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In photosynthetic organisms like cyanobacteria and plants,
the main engines of oxygenic photosynthesis are the pigment-
protein complexes photosystem I (PSI) and photosystem II
(PSII) located in the thylakoid membrane. In the cyanobacte-
rium Synechocystis sp. PCC 6803, the slr1796 gene encodes a
single cysteine thioredoxin-like protein, orthologs of which are
found in multiple cyanobacterial strains as well as chloroplasts
of higher plants. Targeted inactivation of slr1796 in Synechocys-
tis 6803 resulted in compromised photoautotrophic growth.
The mutant displayed decreased chlorophyll a content. These
changes correlated with a decrease in the PSI titer of the mutant
cells, whereas the PSII content was unaffected. In the mutant,
the transcript levels of genes for PSI structural and accessory
proteins remained unaffected, whereas the levels of PSI struc-
tural proteins were severely diminished, indicating that Slr1796
acts at a posttranscriptional level. Biochemical analysis indi-
cated that SIr1796 is an integral thylakoid membrane protein.
We conclude that SIr1796 is a novel regulatory factor that mod-
ulates PSI titer.

Oxygenic photosynthesis is performed by pigment-protein
complexes located in the thylakoid membranes of cyanobacte-
ria and chloroplasts. This process generates atmospheric oxy-
gen and chemical energy in the form of carbohydrates and is
thus the ultimate source of food, feed, and fuel on the planet.
Photosystem II (PSII)” performs light-driven oxidation of water
(generating a strong oxidant, P680") and initiates the electron
flow to photosystem I (PSI) via the cytochrome b, f complex
during linear electron flow, whereas PSI catalyzes the last step,
the oxidation of plastocyanin in the thylakoid lumen and reduc-
tion of ferredoxin to generate ATP and NADPH (a strong
reductant) for CO, fixation. Thus, oxygenic photosynthesis
operates in both highly oxidizing and reducing redox environ-
ments, conditions that inevitably lead to the production of reac-
tive oxygen species.
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In photosynthetic organisms, a number of proteins are pres-
ent that are involved in redox activity (1, 2). These include thi-
oredoxins (Trxs), small proteins that can regulate enzyme
activity by acting as reversible redox switches. Trxs belong to
the thioredoxin superfamily of proteins, which contain a com-
mon thioredoxin fold with a characteristic two-cysteine CXXC
active site motif (where X is any amino acid). The CXXC motifs
have different variants, including Trx folds with only a single
cysteine, which are comparatively less well studied (3). Redox
regulation by Trx fold proteins via their oxidation, reduction, or
disulfide exchange activities, depending on their redox envi-
ronments, is an extensive system in almost all life forms, includ-
ing oxygenic photosynthetic organisms.

PSIis among the largest and most complex multisubunit pig-
ment-protein structures in nature (4). Most cyanobacterial PSI
functions as a trimer with each monomer containing 12 sub-
units (PsaA—F, Psal-M, and PsaX) and 127 cofactors, including
96 chlorophylls, 22 B-carotene pigments, four lipids, three Fe-S
clusters, and two phylloquinone molecules (5). Although PSI
structure and function are well understood, how the subunits
and cofactors are incorporated into functional PSI complex
remains largely unexplored (6).

To date, a few accessory protein factors involved in the stable
accumulation of PSI have been identified in cyanobacteria,
higher plants, and algae (6, 7). These accessory factors can be
divided into four functional classes: (i) subunit assembly fac-
tors, including Alb3 (8, 9), Ycf3 (10, 11), Ycf4 (12, 13), Ycf37/
Pyg7 (14, 15), Y3IP1 (16), and two lumenal proteins, PPD1 (17)
and Psa2 (18); (ii) proteins involved in cofactor biogenesis,
including RubA (19, 20), Hcf101 (21, 22), and CnfU/Nfu2 (23,
24); (iii) PSI stability maintenance factors such as BtpA (25, 26);
and (iv) regulators for PSI gene expression (27). Although our
knowledge of PSI biogenesis has advanced with these discover-
ies, the exact roles of many of the above factors and the details of
PSI assembly remain to be investigated (6, 7, 28).

A set of protein factors involved in PSI assembly or stability
has been identified in cyanobacteria (15, 19, 20, 25). Here, we
report a strain of Synechocystis sp. PCC 6803 (hereafter Syn-
echocystis 6803) lacking the protein Slr1796, which contains a
Trx fold with only a single cysteine, and demonstrate that this
strain has a higher PSII/PSI ratio. We show that the change in
PS stoichiometry is a result of a severe reduction of PSI and that
SIr1796 acts at a post-transcriptional step during PSI biogene-
sis. We localized SIr1796 in the cell and examined the ultra-
structural changes resulting from the deletion of s/r1796. Our
data suggest that Slr1796 is a novel thylakoid protein required
for the normal accumulation of PSI.
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FIGURE 1.SIr1796 is a single cysteine thioredoxin-like protein in thylakoid membrane. A, schematic diagram showing the domains of the SIr1796 protein
in Synechocystis 6803. Transmembrane sequence prediction was performed using the TMHMM program. The single cysteine thioredoxin-like fold was pre-
dicted by UniProt. The positions of cysteine residues are labeled. B, phylogenetic analysis of the evolutionary relationship between SIr1796 and its orthologs
in selected cyanobacterial species. Red, thermophile; green, nitrogen-fixing; brown, strain lacking thylakoids. The land plant A. thaliana was used as an
out-group. The scale bar indicates the number of amino acid substitutions per site.

