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ABSTRACT 

A screen for allelic variants of the enzyme catalase indicated that the 
Cut+ locus is essentially monomorphic in D. melanogaster. Segmental an- 
euploidy was used to screen the genome for a dosage-sensitive region for 
catalase activity. One region, 75D-78A on the polytene chromosome map of 
3L, exhibited a hyperploid/euploid ratio of enzyme activity of 1.5. Further dis- 
section localized the region to 75D-76A. We suggest that this region contains 
the structural locus for catalase in D. melmogaster. 

Simple methods have been developed using the specific inhibitor, 3-amino- 
1,2,4-triazole, for the direct analysis of rates of synthesis and degradation of 
the Cat+ gene product. Based on kinetic studies of catalase synthesis in flies 
aneuploid and euploid for region 75D-76B, we suggest that these techniques 
can be readily applied to an examination of mutants that control the expression 
of the structural gene for catalase in  Drosophila. 

NE of the more important concepts in modern genetics is the mechanism(s) 
O w h e r e b y  the cell regulates or modulates the expression of its structural genes 
and the organization of these regulator elements in the eukaryotic genome. 
Questions that remain to be answered are: (1) how many genes can be identified 
that affect the expression of a given structural gene? (2) what range of effects 
do such genes have? (3) how are these regulatory genes organized in the genome? 
and (4) what role may differing rates of synthesis and degradation play in 
regulating the product of a specific gene? A promising approach to the under- 
standing of gene regulation in eukaryotes is the precise analysis of enzyme 
expression. One would first identify mutations affecting the rate of accumulation 
of a protein with respect to development or tissue specificity, and then subject 
the variant to a combination of high-resolution mapping, to determine if the 
lesion lies outside the boundaries of the structural element, and biochemical 
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724 S. LUBINSKY AND G. C. BEWLEY 

analyses. At present there are few gene-enzyme systems in Drosophila with 
the potential to meet these criteria, i.e., Xdh (CHOVNICK, GELBART and 
MCCARRON 1977), Ddc (WRIGHT 1977), Adh (O’DONNEJL et al. 1977) and 
Amy (DOANE 1977). 

Catalase (H,O,: H,O, oxidoreductase, E.C. 1.1 1.1.6) has been shown to catalyze 
the decomposition of cellular H,O,, and in most organisms it is a tetrameric 
enzyme of about 250,000 daltons. (For a review of the structural and biochemi- 
cal aspects of catalase, see DIESSEROTH and DOUNCE 1970 and AEBI and SUTER 
1972.) The enzyme appears to be involved in the protective destruction of H,O, 
generated during cellular metabolism, ionizing radiation (FREESE et al. 1967), 
and the H,O, generated by the dismutation of superoxide radicals (for reviews 
see FRIDOVICH 1975, 1977). It therefore appears that catalase may play an im- 
portant role in the protection of cells from events that lead to detrimental oxida- 
tions during development. 

Studies 011 the regulation of catalase expression have been stimulated by the 
use of two unique inhibitors. The herbicide 3-amino-l,2,4-triazole (AT) acts 
as a noncompetitive inhibitor resul ting in the irreversible destruction of catalase 
activity without interfering with the rate of new synthesis. The porphyrino- 
genic drug 2-allyl-2-isopropylacetamide (AIA) interferes with porphyrin 
metabolism, thereby blocking the synthesis of active catalase molecules without 
interfering with the activity of previously synthesized enzyme (for reviews see 
RECHCIGL 1968, 1971). Using AT and AIA, either singly or in combination, 
simple but sensitive techniques were developed for measuring the kinetics of 
catalase synthesis and degradation in vivo (PRICE, RECHCIGL and HARTLEY 1961 ; 
PRICE et al 1962; RECHCIGL. and PRICE 1963). Upon the injection of A T  into 
rats, it was demonstrated that the return of liver catalase activity is paralleled 
by a corresponding uptake of 59Fe into the active catalase molecules. This result 
indicated that the return of activity- resulted from de novo synthesis of enzyme 
rather that a reversal of the inhibitory process and was in agreement with 
MARGOLIASR, NOVGRODSKY and SCHEJTER (1960) , who demonstrated that AT 
binds to the protein moiety of catalase to form an irreversible complex. In a 
similar experiment, the injection of AIA demonstrated an almost complete block 
of the incorporation of 59Fe into liver catalase. In  addition, the use of AIA to 
block the synthesis of new catalase molecules demonstrated that the rate of dis- 
appearance of existing molecules was nearly the same as data calculated from 
the experiments using AT. The data indicated that the steady-state level of 
catalase activity in rat liver could be accounted for by the synthesis of 28 pg of 
catalase per hour per g of rat liver if 2.25 % of the catalase molecules were being 
destroyed in that same time period. In addition, the 3.5-fold higher activity 
characteristic of rat liver as opposed to rat kidney was demonstrated to be due 
to a greater rate of synthesis of catalase in that organ, since both tissues had 
similar rates of catalase degradation. These results facilitated a number of studies 
on the rates of synthesis and destruction of normal and variant enzyme forms 
in a number of organisms (PRICE, et al 1962; RECHCIGL and HESTON 1967; 
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CATALASE IN DROSOPHILA 725 

GANSCHOW and SCHIMKE 1969; MELLMAN, SCHIMKE and HAYFLICK 1972; SAMIS, 
BAIRD and MASSIE 1972; and SORENSON, GANAPATHY and SCANDALIOS 1977). 

