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ABSTRACT. The photosynthetic antenna system of diatoms contains fucoxanthin chlorefihigihding

proteins (FCPs), which are membrane intrinsic proteins showing high homology to the light harvesting
complexes (LHC) of higher plants. In the present study, we used a mild solubilizat®ntoetornutum
thylakoid membranes in combination with sucrose density gradient centrifugation or gelfiltration and
obtained an oligomeric FCP complex (FCPo). The spectroscopic characteristics and pigment stoichiometries
of the FCPo complex were comparable to FCP complexes that were isolated after solubilization with
higher detergent per chlorophyll ratios. The excitation energy transfer between the FCP-bound pigments
was more efficient in the oligomeric FCPo complexes, indicating that these complexes may represent the
native form of the diatom antenna system in the thylakoid membrane. Determination of the molecular
masses of the two different FCP fractions by gelfiltration revealed that the FCP complexes consisted of
trimers, whereas the FCPo complexes were either composed of six monomers or two tightly associated
trimers. In contrast to vascular plants, stable functional monomers could not be isolRtedaornutum

Both types of FCP complexes showed two protein bands in SDS-gels with apparent molecular masses of
18 and 19 kDa, respectively. Sequence analysis by MS/MS revealed that the 19 kDa protein corresponded
to thefcpCandfcpD genes, whereas the 18 kDa band contained the protein @ffiggyene. The presence

of an oligomeric antenna in diatoms is in line with the oligomeric organization of antenna complexes in
different photoautotrophic groups.

The photosynthetic apparatus of diatoms shares manylight harvesting pigment (hence the name fucoxanthin Chl
features with that of green algae and vascular plants, buta/c binding protein complexes, FCP complexes).
there are important differences with respect to membrane Analyses of thefcp genes showed that more genes exist
topology, pigment composition, and organization of the than the two or three apoproteins, which are usually detected
protein-bound pigments. Diatoms possess a chloroplast envein diatom thylakoid membranes by conventional biochemical
lope with four membranes, which results from a secondary methods §—9). Although the amino acid sequences of the
endocytobiotic event, where a eukaryotic host cell engulfed FCPs and LHC proteins show significant homologies, the
a unicellular ancestor of a red alga, (2). The diatom resulting mature FCPs have smaller apparent molecular
thylakoid membranes do not differentiate into stroma and masses of 1722 kDa compared to the LHC proteins of
grana thylakoids but are arranged in groups of th&e vascular plants (2429 kDa). ForP. tricornutum two or
Therefore diatoms cannot regulate light harvesting and three FCPs with molecular masses between 17.5 and 19.5
distribution of the absorbed energy by modulating the ratio kDa have been describeti0—12).
of stacked versus unstacked membrane regions as is common Like the LHC proteins of vascular plants, the FCPs are
in most green algae and vascular plad)s The pigmentation  integrated into the thylakoid membrane by three membrane
of diatoms differs in two important aspects from that of spanninga-helices. Because of the existence of significant
vascular plants: they do not possess Ebut use Chk as sequence similarities between FCPs and LHC proteins, which

accessory pigment, and their antenna systems contain highare especially pronounced in the regions of helix 1 and 3,
amounts of xanthophylls, with fucoxanthin being the main
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the FCPs can be regarded as members of the LHC proteinMATERIALS AND METHODS

superfamily (3, 14). In vascular plants, both PSII and PSI . )

are organized into large supercomplexes with variable Plant Material. Phaeodactylum tricomutusells (1090-
amounts of their own peripheral antenna complexes, LHCII 1&), obtained from Culture Collection of Algae, Bogen
and LHCI, respectively. The PSI supercomplex is located (SAG, FRG) were grown in ASP-Medium according to
in the unstacked (stroma) region and contains a core complex”rovasoli et al. Z5) with the modifications introduced by
that binds single copies of four different LHCI proteiis); Lohr and Wilhelm g6). Cells were cultivated as batch

PSII supercomplexes are predominantly located in the Cultures at alight intensity of 40mol m™ s photon flux
stacked (granum) region and consist of the dimeric PSII core d€nsity of the photosynthetically active radiation (PAR) in

complex, minor, monomeric LHCII proteins, CP 26 and CP a light/dark regim_e of 14/10 h. The temperature of the growth
29, and two to four copies of the major trimeric LHCIIp chamber was adjusted to 2.
(15). The LHCII-PSII supercomplexes often associate into  Preparation of PigmentProtein Complexedsolation of
megacomplexes and semicrystalline domains. The additionalthylakoid membranes fror®. tricornutumwas performed
LHCIIb trimers, that is, those that are not bound to the according to Bahel (18) with some modifications. Cells from
supercomplexes but are located in the stacked region, alsghe logarithmic growth phase (45 min low-light adapted,
form large ordered arrays, LHCIl-only macrodomains, ( except in illumination experiments) with a Chl concentration
17). Presently, there is no evidence for a PSII or PSI specific of 4—5 mg L™* were harvested by centrifugation (4@)®
antenna in diatoms, but recently, some progress has beernin). All following preparation steps were carried out in dim
made with respect to the (macro-)organization of the FCP light and at 4°C. The cells were resuspended in isolation
complexes in the native thylakoid membranécBel (2003) ~ medium A (10 mM MES at pH 6.5, 2 mM KCI, 5 mM
reported on oligomeric and trimeric FCP complexeCin ~ EDTA, ard 1 M Sorbitol) and disrupted in a French pressure
meneghinianathat were separated by sucrose gradient Cell at 12,500 psi. Unbroken cells were separated from broken
centrifugation {8). By direct gel filtration, Guglielmi etal. ~ Cells by a centrifugation step at 1Gp@or 10 min, then
(2005) isolated a trimeric FCP complex frdPatricornutum  resuspended in isolation medium A, and passed through the
(19). They also found some indications for the existence of French press for a second time. After centrifugation, the
minor antenna proteins in diatoms, which could be compar- supernatants of both centrifugation steps were merged and
able to the minor LHCII proteins of vascular plants. centrifuged at 40,0ap for 20 min. Finally, the pelleted

