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CHAPTER I

INTRODUCTION

General

One of the most intriguing phenomena in biology is the cellular pro-
cess that regulates gene expression. Most of the basic principles

of gene regulation in prokaryotes are well understood these days.
Some of these mechanisms also operate in eukaryotes. However, the
situation in higher organisms is far more complicated due to the
many developmental processes which lead to highly differentiated
tissues. Furthermore, the study of gene expression in eukaryotes
meets with practical difficulties: even primitive eukaryotes con-
tain many more genes than E.coli, the prokaryote which has been

the most thoroughly studied. Therefore, most data pertaining to the
structure and expression of genes in eukaryotes have been obtained
using cell types in which just a few genes are expressed at high
levels. Examples are reticulocytes which mainly produce globin chains
or lens cortex cells which synthesize large amounts of structural
proteins called crystallines. Recently, in these systems many fasci-
nating aspects of gene structure and transcription and of proces-
sing and translation of the RNA products have been elucidated. How-
ever, only little progress has been reported in studies of the
requlatory mechanisms which control the induction and repression

of genes in terminally differentiated cell types. Furthermore, the
induction of the genes typical for the differentiated state of the
tissue requires a predifferentiation of that tissue. Although the
gene induction itself may be studied (for example: the secondary
stimulation by estrogen in the oviduct) this predifferentiation

step (for example, during the primary response to estrogen) is much
less amenable to experimental study. An alternative approach to

this problem is the study of the heat shock genes of Drosophila.
This system offers the possibility to directly induce gene activity
by relative simple experimental stimuli. In recent years, many pa-



pers have been published all concerning the complex response of
Drosophila tissues to heat shock or other external inducers. I hope
that the work presented in this thesis will contribute significant-
ly to the present knowledge of the mechanisms of this response.

Heat shock in Drosophila

The history of the heat shock system starts with the observations of
Ritossa (1962, 1964a), who discovered that gene activity in larval
salivary glands from Drosophila can be experimentally induced as in-
dicated by the appearance of a unique set of puffs on the polytene
chromosomes. The activation of the same loci can be achieved by a
wide variety of treatments, for instance by increasing the environ-
mental temperature about 10°C, which in fact explains the name of
this system, but also by agents which interfere with cellular meta-
bolism. In D. melanogaster, the species most data refer to, there
appear nine puffs at specific sites on the chromosomes after a heat
shock (Ritossa, 1962; Ashburner, 1970; Ellgaard, 1972). Other Dro-
sophila species show a similar response, for example six puffs are
induced in D. hydei (Berendes et al., 1965; Leenders et al., 1973).
Induction of the puffs starts within 1 min after increasing the tem-
perature and requires RNA but not protein synthesis. Remarkable is
the fact that the activity of the remainder of the chromosome, in-
c¢luding other puffs present at the time the heat shock began, re-
gresses simultanously (Bonner and Pardue, 1976).

Furthermore, Tissiéres et al. (1974) discovered another very inter-
esting aspect of this system: a drastic change occurs in the protein
synthetic pattern after a heat shock, resulting in the preferential
synthesis of a specific set of polypeptides. It was found that all
tissues, including the permanent cell lines, show this heat shock
response at the level of RNA and protein synthesis. Thus, a heat
shock induces the transcription of a specific set of RNAs, such as
occurs in the puffs of the polytene chromosomes, and the major part
of this RNA functions as messenger RNA and is preferentially trans-
lated into a set of polypeptides called the heat shock proteins.

The effect of heat shock is reversible unless the treatment js con-
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tinued for a prolonged period of time. In their natural environment
Drosophila larvae may frequently meet situations such as brief heat
shock due to exposure to the sun. Therefore it is suggested that the
response is homeostatic, tending to alleviate the stress situation
caused by the initial stimulus. More of less analogous responses to
heat shock or other inducing treatments have been described in chick
fibroblasts (Kelley and Schlesinger, 1978), plants (Sachs and Free-
1ing, 1978) and protozoa (Guttman et al., 1980), indicating that
this complex response may be a common event which enables an orga-
nism to survive temporary defects in the cellular metabolism.

The induction of the heat shock genes

Besides the heat shock itself, there exist a wide variety of agents
which induce a more or less comparable response in Drosophila (fbr
review see Ashburner and Bonner, 1979). Amoung those one will find
uncouplers of oxidative phosphorylation, inhibitors of electron
transport, hydrogen acceptors and inhibitors of various enzymes and
other cellular functions. Whether or not all these agents act via a
common pathway cannot yet be decided.

Leenders et al. (1974) have suggested that the mitochondrial electron
transport and oxidative phosphorylation could be the primary targets
of many of the inducing agents on the basis of the following ob-
servations. The kinetic properties of several mitochondrial enzymes
involved in these processes change during heat shock or recovery
from anoxia. The change in specific activity of some enzymes proce-
des the induction of the heat shock loci and has shown to be inde-
pendent of RNA synthesis which suggests that these processes are
involved in the induction of the heat shock response.