In this communication, we develop the parameters of 3-amino-I ,2,4-triazole 
inhibition in Drosophila and illustrate that it is useful in analyzing rates of turn- 
over of the Cat+ gene product. In  addition, evidence is provided for the cyto- 
genetic localization of the gene coding for catalase. 

MATERIALS A N D  METHODS 

Special chromosomes: X . X :  two X chromosomes attached to a single kinetochore, i.e., 
C(I)RM, y ;  C ( I ) M 3 .  X . Y :  an X and both arms of the Y attached to a single kinetochore, i.e., 
YSX.YL, I n ( l ) E N ,  y .  4.4: two fourth chromosomes attached to a single kinetochore. The exact 
genetic constitution is C(I)RM, y U bb /0  and YsX.YL,  In(l)EN, y ;  C(4)RM,  ci eyR/O. Cy: a 
multiply inverted second chromosome dominantly marked with C y .  In(2L + ZR)Cy, C y  cnz or 
/ In(ZLR)SMI,  ala Cy cns spz. CyO: Cy derivative of Oster, a multiply inverted second chromo- 
some dominantly marked with Cy.  In(3LR)O, dpivl C y  pr cne. Ubx: a multiply inverted third 
chromosome dominantly marked with Ubx. In(3LR)TM6,  U b F b e .  Sco: a dominantly marked 
second chromosome, used to alternately mark second chroniosome translocation stocks. Sb: a 
dominantly marked third chromosome, used to alternately mark third chromosome translocation 
stocks. 

Stocks: All the T ( Y ; Z )  and T ( Y ; 3 )  stocks were obtained from D. L. LINDSLEY. T ( Y ; X ) B 2 6 H  
was obtained from W. L. BISCHOFF, and the attached4 stock was obtained from L. SANDLER. All 
genetic symbols are described in LINDSLEY and GRELL (1968). 

Fly culture and sample collection: Half-pint bottles containing standard cornmeal-molasses- 
yeast-agar media with pmprionic acid and tegosept-M as mold inhibitors were used to culture 
the flies. Cultures were supplemented with live yeast and maintained under uncrowded conditions 
at 25". Flies collected from laboratory wild-type strains and used for electrophoresis were sexed 
24-hr post eclosion and kept on ice until homogenized. Samples of adult progeny from the aneu- 
ploid crosses were collected within 48 hr after eclosion and immediately frozen. Flies sampled 
froin natural populations in the Raleigh, North Carolina area consisted of 40 male D. mel- 
anogaster captured in the field and ten F, males derived from females previously inseminated 
in the field. In addition, several other Drosophila species were captured and used in the electro- 
phoretic investigation. 

Synthesis of segmental aneuploids: Flies segmentally aneuploid for regions of the second 
and third chromosomes were synthesized using a series of reciprocal translocations between the 
autosomes and a marked Y chromosome. APPENDIX A and B lists the specific T(Y;Z) and 
T ( Y ; 3 )  stocks employed in  this investigation, while a detailed description can be found in 
LINDSLEY, et al. (1972) and O'BRIEN and GETHMANN (1973). Where possible, aneuploids were 
synthesized by crossing stocks with breakpoints in  opposite arms of the Y chromosome, which 
allows an unambiguous identification of progeny phenotypes. The euploid progeny generated 
are the result of alternate disjunction in both parents, while aneuploid progeny are the result 
of adjacent-I disjunction. When stocks for a particular cross were not broken in opposite Y arms, 
a preliminary cross was used to introduce an alternate, dominantly marked chromosome into 
the male parent (Sco or Sb) .  Terminal aneuploids were generated by crossing the appropriate 
transloration stock to an X . Y  stock bearing standard free autosomes. In this case, both euploid 
progeny types were used as controls to eliminate any possibility of marker effects. Aneuploids 
for regions spanning the centromere were generated with stocks broken in the same Y chromo- 
some arm. Male duplications were generated in the initial screen to avoid possible differences 
in females due to maturing oocytes and ovarian tissues. Duplications, rather than deficiencies, 
were generated since they are more viable and can be generated over larger cytological regions, 
except for region 83D-E on the right arm of chromosome 3 .  
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726 S. LUBINSKY A N D  G .  C .  BEWLEY 

The X chromosome was screened by constructing aneuploids for the distal and proximal 
halves of the X chromosome using the T ( Y ; X )  translocation stock B26H, with a breakpoint at 
9C (STEWART and MERRIAM 1974). 

Aneuploids of the fourth chromosome were constructed by crossing attached-4 males to spapoz 
females bearing free fourth chromosomes. This cross generated triplo-4 and haplo-4 progeny. 

Enzyme preparation and assay: Crude enzyme extracts were prepared by homogenizing 
adult flies at a concentration of 20 mg live weight per ml of cold distilled H,O containing 0.1% 
Triton X-100 (Union Carbide). Third-instar larval and pupal extracts were prepared at a con- 
centration of ten individuals per ml of distilled water containing 0.1% Triton X-100 and 0.5 mM 
phenylthiourea. Single fly extracts were prepared in 0.1 ml of the above homogenization solu- 
tion. All samples were centrifuged at 0 to 4" for 30 min at  12,000 x g in a Sorvall RC2-B 
refrigerated centrifuge. The supernant fluid was used as the source of the enzyme. 