In addition to their role in light harvesting, the FCP thylakoids were resuspended in a small amount of isolation
complexes are also the sites of photoprotection under excesgnedium B (10 mM MES at pH 6.5, 2 mM KCl, and 5 mM
light, converting absorbed quanta into heat. The most EDTA), and Chl concentration was determined.
important photoprotection mechanism of diatoms is the Ddx  For the solubilization of thylakoid membranes, equal
cycle, in which the epoxidized Ddx is converted to the de- amounts of isolated thylakoids, corresponding to-.5ng
epoxidized Dtx during HL illuminationZ0). De-epoxidation ~ of total Chl, were centrifuged for 20 min at 40,00
of Ddx to Dtx is directly correlated with NPQ, the non- The pelleted thylakoids were resuspendednidodecyl
photochemical quenching of Chl fluorescence, which leads S-b-maltoside (DM) to yield the final detergent/Chl ratios
to a harmless thermal dissipation of light energy absorbed of 5, 10, 20, and 40, corresponding to 0.5, 1, 2, and 4% DM
in excessZ1, 22). Similar to vascular plants, the xanthophyll (w/v), respectively. The thylakoids were solubilized on ice
cycle (XC) pigments are assumed to be localized in the for 20 min under continuous stirring. After solubilization,
antenna complexe239). the membranes were centrifuged at 40@@® 20 min. The

In vascular plants, the minor LHCII proteins, which supernatant, containing the solubilized pigmeprtotein
connect the peripheral antenna to the PSII core compigx (  complexes, was collected and immediately applied to the
are enriched in the Vx cycle pigments. The peripheral sucrose gradients used for sucrose density gradient centrifu-
antenna complexes, however, show a higher de-epoxidationgation (SDC).

state of the XC pigment pool after HL illumination, indicat- In the present study, a linear sucrose gradient from 0O to
ing that they represent the main site of XC-mediated 0.7 M sucrose (w/v, in isolation medium B, complemented
photoprotection Z4). with 0.03% DM) was used. The samples were centrifuged

It was the aim of the present work to collect further data for 19 h at 110,000 using a swing-out rotor. After the
on the native state of diatom antenna complexes with specialseparation, sucrose gradient bands were harvested with a
focus on the possible existence of oligomeric FCP complexes.syringe and immediately characterized by YVs absor-
To achieve this, low concentrations of the mild detergent bance and fluorescence spectroscopy. To confirm the results
n-dodecyl 3-p-maltoside (DM) were used to solubilize obtained by SDC, thylakoids corresponding to a Chl content
isolated thylakoid membranes &% tricornutum followed of 250 ug were solubilized with a DM/Chl ratio of 5, 10,
by sucrose gradient centrifugation or direct gelfiltration. 20, and 40, corresponding to 0.5, 1, 2, and 4% DM (w/v),
Another focus of the present study was to determine the respectively, and loaded on a Superdex 200 HR 10/30
protein composition of the complexes and to assign them to column (Amersham) attached to an FPLC system (Biorad).
their respective genes by direct protein sequencing using MS/Gelfiltration was performed in isolation medium B of the
MS, to our knowledge, for the first time in diatoms. Finally, thylakoid preparation supplemented with 0.03% DM at a
the different purified pigmentprotein complexes were flowrate of 0.2 mL min'. The temperature was carefully
analyzed with respect to their pigment composition to answer adjusted to 4C. Calibration of the column was achieved
the question where the Ddx cycle pigments are located andby using the Sigma gelfiltration molecular weight markers
how they are converted under high light conditions by the (MW-GF-1000). The sample containing the calibration
de-epoxidation reaction. proteins was supplemented with 2% DM. This corresponds
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to the DM concentration of thylakoid samples, which were  Mass Spectrometr{Protein bands of interest were excised
solubilized with a DM/Chl ratio of 20. For additional from the SDS gels of the SDC fractions and analyzed by
calibration and comparison, gelfiltration was also carried out MALDI-TOF/TOF—MS (4700 Proteomics Analyzer, Ap-
with solubilized spinach thylakoids (DM/Chl ratios of 20 plied Biosystems, FRG). Briefly, 10@L of ammonium
and 40, respectively), which were isolated according to bicarbonate buffer (pH 7.5, 50 mM) containing 30% aceto-
Jensen and Bassham@7j. nitrile was added to each tube and incubated tGfor 15
Spectral Characterization of PigmenProtein Complexes.  min. The solution was discarded and the step repeated until
Chlorophyll determination was carried out according to the spots were completely destained. Then, 140 of
Jeffrey and Humphrey2@). Absorption spectra were re- acetonitrile were added to each sample, incubated at room
corded with a Specord M 500 spectrophotometer (Zeiss, temperature for 15 min, the supernatant was discarded, and
FRG) in a wavelength range from 350 to 750 nm. The the spots were dried in a Speedvac. Trypsin (100 to 200 ng)
bandwidth was set to 1 nm. (Promega, FRG) dissolved in 3 mM ammonium bicarbonate
Low-temperature fluorescence spectra were recorded withbuffer (pH 7.5) was added. After 5 min of rehydration, the
an F-3000 fluorescence spectrophotometer (Hitachi, Japan)sample was diluted with 2620 uL of ammonium bicarbon-
at 77 K after diluting the sample in glycerine to achieve a ate buffer (3 mM, pH 7.5), and the proteins were digested
final glycerine concentration of 60% (v/v) and a Chl for 4 h at 37°C. The digest was stopped by adding /20
concentration of kg mL~%. Fluorescence emission spectra of 50% aqueous acetonitrile containing 0.3% trifluoroacetic
were recorded in the wavelength range from 600 to 800 nm acid (TFA) and incubated at 37C for 15 min. The
with an excitation wavelength of 440 nm and an excitation supernatant was lyophilized and dissolved directly inal2
and emission bandwidth of 10 and 3 nm, respectively. For of matrix solution {-cyano-4-hydroxy cinnamic acid, CHCA,
the sampling of fluorescence excitation spectra, the constantBruker Daltonics, FRG, 4 mg mt in 50% acetonitrile
emission wavelength was set to the Ghlfluorescence  containing 0.1% TFA), spotted on a stainless steel MALDI
emission maximum. Excitation spectra were recorded in the target, and air-dried at room temperature.

