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The radish (Raphanus sativus L.) mitochondrial cox2 gene contains
an ACG at the predicted translation initiation site
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Abstract The mitochondrial cox2 gene has been se-
guenced from radish (Raphanus sativus L.). The gene is
interrupted by a 1346-bp group-11 intron and contains an
ACG codon as the predicted translation initiation site.
Analysis of cox2 cDNAs indicates that the ACG codon is
not converted to an AUG codon in the mRNA, although
15 other RNA editing siteswere identified. The cox2 gene
from Raphanusraphanistrum, and other varietiesof R. sat-
ivus, also contain an ACG as the predicted start codon;
plantsin the closely related genus, Brassica, do not. West-
ern-blot analyses indicate that cox2 proteinsin radish mi-
tochondriaare the same size asthosefound in Brassica mi-
tochondriaand different from cox2 proteinsin plantswhere
cox2 is nuclear-encoded. This finding, along with the ob-
servation that cox2 sequences are not present in the nuclear
genome of radish, suggeststhat ACG is utilized astherad-
ish cox2 initiation codon.

Key words ACG start codon - cox2 Gene - Translation -
RNA editing

Introduction

RNA editing is a common feature of higher-plant mito-
chondria. Almost all plant mitochondrial, protein-encod-
ing RNAs examined to-date undergo the post-transcrip-
tional conversion of specific cytidine residues to uridines
(reviewed in Grienenberger 1993; Schuster and Brennicke
1994). Whileediting eventsareusually confined to the cod-
ing portions of the MRNAS, there are several examples of
RNA editingin5" and 3’ flanking regionsand introns. Most
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C-to-U changes result in amino-acid substitutions; how-
ever, some silent editing events are observed. The editing-
induced changes in the sequence of messenger RNAs re-
sultsin improved amino-acid conservation of the encoded
proteins. In addition to restoring highly conserved amino
acids, editing hasal so been shownto create functional start
and stop codonsin several proteins. Therefore, RNA edit-
ing plays asignificant rolein conserving protein structure
and function in plant mitochondria.

RNA editing has been identified in all the major groups
of land plants except liverworts (Gray 1996; Malek et al.
1996; Sper-Whitis et a. 1996). While there are numerous
examples of species-specific RNA editing patterns, inter-
specific comparisons generally reveal acommon set of ed-
ited bases. For example, eight editing sites are shared in
nad3 transcripts between monocots and most dicots, while
up to 14 common editing positions are typically observed
between atp6 transcripts from the two groups of plants.

During the course of studieson mitochondrial genesand
RNA editing patterns in radish, several examples were
identified where either the analysis of genomic DNA se-
quences predicted theneed for littleor no editing, or cONA
sequencing directly revealed reduced or no editing in rad-
ish genes relative to other dicots. For example, based on
the presence of radical amino-acid substitutions in coxl
genes between plant and non-plant species, it has been pre-
dicted that coxl in dicots should be edited at up to eight
positions (Covello and Gray 1990). Consistent with this
prediction, Oenothera coxl transcripts are edited at seven
positions (Wissinger et al. 1992). Radish coxl doesnot con-
tain any of the radical amino-acid substitutions (M akaroff
et al. 1991), but rather resembles the non-plant version of
the gene, suggesting that it does not require editing. Like-
wise, three amino-acids are changed by editing in Oenoth-
era orfB (Schuster and Brennicke 1991), while one and
zero codons are changed by editing in Scarlet Knight and
whiteradish cultivars, respectively (Krishnasamy and Ma-
karoff 1994). The most dramatic example of reduced edit-
ing in a radish gene is atp6, which contains every base
found to be edited in other species (Makaroff et al. 1989),
including a change that generates a new stop codon in
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Oenothera (Schuster and Brennicke 1991), Petunia (Lu
and Hanson 1994) and sorghum (Kempken et al. 1991)
atp6. Analysisof cDNA sequences demonstrated that atp6
transcripts are not edited in the Scarlet Knight radish nu-
clear background, while one edited position wasidentified
in atp6 transcripts in the presence of several other radish
nuclear backgrounds (Krishnasamy et al. 1994). The atp6
genein Scarlet Knight radish isthe only example of anor-
mally occurring mitochondrial genethat is not edited. The
only other un-edited transcript identified in plant mito-
chondriaisthat of maize T-urf13 (Ward and Levings 1991),
whichisuniquetothe CMS-T cytoplasm of maize (Dewey
et al. 1986).

