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Abstract 

A cDNA clone for pre-ferredoxin-NADP + reductase (FNR) was obtained by screening a Cyanophora 
paradoxa expression library with antibodies specific for cyanelle FNR. The 1.4 kb transcript was derived 
from a single-copy gene. The precursor (41 kDa) and mature forms (34 kDa) of FNR were identified 
by western blotting of in vitro translation products and cyanelle extracts, respectively. The derived amino 
acid sequence of the mature form was corroborated by data from N-terminal protein sequencing and 
yielded identity scores from 58~ to 62~o upon comparison with cyanobacterial FNRs. Sequence 
conservation seemed to be even more pronounced in comparison with enzymes from higher plants, but 
using the neighbor joining method the C. paradoxa sequence was clearly positioned between the prokary- 
otic and eukaryotic sequences. The transit peptide of 65 or 66 amino acids appeared to be totally un- 
related to those from spinach, pea and ice plant but showed overall characteristics of stroma-targeting 
peptides. 

Introduction 

Cyanelles from the protist Cyanophora paradoxa, 
recently also termed cyanoplasts [30], are distin- 

guished among plastids by the retention of the 
envelope structure of their cyanobacterial ances- 
tors [ 1, 31 ]. The 130 kb cyanelle genome, though 
harboring a large number of genes whose protein 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number X66372. 
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products are nucleus-encoded in higher plants 
[6], nevertheless cannot account for all necessary 
polypeptides. Thus, like chloroplasts, cyanelles 
have to import a multitude of cytoplasmically 
synthesized proteins [4, 5], most  or all of them 
probably as precursors [35]. The respective ap- 
paratus has to achieve preprotein translocation 
across two membranes and an intermediate pep- 
tidoglycan layer. C. paradoxa can be considered 
as a model system for protein trafficking in the 
early stages of plastid evolution: the cyanobacte- 
rial endosymbiont, rendered semiautonomous 
through partial transfer of its genes to the host cell 
nucleus still retained its cell wall. A preprotein 
import machinery evolved, possibly from phage 
receptors and/or bacteriocin transport systems 
[ 14] whereas the pre-existing prokaryotic protein 
translocation apparatus [40] was maintained, 
possibly for subtargeting within the organelle 
[14, 35]. This apparatus might originally have in- 
cluded translocation of periplasmic and outer 
membrane proteins whereas the recent chloro- 
plasts likely use the machinery for the sole pur- 
pose of translocating proteins into the thylakoid 
lumen. 

Transit sequences of between 30 and more than 
80 amino acids [38] have been found which are 
both necessary and sufficient to direct plastid 
polypeptides as well as chimeric passenger pro- 
teins into the stroma. There is no consensus se- 
quence among the relatively hydrophilic transit 
peptides; hydroxylated and basic amino acids 
prevail and the postulated random coil structure 
[ 37 ] would imply the participation of chaperones 
[9] in the recognition and binding process. 

While our knowledge on cyanelle gene organi- 
zation renders the cyanelle genome the best char- 
acterized one among chlorophyll b-less plastids 
[6, D. Bryant and V. Stirewalt, personal commu- 
nication], nothing is known about nuclear genes 
for cyanelle polypeptides. Many studies have in- 
dicated a bridge role for cyanelles between cy- 
anobacteria and the plastids from higher plants 
based on the homology of genes [24]. We were 
interested to study whether Cyanophora also oc- 
cupied an intermediary position with respect to 
protein translocation mechanisms and protein 

targeting signals as far as they can be deduced 
from studies of genes. 

