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Arginine kinase and

glyceraldehyde-3-phosphate dehydrogenase are two important enzymes for energy
metabolism in the flight muscle of most insects. The structural genes of these two
enzymes in Drosophila melanogaster were cytologically localized based on gene dosage
dependency. Region 66B/C-66F/67A of the left arm of the third chromosome affected
arginine kinase. Region 50C-51A2 or region 52A12/B1-52E of the right arm of the
second chromosome affected glyceraldehyde-3-phosphate dehydrogenase.

Gene mapping is usually done by recom-
bination analysis of allelic variants. However,
in some cases, no allelic variants are available,
and genes can only be mapped by other methods.
Segmental aneuploidy is such an alternative
method for gene mapping. This method was
first developed by Lindsley and sandler et al. in
1972. They produced Y-autosome translocation
flies [T(Y:A) flies] by X-ray irradiation. When
two T(Y:A) stocks with adjacent autosomal
breakpoints are crossed, progenies can be pro-
duced that are either duplicated or deleted for
the region between the breakpoints (Fig. 1).
If the structural gene of a certain enzyme is
dosage sensitive, the duplication aneuploid, con-
taining three doses of this gene, will show
1.5+ times as much enzyme activity as its
diploid sibling (two doses). On the other hand,
the deletion aneuploid (one dose) will have
only half the enzyme activity of its diploid
sibling.

Segmental aneuploidy has been extended to
include X-chromosome by Stewart and Merriam
in 1974. This method has been demonstrated
to be useful and precise for gene localiza-
tion by some known gene-enzyme systems
(O’Brien and Gethmann, 1973), and has been
sucessfully used to localize the structural genes
for dopa decarboxylase (Hodgetts, 1975), treha-
lase (Oliver et al, 1978), sucrase (Oliver and
Williamson, 1979) and some other enzymes
(Hall and Kankel, 1976, Lubinsky and Bewley,
1979; O’Brien and Gethmann, 1973; Stewart
and Merriam, 1974; Voelker et al, 1979).

This study was trying to use segmental
aneuploidy to map the structural genes for
arginine kinase and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The former enzyme
is involved in the immediate supply of energy
for the initiation of flight, and the latter one
is involved in the constant supply of energy
for the continuation of flight in insects.

! Current address: Institute of Zoology, Academia Sinica, Nankang, Taipei, Taiwan 115, Republic of
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MATERIALS AND METHODS

Drosophila stocks

Stocks carrying Y-autosome translocations
were from the Drosophila Stock Center, Cali-
fornia Institute of Technology. Stocks carrying
X:Y translocations were kindly supplied by Dr.
John Merriam, UCLA, and Dr. Ross Maclntyre,
Cornell University.

All the flies were grown on the standard
cornmeal-agar-molasses medium at 24-26°C.

Each cross was made by putting 10-20
virgin females and 20-30 appropriate males into
a vial or a bottle. The parents were trans-
ferred into a new vial or bottle every five to
eight days. Progenies were collected every 12
hours, and aged for three to six days. The
-aneuploids and euploids of the same sex and
the same age were compared for their eneyme
activities and protein concentrations.

Production of aneuploids

Second and third chromosome: The produc-
tion of duplication and deletion aneuploids has
been described previously (Lindsley et al., 1972;
Stewart and Merriam, 1974) (Fig. 1).

In the initial screen, the T(Y:A) parents
were chosen, so that each of the recovered du-
plications contains an average duplicated seg-
ment of chromosome of about 150 salivary gland
chromosome bands long (we call these the du-
plications for the large regions). No viable
deletions were recovered from these crosses be-
cause Drosophila is quite sensitive to segmental
deficiency. Haploidy for 1 percent of the
genome is frequently viable, but the upper
limit that flies can tolerate is about 3 percent
of the genome (Lindsley er al., 1972). In the
initial screen of our study, the deletions would
be haploids for 9 percent of the genome in the
average, which is much beyond what flles can
tolerate.

After the large regions, which are dosage
sensitive for each of the two enzymes, were
found, another set of crosses was made for
arginine kinase to further dissect ‘the large
region into smaller regions. It was not possible

to further dissect the dosage semsitive region
for GAPDH by segmental aneuploidy, because
T(Y:A) stocks with breakpoints within this
region were not available at the present.

