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Current evidence suggests that temporal regulation of gene

expression in eucaryotic organisms relies primarily upon localized

structural modifications of chromatin. One possible means of

changing chromatin structure is through varying the level of

acetylation of the histone proteins. Sodium butyrate has been found

to inhibit the activity of histone deacetylase enzymes causing

hyperacetylation of the histones. Butyrate treatment was used as a

means of examining the role of chromatin structure in the hormonal

regulation of the yolk polypeptide (YP) genes in Drosophila

melanogaster. Treatment of newly eclosed adult females with doses

of butyrate up to 50 mM did not significantly affect the quantity of

YPs produced 24 hours after the treatment. Similarly, doses of 5

and 10 mM butyrate had no effect on YP production between 12 and 48

hours after treatment with butyrate. Mature adult female Drosophila,

at maximal YP production, maintained normal production of YPs after

treatment with butyrate at doses up to 50 mM. Doses greater



than 50 mM sodium butyrate resulted in toxic effects, evidenced by

increased morbidity, which were related to the molar concentration

of sodium rather than to the molar concentration of butyrate. Adult

males were more sensitive to the butyrate treatments than females

since morbidity was about 30% in males treated with 50 mM butyrate

compared to 10% for females at the same dose. The effects of the

butyrate on females were transient since mated, butyrate treated

females laid normal numbers of eggs which developed into normal

offspring. When butyrate was administered concomitantly with either

20-hydroxyecdysone or a juvenile hormone analogue to female abdomens

isolated from the anterior endocrine organs at eclosion, the

hormonal stimulation of YP synthesis was not affected.

This study, which found no detectable effect of butyrate on YP

gene expression in Drosophila melanogaster, was more limited in

scope than the majority of studies on preparations of other

organisms which demonstrated marked alterations in the expression of

specific genes following butyrate treatment. Therefore, a full

characterization of the effects of butyrate on YP gene expression

would require additional studies regarding the metabolism of

butyrate by Drosophila, the effect of butyrate on the acetylation

of core histones of Drosophila, and the effect of butyrate on

transcription of the YP genes into messenger RNA.
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SUPPRESSION OF YOLK POLYPEPTIDE GENE EXPRESSION IN
DROSOPHILA MELANOGASTER BY SODIUM BUTYRATE TREATMENT

INTRODUCTION

The processes of tissue differentiation and development depend,

in large part, on the temporal and spacial regulation of gene

expression. The ability of cells to regulate gene activity in this

manner raises a basic question: What distinguishes DNA sequences

that are capable of being transcribed from those that are not?

Specific sequences of DNA in the regions flanking a gene serve as

sites for initiation and termination of the transcriptional complex

(Breathnach and Chambon, 1981; Brown, 1984). Although these

sequences define which segments of DNA may be transcribed, they

cannot be the signals that designate when transcription may happen.

The sequences for initiation and termination of transcription are

permanent features of the gene. If there were no mechanism to make

the initiation sites inaccessible to the RNA polymerase enzyme, the

genes would be constitutively expressed. One possible mechanism

whereby specific DNA sequences may become unavailable to the RNA

polymerase enzyme is the formation of a close association between the

DNA and specific nucleoproteins.

The nucleoproteins, which together with the DNA comprise the

chromatin in the somatic cells of eukaryotes, are divided into two

general groups based on their amino acid composition. Those

containing a large percentage of basic amino acids form a group

classified as histone proteins. The rest of the nuclear proteins,

lumped together as non-histones, are acidic by comparison with the
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histones but are not necessarily acidic in an absolute sense.

'Non-histone' proteins encompasses those proteins involved in

maintaining higher orders of chromatin structure, in DNA and RNA

synthesis, and in gene regulation. The primary chromatin structure

is established by the association between the DNA and histones

(reviewed in DeLang and Smith, 1971; McGhee and Felsenfeld, 1980;

Mathis et al., 1980). This association takes the form of one to two

turns of DNA wrapped around an octet of histones at more or less

regular intervals down the length of the DNA strand. The histone

octets consist of two each of the four core histones: H2A, H2B, H3,

and H4. Each octet with its encircling DNA is called a nucleosome.

The fifth, non-core, histone, HI, is present in the ratio of one to

every two nucleosomes.

Differences between the configurations of active and inactive

structural genes have been detected based on the extreme sensitivity

of active genes to digestion by pancreatic deoxyribonuclease (DNase

I), an endonuclease that makes single-strand cuts staggered on

either side of the naked DNA duplex (Weintraub and Groudine, 1976;

Wu, 1980; McGhee et al., 1981; Gazit et al., 1982). Sequences in

the DNA that are preferentially cut during digestion with DNase I

under mild conditions are called DNase I hypersensitive sites (Wu et

al., 1979). Because DNA closely associated with proteins is

inaccessible to the DNase I enzyme due to steric hindrance, these

DNase I cut sites represent areas where the DNA is not bound by

proteins. These observations are evidence that the configuration of

the chromatin in the digested gene sequence has been altered
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relative to its undigested, inactive counterpart. Many of the DNase

I hypersensitive sites are within a few hundred base pairs of the 5'

end of active genes: the end of the gene at which RNA polymerases

begin transcription and where the sequences suggested as RNA

polymerase recognition sites are located (Breathnach and Chambon,

1981). These same sites are not hypersensitive to DNase I in

tissues in which the gene is unexpressed (Weintraub and Groudine,

1976; McGhee et al., 1981). However, DNase I hypersensitive sites

have been detected in genes before they are transcribed (Wu, 1980;

Weintraub et al., 1982), suggesting that the sites are part of a

mechanism which enables transcription and not artefacts of the

transcription process.

The configuration of the chromatin may be affected by altering

either the DNA or the histones which form the basis of the chromatin

structure. The only DNA modification generally found in eukaryotic

DNA is the postsynthetic methylation of cytosine residues (Ehrlich

and Wang, 1981). However, a recent study found that methylation did

not affect the configuration of a segment of DNase I hypersensitive

DNA (Nickol and Felsenfeld, 1983).

