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ABSTRACT

I have shown that amylase enzyme activity in Drosophila

melanogaster is repressed by dietéry glucose. This repression

of activity occurs in -a strain-specific and -dgﬁ'lopmental
,séage;specific manhe;. In larvae of sensitive strains; such as
OregénrR, diétary glycose ban.~fepress amylase activity by oﬁer
one hundred-£fold. Glucose‘represgion of amyiaseiactivity has
implications Jfor the interpretation %f previous studies on
amylase in Drosophila,  including experiments designed to
" demonstrate fitness differénces between amylase ggnétypés.

It ‘has. previously been demonstrated that amylaée
repression invoiﬁes a .reéuction in the abundance of -stable
amylase enzyme. Here I useé in ovo tranmnslation studiés to
demonstrate that the regulation of amylase activity in response
to dietany carbohydrate affects the level of translafionél

activity for amylase enzyme in RNA samples. In order to measure

amylase mRNA levels directly, cloned D. melanogaster amylase

sequences we;e isolated and characterized. Amylase copy DNAs
were identified using two‘ different approaches: {i) cross-
species hybridization using a mouse amylase cDNA probe, and
(ii) probing ‘with a differential probe generated from

Drosophila RNA. Amylase cDNA sequences were used, 1in turn, to

isolate amylase genomic clones. The D. melanogaster amylase
mRNA was sized at 1658 b.
Cloned amylase sequences were used to measure changes in

amylase mRNA levels, in response to diethX/carbohydrate, in a



-iii-

cross-section of strains. It was fouﬁd that the regulation of
amylase activity, in response to glucose, takes place at a
pretranslational, and p;gbably transcriptional, level, The
strain-specific as well as dietary-induced ‘differences - in
enzyme activity are reflections of differences 1in levels of

stable amylase messenger RNA. Dietary regulation of amylase

activity in D. melanogaster is complex and, based upon evidence

~at the biochemical level, apﬁears to involve the interaction of

cis-acting elements and trans-acting regulatory factors.
In larvae of sensitive straihs, amylase mRNA can account

for as little as @.01% of the poly AT RNA under conditions of

dietary glucose repression, or greater Qhan‘l% " of poly ﬁ?—RNA,-

o

under depressing.dietary conditions.
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1. INTRODUCTION §

The current state of understanding of the genetic factors
that régulate amylase gene expreésisn in Drosophila resembles
that for most otﬁer eukatyotic gene regulatory systéms in thét
it- is far from complete. A thorouéh_knowledge of amflase gene
regulatory systems in this orgénism will be rewarding for a
nuﬁber of reasons. Fir#t, -because of the wealEh of geneﬁic

-information available on Drosophila melanogaster, this is an

obvious . organism of choice ‘for experiments aimed . at an
understanding of gene regulation in 'multicellular highér
eukaryotes. Secondly, the wiQe-Qariety of regulatcry phenomena
which have already been described for this gene-enzyme system |
make {t exceptiénal among eukaryotic gene-enzyme systems (see
Laurie-Ahlberg, 1985, for a recent review). Thirdly, since
amylase is invélved in the facultative utilization of secondary
carbohydrate resources, the study of amylase gene regulat}on
may help us to_understand some aspects of gene regulation amoné
higher eukaryotes, in the context of the well characterized
prokaryotic gene regulatory systems.

Finally, many studies on Drosophila amylase havé’ focused
on the biochemical adaptation of‘ the organism to its
env%rqnment and on the 'general biological significance of
geneéié variation iﬁ natural populations. These questions
continde to motizéte current research along with the aim of

! ) .
eventually understanding some evolutionary processes,

-
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ERAY
—_

especially the evolution of ‘gene regulatory mechanisms, at the

. ~
molecular level.
1.1. Structural Gene Products ‘ g
. . B (’
Drosophila melanogaster produces a single major amylase”
‘ .~
- protein. It is a monomeric enzyme with a molecular weight of -

approximately 54,500 daltons (Doane et al., 1975). The
moﬁomeric nature of the enzyme can easily be visualized on
. electrophoretic géls stained for amylase activity when one uées
‘homogenates of individuals heterozygoué‘ for eléctrophoretic
variants (Hickey, 1981; Doane et al., 1983)..Ehzyme.substrate

specificities, activators and inhibitors resemble those that

generally characterize animal alpha-amylases (Doane 1969a) and

8

the enzyme can be readily purified from crude homogenates by
precipitation as a glycogen-amylase complex in ethanol (Doane

et al., 1975; Hickey, 1981). The amino acid composition of

Drosophila amylases is similar to that of the mammalian enzymes

although no immunological cross-reaction could be detected

between the fly and human amylases (Doane.et al., 1975).

The existence -of-electrophoretic variants of the .amylase
enzyme has greatly facilitated the genetic mapping of the
amylase structural gene locus. .The mapping studiés of several
workers (Kikkawa, 1964; Bahn, 19?7?LDoane 1969a) place the Amy
~ structural gene at approximately position 77 on the genetic map
of chromosomé 2.  This map position is consistent™ with

cytogenetic results which locate the amylase gene in section 54
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of the right arm of chromosome 2 (Doane, 1969a; Bahn, 1971).
Recently,'Gemmill et al. (1985) have shown that cloned amylase

gene sequences also hybridize .épecifically o the same

chromosomal region.
]

-

Many strains of Drosophila melanogaster are éhgracterizedg

by a double-banded electrophoretic pattern for amylase (Bahn,
1967; Doane, 1969%b; Hiqkey, 197%a and 1979b; Singh et al.,

1982). This . pattern is heritable and the duplicated pattern

segregates as a single genetic unit. Furthermore, ¢t

"pattern

observed 1is qualitatively similar in adults and larvae &f any

given strain. The most logical explanation for this péeno non
is the existence -;% closely-linked duplicate'copiés of
amylase structural gene. Based on the occurrence of rar
recombinants between these loci, Bahn (1967) estimated that the
distance‘ between the duplicated 'geneé is @lees cM.
Heterozygotes Bétween single-banded and double-banded genotypes
give a triple-banded pattern, whereas heterozygotes between two -
distinet double-banded genotypes will yield four
électrophoietic bands in the heterozygotes. Levy et al. (1985)
have found evidence for a duplication of the amylése coding
sequences in the DNA of a double-sanded amylase genotype and,

based upon more recent evidence (Gemmill et al., 1986}, it

appears that all strains of D. melanogaster possess duplicated

gene copies.
It is not known whether, in single-banded strains, both

copies of the structural gene strains are active and code for
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electroph352b1cally indistinguishable gene products, or.if one
of the gene copies-is sglent Several closely- related species
within the melanogaster\group show." evidence for the structural
gene duplication (ﬁainou et al., 1987) although the more
distantly related species of Drosophila appear; basedr upon
evidence -from baﬁding-pattern studies, to have only a single

- copy of the amylase gene.

Natural populations of D. melanogaster are usually

poljmorphic for amquﬁe electrophoretic variants and the degree
of this polymbrphism shows a distinct geographiqal pattera
(Hickey, 1979b; Singh é&_gl., 1982), Early population studies
by McCune (1969) and Langley et al. (1974) showed that a
single-banded, &mxl, variant was the most frequent'in North
American and Japanese éopulations. This finding contrasted with
a report by Puyk and DéJong (1972) who scored a total 'of
sixteen different genotypes among a sample of one hundrgd
individuals from Wi;t Africa. This dif%erence between African
and other populatiors was confirmed by Hickey (1979b} and SEngh
et al. (1982). wWhile the gmxl variant is the most frequent in
North American, European, aAsian and Australian-populations,
this is not the case for West African populations where a total
of 23 different amylase phenotypes were found with the most
common phenotype accounting for only 17% of-thé"total frequency

distribution (Singh et al., 1982).

The high degree of amylase structural gene variation

which is seen in African populations of D. melanogaster also
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seems to be present in African bopulations- of other closely-
related species (Dainou et'.al., 1987). Thié richness of
electrophoretic wvariation ' which shows a . distinct geographic

localization can be explained by postulating that the African

. ! P e
region represents the area of origin of D. melanogaster and
that other populations represent relativeély recent samplings

from this diverse\gene pool. An alternative explanation is that

environmental conditions in Central and West Africa favor

amylas@variants which are. very rare or absent elsewhere.

»

; !
1.2. Natural Selection of Amylase Variants

The bioiogica} significance of allozyme variation within
natural populations has been a major source of controversy jn
population genetics since the first quantiéative estimates of
such variation were made (Lewontin and Hubby, 1966). A variety
of theoretical and experimental strategies have been used in an
effort to discriminate between "neutfa&ist" and “selectioniét"
explanations for the maintenance ot thI; variation.
Experimental appfbaches to the probleﬁ have been hampered by
the fact that little is known about the physiological role of.
many of these enzyme proteins. In particular, it has been
difficult to isolate an environmental chailenge that ::uld be
deemed, with some certainty, to‘be relevant to the gene locus
in question.

One possible approach is to relate changes in selection

coefficients of different alleles at a specific 1locus to
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environmental v;riables. | The experiments of DeJong et al.
(1572) and DeJdong and Scharloo (1976) indicate that .
electrophoretic variants of the amylase enzyme in Drosophila

melancgastery affect the fitness of individuals and that this

effect is_dependent on the carbohyarate .source in the fodd
medium. A controlled selection experiment by Hickéf (19f7)
showed a predictable response of gene fréquencies in
experimental populations grown on different food media. Thé
amylase variant which has the higher enzyme activity is at a-
" selective disadvanéage when the dietary carboh§drate sourcé'is
in the form of simple suggrs.-Howgver,- the relative selective
value of this variant is eghanced when the dietary sugars are
replaced by starch. A possible complication in  the
ihterpﬁetation of these results is the question of linkage
disequilibrium with variants at other loci in the genetic
béékground {Doane, 1980b).. Therefore in a subsequent study, tﬁe
effects of 1linked 1loci was eliminated by using several
independently derived high-activity and low-activity amylase
variants (Hickey, 197%a). 1In these latter experTmenté, the
prediéted divergence in gene freguency between high and low-
activity variants was seen for some, but not all, allozyme
pairs. ~More Tecent experiments (Yamazaki and Matsuo, 1984;
Matsuc and Yamazaki, 1584) again show evidence for selection on
amylase variants in response to dietary carbohydrate

supplements.

The general conclusion to be drawn from all of these

a—
-
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experimgnts is that, on the one'hand, there seems to be a clear
relationship between Ehe relativé fitness of somé..amylase
éenotypes and the nature of the dietary carbohydrate source
while, on the other hand, the!magnitude of the fitness
differences are raEely as lafge as one might have prédicted
from the in vitro enzyme activities of the amylase variants.
Thé results reported by Haj-BRhmad and Hickey (1982) and the
results on glucose reprgssion of amylases reporggd in‘ this
study help to clarify_thé interpretation of the selection
experiments. In particular, the problem with the selection
experiments is that éenotypes which may show large differenées.
in enzyme activity on\"standard" Drosophila medium ;(which
usually contains significant amounts of simple sugars) may be
much closer as regards activity when gfown on experimental
diets containing lfttle sugar. Thus, the phenotypic difference
between genotypes, upon which the prediction of selective

advantage is based, tends to disappear under the experimental

conditions used. This phenomenon is what has been recently

referred to as "inducibil{ty“ variation {(Yamazaki and Matsuo,

1984) althougﬂ it might . more properiy be called

"repressibility" variation (Hickey and Benkelﬁ“&982; ‘ this
study) . | - .

1.3. Genetic Control of'Amylase Activity Levels

Amylase ene expression in Drosophila is subject to a
Y g P p

complex system of control factors. Biochemical analyses support
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the existence of both cis and trans-acting components in

activity control system. Amylase activity in D. melanoyaster is

subject to developmental and tissue-specific control (Doane,
1969a) including regulation by temporal, midgut:gpecific
factofs {Abraham and Doane, 1978). Paigen (1979) has reviewed
the diffefences between “syStemic regulators" which result in
uniform changes in all tissues.-and "temporal regulators" which
are more localized in terms of their tissue distribution and
developmental stage specificity. Strain-specific variation in
-amylase activity has been documented extensively (e.g. Doane,
1969b; Hickey, 1979b). In addition, a number of studies hﬁa\ve
shown that amylase activity is modulated by dietafy
—carbohydrate source {Abe, 1958; Hickey 1977; Hoorn énd
Scharloo, 1578; Hickey aﬁéébenkel, 1982; - Echo and, Doane, 1984;‘
vamazaki and Matsuo, 1984): Both interstrain Variagion in
aétivity and —the repression of amylase activity by ‘dietary
sugars havé been shown to resﬁlt from differences in amounts of
active'amylase énzyme (Hickey, 1981; Hickey and Benkel, 1982).
The résults of this present study élarify. the . relationship
between strain-specific activity differences and diet—indu;:d
changes in activity. Furthermore, usinq__bloned amylase
sequences as molecular probeé, this study shows that glucose

v

repression_takes place at the pretranslational level.

pr

1.3.1. Genotypic Effects on Total Amylase Activity: Large

gifferences in amylase activit betwee inbred strains of

-



Drosophila melanogaster have been well documented (Doane,

1969a; De Jong et al., 1972; Hickey, i977; Hickey, '1979a;
Hiqkey, 1981; Hoorn and Scharléo, 1980; Doane et al., 1983).
These differences between strains are normally within a two to
five-fold range in adult flies and the activity différences
have been shown to bé.genetically linked to the amylase
structural gene locus (Hoorn and Scharloo, 1978; Hickey, 1979a;
Doané. 1980a) . Howevér, no fine-structure mappihg has been done
specifically to localize these putative systemic regulators
relative to the structural locus. There is a general trend in
all the studies mentioned above to observe a positive
_correlation between relatively high levels of amylase activity
and the presence of double-banded electrophoretic patterns in
homozygotes. This correlation has not Eeen extensi&gly studied
and a number of exceptions certainly exist.

