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To investigate the transcriptional apparatus in wheat mitochondria, mitochondrial extracts were subjected
to column chromatography and protein fractions were analyzed by in vitro transcription and mobility shift
assays. Fractions eluting from DEAE-Sephacel between 0.2 and 0.3 M KCl displayed DNA-binding activity and
supported specific transcription initiated from a wheat cox2 promoter. The active DEAE-Sephacel pool was
further resolved by chromatography on phosphocellulose. Fractions that exhibited DNA-binding activity and
that stimulated both specific and nonspecific transcription in vitro were highly enriched in a 63-kDa protein
(p63). From peptide sequence obtained from purified p63, a cDNA encoding the protein was assembled. The
predicted amino acid sequence (612 amino acid residues, 69 kDa) contains a basic N-terminal targeting
sequence expected to direct transport of the protein into mitochondria. The p63 sequence also features an
acidic domain characteristic of transcriptional activation factors, as well as sequence blocks displaying limited
similarity to positionally equivalent regions in sigma factors from eubacteria related to mitochondria. Recom-
binant p63 possesses DNA-binding activity, exhibiting an affinity for the core cox2 promoter element and
upstream regions in gel shift assays and having the ability to enhance specific transcription in vitro. Tran-
scripts encoding p63 are expressed at an early stage in the germination of isolated wheat embryos, in a
temporal pattern parallelling that of newly synthesized precursors of cox2, a mitochondrial gene. Taken

together, these data suggest a role for p63 in transcription in wheat mitochondria.

Mitochondrial DNA (mtDNA) is extraordinarily diverse in
size, gene content, and genome organization (24). In particu-
lar, the mitochondrial genomes of flowering plants (angio-
sperms) are the largest and structurally most complex mtDNAs
known (30, 42, 60). Although the collection of completely
sequenced mitochondrial genomes is expanding rapidly among
the broad range of eukaryotes, including unicellular protists
(26) and land plants (58), studies of the mode of mtDNA
transcription have so far been limited to only a few species.

In the yeast Saccharomyces cerevisiae, transcription of the
80- to 85-kbp mtDNA initiates from at least 13 different pro-
moters that comprise a highly conserved 9-bp motif (54). In
this system, all transcripts appear to be composed of two or
more coding sequences (57). Initiation of promoter-specific
transcription requires two components: a single-polypeptide,
T3/T7 bacteriophage-like RNA polymerase (45) and a 43-kDa
specificity factor (mtTFB) sharing limited sequence similarity
with eubacterial sigma factors (36). Both of these mitochon-
drial transcription components are encoded in the nuclear
genome.

In humans, the highly compact 16-kbp mitochondrial ge-
nome is symmetrically transcribed from one heavy-strand and
one light-strand promoter in the displacement (D) loop region
(14); a protein factor (mtTFA) distinct from mtTFB and con-
taining domains characteristic of high-mobility-group proteins
is required for maximal levels of specific transcription (17, 18,
49). In Xenopus, mitochondrial genome organization and pro-
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moter placement are almost identical to the situation in human
mitochondria (6); in this system, mtTFA is not required for
basal transcription, but a 40-kDa protein is essential for initi-
ation of specific transcription (2, 7). The gene encoding a
human mitochondrial RNA polymerase has recently been
cloned (56), but a human homolog of yeast specificity factor
mtTFB remains to be identified.

In plant mitochondria, both core (YRTAT in monocots and
CRTAAGAGA in dicots) and upstream sequences are re-
quired for optimal promoter-specific transcription (4, 5, 9, 21,
25, 50). The RNA polymerase interacting with these transcrip-
tion elements has not yet been directly identified; however, the
complete sequences of nucleus-encoded phage-like RNA poly-
merase genes (presumed to encode the mitochondrial RNA
polymerase) have been determined for two dicot plants, Che-
nopodium album (59) and Arabidopsis thaliana (32), and two
monocots, maize (13) and wheat (35). In the case of Arabidop-
sis, three different but related phage-type RNA polymerase
genes have been reported (32, 52); in vitro import studies
suggest that two of these genes encode a mitochondrial RNA
polymerase whereas the third specifies a chloroplast RNA
polymerase (8, 34). Similarly, one of the two maize gene prod-
ucts has been shown to be targeted to and imported into
chloroplasts, whereas the other phage-like RNA polymerase is
specifically localized to mitochondria (13).

Detailed biochemical studies of these RNA polymerases and
of any specificity factor(s) necessary for promoter recognition
in plant mitochondria have not yet been reported. Elsewhere
we describe the characterization of two nucleus-encoded,
phage-like RNA polymerase sequences from wheat and the
identification of one of these sequences with an RNA poly-
merase isolated from wheat mitochondria (35). Here we report
the isolation and functional analysis of a wheat mitochondrial
DNA-binding protein. This protein (p63) displays affinity for a
wheat mitochondrial cox2 promoter region and enhances spe-
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TABLE 1. Oligonucleotide primers used in PCR amplification experiments
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Primer Sequence (5’ to 3') ami(r:lzr;isigosz(glll?egnce
1-1 TCI“ACICC(T/C)TCIGC(T/C)TGCAT MQAEGVE
1-2 CA(G/A)GCIGA(G/A)GGIGTIGAACC QAEGVEPD
1-3 A(G/A)(G/A)TCIGG(T/C)TCIACICC(T/C)TC EGVEPDL
1-4 AAGCTCCTTGTGGACACCAA
1-5 AGGGCAGCAGCTCGATATCT
1-9 ATTGAAGACTTCCTCTGACT
1-11 GTTCTGTATACAATCTCACC
1-13 GGAGCTTCCAACATCACCT
1-14 CGGGGATCCGCAAGCCTTGACGTA
1-15 CTACTCGAGCATGTCAGATA
3 ATTCTAGATGCCTCGTAACGC
3.1 TTTTCTGAAGAGCAACAACG
32 TTGACGTCGGCGTTGGTTTT
5 ATGGTATCCAGGTTCACCTAT
5.1 CCGACTAAGTAGTACTCACG
52 GTAAGTAGTCTTCGTCGATG
gtl1F2 ACTCCTGGAGCCCGTCAGTA
gtl1R CAGACCAACTGGTAATGGTAGCG
Anchor ACTCCTGGAGCCCGTCAGTAGGGIIGGGIIGGGIIG