Five major modifications of histones have been described:

acetylation, phosphorylation, methylation, ADPribosylation, and

covalent linkage of ubiquitin to histone H2A (McGhee and Felsenfeld,

1980). One of these, histone acetylation, has been specifically

associated with altered gene activity (McGhee and Felsenfeld, 1980).

This evidence comes from a wide range of organisms, from ciliates to

mammals. In at least two organisms which have separate sets of
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chromosomes that are either transcriptionally active or inactive,

there is a positive association between gene activity and histone

acetylation: The actively transcribed maternal chromosomes of the

mealy bug, Planococcus citri, bind seven times more

radioactively labeled acetate than do the quiescent paternal

chromosomes (Berlowitz and Pallotta, 1972), and the histones in the

active macronucleus of the multinucleate ciliate Tetrahymena

pyriformis are acetylated, but the histones in the micronucleus,

which does not prduce RNA, are not acetylated (Gorovsky et al.,

1973). The same situation is observed when chromatin is

artificially separated into template-active and inactive fractions.

Mono- to tetra-acetylated forms of histone H4 are preferentially

associated with the fraction of trout testis chromatin that has been

enriched for actively transcribed sequences (Davie and Candido,

1978). Additionally, Drosophila melanogaster chromatin that has

been enriched for active sequences increases its incoporation of

radiolabeled acetate by 40 percent (Levy-Wilson et al., 1977). In

each of these cases the acetate incorporation was due to the

acetylation of core histones.

The location and kinetics of histone acetylation are suitable

for a process involved with gene regulation. The core histones H2A,

H2B, H3, and H4 are extensively acetylated at lysine residues in the

amino-terminal third of the protein chain (Jackson et al., 1975).

This modification occurs principally in the nucleus and these acetyl

groups are rapidly turned over (t1 about three minutes). A second

type of histone acetylation which involves histone H1 as well as H2A
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and H4 is unlikely to affect gene activity. These acetyl groups are

added to the amino terminal serine residue of the nascent histones

in the cytoplasm and are not subsequently turned over (DeLang and

Smith, 1971).

A means of artificially inducing histone acetylation was

discovered by Riggs et al. (1977), who found that n-butyrate

stimulates an increase in the level of acetylation of histones in

HeLa and Friend erythroleukemia cells. It was subsequently

determined that butyrate causes increased histone acetylation by

inhibiting the histone deacetylase enzyme (Boffa et al., 1978;

Candido et al., 1978; Sealy and Chalkley, 1978). In the absence of

butyrate the level of histone acetylation is increased by a decrease

in the rate of deacetylation combined with increased acetate uptake

(Pogo et al., 1968), therefore the mechanism of butyrate-induced

histone acetylation at least partially parallels the in vivo

acetylating mechanism. Since butyrate acts on the histone

deacetylase enzyme that removes acetyl groups from histones, rather

than the acetyltransferase enzyme that adds acetyl groups to

histones, butyrate should not affect the specific sites subject to

acetylation. This fact increases the power of butyrate induced

histone acetylation as a model of naturally induced histone

acetylation. Even though butyrate does not affect the histone

acetyltransferase enzymes it does affect other enzyme systems in the

cell. In addition to inhibiting histone deacetylase, butyrate

alters the patterns. of phosphorylation of histones H1 and H2A and of

non-histone nuclear proteins, increases the level of acetylation of
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the high mobility group proteins, HMG-14 and HMG-17, and inhibits

the methylation of histones and proteins associated with

heterogeneous nuclear ribonucleoprotein particles (Boffa et al.,

1981). The effects of butyrate are reversed when it is removed from

the system (Riggs et al., 1977; McKnight et al., 1980; Tichonicky et

al., 1981). Butyrate can be a powerful tool for investigating the

role of histone acetylation in the regulation of gene expression,

but this power is tempered by the other effects which must be taken

into consideration in evaluating the results of experiments.

Through the use of butyrate induced histone acetylation,

evidence of a positive correlation between acetylated histones and

active genes has mounted. In response to butyrate, human lung

cancer cells increased their production of human chorionic

gonadotropin and its alpha subunit (Tralka et al., 1979), Sendai

virus-induced human lymphoblastoid cells increased their interferon

production 30-fold (Adolf and Swetly, 1979), and HeLa cells

increased their production of follicle stimulating hormone up to

52-fold (Ghosh and Cox, 1977) and sialyl transferase production by

as much as 20-fold (Fishman and Brady, 1976). But the pattern has

not been consistent; in some cases butyrate is associated with the

inhibition of gene expression. Glucocorticoid-induction of glycerol

phosphate dehydrogenase in rat glioma cells (Weingarten and Vellis,

1980) and estrogen-induction of egg white proteins in chick oviduct

tissue cultures are inhibited by the presence of butyrate (McKnight

et al., 1980). Inhibition was due neither to the failure of

butyrate to cause histone acetylation (McKnight et al., 1980), nor
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to inhibition of hormone-receptor binding in the cytoplasm

(Weingarten and Vellis, 1980) or hormone receptor binding to the

chromatin (McKnight et al., 1980). By contrast, induction of

lactate dehydrogenase by a non-steroid, norepinephrin, in rat glioma

cells was unaffected by butyrate (Weingarten and Vellis, 1980),

suggesting that butyrate specifically suppresses the activation of

genes by steroid hormones. In light of these observations butyrate

induced histone acetylation could prove to be an important tool for

investigating the mechanisms of hormone-induced gene expression at

the chromatin level.

