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ABSTRACT

The controversial molecular identification of the so-called chlorophyll cCS�170 has been settled. Despite its relevance as a potential biomarker in
the study of eukaryotic picophytoplankton, the structure of this chlorophyll remained so far uncertain. A full characterization by NMR, UV�vis,
and ESI-MS is reported, revealing this chlorophyll as [7-methoxycarbonyl-8-vinyl]-protochlorophyllide a.

The term picophytoplankton designates the photosyn-
thetic unicellular organisms in the 0.2�2 μm size range,
encompassing both prokaryotes and eukaryotic algae,
ubiquitous in the oceans. The enormous importance of
these small cells lies in their elemental position at the base
of food webs and nutrient recycling as well as their crucial
role in biogeochemical cycles. The classMamiellophyceae,1

one of the ecologically most important groups of photo-
synthetic picoeukaryotes in the marine environment and
recently differentiated within the Chlorophyta,2 accounts
for a significant amount of picophytoplankton biomass
and photosynthesis.3 Their miniaturized cell composition

features a single mitochondria and one chloroplast.4 The
pigment composition of their photosynthetic apparatus
is also very characteristic,5 with chlorophylls a and b and
the carotenoids prasinoxanthin, neoxanthin, violaxanthin,
and micromonal as main constituents. Together with
these pigments, the chlorophyll biosynthetic intermediate
[8-vinyl]-Pchlide a (known also as Mg-divinyl phaeopor-
phyrin a5, Mg-DVP) was detected in significant amounts.
More importantly, an additional chlorophyll pigment
appeared in certain mamiellophyceans and in one strain
of Prasinococcus (Prasinophyceae genus) isolated in deep
waters near the bottom of the photic zone.6 Due to its
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precise localization, this pigment was regarded as a poten-
tial biomarker to identify low light ecotypes. Despite its
importance, the structure of this chlorophyll remains
uncertain.
This pigment was first detected in 1989 in a tropical

strain ofMicromonas pusilla (CS-170),7 being termed since
then chl cCS‑170. A tentative identification as “a propionate
derivative of chl c3” was published in 1997 (Figure 1)
together with the visible spectrum in diethyl ether of the
isolated pigment,8 but neither isolation procedures nor
spectral evidence were indicated. Since then, chl cCS‑170
has been reported innatural samples and culture studies on
picoeukaryotes,5,6,9 but no other contributions to its mo-
lecular structure have been published. The suggested
structure is isomeric to the [8-ethyl]-analogue of chl c3,
and due to their similarity in chromatographic properties,
UV�vis spectra and mass spectra, both pigments were
claimed to be actually the same compound.10

The absorbance profile of chl cCS‑170 features a main
absorption maximum at 449 and two other maxima at 579
and 621 nm (Figure S2 in the Supporting Information),
values that are closely related to those previously reported
for Pchlide b: Soret band at 448 nm, Qx band at 578 nm,
and Qy band at 622 nm.11 In addition, this UV spectrum
shows higher absorbance of the Qx band in comparison
to the Qy band, which is characteristic of both the Pchlide
b and the chl c3 families. This spectral similarity suggested
that chl cCS‑170 could actually be Pchlide b. Hence, certain
mamiellophyceans could accumulate this pigment as a
chl b biosynthetic intermediate, as it has been described
for [8-vinyl]-Pchlide a.

To prove the identity of the isolated chlorophyll (chl
cCS‑170) a careful NMRcharacterizationwasmandatory in
order to unequivocally elucidate the structure of this

pigment, by comparison with that available for [8-ethyl]-
chl c3, recently characterized in the haptophyte Emiliania
huxleyi,12 and of Pchlide b,13 the structure of which could
be compatible with chl cCS‑170. In the present study we
isolated chl cCS‑170 from the mamiellophycean Ostreococ-
cus sp. and report its molecular structure as [7-methoxy
carbonyl-8-vinyl]-Pchlide a using UV�vis, ESI-MS, and
NMR spectroscopy techniques.
Ostreococcus sp. (RCC 788) was obtained from the

Roscoff Culture Collection (Roscoff, France), and it was
cultured in light/dark cycles and harvested soon into the
light phase in order to maximize the production of the
chlorophyll under study (see below). Special care was
essential for a successful pigment extraction process, since
important pigment degradation was observed at the high
centrifugation fields necessary for good biomass recovery.
Alternatively, cultures were thoroughly filtered in small
aliquots and extracted with 90% aqueous acetone. A
detailed description of the extraction and purification
process is described as Supporting Information.
After HPLC purification, the sample was dissolved in

THF-d8, the same deuterated solvent used for [8-ethyl]-chl
c3, to allow a direct comparison between the two closely
relatedpigments. Inorder tominimizeaerobic oxidationof
the pigment, the solution was degassed through freeze�
thaw cycles and kept under an argon atmosphere.

