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ABSTRACT

In order to identify genes that are differentially expressed
as a consequence of oxidative stress due to paraquat
we used the differential display technique to compare
MRNA expression patterns in
A C.elegans mixed stage worm population and a
homogeneous larval population were treated with
100 mM paraquat, in parallel with controls. Induction of
four cDNA fragments, designated L-1, M-47, M-96 and
M-132, was confirmed by Northern blot analysis with
RNA from stressed and unstressed worm populations.

A 40-fold increase in the steady-state mRNA level in the
larval population was observed for the L-1/M-47 gene,
which encodes the detoxification enzyme glutathione
S-transferase. A potential stress-responsive trans-
cription factor (M-132) with C ,H,-type zinc finger
motifs and an N-terminal leucine zipper domain was
identified. The M-96 gene encodes a novel stress-
responsive protein. Since paraquat is known to generate
superoxide radicals in vivo, the response of the
C.elegans superoxide dismutase (SOD) genes to
paraquat was also investigated in this study. The
steady-state MRNA levels of the manganese-type and
the copper/zinc-type SODs increased 2-fold in the
larval population in response to paraquat, whereas
mixed stage populations did not show any apparent
increase in the levels of these SOD mMRNAs.

INTRODUCTION

Caenorhabditis elegans .

DDBJ/EMBL/GenBank accession nos AF010239, AF009907, AF008590

radical (PQ) in a NAD(P)H-dependent reaction catalyzed by
NADPH-cytochrome P-450 reductase. The paraquat radical in
turn reduces molecular oxygen, producing the superoxide radical
(O2) (11-13). Several components may contribute to the
cytotoxicity of paraquat, which could result from depletion of
cellular NAD(P)H leading to a shift to the oxidized forms of
glutathione {1). However, there is strong evidence that the
cytotoxicity of paraquat is mediated by reactive oxygen species
(ROS), which inflict cellular injury by damaging biological
macromoleculesl@-17). Supporting this theory, elevated levels
of antioxidant enzyme activity in response to paraquat have been
demonstrated in several organisms, including bacte&26),
plants 24), Drosophila(25,26) andC.elegang10).

Paraquat has been used in a variety of studies examining
responses to oxidative stress and the mechanism of aging in
C.elegansishiiet al (27) isolated a paraquat-sensitive mutant of
C.elegans(mev-), which is hypersensitive to oxygen and
possesses about half the SOD activity of the wild-type strain.
Conversely, Vanfletererli()) observed that wild-typ€.elegans
strains were less resistant to paraquat than long-kggdl
mutants, which have elevated levels of catalase and SOD in old
age. Hartmaet al (28) demonstrated th&.elegansievelopment
is inhibited by paraquat at a rate inversely proportional to lifespan.
These data all emphasize the important role of oxidative stress in
the aging process. The responseS.efegando oxidative stress
have therefore attracted considerable attention over past years
(4,5,27-32).

The mRNA differential display RT-PCR method provides a
sensitive and flexible approach to the identification of novel
individual differentially transcribed genes in different sets of

The Caenorhabditis elegansiodel system, with its rapid life eukaryotic cells 3,34). With 8 x 3 primer combinations this
cycle and short lifespan, has been widely employed in the stutiyethod identifies11500 individual mMRNA specie8g,34). The
of oxidative stress, aging and senescefieB)( The free radical C.eleganshaploid genome contains 8base pairs, <4% of the
theory of aging postulates a correlation between free radicaliman genome. Under optimal conditions the 16 000 genes in
generation, environmental conditions, levels of antioxidan€.eleganscan theoretically be screened using>88 different
enzymes in the cell and the aging procesg).( Substantial primer combinations.
evidence supporting this theory has been obtained in studieslo further characterize molecular stress responses this method
involving long-lived C.elegansand Drosophila genetic mutant was selected to identify proteins involved in cellular defense
models §,8-10). against oxidative stress. In order to identify genes that are
Paraquat (1,3dimethyl-4,4-bipyridinium) dichloride is a responsive to paraquat a subseCafleganscDNA fragments
herbicide commonly used to generate oxidative sineggoby  was amplified by differential display RT-PCR using 8 primer
redox cycling. It is metabolically reduced to the stable paraguabmbinations following induction with paraquat, in parallel with
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controls. In this study we also investigated the effect of paraguinscriptase were added. After an additional incubation for 60 min
on the MRNA levels of the Mn and Cu/Zn superoxide dismutasdise reactions were heated af @5or 5 min, then cooled to°€.

