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Early steps in the biogenesis of Photosystem II (PSII) in the
cyanobacterium Synechocystis sp. PCC 6803 are thought to
occur in a specialized membrane fraction that is characterized
by the specific accumulation of the PSII assembly factor PratA
and its interaction partner pD1, the precursor of the D1 protein
of PSII. Here, we report the molecular characterization of this
membrane fraction, called the PratA-defined membrane
(PDM), with regard to its lipid and pigment composition and its
association with PSII assembly factors, including YCF48,
SIr1471, S110933, and Pitt. We demonstrate that YCF48 and
Slr1471 are present and that the chlorophyll precursor chloro-
phyllide 2 accumulates in the PDM. Analysis of PDMs from
various mutant lines suggests a central role for PratA in the
spatial organization of PSII biogenesis. Moreover, quantitative
immunoblot analyses revealed a network of interdependences
between several PSII assembly factors and chlorophyll synthe-
sis. In addition, formation of complexes containing both YCF48
and SIl0933 was substantiated by co-immunoprecipitation
experiments. The findings are integrated into a refined model
for PSII biogenesis in Synechocystis 6803.

Cyanobacteria are Gram-negative bacteria that perform oxy-
genic photosynthesis. They contain three types of membranes:
the outer membrane, the plasma membrane (PM),” and the
thylakoid membrane (TM) system. The outer membrane and
PM form the cell envelope and delimit the periplasmic space,
whereas TMs are localized within the cell and house the large
pigment-protein complexes of the photosynthetic electron
transfer chain, i.e. Photosystem (PS) II, PSI, the cytochrome bf
complex, and the ATP synthase (1). It is not clear whether
direct connections exist between the different membrane sys-
tems and, in particular, where synthesis of TMs is initiated
(2—4). In the cyanobacterium Synechocystis sp. PCC 6803, an
intermediate membrane subfraction (PDM) was recently iden-
tified, which is defined by the presence of a membrane-bound
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form of the PSII assembly factor PratA (5). PratA is a periplas-
mic tetratricopeptide repeat protein that has been shown to
interact with the C-terminal segment of pD1, the precursor of
the PSII reaction center core protein D1 and to affect its matu-
ration (5, 6). In Synechocystis 6803, pD1 contains a C-terminal
extension of 16 amino acids that has to be processed by the
endoprotease CtpA to allow proper assembly of the oxygen-
evolving complex on the lumenal side of PSII (7-10). Because
substantial amounts of pD1 accumulate in PDMs, these were
hypothesized to represent a specialized membrane region close
to the PM where early steps in the de novo assembly of PSII
take place (4, 5). Several intermediates in this early assembly
process have been detected, including the so-called reaction
center (RC) complex containing pD1 and D2, as well as sub-
units Psbl, PsbE, and PsbF (11). Successive attachment of the
inner antennal proteins CP47 and CP43 yields complexes RC47
and RCCI, respectively. RCC1 represents the monomeric PSII
core complex, which is capable of oxygen evolution (11).

In addition to PratA, several other D1l-associated factors
have been suggested to function during the early steps of PSII
biogenesis not only in cyanobacteria but also in higher plants
(for arecentreview, see Ref. 11). Thus, the cyanobacterial YidC/
Oxal/Alb3 homolog SIr1471 has been shown to interact
directly with the D1 protein during its integration into the
membrane (12). Similarly, a direct interaction has been
revealed between pD1 and YCF48, the Synechocystis homolog
of HCF136 from Arabidopsis thaliana, which seems to be
involved in facilitating formation of PSII RC intermediates (13,
14). The A. thaliana protein PAM68 and its Synechocystis hom-
olog S110933 have also been shown to be required for proper
assembly of PSII, and a direct interaction of PAM68 with D1
was suggested in yeast two-hybrid analyses (15).

As the assembly of photosynthetic protein complexes has to
be coordinated with the integration of pigments to form func-
tional photosystems, it appears likely that chlorophyll synthesis
is synchronized with the expression of chlorophyll-binding
proteins. This would not only ensure the availability of suffi-
cient pigments to build up the photosynthetic apparatus but
would also prevent the accumulation of free and potentially
harmful chlorophyll and/or chlorophyll precursor molecules
(16, 17). Such coordination may be favored by co-localization of
the machineries required for protein and pigment synthesis, as
suggested by studies of the Pitt protein, which interacts with the
light-dependent protochlorophyllide oxidoreductase (POR), an
enzyme involved in the conversion of protochlorophyllide a
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into chlorophyllide (4, 11, 18, 19), a precursor of chlorophyll
a. Intriguingly, both Pitt and POR are present in PDM fractions
of wild-type cells, suggesting a role for PDMs not only in pro-
tein synthesis and assembly but also in pigment synthesis and
insertion (4, 18).