The most likely explaination for the lack of editing in
radish atp6 transcriptsis that at some point in the evolu-
tion of modern radish acDNA representing an edited atp6
RNA became integrated into the mitochondrial genome
of a radish progenitor, thereby eliminating the need for
the editing of atp6 transcripts. The presence of edited ver-
sions of cox2 in the nucleus of cowpea (Nugent and
Palmer 1991) and mungbean (Covello and Gray 1992),
along with data suggesting that loss of introns two and
three from the nad4 gene of | ettuceinvolved homologous
recombination of an edited RNA intermediate (Geiss et
al. 1994), provides support for this hypothesis. However,
the observation that other radish mitochondrial genesalso
requirelittleto no RNA editing suggests that reduced ed-
iting patterns may be a common feature in radish mito-
chondria.

As part of our studies to further investigate RNA edit-
ing patternsin radish, and possibly gain further support for
the theory that homologous recombination of cDNA se-
guences can eliminate the need for RNA editing, we have
characterized the radish cox2 gene and its RNA editing
patterns. In the present report we show that, like turnip,
radish cox2 contains the cox2i2 intron and lacks cox2il
intron. In contrast to several other radish genes, cox2 tran-
scripts are edited in a fashion similar to that observed in
other plants; no correlation between intron loss and edit-
ing patterns were observed. The most striking result from
these studiesis the finding that radish cox2 appearsto uti-
lize an ACG for the initiation of translation.

Materials and methods

Plant material. The following plant materials, used in this study,
were obtained from commercial sources: turnip (Brassica campes-
tris L. cv Purple top white globe 372), radish (Raphanus sativus L.
cv Scarlet Knight), cowpea (Vigna unguiculata L.), soybean (Gly-
cine max L.), sweet potato (Ipomoea batatas L.) and mungbean
(MignaradianalL.). Seedsfor Brassicajuncea (CrGC89) and therap-
id-cycling radish line CrGC15 were obtained from the Crucifer
Genetics Cooperative. Seeds for Brassica nigra (16 A) and Brassi-
ca oleracea (4722B) were generously provided by Dr. Lisa Earle.
Seeds for Raphanus raphanistrum, and two California wild radish
cultivars (# 5260 and # 5262), were a gift from Dr. Maureen Stan-
ton. In general, seedswere germinated in the dark and etiol ated seed-
lingswereharvested and used for theisol ation of mitochondria. How-
ever, in some instances mitochondria were isolated from whole
greenhouse-grown plants.

Mitochondrial DNA cloning and sequencing. The radish mtDNA
clone (pUC8-Sall 8.3) used in this study has previously been de-
scribed (Makaroff and Palmer 1988). Standard techniques were used
in the preparation, isolation, and analysis of plasmid DNA in Esche-
richia coli (Sambrook et al. 1989). Double-stranded plasmid DNAs
were sequenced using the dideoxynucleotide chain-termination
method (Sanger et al. 1977) as modified by the Sequenase Version
2.0 kit from United States Biochemical Corporation (Cleveland,
Ohio, USA). Sequencing was conducted using a series of cox2-spe-
cific primersthat were designed to generate an overlapping DNA se-
guence on both strands of the DNA. All of the sequences presented,
except for approximately 200 bases at the 5'-end and 70 bases at the
3'-end, were sequenced on both strands. DNA sequences were ana-
lyzed on aVax computer using the UWGCG package (Madison, Wis.,
USA). Oligonucleotides used for cDNA synthesis, PCR, and DNA
sequence analysis, were designed using the program OLIGO (Rych-
lik and Rhoads 1989). In order to examine the putative cox2 trans-
lation initiation site in related species, PCR was conducted on
mtDNAs purified from B. nigra, B. juncea, B. oleracea, R. rapha-
nistrum, rapid-cycling radish CrGC15 and Californiawild radishiso-
lates 5260 and 5262 using primers FD8B and FD7A (Fig. 1). Am-
plified fragmentswerepurified, clonedintothepGEM-T vector (Pro-
mega, Madison, Wis., USA) and sequenced.

