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We recently reported the presence of several low-molecular-mass protein components in the PS LI Q,-evolving core com-
plex from the thermophilic cyanobacterium, Synechococcus vulcanus [(1989) FEBS Lett, 244, 391-396]. Here we have
characterized the three components (4.1, 4.7, 5 kDa) of the same cyanobacterial core complex by N-terminal sequencing.
There were two components in the 4.7 kDa region, both having a blocked N-terminus. One has a sequence highly homol-
ogous to open reading frame 34 of plant chloroplast DNA (tentatively designated psbM), while the other has a sequence
partially homologous to open reading frame 43 of chloroplast DNA (designated psbN), although neither of the two gene
products has yet been confirmed in chloroplasts. The cyanobacterial 4.1 kDa protein partially corresponds to the 4.1
kDa nuclear-encoded core component of higher plant PS II. The cyanobacterial 5 kDa component, however, shows a
sequence that is unrelated to any cther known proteins.

Chloroplast DNA; Core complex; Cyanobacterium; Photosystem IL; (Synechococcus vuleanus)

1. INTRODUCTION

Several low-molecular-mass protein components
have recently been resolved from various PS II
complexes of higher plants by high-resolution SDS-
PAGE [1,2]. Since the entire chloroplast DNA se-
quence of tobacco and liverwort has been deter-
mined [3,4], the partial amino acid sequencing of
these proteins enables us to conclude that some are
encoded by the chloroplast genome, the others
probably by the nuclear genome [5-9]. However,
even after determination of gene and/or protein se-
quences, the function or significance of these com-
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ponents in PS II remains uncertain. A promising
approach to the elucidation of the roles of these
components may be genetical elimination of the
proteins. This approach, however, is not realistic at
present for higher plants, and is possible only for
cyanobacteria. It is thus necessary to study cyano-
bacterial PS II and to compare its protein composi-
tion with that of higher plant PS II. Such com-
parisons may also be of interest from an evolu-
tionary point of view in relation to the origin of
chloroplasts.

In the previous paper, we reported that the
Os-evolving PS 1I core complex of Synechococcus
vuleanus contains many low-molecular-mass com-
ponents like higher plants, and confirmed the
presence of the psbH and psbK gene products by
N-terminal sequencing [10]. We also detected the
gene products of psbl and psbL as well as psbE and
psbF in the cyanobacterial reaction center complex
[11]. However, several other low-molecular-mass
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proteins in PS II remain unidentified. Here we
report the N-terminal sequences of the unidentified
components of 4-5 kDa. Unexpectedly, the genes
for the two componenis appear to correspond to
the two open reading frames of plant chloroplast
DNA, whose gene products, however, have not yet
been observed.

2. MATERIALS AND METHODS

0s-evolving PS II core complex was prepared from allo-
phycocyanin-containing PS II particles from S. vulcanus
Copeland by treatment with Triton X-100 followed by DEAE-
Toyopearl column chromatography as in [10]. Low-molecular-
mass proteins were resolved by SDS-PAGE with 7.5 M urea and
a 16-22% (w/v) acrylamide gradient according to [2]. Separated
proteins were stained with Coomassie brilliant blue R-250 (Bio-
Rad) or electroblotted onto a polyvinylidene difluoride mem-
brane (Immobilon, Millipore) using 0.055% (w/v) SDS, 20%
{v/v) methanol and 17 mM boric acid as transfer buffer as
described [11]. Transferred proteins were visualized using
amido black 10B (Bio-Rad) and subjected to sequencing on a
protein sequencer (model 477A, Applied Biosystems).

The amino acid sequences determined were compared by
computer matching with those in the Protein Sequence Database
or all possible protein-coding sequences longer than 10 frames
[7] deduced from the chloroplast DNA sequences of tobacco
(Nicotiana tebacum) [3] and liverwort (Marchantia polymor-

phay [4).