The intent of this research was to determine the effect of

butyrate on the expression of the hormonally regulated yolk

polypeptide (YP) genes of D. melanogaster. The structure of the

three YP genes and the dynamics of their expression (reviewed in

Postlethwait and Shirk, 1981; Bownes, 1982a) suit them for this

purpose. The coordinate expression of these genes is stimulated by

two hormones, one of them a steroid. This characteristic of the YP

genes is pertinent in relation to the previously mentioned effect of

sodium butyrate on several specific steroid induced genes. The

steroid hormone, 20- hydroxyecdysone (20HE) stimulates YP synthesis

in the female fat body, and juvenile hormone (JH), a sesquiterpenoid

hormone, stimulates YP synthesis in both the fat body and the

ovaries (Jowett and Postlethwait, 1980). Within 24 hours of

eclosion the level of YPs in the hemolymph of female flies increases

from barely detectable to about one-third of the hemolymph protein

component (Gavin and Williamson, 1976) and the level of
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[

35
S]-methionine incorporation into YPs increases to a rate at

least six-fold greater than the rate at eclosion (Postlethwait and

Kaschnitz, 1978; Jowett and Postlethwait, 1980; Shirk et al.,

1983a). The abundance and high rate of synthesis of the YPs in

female flies makes them readily detectable on sodium dodecyl sulfate

polyacrylamide gels by protein staining and by autoradiography.

Although the YP genes are not expressed in normal male D.

melanogaster, treating males with 20HE causes accumulation of YP

messenger RNA (Shirk et al., 1983a) and synthesis of mature YPs

(Postlethwait et al., 1980; Bownes, 1982b). YPs cannot be induced

in male D. melanogaster by treating them with JH (Postlethwait et

al., 1980; Shirk et al., 1983a).

In addition to being sex-limited in expression, the YP genes

are sex-linked. Single copies of the three YP genes are present on

the X chromosome (Barnett et al., 1980). The YP1 gene and YP2 gene

are closely linked, there are about 1.4 kilobase pairs (kb) of DNA

separating them, and oriented such that they are transcribed from

opposite strands in opposite directions (Barnett et al., 1980,

Riddell et al., 1981). The transcription start sites for the two

genes are at either end of the DNA sequence separating them which

suggests that there may be a single site from which transcription of

both genes is controlled within the intergenic DNA sequence. The

YP1 and YP2 genes share structural similarities as well as

proximity. They are similar in nucleotide sequence, in the size of

their two exons and one intron and, consequently, are similar in the

location of that intron (Riddell et al., 1981; Hovemann and Galler,
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1981; Hung et al., 1982). By contrast, the YP3 gene is about 1000

kb away from the YP1 and YP2 genes (Barnett et al., 1980) and

structurally distinct. The YP3 gene has 2 introns and 3 exons, none

of which are similar in size to those of the YP1 and YP2 genes (Hung

et al., 1982). There is disagreement as to the degree of homology

between the YP3 gene and the genes for YP1 and YP2. Hung et al.

(1982) found some homology between the YP2 and YP3 genes and no

homology between the YP1 and YP3 genes. But Riddell et al. (1981)

found partial sequence homology between all three YP genes from

which they suggest that the 3 YP genes evolved from the same

ancestral gene after duplication.

The specific objective of the research reported herein was to

determine the effect of sodium butyrate on YP gene expression in D.

melanogaster. This was done by applying sodium butyrate to intact

flies and to isolated abdomens treated with the hormones 20HE and JH

analog. The effect of these treatments on the YPs was determined by

measuring the quantity of YPs which incorporated

[

35
S]-methionine during a 2 hour labeling period. The amount of

[

35
S]-methionine incorporated was visualized by autoradiography

of sodium dodecyl sulfate polyacrylamide gels of hemolymph and ovary

proteins.
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MATERIALS AND METHODS

Animals. In all of the experiments described here, I used

wild-type D. melanogaster (strain Oregon R) maintained on a

standard food medium (Lewis, 1960). Flies were collected within

one-half hour of eclosion and treated within an hour of collection,

except as specifically noted below.

Injection procedure. For treatment flies were narcotized

with ethyl ether and immobilized for injection by laying them,

ventral side up, on the adhesive surface of a piece of Scotch Magic

transparent tape fastened to a microscope slide. Sodium butyrate

(butyrate), 20HE and control treatments were injected into the

ventral abdomen of the flies with a glass microneedle. The volume

injected was standardized at 0.2 pl for all treatments. Drosophila

saline (Chan and Gehring, 1971) served as the control treatment and

carrier medium for the butyrate and 20HE. The juvenile hormone

analog (JHA), ZR-515 (Zoecon, Palo Alto, CA), was applied topically

in 0.2 pl of acetone (Jowett and Postlethwait, 1980). Proteins

synthesized just prior to sampling were radioactively labeled by

injecting each fly with 2 VCi of [35S]-methionine

([
35

S]-met) (>1000 Ci/mmole, New England Nuclear, Boston, MA)

carried in saline 2 hours before samples were collected.

Hormone Treatments. Flies were prepared for hormonal

manipulation by ligating them between the thorax and abdomen with

nylon thread. The head and thorax, which contain the hormone

secreting glands, were removed with scissors. The resulting
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isolated abdomens were aged 24 hours at 25°C in 35 mm x 10 mm

plastic petri dishes lined with dampened blotter paper and sealed

with parafilm. The JHA was diluted to the desired concentration in

acetone. 20HE from a stock solution in methanol was evaporated to

dryness in a Savant Speed Vac concentrator and rehydrated in ethanol

before diluting to the desired concentration with saline. The final

ethanol concentration was 10%. The JHA and 20HE were applied

topically and via injection respectively as described earlier.

Treated abdomens were incubated at 25
o
C for 12 hours before ovary

and hemolymph samples were taken.

Sample Collection. Each sample consisted of the hemolymph

or ovaries pooled from 7 to 12 flies. Hemolymph samples were

collected by puncturing the anterior end of the ventral abdomen with

a glass microneedle prefilled with 5 pl of saline and allowing the

needle to fill with hemolymph by capillary action. Hemolymph

collection was facilitated by injecting the abdomens with 0.5 pl of

saline immediately prior to sample collection. Hemolymph samples

usually included fat body cells which were floating free in the

hemolymph. After exsanguinating all of the flies in a treatment

group, the contents of the collecting needle were expelled directly

into an 0.5 ml microcentrifuge tube containing 40 pl of sodium

dodecyl sulfate(SDS)sample buffer (0.05 M Tris (pH6.8), 0.2% SDS,

10% glycerol, 1% 2mercaptoethanol, 0.001% bromphenol blue)

(Laemmli, 1970). Ovary samples were collected from the same flies

directly after the hemolymph was collected. The ovaries were

dissected out in a drop of saline and homogenized in an 0.5 ml
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microcentrifuge tube containing 40 vl of SDS-sample buffer. Samples

were denatured by placing them in a boiling water bath for 3 min.