I solation and char acterization of mtRNA. Mitochondrial RNAswere
isolated in the presence of aurintricarboxylic acid from radish mito-
chondria purified by differential centrifugation (Stern and Newton
1986). The RNAswerethen purified by LiCl-precipitation and treat-
ed with DNAse | to remove contaminating DNA prior to their use.
Northern-blot hybridization of radish mtRNAs followed standard
procedures (Sambrook et al. 1989). Specifically, mtRNAs were sep-
arated in a 1.5% formaldehyde, agarose denaturing gel, transferred
to aNylon membrane and cross-linked under UV light. The blot was
hybridized with a radish cDNA probe that was labeled by random-
priming. To analyze RNA editing patterns, radish cDONAs were pre-
pared by reversetranscription (Kawasaki 1990) of 2.5 ug of mtRNA
isolated from etiolated seedlings using primer FD7A (see Fig. 1).
PCR-amplification (30 cycles) was performed on 0.125pug of
first-strand cDNA using standard conditions (Kawasaki 1990;
D’Aquilaetal. 1991) and primers FD8B and FD7A (seeFig. 1). Am-
plified fragments were purified using the Wizard PCR prep DNA
purification system (Promega, Madison, Wis., USA) and cloned into
pPGEM-T. The cDNA clones were sequenced using the dideoxynu-
cleotide chain-termination method. Purified RT-PCR products were
also used directly as templatesin sequencing reactions. S1 nuclease
mapping of the radish cox2 5' and 3' transcript termini was carried
out using the methods described by Sambrook et al. (1989). Double-
stranded DNA probes were prepared by PCR-amplification of the
radish mitochondrial Sall 8.3 plasmid using primer pairs FD37 and
FD30 for 3'-end mapping and AA and FD31 for 5'-end mapping
(Fig. 1). Purified fragments were either 3' end-labeled using 32P-
dATP and terminal deoxynucleotidyl transferase (United States Bi-
ochemical, Cleveland, Ohio, USA) or 5' end-labeled using *?P-ATP
and polynucleotide kinase. Labeled DNAs (approximately 0.1 pg)
were denatured and anneal ed to 50 pg of radish mitochondrial RNAs
or E. coli tRNA (control) in hybridization buffer (0.4 M NaCl,
40 mM PIPES, pH 6.4,1 mM EDTA, 80% formamide) at 52°C over-
night. After hybridization, ninevolumes of S1 nuclease reaction buf-
fer (50 mM NaOAc, 0.15M NaCl, 0.5 mM ZnSO4, pH 4.75) con-
taining 50 or 100 units of S1 nuclease enzyme (BRL) were added to
the hybridization buffer. The solution was mixed and incubated at
37°C for 1 h. The sample was extracted twice with Tris-saturated
phenol, ethanol-precipitated and re-suspended in 1x sequence load-
ing buffer. The size of the protected DNA was determined by anal-
ysis on an 8% polyacrylamide sequencing gel.

Western-blot analyses. Total mitochondrial proteinsfromturnip, rad-
ish, sweet potato, soybean, cowpea, and mungbean were examined
by Western-blot analysis. One-hundred microliters of mitochondria
purified by differential centrifugation were mixed with 50 pl of 8 M
Urea/10% SDS and then heated at 95°C for 5 min. Thirty microli-
tersof supernatant, collected by centrifugation for 5 minat 12 000 g,



were loaded and run on a 12% SDS-PAGE gel. The proteins were
transferred to nitrocellulose membrane using a semi-dry apparatus
and then treated with a monoclonal antibody to yeast COX2 (1:100
dilution, prepared from Hybridoma cell line CCO-6, a gift from
J. D. Palmer, Indiana University). The COX2 primary antibody was
detected with goat anti-mouse IgG (H+L) alkaline phosphatase-con-
jugated secondary antibody (1:5000) using NBT and BCIP as sub-
strates.

Results
Mitochondrial cox2 genein radish

Radish cox2, previously localized to an 8.3-kbp Sall frag-
ment (Makaroff and Palmer 1988), was used as the source
of cox2 for thisstudy. A total of 4.2 kbp of DNA sequence
was determined around radish cox2, and a portion of the
sequenceis presented in Fig. 1. The cox2 coding regionis
interrupted by a 1346-bp intron. Thisintron isin the same
position as, and shares high sequence similarity with, in-
trons found in cox2 genes from turnip (99.70%, Dong et
al. 1998), Arabidopsis (97.45%, Unseld et al. 1997) and
carrot (94.66%, Lippok et al. 1992).

