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ABSTRACT 
The isolation and characterization of a unique Dopa decarboxylase (Ddc) mutant in Drosophila 

melanogaster is reported. This mutant, Ddd'"', exhibits stage- and tissue-specific altered Ddc expression. 
Homozygous Ddd'"' embryos, central nervous systems (CNSs) at pupariation and newly eclosed adult 
epidermis all have approximately 5% as much specific dopa decarboxylase (DDC) activity as the pr  
control stock in which Ddd'"' was induced. In contrast, the DdPE' epidermis at pupariation has 
roughly 50% as much DDC activity as controls, a 1 0-fold increase over the relative activity detected 
in other tissues and stages. Although the adult cuticle lacks proper pigmentation as expected in flies 
with low DDC activity (15%), the bristles unexpectedly have wild-type black pigmentation. This 
implies that the bristle forming cells have more DDC activity than the rest of the adult epidermis. 
This variegated phenotype, black bristles and pale cuticle, plus the fact that DdFE' was originally 
isolated in a reciprocal translocation between proximal X heterochromatin and the euchromatic left 
arm of the second chromosome, 42 bands from the Ddc locus, suggested that the mutant might be an 
example of position-effect variegation. All tests for position-effect variegation, including persistence 
of the mutant phenotype when Ddd'"' was removed from the translocation, were negative. At 
pupariation DDC cross-reacting material (CRM) levels are similar in DdFE' and wild-type controls, 
but in newly eclosed adults CRM levels are approximately 35% of wild-type controls. This suggests 
that DDC produced by Ddd'"' adults has less activity per DDC molecule than the DDC produced at 
pupariation by Dd?"'. If the DDC enzyme produced by Ddd'"' at adult eclosion had full DDC activity 
(35% DDC CRM = 35% DDC activity) then no mutant phenotype would be exhibited by Ddd'"' since 
flies with as little as 10% activity have a wild-type phenotype. DDC thermolability assays clearly 
demonstrate that DDC from Odd'"' is more thermolabile than control DDC at both pupariation and 
adult eclosion. Furthermore, DDC from adults in both Ddd'"' and the p r  control is more thermolabile 
than DDC from white prepupae. Mixing experiments indicate the difference in DDC thermolability 
between pr  white prepupae and pr adults is not due to a difference in the white prepupal and adult 
supernatants. This suggests that in wild-type different isoforms of DDC are produced either by 
differences in post-translational modification or as a result of a different primary amino acid sequence. 
The lesion in Odd'"' may be in a translated sequence which is more important for proper Ddc 
expression in embryos, CNSs at pupariation and adult epidermis than it is in white prepupal epidermis 
and the bristle-forming cells. 

HE evolution of complex multicellular organisms T necessitated means for regulating the temporal 
and spatial expression of protein functions. From the 
initiation of transcription to protein degradation 
every step in the process of gene expression is a 
potential site for regulation. Single copy genes with 
complex developmental profiles where the same gene 
function must be expressed in different tissues at the 
same time in development and by the same cell at 
different times in development may have complex 
regulatory requirements. 

Mutations which act in a tissue and/or stage specific 
manner to alter a given gene's expression would be 
invaluable for understanding the developmental reg- 
ulation of that gene. Naturally occurring variants 
which act in this fashion have been isolated for several 
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genes in Drosophila, for example: xanthine dehydro- 
genase (CHOVNICK et al. 1976; CLARK et al. 1984), 
aldehyde oxidase (DICKINSON 1975), alcohol dehydro- 
genase (DICKINSON and CARSON 1979) and dopa de- 
carboxylase (ESTELLE and HODCETTS 1984a,b). Estab- 
lishing which differences in the DNA sequence are 
responsible for the altered enzyme activity is difficult 
due to the relatively large number of DNA polymor- 
phisms that exist between different wild-type strains 
(ESTELLE and HODCETTS 1984b; RABINOW and DICK- 
INSON 1986). Mutations which are induced in isogenic 
strains should reduce the complexity but such cis- 
acting mutants have been extremely difficult to  iso- 
late. 

T h e  dopa decarboxylase gene (Ddc) in D. melano- 
gaster has been subjected to  extensive mutagenic anal- 
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ysis to understand its regulation. Dopa decarboxylase 
(DDC) enzyme activity can be detected in four tissues, 
in the epidermis and proventriculus where DDC is 
involved in the sclerotization (hardening) of the cu- 
ticular structures, in the central nervous system where 
it produces the neural transmitters dopamine (3,4- 
dihydroxyphenylethylamine) and serotonin (5-hy- 

and in the ovaries where its function is not known 
(WRIGHT et al. 1982). DDC exhibits six peaks of 
activity during development at larval hatching, first 
and second larval molts, pupariation, pupation and 
adult eclosion (MARSH and WRIGHT 1980; KRAMINSKY 
et al. 1980; B. C. BLACK and T. R.  F. WRIGHT, 
personal communication). 

We report a 7-ray induced, cis-acting mutation 
which maps in or very close to the Ddc locus which 
alters both tissue and stage specific DDC enzyme 
activity. Evidence is presented which suggests that the 
same wild-type gene produces at least two different 
DDC isoforms during development and that this mu- 
tant acts by differentially affecting the DDC protein 
during development. 

droxytryptamine) (LIVINGSTONE AND 'TEMPEL 1983) 

MATERIALS AND METHODS 

Stocks: Unless otherwise noted the stocks used are de- 
scribed in LINDSLEY and GRELL (1968), WRIGHT et al. 
(1 9829, WRIGHT, BEWLEY and SHERALD (1 976) and 
WRIGHT, HODGETTS and SHERALD ( 1  976). 

The pr chromosome in which Ddc""' was induced and 
which was used as a control throughout this work was 
derived from a crossover event between hk and p r  in a rdo 
hk pr + +/+ + + cn bw heterozygous female, and subse- 
quently this pr second chromosome was isogenized twice 
from a single chromosome. Numerous Ddc mutations have 
been induced in both the original rdo hk pr  and the derived 
pr  chromosome and a number of l(2)amd mutations were 
induced in the original cn bw chromosome (WRIGHT et al. 
1982). In the process of analyzing these mutations, pr,  rdo 
hk pr,  cn bw, Cy0 and Oregon-R controls were repeatedly 
assayed for DDC activity levels and were not found to be 
significantly different. Furthermore, the thermolability of 
DDC from newly eclosed adults from strains carrying these 
p r ,  rdo hk pr, cn bw, Cy0 and Oregon-R second chromosomes 
have been determined to be identical. 

"Ddc escaper" screen: T( 1;2)KW, 

~~p~ d ~ c a r b o ~ y l a ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~  ExPessron 1 pr(T(l;2)KW, Dd?"'pr) 

was isolated in the "Ddc escaper" screen (WRIGHT et al. 
1982). Males from a wild-type strain (in this instance an 
isogenic p r  stock) were mutagenized with 4,000 r of 7-rays 
and mated to homozygous Ddc'"'fema1es. The progeny were 
raised at 22 O ,  a partially restrictive temperature for hemi- 
zygous Ddc"' individuals, and examined for the Ddc escaper 
phenotype. This phenotype includes reduced body pigmen- 
tation, light colored bristles and melanization in the joints 
of the legs and the axillae of the wings (thought to be a 
wound reaction caused by stress on weakened cuticle). Flies 
with any of these traits were mated to Df(2L)TWl?O/CyO 
to determine if the mutagenized chromosome is lethal over 
Df(2L)TW130, and the CyO/pr* progeny were used to es- 
tablish a stock. 

Effects of extra heterochromatin on DdPEf:  Extra het- 
erochromatin, in the form of a Y chromosome, was moved 
into the genome of hemizygous T (  1;2)KW, DdPE1pr females 
using an attached X Y  chromosome (see Figure 1). 

T(2;2)KW recombinant screen: This screen (Figure 2) 
was designed to isolate both products from a recombination 
event between the Ddc locus and the breakpoint in 
T (  1;2)KW. No selection was placed on the Ddc allele so that 
it would be recovered, whether mutant or wild type, over a 
balancer chromosome (Cy0 or Gla).  Because the crossover 
frequency decreases in euchromatic DNA near heterochro- 
matin, the X chromosome balancer FM6 was included in the 
screen to increase the crossover frequency on the second 
chromosome. The Sco (2-51.0) locus is distal to Ddc (2- 
53.9+), whereas p r  (2-54.5) and 1(2)?7Cb5 (2-53.9++) are 
proximal. The y w f 36a or y w chromosomes were added to 
the screen to identify exceptional progeny which arise from 
distributive pairing, i . e . ,  if exchanges do not take place 
during meiosis nonhomologous chromosomes of similar size 
will pair, undergo disjunction to opposite poles, and produce 
exceptional "distributive pairing" progeny (GRELL 1962). 
The pr mutant has been omitted from the progeny listed in 
Figure 2 to reduce the number of recombinant classes since 
these classes were not scored. Y indicates the Y chromosome 
while 0 is used for X / 0  males. 

The class of progeny produced by distributive pairing 
were identified by the presence or absence of y and dis- 
carded. All of the recombinants were mated to Ddcn7pr B1/ 
Cy0 flies and their progeny scored for Ddc escapers. They 
were also mated to these other strains: Df(2L)TW13O/CyO, 
1(2)37Cb5pr BlICyO and 1(2)37Cb'/CyO. Stocks were estab- 
lished for the recombinants produced by crossing over be- 
tween l(2)37Cb5 and the breakpoint of T (  1;2)KW. 