3. RESULTS

A typical SDS-PAGE separation profile of our
cyanobacterial Oz-evolving core complex (fig.1)
shows seven bands below 10 kDa in addition to a
shoulder at 6.1 kDa due to contaminating atpH
product (proteolipid component of ATPase: cou-
pling factor). This pattern is almost identical with
our previously reported profile [10], except for the
absence of a minor band of 4.4 kDa. In many
cases, the 4.4 kDa protein was not recovered in
Os-evolving core complex and may well be no real
PS II component. As noted in fig.1, many of the
bands have been identified by N-terminal sequenc-
ing as gene products of psbE, psbH, psbF, pshl,
DsbL and psbK [10,11] as well as afpH (unpublis-
hed). Hence, two bands, at 4.7 and 4.1 kDa, re-
main to be characterized. The dye-staining inten-
sities of these bands are relatively low vs PS I
bands. Since the content of these bands is ap-
preciably higher in the initial PS 11 particles (not
shown), their association with the PS II core com-
plex may be weaker than that of the other com-
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Fig.1. SDS-PAGE densitogram of Oz-evolving PS 1I core com-
plex.

ponents. On the other hand, the intensity of the
5 kDa band is about 3-times higher than that of the
adjacent psbF or psbH band. This suggests the
presence of an unknown protein(s) in this region in
addition to the previously characterized psbl and
DpsbL products [11].

When analyzed after acid treatment, the 4.7 kDa
band from the Qs-evolving core complex provided
two sets of amino acid signals at each cycle that had
comparable signal intensities, indicative of the
superposition of two unique components. Since
neither signal was obtained without acid pretreat-
ment, the N-termini of both proteins must be
blocked. In order to distinguish between the two,
we separately analyzed the 4.7 kDa band obtained
from a partially purified reaction center prepara-
tion, As mentioned in [11}, the reaction center
complex isolated by use of Triton X-100 and urea
sometimes retains part of the 4.7 kDa protein while
the other core components are completely remov-
ed. This 4,7 kDa band gave only one amino-acid se-
quence (fig.2A), which corresponded exactly to
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(A) 4.7 kDa-1 sequence and chloroplast ORF34 (psbM}

~6Q -1
Liverwort TCATATTITTATCAGATGATATTTTTAATATTTTTAAATAACCCTTAAAATAATATAATT
Tobacca ATTTATCATCTCTATGGGATTAAATCCCGAGTTATTGCGAAGT AAAAAACCGATGAGATT
1 60
ATGGAAGTTAATATTTTAGCATTTATTGCTACGGCTTTGTTTATTTTAATTCCTACTGCT
........ Ao . CTe i . . TLLACAL . CuuGa s el G e
Liverwort M E Y N T L AF I AT ALV FI1 LTI PT A
Tobacco S
Synechococeus|{ . . . . Q@ . G . . . . . . L. ¥ . ¥ , 8
61 120
| TTTTTACTTATTCTTTATGTACAAACAGCTAGTCAAAATAGTTANATTTTTCAAAATTTG
P o CA....C...A...... TC..oen.. CGA. .. JTTATTAACTAATTTG
F L L I L Y VY @T A S @ N 58 *
. . I . . kK . v . . . D *

(B) 4.7 kDa-11 sequence and chloroplast CRF 43 (pshN)

-60 -1
Liverwort GTACTATTATATTAAAAAATATACATTAAAAATATACCATTATTTTEEKACTACCTAACA
Tobacco TAAATAAACGATCCTATCATAGATCCATTGGGGTCTTGAAATTTTATAAATATGATAAGA
1 [14]
ATGGAAACTGCAACTTTTGTCGLTATCTTCATATCTTGTTTACTTATAAGCTTTACTGGT
PP A.... CC.A..... C..... Toovnsn Goovnenns [¢ U G
Liverwort M ETATU FV AT FI S CULULI S FTG
Tobacco P T ¢ .
Synrechococcus| . . e Ir .y . L . . A %11 AL F , &
61 120
TATGCTCTTTATACCGCATTTGGACAACCTTCTAATGAACTTAGAGATCCATTTGAAGAA
WO CT A e T.o'ss Givivnnes LCLAC WAL PPN P ¢
Y A LYTATFG GAQPSNELU RIDUPTFEE
P e e e e e e QQ . . . .
121 180
CATGAAGACTANTTTTGGACTAATGACTTTTTAAACTAAAAAGTCATTAGTCCAAAATTA
[P ¢ B QT TGAAGTACTGAGCCTCCCGGTATCGGGAGGCTCAGTACTTCAACTGA
H E D *
G *

