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Summary. Several cDNA clones encoding the "33 kDa" 
protein associated with the photosynthetic water oxidation 
activity of spinach were sequenced. A 1208 bp insert of 
one of the clones encodes the entire 331 amino acid residues 
of the precursor protein including 84 amino acids (8.5 kDa) 
of the amino-terminal transit peptide, 49 bp of the 5' and 
111 bp of the 3' untranslated segment of the mRNA. The 
3' poly(A) tail starts 19 bp downstream from a putative 
polyadenylation signal, TATAAA. The hydrophilic mature 
protein consists of 247 amino acid residues corresponding 
to an Mr of 26.5 kDa, which is 6.5 kDa smaller than the 
value determined by SDS-polyacrylamide gel electrophore- 
sis (33-34 kDa), and shows a certain degree of conservation 
with the putative Mn-complexing active sites of bacterial 
Mn-dependent superoxide dismutases. The anatomy of the 
unusually long transit sequence is discussed with regard 
to current concepts of protein import into and protein rou- 
tein within the organelle. 
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Introduction 

Recent evidence suggests that approximately half of the 
genes for the ca. 50 polypeptide species that constitute thy- 
lakoid membranes of higher plants are located in the plas- 
tid, the other half originate in the nucleus (Herrmann et al. 
1985; Tittgen et al. 1986). The nuclear components, synthe- 
sized on cytosolic ribosomes as precursors with a transient 
covalently linked transit sequence, are imported into the 
organelle, post-translationally processed, and the mature 
proteins are assembled at their proper locations within the 
membrane (Chua and Schmidt 1979; Cashmore et al. 1985; 
Karlin-Neumann and Tobin 1986; Tittgen et al. 1986). This 
dual genetic origin of eukaryotic thylakoid membranes rais- 
es intriguing questions concerning intergenomic integration 
within the cell, specifically the regulation of expression of 
corresponding plastid- and nuclear-encoded genes, the 
modes of transport of the cytosolically made components 
into the organelle, the maturation of these proteins and 
their topogenesis into functional multisubunit complexes. 

To clarify these questions, the nucleotide sequences of 
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the genes and the primary structure of their products need 
to be determined. Significant progress has been made in 
defining plastome-encoded genes for thylakoid proteins (re- 
viewed in Herrmann et al. 1985; see also Hennig and Herr- 
mann 1986; Kirsch et al. 1986; Cozens et al. 1986; Stein- 
metz et al. 1986; Westhoff et al. 1986). On the other hand, 
equivalent information on the nuclear-encoded thylakoid 
protein complement is still limited, primarily due to techni- 
cal problems in selecting discrete genes or cDNAs from 
the complex genome. So far, only three nuclear-encoded 
genes for thylakoid proteins have been characterized, viz. 
the chlorophyll a/b apoproteins of the light-harvesting com- 
plex associated with photosystem II (Coruzzi et al. 1983; 
Dunsmuir etal. 1983; Cashmore 1984; Karlin-Neumann 
et al. 1985; Kohorn et al. 1986), ferredoxin (Smeekens et al. 
1985a) and plastocyanin (Herrmann et al. 1983; Smeekens 
et al. 1985b; Rother et al. 1986). Using expression cloning 
in phage lambda gtl l  (Young and Davis 1983) we have 
recently succeeded in the isolation of cDNA-containing chi- 
maeric plasmids for 20 nuclear-encoded thylakoid proteins 
(Tittgen et al. 1986 and unpublished results) including re- 
combinant DNAs for three components of the photosyn- 
thetic water-splitting (oxygen-evolving) complex. The anal- 
ysis of cDNAs for the largest of these proteins, the so-called 
lysine-rich "33 kDa"  protein that may be involved in stabi- 
lizing the Mn atoms associated with the complex (Akerlund 
and Jansson 1981 ; Kuwabara and Murata 1982; Andersson 
1986; Miyao and Murata 1987), is the subject of this paper. 