Mapping DdPEf:  Ddc""' was mapped relative to 
1(2)37CaI4 and 1(2)amdZ6 using the schemes presented in 
Figures 3 and 4. The l(2)amd gene is the lethal complemen- 
tation group immediately distal to Ddc and the 1(2)37Ca 
locus is one of six lethal complementation groups within 30 
kb of Ddc on the proximal side (WRIGHT 1987). These 
particular alleles, 1(2)?7Caf4 and 1( 2)umdz6, were chosen 
for the mapping because they were induced in an Oregon- 
R second chromosome which does not contain (+ = absence) 
two Hind111 endonuclease restriction sites present (* = 
presence ) in pr,  the parental strain in which DdPE' was 
induced. These polymorphisms (at -15.8 and +6.1 on the 
Ddc DNA coordinates of HIRSH see Figure 5) bracket the 
Ddc locus located between -1.8 and +5.7 based upon P- 
element mediated transformation of DNA which rescues 
Ddc mutant alleles (SCHOLNICK, MORGAN and HIRSH 1983; 
MARSH, GIBBS and TIMMONS 1985). A Southern analysis of 
putative recombinants was used to detect the presence or 
absence of the HindIII site. These data were used to reduce 
the possibility that the isolates were the result of gene 
conversion and recombination of outside markers instead 
of recombination between DdPE1 and 1( 2)37Cd4  or 
1(2)amdZ6. 

The putative recombinants were isolated and mated to 
CyO/Sco Df(ZL)TWl?O B1 to retest for viability and to estab- 
lish Sco+ ? Ddc+ 1(2)?7Ca+ ? ? Bl+/CyO or Sco+ ? 1(2)amd+ 
Ddc+ ? ? Bl+/CyO stocks. The genotypes of the question 
marks (?) were determined by Southern analysis for the 
HindIII polymorphisms and scoring the visible pr (Cy0 
contains a mutant p r  allele). If the putative recombinant 
chromosome was homozygous viable then it was maintained 
as a homozygous stock. Both mapping experiments were 
done at 25". 

In order to estimate the number of progeny scored, three 
bottles of the Ddc""' vs. l(2)amd'" and four bottles of the 
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YJX.YL,In( l )En ,yIFM6;  Sco Df(2L)TW1?0 BlICy0 0 0 
X 

T ( l ; 2 ) K W ,  DdcDE' prlU; In (2LR)Gla  d d 

Progeny examined: 

GENOTYPE 
T ( l ; 2 ) K W ,  DdcDE1prIFM6; Sco Df(2L) l?O Bl 

PHENOTYPE 
B, Sco, BI, non-Gla 

T( 1;2)KW,  DdcDE'pr/Y'X.YL,In(l)En,y; Sco Df (2L)130  Bl Non-B, Sco, BI, non-Gla 

FIGURE 1 .-Cross used to produce progeny with differing amounts of heterochromatin. 

CyOlIn(2LR)Gla  d 6 

Progeny: 

GENOTYPE 
T( 1;2)KW,  DdPE' l y  w f3" or U; Cy0 
T ( l ; P ) K W ,  DdPE' /y  w f3" or U; Gla 
FM6ly  w f or U; Sco 1(2)?7Cb5/Cy0 
FM6jy  w f3" or U; Sco 1(2)37Cb5/Gla 

T ( l ; 2 ) K W ,  Sco 1(2)?7Cb5/y w f3" or U; Cy0 
T ( l ; 2 ) K W ,  Sco 1(2)?7Cb5/y w f3" or U; Gla 
FM6jy  w f '" or U; DdPE'lCyO 
FM6ly  w f'" or U; DdPE'/Gla 

T(  1 ;2 )KW,  Scoly w f '" or Y; Cy0 
T(  1 ;2 )KW,  Scoly w f '" or U; Gla 
FM6ly  w f3" or U; DdPE' 1(2)37Cb5/Cy0 
FM6ly  w f 3 &  or U; DdPE' 1(2)37Cb5/Gla 

T(  1 ;2 )KW,  Sco DdFE' /y  w f '" or U; Cy0  
T(  1 ;2 )KW,  Sco DdPE1/y  w f '" or U; Gla 
FM6ly  w f '" or U; 1 ( 2)37Cb5/Cy0 
FM6ly  w f'" or U; 1(2)?7Cb5/Gla 

T ( l ; 2 ) K W ,  DdPE'IFM6/U; Cy0 
T ( l ; 2 ) K W ,  DdPE1IFM6/U; Gla 
y w f"/O; CyQISco 1(2)?7Cb5 
y w f 3"/0; GlalSco 1( 2)?7Cb5 

PHENOTYPE CLASS 

Gla 
B, y, Sco, Cy 
B, y, Sco, Gla 

sco, cy 2 
Sco, Gla 
B, y, Cy 
B, y, Gla 
sco, cy 3 
Sco, Gla 
B, y. Cy 
B, y, Gla 
sco, cy 4 
Sco, Gla 
B, y, Cy 
B, y. Gla 
B, Cy (female) 5 
B, Gla (female) 
y, w, f, cy,  sco 
y, w, f, Gla, Sco 

CY 1 

FIGURE 2.-Scheme used to isolate both products from a recombination event between the Ddc locus and the breakpoint in T(1;P)KW. 
The progeny classes are: 1 ,  noncrossovers; 2, crossovers between 1(2)?7Cb5 and T (  1;2)KW breakpoint; 3,  crossovers between 1(2)?7Cb5 and 
DdPE';  4, crossovers between DdPE' and Sco; and 5 ,  distributive pairing progeny. Part of this screen was run withy w/U; CyO/E(2)?7Cb5 pr 
B1 instead of y w f '"/K CyOIGla males due to the poor viability of the latter genotype. In scoring progeny phenotypes BI would replace Gla 
and f36a would not be present in distributive pairing XI0 males. 

DdPE' vs. 1(2)37Ca" 

Sco+ + Ddc+ 1(2)?7Ca" + pr' B1 6 d 
cy0 

Sco * Dd?" 1(2)%+ * pr Bl+ 0 0 
Sco+ + Ddc+ 1(2)37Ca" + pr' B1 CyO, DTS 

sco Df(ZL)TWl?O BE d 6 

Progeny isolated: 

Sco+ ? Ddc+ 1(2)37Ca+ ? ? B1+ 
Sco D f ( 2 L ) T W 1 3 0 p r  Bl 

FIGURE S.-Crosses used to map DdP"' relative to 1(2)?7CaI4. 

DdFE1 vs. 1 (2)37C~'~  mapping crosses were raised at 22" to 
permit CyO, DTS progeny to survive. The CyO, DTS progeny 
were counted and used to estimate recombination frequen- 
cies (see below). 

Recombination frequencies were determined using the 
following information. Since only one half of the recombi- 

nants, those viable over Sco Df(2L)7Wl30 B1, could be 
recovered and only one half of these would, by chance, be 
heterozygous for Sco Df(2L)TW130 Bl instead of CyO, DTS 
and thus recovered, the number of recombinants isolated 
was multiplied by four. The mean number of CyO, DTS 
progeny per bottle (raised at the permissive temperature, 
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DdPE1 vs. 1(2)amdz6 

Sco+ * 1(2)amd+ DdPE' * p r  Bl 0 0 Sco + 1(2)amdZ6 Ddc+ + pr+ I3 S 

CY0 / CY0 
c( 

Sco+ * 1(2)amd+ Ddc?"' * pr BIP 0 
Sco + 1( 2)amdZ6 Ddc+ + pr' B1' CyO, DTS 

Progeny isolated: 

sco D f ( 2 L ) m 1 ? 0  B1 8 8 

Sco+ ? 1(2)amd+ Ddc' ? ? 
Sco Df(2L)TWl?O fir Bl 

Bl+ 

FIGURE 4.-Crosses used to map Dd8'"' relative to 1(2)amdz6. 

p r  Hind111 sites: 

Oregon-R Hind111 sites: 

HIRSH Ddc map coordinates: 
-16 -14 -12 -10 -8 -6 -4 -2 0 +2 +4 +6 

Ddc locus (7.5 PstI fragment containing the Ddc locus): < 5' 

FIGURE 5.-DNA polymorphisms between p r  and Oregon-R relative to the Ddc locus. The Hind111 restriction endonuclease DNA 
polymorphisms between pr and Oregon-R are presented as well as the DNA which defines the Ddc locus. This sequence of DNA, when 
transformed into a recipient stock by P-element mediated transformation, was found to be sufficient to effect rescue of mutant Ddc alleles, 
suggesting that the entire locus is contained in this fragment (SCHOLNICK, MORGAN and HIRSH 1983; MARSH, GIBBS and TIMMONS 1985). 
The HIRSH and DAVIDSON (1981) Ddc DNA map coordinates are also presented. 

DdPE1 pr/DdPE'  p r  P 0 X SCO Df(2L)VAI  7/Ddcn7; Ddc+ S I3 

Progeny examined: 

DdP"' pr/Sco Df(2L)VA17 vs. DdPE'pr /Sco  Df(2L)VA17;  Ddc+ 

FIGURE 6.-Crosses used to generate progeny hemizygous for 
D d P E 1  with and without a 7.5-kb Ddc+ (61A;lOOF) transformed 
DNA fragment. 

