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In previous work, some members of our group isolated mutant strains of Synechocystis sp. strain PCC 6803
in which point mutations had been inserted into the psaC gene to alter the cysteine residues to the F, and F
iron-sulfur clusters in the PsaC subunit of photosystem I (J. P. Yu, L. R. Vassiliev, Y. S. Jung, J. H. Golbeck,
and L. McIntosh, J. Biol. Chem. 272:8032-8039, 1997). These mutant strains did not grow photoautotrophically
due to suppressed levels of chlorophyll a and photosystem I. In the results described here, we show that
suppressor mutations produced strains that are capable of photoautotrophic growth at moderate light intensity
(20 pmol m~2 s™1). Two separate suppressor strains of C14S,, ., termed C14S,_,-R62 and C14S,,-R18,
were studied and found to have mutations in a previously uncharacterized open reading frame of the Synecho-
cystis sp. strain PCC 6803 genome named s//0088. C14Sp.,--R62 was found to substitute Pro for Arg at residue
161 as the result of a G482—C change in sll0088, and C14S,,,-R18 was found to have a three-amino-acid
insertion of Gly-Tyr-Phe following Cys231 as the result of a TGGTTATTT duplication at T690 in sll0088. These
suppressor strains showed near-wild-type levels of chlorophyll a and photosystem I, yet the serine oxygen
ligand to F; was retained as shown by the retention of the S = 3/2 spin state of the [4Fe-4S] cluster. The
inactivation of sll0088 by insertion of a kanamycin resistance cartridge in the primary C14S,,, . mutant
produced an engineered suppressor strain capable of photoautotrophic growth. There was no difference in psaC
gene expression or in the amount of PsaC protein assembled in thylakoids between the wild type and an sll0088
deletion mutant. The sl/0088 gene encodes a protein predicted to be a transcriptional regulator with sequence
similarities to transcription factors in other prokaryotic and eukaryotic organisms, including Arabidopsis
thaliana. The protein contains a typical helix-turn-helix DNA-binding motif and can be classified as a negative
regulator by phylogenetic analysis. This suggests that the product of sl/0088 has a role in regulating the

biogenesis of photosystem I.

Photosynthetic organisms contain membrane-bound photo-
chemical reaction centers, which are complex metalloenzymes
composed of protein subunits encoded, in the case of higher
plants, in two different genomes, the nucleus and the plastid.
Among other functions, the protein subunits harbor inorganic
and organic cofactors that allow light-driven redox chemistry to
drive the biosynthetic and energy-requiring processes of the
cell. The studies described in this paper are concerned with the
biogenesis of photosystem I (PS I), an iron-sulfur-quinone
complex responsible for the reduction of ferredoxin, a metal-
loprotein that reduces NADP™ to NADPH (16).

The PS I reaction center contains the primary electron do-
nor P700 (a chlorophyll a-a’ special pair); the primary electron
acceptor A, (a chlorophyll @ monomer); an intermediate elec-
tron acceptor, A, (phylloquinone); and three bound [4Fe-4S]
clusters, Fy, F4, and Fy (for reviews see references 7 and 43).
The core of the PS I reaction center consists of 82-, 84-, and
9.3-kDa polypeptides, encoded by the psaA4, psaB, and psaC

* Corresponding author. Mailing address: Department of Biochem-
istry and Molecular Biology, The Pennsylvania State University, Uni-
versity Park, PA 16802. Phone: (814) 865-1163. Fax: (814) 863-7024.
E-mail: jhg5@psu.edu.

3878

genes, respectively. Fy is an interpolypeptide [4Fe-4S] cluster
residing between the PsaA and PsaB heterodimers, and F , and
Fy are [4Fe-4S] clusters within the PsaC polypeptide (2, 7, 19).

In previous reports, we investigated the effects of site-spe-
cific mutations on the assembly and function of the PS I reac-
tion center. We mutated the psaC gene of Synechocystis sp.
strain PCC 6803 (46), targeting specifically the ligands of the
[4Fe-4S] clusters in order to assign coordination of the F, and
Fy clusters to specific cysteine residues (21). Mutants of Syn-
echocystis sp. strain PCC 6803 were recovered in which the
cysteine ligands Cl4p, of Fg and C51p,c of F, were mod-
ified to alanine (Cl4Ap,, and C51Ap,c), aspartic acid
(C14Dp, and C51Dpg,), and serine (Cl14Sp,,~ and
C51Sp,c) residues. The results from these studies were critical
in arguing that PsaC is oriented with the F , cluster proximal to
F and the Fj cluster proximal to the soluble ferredoxin bind-
ing site (15).

The aspartate and serine PsaC mutants have dramatically
lower steady-state levels of chlorophyll a and PS I complexes
per cell (46) and grow only mixotrophically under low light
intensities (2.2 wmol m 2 s~ "). Isolated PS I complexes from
the mutants show competent charge separation between P700
and F ,-Fy; and high rates of electron transfer from cytochrome
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FIG. 1. A model is presented for the classes of proposed pseudor-
evertant mutations that could allow stable assembly and photosyn-
thetic activity of PS I. Class I, suppressor mutations lessening the flow
of electrons to PS I, limiting reduction of the quinone pool and pho-
tooxidative damage to PS I; class II, intergenic mutations in a reaction
center subunit, PsaB, allowing for assembly of a genetically altered
PsaC subunit; class III, an extragenic suppressor that is not within PS
I but influences its expression, stability, or activity.

¢ to flavodoxin. The lower PS I content rather than any in-
herent problem with primary photochemistry is apparently the
underlying reason for the lack of photoautotrophic growth. It
is reasonable to assume that the biogenesis of PS I was affected
by these subtle PsaC mutations, possibly at a level beyond
simple subunit assembly.

