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A 5.2 kb Pul restriciion frugment contuining the atpA gene eluster of the plastic genome of the centrie distom Odontella xinensis was cloned.
Sequencing revenled u reading frame of $61 bp separating the genes atpF and atpA, which is preceded by u putative ribesome binding site, The
third nueleotide of the codeon for the lust amine acid of atpF is the first nucleotide of the initiation eodon of the 561 bp reading frame. The amino
acid sequence deduced from the nugcleotide sequence of this gene (utpD) is colineur with 4 subunits of different FyF-ATPases andd shows an averall
:cqucncc homblogy of up 1o 5% when compared with the sequences of eyanobacteria und Cyvanophara paradexa. The results are diseussed in context

with the evnlmion of ehloraplusts of the chloropliyll-a 4+ b and -a+ ¢ lingages, respectively,

© CFsCFATPase: d Subunit: Nucleotide sequence; Amino ucid sequence: Chloroplast genamc; Diutom; Odantella sinensis

1. INTRODUCTION

Fo-Fi-type ATPases of the plasma membrane of
.eubacteria [1], the inner membrane of mitochondria
{2], and the thylakoid membrane of cyanobacteria and
chloroplasts [3] couple transmembrane proton translo-
cation with the reversible formation of ATP from ADP
and phosphate, Structure, subunit stoichiometry and
' composition as well' as amino “acid sequences of the

subunits are quite similar in Fo-F;-ATPases from dif-

ferent:sources [4].

The ~multimeric complex "is subdivided into the
peripheral F, part, containing the catalytic centers for
ATP formation [5) and the transmembrane sector Fo
which acts as a proton channel. F; is composed of 5
subunits («, B, v, 8 and ¢), Fo consists of 3 subunits in
eubacteria, 4 subunits in chloroplasts, -and at least 6
subunits in mitochondria [4,6]. (

In E. coli the genes for all subunits are tightly linked
and constitute a single transcriptional unit [7]. In
cyanobacteria they are arranged in two clusters, the
atpB gene cluster containing the genes for subunits 8
(atpB) and ¢ (atpE) and the atpA gene cluster including
all Fo genes together with atpA and atpD, coding for
subunits o and 8, respectively. The gene for subunit v
(atpC) may be attached to the atpA gene cluster or
isnlated, depending on the organism [8-10].

For “eukaryotic organellar FoF;-ATPases  a dual
genetic origin has been found. In chloroplasts of higher
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. plants the subunits v, & and 1I are trahscribed from

nuclear genes and translated on cytoplasmatic ribo-
somes. Subsequently, the products are imported into
the plasmid. compartment {11]. The genes for. these
three subunits are also missing in the chloroplast
genomes of the chlorophyll-a+ b-containing algae
Euglena gracilis (12}, Chlamydomonas reinhardtii [13] :
and “Chlamydomonas moewusii [14]. However, in
Chlamydomonas the linear array of the chloroplast AT-
Pase genes is scrambled due to extensive intramolecular
rearrangements.

Little is known about the orgamzauon of ATPase
genes in other algal lineages. Among those the Chromo-
phyta deserve particular interest because of the origin
of their chloroplasts. In contrast to the Chlorophyta,
chromophytic plastids are considered to have evolved
from eukaryotic rather than prokaryotic cells [15,16].
As the nucleus of the putative eukaryotic endosymbiont
has completely disappeared in most chromophytes, a
secondary (eukaryotic/eukaryotic) transfer of - genes
must have occurred, including those that have previous-
ly been transferred from the genome of the evolving
chloroplast to the nucleus of the first host cell: The ex-

‘tensively rearranged plastid genomes of chromophytic

algae may result from these secondary endocytoses [1 7.

In this context we were particularly interested in the
location of the coding sites for subunits v, é and II of
chromophytic chloroplast ATPases. Here we report on
a plastid gene of the diatom Odontella sinensis, which
shows sequence similarity to atpD coding for subunit §.
As in eubacteria including cyanobacteria this gene is
located in the atpA gene cluster and flanked by the
genes atpF and atpA.
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2. MATERIALS AND METHODS

