Mitochondrial and Chloroplast Phage-Type RNA
Polymerases in Arabidopsis |

Boris Hedtke, Thomas Bérner,* Andreas Weihe

In addition to the RNA polymerases (RNAPs) transcribing the nuclear genes, eukaryotic
cells also require RNAPs to transcribe the genes of the mitochondrial genome and, in
plants, of the chloroplast genome. The plant Arabidopsis thaliana was found to contain
two nuclear genes similar to genes encoding the mitochondrial RNAP from yeast and
RNAPs of bacteriophages T7, T3, and SP6. The putative transit peptides of the two
polymerases were capable of targeting fusion proteins to mitochondria and chloroplasts,
respectively, in vitro. The results indicate that the mitochondrial RNAP in plants is a
bacteriophage~type enzyme. A gene duplication event may have generated the second
RNAP, which along with the plastid-encoded eubacteria-like RNAP could transcribe the

chloroplast genome.

I both yeast and Neurospora, a nuclear
gene encodes the mitochondrial RNAP,
which is a single-subunit enzyme that is
most similar to RNAPs of the bacterio-
phages T3, T7, and SP6 (1). On the basis
of isolation of short partial sequences from
a variety of eukaryotes, it has been sug-
gested that this type of polymerase repre-
sents the common type of the mitochon-
drial RNAP in many, if not all, eukaryotes
that contain mitochondria (2). Plastids,
on the other hand, contain the only pro-
karyotic genome transcribed by more than
one RNAP. Subunits of one of the plastid
RNAPs, similar to eubacterial RNAP, are
encoded by plastid genes (3). Another
RNAP of unknown properties is encoded
by the nuclear genome (4). This nuclear-
encoded plastid RNAP may transcribe a
set of promoters different from those used
by the chloroplast-encoded RNAP. We
report here the sequence of two nuclear
genes in the higher plant Arabidopsis thali-
ana with similarity to genes encoding
RNAPs of the single-subunit type. The
genes encode transit peptides that are ca-
pable of targeting fusion proteins to mito-
chondria and chloroplasts, indicating that
they encode plant mitochondrial and plas-
tid RNAPs, respectively.

To clone the mitochondrial RNAP
from A. thaliana, we used a cDNA se-
quence encoding a putative mitochondrial
RNAP from the dicotyledoneous plant
Chenopodium album (accession number
Y08067) (5) to screen a genomic DNA
library of A. thaliana. Two clones exhibit-
ing different restriction and hybridization
patterns (designated Y and Z) were isolat-
ed from the Arabidopsis library and further
analyzed. Comparison with the GeneBank
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and European Molecular Biology Labora-
tory (EMBL) databases indicated regions
in both clones of sequence similarity to
the mitochondrial RNAPs from Saccharo-
myces cerevisiae and Neurospora crassa and
other phage-like RNAPs. Polymerase
chain reaction (PCR) primers were de-
signed to amplify cDNAs, corresponding to
the two genomic clones, by conventional
reverse transcriptase (RT)- PCR and 3'-
and 5'-rapid amplification of cDNA ends
(RACE). The sequence and size of the com-
posite full-length cDNAs, established from
overlapping amplification products, were
confirmed by RT-PCR of the whole coding
region, as well as by Northern (RNA) blot
analysis (6). The composite full-length
Yand Z cDNAs consisted of 3602 and
3482 nucleotides (nt) composing open read-
ing frames of 976 and 993 amino acids,
respectively.

Analysis of total DNA from A. thaliana
indicated that the two phage-like RNAP-
related sequences from Arabidopsis repre-
sented single-copy genes (6). Thus, the
nuclear genome of A. thaliana carries at
least two distinct genes for bacteriophage-
like RNAPs, which are designated as RpoY
and RpoZ (the putative gene products be-
ing RPOY and RPOZ with predicted mo-
lecular masses of 111 and 113 kD). The
amino acid sequences of RPOY and RPOZ
share 55% identical residues correspond-
ing to a nucleotide sequence similarity of
62.7%. Both amino acid sequences showed
extensive similarity to phage-like RNAPs.
The overall degree of similarity between
the two Arabidopsis RNAPs and the yeast
enzyme decreases from the COOH-termi-
nus to the NH,-terminus (Fig. 1). The
yeast mitochondrial RNAP has an NH,-
terminal extension of 266 amino acids
that did not align with the two A. thaliana
sequences. Furthermore, the Arabidopsis
enzymes lack a stretch of 95 catalytically
nonessential amino acids found in the S.
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cerevisiae sequence. All residues thought
to be catalytically essential for polymerase
activity, on the basis of molecular studies
and analysis of the crystal structure of the
T7 RNAP (7), are conserved.