The question of whether these differences in- amylase
activity between genotypes are due to variations'in the amount
of enzyme produced or due to differences in the catalytic
efficiencies of the various amylase structural gene products
was addressed by Hickey (1981). Amylase enzyme was -purified
from high-activity and low-activity strains and the specific
activities of the purified enzymes was compared. There was no
significant difference in the activity of Ehe purified amylases
despite the severql—fold differences in enzymé activity between
the crude homogenates. This result was confirmed in an

independent study by Treat-Clemons and Doane (1982).
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Purified amylases were aiso used to raise’ amylase-
‘specific antibodies., Immunological Quantificafion of the level
‘of enzyme present in crxude larval Eonogenates; ~using " the
technigque of- rocket immunoelectrophoresis (Hickey, 1981),
showed difﬁerencés in leveis' of cross-reacting material among
strains. Furthermore, these diffé;gnces correlated with the
enzyme activity differences in crude homogenates.. . These
results, taken together, indicate that the major portion-of
this between-genotype vaiiation in amylase activity reflects
diﬁ;;;;;ces in enzyme quantity rather than differénces in
catalytic efficiency between enzyme variants.

The results of this present study show that: (i) there

are genotype-specific differences in amylase activity between

different D.  melanogastexr strains, however, these differences

are relatively small when flies or larvae are grown on medium-

5Iwhich derepresses amylase activity, and (ii) any interstrain
differences in activity, irrespective of food type, are due to
variations at a pretranslational, and probably transcriptional,
level of regulatioﬁ of amylase 'gene_expression.

— . . -
. -

1.3.2., Tissue and Developmental Specif&city of Enzyme Activity:

The major si;e of ahylase activff;’in Drosophila {contrary to
mammalian amylases) 1is not~in the salivary'glands but rather
the laxrval and adult midgut (Kikkawa, 1964; Doané‘gg_gl., 1983;
this study). Abraham and Doane (1978) showed that there are

genetically-controlled ﬁariations in ,the distribution . of
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amylase activéty within the midguts oflyoung aiult flies. They
defined three distinct distribution patterns in:the posterior
midgut and showed that the more extensive map A pattern behaves
as a trans-acting dominant allele when made heterozygoué with a
- chromosome carrying the genes for thé more restrictive map C
pattern. a recombinational analysis showed that the gene
controlling the map (midgut activity pattern) patterns was
located 2 to 3 map units distal to the amylase structural locus
on chromosome 2, This result has recently bgen confirmed by
Klargnberg et al. (1986).

| It has been proposed that‘the map locus producqs' a
diffusible substance which might interact with a cis-acting
element associated with the structural gene (Doane et al.,
1983). It should be noted that the map variants affect the
distribution of enzyme.éétivity in young adﬁlts only; as the
flies age, all genotypes acguire thel mor; extensive
distribution— pattern (Abraham and Doane, 1978; Doane et al.,
1983). ‘

Subsequent work (Doaﬁe, 1980a; Klarenberg et al., 1986)
provides evidence for an independent geneﬁic control of the
activity distribution in the anterior adult midgut which, in
\tan} appears -to be unrelatea_to activity patterns in thé
larval midgu;. It has been shown that the activity patterns in
the posterior adult midgut'reflect pétterns of amylase protein.

and translatable mRNA distribution (Doane et al., 1983) .

Klarenberg et al. (1986) found that the distribution of
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activity in the anterior midgut of Drosophila larvae . »is~

controlled by a closely-linked cis-acting element, less _than

N -

.1 cM from the structural gene locus. The same stidy provides

evidence that the midgut activity patterns of both larvae and
> :

adults are affected by dietéry glucose. JSpecifically, the
amount of.amylase produced by‘any given region of-tﬁe midgﬁt,
and the exteﬁt of the area along the length of the midgut
producing émylase, are both reduced in the presence‘of dietary
glucose. In general, the more posterior regioé of the midgut
appear to be more sensitive to glucose repression,.

The patterns of amylase expression in the [midgut of

another Drosophila K species, D. psgudoobscura have\ also been
characterized and-analyzed genetically (Powell and Lichtenfels,
1979) but no gene of major effect could be identified in this
case, It was concluded thgt the genetic control of the enzyme
patterns is polygenic in this species.

1.4. Giucoseq\Repression of Amylase Activity

o

The " ability to exéidft 'éthronmental resoutces is of
prime importance to all forms of life. * In general,
environmental resourcds can be either simpls ot complex in
nature. The utilization <of complex resources requires the
production of catabolic enzymes; a specific set of polypeééides
for any specific complex substrate. Moreover, the composition
of the environment changes over time and space. Organisms

respond to these changes by adapting their activities to
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changes in environmental parameters.
Modulation of enzyme activity by one such environmental

parameter, carbon source, has been studied v extensively in

prokaryotes. 1In Eschericia coli, the simp1? sugar glucose
represses enzyme activities regquired for the catabolism of
other more complex carbon sources Ey affecting intracellular
levels of caMP. 1In the absencé of glucose, and in the presence
of a complex carbén source, E. c¢oli adapts by producing the
relevant set of catabolic enzyme activities. " Bacterial -
adaptation to a specific carbon source invo;ves dramatically
increased transcripticn of the gepe(s) éoding for the
polypeptideﬁs)t involved in metabolizing the carbohyrate ép
question . This "glucose effect" has also been described in

Saccharomyces cerevisiae.

In yeast, as in bacteria, the adaptive resbonse invol%es
regqulation at thé level of transcriptfon. - Higher eukaryotes,
) »

such as Drosophi%%, face the same problem as E. coli and S,

_cerevisiae in e(ﬁiﬂltlng environmental resources. For instance,
g

D. melanogaster

. | e
activity necessary to degrade starch, i.e. amylase activity.

Superficially, therefore, it would appear that E.

-

S. cerevisiae and D. melanogaster have solved a common- problem

Y

in a similar Tﬁﬁner. For the Drosophila system, however, the

level at which the regulation of amylase activity in response

-3
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to dietary sugar takes place has, yet to be lstgblished. In
. ‘

~fact,; ‘testing for redulation at a pretrénsiational level

occupiés a major portion of this thesis.
1t has been known for some time that amyvé;z\activity in

D. melanogaster varies with carbohydrate sourc% (Abe, 1958;

Doane, 196%9a; Hosbach et al., 1972). Only recgggiyv however,

p

has it been cleérly démonstraied that. dietary sugar represses
amylase aétivity ~(Hickey and Benkel, 1982; Echo and Doaqf,
-1954); In addition, most.studies on diefary regulation pf
amylasé activ?ty in Drosophila. have been done using young

adults. One Gf the conclusions >f this present study is ‘that

i . a - .
the effects-of dietary glughse on amylase activity are much

———

more visible in larvae thah'in adults of "any qiven strain. In

fact larvae of sensitive strains, %Such as'Oreéon—R, show mere

trace levels of actiﬁity on mediumlcontaining 10% glucose. Not

all stfainé arelas sensitive Eo.glucoEe as Oregon-R, however,.

and any given strain displays its own particular, level of

\kg repﬁession when grown on glucose-containi;g food.

- . . Previously,hwhen flies grown ~on glucose medium were
compared to 'noniglucose treated flies, the difference in
*"’—*’//mamy}aseléctivity was found to reflpect a difference ipn’ the
abundance of stable amylase'Aenzyme molecules (Hickey and

Benkel, 1982). In this study, the effort to.identify the level

at which dietafy regulation of amylase takes place is advanced

using: (i) an in vivo ‘translation assay to measure

Jtranslational activity of amylase messenger RNA ‘and; {(ii)
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mole;ular probes to compare stable 1eveis of amylase mRNA under
both repressing and derepressing dieéary'conditions.
' Both the - in ovo translation and the mdleécular probing
studies show that glucose regulation of amylase activiﬁy takes

place at a pretranélational, and probably transcriptional,

level. Regulation at the transcriptional level implies the

#

L o)

SN ]

existence of DNA elements, associated with  .the amylase .

structural sequences, which mediate glucose repression. Here I

present the isolation of D. melanogaster genomic amylase

sequences, including the région between the inverted gene

copies; that 1is, the region lpreshmed to contain the

hypothetical regulatory cis-acting DNA elements,
Finally, the relative abundance of the amyldse messenger

E]

RNA in relation /;Q other well characterized mRNAs is
determined. 12‘“55 hown that under derepressing dietary
conditigns,,' amylase mRNA is more abundant than the alcohol
dehydrogenase.ﬁRNA (Adh is gstimatgd at about 1% of poly A+).

In contrast, in sensitive strains grown under repressing

conditions, amylase mRNA is relatively rare.

!
A\
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2. MATERIALS AND METHCODS

2.1. Fly Stocks Q';

- ~
Five strains of Drosophila melanogaster were used in this

» ‘ .
study. The Oregon-R, Canton-S, Belinga and Makokou strains were -

LY

-chésen because they span the aﬁfiase acfivity range found in
nature, The £fifth stfain, an amylase null variant, was
isolated "as a spontaneously occurr;ng‘ mutant from a
Brownqville, Texas popﬁl;tion (Hickey and Haus, unpublished;
Haj-Ahmad and Hickey, 1982). It shows no amylase activity and
no detectable materia%u which c¢ross-reacts with amylase.
antibody. | . —
Oregon-R (émxl) is a common "wild type" strain which has
been described as a'loﬁ-activity variant. It shows a single
fast-migrating amylase‘band (aMY-1) on native electrophoretic

gels (Doane, 1969b; Hickey, 1981). Canton-§ (Amy®’>

) is another
common laboratory strain whigh has an intermediate level of
amylase activity. It shows a double-banded electrophoretic
phenotype (AMY-1, AMY-3). Belinga (5516) is derived from an
African population and has been described as a high amylase
activity  variant (Hickey, 198152 It displays a single slow-
migrating amylase electrophoretic band (AMY-6). Makokou
(ng4'6) is another African strain which is .also a high amylase

activity wvariant. However, it shows a double-banded (AMY-4,

AMY-6) pattern on electrophoretic gels (Hickey, 1979).

—



- aur-

2.2. Drosophila Culture Conditions

NS All strains were maintained on Carolina Biological Supply

InstantVDrosophila medium at -22°% prior. to the experiqents: The
developmental profile for amylase activiﬁy shows ‘two high
poinfé,' the first during the late third instar JE lérval
development and\.the‘second at.;bout one week into the adult
stage (Doane, 1969a). For this reason, . the effect of dietary
glucose on amylase activity was testéd at these two stages in
the life c§cle.

To determine the senéitivity of larvae to dietary
glucose, mature adults were tfansferred to 8-dram shell vials
containing 1¢ ml of test medium for egg laying. After several
days the adults were removed and the larvae allowed to grow to/
The late 3rd instar stage. Larvae were harvested by washing
from the low-agar foods with distilled watér. adults, aged on
the" instant fly food for 3-5 days, were transferred to test
foods for 2 days of exposure. Thus adults were 5-7 days old at
the time of harvest. Flies and larvaé were frozen at -208°C for

Pl

short periods and kept at -7¢°¢c for long term storage.

2.2.1, Test Diets:

(i) "no-added-sugar" medium [ (-} Gluc]
consisted of: 5% killed brewers yeast (w/v)
#.75% agar (w/v) and

#.8% propionic acid (v/v) in

distilled water
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{ii) "glucose" medium [(+) Gluc]
consisted of: 10% dextrose (w/v) - o
5% killed breweré yeast (w/v)
6.75% agar (w/v) and
g.8% propigﬂié_ggid {v/v} as mold
inhibitor, in distilled water.
These two diets are identical except for the sugar
compdnent; " glucose" medium contains 10% glucose whereas “po—

added-sugar" medium lacks added carbohydrate.

2.3, Enzyme Activity Measurements
Mass extracts of flies or larvae grbwn on the test media
were prepared by dounce homogenization. fThe water soluble

fractions were assayed for protein content using - the Lowry

assay (Lowry et al., 1951). Results of the Lowry assay were

checked by visual inspection of electrophoretic gels' stained

.with Coomassie Blue.

N

2.3.1. Alpha-amylase Activity: Amylase enzyme activity was

determined uging two independent assay procedures as outlined

below.

2.3.1.1. The DNSA (dinitrosalicylic écid) assay of Bernfeld

(1955) measures the increase in reducing sugars resulting from
the activity of amylase on starch. This assay was performed,

and the result monitored, as described by Hickey and Benkel
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~71982) . Briefly, crude homoéenates were added to a 2% sgolution
of boiled starch (Connaught, hydrolyzed electrophoresis grade)
with calcium ions, buffered to pH.7.4, and incubated at 37°C in
a -shaking water bath. After 30 .minutes, Ehe reaétions were
‘terminated by the addition of DNSA reagent and the - mixtures
.boiled for 1@ minutes.' The Mmixtures Qere cooled to room
temperature and .assayed spectrophotometrically at 558 nm,
Readings were converted to units of maltose released by
reference to a maltose standard curve. Enzyme activity was
efbréssed as nanomoles of maltose released per minute of
igcubation time per microgram of protein.

2.3.1.2. Amylase enzyme activikty was also coméared using the

I-KI stained gel method (Hicﬁgy, 1981; | Benkel and Hickey,
1986), which measures.the disappearance of starch as a resa&t
of amylase‘~$ctivity. ‘Briéfly, crude homogenates were
electrophoresed on<pative 5% polyacrylamide gels (Protean I ox
IT by Biorad) buffered with 6.1 M Tris borate pH B8.9.
Electgaphoresis was carried out’at. 200-368d Vv for 2-3 hours.
FolLoJihg electrophoresis, gels were 1 bated in a 3% starch
’solution (Counaught,‘hydrolyzed electrophoresis grade) in 6.1 M
(iTris HCl pH 7.4, 20 mM CaCl2 for 1 hour AE room temperature and
‘;tained with TIodine-Potassium Icdide feagent. In order to
lvisualize faint activity bands, gels were incubated in 9.1 M

Tris HCl pH 7.4, 28 mM CaCl, without the starch at 37%,

following incubation in the starch solution, but before
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stéining with the I-KI reagent, &all comparisons were made
within a single gel which included a dilution series as an
interﬁal' control. Band intensiﬁiéé were measured by scanning
photographic negati?es“ (4" x 5") of gels with an optical
densitometer. ' . -

Neither of the assay systems described above is 'achrate
over the broad range of amylase activities measured for the
different homogenates generated in thié study, at any singlé
total prétein concentration. In order to compare homogenates
with large differences in speéific activity, the higher-
activity homogenate was diluted wuntil the activity, measured
spectrophotometrically of by the densitometer assay, was
comparable to that of the low-activity sample. Consequently,
the relative actiwities of the original homogenates were
calculated .taking into account the dilution factors. A
homogenate of the amyiase null strain was used td measure the
_bgckground activity for both assays.

