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Abstract: Abnormal or deficient cysteine dioxygenase (CDO) activity has been claimed to be seen in individuals with a variety of chronic diseases, both non-neurological and neurological, that are associated with aging. Low CDO activity may result in pathologies, either because of an insufficient supply of sulfate or taurine, products of cysteine catabolism, or because of accumulation of cysteine or toxic metabolites. Evidence for polymorphisms in the CDO gene has been reported in the human population. Data from patients with rheumatoid arthritis, Parkinson's disease, Alzheimer's disease, motor neuron disease, and other diseases, suggest that low CDO activity may be associated with the occurrence, severity, or speed of progression of these diseases. Our specific aims are: 1. To clone and characterize the murine COD gene. 2. To develop a CDO transgenic/knock-out mouse model of low or absent CDO activity for study of the role of variations in CDO activity on nutritional requirements (especially for cysteine, taurine and sulfate) and in predisposition of individuals to certain degenerative diseases. Our long term goals are: 1. To determine the relationship of tissue CDO activity to tissue and plasma cysteine, glutathione, sulfate and taurine levels and to urinary taurine and sulfate levels with the goal of identifying noninvasive parameters that would allow the study of variations CDO activity in human populations. 2. To study the relationship of CDO activity to chronic degenerative disease. 
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Project Description

A.  Specific Aims

Abnormal or deficient cysteine dioxygenase (CDO) activity has been observed in individuals with a variety of chronic diseases, both non-neurological and neurological, that are associated with aging.  These disease states include rheumatoid arthritis, Parkinson’s disease, Alzheimer's disease, motor neuron disease, and other diseases. Data from patients suggest that low CDO activity may be associated with the occurrence, severity, or speed of progression of these disease states.  Low CDO activity may result in pathologies, either because of an insufficient supply of sulfate or taurine, products of cysteine catabolism, or because of accumulation of cysteine or related toxic metabolites.  Evidence for polymorphisms in the CDO gene has been reported in the human population.  The experiments outlined in this proposal will directly address the role of decreased CDO activity in the etiology of diseases associated with aging using a murine model.

Our specific aims are:

1.  To clone and characterize the murine CDO gene.

2.  To develop a CDO transgenic/knock-out mouse model of low or absent CDO activity for study of the role of variations in CDO activity on nutritional requirements (especially for cysteine, taurine and sulfate) and in predisposition of individuals to certain degenerative diseases.

Our long term goals are:

1. To determine the relationship of tissue CDO activity to tissue and plasma cysteine, glutathione, sulfate and taurine levels and to urinary taurine and sulfate levels with the goal of identifying noninvasive parameters that would allow the study of variations CDO activity in human populations.

2. To study the relationship of CDO activity to chronic degenerative disease.

B.  Background and Significance


CDO is an Fe2+-metalloenzyme that adds molecular oxygen to the thiol group of cysteine to form the sulfinic acid called cysteinesulfinic acid.  This reaction is the first step in the oxidative catabolism of the sulfur-containing amino acid, cysteine.  Cysteinesulfinate is readily decarboxylated to hypotaurine, which is further oxidized to taurine, or is readily transaminated with (-ketoglutarate to form the unstable intermediate, (-sulfinylpyruvate, which decomposes to yield pyruvate and sulfite (with the latter being further oxidized to sulfate).  As a result of this pathway, CDO plays a role in cysteine catabolism, in provision of cysteine carbon (as pyruvate) for gluconeogenesis or oxidative metabolism, in taurine synthesis, and in supply of inorganic sulfur for sulfation reactions.


CDO activity has been reported in liver of a number of species including rodents, humans and other primates, and fish.  Sulfur amino acid metabolism and its regulation are very similar in rodents and primates (Stipanuk, 1986), and rodents provide a good model for basic studies.  Based on observations in the human population, it seems quite likely that polymorphisms in CDO activity exist and that those associated with low CDO activity may affect individual dietary requirements as well as predispose individuals to development or more rapid progression of certain chronic diseases.


Abnormal or deficient CDO activity has been observed in individuals with certain non-neurological and neurological diseases.  Low CDO activity may cause problems, either because of an insufficient supply of sulfate (or taurine) as products of cysteine catabolism or because of accumulation of cysteine or toxic metabolites.  Individuals with rheumatoid arthritis and liver diseases exhibited depressed levels of sulfate in plasma, elevated fasting plasma cysteine concentrations, and elevated cysteine:sulfate plasma ratios.  They also excreted smaller percentages of a dose of acetaminophen as the sulfate (vs. the glucuronide) conjugate and had  lower sulfate concentrations in synovial fluid, all of which are consistent with impaired cysteine oxidation (Davies et al., 1995; Bradley et al., 1994).  High cysteine to sulfate ratios also have been reported in patients with Parkinson's disease, Alzheimer's disease, and motor neuron disease: the ratios were increased by a factor of about 5 over those of control subjects (Heafield et al., 1990).  In rheumatoid arthritis patients, the low sulfate concentrations and the apparent impairment in cysteine metabolism were found to predict the subsequent development of radiological erosions following the diagnosis of early symmetrical arthritis with a relative risk of 2.5 (Emery et al., 1992).  


