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Twenty inbred mouse strains were surveyed for erythrocytic purine 

nudeotide concentrations and found to segregate into two groups with 

respect to their GTP levels. No signifiant interstrain differences were 

obsemed for ATP levels. Results of nucleotide extractions h m  ber, 

kidney, heart, brah and tongue do not show any interstrain Merences 

in GTP concentrations suggestïng altered GTP levels may be a result of 

variations in the Merentiated state of the erythrocyte. Exythrocytic GTP 

concentration variation was previously shown to be govemed by a single 

gene, WC, and lùiked to Trfon chromosome 9. Typing 232 

[(B6xWB)F1xB6] backcmss progeny for Gpc and eight microsatellite 

markers produced the following gene order and map distances: 

(D9M214) 0.4*0.4 (D9Mït24) 1 .7*O.8 (Gtpc, D9M~51, D9MW 1 6, 

D9MitSl2) 3.9* 1.3 (D9Mit200) 3.Ok1.1 (D9Mt20) ?.8* 1.8 (D9Mitl8). 

Preliminq analysis of potential Gtpc gene products suggests interstrain 

polymorphisms of an enzyme involved in GMP degradation are 

responsible for the observed GTP concentration alterations. 
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Guanosine-S'-triphosphate (GTP) is a purine nucleotide involved in 

many important cellular functions, such as energy metabolism, signal 

transduction, and ceIi proliferation. As a substrate, GTP is used in RNA 

production, as weli as in the de novo synthesis of the pterin CO-factor 

tetrahydrobiopterin. As an energy source, GTP is utilized in protein 

synthesis by initiation factor eIF2, elongation factors EF1 and EF2 (also 

known as a translocation factor) and release factor RF1. GTP also 

provides the high-energy phosphate bond required by phosphoenol- 

pynivate carboxykinase in gluconeogenesis, a function camied out 

primariiy by the liver to provide glucose to the organism. 

Gluconeogenesis is especidly important during periods of starvation and 

Ïntense exercise when blood glucose levels drop dramatically. 

Ceilular signal transduction via G-proteins occurs through the 

binding and hydrolysis of GTP and subsequent interactions with effector 

molecules (Boume et al. 1990, 199 1). The enzyme guanyiate cyclase 

catalyzes the conversion of GTP to 3', 5'-cyciic GMP (cGMP). cGMP either 

acts directly on target molecules or activates cGMP protein kinases, 



which in tum activate other molecules through phosphory1ati011, 

resulting in a varieV of metabolic changes. 

The rate of de novo GTP synthesis displays a positive correlation 

with cellular proiiferation rates (Willis &; Seegmilier 1980). A more than 

2-fold increase in GTP has been observed in dividing viersus non-dividing 

lyqhoblasts (Gmber et al. 1985). In addition, a marked expansion of 

the cellular GTP pool is observed preceding the onset of exponential 

growth in hepatoma ceils (Weber et al. 198 1). Furthermore, GTP levels 

appear to be regulated, at least in part, by the p53 gene product, which 

influences the G1 to S phase ceii cycle transition (Sherley 199 1). 

Microtubule assembly and giycoprotein production are two further 

examples of where GTP is required. Microtubules are involved in many 

architectural and contractile ceil fûnctions, and are fomed by GTP- 

mediated tubulin assembly and disassembly (Kirscher tk Mitchison 

1986). Glycoproteins function in interceiiular recognition and act as 

receptors on the outer surface of many cells or as degradation enzymes 

within lysosomes. Mannose and its derivatives are incorporated into 

cornplex polysaccharides on glycoproteins by way of GDP-mannose, 

which is made h m  mannose-1-phosphate and GTP. 



Three different routes are used for GTP production in the ceU. The 

primary source of GTP is the de novo purine metabolic pathway (Figure 

1). This pathway uses non-purine precursors to form the purine ring- 

The first point of regulation occm at the fkst commîtted step in the 

purine biosynthesis pathway: the condensation of L-glutamine and 5- 

phosphoribosyla- 1-pyrophosphate (PP-ribose-P) by 

amidophosphoribosyl tramferase (AMPRT) to f o m  5-phospho-0-D- 

ribosylamine. This reaction is activated by increased levels of PP-ribose- 

P and inhibited by the pathway end-products, namely purine 

ribonucleotides. 

The second point of regulation occurs at the inosine-5'- 

monophosphate (IMP) branchpoint leading to either guanine or adenine 

nucleotide production. The rate-limiting step in guanine nucleotide 

synthesis is catalyzed by IMP dehydrogenase (IMPDH), which is 

negatively affected by guanosine-5'-monophosphate (GMP) . 

Adenylosuccinate synthase is the corresponding enzyme in the adenine 

nucleotide  MI of the purine metabolic pathway. This step is dependent 

upon the abundance of guanine nucleotides in the ceii, as it requires 

GTP to catalyze the reaction. 



ATP 1 GTP 

I G51P rcductasc GDP 

hypoxanthine +xanthine f guanine 

1 
guanine 

xanthine deaminase 
osidase 

uric acid 

Figure 1. The purine metabolic pathway. 



An altemate route for the synthesis of GTP is through the saivage 

pathway fkom the preformed guanine or hypoxanthine bases obtained 

through dietary sources, or f h m  nucleotide turnover. The first step in 

this pathway is catalyzed by hypoxanthine-guanine phosphoribosyl 

transferase (HGPRT). As with de novo synthesis, the salvage pathway is 

also hhibited by GMP. 

FinaUy, GTP is also fonned from guanosine-5'-diphosphate (GDP) 

by succinate thiokinase in the tricarboxylic acid cycle, which fiuictions in 

the oxidation of amino acids, fatty acids and carbohydrates and provides 

intemediates to other biosynthetic pathways. 

The degradation pathway features four enzymes. GMP reductase, 

5'- nucleotidase, purine nucleoside phosphorylase (PNP) and guanine 

deaminase function specfically in the degradation of guanine 

nucleotides. GMP reductase facilitates the formation of IMP from GMP. 

The 5'-nucleotidase plays a role in the catabolism of GMP to guanosine, 

the latter of which can be removed fkom the ce11 via nucleoside 

transporters. PNP catalyzes the reversible breakdown of guanosine to 

guanine, whereas guanine deaminase converts guanine into xanthine in 
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an kreversible step. The products of each of these reactions can kave 

the cell through faciiitated diffusion. 

The degradation product of GTP in humans is ultimately uric acid, 

which is excreted by the kidneys. Disorders of the purine metaboiic 

pathway such as a complete or partial deficiency of HGPRT can result in 

an qcess of uric acid, also known as hypefzulcemia, which can lead to 

gout and rend disease. In non-primate mammals, uric acid is 

cataboiized to allantoin by the liver. 

Several neurological disorders are recognized to be associated with 

reduced emocyt ic  GTP levels or impaired utilkation of GTP. For 

example, exythrocytic GTP concentrations are reduced as much as 75% 

in patients with Lesch Nyhan syndrome, which results nom a cornpiete 

deficiency in HGPRT (Seegmiller et al 1967). Those anlicted show 

moderate mental retardation, spasticity and choreoathetosis, as weii as a 

propensity toward self-injurious behaviour such as biting lips or 

fingertips, or banging their heads against nearby objects (Lesch 86 Nyhan 

1964). Purine nucleoside phosphorylase déficiency results in a 10% 

reduction of erythmcytic GTP levels and has accompanying cellular 
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immunity defects, as weU as behaviod abnormalities and spasticity 

(Simmonds et aL 1988). More recently, a partial defect in GTP 

cycîohydrokse 1 has been associated with hereditary progressive 

dystonia, the phenotype of which Wudes dystonic or abnormal 

posturing with characteristic diumd fluctuations (Ichinose et al. 1994). 

GTP cyclohydrolase 1 uses GTP as a substrate and catalyzes the rate 

îimiting step in the de nom synthesis of the pterin cofactor 

tetnihydrobiopterin (Nichol et al. l98S), which is essentid in the 

production of the neurotransmitter, dopamine. The neurological 

abnormalities associated with HGPRI' and PNP deficiencies may also 

éuise as a result of a reduction of GTP utiiizatiion or avaiiabiîity in 

neuro transmitter production. This would, however, require that GTP 

levels were reduced in the central nervous system as weU as in the 

erythrocytes of patients; the former has not been determined (Simmonds 

et d. 1987). 

Interestingiy, mouse models of the above enzyrnatic deficiencies, 

show none of the associated neurological disorders (Kuehn et al. 1987; 

Snyder et al. 1994; McDonald et al. 1988). The reason for this is 

unknown, but may be due to differences in GTP requirements for normal 

neuronal development and function, andior clifferences between mice 

and humans in GTP metabolism and regulation. Understanding these 
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differences may be important for developing therapies to compensate for 

enzymatic deficiencies in purine metabolism in humans. 

GTP Variability in the Mouse 

The assessrnent of ergthrocytic nucleotide pools in the mouse led 

to the discovery that the concentration of GTP differs among 

phenotypically normal inbred mouse strains by as much as 10-14 fold 

(Henderson et al. 1983), suggesting the presence of an enzymatic 

polymorphism that influences the levels of erythrocytic GTP. 

Comparative studies of five enymes involved in purine metabolism, 

HGPRT, adenine phosphoribosyl transferase, adenosine deaminase, 

guanine deaminase, and adenosine kinase, were perfonned by 

Henderson et al. (1983) in an attempt to explain these Merences. 

Although enzyme activities and rates of metabolism differed between 

strains, the variations did not correlate with observed erythrocytic 

nucleotide content. 

Since distinguishable phenotypes may be used as markers to 

geneticaliy map a given locus thugh  linkage analysis, the heterogeneity 

of mouse erythrocytic GTP lwels was subsequently shidied in the 

laboratory of Dr. F. F. Snyder using a genetic approach. A survey of 
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erythroqiic GTP pools in nine laboratory mouse strains camied out by 

Jenuth et al. (1994) revealed that the diffêrhg concentrations could be 

divided into two distinct groups: $trains with low GTP levels (C3H/HeJ, 

C3H/HeHa, A/ J, and WB/ ReJ) and strains with high GTP levels (AKR/ J, 

DBA/2J, CBA/ J, C57BL/6J, and C57L/ J) . No signincant variation in 

inter$rah adenosine-S'-triphosphate (ATP) leoels was obsemed. Offspring 

of crosses between mice fkom high GTP strains and low GTP strains were 

found to exhibit intermediate GTP levels. Backcrosses of the Fi's with 

parental strains resulted in individuals that segregated into Fi-like or 

parental-like GTP concentrations in a 1:l ratio. These hdings suggested 

that the GTP concentration determining trait was governed by a single 

locus, subsequentîy designated WC, and was inherited in an autosomal 

CO-dominant manner. Analysis of GTP levels within the 

C57BL/6JXC3H/HeJ (BXH) recombinant inbred strain set, foiiowed by 

s t r a h  distribution pattern cornparisons pointed to possible linkage of 

WC with loci on either chromosome 5 or 9. 

