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Abstract

In extracts of senescent leaves of spinach (Spinacia oleracea), five colourless compounds with UV/Vis-
characteristics of nonfluorescent chlorophyll catabolites (NCCs) were detected and tentatively named So-NCCs.
The most abundant polar NCC in the leaves of this vegetable, So-NCC-2, had been isolated earlier and its constitu-
tion was determined by spectroscopic means. The catabolite So-NCC-2 was found to be an epimer of a polar NCC
from barley (Hordeum vulgare), the first non-green chlorophyll catabolite from a higher plant to be structurally
analyzed. Here, we report on the isolation of four additional So-NCCs from the extracts of senescent leaves of
Sp. oleracea by two- (or multi-)stage chromatographic purification and on their structural characterization. The
constitution of So-NCC-3 could be determined by spectroscopic analysis in combination with chemical correlation
with a known NCC from Cercidiphyllum japonicum (Cj-NCC): So-NCC-3 was identified as the hydrolysis product
of the methyl ester function of Cj-NCC. The less polar catabolite So-NCC-4 could be directly identified with Cj-
NCC. Two further So-NCCs, So-NCC-1 and So-NCC-5, were detected only in trace amounts. Five structurally
related nonfluorescent chlorophyll catabolites (So-NCCs) are thus present in senescent leaves of spinach. The
structures of this set of So-NCCs indicate several peripheral refunctionalization reactions and inform on the late
catabolic transformations during leaf senescence. The transformation of the tetrapyrrolic skeleton in chlorophyll
catabolism in spinach and in C. japonicum is revealed to exhibit a common stereochemical pattern.

Introduction

Chlorophyll breakdown in degreening plants has al-
ways been a phenomenon of general interest (see e.g.
Mendel 1865; Hendry et al. 1987; Brown et al. 1991).
However, only about 10 years ago have de-greened
products of chlorophyll breakdown been discovered
(Matile 1987; Kräutler et al. 1991; Matile et al. 1996;
Kräutler and Matile 1999), in spite of the fact that
an estimated 1000 million tons of chlorophyll are de-
graded annually on earth (see Brown et al. 1991).
The first of the non-green chlorophyll catabolites from

∗ Dedicated to Prof. Philippe Matile on the occasion of his 70th
birthday.

higher plants to be structurally characterized was Hv-
NCC-1 (1, see Figure 1), a polar ‘nonfluorescent’
chlorophyll catabolite (NCC) from senescent primary
leaves of barley (Hordeum vulgare) (Bortlik et al.
1990; Kräutler et al. 1991, 1992). The constitution of
1 showed it to be structurally related to chlorophyll
a (2a) and gave first clues on the major transforma-
tions responsible for the colour changes that occur in
chlorophyll breakdown in plants (Matile and Kräutler
1995).

In the meantime, half a dozen NCCs from higher
plants have been detected and analyzed structurally,
among them the Bn-NCCs (3a, 3b, 3c) from oilseed
rape (Brassica napus) (Ginsburg et al. 1992; Müh-
lecker et al. 1993; Mühlecker and Kräutler 1996)
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Figure 1. Structural formulae of chlorophyll a and b (2a, 2b); constitutional formulae of the nonfluorescent chlorophyll catabolites (NCCs):
Hv-NCC-1 (1, from barley, Hordeum vulgare), Bn-NCC-1 (3a), Bn-NCC-2 (3b), Bn-NCC-3 (3c, all from oilseed rape, Brassica napus),
Cj-NCC (4, from Cercidiphyllum japonicum), Ls-NCC (4′, from sweet gum, Liquidambar styraciflua) and of the So-NCCs from spinach
(Spinacia oleracea): So-NCC-1 (9), So-NCC-2 (5), So-NCC-3 (6), So-NCC-4 (7) and So-NCC-5 (8). The atoms of all of the listed tetrapyrroles
are numbered according to the IUPAC numbering of the chlorophylls (see e.g. Scheer 1991).

and an NCC (with a common constitution) from Cer-
cidiphyllum japonicum (Cj-NCC, 4) (Curty and Engel
1996) and from Liquidambar styraciflua (Iturraspe et
al. 1995) (see Figure 1). All NCCs exhibit the same
basic structural pattern, which was discovered in 1.
The surprising lack of NCCs that carry a formyl group
at position 7, i.e. that are more closely related to
chlorophyll b (2b), meanwhile can be explained by the
existence of reductases that reduce chlorophyll(ide) b
to chlorophyll(ide) a, prior to further breakdown (Ito et
al. 1993, 1996; Scheumann et al. 1996, 1999; Kräutler
and Matile 1999). The tetrapyrrolic NCCs are depos-
ited into the vacuoles of the senescent leaf (Matile et
al. 1988; Hinder et al. 1996) and have been sugges-
ted to represent the final stages of senescence based
chlorophyll catabolism in higher plants (Matile et al.

