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Molecular oxygen is key to aerobic life, but is also converted into cytotoxic byproducts 

referred to as reactive oxygen species (ROS). In mammals, intracellular defense against ROS 

includes superoxide dismutase (Sod), catalase (Cat) and thiol-dependent redox systems, in 

which glutathione reductase (GR), thioredoxin reductase (TmR) and the corresponding 

peroxidases are key enzymes. Mammalian TrxRs and glutathione peroxidases (GPxs) are 

selenium-containing enzymes. The h i t  fly Drosophila possesses most ROS-detoxiQing 

enzymes reported for mammals with the possible exception of GR and GPx activities. This 

thesis presents an investigation of key Drosophila antioxidant genes encoding T d - I  and 

thioredoxin peroxidase (TPx). I show that a single Drosophila gene, tenned T m -  I ,  specifies 

cytoplasmic and rnitochondrial non-selenocysteinetontaining T M  that arise by alternative 

splicing. 1 generated transcript-specific mutants and used in vivo approaches to explore the 

biologicd activities of the hvo splicing variants by introducing the respective individual 

transgenes into Trxr-I mutant flies. The results show that although the two respective TrxRs 

have similar biochemical properties, they cannot substitute for each other, in vivo. T m 1  nul1 



mutations result in l a n d  death. whereas mutations causing reduced Tc&-1 activity reduce 

pupal eclosion and cause a severe shortening of the adult lifespan. 1 also provide genetic 

evidence for a hnctional interaction between TM-1 ,  Sodl and Cat, suggesting that the 

overall burden of ROS metabolism in Drosophila is shared by the two defense systems. 

Fhally, 1 report the in silico identification of two non-seleniurn containing GPx-like genes in 

the Drosophila genome and present an initial biochemical characterization of one of the two 

gene products. The results show that one ofthe GPx-like genes encodes a TPx rather than a 

GPx. Transgene-dependent overexpression of the TPx gene increases the resistance of 

individuals to experimentally-induced oxidative stress, but does not compensate for the loss 

of Cat, an enzyme which, like TPx, fùnctions to eliminate intracellular hydrogen peroxide. 

Furthermore, transgene-derived overexpression of TPx in mutant flies lacking Sodl, an 

antioxidant enzyme which protects cells from superoxide radical toxicity, is detrimental. This 

contrasts to transgene-derived overexpression of Cat which can partially rescue the sodl 

mutant. These observations indicate that TPx 1 and Cat function in metabolically distinct 

pathways. 
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This thesis focuses on the biochemical and genetic characterization of new antioxidant 

defense systems of the fruit fly, Drosophila melanogaster, and on how the different 

antioxidant systems interact in vivo. The thesis consists of an ABSTRACT which 

summarizes the entire work; this PREFACE describing the organization of the thesis; a 

general INTRODUCTION which develops the context and rationale of the work; three 

independent MANUSCRIPTS which either have been or mon will be published; a 

SUMMARY of the overall conclusions of the thesis; a separate list of REFERENCES cited 

in the INTRODUCTION; and an APPENDIX describing additional data relevant to the 

thesis. 
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INTRODUCTION 

Oxidative stress atising €rom aerobic metabolism 

Oxygen metabolism is essential for aerobic life, but concurrently imposes a potential threat to 

cells arising from the formation of cytotoxic byproducts, referred to as reactive oxygen 

species (ROS) (Raha and Robinson, 2000). Normal cellular homeostasis is a delicate balance 

between the accumulation of oxidants and their elimination by defense systems (Yy 1994). 

Overproduction of oxidants due to limited defense is refered to as oxidative stress (Halliwell 

and Gutteridge, L 999). 

Primary ROS include the superoxide radical (Op'), hydrogen peroxide (HzOz) and the 

hydroxyl radical (.OH). The nurnerous secondaty and tertiary products, such as alkyl 

hydroperoxides and lipid peroxides, are generated by the interaction of primary ROS with 

cellular targets (Girotti, 1998). ROS can modib proteins, inactivate enzymes, initiate chah 

reactions that peroxidize lipids, and damage DNA (Stadtman and Levine, 2000; Termini, 

2000). 

Oxidative stress c m  result fiom diminished antioxidants, mutations affecthg antioxidant 

defense erqmes, depletion of dietary antioxidants or by increased production of ROS as a 

resuit of an excessive activation of naturai ROS-producing systems, such as xanthine and 

reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Hailiweli and 

Guttendge, 1999). Transient exposure to high leveis of oxygen, redox cycling of cellular 

t 



components such as quinones, flavins, thiols, haem proteins, transition metals and the action 

of xeaobiotics such as menadione, paraquat and phorbol esters also lead to oxidative stress 

(Hdliwell and Gutteridge, 1999). Some cells exposed to ROS can undergo apoptosis (Clutton, 

1997). 

Oxidative darnage is implicated in a wide variety of human disorders, including Alzheimer 

disease (Christen, 2000), Parkinson disease (Zhang et al., 2000), ischernic heart disease 

(Chancira et al., 1994) and many mitochondrial diseases (Beai, 1998). Moreover, the 

pathogenic role of ROS has k e n  strongly implicated in familial amyotrophic lateral sclerosis 

(FALS) (Rosen et al., 1993) and Friedreich ataxia (Rotig et al., 1997). Additionaily, ROS 

contribute to the pathology of atherosclerosis (Parthasarathy et al., 1992), hypertension 

(Nakazono et al., 199 1 ), Uiflamrnatory diseases (Halliwell, 1995) and cancer (Ceruni, 1994). 

Oxidative stress is also associated with radiation induced damage (Von Somtag, 1987), 

smoking (Piperakis et al., 1998) and alcoholism (Zima et ai., 2001). Although most of these 

hurnan disorders are probably not initiated by ROS, understanding the role of oxidative stress 

in each of the pathologies may lead to better treatment strategies. 

In addition, oxidative stress is tightly Iinked with the normal @g process (Sohai and 

Weindruch, 1996). The free radical theory (otherwise know as the oxidative stress theory) of 

a g i q  postdates that oxygen radicais generated in metabolic pathways damage ceils and 

increase their vulnerability to death and that the incessant accumulation of structural darnage 

which disrupts iùnctions at a macromolecular Ievel is the underlying cause of aging (Harman, 

1993). Even though the idea that ROS are the primary cause of aging has k e n  chdenged (Le 



Bourg, 2001), it is genedy accepted that the aging process leaves clear footpnnts of 

oxidative stress, such as oxidative DNA modifications, an increase in the protein carbonyl 

content and accumulation of age pigments (Ber!ett and Stadtman, 1997; Hamilton et al., 

200 1). The links between ROS biology and the physiology of aging are still under intense 

investigation. 

Antioxidant defense systems 

To protect themselves ag& ROS toxicity, cells have developed different antioxiht 

systems. Among these are low molecular weight antioxidant molecules, such as a-tocopherol, 

ascorbic acid, uric acid and glutathione (GSH) as well as antioxidant enzymes such as 

superoxide dismutase (Sod), cataiase (Cat), glutathione peroxidase (GPx) and glutathione 

reductase (GR) (Michiels et ai., 1994). In addition, the thioredoxin (Tm) system has recently 

k e n  described as an important cellular antioxidant de fense (Carmel-Harel and S to n, 2000; 

Mustacich and Powis, 2000). 

Sods are metalloproteins that dismutate the 0 2 a -  to H202 and molecuiar oxygen. Three types 

of Sods are found in eukaryotic cells; CulZn superoxide dismutase (Sodl) is predominantly 

located in the cytosolic fractions, Mn superoxide dismutase (Sod2) in the mitochondria and 

extracellular superoxide dismutase (Sod3) in the e.vtracellular space (Beyer et al., 199 1). Cat is 

a heme protein located predominantly in peroxisomes. It cataiyzes the conversion of Hz02 to 

Hz0 (Chance et al., 1979). GPx also catalyzes the GSH-dependent reduction of HrOz to 

H2O. In addition to the reduction of HzOî-, GPx can catalyze the reduction of organic 

hydroperoxides, thus limiting oxidative damage, particularly lipid peroxidation, to tissues. 



Glutathione peroxidases comprise a family of enzymes that rnay contain a selenocysteine or a 

cysteine residue in theu active center, as is ûue for the mammalian homologs or their 

invertebrate and plant counterparts, respectively (Ursini et al., 1995). 

GR reduces oxidized glutathione to its reduced state, using NADPH (Carlberg and 

Mannervik, 1975). This reaction is necessary for maintainhg a proper cellular redox 

environment (Schafer and Buettner, 200 1) through the recycling of GSSG to GSH. It is also 

necessary for GPx to huiction and it provides a link between oxidative challenge and central 

metabolism, because NADPH is regenerated by glucose 6-phosphate dehydrogenase, an 

enzyme catalyzing the first step in the oxidative branch of the pentose phosphate pathway 

(Stryer, 1 995). 

The Tm system includes T m ,  a family of small thiol proteins of approximately 12 kDa 

which reduce oxidized cysteine groups on proteins. In addition this system includes 

thioredoxin reductases ( T d s )  which catalyze the GSH-dependent recycling of oxidized Tm. 

At the molecular level, the TrxR genes are homologs of GR genes and their gene products 

reduce oxidized Trxs through an NADPH-dependent mechanism. Thioredoxin peroxidases 

(TPxs), which catalyze the reduction of Hz02 and organic hydroperoxides using Tm as the 

electron donor, are aiso components of the Trx system (Miranda-Vizuete et ai., 2000; 

Williams et ai., 2000). Collectively, these enzymatic systems are required to remove ROS 

produced in cells. Their functional necessity is discussed below. 

In vivo functions of antioxidant enzymes 



In the past, the cellular function of antioxidant enzymes has been studied in a variety of 

organisms and celi culture systems (Michiels et al., 1994). More recently, knock-out 

technology has been applied in mice for deleting the genes encoding GPxl, Sodl, Sod2 and 

Sod3 (Carlsson et ai., 1995; Ho et al., 1997; Lebovitz et al., 1996; Reaume et al., 1996). In 

addition, transgenic mice that overexpress GPxl, GPx3, Sodl and SodZ have been generated 

(Epstein et al., 1987; Ibrahim et al., 2000; Mirault et al., 1994: Mirochnitchenko et al.. 1995). 

GPxl knockout mice show increased susceptibility to the 02.- generating reagent paraquat 

(Bus et al., 1974), Fi202 and to neurotoxins (de Haan et al., 1998). Contrary to predictions, 

however, such mice are viable and show no increased sensitivity to hyperoxia (Ho et al.. 

1997). Furthemore, GPxl knockout rnice are susceptible to myocardiai ischemia injury 

(Yoshida et ai., 1997) and show increased brain dopamine loss afier inhision of malonate 

(Klivenyi et al., 2000). On the other hand, transgenic rnice overexpressing GPxl are not only 

resistant to paraquat toxicity (Cheng et ai., 1998), but are also protected against focal cerebral 

ischernia/reperfusion (Weisbro t-Le fiowitz et al.. 1 998) and show improved recovery of 

synaptic transmission after hypoxia (Furhg et al.. 3000). However, they show a 

thermosensitive phenotype due to impaired heat shock protein 70 inducibility 

(Mirochnitchenko et al.. 1995), develop skin tumors (Lu et al., 1997) and are more 

susceptible to acetaminophen toxicity (Mirochnitchenko et al., 1999). These results indicate 

that although GPxl is not necessary for viability. it plays an important role in the antioxidant 

defense system of mice. 



Analysis of Sod knock-outs lead to simila. observations. Sodl and Sod3 lack-of-function 

mutations do not impair viabiiity, but the survival of such mice is diminished under different 

types of stress (Carlsson et al., 1995; Reaurne et al., 1996). In contrast, the phenotype of the 

mitochondrial Sod2 lack-of-function mutant is more severe and includes perinatal death and 

mitochondrial injury (Li et al., 1995; Melov et al., 1999). However, other aspects of the 

phenotype such as neurodegeneration, myocardial injury and most importantly the onset of 

lethality are dependent on the genetic background of the mutant strain (Lebovitz et al., 1996). 

Overexpression of Sodl does not rescue the Sod2 lack-of-function phenotype (Copin et al., 

2000). Taken together, these findings suggest that the antioxidant defense systems of 

mammals are important health factors and that an impairment of any component of these 

systems has a negative impact on the individuai. Furthermore, antioxidant defenses cooperate 

in complex ways and show redundant as well as specific fùnctions. which have recently 

started to be explored Ui in vivo models. 

Drosophila as a mode1 system to study oxidative stress 

Although research in mice and human ce11 culture lines is Iikely to be more directly relevant to 

human diseases, 1 have chosen to study the in vivo function of antioxidant defense enzymes 

in Drosophiia melanogaster. The reasons for this choice are manyfold. Drosophila genetics is 

widely used and oflers a variety of unique experirnental manipulations. For example, one can 

use Drosophila to screen for mutations, assess genetic interactions between di fferent genes 

and produce transgenics (Greenspan, 1997). In addition, flies have a relatively short lifecycle 

and lifespan (Demerec, 1994), which is an important advantage for aging research. 

Furthermore, Drosophikr has a small genome, which has been recentiy sequenced (Adams et 



al., 2000). Analysis of the Drosophila genome has revealed that 6 1% of - 300 identified 

human disease genes have Drosophila counterparts (Hodgkul 2000). Most important1 y, the 

fly has already been used successfùlly to study human disorder equivalents associated with 

oxidative stress, such as FALS (Eiia et al, 1999), Parkinson disease (Feany and Bender. 

2000), Alzheimer disease (Fossgreen et al., 1998; Wittmann et al., 200 1), Huntington disease 

(Kazemi-Esfajani and Benzer, 2000) and other neurodegenarative disorders (Femandez- 

Funez et ai., 2000). Finally, mutations of the Drosophila sodl (Parkes et al., 1998; Phillips et 

al.. 1989) and cat genes (Griswold et al., 1993) have been isolated and are available for further 

analy sis. 

Previous work on oxidative stress in Drosophila focused mainly on testing the "free radical 

theory of aging" (Harman, 1993). This theory predicts that mutations in genes encoding 

cornponents of the oxidative stress response should lead to a decreased lifespan and 

conveeely, protecting cells by increasing the activity of these components should enhance 

the corresponding lifespan of an individual. There is in fact experimental evidence supporting 

these predictions. Common features of sodl and cat mutations include reduced viability, 

hypersensitivity to oxidative stress and shortened lifespan (Phillips et al., 1989; Griswold et 

al., 1993; Parkes et ai., 1998). Conversely, flies bearing a Sodl -transgene rescue sodl mutants 

and show a moderate increase (10%) in mean Iifespan when expressed in otherwisr wildtype 

individuals (Parkes et al., 1998a). Furthemore, targeted expression of human SODl in 

motomeurons of Drosophila increases both the mean and maximum lifespan of the 

corresponding uidividuals by over 30% (Parkes et al., 1998b). Finally, randorn induction of 

clones overexpressîng this enzyme result in as much as 48% increase in the lifespan as 



compared to control flies (Sun and Tower, 1999). Further suppoa of the notion that ROS 

play a major role in the aging process came through a genetic screen for mutations that live 

longer at a high temperature. A mutation in a gene named methuselah (mrh) that specifies a G- 

coupled membrane-bound receptor, was recovered (Lin et al., 1998). The mutation causes a 

35% increase in normal lifespan, and enbanced resistance to oxidative stress conferred by 

exposure to paraquat. Moreover, experiments involving selection for delayed reproduction 

over many generations produced strains of long-lived line fies (Rose, 1984). Genetic factors 

were therefore implied to be important in lifespan determination. Interestingly, when the level 

of antioxidant enzymes was monitored in these flies, Sodl. Sod2 and Cat activities were 

elevated as compared to the control strain (Dudas and Arking, 1995; Hari et al., 1998). 