wavelength range from 360 to 560 nm with settings of the  The mass analysis was performed in reflector mode at an
excitation and emission bandwidths of 3 and 10 nm, accelerating voltage of 20 kV, 70% grid voltage, and a delay
respectively. The excitation spectra were corrected using atime of 1.277 ns on the MALDI-TOF/TOFMS. MS spectra
rhodamine B spectrum as a reference. were generated by accumulating 2000 laser shots and MS/
CD spectra were measured at room temperature in a CD6MS spectra with 3000 laser shots. MS and MS/MS data were
dichrograph (Jobin-Yvon) in the wavelength range from 400 analyzed by the Data Explorer Software, version 4.6 (Applied
to 750 nm with a bandwidth setting of 2 nm. The Chl content Biosystemsy USA) and the MASCOT database search engine
of the fractions was adjusted to 2@ mL™" (Matrix Science, UK) against the Swiss-Prot or MSDB
Pigment AnalysisPigments were extracted by addition database with the following search parameters: maximum
of 500uL ethylacetate, 50QL distilled water, and a spatula  of two missed trypsin cleavage and possible methionine

tip of NaCl to 250uL of the different fractions collected  oxidation. The peptide tolerance was settat00 ppm and
from the sucrose gradients. The samples were stirred severap|S/MS tolerance ai 0.25 Da.

times to transfer the pigments into the organic phase and

afterward centrifuged for 2 min at 20,080The organic RESULTS

phases were collected and the pigments dried in a gentle N

stream and stored at80 °C until HPLC analysis. The dried The detergent-dodecyl 5-p-maltoside (DM) was used
pigments were dissolved in HPLC-extraction medium [90% in different concentrations to solubilize the pigmeptotein
methanol/0.2 M ammoniumacetate (90/10, v/v) and 10% complexes of thylakoid membranesRftricornutum Using
ethylacetate] and analyzed on a Waters 600 MS chromatog-2 linear sucrose gradient from 0 to 0.7 M sucrose, typically
raphy system equipped with a Waters 996 photodiode arraythree to four different fractions could be separated depending
detector (Waters Millipore, FRG) and an ET 250/4 Nucleosil 0n the solubilization conditions (Figure 1). The solubilization
300-5 Gg column (Macherey-Nagel, FRG). Eluents and conditions used in the present study yielded low amounts of
gradient programs were as described in Kraay etﬂ)’ ( free pigment (FP), which were found as a small yellow-green

and pigments were quantified according to Lohr and Wilhelm fraction on top of the sucrose gradient. When a detergent/
(26) and Wilhelm et al. 0). Chl ratio of 20 was used, the gradient was dominated by a

To analyze the de-epoxidation state (DES) of the Ddx Pbroad dark brown band, which was located underneath the
Cycie pigment pooi of different pigmeﬁprotein Compiexesy FP fraction and contained rOUghly 80% of the total @hl
cells were illuminated with a light intensity of 10Q@mol (Figure 1A). This fraction, on the basis of its typical
m~2 57! PAR for 30 min. After the end of the HL period, spectroscopic features of diatom antenna proteins, was
thyiak0|ds were |mmed|ate|y prepared according to the deSignated as the FCP fraction. At hlgher densities in the
procedure described above. After the separation of thesucrose gradient, we typically observed two green bands,

pigment-protein complexes, pigments were extracted and the upper band representing PSII core complexes, while the
analyzed by HPLC. lower band was enriched in PSI. However, a clear separation

Gel EiectrophoresiS.The protein Composition of the of the photosystems could not be achieved. Thus, for further

isolated photosynthetic pigmenprotein complexes was pigment and protein analysis, the fraction enriched in PSI
determined by SDSPAGE following the method of Laem- ~ Was used (to avoid contamination with the FCP fraction) and
mli (31), using a 15% separating gel and a 4% stacking gel. termed the PS fraction.

