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Abstract

Despite considerable investigation, the function of the heat
shock proteins (hsps) remains obscure. In this thesis, the heat

shock proteins of Salmo gairdnerii RTG-2 cells were examined by

two-dimensional gel elecﬁrophoresis, and the induction.of the 70,000

dalton hsp (hsp70) was studied. As in Drosophila melanogaster each

,

frout hsp detected by one dimensional analysis separated into several
isoelectric variants following two-dimensionalbgel electrophoresis.
Post-translational modification of a single polypeptide could have
given rise to charge variants similar to those observed here; but no
evidence for either the phosphorylation of the Hsps or for changes in
the phosphorylation of other proteins was 6btained; Messénger RNA was
isolated from heat shocked éells and translated in the in vitro
rabbit reticulocyte system. Most of the isoelectric variants were
detected in the in vitro translation suggesting that-either
different transcripts encode the isoelectric variants or that post-
translational modification is occurring in the in vitro sygtem.
Heat shock mRNA was isolated By hybridizatidn to a cDNA clone of the
70K hsp and translated in vitro. TWO—aimensional gel
electrophoresis of the translation products revealed that all 70K
isoelectric variapts were present.

The induction of hsp70 shortly after the addition of sodium
arsenite was examined using an antibody to chick hsp70. Some

cross—reaction was observed with a polypeptide of 70,000 in
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unshocked cells, which could indicate the presence of hsp70 in
non-shocked cells. This is not conclusive since the antibody was
polyclonal. It»was still possible to detect the induction of
hsp70 above this background. A sharp increase in the level of
antibody binding was detected after:15 minutes.

The relationship of histone acetylation to hsp induction was
also examined using sodium butyrate under conditions which cause a
high degree of histone hyperacetylation. Synthesis of the heat shock

proteins was neither induced nor blocked. -Therefore, the state of

histone acetylation does not affect the heat shock response.
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INTRODUCTION

Part I. The Heat Shock Response.

A. Introduction.

i

A

The phenomenon of heat shock has been extensively studied in
recent years. When the growth temperature of an organism is
elevated, normal protein synthesis decreases and synthesis of a

-discrete set of polypeptides begins (1). Ritossa (2) first
observed the heat shock response in the polytene chromosomes of

Drosophila melanogaster. Thevpuffing pattern of salivary gland

chromosomes from heat shocked flies was different from the éattern
" of chromosomes from flies which had not been shocked: nine new
puffs are induced upon heat shock, while all other puffs regress.
Later, heat shock was shown to induce the synthesis of nine
polypeptides (3). The heat shock response is ubiquitous; similar
sets of polypeptides ére synthesized in organisms ranging from

ﬁ. coli to man (4,5). These polypeptides, called heat shock
proteins (hsps), can be induced by a variety of stressors, such as
metabolic inhibitors, uncouplerg of oxidative phosphorylation and
recovery from anoxia. Although the'response to the different
agents is not always identical, the term "heat shock" has been
applied to the effects of these various inducers. Because So

many compounds induce the hsps, a protective role during times
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of stress has been proposed for the héps (63). Héwever, despite
much investigation, the actual functions of these polypeptides
remain unclear.

Besides the interest in the hsps themseives, the reqgulation
of the heat shock response has provoked much investigation.
Temperature elevation causes a rébid shift in protein synthesisr

such that, in D. melanogaster, over 70% of all protein syntheéis

is devoted to the synthesis of heat shock proteins after 1 hour of
heat treatment (6). This shift to heat shock protein synthesis is
caused by both transcriptional and translational regulation (2,7).

In D. melanogaster, heat shock induces a unique set of puffs on

the salivary gland chromosomes, which suggests that transcription
is occurring at these sites (1). Translational control is also
important. Under certain conditions, the translation of normal
cellular mRNA is reéressed, although the méssages remain stable in
the cytoplasm and can be translatéd in in vitro systems (7,8).
These effects are fully reversible; upon return to normal
temperature, heat shock protein synthesis decreases énd normal
protein syntheSis reéumes.

Thus, the heat shock phenomenon is of interest from several
points of view. The functions and modes of aétion of the k
polypeptides themselves remain to be elucidated and the regulation
of the responée itself is unclear. Finally, the heat shock

phenomenon provides an excellent model system for studies of gene

activation.
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B. Regulation of the heat shock response.

l. Requlation of transcription.

