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Abstract. A new major urinary protein allele Mup-I c with "null" activity was detected in 
males of the COP strain. The (BN × COP)FI × COP backcross had significant segregation 
distortion of the Mup-I and Aco-1 alleles that indicated a hnkage between the genes, at a 
map distance of 13 + 4 cM. The loci reside on the hnkage group II of the rat with the b 
locus. According to our data and the results published previously, the map distance and 
the orientation of genes is b - 8 + 4 - Mup-I - 13 + 4 - Aco-l. These genes form a syntenic 
group m both the mouse and the rat. 
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1. Introduction 

The  po lymorph i sm of  the m a j o r  u r inary  p ro te in  (Mup-1) in the  ur ine  of  male  rats  
was de t ec t ed  by van Z u t p h e n  et al (1981), and its l inkage  to b rown coat  co lor  (b) 
was r epo r t ed  by Nika ido  et al (1982). The  ur inary  p ro te in  was found  in a very low 
concen t ra t ion  in the ur ine of  f emale  rats as well ( K o n d o  and Y a m a d a  1983). M a j o r  
ur inary  pro te ins  in the mouse  are  syn thes ized  in the l iver ( K n o p f  et al 1983).bv two 
d ivergent ly  o r i en ted  genes  (Clark  et al 1984). 

The  po lymorph i sm  of  acon i tase  (E .C .4 .2 .1 .3 )  in the  rat  k idney  was descr ibed  
recent ly  by A d a m s  et al (1984). The  enzyme  was sc reened  on ce l lu lose  ace ta te  and 
two pheno types  r ep resen t ing  the slow and fast forms of  the e n z y m e  were  found.  No 
l inkage to cy top lasmic  a l d e h y d e  d e h y d r o g e n a s e - 2  (Ahd-2), i m m u n o g l o b u l i n  k a p p a  
chain (lgk-1) and seminal  vesicle prote in-1  (Svp-l) was de t ec t ed .  The  aconi tase  
locus (Aco-l) on the mouse  c h r o m o s o m e  4 is l inked to b and to Mup-I (N a de a u  and 
Eicher  1982). The  Aco-I on c h r o m o s o m e  9 in man is in the same  syntenic  group 
(Cook  et al 1978). 

It was logical' to assume that  Aco-I would  be l inked to Mup-1 in the rat  because  
both marke r s  are  l inked on c h r o m o s o m e  4 in the mouse  and  the roden ts  have 
several  conse rved  l inkageL Indeed ,  we r epor t  in this ar t ic le  the  l inkage of Aco-1 
and Mup-I and the f inding of  a new m a j o r  male  u r ina ry  p ro t e in  a l le le  of  the Mup-1 
locus. 

2. Materials and methods 

2.1 Animals 

The  rat  co lony was ma in t a ined  on tap wa te r  and solid pe l l e t ed  food  ad libitum, and 
i l lumina t ion  was p rov ided  f rom 7 to 19 hr. The  C O P  strain was o b t a i n e d  f rom the 
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National Cancer Institute, National Institutes of Health, Bethesda, MD, and the 
Brown Norway (BN) rats were purchased from the Charles Rivers Breeding 
Laboratories, Wilmington, Maine. The origin of the other rat strains was described 
previously (Stoic et al 1980). 

The COP strain carries the Aco-1 t, marker,  and the BN strain carries the Mup-1 ~' 
and Aco-l"  markers. The genotypes were used according to Bender  et al (1984). 
Our result indicated that the COP strain carries the Mup-1 c marker. The 
segregation of the glyoxalase-1 (Glo-1), and hooded (h) alleles was also studied as 
the COP and BN strains carry different traits. The segregation of the alleles was 
studied in 139 rats of the (BN x COP)F1 x COP backcross. The linkage of Aco-1 to 
the Mup-I locus was analyzed in 78 males of the (BN x COP)F1 x COP backcross. 

2.2 Biological material 

Experimental rats were transferred to a container with a lid and taken out after 
several seconds. They marked the container with urine ahnost immediately after 
the lid was closed. Urine was taken out with plastic pipets and stored at -70°C.  
The isoelectrofocusing was performed using thin polyacrylamide gels and electrode 
buffers at pH 3 and 10. The material was purchased fi'om Serva (Westbury, NY). 
Five /zl of urine were delivered on gels and electrophoresis was performed at 4 
watts till the voltage reached 1700 volts. The proteins in the gels were then 
denatured in 15% trichloroacetic acid and stained with SERVA blue dye according 
to the manufacturer's recommendation. 