Variations or impairments in normal metabolism of cysteine that result in elevated plasma cysteine to sulfate ratios could lead to an impairment in hepatic sulfation reactions (not only phase II conjugation reactions but synthesis of glycosaminoglycans, proteoglycans, sulfatides, and other sulfate-containing compounds as well).  Impairment of these sulfation reactions could be a contributory factor in the etiology of some of these diseases.  Additionally, high levels of cysteine due to reduced levels of CDO could cause excitotoxicity and thus contribute to neuronal loss.


We normally depend upon dietary protein and sulfur amino acid metabolism to supply sufficient inorganic sulfur and taurine to meet cellular needs.  If intake is insufficient, if metabolism is impaired or improperly regulated due to disease states, or if genetic heterogeneity exists, nutritional needs of individuals may vary accordingly. If variations in the capacity for cysteine metabolism exist in the population and  place individuals at increased risk of certain chronic diseases or impairment in their capacity for drug or toxin metabolism, this would represent an example of individual variations in nutritional requirements.  Supplementation of cysteine (or a precursor) when cyst(e)ine levels are low or of sulfate and taurine when cysteine catabolism is impaired could be easily implemented.


Our work with regulation of cysteine metabolism has identified CDO as the major hepatic enzyme involved in regulation of cysteine catabolism and, hence, of inorganic sulfate and taurine production.  Hepatic regulation of cysteine catabolism to sulfate and taurine is remarkable in that the major regulatory enzyme controlling this flux, CDO, undergoes activity and protein concentration changes in response to sulfur amino acid intake (Bella et al., 1999a, 1999b). The regulatory response is robust, with CDO activity being barely detectable in liver of animals fed low protein diets and increasing up to 180-fold in rats fed diets containing high levels of protein or of sulfur amino acids. These changes are almost entirely due to posttranscriptional regulation and involve no change in mRNA abundance.  Work with primary hepatocytes has indicated that it is cysteine (or a very closely related metabolite) and not methionine, methionine metabolites, glutathione, taurine or sulfate that is responsible for this induction of CDO at the cellular level (Kwon and Stipanuk, unreported observations).  The extent and rapidity of changes in hepatic CDO, as well as the occurrence of these changes over a range of intakes around the requirement level, suggest that maintenance of an adequate but low level of cysteine is a critical function of the liver.  This regulation not only protects synthesis of protein and glutathione when sulfur amino acid availability is low, but also disposes of cysteine, providing sulfate and taurine for various purposes and preventing cysteine toxicity when sulfur amino acids are abundant.  Changes in CDO activity are associated with changes in cysteine metabolism in intact animals as judged from tissue and urinary taurine and sulfate levels (Bella & Stipanuk, 1995; Bella et al., 1999b).  It is clear that hepatic cysteine dioxygenase activity is the major controlling factor, other than sulfur amino acid concentration itself, in regulating the rate of sulfate and taurine formation in the body.


Both CDO mRNA and CDO activity are found in kidney, lung and brain in addition to liver (Koide et al., 1994; Tsuboyama et al., 1996; Stipanuk and Hirschberger, unreported observations).  Both are essentially absent in skeletal and cardiac muscle.  Beetsch & Olson (1998) recently showed that CDO activity in cultured rat astrocytes was dependent on cysteine concentration in the medium.  Whether or not cysteine concentration or availability affects CDO activity in the brain or most other nonhepatic tissues in vivo is not known.  It is possible that regulation of CDO in response to cysteine availability can occur in nonhepatic tissues and may be particularly important because cysteine is delivered peripherally via hydrolysis of glutathione (especially by the lung and kidney, which have high levels of (-glutamyltranspeptidase activity) and because of the neuroexcitotoxicity of cysteine.  Thus, the potential role of CDO activity in regulation of cysteine concentration and cysteine metabolism in these other tissues in which CDO is expressed is of great interest.


CDO was purifed from rat liver by Yamaguchi et al. (1978) as a single peptide with a molecular mass of  ~ 22.5 + 1.0 kDa and a pI of 5.5.  It contained one atom of ferrous iron per molecule of protein, which was required for activity.  The enzyme had a high specificity for cysteine, and the apparent Km of CDO for L-cysteine was determined to be ~0.45 mmol/L.  