After heat treatment of cells or tissues, transcription of
the heat shock genes is markedly increased, while control gene
transcription is repressed. Later, during recovery, this process
is reversed and control genes are'activated while heat shock genes
are repressed. 1In. this thesis, genes other than the heat shock
genes and their transcripts and products Qill be referred to as
"control" genes. The transcriptional changes accompanying heat
shock have been demonstrated in several ways. In D. |

melanogaster, in which the heat shock response has been

extensively studied, activation of  the heat shock genes is
reflected in the puffing paétern of the polytene chromosomes (2).
A unique set of puffs is induced by elevation of the temperature
to 350C while puffs present at the normal temperature, 25°C,1
regress. The'heat shock puffs incorporate 3H—uridine
indicating that RNA synthesis is occurriﬁg at these sites (3,9).
Newly synthesized RNA, isolated from heat shocked cells,
hybridizes to the heat shock puffs (10). Incuba;ion with
actinomycin D prevents the accumulation of heat shock RNA and also
prevents the induction\of the heat shock puffs. Since, inter
alia, actinomycin D inhibits RNA synthesis, this suggests that
heat shock induces transcription of the genes located at the

!

sites of the heat shock puffs and that RNA synthesis causes
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puffing. In agreement with this,\immunological studies have shown
that, during heat shock, RNA polymerase II migrates out of control
puffs and accumulates in heat shock puffs (11,12). PFinally,
isolated genes havé been used to detect the changes in
transcription after heat shock (13). RNA was pulse-labelled with
3H-uridine, isolated and hybridized to either a cloned actin gene
or a cloned heat shock gene. While the lévels of actin mRNA were
reduced during heat shock, the levels of the heat shock mRNA were
increased. Upon recovery, the levels of heat shock mRNA
decreased and actin mRNA transcription resumed. Thus, during heat
shock, transcription of heat shock genes is activated while that
of other genes is represséd.

)

2. Regulation of translation.

A severe heat shock almost completely stops control protein
syntﬁesis (3,10) . However, actinomycin D treatment after heat
shock does not prevent general protein synthesis during recovery
(14) and if mRNA is isolated and translated in vitro, control
proteins are synthesized althbugh they were not made/in vivo
(15). This means that mRNA translation is also controlled during
heat shock. Heat shock mRNA is translated while other transcripts
are not. The control mRNA is not degraded, but remains in a form
which is functional in vitro. Lysates made from heat shocked

D. melanogaster cells translate heat shock méssages (6,7) but

not other mRNA. Lysates from unshocked cells can translate all
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mRNA, as does the cell itself during recovery. Heat shock lysates
(16) have been fractionated in an attempt to isolate the factors
responsible for the discrimination between heat shock and control
transcripts, but the factors are not soluble and seem to be bound

to the ribosomes. Thus, in D. melanogaster at least, the heat

shock response is maximized by translational control:
transcription of heat shock genes is rapidly induced while
translation of other genes is repressed such that only hsps are
made.

Since heat shock results in the disappearance of pre-
existing polysomes and the formation of new polysomes (10,15),
translational control may be mediated by changes in the polysomes.
On sucrose gradients, polysomes from unshocked cells have a
unimodal distribution of 12 to 13 ribosomes per mRNA. The
‘distribution of polysomes from heat shocked cells on the other
hand, is bimodal, with peaks at 9 ribosomes per mRNA and 20
ribosomes per;mRNA. However when actin andp@ -tubulin genes are
hybridized to RNA from heat shock polysomes, control transcripts
are detected (17). Each control transcript carries the expected
number of ribosomes, but only 1/3 té 1/2 as many ribosomes are
associated with the control polysomes as in the unshocked cells.
Therefore, polysomes containing control tranééqipts are present in
heat shocked cells but at a lower level than in unshocked cells.
Since these polysomes, which are indistinguishable from polysomes

in control cells, are present in lower amounts in heat shocked

cells, heat shock must block translation of control mRNA at an
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initiation step. Basal protein synthesis in heat shocked cells is-
5% to 10% that of control cells. Since there are 1/3 to 1/2 as
many ribosomes with control mRNA in heat shocked cells as'in
control cells; elongation steps must also be blocked. Whether
these inhibitions are caused by the same factors which block
translation of control transcripts in heat shocked lysates is

unknown.

3. Role of hsp70 in recovery from heat shock.

Both transcriptional control (6) and translational control
(18) are depeﬁdent on the length and severity of the shock.
franécription increases more rapidly with a severe shock than with
a mild shock while the translation of control mRNA is not
repressed during a mild shoék. In addition, each heat shock
protein is induced and repressed with different kineﬁics (6).
Control proteins appear to behave as a cohort with identical
induction and repression kinetics. Studies on the induction of
the 70,000 dalton heat shock protein (hsp70) in both

D. meianogaster (19) and E. coli (20) have shown that the

reéovery of basal protein synthesis correiates with the syhthesis
of hsp70. In addition, an active hsp70 is reéuired for repression
of the heat shock response during recovery. Thus, if cells are
incubated with amino acid analogues, such as canavanine, which are
incérporated igto hsp70, and thereby inactivate it, heat shock .

transcription is not repressed after a return to normal
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temperature, and normal protein synthesis does not resume (19).
Hence, hsp70 reqgulates its own synthesis and promotes the recovery '

6f normal protein synthesis.

