this field were achieved by the discovery and structure elucidation of tetrapyrrolic
chlorophyll catabolites, as well as by complementary biochemical and plant biological studies.
Phyllobilins, tetrapyrrolic, bilin-type chlorophyll degradation products, are abundant chlorophyll
catabolites, which occur in fall leaves and in ripe fruit. This tutorial review outlines 'how’ chlorophyll is
degraded in higher plants, and gives suggestions as to ‘why’ the plants dispose of their valuable green
pigments during senescence and ripening. Insights into chlorophyll breakdown help satisfy basic human
curiosity and enlighten school teaching. They contribute to fundamental questions in plant biology and
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Key learning points

may have practical consequences in agriculture and horticulture.

(1) Phyllobilins are linear tetrapyrroles from chlorophyll breakdown (chlorophyll catabolites), which accumulate in de-greened leaves and vegetables, as well as

in ripening fruit.

(2) Chlorophyll breakdown involves an amount of about 1000 million tons each year, globally. About 25 years ago, it was still a striking biological enigma.
(3) In higher plants, chlorophyll breakdown follows a largely common, regulated path, named the ‘phyllobilin/PaO’ pathway.

(4) Phyllobilins are related to the tetrapyrrolic heme-catabolites (called bilins), which play important biological roles.

©)

5) Phyllobilins are suspected to have relevant physiological functions in plants; they occur in our nutrition, and may also play a role in human metabolism.

1. Introduction

Have you never wondered what happens to chlorophyll, when
the leaves of deciduous plants de-green and display their fall
colours, or when fruit ripen and turn to an appealing yellow,
red or blue (Fig. 1)? The quest of finding remains of the green
plant pigment has, indeed, engaged natural scientists’ interest
for a considerable time. Generally, their search was guided by
the idea that the breakdown products were assumed to be
coloured.” Their failure in actually identifying chlorophyll
degradation products was puzzling, as chlorophyll could not
seriously be considered to disappear ‘without leaving a trace’.
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Fig. 1 Characteristic colour changes observed in fall leaves and ripening
fruit are a visual sign of chlorophyll breakdown (reproduced from Chem.
Biol., 2008, 3, B79).
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chlorophyll a (Chl a, R = CH3)
chlorophyll b (Chl b, R = HC=0)

Hv-NCC-1

Fig. 2 'Rusty pigment’ from senescent leaves of barley (Hordeum vulgare), later named Hv-NCC-1, was identified as the first non-green Chl-catabolite.*®

In fact, the global formation of chlorophyll breakdown products
has been estimated to amount to about 1000 million tons, each
year,” and the seasonal disappearance of chlorophyll can be
observed (and can be studied) from outer space.’

About twenty-five years ago, in de-greening leaves, a colour-
less tetrapyrrole was identified as the first non-green catabolite
of chlorophyll (Chl).* This colourless compound, now named
Hy-NCC-1, was called a ‘rusty pigment’, originally, as it easily
oxidized with formation of coloured product mixtures.*® When
its structure could be established as a genuine Chl-breakdown
product, it was classified as a ‘nonfluorescent’ Chl-catabolite
(NCC), as it displayed no fluorescence (or other apparent photo-
activity, see Fig. 2).* Later studies have confirmed the broad
relevance of the tetrapyrrolic NCCs as products of Chl-
breakdown in higher plants.>® The original source of NCCs in
specific plants was incorporated into their provisional names,
e.g. H-NCC-1 for the most polar NCC from barley (Hordeum
vulgare, see Fig. 2). Nowadays, over a dozen NCCs with different
chemical structures are known, which are linear tetrapyrroles
derived from Chl (for a list, see ESI,} Table $1).° As will be
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delineated further below, NCCs are now classified as 1-formyl-
19-oxo-phyllobilanes, as they are remarkably similar to
bilanes,® a well known class of natural linear tetrapyrroles.”

Breakdown of Chl is the visible sign of senescence and cell
death in leaves and vegetables, as well as of ripening of fruit.®
As we now know, this process degrades Chl to a variety of linear
tetrapyrroles, classified as phyllobilins.® These Chl-catabolites,
in turn, are ‘biomarkers’ for senescence in higher plants. In this
review, most representative formulas of the phyllobilins are
drawn in a pseudo-cyclic fashion (see Fig. 2 and 3), which helps
to make visual structure-correlations with the macro-cyclic
precursors (Chls, pheophorbide @). However, the saturated
linkages between the 5-membered heterocyclic rings show high
conformational flexibility: there are three saturated linkages in
phyllobilanes (see Fig. 3), two in phyllobilenes, etc. In the cases
of unsaturated linkages the E/Z-geometry is defined in the
formulas of the corresponding Chl-catabolites, as shown below
(see e.g. Fig. 8 and ESLj} Fig. S2).

Considering the massive amount of Chl broken down each
year on Earth, phyllobilins are also an interesting class of natural
products from ecological and phytochemical points of view.’
Systematic isolation from a variety of plant sources, and subse-
quent structural work, have revealed the basic chemical nature of
phyllobilins.® They are structurally related to the much better
known and biologically important bilins,” which originate from
heme-breakdown.'® In spite of their importance in higher plants,
the linear tetrapyrroles derived from Chl-breakdown are remark-
able newcomers to the area of the heterocyclic natural products.’