Using [(CBA/JXW/R~J)FIXWB/R~J] backcross analysis, a 

recombination frequency of 14.6I5.5 CM (n=41) was observed between 

transfeh (Tfl and Gtpc c o n m g  its position on mouse chromosome 

9 (Snyder et al. 1995; unpublished results). Preliminary luikage anaiysis 

using microsatellite markers DgMitl O, D9Mit35, D9M~12, and DgMitl4, 

showed WC to be located on the telomeric side of Trf. 
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The work presented here was undertaken to investigate the GTP 

concentration variability among mouse strains, to address tissue 

specificity, to refine the map position of Gtpc, and to assess candidate 

gene products. To examine the extent of variability within this trait, an 

extensive survey of mouse purine nucleotide levels was camied out. 

Included in this surrrey were 18 laboratory inbred strains (which &se 

fkom Mus ~ m ~ ~ c u l u s  domesticus and Mus musadus muscuhrs progenitors), 

a wild strain of Mus muscuhts domesticus, the subspecies Mus muscuius 

mstanacs and the separate species, Mus sprefus. Also included is a 

study of human erythrocytic purine nucleotide concentrations, which 

was m e d  out to determine if the GTP variability observed in mouse 

erythrocytes could also be detected in a sample of the normal human 

population. 

Nucleotide levels were measured in other cells and tissues in order 

to ascertain whether the GTP concentration variability observed between 

strains is a feature restncted to eqthrocytes, or whether this 

phenomenon is obsemed in other cells as well. Reliminq studies by 

Snyder et al. (1994) indicated no GTP concentration ciifferences in spleen 

leukocytes. 

The map position of Otpc was rehned by backcross analysis using 

microsatellite markers. The [(CBA/ JxWB / Rd) FixWB/ ReJ] backcross 

used by Snyder et al. (1994) was not as informative as desired for regions 



distal to Te Since C57BL/6J (B6) and WB/ReJ (WB) exhibit useful 

repeat length polymorphisms in this region, a [(B~xWB)FIXB~] backcross 

was set up to localize WC. Recombinant inbred strains, A/JXC57BL/6J 

(AXB), C57BL/a]XA/J (BXA), C57BL/6JXDBA/2J O), and 

C57BL/6JXC3H/HeJ (BXHJ, were typed with mimsateiiite markers 

informative for Gtpc mapping, as a means of obtaining further 

information with respect to the distai region of mouse chromosome 9. 

Finaiiy, some preliminary work was undertaken to assess gene 

products for identity with Gtpq Le. whether they could be responsible for 

the observed GTP ciifferences. Candidates considered inciuded those 

lmown to be involved in GTP utilization or production. Particular interest 

was placed upon enzymes lmown to function in the guanine nucleotide 

metabolic pathway. 



For erythrocytic nucleotide pool determination, strauls were 

chosen based on in-house accessibility to represent a cross section of 

iaboratoxy inbred strains derived from Mus muscuhcs ~ZLSCUZILS and MW 

musculus domesticus progenitors. Additionally, Mus spteftLs, MUS 

nuisculus custamus and PERU W1-II (Mus musculus domesticus) were 

sampled in order to determine whether nucleotides vaxy between 

difEerent species or subspecies. The majority of inbred mouse strains 

were obtained fkom F. G. Biddle (University of C a l g ~ ) ?  which have been 

previously desaibed by Biddle & Eales (1996) and Biddle et al. (1993). 

The B6-NPF strain, reported by Mably et al. (1989), Jenuth ef al. (199 l), 

and Snyder et al. (1994), is maintained by F. F. Snyder (University of 

Calgary)). CD-1 mice were imporîed h m  Charles River. 

Erythrocytic nucleotides were extracted by a trichloroacetic 

acid/alamine-freon method as previously described (Jenuth et al. 1994). 

Blood samples were obtained via the orbital sinus of the mice using 

heparinized microhematocrit capillary tubes (Snyder et al. 1994). Briefly, 

erythrocytes were peileted by centrifugation at 2500g for 1 minute at 

mom temperature. A 0.1 mL packed ceïi volume was then extracted with 
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2.5 volumes of 12% tricfiloroacetic acid (TCA) at 4 O C ,  and centrifuged at 

14,000g for 1 minute at room temperature. The supernatant was 

removed and neutraIized wiîh 0.5 M tr i -n-octy l~e  (alamine) in 1,1,2- 

trichlorotrifiuomethane (freon) using bromophenol blue as p H  indicator. 

The aqueous layer was then removed and stored at -20°C untii andyzed. 

- Nucleotides were separated m m  these samples on a 

SpectrasrsTEM liquid chromatograph (Thermo Separation Products, 

San Jose, CA) using a 4.6 X 250 mm PartiSphere-5-SAX column 

matman, NJ). The SpectraSYSTEM consisted of an SCM400 degasser, 

P4000 solvent delivery system, AS3000 autosampler, a scanning 

SpectraFocus detector, and PClOOO operathg system software. The 

starting buffer (A) was 10 mM potassium phosphate pH 3.5 and the 

second bder (B) was 1 M potassium phosphate. The autosampler and 

column temperature was maintained at SOC and 30°C respectively. The 

flow rate was 1 &/minute. The column was initiaily equilibrated with 

100% buffer A for 20 minutes before injection of 0.0 1 mL of sample. The 

mobile phase schedule was 100% buffer A fkom O to 5 minutes, foiiowed 

by a linear gradient attaining 70% buffer B at 25 minutes, unchanged to 

40 minutes, and then a linear gradient to 100% buffer A at 50 minutes. 

The detector was set to scan h m  200 to 300 nm at 5 n m  interval at a 

rate of 11.52 Hz. A signal at 255 n m  was used for quantitation. 

Nudeotides were identined by retention times and further verifkd by 



their absorption spectra. The concentration of each nucleotide was 

determined by the integration of the area underneath the absurbance 

peak and cornparison to a known concentration of the same compound. 

Since samples originated h m  packed ceus, concentrations were then 

converted into units of nmol/mL packed ceiis. 

Determzermzm*ng GTP Concentrations in Nucieaîed Tissues 

GTP concentrations in tissues other than erythrocytes were 

determined following a protocol based on methods by Cross et al. (1993), 

Pemett & Grune (1994), and BBtker et al. (1994). To ensure minimal 

nucleotide degradation prior to extraction, mice were anaesthetized with 

0.3 mL per 10 g body weight of a 1.25% tribmmoethanol solution (2: 1 

weightlweight 2,2,2-tribromoethanoI:amylene hydrate (T-amyï alcohol)) 

(Cunline-Beamer 1983). After tissues were removed, mice were sacmced 

by ceMcal dislocation. Small amounts of tissue, approxiniating 0.1 g, 

were immediately homogenized at 4OC in 2-3x volume/weight 12% 

wchioroacetic acid, and centrifuged at 2500g for 10 minutes at 4°C. The 

supernatant was neutralized, and nucleotides fkom the tissue extracts 

were separated by hi@-perfomace liquid chromatography (HPLC) as 

outlined for erythrocyte-based samp1es. 



C57BL/6J (B6) fernales were crossed to WB/ReJ (WB) male mice. 

The resulting FI offspring were subsequently backcrossed to B6 mice. 

Saten backcrosses in total were set up: two in which the Fi parent was 

male, and five in which the FI parent was female (Table 1). Two- 

hundred-and-thkty-two backcross offspring were used to map the 

position of Gtpc. Standard mating notation places the female parent 

before the male. Therefore, backcmsses wouîd be [(B~xWB)FIXB~] or 

[B6x(B6xWB)Fi] depending on the direction of the cross. However, since 

ail data are pooled, the notation [(B6XWB)FlxB6] WU be used to refer to 

the total population. 

DNA was extracted from 1 cm tail clippings using a modined 

procedure of Laird et d. (199 1). The tissues were incubated in 0.5 mL 

lysis mixture (100 mM Tris-HCI pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM 

NaCl, 200 pg/mL proteinase K) ovemight at 55OC. FoiloOPÙIg gentle 

mixing, sampks were centrifuged for 10 minutes at 14,000~~ at room 

temperature. The supernatant was collected, and the DNA was 

precipitated with an equal volume of isopropanol. DNA was then 

transferred to a new tube and dissolved in 0.5 mL steriie ddH2O for 4-6 

hours at 55OC with gentle periodic mixing. Absorbance readings at 260 



nm were used for quantitation, and absorbance ratios of 260 nm/280 

nm were used to monitor the punty of the DNA samples. A pure 

preparation of DNA has a 260 nm/280 n m  value of 1.8; lower values 

indicate protein contamination. Ratios obtained using this extraction 

method typ idy  ranged nom 1 -4 to 1 -8. 

Table 1. Surnrnary of backcrosses used to map Gtpc 

B6 female X FI male (A) 

B6 female x FI male (B) 

FI female x B6 male (C) 

Fi female x B6 male (D) 

FI femaie X B6 male (E) 

FI female x B6 male (F) 

FI female X B6 male (G) 
- - - - - - .- - 

Note: FI'S are the offspring of a (B6xWB) cross. 

* The offspring numbers aven are for crosses D 86 E as these were 

housed together. 
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Polymerase chah reaction (PCR) analysis was carried out in 50 pL 

reaction volumes containing lx PCR buffer (BE) (20 mM Tris-HC1 pH 

8.4, 50 mM KCI), 0.2 rnM dNTPs (Boehringer Mannheim), 1-2 mM MgC12 

(BRU as necessary for optimal results, 0.26 yM forward and reverse 

priniers, 0.5- 1 pg DNA, and 2U Taq polymerase (BRL). Primer pairs used 

were DgMitl4, D9Mtt18, D9MSt20, D9Mit24, DgMit5I, D9MH 16, 

D9Ma200, and D9Mit212 (Research Genetics). 

Sarnples were amplined on a Perkin-Elmer Cetus DNA Thermal 

CycIer with an initial incubation at 94OC for 6 minutes, 35 cycles of 1 

minute at 94OC, 1 minute at 5S°C, and 1 minute at 72OC, and a final 

extension at 72OC for 7 minutes. Marker dye was added to a lx final 

concentration (10% v/v glycerol, 0.2% bromophenol blue, lx TBE), and 

10 PL of the product was then subjected to electrophoresis on 4% 

agarose gel in lx TBE (100 mM Tris, 100 mM bonc acid, 1 mM EDTA). 