The separated proteins were stained with Coomassie using A significantly different band pattern was found when the
the ImperialTM protein stain kit (Pierce). thylakoids were solubilized under milder conditions, with a
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FIGURE 1: Schematic representation of the different fractions thylakoids solubilized with a DM/Chl ratio of 5 and 20, respectively,
obtained by sucrose density gradient centrifugation (linear gradient 2nd Spinacia oleracegS.ol) thylakoids solubilized with a DM/
from 0 to 0.7 M sucrose) d®. tricornutumthylakoids, which were ~ Chl ratio of 20. The numbers depicted denote different pigment
solubilized with a DM/Chl ratio of 20 (A) and 5 (B). The  Protein complex fractions: 1, PSI; 2, PSII; 3, FCPo complex; 4,
abbreviations used for the fractions are FP, free pigment; FCP, LHCIIb trimer; and 5, FCP complex.

fucoxanthin chlorophyll binding protein complex; FCPo, oligomeric

FCP; and PS (1,11), photosystem (L 1). the molecular masses of the FCPo and the PSII cores were

comparable. Using a calibration curve with standard proteins

detergent/Chl ratio of 5 (Figure 1B). After separation of the of known molecular masses, we were able to calculate the
proteins, the dark brown fraction was found in the lower masses of the separated pigmepitotein complexes. This
part of the sucrose gradient. It was visible as a discrete bandcalculation yielded molecular masses of approximately 620
in the region of the PSII core complex and was designated and 440 kDa for PSI and PSII, respectively. The FCPo
as FCPo (for the oligomeric FCP complex) because of its complex had a similar mass as PSII, whereas for the FCP
high density in the sucrose gradient, which indicates a high complex from fraction 5, a mass of only 230 kDa was
molecular mass of the complex. With this mild solubilization, calculated, indicating a significantly lower degree of oligo-
only one PS fraction was observed, which consisted mainly merization in this fraction. It is important to note that,
of PSI, as indicated by a pronounced shoulder at 710 nm inregardless of the solubilization conditions, only one discrete
the low-temperature fluorescence emission spectrum (dataFCP fraction occurred, which can be considered as a
not shown). This fraction was found at slightly higher peripheral antenna, that is, neither a mixture of the two
densities in the gradient, possibly due to an enrichment in oligomeric states nor monomeric FCP complexes were
pigments, lipids, and proteins compared to that in the PS observed. In order to obtain further information about the
fraction obtained at higher detergent concentrations. We alsosize of the FCP complexes, spinach thylakoids were isolated
tested DM/Chl ratios of 10 and 40, respectively (data not and solubilized with DM/Chl ratios of 20 and 40, respec-
shown). The solubilization with a DM/Chl ratio of 40 yielded tively. In both cases, PSI and PSII eluted approximately at
a fractionation pattern similar to that of the solubilization the same time compared to thatRntricornutum while the
with a ratio of 20. Decreasing this ratio to 10 resulted in the trimeric LHCIIb (fraction 4 in Figure 2) eluted just slightly
appearance of a broad brown-colored fraction located earlier than the FCP fraction with lower degree of oligo-
between the FP band and the PSII fraction. merization. During the separation of spinach proteins, two

To gain further insight into the degree of oligomerization additional pigmentprotein fractions were observed, which
of the two FCP preparations, gel filtration was performed eluted after the LHCIIb trimers. These two fractions most
(Figure 2) with thylakoids, which were solubilized with the probably represent dimeric and monomeric LHCI and |l
same DM/Chl ratios as those in the SDC. The elution profile proteins, respectively. According to the present calibration
of the separated pigmenprotein complexes was virtually  curve, the solubilized LHCIIb trimer in the detergent micelle
identical when DM/Chl ratios of 20 or 40 (not shown) were had a molecular mass of 245 kDa. Taking together the
used. First, two small peaks (designated 1 and 2 in Figureinformation of the different gelfiltrations, we conclude that
2) eluted from the column. Both of these fractions were green the organizational state of the FCP complex in fraction 5 is
and contained the PSI and Il core complexes (fractions 1 trimeric, whereas the FCPo complex consists of either a
and 2, respectively), as judged by their absorption and low- hexamer or two closely associated trimers.
temperature fluorescence spectra (data not shown). The two As shown in Figure 3A, the FCPo and FCP fractions
green fractions were followed by a highly concentrated exhibited comparable absorption spectra. Both spectra were
fraction (fraction 5) with a brown color that contained FCP dominated by Chla absorption, which showed maxima
complexes. When the DM/Chl ratio was decreased to 5, thearound 440 and 672 nm in the blue and red parts of the
elution time for the photosystems remained virtually un- spectrum, respectively. The existence of high xanthophyll
changed, while the FCP fraction eluted significantly earlier and Chl c concentrations bound to the FCP complexes
(fraction 3). This clearly shows that the FCPo complex became visible as pronounced shoulders at 465 ¢Cahd
(fraction 3) possessed a higher molecular mass than the FCRI90 nm (xanthophylls). Whereas the shoulder at 490 nm
complex (fraction 5). The FCPo eluted at a buffer volume could be attributed to shorter wavelength-absorbing xantho-
comparable to that of the PSIl core complex isolated after phylls like Ddx, the absorption at wavelengths above 500
solubilization with a DM/Chl ratio of 20. This indicated that nm was exclusively due to high concentrations of the long
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Ficure 3: Comparison of the FCP and FCPo fraction obtained after SDC (see Figure 1) with different spectroscopic means. For details,
see Materials and Methods. (A) Absorption spectra normalized to thea@tdximum in the red part of the absorption spectrum. (B)
Fluorescence emission spectra (77 K). The excitation wavelength was 440 nm and the spectra were normalized to the respective fluorescence
emission maximum. (C) Fluorescence excitation spectra (77 K). The fluorescence emission wavelength was set to 682 nm for both the
FCPo and FCP complexes. The spectra were normalized to their respective maxima in the blue part of the spectra. (D) CD spectra. The Chl
content of the two fractions was adjusted to the same valugg2®L .