Samples were stored at -20°C until electrophoresed.

Immunoprecipitation of YPs. Hemolymph samples were diluted

1:3 with 0.1 M NaC1, 2 mM EDTA, 10 mM Tris-HC1, pH 7.4 (NET buffer)

and 0.05% Triton X-100. To each sample, 0.1 volume of anti-YP

antiserum (rabbit polyclonal serum, gift of John Postlethwait) was

added. The mixture was incubated for 12 hours at 0°C. This

precipitation step was followed by the addition of 0.1 volume of

heat-killed Staphylococcus aureus (10%, weight/volume) and 2 hours

incubation at 0 °C. The precipitates were pelleted and washed 3

times with NET buffer. The final pellets were dissolved in

SDS-sample buffer, boiled and stored as described above.

Protein Determination. The protein concentration of samples

was determined quantitatively using an assay described by Schaffner

and Weissmann (1973) and modified by Kahn (1983). An aliquot of

each sample was diluted to 220 it with Tris/SDS, and the proteins

were precipitated by the addition of 90% trichloroacetic acid (TCA).

The assay mixture contained final concentrations of 0.10 M

Tris-HC1(pH 7.5), 0.2% SDS, and 15% TCA. The precipitated proteins

were filtered under vacuum through nitrocellulose (BA85, Schleicher

and Schuell, Keene, N.H.), backed by Whatman 3mm chromatography

paper, using a Minifold 96 place microsample filtration manifold

(Schleicher and Schuell, Keene, N.H.). The nitrocellulose filter

was stained 20 minutes with 0.25% naphthal blue-black (amido black)

in 50% methanol and 10% acetic acid. The filter was briefly rinsed
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in distilled, deionized water (ddH2O) and destained in 90%

methanol, 2% acetic acid 3 times for 3 minutes each. After a final

3 minute soak in ddH2O, the filter was blotted dry on Whatmann

3mm chromatography paper and the spots cut apart. The stained

spots were eluted in 1.0 ml of elution solution (50% ethanol, 25 mM

NaOH, 50 uM EDTA) in 12mm x 76mm tubes. Along with each assay of

samples were included 6 known concentrations of bovine serum albumin

to provide a standard curve. Absorbance of the eluent was read at

630 nm.

Electrophoresis. The sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) techniques used were a modification

of those described by O'Farrell (1975). Reagents for the SDS-PAGE

were obtained from BioRad (Richmond, CA). The polyacrylamide gels

were linear gradients of either 8% to 12%, or 8% to 15% acrylamide.

All acrylamide solutions were dilutions of a stock solution

containing 30% acrylamide and 0.8% N,N'-methylene-bis-acrylamide by

weight and contained a final concentration of 0.23 M Tris-HC1(pH

8.8). The 12% and 15% acrylamide solutions contained 20% glycerol

to assist formation of the gradient. The resolving gel was

polymerized with 0.05% tetramethylethylenediamine (TEMED) and 0.012%

ammonium persulfate by volume. The gradients were mixed and poured

using a Gilson peristaltic pump. Resolving gels were 22 cm by 14 cm

wide by 0.75 mm thick. The stacking gels were 4.5% acrylamide in

0.125 M Tris-HC1 (pH 6.8), and were polymerized with 0.10% TEMED and

0.02% ammonium persulfate by volume. The comb was positioned to

provide 1 cm of stacking gel topped by 2 cm deep sample wells.
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The upper and lower electrode buffers contained 0.192 M glycine

and 0.025 M Tris. The upper electrode buffer contained, in

addition, 0.1% SDS (BDH Biochemical Ltd., Poole, England) by weight.

The same number of TCA precipitable counts per minute (cpm) of

[355]
-met labeled protein were loaded into each sample well of a

given gel. TCA precipitable cpm were determined by spotting 1 pl of

sample onto 1 cm squares of Whatman number 1 filter paper, soaking

them in cold 10% TCA for 5 minutes, followed by cold 5% TCA for 5

minutes, and then boiling in the 5% TCA for 5 minutes. The hot TCA

was poured off and the filter paper squares rinsed successively in

ddH2O, 95% ethanol and acetone. After the squares dried, they

were placed in Aquasol-2 scintillation cocktail (New England

Nuclear, Boston, MA) and counted in a Packard Tri-Carb 460C

Automatic Liquid Scintillation System.

Gels were electrophoresed at 200 volts for 18.5 hours at 17°C.

After electrophoresis, gels were soaked in 50% methanol, 10% acetic

acid, 0.07% Coomassie blue R for from 2 to 24 hours to fix and stain

the proteins. Gels were destained by soaking in three changes of a

25% ethanol, 10% acetic acid solution. A final 30 to 45 minute soak

in 4% glycerol preceded transfer of the gels to blotter paper for

drying. Gels were dried under vacuum at 60°C for 3.5 hours in a

slab gel dryer (BioRad, Richmond, CA).

Autoradiography. Dried gels were autoradiographed using

Kodak X-Omat AR x-ray film. The relationship between exposure and

film density was shown to be linear over the range of exposures used

by autoradiographing a gel loaded with a dilution series of TCA
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precipitable cpm and quantifying the density of the bands as

described below.

Quantitation of Labeled Proteins. The autoradiograms were

scanned with a Joyce-Loebl microdensitometer using a number 3 wedge.

