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ABSTRACT

Negative-ion liquid chromatographic—mass spectrometric analysis of the pigment composition of the
bottom sediment (15-20 c¢m) of a eutrophic lake revealed the presence of a novel series of chlorophyll
transformation products, in which a series of C,,~C,, sterols and stanols are esterified to a pyrophaeo-
phorbide a nucleus of algal origin. The major components are algal-derived chlorophyll a and b degrada-
tion products, and the presence of a bacteriochlorophyll-related phaeophytin indicates the presence of
anoxic conditions extending into the photic zone when the sediment was laid down.

INTRODUCTION

Since the first report of the high-performance liquid chromatographic (HPLC)
separation of chlorophyll transformation products [1]. the technique has been
developed further and been widely applied in the analysis of chlorophyll pigments,
their degradation products and co-occurring carotenoid pigments. For example, the
approach has been used to separate higher plant chlorophylls and carotenoids [2],
bacteriochlorophylls of green photosynthetic bacteria [3], algal pigments [4-6] and
sedimentary chlorins [7,8] and carotenoids [9]. The most widely used conditions have
typically involved reversed-phase columns employing mixtures of agueous and
organic mobile phases, and using an ion-pair or buffer system to effect the separation
of free acid pigments [5,6].

These studies have relied on a variety of approaches for the assignment of
components, inter alia (i) retention time comparison with standards or with known
distributions of components in selected organisms, (ii) single- [2] or dual-wavelength
[4] detection by UV-VIS spectrophotometry, fluorescence detection [7,8], or a com-
bination of both [10], (iii) stop-flow scanning [5] or diode-array detection [11]. Such
approaches have proved adequate for pigment identification when the distributions
are relatively simple, e.g., from a single organism, or when the interest lies only in the
assignment of the major components. In other circumstances, they may, however, be
insufficiently precise for compound identification, as follows: (i) the mixtures are
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complex, e.g., in surface sediments where the chlorophylls, their degradation products
and the carotenoids have arisen from a variety of organisms and transformation
pathways [8,12]; (ii) minor key components are of interest; (iii) novel compounds are
present, e.g., the recently identified bacteriochlorophyll e [13] or chlorophyll ¢;3 [14]. In
these circumstances, the direct coupling of liquid chromatography with mass
spectrometry (LC-MS), without a significant loss of chromatographic resolution,
offers a means of obtaining structural information from consideration of the mass
spectra of the individual compounds, and of detecting co-elution of components.
Recently, we have demonstrated [15] that such an approach had the potential for
application in the investigation of the transformations of chlorophylls in aquatic
environments and for recognizing in bottom sediments components which could be
markers for inputs from particular classes of organisms in the primary producer
community. For example, bacteriochlorophyll ¢, d and e and their transformation
products in sediments would be markers for the occurrence of anaerobic photo-
synthetic bacteria in the water column, and would, therefore, provide indirect evidence
for the extension of anoxic conditions into the photic zone. Likewise, the occurrence of
bacteriochlorophyll e in the water column of the Black Sea provides direct molecular
evidence for such conditions [13].

In this study we describe the application of LC~-MS to a further investigation of
the tetrapyrrole assemblage of a Recent lake sediment which has previously been
shown to contain a number of chlorophyll @ and b transformation products [16,17].
Priest Pot (Cumbria, UK) is a small eutrophic lake [18,19] which becomes stratified
owing to the development of a thermocline during the summer months. The
phytoplankton periodicity is complex although, in general, species of Chlorophyta
(green algae) dominate. Blooms of diatoms and of chlorococcales (green algae) and of
volvocales (green algae) occur in the spring and summer, respectively, and blue-green
algae are common. In addition, the presence of photosynthetic bacteria {Chlorobiacea
e) has been reported [18,19].