in two C.elegangopulations. For PCR amplification gl cDNA template were used directly
in a 20ul reaction mixture consisting of 10 mM Tris—HCI, pH 8.4,
50 mM KCI, 1.5 mM MgC}, 0.001% gelatin, AM dNTP mix,

MATERIALS AND METHODS 0.2 pM random (H-AP) primer (HAP1, AAGCTTGATTGCC,;

HAP4, AAGCTTCTCAACG; HAP5, AAGCTTAGTAGGC;
Wild-type C.elegansvorms N2 (var. Bristol) were grown in 9 cm HAP6, AAGCTTCGACCAT; HAP7, AAGCTTAACGAGG,;
Petri dishes under atmospheric conditions 4C2& nematode HAP8, AAGCTTTTACCGC), 1QuCi [a-35S]dATP (Amersham
growth medium (NGM) and fed witkscherichia colistrain ~ Buchler), 1 U AmpliTag DNA polymerase (Perkin Elmer) and
OP50 according to a standard proto@i)( Age-synchronous 0.2uM of the same anchored oligo(dT) primer used in first strand
worm populations were initiated from eggs following alkalinecDNA synthesis. Subsequent to an initial 30 s denaturation at
hypochlorite treatment of gravid adults as describgd@). ( 94°C, 40 amplification cycles were performed as follows: 30 s at
Synchronized cultures in NGM plus OP50 were arrested 36 94°C, 2 min at 40C, 30 s at 72C, then a final 5 min at 72 and
following egg hatching, when L4 larval stages were predominard, 4°C hold. All reactions were performed in thin-walled PCR
Worm populations were generally cleaned of bacteria by 30-35%bes (BioGen) in a water bath thermocycler (Autogene II).
(v/v) sucrose flotation3p).

Gel electrophoresis, subcloning and sequencing

Treatment with paraquat Following PCR amplification pl formamide loading dye (95%

I . . . formamide, 10 mM EDTA, pH 8.0, 0.09% xylene cyanol FF and
In an initial experiment to determine survival®élegansvorms 09% bromophenol blue) were mixed with @lEach sample.

in the presence of paraquat within the time range cleaned Woﬁese were heated for 2 min at@5and loaded onto a 6% urea,

cultures in NGM were incubated with serial dilutions of paraqu BE, polyacrylamide sequencing gel. Electrophoresis was carried
(methyl viologen; Sigma) in a 96-well microtitre plate (Gremer),out at 60 W constant power for 3.5 h. The gel was then recovered,

with 10-20 worms/well. Survival, based on motility, was Pnsferre d onto a piece of 3 MM Whatman paper and vacuum

monitored (data not shown). In a final paraquat concentration ’\g : ; .
up to 200 MM <20% of the worms were viable after 1 h. In 100 mijr€d at 80C for 90 min. After 24 h exposure to a BioMax
ﬁ\lgtoradmgraphm film (Kodak) the film was developed and

i >909 . - f .
paraquat, however, the survival rate after 2 h was >90% and t rientated on the gel. Fragments of interest were excised with

?(;)rntcrﬁgt;?f:g; and time were chosen as the experimental parame%%sr arp scalpel and eluted by boiling inuéterile distilled water

Following cleaning of worm cultures and prior to treatmen{Or 10 min. Eluted DNA (44)) was then re-amplified directly

with paraquat the worms were allowed to recover for 1 h°a 22 under identical conditions as in the initial PCR, with the
in NGM. This treatment also allowed gut bacteria to be digesteﬁorresloondlng H-f1 and H-AP primers but in the absence of