1996; Kräutler and Matile 1999; Hörtensteiner and
Kräutler 2000). However, an urobilinogenic chloro-
phyll catabolite was recently obtained from isolates
from senescent primary leaves of barley and was sug-
gested to be the result of an oxidative loss of the
formyl group of 1 (Losey and Engel 2001).

We have recently started to investigate chloro-
phyll breakdown in spinach (Spinacia oleracea) and
have reported on the detection, isolation and structural
characterization of So-NCC-2 (5), the major polar
NCC from naturally degreened leaves of this veget-
able (Oberhuber et al. 2001). The catabolite So-NCC-2
(5) was identified as a stereoisomer of Hv-NCC-1 (1).
Here we report on three less polar NCCs (So-NCC-3
(6), So-NCC-4 (7) and So-NCC-5 (8)), as well as on a
more polar So-NCC (So-NCC-1 (9)) from spinach.
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Figure 2. Analytical HPLC trace (recorded at λ=320 nm) of the raw extract of senescent spinach leaves, obtained as described in ‘Materials
and methods’ (see section ‘Isolation of So-NCCs’).

Materials and methods

Reagents used were reagent-grade commercials and
distilled before use. Reagents and HPLC solvents were
from Fluka (Buchs, Switzerland) and from Merck
(Darmstadt, Germany). TLC: analytical (0.25 mm
silica gel 60 F254) and preparative (20 cm×20 cm, 1
mm silica gel 60 F254) TLC plates were from Merck,
Darmstadt, Germany. Sep-Pak-C18 cartridges were
from Waters Associates. Analytical and preparative
HPLC: solvent gradient is given in the text as: time
in min. (V% water/V% 100 mM K-phosphate buf-
fer pH=7.0/V% methanol) HPLC (HP 1100); vacuum
degasser, manual sampler, diode array detector, ana-
lytical column: Hypersil ODS 5 µm, 250×4.6 mm i.d.
(Thermoquest), solvent gradient: 0 min (0/80/20), 10
min (0/80/20), 70 min (0/40/60), 80 min (0/40/60),
82 min (20/20/60), 87 min (20/10/70), 90 (15/5/80);
flow: 0.5 ml/min; preparative column: Hypersil ODS 5
µm, 250×21.2 mm i.d. (Thermoquest); All chromato-
grams were taken at r.t. and data was processed by HP
Chemstation for 3D. UV/Vis-Spectra: Hitachi-U3000
spectrophotometer; λmax(nm)/(log ε resp. rel ε). CD
Spectra: Jasco-J715 spectropolarimeter; λmax(nm)
and λmin(nm)/(�ε). NMR Spectra: Varian Unityplus
500 or Bruker AM-300 δ(C1HD2OD)=3.31 ppm and
δ(13CD3OD)=49.0 ppm, δ(HDO)=4.79 ppm) (see
e.g. Pretsch et al. 2000). MS: Finnigan MAT 95-
S positive-ion mode; FAB-MS: cesium gun, 20 keV,
matrix: glycerol; ESI-MS: flow rate 300 nl/min; spray
voltage 1.2 kV, solvents: water/MeOH mixtures (1:1).

Isolation of So-NCCs

Senescent leaves of spinach (Spinacia oleracea) were
obtained as described earlier (Oberhuber et al. 2001).
An extract of the NCCs was obtained by mixing and
suspending 58.7 g of the ground leaf tissue once in 120
ml and three times with 60 ml of 20 mM K-phosphate
buffer (pH 7.0)/MeOH (1:1 v/v), followed each time
by centrifugation (5 min at 10 000×g) and separa-
tion of the supernatants. The combined supernatants
were diluted (1:1) with 300 ml of methanol and cent-
rifuged once more. The resulting supernatant was then
concentrated under reduced pressure, lyophilized and
dissolved in 20 ml water. The analytical HPLC trace
at 320 nm of this aqueous solution is shown in Figure
2. Using preparative HPLC this yellow solution was
separated (Hypersil ODS, MeOH/K-phosphate buffer,
pH 7.0, with a gradient: 0 min (0/80/20), 10 min
(0/80/20), 70 min (0/40/60), 80 min (0/40/60), 82 min
(20/20/60), 87 min (20/10/70), 90 (15/5/80); flow rate
5 ml/min; UV detection at 320 nm).

Detection and preliminary characterization of
So-NCC-1 (9)

The fraction at 42–44 min retention time, containing
So-NCC-1 (9) was desalted by the help of a Wa-
ters Sep-Pak-C18 cartridge and purified by a second
round of preparative HPLC (isocratic: methanol/0.1
M K-phosphate, pH 7.0, 3:1 (v/v)). The fraction of
So-NCC-1 (9) at 51–56 min was desalted by Waters
Sep-Pak-C18 cartridge and had the following spectro-
scopic properties: UV/Vis (60 mM K-phosphate buffer
pH 7.0 in H2O/MeOH 60/40) λmax (nm)/(rel ε)=243sh
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(0.85), 273 (0.70), 316 (1.0). ESI-MS (m/z (%)):
667.3 (25), 666.3 (83), 665.3 (100, [M+H]+); 648.3
(12), 647.3 (17, [M−H2O+H]+); 622.3 (6), 621.3 (5,
[M−CO2+H]+); 510.2 (10), 509.2 (26), 508.2 (31,
[M−ring A+H]+); 465.2 (11), 464.2 (12, [M−ring
A-CO2+H]+).