Enzyme activities were determined using a modification of the spectrophotometric method 
of BEERS and SIZER (1952). Reactions were initiated by the addition of 50 81 of extract (diluted 
1: 1 for adult preparations) to 2.5 ml of a substrate solution containing 0.05 M sodium-potassium 
phosphate buffer: pH 6.9, and H,O, a t  a final concentration of 7.5 mM. Catalase activity, meas- 
ured as a decrease in H,O, concentration at 230 nm, was monitored for one min using a chart 
recorder. The initial activity was determined by the slope of the line (A O.D. per min). A unit 
of catalase activity i s  defined as 1 millimole H,O, decomposed per min assuming a molar 
extinction coefficient of 70.67 at 230 nm. Single-fly assays were initiated by the addition of 
10 pl of extract to 1 ml of 0.05 M sodium-potassium phosphate buffer, pH 6.9, containing 6.7 mM 
H,O,. All assays were linear under the conditions described. 

Electrophoresis: Horizontal starch-gel electrophoresis was conducted on adult male flies 
using a Tris citrate-boric acid buffer at pH 8 65 (0.076 M Tris, 0.005 M citric acid, 1.0 mM DTT 
gel buffer; 0.03 M boric acid, 0.005 M NaOH bridge buffer), which was a modification of the 
method of HOFFMAN and GRIESHABER (1976). The gels consisted of 13% starch (1: 1 electrostarch 
and Connaught starch) plus 5% sucrose. All gels were run at 4" for four to five hr, at 15 to 18 
watts and 75 ma. Sliced gels were stained according to the method of SCANDALIOS (1 968). Each 
slice was flooded with 0.6% H,O, for one minute, rinsed with distilled water, and followed by 
the application of a mixture of 40 mg KI and 15 drops of glacial acetic acid in 40 ml of dis- 
tilled water. The gel developed in two to four min and was stable for 10 to 15 min. 

Egg collection: For the quantitative measurement of survival on media containing the inhibi- 
tor AT, standard numbers of eggs were used. Eggs were collected over a 12-hr period, and 100 
eggs were picked and placed on a 1 cm square of blotting paper in groups of ten. The paper 
was impregnated with Tegosept-M to inhibit yeast growth. Each square containing 100 eggs 
was placed in  a large shell vial containing Carolina Instant 4-24 Drosophila medium and a 
certain concentration of the inhibitor AT. Two days after eggs were picked, a hatch count was 
made. All measurements of survival are given as percent survival to the adult stage of the 
hatched eggs, since only those individuals that hatch from the egg are tested on the inhibitor 
medium. 

Dietary administration of AT: A modification of the method of LEWIS and BATCHER (1968) 
was used for the administration of AT to adult male flies. Flies were collected and starved for 
24 h r  on agar and then transferred without etherization into bottles containing the test solution 
on Kimwipes. Each solution ccintained the appropriate concentration of A T  plus 1% sucrose, 
while control bottles consisted of 1% sucrose only. 

Protein determinations and statistical analysis: Protein determinations were performec! on 
0.05 ml aliquots of extract according to the method of LOWRY et al. (1951). BSA served as the 
standard. 

The protein content of individual flies in the single fly assays was estimated by the average 
weight per fly as determined on flies used in a specific group of assays. 

Student's t test was used to compare the activity means of the aneuploid and euploid progeny 
of the segmental aneuploid screen. 
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CATALASE IN DROSOPHILA 727 

RESUI.TS 

Localization of the structural gene 
Electrophoretic analysis: Thirty-two laboratory strains of D. melanogaster, 

as well as more than 40 flies captured from wild populations, where screened 
for electrophoretic variation of catalase. In no instance was intraspecific variation 
found. In order to test our electrophoretic system for its ability to resolve mobility 
differences, we conducted an analysis of other Drosophila species. Figure 1 
illustrates interspecific variation among species, using a Tris citrate-boric acid 
gel system. Most species examined, including D. simulans, D. busckii, and D. 
afinis. demonstrated the same electrophoretic pattern as D. melanogaster. How- 
ever, the mobility bands for D. tripunctata and D. cardini were slightly more 
anodal than for D. melanogaster, while D. robusta and D. immigrans were the 
most anodal of the species examined. The band for D. nigromelanica appears 
to be intermediate to those of D. cardini and D. robusta. The survey of other 
Drosophila species has provided a quick and powerful tool for testing the resolv- 
ing power of the electrophoretic system used in surveying for allelic variants in 
D. melanogaster. These results suggest that catalase may be essentially mono- 
morphic in this species. 

Screen for dosage sensitive regions with segmental aneuploids: Since electro- 
phoretic alleles were not detected, we turned our attention to the use of segmen- 
tal aneuploids to identify regions giving gene dosage responses for catalase. 
Using this technique. duplications of an appropriate region of the genome con- 
taining a structural gene for catalase, designated as Cgtf, would be expected to 
increase the activity of the enzyme by 50%. Therefore, reghns that exhibit a 
hyperploicl/euploid ratio near 1.5 were of interest for further analysis. The size 

+ 

FIc;unE 1 .-Starch-gel electrophoresis illustrating interspecific variation of male Drosophila 
caught at Raleigh, North Carolina. The direction of migration is from the origin to the anode 
using a Tris citrate-horic acid gel at pH 8.65. The different species are from left to right: D. 
melanogastpr, D. busckii, D. robusta, D. melanogaster, D. cardini, D. nigromelanica, D. melano- 
Rnster, D. robusta, D. simulans, D. melanogmter, D. busckii, and D. simulans. 
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728 S. LUBINSKY AND G .  C. BEWLEY 

of the duplications generated ranged from 50 to 250 polytene chromosome bands, 
with an average size of 135. Catalase activities for aneuploids and euploids gen- 
erated for  chromosomes 2 and 3 are illustrated in APPENDICES A and B and the 
relative hyperploid/euploid ratios are represented in Figure 2. 