Especially interesting is the question about the 
nature and structure of presumptive targeting sig- 
nals: will they resemble those found to achieve 
transport into plastids or will these signals be 
similar to the hydrophobic bacterial leader se- 
quences [40]. Bacterial leader sequences direct 
preproteins through the inner membrane though 
in the opposite direction as compared to cyanelle 
import. There is no evidence that a membrane 
potential, shown to be essential for bacterial pro- 
tein export in vivo [40] does exist across the inner 
envelope membrane of cyanelles or of plastids. 
To begin to answer questions on the nature of 
protein import mechanisms in cyanelles and on 
the evolution of our organelle protein translocase, 
we wanted to investigate a nucleus encoded cy- 
anelle protein [4]. We report here on the initial 
characterization of a pre-ferredoxin-NADP + re- 
ductase cDNA from C. paradoxa. The cDNA 
specifies a precursor protein that in vivo crosses 
the two envelope membranes and the cyanelle 
peptidoglycan wall, a structure that is unique 
among eukaryotic organelles. 

Materials and methods 

C.paradoxa LB555UTEX was grown and 
poly(A) + and cyanelle RNAs were isolated as 
described [3, 18]. A cDNA library in the vector 
2 ZAP [34] was established using a cDNA syn- 
thesis kit and a cDNA cloning kit obtained from 
Stratagene. The library was amplified prior to the 
screening procedure. Purification of cyanelle 
FNR [ 13] and raising of specific antibodies has 
previously been reported [4]. 

Screening of the library was performed using 
peroxidase-conjugated anti-rabbit IgG as a sec- 
ondary antibody and 4-chloro-l-naphthol as sub- 
strate, essentially as described [15] except that 
blocking and washing procedures followed the 
protocol of Bayer [2]. Immunopositive plaques 
were picked and rescreened twice after which all 
plaques gave a positive signal. Recombinant 
phage containing the F N R  cDNA were converted 



into Bluescript SK-  plasmids by the Lambda 
ZAP automated excision process using the helper 
phage R408 [34]. Plasmid pF10, assumed to con- 
tain a full-size insert was chosen for sequence 
analysis. The supercoil sequencing method [39] 
using a T7 polymerase sequencing kit (Pharma- 
cia) was adopted on subclones generated by 
cleavage of the original clones with selected re- 
striction enzymes (Sac I, Sal I, Sma I, Xho I) fol- 
lowed by religation and on exonuclease III dele- 
tion subclones [16] obtained with the 'Erase-a- 
Base' kit from Promega. Computer analysis of 
DNA sequences was conducted using the Dave 
Mount program 5.07 from the University of Ar- 
izona. Alignment of FNR amino acid sequences 
was performed with the program package 
MacPROT [23 ]. Hydropathy plots using the Kyte 
and Doolittle scale [22] and amino acid frequency 
calculations were done with programs as de- 
scribed [23]. Gene trees were constructed ac- 
cording to the neighbor-joining method [28 ] using 
a distance matrix based on a log-normal model 
and the Fitch and Margoliash method [ 12] with 
a distance matrix based on the minimal number 
of mutations required for amino acid substitu- 
tions. In distance calculations, gaps were either 
excluded or treated as individual insertion/ 
deletion events. Robustness of trees inferred by 
the neighbor-joining method was tested with 
bootstrapped samples [ 10]. 

Northern and Southern hybridizations using 
an internal 870 bp Sst II fragment ranging from 
position 115 to position 984 (Fig. 3) as a probe 
were performed as described [18]. 

In vitro translation was performed using 
poly(A) + RNA from C. paradoxa and a commer- 
cially available wheat germ extract (Boehringer 
Mannheim). After incubation at 30 °C for 60 min 
aprotinin (0.3#M), EDTA ( lmM),  PMSF 
(0.1mM), e-aminocaproic acid ( l m M )  and 
trypsin inhibitor (10/~M) were added (final con- 
centrations). The mixture was centrifuged at 
140000 × g for 45 min in a Beckman airfuge. The 
supernatant (100 ~l) was desalted [3] and the 
water removed in the Speed Vac concentrator. 
SDS gel electrophoresis and electroblotting onto 
a nitrocellulose membrane were performed as al- 
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Fig. 1. Northern blot analysis. 5/~g each of C. paradoxa 
poly(A) ÷ RNA (lane 1) and of cyanelle RNA (lane 2) were 
fractionated by electrophoresis under denaturing conditions. 
The RNA was blotted onto a Hybond-N membrane and hy- 
bridized with a 32p-labelled 870 bp internal Sst II fragment of 
FNR cDNA. 

ready published [4]. Immunodetection followed 
the instructions of the manufacturer (Auroprobe 
BLplus, Amersham), the anti-FNR antibody was 
used in a dilution of 1: 500. 

