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An intrinsic 22 kDa polypeptide is found associated with the oxygen-evolvin~ photosystem 11 (PSII) core complex in all green plants and 
cyanobaeteria so far examined, although it does not appear to be required l'or oxygen evolution. Amino acid ~equenee itfforrnation obtained from 
the purified 22 kDa protein was used to construct a probe that was employed to isolate a full-length eDNA clone encoding the 274-residue precursor 
of the 22 kDa protein. Hydropathy plot analysis predicts the existence of  four membrane-spanning helices in the mature protein, The two halves 
of the approxlmntely 200-resld uc mature protein show high sequence similarity to each other, suggesting that the psbS gene arose from an internal 

gene duplication. The 22 kDa protein has some sequence similarity to chlorophyll a/b.binding proteins. 

Photosystem II: Polypeptide; Chlorophyll a/b-binding (CAB) protein: Gene evolution 

1. INTRODUCTION 

Photosystem 1I (PSII) is a multi-subunit structure 
that contains the catalytic components necessary for 
light-driven oxidation of water to 02 coupled to reduc- 
tion of plastoquinone. Biochemical resolution has iden- 
tified three functional protein groups within PSII: a core 
complex (47, 43, 34 (D1), 32 (D21, and 9 and 4.5 kDa 
(cytochrome b559) species), a light-harvesting chloro- 
phyll-protein complex (LHCll), and an ensemble of 
extrinsic polypeptides of 33, 23, and 17 kDa. An exam- 
ination of' O2-evolving PSII preparations fi'om spinach 
has revealed the presence of additional intrinsic protein 
components (28, 22, 16, 5-3 kDa species) [1]. Removal 
of the 22 and 28 kDa polypeptides modifies the ability 
of' PSI1 to reduce exogenous acceptors (substituted p- 
benzoquinones, Fe(CN)~-), and the sensitivity of these 
reactions to the herbicide DCMU is also weakened. 
However, removal of the 28 kDa protein appears to 
produce the major change observed with respect to ac- 
ceptor reduction in PSII [2]. 

Thus, the role of the 22 kDa PSI! protein remains 
unclear. Ljungberg et el. [3] have examined the associa- 
tions among PSII polypeptide components after solubil- 
ization of the complex in detergent. Using antibodies 
against the extrinsic 33 and 23 kDa PSII polypeptides, 
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it could be shown that 24, 22 and 10 kDa proteins were 
co-precipitated by antisera directed against the extrinsic 
proteins. On the basis of these results, it was proposed 
that the 24, 22 and 10 kDa polylaeptides are closely 
associated with the PSII complex, and that they might 
be required lbr binding of the extrinsic polypeptides. In 
this communication we report the sequence of a eDNA 
clone encoding the 22 kDa polypeptide associated with 
the PSll reaction center complex and analyze the se- 
quence oi" the encoded polypeptide. 

2. MATERIALS AND METHODS 

2.1. lsohttian attd proteitl sequencing of spinach 22 kDa polypeptide 
PSI I reaction center complex was prepared f'rom market spinach as 

previously described [4,5]. From this preparation, referred to as G&Y, 
the 22 kDa protein was prepared for amino acid sequencing in two 
ways. 

(i) A 0.5 mg chlorophyll/ml suspension of the G&Y preparations 
was solubilized with 0.5% dodecyl maltoside (DM) on ice for 10 rain 
in a medium containing 20 mM MES, pH 6. 2 mM CaCl_~. and 400 
mM sucrose. The detergent was added slowly as a solid. After solubii- 
ization the RC complex-DM mixture was ¢entrifu$ed (40,009 × g, 15 
mini to remove andissociated material. The supernatant was then 
loaded onto a Plaarmaeia Fast Flow S cation exchange column at- 
tached to a Pharmacia FPLC system. The column was pre-equili- 
brated with solabilization buffer and packed in ice before the sample 
wa, loaded. The green material (containing Oz..evolving material that 
retains the 28 kDa protein) eluted in the void vOlulne. When all traces 
of chlorophyll had b ~ n  washed from the column, the 22 kDa protein 
was elated with 2 M NaCI (Fig. IA) The colorless ~olmion formed a 
white precipitate when dialwed against 20 mM MES. pH 6. The 
precipitated 22 kDa protein was collected by eentrifugation, resolubil- 
ized in 1% DM/2 M NaCl and stored at -45°C until analyzed. Protein 
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sequence analysis was performed on fragments prepared by the 
WACO Chemicals lysyi-endopeptidase method (digestion in 4 M urea, 
100 mM Tris (pH 8) overnight at 37°C). Proteolytic fragments were 
separated on a 0.2 tara Vydac (24 column at tached to an Applied 
Biosystems 130 HPLC system by elution with an  acetonitrile-water 
gradient. Sequences determination was performed on  an  Applied Bio- 
systems 473 protein sequencer. 