22") was multiplied by two to estimate the total number of 
progeny per bottle (CyO, DTS and Sco Df( 2L) TW130 BI) and 
then multiplied by the number of bottles to estimate the 
total number of progeny screened. The total number of 
recombinants was divided by the total number of progeny 
and this number was multiplied by 100 to convert the 
recombination frequencies to map units, i .e. ,  centimorgans. 
Thus: 

4 X (no. recombinants isolated) X 100 
2 x (CyO, DTS progeny per bottle) X (no. of bottles) 

= map units. 

P-element transformed Ddc+ rescue of DdPE': The cross 
in Figure 6 was used to test the ability of a 7.5 kb Ddc' 
DNA fragment transformed onto the third chromosome, 
Ddc+ (6 1 A; 1 OOF), to effect rescue of the hemizygous DdFE' 
adult phenotype. 

DDC assays: Slight modifications of the microradioassay 
of MCCAMAN, MCCAMAN and LEES 1972) were used. These 
include substitution of sodium phosphate buffer (0.1 M, pH 
7.1) and 'H-dopa (see WRIGHT et al. 1982). The standard 
enzyme assays were performed using one white prepupa or 
one adult per 100 p1 of homogenization buffer (HB; 0.1 M 
phosphate buffer, pH 7.1; 0.3 M sucrose and 0.2 mM phen- 
ylthiourea), 6 CNS per 30 pl HB and 200 eggs per 100 p1 
of HB or 40 pg of eggs per 100 PI HB. Protein concentra- 

tions were determined by the LOWRY et al. (1951) proce- 
dure. DDC specific activities (S.A.) were determined by the 
following formula: 

S.A. 
cpm 
OD 
CU 
10 is the dilution factor 
0.003 is the amount of sample used in the standard assay. 

All results are reported as percent of the appropriate 
control rather than the amount of dopa converted to dopa- 
mine per unit time. While it is possible to calculate the 
amount of dopa converted for each assay, a comparison of 
data reported in this fashion can be misleading. Variation 
in the amount of dopa converted to dopamine occurs be- 
tween assays, especially assays that are separated in time by 
as much a: four years, as in this study. The main cause of 
such variatim was refinements in the assay to reduce the 
background but other sources of variation also exist. The 
results of assays are, however, very consistent when the data 
are reported as a percent of the proper control. One copy 
of a wild type Ddc allele has reliably half the activity of two 
copies of the same allele, regardless of the amount of dopa 
converted to dopamine or the number of times the assay is 
run. The appropriate control is always the same stage or 
tissue of the control stockpr in the same genetic background 
(for instance, over Df(2L)TWI?O or Dd?'). 

For the DDC antibody studies, the polyclonal antibodies 
directed against DDC that were prepared by MARSH and 
WRIGHT (1 986) were used and their protocol was followed 
with minor modifications. The supernatants were ground 
up at a concentration of one white prepupa per 20 pl of 
homogenization buffer and one adult per 10 wl of homoge- 
nization buffer. Each sample was then centrifuged two times 
to remove debris. The antibodies were diluted in 0.5 M 

= cpm/(OD) (CU X 10 X 0.003) 
= counts per minutes (minus background) 
= average Lowry sample optical density at 750 nm 
= 62.5/average OD for 62.5 pg of protein 
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phosphate buffer (pH 7.1) and 5 pI of diluted antibody was 
added to 20 pI of supernatant. These were mixed and 
incubated at 37" for 2 hr and then centrifuged. The super- 
natant was removed to a new tube and assayed for DDC 
activity in the standard assay. 

For the thermolability assays the samples were ground in 
homogenization buffer without sucrose at one white pre- 
pupa or adult per 15 rl. Samples were centrifuged to remove 
debris and then 30-pl aliquots were placed into tubes. The 
zero time point was kept on ice while the other samples were 
incubated at between 52" and 55" for the desired time and 
then placed on ice until assayed. The standard DDC assay 
was then performed on the samples. 

To examine the effects different supernatant concentra- 
tions have on Dd8'"' DDC activity, newly eclosed Dd8'"' 
adults were ground up at 1 fly/lO PI of homogenization 
buffer and compared to newly eclosed pr adults also ground 
up at 1 fly/lO p l .  Concentrated pr white prepupal superna- 
tants, with more DDC enzyme activity than pr adults, were 
included in the assays to ensure that the limits of the in vitro 
assay had not been reached. Diluted Ddc""' white prepupal 
supernatants were compared to diluted pr white prepupal 
supernatants, each of which had been ground up in homog- 
enization buffer without sucrose at 1 white prepupae/200 
d .  

Sample collections: Unless otherwise noted, adults were 
newly eclosed adults (<4 hr), and eggs were collected on 
plates with vial food as a base and active yeast paste smeared 
on top. To avoid collecting eggs that had been held for any 
length of time, the flies were exposed to fresh plates for one 
hour before the plates for collecting were placed in the 
population cages. The population cages were frequently 
checked for contaminating flies and upon the discovery of 
contamination, the cage was cleared of flies and restarted. 
Samples of eggs collected indicated that >90% of the eggs 
were fertile. 

Analysis of genomic DNA Genomic fly DNA was iso- 
lated using the protocol of BENDER, SPIERER and HOGNESS 
(1983) as modified in GILBERT, HIRSH and WRIGHT (1984) 
with the additional modification of omitting diethyl pyro- 
carbonate. SOUTHERN (1 975) analysis of genomic DNA was 
performed according to MANIATIS, FRITSCH and SAMBROOK 
(1982) using nick-translated DNA probes. The cloned Ddc 
DNA was kindly supplied by J. HIRSH (GILBERT, HIRSH and 
WRIGHT 1984). 

DDC molecular weights: Oregon-R white prepupal and 
adult protein samples (200 individuals/ml in 0.1 M phos- 
phate buffer (pH 7.0) with 20% glycerol) were size fraction- 
ated using a Beckman high performance liquid chromato- 
graph, model 344, with an Ultex Spherogel-TSK number 
3000 SW column. The flow rate was 0.75 ml/min and 
samples were collected every minute. The standard DDC 
assay was performed on the fractions except the sample 
volume was increased from 3 to 5 pl. 

RESULTS 

Isolation and cytology of T(1;2)KW,DdpE' pr:  
T( 1 ;2 )KW,DdPE'  p r  was isolated by K. WADE (unpub- 
lished data) in the Ddc escaper screen (see METHODS 
AND MATERIALS). T h e  mutant phenotype segregated 
as though it was associated with a reciprocal translo- 
cation between the X and the second chromosome. 
T h e  breakpoints are in proximal X heterochromatin 
and the left arm of the second chromosome immedi- 

ately distal to 38C1 (W. BEERMANN personal commu- 
nication). 

Visible phenotype of DdPE1:  Both hemizygous 
DdPE'  and hemizygous DdP' (WRIGHT et al. 1982) 
adults shifted to 29" exhibit phenotypes in common, 
specifically underpigmented cuticle in recently 
eclosed adults which on aging darkens producing ab- 
normally dark adults with obvious concentrations of 
melanization in the joints of the legs and the axillae 
of the wings. All of these traits are typical of Ddc 
escaper flies (WRIGHT 1977) and are consistent with 
the observation that both mutants have very little 
DDC activity as newly eclosed adults (Ddct5'/Ddcts' 
4%, WRIGHT et al. 1982) (Tables 1 and 3 for DdPE'  
DDC activities). Hemizygous DdP' adults shifted to 
29" during metamorphosis have pale, straw colored 
bristles, typical of Ddc escapers and presumably indic- 
ative of low DDC activity in all cells throughout de- 
velopment. Hemizygous DdcDE' adults, however, have 
black bristles typical of wild-type flies, strongly sug- 
gesting that DDC activity is elevated in the bristle 
forming cells of these mutants relative to the rest of 
the cuticle. Hemizygous DdPE'  pupal cases are wild 
type in appearance while that of DdP' hemizygotes 
are dark gray and flexible, indicating that hemizygous 
DdPE'  individuals have more DDC activity at pupa- 
riation than do hemizygous Ddc'". 

The effect of T ( 2 ; 2 ) K W ,  DdPE' pr on DDC spe- 
cific activities: DDC enzyme assays of T ( l ; B ) K W ,  
DdPE'  p r  are reported in Table 1. Specific DDC 
activity was reduced in all stages and tissues by 
T( 1 ; 2 ) K W ,  DdCDE' pr .  Hemizygous T (  1 ; 2 ) K W ,  DdPE'  
pr newly eclosed female adults have only 0.4% as 
much DDC specific activity as homozygous p r  con- 
trols. Newly eclosed heterozygotes, T (  1 ; 2 ) K W ,  DdPE'  
p r l p r  and T( 1 ;2 )KW,DdPE'  p r l C y 0 ,  with one dose of 
DdPE'  and one dose of Ddc+, have almost 55% as 
much activity as homozygous pr controls. While hem- 
izygous T (  1 ;2 )KW,DdPE'  p r  adults have 0.4% the 
DDC activity of controls, hemizygous T (  1 ; 2 ) K W ,  
DdPE' pr white prepupae have 1 1 - 1 2% as much DDC 
specific activity as homozygous pr controls. Clearly 
T( 1 ; 2 ) K W , D d P E ' p r  white prepupae have more activ- 
ity than adults of the same genotype. These stage 
specific differences in DDC activity meet expectations 
based upon the phenotypes of D d P E ' :  very low DDC 
activity and a mutant phenotype at adult eclosion and 
increased DDC activity along with a wild type pupa- 
rium phenotype at pupariation. 