So-NCC-2 (5)

A sample of 10.1 mg (14.9 µmol) of the catabolite
So-NCC-2 (5) was obtained from the fraction with re-
tention time at 61–63 min, as described earlier (Ober-
huber et al. 2001). Analytical HPLC of 5: 50.5 min
retention time.

So-NCC-3 (6)

From the HPL-chromatographic separation, described
above, the fraction of So-NCC-3 (6), obtained at 68–
70 min retention time, was diluted 1:1 with water (ca.
15 ml), applied to a Waters Sep-Pak-C18 cartridge.
The loaded cartridge was washed with water to re-
move the buffer, and with MeOH, to elute the slightly
yellow fraction of 6. The solvents of the collected elu-
ates with 6 were removed in vacuo and the residue
dissolved in about 1.5 ml of HPLC-eluent (MeOH/0.1
M K-phosphate, pH 7.0, 3:2 (v/v)) and purified by a
second run of preparative HPLC. The fraction with a
retention time of 66–70 min was collected, desalted
with a Waters Sep-Pak-C18 cartridge, the residue was
dissolved in 1.5 ml of HPLC-eluent (MeOH/0.1 M K-
phosphate, pH 7.0, 4:1 (v/v)) and purified by a third
run of preparative HPLC (gradient: 0 min (0/80/20),
10 min (0/80/20), 15 min (0/53/47), 80 min (0/53/47).
The So-NCC-3 fraction (retention time 41–44 min)
was collected, diluted 1:1 with water and the resid-
ual solution was applied to a Sep-Pak-C18 cartridge.
After washing with H2O (20 ml), So-NCC-3 (6) was
eluted with methanol and the eluate was dried (at high
vacuum) at T < 0◦, yielding 0.5 mg (0.8 µmol)
of So-NCC-3 (6). Analytical HPLC of 6: 60.7 min
retention time. Spectroscopic Data: UV/VIS (H2O)
λmax(nm)/(rel ε)=240sh (1.17), 316 (1.0); CD (H2O,
c=2.5 10−5 M) λmin/max(nm)/(�ε)=225 (14.63), 252
(−3.61), 280 (−14.13), 320 (5.53). 1H-NMR (500
MHz, 26 ◦C, D2O): 1.89 (s, H3C(181)); 1.94 (s,
H3C(21)); 2.16 (s, H3C (121)); 2.19 (s, H3C(71));
2.27 (m, H2C (172)); 2.57 (m, HAC(20)); 2.70–2.60
(m, H2C (81) and H2C (171)); 2.86 (m, HBC(20));
3.55 (m, H2C(82)); 3.70 (broad, HC(132)); 4.00 (m,
HC(1) and H2C(10)); 4.70 (s, 1H, HC(15)); 5.45

(d, J=11.7 HcisC(32)); 5.88 (d, J=19.5 HtransC(32));
6.42 (dd, J=11.7, 19.5, HC(31)); 9.14 (s, HC(5)).
FAB-MS (glycerol matrix; m/z (%)): 671.3 (20),
670.4 (33), 669.3 (63, [M+K]+); 633.3 (17), 632.3
(43), 631.3 (100, [M+H]+); 626.0 (15), 625.2 (38,
[M−CO2+K]+); 508.2 (24, [M−ring A+H]+); 464.2
(19, [M−ring A−CO2+H]+). HR-FAB-MS [M+H]+:
631.277±0.005 (C34H39N4O8; calc. 631.277).

So-NCC-4 (7)

