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BH Studies on alternative splicing in higher plants

Alternative splicing has emerged in recent years as a widespread mechanism for regulating
gene expression and generating isoform diversity. It has been a subject of major interest, both in its
own right as an important biological regulatory mechanism, and also because it has provided insights
into some fundamental aspects of splicing. The analysis of alternative splicing has been mainly
performed in mammals and some important information about the mechanism such as the
identifications of trans factors and cis regulatory elements were obtained. However, recent studies
demonstrated the involvement of alternative splicing in the synthesis of some enzymes in plants. I
analyzed about alternative splicing of two enzymes in pumpkin. One is hydrt‘}xypyruvate reductase
(HPR) that is known for a leaf pen.-oxisomal enzyme and the other is chloroplastic ascorbate
peroxidase (APX).

From the two kinds of ¢DNA cloning for HPR and the determination of their nucleotide and
genomic sequences, it has been proposed that alternative splicing could function in the synthesis of
their mRNAs [1]. Therefore, I tried to detect the presence of two HPR proteins in pumpkin cells. The
immunofluorescent microscopy using an antibody against HPR showed that HPR1 and HPR2
proteins are localized in leaf peroxisomes and the cytosol, respectively. These localizations were
confirmed by the analysis using transgenic plants that expressed fusion proteins with green
fluorescent protein. Based on these results and the nucleotide and deduced amino acid sequences, it
was concluded that alternative splicing controlled the production of the targeting signal to

peroxisomes, resulting in the determination of two HPR proteins. That is, a single HPR gene has two



pairs of the GT-AG doublets in the region encoding the carboxy terminus, and the way to splice
affects the presence of the targeting signal. The immunoblot analysis revealed that the accumulations
of two electrophoretically similar polypeptides corresponding to HPR1 and HPR2 proteins were
increased during germination of pumpkin cotyledons and enhanced by light. Moreover, the RT-PCR
analysis showed that this light induction shifted the splicing pattern from the production of almost
equal amounts of HPR1 and HPR2 mRNAs to mainly production of HPR2 mRNA. These results
suggest that alternative splicing of HPR pre-mRNA is regulated developmentally and by light [2]. The
existence of only HPR2 in stamen tissues in addition to the fact of the much induction of HPR2
protein compared to HPR1 provides the interest of the physiological role of HPR2, but the function
of HPR2 ﬁrotc‘:n in the cytosol remains unclear.

To date, cDNAs for HPR in higher plants have been cloned from pumpkin [1] and cucumber
[3]. HPR cDNA in cucumber encodes the protein without the targeting signal, namely, the HPR2-
type protein. However, it was indicated that another HPR protein with the targeting signal to
microbodies existed in cucumber, because the cucumber HPR gene also has two pairs of the GT-AG
doublets at the same position of pumpkin HPR gene. It is therefore important to exami;le whether
another plants have the HPR proteins. Five ArabidopsisEST clones homologous to pumpkin HPR
have been registered at the Arabidopsis Biological Resource Center (ABRC) at Ohio State University.
The determination of their nucleotide sequences encoding the carboxy termini revealed that all EST
clones encode the HPR 1-type protein. It was confirmed that only one polypeptide was recognized by
antibodies against HPR. At the result of the genomic sequence, Arabidopsis HPR gene has one kind
of the GT-AG doublet, although the HPR gene exists as a single copy like does pumpkin HPR gene.
These results show that alternative splicing does not undergo in Arabidopsis[4]). The immunoblot
analysis demonstrated that pumpkin and cucumber, of tested plants, seem to have two kinds of HPR
proteins, whereas other plants seem to have one HPR protein, indicating that all plants do not
necessarily need the cytosolic HPR.

Plant cells have four kinds of APX. Of these, two APXs are localized in the stroma (sAPX)

and on the thylakoid membrane (tAPX) in chloroplasts, and they are considered as the scavengers of

hydrogen peroxide. From the partial sequence at the amino termini and the biochemical properties, it



was speculated in our laboratory that sAPX and tAPX might be produced by alternative splicing.
Therefore, I tried to isolate SAPX ¢cDNA clone in pumpkin and determine its nucleotide scquence. As
compared with the sequence of pumpkin tAPX ¢cDNA [5], sAPX cDNA showed the complete
identity except the region encoding the carboxy domain that contained the thylakoid membrane
spanning region. The analysis of genomic structure clarified the presence of one donor site and two
acceptor sites, indicating that the way to use each acceptor site determined the inclusion of the
thylakoid membrane spanning region. The immunoblot analysis revealed that this alternative splicing
are also regulated developmentally and by light. Moreover, the regulation of tissue-specific manner is
present [6].

At the results of these two examples, it was demonstrated that alternative splicing which
produces variants whose subcellular or suborganellar localizations are different exists in higher
plants. Interestingly, this alternative splicing showed the light-dependency and the tissue-specific
manner. Tissue specificity is the phenomena as same as seen in alternative splicing in mammals.
However, the light-dependency is specific to plants, indicating the presence of the novel mechanism
of the signal transduction. Also, these data suggest that the conversions of microbodies (from
glyoxysomes to leaf peroxisomes) and chloroplasts (from etioplasts to chloroplasts) are closely

related to the regulation of HPR and chloroplastic APXs by alternative splicing, respectively.
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AGPase
APX
BSA
BY-2

HPR
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kD
mbAPX
PBS
PMSF
pre-mRNA
PTS
RT-PCR
sAPX
SDS
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snRNA
snRNP
SSC
tAPX
Tris

ADP-glucose pyrophosphorylase
ascorbate peroxidase

bovine serum albumin
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cylosolic APX
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microbody membrane-bound APX
phosphate buffered saline
phenylmethanesulfonyl fluoride
precursor of mRNA

peroxisomal targeting signal
reverse transcription of RNA followed by PCR
stromal APX

sodium dodecylsulfate

synthetic GFP

small nuclear RNA

small nuclear ribonucleoprotein
standard saline citrale

thylakoid membrane-bound APX
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Abstract

Alternative splicing has emerged in recent years as a widespread mechanism for
regulating gene expression and generating isoform diversity. It has been a subject of
major interest, both in its own right as an important biological regulatory mechanism, and
also because it has provided insights into some fundamental aspects ol splicing. The
analysis ol alternative splicing has been mainly performed in mammals and some
important information about the mechanism such as the identifications of frans [actors and
cis regulatory elements werce obtained. However, recent studies demonstrated the
involvement of alternative splicing in the synthesis of some enzymes in plants. I analyzed
about alternative splicing ol two enzymes in pumpkin. One is hydroxypyruvate reductase
(HPR) that is known for a leal peroxisomal enzyme and the other is chloroplastic
ascorbalte peroxidase (APX).

From the two kinds of cDNA cloning for HPR and the determination of their
nucleotide and genomic sequences, it has been proposed that alternative splicing could
function in the synthesis of their mRNAs (Hayashi et al., 1996). Thereflore, I tried to
detect the presence of two HPR proteins in pumpkin cells. The immunofluorescent
microscopy using an antibody against HPR showed that HPR1 and HPR2 proleins are
localized in leaf peroxisomes and the cytosol, respectively. These localizations were
conflirmed by the analysis using transgenic plants thal expressed fusion proteins with
green fluorescent protein. Based on (hese results and the nucleotide and deduced amino
acid sequences, it was concluded that alternative splicing controlled the production of the
targeting signal (o peroxisomes, resulting in the determination of two HPR proteins. That
is, a single HPR gene has two pairs of the GT-AG doublets in the region encoding the
carboxy lerminus, and the way to splice affects the presence of the targeting signal. The
immunoblol analysis revealed that the accumulations of two clectrophoretically similar
polypeptides corresponding to HPR1 and HPR2 proteins were increased during
germination of pumpkin cotyledons and enhanced by light. Moreover, the RT-PCR
analysis showed that this light induction shifted the splicing pattern from the production

of almost equal amounts of HPR1 and HPR2 mRNASs (o mainly production of HPR2
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MRNA. These results suggest that aliernative splicing of HPR pre-mRNA is regulated
developmentally and by light. The existence of only HPR2 protein in stamen tissues in
addition to the fact of the much induction of FHIPR2 protein compared to HPR protein
provides the interest of the physiological role of 1HIPR2 protein, but the function of HPR2
protein in the cylosol remains unclear.

To date, cDNAs for HPR in higher plants have been cloned from pumpkin
{(Hayashi et al., 1996) and cucumber (Greenler et al., 1989). HPR cDNA in cucumber
encodes the protein withoul the targeting signal, namely, the HPR2-type protein.
However, Hayashi ¢t al. (1996) indicated the presence of another HPR protein with the
targeting signal in cucumber, because the cucumber FIPR gene also has two pairs of the
GT-AG doublets at the same position of pumpkin HPR gene. [t is therelore important (o
examine whether another plants have the HPR proteins. Five Arabidopsis EST clones
homalogous to pumpkin HPR have been registered at the Arabidopsis Biological
Resource Center (ABRC) at Ohio State University. The determination of their nucleotide
sequences encoding the carboxy termini revealed that all EST clones encode the HPR -
type protein. It was confirmed that only one polypeptide was recognized by antibodies
against HPR. Al the result of the genomic sequence, Arabidopsis HPR gene has one kind
of the GT-AG doublet, although the HPR gene cxists as a single copy like does pumpkin
HPR gene. These resulls show that alternative splicing does not undergo in Arabidopsis.
The immunoblot analysis demonstrated that pumpkin and cucumber, of ested plants,
secm to have two kinds of HPR proteins, whereas another plants seem to have one HPR
prolcin, indicating that all plants do not necessarily need the eytosolic HPR.

Plant cells have four kinds of APX. Of these, two APXs are localized in the
stroma (sAPX) and on the thylakoid membrane (tAPX) in chloroplasts, and they are
considered as the scavengers of hydrogen peroxide. From the partial sequence at the
amino termini and the biochemical properties, it was speculated in our laboratory that
sAPX and tAPX might be produced by alternative splicing. Therefore, [ tried to isolate
sAPX cDNA clone in pumpkin and determine its nucleotide sequence. As compared with

the sequence of pumpkin tAPX cDNA (Yamaguchi et al., 1996), sAPX cDNA showed
3



the complete identity except the region encoding the carboxy domain that contained the
thylakoid membrane spanning region. The analysis of genomic structure clarified the
presence of one donor site and two acceplor sites, indicating that the way to use cach
acceptor sile determined the inclusion of the thylakoid membrane spanning region. The
immunoblot analysis revealed that this alternative splicing are also regulated
developmentally and by light. Moreover, the regulation of tissue-specific manner is
present.

At the results of these (wo examples, it was demonstrated that alternative splicing
which produces variants whose subcellular or suborganellar localizations are different
exists in higher plants. Interestingly, this alternative splicing showed the light-
dependency and the tissue-specilic manner. Tissue specilicity is the phenomena as same
as scen in alternative splicing in mammals. However, the light-dependency is specific to
plants, indicating the presence of the novel regulation of alternative splicing. Also, these
data suggest that the conversions of microbodies (from glyoxysomes 1o lcaf peroxisomes)
and chloroplasts (from ctioplasts to chloroplasts) arc closely related (o the regulation of

HPR and chloroplastic APXs by alternative splicing, respectively.



Chapter 1
General introduction



1.1. RNA processing

Genes in cukaryoles are often interrupted by intervening sequences (introns) that
must be removed during gene expression. Transcribed pre-mRNAs undergo a series of
modifications in the nucleus in order to function as mature RNAs, namely, the addition to
5' capping with 7-methyl guanosine, the addition of poly(A) tail to the 3' end of nascent
transcripts and the removal of introns (RNA splicing). RNA splicing is the mechanism by
which introns are precisely removed and the flanking functional sequences (exons) are
ligated. In order to avoid disrupting the open reading frame, precise removal of introns is
required, and the analysis about the mechanism, such as trans factors and cis-splicing
elements, have been carried out (Padgett et al., 1986). With respect to cis-splicing
elements, it was recognized that sequences at the boundaries between introns and exons
are not random, namely, introns begin with GT and end with AG (the GT-AG rule). A
number of available splice junction sequences revealed that this GT-AG rule was obeyed
and that a somewhat longer consensus sequence could be found (Mount, 1982).
/IGUAUGU (the vertical line represents the exon-intron border) is identified as the 5’
splice site (the donor site) (Parker and Guthrie, 1985; Siliciano and Guthrie, 1988),
whereas YnNCAG/G (the vertical line represents the intron-exon border) is the consensus
sequence as the 3' splice site (the acceptor site) (Ohsima and Gotoh, 1987). In addition,
the polypyrimidine tract, which plays a role of §' cleavage reaction, and the branch point
sequence are determined as the important sequences for RNA splicing. The branch point
sequence, UACUAAC, is highly conserved and the final A in the sequence is the site of
branch formation (Padgett et al., 1986). However, recent study revealed the presence of
another boundaries, whose introns begin with AT and end with AG (the AT-AG rule),
and the identification of some components which bind to such splice sites (Tarn and
Steitz, 1997). Splicing occurs in a large ribonucleoprotein complex, spliceosome, which
consists of five major small nuclear RNAs (U1, U2, U4, US and U6 snRNAs) and
ribonucleoproteins (snRNPs) that contain one or a few snRNRs, and unidentified
proteins. In the case of splicing, a two-step reaction involving successive

transesterification reactions is occurred as the followings. Initially, Ul snRNP and U2
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snRNP bind (o the 5" splice donor site and the branch point region in pre-mRNA,
respectively, and then the cleavage occurs at the ' donor splice site. The 5" end of the
intron is joined to an adenosine residue located within the intron, giving rise to a lariat
form of the intron. Then the binding of the U4-U5-U6 snRNP complex happens,
resulting in ligation of the exons and release of the lariat intron (Smith et al., 1989;
Madhani and Guthrie, 1994). All components and cis-clements involving in RNA
splicing have not been completely identified and some studies about the elucidation of
RNA splicing arc in progress. This splicing is called general (or constitutive) splicing and
is distinguished from alternative splicing. The modifications including RNA splicing

occur in the nucleus and processed RNAs get out from the nucleus to the cytosol.

1.1.1. Gene expression regulated by alternative splicing

Allernative splicing is a well-known post-transcriptional device for regulaling gene
expression and generating isoform diversity in cukaryolic organisms. This device gives
rise to protein isoforms sharing cxtensive regions of identity and varying only in specific
domains without permanent gene rearrangement or changes in transcriptional activity,
resulting in the advantages as a level of qualitative and quantitative regulation of gene
expression, highlighting the importance of alternative splicing as a post-transcriptional
level of gene regulation as well as the transcriptional level. Figure 1-1 summarizes the
classification for altlernative splicing based on the various combinations of different
promolers, diffcrent splice sites and different poly(A) sites. They are various patlerns that
are from the simplest form of splice/don’t splice to the complicate form of mutually
exclusive exons (McKeown, 1992). This mechanism can involve on/off regulation of the
producls for particular genes or it can produce alternative products which allow for
protein function, ranging [rom the determination of cellular and subcellular localization to
the modulation of enzyme activity. Alternative splicing is also used (o quantitatively
regulate gene expression by producing prematurely truncated open reading frames or by

regulating mRNA stability or translational e(ficiency via variability in the untranslated
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Figure 1-1. Various forms of alternative splicing for pre-mRNA. (A) Splice / don't
splice, (B) Alternative 3’ splice sites, (C) Alternative 5 splice sites, (D) Exon
skipping, (E) Multiple exon skipping, (F) Mutually exclusive exons, (G)
Alternative promolers / altlernative 5" splice sites, (H) Alternative poly A sites /

alternative 3' splice sites (MacKeown, 1992),



regions. It has been mainly reported in mammals that the number of alternatively spliced
genes has expanded enormously (Inoue et al., 1990; 1992; Corti et al., 1994; Arsura et
al., 1995; Duncan et al., 1995: Lui et al., 1996; Miyatake et al., 1996, Sajjadi et al.,
1996G; Si et al., 1996: Sugivama et al., 1996; Walker et al., 1996; Wetering ct al., 1996;
Zhao and Manley, 1996; Yang et al., 1996; Yu and Toole, 1996, Diamant et al., 1997,
Lievens et al., 1997; SchischmanolT et al., 1997; Han ot al., 1997). In all cases,
alternative splicing produces some variants from single genes, resulting in the diversity of
the function and subcellular localization. In higher plants, recent studies demonstrated the

involvement of alternative splicing in the synthesis of some proteins (Chapler 1.1.4).

1.1.2. Protein localization controlled by alternative splicing

As slated above, alternative splicing gives various lunctional eflects to different
products. In the case that spliced regions are involved in the determination of the cellular
or subcellular localization, such as the targeting sequences, alternatively spliced products
reveal different localizations. For example, carnitine acetyltransferases, which catalyzes
the reversible transfers short-chain acyl groups from acyl-coenzyme As lo carniline, are
localized in mitochondria and peroxisomes (Corti et al., 1994). In the case of the deletion
of the leader sequence to mitochondria at the amino terminal region, carnitine
acetyltransferase is transported to peroxisomes due to the peroxisomal lm‘gc‘lling signal at
the carboxy terminus, whereas alternatively spliced carnitine acetyltransferase, which has
the leader sequence at the amino terminal region, is localized in mitochondria in spite of
the existence of the peroxisomal targeting signal, because the leader sequence o
milochondria is more prevailing than the peroxisomal targeting signal. Murine CD44 also
utilizes alternative splicing to generate numerous isoforms (Yu and Toole, 1996). This
protein is a multifunctional cell-surface glycoprotein that is expressed as multiple
isoforms derived {romn a single gene. Some of them are truncated prior to the
transmembrane domain, resulling in the secretion as soluble proteins. The membrane-

bound glycoprotein gp 130, which acts as an affinity converting and signal transducing
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receptor for interleukin-6 and several other cytokines, undergoes alternative splicing,
leading (o a frame-shift which produces a stop codon before the transmembranc domain.
Al aresult, truncated gpl30 is produced as a soluble form and secreted (Diamant et al.,

1997).

1.1.3. Mechanism of alternative splicing

How does alternative splicing occur in the nucleus? In mammals, alternative
splicing often shows the tissue-specific (Miyatake et al., 1996; Sajjadi et al., 1996; Si et
al., 1996; Sugiyama et al., 1996; Yang et al., 1996; Yu and Toole, 1996; Zhao and
Manley, 1996; Han ct al., 1997; Licvens et al., 1997) or the developmental stage-specific
manners (Lui ct al., 1996; SchischmanofT et al., 1997, Walker ct al., 1996), although the
mechanism is still obscure. From the analysis of the somalic sex determination in
Drosophila melanogaster, which is the best characlerized example, a lot of important
information aboul the mechanism of alternative splicing were obtained (Bell et al., 1988,
Baker, 1989; Inoue ct al., 1990; 1992; Hoshijima et al., 1991,; Sakamoto et al., 1992).
In Drosophila, the somatic scx is determined by the ratio of X chromosomes o
autosomes, namely, one X chromosomes and two sets of autosomes are male, whereas
individuals with equal numbers of X chromosomes and sets of autosomes are female.
Many components, including sex-lethal (sx/), transformer (fra), iransformer-2 (tra-2) and
double-sex (dsx) products, consist of a hicrarchy of regulatory pathway for the sex
determination regulated by alternative splicing. In the case of individuals with equal
numbers of X chromosomes and sets of autosomes (female form), exon 3 skipping is
caused by alternative splicing during the maturation of sx/ pre-mRNA, leading to the
production of active Sx| protein. SxI protein controls alternative splicing of tra pre-mRNA
by the binding the upstream region of exon 2, resulting in exon 2 skipping. Al a result,
active Tra prolein is produced. Tra protein along with another [actor, Tra-2 protein,
regulates alternative splicing of dsx pre-mRNA by the binding in the exon 4, causing the

inclusion of exon 4. This serics of events ends up to the determination of female. In the
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case of male, however, active Sxl prolein is not produced because of inclusion of exon 3
that conlains a stop codon, giving risc to truncated Tra protein. Truncated Tra protein can
not bind the exon 4 of dsx pre-mRNA so that exon 4 skipping happens, leading to the
determination of male. The binding sites of SxI, Tra and Tra-2 proteins have been
determined in each pre-mRNA (Inoue et al., 1990; 1992; Hoshijima et al., 1991,
Sakamoto et al., 1992). It has been reported that alternative splicing appears lo be
achicved by subtle variations of the general splicing mechanism described previously
(Smith et al., 1989). Morcover, recent analyses revealed the presence of additional
intronic and exonic cis-clements for alternative splicing. Huang and Spector (19906)
demonstrated intron-dependent splicing of pre-mRNA. The exonic splicing enhancer(s)
(ESE), which consists ol contiguous repcats of the motil of GARGAR (R indicalcs
purine), are considered as the cis-clement(s) for binding of frans lactors such as SR
proteins (Gontarck and Derse, 1996; Ycakley et al., 1996; Gallego et al., 1997; Tacke et
al., 1997). SR proteins, which have one or two RNA recognition molil(s) at thec amino
terminal region and the Arg and Ser residue-rich domain at the carboxy terminal region,
are considered as candidates for frans regulating factors. It has been demonstrated that SR
proteins can promolte differential regulation and use of different splice sites by binding (o
the ESEs and interacting with another splicing factors or spliceosomal proteins (Zahler et
al., 1992: Screaton et al., 1995; Chandler et al., 1996; Jumaa and Niclsen, 1997).
Various SR proteins are expressed according lo tissues and developmental stages whose
molecular masses vary [rom 20 kDa to 75 kDa, and some of them appear (o function as
components of general splicing complexes (Valcdrcel and Green, 1996). From the
analyses of mammals, the ratio of SR proteins influences the alternative splicing that is
related Lo the tissue specificily (Chandler et al., 1996; Gontarck and Derse, 1996;
Screaton el al., 1995; Zahler et al., 1992), Tra and Tra-2 proteins belong to the SR
protein family. In higher plants, Lazar et al. (1995) and Lopato et al. (1996) showed the
existences of polypeplides that crossreact with antibodies against human SR protein in the
extracts of Arabidopsis, \Wobacco cultured cells and carrot. Several homologues have been

cloned only in Arabidopsis, and it has been proved that they could restore splicing in
11



HeLa S100 splicing-deficient extracts, indicating that they play a crucial role in alternative
splicing (Lopato et al., 1996), suggesling the presence of the mechanism similar to

maminals.

[.1.4. Alternative splicing in higher plants

Recent papers report on the occurrence of alternative splicing in higher plants as
well as in mammals but only very few alternative spliced genes have been documented. In
this section, [ would like to introduce recent reports related to alternative splicing in
higher plants. Three kinds ol chorismate synthase, which catalyze the last step in the
biosynthesis of the aromatic amino acids such as phenylalanine, tyrosine and tryptophan,
cxist. Of these, two proteins are synthesized by allernative splicing and the ratio of these
two mRNAs dilfers from different organs in tomato (Garlach et al., 1995). The synthesis
of 3-hydroxy-3-methylglutaryl coenzyme A reductases, which has a role of the synthesis
of mevalonic acid, is regulated by the use of alternative promoters in Arabidopsis
(Lumbreras et al., 1995). In the case of rice homeobox mRNA, allernative splicing,
which shows the tissue-specific lashion, occurs at three differcnt acceplor sites,
producing three mRNAs [rom a single pre-mRNA (Tamaoki et al., 1995). H-protein is
one of four components of a mitochondrial multi-enzyme complex of the glycine clcavage
system and alternative splicing shows the regulation dependent on the specics—spcciﬁc
manner, namely, alternative splicing of H-protein occurs in the C4 species and does not in
any C3 and C3-C4 intermediate species (Kopriva et al., 1996). Moreover, the production
of FCA, a protein controlling lowering time, and the homologue of Brassica S-receptor
kinase is controlled by alternative splicing in Arabidopsis (Macknight et al., 1997, Tobias
and Nasrallah, 1996). In hoth cases, oncs are located in the cell surface because of the
presence of the membrane-spanning domain. and the others are secreted on account of the
deletion of this domain by alternative splicing. Gene of ADP-glucose pyrophosphorylase
(AGPase) in barley has two exon | that arc called exon la and exon 1b (Thorbjgmsen et

al., 1996). Of these, exon b contains the transit peptide to amyloplasts. Alternative
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promoler controls the selection of exon la or exon 1b. When the distal promoter, which
is located at the upstream of exon la, is used, exon la is included, resulting in the
production of cytosolic AGPase. When another promoter, which is present between exon
la and exon 1b, is used, the inclusion of exon b leads to the production of the
amyloplastic AGPase. Denyer et al. (1996) and Thorbjgrnsen et al. (1996) estimated
enzymalic activilies of both AGPases in maize and barléy endosperm, respectively,
concluding that both AGPases [unction in the biosynthesis of ADP-glucose. In other
cases described above, the physiological roles or functions of alternatively spliced

variants remain unclear.

1.2. Protein transport into organelle

It is necessary for proteins to be transported correctly to a given place in order o
function as aclive forms. The functioning of organclles is therefore strongly dependent on
the import of many nuclear-encoded proteins. The targeting of proteins to an organelle in
a cukaryotic cells is brought about by signals. On behalf of such signals, presequences
for translocation to mitochondria (Roise and Schatz, 1988), transit peptides [or
translocation to chloroplasts (Karlin-Neumann and Tobin, 1986), retention signals in the
endoplasmic reticulum (Pelham, 1989), targeting signals (o vacuole (Nakamura and
Matsuoka, 1993; Paris and Rogers, 1996) and the peroxisomal targeting signals (PTSs)
have been identified. In the case of transport to microbodies (glyoxysomes and
peroxisomes), two kinds of PTS have been identified. One is located at the carboxy
terminus (PTS1) and the other is in the amino terminal presequence of the precursor

protein (PTS2) (With respect to transport into microbodies, I describe in Chapter 1.2.2).

1.2.1 Microbody-transition controlled by light
Microbodics are ubiquitous organelles bound by a single membrane that exist in

mammals, plants, fungi, yeast and invertebrate animals (Beevers, 1979). These
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organclles contain hydrogen peroxide-producing enzyme and catalase that catalyzes the
reduction of hydrogen peroxide to water. In higher plants, microbodics are
subcategorized as glyoxysomes, leal peroxisomes and unspecialized microbodies.
Glyoxysomes, which are found in oil-rich tissues of cliolaled cotyledons, contain some
cnzymes required for the B-oxidation of fatty acids and the glyoxylate cycle.
Glyoxysomes play a major role in the mobilization of ]i;ﬁds that is necessary for the
gluconcogenesis. Leafl peroxisomes, which are present in green leaves and cotyledons,
contain enzymes of the glycolate cycle and participate in the photorespiration process
(Figure 1-2). Unspecialized microbodics with undefined physiological function are
present in other organs such as roots and stems, Some microbody enzymes have been
cloned and characterized (Mori and Nishimura, 1989; Tsugeki ct al., 1993; Kato et al.,
1995; 1996, 1998, Mano ct al., 1996). Activitics and amounts of mRNAs [or
glyoxysomal enzymes, such as malate synthase, citrate synthase and isocitrate lyase, are
induced in darkness during germination of oil-sced cotyledons like pumpkin, cucumber
and watermelon. However, when seedlings grown in darkness are transferred (o
continuos light, activities of glyoxysomal enzymes arc dramatically decreased, whereas
activitics of leaf peroxisomal enzymes, such as glycolate oxidase and hydroxypyruvate
reductase, are increased, showing the functional transformation ol microbodies.
Nishimura ct al. (1993) and Titus and Becker (1985) demonstrated that glyoxysomes are
transformed directly to leal peroxisomes and that this microbody transition is controlled
by light. Moreover, Schantz et al. (1995) reported the implication of the signal
transduction regulated by phytochrome. Degradation of glyoxysomal enzymes,
prevention of transport and gene expression of glyoxysome-specific enzymes in addition
to activation of syntheses of leal peroxisomal enzymes are involved in the mechanism of
this microbody-transition from glyoxysomes to leaf peroxisomes. On the contrary, the
conversion from leaf peroxisomes to glyoxysomes occurs in senescing and detached
leaves (Nishimura et al., 1993). In this case, leaf peroxisomal enzymes disappear and
aclivities of glyoxysomal enzymes are induced again. Al present, the mechanism of the

reverse microbody-transition remains to be determined.
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1.2.2 Targeting signals into microbodics

Most microbody enzymes are transported into glyoxysomes, leal peroxisomes or
unspecialized microbodies due to the targeting signal located at the carboxy termini
(PTS1) or at the amino terminal end (PTS2). As to the former, microbody enzymes arc
synthesized as mature forms with the tripeptide at the carboxy termini. Gould et al. (1987;
1988; 1989) reported that the unique tripeptide, Scr—Lysl-Lcu or their derivations, at the
carboxy terminus could direct firefly Juciferase to peroxisomes. It is assumed that these
Ser-Lys-Leu-like sequences might be involved in the transport of microbody enzymes in
cukaryoles since they function as PTS1 in insccts, higher plants, yeast and protozoa
(Gould ct al., 1990; Blattner ct al., 1992). In higher plants, Hayashi et al. (1997)
demonstrated that the fusion proteins, which consists of J-glucuronidase and the Ser-
Lys-Leu or their derivations at the carboxy terminus, are transported into glyoxysomes in
ctiolated tissues, leal peroxisomes in greening tissues and unspecialized microbodics
present in root tissues in transgenic Arabidopsis. It has been reported that some
glyoxysomal and peroxisomal enzymes have PTS1 at their carboxy termini (Comai et al.,
1989; Graham et al., 1989; Mori et al., 1991; Mano et al., 1996; 1997; Tsugcki et al.,
1993). In yeasts and human, the putative PTS 1 receptors, which are named PEXS, has
been cloned (Leij et al., 1993; McCollum et al., 1993; Fransen ct al., 1995; Wiemer et
al., 1995). In contrast, PTS2, another targeting signal, is a conserved amino lerminal
nonapeptide (R/K)L/VMY(X)s(H/Q)(L/A) present in the presequence that is used by a
smaller subset of microbody matrix proteins such as 3-ketoacyl-CoA thiolase, citrale
synthase and malate dehydrogenase in higher plants (Kato et al., 1995; 1996; 1998).
These proteins are synthesized as larger precursors and the presequence is cleaved alter
the import to microbodies. PEX7 is identified as the PTS2 receplor in yeast (Marzioch et
al., 1994). Unfortunately, the component(s) including receplors for PTSs have not been
identified in higher plants. The mechanism of targeting ol some microbody enzymes such
as calalasc and PMP47 have not been clarified vet, since they do not contain typical PTS|
and PTS2 (Purduc and Lazarow, 1994). suggesting the presence of another targeting

mechanism to microbodies.
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1.3. Hydroxypyruvate reductase

NADH-hydroxypyruvate reductase (HPR; D-glycerate dehydrogenase, EC 1. 1.
I. 29) catalyzes the conversion of hydroxypyruvate to glycerate. This enzyme is known
to be localized in leafl peroxisomes, which are specialized microbodies found in
photosynthetic tissues in higher plants. As shown in Figure -2, it has a role in the
glycolate pathway of photorespiration. Pholorespiration involves the light-dependent
uptake of O2 and release of CO2 during the metabolism of phosphoglycolate, the two-
carbon product by the oxygenase activity of RubisCO. During photorespiration, up (o
75% of the carbon diverted from the Calvin cycle as phosphoglycolate is returned to the
cycle as 3-phosphoglycerate in a process mvolving metabolite flow through chloroplasts,
mitochondria and leal peroxisomes (Tolbert et al., 1968). HPR has been purified and
characterized from Chlamydomonas (Husic and Tolbert, 1987) and spinach
(Kleczkowski and Randall, 1988). This enzyme comprises two equal subunits and has a
high affinity for hydroxypyruvate (Km = 0.08 mM in the pl[[ range 5.5-6.5). HPR can
appreciably reduce glyoxylate of a reverse reaction but only at a high concentration (Km =
20 mM), indicating that this is a side rcaction of no physiological importance in vivo.
HPR activily has been detected in mammals (Snell, 19806), bacteria (Kohn and Jakoby,
1968) and plants (Klcczkowski and Randall, 1988). cDNAs for HPR have been cloned
from pumpkin (Hayashi et al., 1996), cucumber (Greenler et al., 1989), Arabidopsis
(Mano ct al., 1997) (Chapter 3) and methylotrophs (Chistoserdova and Lidstrom, 1991;
Yoshida et al., 1994). With regard to gene, it has been cloned in only cucumber (Schantz
el al., 1995), and E.coli also has SerA gene encoding phosphoglycerale dehydrogenase
that catalyzes the oxidation of phosphoglycerate to phosphohydroxypyruvate. In
cucumber, cis-elements necessary for light-regulation and leal-specilic expression have
been determined using transgenic tobaccos that express [3-glucuronidase under a series of
deletions of HPR promoters. Interestingly, HPR activity is not associated with a common
melabolic pathway in mammals, bacteria and plants. HPR in mammals catalyzes the
sccond step in a pathway of serine degradation with the reaction product, D-glycerate,

being channeled into the gluconeogenic pathway. In bacteria, it operates in a specialized
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serine pathway in which one-carbon compounds, such as formaldehyde, is assimilated
into cellular materials, whereas in higher plants, HPR functions in the photorespiratory
glycolate pathway as mentioned above.

Previous work in our laboratory has reported that two kinds of cDNA clone for
HPR (HPR1 and HPR2) were obtained from the cDNA library in pumpkin green
cotyledons (Hayashi et al., 1996). The nucleotide sequences of these clones showed
complete identity except for the region encoding the carboxy terminus. From the deduced
amino acid sequences for HPR1 and HPR2, it was revealed that HPR1 protein, bul not
HPR2 protcin, has the carboxy terminal tripeptide of Ser-Lys-Leu, which is known as a
targeting signal to microbodies. In addition, the genomic structure around this region
showed the presence of two pairs of GT-AG doublets within the intron (Figure 1-3). By
the comparison of the genomic sequence with two cDNAs, it has been suggested that
alternative splicing might give rise to two kinds of HPR mRNA. That is, HPRI mRNA is
produced after the longer intron is spliced out, whereas HPR2 mRNA is produced when
the 17-bp intron scquence, which has a stop codon, is retained. As a result, HPR1
protein might be transported into leaf peroxisomes due to the targeting signal that is
located at the carboxy terminus, and HPR2 protein might remain in the cytosol on account
of the lack for such a targeting sequence. cDNA for cucumber HPR does not have this
carboxy terminal tripeptide so it has been assumed as a novel targeting sequence in those
days. However, the HPR gene of cucumber has the two pairs of GT-AG doublets at the
similar position as the HPR gene of pumpkin, suggesting the possibility that cucumber
HPR might be also produced by alternative splicing and that another HPR protein with
the targeting signal into peroxisomes might exist in cucumber cells, although the cDNA
has not been cloned (Hayashi et al., 1996). Nevertheless, no one has direct evidence
whether alternative splicing is involved in the production of HPR in plants. If this
speculation is correct, pumpkin HPR is the first example of microbody enzymes that is
produced by alternative splicing and that has the possibility whose subcellular
localizations are different. It has becn reported that HPR activity and transcripts are both

developmentally regulated and by light (Greenler et al., 1989), such as is glycolate
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oxidase which is another leal-peroxisomal enzymes (Tsugeki et al., 1993), and light
promotes the microbody transition from glyoxysomes to leaf peroxisomes (Nishimura et

al.,, 1980), indicating that this alternative splicing might be regulated by light.