For example, the increase of the app. Km of the mitochondrial &x-gly-
cerophosphate oxidase may be related to the induction of one of the
temperature sensitive loci. This change, which can be obtained with
several inhibitors, such as arsenite, rotenone, antimycin and dini-
trophenol, was suggested to be due to a modification of the enzyme:
a protein component Would be released from the complex and trans-
mitted directly or indirectly to the nucleus and induce one of the
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sensitive loci. However, the initial increase of the app. Km of a-
glycerophosphate oxidase may be a secondary effect which results
from an allosteric deactivation of this enzyme due to the simulta-
nously rapid decreasing concentration of the substrate x-glycero-
phosphate. This explanation is supported by the observation (Vossen,
unpublished results) that addition of x-glycerophosphate prior to
the puff inducing treatment reduced the change in the app. Km of the
mitochondrial «-glycerophosphate oxidase. A secondary increase in
the app. Km of this enzyme, which occurs after prolonged tempera-
ture treatment, may still be related to a modification of the «-gly-
cerophosphate oxidase since it can be prevented with eserine sul-
phate, an inhibitor of carboxyl esterase.

The idea that the heat shock response would be triggered in some
part of the cytoplasm is supported by the experiments of Sin (1975)
and Compton and McCarthy (1978). For instance, Sin prepared a heat-
labile, nondialyzable fraction from temperature treated isolated
mitochondria which was capable of inducing two heat shock loci when
injected in the cytoplasm of salivary gland cells.

RNA and protein synthesis during heat shock

A heat shock treatment causes three distinct responses on the level
of RNA synthesis: the induction of a class of heat shock RNAs, the
suppression of the synthesis of most other mRNAs and the disruption
of the normal processing of the primary ribosomal RNA transcripts.
(El1gaard and Clever, 1971; Lengyel and Pardue, 1975; Rubin and
Hogness, 1975; Jacq et al. 1977). Only the first effect will be
discussed in detail since it has been the major point of interest
in this study. One of the ways to show the transcriptional response
is by incubating salivary glands with 3H-ur1'd1'ne and preparing auto-
radiographs of the polytene chromosomes (Ritossa, 1964b; Berendes,
1968; Tissiéres, et al., 1974). These data showed that de novo syn-
thesis of RNA takes place at the heat shock sites while preexisting
developmentally regulated puffs cease to incorporate the precursor.
Also the distribution of RNA polymerase and other chromosomal pro-
teins is changed after a heat shock which again reflects a shift in
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the chromosomal transcription pattern (Plagens et al., 1976; Silver
and Elgin, 1977; Jamrich et al., 1977; Elgin et al., 1978).
Furthermore, the accumulation of specific RNAs at the heat shock
puffs can be demonstrated by hybridizing complementary DNA sequences
to the puff RNA (Livak et al., 1978; chapter VI). The heat shock

RNAs as they appear in the cell, have been analyzed by in situ hybri-
dization to polytene chromosomes and by gelelectrophoresis (McKenzie
et al., 1975; Spradling et al., 1975; Henikoff and Meselson, 1977;
chapter III and VI). The polyadenylated fraction of the heat shock
RNAs sediments as two major classes of 20S and 13S on sucrose gra-
dients. .

Further fractionation of these RNAs by electrophoresis under dena-
turing conditions (Spradling et al., 1977) reveals many different
RNA species which can be identified by in situ hybridization.

The translational effect of a heat shock can be seen from the pro-
tein synthetic pattern as analyzed by SDS electrophoresis. The syn-
thesis of a small number of heat shock proteins is induced while the
synthesis of most other ones is repressed, although the latter effect
varies among different Drosophila tissues (Tissiéres et al., 1974;
Lewis et al., 1975; McKenzie et al., 1975; Koninkx, 1976; chapter V).
The heat shock proteins are encoded by messengers synthesized only
by heat shocked cultured cells, as has been demonstrated by in vitro
translation (McKenzie and Meselson, 1977; Mirault et al., 1978; Moran
et al., 1978; chanter V).

Furthermore, one should emphasize the extreme rapidity of the res-
ponse, since one of these newly synthesized proteins can be detected
within 10 min after heat shock (Mirault et al., 1978). In addition

to the time required for synthesis of the messenger, it would take
approximately 3-4 min to synthesize the polypeptide. Therefore, the
induction of the gene, the processing of the primary transcript and
the transport to the polysomes must be very rapid.

Function of the heat shock proteins

The functional significance of the heat shock proteins is probably
the most ignored aspect of the system., Data obtained with inhibitors
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of RNA or protein synthesis (Leenders and Beckers, 1972; Mckenzie, as
quoted in Ashburner and Bonner, 1979), indicate that the heat shock
polypeptides in some way regulate the activity of the heat shock ge-
nes. The expected regression of the heat shock puffs some time after
induction did not occur when glands were incubated with cycloheximi-
de. Also, cells which have been treated with actinomycin-D during
heat shock do not recover their normal protein synthetic pattern when
returned to 25°C. These data suggest an autoregulatory effect: a heat
shock induces the synthesis of a set of mRNAs coding for proteins
which enable the cell to overcome the metabolic distortion caused by
the treatment. A new equilibrium is reached and the activity of the
induced genes, which are no longer needed, will decrease.

