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A novel protein component of 3.5 kDa was detected in photosystem I complexes prepared
from several cyanobacteria, viz. Synechococcus vulcanus, Synechococcus elongatus BP-1,
Synechococcus sp. PCC 7002 and Synechocystis sp. PCC 6803. The complete amino acid se-
quence of this component was determined by direct protein sequencing. The sequences of the 3.5
kDa proteins from these four organisms were highly homologous to each other, featuring a hydro-
phobic domain in the middle. The cyanobacterial consensus sequence exhibits significant homolo-
gy to the presumed product of ORF32 in the chloroplast DNA of liverwort (Marchantia
polymorpha), but no homologous ORF is present in the chloroplast DNA of tobacco or rice.
Since this protein appears to interact strongly with the PS I reaction center complex, it may play
some role in the function and maintenance of the structure of PSI.
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The PS I complex in the photosynthetic apparatus con-
sists of a number of protein subunits, the functions of most
of which are unknown (Bryant 1992, Scheller and Meller
1990). We have been studying the protein composition of
PS I preparations from various cyanobacteria and higher
plants and examining the evolutionary conservation of
various subunits. When the PS I complex isolated from the
thermophilic cyanobacterium Synechococcus vulcanus was
analyzed by high resolution SDS-urea-PAGE and protein
sequencing, three proteins of 6.5 kDa, 4.8 kDa and 4.1
kDa were newly identified as PS I components (Koike et al.
1989). Of these three components, homologues of the 6.5
kDa and 4.1 kDa proteins were found in PS I complexes
from higher plants and were designated PS I-K and PS I-J,
respectively (Franzén et al. 1989, Hoshina et al. 1989,
Ikeuchi et al. 1990). The other component, the 4.8 kDa pro-

Abbreviations: CPI, chlorophyll-protein complex I of photo-
system I reaction center; ORF, open reading frame; PAGE, poly-
acrylamide gel electrophoresis; PS I-X, protein in photosystem I
encoded by the psaX gene.

tein [tentatively named PS I-N by Bryant (1992)], was also
detected in the PS1 complex from Anabaena variabilis
ATCC 29413 but has not yet been found in higher plants.
It appears, therefore, that PSI-N is a cyanobacterium-
specific component of PS I (Koike et al. 1989, Ikeuchi et al.
1991c¢). Besides these three components, another small pro-
tein of 3.9 to 4.5 kDa (named PS I-I) has been identified in
PS1 complexes of higher plants (Scheller et al. 1989,
Ikeuchi et al. 1990) and also of Anabaena (Ikeuchi et al.
1991c). Thus, PS I-I, PSI-J and PS I-K have been shown
to be conserved evolutionarily between cyanobacteria and
higher plants as PS I components.

In the course of our studies on the protein composi-
tion of the PS I complex from S. vulcanus, we noticed that
a faint band of protein (below the 4.1 kDa band of PS I-J)
was sometimes visible after SDS-urea-PAGE. However, res-
olution of this band was not always reproducible because
of interference by lipids. In the present study, we unam-
biguously identified this protein by protein sequencing. It
turned out to be a novel PS1 component that interacts
strongly with the reaction center complex.
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Materials and Methods

Organisms and preparation of PSI complexes—A
crude preparation of the PS I complex was obtained from
thylakoids of thermophilic Synechococcus vuicanus by sol-
ubilization with lauryldimethylamine N-oxide followed by
sucrose density gradient centrifugation according to Koike
et al. (1989). The PS I complex of thermophilic Synechococ-
cus elongatus strain BP-1 was prepared by solubilization of
thylakoids with digitonin followed by digitonin-PAGE
as described in Nakayama et al. (1979) and Yamagishi
and Katoh (1983). These two thermophilic cyanobacteria,
which had been collected from different locations in Japan,
were cultured at 55°C as described by Hirano et al.
(1980). PS I complexes of Synechocystis sp. PCC 6803 and
Synechococcus sp. PCC 7002 were prepared from thyla-
koids by solubilization with dodecylmaltoside and sub-
sequent column chromatography on a MonoQ column
(Pharmacia, Sweden) by the methods of Barry et al. (1988)
and Rogner et al. (1990). Synechocystis PCC 6803 was cul-
tured in BG-11 medium (Rippka 1988) supplemented with
20 mM TES-KOH (pH 8.0). Synechococcus PCC 7002 was
cultured in medium A supplemented with 1mgml™'
NaNO; as described by Stevens and Porter (1980).