1.4. Ascorbate peroxidase

Ascorbate peroxidase (APX), which uses ascorbate as the electron donor, has a
key role in the removal of hydrogen peroxide. It contains one proloheme moiely per
molecule and, based on its amino acid sequence, APX has been classified as a member of
the Class I family of heme peroxidases where cyt ¢ peroxidase is the core member of the
family. In higher plants as shown in Figure 1-4, four isoenzymes of APX with different
subcellular localizations have been reported, namely, microbody APX (mbAPX)
(Yamaguchi et al., 1995; Bunkelmann and Trelease, 1996), cytosolic APX (cAPX)
(Koshiba, 1993; Mittler and Zilinski, 1991), stromal APX (sAPX) (Chen and Asada,
1989; Ishikawa et al., 1996) and thylakoid-bound APX (tAPX) (Miyake et al., 1993;
Ishikawa et al., 1996). Unlike classical plant peroxidase, APX has a remarkably high
preference for ascorbate as a reductant. This enzyme has a higher activity when hydrogen
peroxide concentration is low. APX activity is inhibited by thiol reagents, cyanide, azide,
the primary products of oxidation of p-aminophenol, hydroxyurea and hydroxylamine.
Of four isoenzymes, cAPX is localized in the cytosol of both photosynthetic and non-
photosynthetic tissues. The function is still obscure, although it has been reported that
mRNA for cAPX was induced by environmental stimulus such as drought and heat stress
(Mittler and Zilinskas, 1992; 1994) and the rises of cAPX activity and the amount of
cAPX mRNA during fruit ripening were reported in bell pepper (Schantz et al., 1995).
mbAPX is localized on glyoxysomal and leaf peroxisomal membranes and plays a role in
the reduction of hydrogen peroxide that is produced by the catalytic activities of B-
oxidation in glyoxysomes and glycolate oxidase in leaf peroxisomes, and then leaks from
glyoxysomes and leal peroxisomes (Yamaguchi et al., 1995). Chloroplastic APXs,

which are Jocalized in the stroma (SAPX) and on the thylakoid membrane (tAPX),
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scavenge the hydrogen peroxide that is produced by the photochemical reactions in
chloroplasts. Chloroplastic APXs have been purified, determined their partial amino acid
sequences and characterized about their molecular properties well (Chen and Asada,
1989; Chen et al., 1992; Miyake ct al., 1993). Miyake and Asada (1992) showed that the
thylakoids had a nearly equal activity of APX to that in the stroma of spinach chloroplasts
and that enzymatic properties of two chloroplastic APXs were very similar each other.
Both sAPX and tAPX are inhibited by cyanide and azide, similar to cAPX, but they are
very rapidly inactivated in the absence of ascorbate with compared to cAPX (Chen and
Asada, 1989). Recently, cDNA for LAPX from pumpkin has been cloned and
characterized in our laboratory (Yamaguchi et al., 1996) and Ishikawa et al. (1996) also
isolated cDNAs for tAPX and sAPX from spinach leaves, showing that amino acid
sequences of tAPX and sAPX were identical except for the deletion of the C-terminal
domain of tAPX, although both APXs had a putative transit peptide into chloroplasts. To
obtain further information on the regulation of gene expression of chloroplastic APX, |
tried Lo isolate SAPX ¢cDNA. Our data as shown in Chapter 4 demonstrated the presence

of alternative splicing that is involved in the production of tAPX and sAPX mRNAs.

L.5. Aim of this study

Analyses on alternative splicing have been performed mainly in mammals and
virus. However, recent studies revealed that allernative splicing is involved in the
synthesis of some enzymes in higher plants, although the analysis gets behind to that in
mammals. The two HPR proteins in pumpkin show complete identity except the carboxy
domain that contains PTS1, indicating the involvement of alternative splicing, although
direct evidence of this has not been obtained. Based on the function of HPR and
microbody transition that is regulated by light, it is suggested that light might control this
alternative splicing. Chapter 2 describes the presence of two HPR proleins with different
subcellular localizations that is regulated by light. In higher plants, only cucumber HPR,

except pumpkin HPR, has been registered (Greenler et al., 1989). Therefore, it is of
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intcrest lo examine another plants whether alternative splicing produces two kinds of
HPR mRNA. The molecular cloning and characterization of Arabidopsis HPR was
carried out as shown in Chapter 3. As another example of alternative splicing that is
regulated by light and that is involved in the production of different subcellular
localization, the molecular cloning and charactecization ol chloroplastic APXs are
described in Chapler 4. These results show the novel alternative splicing that is controlled
by light. The perspective of studies on alternative splicing in addition to composite

discussion is described in Chapter 5.
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Chapter 2
Alternative forms of pumpkin hydroxypyruvate reductase:
identification and characterization
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2.1. Summary

It has been speculated that alternative splicing appears to be involved in the
production of two kinds of HPR mRNA although dircct evidence of this has not been
oblained. To investigate the presence of two HPR proteins, immunochemical analysis
was carried out. Application of an FHIPR-specific antibody resulled in the detection of two
clectrophoretically similar polypeptides in total extracts from pumpkin cotyledons and
provides evidence that their expression is regulated developmentally and by light.
Subcellular [ractionation of pumpkin cells showed that the activity of HPR is detected in
the cytosolic and leal peroxisomal [ractions. Morcover, indirect fluorescent microscopy
and analysis of transgenic tobacco cultured cells (BY-2) and Arabidopsis using green
fluorescent protein (GFP) gave fluorescent patterns with different subcellular localizations
(peroxisomes and the cytosol). These resulls confirmed the existence of two HPR
proteins that were localized in dilferent parts of pumpkin cells, indicating the existence of
a novel alternative splicing that is regulated developmentally and by light, and that gives

rise 1o different subcellular localizations in pumpkin cells.

2.2 Introduction

As mentioned in Chapter |, the two kinds of cDNA for pumpkin HPR (HPR1 and
HPR2) have been cloned m our laboratory. Deduced amino acid scqucnccs‘.:md the
structure of genomic DNA (Figure 1-3) indicaled that the two HPR proteins were
produced by allernative splicing [rom a single gene and that HPR1 and HPR2 proleins
were localized in leal peroxisomes and the cytosol, respectively, because HPRI protein,
but not HPR2 protein, .has a largeling signal at the carboxy terminus. However, direct
evidence about the presence of two HPR proteins in different parts of pumpkin cells has
not been obtained. It was therefore necessary (o detect two proteins and mRNAs
corresponding o them. The metabolic role of HPR2 in the cytosol has not been identified
yet. Our findings indicate the presence of a novel interaction such as the exchange of

substrates between leaf peroxisomes and the cytosol or that HPR2 might have an
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unidentified role in the cytosol. In mammals, alternative splicing sometimes shows the
tissuc or developmental stage specificities. In higher plants, some reports revealed the
presence of alternative splicing dependent on the tssue specilicity (Gorlach et al., 1995;
Lumbreras et-al., 1995; Tamaoki ct al., 1995; Thorbjgrnsen et al., 1996; Tobias and
Nasrallah, 1996; Macknight ct al., 1997). It is therelore interesting to investigate whether
alternative splicing in pumpkin HPR shows the tissue or developmental specific fashions.
Morcover, as light regulates gene expression for HPR (Greenler et al., 1989) and
promotes the microbody transition from glyoxysomes to leaf peroxisomes (Nishimura et
al., 1980), it was anticipated that light might 1ake part in the mechanism ol allernative
splicing for pumpkin HPR. It has not been reported on the mechanism of alternative
splicing that is regulated by environmental factors such as light. Pumpkin HPR is also the
Nrst example ol microbody enzymes that is produced by alternative splicing and whose

localizations within cells are different.

2.3. Materials and methods
Plant material

Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri Nankin) sceds were soaked
overnight and germinated in moist rock fiber (66R; Nitto Bouseki, Chiba, Japan) at 25°C
or 35°C in darkness. Some of the seedlings were transferred to continuous ]ighl at the 5-
day stage. Suspension-cultured tobacco cells (Nicotiana tabacum L. cv Bright Yellow 2),
kindly provided by Dr. K. Nakamura (Nagoya University), were maintained on an orbital
shaker at 26.5°C in the dark. Cells were subcultured once a week using Murashige-

Skoog medium.

Plasmid constructions and transformation into BY-2 and Arabidopsis
thaliana
The constructs which were used to transform BY-2 and Arabidopsis thaliana were

based on sGFP-TYG that was kindly provided by Dr. Y. Niwa (University of Shizuoka).
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pSGFP-BE, which had a BamH I site in the 5’ franking region and Bgl 11 and EcoR 1
siles on cither side of the stop codon of sGFP, was generated by PCR using primers
GFPsF (5-CCGGATCCATGGTGAGCAAGGGCGAGGAG-3") and GFPsR (5'-
GGGAATTCTCAGAGATCTCCCTTGTACAGCTCGTCCAT-3'). The fragment was
subcloned into a T-vector prepared using pBluescript KS* as described previously
(Marchuk ct al., 1990). In order to make the constructs for pMAT-SGFP-HI and pMAT-
SGFP-H2, the Bgl 11-LcoR | fragment of the DN A [ragment in pSGFP-BE was replaced
with two kinds of double-stranded DNA produced by the anncaling of complementary
oligonucleotides. The complementary oligonucleotides were designed to produce
protruding ends that ligate 1o the Bgl Il and EcoR 1 sites of the sGFP-BE gene. The
nucleotide sequences ol the coding strands of the synthetic oligonucleotides used Lo
construct chimeric genes are shown in Figure 2-7. The BamH [-EcoR I fragments that
contain chimeric genes were inserted into the Bgl 11-EceoR 1 site of a Ti-plasmid,
pMATO37 (Matsuoka and Nakamura, 1991). The Ti-plasmids produced were then
transformed inlo Agrobacterium tumefaciens (strain EHA101) by clectroporation.
Transformation of BY-2 using Agrobacterium tumefaciens was performed according (0
the method of Matsuoka and Nakamura (1991). Transformation ol Arabidopsis thaliana
(ecotype Columbia) was carried out by the infiltration method (Bechtold ct al., 1993).
Primary transformants were designated TO plants. T'1 seeds collected from TO plants were
surface sterilized in 2% NaClO, 0.02% Triton X-100 and grown on germination media
(2.3 mg ml-! MS salt (Wako, Osaka, Japan), 1% sucrose, 100 jig ml-! myo-inositol, 1
pg mi-! thiamin-HCI, 0.5 pg mi-! pyridoxine, 0.5 pg ml-! nicotinic acid, 0.5 mg mi-!
MES-KOH (pH 5.7), 0.2% gellan gum (Wako, Osaka, Japan)) containing 100 jig mi-!
of kanamycin. T2 sceds were collected from approximately 10 independent T1 plants. T2

plants were selected based on their (luorescence observed with fluorescent microscopy

(sce below).

Northern blot analysis

27



Ten pg of total RNA extracted from pumpkin cotyledons grown under various
stages was [ractionated on a 1% gel that contained 0.66 M formaldehyde and 10 mM
MOPS (pH 7.0). RNA was transferred Lo a Zeta-Probe blotting membrane (BIO-RAD,
CA, USA) by the capillary method and fixed by exposure to UV-light (Funa-UV-Linker,
model FS-800; Funakoshi. Tokyo, Japan). The fragment corresponding to HPR cDNA
was labeled with [32P]-dCTP (Amersham Japan) using a Mcgaprime™ DNA labeling
system (Amersham, Tokyo, Japan). The membrane was hybridized in 50% formamide,
0.12 M sodium phosphate (pH 7.2), 0.25 M sodium chloride, 7% SDS and 1mM EDTA
(pH 8.0) with 1.0 x 106 cpm-ml-! of radiolabeled DNA probe for 18 h at 42°C. The
membrane was washed at 42°C in 2 x 8SC plus 0.1% SDS for 15 min, in 0.2 x SSC
plus 0.1% SDS for 15 min, in 0.1 x SSC plus 0.1% SDS for 15 min. The membrane
was used to expose X-ray film and radioactivity was measured on the imaging plate of a

Bio-imaging analyzer (FUJIX BAS2000; FUJI Photo Film, Tokyo, Japan).

Immunoblot analysis

Pumpkin cotyledons grown under various conditions and various lissues were
homogenized with the extraction buffer (100mM Tris-HCI, pH 6.8, ImM EDTA, pH
8.0, 0.1% Triton X-100 and ImM PMSF) and then the homogcnaiés were centrifuged at
15,000 x g for 25 min. The protein content of each extract was estimated using a protein
assay kit (Nippon Bio-Rad Laboratories, Tokyo, Japan) with bovine gamr;m albumin as a
standard protein. Total proteins were separated by SDS-PAGE on a 7.5% polyacrylamide
gel as described by Laemmli (1970) and transferred to a nylon membrane (Schleicher &
Schuell, Dassel, Germany) in a semidry electroblotting system. Immunologic reactions
were detected by monitoring the activity of horseradish peroxidase antibodies against

rabbit IgG (ECL system; Amersham, Japan).

Southern blot analysis
Total DNA (5 pg) was digested with BamH I, EcoR V, Hinc 11, Sma I and Sph 1.

The products were fractionated on a 0.8% agarose gel, transferred to a Zeta-Probe
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blotting membrane (BIO-RAD, CA, USA) by the capillary method and [ixed by exposure
to UV-light (IF'una-UV-Linker, model FS-800; Funakoshi, Tokyo, Japan). The [ragment
corresponding to HPR cDNA was labeled with [32P]-dCTP (Amersham Japan) using a
Megaprime™ DNA labeling system (Amersham, Tokyo, Japan). The conditions of
hybridization and washing of the membranc were the same as previously described in the

scction of Northern blot analysis. The membrane was used (o expose X-ray film.

RT-PCR analysis

First-strand cDNA was generated using a Ready-To-Go T-primed lirst-strand kit
(Pharmacia Biotech, Tokyo, Japan) from poly(A)* RNA templates prepared from 5-day
dark-grown or 5-day dark- and 2-day light-grown cotyledons using Oligotex-dT 30
<Super> (Roche Japan, Tokyo, Japan). PCR was performed to amplily each HPR
MRNA. The reaction mixture containcd | unit of EX Taq DNA polymerase (Takara
Shuzo, Kyoto, Japan), an upstream primer (N4; 5'-GCCGCTCTTAATGTTCTGGGA-
3, adownstream primer (B2C; S-TAATGCTTGCGATTGGTGCTG-3") and an
appropriate buffer in a total volume of 50 pl. Each cycle was at 94 "C for 45 scc and 64

"C for 45 scc.

Subcellular [ractionation

A 2 g of 5-day dark- and 2-day light-grown pumpkin cotyledons was
homogenized with razor blades (or 5 min in 6 ml of chopping buffer (10mM Tricine-HCI,
pH 7.5, ImM EDTA and 0.5M sucrose). The homogenate was passed through four
layers of cheesecloth. Then 1.5 ml of filtered sample was layered onlo a sucrose gradient
that consisted of a | ml cushion of 60% (w/w) sucrose and 11 ml of a linear sucrose
gradient and was centrifuged at 25,000xg for 3 h in an SW 28-1 rotor in an
ultracentrifuge (model XL-90; Beckman, Fullerton, CA, USA). After centrifugation,
fractions (0.5 ml cach) were collected with an automatic liquid charger (ALC-2L;

Advanltec, Tokyo, Japan). All procedures were carried out at 4°C. Assays of HPR and
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catalase were carried out according (o De Bellis and Nishimura (1991) and Yamaguchi

and Nishimura (1984).

Immunofluorescent staining of thin scctions of pumpkin leaves

Pumpkin leaves were cut into I-mm cubes and vacuum-infiltrated in a fixative
(4% Tormaldehyde, SOmM cacodylate buffer, pH 7.4, 60mM sucrose 0.001% Triton X-
100). Eixed leaves were then incubated in the same [ixative lor a further 2 h at 20°C.
Then the cubes were embedded in 5% agar. Thin sections (30 pum) were cut with razor
blades on a Microslicer DTK-1000 (Dosaka, Japan). The scctions were fixed on glass
slides and treated with 0.1% pectolyase Y-23 for 2 h at 30°C. Slides were washed three
times with excess PBS for 5 min cach. The scctions were further incubated with 0.3%
Triton X-100 [or 15 min at 20°C. Slides were washed three times with excess PBS [or 5
min cach and were sections treated with 5% BSA in PBS for | h at 20°C. Then the
sections were incubated with the first antibody for 1 h at 37°C, washed three times with
excess PBS for 5 min each and treated with 5% BSA in PBS [or 30 min al 20°C. The
seclions were incubated with 1:100 diluted FITC-conjugated goat antibodies against

rabbit IgG and then washed three times with excess PBS for 5 min each.

Fluorescent microscopy

The photographs of fluorescence of the immunostained samples from pumpkin
leaves and transgenic suspension-cultured tobacco cells were taken using an
cpifluorescence microscope (BHS2; Olympus, Tokyo, Japan) with a filter set (80P000
PINKEL 602, Photometrics, Japan) and Fujichrome 1600 film (Fuji Film, Tokyo,

Japan).

Confocal microscopy
The immunostained leaves of pumpkin and transgenic Arabidopsis thaliana were
mounted in water under glass coverslips. The specimens were examined using a LSM-

GB200 laser-scanning confocal microscope equipped with a krypton-argon laser and a
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filter set comprising BP535 and DM488 (Olympus, Tokyo, Japan) or using a TCS NT
laser-scanning confocal microscope with a FITC filter set (Leica, Tokyo, Japan).

Photographs were taken using Fujichrome 100 film (Fuji Film, Tokyo, Japan).

2.4. Results
Pumpkin HPR is encoded by a single copy gene

To investigate the presence of another HPR gene, a Southern blot analysis was
carried out. Genomic DNA from pumpkin cotyledons was isolated, digested with BamH
I, EcoR V, Hinc 11, Sma I and Sph I and subjected to a Southern blot hybridization using
pumpkin HPR cDNA as a probe. As shown in Figure 2-1, HPR ¢cDNA hybridized to
single fragments when digested with BamH I and Sma 1, while it gave three, four or two
bands when digested with EcoR V, Hinc Il and Sph 1, respectively. The HPR gene was
cloned and the sites for restriction enzymes in the HPR gene was checked by digestion
with above restriction enzymes. Al a result, there were two sites for EcoR V, three sites
for Hinc 11 and one site for Sph 1 (data not shown). The bands shown in Figure 2-1
seemed to have been produced by internal sites for each restriction enzyme in the HPR
gene. In addition, only one kind of genomic sequence was obtained when the genomic
DNA was amplified using specific primers (Hayashi et al., 1996), indicating that

pumpkin HPR exists as a single-copy gene.

Developmental changes in the levels of HPR mRNA

The change in HPR mRNA from various developmental stages was investigated
by a Northern analysis as shown in Figure 2-2. The relative amounts of HPR mRNA
were determined densitometrically after a Northern blotting. The amount of HPR mRNA
was low until the 3-day stage and then increased gradually. When 5-day-old seedlings
were exposed to continuous light, a dramatic increase in the level of mRNA was observed
(open circles in Figure 2-2). However, when the cotyledons were kept in darkness, the

amount of mRNA reached the maximum level at 5 days after germination and then
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dropped rapidly (closed circles in Figure 2-2). Similar results have been previously
reporied for another peroxisomal enzyme, glycolate oxidase (Tsugeki et al., 1993),
indicating that the regulation of gene expression for HPR is controlled developmentally

and by light, as is the expression of other peroxisomal enzymes.

Light controls alternative splicing for HPR

A Northern blot hybridization is unable to resolve the HPRT and HPR2 mRNAs
due to their similar lengths. In order to solve this problem. an RT-PCR analysis was
performed to examine whether light was related 1o alternative splicing of HPR pre-
mRNA. As templales, first-strand cDNAs were synthesized from poly(A)*RNAs
prepared from 5-day dark-grown and 5-day dark- and 2-day light-grown cotyledons.
Figure 2-3 shows the result of one of several identical experiments. The combination of
N4 and B2C primers is able to hybridize to both HPR1 and HPR2 ¢cDNAs. When each
plasmid was used as a template, different truncated fragments were amplificd (lane | and
2 in Figure 2-3). Low amounts of two bands, which corresponded to HPR1 and HPR2
fragments, were detected at the 5-day-old stage (lane 3 in Figure 2-3). In this case, the
amounts were almost the same. On the contrary, exposure (o continuous light for 2 days
cnhanced the accumulation of HPR2 mRNA more than that of HPR1 mRNA (lane 4 in
Figure 2-4), suggesting that light might shift the pattern for splicing of HPR pre-mRNA

to greater production of HPR2Z mRNA.

Two kinds of polypeptide are detected during development aflter
germination

To identify the presence of two HPR proteins and investigate the developmental
changes after germination, an immunoblot analysis was carried oul using lotal extracts
from pumpkin cotyledons under various developmental stages. Figure 2-4 shows that
two electrophoretically similar polypeptides with molecular masses of about 42 kDa were
recognized in the total extracts preparcd from 7-day- and 9-day-old cotyledons by

antibodies against spinach HPR. This is in good agreement with the molecular masses
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calculated from the deduced amino acids. Judging from the moleculfar masses of the
HPR1 (42,305 Da) and FIPR2 (41,709 Da) proteins, upper and fower polypeptides must
correspond to HPR I and HPR2 proteins, respectively. With respect to the developmental
changes of these polypeptides, the mmounts of both polypeptides increased gradually
during germination in darkness. When seedlings were transferred to continuous light at
the 5-day stage, the abundances of the two ]*mlypu:plidcs'\.vcrc increased markedly (lane 5-
2 and 5-4 in Figure 2-4). A difference between the accumulation of both polypeptides and
that of mRNA was observed after 5 days. When scedlings were grown in darkness, the
amount of mRNA dropped after 5 days (Figure 2-2), whercas those of polypeptides
continued 1o increase, suggesting that the amounts of HPR proteins are regulated post-
transcriptionally. Morcover, from this result, the ratio of HPR1 to HPR2 was estimated
to be 1.0 when total extracts prepared from dark-grown cotyledons was used. However,
the ratio of HPR1 to HPR2 was changed from 1.0 to 2.4 when the seedlings were
transferred Lo continuous light after S days, implying that this alternative splicing is

regulated by light.

Subcellular localization of pumpkin HPR

If HPRs exist in the cytosol and leal peroxisomes, HPR activity is to be detected
in the cytosolic and peroxisomal fractions after subcellular fractionation of pumpkin
cells. In order to investigate this postulation, subeellular fractionation of pumpkin
cotyledons by sucrose density gradient centrifugation was carried out. Odd fractions were
subjected to an immunoblotting analysis and the estimation of HPR activity. Catalase
activily was also estimated as a leaf peroxisomal marker enzyme. As shown in Figure 2-
5, catalase activity was detected in the supernatant fractions that contain cytosolic
enzymes ({raction nos. | and 3) as well as in the leaf-peroxisomal fraction ([raction no.
23), since leafl peroxisomes are so fragile that enzymes in the leal peroxisomal matrix are
released. The scales in Figure 2-5 were adjusted so that the activities of HPR and catalase
in the peroxisomal fraction (no. 23) are the same. If the percent of HPR that leaks from

leal peroxisomes is the same as that of catalase, and if HPR, like catalase, is exclusively
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localized in leal peroxisomes, the activities of HPR and catalase in the supernatant
fraction should be similar. However, high activity of 1IPR was detecied in the cytosolic
fraction compared to that of catalase. It is speculated that this high activity originated from
HPR2 in the cytosol in addition to the HPRI1 that leaked from leal peroxisomes.
Antibodies against HPR certainly recognized the two polypeptides in the cylosolic
fractions and one polypeptide in the peroxisomal fraction (lower panel in Figure 2-5).
Moreover, indirect immunolluorescent analysis was performed to confirm the presence of
two HPR proteins in pumpkin cells. Cells isolated from pumpkin leaves were allowed to
react with the antibodies against HPR or catalase, and the immunoreaction was visualized
with FITC-conjugated second antibodies. As shown in Figure 2-6, leaf peroxisomes are
the anly part in which well defined fMuorescence was observed with the FITC [ilter after
staining with catalase-specific antibodies (A and B in Figure 2-6). Application of
antibodies against HPR, however, revealed the weak [luorescence throughout the entire
cells in addition to strong spherical signals (C and D in Figure 2-6). The weak
fluorescence observed over the entire cell indicated the presence of cytosolic HPR,
concluding the existence of two kinds of HPR proteins within pumpkin cells. One is in

leal peroxisome and the other is in the cylosol.

Analysis of organclle targeting within transgenic BY-2 cells and root
tissues of Arabidopsis

In order to conflirm the subcellular localizations of the (wo HPR proleins, chimeric
gences for fusion proteins containing green fluorescent protein (GFP) was constructed. As
mentioned previously, the amino acid sequences of HPR1 and HPR2 differ only in the
carboxy terminal region. Therefore, two chimeric proteins consisting of GFP and the
carboxy lerminal ten residues of either HPR 1 or HPR2 were constructed (Figure 2-7).
Plasmid constructs were introduced into BY-2 cells (Figure 2-8) and Arabidopsis (Figure
2-9) via Agrobacterinm. GFP without a targeting sequence tends to be localized in the
cytosol and the nucleus ( G and H in FFigure 2-8 and B and D in Figure 2-9). In the casc

of the chimeric protein with HPR 1, well defined spols were observed to be distributed
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GATCTCARAGCCTTGGAATTGCCTGTGTCAAAGCTGTG
pPMAT-SGFP-H1  AGTTTCGGAACCTTAACGGACACAGTTTCGACACTTAA
‘L K A L E L P V 8 K L *

GATCTCAGCATTGTGAATGCAAAAGCCTTGGGTATATAAG
PMAT-SGFP-H2 _AGTCGTAACACTTACGTTTTCGGAACCCATATATTCTTAA
D, (L 8§ I VvV N A K A L G I *

B Bg E

— GGFP-BE |/ e—

Figure 2-7. Structures of chimeric constructs used for making transgenic plants.
The nucleotide sequences of DNA fragments inserted into the Bgl 11-EcoR

I site of pMAT-SGFP-BE are shown. The amino acid sequences are presented

under the nucleotide sequences. The two amino acids shown in italics act as a

linker between sGFP and each polypeptide. B, BamH I; Bg, Bgl 1I; E, EcoR [



Figure 2-6 Microscopic observations of pumpkin leaves stained with FITC,

(A} and (B), TmmunoNuorescent and confocal Images, respectively, of thin
sections of pumpkin leal stained with eatalase antibogly and then with FITC-conjugated
second antibody. (C) and (D), Similar images except sections ware lrststained with FIPR

antibody. Bar inchicates [ pmn,
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Figure 2-8. Subeellular localizations of transgenic tobacco BY -2 cells.

Wild typed cells (1) and transgenic cells (A-H) were observed in light field
(Nomueski optics: A, D, G and ) asel with blue Lghy exceltaion (G70-490 nm; 131 ad
DO anvd (1) vepresent 3D structodes, (A ), (B)Y and (C), pMAT-SGEFP-111; (1), (F)
ind (B pMAT-SGEP-H2; (G) and (11): pMAT-SGEP-BI Bar indicates 10 jin.



Figure 2-9, Subcellular localizations in yool cells of transgenle Arabidopsis thalluna

(A) and (B, 3-Dimages of SGEP-H 1 and SGEP-BE in roof cells, respectively.
() and (1), The same samples viewed with a confocal microscope. (E)and (1), The
samie samples viewed with o light microscope. Bar indicntes 10 pun.



diffusely throughout the cytosol in BY-2 cells (B and C in Figure 2-8) and in rool tissues
of Arabidopsis (A and C in Figure 2-9 ). On the contrary, the fluorescent pattern of the
HPR2 chimeric protein indicated that it accumulated in the cytosol and the nucleus (E and
F in Figure 2-8). These data conlirm that HPR1 is transported into leaf peroxisomes
because of the presence of the peroxisomal targeting signal, whercas HPR2 is retained in

the cytosel because of the lack such a targeting sequence.

Tissue specificity of alternative splicing of HPR in pumpkin

Some proteins produced by alternative splicing show the different expression
pattern among tissues. Total extracts from vanous lissucs were investigated whether the
two HPR proteins existed (Figure 2-10). HPR was not detected in total extracts from root
tissues and cotyledons grown in darkness at both 25°C and 35°C because gene
expression of HPR is dependent on light (Figure 2-2). In leaves, flowers and petals, the
two HPR proteins exisl, such as the case in cotyledons grown in the light. In petals, the
amount of polypeptides for HPR was decreased, as accompanying with senescence. This
result is in good agreement with that in pumpkin Jeaves and Nowers (De Bellis and
Nishimura, 1991; De Bellis ctal., 1991; Mano et al., 1996). Interestingly, the
polypeptide corresponding to HPR2 strongly dominates in stamen tissues although the
total amounts of HPR were very low compared (o those in cotyledons and leaves. The
amounts of this polypeptide decreased gradually during senescence in vive and were not

delectable at 3-day stage [rom the clflorescence.
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2.5. Discussion

As shown in Figure [-3, it was anticipated that alternative splicing gave rise Lo
two kinds of HPR mRNA in pumpkin. The Southern blot analysis showed that another
HPR gene does not exist in the pumpkin genome (Figure 2-1), demonstrating that the two
HPR mRNAs do not originate from different genes. Two mRNAs were certainly
expressed (Figure 2-3) because polypeptides corresponding to HPR 1 and HPR2 proteins
are recognized by an HPR-specilic antibody in pumpkin cells (Figure 2-4), indicating that
two mRNAs were produced by alternative splicing and end up to dilferent HPR proteins.
Interestingly, the two HPR proteins are localized in different parts of cells. HPR1 is in
leal peroxisomes because it is transported on account of the targeting sequence at the
carboxy terminus. On the contrary, HPR2 is retained in the cytosol since such a targeting
sequence is eliminated by alternative splicing. It is shown that high activity of HPR is
detected in the leafl peroxisomes and the cytosol (Figure 2-5). Indirect immunofluorescent
microscopy and analyses using transgenic plants, which express each [usion prolein
containing of ten amino acid residues of the carboxy terminus of cither HPR at the end of
GFP, revealed dilferent subcellular localizations (Figurce 2-6, 2-8 and 2-9). From the
comparison with the case of catalase, well defined spots and immunoflluorescence over
the cell represent the localizations of leaf peroxisomal and cytosolic HPR, respectively.
Among higher plants, the small subunit of ADP-glucose pyrophosphorylase (AGPase) in
barley, which is a key enzyme of starch biosynthesis, is the only example whose
products produced by alternative splicing show the differcnt subcellular localization
(Thorbjgrnsen et al., 1996). In this case, alicrnative splicing produces two kinds of the
small subunit of AGPase. One is transported into amyloplasts because of the presence of
a transit peptide at the amino terminal end and the other remains in the cylosol since
alternative splicing climinates this transit peptide. Some studies have shown that both
enzymes arc involved in the production of ADP-glucose (Denyer et al., 1996;
Thorbjgrnsen et al., 1996). In the case of HPR, HPRI must play a role in
photorespiration, but the physiological role of HPR2 remains to be clarified. At present,

the metabolic pathway, which involved HPR2, does not seem Lo be in the cytosol. HPR2
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might catalyze the reduction of hydroxypyruvate that escapes from the leal peroxisomes,
since the peroxisomal membrane might not be an absolute barrier to substrates and some
overflow of hydroxypyruvate (o the cytosol might be expected, especially at times when
high light intensity activates the glycolate pathway. In methylotrophs, it has been
suggested that HPR plays a dual regulatory step during growth on both Ci and C2
compounds because mutant 20BL., which lacks HPR, is unable to grow on both Ci and
C2 compounds (Dunstan et al., 1972). ln other higher plants, HPR activities in both leafl
peroxisomes and the cytosol have been detected in spinach (Kleczkowski and Randall,
I1988), pea leafl protoplasts (Kleczkowski et al., 1988) and barley (Murray et al., 1989),
although cDNAs have not been cloned yet. But HPRs in spinach, pea leal protoplasts and
barley scem to be derived from different genes by the following reasoning; (1) the
molecular masses of leal peroxisomal HPR and cytosolic HPR are quite different, (2)
cach HPR-specific antibody docs not cross-recact with each polypeptide, (3) peroxisomal
HPR uses NADH as the preferred cofactor, whereas cytosolic HPR preferentially uses
NADPH instead of NADH. When enzyme activity was measured with NADPH in place
of NADH in pumpkin, activities were not detected in the leafl peroxisomal, cytosolic
fractions and even in lolal extracts (data not shown). Murray et al. (1989) discovered a
high-CO2-dependent barley mutant virtually devoid of peroxisomal HPR. In this mutant,
the rate of photosynthesis in air was reduced by only about 25% compared with wild-type
plants. When this mutant was allowed to assimilate labeled 4CO2, the puilérn of labeled
products clearly demonstrated that substrate was passing through the photorespirate
pathway, although there was an abnormal accumulation of label in serine. This result
suggests that cytosolic HPR might be responsible for the reduction of hydroxypyruvate.
That is, hydroxypyruvate, which escapes (rom leafl peroxisomes to the cytosol, might be
catalyzed to glyoxylate by the reaction of eytosolic HPR and then glyoxylate might be
imported to leafl peroxisomes again. Interestingly, HPR2 exists as a major form only in
stamen tissucs (Figure 2-10), indicating the presence of tissue-specific regulation that
contributes to much production of HPR2 mRNA. Further work at mRNA level will be

required to characterize the mechanism.
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Polypeptides corresponding to HPR1 and HPR2 pro(cins were detected in the
total extracts from pumpkin cotyledons (Figure 2-4). Their amounts were almost the same
in the extracts from the dark-grown cotyledons and their accumulations were increased
gradually with time. Interestingly, the amounts of both polypeptides, especially HPR2
protein, were induced by light, indicating that gene expression of the two HPR proteins
were regulaled by light, as is the case with another leaf peroxisomal enzyme, glycolate
oxidase (Tsugeki et al., 1993). Light can enhance the accumulation of HPR at mRNA
level (Figure 2-2) but a Northern blot analysis can not distinguish HPR 1 mRNA from
HPR2 mRNA. Based on Figure 2-4, it was anticipated that HPR2 mRNA, but not HPR1
mRNA, was induced dramatically by light. The RT-PCR analysis clearly showed that
light had different effects on the induction of the two HPR mRNAs (Figure 2-5). In dark-
grown cotyledons at the 5-day stage, the amounts of HPRI and HPR2 mRNAs were
almost the same. However, exposure to continuous light promoled a greater accumulation
of HPR2 mRNA than HPRI mRNA. When the same experiments were performanced
several times with different poly(A)*RNA preparations, similar patterns were obtained in
all cases. The dillerence in the accumulation of mRNAs corresponds to that of the two
HPR polypeptides, suggesting that light effects the pattern of alternative splicing lor
HPR. That is, light changes from the production of almost equal amounts of HPR1 and
HPR2Z mRNAs 1o mainly production of HPR2 mRNA, although the lunction of HPR2 in
the cytosol and the mechanism of much production of the HPRZ mRNA are unknown,
Bertoni and Becker (1996) demonstrated that a phytochrome-component is involved in
the induction of total HPR mRNA in dark-adapted cucumber cotyledons by red-light
induction and partial far-red-light reversity. Same components might take part in the
regulation of alternative splicing for pumpkin HPR. This is the first proof that allernative
splicing, which is regulated by light, produces the isoforms whose subcellular
localizations are different. Qur results indicate the novel mechanism of the microbody

transition that is regulated by alternative splicing.
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Chapter 3
Molecular cloning and characterization of
hydroxypyruvate reductase in Arabidopsis thaliana
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J.1. Summary

Five Arabidopsis EST cDNA clones of hydroxypyruvate reductase (HPR) were
sequenced. Deduced amino acid sequences revealed that HPR in Arabidopsis contained
the carboxy terminal targeting signal to microbodics. Nucleolide sequence analysis
showed that the cDNA with the longest insert contained an open reading frame of 1,158
bp which encoded a polypeptide with 386 amino acids with a calculated molecular mass
of 42,251 Da. A Southern blot analysis suggested that the Arabidopsis HPR gene, like
that of the pumpkin HPR gene, exists as a single copy. Judging [rom the structure of
genomic DNA, Arabidopsis HPR gene might not undergo alternative splicing because
sites for alternative splicing did not exit, such as did pumpkin. It is sure that one
polypeptide with a molecular mass of 42 kDa is detected in Arabidopsis leaves. In
addition, immunoelectron microscopy revealed that Arabidopsis HPR prolein was
exclusively localized in leaf peroxisomes in green leaves. These results indicate that HPR
is expressed in a form with a carboxy terminal targeting signal to microbodies and is
localized in microbodies in Arabidopsis, suggesting that the dilferences in the gene
structure and regulation of gene expression of HPR are probably duc to species-specilic

differences in plants.

