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We have isolated and characterized cDNA clones encoding the entire precursor for the leafspecific isoform of pyruvate, orthophosphate dikinase

(PPDK) from the dicotyledonous C, plant Flaveria trinervia. The deduced amino acid sequence reveals a high degree of similarity to the correspond-

ing maize protein indicating a common evolutionary basis. However, no significant similarities are apparent upon comparison of the putative transit
peptides. The implications of this divergence are discussed with respect to the evolution of PPDK genes.

Pyruvate, orthophosphate dikinase; C, plant; Transit peptide; Flaveria trinervia

1. INTRODUCTION

Pyruvate, orthophosphate dikinase (EC 2.7.9.1.;
PPDK) is a key enzyme in the photosynthetic pathway
of C4 plants belonging to the NADP/NAD-malic en-
zyme subgroups [1]. The enzyme catalyzes the conver-
sion of pyruvate to phosphoenolpyruvate, the primary
acceptor of CO;, and is controlled by light through a
dephosphorylation/phosphorylation mechanism [2-4].
The active enzyme consists of 4 identical subunits of 94
kDa [5] which are encoded by a nuclear gene as revealed
by the isolation of cDNA and genomic clones from
maize [6-8]. PPDK is predominantly located in the
chloroplasts of mesophyll cells (cf [1]), although minor
amounts have been detected in bundle sheath
chloroplasts [9]. The enzyme has also been found in
non-photosynthetic tissues and in green leaves of C;
plants [10,11]. However, the function and enzymatic
properties of PPDK in these tissues need further in-
vestigation.

In maize leaves the C; isozyme of PPDK is translated
from a 3.5 kb mRNA as a 110 kDa precursor protein
destinated to be imported into the chloroplast [9]. In
contrast, the isozyme in roots and etiolated leaves lacks
most or all of the chloroplast transit peptide, and the
corresponding transcripts are about 0.5 kb shorter in
size [12,13]. It has been reported that both the 3.0 and
the 3.5 kb transcripts are derived from the same gene
[13].

We are interested in understanding the processes
underlying the evolution of C4 from Cj plants and are
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concentrating our studies on the genus Flaveria
(Asteraceae) [14]. This genus is unique, because it con-
tains C; and C, plants and a large number of C;-Cy in-
termediate species [15,16]. Here we report the primary
structure of the leaf-specific PPDK of the C4 plant
Flaveria trinervia and its expression characteristics.

2. MATERIALS AND METHODS

Growth of plants, construction and screening of ¢DNA libraries,
nucleotide sequence as well as Northern analysis have been described
[17-20].

3. RESULTS AND DISCUSSION

3.1.Isolation of PPDK ¢cDNA clones

By using an antiserum to maize PPDK a cDNA clone
(IcFtrpdk1-4) was isolated from a F. frinervia expres-
sion cDNA library. Sequence analysis and comparison
with the maize sequence [8] showed that IcFtrpdk1-4
contains a 1.15 kb EcoRI fragment which encodes the
aminoterminal part of PPDK (Fig. 1). Using this clone
as a probe several recombinant lambda phages were
selected by plaque hybridization and subjected to
restriction analysis. Two of the clones containing two
EcoRI restriction fragments of 1.2 and 1.8 kb
(IcFtrpdk24) or 1.3 and 1.8 kb (IcFtrpdk76), respective-
ly, were characterized by Southern analysis (data not
shown). The probe IcFtrpdk1-4 hybridized exclusively
to the 1.2 and 1.3 kb fragments establishing that these
fragments contain the aminoterminal part of the PPDK
coding region. The 1.8 kb fragments on the other hand
were hybridized by pcSbpdkl (formerly designated
pPDK-S.b.-1 [18]) which contains a 700 bp fragment of
the carboxyterminal part of Serghum PPDK (Rosche,
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Fig. 1. Strategy for sequence analysis of PPDK cDNA clones. The restriction map shows only selected cleavage sites for restriction endonucleases.
The amino- and carboxy-termini of the protein-coding region (grey box) are marked. A size scale (in bp) is given on top of the figure. Sequence
reactions were primed by plasmid- or cDNA-specific oligonucleotides. The direction and extent of sequencing reactions are indicated by arrows.

unpublished data). These resuits show that the 1.8 kb
fragment contains the PPDK carboxyterminal region.
The carboxyterminal 1.8 kb fragments of IcFtrpdk24
and IcFtrpdk76 were indistinguishable by restriction
analysis suggesting that they are identical and that both
clones differ only in the length of the 5'-directed se-
quences located on the 1.2 and 1.3 kb fragments,
respectively.

3.2. Sequence analysis

The two EcoRl fragments of IcFtrpdk24 were
subcloned into pBluescript KSII* (Stratagene, San
Diego, USA) and sequenced on both strands as outlined
in Fig. 1. Partial sequence analysis of the 1.3 kb frag-
ment of IcFtrpdk76 revealed that it differs from the 1.2
kb fragment of IcFtrpdk24 by 96 bp additional
5’ -located sequences. It has to be concluded, therefore,
that both clones are derived from the same mRNA. The
3105 bp of nucleotide sequence obtained is shown in
Fig. 2.

The sequence comprises a single large open reading
frame of 2859 bp, 105 nucieotides of 5’ non-translated
sequences and a 141 bp 3’ non-coding region. The
reading frame starts with two in-frame ATG codons
(CAAGGATGATG). According to the scanning model
of translation initiation in eukaryotes the first ATG
codon is used as translational initiation site [21]. This
first ATG codon is located in a sequence context show-
ing similarity to the designated consensus motif for
translational initiation sites in plants [22]. The GAAGG
motif preceding this ATG codon is conserved in maize
[8] reinforcing that the first ATG is used for transla-
tional initiation, Neither a poly(A) tail nor a putative
polyadenylation signal can be detected in the 3’ non-

coding region suggesting that cDNA synthesis by
reverse transcriptase has started within the 3’ non-
coding segment of the PPDK mRNA.