Based on this assumption, studies have been made of the effects of
heat shock and anoxia on the levels and kinetic properties of seve-
ral enzymes involved in respiratory processes. Changes have been
reported in mitochondrial NADH dehydrogenase, tyrosine aminotrans-
ferase and isocitrate dehydrogenase (Leenders et al., 1974; Koninkx,
1975 et al., 1975; Sin and Leenders, 1975). However, the observed
decrease in the app. Km of these enzymes may not simply be due to

de novo synthesis of the enzymes. For instance the increase in the
activity of the cytoplasmic x-glycerophosphate dehydrogenase can be
prevented by eserine sulphate, an agent which inhibits deacetylation.
Furthermore, it has been found that the same change in app. Km of
o-glycerophosphate dehydrogenase can be obtained in the control ex-
tracts by mixing them with extracts of heat shocked material (Vos-
son, unpublished). These data indicate that modification may be the
essential mechanism by which the cell regulated the response on the
respiratory level after a metabolic disturbance such as anaerobiosis.
Whether the heat shock proteins, or at least some of them, act as mo-
difying enzymes or whether they induce secondary processes which fi-
nally lead to the modification of the aforementioned enzymes cannot
yet be decided. To resolve the function of the heat shock proteins,
some have suggested a genetic approach (Ish-Horowicz, 1980). If in-
deed the normal response to a heat shock enables the animal to with-
stand the metabolic stress then it may be possible to use this fea-

ture when screening for mutants of the temperature sensitive loci.
However, conclusive data which would support this suggestion, have
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not yet been reported.

Heat shock in D. hydei

So far, this introduction has presented a more general survey of the
heat shock system in Drosophila. However, the results in this thesis
have not been obtained with D. melanogaster, the species to which
almost all data in the literature refer. A number of reasons justify
the use of D. hydei instead. Although the heat shock response in this
species appears to be homologous to that in D. melanogaster, there

is one major difference which concerns a locus close to the telomere
of the second chromosome indicated as 2-48B on the cytological map
of the polytene chromosome of D. hydei. Several observations have
been made which demonstrate that this particular locus behaves dif-
ferently from any heat shock lTocus of D. melanogaster. First, locus
2-48B produces a complex RNP particle (Derksen et al., 1973) after
heat shock. Such particles cannotbe found in any of the temperature
sensitive loci in D. melanogaster. In D. hydei, these particles also
appear after incubation with vitamin B6 while in D. melanogaster non
of the heat shock puffs can be induced with this treatment.

The properties of locus 2-48B of D. hydei can be summarized as fol-
lows: analyses of heat shock RNA present in the nucleus and cytoplasm
showed that 80% of the 2-48B sequences remains in the nucleus while
the rest, containing non-homologous RNA sequences, can be found asso-
ciated with the polysomes (chapter IIl, VI and VII).

Previous analyses by micromanipulation of heat shock or vitamin B6
induced salivary glands showed the presence of a 40S RNA transcript
in the puff at locus 2-48B (Bisseling et al., 1976). These exceptio-
nal features caused locus 2-48B in D. hydei to become a major point
of interest of this thesis. By the time this work was initiated per-
manent tissue culture cell lines of D. melanogaster had already been
isolated (Kakpakov et al., 1969; Echalier and Ohanessian, 1970).
These cell lines proved to be very useful to study RNA transcription
during heat shock. Unfortunately, no such cell lines were available
for D. hydei and therefore they were isolated at the laboratory in
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Nijmegen. Their morphology and karyotype are described in chapter Il
and these cells were used for the experiments in the following chap-
ters as a convenient tissue in which to study the heat shock response.
The RNA transcripts, homologous to locus 2-48B, were analyzed by hy-
bridization of pulse labelled nuclear and polysomal RNA isolated from
heat shocked cultured cells (chapter III). The following chapters
(IV, V) will describe the coding properties of the heat shock RNAs

as they appear associated with the polysomal fraction in the cell.
The data presented in chapter IV suggest a correlation between one

of the heat shock proteins, i.e. the 70,000 dalton polypeptide, and
locus 2-36A in D. hydei. From a more general point of view, the pro-
tein synthetic patterns of different tissues during heat shock are
subjected to a closer examination in chapter V. Two-dimensional ana-
lysis of the heat shock proteins reveals some tissue-specific dif-
ferences and also the existence of a class of minor heat shock pro-
teins some of which may be structurally related to the major ones.
Furthermore, in this chapter the experiments are described which show
that the heat shock proteins are encoded by de novo synthesized mRNA
species. Whether the same mRNAs are indeed transcribed from the heat
shock sensitive loci can only be decided from in situ hybridization
with in vivo pulse labelled RNA if one assumes that the activity

of these loci under normal conditions can be neglected. However, this
did not prove to be the case for Tocus 4-81B as will be shown in
chapter VI. The hybridization experiments, using cDNA prepared from
heat shock RNA instead of in vivo labelled RNA, also showed that an
additional locus (4-85B) is activated during a heat shock. With res-
pect to Tocus 2-48B, the data indicated a complex structure for the
presumptive nuclear transcript.

Whether the sequence of this transcript is essential to its function
in the heat shock response, if any, may be answered if one considers
the evolutionary stability of this feature. Therefore, we compared
the presence of the heat shock sequences, especially the one homolo-
gous to 2-48B, between several related Drosophila species (chapter
VII) and showed that these sequences are not conserved. In the sum-
mary the major conclusions of this thesis will be discussed also
connection with some of the data obtained more recently.
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CHAPTER I

New Cell Line
ESTABLISHED CELL LINES OF DROSOPHILA HYDEI
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Department of Geneties, University of Nigmegen. Mgmegen, The Netherlands

tReceived Gctober 25, 19749; accepted March T, 19804

SUMMARY

Four cell lines have been isolated from Drosophila hvdei embryos. Three lines have a
normal XY karyotype. the fourth has an X0 karyotype with an additional small hetero-
chromatic fragment. The cells contain presumable cytoplasmic virus like particles.

Key words: Drosophila hydei; dipteran cell line; virus like particles.