The biogenesis of many membrane complexes has been
studied through the use of suppressor mutations, for example,
the cytochrome bc, complex of Saccharomyces cerevisiae (5),
the rhodopsin I-transducer complex (20), and folding studies
of yeast cytochrome b (11). A similar approach toward analysis
of PS I complexes in cyanobacteria is complicated by the pres-
ence of multiple copies of the genome in each cell, but it has
been shown elsewhere to be feasible for Synechocystis sp. strain
PCC 6803 (45). In this work, we employ site-directed mutants
of PsaC (46) to select for suppressors, strains that are capable
of photoautotrophic growth. This genetic approach has been
successful for the recovery of suppressor mutants in Synecho-
cystis sp. strain PCC 6803 for the photosystem II (PS II) chlo-
rophyll binding protein CP47 (41) and for defining the Q4
“niche” on the PS II reaction center protein D2 (13).

In earlier work, members of our group isolated PsaC mu-
tants incapable of photoautotrophic growth (46) and then
showed that they could easily isolate pseudorevertants to these
primary mutations based on photoautotrophic growth selec-
tion on solid medium plates (45). In this study, we have at-
tempted to analyze the molecular mechanisms by which sup-
pressor mutations to PsaC mutations could allow for normal
assembly and function of PS I. At least three classes of possible
suppressor mutations are proposed to exist (Fig. 1). One type
of mutant could limit electron flow to PS I. This would have the
effect of not allowing the quinone pool to become completely
reduced, thereby lowering oxidative stress in the presence of
reduced PS I capacity. This class could be predicted from our
data (Table 1) (21, 46), which show that most of the PsaC
mutants could grow under reduced light intensities. The light
sensitivity of these primary mutants suggests that overreduc-
tion of the quinone pool may be responsible, in part, for the
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TABLE 1. Physiological characterization of photoautotrophically
grown cells of Synechocystis sp. strain PCC 6803

Doublin, Chlorophyll/ Whole-chain

Cell type” time (h)g cellPz Y 0, evolution?
WT-Gm" 26.6 = 3.2 1.65 = 0.13 3003 =424
WT-sll0088K 272 %53 2.96 = 0.01 177.0 = 21.1
C14Sp,,-R18 341+33 1.32 = 0.06 298.8 = 26.3
C14Sp,-R62 36.0 = 3.4 1.40 = 0.18 263.5 = 44.7
C14Sp,,-sI0088K 377+ 4.0 1.38 = 0.14 142.4 = 39.8

“ Results shown are averages and standard deviations from at least three
independent cultures.

& WT-Gm", wild-type cells with an inserted gentamicin resistance gene; WT-
slI0088K, wild-type merodiploid with a kanamycin resistance gene inserted in
slI0088; C14Spg,-R18 and C14Sp,,-R62, suppression mutant lines of C14Sp,,;
C14Sp,c-slI0088K, C14S with a kanamycin resistance gene inserted into sl/0088.

¢ Shown as micrograms of chlorophyll per milliliter per unit of optical density
at 730 nm at mid-log phase.

@ Shown as micromoles of O, per milligram of chlorophyll per hour.

inability to achieve photoautotrophic wild-type growth. This
was further substantiated when it was shown that addition of
N-(3,4-dichlorophenyl)-N'-dimethylurea (DCMU) would al-
low mixotrophic wild-type growth of some mutants under nor-
mal light conditions (22 wmol m~2 s~ ! [46]). A second class of
mutations could be structural mutations in an adjoining sub-
unit(s), allowing for stable assembly of the mutated PsaC
subunit. A number of such mutants were localized to the car-
boxy-terminal region of the PsaB subunit by genetic comple-
mentation of sections of the psaB gene into suppressor lines (J.
Yu and L. McIntosh, unpublished results). A third class of
mutations was found that shows no changes within the PS I
complex itself, indicating a possible regulatory function at
some unrecognized level. Two examples of this class of muta-
tions are the subject of this paper.

MATERIALS AND METHODS

Strains and growth conditions. Experiments were performed with a glucose-
tolerant strain of Synechocystis sp. strain PCC 6803 that was acclimated for
wild-type growth on solid medium in the dark. Photoautotrophic, mixotrophic,
and light-activated heterotrophic wild-type growth (LAHG) conditions, all at
30°C, were created as previously described (2). Antibiotics were added in the
indicated concentrations: kanamycin, 5 mg/liter, and gentamicin, 1 mg/liter.
Transformations were performed as described previously (30) except in the case
of strain AC-RCPT (46). AC-RCPT was employed in the lines in which site-
specific mutations (such as C14Sp,¢) to psaC were constructed, and gentamicin
was used in these constructs. Since they are light sensitive, the mutant strains
were carefully maintained in dim light (5 pmol m~2 s™! for 2 h of incubation)
throughout the procedure (mixotrophic wild-type growth in the presence of
glucose is inhibited at a white light intensity greater than 10 pmol m~2s™!). Dot
transformation was performed as described previously (45). Tests for photoau-
totrophic and mixotrophic growth were performed with solid media with or
without supplemental glucose. Cool-white fluorescent bulbs made by General
Electric Co. were used to provide continuous light. The light intensity was varied
by covering plates with layers of cheesecloth, and the intensity was monitored
with an L1-185A photometer (LICOR, Lincoln, Nebr.). Large cultures were
grown in carboys (15 liters) under LAHG conditions and were bubbled with air.
Doubling times were measured for established cultures in BG-11 medium sup-
plemented with the appropriate antibiotic, when applicable. The cultures were
incubated under 20 pmol of light m~2 s~! and at 30°C with air bubbling.

DNA manipulations. Nucleic acids were manipulated by standard methods
(37) unless otherwise stated. For amplification of DNA fragments from cya-
nobacterial strains, cells picked from a medium-size colony or an equivalent
number of cells collected from liquid culture were washed once with water and
used as a template. Amplification products were purified with a PCR purification
kit (Promega Corporation, Madison, Wis.). The procedure for preparation of
cyanobacterial DNA was adapted from reference 29 with two loopfuls of cells



3880 YU ET AL.

scraped from plates or cells from 10 ml of liquid culture being used to extract
DNA.

