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Abstract We have isolated an Arabidopsis thaliana cDNA en- 
coding a highly hydrophobic membrane protein of 589 amino 
acids which contains 12 potential transmembrane helices and 
shows a high degree of similarity (43.5% identity, 66.2% similar- 
ity) to the ATP/ADP translocase of the Gram-negative bacterium 
Rickettsiaprowazekii, an obligate intracellular parasite responsi- 
ble for the epidemic typhus. This rickettsial translocator resides 
in the cytoplasmic membrane and allows the bacterium to ex- 
ploit the host cytoplasmic ATP pool. We hypothesize that the 
A. thaliana homolog of the R. prowazekii ATP/ADP translocase 
is the functional eukaryotic equivalent and resides in the plastid 
inner envelope membrane where it functions as an ATP importer. 

Key words: Arabidopsis thaliana; ATP/ADP translocator; 
cDNA;  Plastid 

1. Introduction 

Higher plants possess two adenylate translocators in differ- 
ent subcellular compartments.  The mitochondrial  ADP/ATP 
translocator resides in the inner membrane and participates in 
oxidative phosphorylat ion via exporting matrix ATP from the 
mitochondria  in exchange for cytosolic ADP. The ADP/ATP 
carriers from mitochondria  of  higher eukaryotes are remarka- 
bly strongly conserved (identity > 50%) over the long evolution- 
ary distance when compared with the yeast transporter [1]. 

A second adenylate translocator is present in the inner enve- 
lope membrane of  plastids seemingly having the opposite trans- 
port direction under physiological conditions, that is the uptake 
of  cytosolic ATP for stroma A D P  [2]. Whereas the metabolic 
function of  the chloroplast ATP/ADP translocator is not  yet 
clear, non-green plastids strongly depend on a supply of  cy- 
tosolic ATP via this translocator for biosynthesis of  starch [3] 
and fatty acids [4]. The structure of  the plastidic ATP/ADP 
translocator has not  yet been elucidated. 

In this paper, we report on the structural characterization of  
an Arabidopsis thaliana c D N A  that codes for a highly hydro- 
phobic membrane protein showing a high degree of  sequence 
similarity to the ATP/ADP translocator of  the bacterium Rick- 
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ettsia prowazekii. We discuss our data in favor of  the hypothesis 
that the A. thaliana homolog,  designated AATP1 (for ATP/ 
A D P  Translocator Protein 1), of  the R. prowazekii transporter 
is the functional eukaryotic equivalent and resides in the inner 
envelope membrane of  plastids. 

2. Materials and methods 

2.1. Plant material 
For DNA and RNA extractions, plants of Arabidopsis thaliana 

(Heyhn.) ecotypes Columbia and Landsberg erecta were grown in soil 
at 23°C with a photoperiod of 16-h light/8-h dark. 

2.2. Library screening and DNA sequencing 
Via complementation of a copper transporter mutant from yeast, an 

A. thaliana cDNA has been identified which encodes a copper trans- 
porter (K. Kampfenkel, unpubl, data). This cDNA was fused via the 
poly(A) tail to the poly(A) tail of a second, only partial cDNA. The 
deduced amino acid sequence of this cDNA revealed similarity to only 
one protein when compared with sequences in the EMBL and Swiss- 
Prot databases, the ATP/ADP translocase of the bacterium R. pro- 
wazekii. To isolate a full-length cDNA, an A. thaliana cDNA library 
constructed in the AYES yeast/Escherichia coli shuttle vector [5] was 
screened by hybridization with this partial cDNA. 220,000 plaques were 
grown in E. coli XL1-Blue (Stratagene) and transferred to Hybond-N 
membranes (Amersham). The membranes were prehybridized for 30 
min at 65°C in 0.25 m sodium-phosphate buffer (pH 7.2), 1% (w/v) 
BSA, 1 mM EDTA, 7% (w/v) SDS. Hybridization was performed for 
16 h at 65°C in the same solution plus the cDNA fragment labeled by 
the random primer method with [0~-32p]dCTP using the TTQuick Prime 
Kit (Pharmacia). Afterwards, the membranes were washed 2-3 × at 
58°C for 15 min in 0.05 M sodium-phosphate buffer (pH 7.2), 0.5% 
(w/v) SDS and autoradiographed. Conversion into the plasmid form 
was performed as described [5]. The AATP1 cDNA was sequenced on 
both strands by using AATPl-specific primers which were synthesized 
with an oligonucleotide synthesizer from Applied Biosystems. 