During the last 10 years a number of
Drosophila melanogaster cell lines have been iso-
lated {1}. Using the methodology established in
these studies, we have isolated four cell lines from
D. hydei. Cells obtained from mechanically frag-
mented 0- to 10-hr old D. hydei embryos were cul-
tured in the M-3 medium described by Shield and
Sang (2). After 4 weeks most of the flasks con-
tained clumps of growing cells and these were
subcultured without dilution. A period of very
slow proliferation followed. No attempt was made
to subculture the cells during this time, but once a
month half of the medium was removed and re-
placed with fresh medium. In this lag phase a
protozoan contamination, a Gregarinea species.
appeared in practically all our cell cultures. To re-
duce their concentration, the medium was re-
moved once a week, Millipore filtered, and re-
turned to the flask. Once cell proliferation re-
sumed, this contaminant disappeared.

After 6 months a continuous sheet of cells
started to form in about 20% of the flasks. These
cultures were subcultured, again without dilution,
every 4 or 5 weeks until cell growth resumed with-
out lag after each passage. Parent cultures were
then split 1:1 or 1:3 for a further 10 passages. In
our hands the plating efficiency of the cells re-
mained very low during the first 10 passages and
subculturing at high density proved essential to
maintain viability of the cells.

Starting with 50 primary cultures in November
1975, we finally obtained four cell lines in the fall
of 1976. These lines can be subcultured at a 1:10
dilution and have a doubling time of 1 to 2 days at
25° C. They have been designated KUN-DH-14.
KUN-DH-15. KUN-DH-33. and KUN-DH-47:
the number indicates the number of the original

primary culture from which the line is derived.
Although the cell lines were isolated and are
maintained as monolayer cultures. they can be
easily adapted to growth in suspension or spinner
culture. where they reach a density of 2 x 10" or
5 x 10° cells/ml, respectively.

The karyotype of the cells is essentially normal
(Fig. 1): three of the four lines are normal diploid
XY. whereas line KUN-DH-14 has a diploid X0
karyotype with an additional small heterochroma-
tic fragment, which may be derived from the Y
chromosome. About 10% of the cells in all lines
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Fi16. 1. Karyotypes of the four cell lines. the numbers
in the figure indicate the cell line. No colchicine or vin-
blastine block was used since the chromosomes became
difficult to recognize. Orcein stain. x7420.

913


file:///ijrnetien

SONDERMEIJER, DERKSEN, AND LUBSEN

F16. 2. Transmission electron micrograph of cell line KUN-DH-33. The cell contains numerous
mitochondria, some multivesicular bodies (mvb), and bodies that may have been excluded from the
perinuclear space (bps). A large virus focus (vf) surrounded by viruslike particles (vlp) occupies part of
the cytoplasm. x17,000. Insert: viruslike particles at higher magnification. x82,000. Aqueous uranyl

acetate and lead citrate stain.

are tetraploid. There was no change in ploidy of
the cells in spinner or suspension culture.

The cells are morphologically quite similar to
the small and round cells of the D. melanogaster
K _ line isolated by Echalier and Ohanessian (3).
However, in phase contrast microscopy, many
cells show a large distinct oval body in the cyto-
plasm. In electron micrographs these structures
stained less dense than the surrounding cytoplasm
and contained darkly stained particles with a
diameter of 600 to 800 A at the edge of the body
(Fig. 2). At higher magnification an inner core
with a diameter of 300 A can be discerned but no
well defined outer edge is seen (Fig. 2, insert).
These particles have also been seen free in the
cytoplasm but have never been found in the
nucleus. Budding of these presumable viruslike
particles has never been observed, nor has a cyto-
pathic effect been noted. The presence of both
nuclear and cytoplasmic viruses has been reported
in most of the D. melanogaster cell lines (1.4).
The presumable virus found in D. hydei cells
may be endogenous, comparable to, for example,

sigma virus, the growth of which is supported by
D. melanogaster embryonic cells (5). Alterna-
tively, they may originate from the serum, as sug-
gested for the orbivirus found in some of the D.
melanogaster cell lines (4).
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Abstract. The maximum grain density over the ““heat-shock ™ locus 2-48BC
ol Drosophila v der polylene chromosomes obtained atter tn sttu hybridiza-
tion of nuclear RNA extracted from tissue culture cells labelled during
incubation at 37° C 15 five times higher than that obtainable by using polyso-
mal RNA solated from the same cells Furthermore the addition of a
large excess of unlabelled polysomal RNA reduced the amount ol i situ
hybrnidization of nuclear RNA by only 20% showing that nuclear
2-48BC RNA contains scquences not present in polysomal 2-48BC RNA
— The polysomal 2-48BC RNA 15 polyadenylated, as are the RNA sequences
present 1n the polysomes complementary to the other two major “heat
shock loct 2-32A and 2-36A Polyadenylated RNA, with an apparent size
of 15S compiementary to locus 2-48BC 1s also found in the cytoplasm
ot D Inder salivary glands