The oxygen-evolving unit of the photosynthetic electron 
transport chain is located in the thylakoid lumen and asso- 
ciated with the intrinsic core complex of the photosystem 
II reaction centre. It catalyses the reduction of a strong 
oxidant, produced through the light reactions of photosys- 
tem II, by the oxidation of water to molecular oxygen. 
The mechanism by which this fundamental process occurs 
is not known and the composition of the complex as well 
as the function of the individual components involved in 
the catalysis of water oxidation are just beginning to be 
elucidated (reviewed in Andersson 1986). Recent evidence 
suggests that the native complex is a composite of at least 
six subunit species with approximate molecular masses of 
33, 24, 23, 22, 16 and 10 kDa (Ljungberg et al. 1986). Three 
major, hydrophilic polypeptides (33, 23 and 16 kDa) are 
synthesized from poly(A) RNA as larger precursors on cy- 
tosolic ribosomes, translocated into the thylakoid lumen 
by isolated chloroplasts and processed to their mature form 
(Westhoff et al. 1985). In this paper, we provide the nucleo- 



tide sequence of cDNA clones that bear the complete 
33 kDa precursor protein. Equivalent data for the 23 and 
16 kDa polypeptides will be presented elsewhere (Jansen 
et al. 1987). 

M a t e r i a l  and  m e t h o d s  

Restriction enzymes, T4 DNA ligase and Klenow fragment 
of DNA polymerase I were obtained from Boehringer 
(Mannheim) and used according to the instructions given 
by this company; ~-[32P]dNTPs were from Amersham 
(Braunschweig). All chemicals were of analytical reagent 
grade. 

The N-terminal sequence of the 33 kDa protein was de- 
termined by automatic Edman degradation of the purified 
protein with a solid phase sequencer, and the residues were 
identified by high-performance liquid chromatography as 
described (Vater et al. 1986). 

The isolation and characterization of the basic recom- 
binant cDNA clones in pBR322 and phage lambda g t l l  
for the 33 kDa protein associated with the water-oxidizing 
complex have been described (Tittgen et al. 1986). Nick 
translation, Southern blot analysis, phage hybridization, 
DNA subcloning in pUC118 (Messing and coworkers, per- 
sonal communication), pSP65 (Melten et al. 1984) and 
Bluescribe M13 (Vector Cloning Systems, San Diego, Ca- 
lif.) vectors have also been described (Tittgen et al. 1986). 
Small- and large-scale plasmid or phage purification, 3' fill- 
in synthesis with the Klenow fragment, and DNA sequence 
analysis according to the chemical modification and chain 
cleavage procedure (Maxam and Gilbert 1980) were as de- 
scribed by Tittgen et al. (1986). DNA and protein sequence 
analysis and alignment were performed using computer pro- 
grams provided by Kr6ger and Kr6ger-Block (1982). Hy- 
dropathy analysis was performed according to Kyte and 
Doolittle (1982) using programs supplied by G. Rauscher. 

R e s u l t s  and  d i s c u s s i o n  

c D N A  clone select ion and  character iza t ion  

The rationale for cloning DNA sequences complementary 
to the 33 kDa polypeptide associated with the oxygen- 
evolving complex has been described in Tittgen et al. (1986). 
The pBR 322 and lambda g t l l  libraries, derived from po- 
ly(A)-containing RNA of etiolated spinach seedlings illumi- 
nated for 16 h, were screened by hybrid-selection transla- 
tion and immunologically using a monospecific, polyclonal 
antiserum. Seventy-five positive recombinant DNAs were 
isolated from approximately 4 x  l0 s transformants and 
their inserts sized on polyacrylamide gels. 

The two largest clones, 123Soc33-1 and 123Soc33-2 (in- 
serts of 1489 and 1116 bp), of the initial screening cycle 
were sequenced and found to be incomplete. They con- 
tained information for the entire mature protein and an 
additional in-phase 78 or 82 amino acid residues, respective- 
ly, at the N-terminus but the open reading frame continued 
to the 5' end without a terminal methionine residue. 
(123Soc33-1 carries a long stretch of 514 nucleotides from 
the 3' untranslated region.) In order to isolate more com- 
plete cDNA clones, the 5' terminal part of the insert was 
prepared by digestion with Sal I  and the resulting 350 bp 
E c o R I - S a l I  fragment was used as a probe for re-screening 
the lambda g t l l  library after end labelling. Of 23 positive 
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Fig. 1. Strategy for sequencing the cDNA insert of the recombinant 
plasmid p23Soc33-1208. The restriction map is drawn 5' to 3'. 
The positions of the amino- and carboxyl-termini as well as the 
terminal processing site of the precursor protein are indicated by 
arrowheads and an arrow, respectively. The cross (x) marks the 
5' terminal complementary sequence interval similar to the mRNA 
3' end (see text). Horizontal arrows denote the direction and extent 
of individual sequence reactions 