“ 1, inosine.

cific transcription from this promoter in vitro, observations
suggesting that p63 plays a role in transcription in wheat mi-
tochondria.

MATERIALS AND METHODS

Purification of a DNA-binding protein from extracts of wheat mitochondria.
Preparation of a transcriptionally active protein fraction from wheat mitochon-
dria was carried out as described previously (29). Mitochondria were isolated
from germinating wheat embryos (24 h posthydration), purified on sucrose gra-
dients, and lysed in the presence of 0.5% Triton X-100 and 1.05 M KCI. The
supernatant from a 100,000 X g centrifugation was subjected to fractional pre-
cipitation with (NH,),SO,, and proteins in the 20 to 50% (wt/vol) (NH,),SO,
fraction were further resolved by a series of chromatographies on DEAE-Sepha-
cel (DS) and phosphocellulose (PC). Mitochondrial proteins were first resolved
by stepwise elution with KCI from DS. The active DS pool (0.2 M and 0.3 M KCI
fractions) was then diluted with column buffer (10 mM Tris-HCI [pH 8.0], 0.1
mM EDTA, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride,
7.5% glycerol) to reduce the KCI concentration to ~0.1 M and was then loaded
onto a 5-ml column of PC that was equilibrated with column buffer containing 0.1
M KCIl. After extensive washing of the column, proteins were eluted with a linear
gradient of KCI (0.1 to 1.0 M) in 50 ml of column buffer at a flow rate at 15 ml/h.

For analysis of protein composition, protein fractions were precipitated with
80% acetone, dissolved in sample loading buffer (50 mM Tris-HCI [pH 6.8], 0.1
M DTT, 5% sodium dodecyl sulfate [SDS]), and heated at 65°C for 5 min.
Samples were separated by electrophoresis in an SDS-12% polyacrylamide gel
(38) and visualized by Silver Stain Plus (Bio-Rad). Transcription assays were
carried out as described previously (29) in 20 ul of reaction mixture containing
10 mM Tris-HCI (pH 8), 10 mM MgCl,, 6.25 mM KCI, 1 mM DTT, 100 ug of
bovine serum albumin per ml, 150 pM each CTP and GTP, 400 uM ATP, 5 puM
unlabeled UTP, and 2.5 nCi of [a->?PJUTP (specific activity, 800 Ci/mmol). The
transcription template was an EcoRI-restricted plasmid (pHJ2-15-9) containing
a portion of the region upstream of the wheat mitochondrial cox2 gene (29).

Gel mobility shift assay. DNA-binding activity in column-fractionated wheat
mitochondrial extracts was detected in a gel mobility shift assay in which a
Scal-EcoRI fragment containing the cox2 core promoter sequence was 5'-end
labeled with [a-*’P]dATP, using Klenow fragment Escherichia coli DNA poly-
merase I. A competition assay employed DNA fragments prepared by PCR using
Tagq DNA polymerase with plasmids pHJ2-15-9 or pHJ2-15-9/M-10 as template,
the latter containing an 8-bp deletion spanning the core promoter sequence.
Fragments A and B encompassing the upstream region of wheat cox2 (positions
—228 to —115 from the translation start site) were amplified with primer pair 5
plus 3 (Table 1), using pHI2-15-9 and pHJ2-15-9/M-10 as templates, respectively.
Fragment C (upstream of the core promoter sequence) was amplified with
primer pair 5.1 plus 3.1 (Table 1), whereas fragment D (downstream of the core
promoter) was amplified with primer pair 5.2 plus 3.2 (Table 1). PCR was
performed in a buffer containing 16 mM (NH,),SO,, 2 mM MgCl,, 25 mM
Tricine (pH 8.5), 0.4 mM deoxynucleoside triphosphates, 1 U of Tag DNA
polymerase (Gibco BRL), 10 pmol of each primer, and 5 ng of each template,
using 30 cycles of denaturation (94°C, 30 s), annealing (55°C, 30 s), and extension
(72°C, 20 s). PCR products were purified by polyacrylamide gel electrophoresis

(PAGE), and fragment A was labeled with [y-3>P]ATP, using T4 polynucleotide
kinase. For the mobility shift experiments, protein fractions were incubated in a
reaction mix containing 10 mM Tris-HCI (pH 8.0), 60 mM KCI, 5 mM MgCl,, 1
mM DTT, 0.1 pg of bovine serum albumin per ml, 12% glycerol, and 0.1 pg of
poly(dI-dC). After 10 min of preincubation, approximately 10,000 cpm of labeled
DNA was added to the mixture, which was then incubated at 25°C for 30 min.
Samples were loaded directly onto a 4% polyacrylamide gel (prerun for 1.5 h at
150 V) and electrophoresed for 2 h at 200 V in 50 mM Tris-borate (pH 8.3)-2
mM EDTA. Gels were frozen at —75°C and subjected to autoradiography.