3.2. Introduction

As demonstrated in Chapter 2, there are two kinds of HPR proteins produced by
alternative splicing in pumpkin. To date, cDNAs for HPR have been cloned from
pumpkin (Hayashi ct al., 1996) and cucumber (Greenler et al., 1989) in higher plants. In
the case of cucumber, the cDNA encodes HPR without the carboxy lerminal largeling
signal to microbodies. However, the analysis of HPR gene ol cucumber suggested the
involvement of alternative splicing (Hayashi et al., 1996), indicating that cucumber HPR
with the microbody targeting signal exists, although the cDNA has not been cloned.
Therefore, it is of inlerest (o analyze the structure and expression of HPR in another plant

species. For this purpose, cDNA cloning and characterization of Arabidopsis HPR was
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performed in order to investigate whether Arabidopsis HPR has the targeting signal to
microbodics, by screening the Arabidopsis Biological Resource Cenler (ABRC) at Ohio
State University . Five EST clones homologous to pumpkin HPR have been already
registered and were available. In this Chapter, the analysis of characterization of
Arabidopsis HPR is described. In addition, the presence of two HPR proteins were

examined in various plants.

3.3. Materials and methods
Plant materials

Seeds of Arabidopsis thaliana (L) Heynh. (ecotype Columbia, C24 and Lansberg
erecta) were grown at 22°C in darkness. Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri
Nankin), cucumber (Kagafushinari and Chikanarisuiyoh) and watermelon seeds were
soaked overnight and germinated in moist rock fiber (66R; Nitto Bouscki, Chiba, Japan)
at 25°C under continuous light. Leaves of spinach, carrot , rice and Clhrysanthemum

coronarium were kindly provided by Ms, M. Ohtake.

Sequencing of Arabidopsis HPR EST clones

Five Arabidopsis HPR EST clones, whose stock numbers were 60A7T7,
135PI1ST7, 113J10T7, 183L19T7 and 133M20T7, were obtained [rom ABRC. These
were derived from a AZip-Lox plasmid (GIBCO BRL, MD, USA). The nucleotide
sequences encoding around the carboxy terminal region of each clone and the full-length
sequence of the longest cDNA insert, designated 11331077, were determined with an
automatic DNA scquencer (model 373; Perkin Elmer/Applicd Biosystems) according to
the manulacturer's instructions. The nucleotide and deduced amino acid sequences were
analyzed with DNA analytical sofltware (GeneWorks; IntelliGenetics, Mounlain View,

CA)

Cloning of genomic DNA for Arabidopsis HPR
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An intron of the gene for Arabidopsis HPR was amplificd by polymerase chain
reaction (PCR) using total genomic DNA (5 ng) as a template. The genomic DNA was
extracted from Arabidopsis leaves by the cetyltrimethylammonium bromide precipitation
method (Murray and Thompson, 1980). The reaction mixture contained | unit of Ampli
Taq DNA polymerase (Perkin Elmer Japan, Chiba, Japan), an upstream primer
(ATHPR]I; 5-GCATCGTCAACTCAAAGGCCTTA-3"), a downslream primer
(ATHPR2; 5-“TACATAAACACAACTTGACACC-3") and an appropriate bulfer in a
total volume of 50 pl. Each cycle was at 94 "C for 45 sec, 55 °C for 45 sec and 72 °C for
45 sec. The DNA fragment was subcloned into a T-vector prepared using pBluescripl

KS* as described in a previous report (Marchuk et al., 1990).

Southern blot analysis

Total DNA (1 pg) was digested with Bg/Il and Xbal. The products were
fractionated on a 0.8% agarose gel, transferred to a Zeta-Probe blotting membrance (BIO-
RAD, CA, USA) by the capillary method and fixed by exposure to UV-light (Funa-UV-
Linker, modcl FS-800; Funakoshi, Tokyo, Japan). The fragment corresponding 1o
Arabidopsis HPR EST clone (1 13J10T7) was labeled with [32P]-dCTP (Amersham
Japan) using a BeaBest labeling kit (Takara Shuzo, Kyoto, Japan). The membrane was
hybridized in 50% formamide, 0.12 M sodium phosphate (pH 7.2), 0.25 M sodium
chloride, 7% SDS and ImM EDTA (pH 8.0) with 1.0 x 100 cpmml‘l of radiolabeled
DNA probe for 18 h at 42°C. The membrane was washed at 42°C in 2 X SSC plus 0.1%
SDS for 15 min, in 0.2 x SSC plus 0.1% SDS for 15 min, in 0.1 x SSC plus 0.1% SDS

for 15 min. The membrane was used lo expose X-ray film.

Immunoblot analysis

The leaves of Arabidopsis plants at the 21-old-day stage and various species, and
colyledons of pumpkin, cucumber and watermelon were homogenized with the extraction
buffer (100mM Tris-HCI, pH 6.8, ImM EDTA, pH 8.0. 0.1% Triton X-100 and ImM

PMSF) and then the homogenates were centrifuged at 15,000 x g [or 25 min. The protein
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content of cach extract was estimated by using a protein assay kit (Nippon Bio-Rad
Laboratories, Tokyo, Japan) with bovine gamma albumin as a standard protein. Total
protein was separated by SDS-PAGE on a 7.5% polyacrylamide gel as described by
Lacmmli (1970) and transferred 1o a nylon membrane (Schicicher & Schuell, Dassel,
Germany) in a semidry clectroblotting system. Immunologic reactions were detected by
monitoring the activity ol horseradish peroxidase antibodies against rabbit IgG (ECL

system; Amersham, Japan).

Immunoeelectron microscopy

Arabidopsis leaves (ecotype Columbia) at the 21-day-old stage were fixed,
dehydrated and embedded in LR white resin (London Resin, UK) as described
previously (Nishimura et al., 1993). Ultra-thin sections were cul on a Reichert
ultramicrolome (Leica, 1lcidelberg, Germany) with a diamond knife and mounted on
uncoaled nickel grids. The protcin A-gold labeling procedure was essentially the same as
that described by Nishimura et al. (1993). Ultra-thin sections were incubated at room
temperature for 1 h with a solution of antiserum against HPR diluted 1:2000 and then
with a 50-fold diluted suspension of protein A-gold (Amersham Japan) at room
temperature for 30 min. The sections were examined with a transmission electron

microscope (1200EX; JOEL, Tokyo, Japan) at 80 kV.

3.4. Results
Full-length sequence of Arabidopsis HPR cDNA

Of five EST clones, the complete nucleotide sequence of 113J10T7, which
contained the longest insert, was delermined. As shown in Figure 3-1, this cDNA
consists of 1,428 bp and contains a 1,158-bp open reading frame that encodes a
polypeptide with 386 amino acids with a total molecular mass of 42,251 Da. The deduced
sequence beginning with the lirst ATG at nucleotide 81 showed high similarities to HPRs

from other sources such as pumpkin (Hayashi et al., 1996), cucumber (Greenler et al.,
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tcgacccacgcgtocgagac 20

ctcctctgttteccatattoctcaccacagaagaactcttgaggectttectettttectotace 80
ATGGCGAMMCCGGTGTCCATTCGAAGTGTATAATCCTAATGGGARAATACAGAGTTGTTAGC 140
M A K P VvV 8§ I E V Y N P N G K Y R WV ¥V 5 20
ACAAAACCGATGCCTGGAACTCGCTGGATCAATCTCTTGGTAGACCAAGGTTGTCGCGTT 200
T K P M P G T R W I NL L VD @ G C R V 40
GAGATATGTCATTTGAAGAAGACAATCTTGTCTGTAGAAGATATCATTGATCTGATCGGA 260
E I ¢CH L K K TTI L 8 vV E b I I Db L I G 60
GACAAGTGTGATGGAGTCATCGGTCAGTTGACGGAAGATTGCGGAGAGACTCTGTTCTCA 320
D K C DG V I G QL T EUDWSGETUL F 8§ 80
GCTTTGAGCAAAGCTGGAGGGAAAGCTTTCAGTAACATGGCCGTTGGTTATAACAACGTT 380
A L § K A 6 G K A F 5 N M A V G ¥ N N V 100
GATGTTGAAGCTGCCAATAAGTATGGAATTGCTGTCGGTAACACTCCGGGAGTGTTGACT 440
D V E A A N K ¥ G I A VvV G N TP G V L T 120
GAGACGACGGCTGAACTAGCTGCTTCTCTTTCCTTGGC TGCTGCAAGAAGAATTGTTGAA 500
E T T A E L. A A 8 L 585 L A A A R R I ¥V E 140
GCCGACGAATTCATGAGAGGTGGCTTGTACGAGGGATGGCTTCCTCATCTGTTTGTGGGE 560
A D E F M R G G L ¥ E G W UL P HL F V G 160
AACTTACTTAAAGGACAGACTGTTGGAGTTATTGGAGC TGGACGTATTGGATCTGCTTAT 620
N L L K G g TV GV I G A G R I G S A Y 180
GCTAGAATGATGGTGGAAGGGT TCAAGATGAATTTGATCTACTTTGATCTTTACCAATCC 680
A R M M VvV E G F KM N L I ¥ F DL Y @Q § 200
ACTCGTCTTGAGAAATTTGTGACAGCTTATCGGACAGTTCTTGAAAGCAMMNTGGAGARNC AR 740
T R L E K F VvV T A Y G Q F L K A N G E ¢Q 220
CCTGTGACATGGAAACGAGCTTCGTCCATGGAGGAGGTCCTGCGTGAGGCTGATCTGATA 800
P V T W K R A 8§ 5 M E E V L R E A DL I 240
AGTCTTCACCCGGTGCTGGACAAAACCACTTACCATCTTGTCAACAAGCAGAGGCTTGCC 860
S L H PV L DK T™T VY HULWVNUEKEWRUL A 260
ATGATGAAAAAGGAAGCAATCCTTGTGAACTGCAGCAGAGGTCCTGTGATCCATGAGGCA 920
M M K K E A I L VvV N C 8§ R G P V I H E A 280
GCTTTGGTCGAACATC TCAMAGAGAACCCGATGTTCCGAGTTGGTCTCGATGTGTTCGAG 980
A L VvV E H L K E N P M F RV G L D V F E 300
GAAGAGCCATTCATGAAACCAGGGCTTCCTGATATGAAAAACGCTATTGTTGTTCCTCAC 1040
E E P F M K P G L A DM KNATIWVDVY P H 320
ATTGCTTCTGCTTCCAAGTGGACTCGTGAAGGAATGGCTACGCTTGCAGCTCTCAACGTC 1100
I A S A S KW TR EGMATL A A L NV 340
CTCGGAAGAGTCAAAGGGTACCCGATTTGGCATGACCCGAACCGAGTCGATCCATTCTTG 1160
L G R vV K G ¥ P I W HUD P NR V D P F L 360
AACGRAAACGCTTC&CCGCCCRATGCCAGTQEQ&GCRTCGTCAACTCAAAGGCCT GGA 1220
N X N A 5§ P P N A § P § I VvV N 58 K A G 380
TTGCCTGTTTCGAAGCTAtgagttaagtatgaagaaggggagatttggaagaateckttt 1280
L P V * . 186

agtgaata:atgatqgfg:caagttgtgtttatgtagtgtatatgaaacaaccatgctgg 1340
akcatataaatcactcctttaaagtgttacattgttgatgagtctattagacgattacce 1400
actcbtctttatttcataaatttgctaag 1428

Figure 3-1. Nucleotide and deduced amino acid sequences of Arabidopsis HPR cDNA
The complete nucleotide sequence of 1 13710T7 was determined. The nucleotide

sequence of the putative coding region is shown in uppercase letters and the 5'- and 3'-
noncoding regions are shown in lowercase letters. The deduced amino acid sequence is
presented in the single-letter code under the nucleotide sequence, starting at the firstin-
frame methionine residuc and ending at the first stop codon, indicated by an asterisk.
The three carboxy-terminal amino acids that are known as a microbody-targeting signal
are boxed. Arrows indicate primers, ATHPR 1 and ATHPRZ, for PCR, respectively.



1989) and methylotrophs (Chistoserdova and Lidstrom, 1994; Yoshida et al., 1994), The
identitics with amino acid sequences of HPR for other plants are 88% [or pumpkin
HPRI, 87% for pumpkin HPR2 and 87% for cucumber (data not shown). It is

noteworthy of the presence of tripeptide, Ser-Lys-Leu, at the carboxy lerminus,

Nucleotide sequences around the carboxy terminus of Arabidopsis EST
clones

The nucleotide sequences encoding the region around the carboxy ternminus of
other clones were determined in order (o investigate whether these sequences contained
the targeting signal to microbodies. As shown in Figure 3-2, the nucleotide sequences of
all cDNAs werce identical, although the lengths and positions of the poly(A) tail were
different. All deduced amino acid sequences contained the Ser-Lys-Leu sequence at their
carboxy termini and none of the HPRs were found to lack the targeting signal, as occurs

in pumpkin HPR2 cDNA.

Genomic sequence and putative amino acid sequence of Arabidopsis HPR
To characterize the structure of Arabidopsis HPR gene, partial Arabidopsis
genomic DNA was amplified by PCR. A unique [ragment of about 300 bp in length was
amplified, subcloned into pBS vector and then subjected to sequence analysis. The result
showed a 188-bp intron located at the same position as it is in the HPR gcn:cs of pumpkin
and cucumber (Figure 3-3). An exon-intron junction followed the GT-AG rule and
showed good agreement with the donor and acceplor consensus sequence, There were
not two pairs of GT-AG doublets within this intron. The nucleotide sequences of six
independently isolated products of PCR amplified from the genomic DNA were
scquenced but all these DNAs had the same nucleotide sequence as shown in Figure 3-3.
These data suggest that the gene for Arabidopsis HPR contains only one GT-AG doublet

and that alternative splicing might not occur.
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L ¢ L P VvV 5§ K L

60ATT7 CCTTAGGATTGCCTGTTTCGAAGCTALgagt taagtatgaagaaggggag
135P15T7 CCTTAGGATTGCCTGTTTCGAAGCTAtgagt taagtatgaagaaggggag
11331077 COTXAGGATTGCCXGTTTCGAAGCTALgagt taagtatgaagaaggggag
183L19T7 COTXAGGATTGCCXGTTTCGAAGCTAtgagttaagtatgaagaaggggayg
113M207T7 TTTCAGGATTGCCTGTTTCGAAGCTALgagt taagtatgaagaaggggag

4 EEEk kA A RS AR A EREE R A A EirwEEE AT R AR TR R R R R R R A

BOATTT atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttta
135P15T7 atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttta
11331077 atttggaagaatccttttagtygaatatatgatggtgtcaagttgtgttta
183L19T7 atLtggaagaat:cttttagtgaatatatgatggtgtcaagttgtgttta
113M20T7 atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttta

I EE S SRS R 2R SRS E AR E R R R R EEEEE B S E R R R RS

60ATTY tgtattgtatatgaaacaaccatgttggatcatataaatcactecctttaa
135pP15T7 tgtattgtatatgaaacaaccatgttggatcatataaatcactectttaa
113J10T7 tgtattgtatatgaaacaaccatgttggatcatataaatcactccttitaa
183L19T7 tagtattgtatatgaaacaaccatgttggatcatataaatcactecctttaa
113M207T7 tgtattgtatatgaaacaaccatgttggatcatataaatcactcctttaa

EEE SR TE SN TN EEREENE R EREEEE ST 5 I T R S B

60ATTT agtgttacattgttgatgagtctattagacgattacccactectetitatt
135P157T7 agtgttacattaaaaaaaaaaaaaaa

113J10T7 agtgttacattgttgatgagtctattagacgattacccactectctttact
183L19T7 agtgttacattgttgatgagtctattagacgattacccactetctttatt
113M20T7 agtgttacattgttgatgagtctattagacgattacccactctekbttatt

LA S B B B R

60ATTT tcataaatttgctaagaatacaatttctaagtcaaaaaaaaaaaaaaaaa
113J10T7 tcataaatttgctaagaatacaaaaaaaaaaaaaaaaaaaaaa
183L19T7 tcataaatttgctaagaatacaaaaaaaaaaaaaaaaaaaaaa
li3imM20T7 tcataaatttgctaagaatacaatitctaagtcatcaagaaaaaaaaaaa
60ATTT aaa

113iM20717 aaaaaaaaaaaa

Figure 3-2. Alignment of nucleotide sequences encoding the carboxy-terminal amino
acids of Arabidopsis EST clones

Each nucleotide sequence for the coding region is shown in uppercase letters and
the 3'-noncoding region is shown in lowercase letters. The deduced amino acid
sequence around the carboxy terminus is presented in the single-letter code over the
nucleotide sequence. Identical nucleotides are indicated by an asterisk under the

sequence. The stock number of each clone is shown on the left.



(A) GCATCGTCAACTCAAAGGCCTTAGpthctacacaacacttacactcatge
I VvV N 8§ K A L G
ctcagattgtttcaaacgctaatttatgcttgcatttcectgttaacaaaa
tatttaaacataaacagaaacaaaagaacattgactaatccacttaaaca
aatttgttcccattctctctattaaaattactctcatatatatattcttt
gggttttttc@ATTGCCTGTTTCGAAGCTAt gagttaagtatgaagaa
L P V § K I *

ggggagatttggaacaatccttttagtgaatatatgatggtgtcaagttg
tgtttatgt

(B)

genomic DNA?/////% gt ag %////%

mBRNA

SKL

Figure 3-3. Structural relationships around the carboxy terminal end of HPR from
Arabidopsis
(A) The nucleotide sequence of the intron in this region of Arabidopsis

HPR gene is shown. The nucleotide sequence of the exon is shown in uppercase
letters and the intron and 3'-noncoding region are shown in lowercase letters. The

deduced amino acid sequence is presented in the single-lettercode under the
nucleotide sequence. Asteriskindicates the stop codon and boxes represent the
consensus sequences found in the beginning (GT) and the end (AG) of an intron.
(B) Schematic representation between HPR mRNA and the gene in Arabidopsis.
The hatched boxes correspond to exons and the open boxes correspond to the
intron. The consensus sequences corresponding to the splice donor and acceptor

sites and the carboxy-lerminal amino acids are shown.



Arabidopsis TIPR is encoded by a single copy gene

A Southern blot analysis was carried out to examine whether another Arabidopsis
HPR gene exists. Genomic DNA from Arabidopsis leaves was isolated. digested with
Bglll and Xbal, none of which cuts Arabidopsiy cDNA {(113110T7), and subjected lo a
Southern blot hybridization using Arabidopsis HPR ¢cDNA as a probe. As shown in
Figure 3-4, HPR cDNA hybridized with a single fragment. In addition, only one kind of
genomic scquence was obtained when the genomic DNA was amplilied (Figure 3-3).
These lindings indicate that HPR in Arabidopsis exists as a single-copy gene, as it docs

in pumpkin and cucumber.

Arabidopsis HPR is exclusively localized in leal peroxisomes

The localization of HPR protein was investigated using immunoelectron
microscopy. Gold particles for HPR werc exclusively detected in leal peroxisomes but
not in other organelles such as mitochondria, chloroplasts and vacuoles (Figure 3-5).
This electron micrograph clearly shows that HPR is transported into leaf peroxisomes in
Arabidopsis. This result indicates that Arabidopsis HPR is localized in only leafl

peroxisomes as a form with a targeting signal to microbodies.

Antibodies against HPR cross-react with a 42 kDa polypeptide
Immunoblotting was carricd out using antibodics against spinach HPR. Total
proteins prepared from Arabidopsis and pumpkin, as a reference, were subjected to SDS-
PAGE. A unique polypeptide with a molecular mass ol 42 kDa was recognized by the
antibodies against spinach HPR in the total Arabidopsis extract (lane | and 2 in Figure 3-
6). This is in good agreement with the molecular mass calculated from the deduced amino
acids. In the case of total protein from pumpkin, two polypeptides were detected (lane 3
in Figure 3-6). This unique band in Arabidopsis did not split into two bands under the
same electrophoretic condition, even though the volume of tolal protein was reduced
(Figure 3-6, lane 1). This data indicated that HPR in Arabidopsis is only expressed as a

42 kDa polypepude.
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Figure 3-d, Seuthern Blatanalysis of Apcdralopsis genotiie DNA

Gehapnle DNAC1 g enehy was digesied with the restriction endonucleases
indicmed, separated ana 8% amase el tmnsterred toa Aeta-Probe Blotting
miembrane (BIO-RAD) and probied witle o [P libeled Avabidopyis PR cDNA
Mraginerl, Thie sizes of DNA fragiments are shown i kb on the vighl. X, Xbal, By,
Hefll
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Flgure 3-8 lmunoeytochensenl loealization ol TIPR in Arabidapsis
Tmomogold lnbeling af ultmethin seetions of Arabidopsis lonves was carvied oot
using antibodies against HPR. Mb, mucrobody; M mitochondrion: Chy chloroplusi: 'V,

vacoole, Bar indicaies | jim,
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_HPRI
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35,58 -

Figure 3.6, Dergation of HPR polypeptides in Arabidopsts and pumpkin
Totall exteaets prepured foam Arabidopsis leaves and pumpkin cotyledons
wiere sibjected 1o SDS-PAGE. which were followed by nnmunodetection with

antibodies against HPR. Lane band 2, 5 pgand 10 pg of ot extects of

Arabidopsis, vespectively: line 3, [0 pg of ol exteen of pumpkin cotyledons,

Malecular markers are indicutid in kDa on the left, Arrows on the sight represent
the HPR | and HPR2 polypeptides of pumpkin



Immunochemical characterization of HPR from various plant tissues
Pumpkin has the two HPR proteins and Arabidopsis (ecotype Columbia) has only
one HPR that is localized in leaf peroxisomes. Then how about another plants? To
address this question, immunodetection of HPR was carried out using extracts from
various plants (Figure 3-7). As expected by Hayashi el al. (19906), (wo electrophoretically
similar polypeptides were detected in the total extracts of cucumber, implying the
presence of two HPR proteins, although their localizations have not been determined yet.
However, only onc polypeplide was detected in rice and another Arabidopsis (ccotype
C24 and Lansberg erecta) in addition to watermelon, another oilsced plant. Antibodics
against spinach HPR did not cross to the polypeptides in the extracts from carrot and
Chrysanthemum coronarium. In the extracts from spinach, one major band, which is
smaller than pumpkin HPRs, and a few faint bands were detecled. This result is in good

agreemenl with the results by Kleczkowski and Randall (1988).
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Cucumber Arabidopsis
f—

1
Pu Wa K C  Sp Ca Ri CweolPu Col C24 Ler
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Figawe 37, Immunodetection O TR proteing oo eves ol diffedent speaics.
Ton prg of wnlexirmers prepured Trom leaves ol dilTerent species were
subjogted to SDS-PAGE, which were followed by dmmbimodetection with
amtibodies aganst HPR. Pug pumpkin. Wassvitermelon K: cucumber
{Kagatushinnri), Cpeueumber 1Chikanarisiwiyoh), Spe spinnch, Cug earror, RiL nee,
Cetsy, Chevsanthenin civopaeiany, Coly Avadbiidfopisiy feeoly pe Coluig )y CZ4,

Aralsicdopyiy (ecttype €247 Lor, Avalidopsis (eeotype Lonsbegy srecta),



3.5. Discussion

An EST bank at ABRC at Ohio State University was screened for HPR cDNA in
Arabidopsis using the amino acid sequence of pumpkin HPRI protein. Five cDNA clones
showed high similarities to pumpkiﬁ HPRs. Al the result of the determination of
nucleotide sequences encoding around the carboxy termini (Figure 3-2), all clones have
the Ser-Lys-Leu peptide at the carboxy termini, demonsfmling that they encode the
HPR l-type proteins and that Arabidopsis HPR is localized in leal peroxisomes. The
Southern blot analysis and the determination of nucleotide sequence of the intron were
carried out to investigate the possibility of the presence of another gene. These data
revealed that Arabidopsis HPR was a single-copy gene (Figure 3-4) and that only one
pair of the GT-AG doublet existed in the intron (Figure 3-3), suggesting that alternative
splicing of HPR pre-mRNA might not undergo in Arabidopsis. Givan and Kleczkowski
(1992) detected the activitics and polypeptides of HPR in leal peroxisomes and the
cytosol of barely leaves and Kleczkowski reported the cytosolic and Ical peroxisomal
activities for HPR in spinach, pea and barley (Kleczkowski and Randall, 1988
Kleczkowski ct al., 1988; Kleczkowski and Edwards, 1989), namely, besides pumpkin,
another plants appear to have the leal peroxisomal and cytosolic HPR proteins, although
they secm Lo be derived from differcnt genes as described in Discussion of Chapter 2.
Then how about other plants and another ecotypes of Arabidopsis? To clarify this
question, immunochemical analysis was performed using the extracts [rom various plants
(Figure 3-7). As Hayashi et al. (1996) expected, two polypeptides were recognized in the
extract f[rom cucumber, since the HPR genc of cucumber has two pairs of the GT-AG
doublets as docs pumpkin HPR gene, suggesting that alternative splicing results in the
two HPR proteins. This data is in good agreement with our speculation, although the
subcellular localization remains Lo be determined. One polypeptide was delccled in the
extract from watermelon that is one of oilseed plants such as pumpkin and cucumber,
suggesting (hat this plant has one HPR or another HPR that antibodies against spinach
HPR is unable to crossreact. Moreover. one immunopositive polypeptide was recognized

in the extracts [rom rice and another ccotypes of Arabidopsis. This result indicates that all
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tested Arabidopsis have the leal peroxisomal HPR and that it does not depend on the
differcnce between monocols and dicots. As stated above, the cytosolic and leal
peroxisomal HPR seem (o originate from diflerent gene so that cach antibody might not
crossteact with cach other. Figure 3-7 probably shows the detection of leafl peroxisomal
HPR. Our data shows the possibility that the differences in gene structure and regulation
of gene expression of HPR are probably due to be species-specific manner in plants. Tt is
worthy to note the dilferent amounts between polypeptides in cucumber, and the amount
of lower polypeptide corresponding to HPR2 is more than that of upper one
corresponding to HIPR 1. This result is in accord with the case of pumpkin, although the

physiological function of HPR2 is unknown.
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Chapter 4
Molecular cloning and characterization of an alternatively
spliced chloroplastic ascorbate peroxidase in pumpkin,
stromal ascorbate peroxidase
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4.1. Summary

A cDNA cncoding stromal ascorbate peroxidase (sAPX) was isolated using
poly(A)*RNA of pumpkin cotyledons by RT-PCR. The ¢cDNA encodes a polypeptide
with 372 amino acids and sharcs complete sequence identity with pumpkin thylakoid-
bound ascorbale peroxidase (IAPX), except for the deletion of a putative membrane
spanning region located in the carboxy domain of tAPX, From a Southern blot
hybridization, pumpkin chloroplastic APX exists as a single copy. Moreover, analysis of
genomic structure showed the presence of one donor site and (wo acceptor sites in the
region encoding around the carboxy domain, indicating that mRNAs for sAPX and IAPX
arc produced by alternative splicing. An immunoblot analysis demonstrated that the
accumulation of SAPX and tAPX proteins was differently regulated during germination
and subsequent greening of pumpkin cotyledons, suggesting that alternative splicing of

pumpkin chloroplastic APXs might be regulated by light, as is pumpkin HPR.

4.2. Introduction

As mentioned in Chapter 1.4, plant cells have four kinds of APX with different
subcellular and suborgancllar localizations. Of these, information about chloroplastic
APXs is restricled to only very few example, although it has been reported that
chloroplastic APXs function in the scavenging ol photoproduced hydmger{ peroxide. To
date, chloroplastic APXs has been purified, characterized, and their activities were
estimated (Chen and Asada, 1989; Chen et al., 1992; Miyake et al., 1993; Miyake and
Asada, 1992). With regard to cDNA cloning, in our laboratory, cDNA for tAPX in
pumpkin has been already cloned by Yamaguchi et al. (1996). From its nucleotide
sequence, Lthe crossreaclivity of polypeptides corresponding to LAPX and sAPX proteins
and the partial amino acid sequence of the N-terminal of sAPX polypeplide, it was
anticipated that alternative splicing might regulate the production of sAPX and tAPX
mRNAs. Morcover, it was suggested that light might control the alternative splicing

because the development of chloroplasts depends on light. However, information about
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their speculations have not been obtained. For the purpose of investigating whether sAPX
and tAPX are produced by alternative splicing, cDNA for sAPX in pumpkin was cloned

from greening pumpkin cotyledons and characterized.

4.3. Materials and methods
Plant materials

Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri Nankin) secds were soaked
overnight and germinated in moist rock fiber (66R; Nitto Bouscki, Chiba, Japan) at 25°C
in darkness. Some of these seedlings were transferred to continuous illumination at the 5-

day stage.

Sequencing of ¢cDNA for pumpkin sAPX

First-strand cDNA was generaled using a Ready-To-Go T-primed [irst-strand kit
(Pharmacia Biotech, Tokyo, Japan) from poly(A)* RNA templale prepared from 5-day
dark- and 4-day light-grown colyledons using Oligotex-dT 30 <Super> (Roche Japan,
Tokyo, Japan). PCR was used to isolate full-length cDNA for pumpkin sAPX. The
reaction mixture contained 1 unit of Ampli Tag DNA polymerase (Perkin Elmer Japan,
Chiba, Japan), an upstrcam primer (ASA-S1; 5“ATCGCGTTCATTGCCAGTTG-3), a
downstream primer (SAPX-II; -GACACGGTCACAACAAAACATG-3') that was
synthesized corresponding to the genomic sequence obtained previously (Figure 4-1) and
an appropriate buffer in a total volume of 50 pl. Each cycle was at 94 "C for 45 sec, 55
"C for 45 sec and 72 "C for 45 sec. The DNA fragment was subcloned into a T-vector
prepared using pBluescript KS* as described previously (Marchuk et al., 1990). The
nucleotide sequence was determined with an automatic DNA sequencer (model 377,
Perkin Elmer/Applicd Biosystems) according to the manufacturer’s instructions. The

nucleotide and the deduced amino acid sequences were analyzed with DNA analytical

sofltware (GeneWorks; IntelliGenelics, Mounlain View, CA)
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Cloning of genomic DNA for pumpkin sAPX

An intron of the gene [or pumpkin sAPX (tAPX) was amplified by PCR using
total genomic DNA (5 ng) as a template. The genomic DNA was extracted [rom pumpkin
leaves by the cetyltrimethylammonium bromide precipitation method (Murray and
Thompson, 1980). The reaction mixture contained | unit of Ampli Tag DNA polymerasc
(Perkin Elmer Japan, Chiba, Japan), an upstrcam primer (pumpchl A; 5'-
GGTATTGTGATTGATGATGC-3'), a downstream primer (3-non; 5'-
GGATCGTGAAATCAGAAGACA-3) and an appropriate bulfer in a total volume of 50
pl. Each cycle was at 94 °C for 1 min, 55 °C for 1 min and 72 °C (or | min. Cloning and

sequencing of the DNA were carried oul as described above.

Southern blot analysis

Total DNA (10 pg) was digested with Mlul, Sall, Xhol and BamHI. The
products were fractionated on a 0.8% agarose gel, transferred to a Zela-Probe bloltling
membrane (BIO-RAD, CA, USA) by the capillary method and lixed by exposure to UV-
light (Funa-UV-Linker, model FS-800; Funakoshi, Tokyo, Japan). The DNA fragment
corresponding to pumpkin sAPX was labeled with [*2P]-dCTP (Amersham Japan) using
a Mcgaprime DNA labeling system (Amersham Japan). The membranc was hybridized in
50% formamide, 0.12 M sodium phosphate (pH 7.2), 0.25 M sodium chloride, 7% SDS
and ImM EDTA (pH 8.0) with 1.0 x 106 cpm-mi-! of radiolabeled DNA probe for 18 h
at 42°C. The membrane was washed at 42°C in 2 X SSC plus 0.1% SDS for 15 min, in
0.2 x SSC plus 0.1% SDS for 15 min, in 0.1 x SSC plus 0.1% SDS for 15 min. The
membranc was used 1o expose Lo the imaging plate of a Bio-Imaging analyzer (FUJIX

BAS2000; FUJI Photo Film, Tokyo) with an exposure time of 18 h.

RT-PCR analysis
First-strand cDNA was synthesized using polv(A)* RNA prepared from 5-day
dark- and 2-day light-grown cotyledons. PCR was performed as described previously

excepl for EX Tag DNA polymerase (Takara Shuzo, Kyoto, Japan) and specific primers;
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the 5'-common sense primer of SAPX and tAPX (ASA3; 5'-
CCTGGACTGTACAATGG-3") and the 3'-specific antisense primers for tAPX (3'-non;
shown previously) and sAPX (SAPX-I, 5~ AGACGCGGACATCACAGATGTC-3").

The condition was 25 cycles of 455 at 94°C, 455 at 52°C and 45s at 72°C.

Immunoblot analysis

Pumpkin cotyledons grown under various stages and different lissues were
homogenized with SDS-loading buflfer (S0mM Tris-HCI, pl 8.0, LmM EDTA, pH 8.0,
0.2mM NaCl and 10% SDS) and then the homogenates were centrifuged at 12,000 X rpm
for 10 min. Supernatants were subjected to SDS-PAGE on a 10% polyacrylamide gel as
described by Laecmmli (1970) and transferred to a nylon membrane (Schleicher &
Schuell, Dassel, Germany) in a semidry electroblotting system. Antibodies against
pumpkin mbAPX prepared as described previously (Yamaguchi et al., 1995) were used
and the polypeptides on the membrane were visualized with 1: 5,000 dilution of

horseradish peroxidase antibodies against rabbit IgG (ECL system; Amersham Japan).