4. Evolutiohary conservation of the transcriptional regulation.

The isolation of gehes coding for the hsps has made possible
the identification of sequences controlling the expression of

these genes. The cloned gene coding for the D. melanogaster

hsp70 has been transfected intofmonkéy cells (21), rat cells

(22), mouse.cells (23) and Xenopus oocytes (24,25). 1In all cases,
the transcriptibn of thé gene is induced by heat'shock and, in
oocytes, arsehiﬁe tfeatment wil; also induce the gene. This means
that the éystem regulating the transcription of heat shock genes
has been conéer&ed in all of these organisms. Hsp70 genes with
various deletions were injected into a monkey cell line (21) to
determine the sequences required for heat-regulated expréssion of
the géne. If nuéleotide seéuences from -47 to -66 are deleted,
(nﬁcleotide 1 is the transcription start site) then the gene is no
longer expréssed.upon incubation atfinéreased temperature. This
region is conserved in all heat shock genes and lies within an
inverted repeat. The consensus sequence is CTGGAATNTTCTAGA and it
may be located a variable distance upstream from the TATA box,
usually within 28-35 nucléotides of it. However, although

transcriptional control of the heat shock genes depends upon a
L3

certain sequence which is highly conserved\among different
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organisms, translational control appears to be species specific.
In Xenopus oocytes, the transcription of the D. melanogaster
hsp70 gene increases upon heat shock, but fhe D. melanoéaster
transcript is not translated at high temperaturel(25); Rather; it
behaves as a control mRNA and its translation is repressed. This
indicates that the translational control is not dependent upon

some highly conserved sequence in the heat shock transcript.

5. Effect of heat shock on chromatin structure.

-

The cloned heat\shock genes have also been used as probes for
chromatin structure. As in.mény other genes, DNAase I
hypersensitive sites are located‘at the 5' end of the genes for
hs§70 (26,27), hsp83 (26,27,28), and the small hsps of D.
melanogaster (29). The hypersensitive siﬁes are present whether
or not the gene is active, although the coding region of the gene 1
becomes much more sensitive to DNAase I when the gene is
activated. Similar studies have been performed using micrococcal
nuclease (30). Again,-when the gene is activated, the coding
region becomes much more seﬁsitive to the nuclease although it is
more resistant than the surrohnding, non-transcribed regions, when
represéed. It has recently been suggested that this is because of
removal of the histones from the coding region during
transcription. Karpov et al. (31) cross-linked histones to DNA
to show that the coding region of hsp70 is depleted of histones

when activated. Micrococcal nuclease appears to cleave the same
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sites as INAase I, but this is difficulp to determine because of
the preference of micrococcal nuclease for certain sequences (30).
These nuclease sensitive sites appear to be required but not
sufficient for transcription (30). Their presence at the 5' end
~of inacfive heat shock genes may reflect the state of these genes
| prior to activation and the speed with which they can be

activated. Y

5. Other effects of‘heat shock on chromatin.

4

Although nucleosome structure and histone modification will
be discussed further under Part 11 below, some observations on
chromosomal proteins in relation to heat shock are presented here.

Levinger and Varshavsky (32) have examined the protein content of

nucleosomes containing the hsp70 gene in D. melanogaster. As
with other transcribed genes, oné out of two ﬁucleosomes of the
hsp70 gene contain ubiquitin-H2A while the content of ubiquitin-
H2A is greatly reduced in the chromatin of non-transcribed
satellite DNA. In the latter, nucleosomes are enriched in a non—~
histone chromosomal protein, Dl. Dl is not present in the
hucleosomes associated with the hsp70 genes or other transcribed
genes., Again, the presence of ubiquitin-H2A and absence of D1
suggests that the hsp70 gene is maintained ready for
transcription.

Heat shock also affects the synthesis of chromdsomal

proteins. In D. melanogaster, the synthesis of H2B is three-
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fold induced while the synthesis of the other histones fé‘
decreased 2 to 10-fold (33). Normally, histone synthesis is
coordinately regulated and it is not known whether the increase

in H2B synthesis is because of transcriptional or translational
activation. The effect of heat shock on histone\mOAification will

be discussed below.

C. Heat shock proteins.

1. Evolutiohary conservation of heat shock proteins.

In D. melanogaster, where these polypeptides have been

© studied extenSively, nine major hsps are observed, with the
following approximate molecular weights: 83,000, 72,000, 70,000,
68,000, 34,000, 27,000, 26,000, 23,000 and 22,000 (1). Five
polypeptides of mgleéulaf weights: 87,000, 70,000, 42,000,
32,000, and 30,000 are induced in trout RIG-2 cells, a fibroblast
cell line, by heat treatment (36). If tfout cells are eXposed to
sodium arsenite, polypeptides of 62,000 and 100,000 daltons are
induced in addition to the five_observed\upon'heat shock. The