Moreover, the long-lived line also showed resistance to oxidative stress (Force et al., 1995). 

In contrast to these observations, a recent study on antioxidant statu and stress resistance in 

long- and short-lived lines of Drosophila revealed that there was no enhancement of 

antioxidant defenses in the long-lived lines (Mocken et al., 2001). In this study, a different 

set of long-lived and contml lines was used; these lines were again produced through selection 

strategies (Luckinbill et al., 1988). In addition, transgene-dependent overexpression of Cat or 

TrxR has no effect on the lifespan of flies, even though the transgene-bearllig flies are found 

to have enhanced resistance to oxidative stress (Mockett et al., 1999). Thus, an alternative 

hypothesis has been put fonvard, narnely that antioxidant defenses are directed towards 

resistance ro specific stresses and are not associated with an enhanced lifespan (Le Bourg, 

2001 ; Mockett et al., 2001). 



Early biochemical work on several insect species led to the conclusion that insects lack GPx 

activity (Ahmad et al., 1988; Allen et ai., 1983; Smith and Shnft, 1979). This initial 

observation was partially reassessed and some GPx activity was subsequently reported using 

cumene hydroperoxide instead of Hz02 as a substrate (Ahmad et al., 1989). However, the 

activities measured were still considerably low. Based on these results, the reduction of 

intncellular H202 has been attributed solely to Cat (On and Sohal, 1994; Paes et al., 2001 ; 

Parkes et al., 1993). Recently, however, an extracellular GPx active toward Hz02 was 

reported fiom the bug Rhodnius p r o l h  (Paes and Oliveira, 1999). This observation has re- 

opened the question of whether insects contain GPx-activity. 

Objectives of the thesis 

The overail objective of this thesis is to evaluate the hypothesis that the global antioxidant 

defense system of vertebntes, including humans, is both molecularly and functionaily 

conserved in invertebrates. This hypothesis anticipates that in addition to the well-descnbed 

Sodl-Cat enzyme system, the GSH and Tm systems will also be found in Drosophila 

melanogaster where they fùnction in the context of reducing oxidative stress. The hypothesis 

also predicts that alterations in the levels of specific components of the iwo thiol antioxidant 

systems will lead to altered sensitivity to experimentallyapplied oxidants and will affect 

specific life history traits of the fly. 

An early objective of this study was to generate experirnental tools with which to test these 

predictions. A molecuiar characterization of evolutionarily conserved genes belonging to the 

thiol antioxidant systems was then undertaken, followed by a biochemicai analysis of the 



gene products. From this Uifonnation I could determine whether the vertebrate and 

invertebrate antioxidant defense systems are molecularly conserved and whether the 

corresponding proteins exhibit similar enzymatic functions. In addition, I performed an in 

vivo functional analysis of the identified genes. For this purpose, mutants lacking the 

corresponding gene products and transgenic animals which overexpress them were generated. 

Phenotypic analysis of these mutant and transgenic animals was then used to determine 

whether vertebrates and invertebrates share functional aspects of their antioxidant defenses. 

nie genetic system of Drosophila was then used to ask whether the different antioxidant 

systems cooperate in functional terms to protect against ROS-induced cytotoxicity and 

whether they cm compensate for one another in vivo. Finally, 1 initiated an analysis of how 

alterations in levels of the different gene products affect the lifespan of the fly. 
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Abstract 

Molecular oxygen is key to aembic life but is aiso converted into cytotoxic byproducts 

referred to as reactive oxygen species (ROS) [Il. Intracellular defense sy stems that pro tec t 

cells from ROS-induced damage include glutathione reductase (GR), thioredoxin reductase 

( T d ) ,  superoxide dismutase (Sod) and catalase (Cat) [2]. Sod and Cat constitute an 

evolutionary conserved ROS defense system against superoxide; Sod converts superofide 

anions to &O2 and Cat prevents fiee hydroxyl radical formation by breaking down HrOz into 

oxygen and water [2]. As a consequence, they are important effecton in lifespan 

determination of the fly Drosophila [3-71. ROS defense by TrxR and GR is more indirect. 

They transfer reducing equivalents from NADPH to thioredoxin (Tm) and glutathione 

disulfide (GSSG), respectively, resulting in Trx(SH)r and glutathione (GSH). which act as 

effective intracellular antioxidants [2, 81. TrxR and GR were found to be moleculariy 

conserved 191. However, the single GR homolog of Drosophila [IO, 1 11 specifies TrxR 

activity [12], which compensates for the absence of a m e  GR system for recycling GSH 

[12]. We show that TrxR nul1 mutations reduce the capacity to adequately protect cells fiom 

cytotoxic damage, resulting in lamal death, whereas mutations causing reduced T M  activity 

affect pupal eclosion and cause a severe reduction of the adult lifespan. We also provide 

genetic evidence for a Functional interaction between TmR, Sodl and Cat, indicating that the 

burden of ROS metabolism in Drosophila is shared by the two defense systems. 



Results and discussion 

A putative GR coding gene of Drosophila was previously identified by comparative genome 

sequence analysis and named gr [IO]. However, subsequent biochemical characterization of 

the gene product revealed that it exhibits TrxR instead of GR activity; therefore. the gene was 

renamed dmtrxr- l [ 121. This fmding, in conjunction with the apparent absence of a bonafide 

GR in Drosophila suggest that in flies the recycling of GSH fiorn GSSH is carried out 

principally by the thioredoxin system rather than by GR [12]. If TrxR plays the dominant 

role in GSH recycling, we would predict that genetic impairment of this thiol-based GSH 

recycling system would have serious debilitating consequences on the organism under 

normoxic conditions. To test this prediction, we generated and analysed mutations in dmrrxr- 

I .  We also used a loss-of-function dmtrxr-l mutation to determine the huictional relationship 

between the T f l r x R  system and the Sodl/Cat system of ROS metabolism; mutations of 

sodl and car were shown previously to produce complex mutant phenotypes including a 

severe reduction of the lifespan [3,4]. 

In order to visualize the predominant sites of expression of genes speci@ing the two 

antioxidant defense systems, we performed in situ hybridization of antisense RNA probes for 

dmmr-1, sodl and car to whole mount preparations of embryos at different stages of 

development [l j] .  Fig. 1 shows that the different vanscripts are expressed matemally and 

that they are highly e ~ c h e d  in overlapping spatial patterns throughout embryogenesis, 

including the developing and mature midgut. d m w - l  and sodl are CO-expressed in the 

germline progenitor ceils, whereas cat is expressed in the fat bodies and the oenocytes (Fig. 

13 



Ic), which are thought to be involved in cuticle secretion [14, 151, detoxitication [ 161 and 

pheromone production [IV. Thus, the key components of the two different ROS defense 

sytems appear to be enriched in cwxtensive, spatially restricted patterns which include the 

gut and germ cells, both of which may require special protection against destructive oxidants. 

The dmtrxr-l gene is located at polytene chromosome position 7D on the X-chromosome 

[IO]. In order to obtain mutants for the gene, we performed P-element insertion mutagenesis 

screens [18], resulting in four independent single P-element insertions (Fig. 2a). Since ail four 

insertion mutations caused the same hypomorphic mutant phenotype (see below), we 

continued to work with the semilethal P-element insertion line l(l)G048l, termed dmtnrr-1"' 

mutation. Remobilization of the inserted P-element caused a reversion to wildtype, indicating 

that the insertion was the cause of the mutant phenotype (see below). Furthemore, 

imprecise P-element excisions caused small deletions within the dmtrxr- l open reading h e ,  

resulting in dmnxr-l lack-of-function alleles such as dmm-id' (Fig. 2a). 

The dm--l mutants present a set of complex phenotypes. Embryonic development was 

normal and virtuaily al1 dm--lA' mutant larvae hatched. About 70% of these larvae survive 

as fust instar, only to die as second instar larvae without showing morphologically discernible 

phenotypes. This pattern of rnortaiity suggests that the viability of dmtrxr-1'' mutants as 

embryos and first larval instars depends on TrxR function suppiied by matemaily-derived 

dmtm-1 rranscripts (see above). In contrast, al1 dmtnr-1"' mutants develop into third instar 

larvae and 75% become pupae. Most dmm-1"' mutant individuais die as nomial appearing 

pharate aduits in the pupal cases (Fig. 2b) or during the process of eclosion (Fig. 2c). Only 

about 20% d o s e  into normai appearing aduits, the majority of which die withui 2-3 days 



Figure 1: Expression of dmtrxr-1, sodl and cat transcripts during Drosophila embryogenesis 

as reveded by RNA in situ hybridization to whole mount preparations [13]. Top rows in a-c 

show laterai view of embryos, anterior is left and dorsal top; stages according to [ B I .  (a) 

drnmr-1 expression showing that the transcript is provided matemally (stagel); zygotic 

expression occurs in germ ce11 progeniton (stage 9; arrow), the developing midgut (stages 14, 

16), hindgut and proventnculous (stage 16; arrows). (b) SodI transcripts are provided 

maternally (stage 1) and continue to accurnmulate in essentially the same spatial and temporal 

patterns as DmTrxR-l transcripts. (c) Cat transcripts are provided in low amounts 

rnatemally (stage 1). Zygotic expression occurs in the same portions of the gut as observed 

with dmtm-1 and sodl, but not in the germ ce11 precurson. Additional sites of cat expression 

are the fat bodies (stage 14; arrow), oenocytes (stage 16; arrowheads) and anal pads (stage 16; 

asterisk). 





(Fig. 2d; see also below). Despite their shortened lifespan, adult mutant flies are able to mate 

and give progeny. No significant difference in pupal mortality and shortened adult lifespan 

was observed between homozygous dmmr-1"' females and hemizygous dmm-1"' males 

(data not shown). These results suggest that the dmtrxr-1" mutation is a n d  dele, whereas 

the dintmr-1"' mutation provides suffikient residual TnrR activity for incomplete 

development into pupae and even a few short-lived adults. To demonstrate that these effects 

are indeed caused by impaired activity of TrxR-1, we expressed the biochemically 

characterized TrxR- 1 enzyme [ 121 fiom an actin-Gal4NAS-driven c DNA-containing 

transgene [20] in the drntrxr- i "' mutants. The transgene-bearing hernizygous dmtnr- i "' 
males develop into nonnai healthy looking adults. Irrespective of the chromosomal location of 

the actin-Gal4-driven transgene, which provides ubiquitous and constitutive TnrR-1 activity 

[XI, the lifespan of the rescued flies is in the range of the wildtype lifespan (Fig. 2d). 

The results obtained with the hypomorphic allele, dmtrxr-la', suggest that impairment of 

TrxR activity has severe consequences on pupal mortality and adult lifespan similar to those 

reported earlier for mutants affecthg the SodKat-dependent ROS defense system 13, 4, 191 

(see above). Because a functional reduction of each of the two Yitioxidant defense systems 

confers a similar visible mutant phenotype, we sought to determine by genetic means whether 

the two systems cooperate in vivo. We generated genetic strains containhg the dmtmr-1"' 

bearing Xchromosome in different genetic backgrounds which include heterozygosity for nul1 

mutations of the sodl and cat genes, respectively (Table 1). The scoring of the mutant eEect 

was based on the fiequency of eclosed adult males relative to the eclosion of maies that 

contain the correspondhg wildtype X chromosome. Table 1 shows that depending on the 



chromosornai background, the eclosion rate of hemizygous dmtmr- 1 "' individuals varieci 

between 17.2 and 25.6% as compared to dmtm-1' siblings. Similady, only 27% of 

homoygous s ~ d l " ' ~ ~  mutant individuals eclose (data not shown) and, as observed with 

hemizygous dmtrxr-1"' individuals, the majority of the eclosed s ~ d l " ' ~  mutant Bies dies 

within 2-3 days [3]. In contrast, s o d ~ " ' ~ ~  heterozygotes eclose normally into adults with 

normal lifespan [3]. However, only 2.4% ( ~ 2 4 1 . 0 ;  P<0.001; chi-squared analysis) of 

heterozygous ~ o d l " ' ~ ~ ,  hemizygous dmtrxr-1"' mutant individuals eclose (Table 1). The 

significantly lower eclosion rate indicates that a partial reduction of sodl activity in dmtmr-1 

mutants impacts pupal eclosion even more severely than either the cornpiete absence of sodl 

or the partial reduction of dmtnr-1 activity aione. Likewise, only 9.5% ( ~ 2 4  5.2; Pc0.0025; 

Table 1) of heterozygous cal'", hemizygous drntrxr-~~' mutant individuals eclose. 

Furthemore, hemizygous drntrxr-1"' males, which are also homozygous for car' or 

sodlnio8, die as pharate adults and never reach adulthood. This indicates that the double 

mutant defects are dependent on the gene dose of cat and sodl in conjunction with dmtrxr- 

I"'. Virtually the same result was obtained with different sodl and cat alleles generated in 

different chromosomal backgrounds, indicating that the observed interactions with dmtnr- 

fa' are neither allele-specific nor background-dependent effects. Coilectively, these results 

indicate that the Sodl/Cat and the TrdïrxR systems share the burden of ROS defense. I t  

should be noted that another important biological reductant in Drosophila. namely urate, 

plays an important antioxidant role in the crisis of oxidative stress that has been suggested to 

occur during late metamorphosis and eclosion [22]. 

In addition to mutant analysis, we also performed gains~function studies to express human 

Sodl, previously shown to substitute for the lack of sodl activity in the fly [6] (own 
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Figure 2: The Drosophila gene dmmr-1, P-element insertion mutants and their effect on 

pupal eclosion and lifespan. (a) Physical map of the dmtrxr-1 locus, the P-lacW insertion 

sites [29], the two altematively spliced tmnscripts (4 exons each; boxes) and the location 

within AE003443 DNA (in 7D18-20 of the X-chromosome [30] as revealed by plasmid 

rescue of P-element adjacent fragments and sequencing of both genomic and cDNAs [3 11). 

Note the P-element insertion I(I)GO481 which represents the dmirxr-la' allele and the lack- 

of-fùnction mutation dmtrxr- 1 ". The two transcripu code for different 5 'regions resulting in 

different aminotenninal ends of the deduced protein (red and gray boxes, respectively). 

