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Several parameters of o -glycerol-3-pholphate dehydrogenase (GPDH) such as activity,

content and translatable mRNA levels were measured to elucidate mechanism underlying

developmental and tissue specific regulation of GPDH activity in Drosophila melanogaster. In
adult segments, most of total GPDH activity (62%) was detected in thorax where GPDH-1
resided, while 32% of total GPDH activity was only detected in abdomen where GPDH-3
resided. The relative synthesis of GPDH was, however, similar in both tissues, although 58%

of total GPDH was synthesized in abdomen. These results strongly suggest that the turnover

rate of the abdominal enzyme (GPDH-3) was much more rapid than that of thoracic enzymes
(GPDH-1). In vitro translation and immunoblotting experiments also indicate that GPDH-3

was arised by posttranslational modification from a single polypeptide (GPDH-1).
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The differential expression of a specific gene in
both space and time is of fundamental importance
in elucidating the « -glycerol-3-phosphate dehyd-
rogenase (GPDH, NAD" oxidoreductase, E. C.
No. 1.1.1.8) in Drosophila melanogaster repre-
sents one of the ideal system in examining gene
expression during development (O’Brien and
Macintyre, 1972a; Bewley and Miller, 1979; Kim
et al., 1987). lts activity is associated with three
isozymic species such as GPDH-1, GPDH-2 and
GPDH-3 that are uniquely distributed with respect
to developmental and tissue specificity (Grell,
1967; Wright and Shaw, 1969).

Intensive genetic and biochemical analyses sug-
gest that the primary structure of each isozyme is
nearly identical: a homodimer with subunit Mr.
31,700 (Bewley and Miller, 1979; Miller and Ber-
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ger, 1979; Niesel et al., 1980; Niesel et al., 1982).
The structural gene, Gpdh™, is localized in the
cytogenetic map region 25F-26B on the left arm
of the second chromosome (Grell, 1967; O’Brien
and Macintyre, 1972b; Wilkins et al., 1982;
Kotarski et al., 1983). However, little is known
about the entire spectrum of developmental reg-
ulation of GPDH expression. This study was,
therefore, performed to elucidate the develop-
mental regulation and the origin of GPDH isozy
mes in Drosophila melanogaster.

Materials and Methods

Culture of Drosophila melanogaster

Oregon-R wild type stock of Drosophila mela-
nogaster was maintained in uncrowded half-pint
bottles on standard cornmeal-sucrose-yeast-agar
medium containing propionic acid as mold inhibi-
tor. Culture medium was stpplemented with live
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yeast and maintained at 25°C. The flies were
grown in mass culture at 25°C and 65% humidity
when needed (Mitchell and Mitchell, 1964). The
developmental stages of Drosophila were identi-
fied according to Ashburner and Tompson (1978).

Enzyme activity assay

The « -glycerol-3-phosphate dehydrogenase
(GPDH) activity was measured by monitoring the
reduction of NAD™ at 340 nm according to the
procedure of McDonald and Avise (1976) with a
minor modification. Enzyme activities were ex-
pressed as AOD/min X 10° + S.D. Protein
contents were determined by the method of Low-
ry et al. (1951).

Purification of GPDH and immunological procedure

The GPDH-1 was purified by heat denaturation
(25min at 50°C), ammonium sulfate fractionation
(40-60%) and followed by flat-bed electrofocus-
ing in granulated gel (Winter et al., 1980).

The GPDH antiserum was prepared in New
Zealand white rabbit (Bailey, 1984). Quchterlony
double diffusion was conducted in 1% agarose gel
containing 50 mM Tris-HCI, pH 8.0. The rocket
immunoelectrophoresis was performed by a mod-
ified method of Laurell (1966). After elec-
trophoresis, the gel plate was extensively washed
in cold 100mM Tris-HCI (pH 8.6), and stained by
adding 5 mg NAD™, 9.7mg glycerol-3-phosphate,
5mg MTT and 1mg PMS. The area under each
rocket was approximated by multiplying the rocket
height in millimeters by the rocket width at half-
height. A standard calibration was linear with a
serial dilution of crude antigen.

