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Apart from the 8 kDa subunit, which is of chloroplast origin, most of the small polypeptides of the PS I reaction center 
from higher plants are encoded in nuclear genes. We describe here the first nucleotide sequence of a nuclear component 
of this photosystem, the precursor of the 20 kDa protein. The deduced sequence of the large transit peptide (5540 amino 
acids) is rich in serine/threonine residues and has a net positive charge, which are classical features of these precursors. 
The sequence itself is mainly hydrophilic, with no possibility of classical membrane-spanning a-helices; it exhibits an inter- 

esting stretch of five basic amino acids in close vicinity: Thr-Arg-Leu-Arg-Ser-Lys-Tyr-Lys-Ile-Lys-Tyr. 

Photosystem I; 20 kDa subunit; cDNA sequence; Transit peptide 

1. INTRODUCTION 

A detailed description of both the structure and 
function of the PS I reaction center at the 
molecular level requires precise knowledge of the 
primary structure of the polypeptides involved. 
Currently, the most popular approach in this field 
is to select and sequence the genes coding for these 
polypeptides. Elucidation of the gene sequence of 
the two large subunits [l] and more recently of the 
small 8 kDa protein [2,3] has proved very useful 
and almost definitively ended the long-standing 
discussion concerning the localization of the three 
Fe-S clusters associated with PS I [4-71. It now ap- 
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pears quite clear that FX is linked to the large 
subunits [8,9], at a site involving a conserved, 
short amino acid sequence including two cysteines. 
The association of FA and Fn with the small 8 kDa 
polypeptide is also virtually an established fact, in 
agreement with our first proposal based on the 
amino acid composition [5]. Different sequences 
for this component confirmed the predicted 
similarity with small 2 [4Fe-4S] proteins found in 
anaerobic organisms [2,3]. 

The roles of the other small polypeptides re- 
quired for correct transfer of electrons from 
plastocyanin to ferredoxin remain to be clarified. 
The largest polypeptide (20 kDa) was at first 
claimed to be involved in electron donation from 
plastocyanin to PS I [lo]. Other results have in- 
dicated a possible stabilization effect by a similar 
component on the EPR signals of centers FA and 
Fn [7]. More recently, direct association of this 
subunit with ferredoxin has been reported [ll]. 
Determination of the primary sequence of this 
polypeptide is thus of great interest to progress in 
this discussion. Here, we report the isolation and 
sequencing of cDNA clones which encode the full 
length of the 20 kDa precursor protein. 
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2. MATERIALS AND METHODS 

Total RNA was isolated from young spinach leaves after 
grinding in liquid nitrogen [12]. Poly(A)+ mRNAs were purified 
on poly(U)-Sepharose (Pharmacia) following the instructions of 
the manufacturer. 

In vitro synthesis experiments were performed using a 
reticulocyte lysate system (BRL) with [“Slmethionine as label- 
ling reagent (1100 Ci/mmol, New England Nuclear). The usual 
incubation period was 1 h at 30°C at an mRNA concentration 
of 0.1 ag/lO ~1 and the radioactivity added amounted to 
3OpCi. 

Proteins were analyzed by SDS-polyacrylamide gel elec- 
trophoresis according to Laemmli [13]; the resolving gel con- 
tained 15% acrylamide. Gels were treated with a solution of 
20% 2,5-diphenyloxazole in DMSO for fluorography. 

Using poly(A)+ mRNA, a hgtll cDNA library was con- 
structed following the simplified protocol of Watson and 
Jackson [14]. AMV reverse ;t$anscriptase was from Life 
Sciences, the A arms and packaging kit being from Promega 
Biotec. 

Immunological screening of the library [15] was performed 
using nitrocellulose filters treated as described for Western blot- 
ting [16]. Antigen/antibody complexes were detected en- 
zymatically with an alkaline/phosphatase conjugate from 
Promega Biotec. 

Preparation of phages and DNA extraction were according to 
Maniatis et al. [17]. DNAs to be sequenced were cut at the ap- 
propriate sites and subcloned in Ml3 vector [IS], either directly 
or after purification of the inserts on an agarose gel. 

DNA sequencing was carried out by the dideoxy chain- 
termination method of Sanger et al. [19], with a New England 
Biolabs kit and 35S-labelled dATP from Amersham 
(600 Ci/mmol). 

Nucleotide and protein sequences were analyzed using CITI2 
programs. 

