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Abstract

In the present study, low concentrations of the very mild detergent n-dode-

cyl-α-D-maltoside in conjunction with sucrose gradient ultracentrifugation

were used to prepare fucoxanthin chlorophyll protein (FCP) complexes of

the centric diatom Thalassiosira pseudonana. Two main FCP fractions were

observed in the sucrose gradients, one in the upper part and one at high

sucrose concentrations in the lower part of the gradient. The first fraction

was dominated by the 18 kDa FCP protein band in SDS-gels. Since this

fraction also contained other protein bands, it was designated as fraction

enriched in FCP-A complex. The second fraction contained mainly the

21 kDa FCP band, which is typical for the FCP-B complex. Determination

of the lipid composition showed that both FCP fractions contained mono-

galactosyl diacylglycerol as the main lipid followed by the second galact-

olipid of the thylakoid membrane, namely digalactosyl diacylglycerol. The

negatively charged lipids sulfoquinovosyl diacylglycerol and phosphatidyl

glycerol were also present in both fractions in pronounced concentrations.

With respect to the pigment composition, the fraction enriched in FCP-A

contained a higher amount of the xanthophyll cycle pigments dia-

dinoxanthin (DD) and diatoxanthin (Dt), whereas the FCP-B fraction was

characterized by a lower ratio of xanthophyll cycle pigments to the light-

Abbreviations: Chl, chlorophyll; DD, diadinoxanthin; DDE, diadinoxanthin de-epoxidase; DEP, diatoxanthin epoxidase; DES, de-epoxidation state;
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of PSII; MGDG, monogalactosyl diacylglycerol; NPQ, non-photochemical quenching of chlorophyll a fluorescence; PG, phosphatidyl glycerol; PS,
photosystem; SQDG, sulfoquinovosyl diacylglycerol; TWIMS, travelling wave ion mobility spectrometry; V, violaxanthin.

This study was dedicated to Prof. Dr. habil. Kazimierz Strzalka on the occasion of his 75th birthday.

Received: 31 January 2022 Accepted: 21 April 2022

DOI: 10.1002/iub.2650

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. IUBMB Life published by Wiley Periodicals LLC on behalf of International Union of Biochemistry and Molecular Biology.

66 IUBMB Life. 2023;75:66–76.wileyonlinelibrary.com/journal/iub

https://orcid.org/0000-0001-9347-8158
mailto:rgoss@rz.uni-leipzig.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/iub


harvesting pigment fucoxanthin. Protein analysis by mass spectrometry

revealed that in both FCP fractions the xanthophyll cycle enzyme dia-

dinoxanthin de-epoxidase (DDE) was present. In addition, the analysis

showed an enrichment of DDE in the fraction enriched in FCP-A but only

a very low amount of DDE in the FCP-B fraction. In-vitro de-epoxidation

assays, employing the isolated FCP complexes, were characterized by an

inefficient conversion of DD to Dt. However, in line with the heteroge-

neous DDE distribution, the fraction enriched in FCP-A showed a more

pronounced DD de-epoxidation compared with the FCP-B.
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1 | INTRODUCTION

The xanthophyll cycle of diatoms provides protection of
the photosynthetic apparatus against damage caused by
high light intensities (for reviews see1,2). The xanthophyll
cycle is responsible for the deactivation of reactive oxygen
species and is involved in a structural change of the pho-
tosystem (PS) II antenna system, which leads to the
harmless dissipation of excessive excitation energy as
heat; a process, which has been termed non-
photochemical quenching of chlorophyll (Chl)
a fluorescence, NPQ (for a review, see Ref [3]). During
the forward reaction, which takes place during illumina-
tion, the xanthophyll diadinoxanthin (DD) is converted
to diatoxanthin (Dt). The removal of the epoxy-group of
DD is catalysed by the enzyme diadinoxanthin de-
epoxidase (DDE). During low light or darkness, the back
reaction closes the cycle by a re-introduction of the
epoxy-group. The enzyme responsible for the back reac-
tion has been termed diatoxanthin epoxidase (DEP).

In comparison to the xanthophyll cycle of higher
plants and most green algae, the xanthophyll cycle of dia-
toms seems to be optimized in various ways. The DDE is
characterized by a shift of the pH-optimum towards
higher pH-values and thus shows enzymatic activity at
almost neutral pH-values of the thylakoid lumen.4 The
KM-value of the enzyme for its co-substrate ascorbate is
lower, which indicates that efficient conversion of DD to
Dt is possible at lower plastidic ascorbate concentra-
tions.5 Finally, the DEP exerts a very fast epoxidation of
Dt, whereas the epoxidation reaction is slow in higher
plants or green algae.6 Very recently, Blommaert et al.7

could demonstrate that in diatoms both DDE and DEP
are under tight control of the light intensity, which is
experienced by the algae, and that this control is essential
for the fine-tuning of NPQ.

