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The human heredi tary  disease Acatalasia (AC) is characterized by low or 
no catalase a c t i v i t y  in a l l  body t issues.  We have studied the molecular 
basis of AC. In order to assess the i r  ant ioxidant defense status we measured 
the enzyme a c t i v i t i e s ,  protein levels and m-RNA concentrations of catalase, 
superoxide dismutase and glutath ione peroxidase in f ib rob las ts  from a Japa- 
nese (AC65) and a Swiss (AC64) pat ient  and several normal ind iv idua ls .  Our 
resu l ts  point to genetic heterogeneity.  While s t ra in  AC64 contained normal 
levels of catalase mRNA and -p ro te in ,  s t ra in  AC65 was completely devoid of 
both. A s t ructura l  mutation in the catalase gene is probably responsible for 
the inac t iva t ion  of the enzyme in AC64. Since AC65 contains at least a major 
port ion of the catalase gene i t  may represent a regulatory mutation in which 
the gene is not t ranscr ibed.  © 1988 Academic Press, Inc. 

Antioxidant defense mechanisms play a fundamental ro le in maintaining 

ce l l u l a r  i n t e g r i t y  in an aerobic environment. I nsu f f i c i en t  defence can re- 

sul t  in a ce l l u l a r  prooxidant state and contr ibute to the e t io logy of seve- 

ral  forms of human disease including cancer (1 ,2 ,3) .  For example a reduced 

level of Mn-superoxide dismutase (SOD) has been found in a major i ty  of tumor 

t issues (4).  Decreased catalase (CAT)-act iv i t ies  have been reported in skin 

biopsies and f ib rob las ts  from Xeroderma pigmentosum pat ients and i t  has been 

speculated that a nea r -u l t r av io l e t  induced ce l l u l a r  prooxidant state might 

contr ibute to the increased s u s c e p t i b i l i t y  of these pat ients to develop can- 

cer (5).  Addit ion of CAT to cul tured mouse ce l ls  protected them from the 

formation of chromosomal damage and malignant transformation by v i s i b l e  

l i gh t  (6).  The genes for  the major mammalian ant ioxidant enzymes Mn- and 

Cu,Zn-SOD (7),  CAT (8,9) and g lutath ione peroxidase (GPx) (10,11) have 

recen t l y  been cloned al lowing the analysis of the st ructure and funct ion of 

ABBREVIATIONS 

SOD, superoxide dismutase; CAT, catalase; GPx, g lutath ione peroxidase; AWT, 
Aniridia-Wilms tumor; AC, acatalasia;  GSH, g lutath ione;  MEM, minimal 
essential  media; SDS, sodium dodecylsul fate.  
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these genes. Hereditary abnormalities affect ing these genes are expected to 

allow insights into the i r  funct ion. For example, the presence of three genes 

for Cu,Zn-SOD in Down's Syndrome has been suggested to play a role in the 

et io logy of th is  disease (12). Aniridia-Wilms tumor (AWT) in most cases is 

associated with a deletion of the CAT gene which maps closely to the puta- 

t ive  AWT-gene (13,14). However, no re lat ionship has been established between 

the deletion of the CAT-gene and the development of AWT. 

We have investigated the molecular basis of the hereditary human disease 

Acatalasia (AC). This rare disease is characterized by low or no catalase 

(CAT) a c t i v i t y  in al l  body t issues. I t  is often but not always accompanied 

by progressive gangrene of the month cavi ty but otherwise there are no s t r i -  

king c l i n i ca l  symptoms (15,16,17). As indicated above the ce l lu la r  ant iox i -  

dant defense is composed of mul t ip le interact ing components and an abnor- 

mal i ty  in one may entai l  changes in others. Therefore, we have measured glu- 

tathione (GSH) concentrations and compared the ac t i v i t i es ,  protein concen- 

t ra t ions and stat ionary mRNA levels of the three antioxidant enzymes CAT, 

SOD and GP x in f ibroblasts  from a Swiss (AC64) and a Japanese (AC65) patient 

and several normal controls.  

MATERIALS AND METHODS 

Cell cultures and growth medium. 

