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ABSTRACT 

Two cyclic AMP phosphodiesterase enzymes (E.C.3.1.4.17) are present in 
homogenates of adult Drosophila melanogaster. The two enzymes differ from 
one another in heat stability, affinity for Mg++, Ca++ activation and 
molecular weight. They do not differ markedly in their affinities for cyclic 
AMP, and both exhibit anomalous Michaelis-Menten kinetics. The more heat- 
labile enzyme is controlled in a dosage-dependent manner by chromomere 
3D4 of the X chromosome and is absent in flies that are deficient for chromo- 
mere 3D4. Chromomere 3D4 is also necessary for the maintenance of normal 
cAMP levels, for male fertility, and for normal female fertility and oogenesis. 
The structural gene(s) for the more heat-stable enzyme is located outside of 
chromomeres 3C12-3D4. Whether 3D4 contains a structural gene, or a regula- 
tory gene necessary for the presence of the labile enzyme, remains to be 
determined. 

C Y C L I C  AMP plays an important regulatory role in cellular physiology. The 
full extent of its role has yet to be assessed, and many details are imprecisely 

understood. It is known that the cellular level of CAMP is regulated by balanced 
synthesis and degradation. Synthesis is carried out by adenylate cyclase that 
converts ATP to CAMP. Degradation is effected by specific phosphodiesterases 
that convert cAMP to S’-AMP. The effects of CAMP are mediated by proteins 
whose properties are altered by cAMP binding. Among these proteins, CAMP- 
dependent protein kinase has been most intensively studied. 

The advantages of Drosophila, as a model eukaryote, for combined genetic 
and biochemical studies are well known. The sites of cAMP action in Drosophila, 
the CAMP-binding proteins, are under study (TSUZUKI and KIGER 1975,1978) 
as is the control of CAMP levels (DAVIS and KIGER 1978). 

A survey of the genome of Drosophila melanogaster, employing segmental 
aneuploidy to locate presumptive structural genes for cyclic nucleotide phospho- 
diesterases, has uncovered a region of the X chromosome that exhibits the aneu- 
ploid effects on cAMP phosphodiesterase activity expected of a structural gene. 
Duplication and deficiency mapping places this region within chromomeres 3D3 
and 3D4, between Notch ( N )  and diminutive (dm) (KIGER and GOLANTY 1977). 
Genehcs 91: 521-535 March, 1979 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/91/3/521/5993290 by guest on 25 M

ay 2023



522 J. A. KIGER, J R .  A N D  E.  GOLANTY 

Male and female flies deficient for this region can be constructed. Surprisingly, 
these flies are viable and appear to be morphologically normal. However, male 
flies deficient for chromomere 3D4 are sterile; female flies are affected markedly 
in fertility and exert a maternal effect on their progeny, leading to imaginal de- 
fects or death. Such progeny may lack one or more legs, halteres, hemitergites, 
genitalia, or other imaginal derivatives. These studies show that chromomere 3D4, 
but not 3D3, is necessary for male €ertility, normal female fertility and normal 
oogenesis (KIGER 1977). A study of cAMP levels in whole adult flies has shown 
that male and female flies lacking chromomere 3D4, but not 3D3, exhibit in- 
creased levels of cAMP and that females with three doses of chromomere 3D4 
exhibit a depressed level of cAMP (DAVIS and KIGER 1978). 

We present here a comparison of the cAMP phosphodiesterase activities pres- 
ent in homogenates of normal and deficiency flies. These studies show that 
normal flies contain two major CAMP phosphodiesterase activities. The absence 
of one of these activities is shown to be associated only with the absence of chro- 
momere 3D4, not with the absence of 3D3. These studies link the in uiuo regu- 
lation of cAMP levels with a specific cAMP phosphodiesterase. They suggest that 
the physiological defects associated with the absence of chromomere 3D4 may be 
due to abnormally elevated cAMP levels in the gonads. 