(ii) Alternatively. the G&Y preparation was washed with i M NaCI, 
l0 mM MES. pH 6.5, to  remove theextrinsic 23 kD a  polypeptide of 
the water-splitting complex [6], The polypeptides were resolved on a 
12-22% polyacrylamide gradient gel according to Pichersk-y et al. [7], 
and the Z2 kDa  pol~,qiX'latide xvas identified using antibodies (Fig. 1 B) 
raised to  thepurif ied protein [6]. After transferring the 22 kDa protein 
band to PVDF membranes,  tryptic peptides were obtained and se- 
quenced as in Pichersky et al. [7]. 

2.2. Gent cloning and sequencing 
Oligonuclcotides were prepared to correspond to peptide sequences 

obtained in this study and elsewhere [8]; for K A K A P K K V  (residues 
67-74), the sense 23-met 5"-AA(A/GJGC(A/G/CfFJAA(A/G)GC(A/ 
G/CfF)CC(A/G/C/T)AA(A/G)AA(A/G)GT; and  for  V E D G L F  (resi- 
dues 81-86), the antisense 20-mer 5°-AA(A/G/C/T)A(A/GXA/G/C/ 
T)CC(A/G)TC(C/T)TC(A/G/CFr)AC(Cfr)TT. Plasmid DNA (0.1 
pg) from a spinach leaf eDNA library was used as the source for DNA 
amplification with Taq DNA polymerase (35 cycles at 92, 37, and 
72°C for 2. 3. and  2 min. respectively). After amplification, the 60-bp 
amplified DNA fragment was purified from a 2% agarose gel by 
electroelution and labelled with 32p using the random-primer method. 
The labelled DNA was used as a probe to screen spinach leaf cDNA 
libraries in the lambda phage vector, Uni-Zap X R  (a gift from Drs. 
W. Gruissem and J. Narita). Probe labeling, library screening, and the 
isolation and characterization of  clones was performed as previously 
described [9.10]. D N A  was sequenced on both  strands by the enzy- 
matic method [I I]. 

3. RESULTS 

N-Terminal sequencing of  the purified spinach 22 
kDa protein was unsuccessful, indicating that the N- 
terminus is probably blocked. Protec,ysis as described 
in section 2 produced several peptides, and four unique 
fragments were successfully sequenced (Fig. 2). One 
peptide sequence, L K V E D G L F G T S G G I G P T ,  match- 
ed perfectly the last 12 amino acids of  the N-terminal 
sequence for the precursor of  a 22 kDa spinach PSII 
protein reported by yon Heijne et al. [8]. The latter 
sequence was derived from the nucleotide sequence of  
a cDNA cloned, but  neither the complete amino acid 
sequence nor any portion of  the D N A  sequence has 
been reported. 