wavelength-absorbing Fx. Small differences between the two The CD spectra of the FCPo and FCP were also very
FCP fractions were found in the blue part of the spectrum similar to each other (Figure 3D) and to the FCP@f
where FCPo exhibited lower absorption in the wavelength menghiniang18). Minor differences between FCPo and FCP
range between 450 and 550 nm. These were due to afractions could be observed both in the red and the Soret
comigration of the FCPo with the PSII, which resulted in regions. In the red region, they could be accounted for by a
an apparently higher Clad content (see also Figure 4). contamination of the FCPo fraction with the reaction center
The low-temperature fluorescence emission spectra of thecomplexes. On the basis of an inspection of the difference
two FCP fractions were also very similar to each other spectra (not shown) between FCPo and FCP, it was estimated
(Figure 3B), both showing a single Cla fluorescence  that FCPo on a Chl basis contained about8% core
emission maximum at 682 nm. However, the FCP complex complexes, which is in good accordance with the finding
obtained after solubilization with a DM/Chl ratio of 20 that FCPo partially co-purifies with the PS fraction (Figures
exhibited a low but clearly visible Cht fluorescence 1 and 2). In contrast, the differences in the Soret region could
emission at 645 nm. This indicates that the harsher solubi- not be assigned to this overlap but appeared to originate from
lization conditions perturbed the excitation energy transfer small alterations in the excitation interactions. This notion
of part of the Chk molecules to Cha, most probably caused is supported by the observation that isolated thylakoid
by an alteration of their binding to the protein. In contrast, membranes upon varying the ionic strength of the medium
the FCPo complexes exhibited almost no €Hlorescence  exhibit well discernible spectral variations in the same region
emission, showing that Cht remained in its functional  (data not shown). Nevertheless, the presently available data
state. do not allow us to establish a spectral fingerprint of the higher
Low-temperature fluorescence excitation spectra revealedoligomeric state of FCP, and thus, we conclude that the
small but significant alterations in the binding of accessory excitonic interactions in FCPo and FCP are very similar to
pigments of the FCPo compared to the trimeric FCP. They each other.
show that the energy transfer from Fx and €hb Chl a To obtain further information about the pigment composi-
was significantly better in the FCPo complexes (Figure 3C), tion of the two different FCP preparations, the pigment
which was indicated by the more pronounced shoulders stoichiometries were determined by HPLC analysis (Figure
between 460 and 550 nm. It is interesting to note that the 4). The pigment composition of the FCPo and the FCP
shoulder at around 490 nm, which was clearly visible in the fractions was found to be almost identical. Both, the
absorption spectra (Figure 3A), could not be detected in the oligomeric and the trimeric FCP complexes contained Fx in
excitation spectra of either FCP fractions, indicating that the slightly higher concentrations than GhlThey bound around
majority of Ddx molecules that were responsible for this 300—350 mmol Chic per mol Chla and 166-200 mmol
absorption do not transfer their excitation energy to &hl  XC pigments (Ddx-Dtx). The ratio of Fx to total XC
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weight markers are shown in the left lane of the gel (in kDa). Note
that the polypetide pattern of the PSI fraction is comparable to that
of the PS fraction derived from a solubilization with a DM/Chl
ratio of 5 (see Figure 1). (B) Polypeptide pattern of the FCPo (1)
and FCP (2) complexes, respectively. Molecular weight markers
are indicated on the left side of the gel, and the numbers on the
top of the gel correspond to the respective FCP fractions: 1, FCPo
(DM/ChI 5) and 2, FCP (DM/Chl 20).

fractions contained two different apoproteins with molecular
masses in the 20 kDa range. According to the terminology
of Fawley and Grossmari{), these apoproteins represent
the 19 and 18 kDa FCP polypeptide, respectively. A third,
much weaker band appeared slightly above the 19 kDa FCP.
The lack of additional protein bands in the FCP and FCPo
fractions indicated that the peripheral antenna complexes
were exclusively composed of proteins with masses around
18—19 kDa. The identity of the FCP bands was confirmed
by sequence analysis with mass spectrometry. The mass
spectra of the digested 19 kDa FCP band displayed several
signals for the gene products of thepC andfcpD genes,
which were further confirmed by tandem mass spectrometry,
selecting the most intense signals (Table 1). However, some
weak signals not matching either of these two proteins also
indicated the presence fifpB andfcpE gene products. The
digest of the 18 kDa FCP band contained mostly the product
of the fcpE gene, but also some minor signals specific for

pigments was found to be between 6 and 7 for both the FCPothe fcpA and fcpF genes.