" .
2.3.2., Alcohol Dehydrogenase Enzyme Activity: ADH activity was
o= v

visualized 1in gels using a modification of the method of
Pfakash gg_gl.‘(1969). Crude homogenates were electrophoresed
as described above. Following electrophoresis, gels we;e
incubated in @.1 M Tris-HCl pH 8.5, containing 256 ﬁg/L MTT (3~
(4,5—dime£hy1thiazol—2-y1)—2,5—diphenyltetrazolium bromide),
306 mg/L NAD (nicotinamide-adenine Hinucleotide), and 7.5 ml/L

of isopropanol at 37°C. after 1 hour of incubation, 20 mg/L of
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PMS (phenazine methosulfate) were added and the gels were

stained until bands appeared.

2.4, gidgut Isolation N

i Third instar 1larvae were placed in droplets —of
distilled water on .a microscope‘ slide. i Midgquts were
dissected, under low power magnfficatioh, usihg glass

microneedles to pull the larvae apart and to cut the midgut
away‘frqm foreguts and hindguts. Midguts were stored at -26°¢

and prepared for electrophoresis as described above for whole

larvae.

2.5. Qocyte Injections {

\

2.5.1. The yicroinjection System: Injection was accomplished
using a system consisting of a glasé microneedle (tip 0.D. 26-
3¢ um) mounted on a plexiglasé\sqpport which wa§ itself
mountéd on a micromanipulator. The mi;;sﬁéedle.was attached to
a 2 ml glass syringe by way of a loop of finé bore stainless
steel tubing aﬁd a glass capillary (5 u<{ calibration'loop: The
entire hydraulic'sfstem‘ was filled with colored paraffin oil
excépt for the calibration 1009 region where the codored oil
was interspersed with small droplets of clear water. Injection-
volumes were calibrated by followinglﬁhe movement of oil/water

interfaces as they moved past the graduations on a photographic

reduction of a ruler, mounted beside the calibration loop.
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2.5.2. Injection: Large Xenopus laevis females were purchased
from "xénopus One" (Ann Arbor, Michigan,' Usa). Frogs were
aneséhetized by cooling in ice-water. Ovaries were removed and
_oocytes scraped from the ovary wall with a platinum wire. Only
large (1 mm diameter or greater) stage V or VI (Dumont, 1972)
oocytés we{e used for injection expériments. Routinely, 106-20
oocytes were lined up‘against'oﬁé edge of a glass microscope
-~ slide in a glass petré dish in preparation for injection. Then
1-3 ul of RNA solution was sucked-into the tip of a microneedle
and each oocyte pierced and injected with approximately 5@ nl.
Modified Barth's medium (18 mM HEPES pH 7.8, 88 mM NacCl, 1.8 m

KCl, 2.5 mM NaHCO g.82 mM M,SO @.33 mM Ca(NO

‘ M 37 2504 3027
,) CaClz, 1¢ ug/ml tetracycline and 1¢ ug/ml streptomycin) was

g.41 mM

used throughout the injection procedure. RNA, at 5-10 mg/ml in
sterile water, was injected into the vegetal “hémispheres of
Xenopus roxtes according to Gurdoqa(lQTT).

Foilowing injection, oocytes were incubated individually
in microtitre plates (Terasaki, Falcon 3034) containingISterile
modified Barth's medium for 3 days at 20°c__in the dark.
Homogenates were prepared from 20-3@ oocytes, centrifuged for 3
minutes in a microfuge, and the supernatants brought Eo g.1 M
with Tris Borife pH 8.9 an? 5% with sucrose. Then 5 oocyte
equivalents were loaded on a 5% natiée polyacrylamide Qel and
electrophoresed. Conditions for electrophgiesis and gel
staining Tfor amylase activity) are described in the éection

entitled: "Enzyme Activity Measurements",



.23- -

2.6. RNA Anélysis

RNA  was extracted from flies and larvae using the
quanidine hydrochloride method of Cox (1968). Briefly, samples
were héaggenized in 8 M quanidine Hydrochloride and the RNA
precipitated from the mixture with ethanol. Following 4 washes
with 4 M quanidine hydrochloride, the RNA_was dissolved from
theﬁ pellet with steriié RNase-free water. RNA was stored in
water at--26°C for short periods apd under ethanol at -20°C for
long-texrm stdrage. Poly &+ RNA was prepared by one round of

selection' on messenger affinity gaper (Hybond-mAP, Amersham)

according to Wreschner and Herzberg (1984).

2.6.1. Northern Blots: RNA was separated on gels containing

fdrmaldehyde (Maniatis et'al., 1982) and blotted to Biodyne
(Pall Pltrafine Filtration Corp., Glen Cove, NY) or Hybond-N

(Amersham Canada Ltd., 0Oakville, Ont.) membranes. Gels were

blotted, hybridized and washed as described in the Pall Biodyne

\
Manual with the following modifications: (1) for = high

stringency probing, hybridizations were carried out at 45°% in
buffer cohtaining 5x SSC,_ 5x'Denhardﬁ]s solution, 50 mM
phosphate buffer pH 6.9, @.5% SDS and 50% formamide - blots
were washed in a.1x ssc, 0.1% sSDS at 66°C; (2) for low
stringgncy probing‘ using the mouse amylase cDNA . (described
below)}, hybridizations were carried out at 38°¢ in buffer as
described aﬂove with the additioh of 5@ ug/ml poly C and 5@

ug/ml poly G - blots were washed in lx 5SC, 6.1% SDS at 52°C.




} ~24-
Blots were probed for amylase mRNA with the Pvull -restriction
fragment of pOR-M3 (ﬁhis study), and for adh messenger with

p38-8/7/8 (pEMBLB (-) containing a 2.8 kb HindIII-EcoRI  fragment

of the sACl genomic Adh clone of Goldbe;g ngBG), with the two
coding region introns removed, Craig Newton, unpuﬁlished).
.Probes were nick translated to high specific activity according
to Rigby et al, (1977 or oligo-labelled using synthetic

hexamer primers (Feinberg and Vogelstein, 1983).

2.6.2. RNA Dot Blots: Before application to Biodyne membranes
using a Schléicher and Schuell Minifeld device, RNA samples
were heated to 65°C in a buffer containing 5@% formamide and 6%
formaldehyde, then quick-cooled on ice and brought to S5x-SSC.
Samples were applied to prewetted filters‘with low suction, énd
fixed to Biodyne by U.V. irradiation (Church and Gilbert,
1984) . Conditions for hybridization ére described above; high
stringency: Quantification of signals was performed by scanning
autoradiograms .wiéh an }nfegrating_densitometer. Appfopriate
dilutions of the stronger signai were included on each
autoradiogram to allow fqr comparison of differences-in signal

levels between treatments. Amylase signal intensities were

4
normalized with respect to Adh signals for the same samples.
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2.7. -Recombinant DNA Technology

Procedures such as; propogation of bacterial strains,

restriction enzyme digestions, agarose gel electrophoresis,
.etc.}gre performeds essentially as described by Maniatis et al.
{1982). Manipulations involving recombinant DNA molecules were

carried out in accordance with MRC Canada quidelines.

2.8, DNA Analysis

Plasmid DNA was prepared by the boiling method of Holmes

and Quigley (1981) or the alkaline lysis method of Birnboim and-\%/>

Doly (1979). Large ﬂ;cale preparations were purified by
centrifugation to equilibrium in cesium chloride gradients.
Lambda DNA was preparedsaccording to Silhavy et al. (1984).
Briefly, phage w;re pelleted from medium scale (250 ml) lysates
using PEG precipitation and purified, from host nucleic acid
and protein, by glycerol step-gradient centrifugation and
enzyme digestion. Lambda DNA was liberated from phage particles
by treatment with SDS and proteinase K andApurified by phenol

extraction, followed by ethanol precipitation.

-~
=

Drosophila genomic DNA was isolated using a mdﬁifiéation
of the procedure described _by Davis and Davidson (1984).
Briefly, flies or larvae were dounce hom;genized and a/ﬁﬁéiear
pellet produced by low speed centrifugation. Nuclei were lyéed
by treatment with proteinase K and sarkosyl. Nuclear DNA was
purified by digestion with DNase-free RNase and proteinase .K

followed by phenol extraction and ethanol precipitation.
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DNA, digested with restriction enzymes, was separated on

A ]

agarose -gels as described by Maniatis et al. (1982) and blotted

to Biodyne or Hybond-N membranes. Southern blots were performed

as described in the Pall. Biodyne Manual; capillary method
(Southern, 1975). Blots bére probed with nick translaﬁed QL
oligo-labelled probes us[ng the high stringency conditiouns
described under "RNA analysis".

Restriction fragments were isolated from ‘loww melting
}emperature gels ({(Seakem) or eiectroelutéd {IBI model UEA) from
DNA-grade agarose and transferred to pUC vectors (Vieira and
Méssing, 1982) or multipurpose vectors (Dente et al., 1983) for

fine-structure restriction analysis.

2.9. Lambda Bank Screening
Plagque lifts of lambda banks containing cDNAs ffom RNA of

the Drosophila melanocgaster Oregon-R"“wild type" _strain (Poole

et al. 1985), a lambda bank contain% g cDNAs generated from the
Canton-S "wild -type" strain (V. Pirrgtta, unpublished), a
Canton-S genomic bank in lambda Charon-4 '(Maniatis et ai.,
1978) and, an Oregon-R genoﬁic.bank in EMBL 4 (Bialojan et al.,
1984), were prepared accordiﬁg to Benton and Davis (1977),
using Biodyne membranes. Filter lifts of the Oregon-R CcDNA
banks were pro§§d with the 1650 bp gggf”restriction fragment. of
pMSalgd4 (mouse salivary amylase cDNA, Hagenbuechle et al.,

198¢), under the low stringency conditiong described above for

the Northern analysis. These filters were also probed with a
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differential cDNA  probe enriched for glucose-repressible
Drosophila sequences (stringent conditions). Canton-S amylase
"-\

cDNAs as well as Oreg:?7R and Canton-8 genomic amylase

sequence~containing clonds were identified wusing the 65¢ bp

'PvuII‘ fragment, of OR-M3 (Oregon-R amylase c¢DNA) as probe

(stringent conditions). Plaques giving'positive signals were

o L

Ly

purified and lambda DNA giepared“acpording to Silhavy et al.
(1984) .

2.10. Preparation of Differential Probe

Labelled cDNA was prepared, essentially as described by
Shaw gg_gl._i}984),-from 10¢ ug of total RNA from larvae of the
Qregon-R strain, dfzwn o) r“no-sugar-added" médium. After
hydfdlysis of the_ RNA templates, the cDNA was annealwd; for 16
hours, to a 200x excess\?f total RNA from Oregon-R larvae,
grown on “glucose“ mediumf Poly A+ RNA was estimated at 3% of
total RNA and the ef?}c{;ncy of reverse transcription (AMV

Reverse Transcriptase, Life Sciences) was measured at about 30%

- lst strand cDNA synthesized as a proportion of template

)

added. The resulting mixture of cDNA:RNA hybrids and single

stranded cDNAs was used as a probe, without further t;gatment,

according to the high éstringency hybridization procedure

described above.

2.11. Relative Message Abundance Estimates

Plasmids were linearized by restriction enzyme digestion

3
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and ‘spbtted onto Biodyne membranes with a Schleicher and
‘Schuell minifold device under the conditions described in the
Pall Biodyne Manual. Plasmids used were:.'(l) pPA-1, which is
pUCY9 containing 2.5 kbp_of genomic Adh sequencés, P element ends
and some 17-C (Drosophila genomic) sequence (Goldberg et al.,
1983); (2) pOR-M3, which is an 830 bp amylase cDNA insert in
pUCl3 (this shudy)}-and (3)| Carnegie Zﬁ, WEich is the Carnegie
2 vector containing 7.2 kbp'of the rosy geﬁe and P element ends
(Rubin and Spradling, 1984). AIlltarg;t sequences were from D.

melanocgaster and were present at large excess. Filters were

probed with labelled lst strand cDNA (Shaw et al., 1984) from
o -

Oregon+R larvae grown on both "glucose" and "no-sugar-added"

< .
mediad. Hybridizations were carried out as described above using

"stringent conditions. The 17-C sequence and the P element ends
contained in bPA~1 and éarnegie 20 do not give measureable
signals in either dot blots oriWorthern blots under the

conditions used.

n

2.12. Primer Extension: Cold Primer, Hot Extended

A synthetic oligonucleotide [5'-AGCGATGTCGTCCCACTTCC-3']
complementary to the amé?éﬁe MRNA at positions 118 to 129 (see
Boer and Hickey, 1986, Figure 2), was used as primer. For
priqii//extension, a 20X molar excess of cold primer was
annealed to 1@ ug of poly A+ RNA from "sugar-free" treated
Oregon-K larvae by heating the RNAEprimer mixture to 65°C for 3
minutes féllowed by-slow cooling, at room temperature, in the

8
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block.of a heat block apparatus. Label (32P.'dAfP*T“ and AMV
Reverse Transcribtase (Life Sciences) were addeé and the
reaction mixture incubated at 42°C. Initial reaction*cbnditiéns
were optimized for the incdrporation #pf label (low cold 4ATP
concentration). Following 2¢ min of incuﬁation, a dNTP chase
solutibn was added to bting the final concentration of all 4
dANTPs to greater than 0.5 mM and the mixture incubated at 42°
for an additional 2¢ minutes. .Finally, the products were
trééted with NaOH, the RNA hydrolysis products and
unincorporated nucleotidesl removed by | spun colump
chromatography and precipitatfgn in the presence of ammonium

acetate. he Yesulting material was separated on a sequencing

gel for analysis.

r
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3. RESULTS

3.1, The Effect of Dietary Glucose on The Level of Amylase

Enzyme Activity

In this first set of-experiments, the effect - of 10%
dietary- glucose was'determined, on both 1late third instar
larvae and one week old adults, for a total of five strains of

D. melanogaster. As indicated in the section on fly stocks in

MATERIALS AND METHODS, these five strains were chosen becauseE
(i)' they span the amylase activity range found in nature from
none at all ‘(Amylase null strain) or very low (Ofegon—R), to
very high (Belinga) and; (ii) all five strains are easily
distinguishable based on their amylase isozyme banding patterns
~on native polyacrylamide gels.