SDS-urea-PAGE and protein sequencing—For separa-
tion of low-molecular-mass proteins from PS I, high resolu-
tion SDS-urea-PAGE with 7.5 M urea and 16-229% acryl-
amide was performed at 25°C according to Ikeuchi and
Inoue (1988a). PS I complexes were solubilized with 2%
lithium dodecylsulfate, 60 mM dithiothreitol and 60 mM
Tris-HCI (pH 8.5) at a Chl concentration of 0.8 mg ml™!
and heated at 70°C or 100°C for 1 min. In some cases, PS I
complexes were delipidated by extraction with a mixture of
methanol and ether (1 : 9, v/v) according to Ikeuchi et al.
(1991¢). For protein sequencing, PS I equivalent to 64 ug
Chl was delipidated. Proteins were resolved by SDS-urea-
PAGE and electroblotted onto a polyvinylidene difluoride
membrane (ProBlot™; Applied Biosystems, U.S.A.).
Each band, visualized by Amido Black staining was cut out
and subjected to N-terminal sequencing. Alternatively, it
was treated with 0.6 M HCI for 24 h to release the N-ter-
minal block prior to sequencing according to Ikeuchi and
Inoue (1988Db).

Homology search—A computer-assisted homology
search was made using the TFASTA program developed by
Pearson and Lipman (1988). This program compares a pro-
tein query sequence to a DNA database sequence by trans-
lating the DNA sequence into all six frames and perform-
ing a protein sequence comparison in each frame. Both
EMBL and GenBank databases were searched.

Results and Discussion

When the PS I complex from S. vulcanus was analyzed
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by SDS-urea-PAGE, a faint band was just detectable below
4 kDa (Fig. 1, left). The resolution of this band was not re-
producible because of interference by comigrating lipids.
These lipids were selectively removed by extraction with a
mixture of methanol and ether (1:9; v/v) without any
effect on the separation profile of other components,
although the CPI was converted to its constituent apopro-
teins. As a result, the band at 3.5 kDa was clearly resolved
by SDS-urea-PAGE (Fig. 1, right). The complete amino
acid sequence of the 3.5 kDa protein was successfully deter-
mined by N-terminal sequencing after electroblotting onto
a polyvinylidene diftuoride membrane (Fig.2). It was
revealed that this protein consisted of 31 amino acid
residues with no N-terminal block. The calculated molecu-
lar mass was 3,424 Da, which agrees well with the apparent
value of 3.5 kDa estimated from the electrophoretic mobili-
ty (Fig. 2). The amino acid sequence of the 3.5 kDa protein
did not match any region of the PS I proteins identified to
date, indicating that the protein is a novel PS I component.

A similar 3.5 kDa protein was found in the PS I com-
plex from S. elongatus (Fig. 3). Neither the 3.5 kDa protein
nor PSI-L was undetectable in the non-heated non-ex-
tracted sample. Upon lipid extraction, these proteins be-
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Fig. 1 SDS-urea-PAGE profile of the PSI complex from
Synechococcus vulcanus. NH stands for the non-heated sam-
ple, and M/E stands for the lipid-extracted sample. APC, con-
taminating allophycocyanins.
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3.5 kDa protein (PSI-M)
% * % * kk k% kkk amino acid Mw(Da)
Synechococcus vulcanus M-ALTDTQVYVALVIALLPAVLAFRLSTELYK* 31 3424

Synechococcus elongatus M-ALTDTQVYVALVIALLPAVLAFRLSTELYK* 31 3424
Synechococcus PCC 7002 M-GISDTQVLVALAIALIPGVLAFRLSTELYK* 31 3304
Synechocystis PCC 6803 M-ALSDTQILAALVVALLPAFLAFRLSTELYK/ 31(?) 3380(?)

