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Photosystem I (PSI) complex of Annbuena variabilis ATCC 29413 consists of at least 1 I subunits, 9 of which are resolved by high resolution gel 
elcctrophoresis. N-terminal amino acid sequences of the four subunits with molecular masses of 6.8, 5.2, 4.8 and 3.5 kDa were determined. Based 
on the sequence homology, the 3.5 kDa subunit was revealed to correspond to PSI-I (the gene product of pal), which had so far been detected 
only in higher plant PSI complexes. The 6.8 kDa protein and 4.8 kDd protein were identified as gene products of p.caK and psaJ, respectively. 
The 5.2 kDa protein was homologous to a 4.8 kDa subunit of PSI of the thermophilic cyanohacterium .S_~~chococcu.s vulcanus, suggesting that 

this protein is a component of PSI in cyanobacteria. 

C~nobacterium~ Photosystem I; Protein sequence; psi~l; Anuhtzmt~ v~riubiii.~ ATCC 29413 

1, INTRODUCTION 

PSI consists of a number of protein subunits. In 
higher plants, 17 subunits have been detected in the 
PSI-L.HCI complex [l-7]. Five subunits (PSI-A, PSI- 
B, PSI-C, PSI-I and PSI-J) are encoded by the 
chloroplast genome, while the others (PSI-D, PSI-E, 
PSI-F, PSI-G, PSI-H, PSI-K, PSI-L, 9 kDa protein 
and four LHCI apoproteins (Type I-IV)) are encoded 
by the nuclear genome. Current information about 
their function is limited to a few subunits [8]. A 
heterodimer of PSI-A and PSI-B is believed to house 
the photochemical reaction center consisting of P700, 
acceptor AC,, A, (phylloquinone), and iron-sulfur 
center X [9,10]. PSI-C ligates iron-sulfur centers A and 
B [11-131. PSI-D binds ferredoxin and PSI-C [14,15]. 
PSI-F binds plastocyanin [16]. Function of the other 
subunits has not yet been established. 

Comparative study of the subunit composition of the 
PSI complex from cyanobacteria and higher plant pro- 
vides insight into PSI evolution as well as subunit func- 
tion. By protein sequencing, we have been performing 
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the comprehensive studies to list up all the PSI subunits 
from spinach [4,5,7] and the thermophilic 
cyanobacterium Synechococcus vulcanus [17,18]. 
Through us and others [19-221, it has been shown that 
many PSI subunits of cyanobacteria correspond to 
those of higher piants. However, in the range of the 
iow-molecular-mass proteins (<9 kDa), the PSI-I pro- 
tein has not been detected in any cyanobacterium so far. 
In addition, the 4.8 kDa PSI subunit of the ther- 
mophilic cyanobacterium ~~~7ec~ococ~~~ vlrlcunus has 
not been identified in any other PSI complex. 

In order to gain insight into the nature of the 
cyanobacterial PSI complex, we have purified the PSI 
complex from another cyanobacterium, Anabaena 
vuriahilis ATCC 29413. This filamentous 
cyanobacterium has the capacity to fix nitrogen in 
specialized cells called heterocysts. This organism also 
has the capacity to grow completely heterotrophically 
with fructose as a carbon source 1231, indicating that 
PSI is not required for its growth. With the develop- 
ment of gene transfer systems for this organism 1241, it 
has become possible to create gene interruptions in the 
PSI genes of Anubaenir (Mannan, R.M., Nyhus, K. and 
Pakrasi, H.B., unpublished observations). 

In the current report we focus on the identification of 
the low-molecular-mass proteins from the PSI complex 
of AnrrDaena. After efficient lipid extraction of the 
highly purified PSI complex, we could demonstrate by 
means of direct protein sequencing the presence of PSI- 
I as well as PSI-J, PSI-K and a 5.2 kDa subunit in the 
loam-molecular-mass region. 
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2. MATERIALS AND METHODS St 

.Arruharnu wriubilb ATCC 293 I3 wai groun in AA/8 media [25] 

bubbled with air at 30°C. Isolation of PSI was carried out according 

basically to [26] Mith 4ight modification\ [27]. Thylakoids \\ere 

soluhilired with dodecylmaltosidc and fractionated by two cycles of 

ion exchange column chromatography using Pharmacia Mono Q co- 

umn. The PSI fraction &ted from the second column was concen- 

trated hy precipitation sith 2Wo poiyethyleneglycol and ultracen- 

trit‘ugation at 200~0~ x g for 4 h, and u~d for protein analysis. 