EXPERIMENTAL

Sample extraction and fractionation

A frozen sediment sample (section 15-20 cm), obtained from a 1-m core of the
bottom sediment from Priest Pot Lake [20], was allowed to thaw and excess water was
removed by centrifugation (MSE, Crawley, UK ; Centaur 1 with four-place swing-out
No. 43124-126; 10 min at 3000 rpm). The sediment was extracted by sonication in
acetone (ca. 1.5 ml g~ ! sediment). Following centrifugation (as above) the supernatant
was decanted and the extraction procedure repeated twice. The combined extracts
were filtered and an aliquot for LC-MS analysis (Fig. la) was methylated using
diazomethane. The remainder of the extract was fractionated by gel permeation
chromatography (GPC) on a Polymer Labs. (Church Stretton, UK) PL-Gel (50 A)
column (600 mm x 7.5 mm [.D.) using a Spectra-Physics (Hemel Hempsted, UK)
SP8000 ternary delivery HPLC system, fitted with a Rheodyne (Cotati, CA, USA)
Model 7125 injection valve. HPLC chromatograms were obtained by monitoring the
absorbance at 400 nm. Using methanol-dichloromethane (51:49, v/v) at a flow-rate of
1.5 ml min~", six fractions were collected (1-6 in Fig. 1b). Each was analysed by
UV-VIS spectrophotometry (see below) and aliquots for LC-MS analysis were
methylated using diazomethane.
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Preparation of standards

Tetrapyrrole standards (see below) were prepared from chlorophyll a and b,
according to previously published methods [21-23), and, after purification by
reversed-phase HPLC, were characterized using fast atom bombardment (FAB) MS
and 'H NMR spectroscopic techniques [20]. Carotenoid standards were obtained
Dr. H. Kjosen (University of Trondheim, Norway) (isorenieratene 1) and Dr. G.
Britton (Biogeochemical Department, University of Liverpool, UK) (zeaxanthin, 2).
Standards used for relative retention time and mass spectral comparisons are listed in
Table 1.

To determine their detection limits in LC-MS analysis, injected quantities of
pyrophaeophorbide a methyl ester (4) and phaeophytin a (7) were calculated by
measuring the absorbance in acetone at 662 nm and using molar absorptivities of 0.146
and 0.061 1 mol~! cm ™1, respectively [20].

LC-MS

Instrumentation. LC-MS coupling was carried out using a Waters Assoc.
(Watford, UK) MS 600 Silk quaternary delivery HPLC system and a Finnigan MAT
(Hemel Hempsted, UK) TSQ 70 quadrupole mass spectrometer, linked via a Finnigan
MAT TSP-2 thermospray interface [15]. Prior to entering the ion source, the HPLC
effluent was passed through a variable-wavelength absorbance detector {Waters
Model 484), to allow monitoring of the chromatographic separation. Sample injection
was performed using a Rheodyne model 7125 injection valve, equipped with a 20-ul
injection loop. The injector and the detector cell were chosen to withstand back-
pressures up to 4000 p.s.i. The detector was linked to a VG (Altringham, UK)
Minichrom data acquisition system, to allow UV-VIS-monitored chromatograms to
be obtained.

HPLC conditions. Analyses were carried out under reversed-phase conditions,
using two Waters Nova-Pak C, g radial compression cartridges (each 100 mm x 5Smm
[.D.) in-line with a precolumn containing the same phase (Waters Guard-Pak C,g; 10
mm x 5mm [.D.) and operated at a flow-rate of 1.0 ml min ™!, using a linear gradient

TABLE I

STANDARDS USED FOR RELATIVE RETENTION TIME AND MASS SPECTRAL COM-
PARISONS

Standard (structure)® tg (min)®
Phaeophorbide a methyl ester (3) 20.3
Zeaxanthin (2) 20.7
Pyrophaeophorbide a methyl ester (4) 23.1
Isorenieratene (1) 39.3
Phaeophytin b (5) 40.5
Pyrophaeophytin & (6) 435
Phaeophytin a (7) 44.0
Pyrophaeophytin a (8) 47.2

¢ For structures see Fig. 6.
® Reversed-phase HPLC (see Experimental).
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TABLE I1
SOLVENT ELUTION PROGRAMME FOR HPLC

Time (min)  Acetone (%) Methanol (%) Water (%)

0 0 90 [0

5 0 90 10
15 70 15 s
40 90 5 5
75 90 5 5
85 0 90 10
95 0 90 10

programme (Table I1). Typical back-pressures using the HPLC system off-line were ca.
1600 psi at 1.0 ml min~ ! methanol-water (90:10, v/v). Conventional chromatograms
were obtained by monitoring the absorbance at 400 nm. Prior to injection, samples
were filtered through Millex GV,; 0.22-ym membrane filters (Millipore, Watford,
UK).

