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Using Agtl1 expression cloning and immunoscreening, cDNA-containing recombinant phages for subunits IV and V of
the photosystem I reaction center were isolated, sequenced and used to probe Northern blots of polyadenylated RNA
prepared from spinach seedlings. The mRNA sizes for both components are ~ 1000 and 850 nucleotides, respectively.
The 968 nucleotide cDNA sequence and derived amino acid sequence for subunit IV predict a single open reading frame
of 231 amino acid residues (25.4 kDa). Comparison with a 13-residue N-terminal amino acid sequence determined for
subunit IV suggests a mature protein of 17.3 kDa (154 residues) and a transit sequence of 77 amino acids (8.1 kDa).
The corresponding data for subunit V are 677 bp (cDNA), 167 residues for the precursor protein (18.2 kDa), 98 residues
for the mature polypeptide (10.8 kDa) and 69 residues for the transit peptide (7.4 kDa). Secondary structure predictions
indicate that both proteins possess greatly different transit sequences and that none is membrane-spanning.
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1. INTRODUCTION

The primary light reactions in oxygenic photo-
synthesis are catalysed by two multisubunit poly-
peptide complexes of the thylakoid membrane,
photosystem I and the oxygen-evolving photo-
system II, which act in series and are associated
with light-harvesting antenna. Photosysem I (PSI)
refers to a chlorophyll g-protein complex which is
functionally defined by its ability to catalyse the
light-mediated transfer of electrons from reduced
plastocyanin to ferredoxin. The complete electron
path in the reaction center has not been fully settled
but includes a series of acceptors, namely Ay
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(possibly a special chlorophyll @ pigment), A,
(probably a phylloquinone [vitamin K;] molecule)
and the iron-sulfur centers X, A and B (e.g. [1,2]).
PS1 particles, with and without attached antenna
(LHCI), have been prepared from a variety of
lower and higher organisms (e.g. [3-6]). Their pro-
tein complement has been resolved into up to 13
components by SDS slab gel electrophoresis, in-
cluding four LHCI polypeptides in the molecular
mass range of 21.0-24.5 kDa [4,6], two chloro-
phyll ¢-binding polypeptides (subunits Ia, b) of
82-84 kDa that complex the P-700 pigment in-
volved in the primary light reaction, and possibly
the primary and secondary acceptors Ap, A1 and X
[1, 3,7] as well as low molecular mass subunits. The
exact number of the latter subunits varies con-
siderably from laboratory to laboratory and prob-
ably depends upon preparation, plant source, and
possibly cell type. In the PS1 reaction center core
of spinach, up to six small polypeptides have con-
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sistently been observed with molecular masses of
22, 18.5, 18, 16, 12 and 10 kDa, designated sub-
units II-VII [5,6]. Little is known about their func-
tion and spatial arrangement. Their selective deple-
tion abolishes NADP photoreduction [1,8]. The
[4Fe-4S] centers A and B that serve in photosyn-
thetic electron transport from the reaction center to
ferredoxin have been assigned to subunit VII [9].
Subunit II appears to be involved in docking both
ferredoxin and ferredoxin oxidoreductase [10,11];
subunit III may be implicated in the interaction be-
tween plastocyanin and the P-700 pigment [8]. The
roles of subunits IV-VI are unknown.

Information about the primary structures of
subunits, deduced from the investigation of their
genes, will ultimately need to be known for under-
standing this photosystem. As other thylakoid
membrane assemblies, the PSI core has dual
genetic origin implying that its biogenesis involves
both nuclear and plastid control. While genes for
three of the probably four [12,13] plastome-
encoded components, namely subunits Ia, b, and
subunit VII, have been mapped on plastid chromo-
somes of various plants and sequenced [5,9,14-17],
the analysis of nuclear components lags behind (cf.
(18D).

