Biochimica et Biophysica Acta, 1059 (1991) 141-148 141
© 1991 Elsevier Science Publishers B.V. 0005-2728 /91 /$03.50
ADONIS 0005272891001884

BBABIO 43456

Characterization of genes that encode subunits of cucumber PS I
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N-terminal amino acid sequencing was carried out to characterize the genes of the cucumber PS I complex
(PSI-100) that contains eight polypeptides and catalyzes the light-dependent transfer of electrons from plastocyanin
to ferredoxin. The genes of all subunits except the 17.5 kDa polypeptide in PSI-100 have been identified. These are
psaA /psaB (65 /63 kDa), psaD (20 kDa), psaE (19.5 kDa), psaF (18.5 kDa), psaH (7.6 kDa), and psaC (5.8 kDa).
The 17.5 kDa polypeptide is a new protein and is designated tentatively as the gene product of psaM. N-terminal
amino-acid sequencing indicated the presence of two polypeptides in the 7.6 kDa band. One of these is the gene
product of psaH and is essential for the activity of the PS I complex, and the other one is as yet unrecognized and
largely depleted in the the PSI-100 complex. Gene products of psaG, psal, and psaK, which have been proposed as
the components of PS I complex, are not involved in the PSI-100 complex, but are involved in the PS I complex
(PSI-200), which contains 120 chlorophyll per reaction center chlorophyll (P700) and light-harvesting chlorophyll
a /b protein complexes. Three polypeptides (26, 23 and 22.5 kDa) are not involved in the PSI-100 and are assigned

as the apo-protein of light-harvesting chlorophyll a /b protein complexes.

Introduction

The recent characterization of cDNAs and N-termi-
nal amino-acid sequences for the subunits of the Pho-
tosystem 1 (PS I) complex has provided substantial
information on the structure of individual components
as well as on the topology of the complex [1-5]. Hith-
erto, eleven genes ( psad—psaK) have been proposed to
encode the subunits of PS I complex [1-3). Of these
genes, the psaA and psaB have been shown to encode
two large polypeptides to which the electron carriers
P700, A,, A, and Fyx are thought to be bound [6]. The
psaC gene encodes the apo-protein of two remaining
electron acceptors F, and Fg [7-9]. The psaD and
psaF have been proposed as the genes which encode
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the ferredoxin- and plastocyanin-docking proteins, re-
spectively [10-14]. The funtion of the psaE gene prod-
uct has been tested by using the deletion mutant of
psaE from Synechocystis sp. PCC 6803, but no positive
function was determined [15]. The roles of other genes
( psaG-psaK) are completely unknown.

Although extensive studies have been carried out on
the polypeptide composition of the PS I complex, there
is still uncertainty concerning the number of poly-
peptides in the PS I complex. For example, when the
subunit compositions of PS I complexes from spinach
[3,5] and barley [16] are compared, the polypeptides -
corresponding to 14 and 4 kDa of the barley PS 1
complex are not reported in the spinach PS 1 complex,
whereas the polypeptides corresponding to the gene
products of psaG, psaK and psaJ of the spinach PS 1
complex have not been reported in the barley PS 1
complex. Moreover, controversial results have been
reported concerning whether or not the psaG and psal
gene products are associated with the spinach PS I
core complex [3,5,17,18]. Similarity of subunit composi-
tions and photochemical properties of PS I complexes
from cyanobacteria and higher plants has been re-
ported [3,19-21]. But, it is not clear whether or not
light-harvesting chlorophyll a/b protein complexes
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(LHCP 1) in higher plants are essential for the electron
transport from plastocyanin to ferredoxin, because
LHCP 1 is absent in cyanobacteria.

PSI-100, which contains eight polypeptides, has a
high NADP photoreduction activity (our unpublished
data). This fact indicates that several genes of psaA-
psaK are not involved in the PS I complex. It was
interesting to investigate which genes are involved in
the PSI-100 and the PSI-200 (‘native PS I complex’). In
this paper, we show that the genes encoding subunits
of cucumber PSI-100 are psaA, psaB, psaC, psaD, psaE,
psaF, psaH, and a new one ( psa M) that encodes the
17.5 kDa polypeptide. It is also shown that psaG, psal,
psaK and LHCP I (26, 23 and 22.5 kDa) are not
involved in the PSI-100 complex, but are involved in
the PSI-200. The polypeptide compositions of PS 1
complexes from several species are compared and dis-
cussed.