2.1, Isolarton of plastid DNA

Plastid DNA was isolated from purified chloroplasts of Odentella
sinensis cultivated as deseribed [ 18], The cells were harvested by filtra-
tion through a 30 um gauze, washed several times with isotoniec NaCl
solution (3,5%, w/v}and subsequently disrupted in ice-cold isolaion
medium (0.4 M mannitel; 50 mM Tris-HCl pH R.0; 10 ;M
NmEDTA, 4 mM MgCly 0.1% BSA; I mM mercaptoethanol) using
a glass polter homogenizer. The homogenare was filtered through a 20

pm gauze and the filteate centrifuged for 3 min at 1500 % g i ovder

to remove cell debris. The supernatant which essentially contained
morphologically intact plastids was then centrifuged for 10 min at
3500 x g. The pelleted plastids were washed in modified isolation
medium lacking BSA and DTT and centrifuged again. The plastids
were transferred into lysis buffer (50 mM Tris-HCI, pH &.3; 100 mM
Naz EDTA; 50 mM NaCl; 0.5% SDS; 0.7% lauroyl sarcosinate; |
mg/ml Proteinase K), and the lysate was phenolized according to
standard protocols, The DNA was precipitated by ethanol, dried, re-
dissolved in Tris-EDTA buffer (10 mM/1 mM, pH 7.5) and purified
in a CsCl/ethidium bromide density gradient.using a vertical rotor at
70 000 rpm for 5 h. The DNA was stored in Tris-EDTA buffer at a
final concentration of 0.5 ug/ul.
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2.2, Cloning and sequencing af ihe Odantella aipD-gene

Sourhern hybridization experiments revealed that an atpA gene
prabe from spinach chloroplasts ¢ross-reacted with 'a 3.2 kb Psrl
restriction fragment (P8). This fragment ‘was electro-eluted from
agarose gely and cloned into pUC- IR vector using E. coli siraln DHe
as host. The ¢lones were sereencd by Pail digestian, and the insert
checked by Southern hybridization using the spinach aipA gene s &
probe. The revulting clone (pOsP3) was digested with peti=Xbal and
yielded two subfragments of 2.4 and 2.8 kb, respectively, The 2.4 kb
fragment (pOsPSX2) contained most of the atpA gene. Nested deles
dons of this [ragment were perfarmed: using the exenuclease
HE/mung bean nuclease emaymes from Boehringer. Klenow fill-in
reactions prior 1o religation enhanced the number of deleted clones,
The ¢clones were sequenced aceording to. the dideoxy chaln terminas
tion methed {19) using the Pharmacia Tr.sequencing kic,

Far DNA sequence analysis and translavion we used the computer
program: 'DM'[20). Multiple alighments were carried out using the
program ‘Clugial’ [21). The program 'SOAP! (22) served to caleulate
hydrophobleity plos. -

3. RESULTS

Sequence analysis of the fragment pOsP5X2 revealed
1452 nucleotides with a striking similarity to atpA genes

