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Cat3, a Third Gene Locus Coding for a Tissue-Specific Catalase in Maize: 
Genetics, Intracellular Location, and Some Biochemical Properties* 

John  G. Scandalios,  W u - F u  Tong,  and Demetr ios  G. Roupakias  

Department of Genetics, North Carolina State University, Raleigh, North Carolina 27650, USA 

Summary. A new and unique catalase isozyme, CAT-3,  
has been found  in Zea  mays. It is encoded in the 
Cat3 nuclear structural  gene which is distinct f rom 
the two previously described catalase structural  genes, 
Cat l  and Cat2. The Cat3 gene is bo th  tissue- and 
t ime-dependent  in its expression, being expressed pri- 
marily in young  leaves and in the pericarp of  nearly 
mature  kernels. Cell f ract ionat ion experiments, utiliz- 
ing epicotyl (coleoptile + pr imary  leaf) and mesocotyl  
cells, suggest that  CAT-3 is associated with the mito-  
chondr ia  where it m a y  play a role in the alternate 
oxidase pathway.  CAT-3 was purified and character-  
ized with respect to some of  its biochemical  prop-  
erties. While CAT-3 differs in some of  its properties 
f rom CAT-1 and CAT-2,  it is similar to these and 
to other catalases in mos t  respects. 

their temporal  expression in the scutellum. Generally, 
Cat l  is expressed during kernel development  and Cat2 
during early sporophyt ic  development .  There is a 
period during which both  genes overlap in their ex- 
pression and their subunits interact to generate inter- 
genic hybrid molecules (Scandalios, 1975). 

In addit ion to these temporal  changes in catalase 
gene expression, we have recently discovered a 
number  of  situations where a part icular  catalase ap- 
pears in a given tissue at a given developmental  
period. One such case is the presence of  a unique 
catalase isozyme, CAT-3,  in the shoot  of  young  seed- 
lings and in the pericarp of  nearly mature  kernels. 

In this paper  we report  on the genetic basis of  
CAT-3,  its intracellular location and some of  its bio- 
chemical properties. 

Introduction 

We previously reported (Scandalios, 1965; 1975) that  
maize catalase (E.C. 1.11.1.6. ; H 2 0  2 : H 2 0  2 oxidore- 
ductase) is a tetrameric enzyme encoded in at least 
two structural  genes, Cat1 and Cat2. Six alleles, de- 
tectable by convent ional  electrophoretic procedures,  
have been recovered at the Cat1 locus (Scandalios, 
1968) and three alleles at the Cat2 locus (Scandalios, 
unpublished data). We have recently demonst ra ted  
that  these two loci are unl inked;  Cat1 has been lo- 
cated on chromosome-5  and Cat2 on chromosome-1 
(Roupakias ,  McMill in and Scandalios, submitted). 

The Cat1 and Cat2 genes exhibit differences in 
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Materials and Methods 

Preparation of Material and Electrophoresis 

A number of highly inbred maize strains were employed in these 
investigations. The strains W59, A186 and M10A55 are homozy- 
gous for the "B" electrophoretic variant of CAT-3, whereas the 
inbreds A195, W64A, Oh51A and 59 are homozygous for the 
"A" variant. 

For subcellular localization studies and biochemical character- 
ization of CAT-3, the inbred line W64A was used, unless otherwise 
stated. 

Plants were grown either in the field, in the greenhouse, or 
under highly controlled conditions of temperature, light and hu- 
midity in growth chambers depending upon the experimental needs. 

Seeds were surface sterilized and germinated in darkness under 
constant temperature and humidity as previously described (Scan- 
dalios, 1974). For genetic analyses, the coleoptile tissue was 
harvested on the fifth day after germination (about 1 3 cm long) 
from the appropriate Ft, F2 and reciprocal backcross seedlings. 
Individual coleoptiles were ground in 1-drop of 0.025M glycylgly- 
cine buffer (pH 7.4) and 1-2 mg PVP (polyvinylpyrrolidone) to 
remove phenolic compounds. The crude extract was then used 
directly for electrophoresis. Starch gel electrophoresis, using a li- 
thium borate-tris citrate buffer (pH 8.3), and staining for catalase 
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isozymes were conducted precisely as previously described (Scanda- 
lios, 1969). 