Plant cox2 genes, including their deduced amino-ter-
mini, are highly conserved. The cox2 gene from most di-
cots, including turnip, Arabidopsis, Oenothera, Petunia
and sugar beet, contain aconserved ATG codon that is pre-
dicted to be the translation initiation codon (Fig. 2). The
carrot, peaand soybean cox2 genesare predicted toinitiate
translation at ATG codons that are located either one co-
don upstream of or downstream from that found in most
dicots. In the monocots, maize, wheat and rice, translation
ispredicted toinitiate at an ATG codon that istwo codons
upstream of that found in turnip. Even the cox2 gene from
avery distantly related non-vascular land plant, Marchan-
tia, contains an ATG that is two codons downstream from
the predicted turnip start site. Alignment of the predicted
radish cox2 protein with other cox2 coding sequences in-
dicates that while it is essentially identical to turnip cox2;
it does not contain an ATG codon in the region predicted
to be the translation initiation site in other plants (Fig. 2).
Instead, a T-to-C mutation in radish cox2 generated an
ACG codon at the position corresponding to the start co-
don in cox2 from turnip and other dicots. In-frame ATG
codons are found in the radish sequence 76 codons up-
stream of and 31 codons downstream from the position pre-
dicted to bethe start codonin turnip (Fig. 1). The presence
of an ACG codon at the position predicted to act as the
cox2 start codon in other plants raised several possibilities
concerning the expression of radish cox2, the most likely
possibility being that RNA editing is used to generate a
functional start codon.

Radish cox2 transcript and RNA-editing pattern analyses

In order to determine if in fact RNA editing isinvolved in
the conversion of the ACG codoninto aconventional AUG
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start codon, 39 radish cox2 cDNA cloneswereisolated and
sequenced in the region in gquestion. None of the clones
contained the predicted “C”-to-“T” change that would be
necessary to convert the ACG codon into an AUG codon.
Thisresult wasfurther confirmed by the direct sequencing
of cox2 RT-PCR products.

In addition to the 39 cox2 cDNASs that were sequenced
in the region surrounding the predicted start codon, eight
cDNA clones were sequenced in their entirety. A total of
15 positionsthat exhibited C — T changeswereidentified.
Twelve of the editing eventsresult in amino-acid changes.
Of the 15 editing sites, all but one were completely edited
(codon 9, indicated by a single underline in Fig. 1). Two
cDNA cloneswerefound to be edited at this position while
six others were not. The radish editing patternisvery sim-
ilar to that observed for other plant mitochondrial cox2
genes (Fig. 1). Of the 15 editing sites, 14 areaso found in
turnip cox2 (Dong et al. 1998) and 12 are common to the
maize (Covello and Gray 1989; Yang and Mulligan 1991),
wheat (Covello and Gray 1989), Oenothera (Hiesel et al.
1990), Petunia (Sutton, et al. 1991) and pea (Covello and
Gray 1989) cox2 transcripts.

Therefore, results from the editing studies confirm that
editing does occur intheradish cox2 RNAs, but that it does
not generate an AUG codon. This raised the possibility
that: (1) another in-frame ATG may have been recruited to
serve as the initiation codon, (2) the radish mitochondrial
cox2 geneis not active, rather the active form of the gene
may have been transferred to the nucleus, or (3) an uncon-
ventional start codon, possibly the ACG codon, isused for
translation initiation of radish cox2. To investigate these
possibilities, we examined cox2 expression patterns and
determined the 5' and 3' transcript termini.

When a®2P-|abel ed cox2 cDNA probewasused to probe
a Northern blot containing mtRNA isolated from radish
roots, two transcripts were detected: an abundant RNA of
approximately 1.3 kb and a large low abundance RNA
(Fig. 3, lane 1). The larger transcript also hybridizes with
an intron-specific probe (data not show), which indicates
that the band represents a primary transcription product.
The 1.3-kb transcript is the same size and is of the same
relative abundance as the mature cox2 transcript from tur-
nip mitochondria(lane 2). Thisobservation, along with the
results from the cDNA analysis, indicates that cox2 is ex-
pressed normally in radish mitochondria.