ATTATCCTATTAGTTTTAAAACGTACAGTAGCTCGCGCTCAGCAAACTTITGGTCCAAANGAANG
I I L-L V L K R T V. AR A Q Q T F G P 'K E R

AGCAACAGCATTAATTACTGAAACAATTAATAAATTAGAAQ%AGATTTGTTATUAGTATAAATCC
AT A L I T E T TI N K L E th L )\gersac? N P

50
TTTAGCTTCAAAAATTGCAGCTCCTTATGCACGTGCTTTGTTTGACTTCTCAGTTGATCAAMATC
L A S K I A A P Y A RA L F D F S V D QN

100
TTATRC ATCAAATTACTGCTGATTTTCAGAATTTAGAAGTCTTTTTAAATAAAACACCTGATTTA
H T A D Q N L E -V F L T D L

L M Q
150 200
ACAGAATATTTAAGTAATCCTCTTATTAGTGCAAAATCGAAAGAGGAAGTTTTAAATAAAACTTT

Y P E E K

250
AAAATCGCAAATAAACAAAGAAACTTTTAAATTTTTAATTGTTTTAGTAAATCGAAGTAGAATTA
K § Q I N K E B F K F L T Vi VENTR SR I

300 .
ATTTGTTAGAACCCATTATTGCTAGTTATC TAAATCTAGTTTATAATGCAGCTTCTGTTAAMATG
N L OLCE BT IR EYOLNTLTVYNTRTAT S v e

400

350
ATTGAAGTTTCTACTGCTTATGCATTTACGAATTTGCAAAAAAATACTTTAATTAAAAAATT A
I E V 8 7T A Y A Q N I K L, i

450
AGAATTAACAAACGCAAGAGAAATTCGCTTAGTAATTACTGTTGATTCAAGTCTTATTIGGCGGTT
E L TN AR E I R L V I T VvV D S 8 L I G G

‘ 500
TTTTAATTAAAACTAATTCAAAAGTACTTGATTTTACCATTAAAAATCAATTACAAAAATTAGCT
F. L I K T N 8 K V L D F T I K N Q@ L Q@ K L A

‘ 550 ‘ ‘
AAACATTTAGATAGTGTTTTAGAAATTTAAAAATAACTAAATTCTTTTATTAACTTTATTATTTT
K H L D 8 VvV L BE I Ter atpd

AAAAATAATACAATGATAAATATTCGTCCAGACGAAATTAGTAGTATTATCCGTGAACAAATTGA
atpA -~-> M N 1 I R BE @ I E

ACAATATGATCAAGATGTTAAAGTACATAATATTCG TACTCIATTACAAGTAGGTCATCCTATTS
Q ¥ D @ D V K vV D NI G T V L Q V. 6 D G I

Fig. 1. Nucleotide se(;uencekand deduced amino acid sequence of the gene atpD of the plastid genome of Odontella sinensis together with the
upsiream (atpF) and downstream (atpA) sequences, Numbers above the atpD sequence start from: tire presumptive initiation codon. A putative
ribosome binding site is underlined, start and termination codons are.in italics,
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Fig. 2. Aligned amino acid sequences deduced from atpD genes of Odoniella sinensis, Cyanophora paradoxa (D.A. Bryant, V,L. Stirewalt and
M.B. Annarella, unpublished results), Anabaena PCC 7120 [9), Synechocystis 6301 (8); Rhodopseudomonas blastica (28], Spinacia oleracea [11),
E. coli]29) and of bovine mitochondria (OSCP) [2]. Amino acid residues identical to the-Odontella protein are boxed. Asterisks mark amino acids
that occur at the same position in all organisms.

1 2 3 4 5 6 7 8 9 10 11 12

l.odo.sin 100

2.Cya.par. a5 100

3.Ana.7120 32 37 100

4.8yn.6301 31 36 46 100

5.Rsp.rub, 23 22 28 25 100

6.Rps.bl. 24 24 26 24 41 100

7.8pin.ol, 25, 27 2625 24 23 100

8.,pP83 18 - 18+ 25 28 23 23 22 100

9. B.mega 17 19 26 22 21 21 20 44 100
10.E.c0li 21 23 25 20 19 24 21 23 18 100
11.Bov,0S5CP 21 22 18 19 25 23 21 23 17 23100
12. Ipo.bat. 12 17 18 15 19 16 17 17 16 17 30 100

Fig. 3. Sequence similarity matrix of 8 subunits from different sources. In addition tothe sequences listed in Fig, 2 the & subunits of Rhodospirillum

rubrum [30], P83 [31], Bacillus megaterium [23] and of mitochondria of sweet potatoe [32]areinc

amino acids,

luded, Similarity is given in percentage identical
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from different sources (data not shown). About
70-80% of the deduced amino acid resldues are iden-
tical with those from o subunits of Jand plant chloro-
plasts and cyanobacteria. 5' to the alpA gene, and
separated by 47 bp, is a reading frame of 561 bp with a
coding capacity for 187 amino acids. The start codon
§'ATG3' of this reading frame overlaps with the codon
for the last aminu acid and the termination codon

$'*TGA3" of a gene that was identified as atpF cading

for CFe subunit 1. A G+ A-rich sequence presumably
containing a ribosome binding site was found around
10 bp upstream of the start codon of the 561 bp reading
frame. Fig. 1 shows the nucleotide sequence of this
reading frame together with the adjacent 5'atpA and
3'atpF ‘sequences and the deduced amino acid se-
quence. The molecular mass of the 561 bp gene product
was calculated as 21.1 kDa,

Comparison of the amino acid sequence wuh known
sequences of ATPase polypeptides revealed that the
gene product resembles subunit § from different sources
(Fig. 2). The sequence of the Odontella gene product is
co-linear with other prokaryotnc sequences and does not
contain the three amino acid mseruon near the C-
terminus of the pinach protein.
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Fig. 4. Hydropathy plots of the é subunits of (A) Odontella sinensis,

(B) Spinacia oleracea {11} and (C) A nabaena PCC 7120 [9). Calcula-

tions were performed according to [22) with a window of 7 amino

acids. Charactensnc and comparable hydrophobic regions are
numberecl
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Although the overall sequence homology. among
these proteins Is relatively poor (Fig. 3). The N- and C-
terminal regions exhibit some degrce of sequence con-
servation. Seven out of nine amino acid residues that
are iclentical in other & subunits are also present in the
deduced sequence of Odontella. Sequence conservation
is increased when only the polypeptides of organisms
performing oxygenic photosynthesns are compared. The
overall sequence homology is highest between the gene
product of Odoarella and the 6 subunits of c.yanobacte-
ria and Cyanophora paradoxa (Fig. 3).

