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Summary

Both plants and animals catabolise lysine via saccharopine by two consecutive enzymes, lysine-
ketoglutarate reductase (LKR) and saccharopine dehydrogenase (SDH), which are linked on a single
polypeptide. We recently demonstrated that Arabidopsis plants possess not only a bifunctional LKR/SDH
but in addition a monofunctional SDH enzyme. We also speculated that these two enzymes may be
controlled by a single gene (G. Tang etal., Plant Cell, 1997, 9, 1305-1316). By expressing several epitope-
tagged and GUS reporter constructs, we demonstrate in the present study that the Arabidopsis
monofunctional SDH is encoded by a distinct gene, which is, however, nested entirely within the coding
and 3’ non-coding regions of the larger bifunctional LKR/SDH gene. The entire open reading frame of the
monofunctional SDH gene, as well as some components of its promoter, are also parts of the translated
coding sequence of the bifunctional LKR/SDH gene. These special structural characteristics, combined
with the fact that the two genes encode simultaneously two metabolically related but distinct enzymes,
render the LKR/SDH locus a novel type of a composite locus. Not all plant species possess an active
monofunctional SDH gene and the production of this enzyme is correlated with an increased flux of
lysine catabolism. Taken together, our results suggest that the composite LKR/SDH locus serves to
control an efficient, highly regulated flux of lysine catabolism

Keywords: lysine-ketoglutarate reductase, saccharopine dehydrogenase, lysine catabolism, essential
amino acids, transgenic plants, composite locus.

Introduction

In plant cells, similarly to animal cells, excess lysine is LKR activity in tobacco seeds was shown to be

catabolised into glutamate and acetyl CoA via the o-
amino adipic acid pathway (Figure 1) (Galili, 1995). The
first enzyme in the lysine catabolic pathway, lysine-
ketoglutarate reductase (LKR), condenses lysine and a-
ketoglutarate into saccharopine, which is then converted
by the second enzyme, saccharopine dehydrogenase
(SDH), into a-amino adipic semi-aldehyde and glutamate
(Goncalves-Butruille etal, 1996; Markovitz etal., 1984).
Lysine catabolism plays an important physiological role
in both animals and plants (Galili, 1995; Markovitz etal.,
1984). In plants, the LKR level was shown to be
significantly up-regulated in inflorescence tissues and
developing seeds, as well as in response to osmotic
stress (Deleu etal., 1999; Karchi etal., 1994; Karchi etal.,
1995; Kemper etal., 1999; Tang etal., 1997). In addition,
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stimulated by excess cellular lysine, via an intracellular
signalling cascade involving Ca®* and protein phosphor-
ylation (Karchi etal., 1994; Karchi etal., 1995).

The control of metabolite flux via the LKR and SDH
enzymes is still uncertain. In both plants and animals,
these two enzymes are linked on a single bifunctional
polypeptide (see for example Goncalves-Butruille etal.,
1996; Markovitz etal., 1984; Miron etal., 1997; Tang etal.,
1997). Yet, despite their physical linkage, these enzymes
possess significantly different pH optima; physiological pH
values are optimal for LKR but not for SDH activity,
suggesting that metabolite flux via the SDH enzyme of
LKR/SDH may be inefficient.

Metabolite flux via the a-amino adipic acid pathway may
not be solely regulated by the bifunctional LKR/SDH
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Figure 1. Schematic diagram of the lysine catabolism pathway.

LKR, lysine ketoglutarate reductase; SDH, saccharopine dehydrogenase;
ASD, aminoadipic acid semi-aldehyde dehydrogenase. The broken arrow
represents six enzymatic reactions leading to acetyl- CoA synthesis.

enzyme. We have recently demonstrated that Arabidopsis
thaliana plants also possess a monofunctional SDH
enzyme, in addition to the bifunctional LKR/SDH (Tang
etal., 1997). The genetic control of the bifunctional LKR/
SDH and the monofunctional SDH was not elucidated. Yet,
based on Southern blot and DNA sequence analyses, we
speculated that these two enzymes may be encoded by the
same gene (Tang etal., 1997). In the present report, we
show that the Arabidopsis bifunctional LKR/SDH and
monofunctional SDH enzymes are encoded by distinct
genes, but the monofunctional SDH gene is nested entirely
within the coding and 3’ non-coding region of the
bifunctional LKR/SDH gene.