The AC- and normal f ib rob last  strains were received from the Human Genetic 
Mutant Cell Repository (Camden, N.J.) .  The AC strains had been o r i g i na l l y  
deposited by Dr. R.S. Krooth (18). The cel ls  were cultured in monolayers on 
p last ic  dishes in Minimal Essential Medium (MEM) supplemented with 20% fetal  
ca l f  serum (Gibco, Geneva) and maintained in a humidified incubator at 37°C 
with 5% CO 2 in a i r .  

Survival of colony forming a b i l i t y  fol lowing treatment with increasing 
concentrations of H202 was measured as described previously. 500 or i000 
cel ls  were plated into 6 cm petr i  dishes and treated after 14 hrs for 30 min 
with increasing amounts of H20 2 in MEM supplemented with 15% fetal  cal f  
serum. The culture medium was changed fol lowing treatment and colonies coun- 
ted af ter 15 to 20 days of incubation. 

Determination of antioxidant enzyme ac t i v i t i es  and glutathione concentra- 
t ions. 

Enzymatic ac t i v i t i es  of SOD, CAT and GPx and tota l  glutathione levels in 
normal and AC human f ibroblasts  were determined in extracts from subcon- 
f luent cul tures. Monolayer cultures were washed twice with cold phosphate- 
buffered saline and the cel ls  collected with a rubber policeman and sedimen- 
ted for 4 minutes at 1600 x g. Cell pel lets were resuspended in 500 ul of 
potassium phosphate buffer pH 7,4 containing 0.5% Triton X-IO0, sonicated 
and frozen after al iquots were removed for protein determination according 
to Peterson (19). For CAT, samples were spun 5 minutes at 800 x g and the 
supernatant assayed according to Clairborne (20). Units are expressed as 
cyanide inh ib i tab le micromoles of hydrogen peroxide consumed per minute per 
mil l igram of protein. For SOD and GPx, extracts were f i r s t  passed through 
Sephadex G-25 mini-columns. The eluate was analyzed for SOD a c t i v i t y  accor- 
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ding to Paolett i  et al (21) and GPx a c t i v i t y  according to GUnzler and Floh~ 
(22). Cu,Zn-SOD and Mn-SOD ac t i v i t i es  were distinguished by pretreatment of 
the extracts with SDS according to Geller and Winge (23). One unit of tota l  
SOD is defined as the amount that inh ib i ts  by 50% the rate of control NADH 
oxidation per mg protein. Total glutathione was determined according to 
G r i f f i t h  (24) . Units correspond to umoles NADPH oxidized per minute per mg 
protein using GSH equal to i mM and a medium selenium source of 20% Gibco 
fetal  ca l f  serum. 

Immunoblot analysis of catalase, Mn-superoxide dismutase and Cu,Zn-super- 
oxide dismutase in lysates from AC- and normal f ib rob las ts .  

Lysates prepared as described above were mixed with an equal volume of 2 
x SDS-tris pH 6.8-glycerol sample buffer,  boiled for 3 minutes, frozen, and 
again boiled 3 minutes before application to a 12.5% SDS polyacrylamide gel 
(40 ug protein per lane) (25). The gels were electrophoresed overnight at 
room temperature (60 vol ts)  and transferred to a Mi l l ipore Immobilon PVDF 
transfer  membrane by e lect rot ransfer .  Following transfer and 2 hours 
incubation in t r i t on  X-lOO-tr is pH 7.4-Denhardt saturation buffer,  the 
f i l t e r s  were reacted overniqht with rabbit  anti-human CAT- and Mn-SOD 
antibody at 4oc. After washing with t r i s  buffered sal ine, the f i l t e r s  were 
reacted for 2 hours at room temperature with l125-1abeled goat ant i - rabb i t  
antibody, washed and exposed to f i lm.  For Cu,Zn-SOD, f i l t e r s  were f i r s t  
incubated with guinea pig anti-human Cu,Zn-SOD antibody, washed, incubated 
with rabbi t  anti-guinea pig antibody, washed and reacted with 1125-1abeled 
goat an t i - rabb i t  antibody as above. 

Southern-blot analysis of DNA from AC- and normal strains with a human 
CATcDNA probe. 