.Fﬁf the strain-response comparison, a total of ten
separate expériments were perfdrmeé; tests were performed on
two developmental stages for each of the five strains. Within
each experiment, three replicatestbf each éssay were carried
out using the DNSA reagent and several further replicafés of
all assays were performed involving the quantification of

¥

starch-iodine stained\electrophoretic gels,

1 Results presented in sectipn 3.1. also appear in: BENKEL,
B.F. and D.A. HICKEY (1586) The Interaction of Genetic and
Environmental Factors in the Control of Amylase Gene Expression
in Drosophila melanogaster. Genetics 114: 943-954.
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3.1.1. Glucose Repression in Larvae: The results for larvae are

. _ summarized 'in Figure 1 and -Tables 1 and 2. The results in the
Tables, including the gel data, are based on several replicates
of the type of assay displayed in Figure 1. ‘However, Figure 1
serves td give an effective visual impression of the main
conclusions ts £e drawn from the set of experiments on larvae.
Larvae of ' the Oregon-R strain .(Figure lAf show a greater than
Lone hundred-fold!ié&ﬁctioﬁ in amylase activity when grown in
food containing ten percent glucose. The reduétion in activity
in the Canton-§ strain (Figure 1B) 1is, greater than ten-fold,
but less than one hundred-fold. The difference between glucose-
fed and sugar-free treated larvae of the Belinga strain (Figure
1C) 1is close to sixteen-fold. and the degfee of repression is
less than 16-fold in the Makokou strain (Figure 1D). Hickey and
Benkel (1982) reported differential repression of the éwo
isbzymes in the Makokou strain'faﬂx4'6). The present results
confirm our original obsexrvhtion: the AMY-4 isozyme band is
more intense than the AMY-6 band when the larvae are grown in
the absence of dglucose. This difference disappears and is, in
fact reversed on the sugar-containing medium. This means that

__while the AMY-4 isozyme is repressed more than sixteen-fold by
10% dietary glucose,‘the AMY-6 band is repressed by only four-
fold.

The more complete results, based on both DNSA assays and
densitometric scanning of the electrophoretic gels, are

summarized in Table 1 and Table 2, respectively. The DNSA

/
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- FIGURE 1: Quantificat;;n of Repression of Enzyme Activity ih
Larvae, — |

Each panel represents a negative print of a separate gel
on larvae from one of the four strains, as follows: A, Oregon-
R; B, Canton-8; C, Belinga; and D, Makokou. In each panel, lane
pair 1 ~represents two féplicate samples of homogenate from
glucose-treated larvae; lane pair 2 represents an equivalent
amount of homoﬁogenate (as assayed by the Lowry méthod) from
non-glucose-treated 1ar§ae. " The remaining two lane pairs on
each gel represent dilutions of the non-glucose-treated
homogénates. The dilutions are tenfold and 180-fold in the case
.6f Oregon-R and Canton-§S. Dilu£ions of fourfold and 16-fold
were chosen for the Belinga and Makokou strains. | ' -

Samples were prepared and gels proceésed as'described in
the “Amylase Enzyme Activity Measurements" section of

MATERIALS AND METHODS.
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TABLE 1l: Amylase Activity in Larval and Adult Homogenates of

Four Drosophila Strains Assayed by the DNSA Method.

Developmental stage

Larvae Adults

Strain Glucose(l@%) No glucbse Glucose(lG%) No glucose
Oregon-R @.0318.01 3.77+¢@.08 1.39+0.25 4.16+9.16 __
Canton-S | ©.1418.02 5,12+0.13 4,24+0.19 5.28+0.25
Belinga 9.98+6.63 13.37+0.30 '%{613.12 7.38+0.40
Makokou 1.60+6.17 ~ 7.73%0.15 4.78+6.18 7.34+0.18

-

Larvae - and adults were maintained under repressing (10%
glucose) or nonrepressing (no-added-glucose) conditions, ag
described in MATERIALS AND METHODS. All homogenates were
equilibrated. for total protein content before the assays.
Amylase activity is given in nanomoles of maltose/microgram . of
protein/minute at 37°c. All values are the means of three

replicate assays; standard errors are indicated.
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TABLE 2: Relative Amylase Activities of Larval and Adult

- Homogenates of Four Drosophila Strains.

Developmental stége

Larvae ‘ adults
' Strain - Glucose(l0%) No glucose Glucose(ld%) No glucose
Oregon-R 9.5% 100% 24.5% 1003
Canton-§ 2.6% - 100% 73.5% 100%
Belinga 7.3% 100% 60.5% 100%
Makokou 12.1% 100% 67.7% 100%

The‘ values shown Qere derived from scanning starch-
iodine-stained électrophoretic gels (e.g., see Figqure 1)
rounded off to nearest @.5%. Comparisons, 1in this case, are
valid only within a single strain and developmental stage;
these correspond to cdmparisons of patterns within gels, rather
than between gels; In each case, the derepressed treatment is

assigned a value of 100%.
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‘assays (Table 1) indicate that the difference between glucose-
tréifed‘ "ahd non-glucose-treated Oregoh-R larvae is
approximétely 125-fold. Moreover, from the absolute ac;ivity
. readings one can see that this large difference is due to the
very low activities in. the 'sugar-treated larvae rather than
' elevaﬁed activity leveis in the sugar-free treatment. The
difference between the two treatments for Canton-5 larvae, 36-
fold 1is also very large but significantly less than the
difference between the two sets of QOregon-R larvae. The reduced
effect in thé Canton-§ qtrain can be accounted for by the fact
that, in this case, the glucose-treated lgrvae have several-
fold higher activities than glucose-fed Qregon-R larvae,

Larvée of the Belinga and Makokou strains have higher
énzyme activities on both food treatments. However, the
activitieé are especially high on glucose food relative to the
Oregon-R and Canton-S strains. For instance, there is less than
a three-fold difference in'activity between thg Belinga and

“"Canton-S larvae on the no-added-sugar treatment. On the glucose
medium, the difference between these two strains is more ‘than
seven-fold, Likewise comparing the vaiues in Table i for

{} Oregon-R and Makokou larvae, one can see that the difference

between the strains is approximately two-fold in the absence
of. dietary glucose but this interstrain difference rises to
over fifty:fold in the presence of dietafy glucose. Generally,

the _results in Table 1 show that larvae of all four strains

“have significant levels of amylase activity in the absence of
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added dietary glucose and that the differences between strains
are rather modest, being within a four-~fold range. when gi;cose
is added to the diet, the amylase activity in all larvae is
reduced, but in a straih-speciﬁic‘manner. Some strains, such as

Oregon-R, retain only traces of activity while other étrains,
v

such as Makokou, retain a significant fraction of their amylase.

activity in the presence of dietary glucose, ' ‘
This " differential repression of amylase aétivity in
larvae of the four strains can also be illust;ated by the
dénsitometric quaﬁtification‘ of electrophoretic gels, The
results are shown in Table 2. The within—strain,_ betﬁeeh—
treatment comparisons using gel assays (Table 2) are similar to
results of the same comparisons using the DNSA assay (Table 1).
By comparing the two sets of results, we see that the treatment
differences based on the DNSA assays may be overly
conservative. For all strains, the gel assay yields larger
differences between the treatmeﬁts; this may be due to the fact
that the gel assay is more specific and, consequently, the

trace amounts of amylase activity in some of the glucose-

treated larvae are not affected by background non-specific

activities as in the case of the DNSA assays. However, the same

general pattern of differential, genotype-specific, glucose

repression emerges from both sets of results. For instance,

using either type of assay, we see a very large effect of

dietary glucose on amylase levels in bregon-R larvae, a less

striking effect in Canton-$ larvae, and a much more modest

\:

ik
L wiaE
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effect inllarvae of the Makokou and Belinga strains.

The results for botﬁ the dietary and'génotybic effects
on larval activities are summarized visually in Figure 2. From
the Figure, one can easily see the dramatic repression bf
activity in Oregon-R larvae (lahe pair 1), the large difference
in Canton-5 {lane pair 2), -and the more modest effects in the
Belinga and Makokou strains (lane pairs 3 and 4). Using the
ten-fold and one . hundred-fold dilutions of the Makokou
homogenate (lane pair 5). as-a guide, one can see that thg
activity differences between Oregon-R and Makokou larvae ;n the
absence of glucose (lanes 1B and 4B) 1is less than ten—fdid,
whereas the difference betweéh the glucose-treated Oregon-R
larvae and Makokou larvae not treated with gluceose (lanes 1A
and 4B) is greater than a hundred-fold. Finally, one shouid
noée that the amglase-null homogenates (lane pair 6 in Fig. 2)
show no amylase activity regardless of the dietary treatment.

In summary, as is obvious from Figure 2, the between-
diet, within-strain, effects in larval activity can be much

larger than the between-strain differences.

3,1.,2. Glucose Repression in Adults: The results for ‘the

parallel set of experiments on adult flies (one week o0ld) are
shown in Tables 1 and 2 and in Figure 3; ' The dietary and
genotypic effects which were observed in larvae were also seen
'in the adult flies but the magnitude of the differences were

much reduced. From the DNSA results in Table 1, it can be seen
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FIGURE 2: Glucose Repression of Enzyﬁe Activity in Larvae.

Samples,” all of which represent larval homogenates, were

equilibrated for protein content before loading on the gel}_

Samples are as follows: lane pair 1, Oregon-R; lane pair 2,
Canton-S; lane pair 3, Belinga; lane pairs 4 and 5, Makokou;
and lane pair 6, Amylase null. Within each lane pafr (except
pair 5), sample A és from the glucose-treatment and sample B i3
from larvae fed a glucose-free diet, Lane pair 5 conﬁains

tenfold and 1008-fold dilutions of the material in lane 48B.
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that adults of all . four strains are $uz?ect to glucose
represéio of amylase activity and that flie
Ly
strain are the most sensitivé™to this represgion. This 1is the

of the Oregon-R

same genéral result as for the larvae. Howeyer, the degree of
repression for Oregon-R adults is oﬁly thrge-fold (as compared
fo over one hundred-fold in' larvae of the .ame strain) énd the
level of rep;ession is even less for adulgts of the other three
strains. By comparing absolute activity values, one can see
that adult and larval activities are comparable on the glucose-
free diet. (In the presence of glucose, however, adults of.all
' féur fstrains have much higher specific activities than the

corresponding larval homogenates.

The essential difference between the two .débelopmental

-

¢

stages is that the adults, while subject to glucose repression,
are much less affeéted than are the larvae. This observation is
confirmed by the quanfification of electrophoretic gels as
showh in Table 2. From both Tables 1 and 2, it can be seen tﬁat
£he differences between the dietary treatfments are less than
two-fold for Tall strains except Oregoh—R where the differences
bétween glucose-fed and nop—glucose-treatgé adults are in the
three to four-fold range. The results for the adult activities
. are summarized in Figure 3. It is clear from this Figufe that
although genotypic and dietary-induced differences do exist
among the adult homogenates, these differences are much‘ less

dramatic than the 1large differences in larval activities as

illustrated in Figqures 1 and 2.

LR
£
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FIGURE 3: Glucocse Repression‘gf Ehzyme Activity in Adults. .
. ‘In each lane pair, sample A is a homogenate from glucosé—
treated flies; - sampIe B is from non-glucose-treated flies.
Samples, which were equilibrated for total proté?n content, are
as follows: lags pair i, Oreéon—R; lane pair 2, Canton-5; lane
‘pair 3, Bélinga; lane tri_pl‘l“et T, Makokou; lane pair ’Amylase

null. Lane 4C contains a tenfold dilution of the homoqsnate in

lane 4B. '
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3.1,3. Midgut and whole Larval Homogenate ComparfgthW
»
The experiments described above were performed using

crude extracts of whole larvae or adults. . The major site - of

!

amylase enzyﬁé production in both larvae and adults is the

Wmidéutﬁdand, in particular, the anterior and posterior midgut

regions. There are, however, secondary sites of amylase

activity énd, presumabfy, amylase enzyme .production such as

. salivary glands and fat body (Doane, 1969). One gquestion,

therg%ual,; is whether there are tissue;spécific differences in

sensitivity to dietary glucoseé In other words, how weil do the
assays --using whole organisms reflect the responsé of the méjor

site éf activity, ehe midgutyﬁto dietary repression?

The situation in 1ar;ae 6f';énsitive strains, such‘ as
Oregon-R, * is unambiguous. Since only trace levels of activity
are present on glucose food, all tissues which can produce
amylase in these larvae must be extensively représsed. The
situation for less sensitive strains such as Maﬁékou, however,
is not as ‘obvious. Here ﬁests performed on whole larval
extracts aione cannot distinguish between balanced, systemic
repression and different, tissue-specifc levels of repression.

Figure 4 shows a comparison of amylase enzyme activities
measured in whole larvae (lanes 1 and 3) and dissqcted midguts
(1anés 2 and 4) on ?Eﬁh_}ﬁ% glucose and no-added-sugar media.
The Figure clearly shows that, regardless of foé@ type,. the

midgut is the major site of amylase activity in Makokou larvae.