Greater than 90% of the DDC activity in wild type 
white prepupae resides in the epidermis (SCHOLNICK, 
MORGAN and HIRSH 1983) and most of the activity 
detected in hemizygous T(  1;2 )KW,DdPE'  p r  white 
prepupae is also undoubtedly derived from the epi- 
dermis. Another tissue with DDC activity at this stage 
is the central nervous system (CNS). CNSs were iso- 
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TABLE 1 

DDC activities of various T(1;2)KW$dcDB' p t  genotypes 

Genotype Stage Tissue n' Mean S.A. f  SE^ 

T(1;2)KW,DdcDE' pr/CyO Adult Whole organism" 15 54% f 1.3 

T(1;2)KW,DdcDE' pr/T(1;2)KW,DdcDE' p r  Adult Whole organism 6 2.9% -C 0.4 
T(1;2)KW,DdcDE' pr/Df(2L)TWl30 Adult Whole organism 1 1  0.4% f 0.1 
T( 1 ;2)KW,DdcDE' pr/Df(2L)TW130 White prepupae Whole organism 6 12.1% f 2.4 
T(1 ;2)KW,DdcDE' pr/DdcP' BE White prepupae Whole organism 3 11.7% + 0.4 
T(1;2)KW,DdcDE' pr/Df(2L)TW130 White prepupaed CNS 3 0.4% + 0.4 

T(l;2)KW,DdcDE' pr /pr  Adult Whole organism 3 53.3% f 2.1 

a The number of samples with each sample being assayed in triplicate. 
Mean specific activity of the samples f the standard error of the mean. Results are presented as a percent of the same stage and tissue 

Greater than 90% of the DDC activity in whole adults and white prepupae is derived from the epidermis (LUNAN and MITCHELL 1969; 

These were isolated from late crawling third instar larvae, just prior to the white prepupal stage. 

pr control samples that were assayed at the same time. 

SCHOLNICK, MORGAN and HIRSH 1983). 

lated from hemizygous T (  I;2)KW,DdpE' pr  late 
crawling third instar larvae and assayed for DDC 
activity. DDC activity in the epidermis of these larvae 
has almost reached the level present in white prepupae 
(MARSH and WRIGHT 1980). Hemizygous T (  1;2)KW, 
DdPE' pr CNSs have 0.4% as much DDC activity as 
homozygous pr  control CNSs, whereas at approxi- 
mately the same stage whole T(1;2)KW,DdPE' pr  
third instar larvae and white prepupae with >90% 
DDC in the epidermis have 11-12% as much activity 
as pr  controls. 

Homozygous KW,DdPE' pr  newly eclosed adults, 
with two doses of DdpE' ,  do not have twice the 
amount of DDC activity of hemizygotes with only one 
dose of DdcDE' (2 X 0.4% = 0.8%) but have 7.3 times 
as much with 2.9% of pr controls. This is a marked 
deviation from previously observed linear increases in 
enzyme activity with increased gene doses (O'BRIEN 
and MACINTYRE 1978). 

Testing for position-effect variegation: The ap- 
parent variegated expression of Ddc observed in adults 
(expression in the bristle forming cells with little or 
no expression in the rest of the cuticle) plus the nature 
of the translocation (between proximal X heterochro- 
matin and the euchromatic left arm of the second 
chromosome) suggested T(  I;2)KW,DdcDE' pr  might 
be an example of position-effect variegation. 

Addition of heterochromatin to the genome sup- 
presses the mutant phenotype produced by position- 
effect variegation and the removal of heterochroma- 
tin enhances the mutant phenotype. Table 2 shows 
the effect an extra Y chromosome in XXY females has 
upon the T(1;2)KW,DdpE1pr phenotype. Neither the 
DDC specific activity nor the viability of T(1;2)KW,  
Ddd'E1pr/YsX.P,In( I)En,y;Df(ZL) TW130 females was 
increased. This failure to respond to an alteration in 
the amount of heterochromatin indicated that 
T (  I;2)KW,DdPE' p r  is not a classical example of po- 
sition-effect variegation. 

TABLE 2 

Effect extra heterochromatin has on T(l;2)KW,ZMcDE' pr 
viability and DDC activity 

Viability 
(percent of 

Genotype expected) 

DDC spe- 
cific activ- 
ity (per- 
cent of 

12. Pr) 

T ( l  ;2)KW,DdcDE' prlFM6; Sco 21.8% 

T(1;2)KW,DdcDE' pr/YsX.YL, 19.2% 
Df2L)TW130 

In( l )En,y;  Sco Df(2L)TW130 

2 0.8% 

3 0  

"The  number of samples with each sample being assayed in 
triplicate. 

It is the juxtaposition of heterochromatin to eu- 
chromatin that causes position-effect variegation and 
not a mutation at the variegating locus. Thus, in a 
bona fide case of variegated position-effect replacing 
the allele in the translocation with a wild type allele 
should not restore the phenotype to wild type. Con- 
versely, when the allele is removed from the translo- 
cation, it should no longer produce the variegated 
mutant phenotype. 

A screen to recover recombinants between the 
translocation breakpoint at 38C1 and the Ddc allele 
in the translocation was designed and executed (Fig- 
ure 2). Recombinants could be recovered from this 
screen whether the phenotype was due to position- 
effect variegation or  to a mutation in the Ddc locus. 

Seven recombinants were isolated from approxi- 
mately 59,000 progeny screened. Two recombinants, 
both T(I;Z)KW,Sco Ddc' 1(2)37Cb5 p r ,  were re- 
covered in which the Ddc allele in the translocation 
was replaced with a wild type allele. Both exhibited 
wild type Ddc phenotypes when heterozygous for 
Ddc"', confirming the previous conclusion that the 
phenotype of T(I;2)KW,DdfE' pr  is not due to posi- 
tion-effect variegation. A previously isolated recom- 
binant, T(I;B)KW, Sco Ddc+ Z(2)37Ca4, also with a 
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TABLE 3 

Differential stage and tissue specific DDC activity of 
homozygous DdcDE' 

Stage Tissue n' Mean S.A. f  SE^ 

Stage specific differential DDC activities: 
Embryos 18 f 1 hr Wholeorganism' 3 4.7% f 1.3 
Embryos 22 f 2 hr Whole organism 5 3.7% f 1 . 1  
White prepupae Whole organism 9 46.5% & 2.8 
Adult Whole organism 9 4.4% f 0.2 

Tissue specific differential DDC activities: 
White prepupae Whole organism 9 46.5% f 2.8 
White prepupaed CNS 2 4.8% f 2.3 

Number of samples with each sample being assayed in triplicate. 
Mean specific activity f the standard error. Results are pre- 

sented as a percent of the same stage and tissue pr control samples 
that were assayed at the same time. 

'Greater than 90% of the DDC activity in adults and white 
prepupae is located in the epidermis (LUNAN and MITCHELL 1969; 
SCHOLNICK, MORGAN and HIRSH 1983) and presumedly the same is 
true of embryos. 

The CNS samples were isolated from late crawling third instar 
larvae just prior to the white prepupal stage. 

wild-type Ddc allele in the translocation had wild-type 
DDC enzyme activity. The  other five recombinants 
were isolates of D d P E ' ,  the Ddc allele in the translo- 
cation, away from T ( 1 ; 2 ) K W .  All five retained the 
unique Ddc escaper phenotype originally observed in 
T ( I ; 2 ) K W , D d P E '  p r  hemizygotes. Only one of the 
DdPE'  isolates was homozygous viable. A homozygous 
stock of this isolate was used in the rest of the studies. 
The  other four isolates presumably acquired a reces- 
sive lethal from the Sco Ddc+ Z(2)37Cb5 pr chromo- 
some. 

Rescue of D d p E z  with a transformed Ddc+ DNA 
fragment: P-element mediated transformation of a 
7.5-kb fragment of Ddc+ DNA (see Figure 5) rescues 
at least three mutant Ddc alleles: Ddc"', Ddc"" and 
Ddc'" (SCHOLNICK, MORGAN and HIRSH 1983; MARSH, 
GIBBS and TIMMONS 1985; T. R. F. WRIGHT, unpub- 
lished data). A third chromosome transformant, Ddc+ 
(6 1A;l OOF) (T. R. F. WRIGHT, unpublished data), was 
used to test the ability of the 7.5-kb DNA segment to 
rescue DdPE' .  Hemizygous DdPE' adults with Ddc+ 
(61 A; 1 OOF) present were compared with hemizygotes 
without the Ddc+ transformant (DdPE'  prlSco 
Df (2L)VAl7 ;Ddc+ vs. DdPE'  prlSco D f ( 2 L ) V A 1 7 ,  see 
Figure 6). The  hemizygotes with the Ddc+ transfor- 
mant present had a wild-type Ddc adult phenotype, 
whereas hemizygotes without the transformant had 
the escaper phenotype typical of hemizygous D d P E 1  
adults (data not shown). This result, in addition to the 
various T( l ; 2 ) K W , D d P E '  pr/Ddc+ genotypes exam- 
ined (Tables 1 and 3), preclude the possibility that 
D d P E 1  is trans-acting. Long range cis-acting effects, 
however, cannot be excluded by this result. 