Materials and Methods

The preparation of PSI-200, PSI-100, PSI-100S and
PSI-DEAE will be described elsewhere (Takabe,
Iwasaki, Hibino and Ando, T., unpublished data). The
polypeptide compositions of PS I complexes were de-
termined by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) as will also be described.
Chlorophyll (Chl) protein complexes were analyzed by
SDS-PAGE containing 12.5% (v /v) acrylamide at 4°C
essentially according to the procedure of Anderson et
al. [23]. The relative amounts of polypeptides in PS I
complexes were estimated by scanning the Coomassie
brilliant blue stained bands with a densitometer
(Shimadzu Dual-Wavelength TLC Scanner CS-910).
Fluorescence emission spectra at 77 K were measured
using a Jasco FP-500 spectrometer, as previously de-
scribed [24].

N-terminal amino acid sequencing was carried out
as follows. The protein complex was subjected to SDS-
PAGE as described above. The polypeptides separated
were transferred to a PVDF filter (Immobilon, Milli-
pore) and stained with Coomassie brilliant blue R.
Bands of interest were excised and sequenced on a
gas-phase protein sequencer (Applied Biosystems,
model 470A). Before applying the subunit 13 (2.0 kDa
polypeptide) onto a protein sequencer, the protein was
treated in 0.25 M HCl solution for 12 h at room
temperature.

Results and Discussion

N-terminal amino-acid sequencing

Since several genes of PS I complexes have been
characterized, it was anticipated that N-terminal
amino-acid sequencing could be used to identify the
genes of the cucumber PS 1 complex. The polypeptide

composition of ‘native’ PS I complex (PSI-200) isolated
from cucumber cotyledons is shown in Fig. 1. It con-
sists of thirteen major subunits. We have determined
the N-terminal amino-acid sequences of ten poly-
peptides (subunits 5, 6, 7, 8, 9a, 9b, 10, 11, 12 and 13)
and their results are shown in Fig. 2. The alignments
with the corresponding sequences of other organisms
are summarized in Fig. 3.

The sequence of subunit 11 (5.8 kDa) is highly
homologous to that of psaC gene product of higher
plants which carries the non-heme iron-sulfur centers
F, and Fg [7-9,25]. Since cysteine is the one residue
which cannot be determined by our present sequencing
system, it is likely that the four determined residues at
positions 10, 13, 16 and 20 in middle of the analyzed
sequence are presumably Cys that might be assumed to
coordinate the iron-sulfur centers.

We have already isolated the psaD gene from cu-
cumber cotyledons and identified that the subunit 5 (20
kDa) is a psaD gene product {14]. The result from
N-terminal amino-acid sequencing of subunit 5 con-
firmed the result from nucleotide sequencing [14].

The N-terminal region of subunit 6 (19.5 kDa) shows
a limited homology with the psaE gene product among
higher plants [25-27]. In the N-terminal region of
subunit 6 of cucumber, the contents of Pro and Ala are
rich (eleven amino acids in nineteen amino-acid
residues determined). This property is found in the
psaE gene products isolated from barley and spinach
[26,27]. Since the psaD gene products of higher plants
have also high Ala and Pro contents [14,25,26,28—30],
discrimination between the psaD and psaE gene prod-
ucts by only the contents of Ala and Pro would be
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Fig. 1. The polypeptide compositions of PSI-200. SDS-PAGE was |
carried out as described in Materials and Methods. Lanes 1 and 2,
according to Laemmli; lanes 3, 4 and 5, according to Schagger et al.
Lanes 2 and 5 were molecular weight markers. Lanes 1, 2, and 3
were stained with Coomassie brilliant blue and lanes 4 and 5 were
stained with silver. The Chl concentration of PSI-200 was 15 ng.
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1 23456789 1011121314151681718 1920 21 22 23 24 25 28 27 28 29 30 31 32 33 (Reference)

Subb EAETSVEAPAGFSPPELDPSTPS ( 14 )
Sub6 XDEAAPPPAATAPXAAXTE (This study)
Sub?7 DISGLTPXKESKQFXKREKQQXKXLE (This study)
Sub8 IQADXPTFQVIQDDN (This study)
Sub9a XVXEDYLEKSKANLELNDXKXXXT (This study)
Sub8b XYXDKSVYFDLEDKGNTXGQRXXXY (This study)
Subl0 ELNPSLVISLSXGL (This study)
Subll SXSVEKIYDTXIGXTQXVRAXPTDYV (This study)
Subl2 WDYIGSPTNVIMVISTSLMLFAGRPFGLATPS AN R (This study)

Subl3 MXXL

(This study)

Fig. 2. N-terminal amino-acid sequences of cucumber PS I complex. Amino-acid residues are designated by the standard one-letter abbreviations.
Positions with unassigned residues are indicated by X. Only firm assignments are shown.

difficult. In the case of cucumber PS I complex, the
subunit 5 was identified as the psaD gene product [14].
Therefore, the subunit 6 is presumably a psaFE gene
product.