Cyanophora paradoxa M--LADGQIFTALAVALVPGILALRLALELYKF* 31 3332
liverwort MTSISDSQIIVILLSVFITSILALRLGKELYQ¥* 32 3566
L 18 aa !

Fig. 2 Sequencé alignment of cyanobacterial 3.5 kDa proteins (PS I-M) and hypothetical gene products of ORF31 of Cyanophora
paradoxa and ORF32 of liverwort. Asterisks at the C-terminal position of the sequences show stop codons or the absence of an
amino acid signal, while a slash shows the end of sequencing. Amino acid residues that are totally conserved are indicated by asterisks on
the top line. An internal hydrophobic domain is indicated by the bottom line. Sequences from Cyanophora paradoxa and liverwort are
from D.A. Bryant and V.L. Stirewalt (unpublished results) and Umesono et al. (1988), respectively.

came detectable, while the chlorophyll-containing high-mo-  stacking gel. Heat treatment at 70°C or 100°C for 1 min
lecular-mass CPI complexes was no longer visible on the also gave similar results: the 3.5 kDa protein, as well as the
other proteins, was fully resolved despite the presence of
lipids. Likewise, a similar 3.5 kDa protein was detected in

< g the PS1 complexes of Synechococcus PCC 7002 and
g . Synechocystis PCC 6803 after lipid extraction (Figs. 4, and
o 9 . 5). The elution profile of the 3.5 kDa protein during the col-
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Fig. 3 SDS-urea-PAGE profile of the PSI complex from A PSI-M(3,5kD)— .
Synechococcus elongatus. The solubilized samples were

heated where indicated. NH stands for the non-heated sample, Fig. 4 SDS-urea-PAGE profile of the PSI complex from
and M/E stands for the lipid-extracted sample. Molecular stand-  Synechococcus sp. PCC 7002. NH stands for the non-heated
ards are shown in the left lane. sample, and M/E stands for the lipid-extracted sample.
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Fig. 5 SDS-urea-PAGE profile of the PSI complex from
Synechocystis sp. PCC 6803. NH stands for the non-heated
sample, and M/E stands for the lipid-extracted sample.