2.3. Southern and Northern blot analysis 
Genomic DNA was extracted according to [6] and total RNA was 

isolated as in [7]. Standard procedures were used for electrophoretic 
separation and transfer to nylon membranes. Radiolabeled HindlII 
digested )~DNA served as length standard. Radiolabeling of the cDNA, 
prehybridization, hybridization and washing was as outlined above. 

2~ 4. Hydrophobicity analysis 
The hydropathy profile of the AATP1 protein was obtained accord- 

ing to [8] with the program SOAP in PC/GENE (IntelliGenetics, Moun- 
tain View, CA). Potential transmembrane helices were predicted em- 
ploying the method of Rost et al. [9] which is available by electronic 
mailing via Internet to 'PredictProtein@EMBL-Heidelberg.DE'. 

3. Results 

3.1. Sequence analysis o f  the A. thaliana AATP1 cDNA 
The nucleotide sequence of  an A. thaliana c D N A  encoding 
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CTA~T~GGG~ 13 

AC~GTCTCCT~AT~TCTCTC~TCT~T~TCCTCCT~TTTcT~C~TTTTTT~TT~TGTGTAT~GCGG~A~GTGAAATAGA~G 109 

ATGGAAGC~T~TTCAAAC~GAGGG~TTCTCT~TTTAcc~cCAAACC~TCG~AGTGAGAAGCC~CTT~GCCTTCC~T~C~AAAGCAG 205 

I M E A V I Q T R G L L S L P T K P I G V R S Q L Q P S H G L K Q  

A~CTTTT~CCGCGAAGc~AAGAAATCTA~TGGGTGTCTCTATCCTTT~CGG~cAAGAAATTTCAAAcCTTTGAGCcAACCCTG~TGGGA 301 

3 3 R L F A A K P R N L H G C L Y P L T G T R N F K P L S Q P C M G  

TTTCGATTTCC~CAAA~GAGAAG~CCGAGTT~TA~CAA~CGGA~C~CTGCT~C~CGGAGCTGTCTTCGGCGAA~GATTCCGCA 397 

6 5 F R F P T K R E A P S S Y A R R R R G C W R R S C L R R S D S A  

GC~T~TAGCCT~GCGGAA~TTTTCGGTGTG~A~T~CAACCTTGAAAAA~AT~CCTTTAGGATTGATGTTCTTT~TATTCTTTTCAAT 493 

9 7 A V V A S R K I F G V E V A T L K K I I P L G L M F F C I L F N  

TA~TTCT~GGGATACAAAGGA~T~TT~T~TGAC~CGAAAGGAAGTTCTG~TGA~TTATACCTTT~T~GACTTGGGTGAAT~T 589 

1 2 9 Y T I L R D T K D V L V V T A K G S S A E I I P F L K T W V N L  

CCTAT~C~TTG~GTTTATGCTCCTCTA~CTAAACTCTCCAATGTT~TCTCCAAGAA~CTCTGTTTTA~CTGTTATTGTCCCTTT~T~TC 685 

1 6 1 P M A I G F M L L Y T K L S N V L S K K A L F Y T V I V P F I I  

TACTTTGGGGGCTTT~TTT~T~TGTACCCTCT~GCAACTATATT~CCCGGAAGCTCTCG~T~GCTCCTTACAACCCTC~CCCAAGA 781 

1 9 3 Y F G G F G F V M Y P L S N Y I H P E A L A D K L L T T L G P R  

TT~TGGGTCCTATTGCAATATTGCGGATTT~AGTTTC~TTTGTTTTATGTTATGGCTGAGCTTTGGGGTAGTGT~TGGTCT~GTTCTCTTC 877 

225 F M G P I A I L R I W S F C L F Y V M A E L W G S V V V S V L F 

TGGGGCTTTGCT~T~GATCAC~CTGT~ATG~GCCAAGAAATTCTATC~TTGTTCGG~TTGGAGCCAA~TTG~CTGATTTTCT~A 973 

2 5 7 W G F A N Q I T T V D E A K K F Y P L F G I G A N V A L I F S G  

AG~CCGTGAAATACTTCTCT~CTT~GAAAGAATCT~TCCT~AGTT~CGG~GTTT~TTGAAAGCCATGAT~G~TTGT~TGGG~T~69 

2 8 9 R T V K Y F S N L R K N L G P G V D G S F V E S H D E H C G G N  

GGGACTCG~TTTGTCTCTCTATT~TGGGT~TAGATATGTTCCTCTTCCAACCCGTAGCAAG~CAAGAA~AGAAACCG~GATGGGAACG 1165 