The 5" and 3' ends of the mature cox2 transcript were
mapped using end-labeled probes and S1-nuclease. Two 5'
termini wereidentified, centered around positions 940 and
998, which are 222 and 164 nucleotides upstream of the
ACG codon, respectively (Fig. 1). The 5 most in-frame
AUG codon maps upstream of both transcript termini in-
dicating that it is not a potential start codon. The 3' tran-
script terminus was mapped approximately 307 nucleo-
tides downstream from the predicted stop codon (Fig. 1).
Based on these results, mature transcripts are expected to
be of 12561314 nucleotides, which correspondswell with
the 1300 nt size predicted by Northern-blot analysis. The
positions of the radish 5" and 3’ transcript termini map to
the same positions as those determined for cox2 in turnip
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are boxed, and the resulting changes are indicated. Primer positions
are shown as horizontal arrows above the sequence. Multiple verti-
cal arrowsindicate the position of 5" and 3' transcript termini deter-
mined by S1 nuclease mapping. Codon positions are shown above
the last codon of each column. Nucleotide numbering is shown at
the end of each column

(incompletely edited) underlined. Codons altered by RNA editing

Fig.1 Nucleotide sequence of the radish cox2 gene. The cox2 DNA
and cDNA sequences are available under accession numbers
is shown in bold in triplets starting at a putative ACG start codon.
The position of a 1346-bp intron (cox2i2) is indicated by a vertical
arrow. In-frame ATG codons that flank the putative start codon are

underscored by dots. A potential GUG start codon is denoted with a
(*). Edited positions are either double (completely edited) or single

AFO36387 and AFO36388, respectively. The cox2 coding sequence
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Radish TIVLKWLF LTISPCDAAE
Turnip MIVLKWLF LTISPCDAAE
Arabidopsis MIVLKWLF LTISPCDAAE
Pea MKLEWLF LTIAPCDAAE
Soybean (mt) MKFEWLF LTIAPCDAAE
Carrot MSFTGIFHF FTNSPCDAAE
Petunia MIVLEWLF LTIAPCDAAE
Sugar beet MIVREWLF FTMAPCDAAE
Oenothera MIVNECLF LTIAPCDAAE
Maize MILRSLECRF LTIALCDAAE
Rice MILRSLECRF LTIALCDAAE
Wheat MILRSLSCRF LTIALCDAAE
Marchantia MNLMWM FPIAFCDAAE

Fig. 2 Conserved COX2 amino termini. The predicted amino ter-
mini of cox2 genesfrom turnip (Dong et al. 1998), Arabidopsis (Un-
seld et al. 1997), pea (Moon et a. 1985), soybean (Grabau 1987),
Oenothera (Hiesel and Brennicke 1983), sugar beet (Senda et al.
1991), Petunia (Pruitt and Hanson 1989), carrot (Lippok et al. 1992),
maize (Fox and Leaver 1981), wheat (Bonen et al. 1984), rice (Kao
et al. 1984) and Marchantia (Oda et al. 1992) are shown below the
deduced sequence for radish cox2. The position of the mature COX2
protein from sweet potato (Maeshima et al. 1989) is indicated with
an arrow. Thefirst in-frame methionine in radish cox2 transcriptsis
denoted with an (*)

1

1300 nt - ue o

Fig. 3 Northern analysis of cox2 transcript patterns. Transcript pat-
terns observed when mitochondrial RNAs (5.0 pg) from R. sativus
(lane 1) and B. campestris (lane 2) are probed with a*2P-labeled rad-
ish cox2 cDNA probe. Transcript sizeis shown in nucleotidesto the
left

(Dong et al. 1998). Thisis as expected given that the two
genes are nearly identical.

Even though cox2 appears to be expressed normally at
the RNA level in radish mitochondria, it was possible that
the true active form of the gene is located in the nucleus.
To investigate this possibility Southern hybridization and
PCR analyses were conducted. When Southern blots of
purified radish nuclear DNA were probed with a 32P-la-
beled cox2 cDNA probe the only hybridization observed
was a faint signal corresponding to mitochondrial DNA
contamination (data not shown). Likewise, PCR-amplifi-
cation of purified radish nuclear DNA with primers ca-
pable of amplifying cowpea and mungbean nuclear cox2
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* 48
TPIMQGIIDL HHDIFFFLIL
TPIMQGIIDL HHDIFFFLIL
TPIMQGIIDL HHDIFFFLIL
TPMMQGIIDL HHDIFFFLIL
TPMMQGIIDL HHDIFFFLIL
TPMMQGIIDL HHDIFFFLIL
TPIMQGITDL HHDVFFFVIL
TPMMQGIIDL HHDIFFFLIL
TPMMQGIIDL HHDIFFFLIL
TPMMQGIIDL HHDIFFFLIL
TPMMQGIIDL HHDIFFFLIL
TPMMQGIIDL HHDIFFFLIL
TPMMQGMIDL HNDIFFFLIV