Mapping DdPE' relative to Z(Z)37Cuz4: The  map- 

ping schemes were based upon the assumption that 
the lesion in DdPE'  is in or very close to the Ddc gene. 
This would place the lesion distal to the Z(2)37Ca 
locus (WRIGHT et al. 1981). For the mapping experi- 
ment the dominant distal marker Sco was linked to 
DdPE'  pr and the dominant proximal marker B1 was 
linked to 1(2)37Ca'* in Sco D d P E 1  f 1 r / Z ( 2 ) 3 7 C a ' ~  B1 
heterozygous females which were mated to CyO, D T S I  
Sco D f ( 2 L ) T W 1 3 0  BZ males (Figure 3). Thus, wild- 
type recombinants could only be recovered if D d P E 1  
is located between Sco and Z(2)37Ca. 

DdPE'  was induced in a p r  chromosome containing 
two HindIII endonuclease sites (-1 5.8 and +6.1, see 
Figure 5) not present in the Oregon-R parental chro- 
mosome of Z(2)37CaI4. These sites bracket the Ddc 
locus and can help distinguish between an isolate 
which was produced by gene conversion and one due 
to a recombination event between the lesion in DdPE'  
and the one in Z(2)37Ca14. 

An estimated 64,800 (2 X (300 flieslbottle) (108 
bottles), see MATERIALS AND METHODS) flies were 
screened and two putative recombinant flies were 
isolated. Several markers were used to determine if 
these flies were the result of gene conversion along 
with recombination of outside markers or a recombi- 
national event between DdPE'  and Z(2)37CaI4. In 
addition to the outside dominant markers, Sco and BZ, 
the recessive visible pr was scored. Both chromosomes 
had the mutant p r  allele, suggesting that recombina- 
tion occurred distal to pr. These chromosomes were 
examined for the HindIII DNA polymorphism be- 
tween DdPE'  p r  and 1(2)37Ca14 at +6.1. Both had 
the D d P E 1  p r  polymorphism, implying recombination 
occurred distal to +6.1. They were also examined for 
the polymorphism at -15.8. They both had the 
1 ( 2)37Ca14 polymorphism suggesting that recombi- 
nation occurred proximal to this site. These data 
strongly suggest that both isolates were the result 
of a recombination event between DdPE'pr  and 
1(2)37Ca14. The  map distance between the lesion in 
DdPE'  and that in 1(2)37Ca14 = (2 isolates) (4) 
(100)/(2) (300 flies/bottle) (108 bottles) = 0.0123 
centimorgans (see MATERIALS AND METHODS). 

Mapping DdpE' relative to Z(2)amdz6: This 
scheme was based upon the assumption that the lesion 
in DdPE'  is proximal to the Z(2)amd locus. T h e  
marker Sco was linked to Z ( 2 ) a ~ t d ' ~  and the marker 
BZ was linked to DdPE'  in Sco 1(2)amdZ6/DdPE'  pr BZ 
heterozygous females which were mated to CyO, D T S I  
Sco Of( 2L) T W 1 3 0  B1 males (Figure 4). 

Only one putative recombinant was recovered from 
an estimated 72,280 (2 X (260 flieslbottle) (139 bot- 
tles), see MATERIALS AND METHODS) progeny that were 
screened. This one isolate was wild type for Sco, p r  
and BZ, suggesting that recombination occurred distal 
to pr .  The  parental stocks were lost before they could 
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TABLE 4 

DDC activity of various hemizygous and homozygous DdcDE1 genotypes 

Genotype Stage Tissue na Mean S.A. * SE' 
T( I ;2)KW, DdcDE1 pr/Df( 2L) TW130 Adult 
T( l ;2 )KW,DdcDE1 pr/T(1;2)KW,DdcDE' p r  Adult 

Whole organism' 1 1  0.4% f 0.1 
Whole organism 6 2.9% f 0.4 

DdcDE1 pr/Df(ZL) TWI 30 
DdcDE1 pr/DdcDE1 p r  

White prepupae Whole organism 3 12.7% 2 0.5 
White prepupae Whole organism 9 46.5% f 2.8 

T( 1 ;2)KW,DdcDE1 pr/Df(ZL)TWl?O White prepupaed CNS 3 0.4% f 0.4 
DdcDE1 pr/DdcDE1 p r  White prepupae CNS 2 4.8% f 2.3 

Number of samples with each sample being assayed in triplicate. 
Mean specific activity f the standard error. Results are presented as a percent of the same stage and tissue pr control samples that were 

assayed at the same time. 
Greater than 90% of the DDC activity in adults and white prepupae is located in the epidermis (LUNAN and MITCHELL 1969; SCHOLNICK, 

MORGAN and HIRSH 1983). 
The CNS samples were isolated from late crawling third instar larvae,just prior to the white prepupal stage. Total DDC activity is close 

to the same at both times. The CNS data is included in this table for completeness. A doubling of hemizygous activity causes a small overlap 
of the 95% confidence limits which means that we can not state that the CNS data deviates from expected hemizygous/homozygous ratio. 

be tested for DNA polymorphisms. If the isolate was 
not the result of gene conversion then these results 
indicate that the map distance between the lesion in 
DdcDE' and the lesion in l (2)amdz6 = (1 isolate) (4) 
(1 00)/(2) (260 flies/bottle) (1 39 bottles) = 0.0055 
centimorgans (see MATERIALS AND METHODS). 

Attempts to localize the DNA lesion of DdPEz: 
Southern analysis of DdPE' pr DNA was undertaken 
in an attempt to find an altered endonuclease restric- 
tion pattern and thereby localize at the DNA level the 
lesion in DdcDE'. The probability of finding such a 
change was increased by the fact that the D d p E '  lesion 
was induced by y-rays. 

Sixteen different restriction endonucleases were 
used in various combinations to compare the DNA of 
Dd?"'pr with that of the pr  control stock in which it 
was induced. Eight different 32P nick-translated DNA 
probes were used, ranging from 0.8 kb up to 16.6 kb 
in size and covering the entire 7.5-kb Ddc gene region 
as delineated by P-element mediated transformation. 
No difference was detected between the pr parental 
control and DdcDE' pr  DNA (data not shown). 

DDC activity of DdPE' homozygotes: Due to the 
translocation, homozygous T (  1;2)KW, DdcDE' pr  sam- 
ples could not be collected from stages prior to adult 
eclosion but once DdcDE' had been separated from 
T(1;2 )KW,  it was possible to obtain and assay other 
stages of homozygous DdPE' for DDC activity (Table 
3). DDC activity was determined for two different 
times in embryonic development with similar results. 
DDC activity peaks in wild-type embryos around 22 
hr of development (MARSH and WRIGHT 1980; GIETZ 
and HODGETTS 1985). At this time, DdpE'  homozy- 
gotes have 3.7% of the DDC activity of pr embryos; 
earlier, at 18 hr, they have 4.7% DDC activity. At 
pupariation homozygous DdcDE' individuals have 45- 
50% as much DDC activity as p r  controls at the same 

stage while isolated DdPE' CNSs at this stage only 
have 4-5% as much activity as isolatedpr CNSs. Newly 
eclosed DdPE' adults also have 4-5% ofpr  adult DDC 
activity. The  relative activity in homozygous DdPE' 
adults is the same as that found in embryos and 
crawling late third instar larvae CNSs but 1 O-fold less 
than the whole white prepupae. 

Hemizygous vs. homozygous D d P E z  DDC activity: 
Hemizygous and homozygous Dd8"' DDC activities 
for white prepupae, adults and late crawling third 
instar larval CNSs are presented in Table 4. Homo- 
zygous DdcDE' samples have between 3.7 and 7.3 times 
as much DDC activity as the corresponding hemizy- 
gous samples. 

Concentration affects and DDC activity in DdPE': 
Table 5 indicates that grinding up DdPE' newly 
eclosed adults in one tenth (1 f ly / lO  pl instead of 1 
f l y / l O O  pl) as much homogenization buffer as the 
standard DDC assay increased the relative DDC activ- 
ity from 5% to 15% of concentrated pr  flies. Diluting 
DdpE'  white prepupal supernatant by one half (1 
white prepupa/200 pl instead of 1 white prepupa/lOO 
pl), however, had little effect on relative DDC activity. 

DDC cross-reacting material in DdcDE': Polyclonal 
antibodies directed against DDC (MARSH and WRIGHT 
1986) were used to determine the amount of DDC 
CRM present in homozygus Dd?"' relative to that 
found in pr. Figure 7 shows the titration curves ob- 
tained with white prepupae while the results with 
newly eclosed adults are presented in Figure 8. All of 
the supernatants contained nonprecipitable enzyme 
activity (1-2% of control supernatant for pr  and 5- 
9% of control supernatant for DdcDE') which appar- 
ently converts DOPA to dopamine in our in vitro DDC 
enzyme assay. This enzyme activity could be due to 
an enzyme other than DDC or to a DDC protein not 
recognized by our anti-DDC antibodies. This nonpre- 
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TABLE 5 

In vitro concentration effects on DDC activity 

Concen- Percent of Relative 
Sample tration n' firb k SE change' 

DdcDE1 adults 1OX 2 14.5% f 0 . 5  3X 
DdcDE' white prepupae %X 2 54.9% f 7.4 None 

a Number of samples with each sample being assayed in triplicate. 
* Percentage of concentrated pr supernatant enzyme activity. 
' Relative increase in enzyme activity compared to nonconcen- 

trated supernatants. 

s 
0- 
0 4 8 12 16 20 24  

% ANTI-DDC ANTIBODIES 
FIGURE 7.-Titration curves for white prepupal DDC of DdPE1 

and pr using polyclonal anti-DDC antibodies. Both D d P E 1  and pr 
supernatants contain nonprecipitable enzyme activity which con- 
verts DOPA to dopamine in our in vitro DDC enzyme assay. The 
DdPE' and pr curves were obtained by subtracting the nonprecip- 
itable activity from each point. 

