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Six ‘core’ subunits of pea photosystem I have been isolated and their N-terminal amino acid sequences determined by 
gas-phase or solid-phase sequencing. On average more than thirty residues were determined from the N-terminus of each 

polypeptide. This sequence analysis has revealed three polypeptides with charged N-terminal regions (21, 17 and 11 kDa 
subunits), one polypeptide with a predominantly hydrophobic N-terminal region (9 kDa subunit), one polypeptide which 

is cysteine-rich (8 kDa subunit) and one which is alanine-rich (I 3 kDa subunit). 
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1. INTRODUCTION 

Electrons carried by plastocyanin, a soluble 
protein of the thylakoid lumen, are ultimately 
utilised in the reduction of ferredoxin, a soluble 
protein found in the chloroplast stroma. This 
transfer of electrons from one region of the 
chloroplast to another is mediated by photosystem 
I. Photosystem I has been isolated from a variety 
of higher plants, including pea [l-3], spinach 141, 
barley [5] and wheat [6]. The subunit composition 
of this complex has not been well defined due to 
the variation in the number and size of the subunits 
reported for different photosystem I preparations. 
For example, pea photosystem I has been reported 
to have 6 [2], 10 [l], or 16 [3] subunits and barley 
photosystem I has been reported to contain only 3 
[7] or 5 [5] subunits. However, photosystem I 
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preparations from both spinach [4] and wheat [6] 
are reported to have 7 subunits. 

Photosystem I is known to contain two large 
polypeptides which bind P700 and the primary ac- 
ceptors Ao, Ai and X [5,8]. The genes for these 
polypeptides have been located and sequenced in 
pea [9], maize [lo], and spinach [ 1 l] chloroplast 
DNA. In addition to these large subunits there are 
a number of smaller ‘core’ subunits which are 
presumed to be involved in the functional and 
structural roles of this complex. One of these 
‘core’ subunits (8 kDa) has recently been identified 
as an iron-sulphur protein and its gene has been 
located and sequenced in the chloroplast DNA of 
tobacco [12], pea [13] and wheat [13]. Little is 
known about the function of the other ‘core’ 
subunits. 

As an important step in the characterisation of 
photosystem I we have electrophoretically purified 
each of the six smaller ‘core’ subunits from a well 
resolved pea complex and subjected these to gas- 
phase or solid-phase sequence analysis. 

2. MATERIALS AND METHODS 

Photosystem I was purified from washed thylakoid mem- 
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branes isolated from 200 g of 10 day old pea leaves. Thylakoid 
membranes were depleted of ATP synthase and cytochrome 
6-f complex by treatment with 1% (w/v) octyl D-D- 
glucopyranoside and 0.5% (w/v) sodium cholate at 0°C [14]. 
Photosystem 1 was solubilised in 25 mM Tricine. KOH, pH 7.8, 
2% (v/v) Triton X-100 at a chlorophyll concentration of 
OS-l.0 mg/ml and then applied to a 3 x 12 cm column of 
DEAE-Sephacel (in 25 mM Tricine.KOH, pH 7.8, 0.2% (v/v) 
Triton X-100). The column was washed with one column 
volume of equilibration buffer. A fraction enriched in 
photosystem I was eluted using equilibration buffer containing 
0.2 M NaCl at a flow rate of 1 ml/min. The photosystem I- 
enriched sample was then gel filtered using a 3.5 x 90 cm col- 
umn of Ultrogel AcA34 equilibrated in 25 mM Tricine.KOH, 
pH 7.8, 50 mM NaCl, 0.1% (v/v) Triton X-100. The complex 
was isolated at a flow rate of 25 ml/h. 

Protein was analysed by SDS-polyacrylamide gel elec- 
trophoresis by the method of Fling and Gregerson [15] except 
that the resolving gel contained acrylamide and urea gradients 
of 12.5-25% and 2-4 M, respectively. The stacking gel con- 
tained 2 M urea. Hoj et al. [16] have already shown that the 
method of Fling and Gregerson [ 151 resolves the minor subunits 
of photosystem 1. 

For electroelution, polyacrylamide gels were stained in 0.5% 
(w/v) Coomassie brilliant blue R in double-distilled water for 
15 min and then briefly washed in water. Bands of interest were 
excised with a razor blade and electroeluted overnight using 
25 mM Tris, 92 mM glycine and 0.1% SDS as electrophoresis 
buffer. Electroeluted proteins were then dialysed against 5 1 of 
0.02% SDS with 4-5 changes. Proteins were lyophilised prior 
to preparation for N-terminal sequence analysis. 

Electroeluted proteins were sequenced either by automated 
solid-phase or gas-phase Edman degradation. For solid-phase 
sequencing lyophilised peptide was dissolved in 0.05 ml of 
0.2 M NaHCOj containing 0.25% (w/v) SDS and added to 
15 mg DITC glass (170 A pore-size, 200-400 mesh) prepared by 
a modification of the method of Wachter et al. 1171. The glass 
was incubated at 56°C for 60 min, then washed with water and 
methanol containing 0.5% (v/v) n-propylamine to remove non- 
covalently bound material. Approx. 5 mg of the glass-coupled 
peptide was then sequenced by automated solid-phase Edman 
degradation [18] using the microsequencing facility of the 
AFRC Sequencing Laboratory, Department of Biochemistry, 
Leeds. 