" Thus differences in sensitivity to'glucose between different
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Upper Panel:

FIGURE 4: Amylase Activity in Whole Larvae Versus Dissected

Midguts: ‘A Comparison. 4
A negative print of an amylase activity gel prepared as
described in MATERIALS AND METHODS. Lane 1,  whole organism

homogenate from larvae of the Makokou strain grown on 106%

glucose medium; lane 2, dissected midgut from larvae grown ont:*’

18% glucose medium, lane 3, whole larvae grown on no—sddar—
added medium; lane 4,'dissected midgut from larvae grown on no-
added-sugar food. Each lane contains approximately 2 larval

equivalents or 2 midgdt equivalents of soluble protein.

Lower Panel:
FIGURE 5: Relationship Between Dietary Glucose Concentration
| and Amylase Activity.
Line A, hypothetical response curve of low sensitivity
“§Erain such as Mokokou; liné B, response curve of medium
sensitivity strain such as Belinga; 1line C, hypothetical

tesponse curve of high sensitivity strain such as Oregon-R.

-
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tiésues . which produce amylase must be relatively small.
Furthermore, the results on activity:  modulation in extracts of
whole organisms reflect fhe changes in activity which are
taking place in the midgut of‘thgse organisms in response to

dietary carbohydrate.

In summary, dietary glucose represses amylase activity in

both larvae and adulég of D. melanogaster. The repression of
amylase activity is more dramatic in larvae of any given strain
than in adults of the same strain. Most of the amylase activity
is produced by the midgut in both larvae and adults, and the
results on repression of activity in whole organism extracts
reflect chaﬁges in activity in midguts. The pattern of response
to dietary sugars displayed by the strains examined fn  this
study is illustrated in Figure 5. The Figdre shows that in thé
absence of added dietary carbohydrate, larvae or aqE}ts of all
strains tested have relatively high levels of amyiase activity.
pifferent strains differ in their sensitivities to sugars.
. Thus, as the 1level of sugar in the medium is increased,
significant diffefenées begin to appear’ in amylase activities
between strains., In the most extreme case observed in this-
study, Oregon-R larvae on 108% glucose, amylase activity is

barely detectable.

-
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3.2, The Effect of Dietary Glucosé on The Level of

Tfanslational Activity for Amylase Enzyme

{ From the previous section it is clear that amylase enzyme
activity . is repressed by dietary glucose and that this
repression of activity is_ strain and developmentgl stage-
specific. It has prev{;usly been demonstrated that zhe
repression of 'amylase activity involves a concommitant,
parallel change in the amount of amylase protein (Hickey and
Benkel, 1982).

The next problem addressed in the current.study was the
level at ‘which the regulation of amylase activity takes place.
Initially, in order to détermine whether control of amylase
eﬁzyme abundance is post or pre-translational, total RNA was
extracted from Oregon-R larvae grown underr both dietary
conditions and injected into Xenopus oocytes. The oocytes show
no endogenous amylase activity (Figure 6, lane 5) and provide a
convenient, prepackaged translation system which is ideal for

detecting low abundance messages (Gurdon et al., 1971). This

system has been used previously to monitor D. melanogaster RNA-

direéted amylase production (Doane et al., 1983; Benkel and
Hickey, 1984).
Total RNA from Oregon-R larvae grown on 18% glucose food

did not direct the synthesis of any detectable D. melanogaster

1 Results presented in section 3.2. also appear in: BENKEL,
B.F. and D.A. HICKEY {(1986). Glucose Repression of Amylase Gene
Expression in Drosophila melanogaster. Genetics 114: 137-144.




-45- _
FIGURE 6: Pretranslational Regulation of Amylase Activity in
Oregon-R Larvae. ~

A, RNA integrity: lahe 1, bacterial 238 and 168 réNA
standards; lane 2, total RNA from Oregon-R larvae grown on
glucose medium; lanél3,,total RNA from Oregon-R larvae grown on
no-sugar-added medium., RNA was separated on a native Jagarose
gel according to Sparks (1985).

B, Translational activity of Oregon-R RNAs: lane ¢4,
amylase standards (mixed homogenate of Oregon-R, gmxl, and
Belinga, égxs); lane 5, oocytes injected with Barth's medium;
lane 6, cocytes injected with total RNA from Oregon-~R larvae

grown on glucose medium; lane 7, oocytes injected with total

N\ :
RNA from Oregon-R larvae grown on no-sugar-added medium.

”
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'émylaée when iﬁjected into Xenopus oocytes (Figure 6B, lane 6§).
In contrast, a strong amylase band resulted after the injection
of RNA from larvae fed thzfno—sugar—added‘%ood (Figure GB, lane
7). This actiyity co-ﬁ&grated with the Oregon-R, AMY -1
electrophorétic band (Figure 6B, lane 4). The amylase stahdard_ﬁ
in Figuré 6B, lane 4 consisted of a 50:5¢ mixture of Qregdn-R
(émxl) and Belinga (égzﬁ) larval homogehates. The difference in
translational activity was not due to‘degradat$9n of the RNA
from the glucose treated larvae (see Figure 6A, 1;;e5'2 and 3),
nor was it due to batch to batch variation in the translational
efficiency of oocytes (tested by co-injecting oocytes with RNA
from an égxs strain which programs the synthesis of én
electrophoretically distinguishable AMY-6 band as an internal
control,: data not sh.wn). Therefore, the observed difference
was due to the spec\ific translational activities of the RNA
samples.

The in ovo oocyte translation test cannot, however, tell
us whether the Drosophila amylase messenger RNA is more
abundant on "no-sugar-added" medium, and conversely rare on
"glucose" medium since it doe; not measure mMRNA levels
directly. Thus, the oocyte translation results ére consistent
with a moael which would, for instance, invelve the
modification of the amylase méssenger RNA such thét under
conditions of glucose repression the normal level of':amylése

mRNA would ‘be present, but in a translationally inactivated

. ’
form.
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In order to distinguish between these 2 possibilities, one
must measure amylase mRNA levels directly, on the 2 test diets,

using® molecular probes .specific Yor Drosophila amylase

sequences. The isolation of D. melanogaster amylase sequences,
both cDNA and genomic, is described in the next section.

1

3.3.  Molecular Cloning of Drosophila melanogastéf amylase

Complementary DNA and Genomic Seguences

The initial isolation of amylase cDNAs from the Oregon-R

"wild “Eype" strain of Drosophila melanogaster was achieved by

(i) exploiting the conservation oﬁgnucleotin seqguence for the
amylase structural region, between Drosophila and mouse (first
employed for the cloning/of\amylase genomic sequences for the

Canton-S strain of D. mélangaaster by Gemmill et al., 1985);

~

and (ii) using a differential* probe enriched for D.

melanogaster glucose-repressible sequences..) An amylase cDNA
restriction fragment was subsequently used to isolate amylase

cDNAs from the Canton-§ "wild type" strain, as well as genomic

seguence-containing lambda clones for both strains.

1 Results presented 1in section 3.3. aléh appear . in: BENKEL,
B.F., ABUKASHAWA, §S., BCER, P.H. ‘;ja D.A. HICKEY (1987)
Molecular Cloning of DNA complementary to Drosophila
melanpgaster alpha-amylase mRNA. Genome 29: 518-515,

!
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3.3.1. Isolation of Amylase Clones: Under conditions of

reduced str%ﬁpency, the mouse amylase probe hybridized to a

single band on Northern blots of D. melanogaster poly A+ RNA

(Figure 7, lane 1). The size of this band was estimated at 1650

b. To isolate D. melanogaster amylase c¢DNAs, the mouse probe.

was. hybridized to plagque lifts of Oregon-R cDNA banks in lambda
- gtl@ under the same conditons of reduced stringency used for

-

the Northern analysis.

In one experiment, of an estimated 2¢,0@00 plaqugs, eight
positives (éee Figure 8) were picked and rescreened withﬁﬁihe
mouse probe to yield six purified isolates. The six cDNA
insetts differed in size ranging from about 76¢ bp - 1586 bp in
length. They showed homology to each other under stringent
bybridization and wash conditions (data not shown), and all six
hybridized to the same band as the mouse amylase probe on
"Northern blots of Drosophila RNA (see Figure 7, lane 2).

In a second experiment, the differential 1lst strand cDNA
probe (see MATERIALS AND METHODS) was hybridized to a filter
lift of an estimated 30,000 plaques (Figure 98). A second lift
from the same plate was probed with oné of the £ly cDNAs
isolated using the mouse amylase cDNA (Figure 9B) .

The mouse homology-derived probe established that the
plate contained approximately 20 amylasechNA clones. A similar
pattern resulted from screening with the differential probe
(Figure 9A) where, of eighteen strong—=ignals, the eight

strongest positives corresponded to amylase cDNAs, A total of
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Upper Left Panel: ‘ 1

N

FIGURE 7: Northern Analysis: Identification of D. melanogaster

Amylase mRNA.

Poly a* RNA from 3rd instar larvae of the Oregon-R "wild

type"™ strain of;g. melanogaster was separated and blotted as
describéd in MATERIALS AND METHODS. Lane 1, probed with the
mouéévamylasé CDNA probe at reduced stringency; lane 2, probed
with the EEEII fragment of 0R—M3 under st;i%gent condi£ions.
Sizes refer to the positions of the 235 rRNA'(29BB b) and 168
IRNA (1548 b) of E. coli as well as the Adh mRNA (118¢ b) of D.

melanogaster.

Upper'Right Panel:

FIGURE 8: Identification of D. melanogaster Amylase Copy DNAs

Using A Mouse Amylase Probe. *

A blaque lift qf a plate containing an estimated 20,600
recombinant laﬁbda gtl® plaques was probed with the gel
purified insert of the plasmid pMSalg4 tmouse salivary amylase
cDNA, Hagenbuechle et al., 198¢). Low intensity poéitiveé‘
marked "V " indicate Drosophila amylase sequence-containing
clones. Signals marked "p" represent plasmid sequences cloned
into bank at a frequencylof about _0.05%. Hybridization was
carried out at reduced stringency as described in MATERIALS AND

METHODS.
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Lower Panel:
FIGURE 9: Differentially Expressed Sequences.

gﬁ Plaque lift of lambda gtl@ baﬁk from larvae probed
‘with thé differential probe (descriﬂed in MATERIALS AND
METHODS) using stringent hybridization conditions. ‘Plaques
marked "a" are amylase chA—contaiﬁing clones. Plaques marked‘
u

-" represent other putative glucose-repressed sequences.

B, Duplicate plaque lift probed with pOR-M3, a mouse

amylase homology-derived D. melanogaster amyiasechNA clone (in
pUC13). Plagues marked with arrows “* " represent cloned pUCY
inserts. All others are cloned amylase cDNAs; plagques marked

"a" correspond to strong signals with the differential probe.
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‘ten amylase cDNAs gave positive -signals with both the

differential and the mouse amylase homology-derived probes. On
the other hand, ten weakly positivé‘plaques identified with the
differential probe did not light up with the mouse amylase
CDNA-derived probe: ltheréfore, these may represent. octher
glucose-repressible sequences.

The Oregon-R cDNA clones, isolated as described ‘above;
were found to - contain an internal Pvull restrictioa
fragment of 65@ bp (see Figure 1l1). This fragment’was recovered
from low-melting-temperature agarose gels and used’ as a
hybridization probe, under striﬁgent conditions, to isolate
Canton-S amylase cDNAS and amylasévgenomic sequences from both

the Oregon-R, and Canton-§ "wild type" strains of D.

melanogaster (for a description of the banks screened sze
MATERIALS AND I-;IETHODS) . |

One such screening, the isolation of genomic clones from
a Canton-S genomic bank in the vector lamdba EMBL 4, is shown
in Figure. 14. Pért A of the Figure shows the first screening
of 20-30,000¢ plagues at high density. Part B of Figure 18 shows
the plaque purification of positives from the lst screening by

means of a second screening at low density.

3.3.2. Characterization of Amylase Clones: Three D.

melanogaster amylase cDNA-containing clones were chosen for
further analysis. The OR-M3 (Oregon-R) insert of 838 bp, the

OR-M7 (Oregon-R) insert of 1586 -bp, the longest amylase cCDNA
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PIGURE 1@: Isolation of Genomic Amylase Clones.
. A,ﬁshows a plagque lift of a plate containing an estimatgd‘
30,000 recombinant c¢lones. The library used here was the
Oregbn- génoﬁic'bank in lambda. EMBL 4 (Biajolan gg_gi., 1984} .
’ shows théypléque purificatiﬁn of positivés.from ﬁhe

firgt ‘probing (shown En part A) Dby means of a rescreening‘ at
low plagque density. _ o
ﬂ For both part A and part B, the probe consisted .0of the
Pvull fragment. of OR-M3 (Oregon-R amylase 'cDNA, 3'~c6ding
régiﬁn).' Hybridization was carxried out at high stringenéy as

described in MATERIALS AND METHOQDS.

i
i
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-fnéert isolated iﬁ this study, and.the CS-P4 (Canton-8) insert
of 1400 bp were transferred t§ pucl3i for restriction analysis.
Using these clones, and the genomié clones described below, the
entire DNA sequence for the Dfosophila amylase'coding regﬁon
h%é been determined, analyzed and compared to the mouse amylase
sequence (Boer and Hickey, 1986). The authors find 57%
homology} at the nucleotide level,lover 1481 bp stretching from’
the "AUG" to the stop codon of the Oregon-R cDNA sequehcé and
the equivalent murine pancreatic amylase coding region
(Hagenbuechle _et al, 1988). More importantly, the prédicted
protein product of the mature Drosophila amylase enzyme shows
ovér 55% amino acid homology with the mouse pancreatic enzyme.

This significant homology with the mouse sequence serves both

to establish the clones described here as D. melanogaster

amylase sequences and to explain why the mouse molecular

amylase probe can be used successfully to isolate amylase

clones from Drosophila.

Although the nucleotide sequences of the Oregon-R and the
Canton-S -amylase messengers differ by about .l% (Boexr and
Hickey, 1986), the restric;ion maps of pOR-M7 and pCS-P4 are
identical, for .the enzymes shown, over the extent of overlap of
the two clones (Figure 11). Both cDNAs show a triad of sites;
5'—§éEHI—@2GG bp-Sall-5@@ bp-BamHI-3'. This pattern has also

been found 1in regions of a D. melanogaster genomic amylase

clone from the Canton-§ strain, isolated-by Gemmill “et al.