Interface and MS conditions. The LC effluent was ionized in the discharge
ionization mode, using the following source conditions: discharge voltage, 1200 V;
vaporizer temperature, 65°C; source temperature, 250°C; repeller electrode, 0 V.
Typical back-pressures were ca. 1900 p.s.i. with methanol-water (90:10, v/v) at 1.0 ml
min~!. Mass spectral information was obtained in the negative-ion mode, with
scanning from m/z 300 to 1000 in 1.5 s.

UV-VIS spectrophotometry

Spectra (750-350 nm) were recorded in acetone (I cm path length) using
a Shimadzu (Duisburg, Germany) UV-180 spectrophotometer at a scan speed of 120
nm min ! and a slit width of 2 nm.

Solvents
In general, doubly distilled solvents were used. For HPLC and LC-MS analyses
HPLC-grade solvents, filtered through 0.2-ym membrane filters, were used.

RESULTS AND DISCUSSION

Fractionation of total extract

In earlier studies of the pigments of the surface sediment (0-5 cm) of Priest Pot
[20], GPC was used to separate the carotenoid pigments (early eluting fraction) from
the chlorophylls and their degradation products using dichloromethane as eluent,
according to the method of Repeta [24]. Under these conditions, phaeophytins (e.g.,
phaeophytin a, 7) were separated (as a discrete fraction) from phacophorbide methyl
esters (e.g., phaeophorbide a, 3), and there was some separation within the latter
fraction [20]. However, HPLC analysis of the tetrapyrroles revealed the presence of
a complex mixture of components, particularly within the phaeophorbide-containing
fraction.

In the present LC-MS study of the pigments from 15-20 c¢cm depth, it was
decided to use dichloromethane-methanol as GPC eluent, in an attempt (i) to improve
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the separation within the phaeophorbide to allow more detailed fractionation and (ii)
to allow a search for minor porphyrin transformation products from the chlorophylis
¢, which would be markers for the presence of diatoms and/or dinoflagellates in the
water column when the sediment was laid down ca, 25-35 years ago. Under these
conditions, however, true size-exclusion behaviour was not observed within the
tetrapyrroles. Hence, the phaeophorbide methyl esters eluted before the phaeophytins
and novel high-molecular-weight pyrophaeophorbide esters (see below). On the other
hand, the conditions did allow these minor high-molecular-weight chlorins to be
concentrated within one fraction, six fractions being collected (Fig. Ib). Assignment of
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Fig. 1. (a) UV-VIS-detected chromatogram (400 nm) from the LC-MS analysis of the total methylated
extract from the Priest Pot lake bottom sediment (15-20 cm). For peak identification see Table II1I; for
HPLC and MS conditions see Experimental. (b) Gel permeation chromatogram (UV-VIS, 400 nm) from the
separation of the total extract into GPC fractions 1-6. For conditions see Experimental.
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components in the fractions was based on comparison of their negative-ion mass
spectra and retention times with those of standards, or by mass spectral interpretation
based on the fragmentation behaviour of the standards.

LC-MS spectra of phaeophytins and phaeophorbide methyl esters
As observed previously [15] for a number of chlorophyll a-derived standards, the
chlorophyll b-derived standards used here show abundant M ~* species (Fig. 2). Also,
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Fig. 2. Mass spectra of standards of (a) phaeophytin 4, (b) pyrophacophytin » and (c)} phaeophorbide
b methyl ester and (d) of peak 8 (¢f., Table III) in GPC fraction 3, obtained by negative-ion LC-MS with
discharge ionization. Source conditions: source temperature, 250°C; discharge, 1200 V; vaporizer
temperature, 65°C; repeller, 0 V. For HPLC conditions see Experimental.