MATERIALS A N D  METHODS 

Stocks and crosses: The stocks employed and the crosses made to produce deficiency flies have 
been described by KIGER and GOLANTY (1977) and KIGER (1977). The cytologies of the deficiency 
and duplication chromosomes employed here are shown on BRIDGES' (1938) map of the salivary 
gland polytene X chromosome in Figure 1. Males of genotypes Df(l)N64il@/w+Y and 
Df(l)Ni'lh"-5/w+Y are deficient for 3D4 and possibly 3D3. Ambiguity exists because the 
endpoints of the w+Y duplication are difficult to define, and it may extend to either 3D2 or 3D3 
on the right (G. LEFEVRE, personal communication). Males of genotype Df(1)N*4j15/w+Y may 
be deficient for 3D3, but surely contain 3D4. In each of the above genotypes, the w+Y duplica- 
tion complements the lethality associated with deficiency for the Notch locus at 3C7. Basc/w+Y 
male sibs serve as standard controls in the studies described below. Females of genotypes 
Df(l)Ns4~ls/Df(l)dm75e~s and Df(l)N7'I'le4-5/Df(l)dmYjel9 are deficient for chromomeres 
3C12-3D4. Females of genotype D f ( l ) N 6 4 j l 5 / ~ f ( l ) d m I 5 e 1 9  are deficient for 3C12-3D3, but not 
for 3D4. Basc/Basc females serve as standard controls. The Basc chromosome is described by 
LIXDSLEY and GRELL (1968). Because deficient males and females exhibit different phenotypes, 
we have compared normal and deficient flies of both sexes separately in the work to be presented 
below. Flies were weighed and used fresh or were frozen at  -80" prior to use and homogenized 
without thawing. Freezing does not noticeably affect enzyme activities. 

Enzyme assays: The kinetic studies shown in Figure 2 and comparisons of activities reported 
in Table 1 are performed as described previously (KIGER and GOLANTY 1977). Two to five flies 
are weighed on a Cann Electrobalance and then homogenized at  0" in a glass mortar with a 
motor-driven teflon pestle in 1 .O ml of buffer containing 80 miu Tris-HC1, pH 8.0; 20 mM MgC1,; 
20 mM 2-mercaptoethanol; and 0.2% bovine serum albumin. The homogenate is then diluted 
to a concentration of 1 fly per ml with the same buffer. Assays are carried out in duplicate by 
mixing 0.05 ml of homogenate with 0.05 ml of [SHlcAMP at an  appropriate concentration 
giving a final volume of 0.10 ml containing all components at  half the concentrations listed 
above. All assays are incubated at 30" for ten min and then quenched by heating to 90" for 
two min in a hot block. Upon cooling, 0.02 ml of adenosine-saturated carrier containing 2.5 
mg per ml cAMP and 2.5 mg per ml5'-AMP is added to each assay. Chromatography of 0.025 
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FIGURE 1.-A drawing of a segment of the X chromosome of D. melanogaster showing the 

cytological extent of the deficiencies and duplications employed. Redrawn from HIGER and 
GOLANTY (1977). Df(I)N64i'S is deficient for 3C3-3D4; Df(l)N7lhz4-5 is deficient for 3 C 4  
3D4; Df(l)N84316 is deficient for 3C4-3D3; and Df(I)dmi'se'g is deficient for 3C12-3E4; w+Y 
is duplicated for 2D23D2 or 3D3; and Dp(I;2)w+51b' for 3C2-3D6. 

ml of each assay mixture is performed on Whatman 3 MM paper overnight in a descending 
system using 0 . 5 ~  ammonium acetate, pH 7.0 and 100% ethanol (2:5). The 5'-AMP and 
adenosine spots are identified under a shortwave UV lamp, cut from the paper, and eluted from 
the paper with 3.0 ml of 0.01 M HC1 at 90" for 15 min. One ml aliquots of the acid solutions 
are counted in 10 ml of scintillation fluid (0.2 g POPOP, 3 g PPO, 250 ml Triton X-114 and 
750 ml xylenes). 