Assembly and cloning of a cDNA sequence encoding p63. PC fractions con-
taining p63 were resolved by SDS-PAGE, and the band corresponding to p63 was
blotted onto a polyvinylidene difluoride membrane. The transferred protein was
digested, internal peptides were isolated, and their amino acid sequences were
determined by the Edman degradation method at the Harvard Microchemistry
Facility. From the peptide sequences obtained by this procedure (VVESMQAE
GVEPDLLFQATIAK and TLDGGNTFDRSDIFYVIMNLTK), degenerate
primers were designed to obtain a cDNA encoding p63. All PCR products were
cloned into pT7Blue T-vector (Novagen) and sequenced by means of Sequenase
version 2 (Amersham).

Expression of recombinant p63. To generate recombinant p63, a first-strand
cDNA was synthesized by using primer 1-5, followed by PCR with primers 1-14
and 1-15 (Table 1). This strategy amplified a region extending from Ala at
position 25 to the C-terminal end of the corresponding amino acid sequence,
thereby excluding a putative mitochondrial targeting sequence. PCR was carried
out with a mixture of Tag DNA polymerase (1 U) and Pfu DNA polymerase
(0.01 U) to ensure accurate amplification (3). The cloned cDNA fragment was
inserted into the pTrcHis vector (Invitrogen) and expressed with a histidine tag
in E. coli DH5a.. The expressed protein was denatured in a buffer containing 6 M
guanidinium-HCI and was recovered from a nickel affinity column (TALON;
Stratagene) with a buffer containing 8 M urea according to a protocol supplied
by the manufacturer. Purified protein fractions were refolded by stepwise dialysis
against a buffer containing 10 mM Tris-HCI, 1 mM EDTA (pH 8.0), and de-
creasing concentrations of urea. Renatured p63 was used for gel mobility shift
and in vitro transcription assays.

Southern blot analysis. Samples of wheat seedling total DNA (8 wg) were
separately hydrolyzed with BamHI, Dral, EcoRI, or HindIll. Products were
electrophoresed in a 0.8% agarose slab gel cast in TAE buffer (51), and DNA
fragments were transferred to a nylon membrane [BIOTRANS(+); ICN] in 0.4
M NaOH. A p63 gene-specific sequence was amplified with primers 1-14 and
1-15 (Table 1), and amplification products were labeled by random hexamer-
primed synthesis in the presence of [a-**P]dATP. Hybridization was carried out
in a buffer containing 5X SSPE (0.8 M NaCl, 50 mM Na,HPO,, 5 mM EDTA
[pH 8.3]), 2X Denhardt’s reagent (15), 0.1% SDS, 100 pg of denatured salmon
sperm DNA per ml, and 50% formamide at 42°C (16). The membrane was rinsed
with 2X SSPE-0.1% SDS for 30 min at room temperature and then washed with
0.1X SSPE-0.1% SDS for 30 min at 65°C.

Northern blot analysis. Salt-insoluble RNA fractions (25 pg) isolated from
embryos before (0 h) and after (1, 5, 15, and 25 h) imbibition were kindly
provided by B. G. Lane (University of Toronto). These RNA samples were
electrophoresed in a 1% agarose gel in 1X MOPS (morpholine-propanesulfonic
acid) buffer containing 0.66 M formaldehyde and blotted onto a nylon membrane
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FIG. 1. Flow chart depicting the fractionation of a wheat mitochondrial S100
extract (100,000 X g supernatant of a Triton X-100 lysate) by ammonium sulfate
precipitation followed by successive chromatographies on DS, PC, and double-
stranded DNA (dsDNA) cellulose. Details of the fractionation procedure are
given in Materials and Methods.

[BIOTRANS(+); ICN]. Amplification and labeling of a p63 probe and hybrid-
ization were carried out as above for Southern blot analysis. The membrane was
rinsed with 2X SSPE-0.1% SDS for 20 min at room temperature and then
washed with 0.2X SSPE-0.1% SDS for 30 min at 37°C and for 30 min at 42°C.

RESULTS

Purification of p63 from wheat mitochondria. To identify a
protein factor(s) that might be involved in promoter-specific
transcription in wheat, we used a gel mobility shift assay to
screen for DNA-binding activity in a fractionated wheat mito-
chondrial extract (Fig. 1). Such activity was confined to tran-
scriptionally active fractions eluting from DS between 0.2 and
0.3 M KClI (data not shown). Distinct band shifts (1 and 2 in
Fig. 2B and C) were produced with these DS fractions by using
a labeled DNA fragment containing a cox2 promoter sequence
(dashed line in Fig. 2A). Some variability in the fractionation
procedure was observed, with specific transcription and DNA-
binding activities mostly concentrated in the D3 fraction in
some experiments but in D4 in others.

To isolate the DNA-binding protein(s), the D3 fraction was
further resolved by chromatography on PC (Fig. 1). Analysis of
material recovered after PC chromatography indicated that
DNA-binding activity was mainly concentrated in fractions
eluting between 0.35 and ~0.45 M KCI (PC III in Fig. 2B). The
most prominent protein in these PC fractions, with an esti-
mated size of 63 kDa (Fig. 3), was designated p63. PC fractions
enriched in p63 (PC II and PC III [Fig. 3, lanes 6 to 9])
stimulated both specific and nonspecific transcription in vitro
when added to a transcriptionally active DS fraction (D4 in this
case [Fig. 4, lanes 3 and 4]).