Hosokawa et al. (1990) isolated cDNA clones for CDO from a rat liver cDNA library and calculated a predicted molecular weight of 23 kDa for the protein product, which correlates well with the estimated molecular mass of purified CDO.  McCann et al. (1994) isolated a complete human CDO mRNA that contained 1556 bases excluding the poly-A tail.  The base sequence of cDNA encoding the complete human liver CDO message encodes a protein comprised of 200 amino acid residues (predicted MW of  23 kDa).  The human CDO transcript is about 100 bases longer than the corresponding rat hepatic transcript.  Both the rat and human transcripts have large 5' untranslated regions (UTRs), have even larger 3' UTRs, and encode polypeptides of identical size.  The base sequences of the translated sections of the cDNAs of rat and human CDO have > 80% similarity, and the amino acid sequence of the encoded proteins have > 90% similarity.  A search of the National Biochemical Research Foundation Protein Identification Resource protein sequence data bank showed no homology with any known protein (Hosokawa et al., 1990).  

The gene for CDO has been localized to chromosome 5 of humans and to the central region of mouse chromosome 18, which shares a region of homology with human chromosome 5.  The human CDO gene is 12 kb in length and is made up of five exons (Jeremiah et al., 1996). The rat CDO gene spans about 15 kb and is also comprised of 5 exons (Tsuboyama et al., 1996).  The major transcription start point was an A nucleotide located 213 bp upstream from the srart ATG codon, and the region 120 bp upstream of the ATG start codon was G+C rich (72%).  The 5'-flanking region contained a TATA-box-like sequence and putative cis-acting regulatory elements such as a GRE (glucocorticoid response element), CRE (cAMP response element)-like sequence, GC boxes, ARE (antioxidant response element), reactive oxygen intermediate target (CArG box-like) sequences, and a binding site for hepatic nuclear factor HNF5.  The 3' end of CDO was polyadenylated at several sites.  Although putative sites have been identified, the involvement of any specific regulatory elements in constitutive or induced expression of the CDO gene has not been established by functional analysis.


In our work with regulation of cysteine metabolism in liver, we have noted that CDO activity and (-glutamylcysteine synthetase activity are consistently regulated in a reciprocal manner in response to dietary protein or sulfur amino acids; that cysteine appears to be the responsible dietary component in bringing about changes in activities of the two enzymes; that regulation of both CDO and (-glutamylcysteine synthetase activities occurs over a range of dietary protein or sulfur amino acid intake that encompasses the requirement level; and that changes in the activities of CDO and (-glutamylcysteine synthetase play a physiologically significant role in determining the flux between glutathione synthesis and cysteine catabolism (removal).  It is, therefore, of interest to us to note that the extrahepatic tissues with the highest levels of CDO activity, kidney and lung, also are the tissues with the highest levels of (-glutamyltranspeptidase activity.  Whereas liver typically uses most of the sulfur amino acids it removes from the circulation for synthesis and export of glutathione, these two peripheral tissues remove glutathione (GSH or GSSG) by extracellular metabolism of cysteinylglycine (or its disulfide) and (-glutamyl-amino acid or glutamate.  The cysteinylglycine peptide is hydrolyzed extra- or intracellularly to release cysteine (or cystine) and glycine; some of the cyst(e)ine is released back into peripheral plasma.  Kidney and lung are also active in glutathione synthesis.

The normal turnover of glutathione in humans is estimated to be 40 mmol/day (Lauterburg and Mitchell, 1987; Fukagawa et al., 1996), nearly two to three times the typical sulfur amino acid intake of 15 to 20 mmol/day and six to seven times the estimated sulfur amino acid requirement.  Thus, these tissues, like liver, are exposed to high concentrations of cysteine and may need a system to regulate resynthesis of glutathione as well as removal of cysteine to prevent potential toxicity.  It also seems possible that these tissues could respond to changes in sulfur amino acid availability.  In one study in which renal CDO activity was measured, no significant effect of diet on renal CDO activity was observed, but it is possible that a subpopulation of renal cells are affected (Bella and Stipanuk, 1995).  Parsons et al. (1998b) demonstrated induction of CDO activity in certain regions of the brain (e.g., midbrain, hippocampus, and cerebellum) by methionine administration, which was given via the drinking water (400 mg methionine/L for 5 days).  Additionally, Beetsch and Olson (1998) recently showed that CDO activity in cultured rat astrocytes was dependent upon cysteine concentration in the medium.