3 2 1 G T R I C L S I G G S N R Y V P L P T R S K N K K E K P K M G T  

AT~AAAGCTTG~GTTCTT~TAT~TCACCATACATTAGAGATCTTGCTACTTTAGT~T~CATAC~TATTAGTATCAATCTTGT~GTC 1261 

3 5 3 M E S L K F L V S S P Y I R D L A T L V V A Y G I S I N L V E V  

ACAT~AAATCAAA~TTAAAGCT~GTTCCCTAGCCCG~TGAGTACTCAG~TTTATGGGAGCATTCTCAACCTG~CGGGTGTTGCAA~TTC 1357 

3 8 5 T W K S K L K A Q F P S P N E Y S A F M G A F S T C T G V A T F  

AC~TGATGCTTCT~GCC~TACGTATTC~T~GTAT~TTGGGGAGTAGCTGCAAA~TCACCCC~CTGTTCTGCTATTGACT~TGTTGCG 1453 

4 1 7 T M M L L S Q Y V F N K Y G W G V A A K I T P T V L L L T G V A  

TTCTTCTCTCT~TATTGTTT~C~CCCATTCGCACCACTTGTTGCC~GCTT~TATGACACCGCTACTTGCAGCTGTGTATGTC~TGCCCTT 1549 

4 4 9 F F S L I L F G G P F A P L V A K L G M T P L L A A V Y V G A L  

CAG~TATCTTCAGC~GAGTGCC~GTA~GCTTGTTCGACCCTTGCAAAGAAAT~CCTATATCC~TT~ATGA~ACACC~TTAAA~C~645 

4 8 1 Q N I F S K S A K Y S L F D P C K E M A Y I P L D E D T K V K G  

AAAGCTGCGATTGACGT~TCTGC~CCCATTA~AAAATCAGGGGGAGCTTT~TACAGCAGTTCATGATCTTATCCTTT~ATCACTAGCG~T 1741 

513 K A A I D V V C N P L G K S G G A L I Q Q F M I L S F G S L A N 

TC~CGCCGTATCTA~TGATCTTGTT~TTATTGTCACTGCGT~TTAGCTGCAGCT~GTCGCT~AGGGACAGTTC~GCTTGCGTCTG 1837 

545 S T P Y L G M I L L V I V T A W L A A A K S L E G Q F N S L R L 

~G~GAGCTTGAG~AAAT~AGAGAGCTTCATC~TG~GATCCCTGTCGTGTCTCA~ACGAAAGC~AAAC~TTCCCTT~AG~TCTC~933 

5 7 7 K K S L R R K W R E L H R  

CTAGCAGTTCACC~AGAAATCTGCTCCCACC~CTTATAAAAAGTTTTTTTTTGATATTT~TTTTGTTGGGGGGGAAAGAAAG~ATGATGA 2029 

ATCAAAAAT~GATTTTGAGAGCAGTCTCTCAAAC~TCGCCCTTTTGCACCACTCACTCTTTATAGTCTGTAGCTTTTTTTCCTTACATTCTTTT 2125 

CAGTTC~TGT~TTTCACGTTCT~GTTTCTTCCTAAAAAAAAAAAAA 2221 

Fig. 1. Nucleotide and predicted amino acid sequence of the A. thal~na AATP cDNA. The sequence presented corresponds to the longest AATP1 
cDNA of 2174 bp characterized in this study. The EMBL sequence data bank accession number of the AATPI cDNA sequence is Z49227. 

a protein of 589 amino acid residues which displays a significant 
similarity to the ATP/ADP translocator of the bacterium 
R. prowazeki i  [10] is shown in Fig. 1. The same but only par- 
tially sequenced cDNA has been reported recently as an anon- 
ymous clone (named EST 20853) among other cDNAs that 
have been randomly sequenced in conjunction with the Arabi- 
dopsis genome project [11]. The 5'-proximal ATG triplet has 
been assumed to be used as the start codon since, according to 
the 'first A U G  rule', it serves as the initiator codon to be used 
in the translation o f -95% of the eukaryotic mRNAs [12]. This 
assignment is supported by the nucleotide context around the 
start codon; G A G A G A T G  has a purine at position - 3  from 

the initiator codon which is another conserved feature of eukar- 