. 70,000 dalton heat shock protein (hsp70) is most strongiy induced

- in both trout and D. melanogaster. This protein is highly

conserved in organisms ranging from E. coli to man (4).
Antibodies to chick hsp70 éross—react with proteins of similar
molecular weight in a large number of organisms (5) while peptide

maps produced byAV8 proteolysis of hsp70 from D. melanogaster,
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chick and man have many peptides in common (37). Peptide maps of
the 83,000 dalton polypeptide (hsp83) from these same animals

show even greater similarities. Conservation is also observed

at the level of the DNA sequence; a D. melanogaster genomic
clone of hsp70 will hybridize with mouse heat shock mRNA (38) and
the predicted amino acid sequence of the yeast hsp70 gene is 72%

homologous with the D. melanogaster gene (39). Fig. 1 shows

part of the amino acid sequences of hsp70 from D. melanogaster,

yeast and trout. Non-homologous regions are boxed and it is quite
_clear that hsp70 is highly conserved in these organisms. A
polypeptide of 30,000 daltons is also strongly induced in trout.
This protein probably corresponds to the sméll molecular weight

heat shock proteins of D. melanogaster, which are also highly

induced.

2. Isoelectric variants of the heat shock proteins.

!

Recently, two-dimensional gel electrophoresis of the D.
. \
melanogaster heat shock proteins has revealed a response of

greater complexity than expected (40). Over 70 polypeptides in 14
different size classes are detected in both heat shockéd salivary

glands and heat shocked D. melanogaster tissue culture cells.

The manner in which these polypeptides arise remains unclear. 1In

D. melanogaster, five genes code for the hsp70 polypeptide, but
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Figure 1. Comparison of the predicted amino acid sequences of

hsp7@ from trout, D. melanogaster and yeast. THS78.7 is

derived from a cDNA of trout hsp70 mRNA isolated by R. Kothary.

The D. melanogaster sequence is taken from Ingolia et al.

(39). The yeast sequence is from the YG100 gene, also of
Ingolia et al (39). Regions compared are amino acids number

128 to 40@6, based on the D. melanogaster hsp7@ numbering.

Mismatches in the sequences have been boxed in. The single
dashes represent deleted amino acids relative to the compared

sequence. The solid line in the yeast sequence represents

information not yet available.



128 . ' ) ’
THS70.7 AERYLGDKVSNAVIITVPAYFNDSQROATKDAGVII AGLNVLRI INEPTAAS I]A YGMDKIGMS VLIFDLGGGTF
Dr.HS70 AERVYLGESITDAVI|TVPAYFNDSORQATKDAGHI AGLNVLRI INEPTAAALIAYGLDKNLKGEHRNVLIFDLGGGTF
YG100  AESYLGAKVNDAVMTVPAYFNDSQRQATKDAGTI AGLNVLRI INEPTAAAIAYGLDKKGKEEH-VLIFDLGGGTF
THS70.7 DVSHIED FEVIKATAGDTHLGGEDFDNRL
T

, EFKRKHKKDI SONKRALRRLRTACERAKRTLSSS[SQ|
Dr.HS70 DVS|ILITII|DEGSFEVRSITAGDTHLGGEDFDNRL EFKRKYKKDLRSNPRALRRLRTAABRAKRTLISSTE
YG100  DVSLLF|IEDG—1JFEVKATAGDTHLGGEDFDNRL! OEFKRKNKKDL S TNORALRRLRTACESQENFVISS—AQ

TH5707 [RSTEI IS LREGHDF YT OTRDVVLVGGSTRI PKVORILLOFFF
Dr. HS70 [ATI[EIDALFEGQDFYT THDIVLVGGSTRIPKVQSLLOEFF
YG100  [TSVEIDSKNEGIDFYT VDEIVLVGGSTRI

' ’ 406
THS70.7 S INPDEAVGY QAAILSG —=~—ENVIQ LLDVAPLSLGIETAGG
Dr. HS70 HGKNLNL|SINPDEAVAY QAAILSG ——GKIQDVLL APLSLGIETAGG.

YG100 _ GIVAPLSLGIETA-G

(ez1)
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upon two-dimensional gel electrophoresis, 40 different isoelectric
variants are observed. Post-translational modifications could
explain some of these isoelectric variants. For instance, chick
and hamster hsp70 and hsp87 are methylated at arginyl and lysyl
residues (41,42), while the 87,000 dalton protein is ADP-
ribosylated (43). Phosphorylation of the hs§70 protein of