The sequence of subunit 7 (18.5 kDa) is highly
homologous to the psaF gene products isolated from
higher plants [13,25,31,32] and Chlamydomonas [33]
and identified as the psaF gene product. It has been
shown (unpublished data) that plastocyanin cross-links
to the subunit 7 of the PS I complex. These results are
compatible with the view that the psaF gene product is
the plastocyanin-docking protein [12,13].

The N-terminal amino-acid sequencing of subunits 8
(17.5 kDa) was also performed. The result of computer
research of a homologous sequence with the subunit 8
indicated that there is no corresponding gene product
in the polypeptides of PS I complexes so far reported
for any organisms. This polypeptide is new and is
essential for the activity of NADP photoreduction (our
unpublished data). We designated this polypeptide ten-
tatively as the gene product of psaM, because recently
the gene of 14 kDa polypeptide from barley has been
designated as psaL (personal communication).

The result of N-terminal amino acid sequence of
subunit 9 (7.6 kDa) revealed that this subunit contains
two different polypeptides, 9a and 9b. The result of
computer research of homologous sequences with sub-
unit 9a indicated the absence of any homologous se-
quence in any polypeptide of PS I complexes so far
reported. On the other hand, the sequence of subunit
9b is highly homologous to those of the psaH gene
products isolated from higher plants [25,34] and
Chlamydomonas [35].

The sequence of subunit 10 (6.8 kDa) is highly

homologous to those of the psaG gene products iso-
lated from higher plants [25,31], Chlamydomonas [35]
and cyanobacteria [21,36].

The sequence of subunit 12 (4.5 kDa) is highly
homologous to that of the 5 kDa polypeptide of spinach
PS 1 complex [17,18] and the P37 subunit of Chlamy-
domonas [35]. Its gene has recently been designated as
psakK [21].

The N-terminal amino acid of the subunit 13 (2.0
kDa) was blocked. After blotting to a PVDF filter, the
subunit 13 was treated in 0.25 M HCI solution for 12 h
at room temperature and then subjected to amino-acid
sequencing. Only two amino-acid residues (first Met
and fourth Leu) in eleven Edman degradation steps
were firmly assigned. Recently, the N-terminal amino-
acid sequence of the 1.5 kDa polypeptide of the PS 1
complex from barley has been reported [16]. The se-
quence was homologous to the deduced sequence of
tobacco ORF36 in chloroplast DNA [42] and the
polypeptide was designated as the psal gene product
[16]). The N-terminal amino acid of the barley psal
gene product was also blocked. Although only two
amino acids of cucumber subunit 13 were assigned,
these two amino acids matched those of the psal gene
product of tobacco and barley [16,42] (data not shown).
Thus, we would assign the subunit 13 as the psal gene
product.

Characterization of other subunits of the PS I complex
In the above, all subunits except five (1, 2, 3, 44, and
4b) of PSI-200 were assigned by N-terminal sequenc-
ing. The remaining five subunits were characterized by
using physicochemical techniques. When the PSI-200
complexes were analyzed by SDS-PAGE at 4° C using
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psalC

1234567889 1011121314151617 18192021 222324252627 28203031 3233343536373639404142434445 ( Ref )
CSubl) 0 S XSVEKIYDTXIGXTQXVRAXPTDV (This study)
S O SHSVKIYDTCIGCTQCVRACPTDVLEMIP ( 8 )
Tob OMSHSVKIYDTCIGCTQCVRACPTDVLEMIPWDGCKAKQIASAPRTE( 9 )
B O SHSVKIYDTCIGCTQCVRACPTDVLEMITP «C 7 )
P O SHSVKIYDTCIGCTQCVRACPTDVLEMIPYGGCKAKQIASAPRZIXE( 25 )
S.v. O AHTVKIYDTXIGXTQXVRAXPTDVLEMVPXD ( 21 )
psaD