Transformation of Synechocystis sp. strain PCC 6803 and selection-growth
conditions. Synechocystis sp. strain PCC 6803 that was maintained under LAHG
conditions for at least two subcultures (cells were subcultured once a week) was
transformed with plasmids containing genes for kanamycin or gentamicin resis-
tance. Selection for antibiotic-resistant colonies was performed under LAHG
conditions. Resistant colonies were restreaked to obtain single colonies with at
least five serial transfers to obtain full segregation of the mutation. Complete
segregation was verified by restriction enzyme analysis of PCR products, direct
sequencing of PCR products, Southern hybridizations, and growth tests.

Immunoblot analysis of thylakoid membrane proteins. Thylakoid membranes
were isolated from Synechocystis sp. strain PCC 6803 cells, and sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and immunoblotting were per-
formed on these membranes as described previously (39). To resolve the PsaA-
PsaB proteins, SDS-10% polyacrylamide gels were used; to resolve the PsaC,
PsaD, PsaE, and PsaF proteins, SDS-17% polyacrylamide gels were used. The
D2 protein of PS II was resolved with an SDS-17% polyacrylamide gel to serve
as a control. Protein assays were performed by the method of reference 27. Equal
amounts of protein (150 pg) were loaded in each lane for thylakoid preparations.
Rabbit antiserum to PsaC was raised against recombinant PsaC protein from
Synechococcus sp. strain PCC 7002 expressed in Escherichia coli (25). Chloro-
phyll was extracted from whole cells at late log phase with methanol and quan-
tified by visible spectrophotometry with published extinction coefficients (26).

Identification of second-site mutations. The mutant C14Sp,,c, in which a
cysteine ligand to Fy is changed to serine, was introduced into Synechocystis sp.
strain PCC 6803 by site-directed mutagenesis (21, 46). To isolate pseudorever-
tants, 10% cells from a mid-exponential-phase culture grown under LAHG con-
ditions (2) were spread onto 90-cm-diameter plates with solid BG-11 medium
supplemented with gentamicin. The plates were placed at 30°C under 10 wmol of
white light m~2s~! for 2 days and then transferred to 22 wmol of white light m 2
s~! for up to 40 days. Colonies appeared spontaneously under these selective
conditions at frequencies between 10™° and 10™® in several tests (45). Approx-
imately 100 colonies were serially streaked three to four times. Two isolates,
C14Sp,,-R18 and C14S;,,-R64, were selected for further characterization. No
special criteria were used, other than photoautotrophic growth, to choose sup-
pressor lines for study. Due to the large number of other revertant strains found,
it cannot be determined if they are related to s//0088 until they are analyzed at
the molecular level. This work is under way.

The presence of the primary mutation C14Sp,, was checked by restriction
analysis and direct sequencing of the psaC fragment amplified with the following
primers: (i) ATATTATTTTTTTCGACTTTA and (ii) GATCAAAAATTGGA
ATAATG. Although true revertants have been found (codon TCT for serine
reverted to TGT for cysteine), both C14Sp,-R18 and C14Sp,,-R64 contained
the primary mutation, and no second-site mutations were found in the psaC
gene. DNA applied directly to the surface of a lawn of Synechocystis sp. strain
PCC 6803 embedded in agar can result in the transformation (dot transforma-
tion) of these cells (12). Total DNA isolated from the two pseudorevertants was
used to transform C14Sp,,. Clusters of transformed colonies appeared in 40
days under selective conditions, demonstrating specific DNA modifications (45).

The dot transformation technique was modified as follows to identify second-
site mutations anywhere in the genome. (i) Genomic DNA isolated from a
pseudorevertant was completely digested with HindIIl, and gel slices with dif-
ferent sizes of restriction fragments were cut from a low-melting-point agarose
gel. (ii) Each gel slice was melted, C14Sp,, was dot transformed, and a slice that
confers photoautotrophic growth was identified. (iii) A pUCI18 plasmid minili-
brary was made from DNA purified from that slice, and each plasmid was tested
in dot transformation. (iv) The identified plasmid was sequenced for the second-
site mutation, or smaller restriction fragments from the insert were tested in dot
transformation to narrow down the candidates.

Oxygen evolution. LAHG-condition-grown cells were washed once in 40 mM
HEPES buffer, pH 7.0, and cells containing 10 pg of chlorophyll a were resus-
pended in 1 ml of the same buffer and illuminated by saturating light at 25°C.
Rates of oxygen evolution were determined with a Rank-type oxygen electrode
unit. Whole-chain electron transport was measured in the presence of 10 mM
NaHCOj;. PS II electron transport was measured in the presence of 1 mM
2,6-dichlorobenzoquinone.

Low-temperature X-band EPR spectroscopy. X-band electron paramagnetic
resonance (EPR) experiments were performed with a Bruker ECS 106 X-band
EPR spectrometer and either an ER4012 ST resonator or an ER4116 DM
resonator. Cryogenic temperatures were maintained with an Oxford liquid he-
lium cryostat and an ITC4 temperature controller. The magnetic field was cali-
brated with a,a’-diphenyl-B-picryl hydrazyl (DPPH) as standard. The microwave
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frequency was measured with a Hewlett-Packard 5340A frequency counter. The
samples were resuspended to 500 pg of chlorophyll @ ml~" in 50 mM Tris buffer,
pH 8.3, containing 1 mM ascorbic acid and 50 wM dichlorophenolindophenol
(DCPIP) as electron donors.

RESULTS

Growth characteristics of pseudorevertants to the primary
mutation C14S,, . As described previously (46), the mutant
strain C14Sp,, ¢, in which the cysteine at position 14 of PsaC is
changed to a serine, does not grow photoautotrophically and
grows mixotrophically only under low (2.2 wmol m~2s™ ') light
intensity. Physiological characterization has shown that these
cells have a decreased PS I capacity, making PS I limiting for
whole-chain photosynthesis. The doubling time of the mutant
cells is increased, denoting diminished growth potential, while
whole-chain oxygen evolution capacity is reduced. Mixotrophic
growth (in the presence of glucose) is likewise inhibited by
white light (22 to 60 wmol m~2 s~ ') (46). As demonstrated
previously, these changes mirror the lowered amounts of chlo-
rophyll a and PS I complexes present in thylakoid membranes
(28). Isolated PS I complexes show competent charge separa-
tion between P700 and F,-Fy and high rates of electron trans-
fer from cytochrome ¢, to flavodoxin. Thus, it appears that the
cells have difficulty growing photoautotrophically due to the
inability of the reduced amount of PS I to accommodate elec-
tron flow from the unaltered PS II in the mutant cell lines.
Reduced light and mixotrophic growth apparently lessen PS II
electron flow so that the remaining PS I complexes remain
intact and function as “leaky” mutants.