Results

A single Arabidopsis LKR/SDH gene simultaneously
encodes two mRNAs and two polypeptides

To dissect the genetic control of the Arabidopsis LKR/
SDH and monofunctional SDH enzymes, we first tried to
ascertain whether they were derived from a single gene
or from two independent genes. We thus constructed a
recombinant Arabidopsis LKR/SDH (AtLKR/SDH) gene to
which a small DNA fragment encoding three copies of
an HA epitope tag was fused in-frame at the C-terminus
upstream of the TGA stop codon (Figure 2a). To analyse
the expression pattern of the recombinant HA-tagged
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Figure 2. Expression of the chimeric construct encoding the HA-tagged
Arabidopsis LKR/SDH in transgenic Arabidopsis.

(a) Schematic representation of the chimeric gAtLKR/SDH::HA gene
encoding the Arabidopsis HA-tagged LKR/SDH. The triplet HA
sequence at the C-terminus is shown in a box on the right. Black
rectangles indicate introns; empty rectangles indicate exons. Plkr,
upstream promoter of the LKR/SDH gene; ATG, LKR/SDH translation
initiation codon; OCS, octopine synthase terminator. (b) Western blot
analysis of protein extracts from yeast as well as from inflorescences
plus developing siliques of Arabidopsis plants, using anti-HA
antibodies. Lanes 1-3, extracts from vyeast cells expressing,
respectively, a vector alone, an HA-tagged Arabidopsis LKR/SDH, and
HA-tagged Arabidopsis monofunctional SDH. Lane4, extract from
control non-transformed Arabidopsis. Lanes 5-10, extracts from
independent transgenic Arabidopsis lines transformed with the
chimeric gAtLKR/SDH::HA construct. The migration of the Arabidopsis
bifunctional LKR/SDH and monofunctional SDH are shown on the
right. The migration of molecular weight protein markers is indicated
on the left. (c) Northern blot analysis of total RNA from reproductive
organs of Arabidopsis plants. Wt, control non-transformed plants;
7.5HA-1, transgenic line 7.5HA-1. Blots were probed either with the
SDH probe or the HA-specific probe (see Experimental procedures), as
indicated at the top of the lanes. The migrations of the Arabidopsis
bifunctional LKR/SDH (~3.5kb) and the monofunctional SDH (~1.5kb)
mRNAs are indicated on the right. The migrations of 18S and 28S
rRNA bands are indicated on the left.

AtLKR/SDH gene, we transformed this construct into
Arabidopsis plants. Soluble proteins from stem sections
containing inflorescences and developing siliques of
several transgenic lines were reacted in a Western blot
with anti-HA antibodies. As shown in Figure2(b) (lanes
5-10), two polypeptides of approximately 116 and
66kDa were revealed. These polypeptides migrated
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identically with control HA-tagged Arabidopsis LKR/SDH
(AtLKR/SDHp) and HA-tagged Arabidopsis monofunc-
tional SDH (AtSDHp) proteins, produced in yeast cells
upon expression of HA-tagged Arabidopsis cDNAs
containing either the AtLKR/SDH or the monofunctional
AtSDH open reading frames (Figure 2b, compare lanes 2
and 3 with lanes 5-10). Control non-transformed
Arabidopsis had no detectable bands reacting with the
anti-HA antibodies (Figure2b, lane4), confirming that
both bands were produced by the transformed con-
struct. The intensity of the smaller HA-tagged polypep-
tide was significantly higher than the one corresponding
to the AtLKR/SDHp band in all transgenic lines.

We then performed a Northern blot analysis of RNA
from control and one of the above mentioned trans-
genic lines to ascertain whether the two HA-tagged
polypeptides were produced from the same or from
different mRNAs. As shown in Figure 2(c), hybridization
of RNA from the non-transformed plant with an AtSDH-
specific probe revealed two bands representing the
endogenous AtLKR/SDH and the monofunctional
AtSDH mRNAs. Hybridization with an HA-specific probe
yielded two similarly migrating bands in the transgenic
line, but not in the control non-transformed plant.

The upstream promoter plus the first intron of the AtLKR/
SDH gene are not essential for production of the smaller
HA-tagged mRNA and polypeptide

Since the AtLKR/SDH gene contains a number of introns,
the possibility existed that the smaller HA-tagged mRNA
shown in Figure 2(c) originates from alternative splicing of
a AtLKR/SDH precursor mRNA. To address this possibility,
we deleted the entire upstream promoter and the first
intron from the HA-tagged AtLKR/SDH gene (Figure 3a).
Transgenic plants expressing this construct produced only
the smaller HA-tagged mRNA and protein (Figure3b,c),
suggesting that these smaller mRNA and polypeptides did
not originate by alternative splicing of an AtLKR/SDH
precursor mRNA.