3 years ago, we initiated a systematic study of the
nuclear-encoded complement for thylakoid mem-
brane polypeptides including those for PST ([19]
and unpublished) in order to contribute to further
understanding and refinement of models for this
reaction center, its biogenesis, and evolution. We
have cloned and characterized cDNAs for five
nuclear-encoded core components (subunits [I-VI)
and for two LHCI polypeptides of this membrane
complex from spinach ([19] and unpublished).
Here, we report the analysis of cDNA clones that
encode for the complete precursor proteins for sub-
units IV and V. Equivalent data from recombinant
DNASs that carry information for other PSI sub-
units is presented elsewhere.

2. MATERIALS AND METHODS

2.1. Library screening

The amplified Agtl1 library made from polyadenylated RNA
of spinach seedlings was screened immunologically [19] and sub-
sequently with *?P-labelled speficic cDNA probes as described
[20]. Positive plaques were purified by successive plating and
phage DNA was prepared by routine procedures as collected
[21].
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2.2. DNA sequencing

All restriction fragments were recloned into M13mp19 and
Bluescript M13* vectors for sequencing. Subclones for further
sequencing analysis were generated by (i) restriction of the
p6SocPI4-7 insert with Haelll and cloning of the resulting sub-
fragments into the EcoR1/Smal or the Smal sites of M13mp18
and M13mpl9; (ii) restriction of the p6SocPI5-7 insert with
Ddel, S, nuclease treatment and subsequent cloning of the sub-
fragments into the Smal site of M13mp18 (fig.1). Additional se-
quencing was performed on ‘sequential deletions’, i.e. on in-
dependent cDNA clones with inserts varying in size that were
selected during library screening. Sequence determination was
carried out according to [22], and the data were analysed on an
IBM-AT computer with PCGENE programs compiled by Amos
Broich (Genofit, Geneva).

2.3. Purification of PSI reaction center; protein sequencing

The PS1 reaction center was isolated from spinach thylakoid
membranes as in [5]. The purified membrane complex was
separated on 10-15% SDS-polyacrylamide gels, blotted onto
modified glass fibers (Biometra, Gottingen), stained with
Coomassie brilliant blue and the zone corresponding to subunit
IV was excised for sequence analysis. Protein sequencing was
performed on a gas-phase protein sequencer (Applied Bio-
systems model 470A). The released derivative amino acids were
analysed as described [23].

3. RESULTS AND DISCUSSION

3.1. Clone selection

Six immunopositive phages for both subunit IV
and V of the PSI reaction center were isolated
from a Agtll library [19] after screening approx.
1.5 x 10° plaque-forming units. Their DNA was
digested with EcoRI. The resulting fragments were
sized on 1.2% agarose slab gels and found to con-
tain inserts in the range of 450-700 nucleotides.
These inserts were subcloned into M13mpi8 and
Bluescript M13* vectors, designated p6SocPI4-1 to
-6 and p6SocPI5-1 to -6 (Bluescript vectors),
respectively, and sequenced. RNA copies of the
largest clones (p6SocPI4-1, p6SocPI5-1) obtained
with T3 RNA polymerase [24,25] after linearization
of the respective plasmid DNAs with BamHI were
used to probe polyadenylated RNA from spinach
seedlings. In each instance, the probe hybridized to
a single mRNA species of 1000 (subunit IV) and
850 (subunit V) nucleotides when polyadenylated
RNA was prepared from material illuminated for
12-16 h after etiolation (not shown). The same
RNA copies were used as probes to screen the
library for recombinant phage that bear the entire
protein-coding regions for subunits IV or V. In
each instance, positive signals for 14 plaques
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Fig.1. Partial restriction map and sequencing strategy for
p6SocPI4-7 cDNA (A) and p6SocPI5-7 (B) from spinach. The
coding sites for PSI subunit IV (A) and V (B) are boxed.
Cleavage sites for relevant restriction endonucleases, N- and C-
termini (NHz, COOH) and the putative terminal processing sites
of the respective transit sequences (arrow) are marked. Horizon-
tal arrows indicate the direction and extent of individual DNA
sequencing reactions. The scales are in bp. Nucleotides — 30 to
~ 71 of p6SocPI4-7 (curved arrow) are disregarded in fig.2 for
they are complementary to the sequence interval 461-502 (cf.
fig.2A) and probably a cloning artefact that is quite frequently
observed with ‘full-length’ cDNAs (cf. [25,26]).

resulted from a screening of 60000 clones. Five
(subunit IV) and three (subunit V) of the 14 recom-
binant phage that contained inserts approx.
200-250 bp larger than p6SocPI4-1 or p6SocPIS-1
were recloned to yield plasmids p6SocPI4-7 to
p6SocPI4-11 and p6SocPI5-7 to p6SocPI5-9, and
chosen for further analysis (fig.1).

