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Abstract

O ‑ acetyl ‑ serine (thiol) Iyase) were
and mitochondorial compartments. Here, we report molecular
cloning of a cDNA that encodes a CSase ‑ Iike protein, designated CSaseLP. The predicted amino acid
sequence of CSaseLP showed high identity (about 70%) with that of a spinach cytosolic CSase (encoded
by CSaseA gene). The CSase activity of recombinant CSaseLP was barely detectable. The antibody
raised against the recombinant CSaseLP protein recognized weakly
a recombinant CSaseA protein.
Northern blot analysis showed that CSaseLP gene was expressed mainly in root tissues, while the
expression of CSaseA gene was constitutive in leaf and root tissues. These results suggest that the
CSaseLP protein, though belongs to the CSase family, play a role distinct from the cytosolic CSase.
In Spinacia oleacea, three isoforms of cysteine synthase (CSase,

identified in the cytosolic, plastidial,
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synthesis of L‑quisqualic acid
(3,5dioxo
1,2,4 oxadiazolidin 2‑ yl)‑ L‑ alaninej (Murakoshi

Abbreviations

3'RACE, rapid amplification of 3'CDNA
5'RACE, rapid amplification of 5'‑cDNA

ends;
ends;

CASase, cyanoalanine synthase; CSase, cysteine
synthase; IPTG, isopropylthiogalactoside; PAGE,
polyacrylamide gel electrophoresis; PCR, poly‑
merase chain reaction; RT, reverse transcription;
SDS, sodium dodecyl sulfate.

Higher plants and microorganisms reduce inor‑
ganic sulfate to cysteine by the sulfate assimilation
pathway. The last step is catalyzed by cysteine
synthase (CSase), which synthesizes Lcysteine
from OAcetyl‑L‑serine and sulfide. We have
purified four different CSases from spinach leaves
(Yamaguchi and Masada, 1995; Yamaguchi et al.,
1998). The cDNAs encoding CSase isozymes were
also isolated from spinach. The CSaseA, CSaseB
and CSaseC encode cytosol, chloroplast and mito‑
chondrionlocalized CSases, respectively (Saito et
1992, 1993, 1994).
The isozymes of the CSase have the potential to
substituted alanines by reac‑
synthesize several
tions analogous to cysteine synthesis. For example,
two cysteine synthases were purified from Quis‑
qualis indica, and one of them can catalyze the
al.,

The CSases

purified from spinach
the
cyanoalanine
synthase (CASase)
showed
activity (Hatzfeld et al., 2000). In fact, an
‑ ter‑
minal amino acid sequence of a CASase purified

et al., 1986).

leaves

N

from spinach is identical with the corresponding
amino acid sequence of mitochondrial CSase iso‑
zyme (Warrilow and Hawkesford, 2000). In Arabi‑
dopsis, a mitochondrial CSase, AtcycC1 protein,

showed CASase activity, but other two cytosolic
CSases did not (Yamaguchi et al., 2000). A potato
mitochondrial CSase showed preferred substrate
specificity for CASase rather than for CSase reac‑
tion (Maruyama et a/., 2000, 2001). These results
suggest that determination of native in vivo function
of the CSase isozymes is rather difficult from
comparison of their primary amino acid sequences.
Among four kinds of spinach CSases purified in

our laboratory, two CSases showed different amino
acid sequences from those of the CSaseA, CSaseB
or CSaseC (Yamaguchi et al., 1998). In our study
for the isolation of cDNAs of these CSases,
we have
amplified CDNA fragments by RT ‑ PCR with sev‑
eral pairs of degenerate oligonucleotide primers.
When a pair of degenerate primers synthesized
based on the sequences of CSaseA CDNA and
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CDNA

was used, we obtained a CDNA
somewhat different from any of
the CSase CDNA. The full‑length cDNA sequence
of this cDNA was deteremined, which showed high
similarity to the CSaseA CDNA. Since a recom‑
CSaseB

fragment which

is

binant protein produced using this CDNA clone
showed quite limited CSase activity, it was desig‑
nated CSase1ike protein (CSaseLP) gene. In this
report, the molecular cloning and characterization
of the CSaseLP cDNA is described.
Isolation of total
leaves, purchased

RNA from young fresh spinach
from a local market, was per‑

formed according to the procedure of Kodama et al.
(1997). Singlestranded CDNAS wcre synthesized

with Omniscript reverse transcriptase (QIAGEN).
cDNA fragnents encoding CSases were amplified
with primers ' ‑ CC(Cfr)AC(C/G)AG(C/T)GG(A/G)

5
AATACTGG 3

'

5

and

'

A(A/G)(A/G)TATC(G/T)