: idioactivity.
A sample of the worm$B x 1P in 25 ml NGM) was then treated fa e . .
with paraquat at a final concentration of 100 mM. Control Amplified PCR products were cloned using theLT&loning

consisted of an equal number of worms in medium witho tit (Invitrogen) and sequences were determined by the dideoxy

paraquat. After incubation for 1 h worms were quickly harvesteg?am termination metho@T) using the Seqqgnase Kitv.2.0 (US
iochemical). Six clones from each initial fragment were

by pelleting at 130g and washed twice in cold 0.1 M NaCl. The quenced. Sequences which recurred at least four times were

gﬁgnspéleievx?;engesneznap frozen as pellets in liquid nitrogen f@c?msidered for further analysis. The GenBank was searched using
q ySes. the ACEDB and th€.elegandBlast server programs§).

Total RNA isolation and mRNA differential display Northern blotting

Treated and untreated worms were crushed under liquid nitrog@otal RNA samples (3Qg) extracted from paraquat-treated and
using a ceramic mortar and pestle. The fine particles weretreated worms were resolved by 1% agarose—formaldehyde gel
resuspended in TRIzol reagent (Gibco BRL) and total RNA waalectrophoresis and transferred onto a nylon membrane (Boehringer
prepared according to the manufacturer’s instructions. Mannheim) by capillary elution according to a standard protocol
Differential display was performed using the RNAimage Kit 1(39). In order to ensure an equivalent quantity of RNA on the blots
(GenHunter) essentially according to the manufacturerfom both treated and untreated samples a fragment of the
instructions, but with some modifications. Briefly, B total C.eleganscollagen cDNA (CeColL-12, nt 139-569; GenBank
RNA were treated with DNase | using the MessageClean Kiccession no. X51622%(@) was labeled with d-32P]dATP
(GenHunter). Following phenol extraction and ethanol precipitatioAmersham Buchler) by random primed labeling (Boehringer
first strand oligo(dT)-primed cDNA synthesis was performed irMannheim) and used to probe the membranes. Hybridizations
20 pl reactions consisting of 0j2&y freshly diluted total RNA, were at42C for 18 hin a formamide hybridization solution [50%
25 mM Tris—HCI, pH 8.3, 37.6 mM KCI, 1.5 mM Mg&b mM  formamide, & SSC (0.75 M NaCl, 0.075 M Na citrate, pH 7.0),
DTT, 20uM dNTP mix and 0.21M one-base-anchored oligo(dT) 1% SDS, % Denhardt's reagent, 2Q@y/ml denatured salmon
primer (H-TyM = HT11G, AAGCTTTG; HTyA, sperm DNA]. Membranes were washed twice &tBHh 2x SSC
AAGCTTTgA; HT11C, AAGCTTTgC). Reaction mixtures were and twice in ¥ SSC at 63C, then subjected to autoradiography
incubated at 65C for 5 min and 37C for an initial 10 min, after (BioMax autoradiographic film; Kodak) for 12-36 h. After
which 100 U Moloney murine leukemia virus (MMLV) reverse developing the film the signals of treated and untreated worm
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Table 1.Comparison of the steady-state mRNA levels in paraquat-treated

A 80D _COoL-12 B SOD-1 CoL-12 and untreated worms

9 - s
s = ' i . =2 cDNA Fold induction
Larvae Mixed
D sopns coL-12
VR SoD1 2 1
‘L . . ‘| SOD3 2 1
S Sk M-47 42 15
M-96 3 5

Figure 1. Northern blot analysis of.eleganstotal RNA (30pg) showing

differential expression of genes in paraquat-treated (+) and untreated (-) wormM-132 3.5 4
populations. The left-hand panefs&ndC) show autoradiograms of blots with
larval (L) worm RNA. The right-hand paneB &ndD) show autoradiograms . " ) ) . . )
of blots with RNA from a mixed (M) worm population. The blots labeled SOD1 The relative intensities of signals (fold increase in signal) in autoradiograms of

