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Abstract

The Ycf37 protein has been suggested to be involved in the biogenesis and/or stability of the cyanobacterial photosystem I (PSI) [A. Wilde, K.
Liinser, F. Ossenbiihl, J. Nickelsen, T. Borner, Characterization of the cyanobacterial ycf37: mutation decreases the photosystem I content,
Biochem. J. 357 (2001) 211-216]. With Ycf37 specific antibodies, we analyzed the localization of Ycf37 within the thylakoid membranes of the
cyanobacterium Synechocystis sp. PCC 6803. Inspection of a sucrose gradient profile indicated that small amounts of Ycf37 co-fractionated with
monomeric photosynthetic complexes, but not with trimeric PSI. Isolating 3XFLAG epitope-tagged Ycf37 by affinity-tag purification rendered
several PSI subunits that specifically co-precipitated with this protein. Blue-native PAGE newly revealed two monomeric PSI complexes (PSI and
PSI*) in wild-type thylakoids. The lower amount of PsaK present in PSI* may explain its higher electrophoretic mobility. PSI* was more
prominent in high-light grown cells and interestingly proved absent in the Aycf37 mutant. PSI* appeared again when the mutant was
complemented in trans with the wild-type ycf37 gene. In the Aycf37 mutant the amount of trimeric PSI complexes was reduced to about 70% of
the wild-type level with no significant changes in photochemical activity and subunit composition of the remaining photosystems. Our results

indicate that Ycf37 plays a specific role in the preservation of PSI* and the biogenesis of PSI trimers.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chloroplasts which have arisen from a cyanobacterial
ancestor [1] maintained an independent circular genome
encoding gene products which are important for primary and
secondary processes of photosynthesis. Most of the remaining
genes are required for transcription, translation or replication of
the plastid DNA. In addition, highly conserved ycfs (hypothet-
ical chloroplast open reading frames) of initially unknown
function have been identified in the chloroplast genomes of
higher plants. Other ycfs are absent from higher plant chloroplast
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genomes but still present in the plastid genomes of algae and in
the genomes of cyanobacteria. These genes may have been
transferred from the chloroplast to the nuclear DNA in evolution.
Most of the ycfs-mutants induced in tobacco, Chlamydomonas
reinhardtii and in the cyanobacterium Synechocystis sp. PCC
6803 (hereafter Synechocystis 6803) have impaired photosyn-
thetic functions. For example ycf3 and ycf4 encode assembling
and/or stabilizing factors for photosystem (PS) I [2—4], whereas
vef5 seems to be involved in cytochrome ¢ biogenesis [5]. Ycf7
and Ycf9 were shown to be subunits of the cytochrome bgf and
PSII complexes, respectively [6,7].

The open reading frame ycf37 is conserved in the algal
chloroplast genomes of Cyanophora paradoxa (accession no.
NC_001675), Cyanidium caldarium (accession no. NC_001840),
Porphyra purpurea [8] and Guillardia theta [9], but cannot be
identified in the plastome of higher plants and green algae.
However, a nuclear encoded Arabidopsis thaliana gene product
(At1g22700) shows similarity to the Synechocystis 6803 Ycf37
protein (35% identity, 62% similarity and identity) [10].
Insertional inactivation of ycf37 in Synechocystis 6803 resulted
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in a diminished PSI content but did not significantly influence
photosynthetic growth under standard conditions [10].

The Ycf37 protein contains three tetratrico-peptide repeat
(TPR) motifs. TPR-proteins are found in almost all organisms
and comprise a variety of functions, typically by mediating
protein—protein interactions. The specificity of these interac-
tions with target proteins has been well established for several
proteins [11]. Structurally, a TPR consists of a degenerate motif
of 34 amino acids forming two short amphipathic a-helices.
These typically occur in tandem arrays of 3—16 motifs in parallel
orientation. Interestingly, Ycf3 which is posttranslationally
involved in PSI biogenesis also contains three TPR motifs,
like Ycf37 [3,10]. Naver et al. showed that in Chlamydomonas
reinhardtii Ycf3 interacts with the PSI subunits PsaA and PsaD
[2]. Deletion of ycf3 in Chlamydomonas [3], tobacco [4] and
Synechocystis 6803 [12] resulted in a complete loss of functional
PSL. In Aycf37 mutants of Synechocystis 6803, however, PSI
remains active but its abundance is decreased to about 70% of
the wild-type level [10]. In recent years, several other factors
involved in the biogenesis of PSI have been identified in
eukaryotic as well as prokaryotic organisms [13—16]. Never-
theless, the detailed mechanism of assembly of the photosyn-
thetic apparatus and the molecular function of the various
assembling factors remain poorly understood. The identification
of the loci where these putative assembling factors operate
should greatly increase our understanding of biogenesis of
photosynthetic protein complexes.