(C/T)TC(A/G)CCAAAGCT‑3', which were

de‑

signed according to the CSaseA and CSaseB cDNA
sequences. The products of polymerase chain reac‑
tion (PCR) were cloned into the pUC18 plasmid and
sequenced. Rapid amplification of ' CDNA ends
(5 'RACE) was carried out using 'RACE system
version 2.0 (Gibco BRL), and the rapid amplifi‑
cation of 3'‑CDNA ends (3 'RACE) was performed
with TaKaRa
LA PCR Kit version 1.1
Biomedicals).
(TaKaRa
The CSaseLP CDNA frag‑
ment with a complete open reading frame was
obtained by reverse transcription (RT) PCR with
'
primers
GTGTAGCTTTGCTTGGGTAT 3'
'
and 5 GTCTCATTTTTCAGCGGGTG3'. After
determination of nucleotide sequence of the resul‑

5
5

RNA

5

tant

5'

CDNA. ECORI and Sall

sites

were added

to the

end and 3' end of the CSaseLP CDNA, respec‑
This was done by means of PCR with

tively.

5 GAATTCATGGAGGGAGAGTGCA
GCAT 3 and 5 ‑ GTCGACTCACAAGGGG‑
GAAAGTGGCA3'. Similarly, ECORI and Sall

primers

'

'

'

were added to the 5' end and 3' end of the
CSaseA cDNA by means of PCR with primers 5'‑

sites

GAATTCATGGTTGAGGAGAAGGCCTT‑ 3 and
5 GTCGACTTAGGACTCAATAACCATGC 3
'

',

'

These amplified CSaseLP and CSaseA
fragments
cDNA
were subcloned into the ECORI
Sall sites of pET28 vector (Novagen) to give plas‑
mids,
CS‑ LP and
CSA, respectively.
and pET‑CSA,
The plasmids,
coli BL21Co‑
into
introduced
Escherichia
were
cells
(Stratagene).
Production of
donPlus(DE3) RP
recombinant proteins was induced by addition of
respectively.

pET

pET
pETCSLP

8M

buffer containing
urea, and the mixture was
sonicated. After centrifugation at 10,000g for 10
min, the supernatant was loaded onto a Hi ‑ Trap
chelating column (Pharmacia). The column was
7.4) containing

imidazole, and

mM

with 20
containing
imidazole.

100

mM

mM

recombinant protein (Tanpaku Seisei Kogyo, Ja‑

were separated by native PAGE or by
SDS PAGE as previously described (Yamaguchi et
al., 1998). After electrophoresis, proteins
were
electroblotted onto a polyvinylidene difluoride
membrane. Westem blotting was carried out as
previously reported (Kitamura et al., 1996). Solubi‑
lized proteins eluted with urea from the HiTrap
column were folded by the slow removal of urea,

which was preformed by a step wise

dialysis under

I mM

pyridoxal phosphate. The
concentration of urea in the dialysis buffer gradu‑
ally decreased. After removal of urea, the resultant
solution was centrifuged and the supernatant was
subjected to the CSase assay as previously de‑
scribed (Yamaguchi et al., 1998).
the presence of

The cDNA inserts of CSaseA and CSaseLP were
subcloned into pGEM3Zf (Promega). The digoxy‑
genin ‑ Iabelled antisense RNA probe was prepared
by the manufacturer's protocol. Hybridized probes
were visualized using CDP star reagent (Amer‑
sham Biotechnology).
The fulllength cDNA sequence of the CSaseLP
gene was detennined by 5' and 3' RACE, and it
harbored 996 bp open reading frame. As shown in
amino acid sequence deduced from the
CSaseLP CDNA showed a continuous stretch of
high similarity with the CSase genes. The identity
of the predicted amino acid sequence of CSaseLP
was 69% to CSaseA, 60% to CSaseB, and 58% to
CSaseC. The deduced molecular mass of CSaseLP
protein is 35.7 kDa. In the amino terminal region of
CSaseLP protein, there was no apparent extension
with a characteristic feature of transit peptides of
plastid or mitochondrial CSase isoforms, suggesting
Fig. 1, the

that the

CSaseLP protein is localized in cytosol. The

(Urano et

in

M

pan). Proteins

potassium phosphate (pH 8.0)

suspended

8M

A single polypeptide for a recombinant CSaseLP

phosphate

2h

recombinant
were
sodium phosphate buffer (pH 7.4)
NaCl and 500
urea, 0.5

protein was isolated using the eluted fraction from
the Hi ‑ Trap column by preparative sodium dodecyl
sulfate (SDS)
‑ polyacrylamide gel electrophorcsis
(PAGE). Rabbits were immunized with this purified

isopropylthiogalactoside (IPTG) at a final concen‑
culture, cells were
tration of
mM. After
harvested by centrifugation. The E. coli cells were

I

phosphate buffer (pH
mM sodium
0.5
8 M urea, M NaCl and 10 mM
the
proteins
eluted

washed with 20

lysine residue,

a binding
and

cofactor,

PXXSV ;DR,
al.,

site
its

to the pyridoxal
flanking region,

are conserved in the plant

2000).