yotic mRNAs [12], In front of the start codon, an in-frame stop 
codon is present at position -12 to -10  supporting the conclu- 
sion that the open reading frame is of full length (Fig. 1). 

A sequence alignment of the predicted AATPI protein of 
A. thaliana with the rickettsial transporter is shown in Fig. 2. 
Within an overlap of 479 amino acid residues, these two pro- 
teins are 43.5% identical and 66.2% similar. Analysis of the 
hydropathy profile of the AATPI protein sequence indicates 
that the A. thaliana protein is highly hydrophobic except for the 
first 100 N-terminal amino acid residues (Fig. 3). Thus, the 
AATP1 protein is most likely an integral membrane protein. 
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Fig. 2. Alignment of the predicted amino acid sequence ofA. thaliana AATP1 protein with the R. prowazekii ATP/ADP translocase. Arath, A. thaliana; 
ricpr, R. prowazekii. Numbers indicate amino acid positions. The dots mark artificial sequence gaps introduced to improve the homology between 
the proteins. 

The only known adenylate translocator activities of higher 
plants reside in the inner membranes of mitochondria and plas- 
tids. Since the AATP1 protein extends beyond the N-terminal 
region that still displays homology to the rickettsial transporter 
by - 100 amino acid residues (Fig. 2), we assume that this repre- 
sents a transit peptide containing targeting information for 
directing this putative ATP/ADP translocator either to the 
plastids or the mitochondria. It is tentatively possible to dis- 
criminate between mitochondrial and plastidic transit peptides 
on basis of their gross amino acid content, since mitochondrial 
targeting sequences are mainly enriched in Arg (14%), Ser 
(11%) and Ala (14%) whereas plastidic transit peptides are 
characterized by a high percentage of hydroxylated amino 
acids, especially Ser (19%) [13]. Based solely on this criterium, 
the AATP1 transit peptide resembles those of mitochondrial 
preproteins because of the content of Arg, Ser and Ala (15, 10 
and 8%, respectively) in the first 100 N-terminal residues (Fig. 
1). The amino acid sequence of the AATP1 protein (Fig. 1) 
shows no detectable homology to the known plant mitochon- 
drial ADP/ATP translocators, among these, most noteworthy, 
also those from A. thaliana [14] which are otherwise exhibiting 
a high degree of identity at the amino acid sequence level (data 
not shown)• 

Analysis of the AATP1 amino acid sequence using the 
method of Rost et al. [9] under the assumption that a stretch 
of 16 amino acid residues is sufficiently long to span the lipid 
bilayer [15], revealed the possible presence of 12 putative trans- 
membrane helices in the putative mature part of the protein 
(Fig. 3). 