Pseudorevertants to this primary mutation were selected by
their ability to grow photoautotrophically at moderate light
intensity (20 pmol m 2 s~ '). We selected two separate pseu-
dorevertants to C14Sp, for characterization: C14Sp,,~-R18
and C14S,_,-R62. The DNA sequence of the psaC gene was
checked in both pseudorevertants to confirm that the primary
mutation (45) was still present. Growth of the two pseudo-
revertants was similar to that of wild-type cells albeit with a
slightly increased doubling time (Table 1). The chlorophyll a
content was slightly reduced below that of wild-type cells.
Whole-chain oxygen evolution was like that of wild type within
the measured parameters (Table 1). These results indicate
that, although the primary mutation has been retained, the
cells are very close to the wild type in terms of growth and
photosynthetic capacity.

EPR analysis of suppressor lines. The EPR spectrum of the
F, and Fy iron-sulfur clusters was measured to confirm that
the C14Sp,-R18 and C14S,,,-R62 suppressor strains retain
the serine ligand to the Fy cluster. In PS I complexes isolated
from the wild type, F, and Fy have a net ground spin state of
S = 1/2. When PS I complexes are frozen in darkness and
illuminated with white light at 15 K (Fig. 2A), the one electron
in P700 is partitioned in a 1:3 ratio between Fy (g = 2.07, 1.93,
and 1.88) and F, (g = 2.05, 1.94, and 1.85). In PS I complexes
isolated from the C14S;, - mutant, the Fy cluster has a pro-
posed net ground spin state of § = 3/2 due to the substitution
of cysteine for serine at position 14 (15). The large spin an-
isotropy of the high-spin state leads to an extremely broad
spectrum, and a virtual disappearance of the resonances from
the mixed-ligand cluster in the g = 2 region. Hence, when PS



VoL. 185, 2003

A g §§FB C

.05
94
2.05

1.94
1.85
)

>

B p 8 S
o — — B
w Tauw | | |
< Saaa® F.,.F & = 23
] o A'B ] ) b FA

310 320 330 340 350 360 370 380 320 330 340 350 360 370 380 390
mT mT

FIG. 2. Light-dark EPR spectra of PS I complexes isolated from
the C14Sp,,-R18 pseudorevertant and from the wild-type strain. (A
and C) Wild-type (A) and C14S;,-R18 (C) samples frozen to 15 K
and illuminated for 5 min with white light to promote one electron to
F, or Fg. (B and D) Wild-type (B) and C14Sp,,~R18 (D) samples
frozen under continuous illumination with white light to promote two
electrons to F, and Fy. The spectra in panels A and C are expanded
twofold relative to the spectra in panels B and D. The g values of the
resonances are depicted above the spectra. Experimental conditions
were as follows: temperature, 15 K; microwave frequency, 9.4377 GHz
(A and B) and 9.2756 GHz (C and D); modulation frequency, 100
KHz; modulation amplitude, 10 G. The differences in the magnetic
field axis between panels A and C and panels B and D are due to the
use of different resonators.

I complexes isolated from the C14S;_,~ mutant are frozen at
15 K and illuminated, the only visible resonances are at g =
2.05, 1.94, and 1.86 from F,~. As shown in Fig. 2B, these
resonances are present in PS I complexes isolated from the
Cl14Sp.,-R18 pseudorevertant. Furthermore, there are no

A WT C14s B

WT  C145- R18 C
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resonances visible at g = 2.07, 1.93, and 1.88 from F~, imply-
ing that the serine at position 14 of PsaC has been retained as
the ligand to the Fy cluster. When PS I complexes are illumi-
nated during freezing, more than one electron can be pro-
moted from DCPIP and P700, and both clusters become re-
duced. In the wild type, this results in a complex “interaction”
spectrum of F,~ and Fy~ with resonances at g = 2.05, 1.94,
1.92, and 1.88 (Fig. 2C). In the C14S,,, mutant, the presence
of reduced F, causes the Fy cluster to undergo a spin-state
crossover from § = 3/2 to § = 1/2, and the sample shows
resonances at g = 2.05, 1.94, and 1.85 from F,~ and at g =
2.08, 1.98, and 1.89 from Fy~ ', where the prime denotes an
altered set of resonances from wild-type Fy. As shown in Fig.
2D, these resonances are retained in PS I complexes isolated
from the C14S;,,-R18 pseudorevertant, confirming that
serine oxygen is retained as the ligand to an iron atom of Fy.
The same pattern of resonances was present in the C14Sp, -
R62 pseudorevertant (data not shown).

5110088 gene and suppressor characterization. The two sup-
pressor lines, C14Sp,,~R18 and C14S;_,-R62, grow photo-
autotrophically at near-wild-type rates (Table 1) while the pri-
mary mutant Cl4Sp,~ is incapable of photoautotrophic
growth. Thylakoid membranes of the original C14S;,, mutant
contained decreased amounts of PsaC (46) (Fig. 3A). How-
ever, when thylakoid membranes from C14S;,,~-R62 were
probed with the PsaC antibody, wild-type amounts of the mu-
tant PsaC were found (Fig. 3B). This correlates well with the
growth capabilities of this organism and is consistent with the
idea that the original primary mutant failed to grow photoau-
totrophically because of problems in the stability-biogenesis of
the PS I complex rather than because of a defect in the char-
acteristics of PS I electron transfer due to the amino acid
substitution. The PsaA and PsaB reaction center proteins were
scanned by genetic complementation to determine if there
were complementary mutations within the PS I complex, and
none was found.