4.4. Results
Nucleotide sequence analysis

The RT-PCR was performed to amplify the coding region of pumpﬁin SAPX
using primers of ASA-S1 and SAPX-II (Figure 4-1). The 1.2-kb product was cloned into
pBS vector and sequenced. The cDNA consists of 1,208 bp and contains a |,116-bp
open reading lrame that encodes a polypeptide with 372 amino acids with a total
molecular mass of 40,661 Da. The amino terminal amino acids segment shows typical
characteristics of a chloroplast targeting signal, i.e. high content of hydroxylated amino
acids and low proportion of acidic enes (Karlin-Neumann and Tobin, 1986). In the case
of cleavage of the (ransit peptide on the C-terminal side of Cys-77, the calculated total
molecular mass is 32,594 Da. This is in good agreement with the molecular mass of

polypeptides recognized by antibodies against pumpkin mbAPX (Yamaguchi et al.,
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Ask_SIathz:gttcat!;gr:cagt* clLgctcoccgacgaacacaatttcaacaaaattce
ATGGCTGCTACTGCTCTTGGAAGCGTCGCCGCCTCCTCAGCCTCATCGACCACTCGTTTC
M A A T A L G 8 vV A A S § A 5 8§ T TZRF
CTCTCCACTGCGACCAGAGCTACATTGCCGTTCTCTTCACGTTCATCGTETTTGTCCTCT
L §8 TA T ZRATILU®PF S S R 5 8 5 L 8 5
TTCAAGTTTCTCAGATCGGCTCCTCTCATTTCTCACCTTTTTCTGAATCAGGGAAGGCCG
F K F L R §8 A PL I &8 H & F L N O G R P
AGTTCTTGTGTATCGATTAGAAGATTCAATGCAGCGTCTCATCCGAAATGCTTAGCGTCG
S § ¢V 858 I R R FN A A S HP K C A 5
GACCCTGAGCAGCTGAAGACTGCAAGAGAAGATATCAAGGAGCTCCTGAAGACTACATTC
b P EQ L K 8 A REUDTIU XX ETLL XK TTF
TGCCATCCTATTTTGGTACGCCTGGGTTGGCATGATGCTGGRACTTACAATAAAMMTATT
C H P I L VR L GWHUDAGGTUVYDN KNI
GAGGAATGGCCGCAGAGAGGTGGAGC TAATGGAAGTTTAAGATTTGATCTTGAGCTGGGA
E E W P Q R G G A NG S L R F DV E L G
CATGGTGCTAATGCTGGTCTTGTTAATGCCTTGAAACTCATTGAGCCTATCARAAAGAAG
H G A N A G L V NALI KTILTIU EU®PTI KKK
TATTCTAACGTGACATATGCTGACCTATTTCAGTTGGCCAGCGCTACAGCTATCGAGGAA
¥ § N VT Y A DL FQL A OS A TATIEE
GCTGGGGGACCCAAAATCCCCATGAAGTATGGAAGGGTAGATGTTGTGGGGCCAGAGCAA
A G G P K I P M K Y G R VDV V G P E Q
TGCCCTGAAGAGGGGAGGCTTCCTGATGCTGGCCCTCCATCACCTGCTGCACACCTACGA
cC P EEGRULPUDAG?P P S P A A HUL R
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Figure 4-1. Nucleotide and deduced amino acid sequence of pumpkin sAPX cDNA

The nucleotide sequence of the putative coding region is shown in uppercase

letters and the 5'- and 3'-noncoding regions are shown in lowercase letters. The

deduced amino acid sequence is presented in the single-letter code under the

nucleolide sequence, starting at the [irst in-frame methionine residue and ending at

the first stop codon, indicated by an asterisk. Arrowhead indicales the putative site

of cleavage of the transit peptide, as estimated [rom the N-terminal sequence of tea
sAPX and spinach tAPX. Primers for PCR (ASA-S1 and SAPX-II) are underlined

with an arrowhead indicating the polarity.



1995). The deduced amino acid sequence lrom pumpkin sAPX cDNA was 76% identical
with spinach sAPX. The sequence of cDNA showed complete identity with that of
pumpkin tAPX ¢DNA (Yamaguchi ct al., 1996) except for the carboxy terminal region
(Figure 4-2, A and B), which contains a putative thylakoid-spanning domain (Figure 4-3,
C).
Genomic structure of pumpkin chloroplastic APX

The PCR-amplified genomic sequence around the carboxy terminal region was
determined to investigate whether sAPX and IAPX in pumpkin were also produced by
alternative splicing. A unique fragment of about 550 bp in length was amplified,
subcloned into pBS vector and sequenced. The sequence showed the presence of a 291-
bp intron that contains one donor site and two acceptor sites (Figure 4-3, A), suggesting
that the synthesis of sSAPX mRNA or IAPX mRNA depends on which acceplor site is
used for the splicing (Figure 4-3, B). The nucleotide sequences of independently isolated

products of PCR amplified from the genomic DNA were the same as shown in Figure 4-3

(A).

Chloroplastic APXs are encoded by a single gene

To investigate whether another sAPX gene exists, the genomic DNA from
pumpkin leaves was isolated, digested with Mlul, Sall and Xbal (none of which cuts
pumpkin sAPX cDNA) and with BamHI (which cuts the cDNA at one site) and then
subjected to a Southern blot hybridization using pumpkin SAPX cDNA as a probe. As
shown in Figure 4-4, the sAPX probe hybridized to single bands when digested with
Miul, Sall and Xbal, while it gave two bands when digested with BamHI. In addition,
only one kind of genomic sequence was obtained when the genomic DNA was amplified
(Figure 4-3, A). These findings indicate that sAPX in pumpkin exists as a single-copy

gene and alternalive splicing produces two kinds of mRNAs for sAPX and IAPX.
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Figure 4-2. Comparison of sAPX and tAPX

(A) Comparison of the deduced amino acid sequences of the carboxy
termini of sAPX and tAPX. (B) Comparison of the nucleotide sequences encoding
the carboxy termini of sSAPX and tAPX. (C) Hydropathy profiles of sAPX and
LAPX. Positive values indicate hvdrophobic regions. A pulative membrane-spannin
domain in tAPX is filled.
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Figure 4-3 (A) The nucleotide sequence coding for the carboxy terminal region of the
pumpkin chloroplastic APX gene is shown. The nucleotide sequence of the exon is
shown in uppercase letters and the intron and 3’-noncoding region are shown in
lowercasc letters. The deduced amino acid sequence is presented in the single-letter code
under the nucleotide sequence with numberings on the right. Asterisks indicate the stop
codons and boxes represent the consensus sequences found in the beginning (GT) and
the end (AG) of an intron. PCR primers, ASA3, pumpchl A, SAPX-I and 3'-non, are
underlined with an arrowhead indicating the polarity. (B) Schematic representation of
mRNAs and the gene. The hatched and filled boxes correspond to exons and the open
boxes correspond o introns. Primers for PCR and the consensus sequences

corresponding to the splice donor and acceptor sites are shown.
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RT-PCR analysis

An RT-PCR was performed to monitor the presence of two kinds of mRNA as
lemplates of [irst-strand eDNAs synthesized from mRNAs of 5-day dark- and 4-day
light-grown cotyledons. The 5'-common sense primer of sAPX and tAPX (AsA3), and
the 3"-specific antisense primers for TAPX (3'-non) and sAPX (SAPX-I) were vsed.
Judging from the nucleotide sequences of SAPX (Figure 4-3, A) and tAPX (Yamaguchi
el al., 1996), the combination of the AsA3 and 3'-non primers should give a 508-bp
fragment and that of the AsA3 and SAPX-I primers should give a 406-bp fragment.
These bands can be seen in lanes tAPX and sAPX of Figure 4-5, respectively. Figure 4-5
shows that cach band is amplified in accordance with specilic primers, suggesting that

two kinds of mRNA are certainly expressed within pumpkin leaves.

Developmental changes in the relative amounts of sAPX and (APX
polypeptides in pumpkin cotyledons after germination

To obtain clues on expressions of SAPX and tAPX, developmental changes in the
levels of sAPX and tAPX proteins in pumpkin cotyledons during germination and
subsequent greening was investigated. The relative amounts of two kinds of chloroplastic
APXs in lotal extracts from pumpkin cotyledons grown in the light and in the dark were
determined by immunoblotting (top panels in Figure 4-6). The immunoblot was
quantificd with a densitometer and plotied (bottom panels in Figure 4-6). When seedlings
were grown in darkness, the level of tAPX protein (right lower panel, closed circles) was
hardly detected until the 5th day, whercas the level of sAPX protein (left lower panel,
closed circles) increased gradually. The amounts of two proteins increased rapidly when
S-day-old secdlings were transferred to an illuminated arca (lower pancls, open circles).
However, the different levels of induction of sAPX and LAPX in 7-day-old greening
seedlings in the dark suggest that alternative splicing for sAPX and IAPX mRNAs in the
cotyledons might be regulated by their developmental and environmental conditions such
as light. Although this experiment with different extract preparations was performed

several times, the similar developmental palterns were obtained in all cases.
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Tissue-specilic expression of four APXs

To obtain further information about APXs, tissue specilicity was investigated.
Figure 4-7 shows the distribution of four APXs in different tissues. cAPX is the only
APX that exists in all tissucs although the molecular mass of cAPX in the petal is smaller
than that in other tissues. mbAPX is exclusively detected in cotyledons and not in pollen
and roots. With regard to chloroplastic APXs, much amounts of sAPX 1s 1n petals and
dark-grown cotyledons although the amount in the petals is very low compared to that in
the cotyledons. In addition, the low amount of sAPX is detected in the extracts of roots
and pollen. The polypeptide ol tAPX is present in only cotyledons and the amount

increased after treatment with continuous light.
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4.5. Discussion

Chloroplastic APXs have been purilied and the molecular properties of purified
cnzymes have been characterized well (Chen and Asada, 1989; Chen et al., 1992; Miyake
and Asada, 1992; Miyake ct al., 1993). However. cDNA cloning of chloroplastic APXs
has not been performed to date although the partial amino acids have been determined.
Recently, Yamaguchi et al. (1996) reported the sequence of LAPX in pumpkin and
Ishikawa ct al. (1996) have cloned cDNAs for tAPX and sAPX in spinach. Nevertheless,
information about chloroplastic APX remains to be so insufficient that cDNA cloning of
pumpkin sAPX was carried oul. From the nucleotide sequence analysis and the
comparison with tAPX cDNA, it was sure that cloned cDNA encoded sAPX. This cDNA
showed complete identity with tAPX ¢cDNA except for the deletion of the domain
encoding a putative membrane spanning region located in the carboxy domain of tAPX
(Figure 4-2), indicating that alternative splicing leads to the synthesis of tAPX and sAPX
mRNAs and that the deletion of the putative membrane spanning region gives the
localization of SAPX protein in the stroma. The determination of genomice structure and
the Southern blot analysis revealed that there are one donor site and two acceplor sites in
onc chloroplastic gene (Figure 4-3 and 4-4). Based on these data, it was assumed that the
way 1o use each acceptor site affected the production of each mRNA. Namely, if the distal
acceplor site [rom the donor site is used, the longer mRNA is produced, lcading to the
translation to tAPX protein that contains the putative membrane spanning region.
However, the use of proximal acceptor site produces the shorter mRNA that is translated
10 SAPX protein. In this case, SAPX protein must cxist in the stroma because of the lack
the thylakoid-membrane spanning region. Two mRNAs corresponding to each
chloroplastic APX are certainly transcribed in pumpkin green cotyledons (Figure 4-5).
The immunoblot analysis of the changes during development after germination using
antibodies of pumpkin mbAPX, which recognize four APX isoenzymes with molecular
masses of 38, 34, 31 and 28 kDa (Yamaguchi et al., 1996), demonstrated that the
accumulation of each APX protein was regulated by light (Figure 4-6). In the darkness,

only sAPX exists since thylakoid membranes scaccely develop in ctioplasts. When light
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induces the conversion from etioplasts to chloroplasts, not only the accumulation of
sAPX but also that of tAPX are induced such as other chloroplastic enzymes (Gilmartin et
al., 1990). Because thylakoid membranes develop to acquire the ability of
photosynthesis. These data indicate the presence of allernative splicing that is controlled
by light. With respect to chloroplastic APXs, especially tAPX, biochemical propertics
have been characterized but the mechanism of gene cxpr;:ssioll remains to be clarified. To
obtain clues, lissue-specific expression of four APXs was investigated (Figure 4-7). All
tested tissues contains cAPX. It has been reported that mRNA for cAPX is induced by
environmental stimuli such as drought and heat stress (Mittler and Zilinskas, 1992;
1994), and the rises of cAPX activity and amount of cAPX mRNA during [ruit ripening
was reported in bell pepper (Schantz et al., 1995), although the function remains to be
obscure, The fact that all tested tissues have cAPX implics the presence of the important
physiological role in the cytosol. cAPX might scavenge the stress-induced hydrogen
peroxide. mbAPX is present in cotyledons and not in roots, pollen and petals. According
to Yamaguchi ct al. (1995), mbAPX has a role of the reduction ol hydrogen peroxide
produced by B-oxidation in glyoxysomes of dark-grown cotyledons and by
photorespiration in leaf peroxisomes of light-grown cotyledons. For the present, root
tissues are not considered to have f3-oxidation and the function of photorespiration. If
unspecialized microbodies in roots do not produce large amounts of hydrogen peroxide,
mbAPX might not necessarily express. Detailed analyses about microbodics in pelals and
pollen have not been reported but De Bellis et al. (1991) reported the presence of leaf
peroxisomal enzyme in the petal at the beginning ol senescence, showing that
microbodies in petals are leaf peroxisomes and not unspecialized microbodies. Then
mbAPX should be present in petals. One interpretation is that the components and
function of the leaf peroxisomal membrane in petals are different rom those of
cotyledons. With regard to chloroplastic tAPX, it exists in cotyledons. This is in good
agreement with the data in Figure 4-6. Other tissues do not have tAPX because of the
immature of the thylakoid membrancs. sAPX is detected in most tissues although the

amounts depend on each tissue. It is of interest (o note that only sAPX, but not tAPX, is
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present in petal tissues, indicating that the specific production of SAPX mRNA by
alternative splicing or the specific degradation of tAPX. The results mentioned above are
the first report of the analyses of about expression of chloroplastic APXs. Chloroplastic
APX homologues have been found very recently in Arabidopsis (Jespersen et al., 1997).
They reported that the transit sequences between sAPX and tAPX proteins were different,
concluding that Arabidopsis clearly has two different genes for chloroplastic APXs. In
pumpkin, chloroplastic APX exists as a single gene (Figure 4-4). From the analysis of
nucleotide and deduced amino acid sequences, Jespersen et al. (1997) presumed that the
chloroplast branch has apparently diverged into stromal and thylakoid-bound types in

Arabidopsis.
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Chapter 5
General discussion
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Summary

Alternative splicing, which produces some variants from single genes, has been
considered as one of the post-transcriptional devices, and it has been reported that
alternative splicing is involved in the synthesis of some proteins in eukaryoles. Analysis
on alternative splicing has been mainly made progress in mammals. However, recent
studies revealed that allernative splicing is related Lo the maturation of some pre-mRNAs
in higher plants. Two proteins, which I presented in this study, are also regulated by
alternative splicing. In both cases, alternative splicing results in two variants whose
subcellular or suborganellar localizations are different,

[n Chapter 2, | showed the presence of two HPR proteins in pumpkin cells. HPR
functions as a member of photorespiration and has been thought to be localized in leaf
peroxisomes in the photosynthetic tissues. Two kinds of HPR cDNA were cloned and
determined their nucleotide sequences (Hayashi et al., 1996) (Figure 1-3), suggesting that
two HPR mRNAs might be produced by alternative splicing. In addition, it has been
anticipated, based on deduced amino acid sequences, that HPR1 and HPR2 proteins are
localized in leaf peroxisomes and in the cytosol, respectively, because HPR1 protein, but
not HPR2 protein, contains a targeting signal to microbodies at the carboxy terminus. The
immunoblot analysis and the subcellular fractionation experiment showed the presence of
two electrophoretically similar but separable polypeptides (Figure 2-4) and that high
activity of HPR in the cytosolic fraction was detected compared (o that in the leaf
peroxisomal fraction. Indirect immunofluorescent microscopy certainly revealed two
different localizations of the immunofluorescence, namely, in leaf peroxisomes and the
cytosol (Figure 2-6). Moreover, the analysis using transgenic plants confirmed the
different subcellular localizations of the two HPR proteins (Figure 2-8 and 2-9). These
findings seem to originate from the presence of the targeting signal to microbodies that is
produced by alternative splicing. Almost the same amounts of two polypeptides
corresponding to HPR | and HPR2 proteins were present in the extracts from dark-grown
cotyledons. When the cotyledons were transferred to continuous light, the amounts of

HPR mRNAs and polypeptides, especially HPR2, increased markedly (Figure 2-2 and 2-
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4). This result is in good agrecment with the analysis by RT-PCR (Figure 2-3). These
findings showed that light seems to shift the pattern for splicing of HPR to greater
production of HPR2 mRNA. At present, the presence of alternative splicing that is
regulated by light has not been reported in any organisms. To obtain further information,
tissue specificity and temperature cffect were investigated. As shown in Figure 2-10, the
two polypeptides corresponding to HPR proteins were present in light-grown cotyledons,
leaves, whole flowers and petals, whereas not in roots. Moreover, it is important to note
that only HPR2 protein, but not HPR1 protein, was detected in the extracts from the
stamen. The stamen is the only tissue that has one kind of HPR protein as far as I have
investigated. The mechanisms that produces only HPR2 protein or that is involved in the
specific degradation of HPR1 protein might exist and function in stamen cells. This result
implies that the stamen might have the possibility of the good control tissue for analysis
of alternative splicing of HPR. The shift of the temperature from 25°C to 35°C did not
affect the expression of HPR. Moreover, the amounts of HPR proteins in the petals and
the stamen were decreased with their senescence in vivo, These results are similar to that
in cotyledons (Mano et al., 1996).

In Chapter 3, I characlerized Arabidopsis HPR to obtain clues about information
of HPR. Although the HPR gene in Arabidopsis exists as a single copy, as it does in
pumpkin and cucumber (Figure 3-4), the genomic structure in Arabidopsis is different
from that in pumpkin. That is, the HPR gene in pumpkin has the presence of two pairs of
GT-AG doublets within the intron, whereas Arabidopsis HPR gene contains only one
GT-AG doublet (Figure 3-3), suggesting that alternative splicing might not occur against
our expectations. It is sure that all EST clones have the targeting signal to microbodies at
the carboxy termini (Figure 3-2) and that only one polypeptide was recognized by the
HPR-specific antibody (Figure 3-6). Therefore, I concluded that Arabidopsis has one
HPR protein with a targeting signal to microbodies. Then how many Kinds of HPR
protein do other plants have? To address this question, I tried to determine by the
immunoblot analysis whether the two HPR proteins exist in various plants (Figure 3-7).

In addition to pumpkin, two electrophoretically similar bands are present in the extracts
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from cucumber but not in other plants or other ecotypes of Arabidopsis. Based on the
genomic structure, [ have expected that two HPR proteins are probably present in
cucumber. Two polypeptides would be probably localized in the leaf peroxisomes and the
cytosol. These results imply that the differences in the gene structure and the regulation of
gene expression of HPR cause in species-specific manner in higher plants.

In Chapter 4, I showed the characterization of chloroplastic APXs as the second
example that is regulated by alternative splicing. I succeeded in cloning of pumpkin sAPX
cDNA and determined its nucleotide sequence (Figure 4-1). The nucleotide and deduced
amino acid sequences showed the complete identity except the carboxy terminal domain
(Figure 4-2), suggesting the involvement of alternative splicing to the production of
sAPX and tAPX mRNAs. That is, although alternatively spliced sAPX protein contains
the transit peptide at the amino terminal end as well as tAPX protein does, the putative
thylakoid-membrane spanning region located at the carboxy domain of tAPX protein
seems 10 be eliminated by alternative splicing (Figure 4-3). I investigated the
developmental changes of two chloroplastic APX proteins (Figure 4-6). When cotyledons
were kept in darkness, the amount of sAPX protein increased gradually and reach to the
maximum at the 5-day stage, whereas that of tAPX protein was kept at the low level for a
few days and then increased slightly. In the case that cotyledons were transferred to
continuous light, the amounts of both proteins were induced markedly. From the
densitometrically estimation of the amounts of two chloroplastic APX proteins, light
shifted the pattern for splicing of chloroplastic APXs pre-mRNA from the accumulation
of sSAPX mRNA to the almost accumulations of sAPX and tAPX mRNAs, resulling in
the remarkable change of the ratio of sAPX to tAPX. These results showed that
alternative splicing that is involved in the production of chloroplastic APXs is regulated
developmentally and by light. Analysis of tissue specificity revealed the presence of
sAPX protein, but not tAPX protein, in the petals (Figure 4-7).

From the results of these two examples, it is demonstrated the presence of

alternative splicing that produces variants whose subcellular or suborganellar localizations
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are different, Morcover, it is revealed that this alternative splicing showed the light-

dependent and the tissue-specific manner.

General discussion

The acquirement of complex biological system has been accompanied by
increasing genomic complexity to generate multiple variants that are adapted to function in
a particular cell type, developmental stage or physiological state. To produce genomic
complexity leading to protein diversity, three main mechanisms have evolved: gene
duplication, gene rearrangement and alternative splicing. Of the three, alternative splicing
has a lot of advantages and few of the limitations of gene duplication and gene
rearrangement. Gene duplication is the most costly in genetic term because each isoform
requires the duplication of the entire genetic sequence. However, the abundance of
multigene families demonstrates the evolutionary success of this process. Gene
rearrangement is an efficient mechanism for the generation of proteins diversity from
single genes. The immunoglobulin genes contain intragenic duplications that correspond
to the variable domains of the protein. In this case, the combination of a limited set of V,
D and J exons can produce an almost unlimited number of different antibodies. Yet
surprisingly, this mechanism seems to be restricted to the immune system. Perhaps DNA
rearrangement can be used only by cells in the process of lerminal differentiation because
it irreversibly changes the genetic content of the cell. On the contrary, alternative splicing
does not change the genetic content of the cell nor is irreversible in genetic terms. In
addition, splicing pathway need not be discarded in order to use different ones, making
alternative splicing particularly suited to generate protein diversity.

The differences of structural characteristics of HPR and chloroplastic APXs
between pumpkin and another plants provide the basis for a discussion of the evolution of
HPR and chloroplastic APXs. Spinach, pea and barley have the two HPR proteins with
different subcellular localizations as does pumpkin, whereas only one HPR exists in leaf

peroxisomes of Arabidopsis. However, the two HPR proteins of spinach, pea and barley
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originated in different genes. In addition, there are at least two genes of chloroplastic
APX in Arabidopsis, although pumpkin and spinach have only one gene. Judging from
these results, alternative splicing of HPR and chloroplastic APXs is species-specific and
it probably depends on the physiological necessities in each plant.

Allernative splicing utilizes different promoter, different splice sites and different
poly(A) sites in order to produce multiple variants and it is important as a post-
transcriptional level of gene regulation like the transcriptional level, because it affects
protein localization, protein activity, production of novel protein and RNA stability and
translational efficiency. With respect Lo different localizations, as described previously in
Chapter 1.1.2, carnitine acetyltransferase (Corti et al., 1994), human interleukin-6 signal
transducer gp130 (Diamant et al., 1997), CD44 (Yu and Toole, 1996), rat A3 adenosine
receplor (Sajjadi et al., 1996) undergo alternative splicing, leading Lo the localizations of
different parts. In these cases, ones are produced as membrane-bound proteins and the
others are secreted because they are produced as soluble proteins. Interestingly, these
soluble proteins appear to function as antagonists of their membrane-bound forms,
inhibitors of self-stimulatory effects or mediators of various signals. In higher plants, the
variants of the small subunit of AGPase (Thorbjgrnsen et al., 1996), FCA proteins, a
controlling flowering time (Macknight et al., 1997) and ARKI protein (Tobias and
Nasrallah, 1996) show different localizations in cells. Of these, in the only case of the
small subunit of AGPase, the function of alternatively spliced variant has been clarified
(Denyer et al., 1996; Thorbjgrnsen et al., 1996).

Both chloroplastic APXs, of two proteins that I analyzed in this study, bave been
demonstrated to fulfill as a function of the scavenger of hydrogen peroxide in spinach
chloroplasts (Miyake et al., 1993). However, as discussed in Chapter 2.5, the
physiological role of cytosolic HPR remains to be determined. To obtain clues on
alternative splicing including the function of the cytosolic HPR, [ attempted to use
Arabidopsis thaliana because of the possibility of making (ransgenic plants. As the first
step, the molecular cloning and charactenization of Arabidopsis HPR were performed. As

demonstrated in Chapter 3, Arabidopsis (ecotype Columbia) has only one HPR with the
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peroxisomal targeting signal as opposed to our expectation. In addition, the analysis of
other plants and another ecotypes of Arabidopsis also revealed the presence of one kind
of HPR protein except cucumber. These data suggest that plants might be able to survive
without the cytosolic HPR. However, only HPR2 is present in the stamen and the
amount of HPR2 protein is more than that of HPRI protein in the cotyledons of pumpkin
and cucumber. Moreover, light-induction causes the much production of HPR2 mRNA in
pumpkin. These results indicate the presence of an unidentified role in only Cucurbita
species.

Although the mechanism on general and alternative splicing have not been
completely clarified, some components consisting of the spliceosome and elements
necessary for splicing have been identified (Mount, 1982; Madhani and Guthrie, 1994).
The number of novel components are expanding even in the best characterized mechanism
of the sex determination ol Drosophila. A family of proteins with arginine- and serine-
rich domains, SR protein, has recently come into the limelight of studies on the
mechanisms of general and alternative splicing. SR proteins are phosphorylated in vivo
(Roth et al., 1990; Yitzhaki et al., 1996), although the role of phosphorylation is obscure.
Their phosphorylation-dephosphorylation might be required for the assembly with pre-
RNAS or other proteins. Implicated in an ever increasing variety of function, these SR
proteins act as driving forces during spliceosomes assembly and also play decisive roles
in the site selection of alternative splicing (Valcdrcel and Green, 1996). For example,
ASF/SF2, which is a kind of SR proteins, functions as a general splicing factor, whereas
it can also switch between alternative splice sites when it is present in excess, indicating
the importance of the concentration of splicing factors. Gallego et al. (1997) certainly
reported that the ratio of ASF/SF2 to another member of the SR family, SC35, affected
the exon 6A splicing in B-tropomyosin pre-mRNA. In addition, SR proteins modulate
alternative splicing of another SR proteins and their own pre-mRNAs (Screaton et al,,
1995; Jumaa and Nielsen, 1997). The expression of individual SR proteins shows cell-
type-specific, developmental stage-specific or tissue-specific manners. Sxl protein, as

introduced in Chapter 1.1.3, is also the SR protein and it promotes the synthesis of its
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own female-specific mRNA as well as tra pre-mRNA (Sakamoto et al., 1992; Wang et
al., 1997). It is probably expected that the number of SR proteins would expand in the
future.

In mammals, in vitre splicing assays using HeLa cell nuclear extract has been
established (Dignam et al., [983), contributing to the analysis of the identification of
components, cis regulatory elements and their functions. Lazar et al. (1995) and Lopalo el
al. (1996) demonstrated that ASF/SF2 homologues in Arabidopsis, carrot and tobacco
could function in splice site switching of the legumin pre-mRNA and human f3-globin
pre-mRNA in this nuclear extracts, although the splicing activities were due to species-
specific differences in the SR proleins. This data indicates that plant SR proteins are
active in a heterologous allernative splicing assay system. Probably, this splicing system
in vitro will be useful in the analysis of HPR and chloroplastic pre-mRNAs. I am now
trying to establish the splicing assay system in vitro in plants using tobacco cultured cells.
In addition, it is important to settle the splicing assay system in vive, such as the particle
bombardment, since the light-dependency is the specific feature to plants and the splicing
assay system using HeLa cell nuclear extract might not be useful. The establishment of
the splicing assay system, the identification of some components and cis-elements will

provide the essential new insights on the mechanisms of alternative splicing.
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Five Arabidopsis EST ¢cDNA clones of hydroxypyru-
vate reductase (HPR), a photorespiratory enzyme in leaf
peroxisomes, were sequenced. Deduced amino acid se-
quences revealed that HPR in Arabidopsis contained the
carboxy-terminal targeting signal to microbodies, Nucle-
otide sequence analysis showed that the ¢cDNA with the
longest insert contained an open reading frame of 1,158 bp
which encoded a polypeptide with 386 amino acids with a
calculated molecular mass of 42,251 Da. A Southern blot
analysis suggested that the Arabidopsis HPR gene, like
that of the pumpkin HPR gene, exists as a single copy.
Two kinds of pumpkin HPR mRNA might be produced
from a single gene by alternative splicing, but the structure
of the genomic DNA indicated that the Arabidopsis HPR
gene did mot undergo alternative splicing. We detected a
polypeptide with a molecular mass of 42 kDa in green
leaves of Arabidopsis using an HPR-specific antibody. Im-
munoelectron microscopy revealed that Arabidopsis HPR
protein was exclusively localized in leaf peroxisomes in
green leaves, These results indicate that HPR is expressed
in a form with a carboxy-terminal targeting signal to micro-
bodies and is localized in microbodies in Arabidopsis, sug-
gesting that the differences in the gene structure and the reg-
ulation of gene expression of HPR are probably due to
species-specific differences in plants.

Key words: Alternative splicing — Arabidopsis thaliana —
Hydroxypyruvate reductase (EC 1.1.1.29) — Leaf peroxi-
some — Targeting signal.

NADH-hydroxypyruvate reductase (HPR; EC 1.1.1.29),
which is one of the leaf-peroxisomal enzymes, catalyzes the
reduction of hydroxypyruvate to glycerate. This enzyme is
known to be localized in leaf peroxisomes, which are spe-
cialized microbodies found in photosynthetic tissues, and
they play a role in the glycolate pathway of photorespira-
tion in concert with enzymatic reactions in chloroplasts and
mitochondria (Tolbert et al. 1968). HPR activity and tran-

The nucleotide sequence reported in this paper has been sub-
mitied to the DDBJ, EMBL and GenBank nucleotide sequence
databases with the accession number DE5339.

? To whom correspondence should be addressed.
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scripts are developmentally regulated and enhanced by
light (Greenler et al. 1989) and similar results have been ob-
served for other leaf-peroxisomal enzymes such as gly-
colate oxidase (Tsugeki et al. 1993). cDNAs for HPR have
been cloned from pumpkin (Havashi et al. 1996b), cucum-
ber (Greenler et al. 1989) and methylotrophs (Chistoser-
dova and Lidstrom 1994, Yoshida et al. 1994). In plants,
HPR functions in the photorespiratory glycolate pathway,
whereas in methylotrophs, it acts as an assimilatory enzyme
of one-carbon components, such as methanol, in the serine
pathway.

Previous work in our laboratory has shown that two
kinds of ¢cDNA clones for HPR (HPR! and HPR2) were
screened from the cDNA library in pumpkin green cotyle-
dons (Hayashi et al. 1996b). The nucleotide sequences of
these clones are identical except for three single-nucleotide
substitutions and for the region encoding the carboxy ter-
minus. The deduced HPR1 protein contains the carboxy-
terminal tripeptide of Ser-Lys-Leu, which is known as a
targeting signal to microbodies (Gould et al. 1988, 1989)
but the deduced HPR2 protein does not. These results sug-
gested that HPR1 protein is transported into leaf peroxi-
somes and HPR2 protein remains in the cytosol. More-
over, analysis of the structure of an intron suggests that
alternative splicing gives rise to two kinds of HPR mRNA.
We have detected two polypeptides in homogenates from
pumpkin leaves (see results), and have confirmed that one
of them is localized in leaf peroxisomes and the other is lo-
calized in the cvtosol of green leaves (Mano, Hayashi, Kon-
do and Nishimura. unpublished).

Alternative splicing is a well-known post-transcription-
al regulatory mechanism in eukaryotic organisms. It has
been reported that the synthesis of several enzymes are con-
trolled by alternative splicing (Corti et al. 1994, Gérlach et
al. 1995, Hayashi et al. 1996b, Kopriva et al. 1995, Sugi-
yvama et al. 1996, Tamaoki et al. 1993, Theill et al. 1992).
Recent analysis from mammalian showed the presence of
SR proteins, which are regarded as candidates for alter-
native splicing factor {Gontarek and Derse 1996, Screaton
et al. 1995). Lopato et al. (1996) demonstrated that plants
also possessed SR proteins. These SR proteins from carrot,
tobacco and A rabidopsis were active in an alternative splic-
ing assay in vitro. Moreover, the existence of exonic splic-
ing enhancers, which are sequences to which SR proteins
are able to bind, has been demonstrated (Gontarek and
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Derse 1996).

In the case of peroxisomal enzymes, different forms of
human carnitine acetyltransferase are produced by alter-
native splicing and are transported into distinct organelles
(peroxisomes and mitochondria) (Corti et al. 1994). In
higher plants, pumpkin HPR is the first example that mi-
crobody enzymes produced by alternative splicing are lo-
calized in different parts within cells. cDNA for cucum-
ber HPR, which is another registered cDNA for HPR in
plants, does not have this carboxy-terminal tripeptide.
However, the genomic structure of cucumber suggested the
possibility of alternative splicing (Hayashi et al. 1996b),
suggesting that cucumber HPR with the microbody target-
ing signal exists, although the cDNA has not been cloned.
Therefore, it is of interest to analyze the structure and the
expression of HPR in another plant species.

In this paper, we report the characterization of Arabi-
dopsis HPR for the purpose of investigating whether HPR
is regulated by alternative splicing as it is pumpkin. Several
EST clones homologous to pumpkin HPR have been al-
ready registered at the Arabidopsis Biological Resource
Center (ABRC) at Ohio State University. We obtained
these clones and determined the sequences to identify
whether these have the targeting signal at their carboxy ter-
minus. In addition, we also report here the results of a
Southern blot analysis, the characterization of genomic
DNA and the intracellular localization of the HPR protein
in Arabidopsis green leaves. Overall, the analyses indicate
that Arabidopsis HPR is a single-copy gene and is not regu-
lated by alternative splicing, showing that only HPR with a
carboxy-terminal targeting signal to microbodies is express-
ed and localized in microbodies in Arabidopsis.

Materials and Methods

Plant materials—Seeds of Arabidopsis thaliana (L.) Heynh.
ecotype Columbia were grown at 22°C under continuous light.
Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri Nankin) seeds
were soaked overnight and germinated in moist rock fiber (66R;
Nitto Bouseki, Chiba, Japan) at 25°C under continuous light.

Sequencing of Arabidopsis PR EST clones—Five Arabi-
dopsis HPR EST clones, whose stock numbers were 60A7T7,
135P15TT, 11311077, 183L19T7 and 133M20T7, were obtain-
ed from ABRC. These were derived from a AZip-Lox plasmid
(GIBCO BRL, MD, U.5.A.). The nucleotide sequences encoding
around the carboxy-terminal region of each clone and the full-
length sequence of the longest cDNA insert, designated 113J10T7,
were determined with an automatic DNA sequencer (model 373;
Perkin Elmer/Applied Biosystems) according to the manufac-
turer's instructions. The nucleotide and the deduced amino acid se-
quences were analyzed with DNA analytical software (Gene-
Works; IntelliGenetics, Mountain View, CA).

Cloning of genomic DNA for Arabidopsis HPR—An intron
of the gene for Arabidopsis HPR was amplified by polymerase
chain reaction (PCR) using total genomic DNA (5 ng) as a tem-
plate. The genomic DNA was extracted from Arabidopsis leaves
by the cetvitrimethylammonium bromide precipitation method

(Murray and Thompson 1980). The reaction mixture contained 1
unit of Ampli Tag DNA polymerase (Perkin Elmer Japan, Chiba,
Japan), an upstream primer (ATHPR]; 5-GCATCGTCAAC-
TCAAAGGCCTTA-3), a downstream primer (ATHPR2; 5-
TACATAAACACAACTTGACACC-1') and an appropriate buff-
er in a total volume of 50 ul. Bach cycle was at 94°C for 45 5, 55°C
for 45 sand 72°C for 45 5. The DNA fragment was subcloned into
a T-vector prepared using pBluescript KS + as described in a previ-
ous report (Marchuk et al. 1990).