From the HPL-chromatographic separation, described
above, the fraction of So-NCC-4 (7), obtained at 82–
85 min retention time, was diluted 1:1 with water
(ca. 15 ml) and desalted on a Waters Sep-Pak-C18
cartridge. The solvents of the collected eluates with
7 were removed in vacuo and the residue dissolved
in about 1.5 ml of HPLC-eluent (MeOH/0.1 M K-
phosphate, pH 7.0, 4:1 (v/v) and purified in a second
run of preparative HPLC (gradient: described at isol-
ation of NCCs). The fraction with So-NCC-4 (re-
tention time 78–80 min) was collected, diluted 1:1
with water and the residual solution was applied to a
Sep-Pak-C18 cartridge. After washing with H2O (20
ml), 7 was eluted with MeOH and the eluate was
dried under high vacuum at T < 0◦. The remain-
ing reside was dissolved in 2 ml methylene chloride,
precipitated with 10 ml n-Hexan and followed centri-
fugation (5 min at 10 000×g). The pellet was dried
at high vacuum at T < 0◦, yielding 0.12 µmoles
of So-NCC-4 (7). Analytical HPLC of 7: 72.2 min
retention time. Spectroscopic data: UV/VIS (H2O)
λmax(nm)/(rel. ε)=245sh (1.13), 315 (1.00); CD (H2O,
c=2.5 10−5 M) λmin/max(nm)/(�ε)=224 (25.13), 251
(6.42), 282 (−16.37), 322 (6.34). FAB-MS (gly-
cerol matrix; m/z (%)): 685.3 (12), 684.3 (41), 683.3
(35, [M+K]+); 647.3 (16), 646.3 (48), 645.3 (92,
[M+H]+); 614.3 (12), 613.3 (19, [M−CH3OH+H]+);
524.2 (21), 523.2 (44); 522.2 (100, [M−ring A+H]+);
491.2 (26); 490.2 (25, [M−ring A−CH3OH+H]+);
462.2 (7, [M−ring A−CH3OH−CO+H]+). HR-FAB-
MS [M+H]+: 645.290±0.005 (C35H41N4O8; calc.
645.292). The 1H-NMR spectrum of this sample of
So-NCC-4 (7) was consistent with the suggested struc-
ture, but indicated the presence of small amounts of
impurities, which could not be separated by HPLC.

Direct isolation of So-NCC-4 (7)

A total of 70 g of senescent leaves of Spinacia ol-
eracea (after onset of flowering) were mixed for 2
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min in 1000 ml acetone/methanol (v/v, 1:1) using a
Braun Vario-Mixer. The slurry was filtered through
a cellite filter and washed with 1000 ml of the same
solvent mixture. The green solution was concentrated
to 200 ml by evaporation of the solvent at room
temperature, and diluted with 1000 ml water. After
five-fold extraction, using each time 250 ml methyl-
ene chloride, the organic phase was collected, dried
by calcium chloride, and the solvent was evaporated.
The residue was dissolved in 4 ml methylene chlor-
ide, applied to three silica gel 60 thin layer plates
and developed in chloroform/methanol/water (v/v/v,
95/10/1). The silica gel zone containing the catabol-
ite, which has the same retention as Cj-NCC, was
extracted by 100 ml methylene chloride/methanol (v/v,
7/3), washed with 100 ml 100 mM potassium phos-
phate buffer pH=5.2, and filtered through a cotton
plug. The solvent was evaporated, and the residue
was dissolved in 4 ml HPLC-eluent (MeOH/0.1 M K-
phosphate, pH 7.0, 3:2 (v/v), followed by purification
using preparative HPLC (gradient: 0 min (0/60/40), 84
min (0/60/40), 85 min (0/40/60)). The fraction of So-
NCC-4 (7) (retention time 78–80 min) was collected,
diluted 1:1 with water and applied to a Sep-Pak-C18
cartridge. After washing with H2O (20 ml), So-NCC-
4 was eluted with methanol and the eluate was dried
(at high vacuum) at T < 0◦. The reside was dissolved
in 2 ml methylene chloride, precipitated with 10 ml
n-hexane, and centrifuged 5 min at 10 000×g. The
pellet was dried at high vacuum at T < 0◦, yielding
0.3 mg (0.5 µmoles) of pure So-NCC-4 (7), with the
following spectroscopic properties: UV/VIS (H2O)
λmax(nm)/(rel. ε)=242sh (1.13), 315 (1.00); 1H-NMR
(500 MHz, 26 ◦C, CD3OD): 1.89 (s, H3C(181)); 1.91
(s, H3C(21)); 2.05 (s, H3C(121)); 2.20 (s, H3C(71));
2.28 (m, H2C(172)); 2.58 (m, HAC(20)); 2.72 (m,
H2C(81) and H2C(171)); 2.81 (dd, J=14.6, 4.9 ,
HBC(20)); 3.57 (m, H2C(82)); 3.70 (broad, HC(132));
3.90 (m, HC(1) and H2C(10)); 4.84 (s, 1H, HC(15));
5.30 (dd, J=11.6, 1.8 HcisC(32)); 5.88 (d, J=17.7,
2.4 HtransC(32)); 6.40 (dd, J=11.6, 17.7, HC(31));
9.30 (s, HC(5)); ESI-MS (m/z (%)): 668.3 (4), 667.3
(10, [M+Na]+); 647.3 (8), 646.3 (40), 645.3 (100,
[M+H]+); 614.3 (4), 613.3 (12, [M−CH3OH+H]+);
522.3 (5, [M−ring A+H]+).