phage obtained, a clone (123Soc33-3) containing a 1208 bp 
cDNA fragment was found to carry the complete precursor 
sequence for the 33 kDa protein and 49 nucleotides of 5' 
and 111 nucleotides of 3' untranslated sequence excluding 
a 20 nucleotide poly(A) chain (for restriction map and se- 
quencing strategy see Fig. 1). The difference between the 
size of the mRNA as estimated by Northern blot analysis 
(re-determined to be ca. 1300 nucleotides; cf. Tittgen et al. 
1986) and the size of this cDNA insert makes it unlikely 
that 123Soc33-3 constitutes a full-length cDNA copy of a 
mature spinach 33 kDA polypeptide mRNA. Computer- 
assisted translation of the nucleotide sequence revealed a 
single, large open reading frame of 993 nucleotides coding 
for a protein of 331 amino acid residues of a calculated 
mass of 35 kDa and ending with an ochre codon at position 
994~996 (Fig. 2). 

A complication arising from this analysis was that the 
5' untranslated 35 nucleotide segment of the p23Soc33-3 
insert revealed a dT tail of 16 nucleotides followed by a 
stretch of 19 nucleotides identical to the non-coding strand 
at the 3' end of this cDNA. Subsequently, the sequence 
diverged completely (Fig. 1). Similar 5' poly(dT) tails and 
mRNA non-specific sequences have been observed in 
cDNAs for ferredoxin and plastocyanin precursors and in- 
terpreted as an artefact (Smeekens etal. 1985a, b). We, 
therefore, assume that the first 35 nucleotides of the 5' end 
of the insert reflect a cloning error and are possibly derived 
from the 3' end of another RNA or cDNA molecule for 
the 33 kDa protein. That the remaining 5' untranslated se- 
quence is specific to the m R N A  is strengthened by the ob- 
servations that (a) the subsequent sequence is completely 
unrelated to the 3' sequence, (b) two other independent 
cDNA inserts, shorter by only 2-6 amino acids for the 
signal peptide, exhibit identical nucleotide sequences, and 
(c) that the typical consensus motifs for the translational 
initiation 'scanning model '  in eukaryotes, e.g. A at position 
- 3 and G at + 4, are found at the assumed initiatory methi- 
onine residue (Kozak 1986). Moreover, the open reading 
frame extending into the 5' untranslated region, contains 
an in-frame stop codon 15 triplets upstream of the assumed 
initiator codon. 

The 3' untranslated region of p23Soc33-3 includes a 
hexanucleotide motif, TATAAA, at position 1080-1085 
which might serve as a polyadenylation signal 19 bp down- 
stream. However, the 3' untranslated region of various 
clones, e.g. of p23Soc33-1, showed length polymorphism 
and a variable pentanucleotide sequence (ATATT instead 
of AAAAA ) just before the poly(A) tail in one of the 
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-3O 
ATTTTGAGTGTTCTCAACTCAGAAAAGAGTGAAGAAAAACACAACAAAA 

1 30 60 
ATG GCA GCT TCA TTA CAA GCA TCA ACA ACC TTT TTA CAA CCC ACA AAA GTT GCT TCA AGG AAC ACT CTT CAA CTT AGG TCT ACT 
MET Ala Ala Ser beu Gin Ala Ser Thr Thr Phe Leu Gin Pro Thr bys Val Ala Ser Arg Asn Thr Leu Gln Leu Arg Ser Thr 

90 120 150 
CAA AAT GTG TGC AAG GCT TTT GGT GTA GAG TCT GCA TCA TCT GGT GGT AGA CTC TCT CTT TCA CTT CAA TCT GAT CTT AAG GAG 
Gln Asn Val Cys Lys Ala Phe Gly Val GIu Ser Ala Ser Ser Gly GIy Arg Leu Ser Leu Ser Leu Gln Ser Asp Leu hys Glu 