Results

Disruption of slr1796 Leads to Higher PSII/PSI Ratio—The
protein Slr1796 was identified as a thylakoid membrane com-
ponent by proteomics studies (29, 30), but the role of the pro-
tein remained unknown. The Slr1796 protein has three cysteine
residues (Fig. 14). Cys-6 and Cys-13 are located near the N
terminus, share poor sequence similarity with other homologs,
and are followed by a transmembrane segment. A single cys-
teine residue, Cys-96, is present in a thioredoxin fold and is
highly conserved among homologs of Slr1796 (data not shown).

The phylogenetic relationships of orthologs of Slr1796 in a
number of cyanobacteria, including many well studied strains,
are shown in Fig. 1B. Phylogenetic analysis showed that close
orthologs of SIr1796 are present in most (if not all) cyanobac-
terial strains with completely sequenced genomes, including
both diazotrophic and non-diazotrophic strains (Fig. 1B). In
addition, similar orthologs are predicted to be present in land
plants such as Arabidopsis thaliana. 1t is noteworthy that an
ortholog is present in Gloeobacter violaceus, a cyanobacterium
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without thylakoid membranes. Therefore, the s/r1796 gene
might have evolved before the development of the thylakoid
membrane system.

To investigate the function of Slr1796, the corresponding
gene was deleted in Synechocystis 6803 (Fig. 2A). The resulting
Aslr1796 mutant was segregated in the presence of glucose and
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) as verified
by PCR (Fig. 2B). A complemented (Comp) strain was also con-
structed in which the slr1796 gene was inserted in the genome
of the Aslr1796 mutant at the chromosomal neutral site NS1,
which has been shown to be a region of nonexpressed DNA (31)
(Fig. 2C).

The segregated Aslr1796 mutant is stable when grown pho-
toautotrophically and grows with a doubling time that is about
3 times slower than wild type (WT) (Fig. 3A). The visual phe-
notype of the Aslr1796 culture showed that the deletion strain
appeared bluer in color compared with the WT culture (Fig.
3B), which could indicate an increase in the pigment ratio of
phycobilin to chlorophyll. For a quantitative analysis, absorp-
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FIGURE 2. Genetic deletion and complementation of the slr1796 gene of
Synechocystis 6803. A, scheme of sIr1796 replacement by a Km® cassette. B,
PCR confirmation of complete segregation of the As/r1796 mutant. Primer
positions are indicated. Primer pair p3 + p4 is specific to the slr1796 gene
(0.37-kb product) but not to Km*. The expected size of the PCR products from
primers p1 + p2is 2.0 kb in WT and 2.6 kb in the mutant. M, DNA size standard.
C, construction of the Comp strain. Slr1796 was fused at the C terminus with
a His, tag and expressed under the P s, promoter in the Aslr1796
background.

tion spectra of intact cells were measured on a per cell basis (Fig.
3C). The mutant showed a large reduction in chlorophyll
absorption at 436 and 676 nm compared with WT. The phyco-
cyanin (PC) peak at 625 nm remained virtually unchanged. In
contrast, the chlorophyll content of the mutant cells was nearly
75% decreased compared with WT, whereas PC levels were
similar (Table 1). Thus, the 3.6-fold higher PC/Chl ratio in the
Aslr1796 mutant was mainly due to the significant decrease of
chlorophyll content.

To determine the effects of the deletion of the sir1796 gene
on the photosynthetic pigment-protein complexes, 77 K low
temperature fluorescence emission spectra were measured
(Fig. 3D). Upon excitation of chlorophyll, the Aslr1796 strain
yielded three peaks as in WT; however, in the mutant, the PSI
peak at 721 nm was much smaller, and the two peaks at 685 and
695 nm from PSII increased markedly, demonstrating that the
mutant had a much higher PSII/PSI ratio as compared with
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WT. Furthermore, WT-like growth, culture color, whole cell
absorption, and 77 K Chl fluorescence emission characteristics
were fully restored by expression of the Slr1796 protein in the
Comp strain (Fig. 3). These results indicated that the Slr1796
protein has a direct role in modulating the photosystem stoi-
chiometry in Synechocystis 6803. We grew WT, the sir1796
mutant, and the complemented strains under light-activated
heterotrophic growth conditions (32) to test the light sensitivity
of the strains. Fluorescence emission spectra at 77 K showed
that each of the three strains yielded peaks similar to those of
cells grown under normal conditions as described above (data
not shown).