As is evident in Fig. 2, shifted bands were quite broad and
appeared as doublets (1 and 2 in Fig. 2B and C) in these initial
experiments. We attribute this pattern to a high ratio of extract
to reaction mix: when a lesser amount of extract was used, only
the more rapidly migrating band (band 2) appeared. The more
slowly migrating band (band 3) is likely due to dimerization of
the DNA-binding activity. Single, sharp bands were obtained in
later mobility shift experiments using D3 and D4 (data not
shown).

We attempted further resolution of the PC III fraction by
chromatography on DNA cellulose; however, for reasons that
are unclear, p63 appeared both in the flowthrough (DC ft [Fig.
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FIG. 2. (A) Restriction map of plasmid template (pHJ2-15-9) spanning a
promoter-containing region upstream of the wheat cox2 coding sequence (29).
Plasmid was linearized by digestion with EcoRI and used for assay of runoff
transcription in vitro (the expected 136-nucleotide [nt] runoff transcript is de-
picted, with the arrow indicating direction of transcription). The core promoter
sequence of the wheat cox2 gene and portions of the pUC19 vector are denoted
by open and solid rectangles, respectively. The dashed line indicates a DNA
fragment generated by digestion with Scal and EcoRI and used for the gel
mobility shift assay. (B) DNA-binding activity exhibited by protein fractions
isolated by chromatography on DS (D3, eluted with 0.2 M KCl) and PC. Salt
concentrations at which the various PC fractions were eluted are given in Fig. 1.
Arrows indicate putative dimer (band 1) and monomer (band 2) forms of the
DNA-binding activity (see text) and the free radiolabeled ~240-bp Scal-EcoRI
restriction fragment (band 3) used in the gel shift assay. (C) DNA-binding
activity in pooled fractions isolated during chromatography on DS (D3), PC (PC
IIT), and DNA cellulose (DC ft) (Fig. 1). Numbered arrows are as in panel B.

1]) and in fractions eluting between 0.3 and ~0.35 M KCI. The
DC ft displayed DNA-binding activity that gave the same mo-
bility shift as that observed with both D3 and PC III fractions
(Fig. 2C); moreover, the DC ft stimulated both specific and
nonspecific transcription in vitro when added to a transcrip-
tionally competent DS fraction (data not shown). Because p63
was also the only protein detectable in the DC ft by silver
staining (data not shown), we were encouraged to continue its
characterization.
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FIG. 3. Profiles of wheat mitochondrial protein fractions isolated by chro-
matography on DS (D3) and PC and separated by SDS-PAGE in a 12% gel.
Proteins were visualized by silver staining. Descriptions of protein fractions are
given in the legends to Fig. 1 and 2. The position of p63 is indicated by the arrow.
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FIG. 4. Effect of various protein fractions on in vitro transcription supported
by DS fraction D3; 5 wl of each fraction was used. Lane 1, D3; lane 2, D3 plus
PC I; lane 3, D3 plus PC II; lane 4, D3 plus PC III. Descriptions of protein

fractions are provided in the legends to Fig. 1 and 2. The arrow indicates the
position of the 136-nucleotide cox2 runoff transcript (Fig. 2A).

Cloning of a cDNA sequence encoding p63. Initially, we were
unable to amplify any p63 cDNA fragments from a cDNA
library constructed by using mRNA isolated from germinating
wheat embryos, suggesting that this library did not contain a
sequence encompassing both of the peptide sequences on
which PCR primer design was based. Therefore, we resorted to
a heminested PCR approach, as depicted in Fig. 5. First, to
amplify the 5’ portion of the cDNA from a wheat cDNA
library, PCR was carried out with a single degenerate primer,
1-3 (Table 1), complementary to the predicted DNA sequence
specifying the amino acid sequence EGVEPDL. A second
round of PCR was carried out with degenerate primer 1-1
(Table 1), complementary to the predicted DNA sequence
encoding the sequence MQAEGVE, plus primer gt11R (Table
1), which is specific for the 5'-flanking sequence at the cloning
site of Agt11. The target site of primer 1-1 overlapped and was
slightly N terminal to that of the first primer, 1-3. Using the
sequence information obtained in this way, a further round of
heminested PCR starting with a specific primer 1-4 (Table 1)
was carried out to clone the 3’ end of the cDNA. A subsequent
PCR used degenerate primer 1-2 (Table 1), the sequence of
which is based on the predicted DNA sequence for the amino
acid sequence QAEGVEPD, plus primer gt11F2 (Table 1),
which is specific for 3'-flanking sequence at the cloning site of

A

gt11 63-1

L E———

B Amplification of 5' part of cDNA

- 13

gtiiR ———

-~ 1.1
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Agt11. With this method, we obtained about 1.4 kbp of cDNA
sequence that contained a poly(A) tract at the 3’ end.

To obtain the 5" end of the cDNA, the 5’ RACE (rapid
amplification of 5" cDNA ends) method (20) was applied ac-
cording to a Gibco BRL protocol. Total RNA from germinat-
ing embryos (24 h posthydration) was prepared as described by
Goodall et al. (23), and poly(A)" RNA was selected by using
the PolyATtract mRNA isolation system (Promega). First-
strand cDNA was synthesized by using primer 1-3 (Table 1)
together with SuperScript II reverse transcriptase (Gibco
BRL) at 46°C for 1 h. Homopolymeric dC tailing used terminal
deoxynucleotidyltransferase at 37°C for 10 min. The first PCR
used an anchor primer (Table 1), containing the gt11F2 se-
quence within its 5" half, and primer 1-9 (Table 1). To obtain
specific products, nested PCR was carried out with primer
gt11F2 and primer 1-11 or 1-13 (Table 1).

