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ABSTRACT

A cDNA clone containing a sulfite oxidase(SO) gene, designated CISO,
wasisolated fromamedicina plant Codonopsislanceolata. CISOispre-
dicted to encode a precursor protein of 396 amino acid residues, and its
seguence shares high degrees of homology with a number of other SOs.
The expression of CISO in different C.lanceolata organs was analyzed
using reverse transcriptase (RT)-PCR. The results showed that CISO ex-
pressed high in stems of intact plant, while expressed at low level in
leaves and roots. In addition, the expression of CISO under different
abiotic stresses was analyzed at different time points. Among the all the
various stresses, hydrogen peroxide, salt, sulfur and light triggered a
significant induction of CISO within 2-8h post-treatment. The positive
responses of CISO to the above abiotic stimuli suggested that CISO may
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help to protect the plants against environmental stresses.
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INTRODUCTION

Sulfite can be oxidized to sulfate by the molybde-
num containing enzyme, sulfite oxidase(SO; E.C
1.8.3.1). SO enzymesare essential mononuclear mo-
lybdenum (Mo) proteinsinvolvedin sulfur metabolism
of animals, plantsand bacteria. Therearethree such
enzymespresently known: (1) SOinanimds, (2) SOin
plantsand (3) sulfite dehydrogenase(SDH) in bacteria
X-ray crystal structures of theenzymesfromall three
sources (chicken SO, Arabidopsisthaliana SO, and
Sarkeyanovella SDH) show nearly identical square

pyramidal coordination around the Mo atom, even
thoughtheoverdl sructuresof theproteinsand the pres-
enceof additiond cofactorsvary®. All sulfiteoxidizing
enzymes, except plant SO, possesstwo redox centers
located intheM o and hemedomains. Intrgprotein elec-
trontransfer(1ET) processes between these two cen-
tersarecritical inenzymetic turnover™™. Thevertebrate
SO isamitochondrial enzyme containing ahemedo-
main such ascytochromec serving asthe physiologica
electron acceptor!?, whereasplant SOisthesmallest
Mo containing enzyme and | acks contiguousredox-ac-
tivecenterssuch as FAD, hemeor Fe-S*2.,
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Human sulfite oxidase deficiency leadsto severe
neurological abnormalitiesthat oftenresultindesthin
infancy!™¥. Brain damage may be dueto the accumu-
lation of atoxic metabolite, possibly SO, #, whichisa
strong nucleophilethat can react with awidevariety of
cdll components. It has been reported that sulfitereacts
with protein disulfidesto form sulfonated cysteine de-
rivatives, and sincetheintegrity of disulfidebondsis
crucial tothetertiary structure and thus protein func-
tion, thedisruption of protein structure by sulfitolysis
may result in dtered cellular activities|eading to bio-
chemical lesong*®, Alternatively, adeficiency inthe
reaction product(sulfate, SO,*)may disturb normal fe-
tal and neonatal development of the brain?. In addi-
tion, the nature of thelesionin human sulfite oxidase
deficiency(with the centra nervous syssem(CNS) be-
ing disproportionately affected) suggeststhat the prin-
cipal problemislikely to belipid peroxidation rather
than amino acid metabolism™, Specifically, thecell
membranes of the CNS myelin sheath are uniquein
possessing high concentrationsof sulfatidesand related
lipids, whichislikely theroot cause of the sensitivity of
the CNSto SO deficiency.

It has been speculated that SO isrequired for re-
moving excess sulfitethat accumul ates upon decompo-
sition of sulfur-containing amino acids or sulfated me-
tabolitesd®12, In contrast to this pathway, in sulfur as-
gmilation, plantsreducetheubiquitoussulfateion through
a series of steps that includes activation by ATP
sulfurylase and subsequent reduction to the sulfite by
APSreductasd**. Thesulfiteisthen reduced by sulfite
reductase(SIR; EC 1.8.7.1) through a process that
transferssix el ectronsfrom ferredoxin to producethe
fully reduced sulfide for incorporation into amino ac-
idg®182U, Theenzyme catayzes atwo-€lectrontrans-
fer reaction in which theeectronsfrom sulfitereduce
the molybdenum that isacofactor of sulfite oxidase.
Thus, sulfitecan be processed in plantsby multiple path-
ways, and the exact physiological roleof SO activity
hasyet to be established. Recent attemptsto mimicthe
physiological electron acceptor cytochrome c by a
modified e ectrodearegaining moreinterestin order to
develop novd sulfite biosensorg?S.,