In accordance with the predicted single membrane-spanning
region in the Ycf37 protein we showed that it is mainly localized
in the thylakoid membrane [17]. In order to identify the site of
Ycf37 action, we have studied the localization of the protein in
the thylakoid membrane and its possible interaction with
photosynthetic membrane complexes by using affinity-purifi-
cation of 3xFLAG epitope-tagged Ycf37. Furthermore, the
membrane protein complexes of the wild-type and Aycf37
mutant strains were subjected to 2-D blue-native (BN)/SDS-
PAGE analysis. We have identified a PSI monomer complex in
wild-type thylakoids that was absent in the Aycf37 mutant.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Liquid cultures of Synechocystis 6803 wild-type (this strain originated
from the laboratory of S. Shestakov, Moscow State University) and mutant
strains were grown at 30 °C in BG-11 medium [18] under continuous
illumination with white light of 50 pmol photons m > s~' and bubbled with
air. The medium for the Aycf37 mutant strain [10] was supplemented with 7
pg mi~' chloramphenicol.

2.2. Mutagenesis

For reversion of the Aycf37 mutants to the wild-type phenotype, a 1061-bp
fragment bearing the ycf37 gene together with upstream and downstream
sequences was amplified using the primers 5'-TACCTGGGAGGGGAA-
GAAAG-3" and 5-CCAATTTTTCCTGGTCATCC-3’. The fragment was
subcloned into the pCR2.1 TOPO vector (Invitrogen), then excised by EcoRI
digestion and inserted into the chloramphenicol-resistance gene cartridge of the
pVZ321 vector [19]. The pVZycf37 vector harbouring the ycf37 gene flanked by
its promoter and terminator regions was transferred to Aycf37 cells by

conjugation according to [19] and exconjugants were selected on BG-11 agar
plates containing 40 pg ml~' kanamycin.

2.3. Purification of tagged Ycf37 from Synechocystis 6803

The pCR2.1 vector bearing the ycf37 gene together with upstream and
downstream sequences (see Section 2.2) was used to create a Ndel site at the 3’
end of the ycf37 coding region to facilitate ligation of a tag-encoding DNA-
fragment. The Ndel site was inserted using the QuickChange Mutagenesis Kit
(Stratagene) and primers 5'-CCAATTCCTTGAAAAAACGGCATATGGA-
GACTTAGAATAGATTGGG-3’, 5'-CCCAATCTATTCTAAGTCTCCA-
TATGCCGTTTTTTCAAGGAATTGG-3’ thereby changing C-terminal L172
to H and V173 to M. Two complementary oligonucleotides encoding the
3xFLAG peptide (Sigma) were hybridized, thus creating 5’overhangs that were
ligated into the Ndel site two amino acids upstream of the ycf37 stop codon. The
resultant construct was verified by sequencing. Restriction with EcoRI yielded a
DNA fragment encoding the FLAG-tagged Ycf37 protein with its own promoter
and terminator sequences that was then ligated into pVZ321. This vector
(pVZycf37FLAG) was transferred to Aycf37 mutant cells by conjugation as
described above. Protein extracts of mutant cells (0.5 mg chlorophyll (Chl))
expressing the FLAG-tagged Ycf37 protein (as a control extracts of a Aycf37
mutant expressing ycf37 without the FLAG-tag in trans were used) were
solubilized 10 min with 10 mg n-dodecyl-p-D-maltoside (3-DM) at 4 °C. Non-
solubilized material was separated by centrifugation (13,000 x g, 30 min, 4 °C)
and the supernatant has been incubated with 200 pul of anti-FLAG M2 agarose
(Sigma) in thylakoid buffer containing 150 mM NaCl and 0.04% (3-DM for 2 h at
4 °C. The resin was then washed 5 times with 10 column volumes of incubation
buffer, and proteins were eluted three times with 100 pg ml~" of 3XFLAG peptide
in the same buffer. Eluates were concentrated by using Vivaspin 500 tubes
(Vivascience, Hannover, Germany).

