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Identification of a new gene in the chloroplast genome encoding a 
low-molecular-mass polypeptide of photosystem II complex 
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Low-molecular-mass polypeptides in spinach photosystem II membranes were separated by SDS-polyacrylamide gel elec- 
trophoresis. The partial amino acid sequence of one of the polypeptides was determined. Comparison of this sequence 
with the entire nucleotide sequence of the tobacco chloroplast genome revealed that this polypeptide is encoded in the 
chloroplast genome. The gene for the polypeptide, designated as psbK, is located between the genes for tRNAs” and 
tRNAo’” in the large single-copy region and oriented in the direction opposite to the tRNA genes, The amino acid se- 
quence deduced from the gene indicates that the translation product consists of 98 amino acid residues and its 62nd resi- 
due corresponds to the amino-terminus of the mature polypeptide. The putative polypeptide consists of 37 amino acid 

residues with a molecular mass of 4285 Da and has a single membrane-spanning segment. Northern blot hybridization 
analysis revealed that psbK was transcribed in the chloroplast. 
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1. INTRODUCTION 

The photosystem (PS) II complex (in this article, 
the PS II core complex represents the complex 
composed of the 47 kDa, 43 kDa, Dl and D2 pro- 
teins and apoproteins of cytochrome b-559, which 
catalyzes the photochemical reaction, and the 
PS II complex represents a supramolecular com- 
plex present in the thylakoid membrane which con- 
tains the PS II core complex, LHC II and three 
extrinsic proteins of 33, 23 and 18 kDa and carries 
out light trapping, the photochemical reaction and 
electron transport from water to plastoquinone), a 
supramolecular complex which spans the thylakoid 
membrane, catalyzes the light-driven electron 
transport reaction from water to a plastoquinone 
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molecule. Polypeptide analysis by SDS- 
polyacrylamide gel electrophoresis indicates that 
more than 15 protein components exist in the PS II 
complex [ 11. 

A recent biochemical study on the PS II com- 
plex has clarified the function and characteristics 
of part of the protein components. Intrinsic 
hydrophobic proteins of 47 kDa, 43 kDa, 34 kDa 
and 32 kDa and those of 9 kDa and 4 kDa 
(apoproteins of cytochrome b-559) form the PS II 
core complex [1,2]. These six proteins and a 
phosphoprotein of 10 kDa [3] are encoded in the 
chloroplast genome and the nucleotide sequences 
of their genes have been determined (as reviews, 
see [2] and [4]). Other protein components of the 
PS II complex characterized previously, such as 
apoproteins of LHC II [5], three extrinsic proteins 
of 33 kDa, 23 kDa and 18 kDa involved in the 
binding of inorganic components, Mn, Ca2+ and 
cl-, essential for oxygen evolution [l], 
hydrophobic proteins of 22 kDa, 20 kDa and 
10 kDa [6], and a hydrophilic protein of 5 kDa [7], 
are all encoded in the nuclear genome and their 
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partial amino acid sequences and the nucleotide se- 
quences of their cDNAs have been determined 
([B-11] and Herrmann, R.G., personal com- 
munication). The presence of several low- 
molecular-mass polypeptides of less than 10 kDa 
in the PS II complex has also been reported 
previously [7], but they have not yet been 
characterized. 

Another approach to identify the protein com- 
ponents of the PS II complex is to analyze the gene 
products encoded in the chloroplast genome. 
Steinmetz et al. [ 121 identified the p&G gene in the 
maize chloroplast genome, using antibodies raised 
against a synthetic polypeptide corresponding to a 
part of the gene product. Using the same techni- 
que, two genes in the maize chloroplast genome, 
psb1 and psbJ, have also been found (Katoh, K., 
Sayer, R.T. and Bogorad, L., personal com- 
munication). On the other hand, Cushman et al. 
[13] reported another set of psb1 and psbJ in the 
Euglena chloroplast genome, which are located 
downstream from the psbE and psbF genes. Two 
genes corresponding to psb1 and psbJ of Euglena 
have also been found in the genome of 
cyanobacterium [14]. However, the presence of 
these gene products in the PS II complex has not 
yet been biochemically proved, except for the psb1 
gene of Eugfena: the N-terminal amino acid se- 
quence of a protein of 4 kDa in spinach PS II 
membranes matched that deduced from the 
nucleotide sequence of psb1 of Euglena (Gray, 
J.C., unpublished). 