2. Phyllobilins — a long overlooked
class of bilin-type tetrapyrrolic
heterocycles

2.1. Phyllobilins and key enzymes in the common ‘early’
phase of chlorophyll breakdown

Structure elucidation of phyllobilins has provided a solid basis
for detailed studies of the biochemical processes that constitute
the Chl-breakdown pathway, which undergoes its ‘early’ phase in

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Constitutional formula of Hv-NCC-1 in ‘pseudo-cyclic’ (left) and ‘extended’ versions (right).

senescent chloroplasts." In these plastids, the Chls are de-greened
rapidly in a strictly regulated process to colourless, blue fluorescent
Chl-catabolites (FCCs), which do not accumulate in senescent leaves
but exist only fleetingly (see below). Along this path, the green plant
pigments, Chls a and b, are first degraded to pheophorbide a
(Pheo a). The macrocycle of the green Pheo a is cut open at the
‘northern’ meso-position by pheophorbide a oxygenase (PaO),
an oxygen-dependent mono-oxygenase, which is highly active in
senescent leaves.'” PaO furnishes (an enzyme bound form of) the
red Chl-catabolite (RCC), a linear tetrapyrrole. This 1-formyl-19-
oxophyllobilin is the progenitor of all phyllobilins formed ‘later’
during Chl-breakdown. Thus, PaO is considered the key enzyme of
the largely common path of Chl-breakdown in higher plants,"
named the ‘phyllobilin/Pa0’ pathway.® However, since RCC, the
product of the PaO reaction, remained bound to PaO, its detection
in senescent plants was futile, at first. In fact, RCC was first prepared
by chemical synthesis from Pheo a, and then it was also identified
as breakdown intermediate in senescent leaves.™

In a type of metabolic channeling PaO-bound RCC is reduced
directly at its C15-meso-position by RCC-reductase (RCCR), yield-
ing a fluorescent Chl-catabolite (FCC). RCCR of Arabidopsis
thaliana was expressed in a functional form" and its crystal
structure (with RCC bound) was elucidated." RCCR occurs in
two stereo-divergent lines, which produce either the ‘primary’
FCC (pFCC) or its Cl6-epimer, epi-pFCC (see Fig. 4). It is a
ferredoxin-dependent enzyme, homologous to the ‘ferredoxin-
dependent bilin reductases’, which catalyze a range of reductive
modifications of heme-derived bilins."> RCCR is presumed to
reduce RCC via single electron/proton transfer steps,'* for which
electrochemical investigations with RCC provided a mechanistic
model."® pFCC was first identified from an enzyme extract from
senescent leaves of oil seed rape,'” epi-pFCC from a related
system using leaves of sweet pepper.® So far, the critical absolute
configuration at C16 of FCCs remains unassigned. pFCC and
related FCCs are colourless tetrapyrroles that luminesce blue
(at 450 nm) when excited with UV-light (at about 360 nm),
making the detection of minute amounts of FCCs possible.’

2.2. Phyllobilins and key enzymes in divergent ‘later’ phases
of chlorophyll breakdown

Typical FCCs are only short-lived metabolic precursors of the
colourless, ‘nonfluorescent’ Chl-catabolites (NCCs). Only the

This journal is © The Royal Society of Chemistry 2014

‘hypermodified’” FCCs (hmFCCs) are persistent, in which the
propionic acid side chain carries an ester function.'® hmFCCs
are generated by still uncharacterized enzymes and accumulate
in specific plant tissues (e.g. in ripe bananas, see below)."® FCCs
and NCCs are 1-formyl-19-oxophyllobilins, which are also clas-
sified here as type-I phyllobilins. FCCs are also precursors of
dioxobilin-type NCCs (DNCCs),"® which lack the 1-formyl
group.”’®>' DNCCs (and their possible descendants, see below)
are dioxobilin-type Chl-catabolites, or type-II phyllobilins (see
Fig. 5).° Interestingly, DNCCs carry the same type of oxo-groups
at their 1- and 19-positions as the heme-derived (dioxo)-bilins.

NCCs were found to accumulate in a variety of leaves, where
they localized to the vacuoles of senescent cells.> Spontaneous,
acid-induced isomerization of FCCs to the corresponding NCCs
has been proposed to take place in these acidic ‘storage’
vessels. The free carboxylic acid-function at the propionate side
chain of typical FCCs proved to be the amazing prerequisite for
achieving a significant rate and high stereo-selectivity of this
isomerization at the pH typically found in vacuoles.*” Based
on a detailed stereo-chemical analysis of the FCC/NCC-
isomerization, the newly formed asymmetric centre at C10
was deduced to have (R)-configuration. Interestingly, all struc-
turally characterized NCCs were inferred to have the same
configuration at this position, based on their similar circular
dichroism (CD)-spectra.”*®

Over a dozen constitutionally different (colourless) NCCs
have been identified, so far (see ESL} Table $1).° They were
decorated with one or several new functional groups (R" to R?,
see Fig. 5), when compared to the structures of the ‘earlier’
phyllobilins (RCC or ‘primary’ FCCs): a hydroxyl group at C3,
which may carry a glucopyranosyl or a malonyl group, a free
carboxylic acid function at C8% a 1,2-dihydroxyethyl group at
C18, and malonylation at the sugar unit bound to 03°.