(A andB) were probed with the CeCu/ZnSOD cDNA (GenBank accession Northern blots, using SOD cDNAs or cDNA fragments isolated as a result of the

no. L20135) (4) and those labeled SOD3ahdD) with the CeMnNSOD cDNA mRNA differential display experiment as probes, are shown. Blots were subjected
(DDBJ accession no. 12984) (41). Autoradiograms of the corresponding Northerto densitometric analysis using a Phosphorlmager and ImageQuant software
blots probed with &.elegangollagen cDNA (CeCol-12, nt 139-569; GenBank  (Molecular Dynamics).

accession no. X51622) (40) as a control are also shown in each panel.

RNAs were found to be of similar intensities. The membraneslentification of paraquat-responsive genes by mRNA
were then stripped of radioactivity by treating them with 0.1 Ndifferential display
NaOH at room temperature for 2-5 min, followed by an extensive
rinsing in x SSC. In an attempt to identify additional genesGreleganghat are
Cloned cDNA fragments were excised from the vector byesponsive to paraquat at a sublethal dose we performed the
Hindlll digestion, purified, radiolabeled witlu{32P]JdATP and mRNA differential display (DD-RTPCR) method of Liang and
used as probes in Northern blots on the stripped membranesPasdee 3). Two independent differential display experiments
described above. Following autoradiography the intensities of thveere performed with RNA from a mixed stage population of
hybridization signals from treated and untreated worms weieontrol (—) and paraquat-treated C-elegansvorms, using three
compared visually and quantified by densitometry using ane-base-anchored oligo(dT) primers and eight random primers.
Phosphorlmager (Molecular Dynamics). In previous studies on oxidative stresgCreleganguvenile
worms were shown to be more resistant to paraduitand
plumbagin 80) than older worms. Based on this observation we
also performed differential display on RNA from a synchronized

. . I . C.eleganslarval population following exposure to 100 mM
cDNAs of the transcripts under investigation were isolated E}éaraquat with identical primer sets.

RT-PCR. Based on the available sequences of cosmids enco ng, o : .

; : ! omplex patterns, as exemplified by the autoradiogram<2Jig.
these cDNA fragments and the predicted podmg regions Mg e ohserved with the different primer combinations used.
upstream sense and two downsftream antisense primers WElGo, thase conditionS50 MRNA species detected on the
dgill%\ned f% each tr?nzcgptbglggO(dT) t{]e"fjf]?fe tratmsc_:rlbe fferential display gel appeared to be reproducibly up-regulated
¢ ' was then amplified Dy | using the diterent primex,, response to paraquat. The expression of other genes was eithel
combinations for each transcript. The cDNA clones were the&able or appeared to be down-regulated. These were not

b:unt-(_agd Ilgtatecétlntto thECCRVd Stge. of thelptBIléescl;)rllpt rs Jogpsidered for further analysis. Bands of interest, those with
plasmid vector (Stratagene) and their complete double-stran 1Ignals showing the greatest difference in intensity in control

hucleotide sequences were determined. lanes relative to the test lanes, were eluted from the gel,
re-amplified, ligated into a plasmid vector and their double-

Isolation of cDNA clones

RESULTS stranded sequences determined. Fragments as large as 800 b
were identified and those <200 bp were excluded from the study.
Superoxide dismutase response to paraquat In order to reduce redundancy sequences of the differentially