Remobilization of the P-elements caused reversion of the mutant phenotype to wildtype, 

indicating that the insertion is the cause of the mutant phenotype [32]. (b) About 75% of the 

hemizygous dnttrxr-la' males die as pharate adults or (c) during eclosion (see Table 1). (d) 

Li fespan of wildtype (red crosses) and hemizygous dmmr- 1 "' males (black triangles), 

hernizygous dmtrxr- 1 "' males ubiquitously expressing the biochemically characterized T M  

cDN A [ 1 21 (grey squares), as well as hemizy gous dmtnr- I "' males ubiquitousl y expressing 

cat cDNA (blue circles). Note that the lifespan of the eclosed hemi ygous dmtrxr-1"' males 

is severely reduced (d; black triangles) and that their shortened lifespan was rescued in 

response to transgene-dependent TrxR (d; light and dark gray boxes represent two 

independent insertion sites on the second chromosome). Transgene-derived ubiquitous TnrR 

expression was achieved by the Gal4RIAS system [20] ushg the act5C-Gd4 driver [21] in 

combination with UASdmtnr- l cDNA (genotype: dmtmr- 1 "'/Y;; UASdmtm- l/+:; actjC- 

Ga&4/+). Cat expression was achieved with the same driver in combination with U4Scat 

(genotype: dmtw-1 "'/Y;; IIAScad+ ;; act5C-Gai#+). 
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observation), and Drosophila Cat in hemizygous dmtrxr-l males. Sodl and Cat were 

expressed fiom UAScDNA containing transgenes in response to a Gd4 driver under control 

of the constitutively active actin promoter [2 11. Overexpression of hurnan Sodl reduced the 

fiequency of pupal eclosure from 17.2 to 2.7% ( ~ 2 4  2.8; PcO.0 1 ; Table 1). This result is 

counterintuitive and shows that in the absence of TrxR activity conferred by dmmr- l [1 SI, 

enhanced levels of Sodl are deletenous. This fmding is consistent with a previous report 

showing that enhanced levels of Sodl are to some extent deleterious even to wildtype flies 

[23]. A possible explanation for this phenornenon is that in the presence of excess Sodl, 

superoxide is converted to H202 more rapidly than can be metabolized by Cat, which leads in 

tum to increased generation of H20z-dependent hydroxyl radical [24]. Altematively or in 

addition. the effects of SODl overexpression may involve the bicarbonate-dependent 

peroxidase activity of Sod1 [25,26]. 

In contrast, transgene-mediated augmentation of Cat increases the eclosion rate of 

hemizygous dmtm- 1 mutants twofold (3 5.3%; ~ 2 =  1 2.7; P<0.0 1 ; Table 1).  Presurnably, 

increased Cat activity partially rescues the reduced eclosion rate of dmtnr-1 mutants b y 

compensating for the Ioss of dmtnr-1 activity. In addition, the lifespan of the Cat- 

overexpressing hemizygous dmtrxr-1 mtant flies is extended. Fig. 2d shows that 40% of 

such flies survive 15 days after eclosion by which time all hemizygous dmm-I  mutant flies 

have died. Thus, cat overexpression can partially compensate at the organismic level for the 

loss of dmtnr-l activity. Interestingly, it was recently shown in yeast that many Hr02- 

inducible genes are upregulated in a thioredoxin reductase mutant (dirrl) [271. 
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Effects of altered sod and cat expression on hemizygous dmtrxr-l males 

genotype 

n108 
sod 

TM3 
62ga (100) 

act Gat4 
+ 540b (100) 

act Ga14 
+ 346 ( 100) 

act Ga14 
+ 337b (100) 

acr Ga14 b 
+ 232 (100) 

Table 1: Hemizygous dmtm-1@* mdes derived from either ~ ~ & 1 t ~ r - l ' % d : ; * * * ~ 3  

X w1~;***/TM3 or wl,dmirxr-I"'/FM~;***/*** X y . w ' ~ ; a c t 5 ~ - ~ o 1 4 ~ 6 ~  parents 

(chromosome*** is indicated). Eclosion rate of males containing a dmtrxr-l wildtype 

Xchromosome (100%) relative to males bearing the dmim-1" mutant X-chromosome 

in an othenvise identical genetic background. Balancer chromosomes and mutations 

are described [35]. 



In contrast to bacteria, woms and mammals [12], thiol-based intracelluiar antioxidants of 

Drosophila and possibly other insects are generated by a single enzyme system in which 

TrxR plays a key role in maintaining intracelluiar redox homeostasis [12]. The results 

presented here show that genetically impairhg the biochemically characterized TKR activity 

[12] does not interfere with morphological aspects of fly development, but diminishes 

viability of the organism, ostensibly due to unbaianced d o x  homeostasis of the organism. 

The similar phenotype of sodl and dmtrxr-1 mutants, the coextensive tissue distribution of 

enhanced expression of the genes and the genetic interactions between components of the 

TdïrxR- and Sod/Cat-de pendent ROS de fense sy stems indicate that the two antioxidant 

defense systems can act in concert and c m  partially compensate for each other, at least in 

organismic terms. This study reveals a functional interaction between the well-established 

SodlKat enzyrnatic system [2] and the newly-described T~x(SH)~/GSH thiol-based 

antioxidmt system in a comprehensive system of ROS defense metabolism in Drosophila. 

Genetic intervention in this integrated ROS defense system cm have far-reaching effects on 

both pre-adult development and on adult lifespan. 



Materials and Methods 

Flystocks and generaiion of T m l  mutants 

Flies were kept at 25'C on standard yeast-containing, cornmeal medium. In addition to the 

mutant and balancer chromosomes described in Lindsley and Zimm [35] ,  P{ZucW} insertion 

lines l(l)G0177 and l(l)GOJ81 of the Gottingen X chromosome collection (Peters et al., 

submitted) and flies containhg a transposase source on the second chromosome of the 

genotype w; C ~ O / W ~ " P ;  TIM6/Sb p{ryt 62-3)(99B) were used. dmtrxr-l mutant flies were 

balanced with FM7i-pkt-GFP which allowed identification of hemizygous male mutant 

larvae by the absence of GFP expression. 

Reversion tests and generation of nul1 mutants for dmtmr-I involved remobilisation of the 

Pllac W} element of the lines l(l)GOJ 77 and i(l)GO48 I . 

Z(Z)G0477/FM7c virgin fernales were crossed with FM6iY; TM2 ry p{ryY A2-3) (99B)I~blKRs. 

Sb p{ryh &3}(99B). Female offspring with rnosaic eycs were crossed with FM6 balancer 

males; progeny which had lost the PflacW} element were examineci whether the excision 

event had restored wildtype function or generated a deletion correspondhg to a dmirxr-1 null 

allele (see text). 

Traosgene construction and transformation 

For construction of UASdmtrxr-1. dmtrxr-1 cDNA (LD21729 [33]) was subcloned into the 

PUAST vector using Mi01 and BgiII sites. PUASdmtmr- I was used for W o n n a t i o n  of w' 
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flies as described [34]. For each experiment outlined in the text, results were confirmed by use 

of two independent transgenic lines. 

Rescue experiments 

Rescue experiments were performed with the dmtrxr-l mutants (see text) using the 

Gai4NAS system (201 to drive ubiquitous expression of LIASdmfrxr-1 under the control of 

an actSC-Gai4 driver [2 1 1. Transgene-derived d m w -  1 expression was monitored b y in situ 

hybridization [13]. The fiequency of pupal eclosion and lifespan measurements of 

hemizygous mutant males bearing the Gal4RIAS combination of transgenes were monitored 

and compared with hemizygous mutant males that contain only the act5C-Ga14 transgene and 

siblings that carried the balancer chromosome Fhf6 in place of the mutant X chromosome, 

respectively . 

Lifespan measurements 

Up to 10 adult males (0-24hrs old) of the genotype descnbed in the text were kept in small 

food vials and transferred into fiesh vials every second day. Survivai of flies was monitored at 

48 hr intervals. For each experiment descnbed in Figure 2, at Ieast 150 males were monitored. 

Statistics 

Al1 genetic results presented in Table1 were compared pair-wise using chi-squared analysis as 

described in "Fundamentals of Biostatistics", Stanley Schor, G.P. Putnam's Sons' New York 

(1968). The chi-squared value for each cornparison was determined by the formula [(a*d- 

b*c)2 (a+b+c+d)]/[(a+b)(c+d)(a+c)(b+d)]. For specific calcuiations see text. 



In situ hybridùation 

In sifu hybridization of Dig-RNA antisense probes to whoie mount preparations of embryos 

was performed as described in [13]. Briefly, Dig-RNA antisense probes were produced by in 

vitro transcription using the DIG RNA Labelmg Kit of Boehringer (Mannheim, Germany) 

according to the instructions of the manufacturer. Embryos (0-22h) were collected on apple- 

juice containhg agar plates, dechorionated in 50% sodium hypochiorite, fked with 4% 

formaldehyde in PBS for 20 min, washed 4 times with PBT, and incubated overnight at 70'C 

with the probes in hybridization solution. The next day the embryos were washed again 4 

times with PBT, incubated for Ih with preabsorbed anti-Dig antibody (purchased from 

Boehringer, Mannheim, Gemany), followed by 4 washes and stained with AP buffer, NBT 

and BCIP. The embryos were dehydrated through a series of increasing ethanol 

concentrations, mounted on Canada Balsam (Sigma) and viewed under light microscopy. 
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Abstract 

Defence against oxidative stress in mammals includes the regeneration of the major thiol 

reductants glutathione and thioredoxin by glutathione reductase (GR) and thioredoxin 

reductase (TM), respectively. In contrast, Drosophila, and possibly insects in general, lacks 

GR and must rely solely on the TrxR system. The mammalian T m  described so far are 

selenoproteins that utilize NADPH to reduce protein as well as non-protein substrates in 

rnitochondria and cytoplasm of cells. We show that a single Drosophila gene, Trxr-1. encodes 

non-selenocy steine-containing cytoplasmic and mitoc hondnai TrxR iso forms that aise b y 

alternative splicing of a single primary transcript. We generated transcnpt-specific mutants 

and used in vivo approac hes to explore the biological functions of the two splice-variants b y 

introducing the corresponding transgenes into different T m - l  mutants. The results show that 

although the two TrxR isoforms have similar biochemicai properties, their biological functions 

are not interchangeable. 

Key words: di fferential splicing / Drosophila thioredoxin reductase / mitoc hondnal enzyme / 

oxidative stress / &anscript-specific mutations 



Introduction 

Molecular oxygen is key to aerobic Me but is also converted into cytotoxic byproducts, 

collectively termed reactive oxygen species @OS) (Halliwell and Gutteridge, 1999). In 

mamals, intracellular defence against ROS-induced damage includes the glutathione (GSH) 

and thioredoxin (Tm) redox systerns (Carmel-Harel and Ston, 2000). Glutathione reductase 

(GR) and thioredoxin reductase ( T d )  are key enzymes which use NADPH to recycle 

glutathione disul fide (GSSG) and Trx(S2) to GSH and Trx(SHh, respectively (Mustacic h and 

Powis, 2000; Williams et al., 2000). GSH and TIX(SH)~ act in tum as thiol-based reductants 

(Amer and Holmgren, 2000). GR and T M  were found to be molecularly conserved in 

vertebrates, whereas the single GR homologue of Drosophila was shown to represent a TrxR. 

Thus in Drosophila. the TndTrxR system appears to shoulder the entire metabolic burden for 

recycling GSH (Kanzok et al., 2001; Kanzok et al., 2000). Recently, Loss-of-fùnction 

mutations of the Drosophila TcxR gene, Trxr-I, were s h o w  to impair pupal eclosion and 

severely reduce adult lifespan (Missirlis er al., 2001). Similarly, dismption of the 

thioredoxinl gene of rnice results in embryonic lethality (Matsui et al., 1996). These results 

suggest that the Trx system is a vital cornponent of the defences deployed against ROS- 

induced damage in both vertebrates and invertebrates. 

In marnmals, three distinct TrxR genes are responsible for maintainhg Tms in a reduced state 

and are capable of reducing a number of other proteins as weli as non-protein redox substates 

in cells (Sun et al., 1999). Although theu activity, in particular the cytosolic T d l ,  was 
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known for decades, it was oniy recently that mammalian TrxRs were shown to contain a 

conserved UGA-encoded selenocysteine residue which is essential for the catalytic activity of 

the enzymes (Gasdaska et ai., 1999; Gromer et al., 1998b; Lee et al., 2000; Tamura and 

Stadtman, 1996; Zhong and Holmgren, 2000). Like other members of the disulfide 

oxidoreductase family, TrxRs show a nurnber of sequence motifs that are essential for the 

catalytic activity in addition to the conserved selenocysteine in the C-terminal region of the 

proteins. These additional motifs include an aminoterminal disulfide active center, NADPH 

and FAD-bhding domains as well as a dimer interface sequence necessary for 

homodimerization of the enzymes (Lee et al., 1999; Sun et al.. 1999; Williams et a l ,  2000). 

Furthemore, sequence homology analyses revealed that TrxRl and T m  are closely related, 

whereas TrxR3 is the evolutionarily more distant enzyme, but which still exhibits more than 

50% overall sequence identity (Sun et al., 1999). 

TrxR3 was described as a mitochrondrial TmR because it was shown to contain a 

mitochondrial signal peptide and to localize in the mitochondrial fraction of cells (Lee et al., 

1999; Sun et al., 1999). Moreover, a tagged forrn of TrxR3 was found in mitochondria 

(Miranda-Vizuete et al., 1999). A more recent report demonstrated that in addition to the 

products of the three different TmR genes, both TrxRl and TrxR3 exhibit extensive 

heterogeneity due to differentid transcript splicing. Cornparison between mouse, rat and 

human revealed that the multiple isoforms are conserved in mammals (Sun et al., 200 1 ). For 

T m ,  alternative fint exons were observed and they result in the formation of mitochondrial 

and cytosolic protein isoforms, respectively. These observations suggest that multiple 

transcription start sites within T d  genes may be relevant to the complex regdation of 



expression as reflected in the organelle- or ce11 type-specific location of mam~llalian TrxRs 

(Sun et al., 2001). 

The Drosophila genome (Adams et al., 2000) contains two difierent TrxR genes, Trxr-1 and 

Trxr-2, which were thought to encode the cytoplasmic and rnitochondnal forms, respectively 

(Kanzok et al., 2001). In the present report we describe two alternative forms of Drosophila 

TrxR-1 which code for cytoplasrnic (TKR-lwtO) and ,tochondrial (TE&-lmim) Tr?cR as 

observed in mammals (Sun et al., 200 1). The two Drosophila T m - l  variants are generated b y 

differential splicing at an evolutionarily conserved exon-intron junction, resulting in distinct 

N-terminal sequences. Both isoforms lack the selenocysteine residue in the C-terminus, which 

is replaced by a cysteine residue. We provide a biochernical characterization of Tc&-1 

showing that it has sirnilar properties to the previously chancterized Tc&-Iwo (Kanzok et 

al., 2001). Lack-of-fùnction mutations of Trxr-1 as well as mutations affecthg either the 

mitochondrial or the cytoplasmic enzyme variants are lethal. Transgene-dependent rescue 

experiments indicate that the two foms of TrxR-1 are functionally distinct in vivo. 

Mitochondrial ~ r x R -  1 can compensate for the lack of mitochondrial TnR activity and 

partially substitutes for the cytoplasmic TrxR. In contrast, cytoplasmic TrxR- Iwo is unable 

to compensate for the Ioss of the mitochondrial enzyme activity. The results show that ROS- 

defence is cornpartmentalized and that the capacity to adequately protect cells from cytotoxic 

darnage depends on evolutionarily conserved splicing variants of a single gene. 



Results and Discussion 

Tnrr-I encodes cytoplasmic and mitochondriol TmRs by differentiui splicing 

The Drosophila Trxr-i locus, previously designated dmrrrr-1 (Kanzok et al., 2001), encodes 

two different splicing variants (Fig. 1 A) (Missirlis et al.. 2001; Sun et al., 2001). Expressed 

sequence tag (EST) clones (Rubin et al., 2000) corresponding to each of the two transcnpts 

were isolated h m  embryonic, adult head and ovarian cDNA libraries. Sequencing of ESTs 

(Rubin et al., 2000) corresponding to the two Trxr-I transcripts and cornparison with 

genomic DNA (Adams et al., 2000) revealed that the two splice foms differ only with 

respect to their first exons, giving rise to two open reading &es with different N-terminal 

regions of the proteins (see below). Both transcripts are expressed during al1 stages of the 

Drososphila Iife cycle as revealed by developmental Northem blot analysis (Fig. 1 B; see also 

Candas et al., 1997) and RT-PCR with transcript-specific primers (Fig. 1 C). This fmding and 

the fact that corresponding cDNAs for each splicing variant could be isolated from staged 

cDNA libraries (see above) consistently argue that the two T m - l  transcripts are not under 

differential temporal control. We therefore assume that the similar size of the transcripts 

reflects different polyadenylation sites within the 3'UTR regions, different Lengths of the 

poly(A) tracks or both. 