180 210 240 • 
TTG GCT AAC AAG TGT GTT GAT GCC ACT AAG CTT GCC GGT CTC GCT CTC GCT ACC TCC GCT CTT ATC GCC TCG GGG GCA AAT GC ¢- 
Leu Ala Asn Lys Cys Val Asp Ala Thr Lys|Leu Ala GIy Leu Ala Leu Ala Thr Ser Ala Leu Ile Ala Ser Gly Ala Asn Ala| 

270 300 330 
GAG GGA GGT AAG AGA TTG ACC TAC GAC GAG ATC CAG AGC AAG ACA TAC CTC GAA GTC AAA GGA ACT GGA ACA GCC AAC CAA TGC 
Glu Gly GIy Lys Arg Leu Thr Tyr Asp GIu Ile Gin Ser Lys Thr Tyr Leu Glu Val Lys Gly Thr GI~ Thr Ala Asn Gln Cys 

360 390 420 
CCA ACA GTC GAA GGA GGA GTC GAC TCC TTT GCC TTC AAA CCC GGG AAG TAC ACT GCC AAG AAG TTC TGC CTC GAACCA ACC AAA 
Pr___~oThr Val Glu Gly Gly Val Asp Set Phe Ala Phe Lys Pro GIy Lys Tyr Thr 

45O 
TTC GCT GTC AAA GCC GAA GGA ATC AGC AAA AAC TCA GGA CCA GAC TTC CAA AAC 
Phe Ala Val Lys Ala Glu Gly Ile Ser Lys Asn Ser GIy Pro Asp Phe Gln Asn 

510 540 
CTC GAC GAG ATC GAG GGA CCC TTT GAG GTC TCG TCC GAT GGC ACG GTC AAG TTT 
Leu Asp Glu Ile Glu GIy Pro Phe Glu Val Ser Ser Asp Gly Thr Val Lys Phe 

600 630 
GTC ACG GTC CAG CTC CCT GGT GGG GAG CGT GTC CCG TTC TTG TTC ACC ATC AAG 
Val Thr Val Gln Leu Pro Gly Gly Glu Arg Val Pro Phe Leu Phe Thr Ile Lys 

690 720 
TTC AGT GGT GAC TTC CTA GTC CCG TCT TAC CGT GGA TCC TCG TTC CTT GAC CCA 

Ala Lys Lys Phe Cys Leu Glu Pro Thr Lys 

48O 
ACC AAG CTC ATG ACC CGT TTA ACC TAC ACC 
Thr Lys Leu Met Thr Arg Leu Thr Tyr Thr 

570 
GAG GAG AAA GAC GGT ATT GAC TAC GCT GCA 
Glu Glu Lys Asp Gly Ile Asp Tyr Ala Ala 

660 
CAA CTT GTT GCA TCA GGG AAA CCT GAG AGT 
Gln Leu Val Ala Ser Gly Lys Pro Glu Ser 

75O 
AAG GGC CGA GGT GGG TCC ACC GGG TAT GAC 

Phe Ser Gly Asp Phe Leu Val Pro Ser Tyr Arg Gly Ser Ser Phe Leu Asp Pro Lys Gly Arg Gly Gly Ser Thr Gly Tyr Asp 

780 810 840 
AAC GCT GTT GCG TTG CCT GCC GGT GGG AGA GGA GAC GAG GAG GAA CTT CAG AAG GAA AAC AAC AAG AAT GTT GCT TCC TCA AAG 
Asn Ala Val Ala Leu Pro Ala GIy GIy Arg Gly Asp Glu Glu Glu Leu Gln Lys Glu Asn Asn Lys Asn Val Ala Ser 3er Lys 

870 900 
GGG ACA ATC ACC TTG AGT GTC ACC TCG AGT AAG CCG GAA ACC GGT GAG GTT ATC GGA GTT TTC CAG AGT CTT CAG CCG TCG GAC 
GIy Thr Ile Thr Leu Ser Val Thr Set Set Lys Pro Glu Thr GIy Glu Val Ile Gly Val Phe Gln Ser Leu Gln Pro Ser Asp 

930 960 990 
ACT GAC TTG GGT GCT AAG GTA CCC AAA GAT GTG AAG ATT GAG GGT GTT TGG TAT GCA CAA CTT GAG CAA TAA AAGGGTAAAATTTCT 
Thr Asp Leu Gly Ala Lys Val Pro Lys Asp Val Lys Ile Glu Gly Val Trp Tyr Ala Gln Leu Glu Gln -O- 