PSI Content and Activity Is Specifically Reduced in the
ASIr1796 Mutant—Because the phycobilisome light-harvest-
ing antenna remained unaffected, we further specifically exam-
ined PSI and PSII activity in the Aslr1796 mutant. Based on
equal cell numbers, the mutant showed a slightly higher PSII
activity compared with WT (which corresponds to about 423
wmol of O,'mg of Chl™*+h ™! for WT) (Table 1). Net activity of
photosynthesis in the Aslr1796 mutant cells was reduced to
about 67% of the WT level (Table 1). We also measured PSI-
mediated oxygen consumption rates and found that PSI activity
in the Aslr1796 mutant cells was about 64% of WT (Table 1).
Note that because the Aslr1796 strain contains much less chlo-
rophyll per cell compared with WT we chose to present most
data on a per cell basis.

Chl a fluorescence monitoring of PSII capacity in the mutant
showed results consistent with the above rates (Fig. 44). The
ratio of variable fluorescence yield (F,) to maximum fluores-
cence (F,, (33) indicates the maximum photochemical effi-
ciency of PSII when all reaction centers are open. The mutant
had a 1.2-fold higher F,/F,, ratio than WT, indicating that PSII
content and function are not compromised in the Aslr1796
mutant. The Comp strain had almost the same level of variable
fluorescence as WT.

In contrast, the PSI content was severely reduced in the
mutant as revealed by the kinetics of P700 oxidation of whole
cells (Fig. 4B). The maximum oxidation of P700 in the mutant
under standard light was significantly less than that of WT and
the complemented strain. When electron flow from PSII and
the plastoquinone pool was completely blocked by adding the
inhibitors DCMU and 2,5-dibromo-6-isopropyl-3-methyl-1,4-
benzoquinone (DBMIB), AA.,. ... (indicating the pool size of
photooxidizable P700) was dramatically smaller in the mutant
cells. In the complemented strain, P700 redox kinetics was fully
restored to WT levels. These results led us to conclude that this
mutant has a significantly reduced PSI content. This is also
consistent with the observation of PSI peak reduction in the low
temperature Chl fluorescence emission spectra (Fig. 3D).
Taken together, the significant increase in the PSII/PSI ratio
in the mutant was principally attributed to the decrease in PSI
titer, rather than the increase in PSII content, with a simulta-
neous loss of PSI activity.

Slr1796 Regulates PSI Accumulation at a Posttranscriptional
Level—The transcript levels of PSI and PSII genes in WT and
the deletion mutant strains were examined by reverse tran-
scription (RT)-PCR. Interestingly, the transcript abundances of
11 PSI subunits, four PSI assembly factors, and two PSII sub-
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FIGURE 3. Phenotypic characterization of WT, the Aslr1796 mutant, and the complemented strain of Synechocystis 6803. A, growth curves of three
strains grown under 40 umol of photons m ™25~ ", Error bars represent the standard deviation of three biological replicates. B, strains grown in liquid culture to
the same OD,5, ., Showing differences in the culture color. C, whole cell absorption spectra of three strains adjusted to equal cell numbers. Absorption peaks
for chlorophyll a are at ~440 and 680 nm and for phycobilins at ~620 nm. D, low temperature (77 K) chlorophyll fluorescence emission spectra. The excitation
wavelength was 435 nm. Peaks at 685 and 695 nm arise from PSII; the peak at 721 nm arises from PSI. For C and D, three or more independent replicates were

performed, and representative data are presented. r.u., relative units.

TABLE 1

Cellular pigment and membrane content and photosynthetic activity of WT and Aslr1796 mutant cells
All measurements are shown as the result for 1 X 10° cells. Errors represent the standard deviation of at least three independent biological samples. MV, methyl viologen;

Asc, sodium ascorbate; DAD, diaminodurene; DCBQ, 2,6-dichloro-p-benzoquinone.

Photosynthetic activity”

Net PSII PSI
Chl PC PC/Chl Membrane protein (H,0—CO,) (H,O0—DCBQ/FeCN) (Asc/DAD—MV)
Hng ng ng wmol of 0,10° cells-h™"
wWT 2.6 +0.2 223 + 1.6 8.6 = 0.6 58.9 = 0.9 09 +0.1 1.1*+01 —0.62 = 0.04
Aslri796 0.7 0.1 21.7 = 0.8 31.0 = 0.9 353 + 0.7 0.6 +0.1 1.3+02 —0.40 = 0.03

“ Determined with independent biological cell samples from those used for pigment and protein quantification.

units genes were almost unchanged in the Aslr1796 strain (Fig.
5), suggesting that Slr1796 does not act at the transcriptional
level or at the level of mRNA maturation or stability.

To verify the stoichiometric alteration of PSI in the Aslr1796
mutant and investigate how SIr1796 is involved in modifying
the photosystems, levels of protein components in major com-
plexes in the photosynthetic electron transfer chain were exam-
ined by immunoblotting. Total membranes were prepared
from WT, mutant, and Comp cells and resolved by SDS-PAGE
with equal protein amounts loaded. Western blot signals of
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proteins from the mutant strain were quantified relative to
those in WT. For the WT samples, a dilution series was
included to properly estimate the relative protein subunit levels
in the mutant. Notably, the amounts of PSI subunits in the
mutant strain were dramatically decreased and returned to WT
levels in the Comp strain (Fig. 6). In particular, the levels of the
reaction center dimer proteins PsaA and PsaB, which contain
the majority of Chl a, were sharply reduced in the mutant cells.
In contrast, the levels of factors involved in PSI assembly or
stability (BtpA (25, 26), Ycf3 (10), and Ycf4 (33)) as well as PSII
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FIGURE 5. Transcript levels of PSI and PSIl genes in WT and Aslr1796
mutant cells. The constitutively expressed rnpB gene was used as a reference
and to show that samples do not contain contamination from genomic DNA
when no reverse transcriptase (RTase) was added. The primer pair used for the
detection of s/r1796 gene was p3 + p4 as in Fig. 2A. Optimal PCR cycles were
determined for each primer pair to ensure that the amplifications were in the
linear range. Three or more independent replicates were performed, and rep-
resentative results are shown.