2.4. Preparation of thylakoid membranes

Cultures of Synechocystis 6803 wild type and Aycf37 in the logarithmic
growth phase were harvested by centrifugation at 4000 x g for 10 min. The pellet
was resuspended in three volumes of thylakoid buffer (50 mM HEPES/NaOH,
pH 7.0, 5 mM MgCl,, 25 mM CaCl,, 10% (v/v) glycerol). The cells were
disrupted in a bead beater (Hamilton Beach) using glass beads of 0.25-0.5 mm.
Glass beads and unbroken cells were removed by centrifugation for 5 min at
4000xg and the supernatant containing the thylakoid membranes was
centrifuged for 30 min at 15,000 x g. Thylakoid membranes were resuspended
in thylakoid buffer to a concentration of about 1 mg Chla ml™" corresponding to
about 20 mg protein ml™', respectively. Isolated membranes were highly
enriched with thylakoids but also contained fragments of the plasma membrane.
Aliquots were stored at —80 °C.

2.5. Sucrose density gradients and separation of PSI and PSII
monomers

The thylakoid membranes were diluted in thylakoid buffer to a protein
concentration of 10 mg ml~" and solubilized with 3-DM at a detergent-to-protein
ratio of 2:1 in the dark at 4 °C for 10 min. Non-solubilized material was removed
by centrifugation at 30,000 x g for 30 min. The supernatant was loaded onto a
linear sucrose density gradient (10-30% (w/v) sucrose) in thylakoid buffer
without glycerol but containing 0.04% (w/v) p-DM. Ultracentrifugation was
performed in a SW28 rotor for 16 h at 140,000 x g and 4 °C (Beckman L70
ultracentrifuge). Fractions obtained from the sucrose gradient were investigated
by SDS-PAGE and immunoblot analysis. PSI and PSII monomers were further
separated on a HPLC anion-exchange column (Resource Q, Pharmacia Biotech,
Uppsala Sweden) as described [20] applying a nonlinear MgSO, gradient. Peak
fractions of PSI and PSII were collected, concentrated and desalted by using
Vivaspin 4 tubes (Vivascience, Hannover, Germany).

2.6. SDS-PAGE and immunoblot

Proteins were separated by SDS-PAGE [21]. Acrylamide concentrations
were 4.5% for the stacking and 12.5% or 15% (w/v) for the resolving gels.
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Tricine—SDS-PAGE with 6 M urea was performed as described [22]. Protein
concentrations were estimated according to Lowry et al. [23]. After
electrophoresis, proteins were electrophoretically transferred onto nitrocellulose
membranes and immunodecorated with specific antibodies. Immunolabelled
bands were visualized with a goat anti-rabbit IgG-peroxidase conjugate and
SuperSignal West Pico as chemiluminescent substrate (Pierce). Signal intensities
were quantified densitometrically using the Lumilmager F1 (Roche Diagnos-
tics) and the Quantity One 4.1.1 software (Bio-Rad Laboratories).

2.7. BN-PAGE

Thylakoid membranes (about 500 pg protein) were sedimented by
centrifugation (20 min, 15,000 x g, 4 °C) and resuspended in 50 pl of ACA
buffer (50 mM Bis-Tris/HCI, pH 7.0, 750 mM g-amino-n-caproic acid, 0.5 mM
EDTA). Membrane proteins were solubilized by the addition of 10 ul freshly
prepared 10% (w/v) -DM solution. After centrifugation (15,000 x g, 30 min),
the supernatants were supplemented with 10 pl of a Coomassie Blue solution
(5% (w/v) Serva Blue G, 750 mM e-amino-n-caproic acid) and loaded onto a
gel. One-dimensional BN-PAGE and 2D-BN/-Tricine—SDS-PAGE were carried
out as described by [24]. If needed, bands of interest were excised from a 1D
BN-gel, placed on top of a resolving gel for SDS-PAGE, embedded in stacking
gel and subsequently separated by electrophoresis.

2.8. Mass spectrometry (MS) analyses

For in-gel digestion stained protein bands and spots were excised,
transferred to 0.5 ml siliconised reaction tubes (Ambion, Huntingdon, UK),
digested over night with trypsin (Sigma) at 37 °C and extracted as described by
[25]. Tryptic peptides were analysed by tandem MS using a quadrupole time-of-
flight hybrid mass spectrometer (Q-TOF, Micromass, Altrincham, UK).
Conditions for the measurements, instrument settings and description of the
procedure are specified in [25]. Partial amino acid sequences were deduced from
fragmentation spectra using the PepSeq software (Micromass).