The DNA was extracted, digested with Pst I and electrophoresed in 0.8% 
agarose gels according to standard conditions (26). The DNA was transferred 
to n i t roce l lu lose essent ia l l y  as described by Southern (27). The f i l t e r s  
were probed with a 32p-labeled nick-translated SP6 probe containing the 1250 
bp Hind I I I  to Pvu I I  fragment of the human CAT gene. 

Northern-blot analysis of steady-state mRNA levels of CAT, Cu,Zn-SOD and GPx 
in normal and AC-f ibroblasts.  

mRNA levels of CAT, SOD and GPx in normal and AC f ibrob lasts .  Total RNA 
was extracted and prepared according to the method of Gerstenfeld et al 
(28). RNA (5 or 10 ug per lane per sample) was then electrophoresed through 
a 1.4% agarose/formaldehyde denaturing gel and transferred to Gene Screen as 
described (26). The f i l t e r  was simultaneouly hybridized with p32-1abeled 
t ranscr ip ts  from SP6 human CAT- and SP6 human Cu,Zn-SOD recombinants using 1 
x 10 ° cpm per ml of hybr id izat ion f l u i d .  The SP6 CAT recombinant contained 
the 1250 bp Hind I I I  to Pvu I I  fragment of the human CAT gene and the SP6 
Cu, Zn-SOD recombinant the 450 bp Alu to Taq fragment of the human Cu,Zn-SOD 
gene. A second blot was hybridized with a SP6 bovine GPx probe, also at I x 
106 cpm per ml. The SP6 GPx recombinant contained the 800 bp Baml to Bgl I 
fragment of the bovine GPx gene which had been obtained from Dr. G. Mullen- 
bach, Chiron Corp., Cal i forn ia.  The prehybridizat ion, hybr id izat ion and 
washing procedures were according to Khandjian (29) with a f ina l  wash of 
O.2x SSC at 70oc. Ribosomal markers are indicated. 

RESULTS AND DISCUSSION 

We f i r s t  compared the ac t i v i t i es  of the antioxidant enzymes and gluta- 

thione (GSH) concentrations between normal and AC-fibroblasts which were 
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Table I 

Constitutive SOD, CAT and GPx enzymatic activities and total glutathione 

levels in normal and acatalasia human fibroblasts 

Fibroblast CAT CuZn-SOD Mn-SOD GPx Total glutathione 
Strain (U/mg protein) 1 (U/mg protein) 2 (U/mg protein) 2 (U/mg protein) 3 (nmole/mg protein) 

NF3229 8.4 + 0.8 9.0 + 0.7 3.4 + 0.5 0.090 + .014 6.6 + 0.5 

NFI187 9.0 + 1.4 11.7 + 1.0 2.1 + 0.5 0.120 + .017 5.1 + 0.6 

NF1221 9.2 + 1.5 6.1 + 1.4 1.3 + 0.3 0.082 + .016 not done 

AC64 0.3 7.3 + 1.2 2.2 + 0.3 0.078 + .027 5.3 + 0.8 

AC65 0.3 1.7 + 0.6 0.5 + 0.3 0.066 + .017 4.7 + 0.6 

1 Units expressed as micromoles of hydrogen peroxide consumed per minute per milligram 

of protein. 

2 One unit is defined as the amount of SOD that inhibits by 50% the rate of control 

NADH oxidation per mg protein. 

3 One unit of GP x is expressed as umoles NADPH oxidized per min per mg protein using 

[GSH] oequal to lmM. 

cu l tu red  in monolayers in MEM supplemented wi th 20% f e t a l  c a l f  serum. As 

presented in Table I the two AC s t ra i ns  were e s s e n t i a l l y  devoid o f  CAT a c t i -  

v i t y .  A c t i v i t i e s  f o r  Cu,Zn-SOD, Mn-SOD and GPx were present in the AC and 

normal s t r a i n s .  The very  low l eve l s  o f  Cu,Zn- and Mn-SOD in AC65 f a l l  below 

the range o f  i n t e r - i n d i v i d u a l  v a r i a t i o n s  and may represent  a c h a r a c t e r i s t i c  

o f  t h i s  s t ra in .GSH-concent ra t ions  were comparable in a l l  s t r a i n s .  The pro- 

t e i n  l e v e l s  of  the a n t i o x i d a n t  enzymes were assessed by immuno-blots which 

are shown in Figure i°  The normal s t ra ins  and AC64 conta in CAT p ro te i n  wh i le  