Introduction

A specific set ot pults (“heat-shock ™ pufts) can be experimentally induced
in the polyvtene chromosomes of salivary glands of Diosophila by a variety
of treatments such as an incubauon ot the cells at 37° C (heat shock) or release
[rom anacrobiosts (Ritossa 1962 1964 van Breugel. 1966, Ashburner. 1970,
Leenders and Berendes., 1972) The presence ol these puifs 15 correlated with
d change n the protein synthetic pattern a specific set of newly synthesized
peptide bands (the "“heat-shock ™ bands) appears (Tissieres et al . 1974, Lews
et al . 1975, Koninkx 1976) Treatments that induce pulf formation and the
corresponding shiit in protein synthetic patiern 1n salivary glands also cause
a similar change in protein synthetic pattern 1n diploid tissues and tissue culture
cells (Tissieres et al 1974 McKenzieet al . 1975) Furthermore, D melanogaster
cells 1n tissue culture synthesize RNA during heat-shock that hybridizes back
to the heat shock™ sensitive loct in situ indicating that indentical loct are
activated in ditferent tissues during incubation at 37° C (McKenzie et al 1975,
Spradling et al 1975, Bonner and Pardue. 1976, Spradling ct al . 1977)
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The RNA species complementary to the “heat-shock™ loc1 found in the
cytoplasm of D melanogaster cells have a size of 12 to 20S, contain poly
A and are found in the polysomes (McKenzie et al, 1975, Spradling et al,
1975, Spradhng et al . 1977) These loct thus produce mRNA although there
15 das yet no direct evidence tor the suggestion that these are the mRNAs
coding tor the heat-shock bands

In D Ivder there are four major temperature inducible loct (2-32A, 2-36A,
2-48BC and 4-81B), which are probably analogous to the *“hedt shock™ loci
of D melanogaster (for review see Berendes, 1975) The RNA product of
only onc of these loct has been studied the puff at locus 2-48BC contains
40S RNA which 15 not polyadenylated (Bissehng et al . 1975) Furthermore,
a small molecular weight RNA (3 45) which hybridized in situ 1o locus 2-48BC
could be 1solated from salivary glands cultured in vitro (Berendes et al | 1973)

We have turther wnvestigated the properties of the RNA product of this
locus, especially with regard to a possible mRNA function. and show here
RNA complementary to locus 2-48BC can be found polyadenylated and asso-
clated with polysomes n the cytoplasm However, some of the RNA produced
by this locus 1s not transported to the cytoplasm since nuclear 2-48BC RNA
contains sequences not found 1n polysomal 2-48BC RNA

Vaterials and Methods

Ivolanion of Radioactine RN hom Fwbivonie Cddly

Cells were obtained [rom primary cultures established Irom 12 h old Drosophila hdet embryos
esentially as descnibed by Shields and Sang (1970) except that the trypstmizauon was omitted
Cells wae plated m revised Shields and Sang (pers comm ) medium in 81 em” plastic tissue
culture flasks  Usually two flasks of a five davs old primary culture were used per expernment
Alternativels o D /nda cell hine ostablished in our laboratory (Sondermener and Lubsen n
prep ) and growing n spmner culture was used as a source of material For the solation of
labelled RNA 40 uC *H undine (48 C1t mM) 30 uC *H adenosine (33 CrmM) 20 uC H c¢vidine
(26 Cr mM) and 20 uC *H guanosime (10 Crm™M) were added per ml ol medium (cells growing
in spinncr culture were concentrated to Sx 107 cells mh the cells were then shified 1o 37° C and
mcubated at 37°C for 60 min S min before harvesting the cells 100 pg,ml cveloheximide was
added to prevent polvsome run-oft Cells were rapidly chilled  collected by centritugation and
Ivsed as described by McKenaie et al (1975) except that the Ivsate was homogemized 1n an all-glass
homogemzer 1o 1educe ovtoplasmic contamination ol the nuclear pellet A crude nuclear pellet
was obtained by centrifugation of the homogenate for 10 min at 3000 rpm The pellet was re-
suspended 1h 0 S me protease K ml in 10m™M Tris HCL (pH 74) 01 M NaCl 10mM EDTA
and 10 SDS The suspension was extracted repeatedly with two volumes ol phenol-chlorolorm
DNA was removed by spooling with a glass rod and RNA was collected by preapitation trom
70« cthanol The RNA pellets were dissolved 1 a small amount of 2xSSC and used for in
situ hybridization

Polvsomes were prepared [rom the post nuclear supernatant as desceribed by McKenzie et al
(1975) The appropriate part of the sucrose gradient was collected and the polvsomes were recovered
by centrifugation overnight at 45000 rpm in an 1FC A 431 rotor Alternativelv  polvsomes were
collected directy from the post nuclear supernatant by centritugation through | ml of 1 M sucrose
in gradient buller for 2 S h at 55000 rpm in an 11 C SB 405 rotor No diffcrence in in situ hybridiza
tuon patterns between RN A prepared trom polvsomes solated by these two procedures was seen

Polvsomai RNA was prepared [rom the polvsomal pellets as desceribed above tor nuclear
RNA  For the solation of polv A contwmming RNA - RNA was dissolved in 10 mM Trnis HCIL
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(pH1 74) 01 M NaCl 10mM EDIA and 05% SDS and heated lor 2 min at 80> C NaCl was
added 10 0 S M and the mixture was passed over 0 Sml polv U Sepharose column The column
was washed with three column volumes of 10 mM Tris HCH (pH 7 4) 10m™M EDIA 05%6 SDS
01 M NaCl and then cluted with two column volumes of 90°0 formanude at 65° C The eluted
RNA was collected by ethanol precipitation and dissolved in a small amount of 2 x SSC