Except for three cytological regions of chromosome 2, the relative activities 
did not differ significantly from 1.0. The cross for region 59B-60, representing 
a terminal aneuploid, generated two classes of male euploid sibs. Only the sib 
bearing the Sco marker differed significantly from the euploid mean. Aneuploids 
for regions 47E-50C and 57B-59C also differed significantly from the euploid 
mean. However, the aneuploid/euploid ratios were 1 . I4  and 1.09 respectively, 
which are probably not biologically significant with respect to the localization 
of a dosage-sensitive locus for Cat+. Hyperploids for two cytological regions, 
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CYTOLOGICAL REGIONS of t he  SECOND CHROMOSOME 
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CYTOLOGICAL REGIONS of the THIRD CHROMOSOME 

FIGURE 2.-Histograms illustrating the results of the segmental aneuploid screen for  chromo- 
somes 2 and 3, excluding the haplo-triplo lethal region 83D-E. The results of each cross are 
represented as a ratio of the hyperploid to euploid activities and are compared to a relative ac- 
tivity level of 1.0. Chromosome regions refer to the cytogenetic map of BRIDGES (1935). Each 
value is thc result of three separate determinations (extracts), each assayed three times. 
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CATALASE I N  DROSOPHILA 729 

43EF-47E and 50C-52E, were very inviable and few progeny were recovered. 
Single-fly assays proved adequate in these determinations. 

One region, 75D-78A, on the left arm of chromosome 3 gave a significant 
difference ( p  < 0.01) between the hyperploid and euploid activity means. This 
region exhibited a dosage response of 1.56, which would be expected for a region 
containing a structural gene. The remainder of chromosome 3 exhibited activity 
ratios near 1.0. 

The catalase activities of aneuploid and euploid flies generated on the X 
chromosome and chromosome 4 are compared in Table 1. These results exhibit 
activity ratios near 1 .O. 

Genetic dissection of region 750-78A: Since region 75D-78A exhibited the 
only dosage response in the genome characteristic of a structural gene for Cat+, 
it was dissected using translocations having breakpoints within the limits of this 
larger duplication. The results are presented in Table 2 and Figure 3. With a 
bisection of 75D-78A, region 75D-76B demonstrated a dosage response with a 
hyperploid/euploid ratio of 1.43, while the ratio for region 76B-78A was 2.12. 
Further dissection of 75D-76B delimited the dosage response to region 75D-76A, 
which exhibited a hyperploid/euploid ratio ol  1.54 and which includes about 
30 polytene chromosome bands. Female hyperploids generated for both region 
75D-76B and 75D-76A confirm that the dosage response is not sex limited. 
Further dissection of 75D-76A was not possible since translocations with break- 
points within this smaller region are not available. 

Although we were unsuccessful in generating hypoploids for the smallest 
region (75D-76A), hypoploids were recovered for 75D-76B. Single-fly assays 
were used to determine the activity levels of progeny for this region, and the 

TABLE 1 

Catalase activities of aneuploid and control flies generated for the X and fourth chromosomes+ 

Type of progeny Specific activity N 

X Chromosome$ 
euploid 0.280 f 0.003 4 
aneuploid 0-9C 0.252 t 0.006 4 

aneuploid 9C-20 0.291 f 0,009 4 

Fourth Chromosomes 
1 dose 0.317 k 0.008 4 
3 dose 0.312 t 0.008 4 

ratio aneuploid O-SC/euploid =0.901* 

ratio aneuploid 9C-20/euploid = 1.038 

ratio 3 dose/l dose = 0.986 

* Aneuploid value differing from its control value at the 8% level of significance. 
+Enzyme activities are expressed as mean units per mg protein 4 the standard error. N is 

equal to the number of determinations. Each determination consisted of separate extracts each 
assaved three times. 

$T(Y;X)B%H/C(I )DX,  y w f. 
C ( l ) R M ,  y U bb/YSX.YL, In ( I )EN,  U f B/O/C(4)RM, ci eyR and spaool/spaPoi were used to 

generate fourth chromosome aneuploids. 
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730 S. LUBINSKY AND G .  C. BEWLEY 

TABLE 2 

Genetic dissection of the region 75D-78A: catalase actiuities of aneuploid and control flies 

Region Dose Progeny sex Specific activity+ Nt Ratio: 

75D-78A 

76B-78A 

75D-76B 

75D-76B 

75D-76BS; 

76A-76B 

76B-76CD 

75D-76A 

75D-76A 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 
I 

3 
2 

3 
2 

3 
2 

3 
2 

male 

male 

male 

female 

male 

male 

male 

male 

female 

0.507 3- 0.011** 
0.325 k 0.008 

0.308 k O.O09* 
0.273 2 0.008 

0.395 f 0.008'; 
0.276 i. 0.009 

0.293 2 0.008** 
0.219 -t 0.007 

0.0054 & O.O008* 
0.0032 -C 0.0003 
0.0016 -t 0.0002 

0.290 * 0.004.* 
0.261 & 0.007 

0.315 i. 0.008 
0.263 i. 0.005 

0.448 2 0.009** 
0.291 4 0.007 

0.338 4 0.012** 
0.243 +- 0.010 

4 
3 1.560 

4 
4 1.128 

4 
4 1.43 

4 
4 1.33 

6 
6 1.704 
6 0.508 

4 
4 1.111 

4 
4 1.198 

4 
4 1.538 

4 
4 1.391 

+Enzyme activities are expressed as mean units per mg protein 2 the standard error. N is 
equal to the number of determinations. Each determination consisted of separate extracts each 
assayed three times. 