Sequences of 9208 and 9080 nt have
been determined for the genomic clones
RpoY and RpoZ, respectively (Fig. 2).
Comparison - of the sequences of the
genomic and cDNA clones revealed that
both genes are organized in 19 exons, 48
to 762 nt (RpoY) and 48 to 846 nt (RpoZ)
long, interrupted by 18 introns, 81 to 200
nt (RpoY) and 76 to 326 nt (RpoZ) long.
All exon-intron junctions contained con-
served GT and AG sequences at the 5’
and 3’ ends of the introns, respectively.
The length of 16 of the 19 exons was
identical in both genes. All intron inser-
tion sites were precisely conserved relative
to the aligned amino acid sequences.
There was only weak similarity between
corresponding intron sequences of RpoY
and RpoZ. The genes contained untrans-
lated leader sequences of 187 nt (Y gene)
and 58 nt (Z gene), when one assumes
that the 5’ ends of the two cDNAs corre-
spond to the transcription start points.

Phylogenetic analysis based on full-
length alignments of single-subunit RNAPs
(Fig. 3) shows that the Arabidopsis RNAPs
form a cluster together with the Chenopodi-
um polymerase and the two fungal mito-
chondrial RNAPs, separated from both
phage and linear plasmid-encoded single-
subunit RNAPs found in mitochondria of
many fungi and some plants. Branching
patterns were robust in bootstrap analysis,
and the presented tree topology was sup-
ported by other methods of tree construc-
tion (maximum parsimony and maximum
likelihood algorithms).

To determine the cellular localization
of the gene products, recombinant plas-
mids were constructed containing 131
and 124 NH,-terminal amino acids com-
posing the putative transit sequences of
RPOY and RPOZ, respectively, fused to a
green fluorescent protein (GFP) (Fig. 4A).
The constructs were used to conduct in
vitro import into purified mitochondria
and chloroplasts (Fig. 4, B and C). The
mitochondrial adenosine triphosphatase
(ATPase) B presequence was used as a
positive control for import into mitochon-
dria (Fig. 4B). The 47-kD RPOY-GFP was
processed into a mature 38-kD polypep-
tide, resistant to proteinase K. Valinomy-
cin, an inhibitor of mitochondrial protein
import, abolished import of RPOY-GFP.
Binding and processing of the labeled
RPOZ precursor polypeptide into protein-
ase-resistant products were observed at a
greatly reduced level. However, in this
case, processing was not inhibited by va-
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linomycin. As the same situation was ob-
served with the waxy presequence that
efficiently targets proteins to chloroplasts
(8), this effect was due to a contamination
of the purified mitochondria with plastids.
This contamination of the mitochondrial
preparation has been confirmed by light
microscopy (6). Thus, from the two A.
thaliana fusions, only RPOY-GFP was de-
finitively imported into mitochondria in
vitro. When the fusion constructs were
used for import into purified chloroplasts
(Fig. 4C), RPOZ-GFP (45 kD) was very
efficiently processed into a proteinase-re-
sistant mature protein of 37 kD. The pro-
cessing was as efficient as with the positive
control for chloroplast import carrying the

waxy presequence. Alternatively, little
binding and no processing were observed
for RPOY-GFP or the mitochondrial
ATPase B—GFP. Thus, the NH,-terminal
amino acid sequence of RPOZ targeted
protein into chloroplasts, and the NH,-
terminus of RPOY targeted protein into
mitochondria in vitro.

The present study provides initial evi-
dence for the existence of two genes for
bacteriophage-type RNAPs in a higher
plant that are candidates for functional
organellar enzymes. The in vitro import
experiments provide evidence that the
two proteins encoded in the nuclear ge-
nome of Arabidopsis are targeted to differ-
ent organelles: mitochondria and plastids.
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Fig. 1. Alignment of RPO-Y (Ara_Y; accession number 08137) and RPOZ (Ara_Z; accession humber
08463) amino acid sequences with mitochondrial RNAP from yeast (Sac; accession number P13433).
The alignment was constructed with the ClustalW algorithm (7 7) and refined manually. Amino acids that

are positionally identical are highlighted by boxes.
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The mitochondrial RNAP of Arabidopsis is
with high certainty encoded by the Y gene
(RpoMt) and thus, as in fungi and presum-
ably other eukaryotes, is represented by a

A RpoY 9208 nt

B E X

tRNA
ATG

B Rpoz 9080 nt

TGA

Fig. 2. Genomic organization of the two A. thali-
ana bacteriophage-like RNAP genes as de-
duced from cloning of genomic and cDNA
clones (72). (A) RpoY (EMBL accession number
Y09006) and (B) RpoZ (accession number
Y08722). Exon sequences are indicated by filled
bars. Putative translational start and stop
codons and selected restriction sites (B, Bam Hl;
E, Eco RI; X, Xba I; Xh, Xho I} are shown. An
initiator tRNA-Met gene detected on the reverse
strand 480 to 409 nt upstream of the RpoY start
codon is indicated by an open bar. An rps11
gene found 703 to 1364 nt downstream of the
RpoZ stop codon is shown by a hatched bar.