[3H]cAMP is obtained from New England Nuclear Corp. in ethanol solution. The ethanol 
is removed by lyophilization prior to dilution to the required specific activity, since ethanol 
inhibits the phosphodiesterases under study. Specific activities of 100 to 130 mCi/mm are gen- 
erally used in  assays. Unlabeled nucleotides and nucleosides are obtained from Sigma Chemical 
Co. 

Enzyme activities are measured in units of picomoles 5'-AMP per minute per mg of fly. The 
conversion of cAMP to adenosine must be monitored and the quantity added to the amount of 
5'-AMP produced during incubation, because in the crude homogenate employed for the assay 
some dephosphorylation of the ??-AMP occurs. 

In the comparative studies of cation requirements, heat-inactivation and sedimentation prop- 
erties, the resin assay described by THOMPSON and APPLEMAN (1971) is employed instead of 
chromatography. Activities are reported as cpm per mg fly per 15 min incubation at 30". No 
corrections are made for the underestimation of cAMP hydrolysis inherent in this assay (see 
PICRARLI and CHEUNQ 1976). Unless otherwise stated, incubation mixtures contain 10-5 M 

C3H] CAMP ( 0.5 Ci per mmole) , no CaCI,, and MgCl, as stated in Figure legends or the text. 
Heat-inactivation studies: Flies are homogenized in 40 mia Tris-HC1, pH 8.0; 1.0 mM MgC1, 

(unless otherwise stated) and 1.0 mM 2-mercaptoethanol at a concentration of 3.5 flies per ml. 
Aliquots of 0.10 ml are heated at either 41" or 45" for indicated periods and cooled on ice for one 
min. Cyclic AMP phosphodiesterase activity is assayed by adding 0.02 ml [3H]cAMP 
(5 X I F 5  M) and incubating at 30" for 15 min. Enzyme activity is quenched by heating to 90" 
for two min. in a hot block prior to analysis by the resin assay. 
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Sedimentation studies: Flies are homogenized at  a concentration of 25 flies per ml in 40 mM 
Tris-HC1, pH 8.0; 1 mM 2-mercaptoethanol; 10 m~ MgC1,; and 1 mix CaC1,. The homogenates 
are strained through Miracloth (Calbiochem) and centrifuged at  100,000 x g for one hr. An 
aliquot of supernatant (0.2 ml) is layered over a 4.8 ml sucrose density gradient (5  to 20%) 
made up in homogenization buffer and sedimented in a Beckman SW 50.1 rotor at  38,000 rpm 
for 17 hr  at 5". Fractions (0.2 ml) are pumped from the bottom of the tube and assayed as 
indicated above. Sedimentation constants are calculated as described by MCEWEN (1967) and 
molecular weights estimated by comparison to those for cytochrome c (13,400), hemoglobin 
(60,000) and gamma globulin (160,000) determined in the same way. 

RESULTS 

Rates of cAMP hydrolysis: Cyclic AMP phosphodiesterase activities measured 
in hoinogenates of deficient flies are compared with activities in control flies in 
Table 1.  The deficient flies are not devoid of cAMP phosphodiesterase activity. 
Males deficient for  3D4, and possibly 3D3 as well, show about 30% of normal 
activity. Males of genotype Df (Z)N64jZ5/zu+Y, which are hemizygous for 3D4 
and may be deficient for  3D3, show a level of activity intermediate between the 
normal control males and those deficient for 3D4 as well. Female flies deficient 
for the region 3C12-3D4 exhibit about 35% of normal activity, while those 
carrying the Df (I)Ns4jl5 chromosome ( 3 M  not deficient) show an intermediate 
activity. The intermediate activities exhibited by flies carrying the Df (I)N64j15 
chromosome [see also Table 4 in KIGER and GOLANTY (1977)l  have prevented 
an unambiguous assignment of a gene affecting cAMP phosphodiesterase activity 
to chromomere 3D4 alone (KIGER and GOLANTY 1977). 