The dot transformation technique, however, identified a sec-
ond-site mutation outside the PS I reaction center proteins in
an open reading frame of the Synechocystis sp. strain PCC 6803
genome named s//0088. The nucleotide sequence of s//0088 and
the deduced amino acid sequence, which are shown in Fig. 4,
are available from the complete genome database of Synecho-
cystis sp. strain PCC 6803 (http://www.Kazusa.or.jp/cyano/).

The C14Sp,,-R62 pseudorevertant was found to substitute
Pro for Arg at residue 161 as the result of a G482—C change
in s/l0088, and the C14Sp,,-R18 pseudorevertant was found to

FIG. 3. (A) Immunoblot of thylakoid membranes of C14S,,~ and wild-type cells probed with antibody to PsaC. (B) Immunoblot of thylakoid
membranes of suppressor strain C14Sp,-R18 probed with antibody to PsaC. (C) Southern blot of total genomic DNA of Synechocystis sp. strain
PCC 6803 (50 ng; lane 1), Synechococcus sp. strain PCC 7002 (5 pg; lane 2), and C. reinhardtii (11 pg; lane 3). The Synechocystis sp. strain PCC

6803 s/10088 gene was used as the probe. WT, wild type.
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-180 ATCTCAAGGAGCGAAACTAAAACAACAGGTAAGT TGTTTTAATCTATTCTAGAATAGATT
-120 AGCAACCCGATTGTTGTCAAAGTGCCAAGG TCGGTGCTCC TACGGGAAGTCCCTTGGCCA
-60 TGGACTAGGGTTAACTAATTGATAATTAGCCGACAATTAATTTAGGTAATCCTGCTTAGC

1M G V V L s v Y w T A T H R F Q N F L L
1 ATGGGGGTTGTCCTTTCAGT TTACTGGACTGCCACGCATCGGTTCCAAARATTTCCTTCTC

21 L L L T M T L S S S H S T K E D I L C Y
61 CTGTTGTTGACCATGACCCTCAGTTCTTCCCACTCCACCAAAGAAGATATCCTCTGCTAT

41 L L K E G Q@ G s A I A M A E E L G I S P
121 CTCCTCAAAGAGGGGCAAGGATCGGCGATCGCCATGGCTGAAGAGTTGGGCATTAGTCCC

61 Q A M R K H L K D L E N D G L I E H O ©Q
181 CAGGCCATGCGTAAGCACCTCAAGGATTTAGAAAATGATGGCCTAATTGAGCATCAACAG

81 E R Q 8 M G R P Q9 F L Y 9 L 8 K Q G R E
241 GAAAGACAGAGCATGGGCAGACCCCAATTTCTCTATCAGTTGAGTAAACAGGGGCGGGAA

1019 F P Q R Y 6 E F A L s F I D s L V E T
301 CAATTTCCCCAACGTTACGGTGAAT TTGCCCTTTCGTTCATCGACTCCCTGGTGGAAACA

121 Vv G E E Q L 6 A V L K K Q W Q R K A E A
361 GTGGGGGAAGAACAGTTGGGGGCAG TGTTGAAAAAACAATGGCAACGGAAGGCGGAAGCC

141 Y R Q¢ ¢ I 6 Q@ 6 P L 8 K R V H K L V E L
421 TATCGCCAACAAATTGGCCAGGGCCCCTTATCCAAAAGGGTACATAAACTGGTGGAGCTA

161 R R Q E 6 Y M A E I H P L S8 V E Q A E K

|
R161_P in C14S-R62 due to G482_C mutation

481 CGGCGGCAGGAAGGTTATATGGCGGAAATTCATCCCCTTTCGGTGGAGCAAGCGGAAAAA
181 F I L S8 E H H C A I A DV A E S8 Y P T V
541 TTTATTTTGTCGGAGCACCACTGTGCGATCGCCGATGTGGCCGAATCCTACCCCACCGTT
201 ¢ G H E L EM F A A I L P D C A I E R T
601 TGTGGCCATGAGTTGGAAATGTTTGCCGCTATTCTGCCGGACTGTGCCATCGAAAGAACC
221 H W L N D G E H T C G Y L I Q 8 K T P N

|

GYF insertion following C231

in Cl14S-R18 due to a TGGTTATTT duplication at T698

|
661 CATTGGCTTAATGATGGGGAACACACCTGTGGTTATTTGATCCAGTCTAAAACCCCGAAC
241 *
721 TAA

FIG. 4. Nucleotide sequence of sll0088 and deduced amino acid
sequence of the protein. The TTCnnGAA signature sequence is un-
derlined in the promoter region. A putative HTH DNA-binding motif
is underlined and was identified by alignment of amino acid sequences
with several DNA regulatory proteins as shown in Fig. 5. The changes
within s//0088 of the C14Sp,,-R62 and C14Sp,,-R18 pseudorever-
tants are also indicated.

have a three-amino-acid insertion of Gly-Tyr-Phe following
Cys231 as the result of a TGGTTATTT duplication at T690 in
sl10088 (Fig. 4). These mutations apparently allow wild-type
levels of PS I to be accumulated even in the presence of the
primary mutation within psaC. This implies that s//0088 may
repress the deleterious effect of these mutations, allowing high
levels of PS I accumulation. This recognition could be at the
gene or operon level, as a feedback from altered PS I com-
plexes. It could be involved with overall cellular responses to
increased oxidation levels within the mutant cell lines as pre-
dicted by decreased growth, oxygen evolution, and chlorophyll
concentration, predictably leading to photoinhibition of PS I.
Hence, the physiological and biochemical results suggest that
the sll0088 gene influences the biogenesis and/or assembly of
PS L

5110088 has homologs in other photosynthetic species. Figure
3C shows genomic hybridization of s//0088 from Synechocystis
sp. strain PCC 6803 with two other species, Synechococcus sp.
strain PCC 7002 and the unicellular green alga Chlamydomo-
nas reinhardtii. In these cases single genomic bands hybridized
to a full-length probe for s//0088. The hybridization to a po-
tential C. reinhardtii homolog is interesting in that it raises the
possibility that regulation of PS I biogenesis and/or iron-sulfur
cluster biogenesis in a eukaryote may similarly be influenced by
an s//0088-like gene.