(kDa) 

94 4 

67 - 

PSI protein> were analyzed by SDS-urea-PAGE sith hi_ph resoiw 

tion in iowmolecular-ma5s region according to Lkeuchi and Inoue 

[21i]. For analytical purposes, the PSI preparation wa, dissolved in 

2% (w/v) LDS, 60 mM dithiothreitol, 60 m&l Trii-HCI (pH 8.5) at a 

chlorophyll concentration of0.8 mg:ml and heated at 70°C. for I min 

or 100°C for 3 min. AlternatiLcly the PSI complex was treated with 

methanol/ether (1 :9 c/v) to extract lipids [29], and then dic~ol~cd in 

2% (w/v) LDS, 60 mM dithiothreitol, 60 mhl Trls-HCI (pH 8.5) at 

the same chlorophyll concentration For protein ,eyuencing, the 

Inethanol/ethrr-treated sample was put in a wide sample lane of the 

<ame gel, electrophoresed, electrotransferred to ProBlot membrane 

(Applied Biosystems), stained with Amido black IOB (Bio-Kad), and 

then subjected to protein sequencing basically according to lkruchi et 

al. j3Oj. The lipid extraction improwd the resolution of low 

molecular-mais hands and abolished w:t\y ~ii~ratiorl of \%ide bands, 

which often happen\ if samples contain some lipids. This improve- 

ment was eascntial in preparative gcf etectrophoreii5 for 5equencine 

the lo\~-molcculal--ma\s proteins, although it is not 50 clearly 

dcmon>trated in an analytical gel (e.g. Fig. I), where a Icoer amount 

of the LampIe ~sas enough for detection of protein bands. ‘The com- 

bination of the ProBlot (an improved polyvinylidene difluoride mcm- 

branc) and the sample pretreatment with methanol,~ether geatly in- 

proved the sequence determination of the small proteins. 

----6,8kDa 

3, RESULTS 

The resolution of the comporlc~ts of the PSI complex 
from Annbcrencr by SDS-urea-PAGE is shoivn in Fig. I. 
Without a heat treatment, many of the lower molecular 
\veight proteins enter the gel. After treatment of the 
complex at 7O”C, more of the higher molecular weight 
proteins move into the resolving portion of the gel, with 
concurrent release of pigments. llpon heating at lOO”C, 
proteins of 15, 12, 6.8 and 5.2 kDa were great11 
diminished and CPI apoproteins formed an aggrcgatc 
at the top of the resolving gel. This might indicate that 
these proteins are co-aggregated Lvith CPI apoproteins. 
The IltethaIlol~ether treatment removed pigments and 
lipids without extracting proteins, altl~ough aggregated 
CPI apoproteins did not enter the stacking gel. 

Thii PSI complex consists of 9 visible protein bands 
of apparent molecular masses of 60, 16, 15, 14, 9, 6.8, 
5.2, 4.8 and 3.5 kDa (Fig. 1). The thick, fuzzy band at 
60 kDa is actually two proteins, PSI-A and PSI-B. PSI- 
C was often found as a diffuse band around 11 kDa, 
which is not discernible in Fig. I. Thus there is a total 
of eleven proteins in this complex. All other stained 
bands were identified as shown in Fig. 1 by direct se- 
quencing. 

determined as follows: 16 kDa; 15 hDa; 13 kDa; 
9 kDa; 6.8 kDa; 5.2 kDa; 4.8 kDa: 3.5 kDa = 1; 
0.5-0.6; 0.8: 1; 0.3; 0.4; 0.4-0.5; 0.X. In contrast to the 
rough one-to-one ratio of 16 kDs, 14 kDa and 9 kDa 
components, the relative abundance of 6.8 kDa, 
5.2 kDa and 1.8 kDa componcnls was loin. Since a 
sirnilar staining ratio was observed in the S_vm~f7ococ- 

CLIS PSI complex [17], the apparent lo\v abtlIid~~ilce of 
the small proteins might be due to irt~~crc~~ti~ poor bind- 
ing of stain. 