Conceptual translation of the longer transcript results in a protein which contains an N- 

terminal putative rnitochondrial signal sequence which is absent fiom the other protein that 

recently qualified as a TKR enzyme (Kanzok et al., 200 1 )  (Fig. 1 D). For reasons detailed 

37 



Figure 1: Genomic structure of Trxr-1, traascript-specific mutations and expression of the 

spliced transcripts. A) Physicai map of the Trxr-l locus, the P(lricW1 insertion sites 

(orientation of the P elements indicated), the two altematively spliced transcripts (4 exons 

each; boxes) and the location within AE003443 DNA in the region 7D18-20 of the X 

chromosome (Adams et al., 2000). Note that ~ m r - 1 ' ~ ~  and ~rxr-lh' represent losss' 

function and lack-of-function aiieles of the T i ~ r - l ~ * ' ~  transcript, respectively (see text) and 

that the two transcripts code for different Srregions resulting in different N-terminal ends of 

the deduced protein (green and red boxes, respectively). Arrows represent the positions of 

prirnen describtrl in Materials and Methods. B) Developmental Northern blot analysis, using 

a probe common to sequences of both T m - f  transcripts. E l  is 0-2 h embryos, E2 is 0-24h 

embryos, L 1-3 are the three larval stages, P is the pupal stage, A l  is adult males and A2 is 

adult fernales. Note a single band in dl developmental stages, indicating that the mRNA length 

of both transcripts (see below) is approximately 2 Kb. C) Developmental RT-PCR analysis 

using trancript-specific p h e r s ;  the lower band corresponds to Trxr-Iw, the upper band to 

Trxr-fm'to (see Materials and Methods). Stages are as descnbed in (B). D) Amino acid 

sequences of N-terminai regions of the two alternative Drosophila TrxR-1 proteins, and the 

corresponding protein portions of hurnan and mouse T m .  The Drosophilri putative 

mitochondnal signal peptide is depicted in red. Percentages show sequence identity to the 

human sequence, the vertical line represents intron-exon junctions. 
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below, we refer to this enzyme isoform as cytoplasmic TrxR-1 (TrxR-1 T. T d - l q t O  is 

encoded by exons 1 and 3-5. The alternative protein isoform, designated mitochondrial T d -  

1 (~rxR-l~"O, see below), is encoded by exons 2-5. Splicing therefore results in an extention 

of the N-terminus by 105 arnino acids which contain a putative mitochondrial signal (Fig. 

ID). These fmdings suggest that TrxR-lW0 is the cytoplasmic enzyme isoform, whereas the 

longer T~xR-lm'" isoform is likely to be the mitochondrial counterpart (see also Sun et al., 

2001). Cornparison of the two differently spliced transcripts with mamrnalian T m  

transcrîpts indicates that only the N-terminal regions of the corresponding proteins differ in 

sequence and that bo th the mammalian T M  and the Drosophilu Trxr- I transc ri pts involve 

a conserved splicing site (Fig. 1 D). Notably, however, both Drosophilu enzyme isoforms 

have a cysteine residue in place of the mammalian UGAsncoded selenocysteine at their third 

redox center (Gasdaska et al., 1999; Lee et al., 2000; Tamura and Stadtman, 1996; Zhong and 

Holmgren, 2000) (Fig. 1 D). 

In order to show that the two protein isofoms are indeed localized in different cellular 

compartments, we generated green fluorescent protein (GFP) tagged TIXR-1 and Tndi-ley" 

h i o n  proteins and monitored their cellular distribution and locdization in transfected tissue 

culture cells. The results shown in Figure 2 indicate that GFP and the TRR-IqtO/GFP hision 

proteins are distributed throughout the ceil (Fig. 2A) and in the cytoplasm (Fig. 2B), 

respectively . In contrast, the TC&- 1 m ' ' O / ~ ~ ~  fusion pro tein accurnmulates in an organelle- 

specific manner in the mitochondria oniy (Fig. ZC). These observations demonstrate that iike 

marnmalian TrxR genes (Lee et al., 1999; Sun et al., 1999), T m -  I encodes two isofoms that 

arise by alternative splicing of a single primazy transcript and the proteins become locdized 



in different cellular compartrnents due to the presence or absence of the N-terminal 

mitochondrial localkation sequence. 

Since ~rxR-lm'" and TKR-leY" are iocalized in different cellular compartrnents, we next 

examineci whether the two isoforms exhibit different enzymatic and kinetic properties. In 

order to compare TrxR-ICy" (Kanzok et al., 100 1) with the newly identified mitochondrid 

isoform, we produced N-terminally hexahistidy l- (His-) tagged recombinant TmR- Im'" 

protein in fieshly transformed E. coli BL-2 1 cells (yield of 2 mg TrxR-1 m''O/l ce11 culture). We 

purified the protein over a Ni-NTA agarose column, as had been done with TrxR-PU> 

(Kanzok et ai., 200 1). In silver stained SDS-gels, the TmR-lm"" protein appeared in a band of 

69 kDa apparent molecular weight which corresponds well to the calculated molecular mas 

of the His-tagged protein of 68.17 D a .  In most aliquots tested, however, we noted a second 

protein band of about 65 kDa, which may represent a second conformational state of the 

protein, a proposal that will be addressed by future studies. Most importantly, however, the 

two bands were clearly distinct from Tr'dc-lqm which has a molecular mass of 53.2 kDa 

(Kanzok et of., 100 1 ; own observation). 

The key enzymatic properties as well as kinetic parameters of ~rxR-1 m''O and TrxR- lCY" were 

ewmined in paralle1 and repeated with several different protein preparations. The results 

summarized in Table 1 indicate that TrxR- leytO (Kanzok et of., 200 1 ) and T ~ R -  1 *lm are bo th 

NADPH-dependent and are able to accept the low molecular weight oxidinng substrate 5,s'- 

dithiobis(2-nitrobeatoate) (Dm). The KM value for NADPH was determîned to be 

approximately 1 pM in the presence of 3 mM DTNB for both enzymes. The respective KM 
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Figure 2: Fluorescence microscopy images of transfected mouse NIH13T3 cells showing the 

subcelllular localization of GFP and TnrR-l/GFP fusion proteins. The position of the nucleus 

is visualized by DAPI staining (blue) and the distibution of GFP (green) in fked ceUs (A-C). 

Localization of GFP (green) and mitochondria (red) is shown in living cells (D-F). A) 

Transgenic GFP expression (control) in both the nucleus and cytoplasm. B) Transgenic T m -  

ICY'O/GFP expression in cytoplasm only. C) Transgenic T~XR-~~'"O/GFP expression in 

mitochondria (see D-E). Transgene-expressed T~XR- 1 m ' U D / ~ ~ ~  (D) and Mitotrac ker (E) and 

CO-localization (yellow) of both as seen in the rnerged figures D, E (F, yellow). Note that 

GFP is throughout the cells, the TrxR-lcyO/GFP fusion protein is excluded fiom the nucleus 

and the TrxR- 1 m ' t O / ~ ~ ~  fusion protein, which contains the N-terminai putative mitochondrial 

signai sequence (see Fig. lC), is restricted to mitochondria. 





value for DTNB in the presence of 100 pM NADPH is 41 0 pM for ~rxR-1 mi" and, thus, is 

only slightly higher than the one detemiined for TrxR-lm (380 pM; see aiso Kanzok et al., 

2001). A more significant clifference was observed with respect to the aflïnity of the two 

enzymes for Drosophila thioredoxin-1, a 12.4 kDa protein (Salz et al.. 1994; Kanzok et ai., 

2001). With thioredoxin-1 as substrate, a KM value of 7 jiM was obtained for TE&-Pm, 

whereas the value obtained for ~rxR-lmim is almost 3-fold higher (KM = 19 FM). Collectively, 

the data indicate that substrate turnover catalysed by T M 4  CYm and ~ rxR- l  is in a similar 

range (Table 1 ). 

Mutations affecting diferent TTrxr funcrions 

Previous results have shown that the Trxr-1 locus maps to position 7D on the X 

chromosome, and we have recently identified two Trxr-1 mutants, ~nr-1"' and ~rxr-1" 

which represent a hypomorphic loss-~~function and a lacksf-function mutation, 

respectively (Missirlis et al., 2001). Fig. 1 A shows that P element mutation ~ n r -  1"' is 

cawd by integration of P{laclV} into position 130,722 of the genomic clone AE03443 

(Adams et al., 2000). This position corresponds to exon 2 of the Tmr-1 gene which contains 

the Yuntranslated region of the Tnr- Im"O transcnpt (Fig. 1 A). The lack-of-function ~'r-1"' 

aiiele represents a deletion of sequences of the open reading fhne encoded by exons 3-5 

cornmon to both transcnpts (Fig. 1.4). T~W-1"' mutant larvae hatch; about 70% of these 

larvae survive as fmt instar but collectively die during the second instar larvai stage without 

showing morphologically discernible phenotypes. In contrast, ~ m r -  i "' mutants survive into 

the third instar stage and 75% of the individuals develop into pupae with one day of delay . 



Table 1: Biochemical characteristics of the two T'rxR-1 variants of Drosophib 

length of polypeptide (arnino acids) 

deduced molecular weight (kDa) 

Isoelectric point (pH) 

MOI. ext. coeff. ( E ~ ~ ~ ;  m ~ - '  cm-') 

pH-optimum (pH) 

KM for NADPH (w)* 
KM for DTNB (p.M)* 

KM for thioredoxin-1 (pM)* 

* Al1 KM values represent means of four independent determinations which differed by less than 10% 



Only about 20% eclose into n o d  appearing aduits the majority of which die within 2-3 

days (Missirlis et al., 2001). 

In order to isolate mutants which affect the T m - 2  gene in a transcript-specitic manner, we 

performed P element insertion mutagenesis using the ~rxr -  1 "* and the lac k-O f- funf tion Tmr- 

lA1 mutations as reference. We obtained a P element insertion located 34 base pairs 

downstream of the ~'r-1"" insertion site (position 130,756 of the genornic clone AE03443; 

Adams et ai., 2000). This mutation fails to complement the ~ r r r -  I *' mutation, indicating that 

we had isolated a novel Trxr-1 ailele, termed ~ n r - 1 4 7 7 .  Hemizygous ~ n r - 1 ~ ~ ~  males and 

homozygous ~ r x r - 1 ~ ' ~  femaies show a phenotype sVnilar to Trxr-1"' mutant individuals 

with two notable minor differences. T m -  14" mutants spend on average one additional day as 

third instar larvae as compared to wildtype and, after metamorphosis, only about 2% of the 

pupae eclose. This observation suggests that ~ r x r - I J i 7  is a stronger mutant allele than T m -  

1"'. Interestingly, however. transheterozygous females of the genotype ~rxr-l"'/ TW- I " ~  

show no mutant effects and develop into normal fertile adults. The fact that T ~ x ~ _ I ~ ~ ~  

complements the Tm-I4'I allele implies that the two mutations affect different genetic 

functions both of which are uncovered by the nonîornplementing Trxr- l " mutation that 

lacks the portion of the T m - l  open reading frame cornmon to both T m - l  transcripts 

(Fig. l A). 

The results suggest that ~'1"' and ~rxr-1"' represent transcript-specific Tmr- I 

mutations. In order to fmd out whether this proposal is correct, we performed P element 

excision experiments designed to obiain a srnail and instructive deletion of exon 2. This exon 

contains the mitochondnal signal of T~XR-~~'" (Fig. 1A). We obtained the ~rxr-lb' mutation 



(see Materiais and Methods) which lacks a 534 bp DNA fragment correspondhg to the N- 

terminai region of T--lmM (Fig. IA). ~ m r - l b )  mutants develop normally into late third 

instar larvae which, however, die without undergohg metamorphosis. ~ n r r - ~ ~  fails to 

complement ~ r n r - ~ ~ ~ ' ,  but is able to complemeiiï ~rxr-le' ,  as was observed with ~mr-1477. 

ïhese results establish that T m  14" and T m -  1 '" are transcript-specific mutations and that 

~rxr - ld l  causes the lack of both TmR-1 activities. In addition, the data imply that the 

mitochondrial and cytoplasmic variants provide independent and essential enzyme activities 

which are not interchangeable in vivo. 

~ r r ~ - l ~ O  cumot replace TrxR-IV'* activity and vice versa 

In order to demonstrate unambiguously that the two T m 1  variants provide unique functions 

in vivo, we took advantage of the U'SIGalJ sysiem (Brand and Pemmon, 1993) to 

ubiquitously express each of the two isoenzymes fiom a cDNA-derived transgene in various 

mutant combinations (see Materials and Methods). The results summarized in Figure 3 show 

that expression of T ~ R -  1 rescues both the ~ m r -  1'" and the ~ m r -  I"' mutants (Fig. 3A), 

but leads to only a partial rescue of the T m 4  lack-of-function mutation (Fig. 3B). In 

contrast, expression of T d - I w o  has no rescuing activity with Tm-1"' and the Tmr-iS 

mutants (Fig. 3A), but hlly rescues the ~rxr-1"' phenotype (Missirlis et al., 200 1) which is 

only partiaily rescued by the expression of ~rxR-l~" 'O (Fig. 38). Findly, combined TIXR-I"~ 

and T~xR-lm'" expression resulted in a complete rescue of ~rxr-  Id' mutants (Fig. 3B). These 

hdings establish that ~ r x r -  1"' and ~ m r -  I '77 represent transcript-specific mutations and 

that each of the two Trxr-l variants provides a distinct function required for normai fly 

developmeat. TIXR-1 "" activity in mitochondria and TrxR-Iqm activity in the cytoplasm are 



Figure 3: Rescue of the different Tncr-l aiieles by transgenic overexpression of the 

correspondingly affected Trxr-2 variants. Sibling analysis was performed with male progeny 

denved fiom females that were heterozygous for the different Tnr-l  alleles. The ratio of 

mutant to wildtype males is depicted in the presence or absence of the different LIAS- 

transgenes and the actin-Ga14 driver in the individuals genome; there is an apparent leakiness 

of transgene transcription even in the absence of the driver. A) The two alleles ~ n r -  I ' ~ ~  and 

T m r - I ~  affecting the T m -  Im"" transcript cannot be rescued by ubiquitous overexpression of 

TmR- PU>, but require the activity provided by ~ r x ~ - l ~ ' ' O .  n is the number of wildtype 

progeny. Standard deviations are derived fiom the results of three independent experiments. 

Rescue was assessed for statistical significance by chi-squared analysis (Schor, 1968). For 

~ n r r -  1 477 and ~ m -  1"'. both p values were less than 0.0005. B) The mutant allele ~ m -  I "' 
affects the Tm-I  Cy'O transcript, whereas Tmr-1"' represents a lack-of-îünction allele for bo th 

activities. The firsst and third column of ~ r x r - l ~ ~ '  are previously published results (Missirlis 

et al., 200 l), indicating that ~nr-1"' represents an allele affecthg TrrcR- 1 "" activity . T f l -  

1 cannot significantly rescue this ailele (p>O. 1). The true lack-o f-fùnction aiiele ~rxr-  1"'. 

which deletes both T m 1  variants, requires the activity of both enzymes for a full rescue. 