Fig.2. Partial N-terminal amino acid sequences of the cyanobacierial 4.7 kDa-I (A) and 4.7 kDa-11 (B) components and their alignments
with tobacco and liverwort ORFs. Numbering starts at the ATG codon at which translation is probably initiated. Corresponding amino
acid residues deduced from the liverwort sequence are expressed in the single-letter code. Nucleotide differences in the coding region
and amino acid differences are indicated below the liverwort sequence. A dot indicates the same residue as in liverwort and an asterisk
denotes a step codon. The identified gene is boxed. Possible ribosome-binding sites, GAG and GGA, are shown by bold lines. A hydro-
phobic region, which may span the membrane, is indicated by the horizontal bracket. ORF34 is located between {rnL (CAA) and rpoB
in liverwort chloroplast DNA [4] and between t/#nD (GUC) and rpeB in tobacco [3]. ORF43 is located between psbB and psbH but on
the opposite strand in both liverwort and tobacco.

one of the two sets of signals found for the band center being termed 4.7 kDa-I1. The amino acid se-
from the core complex. This tightly associated quence of the 4.7 kDa-I1 component was obtained
component was designated 4.7 kDa-1, the compo- by subtracting the 4.7 kDa-I signals from the entire
nent that readily dissociated from the reaction set (fig.2B), Since the 1st, 2nd and 9th signals were
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single and relatively intense, we postulate that both
components share the same amino acid residues in
these positions.

Computer-assisted homology search revealed
that the sequence of the 4.7 kDa-I component is
highly homologous to the predicted products of
ORF34 from tobacco and liverwort chloroplast
DNA (fig.2A). Most of the amino acid differences
between Synechococcus and the two plants are due
to substitutions of conservative residues. Both
tobacco and liverwort ORF34 sequences predict the
presence of a single possible membrane-spanning
segment consisting of 25 amino acid residues. The
hydrophobicity of this segment is conserved in the
Synechococcus 4.7 kDa-I protein. The molecular
masses of the ORF34 products were estimated to be
3.7 kDa (liverwort) and 3.8 kDa {tobacco). These
values differ slightly from that of the Synechococ-
cus counterpart (4.7 kDa). It may be possible that
the C-terminal part of this protein, which was not
sequenced here, differs between Symechococcus
and higher plants, however the present results seem
to suggest rather that a new PS II gene correspon-
ding to the higher plant ORF34 encodes the
4.7 kDa-I protein in Synechococcus.,

As regards the 4.7 kDa-II sequence, the com-
puter homology search indicated ORF43 of the
chloroplast DNA sequences from both liverwort
and tobacco (fig.2B). The homology between the
4.7 kDa-II sequence and plant ORF43 is rather low
compared with the 4.7 kDa-I sequence vs ORF34.
However, many of the sequence differences can be
interpreted as being the result of replacement of
conservative residues. A single hypothetical
membrane-spanning hydrophobic segment
predicted in ORF43 is also maintained as hydro-
phobic in the 4.7 kDa-1T sequence. The calculated
molecular mass for the plant ORF43 product is
4.9 kDa for liverwort and 4.7 kDa for tobacco,
both of which are almost identical to the apparent
molecular mass of the Synechococcus protein,
These indicate that the 4.7 kDa-II protein is encod-
ed by a cyanobacterial gene homologous to the
ORF43 of plant chloroplast DNA. Based on this
agreement in the data, we tentatively designate
ORF34 and ORF43 as psbM and pshN, respective-
ly, although their gene products remain thus far
undetected in higher plant thylakoids.