Disc polyacrylamide gel electrophoresis (PAGE) was 
conducted precisely as previously described by us (Felder and Scan- 
dalios, 1973). 

Preparation of Subcellular Organelles 

For preparation of the subcellular organelles, about 10 g of scntella 
or 6 g of epicotyls, or primary leaves, were isolated from the same 
population of seedlings (200 seedlings) and minced with a razor 
blade in 3 to 5 ml of grinding medium modified from the medium 
used by Briedenbach and Beevers (1967). Sucrose (0.6 M) in Hepes 
(N-2-hydroxy-ethylpiperazine-N'-2' ethanesulfonic acid) buffer was 
substituted for 0.4 M sucrose in Tris buffer and 0.1% insoluble 
PVP was added to remove phenolic compounds. The homogenate 
was filtered through three layers of cheesecloth and centrifuged 
at 705 x g for 5 min. The 705 x g supernatant, designated as the 
crude homogenate, was then centrifuged for 15 rain at 9,500x g 
and the pellet was washed with a suspension medium. The suspen- 
sion medium was essentially the same as the grinding medium 
except that 0.3 M sucrose was used and PVP was omitted. The 
washed pellet was designated as washed mitochondria (Mw). Con- 
tinuous or stepped gradients of  sucrose (described in the legend) 
were prepared in 0.01 M Hepes buffer (pH 7.5) containing 10 -~ M 
EDTA and 10 3 M DTT (DL-dithiothreitol). 

Subfractionation of Mitochondria 

For subfractionation of mitochondria, washed mitochondria (Mw) 
or purified mitochondria (Mp) which were collected from sucrose 
gradients after equilibrium centrifugation were shocked osmotically 
with distilled water as described (Rich et al., 1976). The mitochon- 
drial fraction collected from the gradient was carefully adjusted 
to a concentration of 20% sucrose and centrifuged at 9,500 x g 
for 15 rain. An aliquot of the mitochondrial pellet was taken as 
a reference. The rest was suspended in 0.5 ml concentrated glycerol 
and stored at 4 ° C overnight. This glycerol mixture was then di- 
luted, vigorously mixed with 8 ml distilled water, and centrifuged 
at 9 ,500xg for 15 min to remove the intact mitochondria. The 
supernatant was centrifuged at 102,900 x g for 60 min. The pellet 
(sM) was suspended in 50 mM Tris-HC1 buffer (pH 7.4) containing 
0.3% Triton X-100. 

Eleetron Microscopy 

The mitochondrial fractions were pooled and pelleted from sucrose 
gradients as described above. The mitochondrial pellet was fixed 
with 0.1 M phosphate buffer (pH 7.4) containing 3% glutaralde- 
hyde and 10% sucrose for 2 hours. Prior to fixation with 2% 
OsO4 in 0.1 M phosphate buffer, the mitochondrial pellet was 
washed with 0.1 M phosphate buffer containing 15% sucrose at 
4 ° C overnight. Dehydration was performed using a graded ethyl 
alcohol series and embedment in Epon 812 was prepared according 
to Luft (1961). The sections were stained in 2% aqueous uranyl 
acetate for 10 rain followed by lead citrate for 10 min and viewed 
in a Hitachi HS-8B electron microscope. 

Analytical Methods 

Catalase activity was determined essentially as described by Chance 
and Maehly (1955), isocitrate lyase according to Dixon and Korn- 

berg (1959), and cytochrome oxidase according to Smith (1955). 
Reduced cytochrome c was freshly prepared according to Horton 
(1968) and one unit of cytochrome oxidase activity was defined 
as that representing a decrease of 0.1 absorbance unit per rain 
at 550 nm. Hydroxypyruvate reductase (HPR) activity was deter- 
mined as described by Tolbert et al. (1970). The reaction mixture 
contained 25ml phosphate buffer (0.02M, pH 6.2), 0.1 M1 of 
4 x 10 -3 M NADH,  and 0.1 ml of 0.5% Triton X-100. The reaction 
was initiated with the addition of 0.01 M hydroxypyruvate. All 
enzyme reactions were assayed at 25 ° C. Protein was determined 
according to Lowry etal. (1951). 