Note that expression of TrxR-1"" provides no rescue of ~rxr-  I *' individuals, expression of 

TKR-lm'" provides only a partial rescue in ~m-lA' individuals, but the concomitant 

overexpression of both variants leads to a Ml rescue of ~rxr-I", which lacks any T d - 1  

activity . 
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separate vital functions of the T m - 1  locus that arise by alternative splicing of a singie 

primary tmscript. 

Li/espan is dependent on TrrR-l activity 

hpalluig of antioxidant enzyme activities, such as superoxide dismutase (Phillips et al., 

1989), catdase (Griswold et al., 1993) or glutathione-S-transferase (Toba and Aigaki, 2000). 

results in a shortened Drosophila adult lifespan. Furthermore, corresponding studies with the 

~rxr-1"' mutant showed that impairement of TrxR-IV" activity diminishes the viability of 

the organism ostensibly due to unbalanced redox homeostasis (Missirlis et al., 200 1 ) .  Since 

the ~rxr-lJ7' and ~ r x r -  l'l' mutations affect specifically mitochondnal T d - 1  activity, which 

is functionally distinct fiom TnCR-lm activity we next asked whether the reduced lifespan of 

these mutants can be restored by transgene-derived TrxR- 1 and T d -  1 activities. 

Figure 4 shows that ubiquitous T ~ X R - ~ ~ ' ~ ' '  activity restores the lifespan of hemizygous Trxr- 

P7 and ~ m r - l s  mutant males fiom a few days up to the range of the wildtype lifespan. 

Furthermore, ubiquitous T&- 1 expression not only partially rescues pre-adult lethality 

of the ~nrr-ld' hemizygous males (see above and Fig. 3B), but also increases the lifespan of 

the rescued adults to about half the n o d  lifespan of wildtype flies (Fig. 4). ~ndi-lm'" 

activity can therefore partially substitute for the total lack of Trxr-1 gene expression to a 

degree that is beyond rescuing the mitochondnal aspect of Trxr-I gene actinty ody. In 

contrast, expression of TrxR- 1 -, which rescues the shortened iifespan of ~rxr-1"' mutants 

(Missirlis et al., 2001), has no discemable effect on hemizygous ~ m - 1 "  mutant males which 



lack both T m 1  activities (Fig. 3B). However, expression of TnrR-ICYm in combination with 

~ r x R - 1  mim restores a normal adult lifespan to the ~rxr-l A' mutants (Fig. 4). 

The results presented here establish that the T m - 1  gene encodes two distinct non- 

selenocysteine-containhg TrxRs with similar biochemical and kinetic properties. The lack of 

selenocysteine in Drosophila TrxRs is therefore not consistent with the paradigm established 

fiom studies of mammalian TrxRs showhg that a selenocysteine residue in the activity center 

of the proteins is absolutely essential for their enzymatic function (Zhong and Holmgren, 

2000). Genetic intervention with either or both of these activities of the Tm-  Igene, that arise 

through differential splicing of a single primary transcript, shows that each of the two 

isoenzyrnes provides an essential function and that these hinctions c m o t  be perfoned by 

the other enzyme in vivo. Furthemore, the putative activity of the other TnrR encoding gene 

in the fly genome, T'r-2 (Kanzok et al., 2001), is not sufficient to cornpensate for the lack of 

either the cytoplasmic or mitochondrial Tnr- l activity. The results provide conclusive 

evidence for separate and compartmentalizrd ROS defence systems in the cytoplasm and 

mitochondria and that each system is required for cell viability, for successful eclosion and 

for normal lifespan. 



Figure 4: Lifespan determination of hemizygous ~r~ r -1 ' "  (red boxes), ~m-ld' (green 

rhomboids) and ~rxr-lA' (black triangles and crosses) males, which express the alternative 

Drosophilu Tncr-l cDNAs, individually or in combinations. Note that the lifespan of the 

eclosed hemizygous TW- l A' males overexpressing only the rnitochondrial Trxr- 1 variant is 

severely reduced (black triangles) and that theü shonened lifespan was rescued by 

simultaneous overexpression of both Tnr-1 variants (black crosses). Transgene-derived 

ubiquitous Trxr-I expression was achieved by the Gal4RIAS system (Brand and Pemrnon, 

1993) using the actSC-Gai4 driver on the third chromosome (Godes-Gaitan and Jackle, 

2000) in combination with UAS-Tmr- 1 "'", UAS- Trxr- I "'O or both transgenes on the second 

chromosome. 
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Materials and Methods 

Flystocks and generation of Trxr-l mutants 

Flies were kept under standard conditions as described in Fo rjanic ei al. (1997). In addition to 

the mutants and balancer chromosomes described in Lindsley and Zimm (1992). P{lacW) 

insertion lines l(I)G0477 and I(I)GO481 of the Gottingen X chromosome collection [Peten et 

al., submitted] and flies containing a transposase source on the second chromosome of the 

genotype IV; C'O/W$~; TM6/Sb P( ry ' 62-3/(99B) (Robertson et al., 1988) were used. Trxr- 

I mutant flies were balanced with Fhl7i-pkt-GFP (Reichhart and Ferrandon, 1 998) which 

allowed identification of hemiqgous male mutant larvae by the absence of GFP expression. 

Reversion tests and generation of nul1 mutants for Trxr-1 involved remobilisation of the 

PfZacW) element of the line l(l)GO477. l(I)GO477/FM7c Wgin females were crossed with 

FM6m M. ry Pl ry- dî-3)(99B)/MKRS, Sb Pl ry- A2-3)(99B) (Robertson et al.. 1988). 

Femde offspring with mosaic eyes were crossed with FM6 balancer males; progeny which 

had lost the P{lacW} element were examined whether the excision event had restored 

wildtype function or generated a deletion conesponding to a T m -  I nul1 allele (see below and 

text). Two deletions, ~nrr-1"' and ~ r x r - i ~ ,  were used for the experiments described. 

Molecular studies 

Genomic DNA was isolated from nies ushg the QIAamp Tissue Kit supplied from Qiagen 

(Hilden, Germany). P(lacW} excisions which caused a reversion of the mutant phenoty pe 



into wildtype or generated the deletion mutants ~nrr-lA* and ~ncr-lh' (see above) were 

examined by PCR amplification followed by sequencing as described earlier (Missirlis et al., 

2001). The insertion site DNA fiagrnent of a randomly picked wildtype reversion line was 

amplified with the primer pair m 5 '  - trxr3'b. Sequence analysis revealed that a a precise 

excision of the P{lacW] had taken place. PCR amplification of various DNA hgments of the 

deletion mutants ~m-i '' and Trxr- I~ involved the following prirners: 

For position of the primen within AE03443 DNA (Adams et al., 2000) see Fig. 1A. 

PCR using genomic DNA isolated fiom T ~ ~ ~ - I " ' / F M  and ~ r x r -  I ~ / F M ~  females and primen 

P and t m 5 '  arnplified a Ikb DNA ûagment, whereas primers P and tnu3'b failed to ampli& 

any DNA hgment. Thus, the 3' end of the P{[acW) element is present in both mutants 

whereas the 5' end is lacking. Furthemore. PCR with the primer pair P-inverse/tmr3'b and 

~rxr- lu  DNA amplified a 3.5 kb DNA fragment. Sequence analysis revealed a 534 bp 

deletion which specifically removes sequences corresponding to the T M -  1 transcript 

with breakpoints located within P{[acW] DNA and at position 13 1,290 of the AE03443 

clone (Adams et al., 2000) (see Fig. LA). PCR with TW-1'' DNA was perfomed with the 

primer pairs P-inverse/tnu3'b and P-inverse/tnu3'c of which oniy P-inverse/trxr3'd amplified a 

4.5 kb DNA m e n t  Thus, T m - 1 "  lacks the genomic region from position 130,756 to at 
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least position 134,738 of clone AE03443 (Adams et al., 2000) which codes for sequences of 

the open reading fiame common to both transcnpts (see Fig. 1 A). 

Developmental Northem blot analysis was done with total RNA extracted from embryos, 

larvae, pupae and adult Drosophila (see Fig. 1 B) using the RNeasy Maxi Kit (Qiagen, Hilden, 

Gemany). RT-PCR analysis (Sambrook and Russel, 2001) was c d e d  out with RNA of the 

corresponding stages. For RT reactions, 5 pg total RNA was first treated with the DNA-free 

kit according to the protocol of the manufacturer (Ambion, Huntingdon? UK). cDNA 

synthesis was perfomed using the Superscript Choice system (Gibco BRL, Karlsruhe, 

Gcrmany). First strand synthesis was carried out at 42°C for 60 min with an ~ l i g o ( d ~ [ ~ . [ ~  

Primer (Gibco BRL, Karlsruhe, Gemany). Double-stranded cDNA was purified by 

phenol/chloroform extraction, ethanol precipitated and resuspended in H20. The 

developmental expression profile of the bvo Trxr-l splicing variants was also examined by 

PCR amplification on the cDNA using the following primers: TrxR-1 Ex1 5'- 

CTCCGCTTATTCGTTTCGTG-3'; T d - 1  W 5'-TCTCCTTCGGCTGGCATTAT-3'; 

TncR-1 W 5'-TCAGCTTCTTGGGAATGCAG-3'. For the position of the prirners see 

Fig. 1 A. PCR with the primer pair TrxR-I Ex1 and T e 1  Ex3 amplifies a 370 bp DNA 

fragment corresponding to the Tm-lEY'O transcript, wheras PCR with the primer combination 

T a - 1  W and Tc&-1 Ex3 results in a 454 bp DNA fragment specific for the T m -  lm"" 

transcript (see Fig. IC). 

Transgene construction and transformation 

Construction of UAS-Tmr-Pt" was described in Missirlis et ai. (200 1). For LIAS-Tm Im" 

construction, the EST clone LD06006 (Rubin et al., 2000) was digested wîth XbaI and XhoI 
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and the DNA kgment was subcloned in pSL 1 180 (Pharmacia, Erlangen, Germany). The 

resultiag p~~~m-lm'm DNA was digested BglII-WoI and the DNA hgment containing 

Trxr-lm"* open reading frame was cloned into the pUAST vector. p ~ ~ ~ - ~ r x r - l m ' ' O  DNA was 

used for transformation of flies as described (Rubin and Spmdling, 1982). For each 

experiment outlined in the text, results were confirmed by use of two independent transgenic 

Ce11 culture 

TrxR-IqtO and T&-lm'" were fused to EGFP in front of the CMV promoter, in the pEGFP- 

N2 vector (Clontech, Heidelberg, Germany). The respective DNA was PCR amplified with 

primers that inroduced a 5' HindIII site, a 3' XhoI site, and LD21729, LD06006 as the 

template DNA, respectively. The prirners used were XhoIcytogfpS' 

GCCCTCGAGATGGCGCCCGTGCAAGGATCCTACGAC, XhoImitogfpS' 

GCCCTCGAGATGAACTTGTGCAATTCGAGATTCTCCG and HindIIIcmgFp3' 

TTCAAGCTTAAGCTGCAGCAGCTGGCCGGCGTGGG. The stop codon was mutated 

into a leucine. The conesponding plasmids were transfected into mouse NIW3T3 cells, using 

the method of Chen and Okayama (1987). The cells were washed with phosphate-buffered 

saline (PBS), tùced in 4% formaldehyde and rnounted in Vectashield containhg DAPI 

purc hased fiom Vector Laboratories, inc. (Butlingame, California). The fusion pro teins were 

detected after 24h using fluoresence microscopy (Fig. 2A-C). For locaiization of 

mitochondrïa, udked  transfected cells were incubated for 1 h with 250 nM of Mitotracke- 

Orange CM-HJMRos (Molecdar Probes, Leiden The Netherlands), washed with PBS and 

inspected by confocal microscopy (Fig. 2D-F) 



Rescue experiments and statistics 

Rescue experiments were performed with the T m - 1  mutants (see text) using the Gal4RIAS 

system (Brand and Perrimon, 1993) to drive ubiquitous expression of U A S - T m  Iqto or UAS- 

Tm--lm" under the control of an actSC-Gu14 driver as descnbed recently (Missulis et al., 

2001). Transgene-àenved T m l  expression was monitored by in situ hybndization (Rivera- 

Pomar et al., 1995). The fiequency of pupal eclosion and lifespan measurements of 

hemizygous mutant males bearing the Gal4RIAS combination of ûmsgenes were monitored 

and compared with hemizygous mutant males that contain only the acdC-Go14 transgene and 

siblings that carried the balancer chromosome FM6 in place of the mutant X chromosome, 

respectively. Results presented in Table3 were compared pair-wise using chi-squared 

anaiysis as described in Schor (1968). The chi-squared determination for each cornparison 

was cdculated by the formula [(a*d-b*c)* * (a+b+c+d)]/[(a+b)(c+d)(a+c)(b+d)l. For other 

controls see Figure 3 and Missirlis et al. (2001). 

Lifespan measurements 

Up to 10 eclosed males (0-24hrs old) of the genotype descnbed in the text were kept in mal1 

food vials and transferred into new viais every second day. Survival of flies was monitored in 

48 hr intervais. For each experirnent described in Figure 4 at Ieast 150 males were monhored 

and experiments were repeated with different batches of food and at different semons during 

the year. 

Recombinant proteins 

TM-lCYm and ~rxR-lm" were recombinantly produced and purîfied as described before 

(Kanzok et al., 2001). Drosophila thioredoxin-1 was kindly placed at our disposal by Holger 
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Bauer and Heher Schirmer, Heidelberg University. The open reading h e  (ORF) of T M -  

lmim (Fig. IA) was PCR amplified from LD06006 (Rubin et al., 2000), using pnmers 

XhoIS'dt GCCCTCGAGATGAACTTGTGCAATTCG and HindIII3'alt 

TTCAAGCTTTAGCTGCAGCAGCTGGC htroducing a 5' Mi01 and a 3' HindIIl 

restriction sites, respectively. The ORF was subsequently subcloned i n - h e  into the 

pRSETA vector (Invitrogen, Karlsruhe, Germany) and sequenced. The resulting fusion 

protein contains an amino-terminal hexahistidyl tag, which allowed purification (see below). 

Al1 chernicals used were of the highest available purity and were obtained from Roth or 

Sigma Ni-NTA matrices for purification of His-tagged protein were purchased fiom Qiagen 

(Hilden, Germany). 

Expression and purification 

The E coli strain BL-21 was used for expression of the D. meianogaster Tnr-lm" gene. 