1020 1050 1080 
GTATGAATGTACTGATTTTTC AGCTCTTTTTGTTGTAAGGATTTCTTGAGACTCTTTAAGGAGGAACTTATAAATGATCATTACCTTGCTTGT (An) 

Fig. 2. Nucleotide sequence (coding strand) and predicted amino acid sequence of the cDNA insert of the chimaeric plasmid p23Soc33-3 
carrying the complete "33 kDa" precursor protein associated with the photosynthetic water oxidation complex from spinach. The 
complementary 5' duplication of the 3" mRNA (see text and Fig. 1) is omitted. Nucleotide residues are numbered in the 5' to 3' 
direction beginning with the first residue encoding the putative initiatory methionine. A potential polyadenylation site is underlined. 
The terminal processing site of the precursor is marked by an arrowhead, and a putative h-domain (Von Heijne 1986b) indicated 
by a horizontal bracket. An interval of 18 amino acids (nucleotides 301-354) that exhibits similarity to Mn-binding sites in bacterial 
superoxide dismutases (see text) is underlined 

four cDNA clones sequenced (data not shown). It remains 
to be clarified whether this represents multiple polyadenyla- 
tion sites such as have been deduced from cDNA clones 
of other plant genes (Dean et al. 1986; Hern~mdez-Lucas 
et al. ; Rother et al. 1986) and/or the existence of a pauci- 
gene family which had been indicated by genomic Southern 
blots (Tittgen et al. 1986). We have isolated three indepen- 
dent genomic clones from an EMBL4 library of spinach 
nuclear DNA which show identical restriction patterns fa- 
vouring the former alternative (J. Bichler, personal commu- 
nication). 

Protein characteristics 

The deduced amino acid sequence from codon 85 onwards 
clearly confirms the identity of the cDNA clones. Apart 
from the fact that the determined and derived amino acid 
composition, corrected for the lower molecular weight of 
the protein (see below), agrees well (data not shown), both 
our own determination of 14 N-terminal amino acid resi- 
dues and the recently published amino acid sequence for 
the mature protein (Oh-oka et al. 1986) match completely 
with the corresponding amino acid sequence deduced from 

the nucleotide sequence except at the C-terminus where only 
a single Gln residue (instead of two) is present. Oh-oka 
et al. (1986) have also found sequence variability at the 
C-terminus based on an analysis of tryptic and Staphylo- 
coccal protease peptides. In our hands all four cDNA stud- 
ied ended with the same C-terminal residue. Our findings 
imply also that the terminal cleavage site of the precursor 
is Ala/Glu (nucleotide position 252/253; Fig. 2) which is 
consistent with the observation that transit sequences gener- 
ally terminate in residues with small neutral side chains 
(e.g. Von Heijne 1986a). Processing ultimately yields a pro- 
tein of 26.5 kDa (247 amino acid residues). This is 6.5 kDa 
less than the value calculated from SDS-polyacrylamide gels 
(cf. also Oh-oka et al. 1986; Andersson 1986). The reason 
for this difference is unknown; similar discrepancies have 
also been observed with various other thylakoid membrane 
proteins. 

The hydropathy profile (Kyte and Doolittle 1982), cal- 
culated for a moving window of 11 amino acids, demon- 
strates as expected the hydrophilic nature of  the protein 
(Fig. 3). Inspection of the amino acid sequence for the ma- 
ture protein discloses three regions rich in charged amino 
acids, viz. residues 185-193, 262-274 and 308-322 (Fig. 2). 



291 

X 0 

..~ 

0 

0~ 
CZ 

2 
"D 
> ,  

"7- 

- 2 -  

-3 
o ~; ~o l;o 2~o 2;0 300 

Sequence number 

Fig. 3. Hydropathy profile of the 
"33 kDa" (precursor) protein 
associated with the photosynthetic 
water oxidation complex from 
spinach. The profile was 
calculated according to Kyte and 
Doolittle (/982) using an 11-point 
moving interval. The arrowhead 
indicates the terminal processing 
site of the precursor in the 
chloroplast. A possible h-domain 
of the transit sequence (Von 
Heijne 1986b) is marked by a 
roman number (I) 

In all, about 25 % residues are charged with an approxi- 
mately balanced number of acidic (35) and basic (29) resi- 
dues. Of the latter 23 represent Lys residues. A certain de- 
gree of sequence conservation has been noted between pro- 
posed Mn ligands in bacterial Mn superoxide dismutases 
(Brook and Walker 1980; Steinmann 1978; Marres et al. 
1985) and residues 101-118 of the 33 kDa protein (Oh-oka 
et al. 1986), but the putative ligand Asp in Mn superoxide 
dismutases has been replaced by a Cys residue at an equiva- 
lent position (112) in the mature 33 kDa protein (Fig. 2). 
It remains to be shown whether this segment is, in fact, 
of importance in retaining Mn atom(s). 