{1985), and 1in genomic amylase clones isolated in this study
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FIGURE 11: Restriction Maps of Amylase cDNAs and Genomic
' Clones. | ,

A; Amylase c¢cDNAs from Oregon-R (OR;MB, dR—M?) and Canton-
S (CS—P4),_poiy—A tails on the left, Open nges represen£ EcORI
linkers used in construction of Sanks.

B, Amylase genomic clones from Orcgon-R bank (lambda
OR2:1, 1ambda OR2:2) and Canton-S$ bank (lambda <¢€S1:1)., Open
arrows indicate the locations of transcribed regions and the
direction of transcription., Note the duplication of the
structural locus. Insert indicates the location of sequences
corresponding to Oregoh-R cDNAs. Open citcles indicage EcORI
site polymorphisms between the two strains.

Restriction enzymes used were: B=BamHTI; E=ECORI;

H=HindIII and S=Sall; P=Pvull used for cDNA analysis only.




; 3 8 ass THHIH  ms
——t—t—t H> 1] SOX
; O—H—(—+— — 11240 X
< O s | —>: .
< —o— ] | 2:2HO X,
ST SANOT DIAONTD ‘g
8 d (3
i —r —+ 3 - bd-so
g d {3)
. ; i —+—0  ~ .JWN-¥0
(3) d g d (3)
i+ } +—0 - W -0
“daooe 1 - SINOTD YNQ@O 'V
_

.



-55-"
(see below).

Restriction maps of tﬁo clones isolated from an Oregon-R
genomic library and cpe from a Canton-s genomic bank are shown
fn Figure 11. Overall, the maps agree with that of lambda Dm65,
a Canton-S genomic clone isolated fpoﬁ the Maniétis Drosophila

iibrary (Maniatis et al., 1978) by Gemmill et al, (1985). The

BamHI - Sall - BamHI site triad, found in the cDNA clones (see
above) is c¢learly duplicated apd inverted' in the amylase

structural region (Levy et al., 1985). Furthermore, the
distance between the two coding regions is conserved in most.
strains studied to date (Gemmill et-al., 1986).

There are, however, some differences between the Oregﬁp-R
and Canton-$ amylase regions. For instance, the EcoRI site just
upstream of the transcribediregion of tﬁe locus on the left in
Figure 11 {identified as the proximal lccus by Gemmill et al.,
1986) is present in Canton-5 only. The presence of this site in
Canton-S and its absence from the Oregon-R seguence is‘evidenf
from Southern blots of genomic DNA digested with EcoRI (see
Figure 12). This restriction polym&&ggisp can also be inferred
from a comparison of the DNA sequences of the two strains (Boer
and Hickey, 1986). In addition, thg size of the EcoRI fragment
containing the transcribed unit on the right hand side in
Figure 11 (the distal 1locus) varies between strains. Among

-y

strains which express amylase, this’ fragment may be

approximately 6.2 kbp in length, as in Canton-5 (Amxl'3), or

2,3

approximately 5.4 kbp, as the Copenhagen (Amy } strain, or
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FIGURE 12: Southern Analysis of Genomic DNA.

Southern blot of genomic DNA from Oregon-R (lanes 2 and

4) and Canton-S {(lanes 1 and 3) "wild type"  strains of D.
melanogaster, probed with aq/gmxi:jr coding region-specific
probe (Oregon-R amylase cDNA - OR- ) insert). Lanes 1-and 2,

DNA digested with EcoRI. Lanes 3 and 4, DNA digested with both

EcoRI' and SalI. Oregon-R shows two ECORI fragments in the 5.2
to 5.4 kbp range. In cohtrast Canton-S shows bands of 3.8 and
6.8 kbp. The EcoRI/Sall patterxns are similar for the two
strains. Differences in patterns are dhe to EcoRI site

olymorphism in both "proximal®™ and "distal" restriction
poly o P

fragments (see Figure 11 Part B and text), The 1.5 kbp
ggll/gggﬁr fragment from the downStream po tion of the distall
locus in Oregon-R is replaced by a 2.2 kbp nt\in Canton-
5 r

size estimates “are based on pésitions of lambda digest
fragments on same blot as well as fine-structure mapping and

sequence information where available.

N
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much greater than 6.0 kbp, as in the Copenhagen (AEIZ) ‘strain
(Gemmill et al,, 1986).

I have isolated clones containing 5.4 kbp EcoRI fragments
(typical of Oregon-R, see Figure lé, lane 2), as well as clones
with 6.0 kbp EcoRI fragments (typical-of Canton-S, see Figure
12, lane 1) from the 0regon4R genomic bank. These fragments
differ in size, by about 700 bp, in the Sall to EcoRI fragment;
i.e., the downstream portion of the locus (see Figure 12, lanes
3 and 4). Thus-it appéars that the fly stock used for the
construction of the Oregon—ﬁ‘genomic bank was segregéting for
the 5.4 kbp and the 6.8 kbp distal‘EEgRI fragments. a

. 3
3.3.3. Expression Motifs: Figure 13 shows the mapping of the 5°'

end of the amylase transcript with respect to the upstream
genomic sequence, in 3rd instar larvae oﬁ the Oregon-R strain.
Transcription Dbegins at the second C in the sequence ACCAG
(Figure 13, arrowhead). This sequence resembles the ATCAG/TTC/T
motif which is found to mark the start.of transcription for a
number of Drosophila genes (Hultmark.gg;gl., 1986). The typical
eukaryotic RNA polymerase II promoter often contains a TATA-box
and a CAAT-box, located about 30 bp and about 75 bp upstream of
éﬁe transcription "start site respectively. The start site

identified by primer extension is downstream of both the motifs

mentioned above with appropriate spacing (see Figure 13),
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'FIGURE 13: 1Identification of the Transcription Start Site for

the Amylase mRNA.
Lane P shows the result of extending the synthetic primer o
(see MATERIALS AND METHODS) to the end of the amylase messenger
RNA (marked with an arrowhead). Lanes G, A, T apd C show the
result of a sequence analysié}of a subcloned gehomic DNA
fraément, which spans the promoter region. The CKAT,ITATA, and
ACCAG (transcription start site) promoter elements as well as
the translation start codon (ATG) are indicated on the left

side of the Figure.
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3.4.1 The Effect of Dietary Glucose on the Abundance of Amylase

_ Messenger RNA

The effect ~of diet on amylase mRNA levels  was
invgstigated . using‘.z approaches. 'One app;oach used‘ was - to
extracf RNA from larvae or adﬁlté grown on the test foods ;hd
to 'perform‘either a dot blot or a Northern analysis. In this
cése, a large ‘excess of radioactive, amylase-specific probe
was used to driﬁe the. hybriaization reacktion, thus the
resulting signal was proportional to the amount of fiitér—bound
amylase MRNA. When combined with‘ appropriate dilutions of the
sample producing the stronger signal, this method is ideal for
the quantification of differences in messehger levels due td
changes in dietary sugar concentrations.

In the second approach the filter-bound, target sequences
used were cloned DNA inserts in plasmid vectors. The probe used
was 1st straﬁd COpPYDNA reverse transcribed from RNA. In the
case the resulting signal was 1roughly proportional to the
amount of the particular mRNA in . the reverse transg;%bed RNA

population. This method is not useful for the quantification of

. The results pertaining to Oregon-R larvae presented in

section 3,4, also appear in: BENKEL, B.F. and D.A. HICKEY
{1987) A Drosophila Gene is Subject to Glucose Repression.
Proc. Natl. Acad. Sci. USA 84: 1337-1339. ’




-60—
the ¢ifferences in amylase mRNA on the two test diets, but it
“allows -the abundance of amylase MRNA to be compared directly to

- that of other RNA species.

Y
[ —_—
1
.

T . -

3.4.1. Glucose Repressidn of Amylase mRNA Abundance: Glucose.

repression of aMylase-xexppession ﬁas demonstrated by growing
lérvae'pf the Oregon-R "Qild type" strain . on tﬁe two different
test media as'déscribed above, Third instar lagvae were assayed
gLr ‘amylase enzyme activity by specific staining of hative.
e\lectr&'ore‘piq gels (Figure 14), run as described above.
'Dupligaté ge{; were.étaineq'for. alqohol dehydrogenase (ADH)
aStivity, as an internél.controi.v Aé can be seen from Figure
14a, - there is—a large difference in amylase activity betwéeE'
glucose-fed and non-glucose-fed laryae: both sets of larvae,
‘howeveﬁmesth equivalent levels of ADH actidity. In order to‘
.test; whether r%ifii;¥/giucose affected the level of amylasé§
mRNA, total RNA was - extracted from larvae groﬁg' under botv
dietary conditions. The results of Northern blots probed with
. 2 . v -~
amylase-specific ' ¢cDNA probes g;e.éhown in FigurgfI;B.- it 1is
-.clear that the glucose effect “is also seen at thé; level of
amylase mRNA abundance. Again,'.ggh was ﬁsed-as an . internai
control 'by’)simuitaneoﬁsiy ﬁfobing- the filters with an Adh
speéific probe (Figufe 14B) . Th;"difference in amylése mRNA
v - ' .
levels .Petweéﬁﬂthe treatments wasqqugntified using 'dot Dblot

analysis (Figure 14C). Several autoradiogrébhs, cf the type

" shown in-Figure 14C, were scanned with an optical densitometer
H 3 .
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fIGURE 1l4: The Effect of Dietary Glucogg on Larval Amylase
Activity and A;ylase mMRNA Abundancebin Oregon-R.
Alcohol .dehydrogénase (Adh) enzyme levels and mRNA
levels were monitored as internal controls.
A; The effect of glucose on enzyme activity.l‘Lane 1,
larvae were grown on food dontaining 1% dextrose; lane 2,
_ larvae grown oﬁ food lacking the dextrose component. Each lane
reprééents approximately two latval equivaleﬁts. A duplicate
gel stained for alcohol dehydrogenase (ADH) activity is shown
as an insert. |
B, Glucose affects the level of amylase mRNA. Each lane
cbntains 18 ug of total RNA. Lané 3, RNA from larvae grown on
food containing 16% glucose; lane 4, RNA frbm food with no
glucose added. The positions of the amylase {165¢ bp) and Adh
(1109 bp) messengers are indicated.
C, Ten percent dietary glucose reduces amylase mRNA to
less ' than 1% of its sugar-free level. The first dot from the

left, (+)- Gluc, represents 10 ug of total RNA from larvae grown

on food contaihingllﬁ% glucdse.A The second dot, (=Y Gluc,

represents 1@ ug of total RNA from larvae grown on food with no:

added glucose. Each successive dot represents a 1:4 dilution of

the previous dot, the last dot representing apparently 39 ng of
"sugar free” RNA. The lower portion shows the strip, washed and

reprobed with an Adh-specific probe.
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TABLE 3: Relative Abundance of Amylase mRNA in Glucose-Fed

,

and Non-Glucose-Fed Larvae of the Oregon-R Strain.

Dietary treatment

Experiment Sugérlf:ge, % mGluéose, % Amylase probe
1 : 126 2.3 y A
o 2 109 1.6 A
3 166 0.5 | A
4 100 0.3 B

. R ot e

Dot blot hybridizations &f the type déécribed in Fig. 1C,
including serial dilutions, were performed with several RNA
batches from independent expefiments. Alcohol dehydrogenase
(Adh) probes were used to control for var'étions in totpl
amount of RNA, Autoradiograpﬁs were scanned with an optical
densitometer; amyiase signal values.were normalized relative to \\
the ééﬁ signal, and th; glucoseétqgatment value was expressed
as a percentage of the glucose-free value. Probe A" consisted
of the entire pOR;MB blasmid cqntaining 864 bp of D.

melanogaster c¢DNA (including an A17 tail) cloned in pUC13.

Probe "B" wif a gel-purified 658 bp fragment* of the POR-M3
. 1
plasmifﬁconta{hing only amylase coding sequenc%.
* Experiment 3 was correcéed for nonspecific background
_ hybridization ( by inclusion of a bacterial-RNA dot on the

filters. ' s°
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and the results are presented in Table 4. From the Table, it
can be seen that in all cases the amylase levels in glucose-fed
larvae were less than 3% of thaf in the non-glucose-fed

controls. Moreover, by using a variety of amylase-specific

probes I could show that a large fraction of the low (+)

Glucose signal was due to background hybridization. . Byleithér

correcting for the non-specific background (Table 4, row 3) ok

‘by using gel-purified amylase coding region-specific £fragments

as probes (Table 4, row 4) it can be shown that the glpcose-feq
larvae have ‘less than one percent of the controlmeNA levels.,
These results for the effect of dietary glucose on amylase mRNA
levels compare closely with the reéults on the glucose
repression of énzyme activit}/abundance and mRNA translational
activity.

Quaﬁb¥€fiation of differences in amylase mRNA levels can

also be achieved by ©Northern Blot  analysis, provided

appropriate dilutions of }he strolnger signal-producing sample

»
are included, F%gure 15 shows the results of probing a nNorthern

-~ 2
/ total kNA from Oregon-R larvae, grown on both

blot containin
12% glucose jand no-sugar-added foods, for amylasg and Adh
sequénceﬁ (as finternal corftro simultaneously. , Note tha% the
difference . ih amylase mRN labﬁndancé betweé: the 2 food

treatments fis large; cl&ks to 1l@0-fold. The difference,

hogpﬁng\\&ées not «appear to be guite as iarge_as estimated in

the RNA dot blot analyses described above. This is probably due

to the loading of different amounts of RNA in the 10% glucose

b
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Upper panel:
"FIGURE 15: Amylase mRNA Level Analysis in Oregon-R Larvae.

Northern bldé‘hptepared as described in MATEREALS AND~
METHODS. Lane pair 1, total RNA from 3rd instar larvae Jrown on
19% glucoseifood; lane pair 2, .total RNA frgm larvae grown on
no-sugar-added food; lane pair 3, a ten-fold dilution of the
material in lane pair 2; lane pair 4, ‘a 10@-fold dilution of
the material in lane pair 2. Tﬁe blot was probed with a’mixtdre
of the. Pvull fragment of OR~-M3 (amylase cDNA) and’' plasmid éAdh
(Adh genomic sequence) nick translated " to high specific
activity. ‘Phe positions of the amylase and Adh messages are

indicated.