The protein encoded by s//0088 contains a typical helix-turn-
helix (HTH) motif with similarity to transcriptional regula-
tors. Sequence analysis of the untranslated region in front of

J. BACTERIOL.

the sll0088 gene indicates that the promoter, underlined in Fig.
4, contains a TTCnnGAA signature sequence of a chloroplast
heat shock transcription factor (6). To examine the structure of
the protein encoded by s//0088 and its possible function in PS
I assembly further, the amino acid sequence was used to search
the GenBank database. As shown in Fig. 5, proteins with a high
similarity, including those from Vibrio cholerae (18), Bacillus
halodurans (40), Thermoplasma acidophilum (36), Streptomyces
coelicolor (33), and Mycobacterium tuberculosis (9), are found
to be hypothetical DNA-binding proteins. The greatest simi-
larity is located at the N-terminal region. As demonstrated in
Fig. 5, the N-terminal region of the protein encoded by sll0088
contains a predicted HTH DNA-binding structure similar to
other gene-regulatory repressor proteins such as ArsR, the
arsenic resistance operon repressor (28); SmtB, the cyanobac-
terial metallothionein repressor (10); LexA, a repressor in SOS
response autocleavage; IolR, the DNA-binding protein iol
operon repressor encoded by iolR (Bacillus subtilis) (44);
GIpR, the glycerol-3-phosphate regulon repressor (14); AccR,
the transcriptional repressor encoded by accR (3); DeoR, the
deoxyribose operon repressor (42); LacR, a repressor of the
lactose catabolism operon (34); MarR, the multiple antibiotic
resistance repressor (1); HPR, a negative regulatory repressor
of protease production (31); DtxR, an iron-dependent diph-
theria toxin repressor (38); TroR, an iron-dependent repressor
(Archaeoglobus fulgidus) (17); and SirR, a putative iron-depen-
dent repressor (Staphylococcus epidermidis) (8). There are also
similarities with the deoR family of gene-regulatory proteins
(35) and the HTH region of the cyclic AMP regulatory protein
(32). This comparative analysis suggests that the presence of
the HTH DNA-binding domain correlates with a function as a
transcriptional regulator. From protein sequence analysis, it is
therefore demonstrated that the protein encoded by sll0088
contains a typical HTH structure in its DNA-binding domain,
similar to other DNA-binding protein homologs from other
organisms (shown in Fig. 5).

To provide more insight into its function and regulation, the
amino acid sequence was used for phylogenetic analysis with
other typical HTH proteins that have been well characterized
(reviewed in reference 22). It was found that the protein en-
coded by s/[0088, together with DNA-binding homologs from
several prokaryotes and the homolog protein from Arabidopsis
thaliana, can be classified in the HTH protein group repre-
sented by Id (4), a typical negative regulator (data not shown).

Insertional inactivation of sl[0088 in Synechocystis sp. strain
PCC 6803. We attempted inactivation of sll0088 to verify that
the hypothetical protein product encoded by sl/0088 was im-
portant in assembling altered PsaC subunits. The single-copy
wild-type sll0088 gene was inactivated by insertion of a kana-
mycin resistance gene cassette (Fig. 6A). This construct was
designated ps//0088K. This cassette was inserted into the wild-
type gene at an EcoRV site, which was destroyed by the pro-
cedure, and the construct was transformed into the wild-type
cells of Synechocystis sp. strain PCC 6803 and C14S;,, - cells
(Fig. 4). The transformed C14S, . cells grew photoau-
totrophically (Table 1) and were kanamycin resistant. In effect,
this created an “engineered” suppressor mutant of s//0088 that
acts in a manner similar to C14S,,,~~R62, allowing near-nor-
mal growth (Table 1). Wild-type cells transformed with
psll00SSK were kanamycin resistant and were screened to de-
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FIG. 5. Alignment of the N-terminal region of the Synechocystis sp. strain PCC 6803 protein encoded by s//0088 (23, 24) with the DNA-binding
domains of several regulatory repressor proteins from other organisms: ArsR, the arsenic resistance operon repressor (28); SmtB, the cyanobac-
terial metallothionein repressor (10); AccR, the transcriptional repressor (3); MarR, the multiple antibiotic resistance repressor (1); GlpR, the
glycerol-3-phosphate regulon repressor (14); IolR, the DNA-binding protein iol operon repressor (44); DtxR, the iron-dependent diphtheria toxin
repressor (38); and SirR, the putative iron-dependent repressor (S. epidermidis) (8). Alignment analysis was carried out by applying the MacVector
Sequence Analysis program from Genetics Computer Group (Oxford Molecular Ltd., Accelrys, San Diego, Calif.).

termine if it was possible to delete wild-type copies completely.
The transformed C14Sp,, and wild-type cells were taken
through five serial platings under photoautotrophic and kana-
mycin selection conditions; however, it was not possible to
delete the wild-type sl/0088 gene completely (Fig. 6B). In com-
parison with the amount of wild-type DNA (Fig. 6B, lane 5), it
was estimated that the amount of s//0088 DNA present was less
than one genome copy per cell. It was not possible to com-
pletely remove the s//0088 gene even under nonphotosynthetic,
heterotrophic growth conditions. This suggests that there
might be some nonphotosynthetic process in Synechocystis sp.
strain PCC 6803 that requires the protein product of sll0088,
one possibility being cell division.

Insertional inactivation of sll0088 in Synechococcus sp.
strain PCC 7002. We showed above (Fig. 3C) that Synecho-
coccus sp. strain PCC 7002 contains a gene similar to s//0088.
This cyanobacterium has a different physiology than Synecho-
cystis sp. strain PCC 6803: it is adapted to saline rather than
freshwater conditions, it is able to grow heterotrophically with
glycerol in the dark rather than glucose under LAHG condi-
tions, and it is capable of growing photoautotrophically under
high illumination. We attempted to inactivate the sll0088 ho-
molog in Synechococcus sp. strain PCC 7002.