The 4.1 kDa band provided a unique N-terminal
sequence (fig.3A). The sequence contains only one
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A, 4.1 kDa sequence

possible membrane spanning segment
Synechococcus TITPSLEGFFIGLLSGAYYLGLTFAVLIAISQ
Spinach AELA....N.LFSIAA.G...VQIVG
Wheat ASPGLS....N.LLSIV..G..FAGIAG

B. 5 kDa segquence
ATKSAKPTYAFRTF?AVLLLAINFLYAAY

Fig.3. Partial N-terminal amino acid sequences of the cyano-

bacterial 4.1 kDa (A) and 5 kDa proteins. The seugence of the

4.] kDa protein is aligned with those of higher plant counter-

parts ({8) and unpublished). A dot indicates the same residue as

in the Synechococcus sequence. {?) Residue not determined.

Note that all the sequences start from the N-terminus and are
partial,

charged amino acid, Lys, at position 7. Subsequent
to this Lys residue, there follows a hydrophobic
amino acid stretch of at least 24 residues, which
may span the membrane. This sequence shows only
slight homology with the 4.1 kDa nuclear-encoded
core component of spinach and wheat (fig.3A and
[8]). Despite the relatively low homeology, the Lys
residue and the following hydrophobic stretch ap-
pear to be conserved in higher plants as far as the
two sequenced species are concerned. Moreover,
this component is associated with the PS II core
complex in both higher plants and cyanobacteria
and its apparent molecular mass is very similar be-
tween Synechococcus and higher plants. The above
data strongly support the correspondence of the
4.1 kDa component between cyanobacteria and
higher plants.

The 5 kDa band showed a unique sequence
superimposed on the sequence of psbL products
without acid treatment (fig.3B). The N-terminal
part of the sequence was enriched in positively
charged residues. No sequence homologous to this
5 kDa protein was found in the Protein Sequence
Database or in chloroplast DNA.

4. DISCUSSION

Here we have described four N-terminal se-
quences of cyanobacterial PS II core components
which had remained to be characterized. The se-
quence homology suggests that counterparts to
these cyanobacterial proteins, except in the case of
the 5 kDa protein, are present in higher plants.
Combining these results with our previous data
[10,11], it follows that all the low-molecular-mass
components of Synechococcus PS 11 core complex
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have been registered as follows: gene products of
psbE, psbH, psbF, psbl, psbL, psbM (ORF34),
psbN (ORF43) and psbK and 4.1 and 5 kDa pro-
teins. The counterpart homologs of all these com-
ponents except for the 5 kDa protein have been
identified in plant PS II and/or chloroplast DNA,
In contrast, based on the currently limited amount
of sequence data available, the 5 kDa component
of Synechococcus PS 11 and three nuclear-encoded
higher plant components (10-11, 6.1 and 5 kDa
[8]) do not appear to have any counterparts.
Hence, we can infer that the common components
play basic roles in supporting the function or struc-
ture of PS I, whereas species-specific components
may be involved in differentiated aspects of PS II
such as the light-harvesting system.

The gene products of ORF34 (psbM) and ORF43
(psbN) have not yet been detected in plants. How-
ever, it is known that ORF43 is actively transcribed
as monocistronic mRNA in liverwort and pea [12].
Since ORF34 as well as ORF43 is highly conserved
between tobacco and liverwort (fig.2), ORF34 may
also be expressed. In liverwort, ORF34 is sur-
rounded by inverted sequences [13], suggestive of
monocistronic transcription. Possible ribosome-
binding sequences are found upstream of tobacco
ORF34 and liverwort ORF43 but not tobacco
ORF43 or liverwort ORF34. The absence of the
ribosome-binding sequence is not unusual for
chloroplast genes, probably because the secondary
structure of mRNA provides an equivalent se-
quence [14].

The sequence of the 5§ kDa protein appears to be
unique to Synechococcus. However, we have
recently demonstrated the same sequence in a
5 kDa protein of the Synechococcus PS 1 core
complex retaining the iron-sulfur protein and other
core components (Koike, H. et al., unpublished).
The content of 5 kDa protein is almost stoichio-
metric in both the PS T and PS 11 complex. Since
this protein appears to be hydrophobic as sug-
gested by extraction using #-butanol, it might con-
nect PS I with the PS II complex in cyanobacterial
thylakoids.
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