123456789 161112131415161718192021 222324252627 2820303132333435363738309404142434445 (Ref )
C{Sub5) @ EAETSV—=— = —- = -~- EAPAGFSPPELDPSTPSPIFAGSTGGLLREKX {( 14 )
S OEGKRA-~-AATETK--EAPKGFTPPELDPNTPSPIFAGSTGGLLRZXK (286,28)
Tom @AEEAP--AATEEXK--PAPAGFTPPQLDPNTPSPIFGGSTGGLLREK ( 29 )
P OXTEDKTDAATDVATXEAPVGFTPXELDPNT ( 25 )
B OAAAPDTPAPAAPPAEPAPAGFVPPQLDPST ( 30 )
S .PCCE803@ MTELSGQPPKFGGSTGGLLSEK ( 20 )
S.v. © TTLTGQPPLYGGSTGGLL-8 (21 )
S .PCC63010 AETLTGKTPVFGGSTGGLLKS (41 )
psaE

123456789 101112131415161718192021 222324252627 282930313233343536373839404142434445 ( Ref )
CSub8) OXDEAAPPPAATAPXAAXTE (This study)
P OASEDTAEAAAP . ( 25 )
B @AEEPT--AAAPAEPAPAADEKPEAAVATKEPAKAKPPPRGPKRGT ( 27 )
s @AAEEA--AAAPAA-~-—-—-~ -~ -~ ASPEGEAPKAAAKPPPIGPKRGS ( 26 )
C.r.(P30)® EEVKAAPKKEVGPKRGS ( 33 )
S .PCCB803@ MALNRGD ( 15 )
S.v. O MVQRGS ( 21 )
S .PCCE3010 AIARGD ( 41 )
psaF

1234567289 101112131415161718192021222324252627 ( Ref )
C(sub?) ODI SGLTPXKESKQFXKREKQQXKXLE (This study)
s @DIAGLTPCKESKEFAKREKEALKKLEA (13,31)
P ODISGLTPCKESKQFAKREKR®Q ( 25 )
B ODIAGLTPAKEEKAAAKHEGQD ( 82 )
Cr(P2) O DIAGLTPCSESKAYAKLEKKELKTLEZK ( 33 )
S.v. ODVAGLVPAKDSPAFQKRAAAAVNTTAD ( 21 )
psaG

7-6-5-4-3-2-11 23 456789 101112131415161718192021 222324252627 282930313233343536373839( Ref )
C{subl0) O ELNPSLVISLSXGL (This study)
s ] ELSPSLVISLSTGLS--LFLGRFVFFNFQRENMAKQVPE( 31 )
P o} QLNPSLVISLSTGLS--LFLGRFVFFNFQRENVAKQGLP( 25 )
C.r.(P35)@® ALDPQIVISGSTAA--FLAIGRFVFLGYQRREANFDSTV( 35 )
S.v. OAEELVKPYNGDPFVGHLSTP ( 21 )
S .PCC7002@ MDIIQHGGDPQVGNLATPINASAFIKAKI-~--~NRLPGYKQGLEXK{( 36 )
psaH

123456789 101112131415161718 192021 22 23 24252627 282930313233343536 ( Ref )
Clsubd) O X Y XDKSVYFDLEDKGNTXGQXXXY (This study)
B @OKYGEKSVYFDLDDIANTTGQWDLYGSDAPSPYNGLQ ( 34 )
P OKYGDKSVYFDLEDIGNTTGQWDLYGSDAPSPYSXLQ ( 25 )
Cr PR KYGENSRYFDLQDMENTTGSWDMYGVDEKKRYPDNQ ( 85 )
psak

123456789 101112131415161718192021222324252627282930313233 ( Ref )
Cwl2) OWDYIGSPTNVIMVISTSLMLFAGRFGLAPGSANR (This study)
S OGDFIGSSTNLIMVTS--LM-FAGRFGL-P 17
Cr.MNMO®DGFIGSSTNLIMVASTTATLAAARFGLAPTVEKK ( 35 )

Fig. 3. Amino-acid sequences of N-terminal region of cucumber PS I subunits and their alignments with corresponding sequences of some

organisms from higher plants, Chlamydomonas, and cyanobacteria. Amino-acid residues are designated by the standard one-letter abbreviations.

Positions with unassigned residues are indicated by X and a hyphen denoted a deletion. C, S, P, B, Tom, Tob, C.r., S.PCC6301, S.PCC6803,

S.PCC7002, and S.v. stand for cucumber, spinach, barley, tomato, tobacco, Chlamydomonas reinhardtii, Synechocystis PCC6301, Synechocystis

PCC6803, Synechocystis PCC7002, and Synechocystis vulcanus, respectively. Open circles (O) indicate the sequence determined by amino acid
sequencing and closed circles (®) indicates the sequence deduced from the nucleotide sequence.