Dictyostelium discoideum has also been reported (44), but

similar studies on the D. melanogaster hsp70 show no
phosphorylation (45). If post—translational modification accounts
for the isoeiectric variants observed on two~dimen$ional gel
electrophoresis, it seems unlikely that all of the modifications
would be seen when mRNA isolated from heat shocked cells is
translated in a heterologous system. In fact, all isoelectric
variants are observed in gels of in vitro translations of heat

shock mRNA from D. melanogaster (40). Unless post-—translational

modification is occurring -in the in vitro translation system,
individual transc;ipts must be present for each isoelectric
variant. 1In support of this, Wadsworth (46) has isolated mRNA by
hybridization to a genomic clone of the hsp70 gene from the 87C

locus of D. melanoééster.and translated the isolated mRNA in

vitro. On one-dimensional SDS gel electrophoresis, four
polypeptides of approximately 70,000 daltons were observed, which
indicated that the cloned hsp70 gene had hybridized to different
homologous transcripts. . These polypeptides were also observed

in vivo and partial proteolysis mapbing revealed that the

polypeptides are related. Deletions spanning both the 87A and 87C



(14)

heat shock loci, which are known to code for hsp70, result in
mutgnts which cannot produce the 70,000 dalton pfotein but which
still synthesize the three polypeptides of slightly iarger
molecular weight (46). This means that the genes for these
polypeptides must reside outside of the known heat shock loci.

Three additional genes in D. melanogaster (48) and nine in

yeast (39) which are homologous with the hsp70 gene of D.

melanogaster have been identified recently. However, most of

these genes are expressed in cells at normal temperature and hence
cannot explain the many‘iSOelectric variants observed in heat
shocked cells. Those genes homologous to hsp70 which are
expressed at normal temperature are called cognate éenes (48) .
Additional genes coding for heat shock proteins may still be found
outside of regions known to code for hsps, thereby accounting for

some of the isoelectric variants.

3. Subcellular localization of the heat shock proteins.

, To gain further insight into the function of the hsps, .
‘sub-cellular fractionation, electron microscope autoradiography
and immunofluorescent techniques have been used to determine the

localization of the hsps. Hsp83 of D. melanogaster is always

located in the cytoplasm and may be membrane bound (49,50).

While hsp70 and the small hsps of D. melanogaster are

distributed throughout the cell, a portion of these hsps is

concentrated in the nucleus dufing heat shock (49-53,125).
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Howevér, when the cells are shifted back to their normal growth
temperature, the hsps leave the nucleus and enter the cytoplasm
(45,53). Within the nucleus, hsp70 and hsp30 appear to be bound
to the nuclear matrix. The nuclear matrix is functionally defined
as the structure remaining after the extraction of lipids and -
histones and digestion by nucleases in a defined sequence (124).
Various nuclear functions such as RNA Eranécription and DNA
replication have been associated with the nucléar matrix (124).
The nuclear hsps cannot be extracted from chromatin by 2M NaCl
(50) and are present in nuclear scaffold preparations (54).
Levinger and Varshavsky (50) therefore suggested that the hsps
may protect chromatin structure during pe;iods of stress, but
this fails to account for the cytoplasmic subset of these hsps.
Recently, Kloetzel and Bautz (55) irradiated cells wiéh
ultraviolet light and showed that the hsps are cross-linked to
RNA. Hsps are found in both cytoplasmic and nuclear RNP
particles, which may explain their observed localization. In

addition, the small hsps of D. melanogaster can be isolated

as an aggregate with the characteristics of RNP particles.

4. Heat shock and thermotolerance.

Because the heat shock response occurs in all organisms and
is highly conserved, the function of the hsps must be important.
Since a wide variety of compounds elicit the heat shock response,

a protective role during times of stress has been proposed for the
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heat shock proteins. Studies on thermotolerance in mammali%n cell
lines support the suggestion that hsps function in stress
resistance. Thermotolerance develops in cells given a non-lethal
heat, treatment before receiving a second, lethal heat treatment.
The initial mild heat éﬁock protects the cells from the second,
severe treatment which would kill untreated cells. In‘hamster
cells, thermotolerance has been correlated with heat shock protein
syntheéis: maximal thermotolerance only occurs with maximal hsp
synthesis (56-60). In addition, arsenite, ethanol and recovery
from anoxia, which all induce hsp synthesis also induce
thermotolerance (61,62). A severe heat treatment before the
protective heat treatment delays the acquisition of
thermotolerance; at the same time, protein synthesis is fepressed
and recovery, whicﬁ begins with hsp synthesis, is delayed. Thus,
thermotoleranée does not occur until the cell has synthesized a
given quantity of hsps. Another example of thermotolerancé occurs

in D. melanogaster: phenocopy induction by heat treatment of

embryos can be blocked by'an earlier heat treatment (63). -

Phenocopy occﬁrs when wild type D. melanogaster embryos develop

into adult animals with phenotypes identical to those of known
mutants after being/stfessed, for example, by heat treatmeﬁt,
during development. Presumably, the mutant phenotype results from
thé inactivation of a gene product required for normal
development. Phenocopy protection correlates with heat shock
protein synthesis ég well. During thermotolerance, the cell

continues protein synthesis throughout the second heat shock,
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ailowing expression of the functions required to prevent
phenocopy. Protein synthesis which occurs during thermotolerance
is a consequence‘of translational regulation and is correlated
with hsp synthesis (64). Control transcripts are stable in the
cell after the initial heat treatment, but are only translated
during recovery. A second, more severe heat treatment will not
block the recovered translation of control mRNAs. This means
that, after a mild heat shock, the translational apparatus beéomes
more resistant to temperature elevation.