We next wished to confirm that the smaller mRNA
shown in Figure3(b) indeed represented an HA-tagged
monofunctional AtSDH mRNA. To this end, total RNA
from one of the transgenic lines expressing the AtLKR/
SDH gene construct lacking the upstream promoter plus
the first intron (Figure3a) was subjected to RT-PCR
using a forward primer starting from the internal in-
frame ATG codon, and a reverse HA-specific primer.
These primers gave rise to the expected ~ 1.5kb RT-PCR
band from RNA derived from the transgenic line, but
not from a control non-transformed plant (data not
shown). The identity of the ~1.5kb RT-PCR product as a
monofunctional AtSDH mRNA was further confirmed by
DNA sequencing.
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Figure3. An Arabidopsis LKR/SDH gene lacking its entire upstream
promoter and first intron still produces a monofunctional SDH.

(a) Schematic representation of a chimeric gAtLKR/SDH::HAAPro gene
from which the entire upstream promoter and first intron were deleted.
Black rectangles indicate introns; empty rectangles indicate exons. The
triplet HA sequence at the C-terminus is indicated on the right. ATG, LKR/
SDH translation initiation codon; OCS, octopine synthase terminator. The
regions encoding the LKR domain, inter-domain region ID and SDH
domain are indicated below. (b) Northern blot analysis of total RNA from
inflorescences plus developing siliques of Arabidopsis plants. Blots were
hybridized with HA-specific probe. Lane1, line 7.5HA-2 expressing the
gAtLKR/SDH::HA gene. Lanes 2-7, independently transformed lines
expressing  gAtLKR/SDH::HAAPro. Lane8, control non-transformed
Arabidopsis. The migrations of the Arabidopsis bifunctional LKR/SDH
(~3.5kb) and the monofunctional SDH (~ 1.5kb) mRNAs are indicated on
the right. The migrations of 18S and 28S rRNA bands are indicated on
the left. (c) Western blot analysis of protein extracts from reproductive
organs plus developing siliques of Arabidopsis plants, using anti-HA
antibodies. The lanes in (c) contain proteins from the same plants shown
in lanes with identical numbers in (b). The migration of the Arabidopsis
bifunctional LKR/SDH and monofunctional SDH are shown on the right.
The migration of molecular weight protein markers is indicated on the
left.

The coding DNA region of the AtLKR/SDH gene contains
promoter-related sequences

Based on the results presented in Figure 3, we hypothe-
sized that the smaller monofunctional SDH mRNA was
transcribed from an internal promoter, located within the
coding region of the AtLKR/SDH gene. Hence, we searched
for potential promoter-related elements within the coding
DNA region of the AtLKR/SDH gene, upstream of the SDH
domain. As shown in Figure 4(a), putative CAAT and TATA
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Figure 4. Identification of putative promoter elements within the coding
region of the Arabidopsis LKR/SDH gene.

(a) Computer-predicted minimal promoter located in exon 14, upstream
of the monofunctional SDH open reading frame. The predicted ‘CAAT’
and ‘TATA’ sequences and the initiator ‘ATG’ codon of the SDH open
reading frame are in bold. (b) Schematic representation of a DNA
fragment within the Arabidopsis LKR/SDH coding region, which contains
the following putative promoter elements: CAAT and TATA boxes,
Opaque2 box (02-box), endosperm box (E-box), and a combined
Opaque2/legumin RY box (O2/RY). The region containing these putative
promoter elements is blown up at the upper part of the scheme of the
entire LKR/SDH gene. Black rectangles indicate introns; empty rectangles
indicate exons (bottom scheme). Plkr, upstream promoter of the LKR/
SDH gene; ATG, LKR/SDH and monofunctional SDH translation initiation
codons; TGA, the translation termination codon; Ter, the terminator of
the LKR/SDH gene.

boxes were identified within exon 14, which encodes the
linker region between the LKR and SDH domains, 50 bases
upstream of the internal ATG codon. Computer analysis
further suggested that these CAAT and TATA boxes have a
high probability of functioning together as a minimal
promoter. In addition, we also identified a number of
putative promoter elements in the DNA region upstream of
the putative CAAT and TATA boxes, between exons 10 and
14 (Figuredb). These promoter elements included an
Opaque2 box, an endosperm box, and a combined
element containing both an Opaque2 box and a legumin
box (see for example Dickinson etal., 1988; Lohmer etal.,
1991; Muller and Knudsen, 1993; Pysh etal.,, 1993).
Elements of these types are common in the promoters of
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Figure5. The internal CAAT and TATA box-containing region of the
Arabidopsis LKR/SDH gene functions as a minimal promoter.