3.2. Sequence analysis

The sequences of the largest inserts are detailed
in fig.2. Identification of translational start and
stop codons by computer analysis of the
p6SocPI4-7 sequence predicts a single open reading
frame from base position 77 to position 769, begin-
ning with the first possible in-phase methionine
residue and terminating at the phenylalanine
residue before the predicted opal stop codon. This
reading frame encodes a protein of 25.4 kDa (231
amino acid residues) and is followed by a 3'-un-
translated region of at most 210 bp which contains
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no typical consensus polyadenylation element (AA-
TAAA [27]) but a poly(A) tract varying in size
(10-30 nucleotides) between individual clones. Two
clones contained these tracts at different locations,
with p6SocPI4-1 and -7 representing longer RNA
species (fig.2A). The remaining sequences were
identical. It is possible, therefore, that either side is
used and that the cDNA inserts represent mRNA
copies of one gene (psaF).

The equivalent data for p6SocPI5-7 DNA that
bears information for subunit V are presented in
fig.2B. It consists of 677 bp followed by a poly(A)
tail of 16 residues. The longest open reading frame
(501 bp) codes for a protein of 167 residues
(18.2 kDa). It is preceded by a 33 bp 5'- and
127 bp 3'-untranslated region. The latter includes a
potential polyadenylation signal. No nucleotide
difference was found between individual clones
that were sequenced. We designate this gene psaG.

To assess the nature of the cDNAs and to deter-
mine the junction between the presumed transit se-
quence and mature protein, PSI reaction center
(free of LHCI) was purified from spinach
thylakoids [5,6]. Its subunits were separated on
10-15% SDS polyacrylamide gels, blotted onto
glass fiber [23], and subunit IV was partially se-
quenced. The N-terminal sequence of 13 residues
fits precisely within the open reading frame shown
in fig.2, substantiating the identity of the cDNA.
The deduced amino acid sequences for both pro-
teins were also compared with the published N-
terminal sequences for PSI polypeptides from pea
[28]. The derived subunit V sequence for spinach
corresponding to the nucleotide segment 208-321
matches the 39 N-terminal residues determined for
the pea protein. The comparable partial sequences
for both proteins are conserved to a remarkably
high degree. Only a conservative substitution, Ser 3
to Ala3 is found in spinach subunit IV, and four
changes are noted in subunit V, the replacements of
Ser3 by Asn3, of Val31 by Met 31, of Leu36 by
Val 35 in spinach, and the addition of Gly35 in
pea. The amino terminus of mature subunit IV cor-
responds to the 78th codon, GAC (Asp), at
nucleotide position 262-264. The remaining down-
stream open reading frame encodes a polypeptide
of 154 amino acids (17.3 kDa). The corresponding
data for subunit V are GAG (Glu, 70th codon,
nucleotide position 208-210) and 98 residues
(12.2 kDa) for the mature protein. Estimates of the
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A CCTCACTTCCTTCCATCCAAAACACAACC

1 ko] 60
ATG TCT TTC ACA ATC CCC ACT AAC CTC TAC AAA CCT CTT GCT ACC AAA CCT AAG CAT CTA TCT TCT TCC TCC TTT GCA CCA AGA
Met Ser Phe Thr Ile Pro Thr Asn Leu Tyr Lys Pro Leu Ala Thr Lys Pro Lys His Leu Ser Ser Ser Ser Phe Ala Pro Arg

120 150 180
TCA AAG ATT GTT TGC CAA CAA GAA AAT GAT CAA CAA CAA CCT AAG AAG CTA GAG CTA GCT AAG GTA GGT GCC AAC GCT GCC GCT
Ser Lys Ile Val Cys Gln Gln Glu Asn Asp Gln Gln Gln Pro Lys Lys Leu Glu Leu Ala Lys Val Gly Ala Asn Ala Ala Ala