The rates of cAMP hydrolysis by homogenates of standard and deficiency 
3D3-3D4 females and males, as a function of substrate concentration, are shown 
in Eadie-Hofstee plots in Figure 2 (EADIE 1952; HOFSTEE 1952). A lower rate 
of hydrolysis (v) is apparent for homogeiiates of deficiency flies over a wide 
range of substrate concentrations. These plots are nonlinear for both standard 
and deficiency flies. Nonlinearity may indicate either negative cooperativity ; 
the presence of more than one enzyme exhibiting Michaelis-Menten kinetics 
and fixed KM; or both. The observed K M  values range from about 1 X M at 

TABLE 1 

The effect of genotype on total cAMP phosphodiesterase activity 

Dastage of Relative activity 
Genotype 3D3 3D4 assayed at iv cAMP 

1 ore? 
Oor 11 
Oor I ?  
Oor l ?  

2 
1 
0 
0 

1 .oo 
0.70 
0.31 
0.31 

1 .oo 
0.62 
0.38 
0.29 
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FIGURE e.-Eadie-Hofstee plots of the rate of CAMP hydrolysis (U) as a function of CAMP 
concentration (s) . (a) Busc/Busc females (open circles) ; Df(l)N64%16/Df(l)dm75e19 females 
(closed circles); substrate concentrations from 0.1 to 1000 x 10-6 M CAMP. (b) Basc/w+Y males 
(open circles); Df(l)N64i*6/w+Y males (closed circles) ; substrate concentrations from 0.1 
-400 x 10-6 M CAMP. Insets to (a) and (b) are the difference plots obtained by subtracting 
u~~~~~~~~~~ from u,,,,,~ at each s value. 

low substrate concentrations to about 60 X M at high substrate concentra- 
tions. The inserts to Figure 2 show the difference plots between standard homo- 
genates and deficiency homogenates. These plots presumably reflect an enzyme 
activity present in standard homogenates, but absent in deficiency homogenates. 
That this is indeed the case will be shown below. 

The data in Table 2 indicate that deficiency for 3D3-3D4 decreases the CAMP 
phosphodiesterase activities assayed in heads, thoraxes and abdomens. In Table 
2, deficiency male body parts are compared with body parts from standard male 
sibs; deficiency female body parts are compared with body parts from hetero- 
zygous deficient €emales sibs. 

Heat-inactivation of cAMP phosphodiesterase activities: The absence of a 
specific form of cAMP phosphodiesterase activity is responsible for the decreased 
enzymatic activity observed in Figure 2. T'he rate of enzyme inactivation at 45" 
in a homogenate of standard Basc/w+Y- flies, as seen in Figure 3, indicates that 
two components of cAMP phosphodiesterase activity are present: a heat-labile 
activity (HL-PDE) and a more heat-stable activity (HS-PDE). In contrast, a 
homogenate of Df (I')N~~~'~/w+Y flies appears to contain only the HS-PDE 
activity. Deficiency for 3D3-3M causes both a decrease in total cAMP phospho- 
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TABLE 2 

Anatomical distribution of total CAMP phosphodiesterase activities 

Genotypes compared 
Relative activities 

Head Thorax Abdomen 

- 0.74 0.12 0.30 
Df( l )N71h~~-5/w+Y 8 

Basc/w+Y 8 

Df(i)N71h"-5/Df (l)dm75el9 0 
Df(l)N71hz4-5/Basc 0 

0.49 0.16 0.3 1 

diesterase activity and the absence of the heat-labile activity in male flies. This 
is true for female flies also, as will be shown below. 

Effects of cations on cAMP hydrolysis: The CAMP phosphodiesterase activity 
present in homogenates of Basc/w+Y flies is a function of the Mg++ concentra- 
tion, as shown in Figure 4. In contrast, homogenates of Df(l)N64"i6/w+Y flies 
show virtually no requirement for added Mg++. In the absence of added Mg++, 
EDTA (le2 M) almost completely abolishes the cAMP phosphodiesterase ac- 
tivity present in either homogenate (data not shown). Thus the endogenous 

c )r 4 0 -  .- 
> 
0 

.- 
t 

a 
8 

20 - 

IO - 
0 30 60 90 120 150 

Minutes 
FIGURE 3.-Heat inactivation at 46" of CAMP phosphodiesterase activities in homogenates of 

Basc/w+Y (closed circles) and Df(l)N64*16/w+ Y (open circles). Lines are those calculated by 
the method of least-squares. 
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FIGURE 4.-Rate of cAMP hydrolysis as a function of added Mg++. Closed circles are 
Basc/w+Y activity, and open circles are Df(I)N64"6/w+Y activity. Solid lines are activities in 
the absence of added Ca++, and dashed lines are activities in the presence of I W  M Ca++. 