C.  Preliminary Studies

Targeted deletion of the murine CDO will require cloning and  characterization of the murine gene.  Currently, the CDO gene has been cloned from rat and human cells.  The rat gene is 15 kb in length, and the CDO message is encoded by 5 exons.  The human gene is also encoded by 5 exons with highly similar splice junctions.  The human gene  is slightly shorter, being 12 kb in length.  
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Figure 1: Structure and restriction map of the rat CDO gene.  Exons are shown as rectangles, and introns and flanking regions are shown as lines.  Filled rectangles denote translated exons or portions of exons, and open rectangles denote untranslated portions of exons.  Restriction sites of EcoRI, HindIII, BamHI and SacI are indicated as E, H, B, and S, respectively.  From Tsuboyama et al. (1996).

Cloning of the murine CDO: 

Using sequence information from mouse liver expression sequence tags (ESTs), we have designed oligonucleotide primers that  amplify a 164 base pair region of the cDNA  by PCR.  This region corresponds to exon 4 in the rat gene. These primers were used to amplify a 164 bp fragment  using  mouse (Strain 129/sv) genomic DNA as a template.  Sequence analysis of this fragment indicated that the CDO gene was amplified. These primers were  sent to Genome Systems, Inc. (St. Louis, MO) for PCR screening of a BAC mouse library (129/sv), which resulted in a single positive clone being found. 
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The CDO gene is currently being subcloned and mapped by Southern analysis.  DNA from this clone was digested with the restriction endonucleases Pst I and Sst I alone and in combination.  This was also done using Hind III with Eco RI.  A Southern blot of these digests was probed using an oligonucleotide spanning the exon 1/exon 2 break in the ORF.  A positive band from the Eco RI digest was excised from a gel and subcloned using pBS-SK+ in TOP 10F’ cells.  Plasmid DNA from the resulting colonies was screened using the exon 1/exon 2 probe on a dot blot.  The DNA from 2 positive colonies was sequenced and found to contain mouse CDO exon 1 and intron 1 but none of exon 2.  The sequence of exon 1 was greater than 95% identical to the rat sequence, but the sequence of intron 1 had little homology with that of rat intron 1.  It thus appears that the clone contains the mouse CDO gene from exon 1 to at least exon 4 (the region used in the initial screening) and will likely contain the entire gene because exon 5 is relatively close to exon 4 in both the rat and human genes.

D.  Experimental Design and Methods

1. To clone and characterize the murine CDO gene.

As described above, we believe that we have cloned the entire murine CDO gene.  We will use other primers to identify and subclone the CDO DNA until the complete CDO gene is sequenced.  All sequencing will be performed at the Cornell Biotechnology Center.  If the mouse BAC clone does not include the entire gene, we  will have the mouse library screened again to obtain the missing portion of the gene.  We will identify all intron/exon junctions as well as all intron sizes and compare these to the human and rat gene.  

2.   To develop  a transgenic mouse model of low or absent CDO activity for study of the role of variations in CDO activity on nutritional requirements (especially for cysteine, taurine and sulfate) and in predisposition of individuals to certain degenerative diseases.


We propose to generate  embryonic stem (ES) cells that homologously recombine an rDNA targeting construct and use these ES cells to generate transgenic mice with targeted deletion of the murine CDO gene 

(+/-, -/-). 

Disruption of the CDO gene in mice:  


Generation of a CDO Targeting Vector.  Our strategy will be to replace the CDO gene with a transgene that contains a selectable marker (neo) (Montford et al., 1994) and loxP sites (Hoess et al., 1982) to disrupt expression of functional CDO protein.  We will also insert the (-galactosidase gene with an IRES at its 5' end into an intron to permit easy detection and quantitation of CDO transcription in the whole animal. 

The CDO gene will be disrupted in murine embryonic cells using Cre/loxP and positive/negative selection techniques (Kriegler, 1991).  The targeting vector will contain a promoterless(-geo cDNA (a synthetic fusion gene that encodes both G418 resistance and (-galactosidase activity) for positive selection, and the diphtheria toxin A (Zhu et al., 1995) chain for negative selection against random, nonhomologous recombination.  The strategy for designing the knock-out construct is shown below.

Both intron 1 and the IRES-(-geo cDNA are about 5 kb.  The loxP are small, about 50 nt.  The targeting construct will contain about 4 kb of DNA sequence 5' of exon 1 and about 4 kb of DNA sequence 3' of exon 2.  We have, in hand, modified vectors from Lexicon Genetics that already contain the loxP sites and the IRES-(-geo cDNA.  This construct design permits not only generation of CDO deficient and knock-out  mice, but also studies of CDO expression without deleting the gene.  The lariat RNA generated from the splicing and excision of intron 1 will result in the liberation of the IRES-(-geo message present with intron 1 (Montford et al., 1994).  Translation of this message will lead to neomycin (G418) resistance in the cell as well as (-galactosidase activity, and this activity will be proportional to CDO mRNA transcription rates.  Therefore, by measuring (-galactosidase activity, we will be able to quantify CDO transcription and to study its regulation during aging.  This can be done with mice that contain the homologously integrated construct (CDO transgenic mice) without  deletion of the CDO gene.  CDO knock-out mice will be generated using the transgenic mice that contain the homologously integrated rDNA construct.  The presence of the loxP sites flanking the critical exon 1 will permit deletion of CDO activity after mating CDO transgenic mice with mice expressing Cre recombinase (Hoess et al., 1982).  