umn chromatography resembled that of the CPI apopro-
teins in the case of both Synechococcus PCC 7002 and
Synechocystis PCC 6803 (not shown), supporting the hy-
pothesis that the 3.5 kDa protein is a true component of
PS 1. In agreement with the results for S. elongatus, neither
the 3.5 kDa protein nor PS I-L could be resolved from
non-heated samples of Synechococcus PCC 7002 and
Synechocystis PCC 6803, with concomitant preservation of
the high-molecular-mass CPI complex. This result suggests
that both the 3.5 kDa protein and PS I-L are tightly associ-
ated with the CPI complex even under such harsh condi-
tions as SDS-PAGE in the presence of 7.5 M urea at 25°C.
By contrast, these proteins were dissociated from the CPI
of S.vulcanus under the same experimental conditions
(Fig. 1), perhaps because the PS I complex of this alga was
partially destabilized during preparation or storage.
Almost the entire sequence of the 3.5 kDa protein
from these cyanobacterial preparations could be deter-
mined by N-terminal sequencing (Fig. 2). The N-terminus
of the protein from Synechococcus PCC 7002 was blocked
in vivo but could be deblocked by treatment with HCI prior
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to sequencing. By contrast, the results of sequencing the
proteins from S. vulcanus, S. elongatus or Synechocystis
PCC 6803 were not significantly affected by the same treat-
ment with HCI, suggesting that their N-termini were not
blocked. Since the same procedures for isolation and pro-
tein analysis were used for both Synechococcus PCC 7002
and Synechocystis PCC 6803, it is very unlikely that the
difference in terms of the N-terminal blocking of the 3.5
kDa protein was an experimental artifact. It is clear that
the 3.5kDa proteins from the four cyanobacteria are
homologous to each other (Fig.2). The amino acid se-
quence of the protein from S. vulcanus was identical to that
of the protein from S. elongatus, suggesting a close similari-
ty between the two thermophilic cyanobacteria. Since these
sequences are not homologous to those of any known com-
ponents of PS I, we can conclude that the 3.5 kDa protein
is a novel PSI component that is commonly present in
cyanobacteria. The only exception known to date comes
from the PS I complex of Anabaena, in which only the PS
I-1 protein and not the newly identified 3.5 kDa protein was
detected in a 3.5 kDa band (Ikeuchi et al. 1991c). This
result might be due to the experimental difficulties en-
countered in attempts at sequencing a protein with a block-
ed N-terminus: the treatment with HCl used here for
deblocking is not always very efficient. Since the band of
3.5kDa from the PS I complex of Anabaena fortuitously
contains PS I-I with an unblocked N-terminus, sequencing
signals from a blocked protein, if any, might be masked by
the strong signals from the unblocked PSI-I. It is also
possible that the 3.5 kDa protein was lost from the Ana-
baena complex, since this complex was prepared by two
cycles of chromatography in the presence of dodecylmalto-
side and Triton X-100, in contrast with the single chromato-
graphic fractionation used for the preparation of PSI
from Synechococcus PCC 7002 and Synechocystis PCC
6803 in the present study.

A computer-assisted homology search of DNA data-
bases revealed that the sequences of the 3.5 kDa proteins of
the four cyanobacteria are significantly homologous to the
deduced sequence encoded by liverwort ORF32 (Fig.2),
which is located from position 22516 to 22614 in the chloro-
plast DNA (Ohyama et al. 1986). Although the sequence
from liverwort is about 35% identical to those from cyano-
bacteria, the sequence alignment shows reasonably good
conservation of the charged residues and hydrophobicity
of the internal domain (Fig.2). Since the cyanobacterial
3.5 kDa protein could be extracted from the PS I complex
by chloroform and methanol (not shown), it seems likely
that it interacts with a hydrophobic region of the reaction
center proteins, although the hydrophobic domain (18
amino acid residues) does not seem to be long enough to
span the membrane. It is, thus, suggested that liverwort
ORF32 encodes a PS 1 component that is h'omologous to
the cyanobacterial 3.5 kDa protein, although no PS I com-
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plex has yet been purified from liverwort. Therefore, we
support the designation of psaM for the liverwort ORF32
and the hypothetical cyanobacterial gene that encodes the
3.5 kDa protein, as proposed by Bryant (1992), on the basis
of our preliminary results. It is noteworthy that a homolo-
gous gene has also been found in the cyanelle DNA of the
red alga Cyanophora paradoxa (Bryant and Stirewalt, per-
sonal communication).

The hypothetical protein deduced from the ORF32 of
liverwort is not registered in the protein database of NBRF-
PIR or Swiss-Prot, probably because the hypothetical pro-
tein is so small when compared with typical cellular pro-
teins. However, on the basis of the preferential codon
usage in liverwort, ORF32 has been inferred to be a possi-
ble protein-coding gene (Umesono et al. 1988). A typical
Shine-Dargano sequence and possible prokaryotic pro-
moter —10 and —35 sequences are found upstream from
this ORF, and an inverted repeat is present downstream.
These suggest that ORF32 is expressed as a monocistronic
message in liverwort. It is notable, however, that no
homologous ORF was found in the chloroplast DNA of
tobacco, although many of the genes that surround ORF32
in the chloroplast genome of liverwort are well conserved
in tobacco (Shinozaki et al. 1986). No homologous ORF
was detected in chloroplast DNA from rice, in which there
is a rather different gene arrangement around the region
that corresponds to liverwort ORF32 (Hiratsuka et al.
1989). In addition, no homologous protein has yet been de-
tected in PS I complexes from spinach or pea (Ikeuchi et al.
1990). These observations suggest that a homologue of the
3.5 kDa protein may not be present in higher plants. If this
is the case, a comparison of the properties of PSI com-
plexes between liverwort and higher plants might provide
clues to the functional role of the 3.5 kDa protein. Alter-
natively, we might assume that the nuclear genome in
higher plants includes psaM, the product of which was lost
from PSI complexes during preparation or was unde-
tectable as a result of technical difficulties. Further screen-
ing for the low-molecular-mass protein or the psaM gene in
higher plants is needed to clarify this issue.