2 Ratios are expressed as the aneuploid/euploid value. 

* Aneuploid (3 dose or 1 dose) value differing from its control ( 2  dose) value at  the 5% level 

**Aneuploid (3 dose) value differing from its control (2 dose) value at the 1'% level of 

Single fly assays expressing activity per average weight of fly. 

of significance. 

significance. 

results demonstrate a strict dosage sensitive response with a hyperploid: euploid: 
hypoploid ratio close to 3: 2: 1 (Table 2). The hypoploid progeny generated for 
this region were few in number and expressed a Minute phenotype. The Minute 
J4(3)S34 has been localized to region 75D-76B by LINDSLEY et a1 (1972), and 
it is possible that this Minute is responsible for the difficulty in obtaining hypo- 
ploid progeny for both region 75D-76A and 75D-76B. 

Effect of the catalase inhibitor 3-amino-l,2,4-triazole 
Viability effects: The effect of AT on the development of Drosophila is illus- 

trated in Figure 4. The inhibitor appears to be extremely toxic during the larval 
stage of development, with an LD,, of 0.65 mM and an effective lethal phase 
occurring in the first larval instar. In contrast, AT does not affect the viability 
of the imago when fed a sucrose-AT solution of up to 10 mM AT for eight days. 
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CATALASE IN DROSOPHILA 731 
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FIGURE 3.-A genetic dissection of the cytological region 75D-78A on the left arm of chromo- 
some 3. The length of each horizontal bar represents the length of each region duplicated and 
deleted. The results are expressed as a ratio of activity levels between hyperploids and euploids. 

-4lthough we have been able to correlate a depression of catalase activity in larvae 
fed sublethal doses of AT, it has not been established whether the toxic effects on 
larvae are due to the loss of catalase activity per se or  to some nonspecific toxic 
effect of AT. If it can be established that the lethality is due to an inactivation of 
catalase molecules, then AT may provide the basis for a selective screening 
protocol. 

Catalase inhibition: Experiments to test the relative effectiveness of AT as an 

mM AT 
FIGURE 4..-The relative viability of an Oregon-R wild-type strain raised on a medium con- 

taining the inhibitor, 3-amino-l,2,4-triazole. Exactly 100 eggs were placed on the medium at  
each inhibitor concentration and scored as the number of imagoes that emerged relative to those 
raised on normal food. Each point represents the mean of three determinations. 
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732 S .  LUBINSKY AND G. C. BEWLEY 

0 
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e 
e 

I I I I 1 

0 1 2 3 4 5 
mM AT 

FIGURE 5.-The in vitro inhibition of catalase activity following l-hr incubations with differ- 
ing concentrations of the inhibitor 3-amino-l,2,4-triazole at pH 6.8. Adult (.) and larval (0) 
extracts where each point is a mean of three determinations with three assays per determination. 

inhibitor of Drosophila catalase were conducted. Figure 5 illustrates the degree to 
which Drosophila catalase derived from both the larval and adult developmental 
stage is inhibited in vitro following a one-hour incubation of the inhibitor and 
crude enzyme. The enzyme from each developmental stage demonstrates the 
same relative sensitivity to the inhibitor, where 90% of the activity is destroyed 
at a concentration of 3 mM AT. These results are similar to studies conducted on 
the mouse liver and kidney enzyme, where 2 miu AT inhibits the enzyme by 
30% (in Drosophila a 2 mM AT solution inhibits 82% of the catalase activity). 

The inhibition of Drosophila catalase in uiuo by the dietary administration of 
differing concentrations of AT in a 1 % sucrose solution is illustrated in Figure 6. 
Adult flies were starved for 24 hours on agar, fed AT sucrose solutions for 24 
hours, and then assayed for levels of catalase activity relative to a control fed 
only sucrose. The results demonstrate that in uiuo catalase can be 90% inhibited 
by 1 mM AT and virtually abolished at a concentration of 5 mM or  less, with no 
apparent effect on viability. The rate of catalase inactivation by the administra- 
tion of 5 mM AT is illustrated in Figure 7. It is apparent that the uptake of the 
inhibitor and the subsequent inactivation of existing catalase molecules is very 
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mM AT 
FIGURE 6.-The destruction of catalase activity upon the dietary administration of the in- 

hibitor, 3-amino-l,2,4-triaz~le. Adult flies were fed each inhibitor concentration for a 24-hr 
period. Each point represents the mean of three determinations. 
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FIGURE ?'.--Kinetics of catalase destruction in adult male flies upon the dietary administration 
3f 5 msr 3-amino-l,2,4-triazole. 
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734 S. LUBINSKY A N D  G .  C. BEWLEY 

rapid, with half of the activity destroyed at 30 minutes. In  addition, complete in- 
activation occurs by two hours of feeding. I t  is obvious from these experiments 
that the administration of AT provides a very sensitive and simple technique for 
the destruction of in viuo levels of catalase molecules in Drosophila. 