the method of Anderson et al. [23], three different Fig. 4B. The C2 band consisted of two different sub-
green bands (C1, C2 and C3) were resolved (Fig. 4A). units, 42 (23 kDa) and 4b (22.5 kDa), while the C3
SDS-PAGE of these Chl protein complexes under the band consisted of the subunit 2 (26 kDa). It was shown
denatured conditions indicated that the C1 fraction that the Cl band has the photochemical activity of
consisted mainly of subunit 1 (65/63 kDa) as shown in P700 (data not shown) and subunit 1 was assigned as
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Fig. 4. (A) SDS-PAGE of PSI-200 under mild conditions at low
temperature (4 ° C). The electrophoresis was carrid out as described
in Materials and Methods. The Chl concentration of PSI-200 was 40
wg. Lane 1, unstained; lane 2, stained with Coomassie brilliant blue.
(B) SDS-PAGE of C1, C2 and C3 bands under denatured conditions
at room temperature. The green bands C1, C2 and C3 were excised
and subjected to SDS-PAGE after dissociation. Lanes 1 and 5,
PSI-200; lanes 2, 3 and 4, C1, C2 and C3, respectively. The Chi
concentration of PSI-200 was 12 ug.

the P700-apoprotein. Next, low-temperature fluores-
cence emission spectra of three green bands were
examined and their results are shown in Fig. 5. The C1
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Fig. 5. Fluorescence emission spectra of PSI-200, C1, C2 and C3 at
77 K. Spectra were obtained using 435 nm excitation with a slit width
of 5 nm and an emission slit width of 10 nm.
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and C3 bands had emission maxima at 728 and 698 nm,
respectively. The C2 band had two emission maxima of
major one at 728 nm and minor one at 688 nm. These
results indicate that PSI-200 contains two different
LHCP I complexes (C2 and C3) and that the subunits 2
(26 kDa), 4a (23 kDa), and 4b (22 kDa) are the apo-
proteins of LHCP 1. When the PSI-200 was treated
with Triton X-100, the subunit 3 (24 kDa) was dissoci-
ated from the PSI-200 in concomitant with the loss of
subunits 2, 4a and 4b. But this polypeptide could not
be detected in sufficient amount in the C2 and C3
bands. Therefore, at the present time, we could not
determine whether or not this polypeptide is the apo-
protein of LHCP 1.

Characterization of subunits of PSI-200, PSI-100, PSI-
1008 and PSI-DEAE

Four PS I complexes (PSI-200, PSI-100, PSI-100S
and PSI-DEAE) isolated from cucumber cotyledons
exhibited different activities (unpublished data). To
compare the polypeptide compositions of the four PS 1
complexes by a more quantitative method, the relative
amounts of subunits in the PSI-200, PSI-100, PSI-100S
and PSI-DEAE were estimated from the relative inten-
sities of bands stained with Coomassie brilliant blue R.
The PSI-200 was used as the control and the results
are shown in Table I. It should be mentioned that the
relative amounts of polypeptides in the complexes
change finely, depending on the extent of various treat-
ments. Moreover, due to the poor resolution of bands
on SDS gels and the different sensitivity of staining

TABLE 1
Subunit composition of PSI-200, PSI-100, PSI-100S and PSI-DEAE

Molec- Relative amount ?
ular (%)

";‘(;‘)SS PSl- PSl- PSI-  PSI-
&Da) 500 100 1008 DEAE

Subunit  Gene

1 psaA /B 65/63 100 100 100 100
2 26 100 20 5 60
3 24 100 20 5 60
42 23 100 20 5 60
4b 2.5 100 20 5 60
5 psaD 20.3 100 100 100 100
6 psaE 19.5 100 100 100 100
7 psaF 18.5 100 100 75 30
8 17.5 100 100 100 100
92 7.6 100 40 ndb® 20
9P psaH 1.6 100 100 nd.® 100