Two regions o f  this protein (see section 2) were used 
to prepare synthetic oligonucleotides for amplification 
of a 60-bp gene segment by the PCR method. The am- 
plified DNA segment was used as a probe to screen a 
spinach leaf e D N A  library. A single clone was thus 
identified. The nucleotide sequence of  this clone was 
de~'errnined and is presented in Fig. 2. The clone con- 
tains 1,012 nucleotides and has an open reading frame 
encoding a polypeptide of  274 amino acids, starting 
with a methionine. The four peptide sequences previ- 
ously determined are all in complete agreement with the 
predicted sequence determined from the D N A  sequence 
(Fig. 2). In addition, the sequence of  the first 90 amino 

acids is in perfect agreement with the partial sequence 
o f  the spinach "22 kDa" clone reported by yon Heijne 
et al. [8]. We thus conclude that we have isolated a clone 
encoding the precursor of  the spinach 22 kDa polypep- 
tide. In accordance with the nomenclature for PSll  
genes proposed by Hallick [12], we designate the gene 
as psbS. Because the correct open reading frame in the 
isolated clone has no AT G codons  upstream of  the first 
A T G  codon indicated in Fig. 2, and a stop codon exists 
in that region, we conclude that the isolated psbS eDNA 
clone contains the entire coding region. 

Since we were unable to obtain the N-terminal se- 
quence o f  the mature polypeptide, the precise size of  the 
transit peptide could not be determined. However, the 
position o f  the tryptic peptide, L K V E D G L F G T S G G I -  
GFT,  in the 22 kDa protein (Fig. 2) indicates that the 
mature protein includes at least 198 residues. Secondary 
structure analyses (Figs. 3 and 4) predict that the ma- 
ture 22 kDa protein possesses four hydrophobic regions 
of  sufficient length to be membrane-spanning helices, 
and two regions offl-turns, preceding the first and third 
helices. Overall, the protein has a very hydrophobic 
character. There appear to be only three short hydro- 
philic regions; the mature N-terminus, the region which 
lies between the second and third helices, and the C- 
terminus. 
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Fig. !. Isolation and purification of  the 22 kDa protein. (A) Polypep- 
tides were resolved on a 12.5% SDS-polyacrylamide get with 4 M urea 
as described in [4]. and stained with Coomassie blue. Lane i, G & Y  
preparat ion;  lane 2. DM-solubilized G&Y components that eluted 
from the Fast Flow S column in the void volume: lane 3. purified 22 
kDa protein after elution from Fast Flow S column with 2 M NaC1. 
(B) Polypeptidcs were resolved on an SDS-polyacrylamide gel (no 
urca l with a 12-22% polyacrylamide gradient as described in [7]. Lane 
1, G&Y preparation slained with Coomassie blue; lane 2. G&Y prep- 
arat ion immunoblotted with anti-22 kDa antibodies. Faint bands  in 
the approximately 28 kDa range are the CP29 proteins, which weakly 

cross-react with the anti-22 kDa antibodies. 
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Fig. 2. The  nucleotidc sequence o f  the  spinach psbS eDNA clone. The  
predicted amino  acid sequence o f  the  encoded  polypeptide is shown 
below the  D N A  sequence. The proteolyt ic  peptide sequences are high- 

lighted. 

sensu stricto (polypeptides obligately required for 
charge separation) and the light-harvesting antennae, 
LHCII and CP24 [I 3,14]. The polypeptides in this layer 
include those o f  the chlorophyll a antennae, CP47 and 
CP43, the chlorophyll a/b antenna, CP29, a 10 kDa 
polypeptide and several minor components. Removal of  
the 22 and 10 kDa polypeptides has little effect on the 
kinetics of  water oxidation, but the fact that the 22 kDa 
polypeptide is found in PSII ofall  plants examined [13], 
and also in PSII o f  Synechocystis 6803 [15], suggests 
that it must have some role in PSII function or assem- 
bly. Its amino acid sequence indicates that the 22 kDa 
protein is a highly hydrophobic protein, with four po- 
tential membrane-spanning regions. However, addi- 
tional experiments are required to determine the exact 
function of  this protein and its orientation in the mem- 
brane. 

Previous observations that both polyelonal and mon- 
odonal antibodies specific for the CAB polypeptides of 
CP29 showed a small degree of cross-reaction with the 
22 kDa polypeptide [5], and that, conversely, the anti-22 

Examination of  the amino acid sequence ofpsbS itself 
revealed that the sequence from residue 93-144 is highly 
similar to another region in the protein, from residue 
197-248 (Fig. 3B). These two regions have 38/52 identi- 
cal matches (73% identity), with conservative substitu- 
tions in most of the other positions. The region from 
residue 93-144 includes the first putative transmem- 
brane helix (TMH) and part o f  the second TMH,  and 
the region from residue 197-248 corresponds to the 
third T M H  and part o f  the fourth TMH.  