DNA molecular weight marker V (HaeIII cleaved pBR322 DNA) 

(Boehringer Mannheim] was included as a size standard. Gels were 

electrophoresed at 75 mA limiting conditions for 45 minutes in the 

presence of ethidium bromide (0.25 pg/mL), and photographed using 

short-wave ultraviolet and type 52 Polaroid fi. 

The genotype for the GTP concentration d e t e m g  trait, Gtpc, 

was inferred by the phenotypic assessrnent of erythrocytic GTP levels. 

For each [(B~xWB)FN~~] backcross offspring, GTP concentrations were 
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determined to be high (parental or B6-Iike) or intermediate (FI-Like) using 

the nucleotide extraction/analysis method outlined earlier. DNA from 

individual mice were then Wed using microsatellite markers 

polymorphic for B6 and W B ,  to determine whether they were B6-like or 

FI-iike with respect to amplification products. 

Recombination events were recorded between WC and 

rnicrosateilite markers, as weii as between the markers themselves. The 

percentage of individuals in which recombination between two markers 

has occumd cornesponds to the distance between the two markers in 

centiMorgans (CM). Gene order was established using dculated 

distances for each marker both with respect to ail other markers and to 

Gtpc 

Mapping the WC-Informative Micmsatellite Markers in Recombinant 

Inbred Strat*ns 

Microsatellite ampiifkation in AXB, BXA, BXD and BXH 

recombinant inbred (RI) strains was carried out as outlined for backcross 

analysis. RI strain DNA was purchased h m  Jackson Laboratories. A 

strain distribution pattern (SDP) for each RI set was produced by 

comparing the length of the amplif7cation product for each strain within 
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the set to the appropriate parental stralli, then designating each as king 

either of one parental-type or the other. For example, each strain within 

the BXH RI straûl set is designated as either B or H. 

Assessing Candidate Gene Products for Identity with Gtpc 

Blood samples were obtained via the orbital sinus of B6 or WB 

mice, as previously described for erythrocytic nucleotide extractions. 

Samples were centrifuged at 2500g for 1 minute at room temperature. 

Pelleted red blood cells (RBCs) were removed, washed twice in 0.9% 

(physiological) saline, and fkozen at -20°C until use. 

RBCs were thawed and diluted with an equal volume of 100 mM 

Tris-HC1 pH 7.5. Samples were vortexed, subjected to two fkeze-thaw 

cycles, and centrifbged at 25009 for 15 minutes at 4 O C .  The supernatant 

was diluted 5-fold in ddH20, and 3 m g  activated charcoal was added to 

remove endogenous nucieotides (Torres et ai. 1994). Samples were then 

vortexed, aUowed to stand on ice for 15 minutes with occasional mixing, 

and finaily centrifùged as before. The supernatant was removed and 

placed on ice for immediate use, or aliquoted and stored at -20°C. 

Protein concentrations were determined using colourimet& assays 

(BioRad) based on the Bradford dye-binding procedure (Bradforb 1976). 
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Two different assay methods, using either high performance liquid 

chromatographie (HPLC) or spectrophotometric analysis were employed 

to look at the uüiktion of different substrates in the purine metabolic 

pathway. The hrst assay empioyed an approach modified fkom Alexiou 

and Leese (1994). Reactions were &ed out in 0.1 mL volumes 

containing 50 mM Tris-HC1 pH 7.4,2.5 mM MgCI2, 0.25 mM DTT with 

GMP or GTP as a substrate. When using IMP as a substrate, 0.1 mL 

reaction mixtures contained 100 mM Tris-HC1 pH 8.0, 0.1 M KCl, 3 mM 

EDTA, 0.5 mM NAD (Hodges et al. 1989). Each sample contained 0.5 

mM of the respective substrate, and approximately 9 mg/mL of B6 or WB 

RBC lysates. After addition of the substrate, samples were incubated at 

370C for 0, 5,20 and 60 minutes. The reactions were stopped by adding 

20 ~LL 50% TCA. Sampïes were then processed and analyzed as for the 

nucleotide extractions. 

The second assay was modined fkom a procedure by LeTissier et al. 

(1994). Reactions were camied out in 5 mM phosphate buEer pH 7.4, 50 

mM Tris-HC1 pH 7.6, 1 mM TBHB (2,4,6-tribrom0-3-hydroqbenzoic 

acid), O. 1 mM 4AAP (4-amuio-antipyrine) , 3 U/mL peroxidase, 0.040 

U/mL xanthine oxidase, 0.0 15 U/mL uricase. Each sample contained 

0.5 mM of substrate, either guanosine or GMP, and 0.5 mg/mL protein. 

After addition of the substrate, samples were incubated at 37% and the 

increase in absorbance at 5 12 nm was measured over a period of 30 
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minutes. One unit change in absorbance is equivalent to the conversion 

of 7.4 nmol of substrate (LeTissier et al. 1994). Refer to Figure 2 for a 

s u m m a ~ ~  of the principles pertinent to this assay method. 



GMP 

+ 
guanosine 

-1 
xanthine 

POD 

Figmre 2. The basic principle of the spectrophotometric assay used to 

evaluate GMP and guanosine degradation. Abbreviations used are NT - 

5'-nucleotidase, PNP - purine nudeoside phosphorylase, GD - guanine 
deaminase, XO - xanthine oxidase, UOX - uricase, POD - peroxidase, 

TBHB - 2,4,6-tribromo-3-hydroqbenzoic acid, 4AAP - 4-amino- 

antipyxine. Dye complex formation is measured at 5 12 nm. 



Data A d y s e s  

Scheffé's, Student-Newman-Keuls and M t  statistical analyses 

of GTP and ATP concentrations, and GTP/ATP ratios among strains, 

crosses and backcrosses were pedonned as descnibed in Sokal and Rohlf 

(1969, 198 1). 

Genetic distances between markers and WC were determùied 

using RI Manager (Manley 86 Elliot 199 1) version 2.3. Briefly, the 

recombination f'raction for a backcross population for any two loci is the 

ratio of recombinant animals to all informative animals. For RI strains, 

which arise from multiple generations of breeding, the probability of 

observing a recombinant is given by the relationship: 

R = 4r/(1+6r) (Haldane & Waddington 193 1) 

The quantity R is estimated h m  the proportion of recombinant $trains 

in an RI set and r is estimated firom R as follows: 

r = R/(4-6R) 

For backcrosses, the standard e m r  of R: 

s = R(l-R)/N 

where N is the number of informative strains or animais. 

For RI lines the standard error of r is: 

s = (1+6r)d[r(l+2r)/4N] Green (198 1) 
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Ail graphs were produced using Sigma~lot@ version 2.0. Strain 

distribution patterns obtained for microsatellite markers in the various 

recombinant inbred strains were compared to those in the Mouse 

Genome Database (Jackson Laboratories 1996). 



Survey of the Vasiability of E ~ h c y h k  GTP a d  ATP Levels in Inbred 

Mouse Strains 

To minimisre triphosphate degradation, nucleotide extraction 

procedures need to be as efficient as possible. One way to monitor the 

amount of degradation is by assessing the ratio of ATP to ADP. The 

method used here for erythrocytic nucleotide extraction resulted in a 

mean erythrocytic ATP/ADP ratio of 9.5 ir 1.9. This is comparable to 

ratios reported previously in mouse (Jenuth et ai. 1994), rat (Dean et a2. 

1978) and human e-ocytes (Dean et al. 1978; Simmonds et al. 1982, 

1987, 1988). 

No significant variation in eqthrocytic ATP concentrations is 

evident amongst inbred mouse strains (Table 2, Figure 3). Assuming 

that aU triphosphates degrade at an equai rate (see Jenuth et al. 1994), 

ATP measurements become a u s e N  internai reference with regard to 

equivaience of extraction efficiency. Therefore, although the extraction 

method used appears to be effective in minimizuig nucleoside 

triphosphate degradation, erythrocytic GTP concentrations were 

considered not only as absolute values but also as GTP/ATP ratios, in 

order to account for possible ciifferences between samples. 



Table 2. Erythrocytic purine nudeoside triphosphate concentrations 

(nmol/mL packed ceus) in various inbred mouse strains. - GTP ATP GTP/ATP x lW 

C3H/HeHa-Pgk-la 17 * 2= 
NOD/Lt 

SWR/ J 

BALBIcByJ 

I/LnJ 

CD- 1 

CDS/Lay 

S W  

S N  

spm- 1 

w c / w  
WB/ReJ 

B6-NPF 

CS?BL/ 6J-C/C 

CBA/FaCam 

C57BL/W 

PERU W- 1-11 

DBA/2J 

h(x) 1H 

SPLOTCH-RETARDED 

Results are given as the mean * standard deviation for n=5 anbals. 
Cornparisons amongst strains were carried out using Scheffé's analysis 
at p=0.01 (Sokal B Rohlf 1981). Results that do not differ significantly 
from one another are denoted by the same superscript, a through c for 
GTP concentrations, or i through iv for GTP/ATP ratios. No significant 
differences in ATP concentrations are evident amongst strains. 



ATP (nmol/mL packed cells) 

Figure 3. Rankit andysis (Sokai & Rohlf 198 1) of 
erythrscytic ATP concentrations in various inbred mouse 
strains. Each circle represents the mean ATP concentration 
for an individual mouse strain. A first order regression line 
is shown. 
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Absolute GTP concentrations, given in ranked order in Table 2, 

show a 16-fold range in inbred mouse strains. When reported as a ratio 

of GTP/ATP, a 14-fold range is obsemed. Scheffé's analysis divides 

erythrocytic GTP concen@ations into two distinct non-overlapping groups 

(Table 2). Mouse strains CBA/FaCam (CBA), B6-NPF, C57BL/aT-c/ç 

PERU W-1-11, C57BL/6J (B6), DBA/2J, h(X) lH, and SPLOTCH- 

RETARDED exhibit high GTP levels (18 1 - 276 nmol/mL erythrosrtes], 

whereas C3HIHeHa-Pgk-la, NOD/Lt, CD- 1, CDS/Lay, I/ W. SWV, 

SWR/J, BALB/cByJ, SIV, SPRET- 1, WC/ReJ, and WB/ReJ (WB) exhibit 

iow GTP levels (17 - 48 nmol/mL erythrocytes). The group with hi& GTP 

b e l s  is split into two overlapping subgroups by Scheffe's tests. that is, a 

significarrt ciifference exists between the GTP concentrations of B6-NPF 

and SPLOTCH-RETARDED, but neither of these strains exhibits 

ciifferences with respect to any other strain within the high GTP group. 