X-Chromosome: X:Y translocations can be
used similarly to produce aneuploids duplicated
for parts of the X-chromosome. In this study,
two different crosses were made for double
check. In the first cross, virgins with attached
X-chromosomes homozygous for ywf (y: yellow,
w: white, f: forked) were crossed to X:Y
translocated males with a free Y-chromosome.
In the second cross, the same type of virgins
were crossed to T(X:Y) males without a free
Y-chromosome. The aneuploids recovered from
these two crosses were duplicated for either the
distal or the proximal half of the X-chromo-
some.

Fourth Chromosome: Virgins with com-
pound fourth chromosome were crossed to males
with normal fourth chromosomes. This cross
produced triple-4 and haplo-4 progenies. The
enzyme activities and protein concentrations of
the triple-4 and haplo-4 males were compared
to those of males of the same constitution as
their paternals.

Sample preparations and enzyme assays

Arginine kinase: Tissue homogenates were
made by homogenizing one fly per 0.1 ml of
homogenization buffer. Flies were homogenized
singly or in sets of five in ! ml hand glass
homogenizer. The crude homogenates were
centrifuged for three minutes in a Beckman
Microfuge. The clear supernatant was used for
enzyme assay and protein determination.

The homogenization buffer was: 0.1 M gly-
cine NaOH buffer, PH 8.6, 5mM magnesium
acetate, 50 mM potassium chloride and 5 mM
dithiothreitol.

The assay for arginine kinase activity is as
described by Wallimann and Eppenberger
(Wallimann and Eppenberger, 1973). The
method involves coupling the reaction of
arginine kinase to pyruvate kinase (PK) and
lactate dehydrogenase (LDH).
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Arginine + ATP

Arginine Kinase

— Arginine-P -+ ADP

ADP + Phosphoenolpyruvate

Pyruvate + NADH LDH

Arginine kinase activity is detected by a
decrease in absorbance at 340 nm as NADH is
oxidized to NAD*,

The assay mixture contains the following
final concentrations of components: 5mM
magnesium acetate, 50 mM potasium chloride,
0.1 M glycine NaOH buffer, PH 8.6, 2.5mM
arginine, 0.7 1. U./ml PK and 11.U./ml LDH.

All the components in the assay mixture,
except arginine, have to be incubated together
for at least 15 minutes before they could in-
dicate the presence of arginine kinase activity
correctly. Activity was measured during the
fourth minute of the assay, because the rate of
decrease in absorbance was steady after the
third minute of assay.

Glyceraldehyde-3-phosphate  Dehydrogenase
- (GAPDH): Tissue homogenates were made in
the same manner as for arginine kinase.

Homogenization buffer was: 0.02 M sodium
phosphate buffer, PH 7.1, 5mM dithiothreitol
and 1 mM EDTA.

The assay for GAPDH activity is as de-
scribed by Carlson and Brosemer (Carlson and
Brosemer, 1971).

d-GA-3-P+4Pi4+NAD*

w~» 1, 3-diphospho-d-glycerate

+NADH

GAPDH activity is detected by an increase
in absorbance at 340nm as NAD+* is reacted
to NADH.

The assay mixture was: 0.02M sodium
phosphate buffer, PH 7.1, 13mM sodium
arsenate, 0.3 mM NAD*, 5mM dithiothreitol,
I mM EDTA and 2 mM glyceraldehyde-3-pho-
sphate.
~ All the enzyme activities were assayed in
a Beckman Model 35 recording spectrophoto-
tometer at 25°C, the temperature was controlled
by Haake circulating water bath.

K — ATP + Pyruvate

— Lactate + NAD+

Protein concentrations were estimated by
the method described by Lowry et al. (Lowry
et al., 1951).

At least two replicates were made for each
set of aneuploids and euploid siblings. The
average of all replications is reported. The
ratio of activities between the  duplication-
bearing aneuploids and the euploids is reported
both on a per fly and specific activity bases.

RESULTS

Table 1 lists all the crosses made in the
initial screen for the detection of dosage sensi-
tive regions for arginine kinase and GAPDH.
These crosses produced duplication-bearing
aneuploids for all of the regions of the genome
of Drosophila melanogaster except region 83DE,
which contains an aneuploid-lethal locus (Lind-
sley, et al, 1972). In Table 1, we can see an
increased arginine kinase activity on region
64E-67C, and an increased GAPDH activity on
region 50C-52E.