PWQLGSQDAA
PWQLGSQDAA
PWQLGSQDAA
PWQLGFQDAA
PWQLGFQDAA
PWQLGSQDAA
PWQLGSQDAA
PWQLGFQDAA
PWQLGSQDAA
PWQLGSQDAA
PWQLGSQDAA
PWQLGSQDAA
PWQLGFQDPA

Fig.4 Western-blot analysisof cytochromec oxidasesubunit 11 pro-
teins. Mitochondrial proteins (approximately 200 pg) purified from
turnip, radish, sweet potato, soybean, cowpea and mungbean were
separated on an 12% SDS-PAGE gel, transferred to nitrocellulose
membrane and probed with COX11 monoclonal antibody (Hybrido-
macell line CCO-6) and alkaline phosphatase-conjugated secondary
antibody. The sizes of the protein markers are shown to the right

only produced mitochondrial-specific fragments (data not
shown). These results indicate that the cox2 gene has not
been transferred to the radish nucleus.

Western-blot analysis

In order to determine if an internal ATG codon had been
recruited for translation initiation, a Western blot analysis
was conducted. Translation initiation from the first inter-
nal AUG codon would produce a mature protein 17 amino
acids shorter than that expected for turnip COX2, if turnip
COX2 is processed at the same position as the sweet po-
tato protein, and 32 amino-acids shorter than an unpro-
cessed turnip COX2 protein. Mitochondrial proteins iso-
lated from radish, turnip, sweet potato, soybean, cowpea
and mungbean were separated on a 12% SDS-PAGE gel,
transferred to nitrocellulose and probed with a COX2
monoclonal antibody (Fig. 4). One unique band was de-
tected in each of the mitochondrial protein preparations
that showed astrict correlation with whether the cox2 gene
is nuclear or mitochondrial localized. COX2 from radish,
turnip and sweet potato are the same size and of the same
intensity; while those from soybean, cowpea and mungb-
ean are of similar size and intensity. The COX2 bands in
plants with nuclear-localized cox2 genes are slightly
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smaller, but at |east ten-times more intense than those with
mitochondrially localized genes. While the difference in
signal intensity appears to be a result of the presence of
more COX2 protein in the cowpea, soybean and mungb-
ean samples, the difference in relative signal intensity is
not due to unequal sample loading. When a duplicate blot
was probed with antibody to mitochondrial ATPA, all six
samples produced the same-intensity bands (data not
shown). These results suggest that differences in the ex-
pression/accumul ation of COX 2 protein may exi st between
plants that contain nuclear- and mitochondrially encoded
genes. However, it is also possible that the observed sig-
nal differences are due to different affinities of the yeast
COX2-specific antibody for the proteins. Additional ex-
periments arerequired to investigate in more detail the na-
ture of the observed differences.

Themostimportant observation, withrespect to our cur-
rent work, isthe finding that radish mitochondrial proteins
produce a COX2 signal of the same size and intensity as
turnip and sweet potato. This result, taken together with
the observed differences in the cowpea, soybean and
mungbean samples, suggests that the active radish cox2
gene is mitochondrially localized and that the mature
amino-terminus of the protein islocated at approximately
if not the same position as that found in turnip and sweet
potato. This result indicates that translation most-likely
does not initiate from an internal methionine and that rad-
ish cox2 may in fact utilize the ACG codon for translation
initiation.