3. RESULTS AND DISCUSSION 

A complete set of mAbs directed against the 
small polypeptides of a spinach PS I particle [5] 
has been recently characterized [ 161. Antibodies 
specific for the 20 and 17 kDa polypeptides were 
the most abundant by far. We first tested different 
anti-20 kDa mAbs for the ability to recognize in 
vitro translation products directed by poly(A)+ 
mRNA. Earlier studies with protein synthesis in- 
hibitors indicated that all the polypeptides in the 
20-25 kDa range were likely to be translated on 
cytoplasmic ribosomes [20]. This was confirmed 
by in vitro translation experiments [21,22]. 
However, it remains a difficult task to correlate 
unambiguously the various PS I polypeptides and 
their molecular masses as obtained from different 
organisms and as reported by various authors. We 
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thus checked again the nuclear origin of the 
20 kDa protein in our PS I particle. 

Five anti-20 kDa mAbs were mixed in order to 
increase the potential number of recognition sites. 
During the course of this experiment, a classical 
immunoprecipitation protocol failed to work [23], 
due to the very low efficiency of binding of protein 
A to mouse yl immunoglobulins. To overcome this 
problem, we used the solid-phase procedure 
previously designed for screening and titration of 
these mAbs [15]. Briefly, the specific mAbs were 
immobilized in the wells of a microtitration plate 
via anti-mouse immunoglobulins. After 10 min 
centrifugation at 100000 x g in a Beckman airfuge, 
the translation supernatant was diluted as in [23], 
placed in the wells of the plate and allowed to react 
for 1 h at 37°C. After extensive washing in the 
presence of detergents (1% Triton X-100/0.1% 
SDS), the Ag/Ab complex was dissociated by 
direct use of electrophoretic sample buffer and 
analyzed by SDS electrophoresis. The result is 
shown in fig.lC; apart from non-specific binding 
at 18 kDa (lane D), a very clear band is detected at 
26 kDa, which corroborates previous results ob- 
tained with polyclonal Abs [21,22]. 

The same mixture of anti-20 kDa mAbs was 
then used to select positive clones from a Agtll 
library. The starting library consisted of 1.7 x lo6 
inserts and was amplified lo4 times before use. In 
the course of several screenings, 8 positive clones 
were retained after three successive rounds of 
plating. Three were used more extensively for se- 
quencing experiments: clones 11, 20a and 20b. As 
described in fig.2A, clones 20a and 20b still had 
both EcoRI insertion sites, but clone 11 lost the left 
site, as determined by nuclease fragmentation with 
KpnI, Sac1 and EcoRI. The 20a and 20b EcoRI in- 
serts were subcloned in both orientations in the 
vector Ml3 mp19. We also used forced cloning in 
Ml3 mp19 for the Kpn-Eco insert of clone 11. The 
sequencing strategy is described in fig.2B, and was 
entirely performed using the dideoxy chain- 
termination method of Sanger et al. [19], together 
with Ml3 deletion subcloning [24]. Clone 20b has 
been sequenced from the 3’-poly(A)+ tail to the 
5 ‘-leader sequence. Both ends were confirmed, 
starting the reading of clone 20a in opposite direc- 
tions. Finally, the full sequence was also read in 
the 5 ’ - to 3 ‘-direction using clone 11. 

Fig.3 shows the different cDNA sequences thus 
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Fig. 1. Fluorography of in vitro translation experiments directed 
by spinach poly(A)+ mRNA. (A) Translation without added 
mRNA, (B) total translation products, (C) total translation 
after specific adsorption by anti-20 kDa mAb, (D) total 

translation after adsorption by non-specific mAb. 

obtained. There are some differences between the 
three clones, which do not affect the coding 
region. The number of A in the 3 ‘-tail varies, and 
there are 12 more nucleotides at the 5 ‘-end of 
clone 11. Surprisingly, a poly(T) tail is present at 
the 5 ‘-end of clones 20a and 20b. Such a poly(T) 
tail has been described previously in the case of a 
cDNA coding ferredoxin [25], but at a distance of 
500 bp from the starting ATG; this was attributed 
to cDNA exchange in the library. Reorganization 
might also have occurred in clones 20a and 20b as 
no poly(T) is observed in clone 11, which extends 
a little further. The minor differences observed at 
this end can be explained by such possible 
reorganization. As observed in clones 20a and 20b, 
the 3’-poly(A) tail is rather short and relatively 
close to the stop codon compared to other cDNAs 
coding for chloroplast proteins. Located 19 
nucleotides upstream of the poly(A) is the 
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Fig.2. (A) Restriction map of hgtl 1 inserts of clones 11,20a and 
20b. (B) Ml3 sequencing strategy and the different sets of 

overlapping sub-clones analyzed. 

characteristic sequence AATACAA already 
described for a pea Cab gene [26] and similar to the 
AATGAA reported for PC and SSu [27]. These se- 
quences have been postulated to be equivalent [26] 
to the classical polyadenylation signal AATAAA 
commonly found in eukaryotic mRNA [28]. The 
3 ’ -end of clone 6 will not be described here; it has 
the same common sequence with about 90 extra 
nucleotides preceding a larger poly(A) tail. 