Recently, Lee et al. have identified adenylylated

nucleotides which accumulate during heat shock in E. coli and

S. typhimurium. Exposure of S. typhimurium to oxidizing
quinones also induces the adenylylated nucleotides which include

4 X .
Pl,P ~diadenosine-5'-tetraphosphate, Pl;(adenosine—S')—P

3
—(guanosine—S')~tripho§phafe and Pl-(adenosine—S')—PB—
(guanosine-3'-diphosphate-5')-triphosphate (65). The adenylylated
nucleotides accumulate during heat shock, even in mutant cells
which do not make the heat shock proteins. This indicates that
the heat shock proteins are not responsible for the synthesis of
thg adenylylated nucleotides. Lee gé_gl. proposed that these
compounds are’alarmones, or compounds which signal a specific
metabolic stress k66). Specificaliy, the adenylylated nucleotides
accumulate during oxidation stress and may trigger the heat shock .
response. Heat shock is induéed by many oxidizing agents, such

as hydrogen peroxide; menadione and diamide (1). Other compounds,

such as sodium arsenite react with sulfhydryls which, in the form
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of glutathione, are known to be impoftant in the maintenance of
the cellular oxidation-reduction state. In line with this, levels
of glutathione\within the cell increase during thermotolerance
(67) . Thus, the heat shbck phenomenon may be a reéponse to
‘oxidation stress and may be induced by alarmones in the form of

adenylylated nucleotides.

5. Developmental regulation of Ehe heat shock response.

Heat shock protein synthesis is also regulated
developméntally. One of the first proteins synthesized by the
devéloping mouse embryo is the 70 K hsp. Bensaude gE_gl} (68)
have shown that hsp70 is synthesized upon activation of the
embryonic genomeé at the two cell stage. This is similar.to
recovery from heat shock in which synthesis of the heat shock
proteins precedes transcription of other genes. Similarly,

\

transcription from chromosomal site 67B in D. melanogaster

is developmentally regulated (69). This region codes for two
unidentified transcripts as well as for the small molecular
weight hsps. All are expressed in normai development Quring the.
third instar and early pupal stages. One possibility is that
products of these transcripts protect the animal from some stress
during development. For example, anoxia could occur if the
permeabiliﬁy of the pupal case limits oxygen diffusion.
Alternatively, the developmentally regulated expression could be

caused by some other factor. The third instar stage is
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characterized by high titers of the hormone ecdysterone and the

small heat shock proteins are induced in D. melanogaster tissue

culture cells treated with ecdysterone (70).

The response of embryos to heat shock also varies depending
upon the developmental stage of the embryo. Sea urchin embryos
(71) can only induce hsps upon heat treatment after hatching while

D. melanogaster (72) will only synthesize hsps after the

blastoderm stage. In both cases, the embryo cannot respond to
heat shock until it is transcriptionally active. Not
surprisingly, the ability‘of the embryo to withstand heat
treatmené depends on its ability to synthesize heat shock‘

proteins.

D. The response of RTG-2 cells to heat or sodium arsenite

treatment.

Trout RIG-2 cells are a fibroblast cell line derived from
mixed gonadal tissue of male and female rainbow trout (95).
Kethary and Candido (36) have reported that heat shock occurs
when RTG-2 cells are incubated at 27°C as opposed to 22°C,
the normal growth temperature. As in othef organisms, the
response to heat shock varies depending on the length and
severity of the stress. Five polypeptides of molecular weight
87,000, 70,000, 42,000, 32,000 and 30,000 may be induced by \

temperatures ranging from 27OC to 37OC: hsp87’and hsp42
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are only observed below 29°C and incubation of the cells
above 34°C is lethal unless exposure time is short.

Synthesis of the hspé reaches its maximal levels after 5 hours
of incubation at 27°C and is maintained.at that ievel for at
least 16 hours of treatment. Upon return to 220C, heat shock
protein synthesis decreases non-coordinately. Syntheéis of
hsp70 and hsp42 deciines‘first, followed by a decline in the
synthesis of hsp87 and hsp30. Non-coordinate induction and
repression kinetics have been observed for the hsps of D.

melanogaster (6). The heat shock response of RIG-2 cells

differs from that of other organisms in that control protein
synthesis does not cease during heat shock.