Enzyme Purification 

The CAT-3 isozyme was purified from epicotyls and mesocotyls 
of 5-day-old etiolated seedlings. For  purposes of this investigation, 
the CAT-1 and CAT-2 isozymes were purified from scutella of 
24 h-soaked seed and 10-day-old seedlings, respectively (the devel- 
opmental time when these isozymes are singly expressed). 

Epicotyls (500 mg), mesocotyls (1 kg) or scutella (300 mg) were 
isolated and homogenized in a Waring blender with 500 ml of 
50 mM Tris-HC1 buffer, pH 7.4. The homogenate was squeezed 
through four layers of cheesecloth and centrifuged at 17,000 x g 
for 20 min. The supernatant was fractionated by adding solid (crys- 
tal) ammonium sulfate, The catalase was precipitated between 
20 40% saturation of ammonium sulfate. The pellet was then re- 
suspended in 15 ml buffer and passed through a Sephadex G-150 
column (2.6 cmx  70 cm). Fractions containing catalase activity 
were pooled and loaded onto a DEAE~Sephadex column 
(1.5 cm x 30 cm). Catalase was then eluted with a linear 0 to 0.3 M 
KC1 gradient. Fractions with catalase activity were collected, 
concentrated, and stored at - 2 0  ° C in buffer containing 30% eth- 
ylene glycol. The purification achieved by the above procedures 
was approximately 80-fold. 

The specific activities of the different catalase isozymes purified 
by these procedures were as follows: CAT-1 (from 1-day-old 
scutella), 561 units/rag protein; CAT-2 (from 10-day-old scutella), 
2,343units/rag protein; CAT-3 (from epicotyl), 369units/mg 
protein ; CAT-3 (from mesocotyl), 327 units/mg protein. 

Physicoehemical Properties 

Isoelectric point, thermostability, Km and Aminotriazole inhibition 
of CAT-3 were determined as previously described for CAT-1 and 
CAT-2 (Scandalios, et al. 1972). 3-Amino-l,2,4-triazole (AT) in- 
hibits catalase activity by binding irreversibly to the apoenzyme 
(Margoliash et al., 1960). 

Turnover of CAT-3 

The rate of CAT-3 turnover was determined using the density 
labeling techniques previously described (Quail and Scandalios, 
1971). 

Results 

Tissue-Specificity of CA T-3 

The CAT-3 isozyme is predominantly, and in some 
lines exclusively, expressed in the pericarp of 25-day 
old kernels (Fig. 1) and in the shoot of young seed- 
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Fig. 1. Zymogram showing the expression of CAT-3 catalase in 
the pericarp of 25-day old kernels. The pericarp (PER), endosperm 
(END) and scutellum (SCU) were dissected from a single kernel 
of the inbred strain T21 (homozygous for the F-allele of Catl). 
Note that CAT-3 is expressed only in the pericarp, and that it 
does not interact with CAT-1 to form hybrid molecules. Milky 
endosperm (END 16d) of W64A (homozygous for the V-allele 
of Cat1) is used as a marker, on the left. Migration is anodal 

Fig. 3. Zymograms showing that in some inbred lines CAT-1 is 
co-expressed with CAT-3 in the primary leaf, while in some only 
CAT-3 is expressed. Note that when both are expressed their subu- 
nits do not interact to generate hybrid isozymes. Migration is 
anodal 

scutellum and they do not appear to interact to gener- 
ate hybrid molecules. 