In general, the new polar functions of the NCCs appear to
increase their hydrophilicity. However, to be consistent with the
general relevance of the previously delineated FCC/NCC-
isomerization step, these NCCs require the existence of the
correspondingly ‘modified” FCCs (mFCCs). This, in turn,
demands the activities of enzymes catalyzing the suggested
modifications at the three FCC-side chains concerned (see
Fig. 6 and Table S2, ESIt). Thus, the structures of NCCs identi-
fied, so far, indicate the broad relevance of an FCC-hydroxylation

Chem. Soc. Rev., 2014, 43, 6227-6238 | 6229
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Fig. 4 Chlorophyll a/b is degraded, in senescent chloroplasts, via pheophorbide a (Pheo a) and red Chl-catabolite (RCC) to the ‘primary’ fluorescent
Chl-catabolite (pFCC/epi-pFCC), following the ‘phyllobilin/PaO’ path.®
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Fig. 5 pFCC/epi-pFCC represent a three-way branching point of Chl-breakdown (see Fig. 4 for formula of pFCC/epi-pFCC). Further transformations
lead to other type-| phyllobilins, such as NCCs (e.g. Hv-NCC-1: Rt = OH, R? = CH3, R® = H, R* = CH(OH)-CH,OH) and ‘hypermodified’ FCCs (hmFCCs,
e.g. Mc-FCC-56: R = OH, R? = CHs, R® = daucic acid), or to type-Il phyllobilins, such as DNCCs (e.g.: Ap-DNCC: R* = OH, R®> = CHgz, R® = H,
R* = CH(OH)-CH,OH).

at C3?, and a possible subsequent glycosylation, or attachment of ~ group at C18, and malonylation at a sugar unit bound to 0O3’.
a malonyl group at the newly introduced 03>, the hydrolysis of A few such enzymes are now known:'" a methyl esterase was found
the methyl ester function at C8?, a dihydroxylation of the vinyl in Arabidopsis thaliana and was shown to be localized to the

6230 | Chem. Soc. Rev., 2014, 43, 6227-6238 This journal is © The Royal Society of Chemistry 2014
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mFCCs NCCs

pFCC / epi-pFCC

Fig. 6 pFCC/epi-pFCC is transformed to the non-fluorescent NCCs, via modification of peripheral groups to give (often yet elusive) modified FCCs
(mFCCs), followed by acid catalyzed isomerization of the latter to corresponding NCCs.

cytosol, which hydrolyzes the methyl ester function bound at
C8? of pFCC. A malonyl transferase attaches the malonyl unit to
03 (as was actually shown with several NCCs)."*

When dioxobilin-type NCCs (DNCCs) were discovered in
barley leaves, they were considered to be formed from NCCs by
an oxidative deformylation reaction.®*° However, the structure
of Ap-DNCC from senescent leaves of Norway maple (see Fig. 5)
suggested an alternative path for the formation of DNCCs.”*
Indeed, in studies with A. thaliana, a cytochrome P450 enzyme
(cyp89A9) was identified that catalyzed the oxidative deformyla-
tion of pFCC to the corresponding DpFCC (two stereo-
isomers).'® In weakly acidic solution, the latter then isomerized
to DNCCs of the type also found in senescent leaves of A. thaliana
(see Fig. 7). Cyp89A9 was localized in the endoplasmatic reticu-
lum, consistent with inferred transport of the FCC-substrate
from the chloroplast into the cytosol.'® In line with this finding
and with the observation of NCCs in the vacuole, transport of
FCCs through the chloroplast envelope into the cytosol, and
(eventually) from this compartment into the vacuoles is a
relevant and integral part of Chl-breakdown.'" Modified DFCCs
would, likewise, be expected to be formed in the cytosol, and to
be transported into the vacuole, with subsequent rapid isomeri-
zation to the corresponding DNCCs."’

Colourless phyllobilins, such as NCCs and DNCCs, accumu-
late only temporarily in senescent leaves. Indeed, besides NCCs
a (small) variety of DNCCs have meanwhile been identified in
extracts of senescent leaves and characterized (see ESL 3 Table S3).

HO,C

pFCC / epi-pFCC

DFCCs

Together with the remarkably persistent ‘hypermodified’ FCCs
(hmFCCs), three major lines of bilin-type Chl-catabolites have thus
been discovered, which arise from a diversity of the breakdown
pathway in its ‘later’ phases (see Fig. 5).

In addition, yellow and pink coloured phyllobilins, named
yellow Chl-catabolites (YCCs) and pink Chl-catabolites (PiCCs),
were found in some fully senescent, yellow leaves as oxidation
products of NCCs.>*?® Part of the yellow and red colours of fall
leaves may thus be due to these coloured pigments derived
from Chl. YCCs and PiCCs are also available from NCCs by
chemical oxidation and they are formed, as well, when NCCs
turn ‘rusty’. The first PiCC to be characterized by NMR-
spectroscopy and mass spectrometry, (10E,152)-1-formyl-3°-
hydroxy-19-oxophyllobiladiene-b,c, turned out to possess an
extended conjugated system, including a new C10—C11 double
bond in E-configuration (see Fig. 8).>* In spite of this structural
feature (which was confirmed by crystallography), this PiCC has
an excellent capacity for binding (divalent) transition metal
ions in a three-dentate fashion, requiring the C10—=C11 and
C15=C16 double bonds to be Z in the resulting metal
complexes.”*

It is not known, at this stage, where in the senescent plant
cell these coloured phyllobilins are formed and where they are
accumulating, or whether the types of metal complexes of the
PiCC, as prepared by chemical synthesis, would also exist in the
plants. Likewise, the role of these coloured phyllobilins in
Chl-breakdown and their further fate are still puzzling.

