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We have isolated and characterized cDNA clones for the leaf-specific Cy-phosphoenclpyruvate carboxylase (PEPCase) from the dicotyledonous

C, plant Flaveria trinervia. The isolation of multiple cDNAs indicates that in this plant the C,isoform isencoded by a small subgroup of the PEPCase

gene family. The deduced amino acid sequence reveals a higher degree of similarity to the CAM and C, isozymes of the dicotyledonous, facultative
CAM plant Mesembryanthemum crystallinum than to the C, PEPCases of monocotyledonous origin.

Phosphoenolpyruvate carboxylase: Cy-plant; Flaveria; Gene family

1. INTRODUCTION

Phosphoenolpyruvate carboxylase (EC 4.1.1.3];
PEPCase) is a key enzyme of the C, photosynthetic
pathway. It is located in the mesophyll cells and ca-
talyzes the primary fixation of CQO, to yield oxaloa-
cetate. The active enzyme consists of four identical sub-
units, each of about 110 kDa molecular mass. The C,
enzyme is allosterically activated by glucose 6-phos-
phate, a final product of CO, assimilation, while the
immediate products of the carboxylation reaction, i.e.
malate or aspartate, act as feedback-inhibitors [1,2].
The PEPCase of C, plants is also subject to a light/dark
regulation which is mediated by reversible phosphoryla-
tion of a single serine residue in the amino-terminal part
of the enzymc [3].

PEPCase activity is not only connected with C, syn-
drome. Different isoforms have been detected in various
photosynthetic and non-photosynthetic tissues of C, as
well as C; plants and are involved in the basic cell
metabolism [5]. These isoforms can be distinguished by
chromatographic, immunological and kinetic criteria
[1.4]. Molecular analysis shows that the various PEP-
Case isoforms are products of a multi-gene family [6-8].

We are interested in understanding the molecular
events underlying the evolution of C, from C; plants
and are using the PEPCase gene family in the genus
Flaveria as a model system [7]. This genus is character-
ized by the concomitant occurrence of C, and C; plants
as well as by a broad spectrum of C,-C, intermediate
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species. It thus offers the unique possibility to investi-
gate the molecular basis of cell-specific gene expression
in C, photosynthesis. In this paper we report, for the
first time, the primary structure of a C,-specific PEP-
Case from a dicotyledonous C, plant.

2. MATERIALS AND METHODS

Growth of plants, construction and screening of cDNA libraries,
nucleotide sequencing and Northern analysis have been described [9].
Mesophyll and bundle-sheath RNA was isolated according to Héfer
ct al. [10]. Antiserum against the C, PEPCase of Sorghum bicolor was
kindly provided by J. Vidal (Université Paris-Sud. Francg).

3. RESULTS AND DISCUSSION

3.1. Isolation of multipie PEPCase cDNA clones

A leaf-specific cDNA expression library from F. tri-
nervia was screened with an antiserum against the C,
PEPCase of the monocotyledonous C, plant S. bicolor,
Five ¢cDNA clones of different sizes were isolated. The
three largest cDNA inserts of 3.2, 1.82 and 0.86 kbp size
were selected for further analysis and subcloned into
pBluescript KS I (Stratagene, San Diego, USA). The
resulting plasmids were named pcFtppcl-1, pcFtppc8-2
and pcFtppcs-3, respectively.

Sequence analysis revealed that the carboxyterminal
and the 3’-untranslated regions of the three clones were
strikingly similar, although not identical (Fig. 1). The
clones differ by base pair substitutions at one position
in the coding and at 8 positions in the 3’ non-coding
sequence, respectively (Fig. 1). The sequence down-
stream the translation termination codon (TAG) is
shorter in pcFtppc5-5 than in the two other cDNAs.
Similar results have been reported for other PEPCases
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Fig. 1. Nucleotide sequence alignment of the 3’ regions of PEPCase cDNA clones pcFtppel-1, pcFtppc8-2, pcFtppceS-5 of F. trinervia. 1dentical
residues are represented by dots; the stop codon and the two putative polyadenylation signals are underlined.

[11,12]) and could be explained by alternate usage of the
two polyadenylation signals caused by differences in the
polyadenylation efficiencies of the motives per se [13] or
by variations of the sequence context (see the first po-
lyadenylation motif in Fig. 1). The isolation of multiple
cDNA clones indicates that in F. trinervia the C, iso-
form of PEPCase is encoded by a separate subfamily.
This is further supported by Southern analysis and the
isolation of multiple genomic clones for this PEPCase
isoform [7, Hermans and WesthofT, in preparation]. The
finding with F. trinervia is in contrast to maize and
Sorghum where the C, PEPCase is encoded by a single-
copy gene [6,7].