Fig. 2. Zymogram showing the expression of CAT-3 in the epicotyl 
(EPIC) and its relation to CAT-1 and CAT-2 in the inbred W64A 
(homozygous for the V-allele at Catl and for the Z-allele at Cat2). 
LE=milky endosperm, 16-days post-pollination, at which time 
only the Catl gene is expressed; EPIC=epicotyl from 4 7 days 
after germination, at which time and place only CAT-3 is 
expressed; SCUT=scutellum, one day (ld) after germination at 
which time CAT-1 is expressed, but CAT-2 is beginning to be 
detected by its interaction with CAT-1 to form hybrid catalases, 
and at four days (4d) after germination when CAT-2 is fully 
expressed. The intermediate bands are heterotetramers between 
CAT-1 and CAT-2 (see also Scandalios, 1979). Migration is anodal 

lings. Electrophoretically, CAT-3 is easily distinguish- 
able from either the CAT-1 or CAT-2 catalases 
(Fig. 2). In a few of the large number of inbred lines 
screened, the CAT-1 and CAT-3 catalases are simul- 
taneously expressed in the same tissue, but their sub- 
units do not interact to form hybrid molecules (Fig. 3). 
In addition, we have recently found one line, Tx303, 
in which CAT-3 is co-expressed with CAT-2 in the 

Electrophoretic Variants of CA T-3 

Two distinct electrophoretic variants of CAT-3 have 
been found among the numerous different inbred lines 
we have screened. These variants have been desig- 
nated as CAT-3A and CAT-3B; the A-variant ex- 
hibits a more anodal migration than does the B-vari- 
ant at pH 8.3 (Fig. 3). Of the inbred strains screened, 
86% carried the A-variant and only 14% the B-vari- 
ant. 

Genetic Control of the CAT-3 Variants 

The F 1 progeny from crosses made between different 
inbred strains exhibiting similar CAT-3 phenotypes 
do not differ from either parental catalase with respect 
to electrophoretic mobility. However, when crosses 
are made between strains where one parent carries 
the CAT-3A variant and the other the CAT-3B vari- 
ant, the resulting heterozygotes exhibit a fivebanded 
A/B phenotype (Fig. 4). This suggests that CAT-3, 
like CAT-1 and CAT-2, is a tetrameric molecule. 

Backcrosses yielded parental and hybrid pheno- 
types in close agreement with the expected 1 : 1 ratio 
for simple Mendelian inheritance. The Fz progeny 
segregated for the A/A, A/B, and B/B phenotypes 
in a ratio which statistically fits the expected 1:2:1 
ratio. 
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Table 1. Results of crosses showing the mode of inheritance of 
CAT-3 catalase in maize 

Parents CAT-3 phenotypes 
of offspring 

$ ~ AA AB BA BB Total 22 p 

AA AA 40 40 - - 
BB BB 50 50 - - 
AA BB 40 40 - - 
BB AA 40 40 - - 
AA AB 96 77 173 1.873 a 0.17 
BB AB 58 52 110 0.227" 0.63 
AB AA 57 54 111 0.036" 0.85 
AB BB 57 53 110 0.082 a 0.77 
AB AB 74 130 49 253 5.134 0.08 
BA BB 18 16 34 0.029" 0.86 
BA AA 15 19 34 0.265 a 0.61 
BB BA 17 17 34 0.000 a 
AA BA 20 14 34 0.735" 0.39 
BA BA 15 33 16 64 0.024 a 0.99 

Yates correction employed 

Fig. 4a and b. Zymograms showing phenotypes obtained from gen- 
etic crosses between the CAT-3A and CAT-3B variants. Note that 
CAT-3 segregates independently of CAT-1. a Shows results from 
an F1 cross (AA x BB). In addition to the parental isozymes, the 
heterozygotes show three additional isozymes with intermediate 
electrophoretic mobilities; these are hybrid catalases comprised 
of both A and B polypeptide subunits. Like CAT-1 and CAT-2, 
CAT-3 is a tetrameric enzyme, b Shows phenotypes from the back- 
cross (BB x AB); CAT-3A was used as a marker. Migration is 
anodal 