Fig. 2. Southern blot analysis. C. paradoxa genomic DNA 
(10/lg per lane) was digested with BgllI (lane1) and 
Hind III + Bgl II (lane 2) and separated on a 0.7% agarose gel. 
The DNA was transferred to a Hybond-N membrane and 
probed with the 32p-labelled 870 bp internal Sst II fragment of 
FNR cDNA. Lambda Hind I I I+ Eco RI DNA fragments 
were used as molecular size markers. 
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Log-phase cultures of Escherichia coli XL1- 
Blue containing the plasmid pF 10 in LB-amp me- 
dium and untransformed control cultures were 
induced by the addition of IPTG to a final con- 
centration of 1 mM and incubated at 37 °C for 
another three hours. The pellet obtained after 
centrifugation at 14000 x g for 30 s was solubi- 
lized in Laemmli sample buffer, boiled for 5 min, 
cooled to room temperature and recentrifuged at 
14000 x g for 10 min. Immunoblotting was per- 
formed as described. Western blotting of cyanelle 
stroma proteins followed published methods [3 ]. 

Results 

Screening of a C. paradoxa cDNA library in 2 
ZAP (ca. 50 000 plaques) with antibodies directed 
against cyanelle FNR yielded 12 positive clones. 
Analysis of phage DNA preparations showed that 
9 clones contained identical inserts of 1.3 kb 
whereas the other clones contained truncated ver- 
sions of this transcript. Northern analysis using a 
870 bp Sst II fragment resulted in a signal at ap- 
proximately 1.35 kb with poly(A) + RNA only 
(Fig. 1). The respective gene locus was confined 
to a 2.2 kb genomic DNA fragment by Southern 
hybridization using the same probe (Fig. 2). This 
leads us to assume that petH is a single-copy gene 
in C. paradoxa. Sequence analysis of the insert in 
plasmid pF10 obtained by excision from recom- 
binant 2ZAP revealed the coding region for a 
polypeptide of 363 amino acids flanked by a 5'- 
untranslated region of 4 bp (plus 8 bp originating 

from the Eco RI linker) and a 3'-untranslated re- 
gion of 186 bp (Fig. 3). Compared with the tran- 
script size about 50 bp appear to be missing from 
the 5'-untranslated region. Western blotting of 
E. coli proteins after transformation with Blue- 
script SK-  containing the FNR insert resulted in 
a band corresponding to the fusion protein (pre- 
dicted molecular mass 44.5 kDa) and a more in- 
tense band at 34 kDa (Fig. 4A) indicating a pro- 
cessing activity in E. coli. In vitro translation 
products from C.paradoxa poly(A) + RNA 
yielded (Fig. 4B) a signal upon immunostaining 
as expected for the FNR precursor (40.5 kDa). 
No band was obtained with the wheat germ ex- 
tract when poly(A) + RNA was omitted (not 
shown). Western blotting of cyanelle extracts 
showed the 34 kDa mature polypeptide (Fig. 4C). 
Sequence comparison of the cyanelle protein with 
FNRs from three higher plants [ 17, 25, 27] and 
three cyanobacteria [11, 32, 41] revealed a high 
degree of conservation (Fig. 5) particularly in do- 
mains crucial for enzyme activity which are 
known from the three-dimensional structure of 
the spinach FNR [19]. Identity scores were 
slightly higher when the mature cyanelle polypep- 
tide was aligned to its higher-plant counterparts 
(Table 1). With the exception of the two N-ter- 
minal amino acids and the three C-terminal res- 
idues, there was almost no similarity between the 
transit peptides of the C. paradoxa and the higher 
plant enzymes which - among themselves - are 
quite well conserved (Table 1). Amino terminal 
protein sequencing of cyanelle FNR [ 13 ] resulted 
in Ala-Val-Asp-Ala-Lys-Lys-Lys. This would 

Table 1. Amino acid identity (%)  in F N R  transi t  peptides 1 and mature  proteins 2. 