A 1.8-kbp Kpnl-EcoRV DNA fragment containing the
s110088-like gene was cloned from the genome of Synechococ-

cus sp. strain PCC 7002. A 1.3-kbp Aphll gene conferring
kanamycin resistance was inserted at the unique Stul site in the
sl10088-like gene as shown in Fig. 7A. This construct was used
to transform Synechococcus sp. strain PCC 7002 wild-type cells.
To verify the complete segregation of the s//0088-like interrup-
tion in the mutant strains, genomic DNAs of the wild type and
sl10088-like deletion mutants were fragmented by EcoRI/Pst]
digestions and the blot was probed with a 1.8-kb PCR fragment
from the wild type (Fig. 7B). The probe hybridized to a 2.6-kb
band, as predicted by sequence analysis. Two hybridization
bands were detected in the mutant strains as a result of intro-
ducing the PstI site in the kanamycin resistance cartridge gene.
PCR analysis verified that no DNA fragment with the same
size as the wild type at 1.8 kbp could be identified in genomic
DNAs of the s/[0088-like insertion mutants (Fig. 7C). Only a
3.1-kbp fragment was amplified from the s//0088-like insertion
mutant, which is evidence for the insertion of the 1.3-kbp
kanamycin resistance cartridge. These results demonstrate
complete segregation of the sll0088-like gene in Synechococcus
sp. strain PCC 7002.

Expression of the psaC gene in sl/0088-like deletion mutants
in Synechococcus sp. strain PCC 7002. Our initial physiological
characterization indicates that the s/[0088-like deletion mutant
in Synechococcus sp. strain PCC 7002 can grow photoau-
totrophically. No obvious difference could be observed in as-
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FIG. 6. (A) Insertion of a kanamycin resistance cassette into an EcoRYV site of s/[0088 that had been cloned as a HindlIII fragment. Arrows show
the directions of transcription. (B) Southern blot of various transformants probed with the shaded area shown in panel A. All transformed lines
were taken through five serial platings under photoautotrophic growth selection conditions. Lanes 1 to 4 represent four independent cell lines of
C14Sp,, ¢ transformed with ps//008SK. Lane 5 contains 50 ng of DNA from wild-type cells. Lanes 6 to 8 show wild-type cell lines transformed with
psll0088K and grown under heterotrophic, mixotrophic, and photoautotrophic conditions (46), respectively. The hybridization at 1.2 kb represents
the 0.7-kb HindIII-EcoRV fragment of Synechocystis sp. strain PCC 6803 DNA and the 0.5-kb HinclI-HindIII fragment of the inserted kanamycin
resistance gene. The hybridization at 3.6 kb represents the wild-type s//008S gene.

sembly-stability of the PS I complexes (data not shown). To
determine if the s//0088 homolog is involved in the regulation
of psaC expression, we measured the transcript level of psaC in
the wild type and the s//0088 deletion mutant. As shown in Fig.
8A, no difference was found in the expression of the psaC gene
in Synechocccus sp. strain PCC 7002 in the presence or in the
absence of the s//008S homolog. Also, the expression level of
the psaC gene is not subject to the redox regulation when cells
are grown under different oxidative stress conditions, as shown
in Fig. 8B.

To examine whether the sll0088-like gene is involved in
regulation of the translation of the PsaC protein, its assembly
in thylakoid membrane was compared between the Synecho-
coccus sp. strain PCC 7002 wild type and the sll0088-like de-
letion mutant. As shown in Fig. 9, no obvious difference can be
seen in amounts of PsaC assembled in thylakoids of the wild
type and of the mutant (similar to Synechocystis strain PCC
6803, Fig. 3B). These results indicate that the sll0088-like gene
in Synechococcus sp. strain PCC 7002 is not directly involved in
regulation of expression of the psaC gene on the transcrip-
tional or translational levels.

DISCUSSION

In this paper we have described primary mutants of a PS I
subunit, PsaC, that were used to select for suppressor strains
capable of photoautotrophic growth. We proposed that three
classes of site-specific suppressors or pseudorevertants were to
be expected from these experiments. Class I mutations affect
electron transport into PS I via PS II and were not investigated
but were inferred from earlier work employing PS II inhibitors
(46). Class II mutations exist within a neighboring subunit that
might complement site-specific mutations within PsaC. A num-
ber of these point-suppressor mutations were localized to the
PsaB subunit (Fig. 1) but are not described here (Yu and

Mclntosh, unpublished). Class III mutations were predicted,
by elimination, to be non-PS I proteins that might affect PS I
regulation and/or biogenesis. More than 100 cell lines, termed
suppressor mutations, were found, and the two characterized
in detail were discovered to reside in a gene encoding a pre-
viously uncharacterized protein encoded by the open reading
frame s/[0088.

Mutations in the protein encoded by the sl/0088 gene allow
for the normal assembly of an active PS I complex, even with
the presence of primary-site-specific mutations targeted to the
iron-sulfur cluster cysteine ligands and affecting assembly-func-
tion (46). Two pseudorevertants to the primary mutation,
C14Sp,, ., were found; in C14S,,,-R62 there is an Arg-to-Pro
mutation in the protein encoded by sll0088, and in C14Sp,
R18 there is a Gly-Tyr-Phe insertion at the carboxyl end of the
protein encoded by sll008S. These suppressor lines allowed
cells containing the C14Sp,~ primary mutation to grow pho-
toautotrophically, albeit with a slightly lowered chlorophyll a
content and near-wild-type levels of PS I. The presumption is
that these changes alter or prevent the function of the protein
encoded by the sl/0088 gene. This conclusion was supported by
the engineering of an artificial suppressor mutant consisting of
a kanamycin resistance cartridge inserted into the s//0088 gene.
This construct allowed cells containing the C14S,,, primary
mutation to grow photoautotrophically and to accumulate
wild-type levels of PS I. Primary mutations in PS I raise the
issue of stress responses in the cell. This may be supported by
the discovery of a class of mutations that we hypothesized
could be impaired in PS II activity. These mutants would lower
the electron flow from PS II to PS I, alleviating the toxicity
caused by overreduction of PS I. This is possible in particular
with cells with impaired PS I activity, giving rise to increased
levels of reactive oxygen species due to inefficient electron
transfer to NADP™.