Competent cells were transformed with the respective p ~ ~ ~ ~ ~ ~ n < r -  1 plasmid. Starter 

cultures from single colonies were grown overnight and 12 ml were used for inoculation of 

600 ml LB-medium containhg carbenicillin (100 pg/ml). Cells were grown at 37OC to an 

ODaO of 0.5; subsequently, the expression was induced by adding 1 mM IPTG. Cells were 

grown over night, harvested, and directly used for protein-purification or were frozen at - 

20°C. For purification, the cells were disintegrated by sonication in the presence of protease- 

inhibitors. AAer centrifugation, the supernatant was loaded ont0 a Ni-NTA column 

equilibrated with 50 m M  sodium phosphate, 300 m M  NaCl, pH 8.0. M e r  washing the 

column with increasing imidazol concentrations, the respective protein was eluted with 75 

mM imidazol; collected fractions were tested for erizymatic activity and for purity by 10% 

SDS gel electrophoresis. Active fractions were pooled and concentrated via ultrafütration. 
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Enzyme assays 

TncR activity was d e t e d e d  spectrophotometrically in 100 rnM potassium phosphate, 2 

rnM EDTA, pH 7.4, at 25°C in 2 different assay systems: (a) at 412 nm in the presence of 

200 pM NADPH and 3 m .  5,5'-dithiobis(2-niftobetlzoate) (DTNB) measuring the 

production of 2-nitro-5-thiobeiuoate Clz , = 13.6 rnW1 cm-') or (b) at 340 nm in the 

presence of 100 FM NADPH and various concentrations of TrxR-1 following the oxidation 

of NADPH CiJo = 6.22 m ~ - '  cm-') (Gromer et al., 1998a; Kanzok et al., 2001). For 

detemination of KM-values substrate concentrations were systematically varied. Ail Kbl- 

values represent means of 4 independent determinations. 
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Abstract 

Molecular oxygen is key to aerobic life, but is also converted into cytotoxic byproducts 

referred to as reactive oxygen species (ROS). The fiuit fly Drosophila possesses most of the 

repertiore of ROS detoxifying enzymes that have been reported for other vertebrate and 

lower eukaryotic organisms excluding glutathione reductase and possibly also glutathione 

peroxidase activities. Here, we report the sequence identification of two non-selenium 

containhg glutathione peroxidase-like genes in the genome of Drosophila and present an 

initial biochemical characterization of one of these enzymes. The results reveal that the 

protein is actually a thioredoxin peroxidase (T'Px) rather than a glutathione-dependent 

peroxidase. We also show that transgene-dependent overexpression of the TPx gene increases 

resistance to experimentally induced oxidative stress, but does not compensate for the loss of 

catalase (Cat), an enzyme which, like TPx, fùnctions to eliminate hydrogen peroxide. 

Furthemore, transgene-denved overexpression of TPx in mutant flies lacking CdZn  

superoxide dismutase (Sodl), an antioxidant enzyme which protects ceils from superoxide 

radical toxicity, is detrimental in contrast to traosgene-derived overexpression of Cat which 

partially rescues the sodl mutant, indicating that TPxl and Cat function in genetically 

distinct pathways or cellular compartments. 



Introduction 

In an aerobic environment, oxidative stress of organisrns and individual ceiis derives fiom 

reactive oxygen species (ROS) generated as byproducts of oxygen metabolism (Halliwell and 

Gutteridge, 1999). Primary ROS include the superoxide radical (OF), hydrogen peroxide 

(Hz02) and the hydroxyl radical (HO*). The numerous secondary and tertiary products, such 

as alkyl hydroperoxides and lipid peroxides, are generated by the interaction of primary ROS 

with cellular targets (Girotti, 1998). High concentration of ROS has damaging effects on 

membrane lipids, nucleic acids and proteins (Stadtman and Levine, 2000; Termini, 2000). To 

cope up with these detrimental effects of ROS, organisms have evolved antioxidant defense 

systems (Yu, 1994). These include the enzymes superoxide dismutase (Sod) and catalase 

(Cat) as well as the glutathione (GSH) and thioredoxin (Tm) systems (Halliwell and 

Gutteridge, 1999). 

Sod and Cat constitute an evolutionary conserved ROS defense system; Sod converts 02.- to 

H202 and Cat prevents OH. formation by breaking down H202 into oxygen and water 

(Chance et al., 1979). The GSH system comprises of glutathione reductase (GR), 

Glutaredoxins (Grxs), GSH-S-transferases (GSTs) and glutathione peroxidases (GPxs). GR 

reduces oxidized glutathione (GSSG) to GSH, which is in tum used as an electron donor by 

Grxs, GSTs and GPxs (Fahey and Sundquist, 1991). Tm.  on the other hand, constitute a 

family of small thiol proteins (approximately 12 kDa) which reduce oxidized cysteine groups 

on proteins. Tms undergo NADPH-de pendent reduc tion by thioredoxin reductases (TriuRs) 



and in tum supply reducing equivalents to thioredoxin peroxidases (TPxs) (Miranda-Vimete 

et al., 2000). 

TPx catalyzes the reduction of HrOz or organic hydroperoxides to water and alcobols, 

respectively, using TK as an electron donor (Chae et al., 1994). GPx performs essentially the 

same reaction, except for using GSH as an electron donor (Mills, 1957). A large number of 

proteins have k e n  biochernically and molecularly characterized as GPxs and TPxs (Chae et 

al., 1994; Chen et al.. 2000; Ketterer and Meyer, 1989; Pedrajas et al.. 2000; Rahlfs and 

Becker, 2001; Saito et al., 1999; Unini et al., 1995). This group of proteins is characterized 

by considerable amino acid sequences heterogeneity. Here, we focus on a GPx family which 

includes the marnmdim selenocysteineîontaining GPxs and homologs that contain cysteine 

instead of selenocysteine in the reactive center of the GPx enzymes (Ursini et al., 1995). 

Mammais express at l es t  5 homologous proteins of the GPx family (Arthur. 2000), among 

which is GPxl that reduces only soluble hydroperoxides and was the €ist GPx identified 

(Mills, 1957). Investigations of the biological function of this enzyme, including 

overexpression studies and knock-out rnice, demonstrate a protective role for GPxl against 

the 02.- generating reagent paraquat (Bus et al., 1974) and HzOr toxicity, but not against 

hyperoxia and thermal stress (Cheng et al., 1998; de Haan et al., 1998; Ho et al., 1997; 

Mirochnitchenko et al., 1995). Phospholipid hydroperoxide GPx4 is unique in acting on 

hydroperoxides integrated in membranes (Thomas et al., 1990). GPx4 was shown to have an 

additional function in the testis. It not only exists as a soluble peroxidase in spermatids, but 

also acts as an enzymaticaily inactive, oxidatively cross-linked structurai protein of the 
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mature sperrnatozoan (Uaini et d, 1999). The two GPx proteins described above contain 

selenocysteine at their active sites (Uaini et al., 1995). In contrast, the vast majority of 

invertebrate and plant GPx-like proteins contains a cysteine residue in the corresponding 

position of the catalytic domain (Ursini et al., 1995). This is also true for the three 

Saccharomyces cerevisae GPx homologs (Inoue et al., 1999) which were recently reported to 

exhibit activity against phospolipid hydroperoxides (Avery and Avery, 200 1). 

Suprisingly, a number of proteins which, according to molecular criteria, should belong to the 

GPx family, lack GPx activity. For instance, Synechocystis PCC 6803 homologs do not accept 

GSH as an electron donor, but are NADPH-dependent peroxidases (Gaber et al., 2001). 

Furthemore, human plasma GPx3 and Plasmodium falcipurum T h  accept GSH in vitro, but 

are more active with Trx as the electron donor and were thus re-classified as TPxs (Bjomstedt 

et ai., 1994; Sztajer et al., 2001). These results showed that proteins which, based on 

molecular ctiteria, belong to the GPx family may either be GSH-dependent, may represent 

structural proteins such as GPx4 (see above) or may depend on electron donors different 

from GSH and thus exert TPx activity. 

Early biochemical work on several insect species led to the widely-held belief that insects lack 

glutathione peroxidase activity (Ahmad et al., 1988; Allen et al., 1983; Smith and Shrift, 

1979). These initial observations were later reassessed and some GPx activity was reported 

using cumene hydroperoxide, instead of Hz02 as a substrate (Ahmad et al., 1989). However, 

the activities measured were still considerably low. These observations led to the expectation 

that reduction of intraceliular HtOz would be the sole domain of Cat (Orr and Sohal, 1994; 



Parkes et al., 1993). Recently, however, the existence of m extracellular GPx active towards 

Hz02 was reported fkom the bug Rhodnius prolincF (Paes and Oliveira, 1999), re-opening the 

possibility that at l e s t  some insects may contain a true GPx. Survey of the recently 

sequenced Drosophila genome (Adams et al., 2000) revealed two genes with homology to the 

GPx gene family but which appeared to encode a cysteine residue instead of seienocysteine in 

their active center. We wondered whether they encoded true GPxs as was shown for their 

yeast homologs (Avery and Avery, 2001) or whether they encoded TPxs as was the case 

with the Plasmodium protein (Sztajer et al., 200 1). 

Drosophila meianogaster has been a popular genetic mode1 for oxidative stress research (Le 

Bourg, 200 1 ; Parkes et al., 1999) locusing prirnarily on the Sod/Cat system (Griswold et ul., 

1993; Orr and Sohal, 1994; Parkes et al., 1998; Phillips et al., 1989; Sun and Tower, 1999) 

and GST analysis (Parkes et ai., 1993; Singh et ai.. 2000; Singh et al., 200 1; Toba and Aigaki, 

2000). In contrast, the GSH and Tm systems have not k e n  examined in great detail up to 

now. Drosophila was subsequently reported to lack a tnie GR homolog (Kanzok et al., 

2001), implying that it must depend upon another reducing system like Tm. Subsequent 

identification of the two essential cornponents of such a system, Trx (Salz et al., 1994) and 

TrxR (Kanzok et al., 20001), and the finding that lack-of-hction mutations for either Tm or 

TrxR are lethal (Missirlis et al., 200 1 ; Saiz et ai., 1994), strengthened the idea that reductant 

recycling in Drosophila may be largely if not entirely carried out by the TndTrxR system. 

Consequentiy, we broadened our search to include criteria that wouid capture TPxs as well as 

GPxs. 



Here we present the clonhg and a hctional characterization of one of two GPx-like genes 

identifieci in the Drosophila gemme. Biochernical studies indicate that the product of this 

gene exhibits peroxidase activity towards H202 and to alkyl and arornatic hydroperoxides, 

and that Tm, rather than GSH acts as the reducing agent. We present evidence that 

overexpression of this gene, temed dmtpxl , encodes a thioredoxin peroxidase, DmTPx 1, that 

protects against toxicity confered by hyperoxia and paraquat. However, dmrpxl 

overexpression fails to rescue a Cat-nul1 mutant and, unexpectedly, is detrimental to mutants 

which lack CulZn Sodl activity. These resdts suggest that DmTPxl is a functional part of 

the Drosophila Tm antioxidant defense system with the capacity to reduce organic peroxides. 

and that it plays a role distinct From that of Cat in detoxioing Hz02 in vivo. 



Results and Discussion 

Two GPx-like genes are pnsent in the Drosophila genome 

Analysis of the Drosophila genome sequence revealed two genes with high degree of sequence 

homology to the GPx gene family correspondhg to the annotated transcripts CG1 20 13 and 

CG1 5 1 16 (Adams et al., 2000). These two transcripts are predicted to encode proteins with 

51% amho acid sequence identity. When compared to the human GPxs, they show the 

highest degree of identity (44% and 38%, respectively) with GPx4. An alignement of the two 

protein sequences with hornologs fiom human, yeast and Plasmodium falciparum is s h o w  in 

Fig. 1. Al1 conserved domains and amino acids implicated in the catalytic function are present 

in the Drosophila proteins. Notably, however, both gene products contain a cysteine residue 

in position of the catalytic selenocysteine found in the hurnan homologs (Ursini et al.. 1995). 

To initiate the biochernical and functional analysis of the first GPx-like gene product in an 

invertebrate organism, we examined one of the two genes, CG 1 20 13 and its encoded Ghl ike  

protein. Because cysteine-containhg homologs of this GPx family in yeast (Fig. 1) had 

aiready been shown to hinction as phospholipid hydroperoxide GPxs (Avery and Avery, 

200 1) whereas the cysteine-containhg homolog of Plasmodiumfulciparum turned out to be a 

TPx (Sztajer et al., 2001), we first asked whether CG12013 codes a GPx, a TPx or whether 

the protein product exhibits both activities. 



Figure 1: Cornparison of the deduced amino acid sequences of CG12013 (shown 

as DTPxl) and CG15 116 (shown as DGPxI, for Drosophila gluwthione peroxidase- 

like protein) with those of GPxs from humans and yeast . and the P[armodium 

fulciparum GPx-like protein recently qualified as a TPx . The alignement was 

perfonned by the ClustdW cornputer programme . Conserved residues are shown 

as white letten in a black background. The top line shows the amino acid residue 

represented in most sequences. The amino acids of the catdytic aiad are circled. 

X is selenocysteine. 



Biochemicd and b e t i c  properties of the CG12013 gene product 

To produce the CG 120 1 3 protein for analysis, a full-length cDNA of the CG 1 20 13 gene was 

inserted into the expression vector pRSETA (see Materials and Methods). Freshly 

transformed E. coli BL21 cells were used for production of the recombinant protein with a 

yield of 25-30 mg proteinn celi culture. The N-terminal hexahistidyl-tag contributed by the 

pRSETA vector allowed purification of the his-tagged CG12013 protein over Ni-NTA 

agarose columns. As assessed by silver stained SDS-gels, the resulhg protein was >99% 

pure and its size agrees with the calculated molecular mass of 23.2 kDa (data not shown). The 

native CG 1201 3 protein comprises of 169 amino acids and has a deduced molecular weight of 

18.7 kDa (Table 1). 

We first asked whether the recombinant protein exhibits GSH-dependent peroxidase activity 

using H202, cumene hydroperoxide or tert-butyl hydroperoxide (tBOOH) as substrates. 

With these substrates, no activity was observed in a GSH-coupled assay. This implies that 

CG 120 13 is not a GPx, provided that the recombinant protein is active per se. We next 

assayed the recombinant protein for TM-dependent activity. In the presence of NADPH, P. 

fukipuntm TDcR, which serves as a thioredoxin regenerating system, and D. melanogaster 

Tm- 1 or Tm-2, CG 1 20 1 3 eficiently catalyses the reduction of H202, curnene hydroperoxide 

and tBOOH (Table 1). At X ° C  and in the presence of 10 FM DmTrx-2 and 200 pM 

peroxide substrate the specific activities were 5.3, 1 1.1, and 2.9 Wmg, respectively. The pH- 

dependence of the activity canîed out in the presence of 10 pM DmTrx-2 and 200 pM H202 

indicated an optimum at pH 7.2. To test the influence of salt concentration on enzyme 



Table 1. Biochemical properties of DmTPxl 

iength of polypeptide (amllio acids) 

deduced molecular weight (ma) 
Isoelectric point (pH) 

Mol. ext. coeff. (~280; r n d  cm'') 

pH-optimum (pH) 

Substrate 

KM for DmTrx- 1 

KM for DmTrx-2 

H2Q 

t-B utyh y droperoxide 

Cumene hydroperoxide 

*assuming substrate saturation with DmTrx-2 and peroxide 



activity, assays run in 50, 100, and 200 m M  KCl, respectively, resulted in markedy 

decreased enzyme activity (data not shown). 

In the presence of 200 PM H202, KM values of 11 pM and 3 pM were detemiined for 

DmTrx-1 and DmTrx-2, respectively (Table 1). Tm concentrations >25 pM produced 

substrate inhibition. In the presence of 10 pM DmTrx-2, KM values could also be obtained 

for the peroxide substrates, 180 pM for HzOzy 150 pM for cumene hydroperoxide and 3.2 

mM for tBOOH. Substrate inhibition was reached at appr. 1 mM, 300 pM and 10 mM, 

respectively. Based on these data and assuming a substrate saturation with DmTrx-2, the 

V,, values were calculated to be 13.1 U/mg for H2O2, 12.7 U/mg for cumene hydroperoxide, 

and 18.9 U/mg for tBOOH. These values correspond to k,, values of 300 min-', 290 min" 

and 440 min-' respectively. 