Southern blot analysis—Total DNA (1 ug) was digested with
Belll and Xbal. The products were fractionated on a 0.8% aga-
rose gel, transferred to a Zeta-Probe blotting membrane (BIO-
RAD, CA, U.S.A.) by the capillary method and fixed by exposure
to UV-light (Funa-UV-Linker, model FS-800; Funakoshi, Tokyo,
Japan). The fragment corresponding to Arebidepsis HPR EST
clone (113110T7) was labeled with [*P]dCTP (Amersham Japan)
using a BceeBest labeling kit (Takara Shuzo, Kyoto, Japan). The
membrane was hybridized in 50% formamide, 0.12 M sodium
phosphate (pH 7.2), 0.25 M sodium chloride, 7% SDS and | mM
EDTA (pH 8.0) with 1.0 % 10° cpm ml ' of radiolabeled DNA pro-
be for 18 h at 42°C. The membrane was washed at 42°C in 2%
SSC plus 0.1% SDS for 15 min, in 0.2 x 88C plus 0.1% SDS for
15 min, in 0.1 xSSC plus 0.1% SDS for 15 min. The membrane
was used to expose X-ray film.

Immunablot analysis—The leaves of Arabidopsis plants and
pumpkin cotyledons at the 21-old-day stage were homogenized
with the extraction buffer (100 mM Tris-HCI, pH 6.8, 1 mM
EDTA, pH 8.0, 0.1% Triton X-100 and 1 mM PMSF) and then
the homogenates were centrifuged at 15,000 % g for 25 min. The
protein content of each extract was estimated by using a protein
assay kit (Nippon Bio-Rad Laboratories, Tokyo, Japan) with
bovine gamma albumin as a standard protein. Five or ten ug of
total protein was separated by SDS-PAGE on a 7.5% polyacryl-
amide gel as described by Laemmli (1970) and transferred to a
nylon membrane (Schleicher & Schuell, Dassel, Germany) in a
semidry electroblotting system. Immunologic reactions were de-
tected by monitoring the activity of horseradish peroxidase anti-
hodies against rabbit 1gG (ECL system; Amersham, Japan).

Immunoelectron microscopy—Arabidopsis leaves at the 21-
day-old stage were fixed, dehydrated and embedded in LR white
resin (London Resin, U K.) as described previously (Nishimura et
al. 1993). Ultra-thin sections were cut on a Reichert ultramicro-
tome (Leica, Heidelberg, Germany) with a diamond knife and
mounted on uncoated nickel grids. The protein A-gold labeling
procedure was essentially the same as that described by Nishimura
et al. (1993). Ultra-thin sections were incubated at room tempera-
ware for 1 h with a solution of antiserum against HPR diluted | :
2,000 and then with a 50-fold diluted suspension of protein A-
gold (Amersham Japan) at room temperature for 30 min. The sec-
tions were examined with a transmission electron microscope
(1200EX; JOEL, Tokyo, Japan) at 80 kV.

Results and Discussion

Full-length sequence of Arabidopsis HPR ¢cDNA—An
EST bank at ABRC at Ohio State University was screened
for HPR cDNA in Arabidopsis using the amino acid se-
quence of pumpkin HPR1 protein. Five cDNA clones show-
ed high similarities to pumpkin HPR1. The stock numbers
of these clones were 60ATTT (accession No. T41584),
135P15T7 (accession No. T75991), 113J10T7 (accession
No. T42460), 183L19T7 (accession No. H37101) and
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133M20T7 (accession No. T45536). The complete nucleo-
tide sequence of 113J10T7, which contained the longest in-
sert, was determined. As shown in Figure 1, this cDNA con-
sists of 1,428 bp and contains a 1,158-bp open reading
frame that encodes a polypeptide with 386 amino acids
with a total molecular mass of 42,251 Da. The deduced se-
quence beginning with the first ATG at nucleotide 81 show-
ed high similarities to HPRs from other sources such as
pumpkin (Hayashi et al. 1996b), cucumber (Greenler et al.
1989) and methylotrophs (Chistoserdova and Lidstrom

1994, Yoshida et al. 1994). The identities with amino acid
sequences of HPR for other plants are 88% for pumpkin
HPR1, 87% for pumpkin HPR2 and 87% for cucumber.
The carboxy-terminal sequence was Ser-Lys-Leu, which is
known to be one of the targeting signals to microbodies
(Gould et al. 1988, 1989).

Nucleotide sequences around the carboxy terminus of
Arabidopsis EST clones—The carboxy-terminal targeting
signals to microbodies are characterized well in glvoxy-
somal- and peroxisomal-enzymes (Gould et al. 1988, 1989,

tcgacccacgogtococgagac 20
ctectetgtttocatattctcaccacagaagaactcttgaggetttoctottetoctotace 8o
ATGGCGARACCGGTGTCCATTGARGTGTATAATCCTAATGGGARATACAGAGTTIGTTAGC 140
M A K P V 5 I E V Y N P N G K ¥ R V V 8 20
ACARRACCGATGCCTGGAACTCGCTGGATCAATCTCTIGGTAGACCAAGGTIGTICGCGTT 200
T K P M P G T RWIUNILILWWVDOQU®GTCHR RV 40
GAGATATGTCATTTGARGAAGACAATCTTGTCTGTAGAAGATATCATTGATCTGATCGGA 260
E I ¢ H L K K T I L S VvV ED I I bLTIG 80
GACAAGTGTGATGGAGTCATCOGTCAGTTGACGGAAGAT TGGGGAGAGACTCTGTTCTCA 320
DK CDGVVIGQ LT EUDWTGETULF S8 80
GCTTTGAGCRAAAGCTGGAGGGARAGCT TTCAGTARCATGGCCGTTGGTTATAACAACGTT 380
A L 8 K A G G K A F § N M A V G ¥ N N V 100
GATGTTGAAGCTGCCAATAAGTATGGAATTGCTGTCGGTAACACTCCGGGAGTGTTGACT 440
D VE A AN K VY G I AV GNTU®PGWVILT 120
GAGACGACGGCTGAACTAGCTGCTTCTCTTICCTTIGGCTGCTGCARGARGAATTGTTGAR 500
E T T A E L A A 8 L 8 L A A AERUERTIWVE 140
GCCGACGAATTCATGAGAGGTGGCTTGTACGAGGGATGGCTTCCTCATCIGTTTGTGGGG 560
A D EFMBRGGL Y E G WL P B L F V G 160
AACTTACTTAAAGGACAGACTGT TGGAGTTATTGGAGCTGGACGTATTIGGATCTGCTTAT 620
H L L XK G QT VvV 6 VvV I 6 A G R I G § A Y 1890
GCTAGAATGATGGTGGAAGGG TTCAAGATGAATTIGATCTACTTIGATCTITACCAATCC 680
A R M M VEGF F K MUN LI ¥ FDILUYGQS 200
ACTCGTCTTGAGARATTTGTGACAGC T TATGGACAGTICTTIGARAGCARATGGAGARCAR 740
T R L EBE KF VT AY G Q@ F L KA NGE Q 220
CCTGTGACATGGAAACGAGCTTCGTCCATGGAGGAGGTGCTGCGTIGAGGCTGATCTEATA 800
P VT WK RAUGSBG S MEEVL®REHSBADDTLTI 240
AGTCTTCACCCGGTGUTGGACARRACCACTTACCATCTTIGTCAACAAGGAGAGGCTTGLC 8560
§ L H P ¥V L D KT T VY H LV N EKEEU®RL A 260
ATGATGAARRAGGAAGCAATCCTIGTGARCTGCAGCAGAGGICCTIGTGRATCCATGAGGCA 820
H M K X EAIULWVYNTUCS SUBRG PV I HERBA 280
GCTTTGGTCGAACATCTCAARGAGAACCCGATGTTCCGAGTIGGICTCGATGTGTTCGAG 580
AL VEHL KE EHNDPMUP RV G LDV FE 300
GAAGAGCCATTCATGAARCCAGGGCTTGCTGATATGAAAAACGCTATTIGTTGTICCTCAC 1040
E E P FMEP GL ADM K NATIUWVPEPH 320
ATTGCTTCTGCTTCCAAGTGGACTCGTGAAGGAATGGCTACGCTIGCAGCTCTCAACGTC 1100
I A §8 A 8§ K W T REUGMAMAMTLAAMDMDILUDMNUW 340
CTCGGAAGAGTCAAAGGGTACCCGATTIGGCATGACCCGAACCGAGTCGATCCATICITG 1160
L 6 R ¥V K G Y P I W HRDOPHNGRVD®P?L 360
MCmCGC'L‘TCﬁf.‘CGCCGMTGCCM;IQQ%GCATCGICMC‘CWYGGCC‘:EW‘R 1220
N X N A 8 P P N A 8 P I v 8 8 X A L 380
TIGCCTGTTTICGAAGCTAtgagttaagtatgaagaaggggagatttggaagaatecttoe 1280
L E V . 385
agtgaatal:.ntgat%gt:ﬂagttgtgttI‘.a'r.g:a‘i‘_;ﬁg’atatqaaaceaccatq:tqq 1340
atcatataaatcactcctttaaagtgttacattgttgatgagtorattagsacgattacce 1400
actctetttatttecataaatttgetaag 1428

Fig. 1 Nucleotide and deduced amino acid sequences of Arabidopsis HPR cDNA. The complete nucleotide sequence of 11371077 was
determined. The nucleotide sequence of the putative coding region is shown in uppercase letters and the 5~ and 3'-noncoding regions are
shown in lowercase letters. The deduced amino acid sequence is presented in the single-letter code under the nucleotide sequence, starting
at the first in-frame methionine residue and ending at the first stop codon, indicated by an asterisk. The three carboxy-terminal amino
acids that are known as a microbody-targeting signal are boxed. Arrows indicate primers, ATHPR1 and ATHPR2, for PCR, respective-

Iy.
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Hayashi et al. 1996a, Mano et al. 1996, Mori et al. 1991,
Olsen et al. 1993, Tsugeki et al. 1993, Volkita 1991). But an-
other HPR protein in pumpkin (HPR2) does not have this
signal. We determined the nucleotide sequences encoding
the region around the carboxy terminus of other clones in
order to identify whether or not these sequences contained
the targeting signal to microbodies. As shown in Figure 2,
the nucleotide sequences of all cDNAs were identical, al-
though the lengths and positions of the poly-(A) tail were
different. All deduced amino acid sequences contained the
Ser-Lys-Leu sequence at the carboxy terminus and none of
the HPRs were found to lack the targeting signal, as occurs
in pumpkin HPR2 cDNA.

Genomic sequence and putative amino acid sequence
of Arabidopsis HPR—We could not exclude the possibility

of the presence of another type of ¢cDNA in Arabidopsis
such as pumpkin HPR2 ¢DNA and cucumber HPR cDNA
(Greenler et al. 1989), which lacked the Ser-Lys-Leu se-
quence at their carboxy terminus, because it might not be
registered in the EST bank. We have reported that HPR
without the targeting signal may be produced from one
gene by alternative splicing since the genomic structure con-
tains two pairs of GT-AG doublets (Hayashi et al. 1996b),
so two kinds of mRNA are produced depending on the way
in which the exons are spliced. It is assumed that the longer
nucleotide sequence flanked by GT-AG is removed as it is
in the case of HPR1. HPR2 is produced when the shorter
intron, which does not contain the first 17 bp with a stop
codon, is eliminated. There is a similar structure around
intron XII of cucumber genomic DNA (Hayashi et al.

L 6 L P VvV &8 K L *

60ATTT

135P15T7
113J10T7
183L19T7
113M20T7

CCTTAGGATTGCCTGTTTCGAAGCTALgagttaagtat gaagaaggggag
CCTTAGGATTGCCTGTTTCGAAGCTAtgagttaagtatgaagaaggggag
CCTXAGGATTGCCXGTTTCGARGCTAtgagttaagtatgaagaaggggag
CCTHRAGGATTGCCKGTTTCGARGCTALgagttaagtatgaagaaggggayg
TTTCAGGATTGCCTGTTTCGARGCTALgagttaagtatgaagaaggggag

W kkk kRN WAAATAAAEAAEANTA AT AAE AR AT A A A A A AR AR AR E

60ATTT

135P15T7
113J10T7
183L19T7
113M20T7

atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttta
atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttita
atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttta
atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttta
atttggaagaatccttttagtgaatatatgatggtgtcaagttgtgttita

Ak EFEARAREARA AR A RA A A AR A SR AR AT r A r A A Ak ik

60ATTT

135P15T7
11331077
183L19T7
113M20T7

tgtattgtatatgaaacaaccatgttggatcatataaatcactectttaa
tgtattgtatatgaaacaaccatgttggatcatataaatcactcctttaa
tgtattgtatatgaaacaaccatgttggatcatataaatcactcctttaa
tgtattgtatatgaaacaaccatgttggatcatataaatcactcctttaa
tgtattgtatatgaaacaaccatgttggatcatataaatcactcctttaa

HEE A A A A AR A A A A A AR AR R EE RN IR AR AN A AR AR A A A Ak e Ak

60ATTT

135P15T7
113J10T7
183L19T7
113M20T7

wEkkkEkkkdhk

60RTTT

11371077
183L1917
113M2077

GORTTT
113M20T7

aaa
aAadadaasasaaa

agtgitacattgttgatgagtctattagacgattacccactctetttatt
agtgttacattaaaaaaaaazaaaaaa

agtgttacattgttgatgagtctattagacgattacccactctetttatt
agtgttacattgttgatgagtctattagacgattacccactctetttatt
agtgttacattgttgatgagtctattagacgattacccactctetttatt

tcataaatttgctaagaatacaatttctaagtcaaaaaaaaaaaaaaaaa
tcataaatttgctaagaatacaaaaaaaaaaaaaaaaaaaaaa
tcataaatttgctaagaatacaaaaaaaaaaaaaaaaaaaaaa
tcataaatttgctaagaatacaatttctaagtcatcaagaaaaaaaaaaa

Fig. 2 Alignment of nucleotide sequences encoding the carboxy-terminal amino acids of Arabidopsis EST clones. All clones were ob-
tained from ABRC. The nucleotide sequence of the coding region is shown in uppercase letters and the 3-noncoding region is shown in
lowercase letters. The deduced amino acid sequence around the carboxy terminus is presented in the single-letter code over the nucleotide
sequence. [dentical nucleotides are indicated by an asterisk under the sequence. The stock number of each clone is shown on the left.
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1996b}. Therefore, it is important to compare the genomic
structure of Arabidopsis HPR with those of pumpkin and
cucumber HPRs. To characterize the structure of the Arabi-
dopsis HPR gene, we amplified Arabidopsis genomic DNA
by PCR. A unique fragment of about 300 bp in length was
amplified, subcloned into pBS vector and then subjected to
sequence analysis. The result showed a 188-bp intron locat-
ed at the same position as it is in the HPR genes of pump-
kin and cucumber (Fig. 3). An exon-intron junction follow-
ed the GT-AG rule and showed good agreement with the
donor and acceptor consensus sequence derived for plant
gene splice sites. We were unable to find two pairs of GT-
AG doublets within this intron. We determined the nucleo-
tide sequences of six independently isolated products of
PCR amplified from the genomic DNA. All these DNAs
had the same nucleotide sequence as shown in Figure 3.
These data suggest that the gene for Arabidopsis HPR con-
tains only one GT-AG doublet and that alternative splicing
might not occur.

Arabidopsis HPR is encoded by a single copy gene—

Since Arabidopsis HPR does not seem to be produced by
alternative splicing, does another HPR genc exist in Arabi-
dopsis? Givan and Kleczkowski (1992) detected the activi-
ties and polypeptides of HPR in leaf peroxisomes and the
cytosol of barley leaves. Judging from the difference in sub-
unit molecular masses between HPR1 and HPR2 in barley,
they seem to be derived from different genes, whereas
Greenler et al. (1989) reported that a single gene for HPR is
present per hapleoid genome in cucumber, and we confirm-
ed that pumpkin HPR was also a single-copy gene (Mano,
Havashi, Kondo and Nishimura. unpublished). Therefore,
we carried out a Southern blot analysis. DNA from leaves
of Arabidopsis was isolated, digested with Bg/ll and Xbal,
none of which cuts Arabidopsis cDNA (113J10T7), and
subjected to Southern blot hybridization using Arabidopsis
HPR cDNA as a probe. As shown in Figure 4, HPR ¢cDNA
hybridized with a single fragment. In addition, only one
kind of genomic sequence was obtained when we amplified
the genomic DNA (Fig.3). These findings indicate that
HPR in Arabidopsis exists as a single-copy gene, as it does

GﬁATCGTCthICAAAGGCETTAGE:hctacacaacacttacac:catgc

ctcagatigittcasacgotaatttatgortgoatttoctgotaacaadn

tatttasacatasacagaaacaasagaacattgactaatccacttaaaca

datttgtboccatictototattasadattactcrcatATATALALLELEL

gggtecte LCEE!\':'TGCC_.E‘ITICGMGCIﬁ tgagttaagtatgadgaa
.

ggggagatitggaacastocttttagtgaatatatgatggtgtoaagtty

(A)

I ¥V N &8 XK A L B
P v 5
tgteratge

(B)

(c) HPR1 mRNA

HER gene '|r|r_rt
HPRZ mRNE

Fig. 3 Structural relationships around the carboxy termini of HPR from Arabidopsis and pumpkin. (A) The nueleatide sequence of
the intron in this region of Arabidopsis HPR gene is shown. The nucleotide sequence of the exon is shown in uppercase letters and the in-
tron and 3-noncoding region are shown in lowercase letters. The deduced amino acid sequence is presented in the single-letter code
under the nucleotide sequence. Asierisk indicates the stop codon and boxes represent the consensus sequences found in the beginning
(GT) and the end (AG) of an intron. (B), (C) Schematic representation between the proteins deduced from Arabidopsis mRNA (B) and
pumpkin mRNAs (C) and cach gene. The hatched boxes correspond to exons and the open boxes correspond to introns. The consensus
sequences corresponding to the splice donor and acceptor sites and the carboxy-terminal amino acids are shown. Asterisk shows the stop

codon.
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Abstract A c¢DNA encoding stromal ascorbate peroxidase
(sAPX) was isolated using poly(A)” RNA of pumpkin cotyledons
by RT-PCR. The cDNA encodes a polypeptide with 372 amino
acids and shares complete sequence identity with pumpkin
thylakoid-bound ascorbate peroxidase (tAPX), except for the
deletion of a putative membrane spanning region located in the
carboxy domain of tAPX. Southern blot hybridization and
analysis of intron structure indicated that mRNAs for sAPX and
tAPX, whose suborganellar localizations in chloroplasts are
different, are produced by alternative splicing. Immunoblot
analysis showed that the accumulation of sSAPX and tAPX was
differently regulated during germination and subsequent greening
of pumpkin cotyledons,
@ 1997 Federation of European Biochemical Societies.

Key words: Alternative splicing; Chloroplast;

Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri Nankin);
Stromal ascorbate peroxidase (EC 1.11.1.11);
Thylakoid-bound ascorbate peroxidase

1. Introduction

Ascorbate peroxidase (APX), which uses ascorbate as the
electron donor, has a role in the scavenging of Ha0s. In high-
er plants, four iscenzymes of APX with different subcellular
localizations have been reported, namely, microbody APX
(mbAPX) [1,2], eytosolic APX (cAPX) [3,4], stromal APX
(sAPX) [5,6] and thylakoid-bound APX (1APX) [6,7]. cAPX
is localized in the cytosol of both photosynthetic and non-
photosynthetic tissues. The function is still obscure, although
it has been reported that mRNA for cAPX was induced by
environmental stimuli such as drought and heat stress [8,9].
mbAPX is localized on glyoxysomal and leaf-peroxisomal
membranes and plays a role in the reduction of HyOs which
leaks from glyoxysomes and leafl peroxisomes [1]. Chloroplas-
tic APXs (sAPX and tAPX) scavenge the HyOy within chlor-
oplasts. Chloroplastic APXs have been purified and deter-
mined their partial amino acid sequences [5,7,10]. Recently,
cDNA for tAPX from pumpkin has been cloned and charac-

“E‘o:respondmu: author. Department of Cell Biolagy, National
Institute for Basic Biology, Myodaiji, Okazaki 444, Japan.
Fax: B1-564-55-7505,

Abbreviations: APX, ascorbate peroxidase; sAPX, stromal APX:
tAPX, thylakoid-bound APX; mbAPX, microbody APX; cAPX,
cytosolic APX; HPR, hydroxypyruvate reductase; RT-PCR, reverse
transcription-polymerase chain reaction

The nucleotide sequence data reported in this paper will appear in 1he
DDBJ, EMBL and GenBank nucleotide sequence databases with the
accession number DESA20,

terized in our laboratory [11] and Ishikawa et al. [6] also
iselated cDNAs for tAPX and sAPX from spinach leaves,
showing that amino acid sequences of tAPX and sAPX
were identical except for the deletion of the C-terminal do-
main of tAPX, although both APXs had a putative transit
peptide into chloroplasts.

In this paper, we report the characterization of pumpkin
sAPX for the purpose of investigating whether sAPX and
tAPX are produced by alternative splicing. We isolated
cDNA for sAPX from greening pumpkin cotyledons. A
Southern blot analysis and the characterization of genomic
DNA revealed that the pumpkin gene encoding sAPX and
tAPX is a single copy and both APXs were produced by
alternative splicing. We also report here the developmental
changes in the level of sAPX and tAPX proteins during per-
mination and subsequent greening of pumpkin cotyledons.

2. Materials and methods

2.1, Plant materials

Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri Nankin) seeds
were soaked overnight and germinated in moist rock fiber (66R.; Nitto
Bouseki, Chiba, Japan) at 25°C in darkness. Some of these seedlings
were transferred to continuous illumination at the 3-day stage.

2.2. Sequencing of cDNA for ponpkin sAPX

First-strand cDNA was generated using 2 Ready-To-Go T-primed
first-strand kit (Pharmacia Biotech, Tokyo. Japan) from poly{A)*
BNA template prepared from 5-day dark- and 4-day light-grown
cotyledons using Oligotex-dT 30 < Super > (Roche Japan, Tokyo,
Japan). PCR. was uvsed to isolate full-length cDNA for pumpkin
sAPX. The reaction mixture coutained | UF of Ampli Tag DNA po-
lvmerase {Perkin Elmer Japan, Chiba, Japan), an upstream primer
{ASA-S1; 5-ATCGOCGTTCATTGCCAGTTG-3"), a downstream
primer (SAPX-II; 5-GACACGGTCACAACAAAACATG-3') which
was synthesized corresponding to the genomic sequence obtained pre-
viously (Fig. 2) and an appropriate buffer in a total volume of 50 pl.
Each cycle was at M4°C for 45 5, 55°C for 45 5 and 72°C for 45 s. The
DNA fragment was subcloned into a T-vector prepared using pBlue-
seript K8+ as described previously [12), The nucleotide sequence was
determined with an automatic DNA sequencer (model 377, Perkin
Elmer/Applied Biosystems) according to the manufacturer's instruc-
tions. The nucleotide and the deduced amino acid sequences were
analyzed with DNA analvtical software (GeneWorks; IntelliGenetics,
Mountain View, CA),

2.3. Cloning of genomic DNA for pumpkin sAPX

An intron of the gene for pumpkin sAPX (tAPX) was amplified by
PCR using total genomic DNA (5 ng) as a template. The genomic
DNA was extructed from pumpkin leaves by the cetyltrimethylammeo-
nium bromide precipitation method [13]. The reaction mixture con-
tained | U of Ampli Tag DNA polymerase (Perkin Elmer Japan,
Chiba, Japan), an upstream primer (pumpehl A; 5-GGTATTGTG-
ATTGATGATGC-3"). a downstream primer (3'-non; 5-GGATCG-
TGAAATCAGAAGACA-3') and an appropriate buffer in 2 total
volume of 50 pi. Each cyele was at 94°C for | min, 55°C for | min
and 72°C for | min, Cloning and sequencing of the DNA were carried
out as described previously [see Section 2.2).

0014-5792/97/517.00 © 1997 Federation of European Biochemical Societies. All rights reserved.

PIISO014-5793(97)00862-4



S Mano ¢t alIFEBS Letters 413 (1997) 2125

(&)

e CECLCCGaACgAaCACRACICOAACARARELE 51
ATCECTECT CTCAGCCTCATCEACCACTCOTTTC 112
H A AT A LDOS V¥ AASGSEALS ST TRE e
T A TG C AT O AGAGT TACATT OO G T TC T TTC ACG T TCATC! CTCT 172
L 8T AT X ATLP P E S R £ 3 5 L 858 8 L]
T AR T T T T A A T O GG TCC T TCAT T TCTCACCTT T TTCTOAR 233
F K F L kK § A P L T 58 W L F L ¥ 30 C R P (1]
AT T T OT AT OO AT TAG ARG AT T CAATGCAGC G TC TOATCOGARN! WGOATOZ 97
2 8 C WV E I R R F N & A S H P E CTL A 8 ag
GACCCTOAGCAGT TEAATACTOC AAGAZARIAT ATCANG MO TOL TOAAGAC TACATTC 151
O P ®E QLK S AREDIRKTELTLIEKT?TTTE 100
T AT T AT T T TGO TAC GO TO GG T TG CATUATGE TEE AACTTACARTARMATATT 412
T HEF I LY &L GW HDALESETYTHKE DRI 120
GAGOAATOOCCOE AGACAGG TGGAGE TAATGOAAG T TTAAGATTTOATGTTGASC TOO0A 472
EEMW FORECGCAMHMHOGESELGERESFDOWYEGL G ]
BT T AR TG TG TC T IO T TAA T OO T TRAMAL T o AT TR CE TATCAAAAAGANG 532
H G A M A G L VvV WM ALETLTIEU®P I KK K 160
TATTICTAACOTEACATATGC TOACCTATTTCASTTG JTCAGCECTACASCTATCCAGGAA 593
¥ § 2 v T Y ADLFOQLASEALTATIELETETE 180
TG CGEACCCAMAT OO AT A G T AT AAGGS TAGATGTT TGOS S0 C MIADCAR &53
A C G F K I P HEY GRVY =V YO FEGPG 200
T TOAAGA G GG TTCC TGATGCTOOE LT T CATCACC TE T AL ACSTACTA Fiz
€ P EBE G RL P DALMGPF P I P A A HFL = 230
AT T T TACC AR T oSO O T TGAA TG AT AGGUARA TT S TR0 ATTATOS3GR50MEAD 772
E Y F T RARHAGLNDRETWVALTEIGAMTHE e

TCTAGGOC AGASCGCAOTOOT TS SSTAA S CABASASCARATATALG 3z
T LORSESAKEPFIRSGHOAOEPETRY T IE0
A A T A S O TG ACC IO TG oA AT CTGOAT TO T AT AR TG SST SRS TTIAND LEF]
B B G P G A PGE T EWT VO WRLETFN 280
AT AT AT TTTAAGIATAT CAAAGAMAGGAGAG AT G SRATTACT SOTATTRCCAACE 952

¥ =¥ F X plEgERRDEELLWVLIP P 100
GATGCTSCTCTCTT TCAMGATCCATOATTCARCETATAT DCTOARAMATAT STTGARGAT 1012
O A ML PF EDP S F LY Y AEEY Y ETD Ja0

CANGARCE AT T TTC AR DA TATO TG MG AT RO A ST AGTAACCTTOUTONT 1072
9 E A F FEDY AEMMNAMKLS NL G A 0
A TTTCACCTCCAGASOSTATTCTGATTOATCATGCATCATCAMACCTOCADDAGAG 1122

K F D FPEGIVIODDAMSESSIX??PAhioEte Jda
mmrmhrm?tm:tllnanug:tum 1152
L F DO AALEKEOTYZS Y G ED-®- T2
EEQZIOCONCCgtgis oomtr 1108
(B)

BAPK FORANY DY B e m e e e e i e e

TARE  FOARXYSYOKRELSDSHK X IRAEY ESFOGS PORPLFTHYFLNIILVIAVLATILTSLLON

(c)
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Fig. 1. Nucleotide and deduced amine acid sequences of pumpkin sAPX cDNA. A: The nucleotide sequence of the putative coding region is
shown in uppercase letters and the - and 3'-noncoding regions are shown in lowercase letters, The deduced amino acid sequence is presented
in the single-letter code under the nucleotide sequence, starting al the first in-frame methionine residue and ending at the first stop codon, indi-
cated by an asterisk. Arrowhead indicates the putative site of cleavage of the transit peptide, as estimated from the N-terminal scquence of tea
sAPX and spinach tAPX. Primers for PCR (ASA-S1 and SAPX-1I) are underlined with an arrowhead indicating the polarity, B: Comparison
of the deduced amino acid sequences of the carboxy termini of sAPX and tAPX [1 1]. ©: Comparison of the nucleotide sequences encoding the

carboxy termini of sAPX and 1APX [11].

2.4. Southern blot analysis

Total DNA (10 pg) was digested with Miul, Sall, Xhol and BamHL
The products were [ractionated on a 0.8% agarcse gel, transferred 1o a
Zeta-Probe blotting membrane (Bio-Rad, CA) by the capillary meth-
od and fixed by exposure to UiV-light (Funa-UV-Linker, model
F5-800; Funakoshi. Tokyo, Japan), The fragment corresponding to
pumpkin sAPX was labeled with [**PldCTP (Amersham, Japan) using
a Megaprime DNA labeling system (Amersham, Japan). The mem-
brane was hybridized in 50% formamide, 0.12 M sodium phosphate
(pH 7.2), 0.25 M sodium chioride, 7% SDS and | mM EDTA (pH
B.0) with 1.0x10% cpreml™ of radiolabeled DNA probe for 18 h at
42°C. The membrane was washed at 42°C in 2% 85C plus 0.1% SDS
for 15 min, in 0.2x85C plus 0.1% SDS for 15 min, in 0.1 X85C plus
0.1% SDS for 15 min. The membrane was used 1o expose to the

imaging plate of a Bio-Imagmng analyzer (FUJIX BAS2000; FLUT
Photo Film, Tokya) with an expesure time of 18 h,

2.5. RT-PCR analysis

First-strand ¢DNA was synthesized as described previously (see
Section 2.2) using poiy(A)" RNA prepared from 5-day dark- and
2-day light-grown cotyledons. PCR was performed as described pre-
viously (see Section 2.2) except for EX Tag DNA polymerase (Takara
Shurzo, Kyoto, Japan) and specific primers; the $'-common sense
primer of sAPX and tAPX (ASAl; 5-CCTGGACTGTACAAT-
GG-3") and the 3'-specific antisense primers for tAPX (3'-non; see
Section 2.3) and sAPX (SAPX-I; 5-AGACGCGGACATCACA-
GATGTC-3'). The condition were 25 eycles of 455 at 94°C, 455 at
52°C and 455 al 72°C,
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Fig. 2. A: The nucleotide sequence around the carboxy terminal of the pumpkin chloroplastic APX gene is shown. The nucleotide sequence of
the exon is shown in uppercase letters and the intron and 3'-noncoding region are shown in lowercase letters. The deduced amino acid se-
quence is presented in the single-letter code under the nucleotide sequence with numberings on the right. Asterisks indicate the stop codons
and boxes represent the consensus sequences found in the beginning (GT) and the end (AG) of an imron. PCR primers. ASA3. pumpehl A,
SAPX-I and 3"-non, are underlined with an arrowhead indicating the polarity. B: Schematic representation of mRNAs and the gene. The
hatched and filled boxes correspond to exons and the open boxes correspond to introns. Primers for PCR and the consensus sequences corre-

sponding to the splice donor and acceptor sites are shown.

2.6, fmnmmablor analysis

Pumpkin cotyledons grown under various conditions were homo-
genized with SDS-loading buffer (50 mM Tris-HCl, pH 8.0, 1 mM
EDTA, pH 8.0, 0.2 mM NaCl and 10% SDS) and then the homoge-
nates were centrifuged at 12000 rpm for 10 min. Supernatants were
subjected to SDS-PAGE on a 10% polyacrylamide gel as descnibed by
Laemmli [14] and transferred 1o a nylon membrane (Schleicher and
Schuell, Dassel, Germany) in a semidcy electroblotting system. Anti-
bodies against pumpkin mbAPX prepared as described previously [1]
were used and the polypeptides on the membrane were visualized with
1:5000 dilution of horseradish peroxidase antibodies against rabbit
[gG (ECL System; Amersham, Japan).

3. Results and discussion

sAPX was cross-reacted with antibodies against the carboxy
terminal 82-residue polypepride of tAPX but cAPX and
mbAPX were not [11]. The immunoreactivity suggests that
sAPX contains homologous sequences to tAPX. Furthermore,
we had determined the genomic sequence around the carboxy

terminal region of tAPX (Fig. 2A). The gepomic sequence
showed the possibility that tAPX and sAPX are produced
by alternative splicing. Therefore, RT-PCR was performed
to amplify the coding region of pumpkin sAPX using primers
of ASA-S81 and SAPX-IT (Fig. 1). The 1.2-kb product was
cloned into pBS veclor and sequenced. The complete nucleo-
tide and deduced amino acid sequences are shown in Fig. 1A,
The ¢DNA consists of 1208 bp and contains a 1116-bp open
reading frame that encodes a polypeptide with 372 amino
acids with a total molecular mass of 40661 Da. In the case
of cleavage of the transit peptide on the C-terminal side of
Cys-77. the calculated total melecular mass is 32 594 Da. This
is in good agreement with the molecular mass of polypeptides
recognized by antibodies against pumpkin mbAPX [11]. The
nucleotide and deduced amino acid sequences of sAPX have
been reported for spinach [6] and Arabidopsis (unpublished.
accession no. X98925). The pumpkin sAPX was 76% identical
with spinach sAPX. The sequence of the cDNA showed com-
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ABSTRACT

Hydroxypyruvate reductase (HPR) is a leal peroxisomal enzyme that functions in the
glycolate pathway of pholorespiration in plants. We have obtained two high homologous
cDNAs for pumpkin HPR (HPR1 and HPR2), It has been revealed that iwo HPR
mRNAs might be produced by alternative splicing from a pre-mRNA. The HPR1 protein,
but not the HPR2 protein, was found to have a targeting sequence into leal peroxisomes
at the carboxy terminus, suggesting that alternative splicing controls the subcellular
localization of two HPR proteins. Immunoblot analysis and subcellular fractionation
experiment showed that HPR1 and HPR2 proteins are localized in lcal peroxisomes and
the cytosol, respectively. Moreover, indircct fluorescent microscopy and analyses of
transgenic tobacco cultured cells and Arabidopsis thaliana expressing [usion proteins with
green [luorescent protein (GFP) confirmed the different subcellular localizations of two
HPR proteins. The amounts of both mRNAs were induced developmentally and by light,
whereas cach increase in quantity was different. Almost equal amounts of mRNAs were
detected in pumpkin cotyledons grown in darkness, but treatment with light enhanced the
much production of HPR2 mRNA. These findings indicate that light regulates alternative
splicing of HPR mRNA, suggesting the presence of the novel mechanism of the mRNA

maturation, namely light-regulated alternative splicing, in higher plants.
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INTRODUCTION

Peroxisomes are ubiquitous organelles bound by a single membrane that exist in
maminals, plants, fungi, yeast and invertebrates (2). In higher plants, peroxisomes are
subcategorized functionally as glyoxysomes, leaf peroxisomes and unspecialized
peroxisomes. Glyoxysomes, which are found in oil-rich tissues of etiolated cotyledons,
conlain some enzymes required for the B-oxidation of fatty acids and the glyoxylate cycle
and play a major role in the mobilization of lipids that is necessary for the
gluconeogenesis. Leafl peroxisomes, which are present in green leaves and cotyledons,
contain enzymes of the glycolate cycle and participate in the photorespiration process.
Unspecialized peroxisomes with undefined physiological function are present in other
organs such as roots and stems, Titus and Becker (42) and our group (33) demonstrated
that glyoxysomes are transformed directly to leaf peroxisomes during greening
cotyledons of fatty seedlings, and that this transformation of peroxisomes is controlled by
light. Degradation, translocation and gene expression ol glyoxysomal enzymes are
regulated in underlying transformation of peroxisomes [rom glyoxysomes Lo leal
peroxisomes. On the contrary, the reverse conversion from leal peroxisomes Lo
glyoxysomes occurs in the senescing cotyledons (7). In this case, leaf peroxisomal
enzymes disappear and concomitantly glyoxysomal enzymes start to be accumulated. The
reverse transformation of leaf peroxisomes to glyoxysomes was shown to occur directly
(33). These reversible functional transformations of peroxisomes are unique organeile
differentiation specifically observed in higher plants.