The identical EPR spectra of F, and Fy in PS I complexes
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FIG. 7. Mutagenesis of the s/[0088-like gene in Synechococcus sp.

strain PCC 7002. (A) Restriction maps of DNA fragments from the
wild type and the sl/0088-like mutant. (B) Southern blot hybridization
of the genomic DNAs of the wild-type and the s/l0088-like mutant
strains. In Mutl strains a Km"' gene is transcribed in the same direction
as the s//0088-like gene, while in Mut2 strains it is transcribed in the
opposite direction. Genomic DNAs were digested by EcoRI and Pst1.
The hybridization probe was prepared with a 1.8-kb PCR fragment
containing the s//0088-like gene. (C) PCR analysis of segregation of the
sl10088-like gene interruption. WT, wild type. Numbers to the left of
panels B and C show molecular sizes in kilobase pairs.

isolated from the original mutant strain, C14S;,, and from
the suppressor strain C14Sp,~R18 show that the serine oxy-
gen continues to provide a ligand to the Fy iron-sulfur cluster.
There is an important consequence to this finding, which is that
the inability of the primary C14Sp,, strain to grow photoau-
totrophically is not due to an impairment of electron transfer
as a result of the substitution of a sulfur ligand for an oxygen
ligand; instead, it is due to a lower content of PS I in the cell,
in which case the imbalance between PS II and PS I results in
light-generated intermediates that are toxic to the cells. The
inactivation of the s//0088 gene leads to higher levels of PS I,
thereby restoring the proper balance between PS I and PS II.
Indeed, the near-wild-type rates of electron transfer in PS I
complexes isolated from the C14S,,,~ mutant strain (21, 46)
had initially suggested that the mixed-ligand (3eCys 1eSer)
[4Fe-4S] cluster was fully competent in electron transfer;
hence, the lesion was proposed to lie elsewhere.

The protein encoded by s//0088 contains a typical conserved
domain, known as an HTH motif, following the proposed
DNA-binding site (as shown in Fig. 4). The HTH is composed
of two amphipathic a-helices and a loop region of variable
length, which is proposed to be an important structural motif
that mediates protein dimerization (homodimerization or het-
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FIG. 8. Results of reverse transcription-PCR analysis on expression
of the psaC gene in Synechococcus sp. strain PCC 7002. Total RNAs
were isolated from cells of Synechococcus sp. strain PCC 7002 wild type
(WT) and the sll0088 gene mutant. A 1.2-ng quantity of RNA was used
as template for reverse transcription-PCR with the One-Step reverse
transcription-PCR kit from Qiagen. DBMIB, dibromomethyl-isopro-
pyl p-benzoquinone.

erodimerization) (for a review see reference 22). There are
three major groups in the HTH family of DNA-binding pro-
teins based on their structure and function: the bHTH family,
the bHTH-Zip family, and the dnHTH family. The HTH pro-
tein family is represented by the Id protein (4), characterized
by a lack of positive residues in the DNA-binding domain. As
indicated in the phylogenetic analysis, the protein encoded by
sII0088 can be classified in the dnHTH family. Based on its
similarity in structural features with dnHTH proteins, it is
possible to envision this protein as a repressor in control of
gene expression. As indicated in Fig. 5, the HTH DNA-binding

WT Mutant

FIG. 9. Immunoblot analysis of the PsaC protein in thylakoid mem-
branes of Synechococcus sp. strain PCC 7002 wild type (WT) and
sI10088 (mutant). Thylakoid membranes were isolated from cells grown
under normal growth conditions. Six micrograms of chlorophyll was
loaded. Proteins were resolved by SDS-polyacrylamide gel electro-
phoresis, blotted onto a nitrocellulose membrane, and probed with
antiserum against the PsaC protein from Synechococcus sp. strain PCC
7002. The left lane contains markers.
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domain displays high similarity to several negative repressors,
such as the arsenic resistance operon repressor ArsR (28); the
cyanobacterial metallothionein repressor SmtB (10); the mul-
tiple antibiotic resistance repressor MarR (1); and the iron-
dependent repressors DtxR (38), TroR (17), and SirR (8).

We did not observe any difference in psaC gene expression
between the wild type and the sl/0088 insertion mutants in
Synechococcus strain PCC 7002. It therefore appears that the
psaC gene is not under the regulation of s//0088. It is also
shown that, in the s//0088 insertion mutant, the PsaC protein
accumulates to wild-type levels (Fig. 3B and 9). Since the PsaC
protein is allowed to accumulate in an s//0088 insertion back-
ground, we must assume that s//0088 does not act directly on
the psaC gene or its protein product. These results indicate
that inactivation of s//0088, presumably leading to the suppres-
sion of the wild-type protein, is involved in allowing (i) modi-
fied PsaC subunits to be assembled into the thylakoid mem-
brane-embedded PS I complex or (ii) a stress response system
responding to PS I lesions, one possibly involved in regulation
of biogenesis or other proteins involved in a stress response.
This was further shown by immunological characterization of
the C14S,,,c protein in thylakoid membranes in which wild-
type levels of the altered C14Sy,, protein were found in the
photosynthetic membranes of the two suppressor lines. A cor-
ollary of this finding is that it should be possible to isolate
additional second-site suppressors that would identify addi-
tional genes involved in the up-regulation of the amount of PS
I in cyanobacterial cells. This should be a fruitful strategy for
locating additional genes that are involved in iron-sulfur clus-
ter biogenesis and/or the regulation of PS I reaction center
proteins, Furthermore, a complete characterization of the
s110088 gene and its protein product should allow us to deter-
mine, as our data suggest, that s//0088 acts as a repressor of
genes involved in PS I biogenesis.
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