(a) Schematic representation of the chimeric 35S.enh-Psdh.minimal-GUS
construct (top) and its control 35S.enh-GUS construct (bottom). The
Arabidopsis LKR/SDH gene from which the internal CAAT plus TATA
sequence was taken is shown in the centre. Black rectangles in the
Arabidopsis LKR/SDH gene indicate introns; empty rectangles indicate
exons. Plkr, upstream promoter of the LKR/SDH gene; ATG, translation
initiation codons; Ter, the terminator of the LKR/SDH gene; nos, the
nopaline synthase gene terminator; 4enh, quadruplicated enhancer of the
35S promoter. Regions encoding the LKR domain, the inter-domain
region (ID) and the SDH domain are indicated below the central scheme.
(b) GUS activity levels in extracts from inflorescences plus developing
siliques of control non-transformed Arabidopsis (Wt), control
independently transformed Arabidopsis plants expressing the 35S.enh-
GUS construct (En-GUS), and independently transformed Arabidopsis
plants expressing the 35S.enh-Psdh-minimal-GUS construct (En-
CAAT + TATA-GUS). Bars represent the standard error of the mean of
triplicate repeats.

a number of genes encoding seed storage proteins and
metabolic enzymes and are known to regulate the expres-
sion of these genes in a complex developmental and
physiological manner. Similar elements were also identi-
fied in the upstream promoter of the AtLKR/SDH gene
(data not shown).

The coding DNA region upstream from the SDH domain
functions as an autonomous promoter

To ascertain the functionality of the predicted CAAT and
TATA boxes shown in Figure4(a), a 156bp long DNA
fragment containing these boxes was fused between a 5’
quadruplicated 35S enhancer and a 3’ GUS reporter
sequence (Figureb5a, top scheme). As a control, the
quadruplicated 35S enhancer was fused directly to the
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Figure 6. GUS activity levels in transgenic Arabidopsis plants expressing
the chimeric Psdh-GUS gene.

(a) Schematic representation of the chimeric Psdh-GUS gene (top) and
the Arabidopsis LKR/SDH gene from which the putative internal SDH
promoter was excised (bottom). The positions of the putative TATA and
CAAT sequences, as well the Opaque2 (02), legumin (RY) and
endosperm (E) boxes are also indicated. Black rectangles indicate
introns, while empty rectangles indicate exons of the Arabidopsis LKR/
SDH gene (bottom scheme). Plkr, the upstream promoter of the LKR/SDH
gene; ATG, translation initiation codons; nos, the nopaline synthase gene
terminator. The regions encoding the LKR domain, inter-domain region
(ID) and SDH domain are indicated below. (b) GUS activity levels in
extracts from inflorescences plus developing siliques of control non-
transformed  Arabidopsis (Wt) and independently transformed
Arabidopsis lines expressing the Psdh-GUS construct (Psdh-GUS). Bars
represent the standard error of the mean of triplicate repeats.

GUS reporter sequence (Figure 5a, bottom scheme). These
constructs were transformed into Arabidopsis plants and
GUS activity was monitored in protein extracts from
inflorescences plus developing siliques of several inde-
pendently transformed lines. As shown in Figure5(b),
transgenic Arabidopsis plants expressing the construct
that includes the CAAT and TATA box-containing region
had significantly higher GUS activity than control trans-
genic plants expressing the construct containing only the
quadruplicated 35S enhancer.

Next we wished to test whether the coding region
upstream from the SDH domain can also function as an
autonomous promoter. Thus, we produced a chimeric
construct in which a 1318 bp DNA fragment containing part
of the coding region upstream from the SDH domain was
fused upstream to a GUS reporter gene (Figure 6a). This
construct was transformed into Arabidopsis plants and
GUS levels were measured in inflorescences plus devel-
oping siliques from several independently transformed
lines. As shown in Figure 6(b), transgenic plants expres-
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canola TATTGGATCGAAATAATTGATTCATTAACT(GGTTAGCTAATCCA . GATGA
Caulif. TATTGGATRAAATAATTGATTCATTAACTUGATTAGCTAATCCA.GATGA
Arab.  TATTGGATCA AATCATTGATTCATTAACT(GGTTAGCTAATCCA.AATGA
Soybean TTCTGGATAA AATCATTGATICTTTAACTATATTGCTAGICCA . ACTGA
Maize  CATTGGATARAATTATTGATTCCTTGACTICTTTAGCTAATGAA.CATGG