In order to clarify the regulatory mechanisms underlying these transformations of
peroxisomes, a leaf peroxisomal enzyme, NADH-hydroxypyruvate reductase (HPR; EC
[. 1. 1. 29) was characterized. HPR catalyzes the conversion of hydroxypyruvalte to
glycerate. In higher plants, this enzyme is known Lo be Jocalized in leaf peroxisomes,
which are specialized peroxisomes found in photosynthetic tissues, and it plays a role in
the glycolate pathway of photorespiration in concert with enzymes in chloroplasts and

mitochondria (44). It has been reported that HPR activity and the amounts of its
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transcripts are regulated both developmentally and by light (13). Similar resulls were
obtained for glycolate oxidase, which is another leaf-peroxisomal enzyme (45). cDNAs
for HPR have been cloned from pumpkin (16), cucumber (13), Arabidopsis thaliana (26)
and methylotrophs (5, 50). In higher plants, HPR functions in the photorespiratory
glycolate pathway, whereas in methylotrophs, it plays a role as an assimilatory enzyme of
one-carbon compounds, such as methanol, in the serine pathway.

We previously reported that two kinds of cDNA clones for HPR (HPR1 and
HPR2) were obtained from the cDNA library in pumpkin green cotyledons (16). The
nucleotide sequences of these clones showed complete identity except for the region
encoding the carboxy terminus. From the deduced amino acid sequences [or HPR ] and
HPR2, HPRI protein has the carboxy terminal tripeptide of Ser-Lys-Leu which is known
as a largeting signal to peroxisomes (11, 12, 15) but HPR2 protein does not, indicating
that HPR] and HPR?2 proteins are localized in the peroxisomes and the cytosol,
respectively. In addition, the genomic structure around this region showed the presence
of two pairs of GT-AG doublets within the intron (16). From the comparison of the
sequences of the genomic DNA with two ¢DNAs, it has been suggested that alternative
splicing might give rise to two kinds of HPR mRNA. Namely, HPR1 mRNA is
produced when the longer intron is spliced out, whereas HPR2 mRNA is produced when
the 17-bp intron-like sequence, which has a stop codon, is retained. As a result, HPRI
protein might be transported into leaf peroxisomes due Lo the targeting signal at the
carboxy terminus and HPR2 protein might remain in the cytosol on account of the lack
for such a targeting sequence. Cucumber HIPR ¢cDNA, which is another registered HPR
cDNA clone, does not have the carboxy terminal tripeptide (13). The HPR gene of
cucumber also has the two pairs of GT-AG doublets at the similar position as that of
pumpkin, suggesting the possibility that cucumber HPR also might be produced by
allernative splicing. and that another HPR protein with a targeting signal to peroxisomes
might exist in cucumber cells (16), although the cDNA has not been cloned.

Alternative splicing is a well-known post-transcriptional regulatory mechanism in

eukaryotic organisms. The number of studies reporting on alternatively spliced genes in
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higher plants has expanded in rccent years (9, 14, 16, 19, 24, 27, 30, 38, 39, 41, 43).
Interestingly, some of these enzymes showed different subcellular localizations (27, 30,
41). As stated above, it has been assumed that pumpkin HPRs are also localized in
different parts of cells. In addition, as light regulates gene expression of HPR (13) and
promotes the transformation of peroxisomes from glyoxysomes to leal peroxisomes (34),
it has been anticipated that light might regulate this alternative splicing. In this paper, we
therelore tried to detect the two proteins and their mRNAs (o investigate whether light
takes part in alternative splicing of HPR mRNA, and to demonstrate two different

subcellular localization within pumpkin cells.



MATERIALS AND METHODS

Plant materials. Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri Nankin) seeds were
soaked overnight and germinated in moist rock fiber (66R; Nitto Bouseki, Chiba, Japan)
at 25 "C. Some of the seedlings were transferred (o continuous light al the 5-day slage.
Suspension-cultured tobacco cells (Nicotiana tabaccrm L. cv Bright Yellow 2), kindly
provided by Dr. K. Nakamura (Nagoya University), were maintained on a orbital shaker
(Bio-Shaker BR-3000LF; TAITEC, Saitama, Japan) at 26.5 "C in the dark. Cells were
subcultured once a week using Murashige-Skoog medium. Seeds ol Arabidopsis thaliana

(L.) Heynh. ecotype Columbia were grown at 22 °C under continuous light.

Plasmid constructions and transformation into BY-2 and Arabidopsis
thaliana. The constructs which were used to transform BY-2 and Arabidopsis thaliana
were based on sGFP-TYG (0) which was kindly provided by Dr. Y. Niwa (University of
Shizuoka). pSGFP-BE, which had a BamH 1 site in the 5' flanking region and Bg! II and
EcoR 1 sites on either side of the stop codon of sGFP, was generated by PCR using the
following primers GFPsF (5'-CCGGATCCATGGTGAGCAAGGGCGAGGAG-3") and
primer GFPsR (5-GGGAATTCTCAGAGATCTCCCTTGTACAGCTCGTCCAT-3').
The fragment was subcloned into a T-vector prepared using pBluescripl KS+ as
described previously (28). In order to make the constructs for pMAT-SGFP-H1 and
pMAT-SGFP-H2, the Bgl lI-EcoR 1 fragment of the DNA fragment in pSGFP-BE was
replaced with two Kinds of double-stranded DNA produced by the annealing of
complementary oligonucleotides. The complementary oligonucleotides were designed to
produce protruding ends that ligate to the Bgl Il and EcoR I siles of the sGFP-BE gene.
The nucleotide sequences of the coding strands of the synthetic oligonucleotides used to
construct chimeric genes are shown in Fig. 6. The BamH I-EcoR 1 fragments that contain

chimeric genes were inserted into the Bgl II-EcoR I site of a Ti-plasmid, pMATO37 (29).



The Ti-plasmids produced were then transformed into Agrobacterium tumefaciens (strain
EHA101) by electroporation.

Transformation of BY-2 using Agrobacterium tumefaciens was performed
according to the method of Matsuoka et al. (29).

Transformation of Arabidopsis thaliana (ecotype Columbia) was carried out by the
infiltration method (1). Primary transformants were designated TO plants. T1 seeds
collected from TO plants were surface sterilized in 2% NaClO plus 0.02% Triton X-100
and grown on germination media (2.3 pg ml-! MS salis (Wako, Osaka, Japan), 1%
sucrose, 100 ptg ml-! myo-inositol, | pg ml-! thiamine-HCI, 0.5 ug mi-! pyridoxine,
0.5 pg mi-! nicotinic acid, 0.5 pg mi-! MES-KOH (pH 5.7), 0.2% gellan gum (Wako,
Osaka, Japan)) containing 100 pg ml-! of kanamycin. T2 seeds were collected from
approximately 10 independent T1 plants. T2 plants that accumulated the highest amount
of transgene product were selected based on their fluorescence observed wilh fluorescent

microscopy (see below),

Northern blot analysis. Ten pg of total RNA extracted from pumpkin cotyledons
grown under various conditions was fractionaled on a 1% gel that contained 0.66 M
formaldehyde and 10 mM MOPS (pH 7.0). RNA was transferred to a Zeta-Probe blotling
membrane (BIO-RAD, CA, USA) by the capillary method and fixed by exposure to UV-
light (Funa-UV-Linker, model FS-800; Funakoshi, Tokyo, Japan). The fragment
corresponding Lo pumpkin HPR ¢cDNA was labeled with [*2P]-dCTP (Amersham Japan)
using a Megaprime™ DNA labeling system (Amersham, Tokyo, Japan). The membrane
was hybridized in 50% formamide, 0.12 M sodium phosphate (pH 7.2), 0.25 M sodium
chloride, 7% SDS and ImM EDTA (pH 8.0) with 1.0 x 106 cpm*mi'l of radiolabeled
DNA probe for 18 h at 42°C. The membrane was washed at 42°Cin 2 x SSC plus 0.1%
SDS for 15 min, in 0.2 X SSC plus 0.1% SDS for 15 min, in 0.1 X SSC plus 0.1% SDS

for 15 min. The membrane was used to expose X-ray film and radioactivity was



measured on the imaging plate of a Bio-imaging analyzer (FUJIX BAS2000; FUII Photo

Film, Tokyo, Japan).

Immunoblot analysis. Pumpkin cotyledons grown under various stages were
homogenized with the extraction buffer (100mM Tris-HCI, pH 6.8, ImM EDTA, pH
8.0, 0.1% Triton X-100 and ImM PMSF) and then the homogenates were centrifuged at
15,000 x g for 25 min. The protein content of each extract was estimated by using a
protein assay kit (Nippon Bio-Rad Laboratories, Tokyo, Japan) with bovine gamma
albumin as a standard protein. Ten pg of total protein was separated by SDS-PAGE on a
7.5% polyacrylamide gel as described by Laemmli (20) and transferred to a nylon
membrane (Schleicher & Schuell, Dassel, Germany) in a semidry electroblotting system.
Immunologic reactions were detected by monitoring the activity of horseradish peroxidase

antibodies against rabbit IgG (ECL system; Amersham, Japan).

Southern blot analysis, Total DNA (5 pg) was digested with BamH 1, EcoR V, Hinc
I1, Sma I and Sph 1. The products were fractionated on a 0.8% agarose gel, transferred (o
a Zeta-Probe blotting membrane (BIO-RAD, CA, USA) by the capillary method and fixed
by exposure to UV-light (Funa-UV-Linker, model FS-800; Funakoshi, Tokyo, Japan).
The fragment corresponding (o pumpkin HPR ¢DNA was labeled with [*2P]-dCTP
(Amersham Japan) using a Megaprime™! DNA labeling system (Amersham, Tokyo,
Japan). The conditions of hybridization and washing of the membrane were the same as
previously described in Northern blot analysis. The membrane was used o expose X-ray

film.

RT-PCR analysis. First-strand ¢cDINA was generated using a Ready-To-Go T-primed

first-strand kit (Pharmacia Biolc.ch, Tokyo, Japan) from poly(A)* RNA templates
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prepared from cither 5-day dark- or 5-day dark- and 2-day light-grown cotyledons using
Oligotex-dT 30 <Super> (Roche Japan; Tokyo, Japan). PCR was performed to amplify
each HPR mRNA. The reaction mixture contained | unit of EX Taq DNA polymerase
(Takara Shuzo, Kyolo, Japan), an upstream primer (N4; 5'-
GCCGCTCTTAATGTTCTGGGA-3'"), a downstream primer (B2C; 5'-
TAATGCTTGCGATTGGTGCTG-3') and an appropriate buffer in a total volume of 50

pl. The condition was 25 cycles of 94 "C for 45 sec, 64 “C [or 45 sec.

Subcellular fractionation. 5-day dark- and 2-day light-grown pumpkin cotyledons (2
g) were homogenized with razor blades lor 5 min in 6 ml of chopping buffer (10mM
Tricine-HCI, pH 7.5, ImM EDTA and 0.5M sucrose). The homogenate was passed
through four layers of checsecloth. Then 1.5 ml of filtered sample was layered onto a
sucrose gradient that consisted of a | ml cushion of 60% (w/w) sucrose and 11 ml of a
linear sucrose gradient and was centrifuged at 25,000 x g for 3 h in an SW 28-1 rotor in
an ultracentrifuge (model XL-90; Beckman, Fullerton, CA, USA). After centrifugation,
fractions (0.5 ml each) were collected with an automatic liquid charger (ALC-2L;
Advantec, Tokyo, Japan). All procedures were carried out at 4°C. Assays of HPR and
catalase were carried out according to De Bellis et al. (7) and Yamaguchi and Nishimura

(47), respectively.

Immunofluorescence staining of thin sections of pumpkin leaves. Pumpkin
leaves were cul into 1-mm cubes and vacuum-infiltrated in a fixative (4% formaldchyde,
50 mM cacodylate buffer, pH 7.4, 60 mM sucrose, 0.001% Triton X-100). Fixed leaves
were then incubated further in the same fixative for a further 2 h at 20 "C. Then the cubes
were embedded in 5% agar. Thin sections (30 pm) were cut with razor blades on a
Microslicer DTK-1000 (Dosaka, Japan). The sections were fixed on glass slides and

treated with 0.1% pectolyase Y-23 for 2 h at 30 °C. Slides were washed three times with
9



excess PBS for 5 min each. The sections were further incubated with 0.3% Triton X-100
for I5 min at 20°C. Slides were washed three times with excess PBS for 5 min each and
sections were treated with 5% BSA in PBS for | h at 20 "C. Then the sections were
incubated with the first antibody for | h at 37 °C, washed three times with excess PBS
for 5 min each and treated with 5% BSA in PBS for 30 min at 20 "C. The sections were
incubated with 1:100 diluted FITC-conjugated goat antibodies against rabbit IgG and then

wuashed three times with excess PBS for 5 min each.

Fluorescent microscopy. The photographs of fluorescence of the immunostained
samples from pumpkin leaves and transgenic suspension-cultured tobacco cells were
laken using an epifluorescence microscope (BHS2: Olympus, Tokyo, Japan) with a filter
set (§0PO00 PINKEL 602, Photometrics, Japan) and Fujichrome 1600 film (Fuji Film,

Tokyo, Japan).

Confocal microscopy. The immunostained pumpkin leaves and transgenic
Arabidopsis thaliana were mounted in water under glass coverslips. The specimens were
examined using a LSM-GB200 laser-scanning confocal microscope equipped with a
krypton-argon laser and a filter set comprising BP535 and DM488 (Olympus, Tokyo,
Japan) and using a TCS NT laser-scanning confocal microscope with a FITC filter set
(Leica, Tokyo, Japan). Photographs were taken using Fujichrome 100 film (Fuji Film,

Tokyo, Japan).
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RESULTS

Pumpkin HPR is encoded by a single copy gene. In order to investigate whether
a second HPR gene was present in pumpkin cells, we carried out a Southern blot
analysis. Genomic DNA from pumpkin cotyledons was isolated, digested with BamH 1,
EcoR V, Hinc 11, Sma 1 and Sph 1, and subjected to a Southern blot hybridization using
pumpkin HPR ¢DNA as a probe. As shown in Fig. 1, HPR ¢cDNA hybridized to single
fragments when digested with BamH I and Sma 1, while it gave three, four or two bands
when digested with EcoR V, Hinc Il and Sph I, respectively. We cloned the HPR gene
and checked the sites for restriction enzymes by digestion with the above restriction
enzymes. As a result, there were two sites for EcoR V, three sites for Hinc 11 and one site
for Sph 1 in the HPR gene (data not shown). Therefore, the bands shown in Fig. |
secmed (o have originated from internal sites for each restriction enzyme in the HPR
gene. In addition, only one kind of genomic sequence was obtained when we amplified
the genomic DNA (16), indicating that HPR in pumpkin exists as a single-copy gene, as

it does in Arabidopsis thaliana (26) and cucumber (13).

Light affects patterns of alternatively spliced mRNA for HPR. The change in
quantity of HPR mRNA at various developmental stages was investigated by Northern
blot analysis (upper panel in Fig. 2A). The relative amounts of HPR mRNA were
determined densitometrically after Northern blotting (lower panel in Fig. 2A). The
amount of HPR mRNA was low until the 3-day stage and then increased gradually.
When 5-day-old seedlings were exposed 1o continuous light, a dramatic increase in the
level of mRNA was observed (open circles in Fig. 2A). However, when cotyledons were
kept in darkness, the amount of mRNA reached the maximum level at 5 days alter
germination and then dropped rapidly (closed circles in Fig. 2A).

We could not detect two kinds of HPR mRNA by Northern blot hybridization,

becausc the difference in length between two HPR mRNAs was only 17 nucleotides. In
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order o resolve this problem, an RT-PCR analysis was carried out. As templates, first-
strand cDNASs were synthesized from poly (A)*RNAs prepared from either 5-day dark-
grown or 5-day dark- and 2-day light-grown cotyledons. The 5'-sense primer (N4) and
3-antisense primer (B2C) were used (Fig. 2B). Judging from the nucleotide sequences
of two HPR cDNAs (16), the combination of N4 and B2C primers should give a 21 1-bp
fragment for HPR1 and a 227-bp fragment for HPR2. Fig. 2C shows the results of one
of several identical experiments. When each plasmid of HPR 1 or HPR2 was used as a
template, truncated (ragments with different length of 17 nucleotides were amplified (lane
| and 2 in Fig. 2C). Low amounts of two bands, which corresponded to HPR1 and
HPR2 fragments, were detected when first-strand cDNA from the 5-day-old stage
cotyledons was used as a template (lane 3 in Fig. 2C). In this case, the amounts of both
fragments were almost the same. On the contrary, exposure Lo continuous light for 2 days
enhanced the accumulation of HPR2 mRNA more than that of HPR1 mRNA (lane 4 in
Fig. 2C), suggesting that light shifted the pattern for splicing of HPR to greater

production of HPR2 mRNA.

Two kinds of HPR polypeptide are detected during development alter seed
germination. To identify the presence of two HPR proteins and examine the
developmental changes of these polypeptides after germination, an immunoblot analysis
was carried out using total extracts from pumpkin cotyledons under various stages. Fig. 3
shows that two electrophoretically close polypeptides with molecular masses of 42 kDa
were recognized by antibodies against spinach HPR in the total extracts prepared from 7-
day- and 9-day-old cotyledons. This is in good agreement with the molecular masses
calculated from the deduced amino ucids. Judging from the molecular masses of the
HPRI1 protein (42,305 Da) apd HPR2 protein (41,709 Da), the upper and lower
polypeptides must correspond to the HPR1 and HPRZ proteins, respectively, because

only upper band exists in leaf peroxisomal fraction (see next section and Fig. 4).
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With respect to the developmental changes of each polypeptide, the almosl same
amounts of both polypeplides increased graduvally during germination in darkness.
However, the abundances of the two polypeptides were induced markedly when
seedlings were transferred (o continuous light at the 5-day stage. In this case, the amount
of HPR2 protein increased markedly than that of HPR | protein. This results is in good
agreement with the pattern of mRNAs (Fig. 2C). Densitometric analysis revealed that the
ratio of HPR2 to HPR1 increased 1.0 to 2.4 when the seedlings were transferred to

continuous light after 5 days.

Subcellular localization of two HPR proteins. As described previously, the
deduced HPR1 protein contains a sequence of three amino acids, Ser-Lys-Leu, at the
carhoxy terminus that is known as a largeting signal to peroxisomes, while the deduced
HPR2 protein does not have such a targeting sequence. This suggests that HPR1 and
HPR2 proteins are localized in leaf peroxisomes and the cytosol, respectively. If this
speculation is true, HPR activity should be detected in the cytosolic and peroxisomal
fractions after subcellular fractionation of pumpkin cells. Accordingly, subcellular
fractionation of pumpkin cotyledons by sucrose density gradient centrifugation was
carried out. Odd fractions were subjected to immunoblotting analysis and the estimation
of HPR activity. We also investigated catalase aclivity as a leaf-peroxisomal marker
enzyme. As shown in Fig. 4, catalase activity was detected in the supernatant fractions
which contained cytosolic enzymes (fraction nos. 1 and 3) as well as in the leaf-
peroxisomal fraction (fraction no. 23), since leafl peroxisomes are so fragile that enzymes
in the leaf peroxisomal matrix are released during homogenization and subcellular
fractionation. The scales in Fig. 4 werc adjusted so that the activities of HPR and catalase
in the peroxisomal [raction (no. 23) were the same. If the percent of HPR that leaks from
leaf peroxisomes is as same as the percent of catalase that leaks from leaf peroxisomes,
and if HPR, like catalase, is exclusively localized in leaf peroxisomes, the activities of

HPR and catalase in the supernatant fraction should be similar. However, the activity of
13



HPR in the cytosolic fraction was much higher than that of catalase. We speculated that
this high activity originated from HPR2 protein in the cytosol in addition to the HPR
protein that leaked from leaf peroxisomes. Antibodies against HPR certainly recognized
the two polypeptides in the cytosolic fractions and one polypeptide in the peroxisomal
fraction (lower panel in Fig. 4).

Moreover, indirect immunofluorescent analysis was performed to investigate the
localizations of two HPR proteins in pumpkin cells. Cells isolated from pumpkin leaves
were allowed to react with the antibodies against HPR or catalase, and the
immunoreaction was visualized with FITC. As shown in Fig. 5, leaf peroxisomes were
the only part in which well defined fluorescence was observed with the FITC filter after
staining with catalase-specific antibodies (Fig. 5, A and B). Application of antibodies
against HPR, however, revealed weak (Tuorescence throughout the entire cells in addition
lo strong spherical signals (Fig. S, C and D). From the comparison with the case of
catalase, these strong spherical signals represent HPR1 proteins in leaf peroxisomes and
the weak fluorescence observed over the entire cell indicated the presence of cylosolic

HPR2 protein.

Analysis of organelle targeting within transgenic BY-2 cells and root
tissues of Arabidopsis thaliana. In order to confirm the subcellular localizations of
the two HIR proteins, we constructed chimeric genes for fusion proteins containing
green {luorescent protein (GFP) (Fig. 6). As stated above, the amino acid sequence of
HPR 1 and HPR2 proteins differs only in the carboxy terminal region. Hayashi et al. have
reported that the carboxy terminal five amino acids of pumpkin malate synthase, a
glyoxysomal enzyme, function as a targeting signal to peroxisomes such as glyoxysomes
and leafl peroxisomes (15). We constructed two chimeric proteins consisting of GFP and
the carboxy terminal ten residues of either HPR1 or HPR2 protein. Plasmid constructs
were introduced into BY -2 cells (Fig. 7) and Arabidopsis thaliana (Fig. 8) via

Agrobacterium tumefaciens. GFP without a targeting sequence, as a control, tends to
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localize in the cytosol and on the surface of the nucleus (Fig. 7, C and Fig. 8, B and D),
the results that are in good agreement with previous data (6). In the case of the chimeric
protein with HPR 1, well defined spots were observed to be distributed diffusely
throughout the cytosol in BY-2 cells (Fig. 7, E) and in root tissues of Arabidopsis
thaliana (Fig. 8, A and C). We concluded that the targeting sequence at the carboxy
terminus of HPR1 directed GFP into peroxisomes in BY-2 cells and Arabidopsis thaliana
root cells. On the contrary, the fluorescent pattern of chimeric protein with HPR2
demonstrated that it accumulated in the cytosol and on the surface of the nucleus (Fig. 7,
G). These data confirm the results of indirect immunofluorescent analysis that HPR1 is
transported into leaf peroxisomes because of the presence of the peroxisomal targeting
signal, whereas HPR2 is retained in the cytosol because of the alternatively spliced

elimination of such a targeting sequence.
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DISCUSSION

Recent studies have demonstrated that some mRNAs in higher plants are also produced
by alternative splicing like mammalian mRNAs are. Alternative splicing has a role in the
regulation of gene expression and in the production of structurally and functionally
different protein isoforms. Previous work in our laboratory indicated that mRNAs for
pumpkin HPR might be produced by alternative splicing (16), although we did not
oblained direct evidence of this. In this study, we were able to detect the presence of two
kinds of HPR protein and mRNA. In addition, we showed thalt light controls this

alternative splicing.

Two kinds of alternatively spliced HPR exist in different parts of

pumpkin cells. According to our previous resulls, it 1s assumed that one of the two
HPR proteins is transported into peroxisomes and the other is in the cytosol, because
HPR1 protein, but not HPR2 protein, has the tripeptide of Ser-Lys-Leu at the carboxy
terminus, which is known as a peroxisomal largeting signal | (PTS1). It has been
reported that some glyoxysomal and peroxisomal enzymes have PTS1 at their carboxy
termini (25, 45), and that the Ser-Lys-Leu sequence or its derivatives could direct reporter
proteins such as B-glucuronidase (GUS) and chloramphenicol acetyltransferase (CAT)
into peroxisomes (11, 12, 15). However, HPR2 protein lacks this PTS|1 because of the
presence of a stop codon within a 17-bp intron-like sequence produced by alternative
splicing, suggesting that HPR2 protein is retained in the cytosol. Subcellular fractionation
using sucrose density gradient centrifugation showed a higher activity for HPR in the
cytosol than in leaf peroxisomes (upper panel in Fig. 4). Moreover, the polypeptide
corresponding to HPR2 protein could be detected only in the cytosolic fraction (lower
panel in Fig. 4). These results demonstrated the different localizations of HPR proteins
within pumpkin cells. This result is supported by indirect immunofluorescent microscopic
analysis (Fig. 5). From the comparison with the case of catalase, well defined spots and

immunolluorescence over the cell represent the localizations of leal peroxisomal and

16



cytosolic HPR, respectively. As mentioned previously, the amino acid sequences differ
only in the carboxy terminal region. When each [usion protein, containing the carboxy
terminal decapeptides of either HPR | protein or HPR2 protein at the end of GFP, was
expressed in BY-2 cells (Fig. 7) and Arabidopsis thaliana (Fig. 8), the fluorescence was
observed to have different localizations. In addition, the Southern blot analysis showed
that another HPR gene does not exist in the pumpkin genome (Fig. 1), demonstrating that
the two HPR mRNAs do not originate from different genes.

Among higher plants, the small subunit of ADP-glucose pyrophosphorylase
(AGPase) in barley, which is a key enzyme of starch biosynthesis, has different
subcellular localizations produced by alternative splicing (41). In this case, alternative
splicing produces two kinds of AGPase small subunit. One is transported into
amyloplasts because of the presence of a transit peptide at the amino terminal region and
the other remains in the cytosol since allernative splicing eliminates this transit peptide.
Some studies have shown that both enzymes are involved in the production of ADP-
glucose (4, 8, 40). This is the only case that the physiological role of each alternatively
spliced protein has been characterized. In the case of HPR, HPR1 protein must play a
role in photorespiration, but the physiological role of HPR2 protein remains to be
determined. At present, the metabolic pathway necessary for HPR2 protein does not seem
to be in the cytosol. HPR2 protein might catalyze the reduction ol hydroxypyruvate
which escapes from leaf peroxisomes, since the peroxisomal membrane might not be an
absolute barrier to substrates and some overflow of hydroxypyruvate to the cytosol might
be expected, especially at times when high light intensity activates the glycolate pathway.
For example, Murray et al. discovered a high-COz2-dependent barley mutant virtually
devoid of peroxisomal HPR (32). When this mutant was allowed to assimilate labeled
11CQO2, the analysis of labeled products clearly demonstrated that substrale was passing
through the photorespirate pathway, although there was an abnormal accumulation of
label in serine. This result suggests that cytosolic HPR might be responsible for the
reduction of hydroxypyruvate. In other higher plants. HPR activities in both leaf

peroxisomes and the cylosol have been detected in spinach (18), pea leaf protoplasts (17)
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and barley (32). But HPRs in spinach, pea leaf protoplast and barley seem to be derived
from different genes by the following reasoning: (i) the molecular masses of leaf
peroxisomal and cytosolic HPR are quite different, (ii) each HPR-specific antibody does
not cross-react with each polypeptide, (iii) peroxisomal HPR uses NADH as the cofactor,
whereas cytosolic HPR preferentially uses NADPH instead of NADH. When enzyme
activity was measured with NADPH in place of NADH in pumpkin, activities were not
detected in the leaf peroxisomal and cytosolic fractions (data not shown). This indicates
that cytosolic HPR2 protein in pumpkin has different character from those in another

plants.

Light modulates alternative splicing for HPR. We detected the same amounts of
HPR1 and HPR2 proteins in the total extracts from dark-grown pumpkin cotyledons
(Fig. 3). In darkness, the amounts increased gradually with time. However, the amounts
of both proteins, especially HPR2, were induced dramatically by light, indicating that
syntheses of two HPR proteins were regulated developmentally and by light, as is the
case with another leaf peroxisomal enzyme, glycolate oxidase (45). Although HPR
mRNA was also induced by light (Fig. 2A), we were unable to detect two kinds of
mRNA corresponding to HPR1 mRNA and HPR2 mRNA by means of Northern blot
hybridization because of the inability to resolve the HPR1 and HPR2 mRNAs due to their
similar lengths. However, the RT-PCR analysis detected the two [ragments
corresponding HPR 1 and HPR2 mRNAs, and revealed that the two HPR mRNAs were
induced differently by light (Fig. 2C). Interestingly, in dark-grown cotyledons at the 5-
day stage, the amounts of HPR1 and HPR2 mRNAs were almost the same (lane 3 in Fig.
2C). Whereas exposure Lo continuous light promoted a greater accumulation of HPR2
mRNA than HPR1 mRNA (lane 4 in Fig. 2C). This difference in the accumulation of
mRNAs corresponds to the difference in the accumulation of the two HPR polypeptides
(Fig. 3), suggesting that light effects splicing patterns of HPR pre-mRNA. That is, light

changes alternative splicing from the production of almost equal amounts of HPR1 and
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HPR2 mRNAs to mainly production of HPR2 mRNA. However, the function of HPR2
in the cytosol and the mechanism of production of much of the HPR2 mRNA are
unknown. As another example of light-regulated alternative splicing, we have previously
reported that alternative splicing of chloroplastic ascorbate peroxidase pre-mRNA was
affected by the treatment with light (27). In this paper, we were able to present evidence
that altemative splicing for HPR is also regulated by an environmental factor such as light
in higher plants. In mammalians, gene expression that is controlled by alternative splicing
shows a dependence on only the tissue type during development (31, 35, 37, 48, 51).
However, light-regulated altemative splicing seems (o be specific to plants, suggesting
the presence of novel regulatory mechanisms on light response ol higher plants.

The mechanism of alternative splicing has been reported in mainly mammalians to
involve an exonic splicing enhancer (ESE) (49) and SR proteins acting as trans factors
(46). ESLs are purine-rich sequences within exons and might be important as binding
sites for a complex of proteins that are required for alternative splicing. We are currently
trying to identify cis-elements in the HPR pre-mRNA that could be involved in alternative
splicing. SR proteins have one or two RNA binding motifs at the amino terminal region
and an arginine- and serine-rich domain at the carboxy terminal region (46). Cloning of
the genes for mammalian SR proteins have shown that SR proteins occur in different
molecular weights, and that the relative abundance of different SR proteins can influence
alternative splicing that is related to tissue specificity (3, 10, 22, 36, 52), demonstrating
that plants (tobacco and carrot) also possessed SR proteins. Several SR homologues have
been cloned only in Arabidopsis thaliana and it has been shown that they could restore
splicing in human S 100 extracts that are deficient in SR protein, indicating that they play a
crucial role in alternative splicing (21, 23). It might be possible that SR proteins are
present in pumpkin cells and that they participate in regulation of alterative splicing for
HPR. We are now trying to clone pumpkin SR proteins. The identification of trans
factors and cis-elements will provide important information on the mechanism of

alternative splicing in higher plants.
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FIGURE LEGENDS

Fig. |. Southern blot analysis of pumpkin genomic DNA. Genomic DNA (5 g each)
was digested with the restriction endonucleases indicated, separated on a 0.8% agarose
gel, transferred to a Zeta-Probe blotting membrane (B1O-RAD) and probed with a [#2P]-
labeled pumpkin HPR cDNA fragment. The size of DNA fragments are shown in kbp on
the left. B, BamH I, E, EcoR V; H, Hinc 1I; Sm, Sma I; Sp, Sph 1.

Fig. 2. Developmental changes in levels of HPR mRNA. (A) Northern blot analysis. Ten
pg of total RNA extracted from pumpkin cotyledons grown under various conditions was
separated on a 1% agarose gel. The RNA transferred to a Zeta-Probe membrane (BJO-
RAD) was hybridized with a [32P]-labeled cDNA fragment for pumpkin HPR.
Radioactivity was measured densitometrically. (@) seedlings grown in darkness; (O)
seedlings exposed to continuous illumination at the 5-day stage. (B) Schematic
representation of cDNAs and the gene for pumpkin HPR. The hatched and filled boxes
correspond to the two parts of a doublet intron. The filled box indicates a 17-bp intron-
like sequence that is inserted into HPR2 ¢cDNA. Primers for the RT-PCR, N4 and B2C,
are shown with arrowheads indicating the polarity. (C) RT-PCR products for truncated
HPR | and HPR2 fragments detected on an agarose (1%)/NuSieve (3%) gel stained with
ethidium bromide. Lanes were loaded with amplified cDNA derived from HPRI ¢cDNA
(lane 1), HPR2 ¢DNA (lane 2), first-strand cDNA prepared from 3-day dark-grown
pumpkin cotyledons (lane 3) and first-strand cDNA prepared [rom 3-day dark- and 2-day

light-grown pumpkin cotyledons (lane 4).

Fig. 3. Developmental changes in levels of HPR1 and HPR2 polypeptides in pumpkin
cotyledons after germination. Total protein prepared {rom cotyledons grown under

various conditions was subjected to SDS-PAGE (10 ug each) which was followed by
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immunodetection with antibodies against spinach HPR. HPR1 and HPR2 polypeptides
are indicated by arrows, respectively. Lower photograph represents the immunodetection
under shorter exposure time. Numbers above photographs represent the days after
germination. 5-2 and 5-4 indicate cotyledons that were grown in the dark for 5 days and

then kepl in continuous light for 2 days or 4 days lvom the 5-day stage, respectively.

Fig. 4. Subcellular distribution of HPR protein in pumpkin cotyledons. Total protein
prepared from 5-day dark- and 2-day light-grown pumpkin cotyledons was homogenized
and the homogenale was subjected to sucrose density gradient centrifugation. After
fractionation, activities of HPR and catalase were measured. HPR polypeptides were
detected immunologically with antibodies against spinach HPR. (Upper panel) activities
of HPR (M) and catalase (O). (Lower panel) 2% (v/v) of each fraction was subjected to

SDS-PAGE (7.5% acrylamide). Arrows on the left represent the HPR1 and HPR2

polypeptides.

Fig. 5. Microscopic observations of pumpkin leaves stained with FITC. (A) and (B),

immunofluorescent and confocal images, respectively, of thin sections of pumpkin leaf
stained with catalase antibody and then with FITC-conjugated second antibody. (C) and
(D), similar images excepl sections were first stained with HPR antibody. Bar indicates

10 pm.