Each lane was scanned twice. Areas of the peaks on the densitometer

tracings were measured with a Zeiss MOP-3. Individual peaks on each

tracing were measured 3 times, and the total area under each trace

was measured either 2 or 3 times. This allowed estimation of

individual peak areas as the average of 6 measurements (2

densitometer tracings times 3 MOP measurements) and of the area

under the entire length of each tracing as the average of either 4

or 6 measurements. Since the number of TCA precipitable cpm loaded

per lane was known, the total area under each densitometer tracing

was proportional to the number of cpm loaded in that lane. From

this relationship, the cpm per square millimeter (cpm/mm
2
) of

peak area was calculated for each densitometer tracing. Using this

ratio of cpm/mm
2

, the peak areas on the densitometer tracings

were translated from mm
2
per peak to cpm per peak, and

normalized on the basis of cpm per lane within each group of

autoradiograms to be compared. The data were log transformed to

compensate for the effect of the densitometer and were expressed as

values relative to the control within each group of treatments.



16

RESULTS

The Effects of Butyrate on Adult Male D. melanogaster. To

determine the effect of butyrate on synthesis of the YPs and on the

general pattern of protein synthesis in adult male flies, newly

eclosed males were injected with either butyrate or saline.

Proteins were labeled with [

35
S]-met for 2 hours prior to sample

collection. No detectable changes in the pattern of protein

synthesis in male flies treated with 5 mM or 10 mM butyrate were

found when compared with saline treated flies after analysing the

hemolymph proteins by SDS-PAGE followed by autoradiography to

visualize the labeled proteins (Fig. 1). In order to examine the

specific synthesis of the YPs, hemolymph collected from male flies

48 hours after the flies were treated with butyrate was

immunoprecipitated with anti-YP antiserum and resolved by SDS-PAGE

(Fig. 2). YPs were not found in the immunoprecipitates of hemolymph

from either butyrate- or saline-treated males. Based on the results

of these experiments I conclude that butyrate did not induce YP

synthesis in male Drosophila. The most noticeable effect butyrate

had on male D. melanogaster was its toxicity. At doses above 50 mM

butyrate, mortality was 50% or greater by 24 hours after injection.

In contrast, female mortality after 24 hours was 20% or less at

butyrate doses between 50 mM and 250 mM.

Synthesis of YPs in Newly Eclosed Female D. melanogaster

Treated with Increasing Doses of Butyrate. Newly eclosed females

were injected with butyrate at doses ranging from 0.5 mM to 50 mM to
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determine if butyrate had an effect on YP synthesis in adult

females. The hemolymph samples of these flies were collected 24

hours after injection with buyrate. To measure the quantity of

protein synthesized, flies were injected with [

35
S]-met 2 hours

before sample collection. Proteins from the samples were resolved

by SDS-PAGE and visualized by autoradiography. The average quantity

of YPs found in the hemolymph of females injected with butyrate was

not statistically different from the average quantity of YPs found

in the hemolymph of saline injected females at any of the five

butyrate concentrations used (p > 0.05, Mann-Whitney test) (Fig. 3).

When the relationship between butyrate concentration and YP

synthesis was analyzed by linear regression, the coefficient of

determination was low (r
2
= 0.23), which shows that a linear

model does not fit the data well. At doses above 50 mM, the major

effect of butyrate on the flies appeared to be toxicological rather

than pharmacological, as evidenced by the failure of treated flies

to thrive and by a general decrease in the synthesis of proteins

found in the hemolymph and ovaries. At doses above 100 mM butyrate,

protein synthesis in hemolymph and ovaries was essentially

undetectable when measured by the incorporation of [

35
S]-met.

Time Course of the Effects of Butyrate. To determine the

time dependent effects of the butyrate injections on protein

synthesis and to determine the rate of recovery from those effects,

newly eclosed female flies were injected with butyrate and tissue

samples collected at 12, 24, 36, and 48 hours after injection. Two

hours before samples were collected flies were injected with
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[

35
S] -met. Hemolymph samples were resolved by SDS-PAGE and the

labeled proteins visualized by autoradiography. There was no

correlation between the length of exposure to butyrate and the

degree of label incorporation into the YPs in the hemolymph (Fig.

4). Since YP synthesis was not significantly different using the 5

mM and 10 mM treatments described above, the data from the two

treatments were pooled in making the comparison between the temporal

effects of the butyrate and saline treatments. There was no

significant difference in the amount of YP synthesis between the

saline and butyrate treatments at any of the 4 time points tested

(p>0.05, Mann-Whitney test). In the first time course trial the

results were consistent with the existence of a butyrate induced

inhibition of YP synthesis and subsequent recovery. However, the

pattern did not repeat itself in the following two trials, and in

those trials a high degree of variability in the response of two

samples to the same treatment was evident.

The Effects of Butyrate Over Short Periods of Time. To

determine whether butyrate was exerting short term effects on

protein synthesis, a time course experiment was done using treatment

times of 2, 3, and 5 h. Newly eclosed female flies were aged 24

hours before they were treated with saline or 10 mM butyrate. Each

fly was injected with [35S] -met 2 hours before sample

collection. Hemolymph and ovary proteins were resolved by SDS-PAGE

and visualized by autoradiography (Fig. 5). This treatment caused

no detectable differences between the general patterns of protein

synthesis in the tissues from the saline and the butyrate treated
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females.

The Effects of Delaying Treatment with Butyrate. Female

flies were injected with butyrate at either 12, 24, or 36 hours

after eclosion to determine if butyrate would affect YP synthesis

once production of the YPs had been stimulated, and if there was a

difference between the butyrate response of newly eclosed females

and mature females. Butyrate was administered at doses of 50 mM,

100 mM, or 250 mM. Hemolymph and ovary samples were collected 12

hours after butyrate treatment and 2 hours after flies were injected

with [

35
S] -met. Because the amounts of sample loaded on these

gels were not normalized for counts of TCA precipitable material it

is necessary to make relative, rather than absolute, comparisons

between the treatments. In flies treated with 50 mM butyrate at 12

or 24 hours the YPs were actively synthesized and sequestered into

the ovaries (Fig. 6) and secreted into the hemolymph (Fig. 7).

Doses of 100 mM butyrate or greater caused a reduction in overall

protein synthesis as well as YP synthesis in all three age

treatments.