So-NCC-5 (8)

All non-green catabolites other than So-NCC-4 were
also eluted from the silica plate used for the isolation
of So-NCC-4 (7) with 100 ml methanol. The solvent

was evaporated, and the dried material re-dissolved
in 5 ml methanol, followed by analytical HPLC ana-
lysis. Based on retention times and UV spectral data,
So-NCC-2, So-NCC-3, and So-NCC-4 were identified
among the eluents. A further fraction with a UV spec-
trum typical for NCCs was eluted at 92 min retention
time and was purified by preparative HPLC (gradient:
0 min (0/40/60), 15 min (0/40/60), 17 min (20/20/60),
20 min (25/10/65)). So-NCC-5 (8) was collected at a
retention time of 37–41 min and the resulting sample
of 8 had the following spectroscopic data: UV/Vis (10
mM K-phosphate buffer pH 7.0 in H2O/MeOH 35/65)
λmax(nm)/(rel. ε)=242sh (1.3), 317 (1.0). ESI-MS (m/z
(%)): 630.3 (38), 629.3 (100, [M+H]+); 598.3 (12),
597.3 (31, [M−CH3OH+H]+).

Cj-NCC (4)

This NCC was isolated from senescent leaves of Cer-
cidiphyllum japonicum as described (Curty and Engel
1996; Oberhuber et al. 2001). By analytical HPLC
Cj-NCC (4) had at a retention time of 72.2 min.

Partial hydrolysis of Cj-NCC (4) and preparation of
the di-acid (6a)

A sample of 4 mg of Cj-NCC (4) from senescent
leaves of C. japonicum was disolved in 5 ml DMSO
and mixed with 4 mg esterase from porcine liver
(Sigma, activity 41 U/mg) disolved in 40 ml 100 mM
K-phosphate buffer, pH=7.9, and 5 ml acetonitrile
were added to this mixture. After 1 week of incuba-
tion at 40 ◦C, 20% conversion of 4 into a diacid were
detected by analytical HPLC (method described in
the section ‘Isolation of NCCs from spinach’). Sub-
sequently, the pH of the NCC/esterase solution was
adjusted to pH 5.2 by addition of solid potassium di-
hydrogen phosphate, followed by twofold extraction
of the catabolites with methyl acetate. The organic
layers were collected, diluted 1:1 with methylene
chloride, filtered though cellulose and evaporated to
dryness yielding 0.3 mg (0.5 µmol) of diacid (6a),
which had UV/VIS and 1H-NMR spectra identical
with those of So-NCC-3 (6). Analytical HPLC of 6a:
60.5 min retention time. ESI-MS (m/z (%)): 633.3
(28), 632.3 (83), 631.3 (100, [M+H]+); 615.3 (11),
614.3 (35), 613.3 (45, [M−H2O+H]+); 588.3 (11),
587.3 (12, [M−CO2+H]+); 509.2 (15), 508.2 (18,
[M−ring A+H]+); 465.2 (11), 464.2 (13, [M−ring
A−CO2+H]+).
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Figure 3. UV/Vis-spectra of the So-NCCs recorded during analytical HPLC with the diode array detector as in Figure 2 at retention times 31
min (So-NCC-1), 50 min (So-NCC-2), 60 min (So-NCC-3), 73 min (So-NCC-4), and from preparative HPLC purification of So-NCC-5, as
described in ‘Materials and methods’.

Results and discussion

Based on the characteristic UV-absorbance properties
of NCCs (Mühlecker and Kräutler 1996; Kräutler and
Matile 1999) and using analytical HPLC, five polar,
colourless and nonfluorescent chlorophyll catabolites
(NCCs) could be tentatively identified in senescent
leaves of flowering spinach plants (Spinacia oleracea)
(see Figure 2). The isolation and structural analysis of
the most abundant of these, of So-NCC-2 (5), has been
described recently (Oberhuber et al. 2001): from 58.7
g (wet weight) of senescent leaves of flowering spin-
ach plants 10.1 mg (ca. 14.9 µmol) of the polar So-
NCC-2 (5) were isolated by a two-stage purification
procedure based on HPLC. The catabolite 5, which
represented about 20% of the chlorophyll present in
the intact leaves, was obtained as a ca. (1:10)-mixture
of two fractions, that equilibrated slowly in neutral
aqueous solution (see below). The catabolite So-NCC-
2 (5) was shown to have the same constitution as Hv-
NCC-1 (1), the polar catabolite from primary leaves of
barley that had been artificially degreened in darkness.
From HPLC-analysis, the two catabolites (1 and 5)
clearly were shown to be non-identical (see Oberhuber
et al. 2001). Their epimeric relationship could be de-
duced to be due to a stereochemical difference at C(1),
introduced into the catabolites in a stereochemically
divergent reduction step in the course of chlorophyll
breakdown. In support of this proposal, the catabol-
ite from spinach (So-NCC-2, 5) was identified with a

product of the chemical dihydroxylation (with osmium
tetroxide) of the NCC from C. japonicum (Cj-NCC, 4)
(Oberhuber et al. 2001).