Fig. 6. Linear structures of chimeric constructs used in this study. The nucleotide
sequences of DNA fragments inserted into the Bgl II-EcoR 1 site of pMAT-SGFP-BE are
shown. The amino acid sequences are shown under the nucleotide sequences. The two
amino acids shown in italics act as a linker between sGFP and cach polypeptide. B,

BamH 1, Bg, Bgl 11, E, EcoR ]
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Fig. 7. Subcellular localizations of HPR proteins in transgenic tobacco BY-2 cells. BY-2
cells were observed in light field (Nomarski optics) and with blue light excitation (470-
490 nm). (A) wild typed cells. (B) and (C) SGFP-BE. (D) and (E) SGFP-HI. (F) and
(G) SGFP-H2. Bar indicates 10 pm.

Fig. 8. Subcellular localizations of HPR proteins in root cells of transgenic Arabidopsis
thaliana. Rool cells in transgenic Arabidopsis thaliana were observed in light field
(Nomarski optics) and with blue light excitation (470-490 nm). (A) and (B), 3-D images
of SGFP-H1 and SGFP-BE in root tissues, respectively. (C) and (D), the same samples
viewed with a confocal microscope. (E) and (F), the same samples viewed with a light

microscope, Bar indicates 10 pm.
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Inhibitors of Protein Phosphatases 1 and 2A Block the
Sugar-Inducible Gene Expression in Plants’

Shin Takeda, Shoji Mano, Masa-aki Ohto, and Kenzo Nakamura*®
Laboratory ol Biochemistry, School of Agriculture, Nagoya University, Chikusa, Nagoya 464-01, Japan

Genes coding for two major proteins of the luberous rootl of
sweet polalo (Ipomoea batatas), namely, sporamin and S-amylase,
are inducible in leaves and petioles when they are supplied with
high concentrations of sucrose or olher melabolizable sugars, such
as glucose and fructose, and the accumulalion of a large amount
of starch accompanies this induction. Three inhibitors of prolein
phosphatases 1 (PP1) and 2A (PP2A), namely, okadaic acid, micro-
cystin-LR, and calyculin A, strongly inhibiled the sucrose-inducible
accumulation of mRNAs for sporamin, g-amylase, and the small
subunil of ADP-glucose pyrophosphorylase in petioles. However,
these inhibitors did nol have any major eifect on the steady-state
levels of mRNAs for catalase and glyceraldehyde-3-phosphate de-
hydrogenase, and the sucrose-inducible increase in the level of
sucrose synthase mRNA was enhanced by okadaic acid. Inhibitlors
of PP1 and PP2A also inhibited sucrose-inducible expression of a
fusion gene, consisting of the promoter of the sweel polalo gene
for §-amylase and the coding sequence for g-glucuronidase (GUS),
in leaves of transgenic lobacco (Nicotiana tabacum). The inhibition
was nol due to inhibition of uplake and cleavage of sucrose, since
okadaic acid also inhibited induction of the fusion gene by glucose
or fructose. Addition of okadaic acid to leaves that had been treated
wilh sucrose for 6 h inhibited further increases in GUS activily.
These results suggest that the continuous dephosphorylation of
proleins is required in the transduction of carbohydrate metabolic
signals to the transcriptional activation of at least some sugar-
inducible genes in plant.

During the growth of many plant species, sugars synthe-
sized in photosynthetic cells are transported to nonphotosyn-
thetic cells and tissues in the form of Suc. In young, devel-
oping plants, most of the sugars are synthesized in source
leaves and transported to sites where there is a demand for
carbohydrate to support growth. However, in maturing
plants, most of the sugars are transported lo reproductive
sturage organs, such as seeds, tubers, and fruits for storage
as storage pulysaccharides or lipids. Some of the genes coding
for storage proteins and starch-biosynthetic enzymes in the
vegetative storage organs of plants such as polato and sweet
poltato are under metabolic regulation by carbohydrates, and
they are induced by high levels of Suc ur other metabolizable
sugars (Rocha-5Sosa et al., 1989; Wenzler et al., 1959; Hatton
et al., 1990, 1991; Muiller-Rober et al.,, 1990; Nakamura et

! This work was supported in part by a Grant-in-Aid for Scientific
Research on Prionity Areas ("Plasticity and Signal Responses in Plant
Gene Expression”) from the Ministry of Educanon, Science. and
Culture, Japan,

* Corresponding author; fax 81-52-789-4094.
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al., 1991). The induction of expression of these genes by
sugars is regulated at the level of transcription and can be
documented in transgenic plants by fusion of a promoter
with a reporter gene (Rocha-5o0sa et al., 1989; Wenzler et al,,
1989; Ohta et al., 1991). Sugar-inducible or sugar-modulated
expression has also been reported for several other plant
genes (Salanoubat and Belliard, 1989; Johnson and Ryan,
1990; Tsukaya et al., 1991; Cheng et al., 1992; Koch et al.,
1992). Furthermore, several plant genes that are down-rez-
ulated by high levels of sugars have also been reported
{(Sheen, 1990; Yu et al., 1991; Koch et al., 1992). These results
suggest that the metabolic regulation of gene expression by
sugar avzilability is a general phenomenon in many plant
species. However, the mechanisms underlying such regula-
tion, in pariicular the mechanisms of signal transduction, are
unknown at present.

In sweet potato (lpomoea batatas), genes coding for two
major proteins of the tuberous storage root, sporamin and g-
amylase, are inducible in leaves and petioles when leaf-
petiole cuttings are supplied with high concentrations of Suc
or other metabolizable sugars, such as Gle and Fru (Hattori
et al, 1991; Nakamura et al., 1991). The accumulation of
large amounts of starch occurs concomitantly with the induc-
tion of sporamin and g-amylase by sugars (Nakamwura et al.,
1991). The physiclogical role of §-amylase in sweet potato is
not known, and we previously postulated that it may have a
role in part as a storage protein (Nakamura et al,, 1991; Ohto
et al, 1992). Sugar-inducible gene expression is probably
associated with the high-level accumulation of sporamin, J3-
amylase, and starch in tuberous roots, which develop as a
strong carbohydrate sink (Hattori et al., 1991; Nakamura et
al., 1991).

In the present study, we examined whether the dephos-
phorylation of proteins is involved in the sugar-inducible
expression of the genes for sporamin and g-amylase by using
okadaic acid, microcystin-LR, and calyculin A. These three
compounds are potent and specific inhibitors of protein-Ser/
Thr phosphatases 1 and 2A, and they have broad and over-
lapping substrate specificities (Ishihara et al., 1989; Cohen el
al,, 1990; MacKintosh et al., 1990). In plants, PP1 and PP2ZA
are known to regulate various enzymatic activities in vitro

Abbreviations: AGPase, ADP-Cle  pyrophosphorylase;  34-
Amy:GUS, a fusion gene composed of the promoter of the swect
potato gene for g-amylase and the coding sequence of g-glucurori-
dase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GUS,
d-glucuronidase; PP, type 1 protein phosphatase; PP2A, type 23
prutein phosphatase.
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(Carter et al., 1990; Siegl et al., 1990; MacKintosh et al., 1991;
Huber and Huber, 1992; Huber et al., 1992), and inhibitors
of PP1 and PP2A were recently used lo examine the involve-
ment of protein phosphatases in the responses of plant genes
to light (Sheen, 1993), phytohormones (Dominov et al., 1992;
Raz and Fluhr, 1993), and fungal clicitors (MacKintosh et al.,
1994) in vivo.

The results presented in this report indicate that, in sweet
potato, inhibitors of PP1 and PP2A strongly and specifically
block the Suc-inducible expression not only of genes for
sporamin and f-amylase butl also of a gene for the small
subunit of AGPase, which is a key enzyme in starch biosyn-
thesis. Inhibitors of PP1 and PP2A also blocked the induction
of expression of g-Amy:GUS in leaves of transgenic tobacco
by exogenous supply of Sue, Gle, or Fru. These results suggesi
that protein dephosphorylation is involved in the transduc-
tion of carbohydrate metabolic signals to the transcriptional
activation of gene expression in plants.

MATERIALS AND METHODS
Materials

Inhibitors of protein phosphatases (okadaic acid and caly-
culin A from Wake Pure Chemical Industries, Osaka, Japan,
and microcystin-LR from Calbiochem, San Diego, CA) were
dissolved in 1 my DMSO and stored at —20°C. Sweet potato
(Ipomea batatas Lam. cv Kokei No. 14) plants were grown at
Nagoya University Experimental Farm. Transgenic tobacco
(Nicotiana fabacum cv SR1) plants carrying a f-Amy:CUS
fusion gene, composed of a 1.3-kb-long region of the pro-
moter of the gene for #-amylase from sweet potato (Yoshida
et al, 1992) and the coding sequence for GUS (Jefferson et
al., 1987). were prepared by the Agrobacterium-mediated
transformation. Construction and expression of the fusion
gene in various tissues of transgenic tobacco and the analysis
of the promoter fragment will be described elsewhere (S.
Ishiguro, K. Hayashi, K. Maeo, A. Morikami, and K. Naka-
mura, unpublished data). Seeds of transgenic tobacco plants
were germinated on basal medium that contained Murashige-
Skoog salts, B5 vitamins, 3% Suc, and 200 mg/L kanamycin,
and seedlings were grown on the same medium supple-
mented with 50 mg/L kanamycin (Ohta et al., 1991). After
transfler to soil, plants were grown to average heights of
about 40 cm.

Treatment of Plant Tissues with Suc and Inhibitors of
PP1 and PPZA

Mature leaves were excised from stems of sweet potato
plants at their petioles. These leal-petiole cultings were
dipped at their cul edges in a solution of 6% Suc and
incubated in this way in darkness for 12 h (Ohto et al,, 1992),
In the case of treatment with inhibitors of PP and 'P2A,
leaf-peticle cuttings were pretreated with inhibitors in 0.2%
DMSO for 2 h before the treatment with Suc. and inhibitors
were also added to the Suc solution. After treatments, petiole
portions of the cuttings were frozen in liquid nitrogen and
stored at —80°C.

Fully expanded leaves of transgenic tobacco plants carrving

the 3-Amy:GUS fusion gene were cut into pieces of about 1

Plant Physiol. Vol. 106, 1994

¢m’, and these leal segments were incubated on a 0.4% agar
plate that contained 10% Suc in darkness for 20 h. In some
experiments, the agar plate contained 0.3 m Gle or 0.3 M Fru
instead of Suc. Inhibitors of PI'l and PP2A were added to
the agar plate with 0.05% DMSO.

Morthern Blol Hybridization

Preparation of total RNA from sweel potato petioles and
northern blot hvbridization with **P-labeled cDNA probes
were carried oul as described previously (Nakamura et al.,
1891}). The cDNA probes for sporamin (Hatton et al., 1985),
g-amylase (Yoshida and Nakamura, 1991), and catalase (Sa-
kajo et al,, 1987) from sweet potato were described previ-
ously. Probes for the small subunit of AGPase and Suc
synthase were prepared by reverse transcriptase-PCR from
puly(A)* RNA isolated from Suc-treated petioles of sweet
potato. Amplified DNA fragments were cloned in a plasmid
vector and verified by DNA sequencing. A cDNA fragment
for the small subunit of AGPase encoded a protein with 967
amino acid residual identity with the corresponding part of
the potato subunit (Nakata et al,, 1991), and it did not cross-
hybridize with a ¢cDNA fragment for the large subunit of
AGPase of sweet polale isolated by the similar methods. A
cDNA for GAPDH mENA from rice was a generous gift from
Dr. A. Kato of Hokkaido University and Dr. H. Uchimiya of
Tokvo University. Autoradiography was carried out by ex-
posing washed membranes to x-ray film (X-Omat, Eastman
Kodak, Rochester, NY). Alternatively, the radioactivity in
bands was quantified with a Bio-lmaging Analyzer (Fujix
BAS2000; Fuji Photo Film Co., Tokyo, Japan).

Extraction of Proteins and Assay of GUS Activily

Extraction of proteins from the leaf segments of transgenic
tobacco plants and fluonmetric assays of GUS activity were
carried out as described by Jefferson el al. (1987).

RESULTS

Inhibitors of PP1 and PP2A Inhibit the Suc-Inducible
Accumulation of mRNAs for Sporamin, 8-Amylase, and
the Small Subunit of AGPase in Petioles of Sweel Potato

To analyze the effects of specific inhibitors of PP1 and
PP2A on the sugar-inducible accumulation of mRNAs, leaf-
petiole cuttings of sweet polato were treated with 6% Suc in
the presence of 2 um okadaic acid, microcystin-LR, or caly-
culin A and alsa in their absence. Total RNA prepared from
the peticle portions was analyzed by northern blot hybridi-
za'ion in each case. As shown in Figure 1, a marked increase
in levels of mRNAs for both sporamin and f-amylase oc-
curred in petioles that had been treated with 6% Suc for 12
h but not in those treated with water as reported previously
(Nakamura et al., 1991; Ohto et al., 1992). Treatment of the
leaf-petioie cutlings with Suc also induced the accumulation
of a large amount of starch (Nakamura et al., 1991). Northern

lot hybridization analysis with the *P-labeled probe for the
small subunit of AGPase (Nakata et al,, 1991), a key enzyme
in the biosynthesis of starch, indicated that mRNA for the
small subunit of AGPase is also induced after treatment wth
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unit of 1. Okadaic acid had inhibitory effects on the Suc-
induced accumulation of mRNAs for sporamin, G-amylase,
and the small subunit of AGPase even at concentrations of
0.02 and 0.2 unm (Table 1). Al these concentrations, ckadaic
acid did not significantly affect the levels of other mRNAs,
such as those for GAPDH, catalase, and Suc synthase. Similar
to the results shown in Figure 1, 2 wm okadaic acid signifli-
cantly enhanced the Suc-induced accumulation of Suc syn-
thase mRNA. Microcystin-LR at 0.02 and 0.2 s only slightly
inhibited the Suc-induced accumulation of mRNAs for spor-
amin, J-amylase, and the small subunit of AGPase, as com-
pared to the strong inhibitory effects observed at 2 uwm (Table
I). Microcystin-LR did not change the levels of other mRNAs
significantly.

Effects of Inhibitors of Protein Phosphalases on the
Sugar-Inducible Expression of the 3-Amy:GUS Fusion
Gene in Leaves of Transgenic Tohacco

Sugar-inducible gene expression can be easily assaved by
measuring the GUS activily in leaf segments of transgenic
tobacco plants that have been Ilransformed with a j-
Amy:GUS fusion gene, in which a 1.3-kb-long promoter
fragment from the sweet potato gene for §-amylase (Yoshida
et al., 1992) is fused to the GU5-coding sequence. When leal
segments were placed on agar plates thal contained 10% Suc
and incubated in darkness, a marked increase in GUS achivity
was induced. By using this system, we asked whether the
effects of phosphatase inhibitors on the sugar-inducible
expression of the gene for #-amylase occurred at the level of
its transcription and whether the involvement of protein
phosphatases is a general feature of sugar-inducible gene
expression in plants. Furthermore, unlike the case of petiole
tissues of sweet potalo, to which Suc and inhibitors were
supplied by the transpiration stream from the cut edges of
leaf-peticle cuttings, Suc and inhibitors were directly supplied
to leaf tissues of tobacco.

Leafl segments from one transgenic plant were divided into
several groups, with each group consisting of six segments,
and each group was treated with 10% Suc in the presence or
absence of various inhibitors of PP1 and PP2A for 20 h. The
specific activity of GUS in protein extracts from each group
of leaf segments was expressed relative to that from the
control group that had been treated with 10% Suc and 0.05%
DMSO. Treatment with each inhibitor was carried out more
than three times, using three independent lines of transgenic
plants. As shown in Figure 2, Suc-inducible expression of the
B-Amy:GUS fusion gene was strongly inhibited bv 0.5 um
okadaic acid, microcystin-LR, and calveulin A, and each
of the inhibitors also had a reduced inhibitory effect at
0.05 um.

Similar to the induction of accumulation of mRNAs for
sporamin and f-amylase in leaf-petiole cuttings of sweet
potato (Hattori et al., 1991; Nakamura et al., 1991), expres-
sion of the B-Amy:GUS fusion gene in leaves of transgenic
tobacco can be induced by Gle or Fru instead of by Suc.
Okadaic acid (0.5 pm) blocked the induction of the fusion
gene by 0.3 m of Glc or Fru (Fig. 3), the results suggesting
that the inhibition is not due to the inhibition of uptake and
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Figure 2. Effects of inhibitors of PP1 and PP2A on the Suc-inducible
expression of the f-Amy:GUS lusion gene in leal segment: of
transgenic tabacco. Leal segments were treated with 10% Suc and
0.05% DMSO in the presence of 0.05 or 0.5 pm of okadaic acid
[Suc + DKA), microcystin-LR (Suc + MC), and calyculin A (Suc +
CA) or in their absence [Suc + (DMSQ)], for 20 h. (DMSO) indicates
leal segments treated with 0.05% DMSO alone {or 20 h, and Non-
treated indicates nontreated leal segments. Specific activities of
CUS were normalized 1o that of control samples treated with Suc
and DMSO, and they are presented as the means of results of
independent experiments with so (n = 3-12 [or each treatment).
Specific activities of GUS in leai segments treated with Suc for 20
h varied between 435 and 21,000 pmol methylumbelliferone min™
mg™" protein, depending on the plants used.

metabolic cleavage of Suc. Mannitol and sorbitol did not
induce the expression of the fusion gene (data not shown).

Figure 4 shows the time course of the increases in GUS
activity in leaf segments after treatment with Suc in the
presence or absence of 0.5 um okadaic acid. The presence of
okadaic acid at the onset of treatment with Suc almost
completely blocked the Suc-induced increase in GUS activity.
To examine whether the protein phosphatase activity is re-
quired only at the initial stage of induction by Suc, leaf
segmen!s thal had been treated with Suc for 6 h were
transferred to agar plates that contained 0.5 um okadaic acid
in addition to Suc. The GUS activity increased for the sub-
sequent & h to a somewhat lower level than that found in
leaf segments treated with Suc in the absence of okadaic acid,
and further increases in GUS activity after that time were
almost completelv inhibited. These results suggest that the
continuous dephosphorylation of protein(s) is required for
the maintenance of sugar-induced expression of the fusion
gene.

DISCUSSION

In this study, we used three structurally unrelated inhibi-
tors of PI'1 and PP2A, namely okadaic acid, microeystin-LR,
and calveulin A, to examine the involvement of protein
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Figure 3. Eifects of okadaic acid on the induction of expression of
the g-Amy:CUS fusion gene in leal segments of transgenic tobacco
by Glec or Fru. Leaf segments were treated with 0.3 m Glc (Clc) or
Fru (Fru) and 0.05% DMSO in the absence or the presence of 0.5
un of okadaic acid (OKA) fur 20 h, (DMSO) indicates leaf segments
treated with 0.05% DMSO alone for 20 h, and Non-treated indicates
nontreated leal segments. Specilic activities of GUS were normal-
ized 10 that of contrel samples treated with Gle and DMSO, and
they are presented as the means of resulls of independent experi-
ments with s0 (n = 3 for each treatment), Speciiic activities of GUS
in leaf segments treated with Glc for 20 h varied between 9,500
and 11,300 pmol methylumbelliferone min™ mg™' protein, de-
pending on the plants used,

dephosphorylation in the response of plant genes to carbo-
hydrate metabolic signals. Expression of genes coding for two
major proteins of tuberous roots of sweet potato, namely
sporamin and f-amylase, was used as a model. Although the
mRNAs for sporamin and #-amylase are usually not detect-
able in organs other than the tuberous root, they are inducible
in stems, leaves, and petioles by exogenous supply of high
concentrations of Suc or other metabolizable sugars (Hattori
etal, 1990, 1991; Nakamura et al., 1991). All of the inhibitors
of PP1 and PP2A examined strongly blocked the Suc-induc-
ible accumulation of mRNAs for sporamin and #-amylase in
leaf-petiole cuttings (Fig. 1; Table I). Concentrations of inhib-
itors of PP1 and PP2A used in our experiments were similar
to those used in other in vivo experiments with plant tissues
and cells (Siegl et al., 1990; Dominov et al., 1992; Raz and
Fluhr, 1993; Sheen, 1993; MacKintosh et al., 1991). Amonyg
the mRMNAs examined in this study, the inhibitory etffects of
phosphatase inhibitors were specific to mRNAs for sporamin,
g-amylase, and the small subunit of AGPase (Fig. 1; Table I).
These results suggest that the dephosphorylation of protein(s)
is required for the Suc-inducible expression of genes for
sporamin and -amylase in sweet potato.

Accumulation of large amounts of starch occurs concomi-
tantly with the accumulation of mRNAs for sporamin and J-
amylase in leaf-petiole cuttings after treatment with metab-
olizable sugars. In addition, it is dependent on various sugars

and on the concentration of Suc in ways that are similar to
those of the accumulation of sporamin and g-amylase (Nak-
amura et al,, 1991). Similar to the accumulation in tuberous
roots, Suc-induced accumulation of sporamin, d-amylase,
and starch occurs within the same cells in leaves and petioles.
These results suggest that there is a close link among the
accumulation of sporamin, J-amylase, and starch as part of
the cellular expression of the vegetative storage function that
is normally exhibited in parenchymatous cells of the tuberous
root (Nakamura et al, 1991). In potato, sugar-inducible
expression of class | patatin genes is accompanied by the
accumulation of starch (Rocha-Sosa et al., 1989; Wenzler et
al., 1989). Starch synthesis in plants is regulated at the level
of AGPase (Preiss, 1988), and a potate gene for one of the
two subunits of AGPase is inducible by metabolizable sugars
(Muller-Riber et al,, 1990).

In the present study, we observed a dramatic increase in
the level of mRNA for the small subunit of ACPase after
treatment of leaf-petiole cuttings with Suc for 12 h (Fig. 1),
which occurred much earlier than the increase in the amount
of starch (Nakamura et al.,, 1991). It seems that the accumu-
lation of starch after exogenous supply of Suc is regulated at
the level of gene expression, in addition to the increased level
of substrates and the possible activation by 3-phosphaoglyec-
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Figure 4. The time course of the increases in GUS activity in lear
segments of transgenic tobacco that carried the g-Amy:GUS fusion
gene afler treatment with Suc in the absence or presence of okadaic
acid. Leal segments were treated with 10% Suc and 0.05% DMSO
in the absence [Suc + (DMSO)] orin the presence of 0.5 um okadaic
acid (OKA) at the same time as the treatment with Suc was begun
(@ h} or 6 h atter the start of reatment with Suc (6 h). (DM50)
indicates leal segments treated with 0.05% DMSO alone. Specitic
activities of GUS were narmalized to thal from the control samples
that had been treated with Suc and DMSO for 20 h. Results are
presented as the means of results ol live independent experimenis
wilh s0. Specific activities of GUS in leai segments that had been
treated with Suc and DMSO rar 20 h varied between 2,200 and
37,000 pmol methylumbelliferone min™ mg™ prolein, depending
on the piants used,
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erate (Preiss, 1988). The regulation of expression of genes
coding for the large and small subunits of AGPase of sweel
potato in relation to starch accumulation is currently under
investigation in our laboratory. The Suc-induced accumula-
tion of mRNA for the small subunit of AGPase was inhibited
by inhibitors of PP1 and PP2A (Fig. 1), and its sensitivity to
okadaic acid and to microcystin-LR was similar to that of the
mRMNAs for sporamin and #-amylase (Table 1). These results
raise the possibility that a similar protein phosphatase is
involved in the regulation of expression of these genes,
thereby connecting the regulation of the accumulation of
starch with the accumulation of sporamin and #-amylase, We
have not examined the effects of inhibitors of protein phos-
phatases on the accumulation of starch, since it required
several days of treatment with Suc (Nakamura et al,, 1991).
Glycogen synthesis in mammals and yeasts is regulated by
dephosphorylation and activation of glycogen synthase and
dephospherylation and inactivation of glycogen phosphorvl-
ase. A specific PP1 catalyzes these dephosphorylation reac-
tions (Dent et al., 1990; Frangois et al., 1992). In plants, PP1
and PP2A activities were not associated with chloroplasts in
leaves of pea and wheat or starch granules in seeds of vilseed
rape (MacKintosh et al,, 1991). Protein dephosphorylation
may be involved in the regulation of starch synthesis in
plants at steps thal are different from the regulation of
glycogen synthesis in animals and yeasts.

Inhibitors used in this study can differentiate belween PP
and PP2Ain in vitro experiments. Okadaic acid inhibits I'P2A
in the picomolar range, whereas it inhibits P'1 in the nano-
molar range (Cohen, 1989; Cohen et al., 1990). Microcystin-
LR and calyculin A inhibit PP'1 and PP2A with almost equal
potency, and they are more potent inhibitors of PI'1 than is
okadaic acid (Ishihara et al.,, 1989; MacKintosh et al.,, 1990).
The effective concentration of okadaic acid in our experi-
ments (0.02-0.2 pny; Table 1) may suggest the involvement of
PP1 in the Suc-inducible accumulation of mRNAs for spor-
amin and g-amylase. However, okadaic acid was more effec-
tive than microcystin-LR (Table [). The actual concentration
of the inhibitor in the cell that could be affected by the
permeability and stability of each inhibitor in our experimen-
tal conditions is not known. [t is also not known whether one
or more of PP1 or PP2A was involved. Thus, it is difficult to
determine whether protein phosphatase(s) involved in the
sugar-inducible gene expression in our experiments was P'I'1
or PP2A.

Suc synthase that is required for the metabolic cleavage of
Suc to UDP-Glc and Fru plays an imporlant role in sink
tissues. Similar to the observation with single-leaf stem cut-
tings of potato (Salanoubal and Belliard, 1989), exogenous
supply of Suc to the leal-petiole cultings of sweet potato
induced increases in the level of Suc synthase mRNA (Fig.
1). In contrast to mRNAs for sporamin, 3-amylase. and the
small subunit of AGPase, the Suc-induced increase in the
level of Suc synthase mRNA was signilicanily enhanced by
2 pm okadaic acid (Fig. 1; Table 1). An enhanced level of Suc
synthase mRNA was observed with a much higher concen-
tration of okadaic acid than that required to inhibi! the Suc-
inducible accumulation of mRNAs for speramin, J-amvlase,
and the small subunit of AGPase {Table 1}. Furthermore, the
level of Suc synthase mRNA was not severely affected by
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micracystin-LR and calyculin A {Fig. 1; Table 1). Although
the protein phosphalase may also be involved in the Suc-
inducible increase in the level of Suc synthase mRNA, it may
be different from that involved in the sugar-inducible expres-
sion of the genes for sporamin, G-amylase, and the small
subunit of AGPase.

inhibition of Suc-inducible expression of the f-Amv:GUS
fusion gene in leaf segments of transgenic tobacco by inhib-
itors of PP1 and PP2A (Fig. 2) suggests that the involvement
of protein dephosphorylation in the sugar-inducible gene
expression is conserved in different plant species and hissues.
Effective concentrations of inhibitors in experiments with leaf
segments of tobacco did not differ significantly from those
observed in experiments with the petiole parts of leaf-petiole
cuttings of sweet potato except that microcystin-LR was
slightly more effective in leafl segments of tobacco (Table [;
Fig. 2).

It is not clear which step(s) in the sugar-inducible gene
expression is regulated by PP1 and/or PP2A. The sperificity
of the effects of inhibitors of PP1 and PP2A on dilferent
mRMNAs (Fig. 1; Table 1) indicates that these inhibitors do not
affect the general transcriptional activity or the general sta-
bility of mRMNAs under our conditions. Furthermore, the
vbservations that okadaic acid does not inhibit the synthesis
of the GUS polypeptide in maize protoplasts (Sheen, 1993)
and induces the synthesis of pathogenesis-related proteins in
tobacco (Raz and Flubr, 1993) indicate that at least the effects
of okadaic acid are not due to the general inhibition of protein
synthesis. Okadaic acid not only blocked the Suc-induced
expression of the 3-Amy:GUS fusion gene in leaves of to-
bacco (Fig. 2) but also blocked the induction by Glec or Fru
(Fig. 3). These results indicate that the inhibition is not due
to the inhibition of the uptake and transport of Suc into the
cell or the metabolic cleavage of Suc. It is suggested that
protein dephosphorylation is involved in the transduction of
carbohydrate metabolic signals to the nuclevs.

PP1 and/or PP2A may regulate the activities of enzymes
in the metabolism of sugars in the cell, thereby affecting the
level of metabolic signal molecules themselves. It has been
shown that PP2A regulates the activities of various plant
enzvmes, such as PEP carboxylase (Carter et al, 1990),
quinate dehydrogenase (MacKintosh et al,, 1991), Suc-phos-
phate synthase (Sieg! et al., 1990; Huber and Huber, 1992),
and nitrate reductase (Huber et al., 1992). Alternatively, direct
protein dephosphorylation of factors involved in the tran-
scriptional regulation of gene expression in the nucleus might
be necessary. The results presented in Figure 4 suggest that
PP1 and/or PP2ZA activity is required not only for the Suc-
induced activation of gene expression but also for the main-
tenance of such expression. This possibility implies that
continuous supply of phosphorylated substrate(s) is also re-
guired. The activity of the target protein of PP1 and/or PP2A
may be modulated by reversible phosphorylation and de-
phosphorylation, and its phosphorylation status could be
under the carbohvdrate metabolic control.

Recently, the involvement of PP1 and/or PP2A activity in
the response of plant genes to light (Sheen, 1993), phy tohor-
mones (Dominov et al.. 1992; Raz and Fluhr, 1993), and
fungal elicitors (MacKintosh et al., 1994) were reportec. Oka-
daic acid itself induced pathogenesis-related proteins in
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leaves of tobacco (Raz and Fluhr, 1993) and Phe ammonia-
lyase in saybean cell culture (MacKintosh et al., 1994), and
these inductions by okadaic acid were blocked by inhibitors
of protein kinase. It is suggested that kinase and phosphatase
are acting on the same protein and the phosphorylated form
of the protein represenls the active form (Raz and Fluhr,
1993). By contrast, light-inducible gene expression in maize
protoplasts was blocked by okadaic acid and calyculin A, and
it was suggested that PP1 activity is required as a positive
regulator in the light-signaling pathways (Sheen, 1993).
However, the specific protein phosphatase and its target
protein that were involved in the signal transduction path-
ways were not identified in any of these cases.

PP1 and PP2A in animals are known to be composed of
catalytic subunits and regulatory subunits (Cohen, 1989). In
plants, catalytic subunits of PP1 and PP2A are encoded by a
family of related genes (Smith and Walker, 1991, 1993; Arino
et al,, 1993). Although catalytic subunits of plant FP1 and
PP2A may also be associated with the other compunents
(MacKintosh et al., 1991), little is known about the regulatory
subunits of plant enzymes. In one of the most extensively
studied cases in plants, a PP2A that dephosphorylates and
activates Suc-phosphate synthase in spinach leaves is acti-
vated by light and inhibited by Pi (Weiner et al., 1992). To
further clarify the rule of protein dephosphorylation in the
sugar-inducible gene expression, it is necessary to search for
specific protein phosphatase and its target protein(s) that are
involved in the pathways.
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A cDNA clone for isocitrate Ivase (ICL) was isolated
from a ¢cDNA library prepared from the poly(A)* RNA of
etiolated pumpkin cotyledons. The cDNA encoded a poly-
peptide with 576 amino acids, whose sequence is more than
79% identical to those of ICL from other higher plants and
contains the C-terminal tripeptide, Ser-Arg-Met, which is a
putative largeting signal to microbodies. Immunogold anal-
ysis revealed that ICL protein is exclusively localized in mi-
crobodies in etiolated pumpkin cotyledons. Double label-
ing experiments with protein A-gold particles of different
sizes showed that ICL protein coexists with a leaf-per-
oxisomal enzyme, glycolate oxidase, in the microbodies
of greening and senescing pumpkin cotyledons, indicating
that transformation between glyoxysomes and leaf per-
oxisomes occurs directly during greening and senescence
of the cotyledons. Immunoblot analysis showed that the
amount of ICL protein increased markedly during germina-
tion and decreased rapidly when seedlings were exposed to
illumination, which induced the microbody transition from
glyoxysomes to leaf peroxisomes, In senescing cotyledons,
the level of the ICL protein and ICL mRNA increased
again with the reverse transition of microbodies from leaf
peroxisomes 1o glyoxysomes. Changes in the amount of
ICL protein did not correspond to the changes in the level
of ICL mRNA during greening and senescence of the coty-
ledons, an indication that post-transcriptional regulation
plays an important role in the microbody transition.

Key words: Glyoxysome — lsocitrate lyase (EC 4.1.3.1) —
Leaf peroxisome — Microbody transition — Senescence.

Oilseed plants such as pumpkin and cucumber utilize
large amounts of storage oil as the energy for seedling
growth. Glyoxysomes, which are specialized microbodies
in higher plants and contain enzymes for f-oxidation and
the glyoxylate cycle, participate in the degradation of stor-
age oil. During greening of the cotyledons in some oilseeds

Abbreviations: ICL, isocitrate Iyase; MS, malate synthase;
GO, glycolate pxidase; HPR, hydroxypyruvate reductase,

The nucleotide sequence reported in this paper has been sub-
mitted to the DDBJ, EMBI. and GenBank nucleotide sequence
databases under the accession number D78256.

* To whom corespondence should be addressed.

such as pumpkin and watermelon, glyoxysomes are trans-
formed to another type of specialized microbody, namely,
leaf peroxisomes, which function together with chloro-
plasts and mitochondria in photorespiration (Beevers
1979). In the microbody transition, activities of glyoxy-
somal enzymes such as malate synthase (MS; EC 4.1.3.2)
and isocitrate lyase (ICL; EC 4.1.3.1) decreased, whereas
activities of leaf-peroxisomal enzymes, such as glycolate ox-
idase (GO; EC 1.1.3.1) and hydroxypyruvate reductase
(HPR; EC 1.1.1.29), increased. Our previous studies show-
ed that during the microbody transition, the degradation of
glyoxysomal enzymes was induced (Kato et al. 1995, Mori
et al. 1991) and the amounts of mRNAs for leaf-perox-
isomal enzymes markedly increased (Tsugeki et al. 1993).
The reverse transition of leaf peroxisomes to glyoxysomes
occurs during senescence (Nishimura et al. 1993). In this
case, glyoxysomal enzymes are induced and leaf-perox-
isomal enzymes are degraded. We have demonstrated im-
munocytochemically that this replacement of leaf-perox-
isomal enzymes with glyoxysomal enzymes occurs in the
same microbodies (Nishimura et al. 1993).

ICL is an enzyme unique to the glyoxylate eycle and
catalyzes the cleavage of isocitrate into succinate and glyox-
ylate. ¢cDNA for this enzyme has been characterized from
cucumber (Reynolds and Smith 1995), rape (Comai et al.
1989}, castor bean (Beeching and Northcote 1987), tomato
(unpublished; accession U18678), cotton (Turley et al.
1990), glycine max (unpublished; accession L02329), fungl
(Barth and Scheuber 1993), yeast (Fernandez et al. 1992)
and E. coli (Matsuoka and McFadden 1988). The synthesis
and activity of this enzyme have been demonstrated in
embryogenesis and in germinating seeds of higher plants
(Allen et al. 1988, Comai et al. 1989, Turley et al. 1990,
Weir et al. 1980, Zhang et al. 1993). A recent analysis show-
ed that this enzyme was expressed in pollen from Brassica
napus L. (Zhang et al. 1994) and was induced in detached
or attached organs during senescence (De Bellis and Nishi-
mura 1991, Graham et al. 1992, Gut and Matile 1988).