The xanthophyll cycle pigments are bound to the
light-harvesting complexes of diatoms, the so-called fuco-
xanthin chlorophyll proteins, FCPs (for a recent review,
see Ref [8]). Recent studies have provided a wealth of
new information about the antenna systems of diatoms.
The x-ray crystal structure of the antenna system of the
pennate diatom Phaeodactylum tricornutum revealed that
the antenna complexes consist of FCP dimers.9 Besides
the position of the Chl a, Chl c and fucoxanthin mole-
cules within the FCP dimers, the structure also provided
insight into the binding of the xanthophyll cycle pig-
ments. Like violaxanthin (V) in higher plants, DD is
bound at the periphery of the FCP dimer, which allows
for a fast detachment of the pigment before the enzy-
matic conversion to Dt. The antenna system of the cen-
tric diatoms seems to be more complex than that of the
pennate diatoms and is divided into two main light-
harvesting complexes, which have been termed FCP-A
and FCP-B.10 While both FCP complexes bind DD and
Dt, a higher content of the xanthophyll cycle pigments
has been observed in the FCP-A.11 Recent analyses of the
protein composition of the light-harvesting complexes of
the centric diatom Thalassiosira pseudonana by mass
spectrometry have unravelled the protein composition of
the different antenna subunits of centric diatoms.12–14

The peripheral FCP-B seems to be constituted of only
two proteins, namely the Lhcf8 and Lhcf9 proteins.13,14

These complexes appear as oligomers in the membrane.
In addition to the oligomeric FCP complexes, Calvaruso
et al.14 find trimeric FCP-A complexes, which consist of
Lhcf1 to Lhcf9 proteins. Monomeric Lhcf proteins are
then closely associated with the inner antenna proteins
and the reaction centre of PSII. The recent structure anal-
ysis of a PSII-FCP supercomplex of the centric diatom
Chaetoceros gracilis by cryo-electron microscopy15 shows
a slightly different picture. In this structure, the
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peripheral antenna complexes consist of tetramers and
are coupled to the PSII core complex by three
monomeric FCPs.

The operation of the xanthophyll cycle seems to take
place in a special lipid phase within the diatom thylakoid
membrane (for a review, see Ref [16]). Based on experi-
ments with artificial membrane systems,17,18 it was dem-
onstrated that efficient conversion of DD to Dt by the
enzyme DDE depends on the presence of non-bilayer
lipid phases, which are formed by the main thylakoid
membrane lipid monogalactosyl diacylglycerol (MGDG).
These phases are likely established during high light illu-
mination when the structural change of the light-
harvesting system, which leads to NPQ, is taking place.18

It has been suggested that the non-bilayer lipid phase
forms a transient membrane domain together with the
light-harvesting proteins, which bind the xanthophyll
cycle pigments, and the DDE, which binds to the mem-
brane upon its pH-dependent activation.16,19 While such
a hypothetical domain has been isolated in functional
state from higher plant thylakoid membranes,20 the puri-
fication of an FCP/DDE association is still lacking.

It was the intention of the present study to prepare
FCP-A and FCP-B complexes with associated DDE from
the thylakoid membranes of the centric diatom
T. pseudonana. To achieve this, the complete preparation
was performed at lower pH-values, which guarantee the
binding of DDE to the membrane. To not disturb the del-
icate interaction between DDE and the thylakoid mem-
brane, the solubilization was performed with low
concentrations of the very mild detergent n-dodecyl-α-D-
maltoside. The solubilized pigment protein complexes
were separated by sucrose gradient ultracentrifugation
and characterized by protein, lipid and pigment analyses
and absorption spectroscopy. The presence of DDE
within the FCP fractions was analysed by mass spectrom-
etry and the possible function of the isolated FCP com-
plexes, with regard to DD to Dt conversion, was tested in
in-vitro de-epoxidation assays.

2 | EXPERIMENTAL PROCEDURES

2.1 | Plant material

T. pseudonana cells (strain CCAP 1085/12) were grown
as air-lift cultures in F/2-medium according to Guillard.21

The culture medium contained twice the amount of sili-
cate but only half the amount of salt. The temperature of
the growth chamber was adjusted to 20�C. The light
regime consisted of an illumination with a light intensity
of 50 μmol photons m�2 s�1 and a light/dark cycle of
14/10 h.