Flies carrying duplications for region 64E-
67C show significantly higher activity of argi-
nine kinase than their euploid siblings both on
per fly and specific activity bases. We have
made reciprocal crosses for this region, i.e.,
B141 X G122 and G122 XBl41, to make sure that
the elevation of activity occurred in both male
and female duplication-bearing aneuploids. This
turned out to be the case. These results in-
dicated that the structural gene for arginine
kinase is probably located within this region.

In order to localize the dosage sensitive
locus for arginine kinase to a more precise
location, region 64E-67C was further dissected
into smaller regions. Fortunately, several
T(Y:3) stocks with breakpoints within this
region were available, and the results from this
set of crosses were listed in Table 2 and dia-
grammed in Fig. 2. It is obvious that region
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TaBLE 1

Arginine kinase and glyceraldehyde-3-phosphate dehydrogenase

activities of segmental aneuploids

P Duplicated Arginine kinase" GAPDH:
arents® . — A

region act. dup./eup.! sp. act. dup./eup.’ act. dup./eup. sp. act. dup./eup,
+2x 196 21A-25A 1:00 0.98 0.98 0.94
J96 x H52 25A-27E 0.90 1.10 0.95 0.73
H352x (L52X +P) 27E-30F 1.22 1.06 0.97 1.04
L52%xR15 30F-35BC 0.90 0.99 0.98 1.01
BI1OX(RI1SX %) 35BC-38C 0.95 1.08 0.96 0.96
B177xB110 38C-41 0.93 0.92 1.15 1.07
D20xR155 40-43C 0.90 0.91 0.94 1.08
R155x123 43C-45F 0.74 0.96 0.96 1.06
B107x 123 45F-47E 0.89 0.87 0.85 0.95
B107xL110 47E-50C 0.88 0.91 1.03 0.65
R14xL110 50C-52E 1.20 1.06 1.39% 1.28%
L110xRI14 50C-52E — — 1.52k 1.41%
HI149xR14 52E-54F 1.04 1.09 0.92 0.89
L107xHI149 54F-57B 1.04 1.04 1.14- 1.13
P59 x L107 57B-59B 1.12 1.14 0.98 1.01
+*x P59 59B-60F 0.81 0.80 0.96 0.98
B234.X +° 61A-64E 0.88 0.91 0.92 0.92
Bl41xGl122 64E-67C 1.26 1.32% 1.07 1.08
G122 xB141 64E-67C 1.36% 1.60% — —
G122 xHI156 67C-70C 0.95 1.03 0.98 1.09
H156xD228 70C-74A - 0.77 0.80 1.16 1.03
J162x D228 74A-79D 0.81 0.81 0.81 0.82
Al12x7J162 76 F-79D 0.86 1.05 0.91 0.87
L132x (J162X +°) 79D-83CD 0.78 1.11 0.79 0.96
L136xXR36 ~ 83EF-86B 0.91 0.66 0.93 1.10
G48xR36 86B-88C 1.10 1.12 0.74 0.98
ABIX G48 88C-91B 0.99 0.99 1.05 1.10
B93x A89 91B-93F 0.87 1.12 0.88 0.95
G73xB93 93F-96A 1.13 1.19 0.97 0.95
R128%x X GT73 96A-97F 0.93 1.00 0.94 1.09
+4xR128 97F-100F 0.98 0.98 1.00 0.98
C(4)*Xci, ey?’ 101A-102F 0.90 0.75 ~1.09 1.04
C(4)yxci, ey® - 101A-102F 1.00 0.87 1.14 0.94
ywiexB26 1A-9C 0.76 0.98 0.79 1.29
ywixXB26 9C-20F 0.75 0.82 1.09 1.29
ywixJ8 1A-8C 0.99 0.73 1.03 0.98
ywfxJ8 8C-20F 0.75 0.63 0.99 0.68

a, Unless otherwise indicated, all female parents were of the genotype
TM6. Ubx®e and the male parents were Y*X.Y', In()EN, y/T(Y:2)/Cy or

y2bb/T(Y:3)/In(3LR)
YTMS6, Ubx®e, where Cy is either In(2L+2R)Cy, Cy cn? or In2LR)SMI,

Y:X.YE, y/T(Y:3)/In(3LR
al? Cy cn® sp®
Y:X.YY In(1)EN, y/YX.Y", In(1)EN, y; In(2LR)SMI1/Sco.
YX. YL, In(1JEN, y; In(3LR)TM6, Ubx*™e/Sb.
Y:X. YL In(DEN, y/Y:X. Y, In(DEN, y; In(3LR)TMS6, Ubx*™e/Sb.
'C(4)RM, ci ey® gvl sv.