Database searches revealed no sequences with sub- 
stantial similarities (>50%) to the protein encoded by 
the psbS clone. However, significant similarity was ob- 
served with chlorophyll a/b-binding (CAB) proteins 
(Fig. 4). Although the overall similarity was <20%, a 
higher level of similarity was found in some regions of  
the protein, notably between the first and third TMHs  
of  the 22 kDa polypeptide and the first and third TMHs  
of the CAB polypeptides, respectively (up to 50% se- 
quence identity with some CAB sequences, with addi- 
tional conservative substitutions). In addition, the re- 
gion in the 22 kDa protein from residue 50-73 (which 
probably includes part o f  the transit peptide and the 
N-terminus of the mature polypeptide) was found to 
match in 18 positions (=75%) with the corresponding 
region in the CP29 Type I protein, but only negligi~i2, 
with the corresponding region in other CAB proteios 
(comparison not shown). 

4. DISCUSSION 

The 22 kDa polypeptide is part of the middle layer of  
PSII polype9tides located between the reaction center 
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Fig. 3. Analyses o1" the sequence o f  the protein encoded by the spinach 
psbS e D N A  clone. (AI Hydropa thy  plot based on the me thod  o f  Kyte 
and Doolittle [21] with a window size o f  15. (B) Compar i son  o f  the 
22 kDa sequence with itself (using the Eugene software 's  Unit  Odds 
Cost-Matrix program with a window size o f  15). A do t  represents 
residue id~atity in a larger context ot  high sequence identity. The 
internal duplication (regions 93-144 and 197 248) is clearly visible. 
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Fig. 4. Comparison of  the 22 kDa sequence with that of  several tomato CAB proteins of  PSI and PSII (see [22] for complete references for the 
tomato sequences). Matches between a residue in the 22 kDa protein with a residue in any of the CAB polypeptides are highlighted, The structural 
features predicted by a combination of  methods [23] ithe four transmembrane helices, the fl-turn regions) are also indicated. The transit peptides 

and mature N-termini of  the proteins are not shown. A dot represents a gap introduced to maximize identity. 

kDa antibodies cross-reacted weakly with polypeptides 
of CP29 ([12,14], see also Fig. lB), suggested that the 
22 kDa protein is structurally related to CAB proteins. 
Comparisons of  the 22 kDa protein sequence with those 
of the tomato CAB proteins of  both PSII and PSI (Fig. 
4) confirm this hypothesis, it should be noted that no 
evidence has so far been reported that the 22 kDa pol- 
ypeptide binds chlorophylls or  any other pigments. The 
degree of  similarity of  the 22 kDa protein to CAB pro- 
teins is comparable to that between CAB proteins and 
ELIPs (early light-induced proteins), another group of  
proteins not known to bind pigments [16-18]. The high- 
est level o f  sequence identity among all the proteins 
from these three groups occurs in the first and third 
TMHs (Fig. 4 and additional comparisons not shown). 

Since the psbS polypeptide appears to be the result of  
the duplication of  a two-helix protein to form a four- 
helix protein, and its first and third T M H s  can be 
aligned with the first and third T M H s  of  the 3-TMHs 
CAB polypeptides (the similarity between the first and 

70 

third T M H s  of CAB proteins was previously noted 
[19]), we hypothesize that their most recent common 
ancestor may have had four helices, the last one of  
which was subsequently lost in the CAB lineage. Sec- 
ondary structure analysis also indicates a high probabil- 
ity o f  fl-turns in the analogous region in the CAB and 
22 kDa  proteins, although little primary sequence simi- 
larity exists in these regions (Fig. 4). These observations 
suggest that the tertiary structures of  these proteins may 
still be similar, consistent with the hypothesis that pro- 
tein folding patterns are conserved even when no detect- 
able amino acid sequence similarity remains [20]. 
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