displayed clones were compared amongst each other, since a
Prior to the differential display experiments the response dafingle mRNA can be amplified by different primer pairs. One
C.elegansto paraquat was investigated with respect to SO[arval clone (designated L-1) and one clone from the mixed worm
MRNA levels. TheC.elegancDNAs encoding Mn-containing population (designated M-47) were amplified by the same primer
superoxide dismutase (SOD3, CeMnSOD; DDBJ accession noair and were identical. Also, only nucleotide sequences which
12984) ¢1) and the Cu/Zn-type superoxide dismutase (SODIgecurred (at least four times out of six) were chosen for further
CeCu/ZnSOD; GenBank accession no. L20138k)vere used as analysis. Based on these criteria (band reproducibility on two
probes in Northern blot experiments with total RNA fromdifferential display gels, fragment length and recurring nucleotide
paraquat-treated and control worms (BigA 2-fold increase in  sequences of amplified cDNA fragments) the number of fragments
the levels of MRNA from both genes was observed in larval btiv be analyzed was reduced to three and these candidates were
not in mixed stage populations (Tale used in subsequent experiments.
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A B clones showed 100% identity to regions within characterized
5 C.elegansosmids (Tabl€). All three cDNA fragments contain
the B-primer used in the differential display experiment and are
3'-polyadenylated. Only one of these cDNA fragments (M-132)
lacks a typical (AATAAA) polyadenylation signal sequence.
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Nucleotide sequences of the differentially expressed cDNA
clones

L]

= The nucleotide sequences of the entire coding ‘andtBanslated
regions of the cDNAs corresponding to two of the differentially
expressed clones (M-47 and M-132) were determined following
PCR amplification and cloning. The M-47 cDNA was determined
to be 726 bp, with a 207 amino acid open reading frame3¥&jg.
The M-96 partial cDNA clone which was isolated is 683 bp and
has a 101 amino acid open reading frame, with a 377 bp 3
non-coding region (Fig3B).The M-132 cDNA is 1070 bp and
possesses a 293 amino acid open reading frame3(ig.

A BLAST search of theC.elegansdatabase and GenBank
indicated that the deduced amino acid sequence of the open
reading frame of the L-1 (M-47) cDNA has a high level of
homology to glutathione S-transferases (GSTs). Interestingly,

based on the corresponding cosmid sequence, this gene lies on the
: complementary strand, downstream of two other genes encoding

putativeC.elegang5STs which are in a tail-to-head orientation.

This organization suggests that these three GST transcripts are
Figure 2. mRNA differential display patternsA) Representative pattern of a  possibly coordinately regulated from one promoter and are
differential display autoradiogram of MRNA from a paraquat treated (+) or djyergently transcribed. The size of the L-1 (M-47) transcript on
untreated (-IC.elegansnixed stage population (M), using the RNAimage Kit 1 the Northern blot (0.75 kb) corresponds to the size of the
(GenHunter) with six combinations of primer sets made up of18;TH-T14A, . : L .
H-T14C and two arbitrary 12mers, H-AP2 and H-AP3. Heat-denatured cDNAs amplified full-length cDNA, confirming the predicted GST
from control worms (=) and paraquat-treated worms (+) were resolved on a 6960ding region in the corresponding cosmid Cek08f4. The
polyacrylamide—urea sequencing gel, vacuum dried and autoradiographeqycleotide sequence also confirmed the predicted splicing profile

Lanes 1-3H-AP2 with H-T11G, H-T13A and H-Tj1C respectively; lanes 4-6, R : : !
H-AP3 with H-TyyG, H-TisA and H-T1C respectively, The M-47 cDNA of the gene. The M-132 clone overlaps a potential zinc finger

fragment is boxed.B) Representative pattern of a differential display auto- Protein coding region identified o@.eleganscosmid Cef40f8
radiogram of RNA from paraquat-treated (+) and untreate@.gipgandarval and EST CEESCB82F. Here also the size of the mRNA observed
stages (L) using the same primer pairs as in (A). The L-1 cDNA fragment is boxedin the Northern blot (1 kb) and the sequence of the cDNA
confirmed the predicted splicing pattern of the gene. Analysis of the
deduced amino acid sequence of the open reading frame of the
M-132 cDNA showed that the protein belongs to thie Gamily
Sequence comparisons with the.elegansatabase qf zinc fing_er proteins. This protein possesses three c!assical zinc
finger motifs [C-o_4yC-X12yH-X(3_5yH]. In addition, it also
Over 75% of theC.eleganggienome has been sequenced to datpossesses an N-terminal leucine zipper domain, with the classical
(42). This resource was exploited in our study to identify genesonfiguration [L-(x}]4. The deduced amino acid sequence of the
responsive to stress due to paraquét.@legansThe nucleotide open reading frame of the M-96 partial cDNA clone shows no
sequences of our three selected differentially displayed cDNsignificant homology with any known protein in the database.
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Table 2. A comparison of th€.eleganDNA sequences identified by the differential display method

