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Abstract

The 132,173-cyclopheophorbide a enol (CPP) is shown to convert mainly to a �1:1 mixture of (132R=S) chloro-
phyllones a (Chlone), when chromatographed over silica gel or alumina supports. 151-hydroxychlorophyllonelactone a
and some other chlorophyll a related compounds are also tentatively identified as minor transformation products of
CPP. This raises the possibility that the chlorophyllones reported in recent sediments may be analytical artifacts from

CPP. However, data for the surface sediments from Lake Motte as well as literature data for other contemporary

sediments show that, (i) they are not artifacts, (ii) considering that CPP is the intermediate compound in the formation

of chlorophyllones from chlorophyll a, the hydroxylation of CPP in the sedimentary environment involves an enzymatic
process leading preferentially to 132S chlorophyllone a.
� 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Chlorophyll a diagenesis; Cyclopheophorbide a enol; Oxidation; Chlorins; Chlorophyllone a; HPLC; APCI-MS

1. Introduction

Tetrapyrrolic pigments are commonly used as bio-

markers to determine the sources and transformation

pathways of organic matter in the water column and

sediments (Baker and Louda, 1983; Filby and Van Ber-

kel, 1987; Callot et al., 1990). Pheopigments, chlorophyll

degradation products including pheophytins, pheophor-

bides and pyro-analogues, generally represent the domi-

nant pool of tetrapyrrolic pigments in contemporary

sediments (e.g. Keely and Brereton, 1986; Woolley et al.,

1998; Chen et al., 2001). These compounds are produced

by reactions involving demetallation, hydrolysis of phy-

tyl ester, and decarbomethoxylation of chlorophylls. In

recent years however, we have identified another type of

chlorin as a major transformation product of chloro-

phyll a (Chl, Fig. 1, 1) in the surface sediments of a eu-

trophic lake, namely chlorophyllone a (Chlone a, 2)
(Chillier et al., 1993). This compound was subsequently

found in many other lacustrine and marine sediments

(Harris et al., 1995a; Cariou-Le Gall et al., 1998; Kow-

alewska et al., 1999; Villanueva and Hastings, 2000; Airs

et al., 2001) and considered to be the link between chlo-

rophyll a and the bicycloalkanoporphyrin (3) found in
older sediments (Keely et al., 1994; Harris et al., 1995b).

Before it was found in sediments, Chlone a had been
isolated from a marine clam (Sakata et al., 1990). An-

other compound with close structural resemblance to

Chlone a, 132,173-cyclopheophorbide a enol (CPP, 4)
had also been isolated and characterized from a marine

sponge (Karuso et al., 1986). CPP, probably a metabolic

intermediate of Chlone a, was recently proved to be
widely distributed in sediments by three different groups

(Goericke et al., 2000; Louda et al., 2000; Ocampo et al.,

2000). However, all three reports pointed out the un-

stability of CPP. Ocampo et al. (2000) reported that CPP

was almost completely destroyed when chromato-

graphed over normal phase silica gel or alumina. De-

gradation occurred even on RP-HPLC columns when

mobile phase contained antioxidants or buffer solutions.
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Goericke et al. (2000) observed that CPP was also de-

graded in organic solvents, more particularly in the

presence of air. Main degradation products were the two

chlorophylone a isomers (chlone a and chlone a0 in ap-
proximately equal amounts) and 132-oxopyropheo-

phorbide a (oxoPPde a, 5). Finally, Louda et al. (2000),
taking into account these results, concluded that many

of the chlorophyllones reported in the literature could be

artifacts, if the analytical procedure includes a chroma-

tographic step on silica gel.

In this note we shall present data to demonstrate that

chlorophyllone a found in the sediments of Motte Lake
is not an analytical artifact.