The results demonstrate that the recombinant CG 120 13 gene product, which has GPx-like 

sequence homologies, is a bonafide Tm-dependent peroxidase. In this respect, the protein is 

hnctionally related to the recently identified TPx fkom Plasmodium falcipamm (Sztajer eï al., 

200 1) and, despite the molecular similarit-, diffes from the phospholi pid hydroperoxide 

GPxs fiom Saccharomyces cerevisae (Avery and Avery, 2001). Based on the biochernical 

characteristics described above, we refer to the CG 120 1 3 gene product as DmTPx 1. 

Structure, chromosornal location and expression of dmtpxI 

Several expresseci seqwnce tagged (EST) clones fkom the Berkeley Drosophila Genome 

Project (BDGP) corresponded to the DmTPxl gene (Rubin et al., 2000). We sequenced one 

78 



of these clones, GH 13 10 1, as well as three cDNA isolates fÏom an embryonic cDNA library 

(see Materials and Methods). The four independent clones contained an identical open 

reading frame sequence and intron-exon structure as depicted in Fig. 2a. dmpx I contains two 

introns and the translation initiation start is within exon 2. In situ hybridization of DmTPxl 

DNA Dig-labeled probes on polytene chromosornes revealed that the gene is localized on the 

left ami of the third chromosome at position 63C (Fig. Zb), which is in accordance with the 

location of the gene proposed by the genome project (Adams et al., 2000). 

To visualize the spatial and temporal patterns of dmtpxl expression in the Drosophila 

embryo, we performed in situ hybridization of antisense RNA probes to whole mount 

preparations of embryos at difTerent stages of development (Rivera-Pomar er al., 1995). The 

results show that dmlpxl transcripts are provided matemally to the embryo (Fig. Zc). During 

embryogenesis, evidence of dmrpxl expression is initially detected in the gerrnline progenitor 

cells (Fig 2d), later in the amnioserosa and macrophages (Fig 2e) and finally in the fat bodies 

and oenocytes (Fig. 20, where transcripts reside until larval stages. Interestingly, expression 

of dmrpxl in the fat body and oenocytes overlaps with the expression of the cat gene 

(Missirlis et al., 3001). 

To Uivestigate the subcellular location of DmTPx1 we constructed plasmid vecton to express 

DmTPxl as a fusion protein with Green Fluorescent Protein (GFP), which is used as a 

marker for gene expression (Chalfie et al., 1994). DmTPx 1 was inserted at the N-terminus of 

EGFP, a red-shifted variant of GFP designed for brighter fluorescence (see materials and 

methods). The plasmid DNA was transientiy transfected into Schneider cells and the cellular 



Figure 2: Genomic structure, chromosomal location and expression of dm@. a) a physical 

map of the dmrpxl transcript and its location within Al2003477 DNA (Adams et al.. 2000). 

Boxes represent exons, black regions correspond to the open reading h e  of ml. b) In situ 

hybridization of dig-DNA dmrpxl probes to polytene chromosomes. Arrow shows that 

dmtpxl resides at position 63C on the left ami of the third chromosome, which is in 

aggreement with the localization proposed by the Genome project (Adams et al., 2000). c-f) 

In situ hybridization of antisense RNA probes to whole mount preparations of embryos 

(Rivera-Pomar et al., 1995). c) DmTPxl transcripts are provided matemally. d) Zygotic 

expression occurs first in germ line progenitors (arrow), e) during gem-band extension in the 

macrophages and amnioserosa and f) during the later stages of embryogenesis in the 

oenocytes and fat bodies (asterisks and arrow, respectively). Stages of Drosophila 

embryogenesis are described in (Campos-Ortega and Hartenstein, 1985). g) Schneider II cells 

were transfected with TPx 1 -EGFP-expression plasmids and viewed by fluorescence 

microscopy. DNA was monitored by DAPI staining, shown in blue. Note that TPxl-EGFP 

resides outside the nucleus and is concentrated in subcellular compartments. h) Schneider II 

cells were transfected with TPx 1 -EGFP-expression plasmids and viewed by confocal 

microscopy. Mitochondria are stained red with Mito Tracker Orange CM-H2TMRos. Note 

that TPxl-EGFP fluorescence does not CO-locaiize with the mitochondrial stainllig. i) In vivo 

expression of TPxl-EGFP in the adult midgut using the UAS/Gai4 system (Bmnd and 

Perrimon, 1993) and the 1407-Gai4 driver. j) In vivo expression of TPxl-EGFP in the adult 

fat bodies using the FB-Ga14 driver. Black circles represent lipid vacuoles, TPxl-EGFP is 

concentrated also in this tissue in a distinct inraceliular cornpartment resembling the 

endoplasmatic reticulum. 



Figure 2. 



distribution of the fluorescent fusion protein was detected by fluorescence microscopy. CelIs 

transfected with EGFP aione showed ubiquitous distribution of fluorescence in the 

cytoplasm and in the nucleus (data not show). In contrast, TPxl-EGFP is excluded from the 

nucleus (Fig. 2g) and resides in the cytoplasm, with clear enrichment in some perinuclear 

structures. Paraiiel staining with Mito Tracker orange CM-H2TMRos, a mitochondrial 

marker (see materials and methods), indicated that TPxl-EGFP is exciuded fiorn the 

mitochondria (Fig. 2h). In addition to cell culture experiments, we expressed the DmTPxl- 

EGFP fusion protein in vivo by means of the Ga14RIAS system (Brand and Perrirnon, 1993). 

For this purpose we generated üansgenic strains containing the DmTPxl open reading h e  

hsed to EGFP under the control of UAS regdatory elements. We induced expression of the 

transgene in the adult midgut (Fig 2i) using the 1407-Gd4 driver, and in the fat bodies (Fig 2j) 

with the FB- Gd4 driver. In both tissues, the protein is found in the cytoplasm of cells with 

a clear enhancement in subcellular stnictures that resemble the endoplasmatic reticulurn (ER). 

In summary, dmtpxl shows a highly regulated tissue and temporal expression pattern durhg 

embryogenesis. The data imply a tight transcriptional control of the gene. The gene product, 

DrnTPxl, is a non-nuclear, non-mitochondrial enzyme, which fûnctions in the cytoplasm and 

possibly accumulates in the ER 

DmTPx1 protects from paraquat toxicity and hyperoxia 

We had previousiy dernonstrated that the Tm and SodlKat systems cooperate in overall 

antioxidant defense metabolism Ui Drosop hila (Missirlis et al., 200 1 ) . Because the Trx- 

dependent peroxidase activity demonstrated here for DmTPxl qualifies this enzyme as a 



component of the Drosophiia Trx system, we hypothesized that d ~ p x l  hct ions  as an 

integral component of the Tm redox system in vivo. To test this hypothesis, we asked 

whether dmpxl  contributes to protection against oxidative toxicity imposed by exposure of 

Drosophila to paraquat and hyperoxia. 

We generated DmTPx 1 overexpressing transfomants (Rubin and Spradling, 1982) that carry 

multiple copies of admtpxl genomic transgene. The dmtpxl transgene contains a 7kb genomic 

Sagrnent (containing dmipxl flanked by 5.5 kb and 1 kb of upstrearn sequences and 

downstrearn sequences, respectively) inserted upstream of a lac2 reporter gene in the 

pCaspeRAUG-BGal vector (see Materials and Methods). Plasmid DNA was injected into 

white recipient embryos and w' transfomants, termed P(rpxl3. were recovered. Transgenes 

were chromosomally localized by the established balancing procedure (Greenspan, 1997). In 

situ hybridization using the Lac2 probe on whole mount preparations of transgenic embryos 

showed that the Lac2 gene is expressed in the same spatial and temporal patterns as the 

endogenous dmtpxl gene (data not shown). 

Two independent dmtpxl transformants were brought to homozygocity by inter se crosses, 

thereby retaining the genetic background of the parental white mutant strain which was then 

used as a control strain. The mini-white phenotypic marker carried by the pCaspeR vector 

enabled the identification of transgene heteroygotes and homozygotes by eye color 

intensity. P(px1') insertions resided on the X- and on the second chromosome, respectiveiy. 
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b) time at 40mM paraquat (hours) d) t h e  at 100% O2 (days) 

Figure 3: Transgene-derived overexpression of DmTPx 1 confers resistance to panquat toxicity 

and hyperoxia. Survival of NO-days old adult maie P(TP.d*) ayisgene-bearing flies, was compared 

to that of mutant white controls of the same age and genetic background after exposure (a) to 

40mM Paraquat and (c) to 100% Cb levels. Note enhanced survivd of the DrnTPx 1-overexpressors 

under both experimentaily induced conditions of oxidative stress. Similar results were obtained 

using the UASlGal4 induction system (b+d). Ubiquitous DmTPxl expression was achieved by 

a uastpxi transgene in combination with the uctin-Ga14 driver . Experiments involved a minimum 

of 200 individuals (see Materials and Methods). 



To detennine the impact of augmenting DmTPx on resistance to paraquat toxicity, 

hemizygous P(pxI '), homo ygous P(rpx1 +) and white mutant adult males were exposed to 

40mM paraquat (see Materials and Methods). P(rpx1+) flies survived the paraquat treatment 

significantly better than the correspondhg white mutant control anllnals (Fig. 3A). Enhanced 

resistance to paraquat was reproducibly exhibited by both independent transgenic strains. 

Shi lar  results were also obtained at lower paraquat concentrations (data not shown). 

To determine the impact of augmenting DMTPx on resistance to hyperoxia, flies of the sarne 

genotypes described above were exposed to 100% oxygen (see Materials and Methods). 

Transgenic P(rpx1') flies survived much longer than white mutant controls under hyperoxia 

(Fig. 3C). 

We also took advantage of the UASlGai4 induction system (Brand and Perrhon, 1993) to 

ectopicdly overexpress DmTPxl during development and in the adult. For this experiment, 

we cloned the dmtpxl cDNA into pUAST, umtpxl transgenic strains were generated by P- 

element transformation (Rubin and Spradling, 1982), and crossed to an actin-Ga14 driver line 

(Gonzales-Gaitan and Jackie, 2000) to ubiquitously express DmTPx 1 throughout the 

lifecycle. To assess the impact of ectopic overexpression of DmTPxl on resistance to 

oxidative stress, umtpxl/+; actguId/+ and +/+; uctgulJ/+ flies were exposed to paraquat and 

hyperoxia as described above. In Fig. 3B, results of the paraquat treatment are depicted. As 

shown in Fig. 3B, ectopic overexpression of TPxl provided robust protection against 

paraquat toxicity but minimal if any protection agallist hyperoxia (Fig. 3D). Collectively, the 

resdts in Fig. 3 demonstrate that overexpression of DmTPxl in tither of two different modes 



provides significant protection against experimentally applied oxidative stress. We conclude 

that DmTPxl can f'unction in vivo as an important cornponent of the Drosophila antioxidant 

defense system. 

Overerpression of DmTPxl cannot substitute for the loss of  Cat activity in vivo 

DmTPxl and Cat are both implicated in the removal of hydrogen peroxide (see above and 

Griswold et al., 1993). They also appear to be expressed in similar patterns, at least in the 

Drosophila embryo (Fig 2 and Missirlis et al., 2001). We therefore asked whether 

overexpression of dmpxl could rescue the cut-nul1 mutants as was previously shown in 

Schirosaccharomyces pombe (Yamada et al., 1999). We generated flies carryhg the P(rpxl+) 

transgene on the second chromosome and the CUI''" allele on the third chromosome. Because 

cat" is a semi-lethal mutation, Le. only 10% of the homozygous flies eclose successfully 

(Griswold et al., 1993), we reasoned that if DmTPxl can compensate for Cat, transgenic 

augmentation of dmlpxl expression would increase the eclosion efficiency of caf'. To do this, 

we crossed siblings of the genotype w;~(rpxl~)/+;c8'/~il .13 and scored the progeny for the 

genotypes w ; + / + ; c d l / d \  w;P(rpxl ')/+;cdl/car' and w;P(rpxl +)/P(rpxl +);car"'/caf ', on 

the basis of a white, orange and red eye color, respectively. No rescue would yield an 

expected Mendelian 1:2:1 segregation of the three genotypes, while metabolic rescue would 

increase the proportion of cap' hornozygous adults carrying one or two P(tpxl+) ûangenes. 

The results (Table 2)  show a 1:2:1 ratio of the three genotypes, indicating that the P(rpxlY) 

transgene confers no capacity for enhanced survival on car"'. The same result is aiso obtained 

using control strains carrying a wildtype 3d chromosome. 



Table2. Non-Mendeüan ~(fpxl ' )  segregation in Sodl mutants 

Fipre 4: The reduced lifespan of coi"' mutant nies cannot be restored by the presence 

of one or two extra P(TPxl+) msgenes. 



The capacity of DmTPxl to compensate for Cat was aiso investigated by cornparhg the 

lifespans of the above three cap' genotypes. Consistant with the eclosion results, P(ml ') 

transgenes have no signifiant impact on the severely tntncated lifespan of the cap1 n d  

mutant (Fig 4). We therefore conclude that, as assessed by restoration of lifespan or 

resistance to oxidative stress, DmTPxl cannot functionally substitute for Cat. 

Overexpression of DmTPxl is toxic in sodl mutants 

We continued to ask if dmtpxl functions in the redox system of Drosophila by investigating 

if it interacts genetically with the sodl mutants, which have been showvn to be sensitive to as 

yet uncharacterized rnhancer and supressor mutations (SP and AH; unpublished results). As 

described above for cat, we generated progeny fiom inter se crosses of 

w;P(pxl*)/+;sodI/TM3 flies and compared their relative viabilities. The results show in 

Table 2 demonstrate unambiguously that the presence of extra copies of dmpxl has a 

negative impact on sodl mutant flies. Two extra copies of P(tpxl*) dramatically reduces the 

fiequency of eclosion of sodl mutants (Table 2; the ratio of their siblings with a wildtype 

second chromosome is 0.02 - 0.08, instead of 1) whereas one extra copy has a less 

pronounced effect (0.7-0.8 instead of 2). This result and the dosage-dependence effect were 

both confirmed using two independent nul1 alleles of sodl, namely s o d ~ " ' ~  and sodP9. 

We also took advantage of a recombinant DaGal4, sodld9 chromosome to drive ubiquitous 

expression of DmTPxl and Cat in the sotfJ9 mutant. The results summarized in Table 3 

indicate that overexpression of uasrpxl does not have any positive impact on s o d ~ " ~  

viability. The reduction £iom 7.9% to 6.0% is not statistically significant wO.05). In 



Table3. Effect of overexpressed Modl, DmTPxl and Cat on sodl mutant 

activated copies sodl a9 sodl J9 sodl X39 sodl X39 
transgene TM3 sodl X39 sodl X39 sodl J9 

eqldmentaliy expccted accordhg expcrimrotally 46 of 
de&rmined to Mendclïan 2: 1 ratio determined Urpccid 

uashsodl 2 

uastpxl 2 

uascat 



contrast, overexpression of uascat, enhances sodld9 viability (~2=99.2; P<0.0005; Table3). 