Melding the 5" (N-terminal) and 3" (C-terminal) portions of
the p63 coding sequence yielded a 2,063-bp cDNA that in-
cluded 5’ and 3’ untranslated regions of 19 and 208 bp, respec-
tively. The 3’ untranslated region contains a poly(A) tract
(data not shown). The assembled open reading frame predicts
a protein of 612 amino acids with an estimated molecular size
of 69 kDa, somewhat larger than the size estimate (63 kDa)
obtained by SDS-PAGE. At least part of this difference reflects
the presence in the inferred protein sequence of a mitochon-
drial targeting sequence (see below) that would presumably be
removed during import of the protein into mitochondria.

Characteristics of the predicted amino acid sequence. The
N-terminal end of the predicted amino acid sequence contains
a domain (underlined in Fig. 6) that forms a basic amphipathic
a helix typical of a targeting sequence required for transport of
the protein into mitochondria (47). Also present is a domain
(double underlined in Fig. 6) having the potential to form an
acidic amphipathic « helix characteristic of transcriptional ac-
tivation factors (22). Although the sequence downstream of
this domain is also rich in acidic amino acids, this downstream
region does not have the potential to form an amphipathic o
helix.

Database searches using the BLAST program (1) revealed a

gt11

1st PCR with 1-3 alone

2nd PCR

Amplification of 3' part of cDNA

1st PCR with 1-4 alone 14 L

2nd PCR 1-2% —#»

f

-4——— gt11F2

FIG. 5. Schematic diagram illustrating the heminested PCR approach used to assemble a cDNA sequence encoding wheat mitochondrial p63. (A) Portions of the
Agt11 vector (hatched boxes), cDNA insert (open boxes), and a region encoding peptide sequence 63-1 (filled box [Fig. 6]) are shown. (B) Construction of degenerate
primers 1-1, 1-2, and 1-3 (indicated by *) was based on peptide sequence 63-1 (Fig. 6). Agt11-specific primers (gt11F2 and gt11R) were used for the second PCRs. A
perfect-match primer (1-4) was constructed based on the sequence of the PCR product generated with primers 1-1 and gt11R. Additional details are given in the text;

primer sequences are listed in Table 1.
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FIG. 6. Amino acid sequence of p63, deduced from the assembled cDNA sequence. The N-terminal region expected to form a basic amphipathic helix is underlined;
a region with the potential to form an acidic amphipathic helix is double underlined; internal peptide sequences determined by direct protein microsequencing (63-1
and 63-2) are boxed. Acidic (—) and basic (+) amino acids are indicated. Sequencing of individual full-length PCR clones revealed polymorphic sites at amino acid
positions 23 (S or G), 35 (A or T), 40 (Q or R), 42 (C or S), 61 (R or Q), 70 (T or M), 80 (G or S), 127 (L or S), 292 (G or R), 337 (V or I), 437 (E or K), 468 (E

or K), and 590 (N or S) and between 603 and 604 (— or K) (34a).

large family of related plant proteins, most of which are be-
tween 400 and 700 amino acids long, displaying a highly sig-
nificant level of sequence similarity to wheat mitochondrial
p63. Table 2 lists those National Center for Biotechnology
Information (NCBI) entries having a BLAST E value of less
than 10~ '2 Most of these hits are to putative Arabidopsis
protein sequences identified as a result of cDNA or genomic
sequencing; in these cases, the function of the putative protein
is unknown, although similarity to (membrane-associated) salt-
inducible proteins is frequently noted. Based on PSORT anal-
ysis (47), most of the putative p63 homologs (like p63 itself)
appear to be targeted to mitochondria, including the six NCBI
entries displaying highest BLAST similarity to p63. Individual
alignments of p63 with these plant protein sequences did not
reveal any long stretches of identity or similarity; rather, shared

amino acids or conservative substitutions are scattered uni-
formly throughout the sequences, with overall identities rang-
ing for the most part from 20 to 25% over the compared
regions. A notable exception is A. thaliana hypothetical protein
£i:5103846, which shares 47% identity (including several blocks
>10 amino acids long) and 66% similarity with p63 over a
continuous stretch of 525 positions. The database search did
not reveal similarity to any proteins involved in gene expres-
sion, with the exception of the product of the maize crpl gene,
a nuclear gene that has been reported to activate the transla-
tion and processing of specific chloroplast mRNAs (19). This
gene is related to nuclear genes in fungi that play an analogous
role in mitochondrial gene expression.

Because the biochemical data seemed to implicate p63 in
transcription in wheat mitochondria, we searched for more

TABLE 2. Amino acid similarity between wheat mitochondrial p63 and apparent homologs in public-domain databases

(Ge/r?]f’mcaenslil(i)(;le:llgﬁer) Organism Protein description Score*  E value® Slzzc(i?i:;mo Localization”
5103846 Arabidopsis thaliana ~ Hypothetical 515 e-145 623 Mitochondria
2462744 A. thaliana Hypothetical 180 2e-44 491 Mitochondria
4454477 A. thaliana Hypothetical 173 4e-42 490 Mitochondria
4263527 A. thaliana Hypothetical 164 2e-39 532 Mitochondria
2317908 A. thaliana Unknown 149 4e-35 524 Mitochondria
4558568 A. thaliana Hypothetical 130 2e-29 501 Mitochondria
3107905 Ipomoea nil Leaf 94 3e-18 665 Cytoplasm
3004555 A. thaliana Similar to salt inducible 88 2e-16 822 Cytoplasm
3298551 A. thaliana Putative salt inducible 87 4e-16 624 Mitochondria
3668091 A. thaliana Hypothetical 86 7e-16 591 Mitochondria
3289002 Zea mays crpl gene product 83 4e-15 668 Cytoplasm®
4006835 A. thaliana Hypothetical 80 4e-14 536 Microbody
2809247 A. thaliana F21B7.16 gene product 80 6e-14 660 Mitochondria
2335106 A. thaliana Salt-inducible protein-like 79 le-13 810 Chloroplast
4539460 A. thaliana Putative 78 le-13 566 Outside
4584524 A. thaliana Putative 78 2e-13 1,112 Endoplasmic reticulum membrane
4220445 A. thaliana Similar to salt inducible 76 Te-13 650 Mitochondria