Isolation of Radiwactite RN A4 from Salwary Glands Incubated i vito

Salivary glands ol carlv third instar larvae ol a laboratory stock of Drosophila Mda were used
RNA lor hybridization mn situ was obtamned trom 100 salivary gland pdirs incubated m 300 pl
ol Poels medium (Poels 1972) for 20 h 4 h before the end ol this penod the medium was covered
with hquid paralin or saturated lor 60 min with N, The hiqud paralin and the medium were
then removed and the glands were incubated in S0 pl of {resh medium contaming 20 puCi ol cach
ol the tour labelled nucleosides (spec act 8 'H adenosine 25CimM S *H «vudine 28 Ci/mM
56-*11 undine 45 Ct m™M, 8-'H guanosine 13 Ci'm™M) lor 3h At the end ol the incubation period
the medium was removed and the glands rinsed for | min in | ml of tresh mediim  The glands
were homogemized for Smin at 4°C in 1ml of 10mM Trns HCI (pH 72) SO mM Na(l
10 mM MgCl, 05% NPyo and 40 pl diethvipyrocarbonate contaiming 100 pg £ colt RNA The
nucler were pelleted at 3500 rpm lor Smin The supernate was extracted three umes with two
volumes phenol chloroform (1 1) Two volumes of ethanol were added to the agucous phase
and the mixture was stored at 28° C  The preapitate was collected by centrilugation  dissolved
in 0 3 ml ol the same bufter without detergent and dicthvipyrocarbonate and incubated with 40 pg
m! DNase I for 30 min at 37° C  Alter a phenol chloroform extracuon the RNA was preapitated
at =28° C by the additton of two volumes of cthanol

Fhe RNA was dissolved in S0%6 [ormamide — 3 x SSC (SSC s 0 15 M NaCl 0015 M Na atiate
pH 7 2) lor in situ hybndization or in CSB (07 M NaCl 50 mM Tris-HC (pH 75) 10mM I DTA
in 25% lotmamide) for chromatography on Polv-1 -Sepharose

For the preparation ol polv A-contaimng RNA RNA cxtracted as indicated above and dissolved
m CSB was applied to a Polv-U-Sepharose column  The column was washed with three bed
volumes of (SB and once with ¢ SB without lormamide The polv A contamming RNA was cluted
with redisulled water (pH 7) at 50°C 1n a water jacketed column The cluate was Ivophihized
and the RNA dissolved in 50°0 formamide —3xSSC No poly U cluted from the column after
washing with water at 50° €

Gl Flecnophoresis

The size of the polv A-containing RNA was analvsed on 2 7% polyacrviamuide gels (Weinberg
etal 1967y Flectrophoresis was performed for 40 min at room temperature and 4 mA per gel
The gels were sheed with a Mickle gel-slicer The shees were digested overnight at room temperature
with NH, The \NH; was evaporated and the radioacltivity measured in 10 ml of Butyl PBD-cthoxy
cthanol-toluene santillavon Nuid

In et Hhabridization

Hybridizauoa 1n situ ol salivary gland RNA was performed as previously described (Alonso
1973) The poly A containing RNA or total RNA dissolved in 10 pl S0% formamde 3 x SSC
was placed over the best 20 30 chromosomes sets selected under a hght mucroscope  The shde
was placed in a sealed plastic Petrr dish containing 10 ml of the solution used 10 dissolve the
RNA and incubated Jor 18 h at 30° C

The hvbridization of diploid cell RNA was perlormed as described by Pardue and Gall (1975)
except that 2 pl aliquots of the RNA solutton were placed over the squashes and covered with
a round covershp (I um diameter) The covershp was scaled with rubber cement and the shdes
were incubated at 65°C for 18 h [ xposure times varied lrom 14 to 60 d depending on the source
and concentration of the RNA and the locus to be analyzed For quantitative analvses RNA
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was hybridized n situ at three or four different concentrations and. after the appropriate exposure
tume. grains over the various loct were counted (using about ten nucler per shide). the grain counts
were correcled to a 14 d exposure ume and plotted in a double reciprocal plot against RNA
concentration. The best stranght Iime was calculated using the “least squares™ methods using cach
grain count as a single data point.

Materials

YH-uridine, *H-adenosine and *H-guanosine were obtained from the Radiochemical Centre. Amer-
sham. *H-adenosine was from New England Nuclear. Poly U-Sepharose from Pharmacia. protease
K from Merck. DNase I from Bochringer, and E. co/i TRNA from Miles.

All other chemicals used were reagent grade.

Results

It has been reported that heat shock treatment of D. melanogaster cells activates
qualitatively the same loct irrespective of the tissue used although the quantita-
tive response, as determined by analysis of RNA sequences via in situ hybridiza-
tion (Bonner and Pardue. 1976) or as shown by the changes in protein synthesis
pattern, may differ markedly. Similarly, in D. fivdei. embryonic cells synthesize
the ““heat-shock ™ peptides during incubation at 37° C (Berendes. 1975) and
the typical nuclear RNP product of locus 2-48BC is found in such cells after
incubation with vitamin B, (Derksen, 1975) which causes puffing of this locus

Fig. 1'. In situ hybridization of polysomal RNA. Polysomal RNA was used for in situ hybridization
at a concentration of 9 x 10* cpmul. Exposure time was 30 days. The loc are indicated as follows:
1: 2-48BC. 20 2-36A.0 30 2-32A0 4: 4-81B and 5: 3-59A

' Bars in Figures 1. 2. 6 and & represent 10 um
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in salivary gland cells (Leenders et al., 1973). It is thus expected that the *“heat-
shock ™ loci become active during incubation of D. hvdei embryonic cells at
37° C. This is indeed the case as shown by the pattern of in situ hybridization
of total cytoplasmic RNA or polysomal RNA isolated from such cells incubated
for 60" at 37° C in the presence of *H-nucleosides: over two of the four major
heat-shock loci (2-32A and 2-36A) a high grain density is seen. Locus 2-48BC
also contains label but the fourth major heat-shock locus, 4-81B, only occasion-
ally shows a grain density above that of the chromosomal background (Fig. 1).
We also find strong labeling over locus 3-5S9A (not a “heat-shock ™ locus).