DNCCs

Fig. 7 pFCC/epi-pFCC has been suggested to loose its formyl group, yielding the still fluorescent DpFCC (R' = H, R? = CHsz, R* = CH=CH,).
Subsequently, DpFCC is further modified to other DFCCs, which then are transformed, via acid catalyzed isomerization, to corresponding

non-fluorescent DNCCs.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Oxidation of the NCC 3?-hydroxy-1-formyl-19-oxophyllobilane leads to the corresponding (152)-YCC, which isomerizes to its 15E-isomer
photo-chemically. Oxidation of the (152)-YCC (152)-32-hydroxy-1-formyl-19-oxophyllobilene-c occurs readily and yields the corresponding PiCC,
whose C10—C11 double bond displays E-configuration (see formula and structural model taken from a X-ray crystal structure, bottom left). Binding
of divalent transition metal ions by PiCC gives metallo-PiCCs, such as Zn-PiCC (bottom, right), in which both of the double bonds, at C10/C11 and at

C15/C16, have been derived to have Z-configuration.>*

2.3. Chemical properties and spectroscopy of phyllobilins

Phyllobilins are amphiphilic heterocyclic compounds that differ
in their polarity by the nature of their peripheral modifications.
High performance liquid chromatography (HPLC) is an efficient
method of their analysis and separation in small scale. Phyllo-
bilins can be classified on the basis of their UV/Vis-spectra (and
of their associated optical properties, see Fig. 9 and 10).

Type-I phyllobilins feature an absorbance maximum near 315
to 320 nm (of the 1-formyl-pyrrole unit at ring A), as well as other
absorption bands of their chromophore(s) at rings B to D, which
depend upon the eventual conjugation between these ring
sections (see Fig. 10). Type-II phyllobilins lack the formyl group
and, thus, the corresponding band near 320 nm (see Fig. 9). As a
consequence, UV-spectra of DNCCs lack absorption maxima
helpful for the (on-line) detection of these phyllobilins, which
may therefore have escaped being described in the original
analysis of some plant extracts, e.g. of barley*® and of A. thaliana."®
Mass spectrometry offers additional methods to detect phyllobilins
routinely, and that allow the provisional identification of phyllo-
bilins (‘on-line’). With the help of high-resolution mass spectro-
metry, the molecular formulas of phyllobilins may be delineated.
In simple cases, the chemical constitution could also be derived
from a detailed mass spectrometric analysis.>”

The original classification of the (bilane-type) NCCs as ‘rusty
pigments’™* reflected the ease, with which these colourless

6232 | Chem. Soc. Rev., 2014, 43, 6227-6238

tetrapyrroles underwent apparently unspecific oxidation reac-
tions to coloured materials. Indeed, NCCs (and YCCs) were
shown to be excellent antioxidants.**® NCCs were found to
undergo chemical oxidation reactions at the C15-(meso)-
position, leading to yellow bilene-type YCCs (or 1-formyl-19-
oxophyllobilenes-c), with double bond Z-configuration at C15.
YCCs feature a chromophore, which is identical to the ‘western’
half of bilirubin.”*® Moreover, YCCs are similarly effective as
antioxidants, as bilirubin, and are easily oxidized to PiCCs (or
1-formyl-19-oxophyllobiladienes-b,c), with further extension of
the conjugated chromophore system at C10.>*

Phyllobilins show diagnostic UV/Vis-spectroscopic proper-
ties. With the exception of the colourless and ‘nonfluorescent’
phyllobilanes (NCCs and DNCCs), phyllobilins also display a
correspondingly interesting spectrum of specific photochemi-
cal activities. UV-spectra of fluorescent Chl-catabolites (FCCs)
exhibit absorption maxima near 317 and 360 nm, and FCCs
correspondingly emit blue fluorescence with a maximum near
450 nm."® Typical, natural FCCs isomerize readily to NCCs,
making some photo-physical studies with them difficult.>* As
FCC esters are persistent, a semi-synthetic FCC methyl ester was
prepared and studied in detail. It was found not only to exhibit a
relatively high fluorescence quantum yield (¢¢) of about 0.25
(at room temperature), but, surprisingly, also to sensitize the
formation of singlet oxygen with a remarkable quantum yield of
about 0.6*° (for further discussion, see Section 2.7).

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Representative UV-spectra of phyllobilins from A. thaliana. Top: UV-spectra of a DFCC and a DNCC, two type-Il phyllobilins;*® bottom:
UV-spectra of an FCC and an NCC show an (additional) absorption maximum near 320 nm, due to the a-formyl pyrrole of type-I phyllobilins.?®
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Fig. 10 UV/Vis-spectra of an NCC, E/Z-isomeric YCCs, a PiCC and its Zn(i)-complex Zn-PiCC, together with an emission spectrum of Zn-PiCC
(formulas are shown here and/or in Fig. 8).