2.2 | Isolation of FCP complexes

The main body of the present work stems from prepara-
tions, which were performed with buffers for the thyla-
koid and FCP isolation adjusted to pH 6. In earlier
experiments, FCP complexes were also prepared with
buffers adjusted to the slightly lower pH-value of 5.5.
Since the results of these preparations were essentially
identical to the preparations at pH 6, with the exception
of slightly higher pheophytin concentrations (see chapter
Pigment determination), a part of these results was also
used in the present data set.

Thylakoid membranes of T. pseudonana were pre-
pared according to the procedure described by Lepetit
et al.22 and stored on ice. In the present study, the con-
centration of MES was increased from 10 to 50 mM in
the different isolation buffers.

The Chl a and c concentration of the isolated thyla-
koids was determined in 90% acetone using the equations
of Jeffrey and Humphrey.23

Thylakoids were diluted in a buffer consisting of 50 mM
MES, pH 5.5 or pH 6, 2 mM KCl and 5 mM EDTA to
achieve a final total Chl concentration of 1 mg mL�1. Solu-
bilization was performed with the very mild detergent
n-dodecyl-α-D-maltoside (α-DM), which was added to the
thylakoid membranes at a detergent per Chl ratio of
10 (w/w). After the addition of α-DM, the thylakoids were
gently stirred on ice in the dark for 15 min. To remove thy-
lakoid membrane fragments, the solubilized thylakoids
were centrifuged for 20 min at 20.000g and 4�C (Allegra
64R, Beckman Coulter, Brea, CA). After the centrifugation,
the supernatant was loaded on top of a continuous gradient
from 0.1 to 0.7 M sucrose. The sucrose solutions were pre-
pared with the buffer adjusted to pH 5.5 or 6, which was
used for the dilution of the thylakoid membranes and con-
tained 0.03% α-DM (w/v). Sucrose gradient ultracentrifuga-
tion was performed for 16 h at 121.569 g and 4�C (Optima
C-90K with a SW28 swing-out rotor, Beckman Coulter).
After the ultracentrifugation, two FCP fractions were col-
lected with a Hamilton syringe from the sucrose gradients
and concentrated with the use of ultrafiltration tubes with a
pore size of 10 kDa (Amicon Ultra-4, Merck Millipore, Bur-
lington, MA). The fractions were then analysed by spectro-
scopic means. In addition, the protein, lipid and pigment
content was determined. Finally, the FCP fractions were
tested for the presence of the xanthophyll cycle enzyme
DDE and de-epoxidation assays were performed.

2.3 | Analysis of protein composition

The protein composition of the FCP fractions was
analysed by SDS-PAGE according to Laemmli24 with a
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15% separation and a 4% stacking gel. Electrophoresis
was performed in a Mini PROTEAN Tetra Cell System
(BioRad). Samples were loaded onto the gel with a total
Chl amount of 5 μg. Separated proteins were stained with
colloidal Coomassie Brilliant Blue solution as described
by Dyballa and Metzger.25

2.4 | Lipid determination

The lipid determination started with the lipid extraction
of the two FCP fractions by the addition of CHCl3:
CH3OH (2:1, v/v) as described by Schaller et al.26 To ana-
lyse all major thylakoid lipid classes, the extracted lipids
were separated on HP-TLC plates (Alugram Nanosil G,
Macherey-Nagel, Germany) using the protocols of Mock
and Kroon27 and Ventrella et al.28 The separated lipids
were stained with primuline (Direct Yellow 59) according
to White et al.29 The lipid spots were then semi-
quantitatively analysed by a comparison of their staining
intensity to the intensity of lipid standards with a known
concentration as described by Schaller et al.26 Because of
the semi-quantitative nature of the lipid determination,
the lipid composition is depicted as percent lipid of the
total lipid isolated with the FCP fractions.

2.5 | Absorption spectroscopy

The absorption spectra of the two FCP fractions were
recorded in the wavelength range from 350 to 750 nm
with a band pass setting of 1 nm (Specord M250, Zeiss,
Germany). For the absorption spectroscopy, a total Chl
concentration of 5 μg mL�1 was used.