The same loci, i.e. 2-32A, 2-36A. 2-48BC and 3-59A, are also labelled when
nuclear RNA extracted from cells labelled during *“heat-shock™ 1s used for
in situ hybridization (Fig. 2a). The grain density over region 2-48BC in such
preparations was always much higher than that seen when cytoplasmic or polyso-
mal RNA (compare Fig. 2a and b) was used for in situ hybridization indicating
the possibility that the nuclear RNA sequence complementary to locus 2-48BC
was longer than the cytoplasmic one. Alternatively, the relative concentration
or the specific activity of the nuclear 2-48BC RNA could be much higher.
To discriminate between these possibilities, either nuclear or polysomal RNA
was hybridized in situ at various concentrations, and hybrid formation was

Fig. 2a and b. In situ hybridization of nuclear and polysomal RNA. Nuclear and polysomal RNA
were 1solated from the same batch of cells and used for in situ hybridization as described in
Methods. The heat-shock sensitive loci are indicated as in Figure 1. a Nuclear RNA (4.4 x 10° cpm/
pg) at a concentration of 5.3x10* cpm/pl. Exposure time was 24 days. b Polysomal RNA
(6.3 x 10* cpm/pug) at a concentration of 3.0 x 10* cpm/ul and the exposure time was 24 d
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quanutated by counting the silver grains over vanous loci The gramn counts
were then plotted 1in a double-reciprocal plot against the RNA concentration
(Bishop. 1969) The slope of the hine obtamed 1s a measure of the relatine
RNA concentration while the mtercept 15 a measure ol the amount of DNA
complementary to that RNA- The results of such an experiment for loci 2-32A.
2-36A and 2-48BC are shown graphically 1in Figure 3 and the parameters of
the hines are given in Table I These data show that the maximum grain density
over locus 2-48BC that can be obtamed with nuclear RNA 15 about five times
as large as that to be expected 1f polysomal RNA 15 used The error in gram
counts [rom autoradiograms 1s mherently high, especially when grain counts
are low. as 1s the case for locus 2-48BC when polysomal RNA 15 hybridized
in situ Nevertheless, the difference between the intercepts of the nuclear and
polysomal RNA concentration curves is statistically highly significant (p< 0 005)
In case of locr 2-32A and 2-36A. the intercept obtained using nuclear RNA
15 also always somewhat smaller than that obtained when polvsomal RNA
15 used. but these differences are statistically not highly significant

A difference inintercept would also be Tound if nuclear RNA complementary
to 2-48BC has a much higher specific activity than polysomal 2-48BC RNA.
This posstbility can be excluded (f 1t can be shown that polysomal 2-48BC RNA
competes only partially with nuclear 2-48BC RNA while nuclear 2-48BC should
compete completely with polysomal 2-48BC RNA  Accordingly. unlabelled poly-
somal and nuclear RNA was prepared At the same tme. labelled polysomal
and nuclear RNA was prepared from an identically treated. second batch of
cells The relatinve concentiations of the various RNA species complementary
toloct 2-48BC and 2-32A were determined usimg the labelled RNA The parame-
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Fig. 3. Concentiation dependency ol the extent of hyvbidizauon ol nuclear and polvsomal RNA
Nuclear and polvsomal RNA were isolated as deseribed 1n Methods [rom the same batch ol cells
and used (ot m sitw hybndization Nuclear RNA had a specilic activity of 4 4x 10 cpmiug and was
used at concentranons between 27 % 107 to 1 I 10* cpmypl Polysomal RNA with a specitic activity
of 6 3 10* cpm/pg was used at concentrations between 79 - 10% and 32 v [0% ¢pm pl Hvbnidiza-
tions were quantitated as deseribed i Methods  ~--- > Nudeat RNA @ @ polysomal RNA
The data shown i the figure are the aserage grain counts of the various shides  The parameters
ol these limes as shown i Table 1. were calculated by the  least squates © method using cach
graim count as single data pomnt
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TLable 1. Concentration dependency ol the extent ol hyvbnidizanon ol nuclear and polvsomal RNA
Conditons ol in situ hyvbid zatton and RNA solation as deseribed in Methods and i the legend
to Figure 3 The hnes whose patameters ate ginven i this table are shown graphically in Figure 3
n mdicates the number ol nucla counted

RNA 1 ocus n Intereept Slope
(grams '~ 10 h (gl Y
Polysomal RRAY 46 06 007 268-051x 10}
064 40 11 00l 279.095x 10 2
a5 6 20-20 9I3_249v 10 2
Nuclear 124 Rk 04 02 T00-054%10 1}
6 19 10 18 1820388 -10 2
EING 21 07 10 106-031 <10 ?

lLable 2. Concentration dependences ol the cxtent of hvbudization ol nuclear and polvsomal RNA
Nuclear RNA (16 2 107 cpm pg) im concentrations ranzmg from 005 10 0 35 pe pl and polysomal
RNA (41 % 10% ¢pm pg) 1 concentrations rangimg from 04 to 295 pg pl were used lor in situ
hvbiidization The extent of hvbndizaton was determuned as deseribed 1n Mcthods  nondicates
the number ol nucler counted