Canola TGAAGAAGACTATATAATATCTCCACGCAPAGAAACAAATAAAATTTCAC
Caulif. TGAAGAAGAC. .TATA.TATCTCCACGTAGAGAATCAAATAAGATTTCAC

Arab. 2aG....... ATTATA . TATCCCCACATAGAGAAGCAAATAAGATCTCAC
Soybeana........ CATGATA . GATTTTCAAATCAPAGATTCAAGTAAAATTTCAC
Maize TGA............... GATCACGAGCCGGGCAAGAAATGAATTAGCTC

Canola TGAAGATTGRAAAGTCCAGCAAGAAAACA. . .AGAGAAGCCTGAAGAA
Caulif. TGAAGATTGGAAAAGTCCAGCAAGAAAACAA. . .AGAGAAGCCCGAAGAA
Arab. TGAAGATTGGIAAAGTCCAGCAAGAAAATGAGATAAAAGAGAAGCCTGAA
Soybean TTAAGCTTGGIAAAGT . . . TGAAGAGAATGGCATAGAGAAGGAATCTGAC
Maize  TGAAGATAGGAAAAGT....CATGAATATGAATGACTCCPATGTGATAAA

Canola ATGACAAAGAGATCAGCGGTTTTGATTCTTGGCGCTGGAGTGTTTGTCG
Caulif. ATGACAAAGAGATCATCGGTTTTGATTCTIGGCGCTGGAGTGTGTGTCG
Arab.  ATGACGAAAPAATCAGGCGITTTGATTCTTGGTGCTGGAMGTGTGTGTCG
Soybean CCCAGAAAGPAGGCTGCGGTTTTAATTCTTGGAGCTGGTGGGGTCTGTCA
Maize  GGAGGGCCAXGATTTAATTTTTGGAGCTGPAGAGTCTGTMGGCACGACCG

Figure7. The internal CAAT and TATA are conserved in canola and
cauliflower, but not in maize and soybean LKR/SDH genes.

The DNA sequences within the Arabidopsis, canola, cauliflower, maize
and soybean LKR/SDH inter-domain region are aligned using the ‘PILEUP’
program of the GCG software. The conserved TATA and CAAT boxes as
well as the SDH initiator ATG in the Arabidopsis, canola and cauliflower
LKR/SDH genes are in bold and underlined.

sing this GUS construct had significantly higher levels of
GUS activity than non-transformed control plants.

Do LKR/SDH genes of other plant species possess a
promoter upstream of the SDH coding sequence?

To study whether an internal promoter also exists in other
plant species, we cloned DNA sequences spanning the
inter-domain region of LKR/SDH genes from two addi-
tional cruciferae plants, Brassica napus (canola) and
Brassica oleracea (cauliflower) (GenBank accession num-
bers AF191667 and AF191666). The DNA spanning the
inter-domain region of the AtLKR/SDH gene was then
compared with the analogous sequences in canola and
cauliflower, as well as with the published maize and
soybean LKR/SDH cDNAs (GenBank accession number
AF003551; Falco etal., 1998). As shown in Figure7, the
CAAT and TATA boxes, as well as the in-frame ATG codon
at the beginning of the SDH domain, were conserved
among the LKR/SDH genes of all three cruciferae plants,
but not in the maize and soybean LKR/SDH genes.

Discussion

The monofunctional AtSDH is encoded by a distinct gene
that is located within the coding and 3 non-coding
region of the bifunctional AtLKR/SDH gene