The 1H NMR spectrum of our sample at 750 MHz
(Varian Inova 750 spectrometer) showed three signals in
the lowest field, between δ ∼11.5 and δ ∼9.5 ppm, cor-
responding to the meso-CH protons at positions C5, C10,
and C20 (Figure 2). In the proximal downfield region, two
independent spin systems featuring three protons each
were identified and assigned to two peripheral vinyl moi-
eties at positions C3 and C8, by comparison with the

Figure 1. Comparison of the tentative structure proposed for
chlorophyll cCS�170 and structurally related chlorophylls.

Figure 2. Comparison of low-field 1H NMR spectra of chlor-
ophyll cCS‑170 (upper trace) and the closely related [8-ethyl]-chl
c3 (lower trace).
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reported data for chl c3.
12 Unlike the closely related

members of the chl c3 family, the vinyl signals correspond-
ing to the acrylic acid at C17 are absent in this spectrum.
Instead, two methylene units were observed at high field
as an AA0BC-type spin system [δ = 4.10 ppm (m, 2H),
3.06ppm(ddd, J=17.0, 9.3, 6.8Hz, 1H) and 2.85ppm (m,
ddd, J= 17.0, 9.6, 7.0 Hz 1H)] as a result of the electron-
withdrawing effect of the close carboxylic acid and the
ring current of the aromatic porphyrin system. COSY and
TOCSY correlations are clearly observed between the
three signals (Figures S5 and S6 in the Supporting
Information). Worth noting is the marked splitting ob-
served for both methylene groups, probably due to the
chiral environment given by the neighboring stereogenic
center at C132.14 Additionally, the chemical shifts for the
methyl groups at high field are clearly visible, two of which
correspond to the methyl esters [δ = 4.32 ppm (s, 3H,
OCH3) and 3.74 ppm (s, 3H, OCH3)] and three to those
attached to the aromaticmacrocycle [δ=3.82 ppm (s, 3H,
CH3); 3.65 ppm (s, 3H, CH3) and 3.57 ppm (s, 3H, CH3)].
The chemical shift values observed are compatible with
those reported previously for chl c3 and the corresponding
monovinyl derivative studied before. Due to sample limita-
tions, acquisition of a 13C NMR spectrum was not feasible.
Instead, analysis of the short-range 1H�13C correlations
(HSQC, Figure S7 in the Supporting Information) led us to
assign most of the nonquaternary carbons of the chloro-
phyll skeleton (Table S1 in the Supporting Information),
showing a good agreement with previous data for related
chlorophylls c.12 Remarkable are the values obtained for
the 13C of the methylenes in the propionic acid moiety
[δ=23.2 ppm (C172-H) and 36.2 ppm (C171-H)] aswell as
the differentiated values observed for themethyl esters and
the methyl groups attached to the porphyrin skeleton
(δ ∼50 and δ ∼12 ppm respectively), which assisted in
the signal assignments.
The spin systems of the sample were clearly determined

byTOCSY andCOSY spectra, as depicted in Figure 3. An
AA0BC and two ABX coupling patterns were identified
and assigned to the methylene groups of the propionic
acid and the vinyl substituents at C3 and C8, respectively.
In addition, 2D-ROESY correlations confirmed the reso-
nance assignments of the 1HNMRspectrum, revealing the
spatial proximity of the substituents in the [7-methoxycar-
bonyl-8-vinyl]-protochlorophyllide a structure and the
connectivities between the substituents around the por-
phyrin skeleton as shown in Figure 3.
Probably due to the low concentration of our sample,

ROESY correlations were not detected in the region of the
methoxycarbonyl substituent at C7. Therefore, a direct
comparison of the 1H NMR data of the sample under
study and the data available for chl c3 for the upper part
of the macrocycle (from C2 to C8) was performed.
The coincidence of data with a maximum difference of
δ∼0.01 ppmallowed the structural confirmation of the chl
c3-like substitution profile featuring a methyl ester at C7.