UV/Vis-spectra of the (152)-YCC (15Z)-3*-hydroxy-1-formyl- 313 and 440 nm, respectively (see Fig. 10).>> In exploratory
19-0x0-16,19-dihydro-phyllobilene-c and of its isomer (15E)- photochemical studies this (15Z)-YCC was seen to show weak
YCC exhibit absorption maxima near 310 and 426 nm, or near luminescence and to undergo E/Z-photo-isomerization of its

This journal is © The Royal Society of Chemistry 2014 Chem. Soc. Rev., 2014, 43, 6227-6238 | 6233
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C15-C16 double bond.** Absorption spectra of the PiCC
(10E,152)-3*-hydroxy-1-formyl-19-ox0-16,19-dihydro-
phyllobiladiene-b,c displayed absorption maxima near 313 and
523 nm.>* Binding of Zn(u)-ions (or Cd(u)-ions) by this PiCC
gave blue complexes, with absorption maxima near 578 and
620 nm (see Fig. 10). The PiCC was indicated to only exhibit
weak luminescence at 620 nm,** whereas its blue complexes
with Zn(11)- and Cd(u)-ions gave rise to strong red luminescence
at 650 nm, allowing the detection of these metal ions at nM
concentrations.”* The photochemistry of phyllobilins is likely
to be relevant for their possible physiological functions in
plants. Indeed, for most phyllobilins, the detailed photochemi-
cal behaviour remains to be studied. Clearly, such knowledge
promises to provide important insights into their eventual
biological roles (see discussion in Section 2.7).

2.4. Naming of natural phyllobilins

In the earlier investigations, mostly concerned with the detection,
isolation and identification of Chl-catabolites in senescent leaves,
a phenomenological nomenclature was typically used. The newly
found bilin-type catabolites were thus classified e.g. as red,
fluorescent and nonfluorescent Chl-catabolites (RCC, FCC,
NCGC, resp.). Often they were specified further according to their
plant source (e.g. Brassica napus) and their chromatographic
polarity, ie. as Bn-FCC-2, or for their position in the Chl-
breakdown pathway (e.g. as ‘primary’: pFCC)."” When the struc-
tures of Chl-catabolites became available, semi-systematic names
were used for these bilin-type tetrapyrroles, based on the phyto-
porphyrin core, and supplemented by atom numbering, as
established for the Chls:**! e.g. pFCC (Bn-FCC-2, see Fig. 4) was
named a 3',3>-didehydro-1,4,5,10,17,18,20-(22H)-octahydro-132-
[methoxycarbonyl]-4,5-dioxo-4,5-seco-phytoporphyrinate,’””  and
H»-NCC-1 a 3',3”8>trihydroxy-1,4,5,10,15,20-(22H,24H)-octa-
hydro-13*[methoxycarbonyl]-4,5-dioxo-4,5-seco-phytoporphyrinate*
(see Fig. 2 and 3). Such long designations eventually became
impractical in cases, where the full structural specification of the
Chl-catabolites was relevant. Furthermore, with the recent advent of
the discovery of the general relevance of 1,19-dioxo-phyllobilins,
and their derivatives, the recommended nomenclature of bilins
(see ref. 7 and references therein) was adapted for naming the
Chl-derived phyllobilins, as described here systematically.

The core structural unit for an NCC is thus represented by the
phyllobilane (see Fig. 11), and Hy-NCC-1 from barley leaves is a
1-formyl-19-ox0-3%,18",18>-trihydroxy-16,19-dihydrophyllobilane.
FCCs are 12,13-dihydro-phyllobilenes-b, i.e. pFCC is a (102)-1-
formyl-19-ox0-12,13,16,19-tetrahydro-phyllobilene-b. Similarly,
RCC is a (10Z,15Z)-1-formyl-19-0x0-12,13,19-(24H)-tetrahydro-
phyllobiladiene-b,c. Likewise, Ap-DNCC from senescent leaves
of Norway maple is named a 1,19-dioxo-3%18",18>trihydroxy-
1,4,16,19-tetrahydro-phyllobilane (for complete atom number-
ing see ESI,% Fig. S1 and S2).

2.5. An unexpected manifestation of chlorophyll breakdown -
blue luminescent bananas

Typical FCCs are easily detectable by their fluorescence, yet only
short lived metabolic precursors of the colourless and essentially
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O.H

CO,CH3

pFCC / epi-pFCC

COxCH;  CO,H

Fig. 11 ‘'Pseudo-cyclic’ and ‘extended’ formulas of phyllobilane with
nomenclature of 5-membered rings and meso-positions (left), annotated
(‘pseudo-cyclic) formula of the (102)-1-formyl-19-ox0-12,13,16,19-
tetrahydro-phyllobilene-b (pFCC/epi-pFCC) as example (right).

photo-inactive NCCs. Strikingly, yellow bananas ‘glow’ bright
blue, when excited by UV-light at wavelengths near 360 nm
(‘black’ light), and when observed in the absence of white light
(see Fig. 12).>'8