Here we report a new gene encoding for one of 
the polypeptides which are present in the spinach 
PS II complex. The partial amino acid sequence at 
the N-terminal side of the polypeptide matched a 
part of an ORF of 98 codons in the tobacco 
chloroplast genome. The ORF, designated as 
psbK, is located between the genes for tRNASe’ 
and tRNAG’” and oriented in the direction opposite 
to the tRNA genes. 

2. MATERIALS AND METHODS 

PS II membranes were prepared from spinach thylakoids 

with Triton X-100 according to Kuwabara and Murata [15]. A 
crude preparation of the oxygen-evolving PS II core complex 
was prepared by removing LHC II from the PS II complex by 

treating the PS II membranes with I-0-n-octyl-P-D- 

glucopyranoside (octylglucoside) in the presence of 0.4 M NaCl 
and subsequent differential centrifugation to pellet the released 
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LHC II according to Ghanotakis et al. [16]. The oxygen- 

evolving PS II core complex was purified by treating the PS 11 
membranes with octylglucoside followed by centrifugation on a 
sucrose density gradient according to Ikeuchi and Inoue [17]. 

The Dl-Dt-cytochrome b-559 complex was prepared from the 
PS II membranes with Triton X-100 according to Nanba and 

Satoh [18]. PS I particles were prepared from spinach 
thylakoids with digitonin according to Ikegami and Katoh [19]. 

Polypeptides in these preparations were separated by SDS- 

urea polyacrylamide gel electrophoresis with a gel plate 0.7 mm 
thick, using the buffer system of Laemmli [20] with slight 

modifications. The gel plate contained 6.0 M urea but no SDS, 

since the absence of SDS from the gel led to better separation 
of pigments from closely located polypeptide bands. The stack- 

ing gel contained 5% polyacrylamide and the separation gel 
consisted of a linear gradient of polyacrylamide concentration 

from 10 to 22%. The samples were solubilized with 2.0% 
SDW4.0 M urea/50 mM dithiothreitol/lO% glycerol/625 mM 
Tris-HCl (pH 6.8) at 50°C for 30 min. Electrophoresis was per- 

formed at 4°C. After electrophoresis, the gel plate was stained 
with 0.07% Coomassie brilliant blue R-250/50% (v/v) 

methanol/lO% (v/v) acetic acid and destained with 30% (v/v) 
methanol/lO% (v/v) acetic acid. Apparent molecular masses of 
polypeptides smaller than the 9 kDa subunit of cytochrome 

b-559 were estimated from their migration distances using 
molecular mass marker proteins prepared from horse-heart 

myoglobin by cyanogen bromide cleavage (BDH Chemicals) as 
standards. 

For analysis of the amino acid sequences of the polypeptides 
in the gel, the polypeptides were transferred onto a PVDF mem- 
brane according to Matsudaira [21], except that 0.02% SDS was 

added to the transfer buffer, as follows. The gel plate was soak- 
ed in 0.02% SDS/IO% (v/v) methanol/l0 mM Caps-NaOH 
(pH 11.0) (transfer buffer) for 5 min, and sandwiched with 

PVDF membranes (Immobilon Transfer, 0.45-/m pore size, 
Millipore) which had been rinsed with 100% methanol and 

stored in the transfer buffer. Polypeptides in the gel were elec- 
troeluted onto the PVDF membrane facing the anode in the 
transfer buffer at 0.5 A for 30 min at room temperature. Next, 

the membrane was stained with 0.1% Coomassie brilliant blue 
R-250 in 50% (v/v) methanol for 5 min, destained with 50% 