Mg++ present in Df(l)N64"i6/zu+Y homogenates must be sufficient for the activ- 
ity of the heat-stable enzyme, while a much higher concentration of Mg++ is 
required for the full activity of the heat-labile enzyme present in Basc/w+Y 
homogenates. 

M) on cAMP phosphodiesterase activity at different 
Mg++ concentrations is also shown in Figure 4. At low Mg++ concentrations, 
Ca++ is inhibitory to the heat-stable activity present in Df(l)N64i16/w+Y flies. 
Increasing Mg++ concentrations overcome this inhibition and, at concentrations 
of Mg++ greater than le3 M, Ca++ causes noticeable activiation. At low Mg++ 
concentrations, Ca+ + is also inhibitory to the activity present in homogenates of 
Basc/w+Y flies, and this inhibition is also overcome by increasing Mg++ con- 
centrations. Ca++ does not, however, cause a noticeable activation at high Mg++ 
concentration, suggesting that the heat-labile enzyme is not activated by Ca++ 

M).  Other data indicate that only 10% of the activity in Basc/w+Y 
homogenates is sensitive to EGTA M),  while 50% of the activity in 
Df(l)N84"i6/w+Y homogenates is sensitive to EGTA. The addition of Ca+ f over- 
comes the latter inhibition. ' f i e  Caf * inhibition exhibited at low Mg+ + con- 
centrations may be due to competition with endogenous Mg++ for a binding 
site. 

The effect of Caff 
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Heat inactivation of cAMP phosphodiesterase activity in homogenates of 
standard female flies, in the absence of added Mgff ,  followed by assay with and 
without added Mg++, shows that the heat-12bile enzyme is the component that 
is activated by lo-' M Mg++. The heat-stable component is active in the absence 
of added Mg++ (Figure 5 ) .  These data indicate that, in the absence of added 
Mg+ +. the heat-labile enzyme exhibits approximately 10% of the activity 
observed at lo-? M Mg++. Similar experiments with male flies substantiate the 
10 % value observed in Figure 5.  

Sedimentation of CAMP phorphodresterase rrctir 'ities: Sucrose density gradient 
zonal centrifugation of the S-100 supernatant of homogenates of Basc/w+Y and 
Df(l)NG~'"6/w+Y flies show in Figure 6 that standard flies contain two dis- 
tinguishable size classes of cAMP phosphodiesterase activity. The faster-sedi- 
inenting component compiiqes 47% of the activity present in the gradient, while 
the slower-sedimenting component comprises the remainder. The cAMP phos- 
phodiesterase activity Irom Df(1) NRL1lG/wLY males lacks significant activity 
sedimenting at the position of the slower component. 

FIGURE 5.-Heat-;nactivation a t  41 of cAMP phosphodiesterase activities in homogenates 
of Basc/Rasc females. Closed circles are activities measured at IO-' NI M g + + ,  and open circles 
are activities measured without adding M g f + .  Lines are those calculated by the method of 
least-squares. 
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FIGURE 6.-Sucrose density gradient sedimentation of cAMP phosphodiesterase activities 
(from right to left). Closed circles are Basc/w+Y activity, and open circles are Df(1)N6Ail6/ 
w+Y activity. 