Collectively, these results confirm that overexpression of DmTPxl is harmful to flies lacking 

Sod 1. in addition, the results provide evidence that overexpression of Cat can partially rescue 

the sodl mutant. Notably, they point out that DmTPxl does not f ict ion in the same in vivo 

context as Cat. Increased Cat was also shown to partially rescue a loss-of-function mutation 

of thioredoxin reductase (dmtrxr-1) in Drosophila (Missirlis et al., 2001). Overexpression of 

DmTPxl in the dmimr-1"' mutant proved to be deleterious (data not shown), arguing for a 

different mode of action than Cat in a different redox paradip. Although both proteins can 

catalyze the removal of H202, it appears that their differential in vivo fictions extend 

beyond their purely biochemical and enzymatic properties to reflect differences in their 

subcellular localization and to their dependence upon (Th) or independence fiom (Cat) a 

continuous supply of reducing equivalents. 



Materials and Methods 

Isolation of genomic and cDNA clones of d W x I  

PCR (Sambrook and Russel, 2001) was performed on genornic DNA isolated from wildtype 

(Oregon-R) Drosophila mekanogaster. A pair of degenerate primers was designed against 

sequences corresponding to the conserved regions of the GPx proteins FPCNQFG and 

WNFEKFL respectively (Fig. 1). The pnmers used were GPx375-5' 

GCNTTYCCNTGYAAYCARTTYGG and GPx564-3' 

TCVATVARRAAYTRIGTRAARTTCCACTT. A band of approximatelly 200 bp was 

amplified and subcloned in PGEMT vector (Promega, Mannheim, Germany). Sequence 

analysis showed that it encoded for a homolog of the corresponding GPx family. 

Subsequently this clone was used as a probe for screening a Drosophila genornic library in the 

Lambda FIX II vector (Stratagene, Amsterdam, The Netherlands). We isolated and analyzed 

by Southem blotting 3 independent phages. A 7kb EcoRI genomic Fragment containing the 

entire dmtpxl locus (5.5kb upstrearn - I kb downstrearn) was isolated fiom one of the phages 

and subcloned in pBstKS resulting in pBstKStpx 1 gen. 

In addition, an embryonic lambda ZAP cDNA library of Drosophila (Stratagene, Amsterdam. 

The Netherlands) was screened using the tpxl probe. We isolated and sequenced three clones, 

ail of which contained the full-length cDNA of tpxl in pBst KS @BstKStpx 1 cDNA). 



Gene expression and purification of the recombinant proteins 

The ORF of DmTPxl was PCR arnplified, using primen that inroduced an WoI site at both 

the 5' and 3' ends. The primers used were TPxlGFP5' and TPxlSET3' 

CCGCTCGAGTCTAGACATCTACAGCAGC. The 500 bp fragment was XhoI digested 

and inserted in fiame at the XhoI site of the vector pRSETA ((nvitrogen, Karlsruhe, 

Germany) resulting in an aminoterminal hexahistidyl fagged fusion protein. The E. coli strain 

BL21 was used for expression of the D. melanoguster peroxidase gene. Competent cells were 

transformed with the respective PRSETAtpxl plasmid. Five ml LB-medium was inoculated 

with a single colony and used as a starter culture for 250 or 500 ml cultures. Cells were grown 

at 37°C in LE3 medium containhg ampicillin (100 pg/ml) to an ODhO0 of 0.5; subsequently, 

expression was induced by adding I rnM IPTG. Cells were grown for additional four hours, 

harvested, and directly used for protein-purification or fiozen at -ZO°C. For purification, the 

cells were disintegrated by sonication in the presence of protease-inhibitos. After 

centrifugation, the supernatant was loaded onto a Ni-NTA column equilibrated with 50 m M  

sodium phosphate. 300 m M  NaCl, pH 8.0. After washing the column with increasing 

imidazol concentrations. the protein was eluted with 50-75 m M  imidazol; collected fractions 

were tested for enzymatic activity and for purity by 12% SDS gel electrophoresis. Active 

fractions were pooled, concentrated via ultrafiltration, and equilibrated with 50 m M  sodium 

phosphate, 300 mM NaCl, pH 8.0, pnor to use. The concentrated peroxidase was stable at 

4°C over weeks. Thioredoxin-l of Drosophila and thioredoxin reductase of Plasmodium 

falciparum were recombkantly produced and purified as described previously (Kanzok et al., 

2001 ; Kanzok et al., 2000). Cloning, expression and characterization of thioredoxin-2 From 

Drosophila will be described elsewhere (Bauer et al., submitted). Protein concentrations were 



determined spectrophotometrically on the basis of the calcdated extinction coefficient of the 

respective protein. 

Tbioredoxin peroxidase assay 

TPx-assays were carried out at 2S°C in an assay mixture of 1 ml consisting of 50 mM Hepes, 

pH 7.2, with 100 pM NADPH, 100 mu Plasmodium fdciparum thioredoxin reductase (as 

determined in the presence of 100 pM NADPH and 3 mM DTNB as substrate), 10 p M 

DmTrxl or 2, and 200 pM of the second substrate (hydrogen peroxide (H202), t-butyl 

hydroperoxide (tBOOH), and cumene hydroperoxide, respectively). For fbrther kinetic 

characterization DmTrx1 or 2 and concentrations of the second substrate were systematically 

varied. The assay was started with TPx and NADPH consumption bO = 6.22 m ~ - '  cm- 

') was monitored spectrophotometrically at 340 m. In this coupled assay system constantly 

hi& concentrations of reduced thioredoxin were maintained by the NADPHlTrxR-systern. 

The peroxidase activity ewected by the TKR/TK system was monitored in each assay before 

the addition of DmTPx-1 and subtracted fiom the activity of the complete system. 

Cell culture 

The ORF of dmpxl was PCR amplified, using prirners that inroduced an Mid site at both 

the 5' and 3' ends, and pBstKStpxlcDNA as the template DNA. The pnmea used were 

TPx 1 GFPS CCGCTCGAGATGTCTGCTAACGG and TPx I GFP3' 

CCGCTCGAGGCACATCAACAGCAGC. The stop codon was mutated hto a Leucine. 

The 500bp 

PEGFP NI 

m e n t  was XhoI digested and inserted in hme at the XhoI site of the vector 

(Clontech, Heidelberg, Germany) resulting in a fusion protein of DmTPxl with 



EGFP. Note that this plasmid CO& kanamycin resistance to bacteria. Drosophila 

embryonic Schneider II ceiis were transfected with the PTPxl-EGFP plasmid. Transfections 

were done wing Effectene Transfection Reagent kit frorn Quiagen according to their 

procedures. Cells were viewed using fluorescent or confocal microscopy. For Dapi staining, 

cells were incubated into 5pM DAPI in PBT for 30' min. As a rnitochondrial rnarker rve used 

Mito Tracker Orange CM-H2TMRos (fiom Molecular Probes), and followed the 

instructions of the provider. 

Drosophila stocks and transgenics 

Al1 flies were kept under standard conditions as described (Fojanic et al., 1997). Genetic 

crosses were performed at 25OC. Mutants used were cm"' (Gnswold et al., 1993), ~ o t f " ' ~  

(Phillips et al., 1989), ~ 0 8 ~  (Parkes et al., 1998), dmtrxr-1"' (Missirlis et al., 2001). 

Balancer chromosomes are described in Lindsley & Zimrn (1992). The DaGaM. S O ~ P ' ~  

recombinant was a gift fiom Tony Parkes. Actin-Gai4 is described in (Gonzales-Gaitan and 

Jackle, 2000), I.107-Ga14 in (Ferveur et al., 1997) and FB-Ga14 in (ref). For P(rprl3 

transgene construction, pBstKStpxl was digested with EcoRl and the 7kb genornic hgment 

containing 5.5 kb upstrearn genornic sequences, the entire ORF and 1 kb downstream 

sequences of pxl  was inserted in the EcoRi site of PCaspeRAUGO-Ga1 5' (Thurnmel and 

Pinotta, 1992) in fiont of the J-Gd gene. For uerpxl,  pBstKStpx1 was digested 

EcoRllWoI and the Ml length cDNA of rpxl was inserted in PUAST using the sarne 

restriction sites. For ut~rpxl-EGFP, PTPxl-EGFP (see ceII culture section above) was 

digested with BgiIVNotI and inserted directionaiiy into the PUAST vector using the same 

sites. PCaspeRB-Galtpx 1, Puastpxl and Puastpx 1 -EGFP were injected in fly embryos 



(Rubin and Spradling, 1982), and transgenic lines were selected and narned respectively, 

P(rpx1 l). uastpx l and uastpxl -EGFP. 

Assay for paraquat toxicity 

Adult males (24- to 48- hours old) were exposed for 48 h at 25 OC in vials (20 flies per vial) 

containing one disk of Whatman 3M filter paper (diameter 3 2 m )  saturated with 400 pi o f  an 

aqueous solution of 40 mM paraquat (methyl viologen) in 1% sucrose. Sunival o f  flies was 

scored per via1 &er indicated time intervals of exposure to paraquat. We show results of a 

representative experiment with 300 flies. Controls exposed at 1% sucrose showed no 

lethality during the period of the assay. 

Hyperoxia assay 

Newly eclosed adult males (24- to 48-hours old), 200 individuals per genotype, were 

collected and transferred to standard shell vials containing commeal (10 individuals per vial) 

and covered with nylon mesh. They were subsequently exposed to 100% 0 2  at 21 -23°C and 

I O  1.3 kPa in a leucite chamber (02 concentration was monitored using a Servomex mode1 570 

portable oxygen analyzer). At daily intervals vials were removed and flies scored for survival. 

Chamber recharge tirne was less than 10 min. 

Lifesprn measurements 

Siblings (0-24hrs old) of the genotypes w; +/+;caP1/cff ', w; P(@I +)/+;cat"/cal"' and 

w;~(rpxl')/~(pxl-);car'/cafi were kept in small food vids at 25OC and transferred into new 



vials every second day . Swivai of flies was monitored at 48 hr intervals. A minimum of 40 

flies per genotype was used. 

Genetics and statistics 

Al1 crosses descnbed in text were performed at 25'C and on standard yeast-containing, 

cornmeal food (Fo janic et al., 1997). Results presented in Table3 were compared pair-wise 

using chi-squared analysis as described in Schor (1968). The chi-squared detemination for 

each cornparison was calculated by the formula [(a*d-b*c)2 * 

(a+b+c+d)]/[(a+b)(c+d)(a+c)(b+d)] . 
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1) The antioxidant defense system of Drosophila melanogaster includes Sodl, Sod2, Cat and 

the newly-identified TndZ-1 and DmTPxl that are conserved in mammals. A notable 

exception is the absence of GR from Drosophila. TrxR-1, a GR-like protein, uses the Tm 

system for reduction of GSH (Kanzok et al., 200 1). 

2) The genes sodl, cat, T m - l  and dmtpxl are expressed in overlapping tissue- and temporal- 

specific patterns during Drosophilu embryogenesis. Sites of expression include tissues that 

may require robust protection fiom ROS toxicity such as prospective germ cells, the midgut, 

fat bodies and oenocytes. 

3) Two Drosophiiu antioxidant genes, T m - l  and dmtpxl, were molecularly and 

biochemically characterized. The Trxr-I transcript is altematively spliced and thus encodes 

cytoplasmic and mitochondrial Tn<R isoforms with distinct N-terminal amino acid sequences 

but which exhibit similar biochemical properties. dmrpxl codes for a protein which by 

molecular criteria is sirnilar to rnammalian GPxs. but fùnctions biochemically as a TPx. 

4) The two aitematively spliced variants of Tm-  I were s h o w  to have distinct functions in 

vivo. Transcript-specific T m - 1  mutations coder similar phenotypes, e.g. pupal lethality and 



reduced adult lifespan. The absence of both variants leads to early l a r d  death. Transgene- 

derived overexpression of the T m - 1  variants in the different mutants reveals that they 

cannot substitute for one another. 

5) Transgene-denved overexpression of DmTPxl augments protection against oxidative 

stress. 

6) A complex pattern of genetic interactions between the different components of the 

antioxidant defenses was elucidated. Overexpression of Cat partially compensates for a 

reduction of TntR-l activity and for the absence of Sodl activity. In contrast, overexpression 

of DmTPxl is detrimental in Tnr-1 Ioss-of-hction mutants and sodl lack-of-hction 

mutants. Moreover, overexpression of DmTPxl is without effect in the Cat lacksf-huiction 

mutant. Hence, despite the participation of both Cat and DmTPxl in the removai of 

intracelluiar H202, as occun in rnammalian cells Cat and DmTPxl appear to function in 

different biological pathways in Drosophila. Finally, genetic analysis of sodl, cat and Trxr-1 

mutants suggests that the burden of ROS metabolism in Drosophila is shared by these 

enzymes. 
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APPENDIX 

A question arising from the work presented in my thesis was whether overexpression of 

DmTPxl will result in a corresponding increase of the fly's average lifespan. In order to 

answer this question, 1 used the stocks described in my paper "A thioredoxin-dependent 

peroxidase fiom Drosophila melanoguster protects fiom oxidative stress". A citical factor 

that should be considered when doing lifespan cornparisons is the genetic background of 

experimental and control animals. In the first set of experiments, I controlled for the genetic 

background effect by two independent ways: 

a) The homozygous P(rpx1') animais used for the analysis, were brought to homozygocity 

by intercrosses. Thus, experirnental flies were not crossed to a different genetic background 

than that of the control animals, which were the same parental white mutant strain which was 

used for generating the P(tpx 1 ') tram forrnants. 

b) 1 used independent P(tpx1') insertions on different chromosomes, to ven& the results. 

The experiment was reproduced twice, at different times of the year and with different 

batches of food. The r e d t s  show that overexpression of TPxl, via a genomic transgene, Ieads 

to a significant extension of lifespan (Fig. 1). 

In a second set of experirnents aimed to m e r  control for the genetic background, I 

maintained the P(@17) stocks as heterozygous flies for 2-5 generations, dowing for 
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Figure 2 



recombination to take place in all parts of the genome. Ne% 1 performed sibling anaiysis, 

where control, heterozygote and homo zygote animals derived from the same genetic pool. 

The results showed no significant difference between experimentai and control anirnals (Fig. 

2A). This result implies that the positive effect seen in the first set of experiments (Fig. 1) is 

due to a genetic background difference of the compared animais, but not directly associated 

with the presence of the P(rpxl+) transgene. 

Could this favorable genetic background (in ternis of increased lifespan) aise two times 

independently by chance? Although this would provide an explmation for the results 1 

obtained, it seems quite an unlikely possibility. 1 therefore propose the following hypothesis: 

The presence of a DmTPxl-tnnsgene in a Drosopkiîa population caused genetic 

selectioa of  alleles that result in increased lifespan. This hypothesis is testable: It 

predicts, that if homozygous P(tpx1') stocks and white mutant controls are re-established 

from the heteroygous parents and reproduce separatelly for a few generations they will 

show again a difference in their lifespans, similar to the one 1 observed before. 

Finally, in a single expenment, 1 monitored if ubiquitous overexpression of TPxI would 

increase the lifespan of flies, using the actinGaZJ/uasrpxI system (Fig ZB). No ciifference 

between flies containhg and flies lacking the transgene was observed. However, in this 

experiment both the driver and the uastpxl-transgene were present as single copies. In 

addition, the Sod l sverexpression-dependent increase of Drosophila 's lifespan was s ho wn 

to depend also on the choice of the Gd4 driver (Parkes et al., 1999). Last, if the hypothesis 

mentioned above holds me, one would not expect an extension of lifespan by inducing 



overexpression of ml in a given individual. In summary, more experiments are needed 

before we c m  draw nnal conclusions with respect to whether or not overexpression of 

DmTPxl affects the lifespan of flies. 