C.p. M.c. S.o. P.s. Sp.s. An.v. 

Cyanophora paradoxa (C.p.) - (25) 
Mesembryanthemum crystallinum (M.c.) 66/64 - 
Spinacia oleracea (S.o.) 65/62 91/90 
Pisum sativum (P.s.) 65/64 87/86 
Spirulina sp. (Sp.s.) 62/64 58/55 
Anabaena variabilis (An.v.) 58/59 53/51 
Synechococcus sp. (Sy .sJ  59/57 53/52 

(21) (22) - - 
(71) (62) - - 

- ( 5 2 )  - - 

8 9 / 8 7  - - - 
56/52 57/55 - - 
52/48 55/52 70/70 - 
53/52 55/53 72/69 64/61 

1 Identity scores for t ransi t  peptides are in parentheses  (gaps excluded). 
2 Identity scores based on 321 amino acids (gaps excluded/gaps considered).  
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AATTCCGTCGCA ATG GCC 
M A 

AAC GCC TCT GGC CTT AAG 
N A S G L K 

GCG CTG AAG AAC AGC TTC 
A L K N S F 

TCG TTC TTC GCC AGC CAG 
S F F A S Q 

TTC GAG GTC GAC ACC ACC 
F E V D T T 

AAG AAG GGC GAC ATC CCG 
K K G D I P 

TAC ATT GGC AAG TGC ATC 
Y I G K C I 

GCT CCG GGT GAG ACC AAG 
A P G E T K 

GTC CCG TAC CTT GAG GGC 
V P Y L E G 

ACC GAC AAG GAT GGC AAG 
T D K D G K 

GCC TCG ACC CGC CAC GGT 
A S T R H G 

CTC TCG GTG AAG CGC CTC 
L S V K R L 

GTC AAG GGT GTC TGC TCG 
V K G V C S 

GAT GAG GTT ATG ATC ACC 
D E V M I T 

CCC GAG GAC CAG AGC GCG 
P E D Q S A 

GGC ATT GCG CCC TTC CGC 
G I A P F R 

ACC CAC GCC GAC TAC AAG 
T H A D Y K 

GGT GTC CCC ACC TCC TCC 
G V P T S S 

AAG ATG CAG AAG GCC AAC 
K M Q K A N 

ATC TCC CGC GAG CAG ACC 
I S R E Q T 

CAG AAC CGC ATT GCG GAG 
Q N R I A E 

CAG AAG CCG AAC ACC TTC 
Q K P N T F 

GAG GAC GGC ATC CAG CAG 
E D G I Q Q 

GGC ACC ACC TGG GAC GCC 
G T T W D A 

CGC TGG CAC GTT GAG ACC 
R W H V E T 

TTC GTC GCG TCT GTC CCC GTC TTC GCC 45 
F V A S V P V F A 

ACC GAG GCT AAG GTC TGC CAG AAG CCC 90 
T E A K V C Q K P 

TTC CGC GGC GAG GAG GTT ACC TCT CGC 135 
F R G E E V T S R 

GCT GTG TCG GCG AAG CCG GCG ACC ACC 180 
A V S A K P A T T 

ATC CGC GCG CAG GCG GTT GAC GCC AAG 225 
I R A Q A V D A K 

CTC AAC CTC TTC CGC CCG GCC AAC CCT 270 
L N L F R P A N P 

TAC AAC GAG CGC ATC GTC GGC GAG GGC 315 
Y N E R I V G E G 

CAC ATC ATC TTC ACC CAC GAG GGC AAG 360 
H I I F T H E G K 

CAG TCG ATC GGC ATC ATC CCC CCG GGC 405 
Q S I G I I P P G 

CCC CAC AAG CTC CGC CTC TAC TCC ATT 450 
P H K L R L Y S I 

GAC TTC GGC GAT GAC AAG ACC GTC TCG 495 
D F G D D K T V S 

GAG TAC ACT GAT GCC AAT GGC AAC CTC 540 
E Y T D A N G N L 

AAC TAC CTC TGC GAC CTG AAG CCC GGC 585 
N Y L C D L K P G 

GGC CCG GTC GGC ACC ACC ATG CTC ATG 630 