The genetic d a t a  ob ta ined  f rom all crosses (Ta- 
ble 1) suggest  tha t  the two e lec t rophore t ic  var iants ,  
C A T - 3 A  and CAT-3B,  are coded  by  two c o d o m i n a n t  
alleles, Cat3A and Cat3B, at the Cat3 gene locus. 
H o m o z y g o u s  indiv iduals  car ry ing  only the Cat3A al- 
lele p roduce  the C A T - 3 A  isozyme,  and  homozygo te s  
for  the Cat3B allele produce  only the CAT-3B iso- 
zyme.  In he te rozygotes  where  bo th  alleles are  present ,  
the A and  B subuni t  po lypep t ides  in terac t  r a n d o m l y  
to genera te  the  two pa ren ta l  h o m o t e t r a m e r s  and  
three he te ro te t ramers  wi th  in te rmedia te  electro-  
phore t ic  mobi l i t ies ,  as is the case for  the CAT-1 and 
C A T - 2  catalases  (Scandal ios ,  1965; 1975). 

IntracelIular Location of CA 7"-3 

F o l l o w i n g  equi l ib r ium cent r i fuga t ion  of  p r ima ry  leaf  
extracts  on sucrose gradients ,  two peaks  of  organel le  
associa ted  catalase act ivi ty  were observed.  A m i n o r  
peak  was associa ted  with  par t ic les  at  a dens i ty  of  

1.210 kg/1, which l ikely represents  i m m a t u r e  peroxi-  
somes ; the second,  and  p r edominan t ,  peak  of  cata lase  
act ivi ty coincided with the m i t o c h o n d r i a l  peak  at  a 
densi ty  of  1.189 kg/1. The m i t o c h o n d r i a l  cata lase  ac- 
t ivi ty is t issue-specific since it was found  in p r imary  
leaves, bu t  no t  in scutel la  i sola ted  f rom the same 
popu l a t i on  of  seedlings (Fig.  5). Recal l  tha t  CAT-3  
is no t  expressed in scutel lar  extracts  of  mos t  c o m m o n  
inbreds ,  bu t  tha t  CAT-1 and C A T - 2  are. The  pur i ty  
of  m i tochondr i a ,  perox isomes  (p r imary  leaves), and 
g lyoxysomes  (scutella) was de te rmined  by  the m a r k e r  
enzymes cy toch rome  oxidase,  h y d r o x y p y r u v a t e  re- 
ductase ,  and isoci t ra te  lyase ( isoci tratase) ,  respec- 
tively, and by  the organel le  specific isozymes of  GOT,  
I D H ,  and M D H  (see Fig.  5). In add i t ion ,  e lect ron 
mic rog raphs  p repa red  f rom the m i t o c h o n d r i a l  frac- 
t ion (the 1.189 kg/1 peak)  showed clear  m i t o c h o n d r i a l  
bodies  wi thou t  m i c r o b o d y  c o n t a m i n a t i o n  (Fig.  6). 
Therefore ,  con t amina t i on  of  the m i t o c h o n d r i a  with 
mic robod ie s  seems unlikely.  

Recovery of Catalase in Subrnitochondrial Particles 

F o r  inves t igat ion of  the s u b m i t o c h o n d r i a l  part icles ,  
one- tenth  of  the m i t o c h o n d r i a l  pel let  was taken  as 
a reference in each exper iment  and  the act ivi ty  of  
cy toch rome  oxidase was chosen as a bas ic  p a r a m e t e r  
of  m i t o c h o n d r i a l  ghosts.  Based on the ra t io  of  cata-  
lase to cy toch rome  oxidase,  42% of  the cata lase  activ- 
ity associa ted  with  m i t o c h o n d r i a  was recovered in 
s u b m i t o c h o n d r i a l  par t ic les  (Table  2). This result  ex- 
cludes the poss ib i l i ty  tha t  m i t o c h o n d r i a l  associa ted  
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Fig. 5. Separation of organelles from 4-day-old etiolated seedlings by linear sucrose gradients (27 ml, 60-30% sucrose) for scutella, 
and by stepped gradients (3 ml, 60%; 3 ml, 50%; 9 ml, 43%; 6 mI, 30% sucrose) for primary leaves. In scutella, only one peak of 
catalase activity (p= 1.26 kg/1) is present and corresponds to the glyoxysomaI peak using isocitrate lyase and the glyoxysomal malate 
dehydrogenase isozyme as marker enzymes. In primary leaves, there is a predominant catalase activity peak (p = 1.19 kg/l) which corresponds 
to the mitochondrial peak using cytochrome oxidase and the mitochondrial isozymes of malate and isocitrate dehydrogenases as marker 
enzymes. A second minor peak of catalase activity is associated with particles at a density of 1.21 kg/l which probably represents 
immature peroxisomes since only the peroxisomal MDH isozyme is associated with this fraction 