An ACG codon is present at the translation initiation site
of Raphanus cox2 genes

In order to determineif the putative ACG initiation codon
is limited to R. sativus or if it is found in other species,
cox2 mtDNA fragments corresponding to this region were
amplified from several Brassica and Raphanus cultivars
using primers FD8B and FD7A (Fig. 1). The Brassica
plants analyzed were B. nigra, B. juncea and B. oleacea,
while the Raphanus plants included R. raphanistrum, two
wild California radish isolates (R. sativus No. 5260 and
5262) and CM S Oguraradish (R. sativus). Sequence anal-
ysisof the PCR fragments showed that the ACG codon was
present in every Raphanuscox2 geneexamined, butinnone
of the Brassica genes (data not shown). This result indi-
cates that this mutation probably occurred after the emer-
gence of the genus Raphanus.

Discussion

In thisreport we present dataindicating that the cox2 gene
in Raphanus species utilizes a non-conventional initiation
codon for translation. The cox2 gene in R. sativus and re-
lated Raphanus cultivars contains an ACG codon in place
of a highly conserved AUG codon, predicted to be the
translation initiation site in other plants. There have been

several other reports of chloroplast and mitochondrial
genesthat contain an ACG codon at positionsthat are nor-
mally AUG start codons. Most of these genes, including
rpl12 in maize (Hoch et al. 1991), psbL in tobacco (Kudla
et a. 1992) and spinach (Bock et a. 1993), ndhD in to-
bacco, spinach and snapdragon (Neckermann et al. 1994)
and orf33 in black pine (Wakasugi et a. 1996) are chloro-
plast genes. Two mitochondrial genes, wheat nadl (Chap-
delaine and Bonen 1991), and tomato cox1 (Kadowaki et
al. 1995) and potato cox1 (Quinones et al. 1995) have also
been shown to contain an ACG at the translation initiation
site. In every example described above, RNA editing gen-
eratesanormal AUG codoninthe mRNAS, thereby restor-
ing the conventional translation start codon. In contrast,
we find that while cox2 transcripts are extensively edited
in radish mitochondria, no editing of the ACG codon in
guestion was observed. Editing at this position was not ob-
served in approximately 40 individual cDNA clones and
total reverse-transcribed cox2 cDNA. While we can not
rule out the possibility that a very small number of tran-
scripts are edited to produce a conventional AUG start co-
don, it is clear that essentially all radish cox2 transcripts
contain an ACG at this position. This finding raises two
important questions: (1) why isthe ACG codon not edited
to generate a conventional initiation codon in radish?, and
(2) isACG utilized as the tranglation initiation site in rad-
ish cox2?

Almost all plant mitochondrial protein-encoding RNASs
examined to-date undergo RNA editing involving the post-
transcriptional conversion of specific cytidine residues to
uridines (reviewed in Maier et al. 1996). While some si-
lent editing events are observed, most C-to-U changesre-
sult in amino-acid substitutions. These changesin messen-
ger RNA sequence result in improved amino-acid conser-
vation of the encoded proteins. In addition to restoring
highly-conserved amino acids, editing also creates func-
tional start and stop codonsin serveral proteins. Therefore,
RNA editing plays asignificant role in conserving protein
structure and function in plant mitochondria. Why then do
radish mitochondria not edit the ACG codon to restore the
highly conserved predicted start codon?

There are several examples of “unusual” RNA editing
patterns in radish mitochondrial transcripts. The only ex-
ample of an unedited mMRNA corresponding to a normally
occurring plant mitochondrial gene is Scarlet Knight rad-
ish atp6 (Krishnasamy et a. 1994). The radish atp6 gene
containsevery basefoundto beeditedin other species(Ma-
karoff et al. 1989). Analysis of potential coding regions
and editing patterns in radish cox1 (Makaroff et al. 1991)
and orfB genes (Krishnasamy and Makaroff 1994) indi-
cates that they also require little to no editing. However,
except for thelack of editing at the ACG codon correspond-
ing to the putative translation initiation site, radish cox2
exhibits relatively normal editing patterns. Fifteen posi-
tions are edited in radish cox2 transcripts, including an
ACG codon (#233) later in the gene (Fig. 1). The editing
pattern is essentially the same as that observed in other
plant mitochondrial cox2 transcripts. Therefore, the edit-
ing machinery ispresent and thetranscript isaccessiblefor



editing; however, ACG codon (#1) is not recognized as an
editing site. Currently, thefactors and sequences necessary
for editing in plant mitochondria are unknown, and a di-
rect correlation between sequence context and editing has
yet to beidentified (Gray 1996; Wilson and Hanson 1996).
Itisinteresting that wheat and potato/tomato have evolved
the ability to convert an ACG into an AUG start codon for
the nadl and cox1 genes respectively, but that radish has
not yet developed this ability.