G P V G T T M L M 

ACC ATT ATC ATG CTC GCC ACC GGC ACT 675 
T I I M L A T G T 

TCT TTC CTC CGC CGC ATG TTC GAG GAG 720 
S F L R R M F E E 

TTC AAC GGC CTC GCG TGG CTC TTC CTT 765 
F N G L A W L F L 

ACC CTC CTC TAC CGC GAG GAG CTC GAG 810 
T L L Y R E E L E 

CCC AAC AAC TTC CGC CTC GAC TAC GCG 855 
P N N F R L D Y A 

GAC TCG AAG GGC GAG AAG ATG TAC ATC 900 
D S K G E K M Y I 

TAC GCC AAC GAG TTC TGG AAC ATG ATC 945 
Y A N E F W N M I 

GTC TAC ATG TGC GGT CTC CGC GGC ATG 990 
V Y M C G L R G M 

TGC ATG GAG GAC ATC GCC AAG GCG AAC 1035 
C M E D I A K A N 

GTC GTC AAG GGC CTG AAG AAG GAG AAG 1080 
V V K G L K K E K 

TAC TAA GCGGGGAATTAGCCCGTTTAGTATGCA 1131 
Y 

1190 

1249 

1291 

CAGCTTCGACGCAGGCCGCTCCGCGGAGCTAGGCTGCGCTCTTAGGCGCGGGCTACGAA 

CCGGAGTTCAGTTTTCGCCCTTGCTCTCCTGTAGGGGCCCCCATGTACCATTGCATAAT 

TTGGCTTTTTCAAATGCAGGAAGGTGATTGTTCGCAAAACGG 

Fig. 3. DNA sequence and deduced amino acid sequence of C. paradoxa FNR cDNA. An arrow indicates the proposed site of 
precursor processing. Residues obtained from amino terminal peptide sequencing of the mature protein are in bold face. 

point to a transit peptide of 66 amino acids. From 
the known protease sensitivity of spinach FNR, 
where the majority of N-terminal peptides starts 
with the amino acid isoleucine [20, 33], and the 
processing site consensus (Fig. 5) we consider it 
possible that the amino terminal amino acid of the 

mature polypeptide is glutamine as it was ob- 
served for the spinach and pea enzymes. Thus, a 
transit sequence of 65 amino acids is most likely. 

Despite the low degree of sequence conserva- 
tion between the transit peptides of Cyanophora 
and higher-plant (Table 1) hydropathy plots 
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Fig. 4. A. Expression of a C. paradoxa FNR precursor fusion 
protein in E. coli. Protein extracts of E. coli transformed with 
pF10 after induction with IPTG (lane 2) and untransformed 
control cells (lane 1) were separated with SDS-PAGE and 
transferred to a nitrocellulose membrane and stained with the 
anti-FNR antibody. B. Immunodetection of the FNR precur- 
sor. In vitro translation products from C. paradoxa poly(A) ÷ 
RNA were resolved on SDS-PAGE, electroblotted onto a 
nitrocellulose membrane and probed with the anti-FNR an- 
tibody. C. Western blot of soluble cyanelle proteins showing 
the 34 kDa mature FNR polypeptide. Markers in kDa are 
indicated. 