and cytochrome b.f subunits were slightly increased in the
mutant.

We measured total membrane protein concentrations in WT
and mutant samples containing equal cell numbers and found
that the mutant had about 40% less total membrane protein
content compared with WT (Table 1). It is notable that the loss
of significant amounts of PSI, a major membrane protein com-
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ponent, resulted in considerable loss of overall membrane pro-
tein content. This explains why the PSII core subunit examined
here, D1, showed a slightly higher content in the mutant when
compared with WT in samples that were loaded on an equal
protein basis (Fig. 6). The protein profiles of PSI and PSII com-
plexes were consistent with the above evidence indicating that
the deletion of Slr1796 specifically reduced the PSI content and
activity in Synechocystis 6803.

Blue native PAGE showed that the levels of both PSI trimer
and monomer were lower in the Aslr1796 mutant compared
with WT (Fig. 7). The loss of Slr1796 appears to not affect the
formation of the PSI trimer, and no new chlorophyll-protein
complexes were observed in the As/r1796 membrane
complexes.

Slr1796 Is a Thylakoid Membrane Protein—Thylakoid mem-
branes were prepared by aqueous polymer two-phase partition-
ing from cells broken with glass beads (34). Cellular subfrac-
tionation revealed that Slr1796 is present in the thylakoid
membrane fraction and not in plasma membrane (Fig. 84).
Slr1796 has been detected as a component of the thylakoid
membrane in proteomics studies of isolated membrane frac-
tions (29, 30), and our result is consistent with these studies.
Considering the presence of a transmembrane fragment in
SIr1796, as predicted by TMHMM,, it is likely an integral thyla-
koid protein. To examine the strength of the association of
SIr1796 with the thylakoid membrane, isolated membranes
were treated with detergent or salts (solubilizing agents of dif-
ferent ability to release membrane proteins) and then separated
into pellet and soluble fractions by centrifugation. As seen in
Fig. 8B, the strongest treatment of the membranes with 0.25%
Triton X-100 could only partially release the Slr1796 protein,

JOURNAL OF BIOLOGICAL CHEMISTRY 18693
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Brilliant Blue (right). Molecular mass markers are indicated, and the assign-
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but treatment with 1 M NaCl or 0.1 M Na,COj did not, whereas
the latter could fully dissociate the peripheral subunit PsaE
from the thylakoid membrane. The overall pattern was similar
to that of the integral membrane protein D1. Thus, we conclude
that SIr1796 is an integral thylakoid membrane protein.

As mentioned above, we determined that Aslr1796 cells have
~40% less membrane protein content (Table 1). We reasoned
that this large difference in protein content in the membranes,
concomitant with the large decrease in PSI, would likely result
in altered cellular morphology in the As/r1796 strain. We exam-
ined the ultrastructure of the mutant cells by transmission elec-
tron microscopy (TEM) and specifically investigated any
changes in thylakoid membrane morphology (Fig. 9). The gen-
eral cellular arrangement of the mutant strain was similar to
WT with thylakoid membranes located in the cell periphery
and other cellular components, including carboxysomes and
polyphosphate bodies, occurring in typical quantities. The
mutant strain appeared to have a less extensive thylakoid mem-
brane system with shortened membrane segments when com-
pared with WT (Fig. 9, C and D). In WT cells, thylakoid mem-
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total cellular protein; lanes 2 and 3, pellet and soluble fractions after centrifu-
gation; lanes 4 and 5, plasma and thylakoid membranes isolated by two-
phase partitioning, respectively, that were validated by the detection of spe-
cific marker proteins NrtA and CP47, respectively. B, immunoblotting
detection of SIr1796-His in pellet (P) and soluble (S) fractions of thylakoid
membrane treated with the indicated solubilizing agents. D1 was used as a
control integral membrane protein, and PsaE was used as a control extrinsic
protein.

branes often formed long bands of concentric layers of
membranes that occupied much of the cell periphery (Fig. 94).
In contrast, in the mutant cells, thylakoid membranes were typ-
ically found in segments ~400—-700 nm in length. The thyla-
koid membrane spacing was also altered: in the mutant, mem-
brane layers were separated by an interthylakoidal distance of
68 = 9 nm (Fig. 9D) compared with a distance of 40 = 8 nm in
WT cells (Fig. 9B). In the complemented strain, these distances
were closer to WT levels at 51 = 6 nm (Fig. 9F). Thus, the
deletion of As/r1796 and the resulting changes in photosystem
content and stoichiometry also resulted in profound modifica-

tions to thylakoid membrane architecture.