the fragmentation (where observed) is explicable in terms of that seen under
positive-ion FAB-MS conditions [25]. Hence, the spectrum of phaeophytin & (5), apart
from M ™" at m/z 884 (Fig. 2a) and a minor ion at m/z 852, from loss of CH;0H from
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the C-132 carbomethoxy substituent, is dominated by m/z 826, corresponding to loss
of the whole C-132 substituent with hydrogen transfer. The ion at m/z 548 results from
additional loss of the phytyl side-chain (as C,oHjg), with m/z 530 representing
additional loss of H,0. In the spectrum of pyrophaeophytin b (Fig. 2b), lacking the
C-13?% carbomethoxy substituent, the only fragment ion occurs at m/z 548, again from
loss of the phytyl substituent as C,,H3s. Perhaps surprisingly, no additional loss of
H,O was observed to give m/z 530, although this fragmentation is seen in the
negative-ion mass spectrum of pyrophaeophytin a (8) [15]. The presence of the C-132
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Fig. 3. UV-VIS-detected chromatograms (400 nm) from the LC-MS analyses of (a) GPC fraction 1, (b)
GPC fraction 3, (c) GPC fraction 4 and (d) GPC fraction 6. For peak identification see Table IT1. For HPLC
and MS conditions see Experimental.

carbomethoxy substituent in the spectrum of phaeophorbide » methyl ester (9, Fig. 2¢)
is readily observed by the presence of an abundant ion at m/z 562 (cf., Fig. 2a, m/z 826),
with the ion at m/z 530 corresponding to additional loss of CH3;OH within the C-17
propionic substituent. A standard of pyrophaeophorbide » methyl ester (10) was not
available. The spectrum of peak 8 in gel fraction 1 (Fig. 3a) is shown in Fig. 2d. By



oS PES VoL

. L [o1dud 2 unfydoaryy ‘718 ‘P18 918 ‘368 0.8 S'ET T
o 9 10344d 49 unkydoseydoifg 91S "0£5 ‘8¥S ‘0EL TI8 9Z8 € €7
= PlOUIIOIED PALJIUIPIU() 996
M PIOU0IEd pAyRUSPIUL) 9IS ‘pES 865 £ 2T
= €l 101414 Luojoeikxoyiom » uniydoseyq 9IS "0€S ‘T8 ‘878 988 916 S €'l s1C
Y PIOU]OIED payyuaplur) 99¢ Sel 174
= 9IS ‘81§ ‘0€S ‘bES
- J0144d (ewo([e 7 uniydoseyq ‘7SS ‘ObL ‘8SL 918 988 S| 61
H | [0144yd Jauwida auorjAxoylew ¢ undydoseydosid L8
m $ jo1dyd Jouida g unAydoaeyd 916 05§ '8¥S ‘P18 ‘978 ¥88 ¢g 281
; 4! [01AUd Luoneixoylaw g unfydoseydoiid L8
nJD. S 0144 79 uniydoaeyq 9IS ‘0FS '8¥€ ‘Y18 ‘98 ¥88 S oLl
5 91 1yPURIBIAIUSY :149 € 91
) I AUSIRINUDIOS] 8IS € Sl
M unkydoaryd umouyun) 795 ‘p9S ‘918 123 €1 ¥l
v, unkydoseyd umouyup) 9LL
- unAydoaryd umouyun 708 £ £l
= unAydoaeyd umouyupy 9L
U uniydoaeyd umouyun P6S 88L SE'l aCl
1 Josawie runAydoseydousioeg 91§ ‘8¥S ‘99S OLL St 11
(s)prouanored paynuapiun 91¢ ‘0t € ol
v sIOUBRYIDN s dpiqioydoseydoikg 9I¢ 8vs $'¢ 6
01 sIOUBYIRN 49 dprqroydoseydoiid 9¢ el 8
PIOU2j0Ied paynuapiuf) ¥9s €1 L
Plou3j0TEd poynUIPIUf) ¥9¢ £ 9
[4 FUquexesz 9IS ‘1S “TES 89¢
£ s[OUBYION sounda » apiqroydoseyd ‘8FC ‘T9S ‘99¢ ‘T8S 909 Sl oS
€ sIOUBYION 2 apiqroydoaryq 9IS ‘8F§ *99S 909 €l v
plousjoleds paynuopiufy 9§ ¥9s £ ot
plousiotes pagnuaplury 91§ ‘TES 9 St o
Pplousjored paynuapiufy 9IS ‘TES ¢'e al
[oyoore (z/w) (zfw)
,2InPnNg FuikpL1sg (s)iusuodwod ofewr Jo JusUTISSY ,SUOT JUdUILOI] e-W 81 yead