(Fig. 6) clearly depict characteristic domains of 
transit peptides in general [38]. The prominent 
N-terminal hydrophobic region of 14-16 residues 
which lacks charged amino acids (Fig. 6, stip- 
pled) is followed by a more hydrophilic stretch. 
Fourier transform analyses [23] indicated an am- 
phipathic beta sheet structure at or close to the 
putative cleavage sites (data not shown). Signif- 
icant differences in mean frequencies of individ- 
ual amino acids exist for alanine, serine, threo- 
nine and valine which occur more frequently in 
transit peptides than in mature FNRs, and for 
glutamic acid, aspartic acid and glycine occurring 
less frequently (not shown). 

Discussion 

The first nuclear gene for a cyanelle-located 
polypeptide, petH, represents also the first FNR- 

coding gene from an eukaryotic microorganism. 
The gene and protein sequences of FNR are par- 
ticularly suited for tracing the ancestry of 
cyanelles because a number of both cyanobacte- 
rial and higher plant plastid FNR sequences are 
available. Based on other comparisons between 
cyanelle and plastid DNA encoded genes a bridge 
position has been ascribed to cyanelles that places 
these organelles between cyanobacteria and plas- 
rids. Arguments for such a connecting bridge in- 
clude analysis of both amino acid and nucleotide 
sequence comparisons. For example, the deduced 
amino acid sequence of the psbA product, D1, 
indicates the presence of a carboxy terminal seg- 
ment of the protein comprising seven amino acids, 
that is specific for cyanobacterial D1 proteins and 
missing in plastid D 1 proteins from higher plants 
and green algae. However, the nucleotide se- 
quence and overall deduced amino acid sequence 
of cyanelle psbA indicates closer similarity with 
higher plant counterparts [ 18]. Similar features 
are characteristic of cyanelle rbcL, encoding 
Rubisco LSU [24]. In stark contrast, the 
sequences of petFI (ferredoxin) [27], tufA (elon- 
gation factor Tu) [21], rpsl2 (ribosomal protein 
S12) [21] and rbcS (Rubisco SSU) [36] exhibit 
a higher sequence similarity and more pronounced 
topological relatedness to the cyanobacterial 
counterparts [24]. Within the FNR tree (Fig. 7), 
the nucleus-encoded cyanelle FNR protein occu- 
pies a position that is also intermediary between 
higher plants and cyanobacteria, but the cyanelle 
FNR is placed slightly closer to the prokaryotic 
sequences [29]. The length of the Cyanophora 
branch corrobates earlier notions indicating that 
the lineage extending towards cyanelles evolved 
separately and into a different direction compared 
with the lineage that gave rise to chloroplasts [ 18]. 
The first evolutionary tree based on a Cyanophora 
nuclear gene sequence of a cyanelle protein - 
previously such comparisons were exclusively 
based on cyanelle DNA sequences - results in an 
evolutionary assignment that is very similar to 
previous assignments. 

Biochemical investigations and the elucidation 
of the three-dimensional X-ray structure of FNR 
have mainly focused on the spinach enzyme. All 
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Y . PNI . . QQ . . . EL . EEF . E .... TL ...... QNPE . G ..... D . . K. N. DQL . EL .... 

.TPNI..K .... EI.QKY.D .... T ....... KNPQ. GR .... D.V..H.D.L.QL.KNQ 

YTANI..KDDF...AAE..D .... T ....... KTAD.G.V.V.S.VS...D.LFE ..... 

280 290 300 310 320 

NTFVYMCGLRGME DGIQQCME D IAKANGTTWDAVVKGLKKEKRWHVETY 

• .Y ...... K...K..DDI.VSL.AED.ID.FDYK.Q...AEQ.N..V. 

• . YF ..... K . . . K . . DDI . VSL . A. E . ID . IEYKRQ...AEQ . N..V • 

......... K...K.. DDI.VSL.AKD. ID. IEYKRT...AEQ.N..V. 

•. HT. I... K... G.. DEG. SAA. GKFDVD. SDYQ. E... KH ....... 

K • HT. I ....... E •. DAALSAA. AKE. V.. SDYQ. D... AG ....... 