The large open reading frame of 636 nucleotides 
commences with 2 ATG codons in phase, at the 
first and third positions, resulting in a double 
dipeptide Met-Ala at the beginning of the protein. 
This coding sequence is also terminated by a dou- 
ble TAA stop codon. Just after the stop codons is 
a T-rich sequence (12 out of 16); this sequence 
could form a large loop by associating with the 
poly(A) tail, thus enhancing the effect of the stop 
signals. 

The reading frame codes for a precursor protein 
of 23 161 Da, about 3 kDa less than the predicted 
apparent value deduced from in vitro translation 
studies (fig.1). This discrepancy can be due to the 
large excess of basic amino acids, giving an ap- 
proximate residual positive charge of 12 at pH 7. 
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clones 20a/20b (T)23 GRACCRCCRRTCCARRCACRRCRRCRRCRRTCRRRTT 
clone 11 TTGCRTTCCGCtjRTCRR I) 1 

-50 -40 -30 
I I 

-20 -10 

met ala met ala 0% gin ala t& leu phe s% pro s!& s% leu str s$r ala ifs pro 
;TG GCC RTG GCA RCT CRR GCC RCC CTC TTC TCC CCR TCT TCT CTC TCC TCC GCR RRR CCC 

.B 
ile asp t& afg leu & 6% s& phe I& gln pro s% ala val 0% phe ala s&- Ifs 
JTT GRC RCC CGC CTC RCC RCC TCT TTC RRR CAR CCC TCC GCC GTC ACT TTC GCC TCC RAG 
; 

pro ala sk afg his his s% ile Gg ala ala ala ala ala glu gly lys erg ala ala 
CCC GCC TCC CGC CRC CRC TCT RTC CGG GCR GCC GCT GCR GCT GRR GGC RRR CGT GCC GCC 

121 

ala thr glu thr lys glu ala pro lys gly phc thr pro pro glu leu asp pro sjn thr 
,$CR RCT GRR RCC RflG GRR GCR CCT RRR GGT TTC RCC CCT CCT GRG TTG GRC CCT ARC ACT 

pro ser pro ile phe ala gly ser thr gly gly lcu leu arg lye ala gln val glu glu 
CCC TCC CCC RTC TTT GCT GGR RGC RCR GGT GGG CTR TTG RGG RAG GCR CRR GTR GAG GAG 

241 

phe tyr val ile thr trp glu ser pro lys glu gln ile phe glu met pro thr gly gly 
TTT TRC GTG RTR RCA TGG GRR TCR CCR RRR GAG CAR RTR TTC GAG RTG CCR RCA GGR GGR 

301 

ala ala ilc met arg glu gly pro asn leu leu lys leu ala arg lys glu gln q3 leu 
36tjCR GCR RTR RTG RGG GRR GGR CCR ARC TTG CTR RRR TTR GCR CGT RRR GAG CRR TGT TTR 

1111111111,11111‘*1,1111(11111((1111111(,,‘,,,,,,,,,,~,~,,,,,, 
tiz gly thr arg leu arg ser lys tyr lys ile lys tyr gln phe tyr arg val phe 

42yCR CTT GGR RCA RGR CTT RGG TCT RRR TRC RAG ATT RAG TRC CAR TTT TRC RGG GTT TTC 

pro ser gly glu vsl gln tyr leu his pro lys asp gly vel tyr pro glu lys val asn 
,BL;CR RGT GGT GRR GTT CRR TAT TTR CRC CCT RRR GRT GGT GTT TRC CCR GRR RRG GTT ARC 

pro gly arg gin gly val gly leu cm met arg ser ile gly lys am val ser pro ile 
54FCT GGT RGR CAR GGT GTT GGG TTR RRC RTG RGG TCT ATT GGT RAG RAT GTT RGC CCT ATT 

glu val lys phe thr gly lys gln pro tyr asp leu STOP STOP 
,o~RG GTT RRR TTT ACT GGC RAG CAR CCT TAT GRT TTG TAR TRR CTTTTTRTCTTRTTTTCRTCRTG 

TTCRTGCTRCTRTGTTTTGGRCR~~GTGRTTRTTTT(Rh4 
666 

**m-+90 (clone 11) 

Fig.3. DNA sequences of cDNA clones (11,20a,20b) encoding the 20 kDa subunit of PS I. The nucleotide sequence is written in the 
mRNA sense. Deduced amino acid residues are designated the three-letter code. Above the protein sequence different interesting 
domains are delineated: predicted helices are indicated by wavy lines; the putative maturation site is within the hatched zone, between 
the two arrows; the highly basic sequence is denoted by the dotted line. Hydroxy amino acids of the transit peptide are shown by an 

open circle. 