Relative abundance of the visible c~)mponents based 
on relative staining vs apparent molecular mass \vas 

By sequencing the 3.5 kDa protein on the ProBlot 
membrane, 35 amino acids were determined from N- 
terminus without pretreatment for dcblocking (Fig. 2). 
Sequence alignment with ho\\ II PSI proteins re\ caled 
that rhis protein is highly homologous to PSI-I. This is 
the first evidence that PSI-I is associated \vith the PSI 
complex in cyanobactcria, since PSI-I was not dctecred 
in the PSI complex from S_ltne~ho~o~t~us iw/crrr7trs [ 171. 
Based on the scyucnce alignment, the Anahaencr PSI-I 
seems to hake lost an initial Met residue, \\,hereas PSI-I 
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S . vu1 can us 
C. paradoxa 
Xiverwol~t 
spinach 
pea 
tobacco 
rice 

FEBS LETTERS 

ADKAI 

TKKIN* 

ref. 
this work 

a 
33 
4 
4 
34 
35 
3 

YPF* 
LPFF* 

FPFFSF* 
FPFFSF* 

Lhydrophobic domainj 
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Lhydrophobic domain' 

of higher plants retains the Met residue, which is pro- (3.5 kDa). Assuming that the initial Met was removed 

bably blocked by a formyl group [3,4]. Since sequenc- in ,4rxzbuena, homology of psnl at the amino acid level 
ing cycles after the Ala residue at position 35 did not is 47% between Anabaena and liverwort, 45% between 

show any significant signals, the Ar~crbae~zu PSI-I seems Anubrrenu and Cyanophora, and 36% between Ana- 
to end at this position as in most other organisms. With bwem and tobacco. An internal hydrophobic stretch of 
this assumption, the molecular mass of the Anabuena more than 25 amino acids, which is much more conserv- 

PSI-I is estimated as 3580 Da, which agrees well with ed than hydro~~l~l~~ ends, may span the thylakoid mem- 
the apparent value as estimated by SDS-PAGE brane. 
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N-tertninal sequence of the 4.8 kDa protein \itas 
revealed to be homologous to the kno\+x PSI-J se- 
quences from S~~rrechocofcus v~rlcut~~is, Cjunop/?om 
paradoxa and green plants (Fig. 2). Interestingly, only 
the Ancrbuem f>SI-J carries extra residues at the N- 
terminus region. These residues may explain the dif- 
ference in apparent molecular mass estimated by SDS- 
PAGE between the Arzuhcrencr PSI-J (4.8 kDa) and 
others such as ~ynechoco~~c~s (4.1 kDa), pea (4.1 kDa) 
or spinach (4.1 kDa) 14,171. Other characteristics of the 
Ambaena PSI-J are the lack of an initial Met residue 
and the free amino group of the next Ala residue, 
whereas both ~.~~~r~~/?~~#~f~4s and higher plant PSI-J 
proteins retain the Met residue \Gth a blocked amino 
group. Since PSI-J has an internal hydrophobic do- 
main, which is fairly conserved between Arwbaena and 
higher plants, this protein might also span the thytakoid 
membrane. 

The 5.2 kDa protein gave an N-terminal sequence 
(Fig. 2) which was significantly homologous to the 
4.8 kDa protein of Synechococcus ~rr/cunu.s 1171. A 
hydrophobic domain M.ith a preceding Arg residue ig 
conserved between Anabaerm and S~n~c~~~o~~us: this 
domain tnay span the thylakoid tnembran~ as suggested 
before [I7]. The major difference in the sequence bet- 
ween Anubarnu and Synechococcus is the 8 amino acid 
N-terminal extension in the Anubue~7u protein. This 
may account for the difference in the apparent 
molecular tnasses (4.8 kDa vs 5.2 kDa), although the 
C-terminal end sequences of the proteins have not been 
determined. 

Sequencing of the 6.8 kDa protein revealed that this 
is significantly homologous to the Synechococcus 
6.5 kDa protein (Fig. 2). Although it was proposed 
recently that the ~~~~~~~~~~~~~~~~ 6.5 kDa protein is 
homologous to PSI-K from Cl~ianlq;do,li?oncis~~~~is and 
higher plants [2,4,31,32], the similarity between the 
Anabuena 6.8 kDa protein and PSI-K of planrs is low. 
The protein has a hydrophobic domain, and amino 
acids may be conservative replacements instead of iden- 
tical residues. 

4. DISCUSSION 

Of the four proteins discussed in this paper, Ana- 
baena shares three with higher plants. The fourth pro- 
tein, at 5.2 kDa, has been found only in another 
cyanobact~rium, indicating that it might be specific to 
rhis group of organisms. 

The N-terminal sequence of the Anabaena 3.5 kDa 
protein is the first evidence to demonstrate that PSI-I 
protein is a PSI component in cyanobactcria as well as 
in higher plants. In addition, the p.scrI gene was recently 
cloned from cyanelle DNA of C_vanophom pmzdosa 

(Bryant, D.A. and Stirewalt, V.L., personal com- 
munication). Thus, it can be concluded that PSI-I is one 
of the evolutionarily-conserved subunits in the PSI 
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