1201 I I I I I I 

0 2 4 6 8 1 0 1 2  
70 ANTI-DDC ANTIBODIES 

FIGURE 8.-Titration curves for adult DDC of DdPE' and pr 
using polyclonal anti-DDC antibodies are presented. Both DdPE1 
and pr supernatants contain nonprecipitable enzyme activity which 
converts DOPA to dopamine in our in vitro DDC enzyme assay. 
The DdPE' and pr were curves obtained by subtracting the nonpre- 
cipitable activity from each point. 

cipitable activity was subtracted from each point in 
Figures 7 and 8 to give a measure of the precipitable 
DDC protein present in each supernatant. Although 
DdPE' has reduced amounts of DDC CRM relative to 
pr at both stages, the adult stage shows a much larger 
reduction. Based upon the amount of antibody re- 

' 
SAMPLES 'SLOPES ] 

ADr WPP -0.0249 
A p r  Adults -0.0373 
*DdcDEf WPP -0.0367 - 
ODdCDE7 Adults -0.0471 

W 

i z 2.0 f i o 0 d C D E 7  *DdcDEf WPP Adults -0.0367 -0.0471 

r 

-0.4 I I I I I I I 
0 10 20 30 40 50 60 70 

FIGURE 9.-Thermolability curves of DDC from D d P E 1  pr and 
pr  homozygotes from both the white prepupal and newly eclosed 
adult stages obtained by preincubation at 54" for the times indicated 
on the abscissa. The slopes of the curves were determined by a least 
squares analysis using the following time points: pr white prepupae 
15, 30, 45 and 60 min; D d P E 1 p r  white prepupae 5, 10, 15, 30, 45 
and 60 min; pr adults 5, 10, 15, 30, 45 and 60 min and D d F E 1 p r  
adults 5, 10, 30 and 45 min. WPP = white prepupae. 

quired to remove 50% of the initial DDC activity, 
D d P E 1  adults have almost 35% as much DDC CRM 
as p r  adults. 

DDC thermolability: DDC from four different 
sources, homozygous DdcDE1 white prepupae and 
adults in addition to p r  white prepupae and adults, 
was tested for thermolability (Figure 9). A least 
squares analysis was used to determine the slope of all 
of the thermolability curves. Only the linear parts of 
the curves were used to determine the slopes with the 
zero time point excluded. All four DDC sources had 
different thermolabilities with p r  white prepupae 
DDC being the least thermolabile and D d P E 1  adult 
DDC the most thermolabile. DDC derived from the 
control stock p r  shows differences in thermolability 
between the white prepupal and adult stages. The  
comparison between pr DDC from white prepupae 
and adults has been repeated once with the same 
relative thermolabilities. D d P E 1  DDC was more ther- 
molabile than pr DDC from white prepupae in all 
three additional assays and from adults in both repli- 
cates of that comparison. The  thermolability of DDC 
from Canton-S and p r  are identical at both pupariation 
and adult eclosion, although Canton-S has 1.5 times 
as much activity at both stages (data not shown). 

In order to determine if stage specific diffusible 
differences in supernatant environments might be 
responsible for the stage specific differences in ther- 
molability, p r  white prepupal supernatant was mixed 
with an equal amount of Ddd" adult supernatant, and 
Ddcts2 white prepupae supernatant was mixed with an 
equal amount of p r  adult supernatant. Since Ddc is a 
vital gene, supernatants with no DDC cannot be ob- 
tained, but Ddc"* has very little DDC specific activity 

PREINCUBATION AT 54'C (MINS) 
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I I I I I I I 

I mpr WPP 8 Ddcts2Adults -0.0420 
- 

0.01 \ -1 

PREINCUBATION AT 55°C (MINS) 

FIGURE 10.-Thermolability curves of DDC in equal mixtures 
of p r  white prepupal supernatant and Ddc" adult supernatant and 
an equal mixture of pr adult supernatant with DdcU2 white prepupal 
supernatant. The mixtures were preincubated at 55"  for the times 
indicated on the abscissa. The slopes of the curves were determined 
by a least squares analysis using the 10, 15, 30 and 45 min time 
points for both mixtures. WPP = white prepupae. 

(0-4% of wild-type controls) (WRIGHT et al. 1982) and 
therefore contributes very little DDC activity to the 
mixtures. In spite of presumably equivalent superna- 
tant in the two mixtures, white prepupal DDC is still 
less thermolabile than adult DDC (Figure lo). This 
suggests that other reasons must be sought for the 
stage specific differences in thermolability. 

Mixing homozygous Dd?"' p r / D d P E '  p r  adult su- 
pernatant with homozygous p r / p r  white prepupal su- 
pernatant resulted in a small increase in thermolability 
relative to the p r / p r  white prepupal supernatant but 
supported the idea that Dd8'"' p r  does not contain a 
factor which increases DDC thermolability (data not 
shown). 

DDC molecular weight: Because the thermolability 
studies indicated that there might be different DDC 
proteins produced at white prepupal and adult stages, 
DDC molecular weights were determined for these 
stages. Figure 11 shows that the molecular weights 
are very similar, if not identical, at these stages. 

DISCUSSION 

T(  1;2)KW, Dd8'"' p r ,  the original DdP"' isolate, 
was recovered by K. WADE (unpublished data) because 
of its Ddc escaper phenotype. The  Ddc escaper phe- 
notype of T(1;2)KW, Ddd'"' p r  and Dd?"' p r  share 
some of the traits of typical Ddc adult escapers (pale 
cuticle and dark, melanized spots in the axillae of the 
wings and the joints of the legs) but have black bristles 
unlike the typical Ddc escaper which has pale, straw 
colored bristles (WRIGHT 1977). Ddd'"' whether or 
not included in the T (  I ;2)KW translocation, also has 
an atypical pupal case for a Ddc mutant. The  typical 

18 19 20 21 22 23 24 

FIGURE ll.-The size fractionation pattern of DDC from Ore- 
gon-R white prepupae and adults. The samples were fractionated 
using a Beckman model 334 high performance liquid chromato- 
graph with an Ultex Spherogel-TSK number 3000 SW column. 
The flow rate was 0.75 ml/min and samples were collected every 
minute. 

FRACTION NUMBER 

Ddc escaper pupal case is dark gray and flexible while 
that of DdcDE' is tan and rigid, being indistinguishable 
from wild type. The  unique Ddc escaper phenotype 
of DdcDE' singled it out as a mutant for further study. 

The  specific DDC activity of T(1;2)KW, Dd?"' p r  
(Table 1) is in agreement with the observed pheno- 
types. The  activity is low in adults when most of the 
DdP"' epidermis exhibits the Ddc escaper phenotype 
and higher at pupariation when the pupal case is 
beginning to be hardened and the DdcDE' pupal case 
is indistinguishable from wild type. 

T (  1;2)KW, DdPE' pr and position-effect variega- 
tion: DdP"' was originally isolated in a reciprocal 
translocation between proximal X heterochromatin 
and the left arm of the second chromosome, 
T (  1;2)KW, Ddc""' pr .  The nature of the translocation 
along with the apparent variegated adult phenotype 
suggested the mutant might be an example of position- 
effect variegation. While these traits (juxtaposition of 
euchromatin to heterochromatin and variegated 
expression) are typical of position-effect mutants, 
T(  1;2)KW, Dd8'"' p r  failed to meet all other criteria 
for position-effect variegation. These criteria include 
lack of a detectable spreading effect from the break- 
point to loci other than Ddc (data not shown), no 
discernible temperature effect (data not shown), a 
failure of extra heterochromatin to effect any rescue 
of the mutant phenotype (Table Z) ,  rescue of the 
mutant phenotype by replacement of the Ddc allele in 
the translocation with a wild-type Ddc allele and finally 
persistence of the mutant phenotype when the Ddc 
allele originally in the translocation, DdcDE', was sep- 
arated from the translocation (see SPOFFORD 1976 for 
a discussion of position-effect variegation). The  mu- 
tant phenotype observed in T( 1;2)KW, D d P E 1  p r  in- 
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dividuals is therefore not due to a position-effect 
exerted by the T( 1 ;2)KW translocation. 

Localization of the DdPE' lesion: Although the 
above results established that the unique Ddc escaper 
phenotype was not due to position-effect, they did not 
prove that the lesion responsible for the phenotype 
was at the Ddc locus itself. The  rescue of the pheno- 
type with a wild-type Ddc allele which had been trans- 
formed onto the third chromosome indicates that the 
D d f E '  lesion does not have a trans-effect on the 
activity of Ddc+ alleles but does not rule out the 
possibility of a long range cis-effect. The  lesion in 
DdPE'  might not be in the Ddc locus itself but reside 
outside of the gene, acting from some distance away. 
Experiments were carried out which mapped the le- 
sion in DdPE'  between those in Z(2)amdz6 and 
E(2)37Ca14, exactly where Ddc is located. This indi- 
cates the lesion is in or  very close to the Ddc locus. 