Codonopsislanceolataisoneof the most impor-
tant medicind plantsof thefamily Campanulaceae, which
cons stsof many speci esincl uding many important me-
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dicind plants. Therdated medicind plantsbe ongingto
the family include Platycodon grandiflorum, Codo
nopsis pilosula and Adenophora species?. Despitether
medicina importance, little study has been carried out
regarding genomic study of that plant. Inthisstudy, we
report theisolation of anove sulfiteoxidasegenefrom
C.lanceolata and andysisof theexpression of thegene
Inresponseto variousabiotic stresses.

EXPERIMENTAL

Materials

Codonopsis lanceolata plantlets were planted in
glasshbottlesthat contained a70ml Murashigeand Skoog
mediumwith 3%(w/v) sucroseand 0.7% plant agar. The
plantsweregrown ingrowthroomat 25/18°C anda16-
h photoperiod. Generd electrical lampswere used de-
liveringirradianceof 8Wm2, For abiotic tressstudy, the
plantsweretreated with abiotic stimuli inabout 1 month
after planting. For andysisof geneexpressonindifferent
organs, sampleswere collected from |l eaves, rootsand
stemsof C.lanceolata plantsat 1 month after planting.

Sequence analyses

The full-length CISO gene was analyzed using
softwares BioEdit, Clustal X, Mega 3 and the other
databasesliged bd ow: NCBI (http:/Avww.nchi.nim.nih),
SOPMA (http://npsa-pbil .ibcp.fr/cgi-bin/npsaautomeat.
pl/page=npsasopma..html).

Sress assays

To investigate the response of the CISO geneto
various stresses, the third leaves(from the top) with
petiolesfrom C.lanceol ata were used. For treatment
with hydrogen peroxide(H,O,-10 mM), salt (NaCl-
100mM), and sulfur (Na,SO,-10mM), leaves samples
wereincubated separately in mediacontaining each
chemical at 25°C for 48h. Chilling stresswas applied
by exposing the leaves to atemperature of 4°C. To
Investigate rel ationship between Cl SO geneexpresson
inlight and dark, leaveswere kept for 2 daysin dark
room inorder to inactivate photosynthesisand leaves
were incubated under electrical lamp(OSRAM
FL40SSEX-D/36) and in the dark room for 48h, re-
spectively. Indl cases, stresstreatmentswerecarried
out ontheM S mediacontaining sterilewater(chilling,
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Figurel: Nucleotide sequenceand deduced amino acid sequenceof a CISO cDNA isolated from C.lanceolata. Numbers
on theright represent nucleotide positions. Thededuced amino acid sequenceisshown in single-letter codebelow the
nucleotide sequence. Theasterisk denotesthetrandation stop signal.

light and dark) and with treatment sol ution(H,O,, NaCl
and Na,SO,) under continuouslight. All treated plant
materia swereimmediatdy frozeninliquid nitrogenand
stored at -70°C until required.

Semi-quantitative RT-PCR analysis

Tota RNA wasextracted from variouswhol e plant
tissues (leaves, stems, roots) of C.lanceolata using
RNeasy mini kit(Qiagen, Vdencia, CA, USA). For RT-
PCR, 800ng of total RNA was used asatemplatefor
reversetranscription using oligo(dT), . primer(0.2mM)
(INTRON biotechnology, Inc., South Korea) for 5min
at 75°C. Then reaction mixture was incubated with
AMV reversetranscriptase(10U/ul) (INTRON Bio-
technol ogy, Inc., South Korea) for 60min at 42°C. The
reaction wasinactivated by heating themixturea 94°C
for 5min. PCR wasthen performed usingalul aiquot
of thefirst strand cDNA inafina volume of 25ul con-
taining 5pmol of specific primersfor coding region of
CISO gene (forward, 5- TCC TGAAGC TGA TGT