280

~LNIWIAAS 10d LSHIEd NI SLONAO0¥d NOLLVAVIODIAA TTAHJOJOTHD

I 914v.L



281

LC-MS OF CHLOROPHYLL TRANSFORMATION PRODUCTS

“SIBIL Ul URALS spepuels jo BIoads ur suor juswder wnnoads ssew ur suol 1Y10
‘(syusuodwiod rofewr jo ot IBNIDOW

‘appAdo1oe 0] paudisse uol JuswIel 4

"$pUOq AQNOP OM], 4
‘puoq JAqNOp uQ ,

k]

“1owoe usgAxo-s[duig
*SISUIOSI [RINONIIS 9[qIssod [BI2ASS JO SU()
‘Juswugisse dAnRAY,
‘sisA[eue 0} 1oud uoreoylIaIse 01 andg
‘pIepue)s onuayIne Yim paredwod wndads ssewt pue ¥ ,

‘uonnya-0)) ,
‘9 814 3§ ,

4q

‘SPJRpURIS JO SAWI] UOLUIAT SANE[I PUk e1joads i uosurdwod 1o uonelaudidjut [enoeds Uo paseq ,

Jouels 0t

jouess 82
] 103918 67D
] 103318 5T
] 101318 31)
wi 101318 °%)
] [01918 67
] [01918 82D
w {01918 67D
] 101218 L)
] 101918 87
w 101918 67
w 018 L2
w [01318 82
1 [o1218 97D
1 {01918 O£

101444

101Ayg

12153 v apiqroydoaeydorfg
13353 p apiqioydoaeydoily
13183 v apiqioydoseydoifq
19159 v apiqroydoarydoily
19152 v apigioydoarydoiiyg
13183 » apiqioydoaeydoiky
19183 p apiqioydoseydoifd
19189 v apiqioydoaeydoilg
13189 v apiqroydoaeydoikg
19183 v apiqroydoseydoikg
19183 v apiqioydoaeydoiid
19183 v apiqioydoaeydoikd
12183 v apiqioydoaeydoifg
19189 p apiqioydoaeydoiig
1389 v apigroydoaeydoiAg
19183 v spiqioydoseydoikq
umouyup)

umouyuy)

umouyun

;2 undydoseydoidg
p¢S2U010IED)

SAUSN0IBD

MSUSI0IR)D

Piou210Je3 PIYNUSPIUNY

Jounda v upAydoseyd

91S ‘4PES ‘998

9IS “ybES ‘88L
91¢ “yes

9IS ‘ybtS

9IS yES

91S ‘ybES

91S ‘OES 4pES TIS

9IS “9€S ‘91L

916 "9¢< ‘085 ‘TI8
9IS ‘PES

9IS

918

9is

91¢

9IC ‘PES ‘BYS

‘YoL ‘TI8 ‘Y18 ‘8E8

96
816
06
0£6
916
326
0t6
916
86
06
916
876
006
vi6
06
6
(4%
06
898
(4t
95
95
9Ls
865

0.8

€

NN o) N e 0N N

26t

8¢

2Lt

9¢

oSt

st

2te

ot
alg
0t
6C
8L
L
9¢

Y4



282 C. B. ECKARDT. B. J. KEELY, J. R. MAXWELL

comparison with the spectra in Fig. 2a—c. peak 8 was assigned as this component
(Table III), although no ion at m/z 530 was apparent (cf., Fig. 2¢). The assignment
remains, however, tentative, as the spectrum (not shown) of pyrophaeophorbide
a methyl ester (4) does contain a low-intensity ion at m/z 516, corresponding to loss of
CH,;0H from M™",

Consideration of the spectra in Fig. 2 and of those of their chlorophyll a-derived
counterparts allowed the assignment of several phaeophytins and phaeophorbide
methyl esters on the gel fractions.