RNA l ocus n Intereept Slope
(grains N gl M
Polyvsomal 12A 28 S1L-051~10 7 1552031 %10 *
a8 47 04341012 3176+733x10 2
Nuclear 2A s3 4884047 %10 2 13103810 °*
48C S8 6231099 10 237080 <10}

ters of these hines are given 1n Table 2 Then i situ hybridization was performed
using a fixed amount of labelled RNA and mcreasing amounts of unlabelled
competitor RNA - The resulting grain densities over loct 2-32A and 2-48BC
expressed as percent ol control and plotied agamnst the ratio of total RNA
10 labelled RNA are shown m higurc 4 Locus 2-32A served as 4 control n
this experiment it can be caleulated trom the slopes of the lines given 1n
Table 2 that nuclear RNA in this experiment contained about twelve times
as much 2-36A RNA on a weight basis as did polysomal RNA A 506 reduction
m grain counts over this region 15 thus expected with a twelve {old excess
ol unlabelled polysomal RNA over labelled nucdear RNA From the data given
in kigure 4 a (lteen lold excess appears 1o be required and the competition
by polysomal RNA 15 thus about as cilicient as expected In contiast to the
results obtained for locus 2-32A. polysomal RNA competes very poorly with
nuclear 2-48BC RNA  only a 20% reduction 1n the grain count 1s seen even
1 unlabelled polysomal RNA 15 present i a [fifty fold excess over labelled
nuclecar RNA  This lack of competition 1s not due to (00 low a concentiation
ot 2-48BC RNA n the polysomal preparation, since the reverse experiment,
namely the competition of labelled polysomal RNA with unlabelled nuclear
RNA. shows that the concentration of these species 1s about equal  the addition
ol an cqual amount of unlabelled nuclear RNA to labelled polysomal RNA
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°/o competition Fig. 4. Compeuuon between nuclear and
polysomal RNA 1n sitw hybridization
Nuclear RNA (36 x 107 cpm, g,
0 12 pgypl) or polysomal RNA
(4 1 > 10* epmepg. 099 pgph was
hybridized i st the presence ol
A imereisimg amounts ol either unlabelled
----------- polysomal ot nuclear RNA as indicated in
‘‘‘‘ R the ligure » hvbnidizaton to locus
\ , . 2-48BC of nuclear *H-RNA. 4 a
20 30 L0 50 hybridization to locus 2-32A of nuclear
§a total RNA/pug 34 RNA 'H-RNA. @-- @ hybridization to locus
2-48BC ol polysomal "H-RNA

100

yields a 50% reduction in grain density (Fig. 4). These data then show that
the amount of DNA complementary to nuclear 2-48BC RNA 1s higher than
the amount of DNA complementary to polysomal 2-48BC RNA.

Polvadenmylation of Polvsomal 2-48BC RN A

The data presented above indicate that sequences complementary to loci 2-32A,
2-36A and 2-48BC are present in polysomal material and that their presence
cannot be due to nuclear leakage since there 15 a marked difference between
nuclear and polysomal 2-48BC RNA To determine whether these RNA species
are polyadenylated. poly-A containing RNA was prepared from polysomal RNA
by poly-U-Sepharose chromatography and the relative concentration of these
sequences in this material as compared to the total polysomal RNA was deter-
muned. The data obtained are shown graphically in Figure 5: the grain counts
obtained using total polysomal RNA are again plotted 1n a double reciprocal
plot against RNA concentration. The line shown 1s the best straight line through
these pownts. The single black triangle shows the position on this graph of
the gram counts after in situ hybndization of polyadenylated RNA 1solated
from the same preparation of polysomal RNA. Only one RNA concentration
was used 1n this case. The RNA species complementary to locr 2-32A. 2-36A
and 2-48BC are more concentrated in the polyadenylated RNA that 1 total
polysomal RNA and we thus conclude that these RNAs are polyadenylated
as are the analogous sequences in D. melanogaster (McKenane et al.. 1975;
Spradling et al.. 1975; Spradhing et al., 1977).

Crioplasmie 2-48BC RNA in Salivary Glands

Since the data showing that the pulf at locus 2-48BC contains non-polyadeny-
lated 40S RNA (Bissehing et al., 1976) were (obviously) obtained using salivary
glands, 1t was of interest to determine whether a smaller, polyadenylated.
2-48BC RNA was present in the cytoplasm of this tissue also For this purpose
we used glands that had been mantained for 20 h in the medium and for
4 hn the same medium covered with hquid parafin or for 60 min in the medium
saturated with N,. The total transcriptional activity of such glands n fresh
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Fig 5. The presence of poly A m polvsomal RNA  Polysomal RNA (6 % 10* cpm pg) was used
lor in situ hvbrdization at various concentriions ranging from 9x 10* to 6> 10" ¢pm pul The
waent of nbndization over locus 2 32A (33 nucda total) loa 2-364 (24 nucla total) and 2-48C
(30 nucler wotal) was quantitated (@ ®) The data points shown are the average graim counts
Irom the vanous shdes The parameters of these hines as calculated by the lcast squares method

usimg each gram count as o single data point are 2-32A slopc 0 0+0 11> 10 cpm pl ' intercept
011001 236A slope 979 1 82x 10 ¢pm ul ' intercept 0161017 and 2-48C  slope
128 -35x 10 cpm pl ' untercept 044034 Polv-A contaiming RNA was solat