The kinetics of catalase synthesis and degradation: In  order to develop the use 
of AT for studies on rates of catalase synthesis and degradation, we synthesized 
flies that were hyperploid (three doses) and euploid (two doses) for the region 
75W76B on the left arm of chromosome 3 .  A critical. test for the use of this tech- 
nique in Drosophila would be to feed these flies 5 mix AT, transfer them to regu- 
lar food, and assay the rate of return of catalase activity to the steady state level 
as a function of time. It should be mentioned here that catalase activity in adult 
Drosophila reaches a steady-state level of about 40% of the peak activity in 
larvae, and this activity level does not change within the time frame of the ex- 
perimental protocol for AT administration and renewed synthesis to the steady 
state. 

PRICE, RECHCIGL and HARTLEY (1961) and PRICE et al. (1962) postulated that 
catalase molecules are being synthesized at a constant rate and destroyed in a 
random fashion according to first-order kinetics, Similar conclusions have been 
reached with other enzyme systems (for review, see RECHCIGL 1971; FRITZ and 
PRUITT 1977). This relationship can be expressed as follows: 

where C is the level of enzyme activity at time t, ks the rate constant for synthe- 
sis, and kD the first-order rate constant for degradation. 

If C = Oat t = 0,then: 

Equation (2) describes the recovery of catalase activity following a feeding on 
AT. At the steady state (C,) , the amount of catalase being synthesized per unit 
time equals the amount being degraded: 

C, = k,y/kD . (3)  

Substituting this last expression yields: 

or 

The rate constant kD can be readily calculated from equation (5) by plotting 
the log of the difference between enzyme activity at the steady-state level and 
activity at some time during the recovery period as a function of time. The rate 
constant, k,, can then be calculated from equation (3) .  
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CATALASE IN DROSOPHILA 735 

Figure 8 illustrates the rate of return of catalase activity to the steady-state 
level in flies bearing two and three doses of region 75D-76B after treatment with 
the inhibitor AT. It is noted that there is a time lag of approximately 24 to 48 
hours, which presumably represents the period when excess AT is being excreted 
by the flies and therefore is capable of inactivating a certain percentage of new 
catalase molecules. Figure 9 illustrates the first-order kinetics of catalase degra- 
dation in aneuploid and euploid flies. It is observed that the solid lines are parallel 
with nearly identical slopes and are extrapolated back to the dashed line that 
represents CN (steady state) after a correction for the lag period. The kD is the 
first-order rate constant for catalase decay as determined by equation (5), and 
k ,  is the rate of catalase synthesis determined by equation ( 3 ) .  The rate of decay 
of catalase in each line is nearly equivalent, while the k ,  for hyperploids is 1.524 
times the rate for the euploids. This is what one would expect with three copies 
of the structural gene and therefore three transcriptional elements. 

i/' CN (Aneuploid) - _ _ _ - _ _ _ - -  - - - - - -  

N3 

t /" 
- _ - - - - - -  CN (Euploid) - - _ - - - -  ///I+ 

.y L/ 
0 24 48 7 2  96 120 144 160 

hours after 3-amino-1,2,4- triazole 

FIGURE 8.-The return of catalase activity following the dietary administration of 3-amino- 
l,2,3-triazole to aneuploid ( 0 )  and euploid (0) flies. C, is the steady-state level determined 
from flies fed on a sucrose control solution. Each point represents the mean of three separate 
determinations ? the standard deviation. 
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k,= 0.0292 
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1 I 1 I I 1 I J 
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FIGURE 9.-The kinetics of catalase destruction in uivo in aneuploid ( 0 )  and euploid (0) 
flies. Semilogarithmic plot of the data in Figure 8 presented as Cy - C ,  versus time, where C, 
is the steady-state level and C, is the catalase level at time intervals after the administration of 
AT. Each point represents the mean of three separate determinations. 

DISCUSSION 

A screen of the entire genome has revealed one cytogenetic region, 75D-78A 
on the left arm of chromosome 3 ,  containing a putative structural gene for cata- 
lase. A genetic dissection of this region has further localized the dosage-sensitive 
locus to region 75D-76A, which includes about 30 polytene chromosome bands. 
Due to the apparent lack of natural variation at the Cat+ locus, precise position- 
ing of the structural gene must await the experimental induction of allelic forms. 

Aneuploids have been used in a variety of organisms to map structural genes. 
Trisomics for a number of plant species, including barley (NEILSEN and FRY- 
DENBERG 1961 ), Datura slramoriium ( CARLSON 1972), and maize ( NEILSEN and 
SCANDALIOS 1974) have been used to map loci to specific chromosomes. The ad- 
vantage of segmeiital aneuploid mapping is that small regions of a chromosome 
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CATALASE IN DROSOPHILA 737 

are made aneuploid, resulting in the localization of a locus to a specific region 
of the chromosome and avoiding general hyperploidy effects that may decrease 
the viability of aneuploids (LINDSLEY et al. 1972). 