(v/v) methanol/lo% (v/v) acetic acid until the polypeptide 

bands emerged, and finally rinsed with deionized water, air- 

dried and stored at - 20°C. 
The stained polypeptide bands on the PVDF membrane were 

cut out with a razor, and the membrane pieces were placed in 

the cartridge block of a gas-phase protein sequence analyzer 
(47OA, Applied Biosystems) and the amino acid sequence at the 
N-terminal side of the polypeptide was determined. The obtain- 

ed amino acid sequences were compared with the amino acid se- 
quence derived from the complete nucleotide sequence of the 
chloroplast genome of tobacco (Nicotiuna tubucum var. Bright 
Yellow 4) [22) with a Micro VAX11 computer using the IDEAS 
program and an NEC PC98XA computer using the GENETYX 

program (Software Development, Japan). 
Northern blot hybridization was carried out as described in 

[23]. Total chloroplast RNA was prepared from young tobacco 
leaves and separated by electrophoresis with a 1% agarose gel. 
The RNA was transferred onto nylon membrane sheets and 
hybridized with the 5 ’ -[‘*PI-labelled synthetic oligonucleotide 
probe (see fig.3). 
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3. RESULTS 

Among the proteins in the PS II complex, 
polypeptides smaller than the 9 kDa subunit of 
cytochrome b-559 have not well been characte- 
rized. Ljungberg et al. [7] previously reported five 
polypeptides of 7, 6.5, 5.5, 5 and 4 kDa in the 
oxygen-evolving PS II core complex. Under the 
conditions of SDS-polyacrylamide gel elec- 
trophoresis in the present study, eight polypeptide 
bands emerged below the band of the 9 kDa 
subunit in the PS II membranes and the crude 
preparation of the oxygen-evolving PS II core 
complex (fig. 1, marked with arrowheads). Three 
of them correspond to already isolated and 
characterized proteins; the 10 kDa phosphoprotein 
[3], the 4 kDa subunit of cytochrome b-559 [24], 
and the hydrophilic 5 kDa protein [7]. The amino 
acid sequence of a polypeptide of the highest 
mobility in the gel, which had an apparent 
molecular mass of 2 kDa, was successfully deter- 
mined up to the 13th amino acid residue as Lys- 

A 
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Fig.2. Location of the p&K gene on the tobacco chloroplast 
genome. The right-hand part shows an enlarged map of the 
region in which p&K is located. The inverted repeat is shown 
by bold lines. Genes indicated outside the circle are located on 
a strand transcribed counterclockwise and genes indicated 

inside are on another strand transcribed clockwise. psbA, gene 
for the Dl protein; p&B and psbC, genes for antenna 
chlorophyll proteins of 47 kDa and 43 kDa, respectively; psbD, 
gene for the D2 protein; p&E and p&F, genes for the 
apoproteins of cytochrome b-559; psbG, gene corresponding to 
the maize p&G [12]; psbH, gene for the 10 kDa 
phosphoprotein; p&l*, gene corresponding to the maize psbI 
(Katoh, K., Sayre, R.T. and Bogorad, L., personal 

communication); rrnQ and tmS, genes for tRNAG’” and 
tRNAse’. p&J, which is present in the maize chloroplast 

genome, is missing from the tobacco chloroplast genome. 

B 

.J 
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c 1 0-kDa phosphoprotein 

E: +-Hydrophilic B-kDa protein 
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Fig. 1. Separation of low-molecular-mass polypeptides of spinach PS II preparations by SDS-urea polyacrylamide gel electrophoresis. 