I n  the supernatants from Basc/w+Y, the presence of 1 0 - z ~  Mg++ in the 
gradient is essential for recovery of the slower component (recovery of up to 
90% of the total initial activity has been observed). In the absence of Mg+ + in 
the gradient, only the faster component is recovered. The amount of activity 
assayed in the position of the slower component in the gradient is a function 
of the Mg+ + concentration in the assay, while that in the position of the faster 
component is independent of added Mg++. Thus, the slower component repre- 
sents the heat-labile enzyme, and Ihe faster component represents the heat-stable 
enzyme. Assuming a particle deiisity of 1.35, the estimated molecular weight 
of the heat-stable enzyme is 96,000 and that of the heat-labile enzyme is 38,000. 
These values are in the same range. but not identical, with those reported by 
PICHARD and CHEUG (1976) for rat liver cAMP phosphodiesterases. 

Gel filtration studies using Sephadex G-I 50 have shown that supernatants 
from ~ f ( l j N 6 4 ~ ~ ~  / D j ( ~ ' ) d m ' ~ " ' ~  females also lack a physically smaller cAMP 
phosphodiesterase activity, which is present in standard female flies (data not 
shown). 

HL-PDE is associated only with chromomere 3 0 4 :  Deficiency mapping, 
employing quantitative comparisons of cAMP phosphodiesterase activities in 
heterozygous deficiencies, led to the conclusion that the chromosomes Df (1) N64%16, 
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Df(l)N7lhZ4-‘ and Df(l)dmr5e1g are deficient for a gene affecting cAMP phos- 
phodiesterase activity (KIGER and GOLANTY 1977). This result places the gene 
locus within chromomeres 3C12-3D4. These same studies show that the gene 
in question is not contained in the w+Y duplication, but is contained in 
D p ( l  Two ambiguities discussed above prevented a precise assignment 
of a locus for the gene that affects CAMP phosphodiesterase activity. First, the 
right endpoint of the w+Y duplication is ambiguous (see Table 1). Second, as 
shown in Table 1,  Df(l)N64jZ5 exhibits A reduced cAMP phosphodiesterase 
activity in both males and females, which is less than that exhibited by flies 
carrying the Basc chromosome but is greater than that exhibited by flies deficient 
for 3M. This reduction in activity is especially apparent in males. Since chromo- 
mere 3D3 may not be contained in the w+Y duplication, and since Df(l)N64”5 
is associated with a reduction in enzyme activity, a possible involvement of 
chromomere 3D3 with cAMP phosphodiesterase activity could not be excluded. 

100 
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FIGURE 7.-Heat-inactivation at 41’ of CAMP phosphodiesterase activities in males of geno- 
type (a) Basc/w+Y; (b) Df(l)N64115/W+Y; ( c )  Df(i)N644i16/w+Y; (d) Df(l)NT1h*4--S/w+Y. 
Lines are those calculated by the method of least-squares, except in (a) and (b) where the 
shoulders make it necessary to omit some data points. 
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We can now demonstrate that only chromomere 3D4 is necessary to confer 
the presence of the heat-labile activity. The heat-inactivation studies shown in 
Figure 7 demonstrate that both Basc/w+Y and Df (1)N64il5/w+Y homogenates 
contain comparable ratios of the two enzyme activities. In contrast, the two 
deficiency chromosomes, Df ( I )  N6hi16 and Df ( I )  N71h24-5) both of which are 
deficient for 3D4 and are of independent origin, demonstrate only the heat- 
stable activity. The shoulders on the heat-inactivation curves for the heat-stable 
activities in Basc/w+Y and Df(I)N64j15/w+Y homogenates in Figure 7a and 7b 
are sometimes observed with male homogenates, but we can offer no explanation 
of their origin at present. Both enzyme activities, in comparable proporitons, are 
also present in Basc/Basc females and Df (I)N6ij15/Df (I)dm75e1g females (the 
latter heterozygous deficient for 3D4) as shown in Figure 8. In contrast 
Df(I)N64i'6/Df (I)dm75e19 females (homozygous deficient for 3C12-3D4) 
demonstrate only the heat-stable activity. Thus, absence nf the heat-labile activ- 
ity is associated only with deficiency for 3D4. The reduction in total cAMP 
phosphodiesterase activity associated with the presence of Df (I)N64!l5 is not 
due to the absence of a specific component of that activity. 