Figure 3.  Generation of the CDO transgene.


Vector Construction.  The murine gene will be manipulated in the following manner. The first exon encodes nucleotide sequence required for enzyme activity and therefore will be targeted.  About 3 to 5 kb of 5' DNA sequence that flanks exon 1 will be cloned into the Lexicon vector 5' to the first LoxP site.  Exon 1 and the 5' end of intron 1 will then be cloned directly 3' of the first LoxP site, and 5' to the IRES-B-geo cDNA.  A second segment of the CDO gene that contains Exon 2 and intron 2 will be cloned 3' to the second LoxP site.   In this manner, LoxP recombination sites will be placed in the 5' promoter and in intron 1, sequences that flank exon 1 (on the 5' and 3' sides of the exon, respectively) of the CDO gene.  Additionally, within intron 1, a promoterless (-geo cDNA will be inserted with a ribosome binding sequence (IRES) at its 5' end and a polyadenylation site at the 3' end.  The (-geo cDNA is a fusion of the neomycin cDNA and the lac Z cDNA.  The neomycin cDNA will give resistance to G418, allowing selection of the “transgenic cells,” and the lac Z gene will allow detection of transgenic cells in the presence of the substrate x-gal. Finally, the construct will be flanked with the diphtheria toxin A (DT-A) gene to permit negative selection against cells that do not integrate the DNA construct by homologous recombination.  Cells that integrate the rDNA construct by homologous recombination will not incorporate the DT-A into their genome.  However, cells that integrate the construct by nonhomologous recombination events will express the DT-A gene, and this will kill the cell.  [Note that we are not using the entire DT gene, which by itself is considered biohazardous.  DT is composed of fragments A and B.  The A fragment inactivates protein synthesis and is lethal to mammalian cells, while the B fragment facilitates binding and transport of the A fragment.  DT cannot kill a neighboring cell unless the B-fragment is expressed.  Therefore, DT-A expression kills only the cell that expresses its gene, while neighboring cells or organisms are not affected.]  Once the rDNA target construct is obtained, the vector sequences will be removed and the transgene construct will be transferred into mouse embryonic stem cells.  Once the CDO gene is sequenced and characterized, only a few subcloning steps will be required.

Generation of transgenic ES cells for the generation of CDO knock-out mice.   The rDNA targeting construct will be transfected into embryonic stem cells (ES cells) by electroporation.  The ES cells were generated from an inbred mouse strain (129/sv) and are a gift from Dr. Terry Magnuson, Case Western Reserve University.  ES cells that integrate the construct by homologous recombination will be selected by screening G418 resistant ES cell colonies by PCR and mini-Southern analysis.  PCR screening will be performed using ES cell genomic DNA with two primers, one that is complementary to sequence within the (-geo gene, the other primer complementary to mouse genomic DNA sequence that is outside sequence used in the targeting vector (either 5' or 3' ).  The ES cells that have integrated the construct by homologous recombination will be used to generate transgenic mice that contain the construct.  

Generation of transgenic and knock-out mice.  Both transgenic (expression of (-geo) and knock-out approaches will be used to develop murine models for future studies of the effects of CDO on cysteine metabolism and the interrelations of CDO expression and development of certain chronic diseases during the course of aging.  Mice that express the transgene construct are expected to express normal levels of CDO in addition to the (-geo protein.  The IRES (-geo cDNA present in intron 1 of the CDO gene will be expressed in the CDO transgenic mice, since the IRES will attract ribosomes and initiate translation of the (-geo mRNA.  Therefore, lacZ activity will be expected to be proportional to CDO transcription rates, thereby permitting the study of CDO transcriptional regulation in a whole animal in any tissue desired simply by monitoring (-galactosidase activity.  The generation of CDO “knock-out” mice can be done by crossing these mice with other “transgenic” mice that express Cre recombinase in either a constitutive, tissue specific or inducible manner.  The Cre recombinase will eliminate all DNA sequence present between the loxP sites in the offspring and, hence, knock-out the expression of an active CDO enzyme. 