Here, we present a comprehensive characterization of the
distribution of membrane-associated D1 assembly factors in
the PDM subfraction from Synechocystis 6803. Additionally, we
looked at qualitative differences in the lipid and pigment com-
position of PDMs and TMs to uncover correlations between
pigment and protein synthesis and assembly. The results reveal
a PDM-localized network for pigment-protein complex assem-
bly and underline the importance of the PratA factor for the
spatial organization of the assembly process. Moreover, further
evidence for a direct link between YCF48 and S10933 was
obtained. Together, they appear to mediate crucial steps at the
PDM/TM interface.

EXPERIMENTAL PROCEDURES

Growth Conditions and Construction of Cyanobacterial
Strains—Glucose-tolerant wild-type Synechocystis 6803 and
relevant mutant strains were grown under continuous irradia-
tion with 30 wmol of photons m~ 2 s~ ' at 30°C in BG11
medium containing 5 mm glucose (20). For construction of a
ctpA~ mutant strain, the coding region was amplified by PCR
using the primer pair THctpAa (GAATTCATGGGTAAA-
CGGACAAGGCGGTTT) and THctpAb (CTCGAGTTAG-
TTAGTTGGGCTTGTGAGCCG). The ctpA gene was dis-
rupted by insertion of a kanamycin resistance cassette into the
single Munl restriction site, and wild-type cells were trans-
formed with this construct as described (21). Complete segre-
gation of the mutated gene was confirmed by PCR analysis (data
not shown). Mutant strains pratA ™, pitt , ins0933, ycf48 ", and
psbB~ and psbA deletion strain TD41 were constructed as
described previously (6, 7, 14, 15, 18, 22).

Antibody Production—For generation of specific antibodies,
the sequence encoding amino acid residues 275-342 of YCF48
was amplified using primers 2034-5 (AAGGATCCGAAGAA-
GTATGGGTAGCGGG) and 2034-3 (AACTCGAGCTAGG-
GAACCATTGCCACCT). The subcloned PCR fragment was
inserted into the BamHI and Xhol sites of expression vector
pGEX-4T-1. Overexpression of the GST fusion proteins in
Escherichia coli BL21(DE3) cells and subsequent purification
using glutathione-Sepharose 4B (GE Healthcare) were carried
out according to the manufacturer’s instructions. Polyclonal
antisera were raised in rabbits (BioGenes GmbH, Berlin, Ger-
many). Generation of antibodies against Synechocystis 6803
PratA, Pitt, and S110933 has been described previously (6, 15,
18). Antibodies specific for CP47 (global), A. thaliana CP43,
Chlamydomonas reinhardtii PsaA, and RbcL (global) were
obtained from Agrisera (Védnnis, Sweden).

Protein Extraction, Membrane Fractionation, and Immuno-
blot Analysis—Protein extraction, two-step membrane frac-
tionation on sucrose gradients, and subsequent immunoblot
analysis were carried out as described previously (5, 18). For
quantification, proteins of different strains were isolated, sepa-
rated by SDS-PAGE, blotted, and probed with various antibod-
ies. After densitometric scanning, quantification of signals was
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performed using AIDA software (version 3.52.046), and the lev-
els of mutant strains were compared with those of the wild-type
strain (set to 100%). Means = S.D. were calculated from three
independently inoculated cultures.

Two-dimensional Blue Native/SDS-PAGE—Synechocystis
membranes were isolated as described (23), and two-dimen-
sional Blue native/SDS-PAGE was performed as described pre-
viously (5).

Co-immunoprecipitation—For co-immunoprecipitation ex-
periments, 50 ml of wild-type cells were harvested by centrifu-
gation (4000 X g, 10 min, 4 °C), resuspended in 750 ul of thyla-
koid buffer (50 mm HEPES/NaOH (pH 7.0), 5 mm MgCl,, 25
mM CaCl,, and 10% glycerol), and broken with glass beads (0.4 —
0.6 mm) using a Mini-BeadBeater (Glen Mills). Unbroken cells
were removed by a short centrifugation step (20,000 X g, 45 s)
before membranes were sedimented (20,000 X g, 30 min, 4 °C)
and washed twice with thylakoid buffer. The sediment was sub-
sequently resuspended in 50 ul of Tris/NaCl buffer (50 mm
Tris-HCI (pH 8) and 150 mm NaCl) and solubilized for 30 min
on ice with 1.3% B-dodecyl maltoside. After another centrifu-
gation step (20,000 X g, 30 min, 4 °C), the supernatant was
diluted 1:10 with Tris/NaCl and incubated overnight at 4 °C in
the presence of 10 ul of anti-YCF48 antiserum or preimmune
serum. Protein A-agarose was added (5 mg; Roche Applied Sci-
ence), and incubation was continued for another hour at room
temperature. The agarose beads were sedimented by centrifu-
gation and washed five times, and bound proteins were eluted
by incubation with 30 ul of 2X Roti®-Load 1 (Roth, Karlsruhe,
Germany) for 5 min at 95 °C.