The availability of a large number of translocation heterozygotes for the two 
large autosomes (LINDSLEY et al. 1972)’ as well as the X chromosome (STEWART 
and MERRIAM 1973, 1974) allows one to generate segmental aneuploids for vir- 
tually the entire genome of D. melanogaster. T h e  fidelity of segmental aneuploid 
mapping in Droscphila has been assessed by mapping known loci. O’BRIEN and 
GETHMANN (1973) found that cytogenetic loci for alcohol dehydrogenase and 
soluble a-glycerophosphate dehydrogenase correspond to the genetic loci deter- 
mined by other mapping techniques. The cytogenetic localization of isocitrate 
dehydrogenase, as well as the X-linked loci for glucose 6-phosphate dehydroge- 
nase and 6-phosphogluconate dehydrogenase, has been similarly confirmed 
(STEWART and MERRIAM, 1974.). The structural locus for soluble sorbitol dehy- 
drogenase has been mapped by electrophoretic variants, low activity alleles, and 
segmental trisomy with good agreement of the map positions (BISCHOFF 1976). 
Loci that have been mapped solely using this technique include two enzymes 10- 
cated on the inner membrane of the mitochondria, a-glycerophosphate oxidase 
and succinic dehydrogenase ( O’BRIEN and GETHMANN 1973), dopa decarboxylase 
(HODGETTS 1975), acetylcholinesterase (HALL and KANKEL 1976), CAMP phos- 
phodiesterase (KIGER and GOLANTY 1977) and trehalase (OLIVER, HUBER and 
WILLIAMSON 1978). 

The technique of mapping structural genes by dosage relationships depends 
upon the assumption that the normal rate-limiting process that determines the 
level of enzymatic activity is transcription. An increase in the number of struc- 
turaJ genes will therefore increase the overall rate of transcription, and the rate 
of enzyme synthesis as evidenced by activity levels. Evidence to support this 
hypothesis for aneuploids affecting catalase levels in region 75D-76B has been 
provided by pretreatment of adult flies bearing two and three doses of the region 
with the catalase inhibitor 3-amino-l,2,4-triazole. This inhbitor irreversibly 
binds to the protein moiety of existing enzyme without interfering with subse- 
quent synthesis, and by following the rate of new synthesis we have demon- 
strated a direct relationship between gene dose and enzyme synthesis. These 
experimental results illustrate that one can simply and accurately determine the 
kinetic constants for synthesis and degradation of catalase in Drosophila, and 
more importantly that this technique can be applied to an analysis of mutants 
that affect the rate of accumulation of catalase molecules. 

A distinction between the relative rates of synthesis and degradation in strains 
exhibiting differences in the accumulation of an enzyme is important. Tradition- 
ally, a clear distinction between point mutations that affect an enzyme’s function 
(structural gene lesions) and control mutations that determine a protein’s con- 
centration has been made. Recent demonstrations that protein conformation and 
thus primary sequence can also influence a protein’s intracellular level weakens 
this distinction (see GOLDBERG and DICE 1974 for review) and illustrates that 
protein degradation can be a major factor in determining intracellular protein 
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738 S. LUBINSKY AND G. C. BEWLEY 

concentrations. This point has been recently illustrated with the X d h  gene- 
enzyme system in Drosophila (O’DONNELL, MCCARRON and CHOVNICK 1978; 
O’DONNELL and CLARK, personal communication) , where putative “underpro- 
ducer” control variants were induced by formaldehyde and EMS treatment and 
were characterized to exhibit reduced levels of CRM and to exhibit other parame- 
ters characteristic of a control mutant. However, fine-structure mapping placed 
some of these variants in the middle of the X d h  structural element. Presumably, 
an  altered primary amino acid sequence has increased the rate of degradation of 
the X d h  gene product, which has resulted in a lower steady-state level for the 
enzyme. This example illustrates that it is imperative in the absence of a fine- 
structure mapping system (i.e., the X d h  system) to make a clear distinction be- 
tween rates of synthesis and degradation for any mutants that affect the accumu- 
lation of a gene product and by this criterion are labeled putative control 
mutations. 

In  conclusion, we have demonstrated that the catalase inhibitor AT provides a 
simple technique for the kinetic analysis of catalase tournover in Drosophila. We 
suggest that this kind of analysis can add a new dimension to investigations on 
the regulation of a specific gene-enzyme system, since questions of this type have 
not previously been experimentally approached in Drosophila. It is axiomatic 
that mutations that alter the control of a structure gene do so by modulating the 
rate of synthesis of the final gene product. It then follows that a demonstration of 
altered synthetic rates is the ultimate illustration of a change in the mechanistic 
control process of gene expression. 

We would like to thank YOSHIKO CHEU for her expert technical assistance. 
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APPENDIX A 

Genetic crosses and catalase activities of aneuploid and euploid flies generated 
on the second chromosomef 

Parental-stocks 
Region2 Maternal Paternal Dose 

Male progeny 
Specific activity N 

21 A-22C 

22C-25A 

25A-27E 

2 7E-3 OF 

30F-35BC 

35BC-38C 

38C-4Q 

40-43EF 

43EF-47EY 

47E-50C 

5OC-52EY 

52E-54F 

54F-57B 

57B-59B 

59B-60 

B112 X.Y C y O / S c o ~  

J 96 Bs+ B112 Scojl 

H52 

L52 

RI5 

BllO 

D20 

D2Q 

B26 

B107-i-+ 

LllO 

RI4 

H149 

L107 

P59 

J96 BSfSco 

H52 

L52 

RI5 

BllO Sco 

B26 

B 107 ScoM 

L110 sco 

R14 Sco 

HI49 

L107 

P59 

X . Y  c y o / s c o  

3 
2 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 
2 

0.304 +- 0.015 
0.358 +- 0.009 ( C y )  
0.326 2 0.029 (Sco) 