C(I)RM, y/T(Y:2)/Cy or C(1)RM,

FRme 20 o

e

—.

ci ey®/ci ey®.
C(HRM, ywf.

All activities and specific activities were the average of at least two multiple fly extracts or three

single fly extracts.

Ratio of activity in duplication vs. activity in euploid sibling of the same sex and same age on per
fly basis. '

Ratio of specific activity in duplication vs. specific activity in euploid sibling of the same sex and
same age on per mg soluble protein basis.

These data are the average of six single fly extracts.
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qo— XY, y; |§'°'— LETHAL
V+ _y+
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Fig. 1. Production of deficiency and duplication aneuploids by crossing two Y-autosome
translocations, T(Y:A) stocks, with adjacent autosomal breakpoints. Only the
zygotes from alternate, adjacent I and adjacent II disjunctions are shown. All

other combinations are lethal.
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66B/C-66F/67A is dosage sensitive, and there-
fore, it probably contains the structural gene
for arginine kinase.

On the other hand, the dosage sensitive
region for GAPDH appears to fall within region
50C-52E. Flies duplicated for this region have
significantly higher activity than their euploid
siblings both on per fly and specific activity
bases (Table 1). Again, we made reciprocal
crosses for this region, and did see the eleva-
tion of GAPDH activity in both male and
female duplication aneuploids. In addition to
region 50C-52E, the duplications for either the
distal or the proximal half of the X-chromo-
some from the cross of ywfXB26 also show
significantly higher specific activity than their
euploid siblings (dup/eup=1.29), but have
approximately equal levels of activity on per
fly basis. This observation can. be explained
because the duplications have much less protein
than the euploids. We have tested this assump-

tion with another cross, ywfXxJ8, which also
produced duplications for the distal ‘and pro-
ximal half of the X-chromosome. The results
from this cross (Table 1) indicated that the
X-chromosome is not dosage sensitive for
GAPDH.

Region 50C-52E cannot be further dissected
by the segmental aneuploidy method because
there are no T(Y:2) stocks with breakpoints
within this region. Recently, Baker and Ridge
(Baker and Ridge, 1980) induced a number of
Lobe revertants by X-ray treatment. Two of
these proved to be deficiencies with breakpoints
within the 50C-52E region. Dr. Maclntyre of
Cornell University has - made one of these
available to us, BL. L*®*¢, The region deleted
in this stock is 51A2-52A12/Bl. Euploids and
flies bearing this deficiency have almost equal
amount of GAPDH (Table 3). Therefore, the
structural gene for GAPDH is not located in
this region. It is either in region 50C-51A2 or

TABLE 2
Genetic dissection of region 64E through 67C for the screening
of the structural gene for arginine kinase

Parents*

Aneuploid region

Arginine kinase activity®

dup./eup. def./eup.
P50xB141 64E-65D 0.94 0.83
P50x G71 65D-67C 1.34 —
B186 X P50 65D-65E 0.85 —
B186xJ128 65E-65F 10.97 —
H138x7J128 65F-66B 0.89 1.00
G130x7J128 65F-66BC 0.90 —
G130X (G122X +*) 66BC-67C 1.30 (d)
G71xGl122 67C-67C 0.87 —
H167xGT71 66F /6TA-67C 0.92 —
H167x (G122X +*) 66 F /6TA-67C 0.99 —
(+*xHI167) x G130 66 BC-66F /6TA 1.61 (d)
G130X (+PxH167) 66 BC-66 F /6TA 1.41 (d)
HI138x (+*xH167) 66B-66F /67 A 1.50 -
JI28 X (+* X HI6T) 65F-66F /67T A 1.24 —

a. All female parents were C(1)RM, y?bb/T(Y:3)/In(3LR)TM6, Ubx®®e and all male parents