Fig. 6. Electron micrograph showing mitochondria isolated from 
maize primary leaves (x 12,000). Note absence of any microbody 
particles. Photo is of mitochondria collected from the peak of 
cytochrome oxidase and coincident catalase fractions in Fig. 5 (pri- 
mary leaves) 

Fig. 7a and b. PAGE analysis of purified CAT-3 catalase, a 50 lag 
of purified CAT-3 stained for protein (Coomasie blue); b 60 lag 
of purified CAT-3 stained for enzyme activity. Note absence of 
contamination. Migration is anodal; O=origin of sample; m =  
marker 
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Table 2. Catalase activity in submitochondrial fractions 

J.G. Scandalios et al. : The Cat3 Gene of Maize 

Experiments Fractions Catalase Cytochrome Catalase/ % Recovery 
(crude mitochondria) a (U/mg Protein) oxidase cytochrome (relative to cytc. 

(U/mg Protein) oxidase oxidase) 

1. Mitochondria 267.0 26.8 9.96 100.0 
Submitochondrial ° 90.0 27.3 3.32 33.4 

2. Mitochondria 346.0 13.3 26.02 100.0 
Submitochondrial c 276.0 23.5 11.74 44.0 

(Purified Mitochondria) b 
1. Mitochondria 25.6 40.0 0.64 100.0 

Submitochondrial c 9.2 32.8 0.28 43.8 

2. Mitochondria 105.0 260.0 0.40 100.0 
Submitochondrial 7.7 51.4 0.15 37.5 

3. Mitochondria 88.0 35.7 2.46 100.0 
Submitochondrial 5.7 6.1 0.93 38.0 

4. Mitochondria 93.1 108.1 0.86 100.0 
Submitochondrial 14.9 35.0 0,43 49.0 

a Mitochondrial fractions obtained by differential centrifugation (9,500 x g) and washed once with buffer 
b The mitochondrial fractions obtained by differential centrifugation were purified by subsequent sucrose gradient centrifugation 
c Submitochondrial fractions obtained by osmotic shock of mitochondria 
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Fig. 8. Double reciprocal plots of 1/V versus 
1/S for the reaction catalyzed by catalase at 
pH 7.0 and 25 ° C. Purified CAT-3, CAT-2 and 
CAT-1 catalases were used 

cata lase  in epicotyls  is due to m i c r o b o d y  con tamina -  
t ion and indicates  tha t  cata lase  in the m i t o c h o n d r i o n  
could  exist e i ther  par t ly  b o u n d  to the m e m b r a n e  and 
par t ly  soluble  in the mat r ix ,  or  in the in terspace  of  
the doub le  membrane .  In  ei ther  case, some cata lase  
act ivi ty wou ld  be lost  in the process  of  fo rming  submi-  
t ochondr i a l  part icles .  

Some Biochemical Properties of CA T-3 Catalase 

a) Homogeneity of Cat-3 Catalase. Fo l lowing  the pu- 
r i f icat ion p rocedure  discussed (see Mate r i a l s  and 
Methods ) ,  the enzyme was subjec ted  to disc gel elec- 
t rophores i s  to de te rmine  its pur i ty .  Gels s ta ined with 
C o o m a s i e  Blue showed a single pro te in  b a n d ;  gels 
s ta ined for  cata lase  act ivi ty also showed a single cata-  

lase enzyme band  which  was coinc ident  with the 
pro te in  band  in e lec t rophore t ic  mob i l i t y  (Fig.  7). 