AC65 is comple te ly  devoid of  i t .  The band fo r  AC64 is weaker than fo r  the 

normal s t r a i n s  but possesses the same e l e c t r o p h o r e t i c  m o b i l i t y  on 12.5% SDS 

po lyacry lamide  ge ls .  In con t ras t ,  Matsubara et a l .  (30) had observed lower 

m o b i l i t y  o f  CAT p ro te in  from two homozygous Swiss AC pa t i en t s  under d i f f e -  

rent  cond i t i ons  o f  e l e c t r o p h o r e s i s .  The Cu,Zn- and Mn-SOD p ro te ins  were pre- 

sent in a l l  s t r a i n s  but the bands were weaker f o r  AC65 in agreement wi th  the 

low a c t i v i t i e s  o f  these enzymes in t h i s  s t r a i n .  

Our r e s u l t s  po in t  towards genet ic  he te rogene i t y  and a d i f f e r e n t  molecu- 

l a r  basis f o r  the AC-phenotype in AC64 and AC65. For the f i r s t ,  a mutat ion 

in the s t r u c t u r a l  gene o f  the enzyme could exp la in  the abnormal i ty .  An in-  

a c t i v a t i n g  mutat ion could be located in the c a t a l y t i c  domain of  the p ro te i n  

or d i s tu rb  the conformation o f  the enzyme. Evidence f o r  a s t ruc tu ra l  a l t e r a -  

t i on  o f  the CAT p ro te in  of Swiss AC pa t ien ts  (30) and CAT from the l i v e r  of  
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FIG. 1. Protein levels of CAT, Mn- and Cu,Zn-SOD in normal and AC f ibro- 
blasts by immunoblot analysis. Cell lysates were prepared as described in 
"Materials and Methods", mixed with SDS-glycerol buffer and applied to 12.5% 
SDS polyacrylamide gels. The electrophoresed material was electrotransferred 
to f i l t e r s  which were then reacted with rabbit anti-human CAT antibody, rab- 
bi t  anti-human Mn-SOD antibody or guinea pig anti-human Cu,Zn-SOD antibody, 
respectively. For CAT and Mn-SOD the f i l t e r s  were incubated with 1251-goat 
anti-rabbit antibody and for Cu,Zn-SOD with rabbit anti-guinea pig antibody. 

acatalasemic mice (31) has been reported. The enzymes were abnormally sensi- 

t i ve  to denaturation. The fact  that the enzyme from acatalasemic mice had 

lost  i t s  ca ta la t i c  a c t i v i t y  (which uses water as hydrogen donor) but not i t s  

peroxidat ic a c t i v i t y  (which uses organic hydrogen donors) pointed towards a 

disturbance of the tetrameric subunit structure of the enzyme (31). For AC65 

several a l te rna t ives  have to be considered: ( i )  rearrangement or delet ion 

ofpart  or a l l  of the CAT gene (2) inac t iva t ion  of the t ranscr ip t ion  of the 

CAT gene (3) decreased s t a b i l i t y  of the CAT mRNA or de f i c ien t  m-RNA trans- 

port (4) a defect in the t rans la t ion  of CAT mRNA. 

In order to d is t inguish between these a l te rna t ives  we f i r s t  analyzed the 

DNA from two normaT and the two AC-strains for  the presence of the CAT-gene 

by Southern blot  hybr id izat ion with a human CAT cDNA probe. 

Figure 2 shows that a l l  s t ra ins possessed apparently normal CAT genes. 