2.6 | Pigment determination

To determine the pigment composition of the FCP frac-
tions, 750 μL of the collected sucrose gradient fractions
was injected into 750 μL of a pigment extraction medium
consisting of CHCl3:MeOH:NH3 (aqueous) in the ratio of
1:2:0.004 (v/v). The mixture was mixed and centrifuged
for 2 min at 20.000g and 4�C (1-14K, Sigma Aldrich,
Germany). After the centrifugation, the lower organic
phase was collected and dried in a stream of nitrogen.
The dried pigments were stored at �20�C until analysis.
For the HPLC analysis, the dried pigments were re-
suspended in a medium consisting of 90%
methanol/0.2 M ammonium acetate (9:1, v/v) and 10%
ethyl acetate. Pigments were separated on a Nucleosil ET
250/4 300-5 C18-column (Macherey-Nagel, Germany) on
either a Waters 600-MS (Waters) or an Ultimate 3000

(Thermo Scientific) HPLC system. The eluents and the
gradient used for the pigment determination were based
on the method published by Kraay et al.,30 the calcula-
tion of the pigment concentrations was performed
according to Lohr and Wilhelm.31 The pigment concen-
trations are depicted as mM pigment M�1 Chl a. Since
the preparations at pH 5.5 or 6 led to the formation of a
certain amount of pheophytin a in the samples, the
pheophytin a content was determined and added to the
Chl a concentration.

2.7 | Determination of diadinoxanthin
de-epoxidase by LC-(TWIMS)-MS/MS

From Coomassie Brilliant Blue stained gels, a 1 � 1–cm
gel piece above 45 kDa was cut from each lane, further
cut into four pieces and transferred to a 1.5 mL reaction
tube. In-gel digestion was performed as described in
Kansy et. al13 for hand cut pieces.

Dried tryptic peptides were dissolved in 20 μL 3% (v/v)
aqueous acetonitrile containing 0.1% (v/v) formic acid.
Five microliters of each sample were loaded to a
nanoACQUITY Ultra Performance LC™ (Waters GmbH,
Eschborn, Germany) system, using a partial loop injection,
coupled online to a Q-TOF SYNAPT G2-Si instrument
(Waters GmbH). Eluent A was water containing 0.1% (v/v)
formic acid and eluent B acetonitrile containing 0.1% (v/v)
formic acid. Peptides were trapped on a nanoACQUITY
Symmetry C18-column (internal diameter [ID] 180 μm,
length 2 cm, particle diameter 5 μm) with a flow rate of
5 μL min�1 (3% eluent B, 6 min) and by separation on a
C18-BEH 130 column (ID 75 μm, length 10 cm, particle
diameter 1.7 μm; 35�C) using a linear gradient from 3 to
40% eluent B in 18.5 min at a flow rate of 0.3 μL min�1.
The nanoESI source was operated at a spray voltage of
3 kV, sampling cone was 30 V, source offset 80 V, source
temperature 100�C, cone gas flow 20 L h�1 and nanoflow
gas pressure 0.2 bar. Mass spectra were recorded in posi-
tive ion mode using a high-definition data-dependent
acquisition approach (HD-DDA) for top six ions as
described in Rojas Echeverri et al.32

Data sets were processed using the Mascot search
engine (Version 2.7; Matrix Science Ldt., London, UK).
Raw files were converted with Mascot Distiller (Version
2.7.1.0, Matrix Science Ldt.) to a mascot generic file for-
mat, which was loaded to the Mascot search engine. Sea-
rch parameter used: Enzyme Trypsin/P, maximum
missed cleavages 2, variable modifications oxidation (M),
peptide mass tolerance 50 ppm, fragment mass tolerance
0.08 Da. As database, the SwissProt protein database and
the entries for T. pseudonana from the unreviewed part
(125,015 sequences) were used. Proteins identified with a
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protein score of at least 50 and two peptides were consid-
ered as confident. Data integration was done with Skyline
(Version 21.2.0.369, MacLean et al.33). For further details,
see Supplementary Material.

2.8 | Diadinoxanthin de-epoxidation
assays

The FCP fractions of the sucrose gradient were diluted
with a reaction buffer consisting of 50 mM MES, pH 5.5,
2 mM KCl, and 5 mM EDTA to yield a final total Chl con-
centration of 10 μg mL�1. The de-epoxidation reaction was
performed in a water bath adjusted to 30�C. Before the
conversion of DD to Dt was started with the addition of
ascorbate (30 mM), a control sample was taken. After the
addition of the co-substrate, further samples were collected
after 60 and 120 min of the de-epoxidation assay. Pigment
extraction, drying and storing of the samples were per-
formed as described above for the pigment determination
of the FCP fractions of the sucrose gradient separation.