We are not certain that CDO is expressed in ES cells, and this is critical because our (-geo cDNA is promoterless.  Prior to the generation of the targeting vector, we will clone the murine CDO 5' promoter  to the 5' end of the luciferase reporter gene and determine if the CDO promoter functions in ES cells. If it does not, the IRES (-geo cDNA will be replaced with cDNA that contains the mouse actin promoter.  ES cells that have integrated the construct will be karyotyped and microinjected into C57B6 murine embryos (3.5 days of age), and the manipulated  embryos will be transplanted into the uterus of  foster dams (pseudopregnant females) at the transgenic facility at the College of Veterinary Medicine, Cornell University.  Patrick Stover is the Associate Director of this facility that will be fully staffed and operational by January, 2000.

Once chimeric mice are generated from the CDO-manipulated ES cells, we will obtain and identify the heterozygous transgenic mice in the F1 generation by coat color (ES cells will be of 129/sv origin; donor embryo will be of C57B6 origin) and by PCR using DNA isolated from the tail and the primers that were utilized to characterize transgenic ES cells.  Mice in the F1 generation that are heterozygous for the CDO transgene will be intercrossed to yield homozygous CDO transgenic mice in the F2 generation.  These mice will be used to generate CDO knock-out mice by crossing these mice with other “transgenic” mice that express Cre recombinase in either a constitutive, tissue specific or inducible manner.  Various Cre mice strains are commercially available (Jackson labs).  We anticipate that CDO knock-out (-/-) mice will be viable.  Based on our studies of CDO expression in liver, CDO activity is minimal in animals fed diets that contain low levels of sulfur amino acids.  Thus, by maintaining mice on a diet low in sulfur amino acids (slightly below the normal requirement level) along with supplemental sulfate and taurine, mice should grow and develop fairly normally.  Certainly, +/- mice should be viable.  If -/- mice are not viable, we will attempt to generate mice with liver-specific deletion of CDO.  If CDO knock-out mice (+/-, -/-) prove to be viable, they will undergo full analyses at the pathology laboratories located in the Veterinary College at Cornell, including full biochemical analyses of serum and urine.  These analyses may be done at several points in the life span including during senescence.  We expect these results to give us insight regarding the metabolic role of CDO in individual tissues and how a lack of cysteine metabolism by CDO may be involved in the development or progression of certain diseases associated with aging. 

Knock-out mice will be used to develop murine models to study the role of CDO expression in various tissues in the development and progression of certain degenerative conditions associated with aging.  Transgenic mice will be used to study the regulation of CDO gene expression in various tissues during the course of the aging process and as controls for knock-out mice.

3.  To determine the relationship of tissue CDO activity to tissue and plasma cysteine, glutathione, sulfate and taurine levels and to urinary taurine and sulfate levels with the goal of identifying noninvasive parameters that would allow the study of variations in expression of CDO in human populations.


Transgenic and CDO knock-out (+/- and -/-) mice will be used for these studies.  Equal numbers of male and female mice will be used at approximately 5-weeks of age.  Twenty-four mice of each CDO genetic makeup will be used.  All mice will be fed a basal 12% casein diet (no supplemental sulfur amino acids) from weaning until used for these studies.  Mice within each CDO genetic group (+/+, +/-, and -/-) will be randomly assigned to receive one of three experimental diets that contain no supplemental methionine, a moderate level of supplemental methionine, or high supplemental methionine.  Eight mice of each genetic group will be assigned to each dietary treatment, resulting in 9 treatment groups altogether.  Mice will fed assigned diets for two weeks.  Mice will have free access to the assigned diet and water at all times.
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Modification of AIN-93M diet (Reeves et al., 1993).

Mice will then be placed in metabolic cages designed for urine collection (with continued free access to food and water) for a 24-h period during which urine will be collected.   Following urine collection, mice will be anesthetized with sodium pentobarbital (ip, 50 mg/100 g), and blood will be drawn from the heart into a heparinized syringe and placed on ice.   Plasma will be collected by centrifugation and immediately frozen.  Liver, kidney, lung and brain will be collected and placed on ice.


CDO activity and lacZ activity will be measured in tissue samples and expressed per mg protein.  Plasma cysteine, glutathione, sulfate and taurine levels and urinary taurine and sulfate levels will be measured by HPLC methods previously used and described by our laboratory (Bella and Stipanuk, 1995; Garcia and Stipanuk, 1992; Stipanuk et al., 1992). Urinary levels will be expressed per mg creatinine, and tissue and plasma concentrations will be expressed per mg protein and as per g tissue or per mL plasma. The plasma total cyst(e)ine to sulfate ratio has been shown previously to be inversely associated with CDO activity (Davies et al., 1995; Bradley et al., 1994).   The urinary taurine to sulfate level as well as total excretion is expected to be inversely related to CDO activity (Bella and Stipanuk, 1995; Bella et al., 1999b).  Results will be analyzed by ANOVA and mean separation procedures, and correlation analysis will also be done to determine associations of parameters with CDO activity in liver or other tissues.  Changes in lacZ activity will be compared to changes in CDO activity, and thereby the contributions of  transcription to any changes in CDO activity can be elucidated. 