In the present report we analysed the genetic control of the
bifunctional AtLKR/SDH and the monofunctional AtSDH
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enzymes in Arabidopsis. We showed that a single
recombinant AtLKR/SDH gene containing an HA epitope
tag was able to produce these two enzymes in transgenic
Arabidopsis. Yet our results also showed that the mono-
functional AtSDH mRNA was not produced by alternative
splicing of a precursor AtLKR/SDH mRNA. Rather, three
lines of evidence demonstrate that the monofunctional
SDH is encoded by a distinct gene that resides within the
coding and the 3’ non-coding sequence of the AtLKR/SDH
gene. First, the monofunctional AtSDH was produced from
a construct lacking the promoter plus the first intron of the
AtLKR/SDH gene. Second, a 1318 bp DNA fragment located
upstream of the SDH domain was proven by its fusion to
the GUS reporter to have promoter activity. Third, fusion
of the predicted CAAT and TATA boxes of this internal
promoter to the GUS reporter showed that these boxes
were functional and essential for the production of the
monofunctional SDH enzyme. Both the bifunctional AtLKR/
SDH and the monofunctional AtSDH mRNAs are tran-
scribed from the same DNA strand, and the open reading
frame of the monofunctional AtSDH is a part of the larger
LKR/SDH open reading frame. In addition, some of the
exons of the AtLKR/SDH gene, particularly exon 14, serve a
dual function, being parts of the translated AtLKR/SDH
open reading frame as well as parts of the monofunctional
AtSDH gene promoter. These characteristics render the
AtLKR/SDH and monofunctional AtSDH genes a novel type
of a composite locus encoding two metabolically related
but distinct enzymes, i.e. a bifunctional AtLKR/SDH and a
monofunctional AtSDH. Although many metabolic en-
zymes in plants exist as bifunctional polypeptides (for
example the bifunctional aspartate kinase/homoserine
dehydrogenase enzymes of lysine biosynthesis; reviewed
in Galili, 1995), none of the genes encoding them were
shown to contain a nested gene encoding only one of the
two enzymes. We are also unaware of any previous report
describing other types of composite loci encoding func-
tionally distinct proteins in plants. Furthermore, aside from
being a novel plant composite locus, AtLKR/SDH is also
clearly distinct from previously described composite loci in
animal cells. The animal composite loci generally fall into
two classes: (i) partially overlapping genes, which encode
non-related proteins from different DNA strands (Normark
etal.,, 1983; Shintani etal., 1999); and (ii) large genes
containing small non-related genes within one of their
introns (Henikoff etal., 1986; Pohar etal., 1999).

Expression of AtLKR/SDH and AtSDH is coordinately
regulated during Arabidopsis plant development

Using Northern blot analysis, we have previously shown
that the levels of the AtLKR/SDH and monofunctional
AtSDH mRNAs are very low in various vegetative tissues,
but are coordinately increased in inflorescences and

developing siliques (Tang etal., 1997). This coordinated
expression is supported by our present finding that the
two promoters possess similar putative binding sites for
the transcription factors Opaque2, endosperm box and
legumin box. Notably, expression of the LKR/SDH gene in
maize was recently shown to be regulated by the Opaque2
transcription factor (Kemper etal, 1999). Despite their
similar up-regulation in inflorescences and developing
siliques, the relative levels of the monofunctional AtSDH
mRNAs and proteins were several fold higher than their
AtLKR/SDH counterparts in all of the transgenic lines
(Figure 2). Whether these differences reflect differential
transcription or post-transcription control remains to be
elucidated.

The promoter of the internal monofunctional AtSDH
gene is conserved in some but not all plant species

DNA sequence comparisons have shown that the CAAT,
TATA and the internal ATG codon of the AtLKR/SDH gene
are fully conserved in the cruciferae species Arabidopsis,
canola and cauliflower. In contrast, these elements are not
fully conserved in maize and soybean LKR/SDH genes,
suggesting that the latter two species may not possess a
composite LKR/SDH locus. This supposition is supported
by independent functional observations. Whereas
Arabidopsis and canola were shown to possess both
bifunctional LKR/SDH and monofunctional SDH gene
products (Deleu etal., 1999; Tang etal., 1997), maize and
soybean lack a monofunctional SDH gene product
(Kemper etal., 1999; Miron etal. 2000). Experiments are
currently in progress in our laboratory to ascertain
whether the composite LKR/SDH locus is unique to
cruciferae plants or also exists in other plant species.

Does the composite AtLKR/SDH locus play a regulatory
role in lysine catabolism?

An intriguing characteristic of bifunctional LKR/SDH poly-
peptides is the distinct pH optima of their two linked
enzymes: around pH 7 for LKR and above pH9 for SDH (see
for example Goncalves-Butruille etal., 1996; Markovitz
etal., 1984; Miron etal., 2000). Since plant LKR/SDH
enzymes are localized in the cytosol (Kemper etal., 1999),
the activity of SDH at the neutral pH of this compartment is
expected to be relatively inefficient, resulting in transient
accumulation of saccharopine (the product of LKR and the
substrate of SDH; see Figure 1). On the other hand, plants
possessing an additional monofunctional SDH are ex-
pected to have a more efficient flux of lysine catabolism.
These have indeed been demonstrated empirically (Falco
etal., 1995; Mazur etal., 1999). Falco and co-workers found
that lysine-overproducing seeds of soybean (lacking a
monofunctional SDH) accumulate saccaropine, while