3.2. Expression analysis

The expression characteristics of the encoded genes
were investigated by Northern analysis using the largest
cDNA clone, pcFtppcl-1, as a representative probe.
The hybridization was performed under stringent con-
ditions in order to distinguish between the various mem-
hers of the PEPCase gene family of F. trinervia [7]. Fig.
2 shows that this cDNA clone detects a single RNA
species, 3.3 kb in size. The transcript is abundant in the
mesophyll cells, but cannot be detected in bundle-sheath
tissue or in roots, stems and flowers, The mesophyll-
specific accumulation of the transcript confirms that
pcFtppcl-1 encodes the C, PEPCase isoform.

3.3, Sequence analysis of pcFippcl-1 and the predicted
protein

The entire nucleotide sequence of pcFtppcl-1 was
determined. The nucleotide sequence data reported in
this paper will appear in the EMBL Nucleotide Se-
quence Databases under the accession number X61304.
The sequence contains a long open reading frame of
2898 bp, 50 nucleotides of 5 non-translated sequence,
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a 222 bp 3’ non-coding region and a 9 nucleotide
poly(A) tail (Fig. 3). The first ATG codon of the open
reading frame is located in a sequence context which
meets the requirement of a eukaryotic translational ini-
tiation site of plants [14,15].

The open reading frame can be translated into 966
amino acid residues resulting in a protein of about 110
kDa in size. Sequence comparisons with the C, PEP-
Cases of the monocotyledonous C, plants Zea mays and
S. bicolor and the CAM and C; isoforms of the dicoty-
ledonous, facultative CAM plant Mesembryanthemum
crystallinum reveal 60% identical residues between the
five proteins (Fig. 3). The variable positions are nearly
equally distributed.

A closer inspection of the protein alignment identifies
six conserved cysteine residues which may be involved
in subunit/subunit interactions [2]. Furthermore, a spe-

leaf

leaf, young
MC

BSC
flower
stem

root

3300~ W g -

Fig. 2. Transcript analysis with pcFtppcl-1. Total RNA (10 ug per
lane) isolated from young and mature leaves, separated mesophyll
(MC) and bundle-sheath cells (BSC), flowers, stems and roots was
analyzed by Northern hybridization as described [7]. The size of the
transcript is given in nucleotides. fluorographs were exposced for 12 h.
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Fig. 3. Amino acid sequence alignment of angiosperm PEPCases from £ trinervia (F.t.; C4 isoform), M. ervstallinum (M.c.: CAM and non-induced,
i.e. C, isoforms; [19.20)) Z. mays (Z.m.; Cs-isoform; {12]) and S. hicolor (8.b.; C4 isoform,; [21]). Identical amino ucid residues in all five enzymes
are marked by an asterisk, identical residues in at least three enzymes arc marked by a dot. Grey boxes indicate conserved regions or amino acid

residues whose putative functions are discussed in the text.
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Fig. 4. The putative phylogenetic relationship of the F. trinervia (F.t.),

M. crystallinum (M.c.), Z. mays (Z.m.) and S. bicolor (53.b.) PEPCases.

The tree was constructed by using the program CLUSTAL of the PC
gene software package (vers. 5.16, IntelliGenetics, Geel. Belgium).

cies-invariant lysine residue (lysine-600 of the F. rriner-
via protein) can be detected. The regions surrounding
this position (residues 594-603 and 632-645 of the F.
trinervia protein) are highly conserved among all euka-
ryotic and prokaryotic PEPCases analyzed so far (Fig.
3). There is evidence that this part of the enzyme is
involved in phosphoenolpyruvate binding and catalytic
activity [2,17]. The serine-15 residue of the maize PEP-
Case undergoes reversible phosphorylation during
light/dark transitions which is correlated with changes
in the activation state of the enzyme [3]. The structural
motif Lys/Arg-X-X-Ser of this phosphorylation site is
also present at the corresponding positicn of the F.
trinervia enzyme. Thus, this element is shared by the C,
and CAM isoforms but is lacking in the Cs-isoenzyme
[3,18].

Surprisingly, only two amino acid residues, valine-
725 and serine-773, are specific for both the mono- and
dicotyledonous C, PEPCases. These residues are miss-
ing in the CAM and the C; enzyme (Fig. 3). The signif-
icance of this finding is unknown at present.

To quantitate the relationship between the various
enzymes a phylogenetic tree was constructed. Fig. 6
shows that the C, PEPCase of F. trinervia is more clo-
sely related to the C; and CAM isoforms of M. crystal-
linum than to the monocotyledonous C, PEPCases.
This reinforces the view that the mono- and dicotyledo-
nous C4 plants evolved independently from each other
after the monocot-dicot divergence [16].
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