10 psaG 6.8 100 20 5 50

11 psaC 5.8 100 100 100 100

12 psakK 45 100 30 5 50

13 psal 20 100 30 30 20

2 The relative amount of each subunit is expressed as the percent of
PS1-200.
b n.d., not determined.
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polypeptides by Coomassie brilliant blue, these values
must be considered as tentative. Table I shows that the
PSI-200 contains at least sixteen different polypeptides.
As described above, it was found that the band at 7.6
kDa contains two polypeptides (92 and 9b). The poly-
peptides at 65/63, 20.3, 19.5 and 5.8 kDa in the
PSI-100, PSI-100S and PSI-DEAE were completely
retained, indicating that these polypeptides are com-
mon components of four PS I complexes. In compari-
son with PSI-200, the 18.5 kDa polypeptides was re-
tained in PSI-100, but decreased about 25 and 70% in
PSI-100S and PSI-DEAE, respectively. Other poly-
peptides, 26, 24,23, 22.5, 6.8, 4.5 and 2.0 kDa are
largely depleted in PSI-100, PSI-100S and PSI-DEAE.
Interestingly, one of two polypeptides (subunit 9a) at
7.6 kDa was depleted about 60 and 80% in PSI-100
and PSI-DEAE, respectively, while other one (subunit
9b) remained constant in these complexes. One of the
most remarkable differences among the three com-
plexes (PSI-100, PSI-100S and PSI-DEAE) is the con-
tent of subunit 7 (18.5 kDa). The PSI-DEAE contains
a low amount of this subunit, although relatively high
amounts of other polypeptides (26, 24, 23, 22.5, 6.8, 4.5
and 2.0 kDa) are retained in this complex. From these
results, we conclude that the eight polypeptides, sub-
unit 1 (65/63 kDa), subunit 5 (20.3 kDa), subunit 6
(19.5 kDa), subunit 7 (18.5 kDa), subunit 8 (17.5 kDa),
subunit 9b (7.6 kDa), and subunit 11 (5.8 kDa) are
components of the active PS I complex (PSI-100).

The above-described results indicate that the genes
which encode eight polypeptides of cucumber PSI-100
are psad /psaB (subunit 1), psaC (subunit 11), psaD

TABLE II

(subunit 5), psaE (subunit 6), psaF (subunit 7), psaH
(subunit 9a) and psaM (subunit 8). Of these genes, the
roles of five genes are now clear. The psad and psaB
genes encoding the P700-apoproteins (1,2,6]. psaC en-
codes the apo-protein of F, p [7-9]. psaD and psaF
encode the ferredoxin- and plastocyanin-binding pro-
teins, respectively (Refs. 10-14 and our unpublished
data). The role of psaE has been tested [15], but no
positive function is known for this subunit. The role of
psaH and psaM is completely unknown.

Comparison of subunit compositions of PS I complexes
from different species

The polypeptide compositions of cucumber PS 1
complexes were compared with those from other
species (Table II). Most of the PS I complexes have
been classified as the ‘native’ and core complexes and
their activities have been reported in only few cases
(Refs 4, 12, 37 and our unpublished data). Therefore, it
was difficult to compare the polypeptide compositions
of PS I complexes from diffrent species. But the recent
characterization of cDNAs and N-terminal amino-acid
sequences for the subunits of PS I complexes will make
it possible to compare the polypeptide compositions of
PS I complexes. On the pea ‘native’ PS I complex, at
least eleven polypeptides have been reported {38], of
which three polypeptides were assigned as the LHCP 1
while the remaining eight polypeptides were assigned
as the PS I core complex. Only partial assignment of
genes for the pea PS I core complex was possible when
the N-terminal amino-acid sequences had been re-
ported by Dunn et al. [25]. We have compared the

Comparison of subunit compositions of PS I complexes from cucumber, spinach, barley, pea and Synechocystis

Gene Function Subunit Cucumber Spinach PS I Barley Pea PS 1 S. vulcanus
PSI200  PSI100  native ® core ° PSI¢  core® PSI
(kDa) (kDa) (kDa) subunit ~ (KD»)  (kDa) (kDa)
psaA /B P700 binding 1 65/63 65/63 (CPI apo) sub I 82/82 62 /60 (CPI apo)
psaC Fe, 5 binding 11 5.8 5.8 9 sub VII 9 8 9.5
psaD Fd docking 5 20.3 20.3 20 sub 11 18 21 18
psaE 6 19.5 19.5 12 sub IV 16 13 9
psaF PC docking 7 18.5 18.5 15 sub III 15 17 14
psaH 9% 7.6 7.6 10 sub VI 9.5 11
psaM 8 17.5 17.5
psaG 10 6.8 9 sub V 9 12
psakK 12 45 7 6.5
psal 13 2.0 39 1.5
psal 14
psal 4.1 41
LHCP 1 2 26 20
LHCP1 4a 23 18
LHCP 1 4b 22.5
3 24 20.5 4 4.8
9a 7.6 14
9