Reversibility of the Effects of Butyrate. The reversibility

of the effects of butyrate on YP synthesis were examined by

injecting newly eclosed female flies with 10 mM butyrate, allowing

them to mature for 4 days and making single pair matings with

untreated male flies of the same age. The 2 control groups

consisted of untreated female flies and female flies injected with

saline. Both control groups were also mated with untreated male

flies of the same age. The age at which eggs were first laid and
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the rate of development of eggs and larvae were compared between the

treatment and control groups. In all 3 treatment groups, eggs were

laid within the first day, larvae first appeared on the second day

and larvae began to pupate on the eighth day after mating. The eggs

laid by the butyrate treated females developed at the same rate as

the eggs laid by the control flies and produced viable adults.

Induction of YPs by JHA and 20HE in Isolated Abdomens. The

following experiments were designed to determine whether butyrate

interferes with the induction of YP synthesis by JHA and 20HE. The

endogenous sources of the hormones were removed from newly eclosed

flies by ligating the abdomens and cutting off the thorax and head.

The abdomens were aged 24 hours before treatment with either saline,

10 mM butyrate, 0.16 ug JHA, 0.16 ug JHA + 10 mM butyrate, 20 pmol

20HE, or 20 pmol 20HE + 10 mM butyrate. For the cases in which both

butyrate and JHA or 20HE were applied, the hormone was applied first

and was immediately followed by the application of butyrate. In

these experiments the control treatments were modified to reflect

the methods of hormone application: 10 percent ethanol was added to

the saline and 0.2 ul of acetone was applied topically to those

control and butyrate treatments that were compared with JHA

treatments. Two hours before sample collection flies were injected

with [35S] met. Hemolymph and ovary samples were taken 10 hours

after treatments were applied and proteins were resolved by SDSPAGE

and visualized by autoradiography.

The addition of butyrate to the JHA, 20HE, and saline

treatments did not affect the induction of the YPs (Fig. 8). The
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average quantity of YPs synthesized in the presence of butyrate was

statistically the same as the quantity synthesized in the absence of

butyrate (p > 0.05, Mann-Whitney test). The quantity of YPs

detected in the hemolymph of abdomens treated with JHA and 20HE was

greater than the amount detected in the hemolymph of abdomens

treated with saline and butyrate, evidence that the hormone

treatments did stimulate YP synthesis. But while the quantity of YP

synthesis in response to the 20HE treatments was significantly

higher than that obtained in response to the saline and butyrate

treatments (p < 0.01, Mann-Whitney test), the difference between the

effects of the JHA, saline and butyrate treatments on YP synthesis

was not statistically significant.

There was no evidence of YP synthesis in the ovary samples

prepared in the course of these experiments, despite the fact that

the ovary samples came from flies whose hemolymph contained hormone

induced YPs.

Determination of Protein Concentration in Tissue Samples. To

determine if loading equal TCA precipitable counts per lane resulted

in more protein from butyrate treated flies than from control flies

being analyzed due to a decreased rate of [

35
S]-met

incorporation in butyrate treated flies, the protein concentration

of hemolymph samples analyzed by densitometry of autoradiograms were

assayed. Ten ul of each sample was precipitated by TCA, filtered

onto nitrocellulose and stained with amido black. The stained

proteins were eluted.and the absorbance of the eluent read at 630

nm. Except for the time course experiment, the sample sizes were



22

too small to analyze statistically. Among the samples obtained from

the time course treatments, the average amount of protein analyzed

by SDS-PAGE from butyrate treated flies was no different from the

mean amount analyzed from saline treated flies (p > 0.05, t-test).

Visual comparison of the remaining protein assay values shows a

similar lack of distinction between quantity of protein analyzed

from flies treated with saline and those treated with less than 50

mM butyrate. There are two probable explanations for the uniformity

of the protein concentrations among samples from animals treated

with different doses of butyrate and between samples from butyrate

and saline treated animals: 1. Most hemolymph samples included fat

body cells which would contribute substantially to the protein

concentration of the hemolymph, and 2. Most constitutive hemolymph

proteins are turned over very slowly, so they would also make a

significant contribution to the hemolymph protein population. In

comparison to the contribution made by the constitutive hemolymph

and fat body proteins, changes in the quantity of YPs in the

hemolymph would most likely be insignificant and undetectable by

this method.
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DISCUSSION

To investigate the effect of sodium butyrate on the expression

of the YP genes in D. melanogaster, the dose response and time

course were examined, as was the interaction between butyrate and

the hormones which regulate YP gene expression in females. There

was no statistically significant difference in the quantity of YPs

produced by females 24 hours after being injected with saline and

the quantity of YPs produced by females 24 hours after being

injected with butyrate at concentrations up to 50 mM. At doses

above 50 mM, the effects of sodium butyrate were toxic, as evidenced

by increased mortality and a marked decline in the overall rate of

protein synthesis. The degree of sensitivity to high doses of

butyrate differed between the sexes. Doses at and above 250 mM

butyrate killed 50% or more of the treated males. Male mortality

remained high at doses as low as 50 mM butyrate, but females

withstood doses ranging from 0.5 mM to 250 mM butyrate with only

about 20% mortality at 250 mM and less at lower doses. It cannot be

determined from the method of butyrate application whether the

butyrate or the sodium in the injection medium was responsible for

the mortality. Leder and Leder (1975) found no differences between

the effects of butyric acid and other short chain fatty acids and

their neutralized salts on the induction of erythroid

differentiation in erythroleukemic cells. However, the highest

butyrate dose they reported using was 2.0 mM. When male and female

D. melanogaster were treated with 100 mM sodium chloride in
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saline, 100% were moribund within 8 hours (data not shown). It is

probable, in light of this observation, that the general decline in

the rate of protein synthesis observed in flies treated with greater

than 50 mM butyrate was at least partially due to the sodium

introduced with the butyrate. At doses of 50 mM or less, the

butyrate treatments did not markedly affect the overall quantity of

protein synthesized and mortality of female flies was rare,

indicating that toxic effects were probably minimal at those doses.