2. Experimental

2.1. Materials and methods

132,173–cyclopheophorbide a enol was prepared from
pyropheophorbide a methyl ester (6, Sigma, 95%) ac-

cording to published methods (Falk et al., 1975; Ma and

Dolphin, 1996; Ocampo et al., 2000), using sodium

bis(trimethylsilyl) amide (Fluka, 1 M in THF) and so-

dium phosphate (Aldrich, 98%).

Extraction and separation of sedimentary pigments

were done according to published procedures (King and

Repeta, 1991; Chillier et al., 1993). In brief, approxi-

mately 500 g of wet sediment (containing about 80%

water) was extracted ultrasonically (5 min) with four

portions of acetone (250 ml) followed by three portions

of methylene chloride (250 ml). The combined extracts

were concentrated to 200 ml and the same volume of a

solution of hexane/diethyl ether (30:70 v/v) was added.

After elimination of the aqueous phase, the organic ex-

tract was dried over Na2SO4 and the solvents were re-

moved under a nitrogen stream, leaving about 100 mg of

a dark brown residue. The crude extract was submitted

to preparative normal phase TLC (Merck, silica gel, 60,

0.5 mm). The glass plates were previously washed with

acetone and activated 2 h at 120 �C. Elution was done
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Fig. 1. Structure of the chlorins referred to in the text.
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with 25:75 v/v acetone/hexane mixture, using pyro-

pheophorbide a methyl ester (6) as reference compound.
The band at 0.166Rf6 0.47 was collected, extracted

with acetone and analyzed by liquid chromatography.

HPLC analyses were performed with a Merck Hit-

achi system equipped with a Rheodyne 7125 Injector

fitted with a 20 ll Loop and an Alltech Adsorbosphere
HS RP-18 (150� 4.6 mm, 3 lm) column at a flow rate of
1.5 ml/min. Solvents were (A) methanol containing 20%

(v/v) 0.5 M aqueous ammonium acetate and (B) ace-

tone:methanol (80:20 v/v). The gradient was (time, A%):

0 min, 80%; 27 min, 5%; 34 min, 5%; 36 min, 80%. Either

a L-4000 UV–visible detector, or a L-4500 Diode Array

detector (300–800 nm) was used for detection. All sol-

vents (Merck) used for liquid chromatography were

HPLC-grade.

HPLC/MS was carried out by coupling the Hitachi

HPLC system to a SSQ 7000 Finnigan MAT via an

APCI interface. The interface conditions were: sheath

gas (nitrogen) pressure 40 psi (no auxiliary gas), va-

porizer temperature 370 �C, ion transfer capillary tem-
perature 200 �C, corona electrode 5 lA. Spectra were
recorded in positive and negative ionization modes with

the capillary voltage +5 and )3 kV respectively. CID

offset was set off in both modes.

3. Results and discussion

As pointed out by Goericke et al. (2000), HPLC

separation of CPP using �traditional� methods applied to
tetrapyrrolic pigments is not possible. For example, on a

Merck RP-18 column (Lichrosphere, 250� 4 mm) using
binary (acetone/methanol) or ternary (acetone/metha-

nol/water) solvent systems as we use in our laboratory

(Verzegnassi et al., 1999; Riff�ee-Chalard et al., 2000) CPP
was almost undistinguished from the baseline. With a

shorter column (Alltech RP-18 Adsorbosphere, 150�
4.6 mm, 3 lm), and using a solvent system and gradient
(see Section 2) similar to those reported by Goericke et

al. (2000), we have been able to obtain a satisfactory

peak shape.

The chromatogram of the synthetic CPP (eluting at

21.6 min) is shown in Fig. 2. The APCI-MS of CCP

shows base peak at m=z 517 in positive mode and m=z
516 in negative mode corresponding to the protonated

[M+H]þ and the radical anion M�� species respectively.

The electronic spectrum of CPP (Fig. 3) recorded on a

DAD, is similar to the one reported by Louda et al.

(2000) with maxima at 361, 414 and 668 nm.