The peels of other ripe fruit, such as of ‘Golden Delicious’
apples, which exhibit a similar yellow colour as bananas, show
insignificant luminescence, when studied under the same
conditions (see Fig. 12). Indeed, only NCCs were found in the
peels of ripe apples, and no FCCs.*® The blue fluorescence of
ripe bananas is largely caused by the accumulation of the
special ‘hypermodified’ FCCs (hmFCCs), such as of Mc¢-FCC-56,
in the banana peel (see Fig. 12, right)."®* In fact, the ripeness
of a banana (Musa acuminata) could be read from the intensity of
its blue fluorescence, caused by temporal accumulation of
hmFCCs. Similar hmFCCs, as in banana peels, were also found

Fig. 12 Ripe, yellow bananas show blue fluorescence, when irradiated
with ‘black light' (e.g. at 365 nm) and observed in the dark, whereas ripe,
yellow ‘Golden Delicious’ apples do not fluoresce; formula of the main
hmFCC (Mc-FCC-56) in peels of ripe bananas.

This journal is © The Royal Society of Chemistry 2014
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phycobilins

biliverdine

Fig. 13 Oxidative opening of the porphyrin macrocycle of heme by heme-oxygenase liberates the iron-ion and CO, and furnishes biliverdin (BV). BV is
the biosynthetic precursor of the (dioxo-)bilins, such as bilirubin and phycoviolobilin (see Fig. 14).

as major (or sole) tetrapyrrolic Chl-catabolites in some (blue
luminescent) senescent leaves, e.g. of the banana plant (Musa
acuminata)®*>* and of the Peace Lily (Spathiphyllum wallisii).*®
The occurrence of blue luminescent, persistent FCCs in bananas
(and, potentially, in other ripe fruit) may have a particular role in
signaling ripeness of these fruit to frugivores, important in the
context of seed distribution.®"® Blue luminescence of senescent
leaves is less well rationalized, at present. It could be relevant in

, 33,34

helping to signal ripe fruit by ‘fruit flagging’.

2.6. Relationships between bilins and phyllobilins

Phyllobilins, the natural, bilin-type breakdown products of
chlorophyll (the green ‘pigment of leaves’), are ubiquitous
linear tetrapyrroles. Their structures are remarkably similar to
those of the bilins, linear tetrapyrroles named for their occur-
rence in bile, as catabolites of heme (the red ‘pigment of
blood’).” Phyllobilins are to be kept distinct from ‘phytobilins’
and ‘phycobilins’ of plants and other photosynthetic organ-
isms,”*® which are linear tetrapyrroles due to further biosyn-
thetic transformations of the ‘heme-degradation product’
biliverdin.’® Note, these latter ‘plant bilins’, represent non-
cyclic (tetrapyrrolic) chromophores that play important roles
in light capture, when bound to phycobiliproteins, and light
sensing in phytochromes.">?*”%*

Biologically relevant linear tetrapyrroles appear to occur
along two main paths in the biosphere: either as early biosyn-
thetic precursors of natural porphyrinoids, or as biosynthetic
products, obtained from the porphyrinoids by cleavage of their
macroring.”?” Via the latter paths, natural linear tetrapyrroles
are generated by oxygen-dependent cleavages of the porphyr-
inoid macrocycles of Chl or of heme, at their respective ‘north-
ern’ meso-positions. An iron center is crucial for oxygen
activation and catalysis in both cases. In the course of Chl-
breakdown, ring opening of metal-free Pheo a, is the key step
that is achieved by an iron-dependent enzyme, the senescence
regulated (Rieske-type) mono-oxygenase PaO. Oxygenolytic
Pheo a cleavage occurs with retention of the meso-carbon atom
and its conversion into a formyl group, and it generates RCC as
the progenitor of the characteristic type-I phyllobilins."” In
contrast, the dioxo-bilin biliverdin is formed in the key step
during heme-breakdown, in which the particular meso-carbon

This journal is © The Royal Society of Chemistry 2014

is lost as carbon monoxide. Thus, heme-oxygenases rely on the
substrate (heme = iron-protoporphyrin) to present the iron
center for activation by the protein (see Fig. 13).° These cata-
bolic enzymes are not specific for heme (iron-protoporphyrin IX)
and can accept other iron-porphyrins: heme-oxygenase from rat
even accepted an iron-complex of Pheo a as substrate and
converted it into a metal-free dioxobilin-analogue, as a recent
exploratory study suggested.®

Remarkably, in some plants, type-I phyllobilins (1-formyl-19-
oxo-phyllobilins), which are generated via the ‘early’ steps of
the ‘phyllobilin/PaO’ pathway, are subsequently deformylated
oxidatively to type-II phyllobilins (or 1,19-dioxo-phyllobilins),
rendering these Chl-catabolites more similar to the heme-
derived (dioxo)-bilins."® A puzzling hydroxymethylation at ring
A of some type-II phyllobilins was observed recently, which is
unprecedented among the known natural bilins,” and which
remains to be rationalized, both in the context of Chl-
breakdown, as well as of other metabolic issues.*