Independently of Bryant (1992), Iwasaki et al. (1991)
proposed the name psaM for a hypothetical gene that en-
codes a PS I protein of 17.5 kDa in cucumber. They con-

4 kDa band [ ggi'}

psaJ-like frame
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cluded that its N-terminal sequence was not homologous to
that of any known PS 1 protein. However, more careful
comparison suggests that it is characteristically similar to
the N-terminal region of the presumed mature form (Ok-
kels et al. 1991) of barley PS I-L. The apparent molecular
mass of the cucumber protein (17.5 kDa) is close to that of
PS I-L from barley and spinach (14-18 kDa) (Okkels et al.
1991, Ikeuchi and Inoue 1991b). In addition, they did not
detect PSI-L in the PSI complex from cucumber, even
though the presence of many other known components of
PS I was confirmed. Presumably, the 17.5 kDa protein in
cucumber is not a new PS I component but is most proba-
bly PS I-L. Therefore, we would like to retain the designa-
tion psaM for the gene for the cyanobacterial 3.5 kDa pro-
tein.

We also determined the N-terminal sequences of pro-
teins in other bands from our PS I complexes. Most of
them provided simple confirmation of the previous iden-
tifications. One point to be mentioned, however, is that a 4
kDa band from Synechocystis PCC 6803 and Synechococ-
cus PCC 7002 contained both PS I-I and PS I-J. Namely,
when the 4 kDa band was subjected to N-terminal sequenc-
ing after treatment with HCI, two different amino acid
signals were obtained at many cycles, indicative of the
superposition of two proteins in this band. From their in-
tensities, the signals were interpreted as being derived from
PS I-I and PS I-J, although it was difficult to assign the two
sequences unambiguously (Fig. 6). In a homology search us-
ing the TFASTA program, we recently found a psaJ-like
frame 106 bp downstream from psaF in Synechocystis
PCC 6803, the DNA sequence of which was reported by
Chitnis et al. (1991). However, they did not mention the
presence of this psaJ-like frame in their original report
probably because the initiation codon was absent. How-
ever, if we incorporate frame shifts at two positions in their
DNA sequence, the resultant open reading frame corre-
sponds closely to our amino acid sequence (Fig. 6). This im-
plies that the psaJ-like frame is a pseudogene or that the
frame shift is due to an artifact in DNA sequencing. The
linkage of psal to psaF is not surprising since it has been
found in both Synechococcus sp. (Muehlenhoff et al. 1992)
and in the cyanelle genome of Cyanophora paradoxa
(Bryant 1992).

MdgSYAASYLPWILiPMVGWLFPAVTMGLLFIyIE?e/
MDGLKSFLSTAPVMIMALLtF??GILIEFN??ypd??/
MD::LKS:LSTAPVMIMALLTFTAGI LIEFNAFYPDLLFHP*

Fig. 6 N-terminal sequences obtained from the 4 kDa band from Synechocystis PCC 6803 and the psaJ-like frame reported by Chitnis

et al. (1991).