210 240 v 270
GCG TTG GCT CTT TCC TCA GTG CTA CTT TCC TCA TGG AGT GTA GCA CCC GAT GCT GCC ATG GCTVYGAC ATT GCA GGG CTA ACA CCA
Ala Leu Ala Leu Ser Ser Val Leu Leu Ser Ser Trp Ser Val Ala Pro Asp Ala Ala Met Ala Asp Ile Ala Gly Leu Thr Pro

3oo 330 360
TGC AAG GAG TCC AAG CAG TTT GCT AAG AGG GAA AAG CAG GCC TTG AAG AAG TTG CAA GCC TCG TTG AAG CTG TAC GCA GAT GAT
Cys Lys Glu Ser Lys Gln Phe Ala Lys Arg Glu Lys Gln Ala Leu Lys Lys Leu Gln Ala Ser Leu Lys Leu Tyr Ala Asp Asp

%0 420 450
AGC GCA CCA GCT TTA GCG ATC AAG GCT ACA ATG GAG AAG ACC AAG AAG AGG TTC GAT AAC TAT GGA AAG TAT GGT TTG CTT TGT
Ser Ala Pro Ala Leu Ala Ile Lys Ala Thr Met Glu Lys Thr Lys Lys Arg Phe Asp Asn Tyr Gly Lys Tyr Gly Leu Leu Cys

480 510
GGG TCT GAT GGA CTT CCT CAT TTG ATA GTG AGT GGT GAT CAG AGA CAC TGG GGT GAG TTT ATC ACA CCA GGG ATT TTG TTC TTG
Gly Ser Asp Gly Leu Pro His Leu Ile Val Ser Gly Asp Gln Arg His Trp Gly Glu Phe Ile Thr Pro Gly Ile Leu Phe Leu

540 570 600
TAT ATT GCT GGG TGG ATT GGG TGG GTT GGA AGG AGT TAT TTG ATT GCT ATT AGG GAT GAG AAG AAA CCT ACT CAG AAG GAG ATT
Tyr Ile Ala Gly Trp Ile Gly Trp Val Gly Arg Ser Tyr Leu Ile Ala lle Arg Asp Glu Lys Lys Pro Thr Gln Lys Glu Ile

630 660 690
ATT ATT GAT GTT CCT TTG GCT TCM AGT CTT CTT TTT AGA GGC TTC AGT TGG CCT GTT GCT GCT TAT AGA GAG TTG CTC AAT GGT
Ile Ile Asp Val Pro Leu Ala Ser Ser Leu Leu Phe Arg Gly Phe Ser Trp Pro Val Ala Ala Tyr Arg Glu Leu Leu Asn Gly

720

GAG CTT GTT GAC AAC AAC TTT TAA TTTTATCATCCTTTTATCAAATCAATTAATCCTGTGTTATATTGTCTACTATGTATATCTTAAATACTCCTTTTTGGAA
Glu Leu Val Asp Asn Asn Phe -o-

840 900
ACTTGAATGTGTGTTTCGATTGTTTGATTGATTCATCCGGATGTAATCATCATCTGATTAGAATTGTG TAAGTGTTTGTTTAATGATGCTAATTGGAACCGACGATCTTTT

AC (A )

B TAAATCCGTAAAAAA

1 30 60
ATG GCA GCA GCA ACA GCA TCT TTG AGC AGC ACT TTA CTA GCA CCC TGC AGC TCA AAG CAG CCG CAG CCG CAA CAG CAA CAT CAG
Met Ala Ala Ala Thr Ala Ser Leu Ser Ser Thr Leu Leu Ala Pro Cys Ser Ser Lys Gln Pro Gln Pro Gln Gln Gln His Gln