Superimposed on the chromatogram of synthetic

CPP, is the chromatogram of the extract obtained after

its chromatography on silica gel (20� 0.6 cm; eluent:
methanol:methylene chloride 75:25 (v/v)). Almost com-

plete disappearance of CPP is accompanied by the ap-

pearance of several earlier eluting components. HPLC/

MS analysis of this mixture combined with on-line UV/

vis spectra allowed the identification of the major com-

ponents as shown in Table 1.

In APCI negative ion mode all compounds lead to

abundant molecular anions M�� and, as expected with

free base chlorins, no significant fragment ions could be

observed (Verzegnassi et al., 2000). In positive ion mode,

however, besides the prominent protonated molecular

ions [M+H]þ, some fragments originating from the loss

of peripheral substituents are often observed (e.g. Harris

et al., 1995a; Verzegnassi et al., 1999).

The two major components eluting at 8.5 and 9.1

min were identified as the two chlorophyllone isomers

2S=2R, in approximately 1:1 ratio, on the basis of their

Fig. 2. HPLC chromatogram (410 nm) of CPP before (dotted line) and after (solid line) application to silica gel column chromato-

graphy. The separations are carried out on a Alltech Adsorbosphere HS RP-18 column (conditions as given in the experimental part).
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retention characteristics, UV/vis and mass spectra. The

component eluting at 12.1 min is either 132-oxopyro-

pheophorbide a methyl ester (50) or chlorophyllonic

acid a methyl ester (70). Its APCI(+)-MS exhibits,

besides the protonated molecular ion at m=z 563, a
minor ion at m=z 503 generated by the loss of the
carbomethoxy group together with a hydrogen atom

([M+H)C2H4O2]
þ), a common fragmentation path-

way of –COOMe containing chlorins (Chillier et al.,

1994; Harris et al., 1995a; Chi Jie et al., 2002). It should

however be noted that pyropheophorbide a methyl

ester (6), with the carbomethoxy group in an analogous

position as in compound 50, does not show this loss in

our MS conditions. Although this pleads for the

structure 70, a conclusive identification cannot be made

without comparison with authentic samples since it is

also possible that the m=z 503 ion is not associated with
MHþ at m=z 563.
The mass spectra of the compound eluting at 15.5

min show the [M+H]þ ion at m=z 549 and M�� at m=z
548, suggesting incorporation of an oxygen atom in

chlorophyllone a. A minor fragment ion at m=z 517
[M+H) 32]þ is also present. The data could be com-

patible with the 132-oxopyropheophorbide a (5) but 5
should elute around 9 min in the HPLC conditions we

used (c.f. Goericke et al., 2000). On the basis of reten-

tion time and UV/vis spectrum, we tentatively identify

this compound as 151-hydroxychlorophyllonelactone

a (8) previously reported by Watanabe et al. (1993)
in marine bivalves, together with 2(R or S), and other
oxidized chlorophyll a derivatives such as chlorophyl-
lonic acid 7 and purpurin 18 (9) as well as its methyl

ester (90).

The component (10) eluting at 16.6 min is an un-

identified chlorin of molecular weight 596 as suggested

by its MS data.

The chromatography of CPP in similar conditions

but using an alumina support yielded the same compo-

nents. Although the relative amounts of the minor

products were different, 2ðR=SÞ in a �1:1 ratio was again
the major transformation product. When we repeated

the chromatography on silica gel using different solvent

mixtures (MeOH/CH2Cl2/acetone) and flow-rates, we

again observed the same results, i.e. same components

with different relative amounts, but 2ðR=SÞ major and
�1:1 ratio.
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Fig. 3. Electronic absorption spectra of the chlorins discussed in the text.