3 | RESULTS AND DISCUSSION

3.1 | Sucrose gradient centrifugation

The protein fractions, which were obtained after solubili-
zation of the T. pseudonana thylakoid membranes and
sucrose gradient centrifugation, are depicted in Figure 1.
Two different FCP fractions with a brown colour were
observed after separation. One of these fractions was
found in the upper regions of the sucrose gradient
(sucrose concentration of around 0.25 M), whereas the
other fraction was seen at higher sucrose concentrations
of around 0.45 M in the lower part of the gradient. In
addition to the two FCP fractions, a fraction containing
both PSI and PSII complexes was detected, this band was
characterized by a brown-green colour. At the top of the
gradient, a broad yellow band was visible, which was des-
ignated as a free pigment band. The gradient profile for
the pigment protein complexes of T. pseudonana
obtained with low concentrations of α-DM in the present
study differs from the results of previous studies, where
the pigment proteins of the centric diatom Cyclotella
meneghinana were solubilized with higher amounts of
the detergent β-DM before being separated by sucrose
gradient centrifugation.10,11,34 Although these separations
also showed the presence of two different FCP bands,
which were termed FCP-A and FCP-B, both of these
bands appeared in the upper regions of the sucrose gradi-
ent. In a very recent study,14 α-DM was also used to iso-
late the pigment protein complexes of T. pseudonana,

albeit with a higher concentration and a longer incuba-
tion time than in the present study. Like in the studies
before, only FCP bands in the upper region of the sucrose
gradient were observed. The FCP-A and FCP-B fractions,
which are typically detected after the separation of the
pigment protein complexes of centric diatoms, were
described as FCP trimers (FCP-A) or oligomers (FCP-B),
which contain the trimeric complex as basic unit.10 Since
the two FCP-fractions of the present study show compa-
rable characteristics (see following chapters) as the
FCP-A and FCP-B complexes, the respective nomencla-
ture is also used for the band at lower sucrose densities
(fraction enriched in FCP-A) and the one at higher densi-
ties in the lower half of the gradient (FCP-B).

3.2 | Protein composition

The FCP fraction, which was found in the upper region
of the sucrose gradient, was dominated by the 18 kDa
FCP protein band in SDS gels (Figure 2). This band is
typical for the FCP-A complex of centric diatoms.10,11 In
addition to the 18 kDa band, the presence of the 21 kDa
FCP band was detected in this fraction and further pro-
teins bands at higher molecular weights were also visible.
In comparison to the protein profile of complete thyla-
koids (Figure S1), a reduction of protein bands was visi-
ble in the FCP fraction isolated from the upper region of
the sucrose gradient. It has to be noted that for the gels

FIGURE 1 Separation of the pigment protein complexes of

T. pseudonana by sucrose gradient centrifugation (0.1–0.7 M).

Solubilization of thylakoid membranes was performed with α-DM
at a detergent per Chl ratio of 10. Typically, thylakoids with a total

Chl amount of 500 μg were applied to the gradient. Solubilization

and gradient centrifugation were performed in buffers adjusted

to pH 6
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depicted in Figure 2 high protein concentrations were
applied to the gel because these gels were later used for
mass spectrometrical confirmation of DDE. This was nec-
essary because DDE represents a protein, which occurs
in very low concentration in the lumen of the thylakoids.
Other preparations employing gels with reduced protein
loading showed a protein profile of the respective FCP
fraction with a less obvious contamination by other pro-
teins (Figure S1). The 21 kDa band was the prominent
protein band in the FCP fraction, which was found at
higher sucrose concentrations in the lower part of the
gradient (Figure 2). According to Büchel10 and
Gundermann and Büchel,11 the 21 kDa band is charac-
teristic for the FCP-B complexes. The 21 kDa band was
accompanied by the presence of the 18 kDa band. This
band, however, occurred in only low concentration.
Together with the other properties of the two FCP frac-
tions isolated in the present study (see following chap-
ters), the main occurrence of the 18 kDa band in the first
FCP fraction and the 21 kDa band in the second FCP
fraction led us to designate the two FCP bands as fraction
enriched in FCP-A and FCP-B, respectively. FCP com-
plexes, which are dominated by either the 18 or the
21 kDa band, were also isolated by native PAGE14,35 or
by anion exchange chromatography.13 Determinations of
the protein composition of the 18 and 21 kDa bands by
mass spectrometry have revealed that the 18 kDa band is
composed of a multitude of Lhcf (Lhcf1-7, Lhcf10, 11)
proteins.12–14,35 The 21 kDa band, on the other hand,
only contains two different Lhcf proteins, namely Lhcf
8 and Lhcf 9.12–14,35

3.3 | Lipid composition

The lipid composition of the fraction enriched in FCP-A
and the FCP-B fraction was quite similar (Figure 3). Both
FCP fractions contained MGDG as the main lipid,
followed by the second galactolipid digalactosyl
diacylglycerol (DGDG) (Figure 3a). The negatively
charged lipids sulfoquinovosyl diacylglycerol (SQDG)
and phosphatidyl glycerol (PG) were also present in pro-
nounced concentration in both the fraction enriched in
FCP-A and the FCP-B fraction. The ratio of the neutral
galactolipids to the anionic lipids SQDG and PG was in
the range from 2 to 3 (Figure 3b). The lipid composition
of the isolated FCP complexes is comparable to FCP com-
plexes from T. pseudonana, which were isolated with the
detergent β-DM. These complexes also contained the two
galactolipids MGDG and DGDG as the main lipids,

FIGURE 3 Lipid composition (a) and ratio of neutral to

anionic lipids (b) of the fraction enriched in FCP-A and the FCP-B

fraction of the sucrose gradient. The lipid composition is depicted

as percent lipid of the total lipid isolated with the FCP fractions.