Attempts to localize the DdPE'  lesion by Southern 
analysis of the DNA were unsuccessful. In spite of 
using 16 different restriction endonucleases in various 
combinations including many triple enzyme digestions 
and a total of eight different DNA probes, no differ- 
ence was detected between the DNA of DdPE'  and 
the control p r  stock's DNA. Any gross change (dele- 
tion o r  insertion) in the DNA greater than 50 bp, and 
probably anything larger than 25 bp, should have 
been detected in this analysis. Thus, although D d p '  
was y-ray induced, the lesion is probably smaller than 
25 bp in size. 

DdPE' stage and tissue specific DDC activity: 
Translocations, especially when a balancer chromo- 
some is present (as it was in the T (  1;2)KW, DdPE'  p r  
stock), can cause large duplications and deficiencies 
due to unbalanced segregation. Progeny with these 
gross chromosomal abnormalities can survive into the 
pupal stage. Because of this, except for the adult stage, 
homozygous samples could not be reliably collected, 
until DdPE'  was separated from the translocation. 
Once the separation had been accomplished and a 
homozygous DdPE'  p r  stock established, specific DDC 
activity could be determined for homozygous DdPE'  
embryos, white prepupae and CNSs isolated from late 
crawling third instar larvae (Table 3). 
A comparison of the DDC activities in Table 3 

reveals that, with the exception of total white prepu- 
pae which had 45-50% as much DDC activity as p r  
white prepupae, all stages and tissues examined have 
3-5% as much DDC activity as the equivalent p r  
control samples. The  elevated DDC activity in DdPE'  
whole white prepupae indicates a tissue and stage 
specific differential expression of Ddc by D d P E 1 .  In- 
terestingly, the wild type variant D ~ c + ~  has reduced 
DDC activity at the white prepupal stage relative to 
other stages (ESTELLE and HODCETTS 1984a). The  
black bristles observed in newly eclosed adults suggest 

that the bristle forming cells also have elevated DDC 
activity relative to other epidermal cells. Ddc expres- 
sion in the DdPE'  mutant can be divided into two 
groups, those tissues and stages with low DDC activity 
(3-5% of the equivalent p r  control samples) and those 
with relatively more DDC activity. The  low activity 
observed in DdPE'  embryonic epidermis, late crawling 
third instar larval CNSs and newly eclosed adult epi- 
dermis does not prove that normal Ddc expression is 
identical in these cells at these stages. It does suggest, 
however, that their Ddc expression differs, at least in 
part, from the Ddc expression in those tissues and 
stages with relatively higher DDC activity (white pre- 
pupae epidermis and, by inference of the wild-type 
phenotype, the bristle forming cells). Presumably the 
sequence(s) altered by DdPE'  are more important for 
Ddc expression in embryonic and adult epidermis and 
the CNS than in the white prepupal epidermis and 
the bristle forming cells. 

DDC protein comparisons: The  DDC protein of 
DdPE'  from a representative of the higher activity 
group, white prepupae, and one from the low activity 
group, newly eclosed adults, were compared to the 
same stage pr controls using anti-DDC antibodies (Fig- 
ures 7 and 8) to determine the relative amount of 
DDC CRM present. All of the supernatants contained 
nonprecipitable enzyme activity which apparently 
converts DOPA to dopamine in our in vitro DDC 
enzyme assay. This enzyme activity could be due to 
an enzyme other than DDC or to a DDC protein not 
recognized by our anti-DDC antibodies. An enzyme 
with DDC activity that could not be precipitated with 
anti-DDC antibodies has been found in D. melanogaster 
tissue culture cells by SPENCER et al. (1983). It has 
been suggested that an enzyme other than DDC with 
enzymatic activity like DDC occurs in vivo (WHITE and 
VALLES 1985). This nonprecipitable activity was sub- 
tracted from each point in Figures 7 and 8 to give a 
measure of the precipitable DDC protein present in 
each supernatant. The  resulting graphs in Figure 7 
indicate that DdPE'  white prepupae have slightly less 
DDC protein than the p r  controls. If the amount of 
antibody required to precipitate 50% of the DDC 
activity originally present is used to estimate the 
amount of DDC CRM present, then DdPE'  white 
prepupae have approximately 75% as much DDC 
protein as pr controls. The  DDC activity of DdPE'  at 
this stage is only 45-50% (Table 3) of p r  controls 
indicating that there is more DDC protein present in 
DdPE'  white prepupae than the activity would sug- 
gest. DdPE'  white prepupae, with 75% as much DDC 
CRM and only 45-50% the specific DDC activity of 
pr white prepupae, appear to be producing a slightly 
less efficient DDC enzyme molecule than wild type. 
Figure 8 indicates that DdPE'  adults also have less 
DDC protein than that present in pr adults. With only 
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3-5% as much specific DDC activity as p r  adults 
(Table 4), Ddc""' adults have 35% as much DDC 
protein as pr .  In spite of producing one third as much 
DDC protein as p r  adults, D d P E 1  adults have only one 
twentieth as much DDC activity. Thus, DdcDE' adults 
appear to be producing an even less efficient enzyme 
molecule than DdcDE' white prepupae. An alternative 
explanation for the differences between the amount 
of DDC CRM present in DdcDE1 and the specific DDC 
activity observed is that the mutant produces different 
ratios of both completely functional wild type DDC 
enzyme and completely nonfunctional DDC enzyme 
at different stages of development. DDC thermolabil- 
ity assays, however, indicate this is not the case. 

If Ddc""' produces a wild-type DDC enzyme in 
reduced quantities, the thermolability profiles of the 
enzyme from Ddc""' and p r  should be the same. 
Figure 9 indicates that DDC from both Ddc""' white 
prepupae and newly eclosed adults are more thermol- 
abile than DDC from p r  at the same stages. Since this 
assay only determines the thermolability of DDC mol- 
ecules with enzymatic activity, the differences in ther- 
molability profiles demonstrate that the enzymatically 
active DDC protein produced by DdcDE' is different 
from that produced by the wild type pr control. These 
results, along with the DDC CRM data, imply that 
DdPE'  is producing a DDC molecule with less efficient 
enzymatic activity. 

If the DDC protein present in Ddc""' adults had 
wild type efficiency in decarboxylating DOPA to 
dopamine, DdcDE1 homozygotes and hemizygotes 
would have a wild-type adult phenotype since not 
more than 10% DDC activity is required for a wild 
type phenotype (WRIGHT 1977). Similarly, if the adult 
DDC enzyme had the same efficiency in converting 
DOPA to dopamine as the white prepupal DDC en- 
zyme in Dd?"' then no mutant phenotype would be 
observed. 

In addition to the apparent differences in the eff-  
ciency of DdcDE1 DDC molecules at pupariation vis-& 
vis adult eclosion, Figure 9 demonstrates that adult 

DDC is more thermolabile than the white 
prepupal DDC of DdcDE'. One can conclude from 
these observations that the mutant DDC proteins pres- 
ent in these two stages are fundamentally different. 
This conclusion leads to the question of whether or  
not Ddc""' exaggerates a difference which is normally 
present in wild type. Based upon the thermolability 
curves presented in Figures 9 and 10, the answer may 
be yes. Figure 9 indicates that the DDC produced by 
pr adults is more thermolabile than the DDC present 
in p r  white prepupae. This result suggests two differ- 
ent isoforms are produced by the same gene at differ- 
ent stages in development. However, the possibility 
exists that the differences observed in Figure 9 are 
the result of different stage specific supernatant en- 

DdcD.?l 

vironments and not different DDCs. In an effort to 
examine the two putative p r  isoforms of DDC in the 
same supernatant environment, p r  white prepupal and 
pr  adult supernatants were mixed with an equal vol- 
ume of Ddc"' adult and Ddc"' white prepupal super- 
natants, respectively (Figure 10). In this way both 
samples were composed of 50% white prepupal and 
50% adult supernatant but virtually all of the DDC 
activity in one sample came from pr white prepupae 
and in the other from p r  adults. Ddctsz has very little 
DDC activity at either stage (WRIGHT et aE. 1982 and 
C. P. BISHOP unpublished data) and would contribute 
very little activity to the thermolability profiles. Figure 
10 demonstrates that wild type DDC from the pr strain 
at adult eclosion and pupariation in the same super- 
natant environment have different thermolability pro- 
files. This result supports the conclusion that in wild 
type D. melanogaster the DDC protein present at pu- 
pariation is different from that present at adult eclo- 
sion. EVELETH and coworkers (1 986) have speculated, 
on the basis of DNA sequence results, that two iso- 
forms of DDC are possibly due to differential RNA 
processing. 

An additional observation on the DDC thermola- 
bility curves should be mentioned. Mixing adult 
Dd?"' supernatant with an equal amount of pr white 
prepupal supernatant indicates that the former does 
not contain a diffusible factor which increases DDC 
thermolability (data not shown). The  thermolability 
profile of the mixed supernatants was very similar to, 
but not identical to, that obtained with pr white pre- 
pupae which suggest that differences in adult and 
white prepupal supernatants might play a small part 
in determining thermolability profiles. 