“In BLAST sequence similarity searches (1).
® Possible subcellular localization as predicted by PSORT (47) analysis.

¢ Immunocytochemical experiments demonstrate that the CRP1 protein is actually localized in the chloroplast stroma (19).
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FIG. 7. Amino acid sequence similarity between wheat mitochondrial p63 and various eubacterial and mitochondrial sigma factors (RpoD) and a mitochondrial
transcription factor (mtTFB). (A) Schematic diagram showing the locations of blocks of sequence similarity (shaded) within E. coli 7 (a eubacterial RpoD) and wheat
p63. (B) Amino acid sequence alignments of similarity blocks that correspond positionally within wheat p63 and eubacterial (E. coli [Eco] and R. prowazekii [Rpr]) and
mtDNA-encoded (R. americana [Ram]) RpoD proteins. Also included in the alignment is the yeast (S. cerevisiae [Sce]) mitochondrial transcription factor mtTFB.
Similar amino acids (shaded) are defined as members of the following groups: I, L, M, V; H, K, R; D, E, N, Q; A, G; F, Y, W; S, T; P; and C. NCBI accession numbers
are P07336 (E. coli RpoD), P33451 (R. prowazekii RpoD), AAD11909 (R. americana mitochondrial RpoD), P14908 (yeast mtTFB), and F091837 (wheat p63).

limited amino acid sequence similarities to eubacterial sigma
factors, using a local sequence alignment program, MACAW
(multiple alignment construction and analysis workbench)
(53). With the major sigma factor (RpoD) sequence of Rick-
ettsia prowazekii, which belongs to the group of a-subdivision
proteobacteria most closely related to the ancestral eubacte-
rium-like endosymbiont that gave rise to mitochondria (24),
and RpoD of E. coli, a member of the vy subdivision of pro-
teobacteria, we could discern several sequence blocks sharing
similarity with the p63 sequence (Fig. 7). One block contains
regions 2.1 and 2.2, which are highly conserved among sigma
factors. Region 2.1 may be involved in catalyzing DNA melting
during open promoter complex formation (33, 43), and both
regions 2.1 and 2.2 are important for interaction with the core
polymerase (37, 41). In addition, the p63 sequence displays
extended similarity to that of R. prowazekii RpoD upstream of
region 2.1 (Fig. 7). Another block of similarity spans region 3.2,
which is rich in acidic residues and is involved in core poly-
merase binding (61). We also detected similarity between
RpoD proteins and p63 within the highly acidic region near the
N terminus (Fig. 7). This region is not conserved among other
sigma factors and may play a role in inhibiting interaction of
sigma factors with the promoter sequence in the absence of
core RNA polymerase (44). The sequence upstream of this

acidic region in p63 has the potential to form an acidic amphi-
pathic o helix, which could conceivably mediate interactions
with protein components of the transcriptional machinery.
Characterization of a recombinant p63. Recombinant p63
was expressed in E. coli from a portion of the complete cDNA
extending from amino acid position 25 to the C-terminal end of
the protein. The expressed protein formed insoluble inclusion
bodies in E. coli, which were dissolved in 6 M guanidinium-
HCI. Recombinant p63 was then refolded in the presence of
decreasing concentrations of urea, and the renatured protein
was subjected to gel mobility shift assay. In competition with
labeled fragment A, unlabeled fragment A competed much
more effectively than did other fragments that lack the pro-
moter sequence (Fig. 8B). In the experiment shown here, a
20-fold molar excess of fragment A almost completely elimi-
nated the band shift. On the other hand, a 60-fold molar excess
of fragment B, which spans the same region but lacks the core
promoter sequence, was required to achieve a comparable
reduction in the intensity of the band shift. With fragment C,
which encompasses a region upstream of the core promoter
sequence, a 20-fold molar excess was sufficient to diminish the
band shift significantly. The weakest competitor was fragment
D: even a 20-fold excess of this fragment had a relatively small
effect on the intensity of the shifted band (Fig. 8B). In a
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FIG. 8. Gel mobility shift competition assay with recombinant p63. (A) Di-
agram showing the scheme for generation of DNA fragments A to D. Numbers
indicate positions upstream from the start of the cox2 coding sequence. The
presence (+) or absence (—) of the core promoter sequence is indicated. The
sequence of an 8-bp deletion is shown below fragment B, with the core promoter
sequence underlined. (B) Autoradiogram showing gel shifts obtained with vari-
ous DNA fragments in the presence of recombinant p63. Fragment A containing
the core promoter sequence was labeled by using T4 polynucleotide kinase in the
presence of [y->’P]ATP; recombinant p63 (R63) was included in the reaction
mixtures. After a 5-min preincubation, competitor DNAs were added at three
different molar excesses (5-, 20-, and 60-fold [ X5, X20, and X60]) and incubated
for 30 min at room temperature. Radiolabeled protein-DNA complexes were
separated from uncomplexed DNA fragments by electrophoresis in a 4% native
polyacrylamide gel.

competition assay with transcriptionally active DS fractions,
fragment D also did not compete as effectively as fragments A,
B, and C (data not shown). This analysis suggests that recom-
binant p63 has higher binding affinity for DNA fragments con-
taining the core promoter sequence and regions upstream of it
than to fragments containing the downstream region.