3.2. Northern and Southern blot analysis 
An A A T P 1  mRNA species of approximately 2.3 kb was 

found in total RNA extracted from different organs of A. thali- 
ana (Fig. 4A). The transcript was of equal size in flowers, stems, 
leaves and roots. This analysis suggests that the A A T P 1  gene 
or genes (see below) are expressed in all organs of A. thaliana. 

A Southern blot of genomic DNA from the A. thaliana eco- 

types Columbia and Landsberg erecta which was digested with 
DraI, SacI, EcoRV, PstI and HindIII and probed with an 
A A T P 1  cDNA fragment is shown in Fig. 4B. The results reveal 
one or two major hybridizing bands in each of the tracks (Fig. 
5B). Currently, we do not know, whether these fragments result 
from two different A A T P  genes or if they represent separate 
exons of a single gene. 

4. Discussion 

We describe the nucleotide sequence of an A. thaliana cDNA 
coding for a membrane protein (Figs. 1,3) which shows striking 
similarity to the ATP/ADP translocator of the bacterium 
R. prowazekii. Within an overlap of 479 amino acid residues 
which covers nearly the complete rickettsial translocator se- 
quence of 497 amino acids, these two proteins share 43.5% 
identity and 66.2% similarity (Fig. 2). Like the rickettsial 
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Fig. 3. Hydropathy plot of the deduced amino acid sequence of the 
AATP1 protein from A. thaliana. The analysis was performed accord- 
ing to [13] with a window size of 11 residues (hydrophilic, negative 
values; hydrophobic, positive values). Tentative membrane spanning 
s-helices are indicated by cross-bars (1 12). 
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Fig. 4. Expression of AATP1 in different organs of Arabidopsis and 
Southern blot analysis of A A TP1. (A) Northern blot analysis of total 
RNA (10 pg/track) extracted from A. thaliana flowers (lane 1), stems 
(lane 2), leaves (lane 3) and roots (lane 4). The same AATP1 probe as 
in (B) has been used. (B) Arabidopsis genomic DNA (2 pg/track) ex- 
tracted from ecotypes Columbia (C) and Landsberg erecta (L) was 
digested with DraI (lane 1), SacI (lane 2), EcoRV (lane 3), PstI (lane 
4) and HindIII (lane 5). The blot was probed with a 3Zp-labeled AATP1 
cDNA fragment corresponding to nucleotides 701-1742 (Fig. 1). Less 
strong hybridizing bands are indicated by arrow heads. Note this 
AATP1 cDNA fragment does not contain DraI, SacI, EcoRV or PstI 
sites, but three HindIII sites in positions 1173, 1275 and 1502 are 
present (Fig. 1). St., length standard (kb) in (A) and (B) was HindIII 
digested and 33p-labeled 2DNA. 

translocase [10], the A. thalh~na homolog contains 12 putative 
transmembrane helices too (Fig. 3). Regarding the evolutionary 
distance between A. thaliana and the obligate intracellular par- 
asite R. prowazekii ,  this high degree of similarity strongly sug- 
gests that the A. thaliana protein is also an ATP/ADP translo- 
case. Therefore, we have designated this plant protein as 
AATP1 for ATP/ADP Translocator Protein 1. We will discuss 
our observations in favor of the hypothesis that AATP 1 resides 
in the plastid inner envelope membrane where it might function 
as an ATP importer. 