The present report concerns the identification of
three less polar NCCs (So-NCC-3 (6), So-NCC-4 (7)
and So-NCC-5 (8)) in the degreened leaves of spin-
ach, and their structural characterization. In addition
a further colourless and rather polar compound from
spinach (So-NCC-1, 9) is tentatively characterized and
identified as an NCC.

When working up 58.7 g (wet weight) of senescent
leaves of flowering spinach plants [the original batch
used for the identification of So-NCC-2 (5) (Ober-
huber et al. 2001)], the two new catabolites So-NCC-3
(6) and So-NCC-4 (7) could be tentatively identified in
two fractions less polar than that of So-NCC-2 (5) (i.e.
at higher retention times in reversed phase HPLC, see
Figure 2). The UV/Vis-spectra of 6, 7 and 8 matched
those of 1 (see Kräutler et al. 1992) and 5 (see Figure
3). The long wavelength part of these spectra is due
to the α-formyl-pyrrole moiety (ring B). In agreement
with the slightly differing α-formyl-pyrrole moieties
in 6 and in 8, the absorbance maximum at longest
wavelength in the spectrum of 8 occurred at 317 nm,
i.e. 2 nm bathochromic compared to that of 6. The
CD spectra of the catabolites 6 and 7 were nearly
congruent also and matched that of 5, suggesting the
stereogenic centres C(15) and C(1) to have the same
configurations in 5, 6 and 7 (see below).
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Figure 4. 1H-NMR chemical shift data of So-NCC-3 (6). Signal
assignments of carbon-bound hydrogen atoms of 6 (solid arrows
represent ROESY correlations; bold lines indicate TOCSY correl-
ations) and qualitative comparison of the chemical shift values of 6
with the corresponding values for Bn-NCC-3 (3c) (from Mühlecker
and Kräutler 1996, but referenced to δ(HOD)=4.79 ppm), where
light and (two) black boxes indicate chemical shift values that differ
by less or by more than 0.1 ppm, respectively.

The catabolite So-NCC-3 (6) was isolated by two
further purification steps based on preparative HPLC
and a chromatographically pure sample of 0.5 mg
(0.8 µmol) of 6 was obtained in this way. The mo-
lecular formula of So-NCC-3 (6) was determined
as C34H38N4O8 by high resolution fast atom bom-
bardment (FAB) mass spectrometry in (+)-ion mode
(reviewed in Watson 1995): the experimental peak
of the pseudo-molecular ion [M+H]+ was observed
at m/z=631.277±0.005. The same molecular formula
was previously derived from the mass spectrum of Bn-
NCC-3 (3c) (Mühlecker and Kräutler 1996). In the
spectra of both (6 and 3c) loss of 44 mass units (due
to a decarboxylation reaction) as well as loss of 123
mass units (due to ring A) from [M+H]+ were de-
duced from the characteristic fragments (Mühlecker
and Kräutler 1996). The signals of 33 of the 39 protons
were detected in 500 MHz 1H-NMR spectra of 6 in
D2O: one singlet (at low field) for the formyl proton
and four singlets (at high field) for the four methyl
groups attached at the β-pyrrole positions; however,
a singlet near 3.7 ppm (due to a methyl ester function)
was lacking. In addition, the typical pattern for an
unsubstituted peripheral vinyl group was detected in
the chemical shift range near 6 ppm. The remaining
oxygen atom was assigned according to the typical
downfield shift of the hydrogen atoms H2C(82) to a

hydroxy group at this peripheral substituent. Accord-
ing to this analysis the constitution of So-NCC-3 (6)
was suggested to be identical with that of Bn-NCC-3
(3c). To further characterize the structure of catabolite
6, it was compared to the di-acid 6a obtained from
hydrolysis of Cj-NCC (4) by pig liver esterase. To pre-
pare 6a, the catabolite Cj-NCC (4) (Curty and Engel
1996) was dissolved in a buffered aqueous solution of
pig liver esterase (as described in Experimental). After
about 170 h incubation at 40 ◦C, about 20% of 4 was
converted into the more polar compound 6a, which
was isolated and then identified (by HPLC, mass spec-
trometry, and 1H-NMR spectroscopy) with the diacid
6. The spatial relationship between the carbon bound
hydrogens of 6 could be derived from ROESY and
TOCSY spectra (Sanders et al. 1987; Kessler et al.
1988). The derived chemical shifts for the signals in
the 1H-NMR spectra indicated So-NCC-3 (6) not to
be identical with Bn-NCC-3 (3c), but rather to be a
C(1)-epimer of it (see Figure 4).