Rankit analysis, which transforms ranked ordered deviates around 

a mean, segregates GTP levels into the same two distinct groups, 

indicated by first-order regession iines with dinering slopes and 

intercepts (Figure 4). Results were also analyzed by Student-Newman- 

Keuls analysis (p=O.O 1) (not shown) and again shown to segregate into 

two distinct groups with respect to erythrocytic GTP concentrations. As 

with ScheEé's analysis, some heterogeneity within the group with high 

GTP levels was evident. 



GTP (nmol/mL packed cells) 

Figure 4. Rankit analysis (Som & Rohlf 198 1) of 
erythrocytic GTP concentrations in v&us inbred mouse 
strains. Each circle represents the mean GTP concentration 
for an individual mouse strain. First order regression h e s  
are shown. 
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The same two distinct gmups are present in the analysis of GTP/ATP 

ratios (Table 2, Figure 5), with corresponding strains exhibiting either high 

GTP/ATP (x IO2) ratios (20.4 - 32.7), or low ratios (2.4 - 5.3). Scheffé's 

analysis in this case fînds four overlapping groups amongst the strains 

with higher GTP/ATP. 

Erythrocytic nucleotide levels for the subspeues CAST-I were not 

measured directly because this strain was unavaüabe, and are, therefore, 

not included in Table 2. Instead, (B6XCAST- 1)Fi and (CAST- lxB6)Fi 

individuals were used. The direction of the cross did not alter the outcome 

(100 I 0.3 nmol/mL packed c a s  and 99 k 4 nmol/mL packed ceUs 

respectively, n=2). GTP levds for these Fi mice are intermediate (99 f 3 

nmol/mL packed ceus, n=4), that is, they fall between the two groups 

established in the strain sumey. Since it is lcnown that the B6 parent has 

high concentmtions (209 f 34 nmol/ml packed ceus, n=5), it can be 

predicted that concentmtions in CA=- 1 red blod cells wiU fall within the 

low GTP category. This is based on previous observations that every 

examined (high GTP X low GTP $train) cross produced FI'S with 

intermediate GTP levels. GTP/ATP (x 102) ratios for these FI a n h a l n  are 

comparably intemediate ( 12 -9 I 0.5) compared with B6 (27.1 + 2 -21, 
suggesting again that CAST-1 mice have low erythrocytic GTP levels. 

Although no significant ciifferences in ATP levels were found in this 

survey, a range of ATP concentrations was observed (723 - 1154 



Figure 5. Rankit analysis (Sokalb Rohlf 198 1) of 
erythrocytic GTP/ATP concentrations in various inbred 
mouse strains. Each circle represents the mean GTP/ATP 
for an individual strain. First order regression lines are 
shown. 



nmol/ml packed ceus). It was thought that perhaps there might be a 

correlation between adenosine and guanosine triphosphate levels, Le. 

that aU triphosphates might be elevated in one strain over another. 

That, however, was not obsemed. Nudeoside triphosphate levels 

appear to vary independently of one another. Strallis with low GTP 

levels show a range of ATP levels (723 - 1 154 nmol/mL packed ceus), as 

do those with high GTP levels (678 - 1072 nrnol/mL packed cens) 

(Figure 6). 



ATP (nmol/mL packed cells) 

Figure 6. Erythrocytic GTP versus ATP concentrations 
of various inbred mouse strains. Each circle represents 
the mean GTP and ATP concentration for an individual 
mouse strain. 
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Assessrnent of th& V&abi?Sty of GW/ATP Ratios in Nucleated Tissues 

To ascertain whether ceUs other than erythrocytes also exhibit 

interstrain variations in GTP levds, nudeotides were extracted from 

C57BL/6J and C3HIHeHaPgk-la liver, kïâney, brain, and tongue. These 

two strains were chosen to represent those exhibithg high and low 

erythrocytic GTP levels, respectively. 

For al1 tissue nucleotide extractions the mean ATP/ADP ratio was 

1.7 & 0.4 (n=2 x 2 strains X 4 tissues =l6). This value was considerably 

Iower than that for erythrocytic nucleotide extractions, for which the 

ATP/ADP ratio was 9.5 + 1.9 across all sampled strains (n-5 x 20 

s t r a i n s = l O O ) .  The lower ATP/ADP ratios in tissues obtained here were 

comparable to those reported elsewhee (Childs et al. 1996; Jinnah et d. 

1993). However, Guidotti et d. (1974) and Clark &; Dar (1988) both 

reported that purine nucleotides undergo rapid degradation following the 

death of an animal. Due to methodologid dBculties in sampling 

nucleotides in solid tissues vetsus erythrocytes, it is uncertain whether 

these values accurately reflect in viuo values, or indicate extensive 

triphosphate breakdown. Assuming that triphosphates degrade at an 

equivalent rate, and t e g  into amount that ATP concentrations do not 

appear to v q  between mouse strains, reporting GTP as a proportion of 

ATP (te. GTP/ATP d o s )  should account for variations in extraction 



efEciencies and normalize results between samp1es. 

No interstrain Werences in GTP concentrations were obsemed 

aside h m  that in e-es (Table 3) (ScheEé's analysis p0.0 1). 

However, the resuits of the tissue extractions do indicate the presence of 

tissue Speanc variation, with tongue having the lowest GTP/ATP ratio, and 

bxain having the highest ratio. 

Table 3. Tissue GTP/ATP (x IO2) in C57BL/6J and C3H/HeH&Pgk-Ia 

inbred mouse strahs. 

Cen/Tissue CSIBL/aI C3H/ HeHa-Pgk-la 

iiver 15.8 (14.6, 16.9) 15.1 (14.6, 15.5) 

Edney 16.7 (16.1, 17.2) 16.3 (16.0, 16.5) 

bIain 23.4 (22.8, 24.0) 23.4 (21.8, 25.0) 

tongue 4.2 (4.1,4.3) 5.2 (5.0, 5.4) 

erythrocyte (n=5) 27.1 * 2.2 2.4 f 0.3 
- 

Results are given as the mean followed by individual results in 

parentheses, or the mean * standard deviation where n=5. C57BL/6J 

and C3H/HeHa=Pgk-la were chosen as the representative strains for high 

and low erythrocytic GTP/ATP ratios, respectively. No signincant 

ciifferences other than in e-ocytes were observed between strains 

(Scheffé's analysis p=O .O 1). 
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Mapping the Eqthrocytic G P  CofZCeRfration Detennining Tmit (WC) on 

M m e  Chromosome 9 

The map position of Gtpc was m e d  using a [(B6xWE%)FlxB6] 

backcross. This backmss was used because B6 and WE3 strains have 

signincantly different erythrocytic GTP b e l s  (Table 2; Jenuth et al. 

1994), and exhibit repeat length polymorphisms in the region of mouse 

chromosome 9 that is telomeric to TS; 

The genotype of Clqic for each backcross individual was infemed by 

phenotypic assessrnent of erythrocytic GTP bels .  In other words, 

homozygosity or heterozygosity at the Gtpc locus was based on whether 

each backcross offspring had high GTP levels (Ba-like) or intemediate 

GTP levels (FI-like), respectively. An example of nucîeotides extracted 

fkom backcross individuals exhibitkg high and intermediate GTP levels 

can be seen in Figure 7. 

Since ATP levels did not M e r  signincantly between the strriins 

used to generate the backcrosses (Table 2), ATP levels were used as a 

control to normaïize GTP levels, and results were reported as GTP/ATP 

ratios (Table 4). Of the 232 individuals typed, 124 B6-like and 108 FI- 

like offspring were identified, in the expected 1: 1 ratio (a=O.O 1). 



tlme (mln) 

Figum 7. HPLC analysis of erythrocytic nucleotides extracted from two [(BGxWB) FlxBG] 
backcross offspring. Note that 3206 f is B6-like with high levels of GTP, whereas 3 19 1 
m is FI-like with intermediate levels of GTP. 



Table 4. Representative ergthrocytic GTP/ATP ratios of 

parental, Fi and backcross mice used for mapping Gtpc 
- - 

Strain GTP/ATP IS 102 

C57BL/6J (B6) 27.1 * 2.2 a 
- / R d  (WB) 5.3 * 0.4 

(B6Xm) F i 16.7 t 0.9 

[(B6xWB)FXi36] backcross: 

- parental (BO)-like 27.2 t 3.9 a 

- FI-like 13.9 * 1.6 

Results are given as the mean * standard deviation for n=5 

animais. GTPIATP ratios that do not differ signincantly from 

one another are indicated by the same letter, a through ç as 

determined by Scheffé's analysis @=0.0 1) (Sokal86 Rohlf 

1981). 

No differences in GTP/ATP ratios were noted between backcross 

offspring whose B6 parent was female rather than male (Table 5) 

(Scheffé's analysis p=O.O 1). in addition, sa-specific differences with 

respect to GTP/ATP ratios in backcross offspring were not obsemed 

(Table 6) (Scheffé's analysis p=O .O 1). 



Table 5. Comparative erythrocytic GTP/ ATP levels in backcross 

offspring with a B6 female uersus a B6 male parent. 

1 B6 female x FI male Fi female x B6 male 

backcross offspring: 

- -  - - - - -  

Results are @ ~ e n  as the mean * standard deviation. GTP/ATP ratios that 

do not ciiffer significantly h m  one another are indicated by the same 

letter, a or b, as determined by ScheEé's analysis @=0.0 1) (Sokal & Rohlf 

198 1). 

high GTP/ATP x 102 

Table 6. Comparative erythrocytic GTP/ ATP levels in female versus 

male backcross offspring. 

26.8 t 2.0 (n=15)= 25.3 I 3.5 (x1=109)~ 

- - - - - -- - - - - 

Results are given as the mean * standard deviation. GTP/ATP ratios that 

do not ciiffer signincantly h m  one another are indicated by the same 

letter, a or b, as determined by Scheffé's andysis @=0.0 1) (Sokal & Rohlf 

198 1). 

high GTP/ATP x 102 

low GTP/ATP x 102 

[(B~xWB)F~XB~] backcfoss 

fernales males 

26.3 13.1 (n=64)" 24.6 I 3.5 (11=60)~ 

12.8 I 1.7 (n=58)b 1 1.4 I 1.6 (n=50) 



Eight microsatellite markers, which were infornative for B6 and 

WB, and located near WC, were applied to typing the backmss 

progeny. The sizes of microsatellite ampliEication products used to map 

Gtpc are given in Table 7, and examples of ampfiflcation products are 

shown in Figure 8. The foiiowing gene order and genetic distances were 

generated (in CM + S.E.): (D9dditIq 0.4B.4 (D9Mrt24) 1.7m.8 (WC, 

DgMt51, D9MitZ 16, D9Ma212) 3.9-11.3 (D9Mït200) 3.Okl. l(D9Mit20) 

7.8-tl.8 (D9Mt18) (Figures 9 tk 10). 