pl_Zea

pl_Cla

pl_Pod
pl_mar

I_Aga
p-Ag pl_Nin

Fig. 3. Phylogenetic tree of bacteriophage-like
RNAPs based on maximum likelihood distances
calculated with the PUZZLE program (73) and the
Jones model (74) of sequence evolution. Support
values for branches are shown at nodes when
above 90% (1000 puzzling steps performed). Dis-
tances are proportional to relative sequence diver-
gence. Abbreviations are as in Fig. 1, with addi-
tional ones as follows (SWISS-PROT accession
numbers in parentheses): T7, bacteriophage T7
(PO0573); T3, bacteriophage T3 (P07659); SP6,
bacteriophage SP6 (P06221); Neu, mitochondrial
RNAP from N. crassa (P38671); and Che, putative
mitochondrial RNAP from C. album (EMBL
Y08067). Mitochondrial plasmid-encoded single-
subunit RNAPs: pl_mar, plasmid maranhar from
N. crassa (P33540); pl_Aga, plasmid from Agari-
cus bitorquis (P33539); pl_Pod, plasmid pAL2-1
from Podospora anserina (505556); pl_Nin, plas-
mid kalilo from Neurospora intermedia (P33541);
pl_Cla, plasmid pCIK1 from Claviceps purpurea
(P22372); pl_Zea, plasmid S-2 from Z mays
(P10581).
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Fig. 4. In vitro protein import into plant [ ¢
organelles with the use of NH,-termini —— [ =
from RPOY and RPOZ as targeting se-
quences. (A) Translational fusion constructs. DNA c
ATPase

fragments encoding the NH,-terminal peptide se-
quences (empty bars) were fused to GFP coding
sequence (hatched bars) under the controlofa T7
promoter (75). The lengths of the fused RPO and
GFP parts are indicated in amino acid (aa) resi-
dues. Restriction sites used for cloning are as
follows: B, Bam HI; E, Eco Rl; K, Kpn I; S, Sal |; Sc,
Sac |. (B) Import into mitochondria (76). The four
panels show the results of the import experiments
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with a mitochondrial presequence (ATPase B-GFP), a chloroplast targeting presequence (waxy-GFP),
and the NH,-termini of Y (RpoY-GFP) and Z (RpoZ-GFP). Designation of lanes is identical for all panels:
tl, in vitro translation product; i, mitochondrial import reaction; p, mitochondria reisolated after import
and proteinase K digestion; and v, import reaction in the presence of valinomycin. Open arrows indicate
full-size translation products; black arrows indicate proteinase K-resistant mature processing products
occurring only in the absence of valinomycin. Molecular size markers are indicated on the right side. (C)
Import into chloroplasts (77). The four panels are designated as in (B). Designation of lanes is as follows:
tl, in vitro translation product; i, chloroplast import reaction; and p, chloroplasts reisolated after import
and thermolysin digestion. Open arrows indicate full-size translation products; black arrows indicate
thermolysin-resistant mature processing products. Import reactions were separated on 12% denaturing
polyacrylamide gels. After electrophoresis, gels were fixed in 7% acetic acid, vacuum-dried, and
exposed to phosphor imaging screens (Bio-Rad Laboratories, Hercules, CA). Molecular size markers

are indicated on the right side.

bacteriophage-type enzyme. Genes of a eu-
bacterial-like RNAP have been detected
in a mitochondrial genome (9). This ob-
servation raises the question whether the
organism, the freshwater protozoon Re-
clinomonas americana, additionally has a
mitochondrial RNAP of the phage type. If
so, the situation would resemble transcrip-
tion in chloroplasts. To date, there has
been only circumstantial evidence for the
existence of a nuclear-encoded plastid
RNAP, which has been demonstrated by
transcriptional analysis of plastids lacking
the chloroplast-encoded enzyme (4). Our
results strongly suggest that the postulated
nuclear-encoded plastid RNAP is encoded
by the Z gene, for which we therefore
propose the designation RpoPt. The pro-
posed subcellular localization and function
of the gene product gain support from the
observation of RNAP activity associated
with a 110-kD protein in preparations
from spinach chloroplasts (10). The size of
this RNAP fits well with the size (113 kD)
predicted for the RpoPt product. The high
conservation of the overall organization of
the two Arabidopsis Rpo genes, as well as
their position in phylogenetic trees, sug-
gests that RpoPt may have originated from
a recent duplication event from RpoMt.
Gene duplication could have been fol-
lowed by the gene product retargeting
from the mitochondria to the plastids,
leading to the elaboration of a dual RNAP
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system of transcription in the plastids,
which originally relied solely on transcrip-
tion by the organelle-encoded eubacterial-
like RNAP.
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