YeX.YE y/T(Y:3)/In(3LR)TMS6, Ubx®e.
b. Y:X. Y% In(DEN, y; In(BLR)TMS6, Ubx®"®e/Sb.

were

c. All activities were the average of at least four single fly extracts, and were compared on per fly

basis.

d. No deficiency has ever recovered out of approximately 250 offsprings of these crosses.
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TABLE 3
Comparison of the GAPDH activity between two new mutant
stocks and wild Type flies

Specific

Stocks Activity Activity ratio Specific activity activity ratio

DFf(2R)L*®* 0.78 0.26

Vs, 0.89 0.90
A/A wild type 0.88 0.29
a-GPO" . 1.38 0.58

Vs, 1.00 0.92
A/A wild type 1.38 0.63

in region 52A12/B1-52E (Fig. 3). The (Detweiler and Maclntyre, 1978). They found

localization can be tested as soon as other de-
ficiencies for this region or appropriate T(Y:2)
translocation stocks are available.

DISCUSSION

The results indicated that there is only one
dosage sensitive region in the Drosophila melano-
gaster genome for arginine kinase, and it has
been shown that there is only one molecular
form of arginine kinase in Drosophila melano-
gaster (Wallimann and Eppenberger, 1973).
These two results confirm each other.

The results also indicated that there is only
one dosage sensitive region for GAPDH. This
finding is also supported by the observation that
after electrophoretic analysis, there is only one
stained region for GAPDH on cellulose acetate
membranes (Collier, unpublished data).

The probable’ location for the structural
gene of arginine kinase is wihin region 66B/C-
66F/67A, and that for GAPDH is either in
region S0C-51A2 or in region 52A12/B1-52E.
The cytological locations of these genes can be
further narrowed by testing induced deficiencies
within these regions. These deficiencies can
be isolated by methods similar to those of Akam
et al. (1978) -or of Baker and Ridge (1930).
Although it is very likely that a dosage sensi-
tive region for an enzyme contains the struc-
tural gene for that enzyme, it is not conclusive
evidence for the structural gene identity, be-
cause this region might contain a regulatory
gene instead of the structural geme. Such a
case was reported by Detweiler and Maclntyre

two dosage sensitive regions for acid DNase,
but only one has been proved to contain the
structural gene for this enzyme. The other did
not, it is very possible that this region con-
tains a regulatory gene. Further evidence can
be obtained by the analysis of electrophoretic
variants, by analysis of null alleles that produce
immunological crossreacting material (Bell and
Maclntyre, 1973) and interallelic complementa-
tion (Bell et al., 1972; O’Brien and Maclntyre,
1972)..

Even though no electrophoretic variants are
known for arginine kinase, if a deficiency for
the dosage sensitive region was induced or con-
structed from stocks G130 and H167 (Pye et al.,
1980), it could be used in a cross scheme to
detect recessive variants induced by a mutagen
such as EMS (Lewis and Bacher, 1968).

Among these EMS-treated flies, if one fly
is heterozygous for a wild type allele and a
recessive null mutation, we will not be able to
detect this mutant gene through the zymogram,
The mutant band will be masked by the normal
arginine kinase band. However, if we cross
this fly to one heterozygous for a deficiency
which includes the arginine kinase gene, the
zymogram of their progeny will reveal the re-
cessive mutant by the presence of a very faint
band or by the absence of a band in the
respective gel region. These results are due to
F, flies heterozygous for the deficiency and the
mutant allele for arginine kinase.

Similar schemes have been used successfully

- for a-glycerophosphate dehydrogenase (O’Brien
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and MacIntyre, 1972), alcohol dehydrogenase
(Grell et al., 1965; Johnson and Denniston,
1964), acid phosphatase (Maclntyre, 1966,
Morrison, 1973), and DNase (Detweiler and
Maclntyre, 1978). If a convenient spot test (as
for acid phosphatase of DNase) is developed
for arginine kinase or GAPDH, then a similar
cross scheme could be used to produce “null”
mutants. In addition to confirming the location
of the structural genes for these two enzymes,
these mutants would be valuable in assessing

the physiological role, genetic regulation, and

molecular evolution of these enzymes.
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