In any backcross, it is the FI individual nom which recombination 

events, contxibuting to the genetic distance, are being scored. It is 

generally thought that genetic distance is substantiaily larger in females 

than in males (Dietrich et al. 1994). The total genetic distance reported 

here for pooled crosses is 16.8 * 2.5 CM. The direction of the cross does 

not appear to make a Merence for this part of mouse chromosome 9; 

backcmsses in which the FI is fernale generate a distance of 16.8 * 2.6 
CM, compared to that of 16.7 * 7.6 CM in which the Fi is male. 



Table 7. Amplification pmduct lengths of microsatellite 

markers used to map Gtpc in [(B~xWB)FIXB~] backnoss 

mice- 

aiaiuosateïïite C57BL/W WB/Rd* 

Marka (B6) WB) 

* C57BL/6J product lengths are taken fkom the Murine 

MapPairsm Research Genetics April 1995 release. 

++ WB/ReJ product lengths were estimated relative to DNA 

molecular weight marker V (Boehringer Mannheim) as a 

standard. 



Figure 8. Ampmcation products of microsatellite marker D9Mit14 

from B6, (B6xWB)F,, and [(BoxWB) F,xB6] mice. Note that 3206f is 

parental-Iike, whereas 3 19 lm  is FI-like and shows both 78bp and 

60bp amplification products. 
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Figure 9. Nurnbers of [ ( B ~ x W B ) F I ~ B ~ ]  backcross pmgeny exhibiting the 

given genotype at each locus; either as measured by polymorphic 

microsatellite markers, or, for Gtpc, as is inferred by the phenowic 

assessment of exythrocytic GTP levels. Open boxes represent mice 

homozygous for the B6 allele. Shaded boxes represent mice 

heterozygous for both the WB and the B6 aUeIes. Paired columns 

represent reciprocal genotypes. 



PirCpre 10. Regional genetic map of mouse chromosome 9. 
Genetic distances are given in CM * S.E. 
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M q p i n g  the WC-Infomative Mïmsatellite M c v h  in Recombimnt 

Inbred Strmanns 

Genomic DNA kom BXH, BXA, AXB, and BXD RI lines was typed 

for the same microsatellite markers that were used to localize Gtpc in the 

[(B6xWB)FlxB6] backcross. The typing was performed to refine the 

region surruunding Gtpc on mouse chromosome 9, and to establish the 

order amongst those markers showing no recombination with Gtpc (te. 

D9Mit51, D9Mitl16, D9MitSl2) (Figures 9 b 10). 

Initially, microsatellites were amplined fkom RI progenitor strains 

to look for the presence of distinguishable length polymorphisms (Table 

8). Polymorphic markers were subsequentiy amplifxed h m  the 

corresponding RI strains. An example of typing the BXH RI strain set is 

shown in Figure 11. The $train distribution patterns that were generated 

for the four RI sets are given in Tables 9-12. AU codïng loci and their 

corresponding strain distribution patterns shown in Tables 9- 12 were 

taken fkom the Mouse Genome Database (July 1996). They have been 

included as points of reference to link the strain distribution patterns 

generated here to those existing in the literature. The distances between 

markers were then determined and used to generate the genetic maps of 

this sub-region of chromosome 9 in the RI strains (Figure 12.) 



Table 8. Amplification product lengths of microsatellite markers used to 

map Gtpc in AXBy BXA, BXD and BXH recombinant inbred strains. 
-- - - 

MiaosatPrllite Parental Strains 

Mark- A/J (A) C57BL/6J (B) DBA/ W @) C3H/HeJ (H) 

78 bp* 

180 bp* 

103 bp 

125 bp* 

134 bp 

140 bp 

133 bp 

118 bp 

Letters in brackets following the strain name refer to the abbreviated 

form used in the recombinant inbred strain nomenciature. The 

ampMcation product lengths for D9MSt18 in DBA/W and for D9Mit14 in 

stmhs other than C57BL/6J were estimated relative to DNA molecular 

weight marker V (Boehringer Mannheim) as a standard. AU other 

product lengths are taken mm the Murine MapPairsfM Research 

Genetics April 1995 release. 

* These products couid not be dinerentiated from the corresponding 

C57BLJ6J products using 4% agarose gel electrophoresis; D9Ma14, 

D 9 M 8  and D9Mit24 were not typed in the BXD RI strains, and D9Mt.20 

was not typed in the BXH RI strauis. 



> BXH recombinant inbred &min5 

Figrue 11. Amplification products of microsateiiite marker D9Mit212 

frorn BXH recombinant inbred strains. 



Table 9. BXH $train distribution patterns of microsatellite markers 

used to map Gtpc 

DSdmt lZ6  
D9lmw12 
Kfo 2 
Ctw3 
Fu2 

BXH Recombinant Mred Strains 
2 3 4 6 7 8 91011121419 

B B H H B B  
B B H H B B  
B B H H B B  
B B H H B B  
X 

H B H H B B  
H B H H B B  
H B H H B B  
H B H H B B  
H B H H B B  
H B H H B B  

X 
H B H H H B  
H f H H H B  
H B H H H B  
H B H H H B  

x 
n B H H H H  

H B H H H H  

H B H  
H B H  
H B H  
H B H  

H B H  
H B H  
H B H  
H B H 
H B H  
H B H  

H B H  
H B H  
H B H  
H B H  

H B H  

H B H  

Jenuth et al. 1994 

Elliott 1979 
Elliott 1979 

Jenkins et al, 1982 

Vagiiani et aL 1993; 
Taylor & Reifsnyder 1993 

Vagiiani et aL 1993 

not given 

Strain distribution patterns (SDPs) for markers in bold are work of this 

thesis. SDPs for previously typed loci within this region of mouse 

chromosome 9 are also included and have been ordered to produce the 

least number of crossovers. Note that the SDP for marker D9W18, 

although confirmed as part of this study, was previously established. 



Table 10. AXB strain distribution patterns of microsatellite markers used to map Gtpc. 

Gnat 1 

AXB Recombinant Inbred Strains 1 

1 2 3 4 6 6 7 8 9 10111213141517181920212324 

19 K 
A A B A B B B B B B B B A A A B A A A A A B  

x 
A A * A B B B B B B B A A A A B A A A A A B  

3 
A A B A B B B B B B B *  A A A B A A A A A B  

lit 3 
A A B A B B A B B B B B A A A B A A A A A B  
A A B A B B A B B B B B A A A B A A A A A B  

2 

Referenoer 

x nt 

A A B A B A A B B B B A A A A B A A A A A B  
A A B A B A A B B B B A A A A B A A A A A B  

x 
A A B A B A A B B A B A A A A B A A A A A B  

D9Jl 

Strain distribution patterns (SDPs) for markers in bold are work of this thesis. SDPs for previously typed loci within this 
region of mouse chromosome 9 are also included and have been ordered to produce the least number of crossovers. 
Note that the SDP for marker D9Mit18, although confirmed as part of this study, was previously established. 

v 

x x 
A A B B B A B B B A B A A A A B A A A A A B  

D g M i t 1 8 A A B B B A B B B A B A A A A B A A A A A B  

Blatt et al, 1988 

Blatt et al, 1988 

Naggert et al. 1997 

Youngblood et al. 1989 

Cheah et al, 1994 
Mu et al. 1992 

L 

the SDPs. * - not given 3 - the exact position of the crossover is not known due to ambiguitiea in one of 



Table 11. BXA strain distribution patterns of microsatellite markers used to map Gtpc. 

Locus 

D9Mitl4 
D9Mit24 

D9Mit51 
D9Mit116 
D9Mital2 

Gnai2 

Gnat 1 

D9Mit200 
D9Mit20 

D9Mitl6 

D9J1 
D9Mtt 18 

1 2 4 7  

B A A A  
B A A A  

x 
B A B A  
B A B A  
B A B A  
B A B A  
3 
A B A  
3 
A A B A  
A A B A  

A A B A  

A B A  

A A B A  
A A B A  

BXA Recombinant Inbred Strains 1 

8 9 11 12 13 14 16 17 18202223242526 

B A B A A B A B A B A B B A B  
B A B A A B A B A B A B B A B  

B A B A A B A B A B A B B A B  
B A B A A B A B A B A B B A B  
B A B A A B A B A B A B B A B  
B A B A A B A B A B A B B A *  

B A B A A B A B A B A B B A *  
x x 

B A B A A B A B A B B B B B B  
B A B A A B A B A B B B B B B  

% JK 
B A B B B B A B A B B B B B B  

Yt  X 

* A B A B * * B * * B B A * *  
x R 

B B B B B B A B A B B B A B B  
B B B B B B A B A B B B A B B  

Blatt et al. 1988 

Blatt et al. 1988 

r 

Naggert et al. 1997 

7 Youngblood et al. 1985 

* - not given 3 - the exact position of the crossover is not known due to ambiguities in one of tl 
Strah distribution patterns (SDPs) for markers in bold are work of this thesis. SDPs for previously typed loci within this 
region of mouse chromosome 9 are also included and have been ordered to produce the least number of crossovers. Note 
that the SDP for marker D9Mii18, although confmned as part of this study, was previously eatabîished. 

Che& et al. 1994 
Mu et al. 1992 

le SDPs, 



Table 12. BXD strain distribution patterns of microsatellite markers used to map Gtpc. 

x x 
Rbp2 D B B D D B B D B B B B D * D D D B B D B B B D B B  

x X x x X 
D9byu4 D B B D D B B  B B B B B D B D B D B B D B D B B B D 

x 
Uw3 D B B D D B B B B B B B  * B D B D B B D B B B B B  * 

D9MitSl D B B D D B B  B B B B B  D B  D  B  D B B D B B B  B  B  D 
X x x 

o ~ t l  D B B B D B B B B B B B D D D B D B B D B B B B D D  
X nt x 

fi2 D B B B D B B B B B B B D B D B D D B D D B B B  - * * 
B D B B B B B B B D B D B D D B D D B B B D D  

j m m t t z i q ~ ~ B B D B B  B  B B B B D B D B D D B D D B B B D D I 

-- - W L  ~ w e n  r - me exact position ot the crossover is not known due to ambl- - ---- -- --- 
Strain distribution patterns (SDPs) for markers in bold are work of this thesis. SDPs for previously typed loci within this 
region of mouse chromosome 9 are also hcluded and have been ordered to produce the least number of crossovers. Note 
that the SDP for marker D9Mit20, although confirmed as part of this study, was also previously established (Table 13). 



Table 13. References corresponding to BXD strain distribution 

patterns reported in Table 12. 