Fragment Length of fragment isolated C.elegansosmid Gene product cDNA (bp)
by differential display (bp)

M-47 (=L-1) 560 k08f4 (+ strand) (21626—22485) Glutathione S-transferase 726

M-96 480 t05g5 (- strand) (6758—-7886) Unidentified >683

M-132 400 k07c10/f40f8 (- strand) (132—-894/25107—26385%inc finger/leucine zipper protein 1070

The lengths of the fragments isolated by the differential display method and their locations on the corresponding cdemidsasevell as the lengths of the cDNAs
subsequently isolated from a cDNA library using the differential display fragments as probes. The corresponding genbasedugisn sequence homology, are
also indicated.
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A M-47 (CeGST1)

M P N Y K L L Y FDAURATLA BAET PTIT® RTIMTFA 23
M L NV P Y ED Y RV S YV EETWSZ KTULZE KT PTT 46
P F G Q L P I L QVDGETUG QTFTGOQSMSTITR 69
Y L. ARKT FGLA AGTU KT ATETETEA AZYA ATDSTIV 92
D Q YRDTF I FFF R QTFTS SV F Y G S D A 115
D HI NZXJVHRTFETVVETPA ARTDTUDTFTLA ATITIN 138
K F L A XK S K S GF LV 6D S LTWATUDTIUVTI 161
A DNILT S L LXNGTFULDT FUNIKTET KT KTLEE 184
F Y N K I HS I P EI KNJYUVATU® RIEKTUDS IV 207
B M-96 partial cDNA
F S W DN L L L ¢ S I RRTUIEKTVSETLTISTZ KT 23
S F 8 F F S L ¥ L T I L L PMFATFTF I M S 46
S R S ¢ I Q F PV F YRS RTIT FEFSS S G LIL W 69
Y I N K A HEUL YA S HTLTA ANTFGNNTIVYTI 92
L VL CHTULTV C * 101
C M-132
M S F L N NDVFGSUPUPATSSPPTTMTZPK 23
L P TI QDMILNIDNTIGA AT STV VNH®HMOQUPNTP 46
Y#% M Q N ¢ I P& P V PNTILUPH%NUPTFILUHTILN 69
P AI S QEI I QQ F I AMST FNTU®PNTVTILA 92
S I ANMGDTUDTETGTPSCNTPIEKMMBRZRTGTDTILTL 115
K S V s M D S TETUDTU PZPSTITTULUDININGTDMTI 138
V PN NDKESGTWTCRNIEKTI KT <YTIET GQTTENG Y 161
M T VR KV ¥ 6 R Y NSV S Y®BVTTIY® 184
R N P P I KI[CJN UV P N{[CQ F TTUZ RUEU AT RTY I H 207
F® K N Y R@®G6 I PLPESTIDIG QG S R K P 230
H R HV S K S PAMTILTETZK®TIRTRER®@®OGQTITIZKSTD 253
G L S NI NEAaTIURETZ RTSTTITCDTEA AME I 276
E P A ETZEVODUZ®PTIZETTU KU PRSTCTTL * 293

Figure 3. The deduced amino acid sequences of the @uelegandranscripts up-regulated in response to paraquat, identified by the differential display RT-PCR
method. A) The deduced amino acid sequence oftledegand -1/M-47 (GST) cDNA. B) TheC.elegan#-96 cDNA product partial deduced amino acid sequence.