Amino acid signals from the 4 kDa band were attributed to PS I-I and PS I-J. Residues with small letters were not con-

clusively determined. A slash shows the end of sequencing. The frame shift (one base insertion in each case) is assumed at - in the psaJ-
like frame for the best match with the amino acid sequencing data. An asterisk at the C-terminal position of the psaJ-like frame indicates
a stop codon. Question marks indicate the absence of significant data.
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We have now analyzed the protein composition of five
cyanobacterial PS1 complexes by high resolution SDS-
urea-PAGE and protein sequencing: those of Synechococ-
cus vulcanus, Synechococcus elongatus BP-1, Synechococ-
cus sp. PCC 7002, Synechocystis sp. PCC 6803 (Koike et
al. 1989 and this work) and Anabaena variabilis ATCC
29413 (Ikeuchi et al. 1991c, Nyhus et al. 1992). It is almost
definitely established that PS I-C, PS I-D, PS I-E, PS I-F,
PSI-1, PSI-J, PS I-K, PS I-L, PS I-M and PS I-N are com-
mon PS I components of PS I in cyanobacteria. From the
SDS-PAGE profiles (Fig. 1, 3-5), it seems very unlikely that
we shall detect any more PS I components in our cyanobac-
terial preparations. It seems likely that PS I-G, PS I-H and
a 9 kDa protein (tentatively designated PS I-O), found in
higher plants, are absent from cyanobacterial PS I. Recent-
ly Li et al. (1991) obtained the same results for the PS I
complex of Synechococcus sp. PCC 6301, with the excep-
tion of the low-molecular-mass proteins. However, fer-
redoxin-NADP* oxidoreductase has been found in a PS I
preparation isolated from spinach by a mild detergent treat-
ment (Sakihama et al. 1990). It may, thus, be possible to
find more proteins that interact with the PS I complex, if a
still closer to native PS I complex can be isolated by use of
milder conditions for solubilization or fractionation.

The authors thank Drs. D.A. Bryant and V.L. Stirewalt
(Pennsylvania State University, U.S.A.) for kindly providing their
unpublished sequence data from Cyanophora paradoxa. This
work was supported by a Grant on Photosynthetic Sciences from
the Science and Technology Agency (to RIKEN) and a Grant-in-
Aid (no. 03454013) from the Ministry of Education, Science and
Culture of Japan (to M.I.). H.B.P.’s visit to RIKEN was sup-
ported by the U.S.-Japan Cooperation Program on Photoconver-
sion and Photosynthesis.

Note Added in Proof

A DNA sequence of Synechococcus sp., which corresponds to
our 3.5 kDa protein, is now registered as psaM in EMBL and Gen-
Bank under accession number of X59760. by Haehnel, W.H.,
Nelson, N. and Witt, I. Their deduced protein sequence 100% is
identical to our sequences from thermophilic Synechococcus
vulcanus and S. elongatus BP-1.

References

Barry, B.A., Bender, C.J., McIntosh, L., Ferguson-Miller, S. and
Babcock, G.T. (1988) Photoaccumulation in photosystem I
does not produce a phylloquinone radical. Israel J. Chem. 28:
129-132.

Bryant, D.A. (1992) Photosystem I: polypeptide subunits, genes
and mutants. In Current Topics in Photosynthesis. Edited by

M. Ikeuchi et al.

Barber, J. Vol 11. pp. 501-549. Elsevier, Amsterdam.

Chitnis, P.R., Purvis, D. and Nelson, N. (1991) Molecular clon-
ing and targeted mutagenesis of the gene psaF encoding subunit
IIT of photosystem I from the cyanobacterium Synechocystis
sp. PCC 6803. J. Biol. Chem. 266: 20146-20151.

Franzén, L.-G., Frank, G., Zuber, H. and Rochaix, J.-D. (1989)
Isolation and characterization of cDNA clones encoding photo-
system I subunits with molecular masses 11.0, 10.0 and 8.4 kDa
from Chlamydomonas reinhardtii. Mol. Gen. Genet. 219: 137-
144,

Hirano, M., Satoh, K. and Katoh, S. (1980) Plastoquinone as a
common link between photosynthesis and respiration in a blue-
green alga. Photosyn. Res. 1: 149-162.