Based on results of this study, further studies may be done in which animals are given a load dose of methionine or cyst(e)ine (via gastric intubation) prior to urine collection and/or prior to blood collection.  This would allow us to assess the possibility of using a load dose along with urine or plasma measurements to assess CDO activity.

Time Table 

We anticipate that the cloning and characterization of the murine CDO gene will require about 2 months.   We have the BAC clone in hand, and the closely related rat gene has been characterized.  Construction of the knock-out targeting vector will take an additional 6 weeks.  Generation of G418 ES cells will take about 3 weeks, and screening 200 colonies will require an additional 3 weeks.  The remaining 6 months will be used to generate chimeric mice, and generate (+/-) and (-/-) CDO knockout mice.  While the nutritional studies may not be completed within one year, these experiments are relatively low cost and  will be performed within 18 months of the grant start date.

E. Human Subjects

Not applicable

F. Vertebrate Animals
1. Chimeric mice and knockout mice will be generated in the second part of this study.  These studies will require several pseudopregnant female mice for embryo transplantation.  Chimeric mice in the F1 generation will be intercrossed to yield homozygous CDO transgenic mice in the F2 generation.  Mice that express Cre recombinase will be purchased and used to generate CDO knock-out mice by crossing these mice with the transgenic mice.  Mice will be fed a standard nutritionally complete diet.  In future studies, one of the diets will contain a marginal level of protein (10% casein) that will allow reasonable but not maximal growth.

2. These studies cannot be performed with humans as gene manipulation and tissue extraction are required, but the goal of these studies is to develop a mouse model and to obtain data that will facilitate the study of relationships of CDO activity and chronic degenerative pathologies in the human population.

3. Animal facilities are AAALAC certified and thus, exceed NIH standards for environmental conditions and quality of veterinary care.  The trained staff in our facilities are supported by the Veterinary staff at the Center for Research Animal Resources at the College of Veterinary Medicine at Cornell.   These veterinarians are available for immediate assistance with any questions about the health and care of animals in our facilities.

4. The procedures proposed involve no discomfort, pain or injury to the animals. Mice will be anesthesized with sodium pentobarbital prior to organ extraction.

5. Mice will be euthanized with an overdose of carbon dioxide using procedures consistent with AVMA recommendations.

G.  Literature Cited

Beetsch, J. W. and Olson, J. E.  Taurine synthesis and cysteine metabolism in cultured rat astrocytes:  Effects of hyperosmotic exposure.  Am. J. Physiol. 1998;274: C866-74.

Bella, D.L., Y.H. Kwon, and M.H. Stipanuk.  Variations in dietary protein but not in dietary fat plus cellulose or carbohydrate levels affect cysteine metabolism in rat isolated hepatocytes.  J. Nutr. 1996;126:2179-87.

Bella, D.L. and M.H. Stipanuk.  Effects of protein, methionine, or chloride on acid-base balance and on cysteine catabolism.  Am J. Physiol. 1995;269:E910-7.

Bella, D.L., C. Hahn, and M.H. Stipanuk.  The effects of non-sulfur amino acids and sulfur amino acids in regulation of the transcriptional response of hepatic cysteinesulfinate decarboxylase to dietary protein level.  Am. J. Physiol., 1999a; 276: in press.

Bella, D.L., L. L. Hirschberger,  Y. Hosokawa, and M.H. Stipanuk.  The mechanisms involved in the regulation of key enzymes of cysteine metabolism in rat liver in vivo.  Am. J. Physiol. 1999b;276:E326-35.

Bradley, H., A. Gough, R.S. Sokhi, A. Hassell, R. Waring, and P. Emergy.  Sulfate metabolism is abnormal in patients with rheumatoid arthritis:  Confirmation by in vivo biochemical findings.  J. Theumatol. 1994;21:1192-6.

Davies, M. H., J. M. Ngong, A. Pean, C.R. Vickers, R.H. Waring, and E. Elias.  Suphoxidation and sulphation capacity in patients with primary biliary cirrhosis.  J. Hepatology 1995;22:551-60.

Emery, P. M. Salmon, H. Bradley, P. Wordsworth, E. Tunn, P. A. Bacon, and R. Waring.   Genetically determined factors as predictors of radiological change in patients with early symmetrical arthritis.  B.M.J. 1992;305:1387-9.

Fukagawa, N.K., A.M. Ajami, and V.R. Young. Plasma methionine and cysteine  kinetics in response to an intravenous glutathione infusion in adult humans.  Am. J. Physiol. 1996; 270:E209-14.