(C) The deduced amino acid sequence oftledegandvi-132 cDNA product. The leucine residues in the N-terminal zipper domain are represented by shaded circles.
The cysteine and histidine residues which comprise the three zinc fingers in the C-terminal domain are boxed and citietelgt. respec

Northern blot analysis using differentially displayed cDNA 1.5-fold, as shown in Table These results demonstrate that the
fragments L-1/M-47 transcript is expressed at very low levels in unstressed
) B _ ~larval worms, whereas this gene is expressed at a higher level in
In order to confirm specific up-regulation of the transcriptsadult worms prior to addition of paraquat. The M-96 and M-132
identified and isolated by differential display Northern blottranscripts were induced >3-fold in both larval and mixed stage
analyses of total RNA from both larval and mixed stage worrgopulations. This indicates that the basal level of constitutive
populations were performed. Figuteshows autoradiograms of expression as well as inducibility of these genes in response to

Northern blots of total RNA from paraquat-treated (+) and contrqlaraquat are comparable in both the juvenile and mature stages.
(-) C.elegansworms probed with the respective differential

display fragments. All three fragments chosen (L-1/M-47, M-96y,scussioN

and M-132) showed a pronounced increase in mRNA levels

following stress in the Northern blot experiments, confirming ouiVith an interest in understanding how an organism responds to

differential display results. A >40-fold increase in the mRNAadverse environmental challenges we have studied the nematode
steady-state level of the L-1 (M-47) transcript was observed in thhesponse to paraquat. Stress results in changes in the cellular
larval population in response to exposure to paraquat. Howeverogram, which involves significant transcriptional alterations

in the mixed worm population this transcript was induced justimed at increasing the chances of survival. Increased levels of
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A ma7 COL-12 B M7 CoL-12 shown inDrosophila(26) and cultured Vero cell$§). Induction
- B = = BB T of the L-1/M-47 cDNA in our experiments i@.eleganswas
' ‘ I . o . . . ‘ dramatically age dependent. Larval worms appear to constitutively
1 g =] —_—_— express very low amounts of this enzyme and are capable of
C  moe COL-12 D M6 coL2 increasing the mRNA levels >40-fold following stress. Adult
PR : worms, on the contrary, appear to constitutively express higher
l | " l l L R . . levels of this enzyme and are either not capable of or do not
S .- e e require induction. However, there remains a formal possibility
E w132 COL-12 E M3 COL-12 that the transcripts are present at high levels in the developing
; ; - embryos within the e}dul_t worms. Sm@eeleganspossesses a
; L ‘ ' ’ | . . . . large GST gene family, it will also be interesting to determine
Lo = e T — whether induction in larvae is limited to this particular GST class or

whether it involves interaction with other members ofdteegans
Figure 4. Northern blot analysis of.eleganstotal RNA (30pg) showing GST gene_ famlly.' Interestlngly, the mc_luced GST. (L-l /M-47) was
differential expression of genes in paraquat-treated (+) and untreated (~) worrfPund to lie W'th'n a cluster of putative GSTs in tbeelegans
populations. The left-hand panefs, C andE) show autoradiograms of blots  genome (cosmid Cek08f4).
with larval (L) worm RNA. The right-hand panel8,(D and F) show Zinc finger proteins are cellular proteins which play a major

autoradiograms of blots with RNA from a mixed (M) worm population. The ; it ; indi ; ; T
blots labeled M-47 (Aand B), M-96 (C and D) and M-132 (E and F) were role in transcriptional regulation by binding with high affinity to

probed with the M-47, M-96 and M-132 cDNA fragments respectively. SpeCIf_IC regions of D_NA- In conjunction with Ieucme_2|pper
Autoradiograms of the corresponding Northern blots probed v@tielagans domains these proteins may form hetero- or homodimers. In

collagen cDNA (CeCoL-12, nt 139-569; GenBank accession no. X51622) (40)general these proteins activate transcription either constitutively or