Pigment and Lipid Analyses—Pigments were extracted from
concentrated membrane subfractions (5) by vortexing in the
presence of added chloroform (2 ml) and methanol (1 ml). After
the addition of 3 ml of chloroform and 3 ml of water, tubes were
inverted, and the two phases were separated by centrifugation
(3000 X g, 5 min, 4 °C). The organic phase was dried, and pig-
ments/lipids were redissolved in 100 ul of chloroform and sub-
jected to TLC on silica gel plates (SIL G-25 UV,,, Macherey-
Nagel, Duren, Germany) in a mixture of acetone, toluene, and
water (91:30:8). For visualization of lipids, the plates were
sprayed with a staining solution (36 mm FeSO,, 5.7 mm KMnO,,
and 3% (v/v) H,SO,) and incubated for 10 min at 120 °C.

Prior to analysis by HPLC, pigments were extracted from
concentrated membrane subfractions with acetone. The analy-
sis was performed on a Flux instrument equipped with a C,,
column (Grom Sil 120 ODS-5, 3-um particle size, 150-mm
length, 2-mm inner diameter). Elution was carried out for 3 min
with a 60:40 acetone/water mixture (pH 3.5), followed by a lin-
ear gradient to 100% acetone applied over a period of 20 min.
The column was then rinsed for 20 min with 100% acetone.
Absorption spectra were measured with a Thermo diode array
detector in the 350-750-nm range. Pigments were identified
based on their retention times and absorption spectra.

RESULTS

Pigments in PDMs and TMs—PDMs have recently been sug-
gested to represent a special membrane subcompartment
where early steps in TM biogenesis take place (4, 5). As a first
step toward a comprehensive characterization of PDMs, we
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examined the main pigments and lipids in PDMs and TMs.
Membranes of wild-type Synechocystis 6803 cells were sepa-
rated into PDM and TM fractions by two rounds of sucrose
density gradient centrifugation (first on a step and then on a
linear gradient), and the distribution of marker proteins was
analyzed using antibodies (5). The inner antennal proteins of
PSII, i.e. CP47 and CP43, serve as markers for TMs (10, 24) and
were almost exclusively detected in fractions 7-11, hereafter
referred to as TM fractions (see Fig. 24) (5). In contrast, PDM
fractions 1-6 were defined by the accumulation of PratA and
pD1 (see Fig. 24) (5). The majority of the PSII RC core protein
D2 was located in TMs; however, a minor portion was detected
in PDM fractions 4-6 (see Fig. 2A4). Although it cannot be
excluded that also minor amounts of CP43 and CP47 were pres-
ent in the PDM fractions, it is obvious that this dual localization
was more pronounced for D2 (see Fig. 2A4). Hence, CP47 and
CP43 can be regarded as suitable TM markers with the mem-
brane fractionation method used. Subsequent TLC of mem-
brane material from isolated fractions revealed no obvious
qualitative differences in the main lipids between the two sub-
fractions (supplemental Fig. 1).

Similarly, most of the lipophilic pigments, i.e. carotenoids
and chlorophyll derivatives, were detectable in both PDMs (Fig.
1A, fractions 1-6) and TMs, although relatively more chloro-
phyll a was found in TMs (fractions 7—11). The only exception
was a minor green band that was identified only in PDM frac-
tions 5 and 6 of the wild-type material (Fig. 14). HPLC-based
analyses comparing the pigment compositions of PDM fraction
5 (Fig. 1D) and TM fraction 9 (Fig. 1E) revealed that the only
pigment of green color that could exclusively be detected in
PDM fraction 5 represents chlorophyllide , a late intermediate
in chlorophyll biosynthesis (Fig. 1D). Therefore, the PDM-spe-
cific band visible on thin-layer plates seems to be caused by
chlorophyllide 2 accumulation (Fig. 1A, asterisks). This result is
in agreement with earlier reports demonstrating that the high-
est concentrations of chlorophyllide a and its precursor, proto-
chlorophyllide 4, were detected in a membrane subfraction
hypothesized to resemble contact sites between PMs and TMs
called “thylakoid centers” (25). The PDM-specific accumula-
tion of chlorophyllide 4 argues that PDMs represent a subcom-
partment in which not only protein complex assembly but also
later steps in chlorophyll synthesis and probably insertion into
polypeptides take place. This specific membrane localization of
chlorophyllide « is independent of the presence of the PDM-
specific PratA protein because it was not altered in a pratA~
mutant (Fig. 1B).

It was recently shown that lack of the POR-interacting pro-
tein Pitt causes a reduction in light-dependent chlorophyll syn-
thesis (18). Therefore, we examined whether the accumulation
and/or membrane localization of chlorophyllide 4 is affected in
the pitt~ mutant. Fig. 1C shows that the distribution of chloro-
phyll a and carotenoids in pitt~ cells resembled that in the
wild-type cells, whereas the putative chlorophyllide a band was
completely absent. Therefore, loss of Pitt seems to affect syn-
thesis of chlorophyllide 2 and, in particular, its accumulation in
PDMs.