To study the effect of the recombinant p63 in an in vitro
transcription assay, the protein was mixed with a transcription-
ally active DS fraction (D4). In contrast to the effect of crude,
native p63 fractions, the recombinant protein not only en-
hanced specific transcription but also suppressed nonspecific
transcription in vitro (Fig. 9; compare lanes 1 and 2 and lanes
3 and 4). This enhancement (approximately fourfold, based on
measurement of unsaturated autoradiograph signals) was ob-
served with amounts of the plasmid template ranging from 2 to
10 ng in the reaction mixture. With excess template (50 ng), the
level of specific transcription was substantially reduced (Fig. 9,
lanes 5 and 6).

Genomic distribution of the p63 coding sequence. Southern
blot analysis suggests that the wheat p63 gene is present in at
least three distinct copies in wheat nuclear DNA, judging from
the three equally intense bands seen in EcoRI, Dral, and par-
ticularly HindlIII digests of wheat DNA (data supplied to re-
viewers but not shown). A single, very intense band seen in the
EcoRI digest suggests that these three copies share an identical
EcoRI fragment of about 2.2 kbp that encompasses the inter-
nal region represented in the p63 gene probe. Sequence anal-
ysis of individual full-length clones obtained by PCR has pro-
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FIG. 9. Enhancement of in vitro transcription by recombinant p63, using a
transcriptionally active DS fraction. About 0.05 pg (in 5 wl) recombinant p63
(R63) was added (+) or not added (—) to 5 pl of D4 (the fraction eluting at 0.3
M KCI during DS chromatography). Three different amounts (2, 10, and 50 ng)
of template DNA (EcoRI digest of pHJ2-15-9) were used.

vided evidence of at least two distinct p63 sequences, based on
covariation of polymorphic amino acid positions (34a) (Fig. 6).

Expression of the p63 gene in wheat embryos during germi-
nation. To assess expression of the gene encoding p63 in the
course of wheat embryo germination, Northern blot analysis
was carried out with RNA (a 2.5 M NaCl-insoluble fraction of
total RNA [28]) isolated from embryos before (0 h) and after
(1,5, 15 and 25 h) the start of imbibition. Although the amount
of p63 transcript is very low in dry embryos, transcript levels
increase after imbibition, showing an apparent peak at around
5 h posthydration (Fig. 10A). Parallel experiments carried out
with a mtDNA-specific gene probe (cox2) showed a corre-
sponding temporal accumulation of cox2 intron-containing
transcripts (i.e., newly synthesized, unspliced cox2 mRNAs)
during the same time period (Fig. 10B). Because some RNA
degradation is evident in the 15- and 25-h samples upon
ethidium bromide staining, and because the level of mature
cox2 transcript (which serves as an internal control) is slightly
lower in these two samples than in the 0-, 1-, and 5-h prepa-
rations, the observed peak at 5 h may be less pronounced than
it appears. Nevertheless, it is clear that p63 gene expression is
activated shortly after imbibition of wheat embryos, in concert
with renewed mitochondrial transcription.

A 0 1 5 15 25¢(hr)

p63 probe *’ﬁ . = 24kb

B 3
e

cox2 probe

< 29kb

<%+ 1.7kb

FIG. 10. Northern blot analysis of nucleus-encoded p63 (A) and mitochon-
drially encoded cox2 (B) transcripts. Salt-insoluble (2.5 M NaCl) RNA fractions
(25 pg) isolated from embryos before (0 h) and after (1, 5, 15, and 25 h)
imbibition were electrophoresed in a 1% agarose gel in 1X MOPS buffer con-
taining 0.66 M formaldehyde; separated RNAs were blotted onto nylon mem-
brane. As probe for p63 transcripts, a portion of the 63-kDa cDNA was amplified
with primers 1-14 and 1-15 (Table 1), and the product was labeled with
[«-*?P]dATP in the presence of random hexamers. The cox2 probe contained the
first exon of the wheat cox2 gene plus flanking 5’ untranslated and 3’ intron
sequences. Transcript sizes in the lower panel indicate intron-containing (un-
spliced) cox2 pre-mRNA (2.9 kb) and mature cox2 mRNA (1.7 kb).
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DISCUSSION

We isolated a 63-kDa protein (p63) from wheat mitochon-
dria on the basis of its ability to bind DNA and enhance
transcription in an in vitro assay. In combination with 5 RACE
and heminested PCR, we assembled about 2.1 kbp of cDNA
sequence encoding p63. Northern blot analysis revealed a tran-
script of about 2.4 kb (Fig. 10A), and so we expect that the 5’
untranslated region extends beyond the sequence that we ob-
tained. Southern blot analysis suggests that the p63 gene is
present in at least three copies in the wheat nuclear genome,
whereas analysis of individual full-length PCR clones provided
evidence of at least two major p63 sequence variants (data not
shown). Considering the hexaploid nature of the wheat ge-
nome, the p63 coding sequence could be present as a single-
copy gene in each of its constituent genomes (A, B, and D).
The predicted amino acid sequence of p63 contains a typical
N-terminal signal peptide required for transport of the protein
into mitochondria; in fact, a computer-assisted analysis (47) of
this sequence clearly predicts that p63 should be targeted to
mitochondria. Recombinant p63 expressed from the cDNA
clone possesses DNA-binding activity, displaying weak affinity
for the core promoter of the wheat cox2 gene and upstream
regions (in maize, a close relative of wheat, a core promoter
sequence and an upstream region both contribute to optimal
transcriptional activity [9, 50]). These results suggest that re-
combinant p63 binds to a region of DNA directing specific
transcription. However, although we conducted footprinting
(DNase I protection) and exonuclease III protection studies to
define a precise protein-binding DNA sequence in the vicinity
of the cox2 promoter, we were unable to detect any specific
region protected either by active DS fractions or by recombi-
nant p63.