3. Results and discussion
3.1. Localization of Ycf37

According to a previous study using an antiserum against
denatured, recombinant Ycf37 [17], this protein was predom-
inantly found in the thylakoid membrane fraction. To analyze
the localization of Ycf37 in more detail, membrane protein

complexes solubilized from wild-type thylakoids were separat-
ed by sucrose density gradient ultracentrifugation (Fig. 1A) and
the obtained fractions immunologically screened by Western
blot analysis (Fig. 1B). Three chromophore-containing bands
were observed. Polypeptide profiles of all density gradient
fractions were examined by SDS-PAGE (data not shown). The
upper orange fraction contained, besides others, the abundant
red and orange carotenoid proteins [26]. The blue-green band
(Fig. 1A; band II) was enriched in PSII monomers but also
contained PSI monomers. The dark-green band (Fig. 1A, band
IIT) predominantly consisted of trimeric PSI. All three
chromophore containing bands were also present in thylakoids
of the Aycf37 mutant, but trimeric PSI complexes only
accounted for 70% of the wild-type level (Fig. 1A, band III).
The amount of PSI trimers was quantified by determination of
the Chl content in the corresponding sucrose gradient fractions,
because the Chl-to-P700 ratio was not changed in the mutant
[10]. Tt should be noted that the PSI/PSII monomer fractions
(Fig. 1A, band II) of wild type and the ycf37 mutant had a
comparable Chl content.

All fractions of the sucrose gradient were subjected to
immunoblot analysis using an Ycf37 antiserum. The immuno-
blot depicted in Fig. 1B reveals that Ycf37 is mainly located in
the orange band in the upper part of the gradient, containing
solubilized monomeric proteins but no supramolecular protein
complexes. However, significant amounts of Ycf37 were
present in the PSI/PSII monomer fraction. The distribution of
PSI and PSII complexes was evaluated by simultaneous
determination of PsaA and PsaD (subunits of PSI), as well as
PsbA and PsbB (subunits of PSII) (Fig. 1B). These data support
the view that Ycf37 is either not or only very loosely bound to
the photosystems. To estimate whether Ycf37 co-purifies with
one of the monomeric PS complexes, the PSI/PSII monomer
fraction was purified further by anion exchange chromatogra-
phy on a Resource Q column. Immunoblot analysis of all
fractions showed that the Ycf37 protein was detected only in the
flow-through, indicating that the protein was not tightly bound

WT  Ayef37 13 5 7 9 1113 15 17 19 21 23 25
—— S— AR e - — Yci37
- - I e e - - G D Em PsaA
- - e PsaD
I S -~ PsbA
- e - PsbB

|" L L ] L ]
| Il ]

Fig. 1. Subcellular localization of Ycf37. (A) Photographs of detergent solubilized wild-type and Aycf37 mutant thylakoid membranes fractionated by sucrose density
gradient ultracentrifugation. Three coloured bands were obtained: (I) carotenoid containing band, (II) PSI/PSII monomers and (III) PSI trimers. Solubilized thylakoids
corresponding to 15 mg of protein were applied to each gradient. (B) Fractions of the sucrose gradient from wild-type thylakoids were withdrawn with a syringe,
separated by SDS-PAGE and investigated by Western blot analysis using antibodies raised against the Ycf37 protein as well as PSI and PSII subunits. Lane 1

corresponds to the top of the gradient.
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to any of the photosystems (data not shown). Although Ycf37
was clearly absent from the soluble cell fraction [17], our results
show that the protein can be easily removed from the protein
complexes of the thylakoid membrane with the mild detergent
3-DM.

Ycf37 contains three TPR-domains. Such a three tandem-
TPR motif appears to be the minimal functional unit in TPR-
proteins, which typically interact with other proteins or
associate to multi-protein complexes [11]. Thus, Ycf37 has
the structural prerequisite for an interaction with other target
proteins. The relatively loose binding to the thylakoid
membrane or its major protein complexes may suggest that
Ycf37 interacts transiently with its partners or that solubilization
of the membranes with 3-DM affects such interactions. In this
respect, the Ycf37 protein behaves quite similar to the TPR
domain-containing PSI assembling factor Ycf3 [3]. Although
Ycf3 interacts with PsaA and PsaD [2], it was found mainly on
the top of a sucrose gradient, suggesting a loose association with
PSI [3].