Woodward et aL 1992 

Nass et al. 1993; Demmer et aï. 1987 

Woodward et al- 1992 

Nadeau et al. 198 1; Elliot et al. 1978 

Bhtt  et al- 1988 

Elliot et QI- 1978 

Dietrich et al- 1992 

Frankelb Coffin 1994 

Dietrich et al- 1992 

Breen et al. 1977 

Meisler 1976 

Die~ch et al- 1992 

Woodward et al. 1992 

Elliot 8a Yen 199 1; Friedman et al. 1989 

Woodward et al. 1992 
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The metabolism of substrates IMP, GMP and GTP was studied in 

B6 and WB mice to determine whether ciifferences existed between these 

two s.trains which could account for the obsemed Merences in 

erythrocytic GTP concentrations (Table 2). First, the rate of production of 

XMP and GMP kom IMP was measured by HPLC. Secondly, to assess 

the rate of GTP catabolism, the production of GDP, GMP, guanosine, 

guanine and xanthine was followed. Findy, the rate of GMP degradation 

was obsemed by measuring the accumulation of guanosine, guanine and 

xanthine (refer to the purine pathway in Figure 1). 

No dinerences in the metabolism of GTP or IMP were detected 

between erythrocytic lysates fkom B6 and WB mice (data not shown). 

There was, however, a marked Merence in the catabolism of GMP. WB 

lysates had a 2-foid increase in the breakdown of GMP, and a resulting 

2-fold increase in the production of xanthine compared with B6 lysates 

after 60 minutes (Figure 13 &, 14). Since this was the only part of the 

purine metabolic pathway to show any interstrain differences, GMP 

catabolism became the target for further study. 

The rate of GMP breakdown was measured using a coupled assay 

in which the final product could be measured spectrophotometrically 

(Figure 2). The idea behind tbis assay is that a certain step of the 



Minutes 

Figure 13. HPLC analysis of erythrocytic nucleotides extracted from a) B6 and b) WB lysates incubated 

with GMP for O minutes. Note the equivalent xanthine and GMP peaks. 
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pathway c m  be monitored if the steps after the one of interest proceed in 

a non-rate-Iimiting manner, Le. the step of interest should be the rate- 

liniitîng one. Then, because it is rate-Iimiting, the rate at which the 

reaction proceeds is equal to the rate at which the step of interest 

proceeds. In this case, the rate of conversion of GMP to guanosine was of 

interest (Figure 2). Therefore, the further catabolism of guanosine 

should proceed uninhibited in order to measure the rate of the enqmatic 

reaction that produces guanosine. The best way to ensure that this 

portion of the pathway is not rate-Iimiting is to add the appropriate 

enzymes so that they are present in excess. Howwer, guanine 

deaminase and purine nudeoside phosphorylase were not added to the 

reaction mixture, to determine whether endogenous amounts of these 

two enzymes would be sufficient. 

A number of guanosine concentrations were used to determine at 

what point the rate of reaction no longer increased. Maximal velocity 

was realized at 0.5 mM. This guanosine concentration was then used as 

a substrate for both B6 and WB erythrocyüc lysates. The rate of product 

formation did not vary signincantly between strains. The same range 

finding was performed for GMP as a substrate, and it was determined 

that the rate of reaction no longer increased at 2 mM. The rate of 

reaction using guanosine as a substrate was greater than that with GMP 

as a substrate, indicating that the rate-rirniting step was the conversion 
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of GMP to guanosine. This confhmed that the endogenous amounts of 

purine nudeoside phosphorylase and guanine deaminase were enough to 

be non-rate-lirniting. 

The above conditions were then appiied to pooled erythrocytic 

lysates h m  B6 and WB mice. The outcome was a 20% increase in the 

rate of GMP catabolism in WB lysates (0.650 nrnol/(minute mg protein)) 

as compared to B6 (0.542 nmol/ (minute - m g  protein)). These 

preliminary results suggest a difference in reaction rates for the 5'- 

nucleotidase catalyzing the GMP to guanosine conversion in inbred 

strains with varying Otpc phenotypes. 



EL/thlocytc*c GTP and A P  Levels in arbted Macse  StnUtins 

The data presented herein clearly indicates that strain-specific 

erythrocytic GTP levels can be divided into two distinct groups: those 

strains exhibiting high GTP concenlrations (2 15 + 44 nmol/rnL packed 

cells) and those exhibiting low GTP concentrations (34 +: 12 nmol/mL 

packed cells) (Table 2). The division between the upper and lower strains 

suggests there are at least two aiielic forms of WC, the gene that govems 

erythrocytic GTP levels in the mouse. Scheffé's test indicates some 

heterogeneity within the group with high GTP levels. This may point to 

the existence of more G@c alleles, or may suggest the influence of the 

strain background; ie. other loci may be implicated which have a lesser 

effect on e m c y t i c  GTP concentrations. This is not unexpected when 

one considers the participation of GTP in a number of biochemical 

wents. Variability in the rate of GTP utilîzation by any of a large number 

of biological processes could affect the overall concentration of GTP 

within the celï. Variability could also arise from alterations to any of the 

enzymes directly involved in its synthesis. 

Mouse strains other than common laboratory inbred strains, 

SPRET-1 (Mus spretus) and PERU W 1-II (Mus musadus domesticus), were 
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included in this surrrey to search for further variation in GTP levels. 

Since these strauis are more distantly related, it was expected that the 

number of phenotypic variants of erythrocytic GTP concentration would 

increase. This, however, was not the case (Table 2). PERU W1-II, which 

has high e-ocytic GTP levels (220 + 15 nxmi/mL packed cells), does 

not ciiffer significantly Mm the seven laboratory strains also having high 

GTP levels. SimifarIy, SSPRET-1, with low GTP levels (43 t 13 nrnol/mL 

packed ceils), shows no signincant Meremces with the 1 1 laboratory 

strains also in this low GTP level grouping. 

Lack of GTP Vatiubitity in Nucleated Tissues 

Erythrocytes are terminaiiy differentiated cells, dwoid of nuclei, 

mitochondria or ribosomes. As such, no de novo protein production 

occurs within these ceïis. It was therefore important to determine 

whether the varying levels of GTP obsemed in mouse red blood celis were 

simply due to an altered half-life of a GTP regulating enzyme, or if some 

other mechanism involving the rate of GTP synthesis or degradation was 

at work. 

No interstrain ciifferences in GTP levels in celis other than 

erythrocytes were obsewed (Table 3). These observations also hold true 
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for heart (Wiebe, Fung 8b Snyder, unpublished results) and spleen 

leukocytes (Jenuth, Fung &i Snyder, unpublished results) . This suggests 

that GTP levels may be indicative of enzymatic polymorphisms leading to 

different activity leveis or altered half-lives which manifest oniy within 

the Merentiated state of the eqthrocyte. The argument would be that 

in cells other than erythmcytes, the continued production of proteins 

would be able to mairitain GTP at the necessary levels. However, in the 

eiythrocyte, the machineIy required to make such pmteins is lost during 

the final stage of dinerentiation. Celi functions can then only be c e d  

out by the proteins already present. For instance, if a protein such as 

GMP 5'-nucleotidase had significantly different half-life between strains, 

guanine nucleotides would not be broken d o m  to the same extent, 

leading to relatively higher GTP levels. This wouid also be true if the 

same enzyme had a lower activity ievel. 

Since erythrocytes have a nnite life span (47-57 days in the mouse 

(Landaw 86 Winchell 1970)), it is presumed that what is actuaiiy being 

measured is the average level of GTP across the erythrocyte populations. 

It would be of interest to look at samples of red-blood ceils of the same 

age to see how GTP concentrations change over the Me span of the 

erythrocyte, and how they v q  between strains. Landaw and Winchell 

(1970) reported significant variations in erythrocytic He-span between 

three different mouse strains. With respect to GTP levels, it could 
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therefore be argued that what is being measured might not actuaiiy be 

directiy related to GTP production or breakdown, but may be a side mect 

of having a younger average erythrocyte population. 

It would also be interesthg to look at reticulocytes (immature 

erythrocytes) which are also anucleate, but still maintain ribosomes and 

therefore the capabrlity of translation (if not transcription), to see 

whether their GTP concentrations also vary across mouse strains. 

Russell et al. (1951) looked at reticulocytes in 18 Merent inbred mouse 

strains, and found that reticulocytes varied from 1.5% - 3.5% of total 

blood celis amongst strains. Unfominately, no statistical anaiyses were 

pedormed to determine if these values were signifimntly different. 

The lack of GTP variabiiity observed in other tissues makes the 

pursuit of the Gtpc gene product no less important. Pagiia and Vaientine 

(1980) discovered a pyrimidine-speciflc nucleotidase through the study of 

heredi- nonspherocytic hemolytic anemia, which results in 

signincantly increased erythrocytic CTP, TTP, and UTP levels. Therefore, 

the study of GTP levels in mouse red blood ceUs may point to another as 

yet unidentifïed component of GTP catabolism. 



VmiabIity of GTP Levels Between Tissues 

Within a single mouse strain, variations in GTP/ATP ratios 

between tissues were noted (Table 3). Tongue had the Iowest ratio, which 

was not unexpected. Since tongue is primarily muscle, it would have a 

higher ATP requirement than the other tissues sampled. M u s d e  

contraction is driven by the interaction between actin and myosin, which 

is coupled to the hydrolysis of ATP. 

Brain had the highest GTPIATP ratio, which may be due to the 

higher requirement of GTP for use in neurotransmitter production. GTP 

is required to produce the CO-factor tetrahydrobiopterin, which in turn is 

essential for dopamine, norepinephrine, epinephrine, serotonin, and 

melatonin synthesis. For example, the inability to utilize GTP to produce 

teWydrobiopterin is h o w n  to be related to a form of hereditary 

progressive dystonia (Ichinose et al. 1994). 

Gm&c MapptPLng of the En/throcylzcylzc GTP Conœntmtion Deteminittg Trcat 

(Gtpc) on M m e  Chromosome 9 

Genetic mapping has been greatly facilitated by the ideniifkation 

of microsatellite markers, which occur at high ftequency throughout the 
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mouse genome ahd tend to exhibit length polymorphism. Microsatefites, 

or simple sequence repeats (SSRsJ, may be readily assayed by the 

polymerase chah reaction (PCR) usirig unique flanking regions (Love et 

al. 1990; Dietrich et ai. 1992, 1994). Over 6000 simple sequence length 

polymorphisms (SSLPs) have been identified to date between mouse 

strains C57BL/6J-ob/ob (OB) and CAST/Ei (CAST). Strains OB and 

CASï were used because they represent different subspecies; CAST is 

Mus rnuscuhïs castaneus, whereas laboratory strains (OB) mise from Mus 

musmhcs domesticus and Mus ntusculus musculus progenitors. As such, 

these strains are expected to be somewhat distant genetically, resulting 

in a higher number of polymorphisms, whiie still producing fertiie FI 

offspring, mnking them more usehl in genetic studies. 