20 120 150
CAT CAG CAG CTC AAA TGC AAG TCC TTT TCC GGC CTC CGC CCA CTG AAG CTA AAC ATC AGC AGC AAC AMC AGC AGC AGC AGT CTA
His Gln Gin Leu Lys Cys Lys Ser Phe Ser Gly Leu Arg Pro Leu Lys Leu Asn Ile Ser Ser Asn Asn Ser Ser Ser Ser Leu

180 v 210 240
TCG ATG TCT TCT GCA AGA AGA TCA ATG ACT TGC CGT GCAYGAG TTG AGC CCA TCA TTG GTG ATA AGT CTG AGT ACA GGG CTA TCC
Ser Met Ser Ser Ala Arg Arg Ser Met Thr Cys Arg Ala Glu Leu Ser Pro Ser Leu Val Ile Ser Leu Ser Thr Gly Leu Ser

270 300 330
CPT TTT TTA GGA AGG TTT GTG TTC TTC AAT TTC CAG AGG GAG AAT ATG GCC AMA CAG GTG CCT GAA CAA AAT GGT ATG TCT CAT
Leu Phe Leu Gly Arg Phe Val Phe Phe Asn Phe Gln Arg Glu Asn Met Ala Lys Gln Val Pro Glu Gln Asn Gly Met Ser His

360 390 420

TTT GAG GCG GGC GAT ACT CGT GCT AAG GAG TAT GTG AGC CTT CTT AAG TCT AAT GAT CCT GTT GGG TTT AAC ATT GTT GAT GTT

Phe Glu Ala Gly Asp Thr Arg Ala Lys Glu Tyr Val Ser Leu Leu Lys Ser Asn Asp Pro Val Gly Phe Asn Ile Val Asp Val
450 480

CTT GCT TGG GGT TCT ATT GGT CAT ATT GTIT GCT TAT TAT ATC TTG GCT ACT GCT AGC AAT GGT TAT GAC CCT AGC TTC TTT TAA
Leu Ala Trp Gly Ser Ile Gly His lle Val Ala Tyr Tyr Ile Leu Ala Thr Ala Ser Asn Gly Tyr Asp Pro Ser Phe Phe -o-

540 600
ATTATCATATTTCGGATTTTAGTTTCTTTTT TAATTGTTATATTATTATTATTATTAT TATTATTATGTTGAGTTG TTGTGTAATTAACAGATTCTGCTCAAMATATTATTG

CATTCACTTCTGT (A )

Fig.2. Nucleotide sequence and derived amino acid sequence of P6SocPl4-7 DNA (A) and p6SocPI5-7 DNA (B) from spinach. The

putative junction between transit peptide and mature protein is marked by an arrowhead. A potential polyadenylation signal is under-

lined (B). The N-terminal amino acid sequence, determined from purified subunit IV protein spans amino acid residues 78-90. The addi-
tional polyadenylation site is indicated by an arrow (A).
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molecular mass of the mature proteins based on
SDS-polyacrylamide gel electrophoresis, 18 and
12 kDa [5], agree well with these values.