Lower panel:
FIGURE 16: QuantificaFion of Glucose Repression at the Level
of Amylase mRNA in Larvae.
Dot blot analysis for larvae of three strains of D.

melanogaster. Upper strip shows extent of repression in Oregon-

R. Middle strip measures the effect of 18% dietary glucose in
larvae 6f the Canton-§ strain. Lower strip shows a similar
analysis of amylase levels in Belinga larvae. Numbers refer to
dilution factors of dots in relation to non-glucose treatment
(=) . Gluc dots. Total RNA was applied to Biodyne filters and
_probed as described in MATERIALS AND METHODS. The PvuIl
fragment of OR-M3 was used as probe undef strinéent

i

hybridization conditions.

v
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and no-glucose-added lanes. In the figure, however, the Adh
signal for the np-sugar-added sample (léne pair 2)‘is obséured
by a hegvy tail from the amylase band. This tai1F§s presumed to
be due partly to natural turnover of the amylase mRNA and
partly to degradation of the RNA during isolation. Both the RNA
blot analysis ané Northern analysis, however, demonstrate that
dietary g¢lucose represses amylase MRNA levels in Oregon-R “.
larvae dramatically.

The effect of dietary glucose on the abundance of amylase

mRNA in both larvae and agults of the four amyiase—producing

strains of D. melanogaster exam%ned in this study is shown in
Figures 16 and 18, and summarized in Table 4. Figure 16 shows
a dietary treatment analysis (amylase mRNA only) for larvae‘qf
each of the OregOn-R; Canton-5 and Belinga strains. The extreme
effect of 10% dietary glucose on amylase mRNA abundance in
Oregon-R larvae (about 206x) is cle#rly é;ident. The difference
in amylase messengeiwiiA level between the glucoée ana_ no-
glucose~added treatments in the Canton;s strain (about 26x in
lFigure 16) }s still dramatic but visibly rsmaller]than the
‘ difference in Oregon-R. ‘In Belinga larvae, using the serial
dilutions és a guide, it is cléér that 10% glucose represses
amylase MRNA by éreater than 1@-fold.

Note that the values for glucose repression “presentéd
above, ¥ although uncorrected for RNA quantity djfferences: are

similar to the values determined for repression at the level of
1

amylase enzyme activity. A visidble comparison of enzyme

f
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activity‘aﬁd MRNA levels for larvae of three amylase-producing
strains, as well as the amylase null strain, is presented in
Figuré 18.__ At'thé mRNA abundance 1eve1, as at the enzyme
éctivity level, the three amylase-producing strains show
relatively small differences on no—gugaréadded medium {see the
B lanes in each lane pair). The addition of 16% glucose to the
medium represses amylase mRNA abundance in all three strains.
Thii repression, however, occurs in a strain-specific fashion
{see the A lanes in each lané pair).

The more complefe results based upon replicates (as
indicated in Table)'analyzed by densitometer scans of
autoradiogr%ms for all strains and developmental stages tested
are presented in Table 4, From the Table it is clear that the
pattern outlined above for mRNA response in larvae can be
extended to include adults as well. Thus, the overall pattern
whicﬁ emerges is that both larvae and adults of all éﬁfains of

D. melanogaster show the glucose repression responsé. Changes

in dietary glucose concentration affect  the abundance of
amylase messenger RNA. This, 1in turn, 1is the major factor in

the Eg;ulation of amylase enzyme activity. The extent of
glucose repression, however, is developmental-stage and strain-
specific. Some strains, such as Makokou, are relatively
insensitive to glucose, while in others, such as Oregon-R
amylase expression is drématically repressed by dietary

' glucose, One exception to the pattern described abové is the

amylase null strain, This strain*®shows no amylase enzyme
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TABLE 43 Relative abundance of Amylase mRNA in Glucoée-Fed and
‘ .
Non-Glucose~Fed Larvae and Adults of D. melanogaster.

' Developmental stage

Larvae ' Adults

Strain Glucose(18%) No glucose Glucose(l@%) No glucose
Oregon-R g.5° _ 100 23.6° 100
Canton-§ 5.53 ., l@g 57.92 108
Belinga 13.¢%" 106 ND %g

~ Makokou 28,57 ° 100 75,0t ' 1oo
Amy null  89.08° 160 " ND ND

LI based on a single test
z . average of two replicates
3 _ average of three or more replicates
Autoradiograms of the kind shown in Figures 16 and 18
were scanned with an integrating densitometer. Differences

‘between treatment were intetpreted using dilution series as
shown in the Figﬁrg}

were norﬁalized for Adh interndl control signal intensities
before conversion to the nearest §.5 percent of gugar-free

values, Comparisons are valid only within'a single strain and

develoPmentaI'stage.

- and values for amylase signal intensities
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actiﬁity, however, RNA dot blot analyses.show the presence oi)
low but detectable levels oﬁvamylaée-specifig sequences (see
Figure 17). The null strain is examined more closely in the
next section.

3.4.2. Amylase mRNA Abundance in Amylase Null Larvae: The

4

X
amylase null !strain produces no measurable amylase enzyme

-activity in either the adult or the larval stage, irrespective
of the cZ)bohydrate components of the food medium (Figure 18,
lane pair 4). 1In contrast, dot.blot analysis of total RNA from
3rd instar larvae of the null strain reveals-an amylase signal
level roughly equivalent to that in repressed Oregon-R larvae
(see Figure 17; Figure 18, lane pair 4). Northern blot analysis
shows that the amylase signal* in dot blots is indeed
proportional to an mRNA b;nd at the amylase messenger QositiOn.
In repressed dregon-R larvae, which produce a roughly
equivalent 1level of amylase hRNA} amylase ;nzyme activity is
low but detectable (see FiguEe 1an, lane pair 1). Therefore, it
appears that the amylase messenger RNA produced by amylase null
larvae does not code for active amylase enzyme.
Apparently, therefore, amylase nuil larvae producela low level
of defective amylase mRNA, and this level of amylase messenger

is not.effectéd by dietary carbohydrate components.’
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FIGURE 17: Analysis of Amylase mRNA Levels in the Amylase ggli
| Strain. |

Top: A Northern blot probed for amylase (6R-M3, PvuIll
fragment) and Adh (pAdh) messenger RNAs. '

Bottom: An RNA dot blot analysis for amylase and Adh mRNA
levels. Upper'strip probed with the amylase-specific probé, and
lower strip probed with the Adh sequence-specific probe, under
"high stringency hybridization and wash conditions. |

Lane 1, total RNA from amylase null strain larv;e grown
on 18% glucose medi@m; lane 2, total RNA from amylase null
larvae grown on no—sugar—addéd medium; lane 3, RNA from Oregon-
R larvae grown on 18% glucose food; lane 4, RNA froﬁ Oregon-~R
larvae grown .on no-sugar-added food.’

For both Northern and dot blot analysis, the Aadh
hybridization serves to measure the amount of RNA in dots and

bands.
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- 3.5. Amylase mRNA Abundance Estimates .

As shown above, the abundance of the amylase messenger

RNA in the Oregon-R Gwild type" strain is shgrply repressed by
dietary glucose.’ ‘Here, i was interested in’ estimating the
relative abundance of thé amylase messeng;;, in comparison to
other mRNAs of well characterized gene-enzyme syshems, " under
the two test dTétaEy regimes. Figure 19 shows that the‘amylase
MRNA is rare, and comparable tol_the level of Xanthine
dehydrogenase {(rosy) MRNA on repressingd{lﬁ% glueose)'food: In

contrast, .  on derepressing (no-added-glucose) food, the amylase

messenger RNA is more abundant than the Alcohol dahydrogenase

{(Adh) mRNA.‘I'formationfbnf the absolute abundance of eitherx

mRNA in Drosoph}la is not available, however, the abundance of

XDH (Seybold,,1974) and ADH (Goldberg, 1980) enzymes in total

protein of . D. melgnogaster has been estimated atfabout G;G;%‘
and 1% respectively. Thus the abundance ~of the amylase
messenger RNA corresponds - to a protein which i%~more'abundant
than Abﬁ on "sugarffrée“ food and as rare as iDH on "giucose"
food. Assuming. that brotein levels reflect mRNA }evefs, the
abundance of the amylase messenger,- in Oregéh-R larvae, can be

estimated to vary fromlﬁ.el% of poly A+ RNA to greater than 1%

of poly at depending on the dietary regime.
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Upper Panel: '
FIGURE 18: Glucose Repression in Larvae: Comparison of

Repression -at the Enzyme Activity and mRNA Levels

for Four Strains.

' - Top: Negative .print of gef assay for enéyme activity

. (simélar to Figure 2). Lane pair 1, Oregon-R; lane pgir 2,
C%%ton—s; lane pair-3, Makokou; lane pair 4, Amylase null.
Withip each lane pair, sample A ié}from glucose treated larvae
rand saﬁple B ié from larvae fed a no-glucose-added diet.

A Bottom: RNA dot  blot analysis of RNA ‘extracted from
1arvaé treated as described for the top part of the. Figure.

Filter ”probed for amylase sequences with the Pvull fragment of

. OR-M3.

Lower Panel:
FIGURE 19: Relative Abundance of Amylase MRNA . he
Plasmids pPA-1, PpOR-M3 and Carnegie 2¢ were fixed to
Biodyne as described in MATERIALS AND METHODS. Stfips were
probed with lst _strand cDNA generatéd from RNA'extracéed from
, Oregon-R 1arva§ grown on: (i} 10% glpcose medium (+) Gluc and;
kii) no-adﬁed—glucése medium (-) Gluc. Blots were expoigd to
Kodak X-Omat K film at -76°C with intensifying screens for 48h.

ey
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4. DISCUSSION -

The results presented here serve a number of purposes.
Firstly, the results from experiments at the enzyme activity
level serve to consolidate much of the previous work on amylase

‘ - @«
activities in D. melanogaster. For instance, in th

past the genotypé—specific differences and the dietary-induced

differences 1in amylase activities were considered separate

¢ ]

phenomena. In this study I have shown that both the dietary and
strain-specific effects are, at least in part, two aspects of
the same phenomenon; namely, genotype-specific differential
repression of amylase - enzyme activity. Secondly, the
interaction of genetic and environmental factors in the control
of amylase expression has implications for the interpretation
of many studi;s on amylase activity in Drosophila. This
inEeraction is pérticularly important to those studies which
attempt to 1link amylase éilozyme variants with fitness
differences in hature. Thirdly, the isolation and
characterization of amylase c¢DNA and genomic sequences provides
the raw material for further studies designed to elucidate
‘amylase regqulation in detail at the mélecular level. Finally,

measurement of changes in amylase messenger RNA levels for a

cross-section of D, melanogaster strains provides the molecular

groundwork upon which further work on glucose repression can be

built. )
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4.1. Glucose Repression of Amylasg/ Activity

-This study clearly demonst{;tes that amylase activity in

D. melanogaster is repressed by dietary glucose. Previous

studies have shown that sugar—containing food represses amylase
acﬁivity in young adult fliés by 2 to-5-fold. These results are
confirmed here and, in ad@}tion, it is shown that the response
of flies, to the same level of glucose in the diet,.occurs in a
strain-specific fashion. 1In general, stains whiéh have been .
characterized as ™high" activity;’ﬁgriants are relatively.
insensitive to - glucose, whereas so-called "low" activity
straiffs are more senstive to dietary sugars.

. The results fér glucose repression in third instar
larvae, hbwever, are much more dramatic. In fact, for larvae of
a sensitive strain, Oregon-R, repression by 1% glucose results
in a reduction insamylase activity by over 1@0-fold. It should: -
be noted, however, that even the dramatic reductéon measured
here for Oregon-R larvae is probably an underestimate for the
following reasons. Firstly, traces of carbohydrate may have
been introduced into thelno—sugar-added food with the Dbrewers
yeast or agar components. In addition, the glucose levels in
the 18% glucose medium were reduced by the growth of the test
larvae. Despite these factors, which Qould tend to obscure the
dietary effect, dramatic changes in amylase activity were
ncnetheless measured.

The reason for the difference in response to dietary

glucose between adults and larxvae (e.g. 4-fold in adults
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compared to lﬁﬁ—folé in larvae of Oreggn—R) is_uncleaf. It is
possible that, since flarvae .grow and feed much.._more.
c;ntinuously-than adults, they are more sensitive to coibonents
of the food medium. Or, alternatively, amylase activity Iis
normally required for adult survival in nature, whereas it is
only essential for larvae in the absence of dietary sugars,

Regardless of the biqlogical significance of the

adult/larval differences, the fact remains that all D.

melanogaster strains tested which produce amylase -—respond to
dietary glucose, and that this response 1is strain and
developmental stage-specific. it is now clear that, in the
absence of dietary sugar, amylase activities measured in larvae
and adults of all amylase-producing strains is relétively high.
In other words, interstrain differences in aﬁylase activity are
minimal on no—éugar—addé&-food. Because different strains show
different sensitivities to dietary sugars, however, interstrain
differences in amylase aétivity can be large when flies ox

" larvae of différent strains' are grown on sugar-containing
foods. -

This result 1is critical to the interpretation of
previous -studies which sought to rank strains on  the
basis of their amylase activities. In such studies, flies were
usually grown on “"standard” Drosophila medium which invariably
contains moderate levels of sugars; conseguently, the observed
interstrain differences reflecﬁ, to a 1arge extent, different

-

sensitivities to dietary sugar, rather than fixed differences



\ in activities betwegnVStrains.

@ Othel 'studies have attempted to relate variations in
amylase exbression to ~ fitness differenceé between_
différent.amylase genotypes. These experiments werelbased on
the expectation that high amylase activity variants should
gnjoy."an_ advantage over low activity variants on Vﬁoods
coptaining starch as.the sole carbohydrate source. In general,
based upon selection éxperiments éérformed in fhe past, it
appears that  amylase exéressién levels do affect fitﬁess, but
the results have not been as consistent as expected.