Using SSLPs, a genetic map has been constnicted which provides 

an average spacing of 0.25 CM between markers, corresponding to 

approximately 500 kb of DNA. Of the identined SSRs, approximately 

50% are expected to be polymorphic between laboratory strains arising 

fkom the same progenitor lines, compared to the 94% rate of 

polymorphism observed between species or subspecies. Nonetheless, the 

informative microsatellite markers available between laboratory strains 

facilitate the fine mapping of most genes. 

Over two hundred backcross individuUals have been typeci for GTP 

levels and eight microsatellite markers to localize WC to a 5.6 re 2.1 CM 
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region flanked by markers D 9 W 4  and D9Ma200 (Figures 9 86 10). No 

recombination events were observed between G@c and three mic~osateiïite 

markers, D9Ma51, D9Mül16, and D9Mit212. Marker D9-4 was 

iden.tified within -fthrough a search of Genbank for simple tandem repeats 

by Dietrich et aL (1992). This marker was speüficaiiy used here as a 

refe-nce to ïïnk these results to the exîshg map, as T h a s  ken 

detignated as one of eight eerence markers on chromosome 9 (Kingdey 

1993). Since the position of mhas already been defineci, the map of mouse 

chromosome 9 generated in this study is iïnked to genetic position 56 and 

cytogenetic position F I 3  (Kingsley 1993; Baranov et ul. 1987). 

The ~nkrosatellite marker map presented hem ciiffers fimm recently 

published maps compiled by the MPT Center for Genome Research (July 

1997) and the Mouse Genome Database (MGD) ( J e  1997) (Figure 15). The 

total genetic distance generated for this region of mouse chromosome 9 

using the P~XWB)FIXB~] backcross is 16.8 * 2.5 CM compareci to that 

reported by MIT (12.1 CM) and MGD (15 CM). 

Markers D9MtlI 6, D9Ma212, D92Mif200, and D9Ma20 have not 

previousiy shown any recombination. No recombinants between markers 

D9MZ 16 and D911dit212 were observeci in this study, but this pair was 

determined to be located pmxïmai to D9Mït200, which in tum lies pmxllnal 

to D9MaS0 (Figures 9 (k 10). Conversely, DgMTt51, reported by MTT to be 1.1 

CM proximal to D9Mt116 and D9Ma212, did not recombine in this study 
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with either of those markers in the backmsses typed. At a distance of 1.1 

CM, out of 232 individuals, two to thne csossover events between those 

markers wouid be expected. It  shouid be noted that MIT markers are 

rnapped based on 92 informative meioses, and therefore only one 

recombination ment was observed between D9MLtSI and the other two 

markers. A chance recombination ment in a smaller number of informative 

meioses could artificially inflate the actual distance between these markers. 

One other difference between the map generated here and those 

reporteci elsewhere is that, baseâ on a single recombination event, this work 

places the position of D9Ma14 pmximal, rather than distal, to Te If what 

was obsefved in this study was actudy a double mssover event, the 

reported map order would be maintained. However, due to the pmximity of 

these two markers to one another, it is unlikely that a double crossover has 

occurred. 

Variations in genetic maps 

e s .  Like D9Ma51, many of the 

may occur as a result of different sample 

micsosatellite markers have been 

previously mapped using 46 intercross offspring (Dietnch et aL 1992), 

corresponding to 92 informative meioses, cornpanxi to the 232 Monnative 

meioses h m  the (E%xW)FlxB6 backmss offspring typed here. Variations 

may also be indicative of biologicai differences in recombination frequencies 

between strains used (Dietrich et al. 1992). The (OBxCAST] intercross uses 

the subspecies M ù s  musahs castmrars (CAST), which was chosen to 
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maramize the observai microsatellite polymorphisms. However, 

polyrnorphism between CASI' and iaboratory inbred strains may not be 

lirnited to lengths of ccinip1e sequence repeats. Because these strains are 

more distantly related, differences may also extend to gene order, distances 

between repeats or distriiutions of recombinatonai events (Copeiand et QL 

1993). Dietrich et aL (1994) reporteci a recombinalion %ot-spot" near the 

telomere of chromosome 19 in (CASTxB6)Fz crosses, which was not 

obsemed by Eicher and Shown (1993) using a [(SPRMXB6]xB6] backmss. 

A cross based solely on iaboratory inbred strains might thexfore be 

expected to give slightly different resuits. 

Recombinant inbred (RI) strains arise through the systematic 

uibreeding of two pre-existing progenitor strains (Bailey 197 1). 

Descendants of randomly mated pairs of F2 individuals are continuously 

brother-sister mated for twenty or more generations. More than 98 

percent of the polymorphic loci in the resuiting RI strains are expected to 

be genetically fixed. m e s  of unlinked loci are randomized in the F2 

generation, and are expected to be fixed in parental and recombinant 

allelic combinations with equai probability. Linked genes, on the other 



hand, have a tendency to rem& together in parental delic 

combinations. 

Each Ri strain is equdy iikely to have inherited either the 

materna1 or patemd progenitor strain allele at each autosomal locus. 

Therefore, a trait such as Gtpc, which is under the control of a single 

gene that mer in the progenitors, is expected to resemble one of the 

progenitor strains approximately one-half of the time. The parental 

strallis used to generate each of the sets are designated in the name 

using the following abbreviations A - A/ J, B - C57BL/6J, D - DBA/2J, H 

- C3H/HeJ. For example, the AXB recombinant inbred strain set arises 

h m  A/ J and C57BL/6J parents. 

Strau? distribution patterns (SDPs) were generated in BXH, AXB, 

BXA, and BXD recombinant inbred (RI) strains, for each of the markers 

showing polymorphîsms between the respective progenitor strains 

(Tables 8-12). With one exception, the order of the markers did not 

change, although the distances varied between the different RI strains. 

The only Merence of note occurred in the BXH strains. Marker 

D9M-00 generated the same SDP as markers D9Mit14, D9Mit24, and 

DgMitSl. Ordering the markers according to fewest number of 

recombination events between SDPs would then place D9Mit200 

proximal, rather than distal to WC, D9Mitl26 and D9MWI2, as found in 

the backcmss analysis, and in all other RI strains. This may indicate a 
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ciifference in order in the BXK strains, or it may be that two crossovers 

have occurred between D9MïtZ00 and those markers with which it shares 

SDPs. 

It should also be noted that D9Ma51 segregated fbm D9A48116 and 

D9MW12 in BXH, AXB and BXD recombinant inbred strains, but did not 

segmgate in the [(B6xWB)FdEXj] backnoss. 

Gtvc Candidate Gene Pmducts 

To continue to refine the Gtpc locus, more microsatellite markers 

could be used to narrow the distance between flanking markers. A 

smaller total genetic distance would greatly facilitate the switch to 

physical mapping. Yeast artificial chromosome (YAC) libraries are 

available, which are pooled and sub-pooled in such a way that a minimal . . 

number of polymerase chah reactions could be employed to find the 

appropriate clone with the sequence of interest. However, the markers 

known to flank Gtpc at this point are roughly 5 CM apart, corresponding 

to about 10,000 kb. Assuming that the average size of a YAC insert is 

500 kb, a minimum of 20 YACs would need to be screened. This would 

necessitate making a contiguous map of this region. Work is being 

camied out by the European Collaborative Interspecific Backcross 
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project, and the hIIT Center for Genome Research to create a physical 

map. This will be integrated with the genetic map, but it wiU be some 

time before such a tool is available for use in localizing mouse genes. An 

alternate approach to searching the physical map for LrkeIy coding 

regions or previously mapped genes is to assess candidate gene products 

for identity with Gtpc 

Candidate genes to be considered for identity with Gtpc include 

those genes whose products are known to affect the rate of GTP 

anabolism or catabolism. There are a number of genes or gene products, 

listed in Table 14, which couid possibly be responsible for the observed 

dinerences in erythrocytic GTP levels. Altered activities of any one of 

these could potentially affect GTP concentrations. Products of genes 

known tu map to locations other than the region of interest on 

chromosome 9 have been exciuded. For example, hypoxanthine-guanine 

phosphoribosyl transferase has been previously mapped to the X- 

chromosome (Chapman et al. 1983). Purine nucleoside phosphorylase 

and GTP cydohydrolase have both been mapped to mouse chromosomes 

14 (Womack et al. 1977; Ichinose et aL 1995). 

The region of mouse chromosome 9 that is distal to Teexhibits 

synteny oniy to human chromosome 3p2 1-23 (MGD July 1997). 

Therefore, although many of the candidates'in Table 14 have not yet been 

mapped in the mouse, they may be eliminated based on the syntenic 



Table 14. Potential gene products responsible for erythrocytic GTP 

variations. 

Gene Product Chromosoma1 Location 

GTP synthesis: 

IMP dehydrogenase 1 

IMP dehydmgenase II 

GMP synthase 

GMP kinase 

unknown 

unknown 

unknown 

unknown 

GTP degradation/ utüization: 

GMP nucleotidase ' unknown 

GMP reductase unknown 

guanine deaminase 

G proteins - Gnatl 

- Gnai2 

tu bulin 

elongation factors - EF1 

- EF2 

initiation factor - eIF2 

release factor - RF1 

unknown 

U ~ O W ~  

unknown 

U ~ O W ~  

unknown 

adenylosuccinate synthase unknown 
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relationship of their position in the hwnan genome. This would limit the 

Iist of potential candidates to IMPDH II, GNATl and GNAI2, which have 

all been mapped to 3p in humans (Glesne et d. 1993; Blatt et d. l988), 

and to GMP synthase, GMP nucleotidase, guanine deaminase, eIF2 and 

RF- 1, which have not yet been mapped. 

- The genes encoding two G-proteins, Gnatl, and G d ,  have been 

mapped in the mouse to the same region on chromosome 9 where Gtpc is 

located (Blatt et al. 1988; Drivas et al. 1990, 199 1). Consemed regions of 

the proteins are thought to bind and hydrolyze guanine nucleotides, 

whereas divesent regions may play a role in subcellular localization and 

protein interaction. G-proteins participate in the process of signal 

transduction through interaction with effector molecules, which in turn 

generate second messenger molecules. Some G-proteins play a role in 

actin polyrnerization as part of mahtaining cellular structure. It is 

conceivable that alterations to G-proteins may affect the rate of usage of 

GTP and therefore interceliular concentrations of GTP pools. 