0.375 +- 0.018 
0.388 +- 0.004 

0.311 2 0.003 
0.294 2 0.005 

0.278 +- 0.009 
0.285 zk 0.006 

0.271 -f 0.012 
0.306 i- 0.015 

0.309 rt 0.013 
0.335 i- 0.016 

0.329 rt 0.016 
0.293 i 0.002 

0.290 t- 0.014 
0.295 2 0.008 

0.0043 C 0.0003 
0.0047C 0.0003 

0.382 -C 0.008* 
0.336 -I- 0.011 

0.0047 zk 0.0004 
0.0054C 0.0003 

0.280 & 0.006 
0.296 i 0.010 

0.289 C 0.007 
0.298 C 0.006 

0.347 2 0.006* 
0.317 t 0.OM 

0.330 2 0.008 
0.300 -f 0.008 ( C y )  
0.262 2 0.008 (Sco)** 4 

4 
4 
4 

4 
4 

4 
4 

4 
4 

4 
4 

4 
4 

4 
4 

4 
4 

8 
8 

4 
4 

8 
8 

4 
4 

4 
4 

4 
4 

4 
4 

+Enzyme activities are expressed as mean units per mg protein k the standard error. N is 
equal to the number of determinations. Each determination consisted of separate extracts each 
assayed three times. 

$ Chromosome regions refer to the cytogenetic map of BRIDGES (1935). 

y Single fly assays express activity per average weight of fly. 
+f B107 contains the superimposed inversion In(ZLR)29C-D; 47E. 

* Aneuplo-d (3 dose) value differing from its control (2 dose) value at the 5% level of 

** Aneuploid (3 dose) value differing from its control (2 dose) value at  the 1% level of 

YsX.YL, In(i)EiV, y ;  CyO/Sco. 
Sco phenotype introduced by crossing stock flies to YsX.YL, I n ( l ) E N ,  y ;  CyO/Sco. 

significance. 

significance. 
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APPENDIX B 

Genetic crosses and catalase activities of aneuploid and euploid flies generated 
on the third chromosom4 

Parental-stocks Male p r o g q  
Region: Matemal Paternal Dose Specific acbvity N 

61A-63A 

63A-65B 

65B-67C 

67G70AC 

70AC-74A 

74A-75D 

75D-78A 

78A-82C 

82C-83CD 

83686F 

86B-88C 

88C-91B 

91B-93F 

93F-96A 

96A-98EF 

98EF-100 

5154 

B234 

GI 22 

A3 1 

D228 

L131 

R153 

B155 

B155 

A109 

R36 

G48 

A89 

B93 

G73 

5151 

X .  Y Ubx/Sbs 

5154 

B234 Sbll 

GI22 

A3 1 

D228 

L131 

RI53 

L132 

5141 

G48 

A89 

B93 

G73 

J151 

X .  Y Ubx/Sbs 

3 
2 
2 
3 
2 
3 
2 
3 
2 
3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 

3 
2 
3 
2 

3 
2 

3 
2 
2 

0.268 f 0.004 4 
0.288 t 0.012 (Sb)  4 
0.268 t 0.007 (Ubx) 4 
0.281 f 0.009 
0.312 t 0.011 
0.271 t 0.012 
0.265 t 0.015 
0.214 & 0.005 
0.234 t 0.007 
0.238 t 0.006* 
0.262 t 0.003 

0.305 t 0.006 
0.320 & 0.017 

0.507 t 0.011** 
0.325 t 0.008 

0.281 t 0.005 
0.246 t 0.014 

0.320 t 0.020 
0.332 t 0.020 

0.299 t 0.011 
0.243 f 0.008 

0.271 f 0.007 
0.299 t 0.010 

0.314 & 0.007 
0.291 f 0.003 

0.252 t 0.078 
0.276 t 0.015 

0.248 t 0.011 
0.294 t 0.006 

0.275 & 0.020 
0.290 t 0.010 
0.318 t 0.014 
0.326 % 0.007 (Sb)  

4 
4 
4 
4 

4 
4 
4 
3 

3 
4 

4 
3 
4 
4 

4 
4 

4 
4 

4 
4 

4 
4 
4 
4 

4 
4 
4 
3 
4 
4 

0.303 t 0.010 (Ubx) 4 

+Enzyme activities are expressed as mean units per mg protein 2 the standard error. N is 
equal to the number of determinations. Each determination consisted of separate extracts each 
assayed three times. 

$ Chromosome regions refer to the cytogenetic map of BRIDGES (1935). 

! S b  $h enotype introduced by crossing stock flies to YsX.YL, In(l)EN, y/ ln  (Z)dl-49, 

*Aneuploid (3 dose) value differing from its control (2 dose) value at the 3% level of 

**Aneuploid (3 dose) value differing from its control (2 dose) value at the 1'% level of 

YsX.YL, ln ( i )EN,  y / ln  (Z)dl-49, y H w  m2 g4; In(3)TM6, UbxGybe/Sb. 

y Hw m- g4; In(3)TM6, Ubx67be/Sb. 
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