2 Ref. 3; ° Ref. 5, 26, 31, 40; © Ref. 16, 39; 9 Ref. 25; € Ref. 21.



sequence data reported by Dunn et al. [25] with those
of other species. As shown in Table 11, eight subunits
of pea PS I complex could be assigned as the genes
products of psad /B (62/60 kDa), psaC (8 kDa),
psaD (21 kDa), psaE (13 kDa), psaF (17 kDa), psaG (9
kDa) and psaH (11 kDa). In the case of barly PS I
complex, ten polypeptides have consistently been re-
ported {16,39]. From N-terminal amino-acid sequenc-
ing and ¢cDNA sequencing, the eight subunits were
identified as the gene products of psad /B (82/82
kDa), psaC (9 kDa), psaD (18 kDa), psaE (16 kDa),
psaF (15 kDa), psaH (9.5 kDa) and psal (1.5 kDa),
although the 14 kDa polypeptide has been recently
designated as the psal. gene product (personal com-
munication). The structure of the 4 kDa polypeptide
has not been reported. The eight polypeptides have
been reported for the spinach PS I core complex [5,40].
Interestingly, it was found that the genes for the spinach
PS I core complex [5,40] are the same as those of pea
complex [25]. The polypeptide composition of the cu-
cumber PS I complex (PSI-100) is similar to that of the
spinach complex [5,40]. The only difference is the pres-
ence of the psaG gene product in the spinach PS I
complex in place of the psaM gene product in the
cucumber PS I complex. Concerning the psaG gene
product, controversial results have been reported as to
whether or not it is a component of the PS I core
complex [3,5]. Ikeuchi et al. [3] have reported that the
gene product of psaG was tightly associated with the
‘native’ spinach PS I complex, but easily depleted from
the PS I core complex, which is compatible with our
unpublished results from the cucumber PS I complex.
Further studies are needed to clarify this point. The
psaM gene is new and it could not be compared with
those of other species.

After the pioneering work of Mullet et al. [38], it has
been considered that the higher plant PS I complex
consisted of the PS I core complex and LHCP 1 com-
plexes. The present data indicated that LHCP I com-
plexes and the gene products of psaG, psal, psaJ and
psaK are not involved in PSI-100 and are not necessary
for the activity of NADP photoreduction, which is
compatible with the facts that the PS I complex from
cyanobacteria has no LHCP I complex but shows al-
most the same photochemical activity with the higher
plant PS I complex [1-3]. Threfore, it might be impor-
tant to compare the polypeptide compositions of
cyanobacteria PS I complex and higher plant PS 1
‘core’ complex, but not ‘native complex’. These facts
raise a question concerning the function of LHCP 1
and gene products of psaG, psal, psaJ and psaK in
photosynthesis.

Acknowledgements

This work was supported in part by Grants-in-Aid
for Scientific Research from the Japan Private School

147

Promotion Foundation and the Ministry of Education,
Science and Culture of Japan.

References

1 Malkin, R. (1987) in The Light Reactions (Barber, J., ed.), pp.
495-525, Elsevier, Amsterdam.

2 Golbeck, J.H. (1987 Biochim. Biophys. Acta 895, 167-204.

3 Ikeuchi, M., Hirano, A., Hiyama, T. and Inoue, Y. (1990) FEBS
Lett. 263, 274-278.

4 Bengis, C. and Nelson, N. (1977) J. Biol. Chem. 252, 4564-4569.

5 Steppuhn, J., Hermans, J., Nechushtai, R., Herrmann, G.S. and
Herrmann, R.G. (1989) Curr. Genet. 16, 99-108.

6 Fish, L.E., Kuck, U. and Bogorad, L. (1985) J. Biol. Chem. 260,
1413-1421.

7 Hoj, P.B., Svendsen, 1., Scheller, H.V. and Moller, B.L. (1987) J.
Biol. Chem. 262, 12676-12684.

8 Oh-oka, H., Takahashi, Y., Wada, K., Matubara, H., Ohyama, K.
and Ozeki, H. (1987) FEBS Lett. 218, 52-54.

9 Hayashida, N., Matsubayashi, T., Shinozaki, K., Sugiura, M.,
Inoue, K. and Hiyama, T. (1987) Curr. Genet. 12, 247-250.

10 Zanetti, G. and Merati, G. (1987) Eur. J. Biochem. 169, 143-146.

11 Zilber, A. and Malkin, R. (1988) Plant Physiol. 88, 810-814.

12 Wynn, R.M. and Malkin, R. (1988) Biochemistry 27, 5863-5869.

13 Hippler, M.H., Ratajczak, R. and Haehnel, W. (1989) FEBS Lett.
250, 280-284.

14 Iwasaki, Y., Sasaki, T. and Takabe, T. (1990) Plant Cell Physiol.
31, 871-879.

15 Chitnis, P.R., Reilly, P.A., Miedel, M.C. and Nelson, N. (1989) J.
Biol. Chem. 264, 18374-18380.

16 Scheller, H.V., Okkels, J.S., Hoj, P.B., Svendsen, 1., Roepstorff,
P. and Moller, B.L. (1989) J. Biol. Chem. 264, 18402~-18406.