Discussion

In this work, we have described a novel thylakoid membrane
protein involved in PSI assembly or stability. Deletion of the
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FIGURE 9. Transmission electron micrographs of WT, the Aslr1796
mutant, and the complemented Synechocystis 6803 strains. Aand B, WT; C
and D, Aslr1796 mutant; E and F, Comp strain. Scale bars in A, C, and E repre-
sent 200 nm. The boxed region is enlarged in B, D, and F, respectively. The
black lines in B, D, and F depict the measurements of the interthylakoidal
space in each strain. Thylakoid membranes (7) are also labeled.

slr1796 gene caused a specific reduction of PSI activity and an
increase in the PSII/PSI ratio; however, the mutant could grow
photoautotrophically under high light conditions (200 umol of
photons m ™~ s !). The complementation of the sir1796 muta-
tion restored the WT phenotype, including growth rate and cell
culture color (Fig. 3). Thus, the thioredoxin-like Slr1796 pro-
tein appears to be a critical factor for the accumulation of PSI.

Slr1796 Is Specifically Required for PSI Accumulation—The
observed partial loss of PSI activity in the Aslr1796 strain results
from the reduced levels of PSI rather than defective PSI com-
plexes. Low temperature Chl fluorescence emission spectra
indicated an increase in the PSII/PSI ratio (Fig. 3D), which was
in parallel with the increase in the PC/Chl ratio (Table 1).
Because in Synechocystis 6803 cells most Chl is associated with
PSI and the light-harvesting phycobilisomes are mostly associ-
ated with PSIJ, it is likely that the increase in the above two
ratios is due to the reduction of PSI. This is supported by evi-
dence from kinetic spectroscopic characterizations (Fig. 4) and
PSI protein profiles (Fig. 6) as well as activity measurements
(Table 1). Moreover, the reduction of PSI content due to the
SIr1796 mutation had only a minor effect on PSII function as
evidenced from the rates of O, evolution (Table 1) and Chl
fluorescence (Fig. 44). These data suggest that SIr1796 is spe-
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cifically involved in modulation of PSI content rather than that
of other photosystem protein complexes.

In our examination of the levels of PSI proteins in the
Aslr1796 mutant, we observed decreases in all PSI protein sub-
units examined (Fig. 6). However, there were some differences
in the levels detected among subunits, ranging from ~15 to
~36% of the levels in the WT sample. The PsaE protein showed
a large decrease with ~16% of the protein amount compared
with WT. The PsaE protein is localized on the reducing side of
the PSI complex and has been shown to be involved in the
binding of ferredoxin or flavodoxin to PSI (35). We also found
that the PSI activity level in the mutant (~64% of WT) and the
PsaA/B protein levels (~30% of WT) are not in strict agree-
ment. It is possible that this differential loss of PSI proteins
contributes to the measured PSI activity. In particular, the lack
of PsaE might result in increased access for the electron accep-
tor methyl viologen, leading to higher PSI activity than
expected based on the PSI protein profiles.

Slr1796 May Function as a Novel Factor for PSI Ac-
cumulation—Of all known factors of PSI biogenesis, the ycf37
mutant of Synechocystis 6803 has the most similar phenotype
(15) in that this mutant also has a higher PSII/PSI ratio and
PC/Chl ratio with PSII amount unaffected. However, there are
differences between these two mutants. The reduction in PSI
content in Aslr1796 (about 20% of the WT level) is much more
severe than in the ycf37 mutant (about 80% of the WT level).
SIr1796 is predicted to possess a thioredoxin-like fold, whereas
Ycf37 contains three tetratricopeptide repeat units resembling
the structural organization of Ycf3, which is an essential factor
of PSIassembly, and its loss results in complete and specific loss
of PSI (10, 11). Deletion of the higher plant homolog of Ycf37,
Pyg7, also shows a more severe phenotype than the ycf37
mutant with a complete loss of PSI and an inability to grow
photoautotrophically (6). Moreover, the ycf4 mutant of Syn-
echocystis 6803 resembles Asir1796 and ycf37 except that it
increases the PSII/PSI ratio, resulting from both a reduction of
PSI and an increase of PSII (33). Later studies in tobacco and
cyanobacteria showed that Ycf4 may serve as a non-essential
factor (12). Additionally, two recently identified factors of PSI
assembly localized in the thylakoid lumen, PPD1 (17) and Psa2
(18), are not found in prokaryotes, including cyanobacteria (6,
7). Psa2 may have a functional link with Ycf3 in PSI assembly,
and disruption of Psa2 may affect Ycf3 abundance; however, in
our work, none of the PSI biogenesis factors (Ycf3, Ycf4, and
BtpA) in Synechocystis 6803 were affected upon deletion of
SIr1796 (Fig. 6). Thus, SIr1796 differs from other known factors
that regulate the biogenesis and/or stability of PSI.