This figure shows the mean values of the lipid determination of

four independent preparations with the respective standard

deviations

FIGURE 2 Protein composition of the fraction enriched in

FCP-A and the FCP-B fraction of the sucrose gradient determined

by SDS-PAGE. Samples were loaded with a total Chl amount of

5 μg. In addition to the FCP fractions, the free pigment fraction

(FP) of the sucrose gradient was loaded onto the gel. MW:

molecular weight markers
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followed by SQDG and PG, and showed a ratio of neutral
to negatively charged lipids of around 2.36 Like the FCP
fractions of T. pseudonana, FCP complexes prepared
from low or high light cultivated cells of the centric dia-
tom C. meneghiniana with β-DM and sucrose gradient
centrifugation were shown to be enriched in MGDG.34

The lipid composition of the two FCP fractions was, in
general, comparable to the lipid composition of the thyla-
koid membranes that were used as starting material for
the preparation (Table S1) with the exception that SQDG
was the second most abundant lipid in the thylakoids,
followed by DGDG and PG. The higher concentration of
SQDG in the thylakoids is in line with data from the liter-
ature that demonstrated higher SQDG contents in thyla-
koids of low-light cultivated Cyclotella meneghiniana or
Phaeodactylum tricornutum cells.37 In thylakoid mem-
branes of high-light grown diatom cultures, SQDG can
even represent the main thylakoid membrane lipid. Inter-
estingly, FCP complexes of the pennate diatom
P. tricornutum, which were purified by solubilization
with the detergent TX-100 followed by sucrose gradient
centrifugation, were enriched in the negatively charged
SQDG.38 These complexes contained equal amounts of
the second anionic lipid PG and the two neutral galact-
olipids MGDG and DGDG. When comparing the lipid
composition of the present fraction enriched in FCP-A
and the FCP-B fraction to fractions of the light harvesting
complex of PSII (LHCII), which were isolated with low
concentrations of α-DM and sucrose gradient
centrifugation,20 similar features can be observed. The
LHCII fractions also contained MGDG as the main lipid,
followed by the second galactolipid DGDG. Like the pre-
sent FCP fractions, the isolated LHCII was associated
with pronounced amounts of the two negatively charged
lipids SQDG and PG and the ratio of neutral to negatively
charged lipids was found to be slightly lower than 2.

3.4 | Absorption spectra and pigment
composition

The normalized absorption spectra of the fraction
enriched in FCP-A and the FCP-B fraction showed a
comparable absorption in the red part of the spectrum
with a Chl a maximum at 671 nm (Figure 4). In the blue
part, a higher absorption was seen in the fraction
enriched in FCP-A, which indicates a higher concentra-
tion of carotenoids in this fraction. The FCP-B fraction
was characterized by a rather pronounced shoulder at
around 540 nm, which, according to the literature,39

reflects the absorption of a pool of long wavelength
absorbing fucoxanthin molecules. The fraction enriched
in FCP-A, in which the fucoxanthin absorption was

reduced, showed an increased absorption at around
490 nm; a wavelength that can be attributed to the xan-
thophyll cycle pigments DD and Dt.13 The designation of
the spectral differences to either fucoxanthin or the two
xanthophyll cycle pigments was corroborated by the
determination of the pigment composition of the FCP
fractions (Figure 5). Figure 5a demonstrates that the frac-
tion enriched in FCP-A, in general, contained higher
amounts of carotenoids (xanthophylls and β-carotene)
than the FCP-B fraction, which is in line with the higher
blue absorption of the fraction enriched in FCP-A. The
ratio of the xanthophyll cycle pigments DD and Dt to the
light-harvesting pigment fucoxanthin (Figure 5b) was
higher in the fraction enriched in FCP-A, as deduced
from the more prominent absorption shoulder at around
490 nm. The FCP-B fraction, on the other hand, showed
a lower ratio of DD plus Dt to fucoxanthin, in agreement
with the pronounced absorption at around 540 nm. The
enrichment of xanthophyll cycle pigments in FCP-A
complexes was also observed by Gundermann and
Büchel.11 The authors found higher concentrations of DD
and Dt in FCP-A compared to FCP-B complexes. These
differences were visible in FCP complexes isolated from
C. meneghiniana cultures grown under low light condi-
tions, but were even more pronounced in FCP complexes
purified from high light cultivated cells. The presence of
β-carotene in the fraction enriched in FCP-A, like the
additional protein bands seen in Figure 2, indicates that
this fraction does not solely consist of FCP-A complexes.
In comparison to the thylakoid membranes used as
starting material for the FCP isolation (Table S1), both