Clearly, a distinct structural hallmark of the phyllobilins is
the presence of an ‘additional’ cyclopentanone-unit (‘ring E’)
annealed with the pyrrole ring B, a structural feature common to
the Chls (where ‘ring E’ is annealed to ‘ring C’). When carrying
the original methoxy-carbonyl group, or a free carboxylic acid
function, the ‘extra’ ring E is likely to exert steric interactions
with ring C, similar to those in the Chls. Interestingly, the colour-
giving chromophore of YCCs is structurally related to the one of
bilirubin,” and the origin of the pink colour of PiCCs derives
from a conjugated system similar to the chromophore of a
protein-bound heme-catabolite, named phycoviolobilin (Cys-
PVB, see Fig. 14).">*° In the light-sensing phytochromes and
cyanobacteriochromes the protein-bound bilin cofactors
undergo a crucial photo-isomerization at their C15—C16 double
bond.***°

2.7. The question of physiological roles of phyllobilins

The biological significance of Chl-breakdown in higher plants
has mainly been associated with the photo-toxicity of Chl."*
Indeed, the observed rapid degradation of the green plant
pigments to colourless linear tetrapyrroles is consistent with
this proposal.> Remarkably, an entirely different strategy for
Chl-detoxification has been observed in aquatic herbivores,

Chem. Soc. Rev., 2014, 43, 6227-6238 | 6235
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Fig. 14 The main chromophores of YCCs and of bilirubin (BR) are
strikingly similar, as are those of PiCCs and of (the protein-bound)
phycoviolobilin (Cys-(152)-PVB).

such as unicellular and multicellular zooplankton, which feed on
algae, and convert Chls from the ingested food, into its non-
luminescent and practically photo-inactive pheophorbide a
(Pheo a) derivative, named ‘13%,17%-cyclopheophorbide a enol’.>*!

As a result of Chl-breakdown in higher plants, Chls are
withdrawn from Chl-binding proteins (in light-harvesting com-
plexes and in photoreaction centres) of the thylakoids. This, in
turn, was found to labilize the protein matrix for controlled
proteolytic decomposition, used for the purpose of recuperat-
ing protein-derived nitrogen."*° On the other hand, in contrast
to earlier views, the four nitrogen atoms of the Chl-molecules
appear not to be mobilized as nutrient, since they remain part
of the known catabolites.®

Phyllobilins were observed as consequences of leaf senes-
cence and of fruit ripening.® Chl-breakdown implies reduction
of the photosynthetic activity, with stringent consequences for
the supply of the plant tissues with energy and crucial meta-
bolites. The vitality of the transforming plant cells is particu-
larly threatened in these developmental phases." Phyllobilins
may, therefore, play a particular physiological role as antiox-
idants.?® Furthermore, phyllobilins are pigments likely to con-
tribute to the apparent colour of leaves and fruit. Hence, further
roles of these tetrapyrrolic Chl-catabolites are possible, either
as ‘sun-screens’, or as (light-emitting) luminophores. To the
latter, the exceptional hmFCCs may be counted, which are
results of ‘biosynthetic Chl-breakdown steps’, and which may
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signal ripeness of bananas and other fruits to frugivores.>'®
Some phyllobilins, such as FCCs, are unexpectedly effective
sensitizers of singlet oxygen, which may act as a stress
signal*>*® or as a toxin for pathogens.** In the latter context,
the capacity of some phyllobilins to bind and activate transition
metals may be relevant.>**> On the other hand, this chemical
property could also be important in plants for ‘heavy metal’
detoxification.*®

The striking structural similarity of linear tetrapyrroles from
Chl-breakdown with bilins from ‘heme-breakdown’ fuels specula-
tions that phyllobilins may also play a variety of other physiological
roles in plant cells. Phytobilins, such as phytochromobilin, and
phycoviolobilin are chromophores of photoreceptor-proteins,
named phytochromes™>*” or eg cyanobacterio-chromes.*®*°
Phycobilins are important cofactors of phycobiliproteins in
photo-system antenna complexes (phycobilisomes)."> Structurally
similar (type-II) phyllobilins could bind well to photoreceptor and
antenna proteins. Possibly, they could act as cofactor-mimics, as
(competitive) inhibitors of these, or, in general, as ‘phycobilin
dummies’. Phycobiliproteins have found application as coloured
and luminescent additives to food and cosmetics.'® Furthermore,
some phycocyanines, abundant in cyanobacteria, have been char-
acterized as antioxidants, and were shown to have interesting anti-
inflammatory effects, to function as phototoxic drugs against
cancer, and to have a range of other beneficial health-effects, as
deduced from experiments with mammalian cell lines and
tissues.”””® Likewise, the abundant chlorophyll-derived phyllobi-
lins may also have a variety of physiological effects and find
interesting applications, in which their bilin-like structures, as
well as their photo-, redox-, and metal chelating chemistry would
be important features. Indeed, similar to the situation with various
heme-derived bilins, which are now known to arise by biosynthetic
transformations of the heme-oxygenase product biliverdin
(BV),*** some of the modifications observed in Chl-catabolites
may be seen purposeful for their eventual biological function, and

they may, likewise, be classified as ‘biosynthetic’."®*®

3. Research outlook and broader
implications

A variety of bilin-type Chl-catabolites are now identified, their
structures have been characterized, and their chemistry has been
partially explored.® This research has already given a solid basis
to biochemical and plant-biological investigations of Chl-
breakdown during leaf senescence and during fruit ripening.'**®
Colourless phyllobilanes typically accumulate in senescent
leaves and ripe fruit, and mark an apparently ‘final’ stage of
Chl-breakdown.*® Nowadays, most earlier questions concerning
the basic biochemical processes along the ‘phyllobilin/PaO’ path
appear to be clarified, up to the stage of the phyllobilanes.®***8