Localization of PSII Assembly Factors in PDMs—The accu-
mulation of PratA and the pD1 precursor protein in PDMs
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FIGURE 1. Pigment analysis of PDM and TM fractions. Synechocystis PDMs
and TMs of wild-type (A), pratA~ (B), and pitt~ (C) cells were obtained by two
rounds of sucrose density gradient centrifugation. Equal volumes of hydro-
phobic pigments extracted from each fraction were then subjected to TLC.
Asterisks mark a pigment accumulation in PDM fractions that seems to repre-
sent chlorophyllide a. Arrows indicate the positions of carotenoids. D and E,
HPLC-based pigment analysis of PDM fraction 5 and TM fraction 9, respec-
tively, of wild-type cells. The PDM-specific peak (shown also magnified X50)
was identified as chlorophyllide a (chlide a) based on its retention time and
absorption spectrum (inset). At the comparable retention time in TM fraction
9, no characteristic absorption spectrum for chlorophyll derivatives was
detectable (inset). Due to their retention times and absorption spectra, other
peaks were identified as chlorophyll a (chl a), pheophytin a (phe a), and caro-
tenoids (all unlabeled peaks). Carotenoids were not further specified. Rel.,
relative.
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FIGURE 2. Membrane sublocalization of different PSIl assembly factors. Synechocystis cell extracts of the wild-type strain (A) and pratA~ (B), ycf48~ (C),
ins0933 (D), ctpA~ (E), and psbA™~ (F) mutant strains were separated by two consecutive rounds of sucrose density gradient centrifugation (5). The second linear
gradient from 20 to 60% sucrose was apportioned into 14 fractions, which were analyzed by immunoblotting using the indicated antibodies. Fractions 1-6
represent PDMs, and fractions 7-14 represent TMs. To facilitate comparison between gradients, sample volumes were normalized to the volume of fraction 7
that contained 40 n.g of protein. Due to the sharp fall in the levels of pD1-containing RC complexes in ins0933, no pD1 signal could be detected in this mutant
(15). Because no mature D1 can accumulate in the ctpA™ mutant, pD1 was detected using anti-D1 antiserum. For the pD1 signal of pratA~, see Ref. 5.

implies that other factors involved in early steps in de novo PSII
assembly might be located in the same membrane subfraction.
To test this prediction, the accumulation of various assembly-
related factors in membrane subfractions was monitored by
immunoblotting. As described previously (18), the chlorophyll
synthesis factors Pitt and POR were localized mainly in TMs,
with only minor portions present in PDMs (Fig. 24). The early
PSII assembly factors SIr1471 and YCF48 accumulated pre-
dominantly in TMs, but substantial amounts of these proteins,
especially YCF48, were also detected in PDM fractions, under-
lining a role of PDMs during early PSII assembly (Fig. 2A4) (12,
14). Interestingly, S110933, a factor suggested to be involved in
integration of CP47 into PSII subcomplexes, showed a different
membrane localization (15). This protein was found solely in
TM fractions (Fig. 24), supporting the idea that the assembly of
the inner PSII antenna takes place in TMs (10).

To determine whether PDMs are also involved in PSI assem-
bly, the subcellular distribution of the PSI core protein PsaA
and the PSI assembly factor YCF37 was investigated (23). Both
proteins showed the same pattern as CP47/CP43 and therefore
appear to be restricted to TMs (Fig. 14). Thus, PDMs seem to
represent a membrane subcompartment harboring factors
involved in the early steps of PSII assembly only.

Effects of Inactivation of Individual PSII-related Assembly
Factors on Localization of Other PSII-associated Proteins—We
have previously shown that inactivation of PratA affects the
distribution of pD1, the POR enzyme, and its interaction part-
ner Pitt. In the absence of PratA, all three proteins are shifted
toward lighter fractions of the sucrose gradient, i.e. they show a
more pronounced accumulation in PDMs (5, 18). Hence, we
tested whether the membrane localization of these and other
photosynthesis-related proteins is affected in various mutant
backgrounds.

BeE
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In the pratA~ mutant, the PSlI-associated proteins Slr1471
and YCF48 accumulated to higher levels in PDM fractions
compared with wild-type cells (Fig. 2, A and B). In addition, the
localization of S1l0933 was moderately affected upon inactiva-
tion of pratA. In wild-type cells, this protein was found in TMs
only, whereas in a pratA~ mutant background, it was also
detected in PDM fractions 5 and 6 (Fig. 2, A and B). In contrast,
the distribution of D2 remained unaltered (Fig. 2B). Similarly,
the PSI-related proteins PsaA and Ycf37 continued to co-local-
ize with TM markers CP43 and CP47 (Fig. 2B). Thus, the local-
ization of the PSII assembly factors tested, but not of PSI-asso-
ciated proteins, depends on the presence of PratA. For this
reason, the distribution of PsaA and YCF37 was not analyzed in
other PSII mutants described below.