© Blackwell Science Ltd, The Plant Journal, (2000), 23, 195-203



lysine-overproducing seeds of canola (possessing both the
bifunctional LKR/SDH and the monofunctional SDH)
accumulate a-amino adipic acid as intermediate products
of lysine catabolism (see Figure 1). The situation in maize
is different to that soybean and canola. Although there is
no evidence for the existence of a monofunctional SDH in
this plant (Kemper et al., 1999), lysine overproducing maize
seeds accumulate relatively low levels of both sacchar-
opine and o-amino adipic acid (Mazur etal., 1999). The
molecular basis for this observation has still to be
elucidated. The significance of the different pH optima of
LKR and SDH and their linkage is not understood. Possibly,
these characteristics have evolved to enable cross-regula-
tion of LKR activity by the SDH domain. Indeed, Kemper
etal. (1998) recently showed that proteolytic fragments
from the SDH domain inhibit the activity of LKR. Taken
together, we hypothesize that the composite AtLKR/SDH
locus provides a novel mechanism of metabolic regula-
tion. On the one hand, this locus allows a regulated flux of
lysine catabolism via LKR by its linked SDH domain; on the
other hand, it also allows an efficient flux of lysine
catabolism via SDH by producing excess amounts of this
monofunctional enzyme (Figure 2).

The presence of a composite LKR/SDH locus in some
plant species only, such as the cruciferae, is also puzzling.
Since the end-product of lysine catabolism is acetyl-CoA
(Figure 1), a metabolite required for various biochemical
processes, particularly for lipid biosynthesis (Lehninger,
1975), it is possible that the composite LKR/SDH locus has
evolved in plant species that require high levels of acetyl-
CoA. Cruciferae plants do indeed require high levels of
acetyl-CoA for efficient synthesis of storage oils.

Experimental procedures

Materials

Arabidopsis thaliana ecotype C24, as well as canola and cauli-
flower plants, were grown either in culture or in the greenhouse,
as previously described (Shaul etal., 1999). The Arabidopsis AFIX
genomic library was kindly provided by Dr F. M. Ausubel via the
Arabidopsis Resource Center in Columbus, OH, USA. The Ti
plasmid, pPZP111, was kindly provided by Dr P. Maliga.

Gene isolation, plasmid construction and plant
transformation

Cloning of the Arabidopsis cAtLKR/SDH and cAtSDH cDNAs has
been described previously (Tang etal., 1997). The Arabidopsis
LKR/SDH gene (GenBank accession no. U95758) was cloned from
an Arabidopsis genomic library by screening with 3?P-labelled
cAtLKR/SDH cDNA as a probe, as previously described (Tang
etal., 1997). A9.4kb Xbal fragment containing the LKR/SDH gene,
including ~2kb promoter and ~ 0.5 kb terminator sequences, was
subcloned into the Xbal site of Bluescript SK- plasmid to generate
gAtLKR/SDH.
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The gAtLKR/SDH::HA clone (illustrated schematically in
Figure 2a) was constructed by a modification of gAtLKR/SDH. A
PCR-derived DNA fragment containing triplet codons for 3 X
haemagglutinin (HA) epitope (3 X ‘YPYDVPDYA'), followed by a
TGA stop codon and a 3’ terminator derived from the octopine
synthase gene of Agrobacterium tumefaciens, was fused in-frame
to gAtLKR/SDH, replacing its natural TGA stop codon plus the 3’
terminator. The chimeric gAtLKR/SDH::HA gene was subcloned
into the polycloning site of the binary Ti plasmid pPZP111
(Hajdukiewicz etal., 1994) to generate pPZP-gAtLKR/SDH::HA.

The gAtLKR/SDHAPro clone, lacking the upstream LKR/SDH
gene promoter and the first intron in the 5’ non-coding region
(illustrated schematically in Figure3a), was constructed from
gAtLKR/SDH by digestion at the unique Xbal and Espl sites
following by blunt end formation and self-ligation of the plasmid.
This construct was subcloned into pPZP111 to generate pPZP-
gAtLKR/SDHAPro.