Hiratsuka, J., Shimada, H., Whittier, R., Ishibashi, T.,
Sakamoto, M., Mori, M., Kondo, C., Honji, Y., Sun, C.R.,
Meng, B.Y., Li, Y.Q., Kanno, A., Nishizawa, Y., Hirai, A.,
Shinozaki, K. and Sugiura, M. (1989) The complete sequence of
the rice (Oryza sativa) chloroplast genome: intermolecular
recombination between distinct tRNA genes accounts for a ma-
jor plastid DNA inversion during the evolution of the cereals.
Mol. Gen. Genet. 217: 185-194.

Hoshina, S., Sue, S., Kunishima, N., Kamide, K., Wada, K. and
Itoh, S. (1989) Characterization and N-terminal sequence of a §
kDa polypeptide in the photosystem I core complex from
spinach. FEBS Lett. 258: 305-308.

Ikeuchi, M., Hirano, A. and Inoue, Y. (1990) Polypeptide com-
position of higher plant photosystem I complex: identification
of psal, psal and psaK gene products. FEBS Lett. 263: 274
278.

Ikeuchi, M., Hirano, A. and Inoue, Y. (1991a) Correspondence
of apoproteins of light-harvesting chlorophyll a/b complexes as-
sociated with photosystem I to cab genes: evidence for a novel
Type IV apoprotein. Plant Cell Physiol. 32: 103-112.

Ikeuchi, M. and Inoue, Y. (1988a) A new 4.8-kDa polypeptide in-
trinsic to the PS II reaction center, as revealed by modified
SDS-PAGE with improved resolution of low-molecular-weight
proteins. Plant Cell Physiol, 29: 1233-1239.

Ikeuchi, M. and Inoue, Y. (1988b) A new photosystem II reaction
center component (4.8 kDa protein) encoded by chloroplast
genome. FEBS Lett. 241: 99-104.

Ikeuchi, M. and Inoue, Y. (1991b) Two new components of 9 and
14 kDa from spinach photosystem I complex. FEBS Lett. 280:
332-334,

Ikeuchi, M., Nyhus, K.J., Inoue, Y. and Pakrasi, H.B. (1991¢c)
Identities of four low-molecular-mass subunits of the photosys-
tem I complex from Anabaena variabilis ATCC 29413.
Evidence for the presence of the psal gene product in a cyano-
bacterial complex. FEBS Lett. 287: 5-9.

Iwasaki, Y., Ishikawa, H., Hibino, T. and Takabe, T. (1991)
Characterization of genes that encode subunits of cucumber PS
I complex by N-terminal sequencing. Biochim. Biophys. Acta
1059: 141-148.

Koike, H., Ikeuchi, M., Hiyama, T. and Inoue, Y. (1989) Iden-
tification of photosystem I components from the cyanobacte-
rium, Synechococcus vulcanus by N-terminal sequencing. FEBS

NI | -El ectronic Library Service



The Japanese Soci ety of Plant Physiol ogists

Novel 3.5 kDa protein in cyanobacterial PS I

Lett. 253: 257-263.

Li, N., Warren, P.V., Golbeck, J.H., Frank, G., Zuber, H. and
Bryant, D.A. (1991) Polypeptide composition of the Photosys-
‘tem I complex and Photosystem I core protein from Synecho-
coccus sp. PCC 6301. Biochim. Biophys. Acta 1059: 215-225.

Muehlenhoff, U., Haehnel, W.H., Witt, H.T. and Herrmann,
R.G. (1992) Genes encoding ten subunits of photosystem I from
the thermophilic cyanobacteria Synechococcus sp. GenBank Ac-
cession No. X63765.

Nakayama, K., Yamaoka, T. and Katoh, S. (1979) Chromato-
graphic separation of photosystem I and II from the thylakoid
membrane isolated from a thermophilic blue-green alga. Plant
Cell Physiol. 20: 1565-1576.