Because YCF48 had been postulated to play a role in the
transfer of PSII precomplexes to TMs (14), we also investigated
the distribution of PSII-associated proteins in PDM and TM
fractions from ycf48™ mutant cells. The data revealed a moder-
ate shift of Pitt, POR, and SIr1471 toward PDM fractions,
whereas the distribution of all other proteins tested was not
affected (Fig. 2, A and C, compare fractions 2—4, respectively).
Hence, although YCF48 might be involved in the membrane
organization of selected PSII assembly factors, it is apparently
not strictly required for directing PSII intermediates from
PDMs to TMs.

Recently, the list of PSII assembly factors was further
extended by the identification of PAM68 in A. thaliana (15). Its
homolog in Synechocystis, SI10933, was shown to affect accu-
mulation of the RC complex (15). Here, a minor alteration in
membrane organization was observed in the s//0933~ mutant
ins0933, as suggested by a slight shift of SIr1471 and YCF48
toward the top of the gradient. The distribution of other pro-
teins tested did not change (Fig. 2D). This indicates some

JOURNAL OF BIOLOGICAL CHEMISTRY 21947



Characterization of PDMs

WT , A ’ wT ,

§\e ,\‘g\e o§\° q‘;\a Q‘,;,\Y *ébg’ o‘gv -\o‘? é‘é Q’},?' 'ss\a & °§\e :§\° Q9.°0

— — —— ———— ----"- aRbcL
—— - - —— QQ-...g"aPratA
e sl S ew - @

- e W e g e e @ o e - ' aPOR

- - *"...-.- --——«E‘ asIr1471
— — — - — . — ,----:- aYCF48

Wmmr eawes @ WEW T s

FIGURE 3. Accumulation of PSIl assembly factors in various mutants. Whole cell extracts (30 ug of protein) from wild-type cells and pratA™, ycf48~, ctpA~,
ins0933, pitt~, psbA~, and psbB™ mutants were fractionated by SDS-PAGE, blotted onto nitrocellulose membrane, and probed with the indicated antibodies.

Representative results of three independent experiments are shown.

TABLE 1

Summary of the effects of the indicated PSIl mutants on membrane localization and relative levels of different PSIl assembly factors

The entries for proteins that differ in their membrane localization in certain mutants compared with wild-type cells are in italic (compare Fig. 2 and supplemental Fig. 2).
The numbers refer to the levels of membrane-localized PSII assembly factors in the indicated mutants relative to those in wild-type cells (arbitrarily set to 100). Values are
means = S.D. of three independent experiments. The clearest differences from wild-type levels are highlighted in boldface; examples of the underlying experiments are

shown in Fig. 3.
Mutant
Protein pratA~ (5) pitt~ (18) ycf48~ ins0933 ctpA~ psbB~ psbA~
PratA 113 = 20 108 = 33 105 *+ 22 149 = 17 110 = 55 138 £ 4
Slr1471 103 =25 83 =28 106 = 21 105 * 10 109 * 16 110 = 38 89+ 14
YCF438 99 = 35 88 =16 70 = 20 104 £ 2 101 £17 49 =23
S110933 108 = 31 8211 518 77 £ 17 159 48 £ 13
Pitt 101 + 32 103 = 21 178 = 32 295 * 122 206 * 62 244 * 108
POR 101 = 15 52x16 52x16 104 = 20 67 =25 107 £ 28 96 = 35

involvement of S110933 in the spatial organization of early PSII
assembly steps in the PDM.

Previous membrane fractionation studies on a pitt~ mutant
had revealed increased accumulation of POR and the pD1 pre-
cursor protein in PDMs (18). Therefore, it was postulated that
Pitt plays a role in the spatial organization of early PSII assem-
bly, in addition to its involvement in chlorophyll synthesis (18).
However, it did not alter the membrane distribution of other
PSII proteins or assembly factors additionally tested in this
study (supplemental Fig. 2A).

In summary, various factors are required to coordinate the
membrane localization of PSII intermediates and their associ-
ated proteins during the assembly of PSII. Inactivation of PratA
leads to the most obvious changes in localization. Because
PratA was initially found to affect the C-terminal maturation of
pD1 (8, 26), we next tested whether inhibiting C-terminal pro-
cessing by inactivation of CtpA, the endoprotease that removes
the D1 extension, compromises PDM/TM membrane organi-
zation. Surprisingly, in this mutant, the localization of all pro-
teins, including immature pD1, was similar to that seen in wild-
type cells (Fig. 2, A and E) with one striking exception: the inner
antennal protein CP47 was detected in fractions 4—11 in the
ctpA~ mutant butin fractions 7-11 in the wild-type cells (Fig. 2,
A and E). In contrast, CP43 was not affected by the lack of
mature D1 protein (Fig. 2, A and E). Hence, a defect in pD1
processing results in the accumulation of CP47 in PDMs, but
cleavage of the C-terminal extension of D1 is not essential for
the transport of PSII subcomplexes to TMs.
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When D1 itself is lacking due to the inactivation of all three
psbA gene copies in the psbA™ mutant strain TD41 (7), only
POR showed a more pronounced abundance in PDM fractions;
no effects on the distribution of other tested factors were noted
(Fig. 2F). Finally, we analyzed factor localization in a psbB~
mutant lacking CP47 (22). One major difference was observed
relative to the wild-type cells, i.e. the absence of substantial
amounts of pD1 in PDM fractions (supplemental Fig. 2B). This
suggests that, in the absence of ongoing PSII assembly, PDM-
localized pD1 is rapidly degraded or is quickly transferred to
TMs.