A variety of processes, from gene expression (transcription,
mRNA maturation, and translation) to protein complex assem-
bly, can be the target point of the assembly factors (36). To
investigate at what level the SIr1796 protein acts on PSI accu-
mulation, we examined the transcript levels of PSI and PSII
genes. All of these genes in the mutant cells accumulated to the
same levels as in WT (Fig. 5), which implied that Slr1796 is
involved in PSI accumulation at a posttranscriptional level.
Another PSI assembly factor, Alb3 (8, 9), acts on early assembly
steps (6, 7) and affects the insertion of the complex in the thy-
lakoid membranes. In contrast, functional PSI complexes are
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inserted in the thylakoids in the Aslr1796 mutant (Figs. 4, 6, and
7), implying that the mechanism of action of Slr1796 is different
from that of Alb3.

Furthermore, the deletion of Slr1796 did not affect the level
of PSI assembly chaperones Ycf3 and Ycf4 but led to the simul-
taneous reduction of the PSI proteins examined (Figs. 5 and 6),
suggesting that it is unlikely that SIr1796 acts in the early stage
of PSI biogenesis. Our blue native PAGE result further showed
that both the PSI monomer and trimer were present but at
decreased levels in the mutant (Fig. 7). Thus, PSI could be cor-
rectly assembled and functioning, but the stability of mature
PSI complexes and/or the synthesis rate of some steps may be
negatively affected due to the lack of SIr1796. Furthermore, PSII
content and activity in the mutant were found to be at almost
the same levels as in WT as shown by the levels of D1 protein
(Fig. 6), PSII fluorescence (Fig. 4A4), and oxygen evolution rates
(Table 1). Taken together, the Slr1796 protein may represent a
novel factor that regulates PSI levels.

Absence of Slr1796 Results in Ultrastructural Changes—We
have shown that the levels of PSII and phycobilisomes are
essentially unchanged in the Aslr1796 strain but that PSI levels
are significantly decreased. Another strain in which PSI levels
are decreased is the PSI-less strain of Synechocystis 6803, which
lacks the PsaA and PsaB proteins (32). Analysis of this mutant
by TEM showed that the lack of PSI did not lead to changes in
thylakoid distribution; however, specific measurements of
interthyakoidal distances were not performed (37). Our analy-
sis of the As/r1796 mutant by TEM revealed a large increase in
the interthylakoidal distance compared with WT cells (Fig. 9).
Furthermore, the thylakoid membranes appeared to form
shorter segments as opposed to longer concentric layers found
in WT. Both of these phenotypes were restored to near WT
levels in the complemented strain. Although the mechanism of
these changes is unknown, the deletion of Slr1796 appears to
effect significant changes in thylakoid membrane organization
in addition to its involvement in photosystem stoichiometry.

Our results showed a specific effect of Slr1796 on PSI accu-
mulation and activity with minimal effect on the levels of other
thylakoid membrane components, in particular PSII. Based on
these data, we propose a scenario in which the lack of Slr1796
results in the loss of PSI complexes, and in turn this decreases
the total content of the thylakoid membrane system in the cell,
resulting in the less extensive membrane system observed in the
mutant. We think this is more likely than direct involvement of
Slr1796 in thylakoid membrane biogenesis that results in the
specific decrease of PSI in the cells. In this context, a vippl
mutant in Synechococcus sp. PCC 7002 was found to be defec-
tive in PSI formation with a secondary effect on the thylakoid
membrane system (38).

In summary, we have described Slr1796, a novel redoxin in
the thylakoid membrane that has a critical role in the regulation
of PSI content. Because PSI is among the largest and most com-
plex membrane-bound macromolecular assemblies in nature
and its biogenesis is rapid, the identification of relevant assem-
bly factors is essential to understand the mechanisms underly-
ing the biogenesis/stability of this photosystem and the biogen-
esis of thylakoid membranes in chloroplasts and cyanobacteria.
Future studies applying methods of protein-protein interac-
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tions such as cross-linking (39) will be useful to identify the PSI
subunits or their assembly chaperones interacting with the
Slr1796 protein and will advance the knowledge of how and
when PSI biogenesis happens in oxygenic organisms and the
involvement of redox-regulating proteins in this process.

Experimental Procedures

Cyanobacterial Growth Conditions—Synechocystis 6803
WT, mutant, and complemented strains were grown in BG11
medium (40) at 30 °C under a light intensity of ~40 wmol of
photons m~>s™ " unless otherwise indicated. Antibiotics (20
pg/ml kanamycin or 20 pg/ml gentamicin) were added where
required. Growth was measured at OD. 5, ..., on a Multi-culti-
vator MC 1000-OD (Photon Systems Instruments, Drasov,
Czech Republic).

Strain Constructions—The gene deletion mutant was gener-
ated by replacing the s/r1796 open reading frame with a kana-
mycin resistance (Km®) cassette. Upstream and downstream
DNA fragments flanking slr1796 were amplified using the
primers listed in Table 2. The Km” gene was amplified using
primers with overlapping regions to the two flanking frag-
ments, and a fusion PCR product from the three fragments was
generated and inserted into the pUC118 vector backbone using
the circular polymerase extension cloning method (41), result-
ing in plasmid pDel1796:Km". The Synechocystis 6803 WT
strain was transformed with this plasmid to generate
Aslr1796:Km®. Complete segregation of the mutant was
achieved in the presence of 10 mm glucose and 10 um DCMU
under low light (10 pwmol of photons m~?s™'). PCR was per-
formed to check segregation as shown in Fig. 2.