Psdh-GUS and Psdh.minimal-GUS (illustrated schematically in
Figuresba and 6a, respectively) were constructed by combining
the respective forward oligonucleotides 5-GCTCTAGAGTTAA-
CCGAGCTACTTTAAT-3 and 5-GCGGATGATAAGAGAGTATTG-3
with the same reverse oligonucleotide 5-TCCCCCGGGTTCA-
GGCTTCTCTTTTATCT-3 to amplify the specific genomic frag-
ments of gAtLKR/SDH. These sequences were subcloned into an
expression cassette containing GUS coding sequences followed
by a nopaline synthase terminator of A. tumefaciens. The
chimeric genes were subcloned into the binary Ti plasmid vector
pPZP111 to form pPZP-Psdh-GUS and pPZP-Psdh.minimal-GUS.

Cloning of the partial LKR/SDH genomic DNA sequences from
canola and cauliflower was performed by PCR of genomic DNAs,
using the two oligonucleotide 5-GAGCATCGTTGATCATTTTC-3’
and 5-TGATTATGAGCTAATTGTTGG-3'. Genomic DNAs were
extracted using the Tri-Reagent (MRC Inc., Cincinnati, OH, USA),
according to the protocol provided by the manufacturer.
Construction of chimeric genes encoding HA-tagged
Arabidopsis LKR-SDH and monofunctional SDH in yeast expres-
sion vectors will be described elsewhere (Zhu etal., submitted).

All cloned DNAs were sequenced by an automatic sequencer
(Model 373A, Version 1.2.0, Applied Biosystems, Foster City, CA,
USA).

Transformation of whole Arabidopsis plants was performed as
previously described (Clough and Bent, 1998).

Northern blot analysis

Extraction of total RNA, fractionation of RNA samples (30 ug) on
1% agarose gels, transfer to a Hybond-N nylon membrane,
hybridization and autoradiography detection were essentially as
previously described (Tang etal., 1997). The 32P-labelled probes
included either the 1454 bp Sall to Ndel fragment of cAtSDH (SDH
probe), or a 100 bp PCR fragment containing the 3 X HA sequence
(HA probe). Hybridization was performed in 5 X SSC (1 X SSC is
0.15m NaCl, 0.015m sodium citrate), 5 X Denhardt’s solution (1 X
Denhardt’s solution is 0.02 Ficoll, 0.02% PVP and 0.02% BSA) and
1% SDS. Blots were washed twice for 10 min at 65°C in 1 X SSPE
(1X SSPE is 0.15m NaCl, 10 mm sodium phosphate, 1 mm EDTA,
pH7.5), 0.1% SDS, followed by another wash in 0.1 X SSPE, 0.1%
SDS. Radioactive bands were detected by autoradiography.

SDS-PAGE and Western blot analysis

Plant tissues were homogenized in 25 mMm potassium phosphate
buffer, pH7.5, containing 1mm EDTA, 1Tmm DTT, 10 mm PMSF,
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10pug mi™ leupeptin, 10ug mI~" aprotinin and 10 ug mI~" pepstatin,
at 4°C. The homogenate was centrifuged at 18000 g for 10 min
and the supernatant was collected. Yeast cells expressing the
Arabidopsis LKR/SDH and the monofunctional SDH were homo-
genized in the same buffer and broken by vortexing with glass
beads for 30 min at 4°C. Protein samples (30 ug) were fractionated
on 7.5% polyacrylamide-SDS gels (Laemmli, 1970) and trans-
ferred to a PVDF membrane, using a Bio-Rad Protein Trans-Blot
apparatus. The membranes were completely dried, stained with
Coomassie blue R-250, blocked overnight at 4°C in a solution of
5% non-fat dry milk, and then reacted with the anti-HA antibodies
for 2h at room temperature followed by incubation with horse-
radish-peroxidase-conjugated anti-mouse IgG under the same
conditions. Immunodetection was performed with an enhanced
chemiluminescence immunodetection kit (Pierce) in accordance
with the manufacturer’s instructions.

Protein determination and fluorometric analysis of GUS
activity

Protein levels were determined according to Bradford (1976).
Fluorometric analysis of GUS activity was performed as pre-
viously described (Jefferson etal., 1987). GUS activity was
expressed as nmol 4-methylumbelliferone (4-MU) mg™" protein
h™.

Computerized promoter prediction

Prediction of a minimal promoter was obtained by a special Web
program (http://www-hgc.Ibl.gov/projects/promoter.html). DNA
and protein sequence comparisons were performed by the
‘PILEUP’ program of the Genetic Computer Group (GCG) software
package (version8) from the University of Wisconsin, Madison,
WI, USA.
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