The transit sequence 

The first 84 N-terminal amino acids represent the transit 
peptide for the 33 kDa protein. This sequence must possess 
information for both, the selective transfer of the protein 
into the organelle and its routeing towards the inner surface 
of the thylakoid membrane. The specific import by isolated 
chloroplasts of plastid protein precursors including those 
for the oxygen-evolving complex (Westhoff et al. 1985; Titt- 
gen et al. 1986) from cell-free translation assays of poly- 
adenylated RNA is well established (Grossman et al. 1982; 
Cline et al. 1985). Seven classes of proteins distinct with 
respect to their intraorganelle location (outer and inner en- 
velope, intermembrane space, stroma, membrane-extrinsic 
or -intrinsic, lumen) utilize the translocation and modifica- 
tion machinery, and each of the components examined 
reached its correct intraorganelle location (e.g. Grossman 
et al. 1982; Cline et al. 1985; Herrmann et al. 1985; West- 
hoff et al. 1985; Tittgen et al. 1986). 

Although several attempts have been made to delineate 
structurally and functionally discrete regions of  transiently 
attached signal or transit peptides (Hurt and von Loon 
1986; Karlin-Neumann and Tobin 1986; Von Heijne 
1986b) it is not yet possible to describe the relevant topo- 
genic signals in terms of primary sequence. Comparison 
of the transit sequences for chloroplast-imported polypep- 

tides (Karlin-Neumann and Tobin 1986), as for those of 
mitochondria (e.g. Hurt  and von Loon 1986; Pfanner and 
Neupert 1986; Von Heijne 1986b), does not show any ap- 
parent homology at the primary sequence level indicating 
that proteases and receptors recognize either predominantly 
structural feature rather than primary sequence and/or that 
this reflects distinct import routes for various peptide class- 
es. It is also not clear whether transit peptides alone or 
their coevolution with the native protein or other structural 
components are required for efficient translocation. 

The concept that guides current work is that prese- 
quences are organized in a linear array of functionally dis- 
tinct domains, e.g. targeting, stop-transfer and processing 
elements, that they are rich in charged and hydroxylated 
amino acid residues (n-domain), and frequently contain a 
relatively long stretch of uncharged amino acids (h-domain) 
that is followed by a cleavage site (c-domain). However, 
the two basic (non-exclusive) hypotheses, the block/inter- 
block model (Karlin-Neumann and Tobin 1986), and the 
n-, h-, c-domain model (Hurt and van Loon 1986; Von 
Heijne 1986b) cannot easily be reconciled with transit se- 
quences of lumen proteins since the 33 kDa precursor poly- 
peptide, like the precursors for the 16 kDa and 23 kDa pro- 
teins of the oxygen-evolving unit or for plastocyanin, tra- 
verse three membranes, the two envelopes and the thylakoid 
membrane (cf. Rother et al. 1986; Smeekens et al. 1986). 
The block/interblock model is based primarily on the analy- 
sis of transit sequences of small subunits of the stromal 
enzyme ribulose bisphosphate carboxylase/-oxygenase and 
of the integral chlorophyll a/b apoproteins of light-harvest- 
ing complexes II  that are available from different organisms 
(Karlin-Neumann and Tobin 1986). Therefore, by analogy 
with nuclear-encoded proteins present in the intermem- 
brane space of mitochondria (e.g. Pfanner and Neupert 
1986), processing of lumen proteins may generally occur 
in at least two steps and involve two different protease 
activities. This, in turn, should imply that the transit peptide 
for the lumen proteins is a composite of (at least) two dis- 
crete transit sequences, one each for the envelopes and the 
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thylakoid membrane (Rother et al. 1986; Smeekens et al. 
1986), and that each of these parts is internally structured 
into distinct domains. Several observations outlined below 
are consistent with this view. 