3.2. Affinity purification of 3xFLAG-tagged Ycf37

In order to specify interaction partners of Ycf37 a system for
affinity purification of proteins from Synechocystis 6803 was
established. Aycf37 mutant cells were engineered to express
3xFLAG-tagged Ycf37 using the self-replicating vector
pVZ321. Expression of FLAG-Ycf37 led to a wild-type
phenotype of Aycf37 mutant cells suggesting that the tagged
protein was fully functional in Synechocystis cells (data not
shown). Expressed FLAG-Ycf37 was immunoprecipitated with
anti-FLAG M2 affinity gel as described in Materials and
methods. FLAG-Ycf37 complexes were eluted by the addition
of a 3xFLAG peptide and resolved by SDS-PAGE (Fig. 2A).
Mutant cells expressing the non-tagged Ycf37 from the
pVZ321ycf37 plasmid were used as a negative control. As

shown in Fig. 2A, a prominent band representing FLAG-Ycf37
is present only in the elution fractions from cells that express the
tagged protein. Interestingly, these elution fractions contained
Chl in contrast to the control samples. In addition, there are
multiple bands apparent in SDS-PAGE of the elution fraction
but absent in the negative control, suggesting that these bands
represent Ycf37-interacting proteins. Two prominent Coomas-
sie-stained bands of ~70 kDa (Fig. 2A) present only in the
sample with FLAG-Ycf37 expression were excised from the gel
and subjected to trypsin digestion. The resulting tryptic peptides
were analysed by ESI tandem MS and partial sequences were
deduced from the obtained fragmentation spectra. Based upon
these analyses the two 70 kDa bands were found to contain the
PsaA and PsaB proteins. To verify that PSI subunits specifically
co-purify with FLAG-Ycf37 complexes samples were probed
by Western blotting using antibodies directed against PsaA/B,
PsaC, PsaD and PsbA (Fig. 2B). As expected, PsaA/B, but also
PsaC and PsaD were detected in FLAG—Ycf37 complexes and
not in the control sample derived from Synechocystis cell
expressing only a non-tagged variant of Ycf37. The PSII subunit
PsbA was not detected (Fig. 2B), suggesting that PSI subunits
specifically interact with Ycf37. However, only a very small
proportion of the total cellular pool of PSI seems to co-purify
with FLAG-Ycf37. This observation is not surprising as our
previous data imply a loose or transient association of Ycf37
with monomeric photosynthetic complexes. Our findings are
consistent with the idea that Ycf37 binds only at a specific time
point during PSI biogenesis and/or low abundant PSI inter-
mediates. In addition, (an)other protein(s) could be important
for Ycf37-PSI interaction that is absent in thylakoid membranes
but present in whole cell extracts that were used for FLAG—
Ycf37 immunoprecipitation. So, the PSI-Ycf37 interaction
would be stabilized in this experimental background in contrast
to the anion exchange chromatography experiments (see Section
3.1), where only the thylakoid subfraction was used.
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Fig. 2. Affinity purification of 3XFLAG-Ycf37 and identification of PsaA/B, C and D by Western blot analysis. (A) Solubilized extracts of Aycf37 mutant cells
engineered to express 3XFLAG—Ycf37 were immunoprecipitated with anti-FLAG M2 agarose. FLAG—Ycf37 complexes were eluted with 3XFLAG peptide, resolved
by Tricine—SDS-PAGE and stained with Coomassie blue. Solubilized extracts of Aycf37 mutant cells expressing in trans Ycf37 without a tag served as a control. (B)
The presence of PsaA/B, PsaC and PsaD as well as FLAG—Ycf37 in the elution fraction was assessed by Western blotting using specific antibodies. Crude extract as
well as purified PSI and PSII fractions were used as control. Antibodies used for the immunoblots are indicated on the right.
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Fig. 3. Semiquantitative Western blot analysis of PSI and PSII subunits in wild-
type and Aycf37 mutant thylakoids. Wild-type (WT) and Aycf37 mutant
thylakoids equivalent to 25 pg protein were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Each sample was loaded onto two
adjacent lanes. Immunodetection was performed using polyclonal antibodies
raised against the PSI subunits PsaA, PsaD, PsaC, and the PSII subunits PsbO
and PsbB. An antibody raised against subunit AtpB of the F F;—ATP-synthase
was used as internal standard. Quantification of the signals revealed a 30—40%
reduction of the PSI subunits in the Aycf37 mutant, whereas the amount of PSII
subunits was not affected significantly. Antibodies used for the immunoblots are
indicated on the right.

3.3. Semi-quantitative Western blot analyses of PSI subunits in
the wild type and Aycf37 mutant

Previously published low-temperature (77 K) fluorescence
emission spectra of intact cells and Western blot analyses of total
protein extracts with an anti-PsaA serum indicated a decrease in

A
WT Aycf37
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6kDa — PsaK
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Fig. 4. SDS-PAGE and Western blot analysis of purified PSI-trimers. Ten pg
protein of purified wild-type (WT) and Aycf37 mutant PSI complexes after
sucrose density gradient centrifugation were separated by Tricine—SDS-PAGE.
The proteins were visualized (A) by silver staining or (B) transferred to
nitrocellulose membranes. Immunodetection was performed using polyclonal
antibodies raised against the PSI subunits PsaA, PsaD and PsaC. Antibodies
used for the immunoblots are indicated on the right.