No evidence was obtained for  large delet ions nor rearrangements of the gene 

in AC64 and AC65. The observed Pst I r e s t r i c t i o n  fragment length polymor- 

phism is unrelated to the Acatalasia phenotype. Simi lar fragmention is 

observed for  AC65 and human placenta, on the one hand, and AC64 and NF 3229, 

on the other (see also re f  14). The s ta t ionary  mRNA levels for  the genes of 

the ant ioxidant enzymes were determined by Northern blot  hybr id iza t ion .  From 

the resu l ts  in Figure 3 i t  is evident that AC64 contained normal amounts of 

CAT mRNA while th i s  message was completely absent in AC65. Northern blots 

with SP6 probes containing human Cu,Zn-SOD cDNA (7) and bovine GPx cDNA 

(11), respec t i ve ly ,  revealed no s i gn i f i can t  d i f ferences in the mRNA levels  

for  these genes between the normal- and AC s t ra ins .  These resu l ts  suggest a 
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FIG. 2. Southern blot analysis (27) of DNA from AC-strains and normal con- 
t ro l s .  The DNA was digested with Pst I and 5 ug al iquots were applied to 
each track. A nick-translated SP6 probe containing a fragment of human CAT 
cDNA (Pvul l -  Hind I I I ,  ref .  8) was used as probe. 

FIG. 3. Northern-blot analysis of steady-state messenger RNA concentrations 
of CAT, Cu,Zn-SOD and GPx in normal and AC-fibroblasts. Total RNA was 
extracted, electrophoresed and transferred to f i l t e r s  as described in "Mate- 
r i a l s  and Methods". The f i l t e r s  were hybridized with 32p-labeled t ranscr ipts  
from SP6 human CAT- or SP6 human Cu,Zn-SOD recombinants, respect ively.  Ribo- 
somal markers are indicated. 

b lock in t r a n s c r i p t i o n  in AC65 but  do not exclude d imin ished messenger s ta-  

b i l i t y .  The fac t  tha t  AC65 possessed low a c t i v i t y  and p ro te in  l eve l s  f o r  

CuZn-SOD desp i te  c lose to normal concen t ra t i ons  of  mRNA could be due to 

i n e f f i c i e n t  t r a n s l a t i o n  of  t h i s  message. 

For AC64, but not AC65, i t  is  conce ivab le  tha t  the mutated CAT-prote in 

has re ta ined  some p e r o x i d a t i c  a c t i v i t y  as was the case fo r  acatalasemic 

mouse l i v e r  (16 ,31) .  However, no d i f f e r e n c e  in s e n s i t i v i t y  to k i l l i n g  by 

H202 ( co lony  forming a b i l i t y )  was d i s c e r n i b l e  between the two AC s t r a i n s  and 

t h e i r  s u r v i v a l  curves f e l ]  i n t o  the range of  the normal s t r a i n s  NF 1221 and 

1187 (data not shown). In c o n t r a s t ,  SV40 transformed f i b r o b l a s t s  from acata- 

lasemic mice were h y p e r s e n s i t i v e  to k i l l i n g  by H202 (32) and the growth of  
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human AC f ib rob las ts  was inh ib i ted  more severely by H202 than of normal 

controls (33). Our data suggests that other systems of ant ioxidant defense, 

in par t icu lar  GSH and GPx,determine the ce l l u l a r  resistance to k i l l i n g  by 

moderate doses of H202. I t  should be noted that GSH and GP x which destroy 

H202 were comparable for a l l  s t ra ins tested (see Table I ) .  In support of 

th i s  notion i t  is remarkable that AC-patients usual ly  exhib i t  only mild 

c l i n i ca l  s~mptoms (15,16). In s t ra in  AC65 which is completely devoid of 

CAT-protein the very low levels of Cu,Zn- and Mn-SOD may represent a compen- 

satory adaptation. Although SOD is usual ly  thought of as a detoxi fy ing enzy- 

me of active oxygen i t s  a c t i v i t y  can be harmful because i t  produces H202. 

This was c lear ly  demonstrated in ce l ls  which contained an increased number 

of Cu,Zn- SOD genes introduced by t ransfect ion and may play a role in the 

pathogenesis of Down's Syndrome (12). Understanding the cel ls  response to a 

prooxidant state in terms of a hierarchy of compensatory responses may be of 

importance for the e luc idat ion of the role of active oxygen in several human 

pathologies. 
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