Samples were prepared for gas sequence analysis as follows. 
The protein sample, containing residual SDS and Coomassie 
brilliant blue was dissolved in 40~1 HzO. The protein was 
precipiated with 10 vols of 96% ethanol at - 70°C for 20 min 
and recovered by centrifugation. The procedure was then 
repeated on the resuspended protein. This process removed 
SDS, unbound Coomassie brilliant blue and UV-absorbing con- 
taminants which may interfere with PTH-amino acid analysis. 
The protein sample was dried under vacuum, redissolved in 
trifluoroacetic acid (40 ~1) and a portion applied to a precondi- 
tioned glass fibre disc containing 3 mg of Biobrene plus. Each 
sample was treated with iodoacetic acid to modify any cysteine 
residues present (Packman, L., unpublished). Sequence analysis 
was performed, using RUN 470-l software, on an Applied 
Biosystems 470 A gas-phase sequencer coupled to a 120A PTH- 
amino acid analyser under the control of a 900A data controller 
at the Protein Sequencing Facility, University of Cambridge. 
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3. RESULTS AND DISCUSSION 

Photosystem I isolated from pea chloroplasts as 
described in section 2 and analysed by the elec- 
trophoretic system of Fling and Gregerson [15] 
shows seven well resolved protein bands (fig.1). 
Fig.1 also shows minor contamination from ATP 
synthase subunits (-55 kDa) and from subunits of 
the light harvesting complex of photosystem I 
(-29-26 kDa). In addition to the larger polypep- 
tides of 62 and 60 kDa, which are not resolved in 
this gel system, there are six ‘core’ subunits of 21, 
17, 13, 11, 9 and 8 kDa. These values are apparent 
molecular masses determined from a single percen- 
tage (15%) polyacrylamide gel. Fig.1 shows that 
the smaller subunits (< 12 kDa) are sufficiently 
separated to enable electroelution as described in 
section 2. 

- t,*, 

68 - -62 
-60 

29 - :- 

Fig.1. Pea photosystem 1 complex isolated as described in 
section 2 and analysed on a polyacrylamide gel containing SDS 
and urea. Values on the left refer to molecular mass markers in 

kDa and values on the right refer to subunit sizes in kDa. 
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The N-terminal amino acid sequence determined 
for each ‘core’ subunit of pea photosystem I is 
shown in fig.2. Databases of protein sequences 
have been scanned for these sequences but no 
significant homologies were detected. Therefore, 
with the exception of the 8 kDa subunit (the gene 
of which has recently been sequenced [12,13]), the 
amino acid sequences shown in fig.2 are unique. 

The 21 kDa subunit was sequenced using a solid- 
phase sequencer. The first amino acid was not 
identified. Thirty-one amino acids were successful- 
ly identified from thirty-six cycles. This polypep- 
tide appears to be rich in charged residues (four 

aspartic acids, three glutamic acids and one lysine) 
and polar residues (six threonines and one serine). 
The pea 21 kDa subunit may correspond to the 
22 kDa subunit of spinach which is supposed to 
mediate the transfer of electrons from plasto- 
cyanin [ 191. It may also be equivalent to the 
20 kDa nuclear-encoded subunit of pea which is 
synthesized in the cytoplasm as a 26 kDa precursor 

131. 
Twenty amino acids were determined from the 

N-terminus of the 17 kDa subunit using a gas- 
phase sequencer. Both alanine and aspartic acid 
gave high yields at the first cycle and both yields 

1U 
21 kDa X Thr Glu Asp Lys Thr Asp Ala Ala 'Thr Asp Val Ala Thr X tilu Ais 

20 30 
Pro Val Gly Phe 'Thr Pro X Glu Leu Asp Pro Asn Thr X Ser X Ile 

Phe Gly 

10 
17 kDa Asp/Ala Ile Ser Gly Leu Thr Pro Cys Lys Glu Ser Lys Gln Phe Ala Lys Arg 