Garcia, R.A.G. and M.H. Stipanuk.  The splanchnic organs, liver and kidney have unique roles in the metabolism of sulfur amino acids and their metabolites in rats. J. Nutr. 1992;122:1693-1701.

Heafield, M.T., D. Schmid, R. Breitkreutz, C. Stahl-Henning, P. Drings, R. Kinscherf, F. Taut, E. Holm, and W. Droge.  Plasma cysteine and suphate levels in patients with Motor Neurone, Parkinson’s and Alzheimer’s disease.  Neurosci. Lett. 1997;110:216-20.

Hoess, R H., M. Ziese, and N. Sternberg.  P1 site-specific recombination: nucleotide sequence of the recombining sites.  Proc. Natl. Acad. Sci. 1982;79:3398-402. 

Hosokawa, Y., A. Matsumoto, J. Oka, H. Itakura, and K. Yamaguci. Isolation and characterization of a complementary DNA for rat liver cysteine dioxygenase.  Biochem. Biophys. Res. Commun.  1990;168:473-8.

Jeremiah, S., K.P. McCann, A.C. Williams, D.B. Ramsden, A.J. Pilz, M.F. Fox, and S. Povey. Chromosomal localisation of genes coding for human and mouse liver cytosolic cysteine dioxygenase.  Ann. Hum. Genet. 1996;60:29-33.  

Koide, T., M. Watanabe, and H. Shimada.  Localization of cysteine dioxygenase mRNA in various tissues of rats.  Acta Histochem Cytochem.  1994;27:384.

Kriegler, M. Gene transfer and expression, A laboratory manual.  W. H. Freeman and Company, 1991, New York, pp. 136-158.

Lauterburg, B.H. and J. R. Mitchell.  Therapeutic doses of acetaminophen stimulate the turnover of cysteine and glutathione in man.  J. Hepatol. 1987;4:206-11.

McCann, K.P., M.T. Akbari, A.C. Williams, and D.B. Ramsden.  Human cysteine dioxygenase type I:  primary structure derived from base sequencing of cDNA.  Biochimica et Biophysica Acta. 1994;1209:107-10.

Montford, P., B. Zevnik, A. Duwel, J. Nichols, M. Li, C. Dani, M. Robertson, I. Chambers and A. Smith.  Dicistronic targeting vectors: reporters and modifiers of mammalian gene expression.  Proc. Natl. Acad. Sci. 1994;91:4303-7.

Parsons, R.B., P.C. Barber, R.H. Waring, A.C. Williams, and D.B. Ramsden.  Cysteine dioxygenase: regional expression of activity in rat brain.  Neurosci. Lett. 1998;248:101-4.

Reeves, P.G., F. H. Nielsen, and G. C. Fahey, Jr.  AIN-93 purified diets for laboratory rodents: final report of the American Institute of Nutrition Ad Hoc Writing Committee on the Reformulation of the AIN-76A Rodent Diet.  J. Nutr. 1993;1234:1939-51.

Stipanuk, M.H. Metabolism of the sulfur-containing amino acids.  Annu. Rev. Nutr. 1986;6:179-209.

Stipanuk, M.H., R.M. Coloso, R.A.G. Garcia, and M.F. Banks.   Cysteine concen​tration regulates cysteine metabolic flux to glutathione, sulfate and taurine in rat hepatocytes.  J. Nutr. 1992;122: 420-7.

Tsuboyama, N., Y. Hosokawa, M. Totani, J. Oka, A. Matsumoto, T. Tetsuya, and H. Kodama.   Structural organization and tissue-specific expression of the gene encoding rat cysteine dioxygenase.  Gene.  1996;181:161-5.
Yamaguchi, K., Y. Hosokawa, N. Kohasih, Y. Kori, S. Sakakibara, and I. Ueda.  Rat liver cysteine dioxygenase (cysteine oxidase):  Further purification, characterization, and analysis of the activation and inactivation.  J.Biochem.  1978;83: 479-91.

Zhu, L., M.K. Bagchi, and I. C. Bagchi.  Ferritin heavy chain is a progesterone-inducible marker in the uterus during pregnancy.  Endocrinology 1995;136:4106-14.

G. Consortium /Contractual Arrangements:

None

H. Consultants:

None




































































































Figure 2:  A.  Restriction digestion  pattern of the positive BAC clone following electrophoresis on a  0.8% agarose gel.  The restriction enzymes used are: Lane 1, no enzyme; 2, PstI; 3, PstI/SstI; 4, SstI; 5, HindIII; 6, HindIII/EcoRI; 7, EcoRI.  B.  Southern blot of Gel A using a probe that spans exon 1 and 2.   The positive band in lane 7 (4 kB) has been subcloned, sequenced, and found to contain exon 1, part of intron 1, and the 5' promoter.
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