and the FCP fractions; the amount @fCar bound to the

The SDS-PAGE of the PS fraction (Figure 5A) confirmed

antenna proteins was negligible. Small differences in the that SDC did not completely separate the two photosystems.
pigment composition can be explained by the partial comi- The PS fraction depicted in Figure 5A was mainly composed
gration of the core complexes and the FCPo (see above). of PSI, according to its location in the gradient and its
To characterize the proteins that build up the antenna andspectroscopic characteristics, but also contained proteins
the photosynthetic core complexes, SEFAGE followed belonging to PSII. This was confirmed by mass spectrometry,
by MS/MS was carried out. The polypeptide composition where it was possible to identify D1, D2, CP43, and
of the FCPo and FCP complex was virtually identical: only cytochrome b559 as PSlII proteins, while for PSI PsaA, PsaD
very low amounts of the comigrating photosystem proteins and PsalL were detected (Table 1). Only trace amounts of
could be seen in the FCPo fraction (Figure 5B). The FCP proteins in the range of 18 to 19 kDa were visible. However,
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Table 1: Assignment of the Protein Bands of the SIPAGE to the Respective Gerles

gelband no. protein identification no. protein sequence peptide-mass
AOTOL9_PHATR PsaA (PSI P700 Al protein) LLDAGVAPQEIPLPHEFLINR 2342.38
1 AOTOGY9_PHATR PsbA VINTWADIINR 1314.80
AO0T097_PHATR PsbD AWMAAQDQPHENFVFPEEVLPR 2611.44
IKNDIQPWQER 1426.71
2 AO0T096_PHATR PsbC (CP43) DIESTGFAWWSGNAR 1696.75
SPSGEIIFGGETMR 1480.68
FGQEEETYNIVAAHGYFGR 2188.17
3 AOTOG9_PHATR PsbA (PSII D1 protein) LIFQYASFNNSR 1459.87
ETTENESTNYGYK 1547.82
AAEDPEFETFYTK 1547.68
4 AO0T097_PHATR PsbD (PSII D2 protein) NILLNEGIR 1041.62
AWMAAQDQPHENFVFPEEVLPR 2611.23
ISMLAVVGYLVQEAGVR 1821.03
5 Q08586/Q08587_PHATR FcpC/D NGAIDFGWDTFDEETQFK 2120.05
DLTGEAEFVGDFR 1455.71
6 Q41093_PHATR FcpE NDFIDFGWDSFDEETK 1964.93
AOTOB9_PHATR PsaD (PSI Fd-binding protein) IFPSGEVQYLHPK 1514.78
7 AOTOM6_PHATR Psalc FGLTPLLR 916.13
P49486_0ODOSI AILKNLPAYR 1158.65
. QQIPLVNDR 1082.58
8 AOTOA3_PHATR PsbE (cytochrome b559 alpha chain) PNEYFTQDR 1169 51

aThe sequences were obtained by means of MALDI-TOF/FOIS. The protein identification number is obtained from the Swiss-Prot database.
Peptide-mass is indicated in DaThe peptide masses of nuclear encoded proteins refer to the respective precursor proteins, not the mature oroteins.
¢ Function is still under debate.

the PS fractions contained a-1929.5 kDa protein, which  DISCUSSION
occurred in significant concentrations. Several attempts were ) _ _
made to identify the nature of this protein by MS/MS, but In the present article, we report on the isolation of an

the mass fragments obtained were not suitable to generaté!igomeric FCP complex (FCPo) from the diatdmtricor-
amino acid sequences of sufficient quality. nutum which was obtained after solubilizing thylakoid

With t to th thophvll i anifi membranes with a mild detergent treatment, and a trimeric
Iith respect 10 the xanthophyll- composition, SIgniti- 5 yteyn4 complex obtained after harsher solubilization. Oli-

cant differences could be observed between the peripheralgomeric FCP complexes from two different diatoms have
antenna and the PS core complexes (Figure 4). The PSacently been isolated. Bhel (18) presented evidence for
fractions showed higher Ddx and Dtx concentrations when {4 existence of oligomeric FCP complexe€Onmeneghini-
calculated on a Cht and Fx basis. The Fx per Ddx Dtx  gnaafter solubilizing thylakoids with a DM/Chl ratio of 40.
ratio was around 1 in the PS fraction (Figure 4B), whereas These oligomeric complexes consisted of tightly assembled
the FCP and FCPo bands exhibited ratios-e7@o 1 (Figure  FCPp trimers, which, nevertheless, exhibited a significantly
4A). This means that the PS fractions contained equal jower molecular mass in a sucrose gradient than the two PS
amounts of XC pigments and Fx, whereas the FCP fractionsfractions. Guglielmi et al.X9) reported on the existence of
contained significantly more Fx than Ddx Dtx. However, small oligomeric antenna complexes R tricornutum
because of the much higher concentration of proteins Although these authors also used DM/Chl ratios, which in
of the peripheral antenna, the majority of XC pigments are the present experiments prevented the purification of FCPo
bound to the FCPo or FCP. In order to examine if HL complexes, oligomerization was induced by exposing the
illumination affects the oligomeric state of the FCPs, FCPs to high salt concentrations or a combination of high
thylakoids were prepared from dark adapted and illu- salt concentration and short solubilization time. Salt-induced
minated cells, respectively. HL illumination had no effect oligomeric FCP complexes were then prepared by SDC or
on the fractionation pattern in the sucrose gradient. However, gelfiltration and had apparent sizes in the range of dimeric
by comparing the pigment composition of these protein or trimeric LHCIlI complexes, respectivelyL9).

fractions, it became obvious that the FCP and FCPo The FCPo complex of this work, isolated by mild detergent
complexes exhibited an approximately 35% higher de- treatment with a DM/Chl ratio of 5, shows a considerably
epoxidation state of the Ddx cycle pigment pool (DES) higher degree of oligomerization than the oligomeric com-
compared with that of the PS fractions (Figure 4C). From plexes isolated by Bthel (18) and Guglielmi et al.19) when

the HPLC data, we conclude that a protein, which is en- the |ocalization of the complexes in a sucrose gradient is
riched in the XC pigments but exhibits a low DES, is tightly compared. An oligomeric antenna with a molecular mass
bound to the PS core complexes. One likely candidate for similar to that of the native PSIl core complex was not
such a protein is the 19.5 kDa protein, which appears in the described so far, neither fdP. tricornutum nor for C.