the PSI/PSII ratio in the Aycf37 mutant [10]. In order to quantify
the amounts of individual subunits of the photosystems, specific
antisera against various PSI and PSII subunits were used. All
signals were normalized to the AtpB signal (Fig. 3). Semi-
quantitative analysis (see Section 2.6) of these immunoblots
showed that the relative amounts of the PSI subunits PsaA, PsaC
and PsaD were reduced in thylakoids of the Aycf37 mutant to
about 60—70% of the wild-type level. This result is in line with a
27% reduction of PSI complexes in Aycf37 mutant as judged
from spectroscopic measurements (A4,93) of P700 concentra-
tion [10]. By contrast, the amounts of two representative PSII
subunits PsbB (CP47) and PsbO were not significantly altered
in the mutant (Fig. 3). These data support our presumption that
the reduced PSI/PSII ratio of the Aycf37 mutant is caused by a
lower PSI content, and not by a PSII accumulation.

3.4. Analysis of trimeric PSI complexes in the Aycf37 mutant

The remaining PSI reaction centres in the Aycf37 mutant
were photochemically active, as judged from time-resolved
measurements of transient, flash-induced absorbance changes at
703 nm (measured as described in [27]), reflecting the turnover
of P700. No significant differences in the number of antenna
Chl molecules per P700 were found. In these measurements
144+£8.6 Chls per P700 were determined for the wild type and

A B
[— | - ]
r | , I ‘ JI | d
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5 7| kDa
1— — - g ¥
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5 v 4 — - —
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Fig. 5. Membrane protein complexes of Synechocystis 6803 wild-type
thylakoids separated by BN-PAGE. (A) Unstained and Coomassie-stained
BN-gels of wild-type thylakoid membranes. Numbers 1-5 indicate green
protein complexes in the unstained gel in accordance to [35] (1, PSI trimer; 2,
PSII dimer; 3/3*, PSI monomers; 4, PSII monomer; 5, CP43-less PSII
monomer). (B) After separation of the protein complexes in the BN-gel (shown
on top of the gel), the lane was excised and subjected to SDS-PAGE (second
dimension). The gel from the second dimension was electroblotted to a
nitrocellulose membrane and probed sequentially (from top to bottom) with
Ycf37, PsaA and PsbA antisera, respectively. Arrows indicate the spots that
specifically reacted with the corresponding antiserum.
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140+4.2 for the Aycf37 mutant. Furthermore, the P700 re-
reduction kinetics were also similar (1,,=18 ms=7 ms for the
wild type and 17 ms=+8 ms for the Aycf37 mutant, respectively).
To test whether the insertional inactivation of the ycf37 gene
had any effect on the subunit composition of the PSI-complex,
PSI trimers from the sucrose gradient were analyzed by
Tricine—SDS-PAGE and immunoblotting using polyclonal
antibodies raised against representative PSI subunits (Fig. 4).
All 11 PSI subunits were present in PSI-trimer complexes of
the wild type and the Aycf37 mutant (Fig. 4A), with no
significant alteration in subunit stoichiometry (Fig. 4B). The
fact that in thylakoid membranes of Aycf37 mutant cells
reduced levels of PSI subunits accumulate (Fig. 3), and that
these PSI complexes are photochemically as active as in the
wild type, supports the idea that Ycf37 is involved in PSI
biosynthesis and/or stability rather than its function.
Alternatively, the lower PSI content of the ycf37 mutant
cells could be explained by an inhibition of Chl biosynthesis.
In cyanobacteria, the biosynthesis of stable PsaA/B proteins
depends on supply of Chl [28]. Since most of the Chl is
associated with PSI, an inhibition of Chl biosynthesis should
likewise lead to a lower PSI content. Indeed, a chlL mutant of
the cyanobacterium Plectonema boryanum being unable to
synthesize Chl in the dark, showed a selective decrease in the

amount of P700 [29]. He et al. [30] suggested that in
cyanobacteria a decreased Chl availability affects the initiation
of psbA translation. In tobacco plants, Chl deficiency
correlated with a drop in the number of PSI as well as PSII
centres [31]. However, PSII subunits were not significantly
reduced in thylakoid membranes of the ycf37 mutant (Fig. 3).
Furthermore, previous data indicated that light-induced oxygen
evolution rates were nearly identical in wild type and mutant
when calculated on a per cell basis [10]. Thus, both water
cleavage activity and PSII content seem not to be affected in
the Aycf37 mutant, supporting the idea of a primary effect of
the ycf37 mutation on PSI assembly and/or stability rather than
on Chl biosynthesis. This conclusion is confirmed by the fact
that the mutation did not alter the amounts of the Chl
precursors protoporphyrin IX and Mg-protoporphyrin IX (data
not shown).