13 kDa X Ser Glu Asp Thr Ala Glu Ala Ala X Pro Ser Ala 
LO 

13 kDa Ala Ser Glu Asp Thr Ala Glu Ala Ala Ala Pro 

10 
11 kDa Lys Tyr Gly Asp Lys Ser Va 1 Tyr Phe Asp Leu Glu Asp Ile Gly Asn Ihr 

20 30 

Thr Gly Gln Trp Asp Leu Tyr Qly Ser Asp Ala Pro Ser Pro Tyr Ser X 

Leu Gln 

9 kDa Glu Leu Asn Pro Ser Leu Val Ile Ser Leu Ser lhr Cly Leu Ser Leu Phe 
20 30 

Leu Gly Arg Phe Val Phe Phe Asn Phe Gin Arg tlu Asn Val Ala Lys Gln 

Gly Leu Pro Glu Gln 

8 kDa 
10 

Ser His Ser Val Lys Ile Tyr Asp Thr Cys Ile Gly cys Thr Gln Cys Val 
2v 30 

Arg Ala iys Pro Thr Asp Val Leu Glu Net Ile Pro rrp Gly Gly Cys Lys 
40 5 0 

Ala Lys Gin Ile Ala Ser Ala Pro Arg X Glu Asp X Val X X K 

20 
Glu Lys Gln 

Fig.2. N-terminal amino acid sequences of pea photosystem I. The sequences of the 21 kDa subunit and the first 13 kDa subunit 
sequence were obtained by solid-phase sequencing. All other subunits were sequenced using gas-phase chemistry. Initial yields and 
repetitive yields for each polypeptide were: 21 kDa, 80 pmol, 92.5%; 17 kDa, 125 pmol, 93.8%; 13 kDa (solid phase), 106 pmol, 
94.1%, (gas phase) 1 nmol, 93.8%; 11 kDa, 475 pmol, 92.4%; 9 kDa, 525 pmol, 93.7%; 8 kDa, 457 pmol, 94.6%. X indicates 

positions at which no clear identification of a single phenylthiohydantoin could be made. Only firm assignments are shown. 
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decreased at the second cycle. The lag data favour 
alanine but yields are such that aspartic acid 
(which can arise artefactually from contaminating 
ammonia) cannot be ruled out. Similarly, 
microheterogeneity cannot be excluded as an ex- 
planation for two N-terminal amino acids. Thus, 
the first residue of the 17 kDa subunit has been 
given as alanine or aspartic acid in fig.2. Nine of 
the first 20 N-terminal amino acids are charged 
residues (if aspartic acid at residue number l), five 
are positively charged (four lysine and one 
arginine) and three are negative (two glutamic 
acids and one aspartic acid). The N-terminus of 
this polypeptide is highly charged indicating that it 
is likely to be exposed to an aqueous environment. 

The 13 kDa subunit of pea photosystem I is 
alanine-rich at the N-terminus. Six of the 13 amino 
acids determined are alanine. This polypeptide was 
sequenced using a gas-phase sequencer and a solid- 
phase sequencer and both sequences obtained are 
shown (fig.2). Both methods revealed the presence 
of a second sequence (approx. 50% abundant) 
representing the same protein lacking the N- 
terminal amino acid. This suggests that the 13 kDa 
subunit may undergo a degree of N-terminal pro- 
cessing which may be important, for example, for 
the correct insertion of the mature polypeptide in 
the membrane in vivo. 

Gas-phase sequence analysis of the 11 kDa 
subunit revealed that this polypeptide, like the 21 
and 17 kDa subunits, contains a significant 
number of charged residues. There are 6 acidic and 
two basic residues in the 35 amino acids sequenced 
which suggests that the N-terminus of this subunit 
also protrudes from the thylakoid membrane and 
is not involved in forming a membrane span. 

Thirty-nine amino acids from the N-terminus of 
the 9 kDa subunit were sequenced. There are 16 
hydrophobic amino acids (i.e. one isoleucine, three 
valines, five phenylalanines and seven leucines) in 
the first 36 residues. Between residues 21 and 26 
there is an unusual phenylalanine-rich sequence: 
Phe-Val-Phe-Phe-Asn-Phe. The presence of such a 
hydrophobic N-terminus suggests that this region 
of the polypeptide may be membrane-located. 

N-terminal amino acid sequence analysis of the 
8 kDa subunit revealed a polypeptide rich in cys- 
teine residues (fig.2). Five cysteine residues were 
identified in 51 cycles. The protein sequence shown 
in fig.2 is identical to the 29 N-terminal residues 
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determined for an 8 kDa spinach photosystem I 
subunit [20] and identical to the 29 N-terminal 
amino acids of a 9 kDa barley photosystem I 
subunit [ 161. This indicates a functional role for 
this protein and we have recently suggested that the 
8 kDa subunit of pea photosystem I carries the two 
iron sulphur centres A and B involved in electron 
transfer to ferredoxin [ 131. The gene for the 8 kDa 
subunit has been located and sequenced in pea and 
wheat chloroplast DNA [13] and the predicted 
amino acid sequence from this gene (which is iden- 
tical with the determined sequence in fig.2) reveals 
a total of 9 cysteine residues, 8 of which are ar- 
ranged like bacterial 2(4Fe-4s) ferredoxins [21]. 

These N-terminal sequences have been com- 
pared to proteins predicted from open reading 
frames located in tobacco chloroplast DNA [22], 
but, with the exception of the 8 kDa polypeptide, 
no matches were obtained. This suggests that the 
genes for these other subunits are located in 
nuclear DNA. The sequence data presented in this 
paper will be useful for identifying genes for 
photosystem I subunits and for indicating the ex- 
tent of any presequences necessary to direct the 
proteins to the chloroplast. 
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