Gel fractions 1 and 2

The UV-VIS spectra (not shown) of fraction 1 (major, Fig. 3a) and fraction
2 (minor) showed them to be dominated by carotenoids. Hence, the Soret band of free
base chlorins {ca. 400 nm) was obscured and any absorbance bands in the region of 664
nm, which would be typical of functionalized chlorins, were present only at very low
relative intensities. The absorbance chromatograms obtained during LC-MS analysis
showed, however, similar distributions of components at the wavelength monitored
(400 nm), particularly within the tetrapyrroles. The spectrum of peak 5 indicated the
presence of co-eluting components. One of these was shown to be the bicyclic
carotenoid diol zeaxanthin (2), from comparison with the spectrum of a standard
(M~ = m/z 568 and little fragmentation) and with its retention time. A co-eluting
tetrapyrrole was assigned as the C-13? epimer of phaeophorbide a methyl ester (3),
based on retention time and mass spectral comparison with the epimer present in the
standard of phaeophorbide @ (¢f., peak 4 in Table ITT). The other tetrapyrroles assigned
in fractions 1 and 2 are discussed in relation to fractions 3 and 4 where they are present
in greater abundance.

Gel fraction 3

All of the phaeophorbide methyl esters in fractions 1 and 2 were present in
fraction 3, the UV-VIS spectrum showing a dominance of chlorin components (Aay
664 nm). Apart from the epimeric phaeophorbide a methyl esters (3, peaks 4 and 5),
and pyrophaeophorbide » methyl ester (10, peak 8), the only other phacophorbide was
pyrophaeophorbide @ methy! ester (4, peak 9).

The spectrum of a minor component (peak 11) showed M ™" at m/z 770 (Fig. 4a)
and was tentatively assigned as a bacteriophacophytin (11) derived from one of the
bacteriochlorophylls ¢ (12) or two of the bacteriochlorophylls d (13) from spectral
interpretation. The absence of an abundant ion at m/z 712 confirms the absence of
a C-132 carbomethoxy substituent (cf., Fig. 2a and b). From comparison of the spectra
of phaeophytin a (7) the ion at m/z 566 would correspond to loss of C;sH,,, indicating
that the esterifying alcohol is farnesol, which would be lost as the tetraene (cf., phytyl
chain as phytadiene [15]). Similarly, m/z 548 is explicable in terms of additional loss of
H,0, as observed in the spectrum of phaeopthytin a [15]. The ions at m/z 516 and 530
are more difficult to explain in the absence of an appropriate standard. They may
indicate the presence of a co-eluting tetrapyrrole component, although m/z 530 could
result from an additional loss of H,O from the C-3 secondary alcohol substituent (Fig.
4a). The presence of a bacteriochlorophyll transformation product, albeit in very low
relative abundance, provides molecular evidence for the presence of anaerobic
photosynthetic bacteria (see above) in the water column when the sediment was laid
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Fig. 4. Mass spectra of (a) peak 11 (¢f. Table I11) and (b) major component in peak 37 (cf., Table 11I),
obtained by negative-ion LC-MS. Source conditions as in Fig. 2. For HPLC conditions see Experimental.
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Fig. 5. Partial (10~75 min) (a) UV-VIS and (b) RIC chromatograms from negative-ion LC-MS$ analysis of
GPC fraction 3. For peak identification see Table 111. For HPLC and MS conditions see Experimental.

down ca. 25-35 years ago, although the dominance of chlorophyll a- and b-derived
products in the sediment indicates that the major tetrapyrrole input was algal in origin.

Peak 12 appears to contain two other co-eluting phacophytins (M ™ = m/z 788
and 762, Table IIT) with major components (peaks 24, 25 and 30) being the
phaeophytin a epimers (7, M™" = m/z 870) and pyrophaecophytin a (8, M~ = m/z
812), as shown by comparison with standards.
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Peak 17, as well as containing phacophytin 5 (5), showed an abundant M ™" at
m/z 872, which, based on its retention position, could correspond to the methoxy-
lactone of pyrophaeophytin b (14), an autoxidation product formed in the presence of
a nucleophilic solvent, e.g., methanol [26]. Likewise, peak 18 appears to contain the
C-132 epimer of this component, co-eluting with the phaeophytin b epimer (5).
Similarly, peak 21, with M ™" at m/z 916, appears to contain the methoxylactone
autoxidation product of phaeophytin a (15).

A comparison between the UV-VIS -monitored chromatogram of fraction 3 and
the recontructed ion current chromatogram (RIC) is shown in Fig. 5, indicating only
a slight loss of chromatographic resolution between the HPLC detector and the ion
source. The differences in the relative abundances of the components are thought to
result from differences in (i) absorption at 400 nm and (ii) ionization efficiencies [15].
From injection of a known amount (see Experimental) of pyrophaeophorbide
a methyl ester (4) and of phaeophytin a (7). peaks 9 and 24 correspond to ca. 560 nmol
and 880 nmol of these components. The detection limits of 4 and 7 to give an
acceptable mass spectrum and a 3:1 signal-to-noise ratio in the mass chromatograms
of m/z 548 (for 4) and 870 (for 7) were 15-25 nmol (10-20 pg).