To obtain clues on the structural characteristics and
the expression of pumpkin ICL during the reversible micro-
body transition, we cloned the cDNA for pumpkin ICL.
We report here that the deduced amino acid sequence of
pumpkin [CL contains Ser-Arg-Met at the C-terminal end
and that it exclusively localizes in glyoxysomes. We also
report the developmental changes in the levels of ICL pro-
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tein and [CL mRNA during the reversible microbody transi-
tion in pumpkin cotyledons.

Materials and Methods

Plant material—Pumpkin (Cucurbita sp. cv. Kurokawa Ama-
kuri MNankin) seeds were soaked overnight and germinated in
moist rock fiber (66R; Nitto Bouseki, Chiba, Japan) at 25°C in
darkness. Some of these seedlings were transferred to continuous
illumination at the 4-5 day stage. Senescing cotyledons were pre-
pared as described previously (Nishimura et al. 1993).

Isolation and seguencing of a cDNA clone for pumpkin
isocitrate [vase—Poly(A)™ RNA was prepared from 4-day-old
etiolated pumpkin cotyledons by SDS-phenol extraction with sub-
sequent column chromatography on oligo (dT)-cellulose (Mori et
al. 1991). An oligo (dT)-primed Agtll cDNA library was con-
structed from the poly(A)® RNA using a cDNA synthesis system
and a Agtll cloning system (Amersham, Buckinghamshire, U.K.)
according to the manufacturer's instructions. The recombinant
phages were immunoscreened with an I1CL-specific antibody,
which had been kindly provided by Dr. M. Maeshima (Nagoya
University, Nagoya, Japan). The cDNA insert from an immuno-
positive clone was subcloned into the plasmid vector pBluescript
KS(+) (Stratagene, La Jolla, CA, U.5.A.) and used as a hybridiza-
tion probe to identify longer cDNA clones from the same library
by plague hybridization. The longest cDNA insert obtained by
plague hybridization (1,983 bp), was subcloned into pBluescript
KS(+). This plasmid was designated pICL11. Deletion mutants of
the cDNA insert of pICL11 in both the sense and antisense strands
were constructed using a deletion kit (Takara Shuze, Kyeto,
Japan). Nucleotide sequences of these deletion mutants were deter-
mined with an automatic DNA sequencer (model 373; Perkin
Elmer/Applied Biosystems) according to the manufacturer’s in-
structions. The nucleotide and the deduced amino acid sequences
were analyzed with DNA analytical software (GeneWaorks; Intelli-
Genetics, Mountain View, CA, U.S.A).

Naorthern blot analysis—Ten ug of total RNA extracted from
pumpkin cotyledons grown under various conditions was frac-
tionated on a 1% gel that contained 0.66 M formaldehyde and 10
mM MOPS (pH 7.0). RNA was transferred to a Hybond N7 mem-
brane (Amersham Japan) in 50 mM NaOH and fixed by exposure
to UV-light (Funa-UV-Linker, model FS-800; Funakoshi, Tokyo,
Japan). The insert corresponding to the isocitrate lyase cDNA was
labeled with [YP]dCTP (Amersham Japan). Ten ug of total RNA
extracted from pumpkin cotyledons grown under various condi-
tions was fractionated on a 1% agarose gel using a BeaBest label-
ing kit {Takara Shuzo, Kyoto, Japan). The membrane was hybrid-
ized in 0.5 M sodium phosphate (pH 7.2), 1 mM EDTA (pH 8.0),
7% SDS and 1% bovine serum albumin with 1.0% 10° cpm ml ™!
of radiolabeled DNA probe for 18 h at 42°C, The membrane was
washed at 42°C in 2% S5C plus 0.1% SDS for 15 min, in 0.2
S8C plus 0.1% SDS for 15 min, in 0.1 % S8C plus 0.1% SDS for
15 min and at 60°C twice for 15 min each. The membrane was ex-
posed to X-ray film and radioactivity was measured on the imag-
ing plate of a Bio-lmaging analyzer (FUIIX BAS2000; FUJI Phao-
to Film, Tokyo) with an exposure time of 18 h.

Stot blot analysis—Changes in the level of ICL mRNA during
senescence in vitro was examined by slot blot hybridization using
DIG labeling and detection kits (Boehringer Mannheim, Tokyo,
Japan). Total RNA was extracted from ten colyledon halves at
various stages. An aliquot of 0.33% of the total RNA was blotted
onto a charged nylon membrane (Boehringer Mannheim, Tokvo,

Japan). Antisense RNA was synthesized from pICL11 by T7T RNA
polymerase. The antisense RNA, labeled with digoxygenin-con-
jugated UTP, was used as a probe for hybridization. Hybridiza-
tion and washing conditions were those prescribed by the manufac-
turer and mRNA-probe hybrids were detected by monitoring the
activity of alkaline phosphatase that had been conjugated to digox-
ygenin-specific antibodies. The intensity of each signal was quan-
titated with a densitometer (Densitograph, ver 2.0; ATTO).

Immunoblot analysis—Pumpkin cotyledons grown under
various conditions were homogenized with SDS-loading buffer
{100 mM Tris-HCl, pH 6.8, 1 mM EDTA, pH 8.0, 0.1% Trilon
X-100 and | mM PMSF) and then the homogenates were centri-
fuged at 15,000 = g for 25 min. The protein conient of each extract
was estimated using a protein assay kit (Mippon Bio-Rad Labora-
tories, Tokvo, Japan) with bovine gamma albumin as a standard.
Ten ug of total protein was separated by SDS-PAGE on a 12.5%
polyacrylamide gel as described by Laemmli (1970) and trans-
ferred to a nylon membrane (Schleicher & Schuell, Dassel, Ger-
many) in a semidry electroblotting system. The polypeptides on
the membrane were visualized with 1 : 5,000 dilution of horserad-
ish peroxidase antibodies against rabbit IgG (ECL system; Amer-
sham, Japan).

Immuncelectron microscopy—Germinating pumpkin cotyle-
dons were harvested at various stages and senescing cotyledons
were harvested at 9 days after treatment. The samples were fixed,
dehydrated and embedded in LR white resin (London Resin,
U.K.) as described previously (Nishimura et al. 1993). Ultra-
thin sections were cut on a Reichert ultramicrotome (Leica,
Heidelberg, Germany) with a diamond knife and mounted on un-
coated nickel grids. The protein A-gold labeling procedure was
essentially the same as that described by Nishimura et al. (1993).
Ultra-thin sections were incubated at room temperature for 1 h
with a solution of antiserum against ICL or glycolate oxidase
(GO) diluted 1 : 100 and then with a 50-fold diluted suspension of
protein A-gold (15 nm for GO, 10 nm for ICL; Amersham Japan)
at room temperature for 30 min. The sections were examined with
a transmission electron microscope (1200EX; JOEL, Tokyo,
Japan) at 80 kV.

Resulis and Discussion

Cloning of a cDNA for isocitrate (yase—A Agtll
cDNA library from the poly{A)™ RNA of 4-day-old
etiolated pumpkin cotyledons was constructed. We screen-
ed this cDNA library immunologically using an antibody
against castor bean ICL. Ten immunopositive clones were
isolated from 1.5x10° independent recombinants. The
same cDNA library was screened by plague hybridization
using the 1.4 kb insert of one of the immunopositive clones
as a probe. We obtained eleven positive clones, including
one that contained the longest insert of 1.9 kb. The com-
plete nucleotide sequence and the deduced amino acid se-
guence are shown in Fig. 1. This cDNA consists of 1,983 bp
and contains a 1,728-bp open reading frame that encodes a
polypeptide of 576 amino acids with a total molecular mass
of 64,286 Da. The nucleotide and deduced amino acid se-
guences of ICL have been reported for cocumber (Rey-
nolds and Smith 1995), rape (Comai et al. 1989), castor
bean (Beeching and MNorthcote 1987), tomato (unpublish-
ed; accession U18678), cotton (Turley et al. 1990), glycine
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max (unpublished; accession L02329), fungi (Barth and
Scheuber 1993), yeast (Fernandez et al. 1992) and E. coli
(Matsuoka and McFadden 1988). The identity with ICL
amino acid sequences of other plants is 97% for cucumber,
85% for rape, 889% for castor bean, 85% for tomato, B9%

QALCGTEOLCIARIAGRAGA AZCaDT L LOLTgCa 35

ATGGCTACT T T IC T ST T T TOGATCATAA TRGARMGAAGANGEARGAT TOGAAGDT 5
H AT S FS&VP IANTHNKEETET GRTFE M 20
GARGTTRCACAGG TCC A AT TGRAA TTC TOAGRGET TCARGE TARC MO GROGHITG 155
EVYAEVOQOQHAMWWNMNSEGEESRTEFEKTULTHRETFP 40
TACACGO AR G G TGE TG T ATT A GOG R MGCC TGMEACARAGE TAOGCUTCANAD 215
¥ TA KDYV E LRGESELEURSYAMNSH &0
GATTTAGC TAARANGE TATGGOGANC G T T ARMRO CTADCAAGCTANCAGCNCAGCTICG 275
DL AKXLMWRTLXEXTHQANRSETAIAS Lhi]
AR AT TTOGAGC T TAGADCC TG T TEAAG TGACGAT GA TGRCTAMGCAT T T GRACAGT 2%
RTPFGAMLDPV QVIHNHAMKEKTLDE 100
AT TAT T TG AS TR TC T TCAA LD AT R CTOCADCAN TOAM CAGGTOOS 35e
IYVYEGWHWOCLESTHTSITNREFG?P 120

GACCT OROCA TTADCCATADGACAC TET TCOGAACA R ST TGAGCATT IGT TCTICGET 455
DLAXDY P YDIVEPEEVYEHALFTFEA 140
CAACAGT A A TN O AR ARG IANG LA GGAT A G TATGAGICGAGA SGAR S GA 315
QY HDRUEKOGREMRMMEKH®KSHNSHBRETEHR 160
GO L TTATG T T RACTATC ICARMCCGATTAT ConOGAOGEIGAC MITHECTIC LY

AxTPYVvDpD YEKXHIITADGDTGHF 180
RGO GO A G T GARGC T C TG TANC TATT TG TGGAGOROGE TR0 G006ET B35
6T T ATV EKLTEIEKILTFWVYERGALAWNMNSG 200
GITCACATIGAGGATCAGTUCIC TG TATGEC TCRGAANGT G 855

VHIERDQESES SV C & HHAGIEKTY 230
GG T GaCGGT A ToASCAT AT AR T OGGE T TAGGEC TOGAT TG AG TICGASGT G 755
L YAV SEWI¥NRLEYAMRLGQGQTPFPDY 240
TEGARCCCACGOGGTTGIGOCGACTTTGATTICN, LS
TODAVY AAMTILIAG 280
ACGAATGT TGATAGTAGRCGATCATCAGT TTATT TIGGEIGOGACGANCTC TANTTTEAGA, B75
T M ¥V 0O S5ARDHGLGFTIILGATHSDPMHRLA 280
ARG C AT LT MG SO RSOGO GOAG 985

G K 8§ L AGWY LAEAMAMAABMAGIETTGATE 300
CTTCAAG G THGAGATCRATGGA TT T CANTLOC ACAR TTGARGACATTTTCAGARTGT 995
EDQWTISEHMAMQLETFSEETC 370
ACAGAGTGAARAGAGGAGGAMATTGOAT 1053

I HH 58 NG TEGSEK KHRRIETILD 340
GRACCACTOCAGE TACGAGAMA TRCATATCGANCGANCAAGGTCGGGARRTE 1115
EWHHNHRS 5Y EKCI1 S5 VFEGSGRTE.] 360
GERGAGARATTAGHT TRANIAATCTCTTCTGGEACTGGGACTTGOOCAGAMCCAGAGAN. 1178
A EXLGLUEDMWNILFWYWD®WODILPRTHEREE 30
GOGTITTACAGSTICARAGOT TCAGTAATGOOGGCARTOOT IOGOOGTTGGEECTTIORNE 1235
G F Y RFKGSEVHAMLIVRGNWAMTEAR 400
CCACROGOGEATT TAATC TGEA TRGAMACGE TCGRGCCCTOATT TEGTOGRAGTGCADCACT 1235
F HAMDLIMWMETSSPDLVECTT 420
TICGCARAMGGGE TRARA TOGGTGEACCCAGAMTARTGT TGGCTTATARICTATOGOCA 1355

FAKGVYESVY HPETIMHNLDBMARYHNLS®P 440

FRAOGCATCGRGGAATGAGOGATAAGCAMA TGEAGGAGTTICATOCCTACG 1415
S FHHWHDPAS GHSODEKEOQOQHNETETPFPTZPT 45D
AT TG T T T IO TR TOECAG TTCATARCGCTGGOAGE TTTOCACGUCOATGRG 1478
1 ARLGPFCWOQFTITILAGT EFMHRADA 480
TTGGTGATCGACACAT TCGAAGGOGAATGTTRECTTATGTGGAS 1535
LYIDTPFPARDYARZBZROGETLHA RALYVE 500
AGMATCCAAAGKG AN GEAGTEGATACATTGRCTCATCAGKAATOGTCE 1595

ARANGIEANCAA
R I OQREERUNNUNGGVYDTILAHOGEHMWNH 520
GEMECTAM TRC TACCATCGOTATCTGAMGACASTICARCCOGGGATATOG TOGAOOGET 1655

G ANHY YDRY LETVEGG 13 8 TA 540
i » imns
AHG KGVTEEUOGFEESNWNTRAGGA 560

GEGAA T T A AN ARG A TGS T O TEGOGARGTOGACA T aagagyasagy 1775
G N LGEEGS VYV VY AEKSE®M®* 16
gasAlgRAAFpALset changas caat astaAR ELcAA At gaatttcaspant caae  1EIS
CACLLEEaagi LIt it tcaat gL gtibasatLEcatgnat cageatitgoaatgl 1895
toatbgtaltgtatttigtoritgaratgagtatctatasagatatggangatatesace 1955
atganactJaattoatatbbtppitate 1963

Fig. 1 Nucleotide and deduced amino acid sequences of pump-
kin ICL ¢DNA. The nucleotide sequence of the putative coding
region is shown in uppercase letters and the 5" and 3-noncoding
regions are shown in lowercase letters. The deduced amino acid se-
quence is presented in the single-letter code beneath the nucleotide
sequence, starting at the first in-frame methionine residue and en-
ding at the first stop codon, indicated by an asterisk. The amino
acid sequences tentatively involved in substrate-binding are boxed
and the three carboxyl-terminal amino acids that are known as a
microbody-targeting signal are underlined.

for cotton and 79% for glycine max. It has been proposed
that Leu-169, Lys-170, Pro-171, Thr-210, Lys-211 and Lys-
212 in ICL from castor bean might be involved in substrate
binding (Beeching and Northcote 1987). These amino acid
residues are conserved in the corresponding positions of
the pumpkin enzyme.

A putative signal for targeting of isocifrate lyase to mi-
crobodies—It has been proposed that a targeting signal,
Ser-Lys-Leu or similar variants, is located at the C-ter-
minal ends of various microbody proteins (Gould et al.
1988, 1989, Mivazawa et al. 1989). In fact, several kinds of
specific C-terminal tripeptides have been found in glyoxy-
somal enzymes such as malate synthase (Graham et al.
1989, Mori and Nishimura 1989) as well as in leaf-perox-
isomal enzymes such as glycolate oxidase (Tsugeki et al.
1993, Volokita and Somerville 1987) and hydroxypyruvate
reductase (Hayashi et al. 1996b). Moreover, it has been
demonstrated that the same protein targeting system is also
functional in three different microbodies of higher plants,
namely, glyoxysomes, leaf peroxisomes and non-special-
ized microbodies (Hayashi et al. 1996a). The C-terminal se-
quence of pumpkin ICL, like those of cucumber and
rape, was Ser-Arg-Met while those of castor bean, tomato,
cotton and glycine max were Ala-Arg-Met (Fig. 2). The lat-
ter tripeptide was shown to function as a targeting signal to
microbodies (Trelease et al. 1994). As to the former, Ser-
Arg-Met, Olsen et al. (1993) reported that this tripeptide
was necessary for the transport of glyoxysomal proteins
to microbodies in mammalian cells. Moreover, we recently
obtained evidence using an in vivo targeting assay that
employs transformants of the bacterial enzyme f-glucu-
ronidase in which the carboxyl terminus is modified to
Ser-Arg-Met, that the fusion protein was imported into
microbodies (Hayashi et al. 1996a). It should be mentioned
that the E. coli ICL lacks this C-terminal tripeptide (Fig. 2),
since isocitrate lyase does not need to be subcompari-
mentalized in E. coli.

Developmental changes in the levels of isociirate lyase
aftrer germination—We investigated developmental changes
in the levels of ICL protein in pumpkin cotyledons after
germination. Fig.3 shows the changes in the accumula-
tion of ICL protein. The relative amounts of ICL proiein
were determined densitometrically after immunoblotting.
When seedlings were grown in darkness, the levels of ICL
protein reached a maximum after seven days and then grad-
ually decreased (closed circles in Fig.3). However, the
amount of ICL protein decreased rapidly (open circles in
Fig. 3) when 5-day-old seedlings were transferred to illumi-
nation. In the case of other glvoxysomal enzymes, such as
malate synthase and citrate synthase, similar develop-
mental changes in their levels in pumpkin cotyledons have
been observed during the transition of microbodies from
glyoxysomes to leaf peroxisomes (Kato et al. 1995). These
resulis suggest that the amount of pumpkin ICL is develop-
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Functional Transformation of Microbodies in Higher Plant Cells

Mikio Nishimura', Makoto Hayashi, Akira Kato, Katsushi Yamaguchi, and Shoji Mano
Department of Cell Biology, National Institute for Basic Biology, Qkazaki 444, Japan

ABSTRACT. In germinating fatty seedlings, microbodies are functionally transformed to leaf peroxisomes
from glyoxysomes during greening, and then converied to glyoxysomes from leaf peroxisomes during senes-
cence. Immunocytochemical studies revealed that glyoxysomes can exchange directly into leaf peroxisomes dur-
ing greening and leaf peroxisomes are once again direcily converted to glyoxysomes during senescence, The re-
versible transformations of microbodies are regulated at various levels, such as gene expression, splicing of the
mRNA and degradation of microbody proteins. The regulatory mechanisms underlying this organelle differenti-

ation are described.

In higher plants, it is possible to regenerate a whole
plant by cultivating a single vegetative cell. This ability,
called “totipotency”, is closely related to the flexibil-
ity of differentiation of higher plant cells. Functional
transformation of organelles is frequently observed in
higher plant cells, especially during the proliferation
and differentiation of these cells. These transformations
of organelles are induced by environmental changes
such as light and temperature, and seem to be one of the
characteristics of higher plant cells. Functional changes
at the organelle level are the basis for differentiation of
higher plant cells. The flexibility of differentiation of
higher plant cells can be taken as a reflection of reversi-
bility of the functional transformation of organelles.

We are conducting a study to elucidate the flexibility
of differentiation and the totipotency of higher plant
cells by clarifying the reversibility of organelle transfor-
mation clear at the molecular level. In this paper, we de-
scribe recent progress in understanding of the regulato-
ry mechanisms underlying functional transformations
of microbodies in higher plant cells.

Microbodies are ubiquitous organelles in eukaryotic
cells, and are generally defined as organelles that con-
tain catalase and at least one H,O;-producing oxidase
(3, 21, 27, 35). In higher plants, microbodies can be cate-
gorized into at least three classes that are distinguisha-
ble in terms of function (15). [1] Glyoxysomes, which
are found in germinating cotyvledons of oil seeds, con-
tain some enzymes required for the j-oxidation of fatty
acids and the glyoxylate cycle, which participates in the
mobilization of lipids. [2] Leaf peroxisomes are found
in green leaves and function together with mitochon-
dria and chloroplasts in photorespiratory glycolate me-
tabolism. [3] Unspecialized microbodies with undefined
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metabolic roles are present in other organs, such as
roots and stems. Although these three classes of micro-
bodies are usually found in different organs, functional
transformation of microbodies is observed in cotyle-
dons of fatty seedlings under specific conditions.

Functional Transformation of Microbodies during
Greening and Senescence in Cotyledons of Fatty Seed-
lings

The functional transition of microbodies from glyoxy-
somes to leaf peroxisomes occurs in cotyledons of fatty
seedlings, such as those of pumpkin and watermelon,
during greening (3). An important question is whether
the functional transition of microbodies proceeds in a
linear and continuous fashion, or whether it proceeds in
a discontinuous, two-step sequence. Two opposing hy-
potheses, i.e. the one-population and two population
models, have been proposed (3). According to the for-
mer, glyoxysomes are directly transformed to leaf perox-
isomes during greening of cotyledons, accompanying
the insertion of newly synthesized leaf peroxisome-spe-
cific enzymes and the concomitant breakdown of glyoxy-
some-specific enzymes (4, 36). On the contrary, the two-
population hypothesis postulates that glyoxysomes are
broken down and leaf peroxisomes are newly synthe-
sized de novo (16, 17). According to the one population
hypothesis, as schematically illustrated in Figure 1,
both glvoxyvsome-specific and leaf peroxisome-specific
enzymes co-exist within a single microbody species
throughout seedling growth ever after illumination. On
the other hand, the two-population hypothesis suggests
that the glvoxyvsome-specific and leaf peroxisome-spe-
cific enzymes are segregated and exist separately in onto-
genically different microbodies, never coexisting in the
same microbody during greening. Immunocytochemi-
cal analysis revealed that both glyoxysome-specific and
leaf peroxisome-specific enzymes coexist in the micro-
body during the transitional stage, indicating that glyox-
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Fig. 1.
of glyoxysomes to leaf peroxisomes in fatty seedlings. (@), Glyoxy-
some-specific enzyme; (), leaf peroxisome-specific enzyme; (V7), en-
zymes present in both glyoxysomes and leal peroxisomes.

Two hypothetical mechanisms proposed for the transition

ysomes are directly transformed to leaf peroxisomes
during greening (26, 34).

After greening, the cotyledons undergo senescence,
which is accompanied by transfer of their stores of car-
bon and nitrogen to newly developing tissues. The re-
verse transition of microbodies from leaf peroxisomes

M
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Fig. 2. Functional transition of microbodies during greening and se-
nescence of fatty seedlings. (@), Glyoxysome-specific enzyme; (),
leaf peroxisome-specific enzyme; (77), enzymes known to exist in
both glyoxysomes and leaf peroxisomes,
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to glyoxysomes occurs in the cotyledons during senes-
cence (7). A similar immunocytochemical analysis has
shown that leaf peroxisome-specific and glyoxysome-
specific enzymes coexist in the microbody of senescing
cotyledons (25). These findings revealed that leaf peroxi-
somes are directly transformed to glvoxysomes during
senescence of cotyledons (Fig. 2).

Regulatory Mechanisms Underlying the Microbody
Transition

During the microbody transition of fatty seedlings,
no morphological differences in microbodies are ob-
served. However, the compositions of the enzymes in
microbodies are changed drastically during the micro-
body transition. The enzymes localized in microbodies
can be divided into the following three categories. One
is the glvoxyvsome-specific enzymes, such as malate syn-
thase and citrate synthase which are members of the gly-
oxylate cycle. The second is leaf peroxisome-specific en-
zymes such as glycolate oxidase and hydroxypyruvate re-
ductase, which function in glycolate metabolism of pho-
torespiration. The third is the enzymes present in glyoxy-
somes and leaf peroxisomes such as catalase and the en-
zymes of f-oxidation cycle. Figure 3 shows schematical-
ly the developmental change in activities of these three
microbody enzymes during greening. In dark-grown
cotyledons, activities of glyoxysome-specific enzymes
increase with the germination and decrease gradually
after reaching a maximum level. In contrast, activities
of leaf peroxisome-specific enzymes are at a low level in
dark-grown cotyledons. When the seedlings are trans-
ferred to the light, activities of glyoxysome-specific en-
zymes decrease rapidly whereas those of leaf peroxi-
some-specific enzymes increase markedly. Developmen-
tal changes in the activities of enzymes present in both
microbodies are similar to those of glyoxysome-specific
enzymes. After exposure to light, the activities of glyox-
ysome-specific enzvmes disappear, whereas those of en-
zymes present in both microbodies decrease but are still
retained at a low level after completion of the micro-
body transition from glyoxysomes to leaf peroxisomes.

Therefore, the microbody transition observed during
greening can be divided into at least the following three
light-dependent phenomena. [1] The decrease and disap-
pearance in the level of activities of glyoxysome-specific
enzyme. [2] The appearance and accumulation in the
level of activities of leaf peroxisome-specific enzymes.
[3] The decrease in activities of enzymes present in both
microbodies.

This paper is focused on the regulatory mechanisms
underlving the microbody transition from glyoxysomes
to leaf peroxisomes.

Regulation in the Level of Gene Expression
MNorthern blot analysis using cDNA for malate syn-
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Fig. 3. Changes in enzyme activities for various microbody en-
zymes in cotyledonary tissues during germination and subsequent
greening. Solid lines indicate enzyme activities found in cotyledons
grown in darkness. Dotted lines indicate enzyme activities found in
cotyledons grown under illumination after germination in darkness
for 4 days. Arrows show the times at which cotyledons were exposed
to light.

thase and citrate synthase revealed that mRNA for gly-
oxysome-specific enzymes increases during germination
in darkness but decreases rapidly after the exposure to
light and finally disappears (19, 24). It is clear that the
microbody transition is caused partly by a decrease in
the levels of the mRNA for glvoxysomal enzymes. In
contrast, the amount of the mRNA for glycolate oxi-
dase, a leaf peroxisomal enzyme, is low in dark-grown
cotyledons, and increases markedly during greening
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(37).

During the senescence of cotyledons, the changes in
the levels of mRNA for glyoxysome-specific enzymes
and leaf peroxisome-specific enzymes are opposite to
the changes that occur during greening. Gene expres-
sion of leaf-peroxisomal enzymes scems to be regulated
by light and it has been reported that phytochrome is in-
volved in the signal transduction (30). Gene expression
of malate synthase, a glvoxysome-specific enzyme, is
shown to be inhibited by sucrose (29). Therefore, there
is a possibility that the microbody transition is regu-
lated not only by light but also by the level of metabo-
lites.

Regulation at the Level of Protein Transport to Micro-
hodies

Microbody enzymes function after their transport to
microbodies. Since the enzyme compositions and fune-
tions of glyoxysomes and leaf peroxisomes differ from
each other, it was likely that the two types of micro-
bodies possess different machineries for protein import.

Microbody proteins are synthesized in the cytosol on
free polysomes and are transported post-translationally
into microbodies. Two types of targeting signals to mi-
crobodies have been reported (Fig. 4). One type of tar-
geting signal is part of the mature protein. One such
signal, the tripeptide Ser-Lys-Leu, occurs at the C-termi-
nal end has been identified as a targeting signal (for re-
views, see (31, 32)). Ser-Lys-Leu and related amino acid
sequences commonly function in mammals, insects,
fungi, and plants (10). Glyoxysomal enzymes, such as
malate synthase (5, 11, 24, 38) and isocitrate Ivase (2, 6,
22, 39), and leaf peroxisomal enzymes, such as glyco-
late oxidase (37, 40) and hydroxypyruvate reductase
(13), contain the targeting signal at their C-terminal
ends.

To characterize the targeting signal, transgenic Arabi-
dopsis plants that expressed a fussion protein composed
of the C-terminal five amino acids of pumpkin mal-
ate synthase and a bacterial protein, g-glucuronidase
(GUS) were generated. Immunocytochemical analysis
of the transgenic plants revealed that the carboxy-termi-
nal five amino acids of pumpkin malate synthase were
sufficient for transport of the fusion protein into glyoxy-
somes in etiolated cotvledons, into leaf peroxisomes in
green cotyledons and in mature leaves, and into unspe-
cialized microbodies in roots, although the fusion pro-
tein was no longer transported into microbodies when
SRL at the carboxyl terminus was deleted (12). Trans-
port of proteins into glyoxysomes and leaf peroxisomes
was also observed when the carboxy-terminal amino
acids of the fusion protein were changed from SRL to
SKL, SRM, ARL or PRL (12).

An ability of 24 different carboxy-terminal amino
acid sequences to facilitate the transport of the fusion
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Fig. 4. Signals for protein transport to microbodies. Two types of
signal are used for the transport of proteins into plant microbodies,
N; amino terminus, C; carboxy terminus, SKIL.; SKL signal found in
carboxy terminus of the microbody proteins.

protein into leaf peroxisomes in green cotyledonary
cells of transgenic Arabidopsis was examined (Hayashi,
M., Aoki, M., Kondo, M. and Nishimura, M.; unpub-
lished). Immunoelectron microscopic analysis revealed
that carboxy-terminal tripeptide sequences of the form
[C/A/S/P]-[K/R]-[I/L/M] function as a microbody-
targeting signal, although tripeptides with proline at the
first amino acid position and isoleucine at the carboxyl
terminus show weak targeting efficiencies. All known
microbody enzymes that are synthesized in a form simi-
lar in size to the mature molecule, except catalase, con-
tain one of these tripeptide sequences at their carboxyl
terminus.

A second type of targeting signal involved a cleavable
N-terminal sequence. A small group of microbody pro-
teins, such as 3-ketoacyl-coenzyme A (CoA) thiolase
{14, 20, 28), malate dehydrogenase (9), glyoxysomal cit-
rate synthase (gCS) (19} are synthesized as precursor
proteins with larger molecular masses than those of the
mature proteins. Each of these proteins has a cleavable
presequence at its N-terminal end. Swinkels and collea-
gues (33) showed that the N-terminal presequence of 3-
ketoacyl-CoA thiolase from rat liver functions as a tar-
geting signal. The N-terminal region of gCS$ is highly
homoelogous to those of other microbody proteins that
are synthesized as larger precursors. There are two con-
served sequences in their N-terminal regions (18) as
shown in Figure 5. One such sequence is RL-X.-HL,
first recognized by de Hoop and Ab (8). The other se-
quence is SXLXXAXCXA, located at the cleavage site
of the presequence. Transgenic Arabidopsis plants that
expressed a fusion protein composed of the N-terminal
region of gCS and GUS, were generated and their locali-
zation and processing were characterized by immunolog-
ical and immunocytochemical analysis (18). The fusion
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cursors. PGCS; citrate synthase localized in pumpkin glyoxysomes.
WGMDH; malate dehydrogenase localized in watermelon glyoxy-
somes. CTHIO; cucumber 3-keto-acyl CoA thiolase. RPTHIOA; thi-
olase A localized in rat peroxisomes. SCTHIO; thiolase localized in
yeast peroxisomes. Box indicates consensus sequence of the signal for
protein transport into microbodies, while shadow indicates amino
acid sequences that are important for the processing of the prese-
quences. Horizontal bars represent processing site of presequences.
Cysteine residues at the processing sites are shown in bold. + and —
indicate positively and negatively charged amino acids, respectively.

protein was transporied into functionally different mi-
crobodics, such as glyoxysomes, leaf peroxisomes and
unspecialized microbodies and was subsequently proc-
essed. These observations indicated that the transport
of gCS is mediated by its amino-terminal presequence
and that the transport system is functional in all plant
microbodies. Therefore, it is unlikely that glyoxysomes
and leaf peroxisomes possess different targeting machi-
neries.

A similar analysis of transgenic Arabidopsis plants
that expressed fusion proteins with substituted amino
acid residues in the two consensus sequences by site-di-
rected mutagenesis shows that RL-X;-HL functions in
targeting to microbodies and SxLxxAxCxA plays a role
in the processing of the N-terminal region (18).

Regulation at the Level of Splicing for mRNA
Hydroxypyruvate reductase belongs to the leaf-perox-
isome-specific enzymes and is induced and accumulated
in microbodies during greening. Two different cDNAs
encoding hydroxypyruvate reductase were isolated
from a cDNA library of pumpkin cotyledons (13). One
of the cDNAs, designated HPR1, encodes a polypep-
tide of 386 amino acids, while the other, HPR2. en-
codes a polypeptide of 381 amino acids. Although the
nucleotide and deduced amino acid sequences of these
¢DNAs are almost identical, the deduced HPRI1 pro-
tein contains Ser-Lys-Leu at its carboxy-terminal end,
which is known as a microbody-targeting signal, while
the deduced HPR2 protein does not. Analysis of geno-
mic DNA strongly suggests that HPR1 and HPR2 are
produced by alternative splicing. These findings show
that two different hydroxypyruvate reductase, HPRI
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and HPR2, are localized in microbodies and accumula-
tion of HPR1 in leaf peroxisomes during in cyvtosol, re-
spectively, suggesting the possibility that the microbody
transition may be regulated by alternative splicing.

Regulation at the Level of Protein Degradation

The decrease and disappearance of mRNA for glyoxy-
some after the exposure of light prevent to de novo syn-
thesis of glyoxysome-specific enzymes. However, preexi-
siting glyoxysome-specific enzymes need to be degraded
during greening. The degradation of glyoxysome-spe-
cific enzymes has been observed in protein import exper-
iments in vitro. Malate synthase, a glyoxysome-specific
enzyme, synthesized in in vitro transcription-transla-
tion are post-translationally imported into leaf peroxi-
somes and glyoxysomes as well as into microbodies in
the transition stage (23). Imported malate synthase mol-
ecules are degraded only in the microbodies in the transi-
tion stage. This finding suggests that during the micro-
body transition from glyoxysomes to leaf peroxisomes,
a degradation system for glyoxysome-specific enzyme
is induced in the microbodies. However, the identity
of protease(s) which catalyze the degradation is not
known. It has been reported that the protease that cata-

lvzes the degradation of insulin is found in mammals
and is localized in microbodies although the substrates
for the protease in microbodies are not clear (1). Fur-
ther characterization of the degradation system is cruci-
al for clarifying the regulatory mechanism underlying
the microbody transition.

The regulatory mechanisms of the microbody tran-
sition between glyoxysomes and leaf peroxisomes are
summarized in Figure 6. This organelle differentiation is
regulated at various levels such as gene expression, splic-
ing of mRNA and degradation of microboedy proteins.

Recently, two proteins in glyoxysomal membranes
with molecular masses of 31 kDa and 28 kDa were puri-
fied and characterized (42). The former was shown to be
a novel ascorbate oxidase (41). It was found that the
amounts of these membrane proteins decreased during
the microbody transition from glyoxysomes to leafl per-
oxisomes and that the large one was retained in leaf per-
oxisomes, whereas the small one could not be found
in leaf peroxisomes after completion of the mierobody
transition. The results clearly showed that membrane
proteins in glyoxysomes change dramatically during the
microbody transition, as do the enzymes in the matrix.
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Fig. 6. Regulatory mechanisms underlying the microbody transition during greening and senescence of fatty seedlings. (@), Glyoxysome-spe-
cific enzymes; (), leaf peroxisome-specific enzymes; (%7 ), enzymes present in both glyoxysomes and leaf peroxisomes.
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The mechanisms for degradation of these membrane
proteins still remain to be solved.

Most studies on microbody transitions have focussed
on the transition from glyoxysomes to leaf peroxisomes
during greening. However, the transformation of mi-
crobodies from leaf peroxisomes to glyoxysomes is ob-
served during senescence of the cotyledons. How are
these completely opposite developmental changes in mi-
crobody enzymes regulated during greening and senes-
cence? Further analysis of regulation of the microbody
transition during senescence is needed to characterize
the mechanism of reversibility of the microbody transi-
tion in cotyledons.
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