•. H ...... K.. QPP. DETFTAE. EKR • LN • EEMRRSM... H ..... V. 

Fig. 5. Alignment of deduced cyanelle transit peptide and mature FNR sequences with those from higher plant and cyanobacterial 
species: Cyanophoraparadoxa (C.p.), Mesembryanthemum crystallinum (M.c.) [25], Spinacia oleracea (S.o.) [ 17], Pisum sativum (P.s.) 
[27], Spirulina sp. (Sp.s.) [41], Anabaena variabilis (An.v.) [11], Synechococcus sp. (Sy.s.) [32]. Periods indicate identical amino 
acids, dashes indicate gaps inserted for optimal alignment. Sequences denoted with negative numbers represent the respective transit 
peptides. Residues of the mature proteins in bold face are involved in ligand binding and are referred to in the discussion. 
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Fig. 6. Hydropathy profiles for FNR transit sequences ac- 
cording to the Kyte-Doolittle scale using a window size of 
9 residues. The prominent hydrophobic N-terminal region 
(stippled) characteristic for higher-plant transit peptides [38] 
comprises 14-16 residues. Arrows denote the first residue in 
the last running window before the putative cleaving site. 

amino acid residues of the spinach protein to 
which a specific function has been assigned [19] 
are conserved in the cyanelle protein. Likewise, 
residues which have been shown to be structur- 
ally important are generally invariant, in the cy- 
anelle as well as in the other enzyme sequences. 
In the following compilation, the numbering sys- 
tem based on the spinach FNR structure is 
adopted: FAD-binding domain: serine-75, leu- 
cine-94, tyrosine-95, serine-96, glutamic acid-312 
and tyrosine-314 are involved in binding of the 
flavin moiety; leucine-118 and tyrosine-120 play 
a role in binding of adenine and ribose; arginine- 
93, glycine-130 and serine-133 are important for 
binding of the pyrophosphate group. 

NADP-binding domain: cysteine-272 and thre- 
onine-172 are responsible for binding of the nic- 

otinamide moiety; through X-ray studies using 
2'-phospho-AMP it became apparent that pro- 
line-205, threonine-170 and glutamine-248 inter- 
act with ribose and adenine, respectively, whereas 
serine-234, arginine-235, and threonine-246 are 
crucial for hydrogen bonds to the 2'-phosphate 
enabling the enzyme to discriminate against 
NAD +. Two further basic residues considered 
important, lysine-116 and lysine-244, are in some 
cases replaced by arginine: the former in all cy- 
anobacterial proteins, the latter in that from A. v- 
ariabilis. 

Ferredoxin binding is thought to occur in a 
pocket between the two domains mentioned 
above, lysine-85 (replaced by asparagine with 
S. subsalsa) and/or lysine-88 being involved in ion 
pair formation with acidic residues from ferre- 
doxin. 

Based on the results of Southern hybridization 
(Fig. 2) we estimate that C. paradoxa FNR is the 
product of a single nuclear gene, in contrast to the 
situation in higher plants where petH genes con- 
stitute a small gene family. The hybridization con- 
ditions were such as to allow the detection of 
conserved genes with the aid of heterologous 
probes [18]. Even after prolonged exposure no 
additional weak signals came up. Due to the 
stringent structure-function correlation in FNR 
the existence of additional genes with more di- 
vergent sequences is rather improbable. Isolation 
ofgenomic counterparts of FNR cDNA will have 
to be done to investigate the genomic organiza- 
tion of petH. With a genome size of approxi- 
mately 150 000 kb, which was estimated by stain- 
ing DNA in nuclei and quantitation of the signal 
by flow cytometry (H.J. Bohnert, unpublished), 
the screening process of nuclear DNA libraries is 
approximately as complex as it is in Arabidopsis 
thaliana. 