Gel fractions 4 and 5§

The UV-VIS spectra of fractions 4 (Fig. 3¢) and 5 (minor) indicated them to
contain predominantly tetrapyrrole pigments. The tetrapyrrole distributions are very
similar and are dominated by phaeophytins (peaks 23-25 and 30, Table III} of the
chlorophyll a and b series.

Gel fraction 6

This minor fraction showed a number of components found in earlier fractions,
presumably as a result of ““tailing” in the gel permeation chromatogram. Peaks 15 and
16 (Table III) were assigned as the aromatic carotenoid hydrocarbons isorenieratene
(1, peak 15) and renieratene (16) or renierapurpurin (17) from comparison with
a standard of isorenieratene. The occurrence of isorenieratene provides further
molecular evidence for the presence of anaerobic photosynthetic bacteria in the water
column when the sediment was laid down, as it has been reported as a major carotenoid
in some species of the Chlorobiaceae [27], such bacteria having been reported to occur
in the water column of Priest Pot (see above).

Peaks 33-39 showed a series of M ™" species which had unexpectedly high m/z
values in comparison with the other tetrapyrroles observed. The spectrum of the major
component in peak 37 (Fig. 4b) showed significant fragment ions at m/z 534 and 516.
From direct comparison with the spectrum of pyrophaeophytin a [15], m/z 534 would
indicate loss of the esterifying side-chain as C,oH,s by way of a rearrangement with
hydrogen transfer, i.e., that the esterifying alcohol is a C,4 monounsaturated sterol, as
C,oH,5 corresponds formally to a C, steroid diene. The ion at m/z 516 corresponds to
an additional loss of H,O [15]. The spectra from peaks 33-36 and 38-39 all showed
similar characteristics, with m/z 534 and 516 as significant fragment ions (Table I11),
the differences being attributable to different C,,~Cjyq sterol or stanol esterifying
moieties. On this basis, the chlorin nucleus appears to be the same as in pyro-
phaeophytin a (8). In this context, the two major esterified chlorins in an ancient
lacustrine sediment of Miocene age, which were characterized after isolation of the
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HorR,, = Et, R; = H; 12 = bacteriochlorophyll ¢, R; = Et, R, 3 = Me; 13 = bacteriochlorophyll 4,
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ester (cf.,[28]), R, = vinyl; 19 = mesopyrophaeophorbide a sterol ester (¢f.,[28]), R, = Et.[Me = methyl,
Et = ethyl, Pr = propyl. * Epimeric at C-132 (cf., 3)].
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individual components, are the novel sterol esters 18 and 19 [28]. In that case, since no
chlorophylls with sterol side-chains are known, it was concluded that the components
were of algal origin, with the esterification being a biological reaction occurring at the
time of sediment deposition. This study provides further evidence for this hypothesis,
as components of this type are present in a bottom sediment from a present-day lake,
and suggests that esterification of phaeophorbides with algal sterols is a novel and
widespread transformation of chlorophyll degradation products in the aquatic
environment. Further studies involving full identification of the Priest Pot components
are in progress.

CONCLUSIONS

Negative-ion LC-MS provides a valuable approach in the investigation of the
complex degradative pathways of chlorophylls in aquatic environments, can assist in
providing structural information about novel transformation products and readily
reveals the presence of co-eluting components.

The major chlorins of the bottom sediment (15-20 cm) of Priest Pot lake are
transformation products of chlorophylls @ and 4 of algal origin. Despite the incomplete
separation on 50 A Styragel of the pigment classes, resulting from a change in elution
solvent from dichloromethane to dichloromethane-methanol, LC-MS analysis of the
fractions has revealed the presence of (i) marker compounds (1 and 11) indicative of
the presence of photosynthetic bacteria in the water column when the sediment was
laid down ca. 25-35 years ago, and (ii) an unexpected suite of chlorins esterified with
a range of C,+-C;, sterols and stanols.
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