We did find a difference between native and recombinant
p63 proteins in their effect on in vitro transcription: whereas
fractions containing native p63 stimulated both nonspecific and
specific transcription, recombinant p63 appeared to enhance
specific transcription and suppress nonspecific transcription.
Fractions containing partially purified, native p63 may well
contain other factors involved in or influencing transcription in
the in vitro assay. Because all of the transcriptionally active DS
fractions that we tested supported specific as well as nonspe-
cific transcription in vitro, it is not clear at this point whether
p63 functions directly as a specificity factor that is essential for
basal transcription or as an activator that enhances transcrip-
tion but is not itself required for basal function. Preparation of
a core RNA polymerase fraction devoid of transcription fac-
tors will be necessary before we can distinguish between these
two possibilities.

Transcripts encoding p63 are present at a very low level in
dry wheat embryos but accumulate to readily detectable levels
by 5 h after the start of imbibition (Fig. 10A). Unprocessed
cox2 transcripts (synthesized de novo) also appear in detect-
able amounts between 1 to 5 h following embryo imbibition
(Fig. 10B); thus, the expression of nucleus-encoded p63 corre-
lates temporally with de novo transcription of a mitochondrial
gene during germination. This lends credence to the idea that
p63 may be involved in the regulation of transcription of mi-
tochondrial genes, as is mtTFA in vertebrate mitochondria (40,
46). Because we used isolated embryos lacking endosperm and
seed coat for this analysis, the apparent decrease in transcript
levels after 5 h of imbibition may not represent the actual
situation in intact wheat seeds during germination. Further
analysis will be necessary to clarify the relationship between
the expression of p63 and wheat mitochondrial biogenesis.

In searches of public-domain protein databases, we could
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not detect any similarities between p63 and proteins known to
be involved in transcription in mitochondria, including yeast
mtTFB and human mtTFA. In view of evidence supporting the
eubacterial origin of mitochondria (24) and reports of a limited
similarity of yeast mtTFB to eubacterial sigma factors (36), we
considered the possibility that p63, characterized here as a
candidate transcription factor, might be distantly related to
eubacterial sigma factors. Indeed, the local sequence similari-
ties deduced between the wheat mitochondrial p63 sequence
and eubacterial RpoD sequences (Fig. 7), coupled with the
positional correspondence of these regions within the com-
pared proteins, support this possibility. On the other hand, we
could not discern clear similarities in other regions conserved
among different sigma factors, including the helix-turn-helix
DNA-binding motif in regions 3 and 4.2 (33).

Recently, Lang et al. (39) reported that in the protist Re-
clinomonas americana, the mitochondrial genome carries a set
of genes (7poA to rpoD) that encode the subunits that comprise
a eubacterium-type RNA polymerase (o, B'c). Because the
R. americana mitochondrial genome appears to be an ancestral
type of mtDNA, representative of an early stage in the evolu-
tion of this organellar genome (26), one might expect that the
mtDNA-encoded sigma factor would have been recruited as a
transcription factor for mitochondrial gene expression, even
after the evolutionary replacement of the mtDNA-encoded,
eubacterium-like RNA polymerase by the nucleus-encoded,
phage-type enzyme that now functions as the mitochondrial
RNA polymerase in virtually all eukaryotes (11, 12, 27). How-
ever, in our alignment, the p63 sequence does not show ap-
preciably higher similarity to the R. americana mitochondrial
RpoD, which lacks the acidic domain and region 3.1, than to
the eubacterial RpoD sequences (Fig. 7). More detailed bio-
chemical analysis will be required to explore the functional
relevance of these similarities. Given the overall low level of
similarity, it may be significant that a mutagenesis study of the
yeast mtTFB and amino acid sequence comparison with a
mtTFB homolog from closely related species both suggest that
the mechanism of promoter recognition by the fungal mtTFB
is different from that used by eubacterial sigma factors (10, 55).

Two promoter-specific DNA-binding proteins (34 and 44
kDa) have been identified in the mitochondria of pea, a dicot-
yledonous plant (31). As noted above, our sequence similarity
searches have identified Arabidopsis protein sequences bearing
significant similarity to the wheat p63 sequence. Whether ei-
ther of the pea proteins is homologous to the wheat p63 and
Arabidopsis proteins is not known at this time. Because the
core promoter sequence differs substantially between dicotyle-
donous and monocotyledonous plants, it would not be surpris-
ing if the corresponding RNA polymerases required different
transcription factors, although similarities in the basal tran-
scription machinery might be expected. In maize, a noncon-
sensus promoter has been found in lines having Zea perennis
mitochondria (48); whether this alternative promoter interacts
with a different transcription factor(s) than does the standard
promoter remains to be ascertained. Further analysis will be
necessary to definitively identify the minimal protein compo-
nents essential for specific transcription in plant mitochondria
and to better define differences in this process in monocotyle-
donous and dicotyledonous plants.
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