Accumulation of PSII Assembly Factors in Different PSII
Assembly Mutants—The membrane distribution of PSII
assembly factors described above suggests at least a degree
of interdependence between some of them. To determine
whether their accumulation is affected in various PSII
assembly mutants, whole cell protein extracts were prepared
from the wild-type cells and mutants of interest and quanti-
fied by immunoblot analyses. No effects were observed in the
case of the Oxa homolog Slr1471, which accumulated to
wild-type levels in all mutants tested (Fig. 3 and Table 1).
Intriguingly, the accumulation of PSII assembly factors was
not altered in the pratA~ mutant either, in contrast to the
strong effects on their membrane localization observed upon
inactivation of PratA (Figs. 2, A and B, and 3 and Table 1).
The amounts of PratA itself increased to ~150% of wild-type
levels in the ctpA™ mutant (in which pD1 accumulates) and
to ~140% in the D1-deficient strain psbA~. This suggests
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FIGURE 4. Interaction of YCF48 and SI110933. A, membrane proteins from wild-type cells were solubilized with 1.3% B-dodecyl maltoside and co-immuno-
precipitated using anti-YCF48 antiserum or preimmune serum (pre). FT, '/2s of the flow-through containing unbound proteins; W, /25 of the supernatant from
the last washing step; E, one-half of the eluted fraction containing co-immunoprecipitated proteins. B, two-dimensional Blue native/SDS-PAGE of wild-type,
ycf48~,and ins0933 membranes (each fraction is equivalent to 20 ng of chlorophyll) was performed as described previously (5). RCa and RCb are RC complexes
aand b (these complexes are not defined in text), RC47 is the PSIl core complex lacking CP43, and RCC1 is the monomeric PSII core complex. The positions of
size markers are indicated at the top. The indicated proteins were detected using the respective antibodies.

some feedback control of pratA gene expression in the
absence of functional D1.

Inactivation of ctpA has an even more pronounced effect on
the POR interaction partner Pitt than on PratA. Steady-state
levels of Pitt were 3-fold higher in the czpA™ mutant than in
the wild-type cells, whereas a decrease in the amount of POR
to ~70% and a slighter decrease in the amount of S110933 to
~80% were observed (Fig. 3 and Table 1). A similar increase
in Pitt accumulation was noted in the pshbA™ mutant and, to
alesser extent, in the psbB™ and ins0933 mutants also (Fig. 3
and Table 1).

On the other hand, lack of the Pitt protein resulted in a minor
decrease in S110933 to ~80% of wild-type amounts, in addition
to the previously reported reduction in the level of POR (18).
The level of POR was also reduced to ~50% in the ycf48™
mutant. This suggests that S1l0933 and YCF48 represent
additional candidates that might play a role in coordinating
protein and cofactor synthesis during PSII assembly (Fig. 3
and Table 1).

Furthermore, the amounts of S110933 and YCF48 were found
to be reduced by 50% relative to wild-type levels in the pshbA~
mutant, and the amount of SIl0933 was also reduced by half in
the ycf48~ mutant (Fig. 3 and Table 1). Conversely, lack of
S110933 resulted in a 30% drop in the steady-state levels of
YCF438, suggesting an interrelationship between YCF48 and
S110933. However, one striking exception to the consistent
coregulation of YCF48 and SIl0933 was the dramatic decrease
in SIl0933 seen in the pshB~ mutant, in which YCF48 levels
were not affected. This argues for a close relationship between
S110933 and CP47 (Fig. 3 and Table 1).

8110933 and YCF48 Form Part of a Complex—The interde-
pendence between the levels of YCF48 and SI10933 is compati-
ble with a direct interaction between them. Indeed, this has
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already been postulated based on yeast two-hybrid studies of
their respective A. thaliana homologs HCF136 and PAM68
(15). To test this hypothesis further, solubilized membrane pro-
teins of wild-type cells were subjected to co-immunoprecipita-
tion analyses. The anti-YCF48 antiserum quantitatively precip-
itated the YCF48 factor, together with lesser but significant
amounts of S110933 (Fig. 4A). Neither protein could be precip-
itated by the preimmune serum. Due to non-quantitative pre-
cipitation, no conclusive results were obtained when, in the
reciprocal experiment, an anti-Sl10933 antiserum was used for
co-immunoprecipitation. Nevertheless, the data suggest that
YCF48 and S110933 are, at least transiently, components of the
same complex. This is further supported by the fact that the two
proteins co-migrated, at least to some extent, in the range
between 150 kDa and the free proteins on two-dimensional
Blue native/SDS gels (Fig. 4B). In the ycf48™ mutant, a subtle
effect on Sll0933 migration was observed: relatively more
S110933 was associated with the smaller complexes than was the
case in the wild-type cells (Fig. 4B). The more pronounced but
still moderate accumulation of YCF48 in RC complexes was
reduced in the ins0933 mutant, with a concomitant increase in
accumulation in the lower molecular mass range (Fig. 4B). We
therefore conclude that subpopulations of YCF48 and S110933
molecules form a transient complex. Overall, the analysis of
PSII-related assembly factors in the different mutant back-
grounds reveals a complex regulatory network that links factors
involved in chlorophyll synthesis and protein complex
assembly.