17 Hoshina, S., Sue, S., Kunishima, N., Kamide, K., Wada, K. and
Itho, S. (1989) FEBS Lett. 258, 305-308.

18 Wynn, R.M. and Malkin, R. (1990) FEBS Lett. 262, 45-48.

19 Wynn, R.M., Omaha, J. and Malkkin, R. (1988) Biochemistry 28,
5554-5560.

20 Reilly, P., Hulmes, J.D., Pan, Y-C.E. and Nelson, N. (1988) J.
Biol. Chem. 263, 17658-17662.

21 Koike, H., Ikeuchi, M., Hiyama, T. and Inoue, Y. (1989) FEBS
Lett. 253, 257-263.

22 Reference deleted.

23 Anderson, J.M., Waldron, J.C. and Thorne, S.W. (1978) FEBS
Lett. 9, 227-233.

24 Takabe, T., Ishikawa, H., Iwasaki, Y. and Inoue, H. (1989) Plant
Cell Physiol., 30, 85-90.

25 Dunn, P.P.J., Packman, L.C., Pappin, D. and Gray, J.C. (1988)
FEBS Lett. 228, 157-161.

26 Munch, S., Ljungberg, U., Steppuhn, J., Schneiderbauer, A.,
Nechushtai, R., Beyreuther, K. and Herrmann, R.G. (1989) Curr.
Genet. 14, 511-518.

27 Okkels, 1.S., Jepson, L.B., Honberg, L.S., Lehmbeck, J., Scheller,
H.V., Brandt, P., Hoyer-Hansen, G., Stummann, B., Henningsen,
K.W., Von Wettstein, D. and Moller, B.L. (1988) FEBS Lett. 237,
108-112.

28 Lagoutte, B. (1988) FEBS Lett. 232, 275-280.

29 Hoffman, N.E., Pichersky, E., Malik, V.S., Ko, K. and Cashmore,
A.R. (1988) Plant Mol. Biol. 10, 435-445.

30 Scheller, H.V., Hoj, P.B.,, Svendsen, 1. and Moller, B.L. (1988)
Biochim. Biophys. Acta 933, 501-505.

31 Steppuhn, J., Hermans, J., Nechushtai, R., Ulf Ljungberg, F.,
Thummler, F., Lottspeich, F. and Herrmann, R.G. (1988) FEBS
Lett. 237, 218-224.

32 Anandan, S., Vainstein, A. and Thornber, P. (1989) FEBS Lett.
256, 150-154.



148

33 Franzen, L-G., Frank, G., Zuber, H. and Rochaix, J-D. (1989)
Plant Mol. Biol. 12, 463-474.

34 Okkels, J.S., Scheller, H.V., Jepsen, L.B. and Moiller, B.L. (1989)
FEBS Lett. 250, 575-579.

35 Franzen, L-G., Frank, G., Zuber, H. and Rochaix, J-D. (1989)
Mol. Gen. Genet. 219, 137-144.

36 Rheil, E. and Bryant, D.A. (1988) in Light Energy Transduction
in Photosynthesis: Higher Plant and Bacterial Models (Stevens,
S.E. and Bryant, D.A., eds.), pp. 320-323, American Society of
Plant Physiologists.

37 Wynn, R.M,, Luong, C. and Malkin, R. (1988) Plant Physiol. 27,
5863-5869.

38 Mullet, J.E., Burke, I.J. and Arntzen, C.J. (1980) Plant Physiol.
65, 814-822.

39 Scheller, H.V., Svendsen, I. and Moller, B.L. (1989) J. Biol.
Chem. 246, 6929-6934.

40 Westhoff, P.W., Alt, J., Nelson, N., Bottomley, W., Bunemann,
H. and Herrmann, R.G. (1983) Plant Mol. Biol. 2, 95-107.

41 Alhadeff, M., Lundell, D.J. and Glazer, A.N. (1988) Arch. Micro-
biol. 150, 482-488.

42 Shinozaki, K., Ohme, M., Tanaka, M., Wakasugi, T., Hayasida,
N., Matubayashi, T., Zaita, N., Chunwongse, J., Obokata, J.,
Yamaguchi-Shinozaki, K., Ohto, C., Torazawa, K., Meng, B.Y,,
Sugita, M., Deno, H., Kamogasira, T., Yamada, K., Kusuda, J.,
Takaiwa, F., Kato, F., Todhoh, N., Shimada, H. and Sugiura, M.
(1986) EMBO . 5, 2043-2049.