The most striking argument is the close resemblance between 
the plastidic ATP/ADP translocator and the rickettsial translo- 
cator regarding their transport physiology. Upon invading host 
cells, the Gram-negative rickettsiae escape the phagocytic vacu- 
ole and grow directly within the cytoplasm. For exploitation of 
the host cytoplasmic ATP pool, they possess an ATP/ADP 
translocator in their cytoplasmic membrane that permits the 
exchange of ADP from the rickettsia for host cytoplasmic ATP 
[16]. Exactly this is the physiological transport direction of the 
plastidic ATP/ADP translocator which is in fact opposite that 
found in mitochondria. In addition, the plant mitochondrial 
adenylate translocator is highly sensitive to specific inhibitors 
like carboxyatractyloside and bongkrekic acid [17], none of 
which have been shown to be inhibitory for the rickettsial 
ATP/ADP translocator [18]. Most noteworthy, the plastidic 
ATP/ADP translocator is only slightly sensitive to these inhib- 
itors [19,20]. Therefore, we believe that the A. thaliana homolog 
AATP1 of the R. prowazeki i  adenylate translocator is a likely 
candidate for the plastidic ATP/ADP translocator which re- 
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mained so far unidentified. If so, AATP1 should possess a 
transit peptide to allow targeting of the preprotein to the inner 
envelope membrane of plastids. Indeed, the N-terminus of 
AATP 1 extends by ~ 100 amino acid residues beyond the region 
that still displays homology to the rickettsial transporter (Fig. 
2). This N-terminal extension is presumably a transit peptide 
which, due to its higher Arg than Ser content [13], seems to be 
more closely related to mitochondrial transit peptides. How- 
ever, this does not necessarily contradict our hypothesis that 
the AATP1 protein resides in the plastid inner envelope mem- 
brane. In fact, transit sequences of nearly all of the inner enve- 
lope membrane proteins from chloroplasts identified so far 
(phosphate-triose phosphate-3-phosphoglycerate translocator 
[21-24]; 37-kDa protein [25]; Btl protein [26]; Ca2+-ATPase 
[27]) do resemble mitochondrial transit peptides more than 
chloroplast targeting sequences since they all have a compara- 
tively higher Arg than Ser content in their transit peptides. 
Currently, there is only one exception known, that is the re- 
cently identified chloroplast 2-oxoglutarate/malate transloca- 
tor which has a N-terminal targeting sequence that displays 
typical features of a chloroplast transit peptide [28]. Interest- 
ingly, the residue next to the initiator Met of AATP1 is a Glu 
which is also the case in the transit peptides of the four se- 
quenced phosphate-triose phosphate-3-phosphoglycerate 
translocators from spinach [21], pea [22], potato [23] and to- 
bacco [24] as well as the Ca2+-ATPase [27]. In mitochondrial 
transit peptides, the residue next to the initiator Met is almost 
never Glu [13]. 

It has been postulated that the adenylate translocators from 
plastids and mitochondria are very similar proteins since an 
antibody directed against the ADP/ATP translocator from 
Neurospora crassa mitochondria cross-reacted with a 32-kDa 
polypeptide from envelope membranes of spinach chloroplasts 
and of sycamore amyloplasts [29,30]. However, Schtinemann et 
al. [20] failed to show any cross-reactivity of the same antibody 
with proteins in the envelope membrane of pea root plastids 
and could not reproduce the results obtained by Pozueta-Ro- 
mero et al. [29] with spinach chloroplast envelope membranes. 
Moreover, the same group did not find a cross-reaction with 
proteins from sycamore chloroplast envelope membranes [31]. 
Thus, at present it seems more than questionable that the 
adenylate translocators in plastids and mitochondria are ho- 
mologous membrane proteins. Schtinemann et al. [20] con- 
cluded that they may well derive from different ancestors. The 
observation that the AATP1 amino acid sequence revealed no 
detectable homology to the known A. thaliana [14] and other 
plant mitochondrial ADP/ATP translocator sequences which 
are otherwise highly identical with each other (data not shown) 
is another argument in favor of our hypothesis that AATP1 is 
identical with the plastidic ATP/ADP translocator. 

We are currently testing our hypothesis and perform trans- 
port studies by heterologous expression of the A A T P 1  cDNA 
in yeast cells. With the in vitro translated precursor protein, we 
can address the question whether the AATP1 protein will be 
inserted in the inner envelope membrane of isolated plastids. 
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