Despite the extreme sensitivity of male Drosophila to butyrate,

no difference could be detected between the patterns of hemolymph

proteins from butyrate treated and saline treated males. However,

the inability of butyrate to induce the YPs in males is not

surprising since butyrate did not stimulate YP synthesis in females.

Efforts to discover time dependent effects of butyrate in

females were unrewarded. Although results consistant with the

inhibition and recovery of YP synthesis after treatment with

butyrate were obtained in the first replicate of the experiment, the

results from two subsequent replicates did not corroborate a time

dependent effect. The time dependent pattern observed in the first

trial was obscured due to the high degree of variability in the

quantity of YPs produced within a given amount of time in response

to the butyrate treatments. When the results of the three trials

were combined, the pattern that was present in the first trial was

obscured because the quantity of YPs obtained in response to a given

butyrate treatment varied a great deal between the 3 trials.

Although no specific effect of butyrate on the synthesis of the
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YPs was discovered, it was established that female D. melanogaster

do recover fully from the butyrate injections. The quantity and

viability of eggs laid by females mated 4 days after they were

injected with 10 mM butyrate was indistinguishable from that of

untreated or saline injected females of the same age. The offspring

of the butyrate treated females and of the two control groups

developed into adults at approximately the same rate and in

comparable numbers.

The age at which the female flies were treated did not make a

significant difference in the effectiveness of the treatment to

induce changes in gene expression. When 12, 24 and 36 hour old

females were injected with 50 mM butyrate, newly synthesized YPs

were present in both the hemolymph and ovaries 12 hours after

injection in quantities comparable to those in saline injected

females of the same age. Similarly, 10 mM butyrate treatments

applied to 24 hour old females did not cause the level of YPs in

either the hemolymph or ovaries of the butyrate injected females to

change relative to the saline injected controls. These results may

be explained by the way YP gene expression is controlled at the

transcriptional level. In newly eclosed female flies the YP genes

are transcribed at a low level (Hovemann and Galler, 1982, Shirk et

al., 1983b) but by 24 hours after eclosion transcription of YPs is

nearly maximal (Gavin and Williamson, 1976, 1978; Hovemann and

Galler, 1982, Shirk et al., 1983a). If the bulk of the YP mRNA is

transcribed within 24 hours of eclosion, it would be difficult to

measure changes in the level of transcription in flies 24 hours or
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older given that the baseline rate of synthesis would be low and the

method used here of measuring gene expression through the rate of

protein synthesis may not be sensitive enough to detect changes of

that size.

Butyrate did not affect the action of either 20HE or JHA on the

stimulation of YP production. Treating isolated female abdomens

simultaneously with butyrate and either 20HE or JHA resulted in

rates of YP synthesis no different from those measured after

treating them with either hormone in the absence of butyrate. This

was not due to failure of the hormone treatments to induce the YPs.

The quantity of YPs in the hemolymph of 20HE treated abdomens was

statistically greater than in untreated abdomens and was no

different from that in intact control females. The quantity of YPs

in the hemolymph of JHA treated abdomens was also greater than in

untreated abdomens, although the difference was not statistically

significant. The lesser quantity of YPs in JHA compared to 20HE

treatments was probably due to the dose at which the JHA was

applied.

Working with a vertebrate system analogous to vitellogenesis in

Drosophila, McKnight et al. (1980) found that butyrate inhibited

the hormonal induction of 2 genes that code for egg proteins:

estrogen induced ovalbumin and transferrin (egg white) genes in

chick oviduct. Butyrate inhibited egg white gene induction in chick

oviduct at butyrate doses much lower than those used here, a 50%

decrease in egg white gene induction was achieved at 0.5 mM butyrate

and inhibition was nearly complete at 2 mM butyrate. Butyrate also
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deinduced egg white gene expression when added to oviduct that had

been pretreated with estrogen. These observed effects of butyrate

on chick oviduct contrast sharply with the inability of butyrate to

inhibit YP gene expression in either newly eclosed or mature females

or in isolated female abdomens treated simultaneously with butyrate

and JHA or 20HE.

The method of applying butyrate may account for the absence of

a detectable effect on gene expression at low doses, which is in

contrast to what has been reported in the literature. Leder and

Leder (1975), Reeves and Cserjesi (1979), and McKnight et al. (1980)

each found that marked changes in gene expression were elicited by

10 mM butyrate or less. These and all other previous studies using

butyrate as an inhibitor have involved either cell or organ culture,

and butyrate was introduced into the cells or organs by addition to

the culture medium. Each treatment group was a closed system in

which the cells or organs were continuously exposed to butyrate

throughout the treatment period. In the method used here each fly

was an open system and the duration of the treatment depended on the

efficiency of butyrate uptake from the hemolymph by the fat body and

ovary cells, and on the rate at which the butyrate was metabolized

or excreted by the fly. The time scale used here was chosen based

on published methods, and on the assumption that in vivo treatments

of Drosophila would behave similarly to the cell and organ culture

treatments described in the literature. Previously, treatments with

butyrate lasting from 8 hours (McKnight et at, 1980) to as long as 5

days (Leder and Leder, 1975) have been successfully used to perturb
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gene expression. It may be that butyrate affected gene expression

in these closed, culture systems but not in the open, in vivo system

described here because the flies cleared the butyrate from their

bodies before the target tissues were sufficiently exposed.

Alternatively, butyrate may have altered the pattern of gene

expression but the system was able to return to normal before the

first tissue samples were taken at 12 hours because there was not a

continuous influx of butyrate. An indication of how quickly the

effects of buyrate might disappear once a fly has cleared the

inhibitor from its system is given by the observation that induction

of egg white mRNA resumed within 1 hour after butyrate was removed

from chick oviduct culture medium (McKnight et al., 1980).

The relatively low concentrations of butyrate at which a

substantial effect on gene expression in chick oviducts was detected

and the failure of much higher doses to cause a detectable effect on

YP synthesis in male and female D. melanogaster may be due to the

method of measuring the response. McKnight et al. (1980) quantified

the effect of butyrate on gene expression at the level of

transcription by analysing changes in the egg white mRNA population.