3.3. Transit sequences

The 77 and 69 amino acid residues preceding the
N-terminal sequence of subunits IV and V respec-
tively, may constitute the transitory transit se-
quences that are cleaved during or after import into
the organelle and possibly thylakoid membrane.
These presumed presequences are relatively long,
similar in size to transit sequences that direct poly-
peptides into the thylakoid lumen. Although there
is almost no homology in primary sequence to any
other transit sequence for nucleus-encoded chloro-
plast proteins [29], the presequences do conform to
the general characteristics of sequences directing
polypeptides into chloroplasts (e.g. [30]). They are
remarkably polar and rich in hydroxylated as well
as positively charged residues (8 positive, 3
negative charges in subunit I'V; 8 positive charges in
subunit V). This reinforces previous suggestions
[25,31] that secondary rather than primary struc-
ture accounts for chloroplast recognition and intra-
organelle routing. One of the striking findings of
this study is the marked difference of the predicted
secondary structure for both transit sequences
(fig.3). While the subunit IV transit sequence
shares characteristics with transit sequences of ex-
trinsic luminal proteins such as plastocyanin [32]
and components of the water oxidation complex
[25,31], notably a C-terminal hydrophobic domain
and a preceding amphipathic #-sheet (Lys-Val-Gly-
Ala-Asn-Ala, residues 49-54) that for luminal
precursor polypeptides can include the inter-
mediary processing site (unpublished), that of sub-
unit V is hydrophilic and resembles transit se-
quences of the 10 kDa polypeptide of the PSII
reaction center or of stromal enzymes such as small
subunit of ribulose-bisphosphate carboxylase/ox-
ygenase, ferredoxin, ferredoxin oxidoreductase or
thioredoxin f (cf. [29]). This could reflect intra-
organelle routing differences (see below). It will
therefore be interesting to determine whether the
endoproteolytic maturation of both subunits dif-
fers, i.e. that of subunit IV involves at least two
steps. PS1 and PSII assemblies are located in dif-
ferent, appressed and non-appressed regions of the
thylakoid membrane, respectively [33]. An impor-
tant and not yet addressed facet of protein import
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results from this lateral heterogeneity. It should be
interesting therefore to study the routes of these
proteins, and to delineate intraorganelle sorting
signals, if any, between these two polypeptide
classes. Apart from a highly hydrophilic domain
shared by all transit sequences of PSI subunits
(fig.3) there are no other notable differences be-
tween target sequences of PSI and PSII polypep-
tides.

3.4. Protein structure predictions

Various algorithms [34-36] were applied to
estimate the secondary structures for both sub-
units. An unexpected result of this analysis was
that subunit V and, possibly, subunit IV are prob-
ably not integral membrane proteins (fig.3).
Although each of the polypeptides displays two
segments up to 19 residues that are rich in amino
acids with apolar side chains, mainly helical, the
preferred structure of transmembrane segments,
and some of them are bounded by charged residues
(e.g. subunit IV, residues 82 and 102; subunit V,
residues 1 and 20), their hydrophobic moments are
rather low so that they might not serve to hold the
polypeptide chains by transmembrane anchoring (a
possible exception could be domain I in subunit
IV). Both proteins, as subunit II [18], III (un-
published) and VII [9], may therefore reside atop
of the membrane, exposed to the aqueous phase.
However, they should be buried within the PSI
assembly, since they are quite well protected from
protease digestion and relatively insensitive to ex-
traction with chaotropic salts or low concentra-
tions of detergent [3-5]. This arrangement provides
also a reasonable explanation for the different sub-
unit compositions reported for PSI complexes.

The intraorganelle position of subunits IV and V
remains ambiguous. Differential extraction of
thylakoid membranes has not yet led to conclusive
results. In addition, small subunits may change
their relative migration velocities in different gel
systems [5,6] which precludes an unequivocal cor-
relation of the polypeptides defined by sequence
and by electrophoretic mobility. Nearest-
neighbour analysis has suggested that at least two
subunits, namely subunit III and one of the smaller
components, are located at the oxidizing (luminal)
side, in close proximity to the subunit I pair [8]. If
the anatomy of transit sequences is indicative of
suborganelle targeting (see above), one would ex-
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Fig.3. Hydropathy blots of the precursor polypeptides of subunits IV (A) and V (B) of the PSI reaction center from spinach. The pro-
files were produced from the algorithms of [36] with a window average across 11 residues. The putative cleavage site between transit
peptide and mature protein is indicated by an arrow; predicted hydrophobic domains are marked by Roman numbers (see text).
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pect subunit IV to be located at the luminal, and
subunit V at the stromal side of the reaction center.
Obviously, further studies are required to settle this
point, and the role of each subunit in PS1 activity.
Both proteins possess a relatively balanced ratio of
basic and acidic residues. Their abundance (> 20%
in subunit IV) and partial clustering as well as the
absence (subunit V) or presence of only two (widely
spaced) Cys residues (subunit 1V) suggest that both
proteins fulfil primarily structural roles and are not
directly involved in binding Fe or in electron trans-
port. We are confident that the recombinant DNAs
now available will be of use to study structure and
functions of these polypeptides as well as their sub-
organelle locations by import assays, fractionation
and protease-sensitivity techniques (e.g. [37]).
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