Nyhus, K.J., Ikeuchi, M., Inoue, Y., Whitmarsh, J. and Pakrasi,
H.B. (1992) Purification and characterization of the photosys-
tem I complex from the filamentous cyanobacterium Anabaena
variabilis ATCC 29413. J. Biol. Chem. 267: 12489-12495.

Ohyama, K., Fukuzawa, H., Kohchi, T., Shirai, H., Sano, T.,
Sano, S., Umesono, K., Shiki, Y., Takeuchi, M., Chang, Z.,
Aota, S., Inokuchi, H. and Ozeki, H. (1986) Chloroplast gene
organization deduced from complete sequence of liverwort Mar-
chantia polymorpha chloroplast DNA. Nature 322: 572-574.

Okkels, J.S., Scheller, H.V., Svendsen, I. and Meller, B.L. (1991)
Isolation and characterization of a cDNA clone encoding an 18-
kDa hydrophobic photosystem I subunit (PS I-L) from barley
(Hordeum vulgare L.). J. Biol. Chem. 266: 6767-6773.

Pearson, W.R. and Lipman, D.J. (1988) Improved tools for bio-
logical sequence comparison. Proc. Natl. Acad. Sci. USA 85:
2444-2448.

Rippka, R. (1988) Isolation and purification of cyanobacteria.
Methods Enzymol. 167: 3-27.

Roégner, M., Nixon, P.J. and Diner, B.A. (1990) Purification and
characterization of photosystem I and photosystem II core com-

1063

plexes from wild-type and phycocyanin-deficient strains of the
cyanobacterium Synechocystis PCC 6803. J. Biol. Chem. 265:
6189-6196.

Sakihama, N., Sakai, K. and Shin, M. (1990) Seikagaku 62: 648.
(Abstract in Japanese).

Scheller, H.V. and Mpgller, B.L. (1990) Photosystem I poly-
peptides. Physiol. Plant. 78: 484494,

Scheller, H.V., Okkels, 1.S., Hgj, P.B., Svendsen, 1., Roepstorff,
P. and Mgller, B.L. (1989) The primary structure of a 4.0-kDa
photosystem I polypeptide encoded by the chloroplast psal
gene. J. Biol. Chem. 264: 18402-18406.

Shinozaki, K., Ohme, M., Tanaka, M., Wakasugi, T.,
Hayashida, N., Matsubaybashi, T., Zaita, N., Chunwongse, J.,
Obokata, J., Yamaguchi-Shinozaki, K., Ohto, C., Torazawa,
K., Meng, B.Y., Sugita, M., Deno, H., Kamogashira, T.,
Yamada, K., Kusuda, J., Takaiwa, F., Kato, A., Tohdoh, N.,
Shimada, H. and Sugiura, M. (1986) The complete nucleotide
sequence of the tobacco chloroplast genome: its gene organiza-
tion and expression. EMBO J. 5: 2043-2049.

Stevens, S.E., Jr. and Porter, R.D. (1980) Transformation in
Agmenellum quadruplicatum. Proc. Natl. Acad. Sci. USA 77:
6052-6056.

Umesono, K., Inokuchi, H., Shiki, Y., Takeuchi, M., Chang, Z.,
Fukuzawa, H., Kohchi, T., Shirai, H., Ohyama, K. and Ozeki,
H. (1988) Structure and organization of Marchantia poly-
morpha chloroplast genome. II. Gene organization of the large
single copy region from rps'12 to atpB. J. Mol. Biol. 203: 299-
331.

Yamagishi, A. and Katoh, S. (1983) Two chlorophyll-binding
subunits of the photosystem 2 reaction center complex isolated
from the thermophilic cyanobacterium Synechococcus sp.
Arch. Biochem. Biophys. 225: 836-846.

(Received May 25, 1992; Accepted August 18, 1992)

NI | -El ectronic Library Service