The gel was stained with Coomassie brilliant blue. (A) Lanes: a, molecular mass marker proteins (phosphorylase b, 94 kDa; bovine 
serum albumin, 67 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa; trypsin inhibitor, 20.1 kDa; a-lactalbumin, 14.4 kDa); b, 
PS II membranes; c, crude preparation of the oxygen-evolving PS II core complex; d, purified oxygen-evolving PS II core complex; 
e, Dl-D2-cytochrome b-559 complex; f, PS I particles; g, molecular mass marker proteins prepared from horse-heart myoglobin by 
cyanogen bromide cleavage [16.9, 14.4, 8.16, 6.21 and 2.51 kDa, respectively (purchased from BDH Chemicals)]. (B) Enlarged 
photograph of the low-molecular-mass region below the 9 kDa subunit of cytochrome (Cyt) b-559 in the crude preparation of the 

oxygen-evolving PS II core complex (lane c). 
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Leu-Pro-Glu-Ala-Tyr-Ala-Phe-Leu-X-Pro-Ile-Val from the ORF consists of 37 amino acid residues 
from the N-terminus. with a molecular mass of 4285 Da. 

Computer-assisted comparison of this partial Transcripts of the 0RF98 were analyzed using a 
amino acid sequence with those deduced from synthetic oligodeoxyribonucleotide corresponding 
ORFs in the tobacco chloroplast genome [22] to positions from 237 to 274 in the ORF as a probe 
revealed that it was identical with a part of an ORF (see fig.3). This probe was hybridized to RNA 
of 98 codons (ORF98). As previously shown [25], bands of about 2.7-0.6 kb, indicating that the 
the ORF98 is located between the genes for ORF98 is expressed in the chloroplast (fig.4). 
tRNAS” and tRNAG1” in the large single-copy Therefore, we concluded that the ORF98 is the 
region, and oriented in the direction opposite to gene encoding for the polypeptide of the highest 
the tRNA genes (fig.2). Another ORF of 52 codons mobility of the PS II complex. Hereafter, the 
which corresponds to psb1 of the maize chloroplast 0RF98 is designated as psbK, in order to 
genome is located downstream of the ORF98 [25]. distinguish it from p&I and psbJ which have been 

The determined amino acid sequence of the reported independently for different genes ([ 13,141 
polypeptide matched the deduced amino acid se- and Katoh, K., Sayer, R.T. and Bogorad, L., per- 
quence from the 62nd to 74th residues of the sonal communication), and the encoded polypep- 
ORF98 (fig.3). The putative polypeptide deduced tide as the K polypeptide. 

GAAGGATTCGAACCTCCGAATAGCGGGACCAAAACCCGTT~CCTTACCAC~TGGCCACGC 

trnQ (Cl TTAGATTTCTATTCGATACTAAGAAAGTATATTGCTTGTTTTGTT~GTTTGTCAA 

GTGGGTTCAAAGAAAAAGAAGTATTTTTTGTTTACCTTACTTACTTTCC~TTTCCTTAT~ 
MGSKKKKYFLFT LLTFPFLI 
1 10 20 

TCAATAACGCAATCAAAATGCAATTATCTCTCCAAGAACA 
s I T Q S K CNYLSKNKKSVMLN 

30 40 

psbK ACCTTTAGTTTGATCGGTATCTGTCTTAATTCGACCCTTTTTTCGAGTAGTTTTTTCTT~ 
T F S L I GICLNSTLFS S S F F F 

50 60 

v 
GGCAAATTGCCCGAGGCCTATGCTTTTTTGAATCCAATCGTAGATATTA~GCCAGT~ 
GKLPEAYAFLNPIVDI M P V I 

K L P E AYAFLXPIV 
Spinach 70 

CCTCTGTTTTTTTTTCTCTTAGCCTTTGTTTGGCAAGCTGTCG 
PLFFFL LAFVWQAAVSFR 
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Fig.3. Nucleotide sequence of p&K and the derived amino acid sequence of the K polypeptide of the PS II complex of tobacco and 
the chemically determined amino acid sequence of the K polypeptide of spinach. The ORF is boxed. An arrowhead indicates the 
putative processing site. Bold lines above the nucleotide sequence indicate the SD sequences. The underlined sequence, position 

237-274, corresponds to the probe used for the Northern blot hybridization. trnQ is located on the complementary strand. 
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- 0.9 
- 0.6 

Fig.4. Detection of transcripts from the tobacco p&K gene. An 
autoradiogram of the Northern blot of tobacco chloroplast 
RNA hybridized with the p&K probe, 5 ‘-[‘2P]-labelled 38-mer 

oligonucleotide (see fig.3). 