Likewise, a sample of the catabolite So-NCC-4 (7)
was isolated by two further preparative HPLC purific-
ation steps, and a chromatographically pure sample of
about 0.12 µmoles of 7 was obtained in this way. Ana-
lytical HPLC and an FAB mass spectrum tentatively
indicated So-NCC-4 (7) to have the same structure
as Cj-NCC (4). To obtain a larger sample of 7, the
extracts of 70 g of senescent leaves from flowering
spinach were purified by thin layer chromatography,
as described for the isolation of Cj-NCC (Curty and
Engel 1996). In this way, a sample of 0.3 mg of pure
So-NCC-4 (7) was obtained, which was further ana-
lysed by FAB-mass spectrometry as well as 1H-NMR
spectroscopy, as follows: The molecular formula of
So-NCC-4 (7) again was derived by high resolution
FAB mass spectrometry in (+)-ion mode and was
determined as C35H40N4O8 (experimental base peak
[M+H]+ at m/z=645.290±0.005). The same molecu-
lar formula was previously derived for Cj-NCC (4)
(Curty and Engel 1996). In the spectra of both (4
and 7), loss of 123 mass units was also observed,
due to loss of ring A observed as a characteristic
fragmentation in the mass spectra of NCCs (Müh-
lecker et al. 1993; Mühlecker and Kräutler 1996).
Indeed, So-NCC-4 (7) could be identified by HPLC,
FAB-mass spectrometry and by comparison of the 1H-
NMR spectra with the catabolite Cj-NCC (4) from C.
japonicum.

A further rather unpolar fraction with UV-
characteristics typical of NCCs (see Figure 3) could
be obtained by HPLC of the raw mixture of NCCs
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Figure 5. Likely parallel paths during late refunctionalization of the periphery of So-NCCs during chlorophyll breakdown in spinach.

(scratched-off the thin layer plates used for the isol-
ation of So-NCC-4 (7)). The fraction of this less polar
NCC, So-NCC-5 (8) was analysed by electrospray ion-
ization (ESI) mass spectrometry (reviewed by Smith et
al. 1995). Its pseudo-molecular ion [M+H]+ appeared
at m/z=629.3, i.e. at the same mass as that of the
primary fluorescent chlorophyll catabolites (pFCCs)
(Mühlecker et al. 1997, 2000). The UV-spectrum of
the small fraction of 8 exhibited the characteristics of
the spectra of an NCC. The catabolite So-NCC-5 (8)
is, accordingly, tentatively assigned the structure of an
NCC that is not yet refunctionalized at its periphery.

From re-chromatography of a very polar fraction
with an absorbance maximum at 316 nm, a sample of
a presumed So-NCC was isolated (tentatively named
So-NCC-1, 9), whose ESI mass spectrum showed a
pseudo-molecular ion at m/z=665.3, i.e. with 14 mass
units less than that of the less polar catabolite So-NCC-
2 (5). Collisionally activated dissociation of [M+H]+
yielded fragment ions at m/z=621.3, 508.2 and 464.2,

indicating decarboxylation, loss of the ring A moiety
and a combination thereof, respectively. These mass
spectrometric data are consistent with the presence of
a dihydroxy-ethyl side chain at ring A of So-NCC-1
(9), which then would (formally) be the product of the
hydrolysis of the ester function of So-NCC-2 (5), in
agreement with its high polarity.

Evidence for the presence of (at least) five So-
NCCs is presented here, which represent an amount
corresponding to about 25–40% of the chlorophyll
originally present in the green leaves. The strongly
differing polarity of the So-NCCs is reflected in the
broad range of HPLC retention times on a stationary
phase with low polarity: So-NCC-1: 32 min, So-NCC-
2: 50 min, So-NCC-3: 61 min, So-NCC-4: 72 min,
So-NCC-5: 92 min. A close structural relationship is
revealed here for these five So-NCCs: starting with
the apolar NCC (So-NCC-5, 8), that is tentatively as-
signed to lack all peripheral refunctionalizations, and
the more polar So-NCC-4 (7), which exhibits the in-
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triguing hydroxylation at the inactivated β-position of
the ethyl group at ring B, typical of all the NCCs
previously found. The more polar NCCs, So-NCC-3
(6) and So-NCC-2 (5), then may come about from 7
either by a dihydroxylation of the vinyl group at ring
A or by hydrolysis of the methyl ester function at ring
E. Since both of these two NCCs (5 and 6) are both
rather abundant in the senescent leaves of spinach, the
availability of two relevant parallel catabolic pathways
may be indicated at the stage of the So-NCCs (see
Figure 5). A further refunctionalization of either So-
NCC-2 (5) or So-NCC-3 (6) (or both) is suggested to
result in the formation of the most polar of the So-
NCCs, So-NCC-1 (9), which was detected in small
amounts here and which displays a new constitution
for an NCC (Kräutler and Matile 1999). While all
of these indicated refunctionalization reactions clearly
increase the polarity of the NCCs, a further attachment
of a polar functionality, as observed with the Bn-NCCs
(Mühlecker and Kräutler 1996) has not been detected
here. Such refunctionalizations, as the malonylation
of Bn-NCC-3 (3c) to Bn-NCC-1 (3a) (Hörtensteiner
1998a), have been considered to be of relevance for the
transport and deposition of chlorophyll catabolites in
the vacuoles (Hinder 1998; Lu et al. 1998; Tommasini
1998; Kräutler and Matile 1999). For the three main
catabolites (5, 6 and 7) an identification with Cj-NCC
(4) or a chemically prepared derivative of 4 could be
achieved. As seen earlier for oilseed rape, where three
NCCs (the Bn-NCCs) appear to be closely related in
catabolism (Mühlecker and Kräutler 1996) also for
the senescent leaves of spinach, catabolic sequences
can be suggested in which the less polar So-NCCs are
converted to more polar ones.