The targeting sequences for the 33 kDa polypeptide and 
plastocyanin (Rother et al. 1986) show a consistent pattern 
of characteristic features that includes different elements 
known from other plastid and mitochondrial proteins of 
nuclear origin. The transit peptide of the 33 kDa polypep- 
tide shares the presence of Arg and Lys residues, an abun- 
dance of the hydroxylated amino acids, Set and Thr, and 
general design with mitochondrial transit peptides (e.g. 
Hurt and von Loon 1986; Pfanner and Neupert 1986). It 
differs with regard to length, by the presence of (four) acidic 
residues (the overall ratio of basic to acidic residues is 2:1 
for the transit peptide, while in the mature protein both 
types of  residues are approximately equal), in the moderate 
hydrophobicity of the hydrophobic domain, and in second- 
ary structure predictions (see below). Like the transit se- 
quences for the small subunit of ribulose biphosphate car- 
boxylase and for the chlorophyll a/b apoproteins, it starts 
with a relatively long stretch of 15 uncharged amino acid 
residues (see Karlin-Neumann and Tobin 1986 and refer- 
ences cited therein), is followed by 51 amino acids inter- 
spersed with charged (8 basic/4 acidic) residues, then by 
18 uncharged amino acids that form a relatively hydro- 
phobic region (Fig. 3), and ends at the final cleavage site. 
The N-terminal sequence MAASLQAS exhibits a remote 
similarity to the homology box I, MA.S.M.SS, proposed 
by Karlin-Neumann and Tobin (1986), but no clear-cut 
homology to boxes II  (P.F.G.K) and III  (G.GRV) is detect- 
able. Whether amino acids G G R L  at position 43-46 or 
G59 Gsl  N83 As4 which are remarkably similar to sequence 
elements in the plastocyanin transit peptide (Rother et al. 
1986) are related to two processing events and could serve 
any proposed function of homology box III  remains to 
be shown (see below). 

The 33 kDa precursor chain, like that of plastocyanin 
(Smeekens et al. 1986), appears to be removed by (at least) 
two successive proteolytic cleavages (unpublished observa- 
tion) which are probably catalysed by different proteases 
(Robinson and Ellis 1984; Robinson, personal communica- 
tion). The first processing step should occur during or after 
translocation into the organelle, similar to that of stromal 
or intrinsic proteins. The intermediate may then span the 
thylakoid membrane transiently, via its hydrophobic do- 
main, with its N-terminus facing the matrix space, and the 
second cleavage should occur at the inner thylakoid surface. 
The presence of this latter processing domain ensures the 
release of the protein into the lumen. It is noteworthy that 
secondary structure predictions (Chou and Fasman 1978; 
Garnier et al. 1978; Link and von Jagow, personal commu- 
nication) for precursor segments of lumen proteins show 
remarkably consistent features. For example, in the 33 kDa 
protein and plastocyanin (Rother et al. 1986) the region 
of the putative intermediate processing sites (residues 45-55 
in the former, residues 42-48 in the latter case) possesses 
the potential of forming amphipathic fl-sheets, 

L L L 
/ \ / \ / \  

(45)R S S Q(51) 
+ 

(33 kDa protein) and 

L V A L 
/ \ / \ / \ / \  

(40)R S K S K(48) 
+ + + 

(plastocyanin; Rother et al. 1986); the structure of this re- 
gion is conserved (residue 39-45) in Silene (Smeekens et al. 
1985b). These elements are followed by a predicted turn 
to a long ~-helical segment including the hydrophobic do- 
main and then by the terminal processing site (Figs. 2 and 
3). The hydrophobic regions may, therefore, serve as 
transfer stop signals in translocation (cf. also Smeekens 
et al. 1986). The transit sequences of the lumen 16 kDa 
and, if hydrophobicity scales are corrected in terms of abso- 
lute values, of the 23 kDa polypeptide contain comparable 
elements at equivalent positions (data not shown). 

The analysis of chloroplast transit sequences clearly de- 
serves further study. A comparison of transit sequences for 
approximately ten nuclear-encoded thylakoid proteins in- 
cluding those for the four lumen proteins will be the subject 
of a separate paper. 
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