CSases

The CSaseLP amino

acid
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acid sequences deduced from the spinach genes encoding the

Alignment of amino
CSaseLP' and cysteine synthases CSaseA' CSaseB and CSaseC' The underlined sequence
indicates the pyridoxal phosphate binding motif conserved in plant CSase genes'

CSaseA CSaseLP CSaseA CSaseLP

‑

+

‑+

‑

+

‑

+

sequence also harbored

IpTG

the

CSaseLP

protein

is

thiS motif' suggesting that

an isoform of the spinach

CSase family.

The recombinant CSaseLP and CSaseA proteins
with His tag were expressed in E, coli (Fig. 2). Most
of the recombinant CSaseA protein was recovered
in the soluble fraction, but the recombinant
CSaseLP protein was expressed in an insoluble
state. The recombinant CSaseLP protein was solubi‑
lized with 8
urea, and then purified by metal
chelate affinity chromatography. Then urea was
removed by dialysis under the presence of pyridoxal
phosphate. The same protein folding procedure was
applied to purify the recombinant CSaseA protein.
The folded CSaseA protein exhibited CSase activity
of 56.7 mmol minl (mg protein) , but that of
CSaseLP did not [0.0013 mmol min i (mg
protein)i]. Small amounts of the recombinant

M

Fig.

2

Expression of the recombinant CSaseLP and
CSaseA proteins in E. coli. Expression of
recombinant proteins was induced by addition
of IPTG. E. coli cells cultured without IPTG
were also harvested. The left panel was the
electrophoretic pattern on the SDS ‑ PAGE.
After electrophoresis, these proteins were sub‑

jected to the Western blot analysis with poly‑
clonal anti CSase antibody (right panel). An

arrow indicates the position of recombinant
protems.

CSaseLP

protein

were found

in the soluble fraction

prepared from the E. coli extracts, but the CSase
activity in this soluble fraction

was negligible

(data

recombinant
As shown
CSaseLP protein reacted weakly with a rabbit
antibody raised against spinach CSases (Kitamura et
al., 1996). When the recombinant CSaseLP and
not shown).

CSaseA proteins were

in Fig. 2, the

subjected to the

SDS‑ PAGE
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Fig.

3

of
the
Immunodetection
recombinant
CSaseLP and CSaseA proteins with an anti ‑
CSaseLP antiserum. Each purified recombinant
protein was separated on SDS PAGE and then
subjected to Western blot analysis. The upper
panel was the immunostained recombinant
proteins. Immunoblotting was carried out with
rabbit polyclonal anti

lower panel

CSaseLP

antiserum.

rRNA

The

PO

an electrophoretogram of the
after
proteins
staining with Coomassie
same
is

brilliant blue.

Fig.

and native PAGE, electrophoretic mobility of the
recombinant CSaseLP protein was quite similar to
that of the recombinant CSaseA protein (data not
shown). This result implies that native CSaseLP
protein exhibits similar electrophoretic mobility to
that of native CSaseA protein. Then,
we raised
polyclonal rabbit antibody against the recombinant

CSaseLP

protein.

The recombinant CSaseA

mRNA

be seen in the plant CSase genes.
substituted
The CSases belong to a family of
alanine synthases that require pyridoxal phosphate
as a cofactor (Alexander et al., 1994), and the
cysteine synthase enzymes have an ability to
characteristics to

catalyze multiple reactions, indicating that a func‑

CSase

sequences merely
is problematic
(Jost et al.. 2000). Taken together,
we concluded
that the CSaseLP has an
distinct
activity
enzyme
from the CSase.
Iike

on the base of sequence data alone

4

'(U
2

Expression of the CSaseLP and CSaseA
in leaf and root tissues. Total RNA (20

mRNA
fl g)

extracted from leaf and root tissues

was

analyzed by Northern hybridization with the
digoxygenin ‑ Iabeled CSaseLP and CSaseA
Ioading
probe. The equivalence of
lanes
was demonstrated by ethidium
among
bromide staining of rRNA bands.

RNA

RNA

protein

cross‑reacted weakly with the anti‑CSaseLP anti‑
serum (Fig. 3), suggesting that determination of in
vivo protein level of the CSaseLP is difficult even if
an anti‑CSaseLP antibody is utilized. Fig. 4 shows
a Northern blot analysis of leaf and root total RNAs,
The CSaseA gene was expressed in both leaf and
root tissues, while the CSaseLP was expressed
mainly in root tissues, but the amount of its
in root tissues
was significantly lower in compar‑
ison with that of CSaseA mRNA.
Here, a cDNA that encodes a CSaseLP was
isolated from spinach leaves. The deduced amino
acid sequence of the CSaseLP gene shows some

tional assignment of

O
L
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