A complemented strain was also generated by placing the
sir1796 ORF with a C-terminal His, tag under the control of
the P.,s60 promoter to generate the plasmid p 560
SIr179His:Gm®. This plasmid targets genomic neutral site 1
(31) and was used for transformation of the Aslr1796 mutant to
create the Comp strain Aslr1796/p, . s60-Slr179Hisg.

Absorption and 77 K Fluorescence Emission Spectroscopy—
Synechocystis 6803 strains were adjusted to equal cell numbers,
and whole cell absorption spectra were collected on a DW2000
spectrophotometer (SLM-Aminco, Urbana, IL). Phycobilin
concentration was estimated using absorption data (42), and
chlorophyll concentration was determined using methanol
extracts as described (43).

77 K low temperature fluorescence spectra of samples
adjusted to equal cell number and corresponding to 5 ug/ml
Chlin WT were recorded on a Fluoromax-2 fluorometer (Jobin
Yvon, Cedex, France). The excitation wavelength for chloro-
phyll was set at 435 nm.

Kinetic Spectroscopic Measurements—To estimate PSI and
PSIT activity, cells were normalized to equal numbers. The
kinetics of PSI photooxidation was determined on a Joliot-type
spectrometer (JTS-10, Bio-Logic, France). For P700 absorption
changes, samples were illuminated for 5 s with far-red actinic
light (1,400 wmol of photons m ™~ s~ ') and detected at 705 nm.
Electron transport inhibitors DCMU and 2,5-dibromo-6-iso-
propyl-3-methyl-1,4-benzoquinone (both at 10 um) were
added where indicated. Absorbance without actinic illumina-
tion was used as baseline and subtracted.
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TABLE 2
Oligonucleotide primers used in this study
Product Forward (5'-3") Reverse (5'-3")
slr1796 left flank cagctatgaccatgattacgaattcccaaacagccccccagg ttcecttcacgacgtggaaaaaactcagtctaaaataggg

Kanamycin gene
slr1796 right flank

slr1796 deletion detection (p1 + p2)
slr1796 detection (p3 + p4)
slr1796-His,

ccaagcttgttgatgcggec
atcgccgctttggaagatga

pcpcséo—SIr179]-[is6 vector backbone tgagaccggtctcatgataaccagg
psaA gctaaggccaaagtctcecggt

psaB tgtactccctgecctectac
psbA ccccecggtggatattgatgg
psbB tgcccaggaatggattggtce
psaC gcagccaacacaatcctcecgg
PsaD accagcgcctctgaacaagt
psaE ggtgattgtgcgcttcgacc
psaF gccaagggccaaaggaaacc
pwl acggttcctacgctgcatct
psaJ taggggtggaaaagaagatcggg
psaK1 gccctaaagttgctggggtyg
psaK2 aactggggcagagccaagtc
psaL gggcatctttccacccccat
psaM atggcattatccgacacccaaat
MpA gaccaccgctggatctaccc
YCB agaggcgttacggttggagg
ycf4 tggtcacttgcccggacttt
ycf37 tgggctatgcctgttteget
rnpB agttagggagggagttgc

tttttccacgtcgtgaagaaggtgttgctgactca
gtggctttccecctcattcecttteccgacaacaaaaaaacgga

cataaagtcaagtaggagattaattcaatgattatgtctgtg

aaagaatgagggaaagccacgttgtgtct
atccccgggtaccgagectcgaattcggatggggacget
gaagccg
cctccagtggaagtggcgagt
atcgccgctttggaagatga
catgagaccggtctcagtgatgatgatggtggtgatc
gactaattcac
tgaattaatctcctacttgactttatgagttgg
tgggcattggcatggagatt
ggaagcccaagaagagggac
accccagctacccctaacat
acaccggtttgttccacact
ggttgtacccaatgcgteccg
cgtagggggctttaccggag
tattttgccgeccgettgeac
ccccgaaggttatccccacce
agcaaccccatggtcacagc
cctttttgtcaactgctccggt
ccagcacagcccctaaacca
gcgctcaaagagggggattg
gccatgcccacttccaaacc
cggaaagccaggaaagcagg
gagcgagcggaacaagaagc
gcccecggtgattttgagecag
agaagtattgggagcccgec
gaattggcccgececgttgag
taagccgggttctgttce

The reoxidation kinetics of the reduced PSII primary elec-
tron acceptor Q,~ was measured on an FL-200 dual modula-
tion kinetic fluorometer (Photon Systems Instruments) using
samples of equal cell numbers that were dark-adapted for at
least 3 min before measurement.