This fact also rules out the possibility of having a formyl
group at this position, which is characteristic of the Pchlide
b structure, as the stronger withdrawing effect of this
functionality would clearly affect the chemical shift values
of the vicinal protons. Furthermore, a fourth signal in the
lowest field region around δ ∼11 ppm expected for the
CHO group13 is not present in our sample as well as the
corresponding low field value (aprox. 190 ppm) of the 13C
at the formyl group, which finally discards the structural
coincidence of Pchlide b and our sample. With all these
results taken into account, a systematic name is proposed
for the so far known chl cCS170 as [7-methoxycarbonyl-8-
vinyl]-Pchlide a.
MS analysis was also conducted reproducing the condi-

tions described before12 for electrospray ionization in
negative mode, and the ESI-MS spectrum showed a mo-
lecular ion peak at 654.0 m/z consistent with the formula
C36H30MgN4O7.Amajor fragment ion is observedat 610m/z
[M-H�CO2]

�, probably due to the loss of the carboxylic
acidpresent in the structureof the chlorophyll.Anadditional
high resolution MS analysis employing ESI in the positive
mode showed ions consistent with [MþNa]þ, 677.1488 and
with [MþH]þ 655.2029m/z. Fragment ions atm/z 623.1784
([MþH-32.0245]þ) and 595.1826 ([MþH-60.0203]þ) were
interpreted as due to loss of CH3OH and HCOOCH3

fragments from a methoxycarbonyl substituent.15

In terms of activity, chl c pigments in general have been
found in the antenna complexes of Chromophyte algae,16

where they act transferring energy efficiently to chl a.17The
exact role that [7-methoxycarbonyl-8-vinyl]-Pchlide amight
play in the photosynthetic apparatus is unknown, but a
light harvesting function seems likely. The closely related
chl c3, a pigment bearing also a methoxycarbonyl substi-
tuent at C7 (but an acrylic side chain at C17), was found in

Figure 3. Spin systems identified in chl cCS‑170 and ROE
correlations.
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the light-harvesting pigment�protein complexes in the
flagellate alga Prymnesium parvum.18 A similar role has
also been shown for [8-vinyl]-Pchlide a (with a propionic
acid substituent at C17) in certain Prasinophytes19 (where
it was misidentified as a chl c) even before its structure was
elucidated.14 [7-Methoxycarbonyl-8-vinyl]-Pchlidea showed
variable ratios to chl a depending on light conditions,
consistent with previous studies on the ratio of [8-vinyl]-
Pchlide a to chl a carried out in Prasinophyceae
(Pseudoscourfieldia marina) and Mamiellophyceae
(Bathycoccus prasinos20 and two Ostreococcus strains21).
We observed that inOstreococcus sp. RCC788 these ratios
were dependent both on light intensity and length of the
irradiation period. HPLC analyses (data not shown)
showed that the ratios of both Pchlides to chl a lowered
with increasing irradiation times. When monitoring pig-
ment diurnal variations,maximum [7-methoxycarbonyl-8-
vinyl]-Pchlide a values were detected at the end of the dark
period, whereas its ratio to chl a progressively diminished
during the day. The pigment practically disappeared when
the culture was maintained under a continuous light
regime (115 μmol photons m�2 s�1). The observed accu-
mulation of [7-methoxycarbonyl-8-vinyl]-Pchlide a in the
dark or at low light conditions and the fact that it occurs
typically in deep water isolates suggest its implication in
light harvesting especially in low light environments.
In summary, a structural study based on NMR spectro-

scopy of the so far generically denominated chl cCS‑170 was
conducted in order to shed light on the actual structure of
this pigment. Our results confirmed the structure tenta-
tively proposed8 and provided unambiguous evidence
for the presence of two vinyl groups at C3 and C8 as well
as a propionic acid atC17.We propose therefore the use of
[7-methoxycarbonyl-8-vinyl]-Pchlide a to refer properly to
this chlorophyll. From a biosynthetic point of view, refer-
encing this compound as “a propionate derivative of chl
c3” no longer makes sense, as it is actually a Pchlide with a

propionic acid rather than an acrylic residue, and occurs
in species that accumulate [8-vinyl]-Pchlide a (Mg-DVP).
Thus, the generation of [7-methoxycarbonyl-8-vinyl]-Pchlide
a seems plausible from [8-vinyl]-Pchlide a through the
methoxycarbonylation at C7. This oxidized functional
groupwould arise from the C7-gem-diol, via consecutive
steps of oxidation at C71, analogously to the biogenesis
of the 7-formyl group in chl b. Further dehydration of
the diol group toward the formation of a 7-carboxylate
derivative and subsequent methylation would form
the final methyl ester moiety.22 Concerning the ab-
solute configuration at C132, a tentative assignment
can be proposed as R, based on the results reported by
Mizoguchi et al. for the biosynthetically close related
chlorophylls c.23
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