b) Isoelectric Point (pI). The pI  of  CAT-3  was deter-  
mined  by  isoelectr ic  focusing to be 5.2; this is lower  
than  the pI  for  ei ther  CAT-1 or  C A T - 2  (Scandal ios  
et al., 1972). 

c) Kinetic Constants (Kin). The Michael i s  cons tants  
were de te rmined  for  H 2 0  2 for  C A T - l ,  CAT-2 ,  and  
CAT-3.  The C A T - 2  cata lase  exhibi ted  the lowest  Km 
and CAT-1 the h ighest  Kin, while the Km for  CAT-3  
was in te rmedia te  (Fig. 8). In  all cases the Kms are 
high to be cons idered  b io logica l ly  significant ,  bu t  they 
are typical  for  K m values r epor ted  for  catalases  f rom 
a var ie ty  of  sources.  
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Fig. 10. Equilibrium distribution in CsC1 gradients of CAT-3 cata- 
lase from maize epicotyl extracts. Seeds were germinated in H20 
and not transferred to D20 (Control; top); 12 hr in D20  (middle); 
48 h in D20  (bottom). The activities of the/3-galactosidase markers 
(A A) from each experiment have been lined-up. Relative activ- 
ity means that all points on these curves are expressed as a percent- 
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of CsC1 gradient ( e - - e ) .  Note shift in the density peak for cata- 
lase indicating incorporation of heavy isotopes 

d) Thermostability. The heat stability of CAT-3 cata- 
lase purified from isolated epicotyls was measured 
as an index of its lability in comparison to the CAT-1 
(tl/2 = 10 min) and CAT-2 (tl/2 = 140 min) catalases. 
Like CAT-1 and CAT-2 (Scandalios et al., 1972), the 
denaturation of CAT-3 with heat treatment follows 
exponential decay kinetics, and its half-life (tl/2) can 
be recoreded. At 55 ° C, the CAT-3 catalase has a 
half-life of about 16 min. 

e) Effect of Aminotriazole (A T). Incubation of CAT-3 
catalase in 0.1 M 3-amino-l,2,4-triazole for 60 min 
resulted in approximately 75% inhibition. Thus, like 
all other catalases, CAT-3 is sensitive to this drug 
and appears to be more effectively inactivated than 
the CAT-1 and CAT-2 catalases of maize (Scandalios 
et al., 1972). 

Turnover of the CAT-3 Catalase 

Catalase activity increases in the epicotyl and mesoco- 
tyl with time during early sporophytic development. 
The increase in the mesocotyl is slightly more rapid 
than in the epicotyl but the general time-course profile 
is the same. The pattern of catalase activity remains 
the same whether the seedlings are grown in the pres- 
ence of H20 or D20 (2H20, 70 atom %) (Fig. 9). 
By employing the density labeling technique (Quail 
and Scandalios, 1971) we have demonstrated that the 
apparent increase in catalase activity in the epicotyl 
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is due to the de novo synthesis of the enzyme mole- 
cules. The mean density of catalase increases signifi- 
cantly during the course of D20 incubation (Fig. 10) 
suggesting synthesis. Kinetic studies indicate that the 
levels of saturation (physiological saturation) are 
reached after the seedlings were incubated in 70% 
D20 for 7-days (Fig. 11). The time required to reach 
50% saturation (representing the rate of turnover) 
was estimated to be about 24 hr for CAT-3 in the 
epicotyl. Similar results were obtained for CAT-3 cat- 
alase from the mesocotyl. 

Discussion 

The catalase gene-enzyme system of maize presents 
an excellent opportunity to examine some of the 
mechanisms involved in gene regulation and expres- 
sion during eukaryote development and differentia- 
tion (Scandalios, 1979). 