A similar response to the heat shock response can be'iﬁduced
in RIG-2 cells by treatment with sodium arsenite, which reacts
with‘sulfhydryl groups. Kothary and Candido (36) have shown that
5 proteins of identical molecular weight to the heat shock
proteins are induced by NaAso2 treatment. In addition,
polypeptides of 62,000 and 100,000 daltons are synthesized after
arsenite treatment. The polypéptides induced by sodium arsenite
treatment do not show identical induction kinetics. Rather, each
hsp is\optimally induced and repressed with different kinetics
after removal of the arsenite. Unlike heat shock, arsenite
treatment of RTG-2 cells results in the repression of non-heat
shock protein synthesis. As in other organisms the block in
conﬁrol protein synthesis is probably at the level of translation

since mRNA from cells treated with sodium arsenite can program
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the ‘synthesis of control proteins in the in vitro rabbit
reticulocyte system. Hence, sodium arsenite elicits a response
in RIG-2 cells which is similar, but not identical to the heat

shock response.
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1

Part II. Histone acetylation and heat'shock.

A. Histone acetylation.

The DNA of all eukaryotes is packaged into nucleoprotein
particles cailed nucleosomes (73). éesides DﬁA, each nucleosome
contains five basic proteins called histones. Histones H2A,

H2B, H3 and H4 form the core particle and are referred to as
the "core histones", while H1 ie 3ttached to the linker DNA
between nucleosomes; DNA replication and transcription seem to
occur on DNA which is packaged in nucleosomes. 'As part of the
process of gene activation, it has been probosed that post-
translational' modification of histones may alter nucleosome
structure in such a way as to permit transcription: (74) . Histones
can be post—transletionally modified in a number of ways,
includiﬁg methylation, phosphorylation, ADP-ribosylation and
acetylation (74). Some evidence exists rhat histone acetylation
may be involved in gene activation. ’
Active genes are sensitive to digestion with INAase I (75).
If puclei are digested briefly with DNAase I, a procedure that
should release nucleosomes carrying transcribed sequences, the
resulting released nucleosomes contain hyperacetylated hisfones
(76,77). This suggests that nucleosomes frem active genes have
hyperacetylated’histones, but the nucleosomes released by DNAase‘I

digestion are not necessarily homogeneous. Two or more nucleosome

populations could be released by DNAase I and the nucleosomes



(23)

containing transcribed sequénces are not necessarily identical to
those containing hyperacetylated histones.

Histones méy be acetylated in two Qays. Histones H1, H2A
and H4 are acetylated on the %-amino group of the amino terminal
seryl residue shortly after synthesis. This modification occurs
in the dYtoplasm and is‘irreversible. In addition, the £-amino
groups of specific ly§yl residues in the core histones may be
acetylated reversibly in the nucleus (78,79). H2B, H3 and
H4 contain four sites of acetylation in their N-terminal regions
(residues 1-30), whereas H2A contains only a single lysyl
residue which is subject to this modification. Acetylation
neutfaliées the basic charge of the histone molecule by +1 forv
each residue so modified. In a population of histone molecules, a
given site is usually found in the modified and unmodified states.
B, H \

Histones H and H4 can therefore exist in

2 3
multi-acetylated forms with charges ranging from +5 to —1 in their
N-terminal residues. It has been suggested that neutralization of
the positive charge by acetylation could reduce the ionic
ihteractions between the histones and the DNA, thereby leading to
an altered nucleosome conformation which permits transcription
(73,74).

Heat shock affects histone modifications. Acetylation of the
histones is reduced during heat shock (34 ) whilg the methylation
patterns change in a complex way (35). Methylation of H2B |
increases during heat shock while methylation of H3 decreases.

Sodium arsenite causes méthylation of H2B as well, but does not

\
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affect H3 methylation. The significance of these alterations is
not known, but histone modifications may affect the

transcriptional changes that occur during heat shock.

B. The effect of sodium butyrate on histone acetylation.

-

Studies of histone acetylation have been greatly facilitated
_ by the use of sodium butyrate. By inhibiting the histone
deacetylase, sodium butyfate causes massive hyperacetylation of
-the histones (80-82). The term "hyperacetylation" here refers to
increased steady-state levels of acetylation at the normal in
vivo sites_of this modification. Pulse-label studies of
butyrate-treated cells have shown that two populations of
acetylated histones exist (83): most of the histones are
acetylated and deacetylated slowly, with a half-life of three
hours, whereas a small subset of the histones is rapidly
acetylated and deacetylated with a half-life of. three minutes.
The significance of these two populations remains a matter of
speculation. Although histone hyperacetylation caused by sodium
butyrate is reversible, prolonged treatment can inhibit the
histone acetylase, resulting in uﬁacetylated histones (84).

If histone acetylation is involved in gene activation, then
treatment with sodium butyrate might_be expected to activate
repressed genes. Two-dimensional gel>electrophoresis~of proteins
from butyrate treated and untreated cells has yielded conflicting

\

results. In Friend erythroleukemic cells, a number of
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pol?peptides are present in butyrate treated cells that are not
present in untreated cells (85). This is not true for Chinese
hamster ovary éells (86) , where bﬁtyrate causes no change in
protein synthetic patterns. These contradictory results may be
explained by the fact that butyrate treatment causes
differentiation of the Friend erythroleukemic cells into mature
haemoglobin producing cells (87). No changes in cell morphology
or differentiated state are observed for the Chinese hamster cells
upon butyrate treatment and~thi; may explain the absence of new
polypeptide synthesis in these cells.