The results on strain-specific rep;ession 6f amylase |
activity outlined above point to an inherent difficulty
in ;he selection experiments; namely, that the énvironmental
challenge that is normally used in these experiments (dietary
carbohydrate) can itself bring about a major response in terms
of the"lévels of amylase expression. For instance, strains
which are scored as having low activity on "standard" food may
no longer show low activity .when transferred to the
experimental dieté. Furthermore, the use of starch food
complicates the issue. Haj-Ahmad and Hickey (1982} have clearly
demonstrated that amylase enzyme,is excreted‘from the adult and
larval guts in an-active form. Furthermore, Drosophila amylases
remain active in the food mediuﬁ, resulting in a breakdbwn of
starch to simple sugars, leading to a therioration of the
environmental challenge during the course of the experiment.

In summary, it may well be that aﬁylase activity levels
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are seiected'&nlnature, depending on the available carbohydrate
resource, It'is not, however, as easy as was once imagined to
demonstrate these selection effects in the laboratory due to a

number. of hidden complexities in the amylase gene-enzyme

system,

4.2. Molecular Cloning of Drosophila Amylase Sequences

in this study I used both cross-species hybridization’
(with a mouse amylase c¢DNA as probe) and a glucose-
repressible-sequence enriched probe (generated from Drosophila

RNA) to identify cloned D. melanogdster amylase cDNAs. The

differential probe resulted in a highenﬁgzgnal-to-noise ratio
for ahylase clones than the cross—specfeslgrobe, but it Avas no%i
exclusively amylase sequence-specific. Some . of, the other
positives 1identified using the differential probe represent
other putative gludose-repressible sequences, This result is

consistent with studies on maltase and sucrase enzyme

‘rgctivities in Q. melanogaster which demonglrated repression of”
- these activities by as much as 5-folé in third instar larvae of
some ;trains (Chow, Benkél and Hickey, unpublished).

The success of the cross—spécie§‘hybridization using the
mouse amylase” probe depended upon conservation of nucleotide
sequence " between mouse and fly amylase genes. Since the
divergence.time between mouse and fly is estimated at about 660
million-yeats, and * since amylase is often considered a non-

essential enzyme, at least in Drosophila, one might have
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-expected‘the fly and mouse amylase sequences to have diverged
substantially.. This expectation is refnforced by the lack of
antigenic cross-reactivity between purified fly amylase and
" mammalian amylase-specific antibodies (Doane et al., 1975).
Surprisingly, however,: the mouse and'fly amylase nucleotide
sequences are an average of 55% similar over the entire coding
‘regiSn. .This puts amylase into a <class of intermediately
conserved sequenceg; more highly conserved than e.q.’ rhodopsin
kabout 22% donservation between bovine and fly proteins; Zuker
et al., 1985) and less consexved than e.g. cytochrome ¢ (about
70% conservation between mammal and flf, Dicke;son, 1971;

bayhoff, 1978).

The D. melanogaster amylase messenger RNA was sized at
1658 b, similar in length to the mufine pancreatic amylase mRNA
which encodes a mature éroteih of 55,00@¢ ‘'daltons (Séhibler et
al., 1988) . The molecular weight of the mature Drosophila
enzyme has Been estimated at 54,500 daltons tDoanE' et all,
1975) which is within the coding capacity of a messenger of
1650 b. |

Restriction énalysis of amylase cDNA and genomic clones

reveals a general pattern of conservation of restriction enzyme
sites witﬁ&n the transcribed regions of the duplicated,
divergently-transcribed (see Boer and Hickey, 1986} structural
gene copies. In:contrast, sites upstream and downstream of the
coding regions differ between the twé "wild type" ' stains

examined in this study. ’
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4.3. Glucose Repression of Amylase mRNA

A substantial portion of this study was devoted to -

identifying the level at which glucose repression takes place,
and {% particular, assaying for dietary glucose-induced
repression of the abundance of amylase messenger RNA.

Initially, - in the absence of amylase moIecular‘probes from D.

melanogaster, the Xenopus oocyte translation ~system was

e

employed to measure the "translatiopal activity" of RNA samples

. ! .L‘ -
extracted from both repressed and derepressed Drosophila

larvae,
: | o .
From the results of the in ovo translation experiments it

was clear that larvae which are grown on no~-sugar-added medium

contain RNA which has a much higher "translational activity"

for amylase enzyme than the RNA from larvae of the same strain’

grown on 18% glucose food. This result rules out an important

. role for posttranslational regulation of amylase expression in

response to dieta:? glucose. It does not, however, rule out the
possibility that larvae grown on glucose contain abundant,
translationallyripactive amylase messeﬁgeﬁ RNAS.

The isolation of molecular amylase sequences from D.

melanogaster made possible the measurement of amylase mRNA
levels directly. The results of Northern and RNA dot . blot
analyses using molecular probes rule out the "inactivated mRNAY

possibility mentioned. above. Instead, the results shiow that

~ glucose treatment reduces the abundance of stable amylase mRNA,
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gndﬂthat the reduction in messenger RNA is"similar in extent to
the reduction measured at the ~enzyme activ?ty level.
Furthermore, interst:aiﬁ comparisons of both amylase. activity
and MRNA levels demonstrate that the genotfpe—speci%ic
di fferences 1in activities ére.also due to differences between
strains in amylase mRNA abundance.

Ohe exception to the pattern de5cribed aoné is the
amylase null strain. Neither adults nor larvae of the null
strain produce any measurable amyiase enzyme activity. Third
instar larvae of thé null strain.do; however, produce some

amylase mRNA. It appears, therefore, that null strain larvae

uffer from compounded defects affecting amylase expression.

F\rstly, the level of amylase* gene expression is constitutively

low\ (repressed level) and secondly,'the small amount of amylase

-messenger RNA which is produced does not code for an active

amylase enzyme.

In summary, in the absence of dietary glucese all D.

melanogaster strains (except the null strain) contain

relatively high levels of functional amylase mRNA. Dietary
glucose acts to reduce the abundance of amylase messénger RNA
in a strain and development stage-specific manner. Changes in
mMRNA levels are primarily résponsible for parallel changes
measured at the enéyme activity level in response to dietary
conditions. Glucose regulation of amylase gene expression,
therefore, takes pldce at a pretranslational, and probably

transcriptional, level. It should be noted, however, that



-80-

direct measurement of the transcriptional activity at the

¥
‘amylase region was not performed as part of this study. Thus it

is not possible, at this_time, to estimate the contributions of

changes in.transcriptional rate as obposed to changes in mRNA
stability (as in e.g. the yeast:maltase system, Federoff et
al., 1983) to the net effect measured in Northerns and RNA dot

blots.

4.4. What's Next?

——

There are a number of approaches which could be employed

to assess the importance of changes in transcriptional rates”in

the dietary regulation of amylase expression in D.

melanogaster. Perhaps the most informative approach involves

the transformation of q\iiizig}e Drosophila host strain _with
recombinant P element vectors. P element vectors mediate the
mobilization and stable integration of cloned genetic material
into thé Drosophila gernome (Rubin and Spradling, 19@2). The
ability to introduce fqreign genetic information,  or to
reintroducé cloned Drosophila sequences,' into the Drosophila
germline represents a powerful tool for the studf of gene
expression in fruit flies. For example, genetic deficienci@s in
recipient (null) strain embryos can be cured by the injection,
into such embryos, of "wild type", functiohal genes,
Alternatively, "wild type" geneé cén be modified and
reintroduced into suitabie recipient strains in order to

determine the effect of the modification on gene expression.-

A=Y

[P
i
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A variation of the approach dsscribed above would éllow‘
us to assess the relative importance of transcription rate
changes gn-the Eegulapion'of amylase gene expression b§ dieﬁary
glubose; Specificélly{ transCriptipnal ;egulatioﬁ requires the
presence of regulatory elements whicﬁ are separable from the
transcribed sequences and could be used tolbring an unrelafed
codin; rggion under the influence of glucose repreqsion.' In
contrast, posFtranScriptional regulation of amylase expression
would require a messége-specifi%I“tagging“ effect whicﬂ would
mediate changes in primary.t;:nécript stability. The test would
involve the construction of hybrid genes built from parts of
the amylase and Adh genes, ’

Fog a construct in which the putativ§ regulatory region_

of the D. melanogaster amylase gene is fused to the 'coding

3

region of the P. melancgaster Adh gene, one would expect the

following result.” Regulation of amylase expression exclusively‘
at the E;anscriptional‘leve} would bring Adh expression from
the chimeric gene ﬁnder the influence of dietary repression.
Thus Adh messenger RNA levels and ADH activity would become
glucose repres%ible; égh‘expression does noF normally respg&d
to dietary suéqrs. In contrasts if amylase exprESsioh is
regulated-exclusively at a posttranscriptional level, then the
change -in mRNA abundance in response to dietary glucose would
be an intrinsic propérty of the amylase messenger, Therefore,
the fusion of amylase regulatory signals to Adh transcribed

sequences - would not result in an acquired repressive effect on

——
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Adh expression.
‘o, e

The approach described. above has in essence been applied

-

to the study of the expression of a number of Drosophila
: ~

melanogaster genes, In general, transcriptional control,

mediated® by DNA' elements upstream of the structural sequences,
has usually beenw{dentified as the primary reéulatory component
(Posakony et al., 1985, Cohen and Meselson, 1985). There are
exceptions, however, where a combination of trans&riptional and
Eranslatioﬁal effects contribute to the ove;all regulatory
patterm—(e.g. Hultmark et al., 1986). In addition, there are

Ay .
examples of coding region associated regulation, as in the case

of the Q. melanogaster alcohol .dehydrogenase syéteﬁ' (Laurie—

Ahlberg and Stam, 1987).

At the present time, the mechahism by which glucoée
repression of amylase activit; takes place 1in Drosophila
remains unclear. Combining the results of this study with
recent results by Klarenberg et al. (1986),-however, allow us
to build a rough working model of the amylase gene-enzyme
system and to pfedict how éome of the components of the sytem
might int:eract:~ Briefly, . it appears that each amylase
structural gene is associated with its own, at least partially
éistinct, set of glucose repression-mediating elements. This
expectation is based upon the ‘observation that glucose
repression can affect the expression of the proximal and distal
loci differentially (e.g; AMY4 and AMY6 in Makokou larvae).

These glucose-repression elements.are probably short, cokserved

L\\'i " - ' -




-83-
stfetchgs of DNA upstream of the structural éenes; which aée
recodhized' and bound by trans-acting yegulatory proteins
invoived in'catabolité_repressipn in Drosop#ila.

This‘ system resembles'.the situation’ in yeast where
négative cbntrol elements (see Brent: 1985) from a Pumber of.

—

gene—eniyme systems have been characterized (Federoﬁf et al.,
1983; Sarokin and Carlson, 1985; Struhl, }985;—‘Bram et al.,
1986) . In general, negativé control-in yeast is mediated by
short DNA elements located upstream of the transcription
initiation site. Such elements can be located , as much as
several hundred base pairs upstream of the initiation site énd
function by counteracting the positive effects on transcripﬁion

mediated by UAS and TATA elements (Struhl, 1987). | ﬂ%

In the absence of the negative element binding protéin,
transcription 1s promoted by the interaction of requlatory
proteins (which specifically bind ;;'the UAS and TATA elements,
Gininger et al., 1985) and the RNA’ESiymerase complex.b Binding
of the negative regulatory protein presumably disrupts the
normal protein~to-protein‘- interactions necessary for
transcriptfon initiatién.

Very few transcriptionally repressible gene systems in
higher eukaryotés-hage so far been studied in any detail. One
notable exception is the low density lipoprotein (LDL) receptor
gene in hamster cells. The LDL gene contains elements for both
prbmotion and inhibition of transcription within the 588  base
pairs upstream of the initiatién site (Osbafqg gg_gl., 1985).

: .
" |
Fr- |
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- One such elewent,~a 42 ' bp element which 'is involv;d in sterol-
mediated gene repression haé been cﬁéracterized "{Suedhof et
gl.,'1987), It is of interest:to note that the hamster element,
although only 42 bps long, confers ' both transcriptioﬁal
activation and sterol-mediated repression to  heterologous
promoters. Thus higher euk@ry;tic regulatory elements may not
be as easy to delineate as elements oflsimilar' function in
yeast, or higher eukatyotic elements may be multifunctional.
Furthermore, the gene activity repressioﬁ mechanisms described
above for lower eukary;tes (yeast) and _h{gher eukaryotes
(hamster) diﬁfér sharply f;pm analogous'systems in prokaryotes.
In - prokaryotes, control of gené activity dépends on a short
sequence upstréam of the coding region. This sequence contains
a binding site for RNA polymérase as well as closely spaced
Sites fo; reqgulatory proteins. Repressor protéins bind to
repressor sités on DﬁA and thereby physically block the binding
and movement of RNA polymerase (Brent, 1985} .

—

Although the molecular mechanisms by which it functions

to modulate gene expression remain to be elucidated,
biochemical and genetic studies have already identified one

..

trans—acting regulatory locus in the D. melanogaster "amylase

system {Abraham and Doane, 1978). In our simplistic model, the
, map locus serves a function similar to that of the ADR1 locus,
.,and the cis-acting DNA elements described above are equivalent

to the UAS-elements of the ADH2 gene system in yeast (Beier and
Y - ' )
Young, 1982). The map locus functions only in the posterior

- —

o 7
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midgut and primarily in young adult flies. Thus the Drosophila

system appears to involve:other, yet uncharacterized, trans-

acting factors.

As more information becomes available, it wil%— be

A
interesting to compare the data gained from studying the

‘regulation of amylase gene expression in Drosophila with the.

molecular aspects of the "glucose effect” in prokaryotes, in
lower eukaryotes and in.other higher eukaryotes Sf .g. Lin and
Lee, 1984). At present it is too ear%y to tell whether glucose

repression in Drosophila involves a system similar to that in

yeast, or whether Drosophila uses a regulatory system‘different

from both prokaryotes and lower eukaryotes.
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