Expression of the FNR preprotein from the 
full-length cDNA clone in E. coli (Fig. 4A, lane 2) 
yielded two immunoreactive bands of molecular 
masses equivalent to 43 kDa and 34 kDa, respec- 
tively. The band of higher molecular mass is ex- 
pected for the entire preprotein (which is extended 
at its amino terminal end due to the presence of 
a short sequence resulting from the lacZ fusion). 
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Fig. 7. Topologies of gene trees for mature FNRs inferred by two distance matrix methods with branch lengths approximately to 
scale. Numbers below/above (excluding/considering gaps) or on branches refer to fixed mutations per 100 residues (note that 
different branch lengths arise due to different modes in matrix calculations). A. Topology inferred by the neighbor joining method 
[28] excluding gaps. The broken branch denotes the position of Spirulina when gaps are considered as individual insertions/ 
deletions. For either case the bridging position of Cyanophora remains unchanged in bootstrapped samples (n = 100). B. Tree in- 
ferred by the method of Fitch and Margoliash [ 12]; identical trees result by omitting or taking into account insertions/deletions. 

The band at lower molecular mass is close to 
what is expected of a processed preprotein after 
removal of the transit peptide. This result is not 
surprising. Evidence has been provided for the 
processing of foreign FNR in E. coli. When the 
spinach pre-FNR protein was expressed in E. coli 
the bacterial La protease recognized a sequence 
close to the chloroplast processing site and 
cleaved the protein [8]. In this region of the pre- 
protein, although the correct cleavage site is not 
known, cyanelle and spinach pre-FNR show con- 
siderable sequence conservation. 

The sequence of FNR from Synechococcus sp. 
PCC 7002 which became available recently [32] 
contains a domain not present in other FNR se- 
quences. This cyanobacterial FNR protein con- 
tains an amino terminal extension of approxi- 
mately 90 amino acids which is remarkable as the 
additional sequence shows similarity to CpcD- 
type linker polypeptides that function in binding 
the terminal e- and fl-phycocyanin trimers in the 
outer rod structures of phycobilisomes [7]. This 
finding gave rise to the hypothesis [32] of the 
extension being responsible for the attachment of 
this cyanobacterial FNR enzyme to phycobili- 
somes. Experimental results with Synechococcus 
do indeed suggest that this FNR can be extracted 
from phycobilisome preparations. The cyanelle 
protein which lacks the amino terminal extension 
and thus may not bind to phycobilisomes that are 

present in the cyanelles behaves in this respect 
like the higher-plant plastid FNR. 

There is no amino acid sequence homology be- 
tween the cyanelle FNR transit peptide and chlo- 
roplast (FNR) transit peptides. Irrespective of 
that the cyanelle FNR transit peptide resembles 
other plastid stroma-targeting peptides (STP) in 
the relative hydrophobicity of the amino terminus 
and in the high frequency of hydroxylated amino 
acids. Hydroxylated amino acids comprise 20~o 
of the FNR transit peptide as compared to 24 to 
28~o serine and threonine for plastid STP. In 
contrast to plastid sequences, the hydroxy amino 
acids are more frequent at the carboxy terminus 
of the peptide. In accordance to what is typically 
found with plastid targeting sequences, tryp- 
tophane and tyrosine residues are missing, and 
several basic amino acids are found. Commonly 
not found in plastid transit peptides, the cyanelle 
sequence shows five acidic residues, although the 
overall positive charge ( + 3) is conserved. There 
are several reports indicating that structure, prob- 
ably a random coil, rather than sequence is im- 
portant for organelle targeting of nucleus-coded 
proteins [37]. From this we can infer a significant 
overall structural similarity between the prepro- 
tein domains of cyanelle and chloroplast transit 
peptides. Similarity can, perhaps, also be ex- 
pected for the protein import apparatus. The pep- 
tidoglycan sacculus does not represent a physical 
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barrier, but rather a network stabilizing cyanelle 
structure, with a mesh size sufficiently large to 
permit the passage of preproteins. In this sce- 
nario, very similar, evolutionarily conserved pro- 
tein import mechanisms might exist. 
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