The hydropathy plots of the Odonrella gene product
and of § subunits from spinach chloroplasts [11] and the
bluc-green alga Anabaena PCC 7120 {9] are compared
in Fig. 4. They indicate that the Odontella procem - A
the § subunits of other ATPases — most likely is not 4
membrane-anchored protein. This view is confirmed by
calculations of secondary structures using published
computer programs (data not shown). Nevertheless,
several hydrophobic regions can be discerned which are
located in similar positions of the three protein se-
quUEnees. ‘ '

- 4, DISCUSSION

In chlorophyll-a + b-containing eukaryotes examined
so far, the genes for subunits , § and II of the chloro-
plast ATPase werc shown to reside in the nuclear
genome. Accordingly, these genes are missing in the
corresponding region of the plastid chromosome when
compared with the eubacterial operons [10]}. In the
chromophyte Odontella sinensis, however, at least the
investigated part of the atpA gene cluster including the
gene atpD resembles the eubacterial gene order (Fig. ).

The identity of the 561 bp reading frame in the plastid
genome of Odontella as the gene coding for subunit & is
based on (1) its coding capacity which is equivalent to
other prokaryotic and eukaryotic atpD genes, (2) its se-
quence similarity with & subunits of ATPases from
other sources, especially from cyanobacteria, and (3) its
hydrophobicity pattern showing similarities to those of
other & subunits. In addition, the atpD reading frame of
Odontella overlaps in the same way with atpF as in
Cyanophora paradoxa (D.A. Bryant, V.L. Stirewalt
and M.B. Annarella, unpublished results), Anabaena
PCC 7120 [9] and Bacillus megaterium [23] (Fig. 6).
Such overlapping genes arc -extremely rare in cyano-
bacteria and chloropiasts. ‘A well-known example are
the genes atpB and atpE which overlap in certain land
plants by 1 bp, but are separated in others [3]. This atp-
BE overlap.which apparently resembles a late evolu-
tionary event in land plant lineages, does neither exist in
cyanobacteria [8,24] nor in Odontella (Pancic, et al.,
unpublished tesults) or Dictyota (Leitsch and Kowallik,
in preparation). A similar prokaryotic feature is found
in the psbDC operon of another chromophyte, Vauche-
ria bursata, exhibiting a 14 bp overlap (Kowallik et al.,
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Anabadna AGCATCCCACANTTEEGAGGCOGACTATGACAAGTAANGTA
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AMAATTCTTCAATTANGARRACKANAATGAMAAC AAAGTGE

Fig. 6. Nucleic acid sequences showing the 4 bp averlap (in italics) bet-

ween atpF and atpD of Odonrella sinensis, Bacillus megaterium (23},

Anabaena PCC 7120 (9] and Cyanophora paradoxa (D.A. Bryant,

V.L. Stirewalt and M.B. Annarella, unpublished results). Possible
ribosome binding sites are underlined.

unpublished results) as in Synechococcus PCC 7942
{25], where these genes share 50 bp in land plant
chloroplasts [26]. These results suggest a close relation-
ship Dbetween cyanobacteria . and
chloroplasts. ‘

The unexpected gene composition manifested in the
atpA gene cluster of Odontella points to the question
how chromophytic and chlorophytic plastids - have

evolved. There is now do doubt that both types of

plastids originated from cyanobacterial ancestors
although chromophytes may have experienced different
kinds of secondary (eukaryotic/eukaryotic) endocy-
toses [27]. The existence of a gene for subunit & in the
plastid chromosome of Odontella at the same position
as in cyanobacteria and the cyanelles of Cyanophora
paradoxa suggests that the transfer of this gene into the
nuclear genome has occurred within the chlorophyli-
a+ b lineage only. This suggestion is supported by the
finding that the same gene arrangement of the
Odontella atpA gene cluster was found in the brown
alga Dictyota dichotoma (Kuhsel et al., in preparation).

The identification of a plastid gene in the Chromo-
phyta that is nuclear in chlorophyll-a + b-containing
‘organisms now renders the search for the coding sites of
atpC and atpG in chromophytes attractive.. We may
then' perhaps answer the question as to whether the
transfer of the genes atpC, atpD, and atpG results from
a single event which may be unique for the chlorophyll-

chromophytic.

a+b lineage or whether it reflects a multistep. evolu-
tionary process.
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