3.5. Separation of protein complexes using BN/SDS-PAGE

Thylakoid membrane fractions were isolated from wild-type
and Aycf37 cells grown under low, intermediate or high light
conditions to a cell density corresponding to OD750,,=0.8.
After solubilization with 3-DM, the membranes were subjected
to BN-PAGE in order to separate membrane protein complexes.
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Fig. 6. Analysis of monomeric photosystem complexes of wild-type and Aycf37 mutant cells grown under different light conditions. (A) BN-PAGE of wild-type and
Aycf37 mutant thylakoids from cells grown under low (LL, 10 pmol photons m > s '), medium (NL, 50 pmol photons m 2 s~ ') and high (HL, 170 umol photons m >
s 1) light conditions. Thylakoid membranes were isolated and subjected to BN-PAGE (see Section 2.7). The figure shows unstained and Coomassie-stained sections of
the BN-gel including the monomeric photosystems. (B) The bands containing monomeric photosystem complexes (from cells grown under normal light conditions)
were excised from the BN-gel, embedded in the stacking gel and subjected to Tricine—SDS-PAGE and transferred to nitrocellulose membranes. PsaA, PsaD, PsbB, and
PsbA antibodies were used to reveal the presence of photosystem subunits in the respective complexes. Several blots were used for immunodetection. (C) PSI
monomer complexes were purified by anion exchange chromatography and separated on BN-PAGE. As control wild-type thylakoids are shown in lane 1. (D) Bands
from the BN-gel containing the purified PSI and PSI* complexes (see panel C, lane 2) were excised, subjected to a second dimension (Tricine—SDS-PAGE) and
proteins were visualized by silver staining. A PSI trimer band from separated wild-type thylakoids served as a control (lane 1).
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The trimeric PSI complex as well as PSI and PSII monomers
were identified by their green colour, originating from Chl
associated with the photosynthetic complexes (Fig. 5A). In
addition, one-dimensional BN-PAGE was combined with SDS-
PAGE and Western blotting to elucidate identities of the
resolved complexes on the basis of subunit composition (Fig.
5B). Trimeric PSI was very abundant on BN-gels, whereas
monomeric PSI complexes were rather present in small
amounts. Quantification of the PSI trimer containing band in
BN-gels suggested a 30% decrease of the amount of trimeric
PSI in the Aycf37 mutant. This estimate correlates very well
with the results obtained by quantifying PSI trimers in sucrose
gradients (Fig. 1), by spectroscopic measurements [10] and
Western blot analyses (Fig. 3). BN-gel strips containing
separated protein complexes of wild-type thylakoids were
subjected to SDS-PAGE, and the separated proteins of the
second dimension were electrophoretically transferred to
nitrocellulose membranes for immunoblot analysis. As shown
in Fig. 5B, the Ycf37 protein was spread over the molecular
mass range from about 20 to 400 kDa, confirming the broad
distribution of Ycf37 in sucrose gradient preparations (Fig. 1B,
fractions 1-13). Possibly, Ycf37 is loosely or transiently
associated with protein complexes or forms oligomers, as was
shown for Ycf3 in vitro [32].

Intermediate and especially high light intensities (50 or 170
pmol photons m 2 s, respectively) during growth promoted
the formation of an additional green complex in the wild type,
designated PSI*, with a slightly higher electrophoretic mobility
in BN-PAGE than the other PSI monomer complex (Fig. 6A).
Immunoblots using PSI as well as PSII antibodies (Fig. 6B)
clearly indicated the distinct presence of PSI subunits in the
PSI* complex. PSI* was not found in the Aycf37 mutant, even
under high light conditions (Fig. 6A). At this point it should be
noted that under high light conditions the growth rate of the
Aycf37 mutant is significantly reduced to about 80% of the wild
type, whereas no growth retardation was detected under low
light conditions (10 pmol photons m > s~ ").

To verify this phenotype, the Aycf37 mutation was
complemented by introduction of the conjugative vector
pVZycf37, which carries the wild-type ycf37 gene including
its promoter, into Aycf37 mutant cells. Exconjugants harbour-
ing this plasmid had wild-type Chl and PSI contents but an
enhanced amount of Ycf37 (data not shown). Because the
introduced ycf37 gene was under control of its own promoter,
the higher Ycf37 protein level was possibly due to the number
of pVZycf37 plasmid copies in the cells. Thylakoid membrane
preparations from complemented mutant cells again exhibited
the PSI* complex that was absent from the original Aycf37
mutant (Fig. 7). These results clearly establish that the absence
of PSI* in Aycf37 mutant thylakoids is a consequence of the
Aycf37 mutation and rule out any defect caused by a secondary
mutation.