Radiolabeling of Proteins with [**S]methionine

For labeling of adult flies, 15 flies were placed
in a small, dry vial for ‘30 min. They were then
transferred to second vial that contained a filter
paper disk saturated with 1% sucrose solution
containing 100 . Ci/ml [3°S]methionine (Amer-
sham). The vial was kept in the dark at 25°C for
70min, the labeled tissues were prepared for elec-
trophoretic analysis.

Electrophoretic procedures
SDS-polyacrylamide gel electrophoresis was
conducted according to Laemmli (1970). Two-
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dimensional gel electrophoresis was performed by
the procedure of O’Farrell (1975) with a minor
modification. For the fluorography, the gels were
impregnated with diphenyl oxazole (PPO), dried
and exposed to Kodak XR film, as described by
Laskey and Mills (1975).

Immunoblot analysis

Immunoblot analysis was carried out essentially
according to the procedures of Towbin et al
(1979). The GPDH-specific rabbit IgG bound to
GPDH immobilized on nitrocellulose membrane
was visualized with goat anti-rabbit IgG conju-
gated to horseradish peroxidase (HRP) according
to the instruction provided by the supplier.

RNA extraction and in vitro translation

Total RNA was prepared according to the
method described by Jowett (1986). The final pre-
cipitated RNA was removed by centrifugation and
dissolved in a convenient volume of sterile distil-
led water. RNA concentration was déetermined by
absorption at 260 nm. Translation was carried out
in a reaction volume of 13 ;1 of a rabbit reticulo-
cyte translation system {(Amersham) containing 1
1 of [**S)methionine and 2 1 of RNA accord-
ing to manufacturer’s instructions. The translation
mixture were incubated at 30°C for 90 min.

Results

Immunological analysis of GPDH isozymes

The a -glycerol-3-phosphate dehydrogenase
(GPDH]} isozymes showed the tissue and develop-
mental specific expression patterns (Fig. 1).
GPDH-1, the predominant isozymic species in
adult, was associated with the thorax segment,
while GPDH-3 isozyme was localized in larval tis-
sues and abdomen segment of adult. For further
analysis of GPDH isozymes, GPDH-1 was purified
(Fig. 2). The immunological identification of
GPDH isozymes with anti-GPDH-1 antiserum was
determined by a Quchterlony double diffusion.
Fig. 3 showed that GPDH-1 and GPDH-3 were
coprecipitated, indicating that two isozymes may
be antigenically similar.
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Fig. 1. Developmental and tissue specific expression ot
a -glycerol-3-phosphate dehydrogenase (GPDH) isozy-
mes in Drosophila melanogaster. The experssion of each
isozyme was illustrated by agarose gel electrophoresis on
citric acid-histidine-NaOH buffer (pH 7.0). Lane 1,
Whole organism of third instar larvae; 2, prepupa; 3,5
days adult; 4, head segments; 5, thorax segments; 6,
abdomen segments of 5 day adult.
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Fig. 2. SDS-polyacrylamide gel (12.5%) showing the
subunit molecular weight of purified @ -glycerol-3-
-phosphate dehydrogenase. The molecular weight stan-
dards were bovine seurm albumin (66,000), ovalbumin
{45,000), rabbit glyceraldehyde-3-phosphate dehydro-
genase (36,000), carbonic anhydrase (29,000), trypsi-
nogen (24,000), soybean trypsin inhibitor (21,000) and
« -lactalbumin (14,200).
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Fig. 3. Immunological analysis of « -glycerol-3-phosph-
ate dehydrogenase (GPDH) isozymes. Quchterlony dou-
ble diffusion plate of Coomassie brilliant blue-R250
stained precipitin lines formed by 24 hrs of incubation at
room temperature. Well (Ab) contains 5 ,| of rabbit
anti-GPDH-1 antiserum. Well (A) contains adult extracts
preincubated at 50°C for 25 min (GPDH-1). Well (3L}
contains third instar larval extracts (GPDH-3).