Blood was collected in the EDTA-containing vacutainers from rats that were 
under light ether anesthesia. The rats were then killed by cervical dislocation. 
Erythrocytes were lysed in 10 mM Hepes buffer, pH 7.4, containing 5 mM 
magnesium 'chloride. Glyoxalase activity was determined as described previously 
(Stoic et al 1980). The kidneys were homogenized in 5 volumes (w/v) of glass 
distilled water and centrifuged at 1,000 g for 10 rain at 4°C. Protein concentration 
in the supernatant was determined by the method of Lowry et al (1951) and aliquots 
containing the same amount of proteins (=  100 p,g/3 p,l) were delivered on agarose 
gel. Thin-layer agarose isoelectrofocusing gels were purchased from lsohib (Akron, 
Ohio) and electric power was applied tit 12 watts till the final voltage of 1200 volts 
was reached. The electrode buffers were 0.5 M acetic acid and 0.5-M NaOH for 
the pH range of 3-I(I. Aconitase activity was detected using the staining mettmd 
described by Harris and Hopkinson (1976). Briefly, the gels were incubated at 25°C 
in a mixture composed of cis-aconitic acid, 75 nag; naagnesitun chloride, 286 nag; 
NADP, 5 nag; MTT, 5 nag; PMS, 1.25 mg; isocitrate dehydrogenase,  2 units; and 
Tris/HCl buffcr, 0.5 M. The final pH was adjusted to 8.0, and the volunae to 25 ml. 

3. Results 

3.1 Urinat T proteins 

The isoelectrophoretic pattern of urinary proteins detected in the urine of BN, 
COP and ( B N × C O P ) F I  male and female rats is shown in figure 1. The 
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Figure 1. Isoelectrofocusing of urinary proteins. The position of the mxjor male urinary 
protein (MUP-I)  is shown by the arrow• M = males, F = females, FI = (BN x COP)FI  
hybrid. 

isoelectrofocusing resolved 5 to 7 protein bands. One of the bands was clearly 
present in abundant amounts in male urine. As shown in figure 1 the quantity and 
pattern of male and female urinary proteins were different. In addition, there was a 
striking difference in the urinary protein patterns between the males of the COP 
and BN strains. The BN males lacked a band that was present in the COP males, 
and in contrast, the COP males were deficient in two urinary proteins including the 
major male urinary protein in comparison to BN males. Because the BN rats carry 
the Mup-l" allele, the absence of the major protein in the urine of COP male rats 
indicated a "null" allele. Hence, the COP male rats carry the Mup-1 c allele. The 
(BN x COP)F1 hybrids showed a combined pattern, indicating that the "active" 
urinary protein alleles had incomplete dominance over the "nuli" alleles. The 
extremely low concentration of the major male urinary protein in the urine of 
females precluded genetic analysis. In addition, only the presence or absence of the 
major male urinary protein was detected in the urine of the backcross males due to 
technical problems with different batches of the isoelectrofocusing gels. 

Several bands with aconitase activity were detected in the rat kidney using 
isoelectrofocusing gels (figure 2). The two middle bands were identical with the fast 
and slow moving aconitase isozymes described by Adams et al (1984). Screening of 
several inbred rat strains showed the same aconitase phenotypes as were published 
previously (Adams et al 1984). The ACI, BDIV, DA and WF strains had the 
ACO-1B, ACO-1B, ACO-1B and ACO-IA phenotypes, respectively. Thus the 
band in the aconitase region 1 (ACO-1) represents the slow moving aconitase 
isozyme and is the product of the Aco-l"  allele, and the band in the region 2 



148 Viktor Stoic 

' F  L • , , " 

,ACO-4 

i ~ I i  ~ i ~  - 

pH 

3," 

ACO-2 
' L  

ACO.-1 

ACO-3 

' B N '  COP F1 
1 0  

Figure 2. lsoelectrofocusing of acomtasc tsozymes m tim kidney. The aconitase acttvity 
m the zone ACO-I is identical with the "slow" ~sozyme and ~s a product of the A c o - l "  

allele, and the aconitasc band in the zone ACO-2 is identical with the "fast" isozyme and 
is the product of the Aco-1  h allele. The aconitase actwlty in the zones ACO-3 and ACO-4 
was also detected. FI = (BN x COP)FI  hybrid. 

(ACO-2) represents the fast moving aconitase isozyme.and is the product of the 
Aco-11' allele. Our results thus confirm the previous observation that BN rats carry 
the Aco-l" trait and COP rats carry the Aco-1 t' trait. The (BN x COP)F1 male and 
female hybrids showed the ACO-1AB phenotype,  hence the alleles were expressed 
in codominant fashion. 

3.2 Segregation of alleles 

Mup-1 alleles segregated close to a 1:1 ratio in the ( B N x C O P ) F l x C O P  
backcross (chi-square = 2.51, P > 0.1). There were 32 males with the MUP-1AC 
phenotype and 46 males with the MUP-1C plienotype. The aconitase autosomal 
alleles segregated according to normal Mendelian inheritance in the 
(BN x COP)F1 x COP backcross. The data showed 44 males and 33 females with 
the ACO-1B phenotype and 34 males and 28 females with the ACO-1AB 
phenotype. The data did not differ significantly from the expected 1:1 ratio 
(chi-square = 1.57 and 0.58, P > 0.25). 