Fig.5 shows the hydropathy profile of the K 
polypeptide deduced from the nucleotide sequence 
of p&K. Obviously, the putative mature polypep- 
tide consists of a single hydrophobic segment 
which may span the thylakoid membrane. 

~ Span-9 
I 

I 

50 
Residue Number 

Fig.5. Hydropathy plot of the translation product of 98 amino 
acid residues deduced from the nucleotide sequence of the 
tobacco p&K gene. Hydropathy was calculated with a 9-point 
window according to Kyte and Doolittle [29]. The vertical line 
shows the putative processing site and the arrow indicates the 

second methionine at the 38th amino acid residue. 

4. DISCUSSION 

SDS-polyacrylamide gel electrophoresis of the 
present study indicates that eight polypeptides 
smaller than the 9 kDa subunit of cytochrome 
b-559 exist in spinach PS II membranes (fig.1). 
The present study shows that one of the polypep- 
tides having an apparent molecular mass of 2 kDa, 
the K polypeptide, is encoded in the chloroplast 
genome. 

The nucleotide sequence of the gene for the K 
polypeptide, p&K, indicates that the mature 
polypeptide consists of 37 amino acid residues with 
a molecular mass of 4285 Da. This is larger than 
the apparent molecular mass of the spinach K 
polypeptide estimated from the migration distance 
in the polyacrylamide gel. Since the C-terminus of 
the K polypeptide has not been analyzed yet, it 
cannot be ruled out that the mature polypeptide is 
smaller than the putative polypeptide in size. 
However, taking into account the fact that the 
putative polypeptide is highly hydrophobic (fig.5), 
it is more likely that the migration distance of the 
K polypeptide in the gel does not reflect the real 
molecular mass. 

p&K has two possible initiation codons, GTG 
from position 1 and ATG from position 112 
(fig.3). Both have sequences similar to the SD se- 
quence in their upstream regions (fig.3), and 
therefore, the real initiation codon of psbK cannot 
be specified at present. If the first codon of the 
gene is the real initiation codon, the translation 
product consists of 98 amino acid residues and a 
polypeptide of 61 amino acid residues at the N- 
terminus would be removed post-translationally. 
Since the K polypeptide is likely to span the 
thylakoid membrane, its precursor may have the 
leading peptide to cross the membrane like other 
membrane-spanning proteins such as subunits I 
and IV of H+-ATPase [26,27] and apoprotein of 
cytochromef [28]. However, the polypeptide of 61 
amino acid residues is large compared with 
previously reported pre-sequences of intrinsic pro- 
teins encoded in the chloroplast genome: subunits 
I and IV of H+-ATPase have pre-sequences of 17 
and 18 amino acid residues, respectively [26,27] 
and the apoprotein of cytochrome f has one of 35 
residues [28]. There is no homology among these 
pre-sequences either in the amino acid sequences or 
hydropathy profiles. 
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The K polypeptide in PS II membranes remain- 
ed bound to the PS II complex when LHC II was 
removed on treatment with octylglucoside (fig. 1, 
lane c), but was absent in the purified oxygen- 
evolving PS II core complex or the Dl- 
D2-cytochrome b-559 complex (fig. 1, lanes d and 
e). This indicates that this polypeptide does not 
participate in the photochemical reaction nor in 
oxygen evolution. Further study is required to 
clarify the function of the K polypeptide in PS II, 
together with the mechanism of the translation and 
incorporation into the PS II complex of the 
polypeptide. 
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