Photosynthetic Activity Measurements—Rates of oxygen evo-
lution and oxygen consumption in cell samples adjusted to
equal cell densities were measured using a Clark-type electrode.
Samples were incubated for 1 h in the dark at 30 °C before the
assay under heat-filtered light of 8,250 wmol of photons
m~>s~'. Whole chain electron transport in intact cells was
measured by adding 10 mm NaHCO,. PSI-mediated electron
transport was measured in cells by adding 1.0 mm sodium
ascorbate and 1.0 mm diaminodurene as electron donors, 2.0
mM methyl viologen as electron acceptor, and 20 um DCMU
before measurements (44, 45). For PSII-mediated electron
transfer, 1 mm K;Fe(CN)g and 0.5 mwm 2,6-dichloro-p-benzo-
quinone were added as electron acceptors.

RT-PCR—The relative transcript levels of various PSI and
PSII genes were evaluated by RT-PCR. Total RNA from Syn-
echocystis 6803 cells at an OD.5, .., of 0.4 was extracted using
RNAwiz (Ambion Inc., Austin, TX), treated with RNase-free
DNase I (Invitrogen), and then purified by phenol-chloroform
extraction and ethanol precipitation. The RT reaction was per-
formed using Superscript II reverse transcriptase (Invitrogen)
and random primers. The RNaseP gene (rnpB) was used as a
positive control with constitutive expression levels. The RT
products were amplified by PCR with empirically determined
cycles to ensure the PCR products represent a linear amplifica-
tion range. Primer sequences are listed in Table 2.

Membrane Protein Preparations, Electrophoresis, and West-
ern Blotting—Total membrane, thylakoid membrane, and
plasma membrane were isolated as described (34) with modifi-
cations. Cells were disrupted with glass beads (0.1 mm) in a
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Bead Beater (Biospec Products) for 10 cycles of 30-s beating and
30 s onice. Unbroken cells and debris were removed by centrif-
ugation at 5,000 X g for 5 min, the total protein fraction was
collected, membranes were then pelleted at 16,000 X g for 30
min and homogenized in two-phase buffer (0.25 M sucrose, 5
mM potassium phosphate buffer, pH 7.8) or other buffer where
indicated, and the supernatant was collected as the soluble pro-
tein fraction. Two or three rounds of two-phase partitioning
with 6.0% aqueous polymer systems (polyethylene glycol and
dextran) were conducted to produce thylakoid membrane from
the greener bottom phase and plasma membrane from the
brown top phase.

Protein concentrations were quantified using a Pierce BCA
Protein Assay kit (Thermo Scientific). Samples with equal pro-
tein amount were separated by 15% SDS-PAGE (46). After
transferring the fractionated proteins onto PVDF membrane
(Millipore, Billerica, MA), various proteins were detected by
using specific antisera, and the signals were visualized using
enhanced chemiluminescent HRP reagents (Millipore) on an
ImageQuant LAS-4000 imager (GE Healthcare). Two to three
independent replicates for each protein blot were performed,
and image quantification was done using Image] software.

For blue native PAGE analysis, Synechocystis 6803 mem-
branes were prepared and separated essentially as in Dithring et
al. (47). The membranes were solubilized with 1% (w/v) n-do-
decyl B-p-maltoside, and equal protein amounts were loaded
onto a 1.0-mm-thick NativePAGE 3-12% Bis-Tris gel along
with NativeMark unstained protein standard (Life Technolo-
gies). Electrophoresis was performed at 4 °C by increasing volt-
age from 70 up to 120 V during the 8-h run.

Chemical Wash of Membrane Vesicles—lonic and non-ionic
chemical wash treatments of thylakoid membranes were per-
formed as described (48). In brief, aliquots of 50 ug of mem-
brane proteins were washed twice and resuspended in 50 ul of
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HS buffer (10 mm HEPES, pH 7.6, 0.1 m sucrose) followed by
adding an equal volume of HS buffer (control), 2 M NaCl, 0.2 m
Na,COg, or 0.5% Triton X-100, respectively. The mixture was
incubated on ice for 30 min and centrifuged at 20,000 X g (4 °C)
for 10 min, the supernatants were collected, and the pellets
were washed twice with HS buffer. Samples were separated by
SDS-PAGE and analyzed by Western blotting using specific
antibodies as above.

Phylogenetic Analysis—The search for SIr1796 orthologs was
performed using the NCBI BlastP program. A list of sequences
with E value <10~ ° was generated and manually curated to
include entries that displayed similar sequence features as in
SIr1796 of Synechocystis 6803. Protein sequences were aligned
in MEGA 6.06 (49) using Clustal W, and a phylogenetic tree was
constructed using the neighbor-joining method (50). Bootstrap
values were calculated with 1,000 replications, and cutoff values
of 50% were chosen for visualization on the tree.

Sample Preparation for Electron Microscopy—The sample
preparation method was essentially as described (51). Culture
aliquots were frozen in a Bal-Tec high pressure freezer. Samples
were freeze-substituted in 2% osmium, acetone (3 days at
—80°C, 15 h at —60 °C, and slow thaw to room temperature)
and embedded in Spurr’s resin. Thin sections (~80 nm) were
cut and stained with uranyl acetate and lead citrate. Digital
images were viewed and collected using a LEO 912 transmis-
sion electron microscope operating at 120 kV and a ProScan
digital camera. Measurements were made from TEM images
using iTEM software (Soft Imaging System) or Fiji (52). Results
are given as the standard deviation of 25—35 measurements per
strain.
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