The entire open reading frame can be translated into
953 amino acid residues resulting in a precursor
polypeptide of 103.9 kDa in size. A putative cleavage
site as deduced from the aminoterminal sequence of the
maize protein [8] may be located at valine 75 (Fig. 3). A
similarity to the consensus cleavage site-motif proposed
by Gavel and von Heijne [23] is hardly detectable. If the
precursor protein is cleaved at this valine residue, the
mature protein would be 95 kDa which agrees quite well
with the given estimate [5].

Sequence comparison of the mature proteins of
maize and F. frinervia reveals 78% similarity
demonstrating that the two PPDKs are homologous
proteins most likely exerting the same metabolic func-
tion. There is complete sequence conservation in a
region (boxed in Fig. 3) which contains the histidine and
threonine residues involved in catalysis and in the
phosphorylation/dephosphorylation reactions regu-
lating the activation state of the enzyme (reviewed in
[4]). This same region is also conserved in the PPDK of
Bacteroides symbiosus [24].

In contrast, a similarity in amino acid sequence (Fig.
3) or secondary structure (Fig. 4) is hardly detectable
between the putative transit peptides of the maize and
the F. trinervia PPDK. Although transit peptides of dif-
ferent precursors do not show significant sequence
similarity, blocks of conserved amino acid residues are
usually observed in transit peptides of the same precur-
sor class, e.g. rbcS, cab and gapA precursors [25,26].
The lack of similarity in both primary and secondary
structure may be indicative that the transit peptides of
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Fig. 2. Combined mucleotide sequence of F. trinervig PPDK cDNA clones icFtrpdk24 and -76. The putative translational start codon of the PPDK
coding region and the stop codon are underlined.

the two PPDKs are not homologous, i.e. they have
arisen independently from each other, while mono- and
dicotyledonous Ci plants evolved from their C;
ancestors. On the other hand, the leaf-specific PPDK
isozyme in Cs plants has been reported to be located in
the chloroplast [11]. This may suggest that the entire
coding region for the PPDK precursor protein existed
already before the divergence of mono- and dicotyle-
donous plants as has been found for chloroplast gly-
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ceraldehyde-3-phosphate dehydrogenase, for example
[26]. It is hardly to imagine, therefore, that the coding
region for the transit peptide of the C4 isoform has been
evolved after the monocot/dicot divergence and has
been attached to an already existing PPDK gene.
However, the evolution of PPDK genes may be more
complicated than anticipated, because in maize the
chloroplast as well as the cytosolic isoforms of PPDK
are encoded by the same gene [13]. Therefore,
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Fig. 3. Amino acid sequence alignment of maize and F. trinervia PPDK. Identical amino acid residues are marked by asterisk. The putative cleavage
sites for the Flaveria and the maize precursor polypeptides are indicated by arrows.

characterization of the PPDK gene family in closely
related Cs and C; species like in the genus Flaveria may
help to elucidate this complex matter of PPDK evolu-
tion,

3.3. Expression analysis

Transcripts 3.4 kb in size hybridizing to IcFtrpdk24
are abundant in leaves of the C, species F. trinervia and
the Cy-like plant F. brownii (Fig. 5). Trace amounts of
transcripts of the same size are also detectable in leaves
of the Cs species F. pringlei (Fig. 4). This indicates the
presence of homologous genes in the 3 species as has
been found for phosphoenolpyruvate carboxylase [19].

Transcripts in roots or stems of F. ¢rinervia and F.
pringlei are hardly detectable (see Fig. 4). Only after
prolonged exposure faint signals become visible. Thus
the gene corresponding to IcFtr24 is expressed in an
organ-specific manner. In maize it has been shown that
PPDK transcripts in leaves and roots, although of dif-
ferent sizes, are derived from the same gene [13]. This
suggests that alternative RNA processing or differential
promoter usage accounts for transcript diversity. The
analysis of genomic PPDK clones from F. trinervia
{Rosche and Westhoff, unpublished data) will allow us
to elucidate, whether this pattern of PPDK gene expres-
sion in maize is common also to dicotyledonous plants.
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Fig. 4. Amphipathy analysis of the aminoterminal regions of the precursors of maize (A and B) and F. trinervia PPDK (C and D). Amphipathic
a-helices (A and C) and S-sheets (B and D) were detected with the algorithm of Cornette et al. [27] using a window size of 10 amino acid residues.
An angle of 6 = 85-110° between successive residues was used for the prediction of a-amphipathic structures, amphipathic 8-sheets were computed
for an angle 6 = 160-180° [27,28]). Y-axes: amphipathic indices; X-axes: amino acid residues. The cut-off line (dotted line) for the prediction of
amphipathic o-helices and 8-sheets was set to an amphipathic index of 2 [27]. The putative cleavage sites are labelled by arrows.

F. trinervia F. pringlei F. brownii

leaves
stems
roots

leaves
stems
roots

leaves

3.4 kb

Fig. 5. Analysis of PPDK transcripts in F. trinervia (Cs), F.brownii

(Cs-like) and F. pringlei (Cs). Organ-specific poly(A)* -RNAs (10 pg

each) were analyzed by Northern hybridization using the radio-

labelled 1.2 and 1.8 kb EcoRI fragments of IcFtrpdk24 as a probe.

The faint signals obtained with root and stemt RNA are undetectable
in the photographs.
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