Developmental and tissue specific distribution of
GPDH activity

The developmental changes in GPDH activity
were compared with those in GPDH content de-
termined by rocket immunoeletrophoresis (Fig. 4
and 5). In the third instar larvae, 5-6 days hatch-
ing, the GPDH activity reached a peak and then
declined sharply during the early stage of pupal
development. From the late pupal stage, this
activity increased steadily, and reached at 3-5
times higher level than those observed in late third
instar larvae and early pupae. Since the level of
translatable GPDH mRNA during development
was consistent with that of GPDH activity (Fig. 5;
see insert), the developmental profile of GPDH
activity appears to be mainly due to transcriptional
activity of GPDH gene. There was a slight differ-
ence in GPDH activity and GPDH content. From

Fig. 4. Typical rocket immunoelectrophoresis. Ten indi-
viduals were homogenized in 10 mM sodium phosphate
(pH 7,5), containing 1 mM DTT, 1 mM EDTA, and 0.1
mM PMSF. Five pl of homogenates were applied on
each well. Well 1, 5 days adult; well 2, head; well 3,
thorax;, well 4, abdomen segments of 5 days adult.
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Fig. 5. The developmental changes of GPDH activities and GPDH contents in Drosophila melanogaster. GPDH
activities and GPDH contents were measured by using 10 41 of 23,000 X g supernatant of homogenates from ten
individuals. (()——0) GPDH activities per organisrn (AOD/min X 10%), abscissa left; (@€ —— @)} GPDH contents
per organism (rocket height X rocket width at half-height in millimeter), abscissa right. Results were the average of
four replicates + S.D. Insert; The developmental changes of translatable GPDH mRNA level. Total RNA were
extracted from the each developmental stages (indicated by arrows), translated in vitro as described in Materials and
Methods. The translation products were displayed on SDS-polyacrylamide gel, and detected by fluorography. The
position of GPDH subunit was identified by comparing with that of purified GPDH on the same gel.

the late third instar larvae to 5 days imago with
steady state level, GPDH content was doubled,
while GPDH activity was increased 3 times. These
results indicate the possiblity that the turnover of
GPDH in larval GPDH may be higher than that in
adult GPDH, or two isozymes may be different in
catalytic properties.

Regulation of GPDH activity in different tissues
Because both of two isozymes were experssed
in adults, cell type-specific control of GPDH activ-
ity was then investigated in thorax and abdomen
segments. In adult segments, most of total GPDH
activity (62%) was detected in thorax, where
GPDH-1 was expressed, while head and abdo-
men segments containing GPDH-3 were 6.4%
and 32% of the total GPDH activity (Fig. 6 and
Table 1). Although the GPDH content measured
in thorax was merely 58% of total GPDH content,
the contribution in GPDH activity by this segment

was nearly 62% of the total activity (Table 1).
However, the relative synthesis of GPDH was
similar in both tissues, although 58% of total
GPDH was synthesized in abdomen. This high re-
lative rate of synthesis with a relatively low steady
state level indicates that tumover of the abdominal
enzymes was more rapid than that of thoracic
counterpart.

Origin of GPDH isozymes

To investigate whether each GPDH isozymic
species is arised from transcriptional level or post-
translational modification, in vitro translation ex-
periments were performed. Total RNAs from the
third instar larvae and adult segments were trans-
lated in vitro and the translation products were
separated on SDS-polyacrylamide gel and visual-
ized by immunoblotting (Fig. 7). Only one GPDH
polypeptide with Mr. of about 32,000 was de-
tected in larval and adult RNAs. These translation
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Fig. 6. The relative rates of a -glycerol-3-phosphate dehydrogenase (GPDH) synthesis in adult segments.
Ten intact flies were fed [*°S]methionine and the parts dissected from these flies were electrophoresed on
SDS-polyacrylamide gel (8-15% gradient). (A) Proteins were detected by fluorography. M, molecular weight
standards; C, purified GPDH; H, head; T, thorax; Ab, abdomen; W, whole adult. Arrow indicates the position
of GPDH subunit. (B) Typical gel scanning of fluorograms in (A).

Table 1. GPDH activities, contents and synthesis in adult segments of
Drosophila melanogaster.

GPDH® GPDH" Relative® Percent of®
Segments synthesis total GPDH
activities contents of GPDH synthesis

Head 0.23 + 0.06(6.4%) 12.6 + 0.9(16.4%) 1.8% 9.3%
Thorax 2.20 + 0.14(61.1%) 40.4 + 1.0(63.0%) 10.8% 32.8%
Abdomen 1.15 + 0.12(32%) 23.6 + 1.1(30.6%) 8.0% 57.9%

2GPDH activities were expressed A0D/min x 10%(+ S.D.) per animal
part.

GPDH contents were expressed as rocket height X rocket width at
half-height in millimeter.