DISCUSSION

Assignment of Stages in PSII Biogenesis to Specific Membrane
Fractions—Previous membrane fractionation studies have
identified a PDM fraction in Synechocystis 6803 in which early
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FIGURE 5. Working model for PSll biogenesis in Synechocystis 6803. PSI| biogenesis begins in PDMs close to the PM with the interaction of PratA-bound pD1
protein with Psbl. After the addition of D2 and PsbE/F subunits, RC complexes are formed. Insertion of chlorophyll a (small green pentagon) is probably
mediated by the Pitt-POR and YCF48-S110933 complexes, with the concomitant insertion of CP47. The resulting RC47 complexes are transferred to the TM,
where CP43 is attached to form RCC1 monomers. For further explanation, see “Discussion.”

steps of PSII assembly were suggested to occur (4, 5). Here, we
have demonstrated that PratA itself plays an essential role in the
spatial organization of PDMs as a PSII biogenesis platform
because its inactivation (in contrast to that of other factors)
severely affects the sublocalization of all other PSII assembly
factors tested, i.e. SIr1471, YCF48, and S110933 (Fig. 2B). Addi-
tional support for a role of PDMs during the initial steps of PSII
assembly is provided by the preferential accumulation of pD1 in
this membrane subcompartment (5). In contrast, the inner
antennal proteins CP47 and CP43, which are attached to PSII
RC complexes during later steps in PSII biogenesis, are local-
ized to TMs (Fig. 2A4). The immediate assembly partner of D1,
the D2 subunit of PSII, was found in both PDMs and TMs,
suggesting that assembly proceeds from lighter to more dense
membrane fractions in the order D1 + D2 + CP47/CP43. This
is consistent with current models of PSII biogenesis based on
the analysis of PSII assembly intermediates by two-dimensional
Blue native/SDS-PAGE (11) and is further supported by the
relative accumulation of the early PSII assembly factors Slr1471
and YCF48 in PDMs (Fig. 24). Intriguingly, D2-containing
PDM fractions 4 —6, which probably mark the positions of RC
complexes, represent the only membrane fractions in which
the chlorophyll a precursor chlorophyllide a accumulates to
detectable levels. However, the POR enzyme is localized mainly
in TMs and only to smaller proportions in fractions 5 and 6 (Fig.
2A). Possibly, the chlorophyllide a synthesized in TMs is con-
verted faster into chlorophyll 4. In chloroplasts, the respective
enzyme, the chlorophyll synthase, has been localized exclu-
sively in TMs, whereas activity measurements in Synechocystis
revealed its presence in both TMs and perhaps the PDMs
resembling thylakoid centers (19, 25). As discussed previously
(4), it also remains to be established whether the pool of chlo-
rophyllide a in PDMs is synthesized by the light-dependent
POR enzyme or the light-independent POR system in cyano-
bacteria (27). To answer this question, the ChIL subunit of
light-independent POR was used for antiserum production, but
due to unspecific binding of the antibody, no conclusions could
be drawn (data not shown). Nevertheless, the strong reduction
of chlorophyllide @ accumulation in PDMs in the pitt™ mutant
suggests a direct involvement of POR in the synthesis of PDM-
localized chlorophyll and, concomitantly, a more efficient con-
version of residual childe a to chlorophyll  in the pitt™ mutant.
Thus, the data suggest that chlorophyll a synthesis/integration
is correlated with RC complex formation. This is further evi-
denced by the finding that inactivation of the RC assembly fac-
tor YCF48 (14) clearly affects both the localization and accu-
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mulation of POR (Figs. 2C and 3 and Table 1). Therefore, the
chlorophyll synthesis enzyme POR and its interaction partner
Pitt appear to be integrated into the assembly network. More-
over, Pitt levels are clearly increased in the ins0933, ctpA~,
psbB™, and psbA~ strains, suggesting that, in these mutants,
regulatory pathways that are dedicated to the compensation of
photosynthetic deficiencies are activated. Overall, the results
obtained therefore substantiate a tight connection between
membrane protein assembly and pigment insertion.