The dosage of chromomere 3 0 4  and the level of HL-PDE activity: Segregation 
of Df  (I)N64i16 and D p ( l ; Z ) ~ + ~ l ~ ~  within the stock Df(I )N64 i16 /Ba~~;  
D p ( l ; Z ) ~ + ~ ~ ~ ~ / f  produces female sibs with one, two and three doses of chromo- 
mere 3D4 (KIGER and GOLANTY 1977). The Mg++ activation of cAMP phos- 
phodiesterase activity in homogenates of the four female genotypes of this stock 
is shown in Figure 9. The level of activity observed is not directly proportional 
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FIGURE 8.-Heat-inactivation at 41 O of cAMP phosphodiesterase activities in females of 
genotype (a) Basc/Basc; (b) Df(i)N64ilS/Df(l)dm?5e19; ( c )  Df(l)N64il6/Df(l)dm75el#. Lines 
are those calculated by the method of least-squares. 
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FIGURE 9.-Rate of cAMP hydrolysis as a function of added Mg++ and of dosage of 

chromomere 3D4. 
0--0 Basc/Basc; S M I ,  C y  D p ( l ; 2 ) ~ + 5 " ~ 7 / +  ( 3  doses) 
0--0 Df(I)NG4{'6/Basc; S M l :  C y  Dp(I;2)~~.+5'b7/+ (2 doses) 
0 _ _ _ _  0 Basc/Basc (2 doses) 

_ _ _ _  0 Df(I)Ns-".i'G/Basc (1 dose) 

to the dosage of chromomere 3D4, but does fall within the range of values previ- 
ously reported at lo-? M Mg++ (KIGER and GOLANTY 1977). The lack of direct 
proportionality may suggest that some compensatory mechanism exists to regu- 
late the level of enzyme activity. Gene dosage affects the level of activity observed 
at all Mg+ + concentrations, confirming the observation that the HL-PDE does 
exhibit some activity even at low Mg+ + concentrations. 

DISCUSSION 

The data presented here show that two genetically and biochemically distinct 
cAMP phosphodiesterase actitities exist in normal male and female D. melano- 
gaster. These two enzymes differ with respect to heat-stability. Mg+ + and Ca++ 
dependencies, and sedimentation properties. The presence of the heat-labile 
enzyme is conferred by a gene or genes located in chromomere 3D4, and the 
level of this activity is proportional to the number of doses of chromomere 3D4 
present in the genome. This latter property originally permitted us to map 
cytologically the locus to chromomeres 3D3-3D4 (KIGER and GOLANTY 1977). 
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Taken at face value. these observations might suggest that a structural gene(s) 
for die heat-labile enzyme resides in chromomere 3D4. Whether there is more 
than one type of subunit, hence the possible involvement of more than one struc- 
tural gene. in the cAMP phosphodiesterase enzymes studied here is unknown. 
Structural gene (s) responsible for  the heat-stable enzyme activity must reside 
elsewhere than in chromomeres 3C12-3D4. 

The demonstration that chromomere 3D4 alone is responsi,ble for  the presence 
of the heat-labile enzyine, couplcd with observations made previously that 3D4 
alone is responsible €or normal CAMP levels in whole flies (DAVIS and KIGER 
1978) and that 3D4 alone is responsible for  male fertility and normal female 
fertility and oogenesis (KIGER 1977) , indizates that the fertility defects associated 
with the absence of 3D4 may be due to increased CAMP levels in the gonads. 
The effects of deficiency for 3D4. howevcr, do not appear to be confined to the 
reproductive system. The data in Table 2 show that cAMP phosphodiesterase 
activities in all three major body regions of flies arp affected. 