In order to investigate the nature of PSI*, PSI monomer
complexes were purified by anion exchange chromatography
and separated by BN-PAGE (Fig. 6C, lane 2). Bands containing
PSI and PSI* were excised and subjected to a denaturating
second dimension (Fig. 6D). No difference in the subunit
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Fig. 7. Complementation of the Aycf37 mutant phenotype. The Aycf37 mutant
strain was complemented by the conjugative vector pVZ321 expressing an ycf37
wild-type gene copy under control of its own promoter (pVZycf37). Protein
complexes from solubilized thylakoids of wild type (WT), Aycf37,

WTpVZycf37 and Aycf37pVZycf37 strains were separated by BN-PAGE and
stained with Coomassie.

composition between the PSI trimers (Fig. 6D, lane 1) and the
PSI monomer (Fig. 6D, lane 2) was detected. However, in PSI*
complexes, the amount of PsaK seems to be reduced
significantly (Fig. 6D, lane 3) in relation to the other PSI
subunits. The low abundant PsaK subunit in PSI* could be also
a contamination by the other PSI monomer complex because of
the close neighbourhood of these two bands in the BN-gel (Fig.
6C). Thus, we suggest that one possible explanation for the
higher mobility of PSI* is the absence of PsaK. In Tricine—
SDS-PAGE, the three small PSI subunits Psal, J, and M at about
3—4 kDa were evenly evident in both PSI monomer complexes
but we were not able to exactly assign them (Fig. 6D). In
addition, we cannot exclude that a different cofactor composi-
tion or posttranslational modification contribute also to the
different mobility of both PSI monomer complexes. Fig. 6C
shows an additional third PSI monomer complex that appears
after anion exchange chromatography. This complex lacks PsalL
and PsaK (data not shown) and is possibly a decomposition
product of the purification procedure. It should be noted that
Ycf37 is obviously not associated with PSI monomer prepara-
tions after anion exchange chromatography on a Resource Q
column (see Section 3.1). Thus, we can exclude that binding of
Ycf37 is responsible for the different mobility of the PSI
monomer complexes.

In summary, our results show that Ycf37 can be easily
removed from the protein complexes of the thylakoids by the
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mild detergent 3-DM. However, a small amount of Ycf37 was
detected in the PSI/PSII monomer fraction, suggesting a
transient association with one or both of these complexes.
This conclusion is also supported by co-purification of
individual PSI subunits with a 3XFLAG-tagged Ycf37 protein
from Synechocystis cells. Mutation of ycf37 causes a reduction
of the PSI trimer content by approx. 30%. The organization of
the remaining PSI trimers in the ycf37 mutants was indistin-
guishable from the wild-type complexes, which is in line with
the observation that PSI is fully active in this mutant. Therefore,
Ycf37 alone is not essential for correct assembly of cyano-
bacterial PSI. Although Ycf37 might be substituted in part by
another unknown assembling factor, it may either stabilize the
monomeric PSI reaction centre or promote its biogenesis.
However, the data presented in this work did not reveal a
definite interaction of Ycf37 with PSI*. The lower amount of
PSI trimers in the ycf37 mutant could indicate that the PSI*
complex is an intermediate in a dynamic assembly/disassembly
cycle of trimeric complexes. The number of PSI complexes
decreases in vivo at high light intensity [33]. Since PSI exists
mainly as a trimer in cyanobacteria, high light intensities lead to
a destabilization of PSI trimers and to an accumulation of an
intermediate form, designated PSI*. We therefore suggest that
PSI* potentially is a pool of monomeric PSI that can be recycled
to form PSI trimers if needed. This pool might be unstable in
Aycf37 mutant cells leading to a lower content of PSI trimers.
The alternative PSI subunit PsaK2 is incorporated into the PSI
complexes during high light acclimation [34]. The lower
abundance or absence of PsaK in PSI* (we were not able to
differentiate between PsaK1 and PsaK2 in our experiments)
may perhaps reflect a function of Ycf37 in the stabilization of
intermediate PSI complexes that acclimate to high light
changing PsaK1 to PsaK2. This could lead to a disadvantage
in growth of the Aycf37 mutant in comparison to the wild type
under high light conditions.
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