“Intact 5 days-old adult were fed [*®*S]methionine and the parts dis-
sected from these files were electrophoresed. The relative rates of GPDH
synthesis were measured by densitometry of resulting fluorograms (Fig. 6).
Results were the average of four replicates + S.D.

products also showed only one isozymic form on

starch gel electrophoresis (Fig. 8). These results Discussion
indicate that the GPDH-3 may be arised by a o )
specific posttranslational modification of GPDH-1. The distribution of major isozymes of a

-glycerol-3-phosphate dehydrogenase (GPDH) in
Drosophila melanogaster was unique with respect
to developmental stage, tissue specific localization,
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Fig. 7. Immunoblot analysis of GPDH subunit from
translation products synthesized in vitro. Total RNAs
purified from third instar larvae and adult segments were
translated in a mRNA-dependent cell free translation
system. Translation products were electrophoresed on
SDS-polyacrylamide gel (8-15% gradient) and transfer-
red to a nitrocellulose membrane. GPDH subunit was
detected as described in Materials and Methods. 3L,
third instar larvae; A, whole adults; T, thorax segments;
Ab, abdomen segments dissected from 5 days adults.
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Fig. 8. GPDH activity stain of in vitro translation pro-
ducts synthesized by total RNA after starch gel elec-
trophoresis on citric acid-histidine-NaOH (pH 7.0). (3L),
4 pg of third instar larval RNA; (Al), 6 xg of 1 day
adult RNA; (A5), 6 g of 5 days adult RNA. Only one
isozymic form (GPDH-1) was detected in all lanes.

physicochemical and kinetic parameter (Bewley
and miller, 1979, Niesel et al., 1980, 1982; Skuse
and Sullivan, 1985). GPDH-1 and GPDH-3 were
antigenically very similar each other. This result
indicates that there is a little difference in structure
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of two isozymes.

A comparison among the activity, content, and
relative synthesis of GPDH in adult segments sug-
gests the existence of differential regulation
mechanism of GPDH activity. The data- obtained
in this study also showed the cell type-specific
controi of GPDH activity, in particular, thoracic
musculature and fat body containing the majority
of an animal’s GPDH. The turnover of the product
of Gpdh™ locus in the fat body (GPDH-3) was
characterized as being more rapid than that of
thoracic muscle. Sullivan et al. (1983) previously
reported that there was a difference in the turnov-
er of GPDH between thorax and abdomen of the
adult. Thus, together with the finding of Sullivan
et al. (1983), our results clearly suggest that the
turnover rate in different cell types is at least in-
volved in the regulation of GPDH activity during
Drosophila development.

The isozymes of GPDH in Drosophila appear to
be structurally similar. Genetic analysis indicates
that each isozymes may be arised from the same
structural gene. It seems then that the same or
similar evolutionary adaptive response may be
accomplished by either gene duplication or
epigenetic mechanisms. Experimental evidence
shown in this study strongly indicate that GPDH is
a single structural gene. However, there are physi-
cochemical differences: each isozymic form has a
different heat stability, electrophoretic mobility and
isoelectric point (pl). They also differed in tryptic
digestion and finger print analysis. Anyway, the
structural differences were little and it may be due
to the addition or subtraction of a low-molecu-
lar-weight mobility (Bewley and Lucchesi, 1976,
Bewley and Miller, 1979; Niesel et al., 1980).
Niesel et al. (1982) previously proposed that
GPDH-3 was formed by a proteolytic cleavage of
three amino acids from the carboxyl terminal end
of GPDH-1. The present results appear to support
a mechanism of epigenesis for the origin and dif-
ferentiation of GPDH isozymes in Drosophila
melanogaster. It is, however, also possible that the
expression of each isozyme is a result of differen-
tial processing of nuclear RNA into cytoplasmic
translatable mRNA. Such a mechanism has been
demonstrated in mouse immunoglobin  chain
(Early et al., 1980), mouse a -amylase (Young et
al., 1981), Drosophila mycsin heavy chain (Rozek
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and Davidson, 1983) and fibronectin (Schwarz-
bauer et al., 1983). Indeed, further works such as
the molecular approach with cloned GPDH gene
(Cook et al., 1986) will provide more convincing
evidence on the molecular mechanisms underlying
the origin of GPDH isozymes.
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