A Network of Assembly Factors Mediates PSII Assembly—The
patterns of co-localization among assembly factors and their
response to genetic perturbation point to certain interdepen-
dences between them. This is most striking in the case of YCF48
and S110933. (i) S1l0933 inactivation shifts the distribution of
YCF48 toward PDM fractions. (ii) Accumulation of each is
decreased in the absence of the other. (iii) The levels of both
proteins decline in the absence of D1. (iv) The two factors co-
migrate, at least partially, in two-dimensional Blue native/SDS
gels, and the absence of S110933 affects the migration behavior
of YCF48. (v) Immunoprecipitation of YCF48 with a cognate
antiserum also brings down Sl10933, demonstrating that the
two factors form part of the same complex. Moreover, yeast
two-hybrid assays have shown that the S110933 homolog from
A. thaliana, PAM68, interacts directly with several PSII sub-
units and assembly factors, including the plant YCF48 homolog
HCF136 (15). In addition, YCF48 has previously been shown to
recognize the pD1 C-terminal extension, whereas S110933 has
been implicated in the accumulation of PSII RC complexes that
lack the inner antennal protein CP47 but contain YCF48 and
pD1/D1 (14, 15). In the mutant ins0933, no stable accumulation
of RC complexes and no pD1 precursor protein could be
detected, suggesting rapid conversion of RC complexes into
monomeric PSII core complexes (RCC) (15). Considering that
the two factors localize to different membrane fractions and
that S110933 is strongly dependent on the presence of CP47
(Figs. 2A and 3 and Table 1), the following scenario for the early
steps of de novo PSII assembly can be envisaged (Fig. 5). In
PDMs, the pD1 precursor protein first associates with the
periplasmic PratA protein. Following the addition of D2 to
form the RC complex, YCF48 is then attached via the C termi-
nus of pD1 (14). The resulting complex then moves to TMs,
where S110933, possibly together with CP47, binds to YCF4s8,
thereby facilitating the correct integration of CP47 into the RC
to yield the RC47 complex. This process appears to be acceler-
ated in the ins0933 mutant strain because no RC complexes and
pD1 accumulate in ins0933 cells despite the presence of wild-
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type levels of functional PSII complexes (15). This suggests
rapid conversion of pD1 into D1 and formation of RC47
complexes.

The question arises as to the function of the S110933-medi-
ated delay of PSII assembly. One possibility is that a slow down
in PSII assembly might allow for more efficient integration of
other factors, such as chlorophylls, into RC complexes. This
idea is especially appealing in light of the relationship between
YCF48 and the POR enzyme discussed above, as well as the
accumulation of chlorophyllide  in fractions likely to contain
RC complexes. Further evidence suggesting a connection
between chlorophyll integration and YCF48/S110933 (and thus
RC complex formation) is provided by the finding that S110933
levels fall upon Pitt inactivation (Fig. 3 and Table 1). In addition,
inhibition of maturation of RC-localized pD1 in the ctpA~
mutant is accompanied by a reduction in the levels of both POR
and S110933 (Fig. 3 and Table 1) and aberrant accumulation of
CP47 in PDM fractions.

Alternatively or in addition, it is conceivable that S110933
participates in a quality-control step during movement of RCs
into TMs. Obviously, more detailed studies are required to elu-
cidate the precise functions and interrelationships of assembly
factors like PratA, Pitt, and YCF48/S110933. All of them seem to
interact at the interface between PDMs and TMs to coordinate
early steps in the PSII maturation pathway.

One aspect that has not been addressed in this work concerns
the reassembly of PSII during repair after photodamage to the
D1 protein. It is still unclear whether D1 repair and de novo PSII
assembly are spatially separated. In chloroplasts of C. rein-
hardltii, repair and de novo synthesis indeed take place in differ-
ent TM subfractions, raising the possibility that the same holds
for cyanobacteria (28). The factor Psb27 has recently been
shown to be involved in facilitating the assembly of the manga-
nese cluster of PSII during the repair process (29, 30). However,
when we analyzed the membrane distribution of PSII assembly
factors in a psh27 mutant, no alterations were observed (data
not shown). Hence, the question remains open whether PSII
reassembly in general (and Psb27 in particular) is integrated
into the network responsible for the de novo assembly of PSII.

Conclusions and Future Perspectives—The emerging picture
of TM biogenesis in cyanobacteria is dominated by a strict spa-
tiotemporal organization, especially of the early steps in PSII
assembly. Initially, the pD1 precursor protein is integrated into
regions that contact the PM. Progressive maturation of PSII,
with sequential formation of the intermediate complexes RC,
RC47, and RCC1, then occurs in a subcompartment that is
linked to the TMs. This physical and functional link is repre-
sented by the PDM. The maturation process also includes the
insertion of chlorophyll a and probably other cofactors like
carotenoids and the non-heme iron atom of PSIL. Apparently,
YCF48 and S10933 play a crucial role in this process at the
interface between PDMs and TMs. It is tempting to speculate
that the connecting PDMs are identical to previously described
thylakoid centers that are located at the ends of converging TMs
close to the PM (3, 4). Future work will have to determine the
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precise location of PDMs within the cell using high resolution
imaging of live cells and electron microscopy.
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