In this study the presence of a butyrate induced effect on gene

expression was inferred from analysis of the quantity of YP

translated, a method which may have been neither sufficiently

sensitive nor sufficiently direct to be an effective measure. The

sensitivity of this indirect measure of gene expression depends

heavily on the rate at which mRNAs are turned over. Because

butyrate causes hyperacetylation of the core histones it has been
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assumed that the effects of butyrate on gene expression are caused

by that activity. Accordingly, a full characterization of the

effect of butyrate on gene expression in D. melanogaster would

require that the effect of butyrate on the transcription of YP mRNA,

and on the acetylation of the core histones, be quantified.
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Figure 1. The effect of butyrate on protein synthesis in adult male

D. melanogaster. Male flies were injected with either saline, 5

mM butyrate or 10 mM butyrate at eclosion. Following a 2 hour label

with [
35S]-met, hemolymph samples were collected 24 hours after

butyrate treatment. An autoradiogram of the labeled proteins

resolved by SDS-PAGE is shown. Lanes A and B: saline treated

males; C and D: 5 mM butyrate treated males; E and F: 10 mM butyrate

treated males; G: 24 hour female hemolymph. R = saline, NT = no

treatment.
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Figure 2. Immunoprecipitation of male hemolymph with anti-YP

antiserum. Newly eclosed male flies were injected with 50 mM, 100

mM or 250 mM butyrate. Following a 2 hour label with [358]-met,

hemolymph samples were taken 48 hours after treatment with butyrate.

The hemolymph samples were immunoprecipitated with anti-YP antiserum

and resolved by SDS-PAGE. An autoradiogram of the gel is shown.

Lanes A: ovaries from 24 hour females; B and C: saline treated

males; D and E: 50 mM butyrate treated males; F and G: 100 mM

butyrate treated males; H and I: 250 mM butyrate treated males. R =

saline, IP = immunoprecipitate, S = supernatant.
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Figure 3. The effect of increasing doses of butyrate on the

synthesis of YPs in newly eclosed female D. melanogaster. Newly

eclosed female D. melanogaster were injected with butyrate at

doses ranging from 0.5 mM to 50 mM, or with saline. Hemolymph

samples were collected 24 hours after butyrate injection, following

a 2 hour label with [

35
S] -met. Quantities of YPs were

determined by densitometrically scanning autoradiograms of the

SDS-polyacrylamide gels on which the hemolymph proteins were

resolved. The amount of YPs produced relative to the control are

plotted against butyrate dose.
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Figure 4. The effect of increasing the time elapsed between

butyrate treatment and sample collection on YP synthesis in female

D. melanogaster . Newly eclosed females were injected with 5 mM

or 10 mM butyrate or with saline. Hemolymph samples were collected

at 12, 24, 36 or 48 hours after injection with butyrate, following a

2 hour label with [35S] -met. Quantities of YPs were determined

by densitometrically scanning autoradiograms of the

SDS-polyacrylamide gels on which the hemolymph proteins were

resolved. The values plotted are relative to the quantity of YPs

produced by the saline treatment at 36 h. Each bar represents the

average of the points plotted within it. S = saline, Bu = butyrate.
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Figure 5. The effect of short butyrate treatments on 24 hour adult

females. Saline, 5 mM, or 10 mM butyrate were injected into 24 hour

old female D. melanogaster . Hemolymph and ovary samples were

collected at 2, 3, and 5 hours after butyrate injection, following a

2 hour label with [

35
S]-met. An autoradiogram of the

SDS-polyacrylamide gel the proteins were resolved on is shown.

Lanes A - C and G I: hemolymph and ovary proteins, respectively,

from saline treated females; D - F and J - L: hemolymph and ovary

proteins from 10 mM butyrate treated females; M and N: ovary and

hemolymph proteins from untreated, control females. Ov = ovaries,

He = hemolymph, Ringer = saline, Bu = butyrate, NT = no treatment.
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Figure 6. The effect of delaying treatment with butyrate on ovarian

proteins. Newly eclosed female D. melanogaster were aged 12, 24,

or 36 hours before being injected with saline or 50 mM, 100 mM, or

250 mM butyrate. Ovary samples were collected 12 hours after

butyrate treatment, following a 2 hour label with [35S]-met. An

autoradiogram of the SDS-polyacrylamide gel on which the ovary

proteins were resolved is shown. Quantities of sample loaded onto

the gel were not normalized for TCA precipitable counts. Lanes A,

E, and I: saline; B, F, and J: 50 mM butyrate; C, G, and K: 100 mM

butyrate, D, H, and L: 250 mM butyrate. R = saline, Bu = butyrate.
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Figure 7. The effect of delaying treatment with butyrate on

hemolymph proteins. Newly eclosed female D. melanogaster were

aged 12, 24, or 36 hours before being injected with saline or 50 mM,

100 mM, or 250 mM butyrate. Hemolymph samples were collected 12

hours after butyrate treatment, following a 2 hour label with

[

35
S]-met. An autoradiogram of the SDS-polyacrylamide gel on

which the hemolymph proteins were resolved is shown. Quantities of

sample loaded onto the gel were not normalized for TCA precipitable

counts. Lanes A, E, and I: saline; B, F, and J: 50 mM butyrate; C,

G, and K: 100 mM butyrate; D, H, and L: 250 mM butyrate.
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Figure 8. The effect of butyrate on the induction of YP synthesis

in isolated abdomens of female D. melanogaster. Female abdomens

isolated from the anterior endocrine glands at eclosion were aged 24

hours before receiving one of the following treatments: saline (S);

10 mM butyrate (Bu); 0.16 pg JHA (JHA); 0.16 pg JHA + 10 mM butyrate

(JHA + Bu); 20 pmol 20HE (20HE); 20 pmol 20HE + 10 mM butyrate (20HE

+ Bu). Quantities of YPs were determined by densitometrically

scanning autoradiograms of the SDSpolyacrylamide gels on which the

hemolymph proteins were resolved. The values plotted are relative

to the quantity of YPs produced by intact, untreated 24 hour females

(NT). Each bar represents the average of the points plotted within

it.
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