The data in table 1 show significant segregation distortion of the Aco-1 and 
Mup-1 alleles in the (BN x COP)FI  x COP backcross, indicating a linkage between 
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the genes. The map distance was 13_+ 4 cM and the linkage was highly significant 
(chi-square = 43.13, P < 0.001). The segregation of Aco-1 and Mup-1 alleles was 
normal (chi-square = 1.28 and 2.51). There were 28 rats with the MUP-1AC and 
ACO-1AB phenotypes, 40 rats with the MUP-1C and ACO-1B phenotypes and 10 
were recombinant animals (4 with MUP-1AC, ACO-1B and 6 with MUP-1C and 
ACO-1AB phenotypes). The segregation analysis of other  loci is shown in table 1. 
None of the other genes were linked to one another.  

Table I. SeRtegation analysis in tim (BN x COP)FI  x COP backcross. 
The BN rats carry the Aco-l" ,  GIo-I t', h', and M u p - l "  markers, and the 
COP rats carry the Aco-1 h, Glo-I t, h, and M u p - l '  markers. 

Markers Pmental Recombinant chi-squaKe P < 

Aco-I : GIo-I 68 71 0.07 NS 
Aco- l .  h 77 62 1-62 NS 
Aco-I : Mup-I  68 I(I 43-12 04101 
GIo-I : Mup-I  4(I 38 11-115 NS 
h GIo-I 63 76 1.21 NS 
h : Mup-I 39 39 (I-00 NS 

NS = not stgmficant. 

4. Discussion 

Rats and mice are phylogenetically closely related and they have in common 
several syntenic linkages (see Lalley and McKusick 1985). We discuss in this article 
that the mouse and the rat have the b, Mup-1 and Aco-1 genes linked to form a 
conserved group. The genes form part of the linkage group II of the rat and they 
are located on chromosome 4 of the mouse. The distance between the two terminal 
genes b and Aco-1 is 21 cM in the rat and 15 cM in the mouse which is well in the 
range of experimental error. Mup-1 is oriented between the two terminal b and 
Aco-1 genes. Mup-1 is controlled by 4 alleles in the mouse (Nikaido and Hayakawa 
1984) and so far, three alleles were found in the rat. The  assignment of aconitase to 
the linkage group II of the rat must be confirmed by additional studies because van 
Zutphen et al (1985) discussed recently its possible association with the albino and 
hemoglobin loci. Both genes are on linkage group I of the rat. The spurious linkage 
found by van Zutphen et al (1985) might be due to the affinity points on different 
chromosomes that exhibit preferential segregation at meiosis (Douglas 1966). The 
finding is also important for other studies in rat genetics because it shows that a 
map distance of 30 or 36 cM that was found between the Aco-1 and c and Hbb loci 
need not represent true linkage. 

Both markers, aconitase and the major urinary protein were investigated 
recently because of their significant association with pathological processes. 
Aconitase is a Krebs cycle enzyme and its importance in cancer biology was 
stressed by the finding that it is inhibited in tumor ceils cocultivated with activated 
macrophages (Drapier and Hibbs 1985). The male and female urinary protein 
patterns indicate a regulatory influence of sex-related factors (Froehlich et al 1984). 
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The authors repor ted  significant difference in the ur inary protein pat tern after 
castration. The  proteins with a molecular  weight  of  19,000 in male rats and those 
with molecular  weight 67,000 in female rats were  the most  affected. The  
administration of  tes tosterone after the castration of  rats significantly increased all 
urinary proteins,  mainly the fraction with molecular  weight  of  19,000 (Schneider 
and Kugler  1984). In addit ion to steroids, excretion of  the ma jo r  male rat urinary 
proteins was also affected by growth h o r m o n e  (Husman  et al 1985). It was also 
found that the Mup-1  locus control led the ma jo r  ur inary proteins in females 
(Kondo  and Yamada  1983). 

The  analysis of  urinary proteins in the rat may  help to develop models  related to 
human  kidney damage.  Rats excrete large amounts  of  proteins in urine under  
physiological conditions.  In man,  the composi t ion  of  urinary proteins vary, 
depending on the location of kidney damage  (Free and Free  1978). Macromolecu-  
lar proteinuria  is a sign of  g lomerulopathy ,  in contras t  to micromolecular  
proteinuria  which is manifested during tubular  insufficiency. Because  pathological  
urinary protein pat terns  often precede  the deve lopmen t  of  several diseases 
such as diabetes mellitus, hyper tension,  lupus e ry thematosus  or  t ransplanted 
kidney reject ion,  the study of ur inary proteins may have  prevent ive significance in 
man.  Hence ,  fur ther  studies are warran ted  to deve lop  valid rat models as they 
relate to human  proteinuria.  
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