Based on the available data, we can not conclude with
certainty that radish cox2 utilizes the ACG codon (#1) for
translation initiation. However, it is clear that translation
must initiate from a non-conventional start codon and the
most likely candidate isthe ACG codon. There aretwo in-
frame AUG codons surrounding the ACG codon, neither
of which appearsto be utilized. Thefirst, whichislocated
76 codons5' to the ACG codon, isnot contained in the ma-
ture cox2 transcript, and therefore, can not be used as a
start codon. The second in-frame AUG codon islocated 32
amino acids downstream from the predicted start codon.
This codon, which is conserved in all plant cox2 genes ex-
amined to-date, islocated 17 codonsinternal to the mature
N-terminus of COX2 in sweet potato (Maeshima et al.
1989). If this codon were used to initiate the transl ation of
radish cox2, the protein would not only be missing the N-
terminal leader peptide, but also 17 highly conserved
amino acids from the mature protein. This truncated pro-
tein would be approximately 2 kDa smaller than the size
expected if the protein was processed at the same site as
sweet potato COX?2.

When compared with animal cox2 genes, the cox2 gene
from plants and fungi encodes approximately 15 extra
amino acids at its N-terminal end (Maeshima et al. 1989).
These extra amino-acids form a leader peptide that is re-
moved in both fungi (Coruzzi and Tzagol off 1979, Van den
Boogaart et al. 1982) and plants (Maeshima et al. 1989).
In Saccharomyces the leader peptide is cleaved by an in-
ner-membrane-bound protease (IMP) after it has been
transported to the intermembrane (Pratje et al. 1983;
Schneider et al. 1991; Nunnari et al. 1993). Theleader pep-
tidein Saccharomyces has been demonstrated to be crucial
to the stability of COX2 and was proposed to be a signal
peptide for membrane insertion (Torello et al. 1997). If the
same is true in plant mitochondria, then a shortened pep-
tide translated from the downstream AUG codon would
not be expected to be correctly localized and should have
reduced stability. Western-blot analysis of radish mito-
chondrial proteins(Fig. 4) clearly showsthat radish COX2
isthe same size, and is present in the same relative abun-
dance, as those from sweet potato and turnip. This result
suggeststhat radish COX 2 istranslated and processed nor-
mally.

These results are also consistent with expression of
COX2fromamitochondrial gene. The COX2 signal issig-
nificantly stronger in mitochondrial protein preparations
from soybean, cowpeaand mungbean than those from rad-
ish, turnip and sweet potato (Fig. 4). In soybean, cowpea
and mungbean, COX2 is encoded by a nuclear gene and
imported into the mitochondrial inner membrane (Nugent
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and Palmer 1991; Covello and Gray 1992), while in tur-
nip, sweet potato and radish cox2 is amitochondrial gene.
The reason for this difference in signal between proteins
where cox2 is nuclear-encoded and mitochondrially en-
coded is not clear; however, it is consistent with Southern
and PCR data indicating that cox2 sequences are not
present in the nucleus of radish. Therefore, the mitochon-
drial gene is the only cox2 gene present in radish and it
produces an apparently normal COX2 protein.

Taken together, these data suggest that radish cox2 must
be translated from a non-conventional start codon. In ad-
dition to the ACG codon, an in-frame GUG codon is lo-
cated 66 codons further upstream (Fig. 1). The GUG co-
don islocated within the largest mature transcript, but not
the shorter cox2 transcript. A GUG codon has been pro-
posed to be the translation initiation codon for the rpl16
gene in Oenothera, maize, Petunia and Marchantia mito-
chondria (Bock et al. 1994). However, this has not been
experimentally confirmed. Both GUG and ACG can be uti-
lized astranglation initiation in plant cells at the samerel -
ativeefficiency, but at levelsconsiderably lower that AUG
codons (Gordon et al. 1992). While our data does not al-
low us to distinguish between the two potential start co-
dons, we favor the theory that the ACG codon is utilized
for tranglation initiation. Translation from the ACG codon
would yield a protein with a conventional |eader peptide
that would be processed normally. However, further ex-
periments are clearly required to further investigate the
translation of radish cox2.
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