Such a positive charge can partly balance the 
global negative charge of SDS resulting in slower 
migration than expected. Tentative microsequenc- 
ing of the protein extracted from preparative gels 

failed to give any clear result concerning the N- 
terminal end of the mature protein. Nevertheless, 
a precise determination of the amino acid composi- 
tion provided interesting information concerning 
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the site of maturation. Of the three His predicted 47 first residues (35%) together with a large excess 
in the total sequence, only one is present in the of positive charges, which seem now to be classical 
mature protein, excluding the dipeptide His-His at features of the chloroplast transit peptides [30]. 
position 46. Moreover, the number of Gly and Ala The hydrophilicity profile [34] for the precursor 
residues is about 15-16 and 10-11, respectively, protein is presented in fig.4. Hydrophilic domains 
arguing for a maturation site located between the are predominant and only short segments of the 
two Ala sequences (at positions 49154 and 59161). mature protein are susceptible to interactions with 
The presence of basic amino acids within this short a hydrophobic environment. 
region is also in favor of this hypothesis. A very re- Secondary structure predictions based on two 
cent work by Gray and co-workers [29] strongly methods [35,36] gave one short a-helix between 
supports this prediction. The N-terminal sequence Met 1 and Phe 9, and two others of a length com- 
of the equivalent mature protein from pea is patible .with a transmembrane location. The first 
almost entirely the same all along 25 residues; the extends in the domain 39/66, including the 
only differences occur near the maturation site, as maturation site, and the second in the domain 
has been observed for other thylakoid proteins 1201142. A large number of charged amino acids 
[301. are present in these two helices (8 and 6, respective- 

spinachAAEGKRA AATE- - TKEAPVGFTPPELDPNTPSPI FAG 
I I I I I I lllllllIIIlIIlIII!IIII I 

pea XTEDKTD AATDVATXEAPVGFTPXELDPNTXSXI F- G 

The length of the transit peptide (55-59 residues) 
would then be close to that of proteins present in 
the thylakoid lumen, such as PC [31] or OEE2 
[32]. Shorter lengths (35-40) have been observed 
for typical intrinsic proteins, such as the Cab pro- 
tein of the LHCII [26] or LHCI polypeptides [33]. 
However, the length of the transit peptide is ex- 
tremely variable for proteins of the stroma [30], 
and might be of no significance. A very high densi- 
ty of serine and threonine is found throughout the 

hydrophilic 

-3: II hydrophobic 

_,A 1 1 1 1 1 1 1 I I I 
20 SO 100 140 180 

amino acid number 

Fig.4. Hydrophilicity plot of the 20 kDa precursor protein 
according to Hopp and Woods [34]; averaging window was on 
6 amino acids. The predicted helices detailed in fig.3 are 
delineated by a wavy line, the putative maturation site by the 

two arrows and the basic sequence by positive charges. 

lYh virtually excluding membrane-spanning 
models. Both putative helices of the transit peptide 
could in any case play a role during interactions 
with the chloroplast envelope and thylakoid mem- 
brane. The absence of a classical transmembrane 
sequence argues for an extrinsic localization of this 
20 kDa subunit. It remains to be decided whether 
this localization is outside the thylakoid, as sup- 
ported by labelling, proteolysis and cross-linking 
experiments [10,37], or inside, as deduced from 
functional studies [9]. 

The most striking feature of this sequence is 
probably the long stretch of basic residues located 
just after the third potential a-helix: Thr-Arg-Leu- 
Arg-Ser-Lys-Tyr-Lys-Be-Lys-Tyr. This regular 
alternation could result in a very high density of 
positive charges on the same side of the polypep- 
tide backbone. Interactions with acidic domains 
of other polypeptides of the system are thus to be 
expected; this might be the case with the N-termi- 
nal fragments of PS I Al or A2 proteins, or the 
C-terminal end of ferredoxin. It has been shown 
recently that the alternating copolymer poly(Leu- 
Lys) is able to undergo a &sheet or a-helix transi- 
tion in the presence of lysolecithin or lysolecithin 
plus cholate [38]. Upon interaction with polar 
lipids of the thylakoid, this particular sequence of 
the 20 kDa polypeptide could also induce some 
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modifications in the regular arrangement of the 
lipid bilayer . 

When tested for cross-reactivity, most of our 
anti-20 kDa mAbs recognized various photosyn- 
thetic membranes from higher plants to 
cyanobacteria (unpublished), a result which favors 
a high degree of conservation. The extensive 
homology observed with the N-terminal sequence 
of the equivalent protein from pea [29] cor- 
roborates this assumption, and irrespective of its 
actual function, it is likely that the 20 kDa compo- 
nent plays a major role in PS I. 
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