The situation is far less advanced concerning the further
whereabouts of Chl-breakdown products. In some freshly
senescent leaves, the amounts of the phyllobilanes found came
up roughly for the amounts of Chls present in the original
green leaf. However, in other cases, and in the typical later

This journal is © The Royal Society of Chemistry 2014
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phases of leaf senescence, phyllobilanes seem to ‘disappear’ and
their further fate is still a puzzle. The observation of yellow
phyllobilenes (YCCs) and pink phyllobiladienes (PiCCs) in a variety
of de-greened, yellow leaves may suggest metabolic oxidative
processes involving the phyllobilanes. Indeed, a still little char-
acterized oxidative process that leads to highly stereo- and regio-
selective hydroxylation of NCCs at the ‘western’ C15 position
appears to be ubiquitous in leaves.® The relevance of this process
for the decrease of the amounts of phyllobilanes in senescent
leaves, and their eventual disappearance, remains to be seen.
Clearly, the formation of chemically rather labile, coloured bilin-
type Chl-catabolites may point to new physiological roles of
phyllobilins, and it may open a path to further breakdown of the
Chls in senescent leaves, based on their subsequent transforma-
tions. In a related context, the further fate of the known phyllobi-
lins in detached leaves (e.g their further ‘breakdown’ by
microorganisms in the soil) would be another interesting subject,
into which, at present, well founded insights are not available.

Biochemical, molecular biological and various plant-
biological studies’® have paved the way, over the last twenty
years, to insights important for a deeper understanding of
physiological processes and evolutionary factors that contri-
bute to the development, growth and stress resistance of
plants,*® as well as to the ripening of fruit.’® In this respect,
knowledge and control of Chl-breakdown may help e.g. to
increase the resistance of plants (such as grass) against drought
and against lack of nutrients,*>*" in order to produce better
crops and more nutritious crop products (such as barley and
soy beans), and to increase the resistance of green vegetables
(such as broccoli) against post-harvest deterioration.>® Along
these lines, Chl-breakdown may also be a relevant subject, in a
practical sense, in the context of pathogen-induced senescence
of higher plants and a possible role in the plants’ defense
program.® Clearly, basic scientific insights into Chl-breakdown
may prove to be economically and ecologically beneficial.

In view of these advances, phyllobilins are yet a strikingly little
explored class of ubiquitous, plant-derived, amphiphilic hetero-
cyclic natural products, which own a wide range of unusual
structural and chemical properties. Remarkably, good evidence
for relevant biological roles of phyllobilins in the plants is still
lacking.® The quest of finding any of the still elusive metabolic
functions is an important (and presumably fruitful) challenge.
Indeed, little is also known about the further fate of phyllobilins
in the tissue of senescent leaves and of ripening fruit. Interest-
ingly, the latter topic and the previous one may be strongly
interrelated. Specific enzymatic modifications of the structures
of the colourless phyllobilins may suggest further metabolic
relevance of these Chl-catabolites and of their descendants,
rather than simply be associated with metabolic ‘extravagances’."
Likewise, as phyllobilins are part of the nutrition of plant-
ingesting animals and humans, the effect of these natural
products on animal and human metabolism and health is of
interest.>?® Indeed, the established health benefits of antioxi-
dants in the peels of ripe apples and the overlooked accumula-
tion of NCCs as antioxidants in these and in other fruit, have
led to the proposal that NCCs should also be taken into
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consideration, in that respect (as the old proverb ‘An apple a
day keeps the doctor away’ suggests).>®

In contrast to the possibly beneficial effects of some phyllo-
bilins, as part of the nutrition, Chls and pheophorbide a (Pheo
a) should be considered to be phototoxic to mammals. In line
with this, evidence for active cellular export of Pheo a (from
plant derived food), as well as for endogenous breakdown to
red RCC-like compounds in mice was provided in an animal
study.”® The pathway for the inferred degradation of Pheo a is
unknown. However, exploratory chemical evidence has been
provided, which would suggest that heme-oxygenase could do
the job of cutting up and eliminating (iron-complexes of) Chl-
derived porphyrinoids in animals and humans.®

Chl-breakdown to bilin-type tetrapyrroles is not restricted to
higher plants.® It has been observed for several lower organ-
isms, notably in the green alga Auxenochlorella protothecoides
(which release red type-I phyllobilins, related to RCC),>* as well
as for dinoflagellates, marine photo-organism, which generate
bilin-type Chl-catabolites via opening of the Chl-macroring at
the ‘western’ meso-position.>®

In summary, our increasing insights into the occurrence and
chemistry of phyllobilins, and of related Chl-derived bilins, have
helped to develop a basic understanding of Chl-breakdown, with
broad implications to plant biology and physiology."*"**> Hope-
fully, this will promote interest in this topic in food and
agricultural chemistry, as well as in the nutritional sciences.
Last but not least, such knowledge could have practical con-
sequences in agriculture and horticulture, and it could also
enlighten school education and botanical excursions.
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