Data on multiple forms of CAMP phosphodiesterase in many tissues and in 
a number of species have recently been reviewed by AMER and KREICHBAUM 
(1975). Two forms of the enzyme activiiy, characterized by high and low K H  
values, seem to be almost ubiquitous. Multiple physical forms also exist, the 
number of which may be dependent on the biochemical techniques employed 
to examine them (VAN INWEGEN et al. 1976) and the physiological state of the 
cell (PLEDGER, THOMPSON and STRADA 1976). PTCHARD and CHEUNG (1976) 
have shown that multiple physical and kinetic forms of the enzyme are inter- 
convertable and that enzyme concentration and dibutyryl cAMP can affect 
which forms predominate. One form of CAMP phosphodiesterase is regulated by 
a &++-dependent protein activator and another is not (UZUNOV et a2. 1976). 
Since virtually all of these studies have been carried out with impure prepara- 
tions, it has not been possible to examine the degree of amino acid sequence 
homology between the various forms of the activities identified. 

Our finding that flies deficient for chromomere 3D4 lack the heat-labile 
enzyme activity permits a genetic “purification” of the heat-stable enzyme ac- 
tivity from the mixture of activities present in normal flies. A comparison of the 
heat-stable activity present in deficiency flies with the mixture of activities in 
normal flies allows us to infer some of the properties of the heat-labile enzyme. 
Under the conditions that we t.mployed, the two activities sediment as distinct 
entities. as shown in Figure 6. Figure 2 demonstrates that the heat-stable enzyme 
possesses multiple kinetic forms because the K,,{ is a function of substrate concen- 
tration. This may indica Le negative cooperativity. but we cannot rule out other 
possible explanations for ihe observed nonlinearity. The insets to Figure 2 allow 
US to infer that the heat-labile enzyme forin exhibits the same general kinetic 
properties as does the heat-stable enzyme and may exhibit negative cooperativity. 
The data in Figures 3 and 5 indicate that Mgf-  activates the heat-labile, but not 
the heat-stable enzyme; a t  high Mg++ concentrations, M Ca++ activates 
the heat-stable, but not the heat-labile enzyme. In agreement with this conclu- 
sion, EGTA inhibits the activity in deficiency flies much more than it inhibits 
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the mixture of activities present in normal flies. The data indicate that both 
enzymes possess Mg+ +-binding sites, which differ in their affinities. The greater 
stability of the heat-stable enzyme may be a consequence of its higher affinity 
for Mg++ since the heat- labile enzyme has both a lower affinity for Mg++ and 
loses activity in its absence. Finally, as we have demonstrated, the two enzymes 
are genetically distinct forms. 

Whether the structural gene(s) for the heat-labile enzyme resides in chromo- 
mere 3D4 remains to be proven. It is easy to devise models for  regulatory genes 
that would act to control the expression of a structural gene, located elsewhere, 
and that would show dosage dependence for the regulatory gene. The ultimate 
identification of a structural gene for an enzyme is, of course, the demonstration 
of colinearity of gene and polypeptide. While the simplest interpretation of our 
results would be that a structural gene for the heat-labile enzyme resides in 3D4, 
caution in drawing this conclusion is prompted by the properties of the 
Df ( l )N64Jl5 chromosome. The right breakpoint of this deficiency may nick the 
left edge of chromomere 3D4 (G. LEFEVRE, personal communication). This ob- 
servation (made prior to our association of 3D4 with an  effect on CAMP phos- 
phodiesterase activity) suggests that the breakpoint may affect the level of 
expression of the gene in 3D4 responsible for  the heat-labile enzyme activity, 
be that gene structural or regulatory. Our observations that flies carrying the 
Of (2)NF4315 chromosome exhibit a decreased enzyme activity, and yet exhibit 
about the same ratio of the two activities (Figures 7 and 8 )  may indicate that 
chromomere 3D4 affects the level of the heat-stable activity, as well as being 
necessary for the presence of the heat-labile cnzyme. Further genetic and bio- 
chemical analysis of chromomere 3 M  and the two enzymes are necessary. 

We thank R. L. DAVIS for helpful discussions and gratefully acknowledge the cytological 
analyses and generosity of G. LEFEVRE. This manuscript benefited from the helpful comments 
01 an anonymous referee. This work has been supported by Public Health Service grant 
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