PS fractions (Figure 5A). However, this protein band could meneghinianaHowever, when a comparison of the gelfil-
not be unequivocally assigned by MS/MS (see above) sotration data of the present study with that in the literature is
that the nature of the Ddx binding protein remains to be performed, the oligomeric and trimeric FCP fractions strongly
clarified. resemble the complexes found @ meneghinianaln C.
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meneghinianatrimeric FCP fractions were found as well This was especially obvious in the gelfiltration results and
as oligomeric complexes composed of six to nine FABE ( is significantly different from vascular plants, where besides
The trimeric FCP complex d®. tricornutumisolated in the the main LHCII trimer fraction, monomeric and dimeric LHC
present work has a molecular mass of 230 kDa, which is fractions could be separated (cf. Figure 2)Plrtricornutum
around 15 kDa less than the mass of the LHCIIb trimer monomeric, trimeric, and oligomeric antenna complexes do
isolated as a control pigmenprotein complex. The latter  not seem to coexist, and the FCP complexes are either in a
value is in accordance with data obtained for the LHCIIb trimeric or higher oligomeric state. Monomeric FCP com-
trimer by blue native PAGE, which suggests a molecular plexes could only be observed when the FCP or FCPo was
mass of 280 kDa for the trimeric comple&2). (Note that subjected to freezethaw cycles or after a longer incubation
in this study, the molecular masses of PSI (700 kDa) and of the fractions at room temperature (data not shown).
PSII (480 kDa) are also slightly higher than our data from  Under the mild solubilization conditions used in the present
gelfiltration.) Taking into account that the solubilized study, no other FCP fractions apart from the FCPo and FCP
complexes consist of proteins, pigments, unknown concen-complexes were found. Especially, the FCP complex termed
trations of lipids, structural water, and detergent, the values fraction D (19), which seems to be enriched in the XC
of the present study are within the limits of experimental pigments and exhibits a significantly lower molecular mass
variations. The slightly lower mass of the trimeric FCP than the other FCP complexes, could not be observed.
complex compared to that of the LHCIIb trimer is most However, artificial disintegration of the FCP fraction by
probably due to the lower mass of the respective apoproteins freezing followed by gelfiltration yielded, in addition to the
The FCPo complex dP. tricornutumhas a molecular mass  monomeric FCPs, a further fraction with a retarded retention
of approximately 440 kDa. This shows that the FCPo is most time, which was enriched in the XC pigments (data not
likely composed of six FCPs, which again resembles the shown). It may therefore be possible that the FCP complex
situation inC. meneghinianaHowever, using a DM/Chl ratio  termed fraction D represents an artifact of the respective
as described in ret8 for P. tricornutum we could never  solubilization and protein separation conditions.
obtain higher oligomeric complexes but only observed FCP  With regard to the native state of tHe. tricornutum
trimers. Also, the differences between the oligomeric FCPs antenna complex we propose, on the basis of the spectro-
of C. meneghinianandP. tricornutumwith respect to their  scopic features (Figure 3), that the FCPo represents this state
localization in a sucrose gradient remain enigmatic. An better than the trimeric FCP complex. It is important to note,
oligomeric FCP complex described as being hexa-to nona-however, that no clear spectral fingerprint was found for the
meric should be located very close to the PS fractions in the FCPo compared to the FCP, which is again different from
sucrose gradient, according to the present results fromthe results obtained by Bhel (18), where differences in
gelfiltration and the calculations 08®). However, it cannot  the CD spectra between higher oligomers and trimers could
be ruled out that the FCP complexes ©f meneghiniana  be seen. This poses the possibility that the FCPo consists of
and P. tricornutum behave differently when they are two associated FCP trimers. The FCP trimer seems to be
separated by SDC or gelfiltration. This might be due to a the stable basic unit of the. tricornutumantenna system,
decreased stability of the oligomeric FCR®fmeneghiniana  which then assembles into antenna complexes of higher
during separation either in a sucrose gradient or in a structural order. However, taking into account that DM/Chl
gelfiltration. The observed differences might also be caused ratios of 10 led to the occurrence of unstable oligomeric FCP
by a different lipid composition of the oligomeric complexes complexes with molecular masses in between FCPo and FCP,
of the two diatoms, which would lead to distinct surface we cannot rule out that the FCPo represents a hexameric
mass/ratios and densities of the complexes, thus affectingunit composed of six monomers instead of two trimers.
their separation behavior in the SDC or gelfiltration. Eor The second important result of our present study is the
meneghinianait was also shown that the oligomeric FCP assignment of the FCPs to the respective genes by MS/MS.
complex exhibits a different polypeptide composition than To our knowledge, this is the first time that these pigment
the trimeric complex 18, 33). This is in contrast to our  proteins in diatoms were identified on the protein level using
observation that both the oligomeric and the trimeric MS. However, Rhiel and co-workers were already able to
complexes have the same polypeptide composition and mightidentify Fcp2, Fcp4, and Fcp6 using specific antibodies in
additionally be responsible for the observed differences in C. cryptica(36—38). The analytical problem to identify each
the sucrose gradient and the gelfiltration. protein arises from the high sequence homologies of about
It should also be noted that the FCPo complexPof 86—99% among the differerfcp gene productsg). Thus,
tricornutum although it comigrates with the PS fractions both it is difficult to find all specific sequences to distinguish these
in the gelfiltration and the SDC separation, is not connected six proteins in an in-gel digest. Moreover, the protein bands
to the PS core complexes. If the FCPo would form a were not well separated because of the high sequence
supercomplex with the PS core complex, as has beenhomologies and very similar molecular masses. Therefore,
observed in higher plant34, 35), this would lead to an  most peptides found in the digests allowed one to identify
extremely high molecular mass of the respective fraction. the protein group but not to distinguish among the isoforms.
In the gelfiltration experiments, such a supercomplex would This was typically done by one or two tandem mass spectra
be characterized by a significantly shorter retention time or only the peptide masses. Therefore, it is not clear if the
compared with the PSII fractions isolated at higher detergent19 kDa FCP band contairfspC, fcpD, or both proteins,
concentrations. taking into account that they exhibit a sequence homology
Another difference from the results obtained in ré& of 99% ). Some weak signals, which were not accessible
and19is our observation that under different solubilization to tandem mass spectrometry, also indicated the presence
conditions always one homogeneous FCP fraction was found.of fcpBandfcpE Although MALDI-MS is not a quantitative
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technique, the high sequence homology of the peptides
specific for either of the isoforms allows correlating the signal
intensities to the quantities. In this respect, the dominant
forms for the 19 kDa protein werkepC and fcpD with a
contamination ofcpB, and mostlyfcpEfor the 18 kDa band
with minor quantities ofcpAandfcpF. Preliminary data from
two-dimensional gel electrophoresis in combination with MS
and MS/MS analyses indicate that the f&ig gene products
cannot be clearly separated into single bands by-SBEYSGE
alone, which was already implied by the pale smear between
and above the two bands.