as a control are also shown in each panel. in a regulatory manner through post-translational modifications in
response to external stimuli, although some may also be cell
specific or developmentally regulatet). Identification of a

defense and repair mechanisms would be expected. BdiHtativeC.elegandranscription factor (M-132) with zinc finger
prokaryotes and eukaryotes have been described as respondir@fé leucine zipper motifs and which is up-regulated in response
oxidative stress by increased biosynthesis of defense enzymesQrpxidative stress in these experiments implies that this factor
prokaryotes transcriptional changes resulting from exposure fgay regulate further events in this stress-responsive cascade.
oxidative stress have been extensively characterlZt3-46). The superoxide dismutase (SOD) enzymes are a family of
Mechanisms controlling the responses of eukaryotic cells thetalloenzymes responsible for quenching of the potentially
oxidative stress have not been fully elucidated, but it has beggleterious effects of the superoxide radical. Three main types of
suggested that a similar type of regulation exists which coordinated/peroxide dismutases catalyzing the same reaction and classified
influences all of the enzymes with radical scavenging and repdd€cording to their metal content co-exist in aerobic organisms (
activities which are required for defense against stB&jsThis ~ Differential inducibility of these enzymes in response to oxidative
induction must be triggered either directly or indirectly by ROStress has been demonstrated in several orgari§as)( In this

and ROS-induced damage. study induction of both the Cu/Zn- and the Mn-type SOD mRNAs

Research has begun to elucidate the eukaryotic antioxidat@s found to be age dependent. Similar results have been obtainec
defense proteins4{-50) and possible transcription factors at the enzyme activity level, rather than mRNA level, when
regulating this response, such as AP-1KBrand YAP-1/TRX2 lymphocytes from various age groups were treated with paraquat
(51-53). ROS have been shown to act as second messengerd ®):61). Here SOD activity increased by 85% in lymphocytes from
influencing NFkB and AP-1 §4). In this study theC.elegans subjects 20-40 years old, whereas cells from subjects aged 65-79
model system was used to investigate responses to paraquat-ind@ived only an 8% increase. Darr and Fridoviéh) (also
stress in order to identify stress-responsive genes encodifigmonstrated an age-related increase in SOD activiiyelagans
defense proteins. The RT-PCR differential display experimentéung worms adapted to oxidative stress by increasing their SOD
resulted in identification of a detoxification enzyme and &activity levels by up to 2-fold, whereas older nematodes did not
transcription factor which are major components of this respongeduce SOD and suffered loss of viability. It appears, based upon our
These observations also indicate that this experimental systenoiservations along with results from other investigators, that
suitable for identification of specific genes activated in respongaduction of SOD activity is due to changes in mRNA levels, either
to oxidative stress. due to increased transcription initiation or MRNA stability.

The GSTs are a family of essential detoxifying enzymes that This study allows a description of the program that is initiated
catalyze conjugation of glutathione to a variety of electrophilegollowing exposure of an organism to paraquat-induced stress.
GSTs have been shown to be involved in detoxification of a variefghanges in the levels of known antioxidant enzymes were
of xenobiotics which include paraquat, 3-methyl cholanthrene artbcumented and new and novel defense proteins, which are
plumbagin. Lipid hydroperoxides, products of peroxidation dusignificantly induced in response to stress due to paraquat, were
to free radical attack on lipid membranes, are also substrates fdentified. Further studies on the kinetics and dose-responsiveness of
these enzymes. The essential role of GSTs in the maintenancehafse changes are required, as well as the effect of changes in
cellular integrity has been clearly documented and therefore tloygen tension. Recently developed methods, such as serial
induction of a potential GST (L-1/M-47) in response to paraquagnalysis of gene expression (SAGEY)( will be applied. Also,
which was observed in these experiments, is a comprehensitie role of the M-96 gene product and other as yet uncharacterized
conseqguence. Consistent with this, an increase in the level of G8&8fense proteins which have been identified by this RT-PCR
enzyme activity following treatment with paraquat has beedifferential display method require further investigation.
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