TTTAC-3; revarse 5-GCCATGAAGTGTTCAGTA
TC-3'). As a control, the primers specific to
C.lanceolataactin genewere used (forward, 5-CGA
GAA GAG CTA CGA GCTACC CGATGG-3;; re-
verse, 5-CTCGGT GCTAGG GCAGTGATCTCT
TTGCT-3). PCRwascarried out usng 1ul of Tag DNA
polymerase(Sol gent Co., South K orea) inathermd cy-
cler programmed asfollows: aninitia denaturation for
5min at 95°C, 30 amplification cycleq 30sec.at 95°C
(denaturation), 30sec at 56°C(annealing), and 90sec at
72°C(polymerization)], followed by afind dongationfor
10minat 72°C. Actin genewas PCR-amplifiedinthe
samePCR conditionsas ClSO genewiththesame am-
plification cycle(30 cycles) and wasused asaninterna
control to normalize each samplefor variationsinthe
amountsof RNA used.

RESULTSAND DISCUSSIONS

I solation and char acterization of the full-length
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Figure2: Alignment of CISO W|th most closely related SOsform 1. CodonopssIanceolata(BAE48793) 2. Solanum
tuberosum (ABB86275); 3. Vitisvinifera (CAN70050); 4. Brassica oleracea (ABD65019); 5. Arabidopsis thaliana
(NP_001030620); 6. Oryza sativa (NP_001062326). Amino acid residuesthat areidentical in all six sequencesare
indicated by asterisks, whilewell conserved resduesar eindicated by colons(identity at least four in fiveamino acids).
Gapsintroduced for optimal alignment ar emar ked with dashes.

cDNA of the CISO gene

Aspart of agenomic project toidentify genesin
themedicinal plant Codonopsislanceolata, acDNA
library consisting about 1,000 cDNAswereprevioudy
constructed. A cDNA encoding asulfite oxidase(SO),
designated CI SO wasisol ated and sequenced. These-
guencedataof ClSO have been deposited in gen bank
under accessi on number AB243086. Asshowninfig-
ure 1, CISOis 1493bp in length, and it has an open
reading frame(ORF) of 1188bp nucleotideswitha42-
nucl eotide upstream sequence and a263-nucl eotide
downstream sequence. The ORF of CISO starts at
nucleotide position 43 and endsat position 1230. CISO
encodes aprecursor protein of 396 amino acidsresi-
dueswith no predicted sgnal peptideat then-terminal.
The ca culated molecular mass of thematured protein
isapproximately 43.9 kDa Total number of negatively
charged res dues(A 5p+Glu) was 47 whilethetota num-
ber of positively charged residues(Arg+Lys) was46.

Homology analysis

A GenBank Blastp search revealed that C| SO has
the hi ghest sequence homol ogy to the potato(Solanum

tuberosum) SO(ABB86275) with 85.3% identity and
92% similarity. Figure 2 showsasequenceaignment of
CISO and other closdly related SOs. CISO also shares
a high degree homol ogy with grapes(\itis vinifera)
SO(CAN70050)(83% identity and 91% similarity),
Wild cabbage(Brassica oleracea) SO(ABD65019)
(81% identity and 86% similarity), Arabidopsis
thaliana SO(NP_001030620)(79% identity and 91%
similarity). Incontrast, CISO shareslower degrees of
homol ogy with other than plants. For example, the ho-
mology scoresare46% identity and 59% similarity for
a man(Homo sapiens) SO(NP_000447), and 41%
identity and 60% similarity for afruit flies(Drosophila
melanogaster) SO(NP_573331)(TABLE 1). Figure
2 showsaseguenceaignment result of CISO and other
closely related SOs and TABLE 1 shows sequence
similarities between them. Phylogenetic analysis of
twenty two SOs has been carried out using the Clustal
X program (Figure 3).