FIGURE 4 Absorption spectra of the fraction enriched in

FCP-A and the FCP-B fraction of the sucrose gradient. For the

measurements the Chl concentration was adjusted to 5 μg mL�1.

The spectra were normalized to the red Chl a absorption

maximum. This figure shows typical absorption spectra
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FCP fractions showed an enrichment of xanthophylls
and Chl c.

3.5 | Distribution of diadinoxanthin de-
epoxidase

Analysis of the protein bands of the two FCP fractions
in the 50 kDa region of the SDS-gels depicted in
Figure 2 by mass spectrometry identified the xantho-
phyll cycle enzyme DDE in both fractions. Due to the
varying abundance in the different fractions, the pro-
tein was identified after digestion by 10 peptides
(�28.8% sequence coverage) in the fraction enriched in
FCP-A, but only by two peptides in the FCP-B fraction.
Using the Skyline software, a relative protein abun-
dance in the different fractions could be obtained
(Figure 6). To determine the protein abundance, the

ion intensity in the recorded survey traces of the mass
spectrometry raw files was used to generate extracted
ion chromatograms (XIC) and to calculate the total
area of eight different peptides (peptides without miss
cleavages or modifications) found in the in-gel digest
of the different fractions (Figure S5 and Table S2).
Note that in the FCP fractions with less than eight
matched peptides (see also below), the XICs allowed
quantifying the missing peptides. In addition to the
different number of peptides identified, the calculated
relative protein abundance reflects the finding that
DDE is enriched in the fraction enriched in FCP-A
compared to the FCP-B fraction, which contained only
a very low concentration of the enzyme. The presence
of DDE in the fraction enriched in FCP-A is in line
with recent results of Kansy et al.13 In the respective
study, DDE was found in PSII fractions of
T. pseudonana, which were isolated by anion exchange
chromatography and contained PSII-associated FCP-A
proteins. A fraction containing the FCP-B complexes,
which constitute the peripheral antenna complexes,
was free of DDE. The low amount of DDE in the PSII
fraction and the absence of DDE in the FCP-B com-
plexes is most likely caused by the stronger solubiliza-
tion conditions employed by Kansy et al.,13 who used
the detergent β-DM with a detergent per Chl ratio of
20. In the present experiments solubilization with
α-DM at a detergent per Chl ratio of 20 also led to a
pronounced loss of DDE from the FCP fractions. After
the stronger solubilization, we still observed two dif-
ferent FCP bands in the sucrose gradient (Figure S2).

FIGURE 6 Relative amount of the xanthophyll cycle enzyme

diadinoxanthin de-epoxidase (DDE) in the fraction enriched in

FCP-A and the FCP-B fraction of the sucrose gradient. Peptides

identified in in-gel digest samples from the fraction enriched in

FCP-A und the FCP-B fraction with LC (TWIMS)-MS/MS were

used to calculate the protein abundance using the Skyline software

(see Section 2 and Supplementary Material)