In this communication, we have presented evi- 
dence for the existence of a catalase isozyme (CAT-3), 
encoded in the nuclear gene Cat3, which is under 
temporal and spatial regulation. Furthermore, unlike 
the CAT-1 and CAT-2 catalases of maize which are 
associated with glyoxysomes in the scutellum (Longo 
and Longo, 1970; Scandalios, 1974), the CAT-3 iso- 
zyme appears to be associated with the mitochondria 
isolated from young leaves. Mitochondria isolated 
from both the primary leaf and coleoptile sheath have 
been found to have significant catalase activity, but 
mitochondria isolated from scutella from the same 
seedlings do not show any mitochondrial-associated 
catalase. The mitochondrial catalase activity of leaves 
is due to CAT-3 which is not normally expressed 
in scutella. Preliminary data suggest that the minimal 
catalase activity associated with pro-microbodies in 
the young leaves may not be CAT-3, but CAT-I, 
which in some lines is co-expressed with CAT-3. 

That the mitochondrial catalase activity is not 
merely due to contamination by microbodies is 
supported by the following: (a) No microbodies can 
be observed in electron micrographs prepared from 
mitochondrial fractions (Fig. 6); (b) catalase activity 
associated with both immature microbodies and mito- 
chondria was observed on the same gradient; (c) mic- 
robody-associated catalase has not been found to be 
a membrane-bound protein. Consequently, catalase 
from broken membranes accumulates at the top of 
sucrose gradients (Feierabend and Beevers, 1972); (d) 
significant catalase activity is recovered in the submi- 
tochondrial particles (Table 2) following fractionation 
of pure mitochondria. This would not be the case 
if the mitochondrial-associated catalase was due to 
contamination by microbodies. 

Cyanide insensitive respiration has been observed 
in the mitochondria of many plant tissues (Henry 
and Nye, 1975). More recently, the production of 
H202 and the presence of catalase in the mitochon- 
dria of mung bean hypocotyl has been demonstrated 
(Rich et al., 1976). It has been suggested that catalase 
prevents the accumulation of H202 produced by par- 
tial reduction of oxygen by the alternate oxidase 
pathway in plant mitochondria. The existence of cya- 
nide insensitive respiration in etiolated maize epico- 
tyls has been demonstrated (Tong and Scandalios, 
unpublished data) and the association of catalase with 
mitochondria has been observed not only in the pri- 
mary leaves and coleoptiles, but also in the mesocotyls 
of maize (Tong and Scandalios, 1977). These results 
suggest that the mitochondrial-associated catalase 
may be coupled with the alternate oxidase pathway. 

Approximately 42% of the total catalase activity 
associated with the mitochondria was recovered i n  
submitochondrial particles. This suggests that cata- 
lase may be located either heterogeneously 
throughout the mitochondria, or homogeneously in 
the interspace of the double membranes. Since it has 
been proposed that the alternate oxidase is located 
on the outer surface of the mitochondrial inner mem- 
brane (Schonbaum et al., 1971), and assuming that 
catalase is coupled with the alternate oxidase 
pathway, it seems that the latter possibility would 
be more likely. 

Both catalases are known to be homotetramers, 
and preliminary evidence, using a previously de- 
scribed technique (Scandalios, 1965), suggests that 
CAT-1 and CAT-3 can interact, in vitro, to generate 
heterotetrameric molecules. The fact that these two 
catalases do not interact in vivo may be due to either, 
(a) that they are compartmentalized in different sub- 
cellular organelles, or (b) that CAT-1 and CAT-3 
may be localized in different cell lines within the 
tissues examined. 

The biochemical properties of CAT-3 demonstrate 
that this form of catalase, though similar in some 
respects, differs significantly from CAT-1 and CAT-2 
of maize (Scandalios et al., 1972). The apparent differ- 
ences in the properties of the different maize catalases 
may be physiologically significant, and may reflect 
their in situ roles within the cell. 

The mechanism of incorporation of most soluble 
proteins of nuclear gene origin into mitochondria is 
still unkown. The results presented in this paper raise 
some important questions. How does catalase become 
associated with the mitochondria of maize epicotyls, 
and why is it not associated with the mitochondria 
of maize scutella? Is this organelle specificity related 
to the fact that the catalase isozymes exhibit tfssue 
and temporal specificity? What is the molecular (and 
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genetic) basis of this tissue specifictiy and can it tell 
us something about the compartmentation process? 
Further approaches to these questions are currently 
under investigation. 
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