G-2 and Onai2 were mapped using RFLP analysis of mouse 

genomic DNA using probes derived h m  bovine retina, and rat 

epithelium, respectively. Tissue distribution studies have found the 

bovine GNATl transcripts to be found only in retinal rod photoreceptors 

(Lerea et d. 1986), and so it seems unlikely that GNAT2 would be 

responsible for controlling erythrocytic GTP lwels. Rat GNAï2 
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transcripts, on the other hand, have been found in many tissues 

inciuduig brain, heart, kidney, lung, intestine and olfactory cells (Jones 

Bb Reed 1987), making GNAI2 a much more Likely candidate. Although G- 

proteins possess intrinsic GTPase activity, the question rernains as to 

whether the smali amount of GTP these proteins actuaiiy hydrolyze 

w o w  be enough to result in the obsemed differe~~ces in erythrocytic GTP 

levels. 

IMP dehydrogenase has not yet been mapped in the mouse, but its 

map position on human chromosome 3 (3p2 1.2-p24.2) is syntenic to the 

region of interest (Glesne et al. 1993; Kingsley 1993; Nadeau et ai. 1992). 

This enzyme is a good candidate for Ciqc because, in addition to its 

syntenic map position, it is known to catalyze the rate-limiting step in 

the de mvo biosynthetic pathway of GTP (Snyder Bs Henderson 1973). 

Experirnents involving rat hepatoma 3924A celis showed that during the 

biochemical proliferative stage, there was a redirection in the utilbation 

of the radiolabel from IMP (Natsumeda et al. 1988). The result was an 8- 

fold rise in the ratio of guanylate to adenylate qrnthesis. When 

tiazofurin, a potent inhibitor of IMPDH, is present, a decrease in 

guanylate metabolism is obsewed, and there is a noticeable oncolytic 

response in hepatoma-carrying rats (Lui et al. 1984). 

Other studies were performed on a mouse neuroblastoma ceii line 

that exhibited a 10,000-fold increased resistance to mycophenolic acid, 
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an inhibitor of IMPDH (Hodges et al. 1989). A 2-fold increase in GTP 

levels was obsemed compared with wild-type neuroblastoma ceils. Upon 

removal of mycophenoiic acid, there was a m e r  2-fold increase in GTP 

concenb'ations. A 25-fold i n m s e  in IMPDH gene copy number was 

found in the resistant celis, however, mRNA levels had increased 500- 

fold (Lightfoot 86 Snyder 1994). Although gene ampiifkation had 

occurred, it was not enough to explain the much higher mRNA levels. 

Since IMPDH gene expression has ken  determined to be inversely 

regulated by intracellular guanine ribonucleotide concentrations (Glesne 

et al. 199 l), it may foilow that a decrease in the effectiveness of end 

proâuct regulation has occured. 

Based on these studies, the diff'erent erythrocytic GTP levels 

exhibited in laboratory mouse strains could be explained by an alteration 

in IMPDH. This may either be due to an increased amount of IMPDH 

(from increased gene expression prior to terminal dinerentiation], or due 

to a change in its enzymatic activity. 

A metabolic investigational approach was undertaken to discover 

the identity of the putative Gfpc gene product. The number of candidates 

could be restricted by detennining whether the ciifferences in GTP pools 

occur as a result of alterations in its synthesis or degradation. 

To look at enzymes involved in de novo GTP synthesis (IMPDH, GMP 

synthase, and GMP kinase), IMP was added to fohw the formation of 
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XMP, GMP, GDP and GTP. In order tu study catabofism, GTP or GMP 

was added, and the rate of degradation pmducts was monitored, to 

provide information on GMP nucleotidase, GMP reductase, guanine 

deaminase, and GTPases. Both types of assays employed in this study 

used erythrocyte samples pooled h m  several uidividuals. 

Preliminw results suggest that an enzyme involved in GMP 

catabolism, possibly a GMP-specüïc 5'-nucleotidase may be responsible 

for the Merences seen in GTP levels. Further d y s i s  would require 

optimbation of conditions for an assay specifically designed to look at 

this step of catabolism. GMP 5'-nucleotidase requires the presence of a 

bivalent metal salts (e.g. Me*) (Itoh 198 1) and ATP for complete activity 

(Van den Berghe et al. 1977). The second (colourirnetric) aassay is not 

feasible in the presence of ATP. Since ATP shares the final stages of the 

degradation pathway with guanine nucleotides (see Figure l), breakdown 

of ATP would also contribute to the colour production. 

The first (HPLC) assay would be more amenable to this analysis since one 

could include ATP with the addition of GMP. The problem again lies in 

the shared components of the pathway - the production of catabolites 

past guanine could not be rneâningfidly monitored. It may therefore be 

n e c e s s q  to design an assay in which radiolabeled GMP is used. The 

label could then be foîiowed through the entire pathway, and non-labeled 

ATP degradation products would not intenere. 



Inbred mouse strains were found to Vary in erythrocytic GTP levels 

by as much as 16-fold. Based on their GTP levels, inbred strains were 

found to segregate into two distinct groups: those with low GTP and 

those with high GTP. ATP levels. on the other hand, were not found to 

dBer signincantiy. 

Regardiess of the amount of GTP observed, ail mice were 

phenotypidy nomal. This may be due to the fact that GTP levels in 

other celis remain constant across strains, suggesting that the observed 

GTP variations are a result of the dinemntiated state of the erythrocyte. 

Erythrocytic GTP levels were found previously to be govemed by 

the GTP concentration determining trait (Gtpc) located on mouse 

chromosome 9 (Jenuth et ai. 1994). Over 200 mice were typed in this 

study for GTP concentrations and eight microsatellite markers to renne 

the map position of the Gtpc locus. The foliowing order and map 

distances (in cM*S.E.) were obtained: (D9MSt14) 0.4kû.4 (D9Ma4)  

1.7B.8 (Gtpc, D9Mit51, D9Mit116, D9Mït222) 3.9k1.3 (D9Mit200) 

3 .CM. 1 (D9Mit20) 7.8I1.8 (DgMitl8).  These eight markers were also 

mapped in four recombinant inbred strain sets to continue to 

characterize this sub-region of chromosome 9. 
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A prelimin&y study of GTP catabolism suggests that an enzyme 

involved in GMP breakdown may be the source of the erythrocytic GTP 

variations observed, 

Finally, nom these experiments has corne a large accumulation of 

tissues obtained ftom [(B6XWB)FlxB6] backcross offspring. In addition 

to being useful in the present study, this store represents a vaiuable 

resource for future mapping studies involving inbred iaboratory strains. 

In conclusion, it is anticipated that complete characterization of 

GTP concenlration variability in the mouse, including identification of the 

gene product involved in detenninïng GTP levels, wiU lead to a better 

understanding of the regulation of purine metabolism. This may in tuni 

provide p a t e r  insight into a number of neurological disorders that are 

known to be associated with reduced erythrocyte GTP levels, or impaired 

utilizattion of GTP. 
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Human blood was analyzed to detennine whether erythmcytic GTP 

levels Vary signüicantly within the population. Ethical approval was 

obtained to use remnant blood taken for a study unrelated to this thesis. 

Nucleotides were extracted h m  blood samples using the sarne methods 

employed for mouse samples. Unfortunately, because these were 

remnant samples, the time fkom when the blood was drawn untü the 

nucleotides were extracted varied widely. Therefore, the extraction 

efficiency was considerably variable, as indicated by the wide range of 

ATP/ADP ratios (3.9 - 13.2). 

Twenty-four dBerent individuals were sampled for this study: 

thirteen males and eleven fernales. A complete nucleotide profile is 

presented for future consideration (Table 15). The GTP/ATP (x 1 O*) ratio 

obtained (4.3 * 0.7) in this study is comparable to the ratio 4.2 reported 

by Simmonds et al. (1988). The GTPIATP (x lO2)  ratio is not signincantly 

different between males (4.0 * 0.7) and fernales (4.5 I. 0.6) based on a 

95% confidence intemal (Milton 1992). Because humans are a largely 

heterogeneous group, it was expected that levels would ùidicate a 

continuum, rather than distinct groupings of GTP and ATP levels, as 
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obsemed in mice. Rankit plot analysis codbms this (Figure 16), and 

shows no signifiant variations in GTP concentrations. in fact, human 

erythrocytic GTPIATP (~102) varies little (3 .O - 5 -2); the standard e m r  is 

comparable to that of a single given mouse strain. 

It should be noted that the blood samples used in this experirnent 

do not represent a random cross-section of the population. Rather, they 

are taken £Yom research personnel wi- the facility, who are 

predominantly nom European backgrounds. Therefore, the results 

found in this study may not be representative of the entire human 

population. 

An unexpected peak was found in the HPLC absorbance spectrum 

of eight (five males, three fernales) of the 24 individuals sampled. It is an 

extremely large peak (see Figure 17) with a retention time of 12.0 

minutes, and an absorbance maximum of 238 nm. It elutes close to IMP 

(which has a retention time of 12.8 minutes) thus obscuring the typically 

smaii IMP peak. The identity of this peak is still being investigated. 

Tr~ptophan, tyrosine phenyIaianine and histidine, which absorb in the 

ultra-violet range, will be considered. Caffeine and methyI-xanthines 

have been ruled out as possible candidates (based on retention times and 

absorbance spectra). It would be infornative to take samples h m  these 

individuals over time, to detennine whether this peak is constant, or 
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transient. If the latter, that may suggest that it has a dietary source, 

which couid be foUowed by monitoring corresponding food intake. 



Tabk 15. Hiiman erythrocytic nucleotide concentrations. 

Nudeotide Concentration Number* 

(nmol/mL packed ceiïs) 

NAD+ 48 * 11 n=24 

IMP 414 n=16- 

UDP-hexose 16 * 10 n=14* 

UDP 6 1 i  13 n=24 

UTP 2 n=l 

CDP 321 n= 12 

CTP 17 * 8 n=15 

GMP 15 t 5 n= 14* 

GDP 611 n=24 

GTP 41 2 8  n=24 

AMP 13 * 13 n=24 

ADP 125 * 47 n=24 

ATP 967 * 140 n=24 

GTP/ATP x102 4.3 * 0.7 N/A 

ATP/ADP 8.5 * 2.4 N/A 

peak 238 nm N / A  n=8- 

* refers to the number of individuals of the total 24 sampled 

who are exhibiting the comsponding peak in the HPLC 

spectra. 

*GMP and UDP-hexose are often CO-eluting 

* large unidentined peak with absorbance max at 238 nm 

obscures IMP peak 
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m e  16. Rankit analysis (Sokal Q Rohif 1981) of human 
erythrocytic GTP concentrations. Each circle represents one 
individual. A first order regression line is fitted to the data. 
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