FIGURE 5 Pigment composition (a) and ratio of the

xanthophyll cycle pigments diadinoxanthin (DD) and diatoxanthin

(Dt) to fucoxanthin (Fx, b) of the fraction enriched in FCP-A and

the FCP-B fraction of the sucrose gradient. The pigment

composition is depicted as mM pigment M�1 Chl a. This figure

shows the mean values of the pigment determination of three

independent preparations with the respective standard deviations
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However, both bands, termed FCP-1 and FCP-2, were
found in the region of the fraction enriched in FCP-A
(FCP-1 at a sucrose concentration of around 0.15 M,
FCP-2 at a concentration of around 0.25 M). Oligo-
meric complexes at high sucrose densities could not be
detected. The two FCP-bands showed a comparable
protein composition and the 21 and 18 kDa FCP bands
were present in almost equal concentration
(Figure S3). This indicates that both FCP bands repre-
sent a mixture of FCP-A and FCP-B complexes. With
the loss of FCP-A and FCP-B complex separation, the
heterogeneity of DDE distribution got lost and the
remaining DDE was more evenly distributed within the
FCP-1 and FCP-2 fractions. With the help of mass spec-
trometry DDE could be identified with three and five
peptides in the FCP-1 and FCP-2 fractions, respectively
and the protein abundances could be determined
(Figures S4 and S5 and Table S2). In general, the stron-
ger solubilization conditions led to a pronounced
decrease of the DDE content in the FCP fractions.
While the combined fraction enriched in FCP-A and the
FCP-B fraction contained a DDE protein abundance of
around 450.000 (Figure 6), the combined FCP-1 and
FCP-2 fractions showed a protein abundance of only
around 130.000 (Figure S4). Antenna complexes with
associated xanthophyll cycle enzymes were also isolated
from higher plants.20 In this study, the purification of a
xanthophyll cycle domain incorporating the LHCII and
the V de-epoxidase was reported.

3.6 | Diadinoxanthin de-epoxidation

In-vitro de-epoxidation assays using only the two differ-
ent FCP fractions, a buffer adjusted to the pH-optimum
of the associated DDE, and ascorbate as co-substrate,
showed a more pronounced change of the de-epoxidation
state (DES) of the xanthophyll cycle pigment pool, and
thus a stronger conversion of DD to Dt, in the fraction
enriched in FCP-A compared with the FCP-B fraction
(Figure 7). This is in line with the enrichment of DDE in
the fraction enriched in FCP-A (Figure 6). In general, the
efficiency of DD de-epoxidation in the FCP fractions was
very poor. The DES showed a change of about 0.1 in the
fraction enriched in FCP-A within 120 min of the de-
epoxidation assays, whereas in the intact thylakoid mem-
branes used as starting material for the FCP preparation
a DES change of 0.66 was detected within 90 min of a
comparable de-epoxidation assay (Table S1). This is in
line with data from the literature where a change of the
DES of around 0.5 within 60 min was reported for diatom
thylakoid membranes.40 The very low de-epoxidation
rates in the isolated FCP fractions might be explained by
the presence of pronounced amounts of the lipids SQDG
and PG. Both negatively charged lipids were shown to
exert a strong inhibitory effect on DD de-epoxidation.41

Interestingly, V de-epoxidation seems to be less affected
by the presence of SQDG and PG. In the isolated V cycle
domain from spinach a noticeably stronger de-
epoxidation reaction was observed in in-vitro de-
epoxidation assays, despite the presence of comparable
amounts of SQDG.20 The inefficient conversion of DD to
Dt in the FCP fractions might also be explained by a loss
of the special non-bilayer lipid structures, which are
needed for a fast DD or V de-epoxidation.17,18,42,43 It is
likely that during the solubilization and purification pro-
cess the non-bilayer lipid structure gets lost or modified
in such a way, that efficient xanthophyll conversion is no
longer possible. This loss of structure might be facilitated
by the more homogeneous thylakoid structure of dia-
toms, that is, regular stacks of three membranes versus
the grana stroma heterogeneity of higher plants.44,45 On
the other hand, the present results indicate that the for-
mation of special membrane domains, like the xantho-
phyll cycle domains, might also be possible in diatoms
and thus be independent of the overall thylakoid mem-
brane architecture.

With respect to the photoprotective function of the
xanthophyll cycle, the results of the present study are in
line with recent models for NPQ in diatoms.2 The models
predict the presence of two quenching sites, where the
excess excitation energy is transformed to heat.
Quenching site Q1 consists of detached, aggregated
FCP-B complexes, quenching site Q2 is formed by FCP-A

FIGURE 7 Change of the de-epoxidation state (DES) of the

xanthophyll cycle pigment pool of the fraction enriched in FCP-A

and the FCP-B fraction of the sucrose gradient after 120 min of the

de-epoxidation reaction. The de-epoxidation assay was performed

in a buffer adjusted to pH 5.5 at a temperature of 30�C. Ascorbate
was added at a final concentration of 30 mM. The DES was

calculated as Dt/(DD + Dt). This figure shows the mean values of

DD de-epoxidation assays carried out with five independent

preparations with the respective standard deviations
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complexes, which are closely associated with the PSII
core complex. According to the model, quenching in the
Q1 site is independent of the presence of Dt, in line with
lower xanthophyll cycle pigment concentrations (present
study, Ref [11]) and the reduced amount of DDE (present
study) in the FCP-B complexes. Enhanced heat dissipa-
tion in site Q2, however, relies on Dt molecules bound to
the FCP-A complexes. Consequently, the FCP-A com-
plexes contain an increased pool of DD and Dt (present
study, Ref [11]) and a high concentration of associated
DDE (present study).
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