Since these results suggested that two different iso- 
forms of the DDC protein are present at the two 
stages in wild-type individuals, the molecular weights 
of DDC from the two stages were compared. Figure 
1 1  indicates that differences in the two DDC molec- 
ular weights are relatively small (<5,000 daltons) or  
nonexistent. Because of the low levels of DDC activity 
present in other stages and tissues it was not techni- 
cally feasible to examine these DDC proteins. 

Ddc?"' embryos and late crawling third instar larval 
CNSs have 3-5% as much DDC activity as p r  controls; 
the same level of activity as that observed in newly 
eclosed adults but 10-fold less than at pupariation 
(Table 3). This suggests that Ddc expression in em- 
bryos and CNSs may be more like that in newly 
eclosed adults rather than at pupariation. Since the 
3-5% DDC activity observed in adults at eclosion is 
at least in part the result of a defective DDC enzyme, 
the other samples with activity this low may also be 
producing the same defective DDC protein. 

At this point it is interesting to speculate on pre- 
cisely how the lesion in DdcDE' acts to produce two 
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isoforms of DDC that both differ from each other and 
from wild type DDC. The  different forms of the DDC 
enzymes in wild type might be differentially post- 
translationally modified. For instance, the D d P E 1  mu- 
tant might alter the same amino acid at the different 
times but the altered amino acid is post-translationally 
modified at some times and not at others. In this way 
post-translational differences in modification could 
produce two isoforms of DDC in DdPE'  that are 
different from each other and from wild type DDC. 

Our results comparing the thermolability of wild 
type DDC protein from white prepupae and adults 
plus the recent observations of EVELETH et al. (1986) 
that two different DDC proteins may be produced 
from the DNA sequence, supports the idea that two 
different isoforms of DDC are produced during de- 
velopment. D d P E 1  might be acting in any one of 
several ways if two DDC proteins with different amino 
acid sequences are normally produced during devel- 
opment in wild-type individuals. The  mutant might 
alter an amino acid which is present in both proteins 
but has a more profound effect on the conformation 
of one protein than on the other. It is possible that 
the lesion is at an exon-intron boundary during one 
mode of Ddc expression and in an exon in the other 
mode. The  lesion might then alter several amino acids 
when it is fully contained within an exon and only one 
when it is at an exon-intron boundary. The  mutant 
might interfere with proper RNA processing resulting 
in the use of a cryptic splice site or  sites. Additional 
possibilities can be postulated to explain DdcDE1. 

Hemizygous vs. homozygous DDC activity in 
DdPE': One of the puzzling aspects of D d P E 1  is that 
it fails to show a linear relationship between gene 
doses and enzyme activity (Table 4). It is possible that 
this is due to an unusual transvection effect, but a 
more plausible explanation is that the concentration 
of the mutant D d P E 1  protein is important for dimer 
formation. 

The  DDC enzyme is a homodimer (CLARK et al. 
1978) and in wild type the reaction to form dimers 
appears to be pseudo-first order based on the obser- 
vation that doubling the monomer concentration, by 
doubling the Ddc+ gene dosage, doubles the enzyme 
activity. Doubling the number of D d P E 1  gene copies 
does not double the enzyme activity (Table 4) sug- 
gesting that dimer formation with D d P E 1  mutant 
monomers is not a pseudo-first order rate reaction. 
The hypothesis of an altered kinetics of DDC dimer 
formation in Dd?"' is supported by the observation 
that increasing the concentration of the D d P E 1  super- 
natant by 10-fold in our in vitro enzyme assay resulted 
in a three fold relative increase in DDC enzyme activ- 
ity (Table 5). 

The  critical role DDC monomer concentration 
plays in D d P E 1  suggests an alternative explanation for 

TABLE 6 

DDC activity present in DdcDE* relative to pr controls and the 
cellular DNA content 

Relative 
DDC Cellular DNA 

Stage Tissue activity content 

Embryonic Epidermis 4 = Diploid 
White prepupal CNS 4 = Diploid 
Newly eclosed adults Epidermis J 1: Diploid 
White prepupal Epidermis t Highly polytenized 
Pre-adult eclosion Bristle cells f Highly polytenized 

~~~~ 

the differences in DDC activity observed in D d P E 1  
during development. It is possible that these differ- 
ences reflect the concentration of monomers present 
in the cells. The  cells with relatively high DDC activity 
may have started with a higher intracellular concen- 
tration of DDC monomers and subsequently assem- 
bled more DDC dimers and, therefore have more 
DDC activity. In this light it is interesting to note that 
the epidermal cells do not divide during the larval 
stages but instead grow by increasing cell size. The  
individual cells, therefore, have more copies of the 
Ddc locus present in each cell at pupariation than 
would the embryonic epidermal cells and the diploid 
CNS (POODRY 1980). Likewise the bristle forming 
cells' chromosomes are highly polytene (POODRY 
1980) and based upon their wild-type pigmentation, 
the DDC activity in these cells seem to be higher than 
in other adult epidermal cells whose chromosomes are 
not polytenized (Table 6). The relatively high DDC 
activity observed in the polytene cells might be due to 
the larger number of Ddc gene copies causing an 
increase in the intracellular DDC monomer concen- 
tration and resulting in more DDC dimers. This would 
require that the DNA to cell volume ratio be increased 
in these cells relative to the diploid cell. In the poly- 
tene salivary gland cells the DNA to cell volume 
remains constant at least from 72 to 96 hr after 
oviposition (CHEN, FARINELLA-FERRUZZA and OEL- 
HAFEN-GANDOLLA 1963), a time when DNA is being 
made. The  polytene epidermal cells at pupariation are 
larger than the embryonic diploid epidermal cells 
raising the possibility that the DNA to cell volume 
ratio is constant. The  linear dimension of the bristle 
forming cells is increased 10-fold over a normal epi- 
dermal cell at the time the bristles are formed, but 
when pigmentation occurs the bristle forming cells 
are close to the same size as a normal epidermal cell 
(BODENSTEIN 1950). If the effective intracellular con- 
centration of DDC monomers is increased in polytene 
cells this theory might account for the differences in 
DDC activity observed in DdP" ' ,  but it can not, how- 
ever, account for all of the data. It does not explain 
the differences in DDC thermolabilities between white 
prepupae and adults observed in both D d P E 1  and pr.  
Two different forms of DDC would seem to be the 
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reason for the differences in thermolabilities. The  
differences in DDC enzyme efficiencies between the 
white prepupae and adults in D d P E 1  could not be 
accounted for unless our anti-DDC antibodies recog- 
nized both monomers and dimers and the high 
amount of DDC CRM detected in adults relative to 
the DDC activity actually reflects the presence of a 
larger percentage of DDC monomers in DdcDE1 adults 
than is present in DdcDE1 white prepupae. 

SUMMARY 

To summarize, T(1;2)KW, DdcDE’ p r  was a y-ray 
induced mutant that was isolated and selected for 
study because of its unique Ddc escaper phenotype in 
which Ddc expression appeared to variegate. The 
apparent variegated expression plus the fact that the 
T( 1;2)KW translocation juxtaposed proximal X het- 
erochromatin close to the euchromatic Ddc locus sug- 
gested that the phenotype might be the result of 
position-effect variegation but all tests for position- 
effect variegation were negative. The D d F E 1  mutant 
was isolated away from the T(  1;2)KW translocation 
and the lesion mapped to the Ddc locus. DDC activity 
in DdcDE1 can be divided into two groups, those with 
low DDC activity relative to the corresponding pr 
control samples (3-5% of pr  in embryonic epidermis, 
late crawling third instar larval CNSs and newly 
eclosed adult epidermis) and those with relatively 
higher DDC activity (45-50% of p r  in white prepupal 
epidermis and the bristle forming cells by inference 
from the wild-type bristle phenotype). One represen- 
tive from each group has been demonstrated to con- 
tain defective DDC enzyme. The low activity group 
may be producing a more defective DDC enzyme than 
that produced in the high activity group. Thus the 
unique Ddc expression in DdPE’ may be the result of 
making two different isoforms of the DDC protein, 
each of which is defective relative to wild type but one 
of the enzymes is more severely impaired. This led to 
an examination of wild-type DDC and the suggestion 
that two different isoforms of the DDC protein are 
also made during the development of wild-type indi- 
viduals. It has been suggested that D d P E 1  exaggerates 
the differences in the two different forms of the DDC 
protein and this is the reason for the unique Ddc 
phenotype observed in D d P E 1 .  Alternatively, the ap- 
parent difficulty in DDC dimer formation in DdFE’ 
may account for the differences in the DDC activity 
observed and the different forms of DDC present in 
both wild type and D d F E 1  may have been a fortuitous 
discovery. Future research on D d P E 1  may provide 
information on precisely how two different forms of 
the DDC protein are made from the same Ddc locus 
and what functional significance the presence of two 
isoforms of the DDC protein plays in the development 
of D. melanogaster. 
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Note added in proof: MORGAN, JOHNSON and HIRSH 
(1986, EMBO J. 5: 3335-3342) report that due to 
differential splicing a CNS DDC isoform has an addi- 
tional 33-35 amino acids at its N-terminal in compar- 
ison to a hypodermal isoform. Our more thermostable 
white prepupal DDC is probably primarily the hypo- 
dermal isoform and the more thermolabile adult DDC 
is probably a mixture of the two isoforms, 
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