Table 1

MS and UV–vis data of the main products of transformation of CCP on silica gel chromatography

Compound Retention time

(min)

MW APCI(+) APCI()) kmax (nm) (DAD)

[M+H]þ (%) Main fragments M��

2(S) 8.5 532 533 (100) 515 (34) 532 (100) 409, 503, 668

2(R) 9.1 532 533 (100) 515 (38) 532 (100) 404, 512, 668

50 or 70 12.1 562 563 (100) 503 (10) 562 (100) 400, 512, 668

8 15.5 548 549 (100) – 548 (100) 400, 521, 668

10 16.6 596 597 (100) – 596 (100) 404, 512, 650

4 21.6 516 517 (100) – 516 (100) 361, 424, 668
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From these results it is obvious that abiotic trans-

formation of CPP leads mainly to chlorophyllones R=S
in a �1:1 ratio, although thermodynamic calculations
using molecular mechanics (HyperChem MM+), semi-

empirical (HyperChem AM1) or ab initio methods

(Gaussian98- HF-STO-3G) indicate that the thermody-

namic stability of 2S is higher than that of 2R by 16–24
kJ/mol. Therefore, the abiotic oxidation of CPP to

chlorophyllone(s) is under kinetic control rather than

thermodynamic reaction control and no interconversion

2S=2R is operative. On the other hand, data on the oc-
currence of the chlorophyllones in marine bivalves

(Watanabe et al., 1993) as well as in copepod pellets

(Talbot et al., 1999, 2000) show that either one of the

isomers is present or largely predominant due to the

stereospecificity of the enzymatic reaction.

The HPLC chromatogram of the green pigment

fraction isolated from a surface sediment sample of the

Motte lake is reproduced in Fig. 4. This fraction was

obtained using the procedure described in our original

paper (Chillier et al., 1993), i.e., including a TLC sepa-

ration step on silica gel. The large predominance of 2S
over 2R clearly indicates that, if not all, at least the

major part of the sedimentary chlorophyllone is not an

analytical artifact.

It is noteworthy that, when available, the pigment

chromatograms showing the presence of chlorophyll-

ones (S=R) in sediments from other lacustrine and

marine environments are also characterized by a high

predominance of 2S over 2R (Cariou-Le Gall et al.,

1998; Kowalewska et al., 1999; Villanueva and Hastings,

2000; Airs et al., 2001). Finally, as already mentioned,

copepod pellets exhibit also 2S=2R pair with isomer S
much more abundant (Talbot et al., 1999, 2000). This, in

parallel to the sedimentary distribution, suggests that

the main origin of sedimentary chlorophyllone is an

enzymatic process due to the zooplankton herbivory.

However, we should also note that 2S has also been
reported in a diatoms mixture (Watanabe et al., 1993).

Moreover, Talbot et al. (2000) observed the appearance

of 2S=2R in a dinoflagellate culture after 48 h even in the
absence of grazing copepods, once again with a large

predominance of 2S. It is therefore possible that en-
dogenous algal enzymes may also be responsible for the

occurrence of sedimentary chlorophyllones.

4. Conclusion

Abiotic transformation of CPP on normal phase

chromatography yields mainly Chlone a as a �1:1
mixture of two epimers at C-132. On the other hand,

when chlorophyllone is produced by the enzymatic

transformation of chlorophyll a by living organisms,
such as marine bivalves or zooplankton feeding on

phytoplankton, only one of the isomers is present or

largely predominant. Chlorophyllone in Motte lake

sediments, with major 132(S) isomer, is therefore not an
analytical artifact but originates from a biogenic input.
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Fig. 4. Partial HPLC-DAD chromatogram (410 nm) of a surface sediment extract from Motte Lake. The separation was carried out

on a Merck RP-18 (Lichrospher 250� 4 mm, 5 lm) column at a flow rate of 1 ml/min and using as solvent (A) acetone, (B) methanol,
(C) water (2.5% methanol). The gradient was (time, A%, B%): 0 min, 0%, 90%; 2 min, 5%, 85%; 10 min, 50%, 40%; 18 min, 50%, 45%;

22 min, 50%, 40%; 50 min, 65%, 35%. Peaks eluting between 12–16 min. with absorption max at �450 nm are presumably carotenoids
disappearing on standing.
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