Secondary structureanalysisof CISO protein

Secondary structure anaysisand molecular mod-
eling for CISO were performed by SOMPA. The
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Figure3: Phylogenetictreebased on SO amino acid sequences, showing thephylogeneticr éationshipsbetween CISO
and other SOs. Neighbor -joining method wasused and a bar r epr esents0.05 subsgtitutions per amino acid position
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Figure4: Comparison of the secondary structuresof SOs(a) CISO, (b) potato(Solanum tuberosum)(c) grape (Vitis

vinifera)

secondary structure analysisreveal ed that CISO con-
sistsof 90a-helices, 44 B-turnsjointed by 99 extended
strands, and 163 random cails. Thisishighly similar to
the secondary structure of potato SO(Solanum
tuberosum), which contains 102 a-helices, 44 3-turns
jointed by 86 extended strands, and 161 random coils
andto the grapes(Mitisvinifera) SO, which contains83
o-helices, 43 3-turnsjointed by 104 extended strands.

Thedifferential expression of CISO in different
C.lanceolata organs

The expression patterns of CISO in different

C.lanceolata organswereexamined using reversetran-
scriptase (RT)-PCR anadysis. From theresults shown
infigure5, itisclear that CISO is congtitutively ex-
pressed in leaves, stems and roots. Among these or-
gans, rdatively higher levelsof CISO mRNA were ob-
served in stems. A moderate level of CISO was ob-
served inrootsand |eaves.

Expression of CISO in responseto chilling

Infigure6A, theexpressionlevel of CISO gradu-
alyincreased after chilling. Itisthefirst report that ex-
pression of sulfite oxidaseisincreased by chilling.
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Figure5: Expressionsof CISO genein different organs
of C.lanceolata. Total RNAswer eextracted from leaves
(L), root (R) and stems(S). Actin wasused asa control
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Figure6 : RT-PCR analyses of the expressions of CISO
geneof C.lanceolata at varioustimepoints(h) post-treat-
ment with variousstresses

(A) chilling (4°C) ; (B) 10mM H,0O,; (C) 100mM NaCl; (D)
Light; (E) Dark and (F) 10mM Na,SO, treatment. Actin was
used as an internal control

Expression of CISO in responseto oxidativestress

Figure6B showstheaccumulation of CISO mRNA
inresponseto hydrogen peroxide(10mM H,0,). Ex-
ogenous application of hydrogen peroxideappeared to
causeaninduction of CISO geneat 4h post-treatment.
Theexpressionlevd increased gradualy. Itisthefirst
report that expression of sulfite oxidaseisincreased by
H,O, oxidativestress.

Expression of CISO inresponseto hyper-osmotic
stress

Fgure6C, showstheaccumulation of CISO mRNA

inresponseto salt stress(100mM NaCl), CISO expres-
songradudly increased.

Expression of CISO in responsetolight and dar k-
ness

Figure 6D and 6E, showsthat CISO geneexpres-
sion was gradually increased under light stress and
gradually decreased under dark stress. Robert et (2011
found that SO expression was highest in A.thaliana
after sx toninehourslight exposure, but night time pro-
teinamount wasdightly decreased. Thispoint havebeen
justified our resultinlight and dark stress.

Expression of CISO in responseto sulfur stress

Finally, figure 6F showsthat ClISO gene expres-
sioninduced at 4h post treatment of sulfur (Na,SO,)
and increased the expression level gradually. Therea-
sonfor increasetheleve of transcription of sulfite oxi-
dase gene is dueto excess sulfur content in the me-
dium. It has been speculated that SO isrequired for
removing excess sulfitethat accumul ates upon decom-
position of sulfur-containing amino acids or sulfated
metaboliteg 12,

CONCLUSON

In conclusion, we have cloned anew sulfite oxi-
dase gene from Codonopsis lanceolata and named
CISO. Asdiscussed above, its sequence characteriza
tionand express on pattern strongly suggest that CISO
playsapositiverolein stresstolerancein Codonopsis
lanceol ata.
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