On the basis of HPLC pigment analyses and the concen-
tration of PS and FCP fractions, our present study provides
the information that the majority of the XC pigments are

Biochemistry, Vol. 46, No. 34, 2009821

(45, 46). Cyanobacteria contain phycobilisomes that are large
oligomeric complexes attached to the membrai®. Green
plants exhibit semicrystalline arrays of LHCII-PSII super-
complexes and large ordered macrodomains of LHCII
(15—-17). It was also shown for brown algae, organisms
closely related to the diatoms, that they have an oligomeric
FCP @8) that strongly resembles the FCPo described in this
study. This type of organization is probably brought about
by the high protein content of the thylakoid membrane and
the high self-aggregation ability of the antenna complexes
(49). Oligomeric antennas therefore seem to be the most
widespread type of antenna organization for photoautotrophs.
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than 95% of the total carotenoid. However, it also became
obvious that the remaining carotenoid fraction that was found
in the PS bands of the SDC was enriched in XC pigments
(Figure 4C). This is in line with previous resul®9). While

in the FCP complexes the Fx/(Deix Dtx) ratio was around

6, it was approximately 1 in the PS bands. The enrichment
of XC pigments in the PS fractions was accompanied by a
significantly lower DES of the XC pigment pool as compared

to the DES in the FCP fractions. The nature of the putative
XC binding protein in the PS fractions, however, remains

elusive. Possible candidates such as Fcp2 and Fcp4, which

seem to be tightly associated with both photosysten(.in
cryptica (38), were not detected in the present PS prepara-
tions. A 19.5 kDa protein, which was observed in fhe
tricornutumPS fractions, did not yield reasonable sequence
information and could therefore not be identified as an
additional FCP. Taking into account that the assignment of
the other FCPs to the family of fucoxanthin chlorophyll
binding proteins by mass spectrometry was uncomplicated,
the 19.5 kDa protein most likely does not belong to the
classical FCPs. In a recent work, Fcp6/Mofmeneghiniana
which is related to the LI818-protein &. reinhardtii (40),

was suggested to represent the XC-pigment binding protein
of the diatom antenna3B). The whole genome data &f.
tricornutum show that besides the classical FcpA-F, Lhcr-
like FCPs, related to the red algal LHC, and L1818-like FCPs,
related to the LI818s of. reinhardtii, also exist 40—42).

It might be possible that the 19.5 kDa protein associated with
the P.tricornutumcore complexes belongs to these protein
families. Guglielmi et al. suggested that proteins in the range
from 15-17 kDa represent the XC-binding proteink).

In our preparations, the main protein band in this range was
composed of the PsaD protein, which is involved in
Fd-binding to PSI43), and the Psal protein. The function
of the Psal protein is still under debate, but taking into
account that this protein iA. thalianatogether with PsaH

is suggested to bind photosynthetic pigmed#) (it cannot

be excluded that PsaL plays a role in Ddx binding. However,
other weak protein bands observed in the-28 kDa range
may belong to the LHC superfamily and are in addition likely
candidates for XC pigment binding.

CONCLUSIONS

The presence of an oligomeric antenna in diatoms is in
line with the oligomeric organization of the antenna com-
plexes in different photoautotrophic groups. Purple photo-

synthetic bacteria possess oligomeric ring antenna structures

Department of the University of Szeged for giving us the
opportunity to use their French press.
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