The available information indicates a consistent
stereochemistry at the chiral centres C(1), C(132)
and C(15) in the So-NCCs 5, 6 and 7: they are all
assigned to have the same configuration at these cen-
ters and also the same one as the catabolite from C.
japonicum (Cj-NCC, 4). The information from CD-
spectra further suggests a common configuration of
C(15) in all of the main NCCs isolated from barley,
oil seed rape, C. japonicum, and spinach. This chiral
center is suggested to arise from the hypothetical (en-
zymatic or non-enzymatic) final tautomerization of
FCC-precursors to the corresponding NCCs. However,
the NCC’s (and the FCCs) fall into two classes with
respect to the configuration at C(1) due to the pres-
ence of two types of reductases in higher plants that
incorporate hydrogen at this chiral center (Rodoni et
al. 1997; Hörtensteiner et al. 2000; Wüthrich et al.

2000). Therefore, the assignment of a common con-
figuration at C(15) would indicate the tautomerization
step to attach the hydrogen to C(15) with a common
(diastereofacial) selectivity, irrespective of the config-
uration at C(1). The observed relative configuration at
C(15) and C(132), with H-C(15) cis to the methoxy-
carbonyl group at C(132) in 1 and 5 (or a carboxyl
group in 3a) (Kräutler et al. 1991, 1992; Oberhuber et
al. 2001) appears to be a general characteristic of the
isolated NCCs. This structural aspect is likely to be the
result of nonenzymatic equilibration reactions at the
acidic C(132) position, which adjust its configuration
to that at C(15). The latter process would be assumed
to occur in the senescent plant leaf, but it also takes
place in the isolated, dissolved NCCs.

Conclusion

The structures of a set of five nonfluorescent chloro-
phyll catabolites (NCCs) from senescent leaves of
spinach have been (tentatively) characterized. The
most abundant of the NCCs from spinach, of So-
NCC-2 (5) (Oberhuber et al. 2001) was analyzed
as a stereo-isomer of the nonfluorescent chlorophyll
catabolite Hv-NCC-1 (1). This finding, first of all,
underlined the relevance of extensive peripheral hy-
droxylations in the course of chlorophyll breakdown in
higher plants under natural growth conditions. In addi-
tion, the epimeric nature at C(1) of So-NCC-2 (5) and
of Hv-NCC-1 (1), as well as the identity of Cj-NCC (4)
from C. japonicum and So-NCC-4 (7) from spinach,
are consistent with the occurrence of two classes of
RCC-reductases (Rodoni et al. 1997; Mühlecker et al.
2000; Hörtensteiner et al. 2000; Wüthrich et al. 2000;
Oberhuber et al. 2001) in these higher plants. The con-
stitutions of NCCs can now be delineated with little
ambiguity (Kräutler et al. 1991; Kräutler and Matile
1999). We have also made some progress in the recent
years towards establishing the pattern of the relative
stereochemistry at the chiral centres of the reduced tet-
rapyrrolic skeleton (by means of chemical correlations
of the NCCs from the same plant source as well as
from different plant sources, see e.g. Oberhuber et al.
2001).

The identification of five So-NCCs has provided
first evidence for the occurrence of several catabolic
transformations on the level of the NCCs in a single
senescent plant, involving three peripheral functional-
ities. The observation of the rather unpolar So-NCC’s
8 and 7 indicate the peripheral functional groups of 5
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to be incorporated by two hydroxylation reactions of
the nonpolar side chains at positions C(3) and C(8).
Likewise, the simultaneous occurrence of the diacid
So-NCC-3 (6) and of the mono-esters 7 and 8 points
to a ‘late’ hydrolysis of the methyl ester functional-
ity during chlorophyll breakdown. In spinach, this is
likely to occur at the stage of the colourless NCCs, and
not at that of the biosynthesis precursor pheophorbide
a, as suggested elsewhere for the green alga Chlamido-
monas reinhardtii (see e.g. Doi et al. 2001; Shioi et al.
1996). While the earlier phase of chlorophyll break-
down in higher plants was revealed to pass through
a remarkably stringent entry point, the monooxygen-
ation of pheophorbide a (Hörtensteiner et al. 1995,
1998b), the rather diverse structures of the NCCs, as
displayed in senescent leaves of spinach, may indicate
the later phases of this ‘detoxification process’ (Kräut-
ler and Matile 1999) to follow less strictly regulated
pathways.
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