\ In addition to the induction of haemoglobin in
erythroleukemic cells, sodium butyrate has a number of effects on
cultured cells. Among these are the induction of certain enzymes
(84-86) énd the inhibition of cell division (87). On the other
hand, estrogen induction of ovalbumin in chick oviduct (88)’and the
corticosteroid induction of the enzyme tyrosine transaminase (89)
in hamster cells are blocked in the presence of butyrate.
Induction of five other proteins in hamster cells by
glucocorticoids is also inhibited if butyrate is present (90). In
the case of ovalbumin, butyrate has been show& to decrease the
level of transcription. This effect may be mediated via the
inhibition of histone deacetylase, sincé analogues of butyrate
such as propionate and isobutyrate which are less effective at

inhibiting ovalbumin induction are also less effective at causing

the hyperacetylation of the histones.
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Part III. The present investigation.

Although the heat shock proteins are synthesized in all
organisms during times of stress, little is known about the actual
functions of these proteingt This thesis is mainly concerned with
characterization of the heat shock proteins.of trout RTG-2 cells

by two—dimensional gel electrophoresis. As in D. melanogaster,

each trout hsp detected by one-dimensional analysis separates
into several isoelectric variants upon two-dimensional gel\
electrophoresis. Since the pattern of charge variants resembles
the pattern expected for proteins which are post-translationally
modified, cells were incubated with 32P—ortho—phosphate to sée
if the hsps were phosphorylated. No evidence for either
phosphorylation of the hsps or for changes in the phosphorylation
of other proteins was obtained. Messenger RNA was isolated from
heat shocked cells and translated in the in vitro rabbit
reticulocyte system. Most of the»isoelectric variants could be
detected in in vitro translations, suggesting that either post-
translational modifications are occurring in the,céll—free system,
or that different transcripts encode the isoelectric variants.
Heat shock mRNA was also hybridized to a cDNA clone coding for a
portion of the 70 K heat shock protein. The mRNA isolated by this
procedure was translated in vitro. All 70 K isoelectric variants

/

were present, which again suggests that multiple transcripts encode

the 70 K proteins.

A minor portion of this thesis is concerned with induction of
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the heat shock proteins. This was studied using an antibody to
chick hsp70 which cross-reacts with the trout hsp70. A protein of
identical molecular weight to the heat shock 70 K proté€in which
cross-reacts with the antibody to chick hsp70 exists/at lqw levels
in Eells which have not been shocked. However, a rapid and
massive increase in the amount of hsp70 could be demonstrated in
stressed cells using the chick anti-hsp antibody. )

The effect of histone acetylation on the heat shock response
was also examined using sodium butyrate. Sodium butyrate was used
at concentrations that cause a high degree of histone
hyperacetylation, but synthesis of the heat shock proteins was
neither induced nor blocked. Therefore, although heat shock
causes some deacetylation of the histones in some systems (33),

the state of histone acetylation does not appear to affect the

heat shock response in RIG-2 cells.
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Experimental Procedures

I. Materials.

All chemicals were obtained commercially and were of the
" highest purity or reagent grade. Special reagents were obtained
as follows: RTG-2 cells were obtaiqed from the American Type
Culture Collection; Earle's salts, foetal bovine sera,
nonessential amino acids, penicillin/streptomycin ané the GIBCO
Selectamine kit were all obtained from GIBCO; RNAase A
(BE.C.3.1.4.22) from BRL, micrococcal nuclease (E.C.3.1.4.7) from
Sigma, DNAase I (E.C.3.1.4.6) frqm Boehringer Mannheim, BSA from .
Calbiochem, TEMED, acrylamide, bis-acrylamide and ammonium .
lpersulphate all from Bio-Rad Laboratories, ultrapufe Urea from
Schwartz/Mann, 35S—methionine, 32P—orthophosphate and 1251—
sodium iodide all from New England Nuclear, EnHance from New
England Nuclear, Cronex intensifying screen from Dupont,
unlabelled goat antirabbit IgG from Miles Laboratories, Whatman
541 filter baper from Fisher, Sephadex-G-50 from Pharmacia,

guanidihium hydrochloride from Schwartz/Mann, Rabbit

reticulocyte in vitro translation kit from New England Nuclear.
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II. Methods

A. Cell line and culture conditions.

RIG-2 cells are a fibroblast-like line derived from mixed
gonadal tissue of male and female rainbow trout, Salmo
gairdnerii (95). Cells were grown at 22°¢C in disposable
polystyrene flasks in Eagle's minimum essential mgdium containing
Earle's salts, non-essential amino acids, 100 U/ml of penicillin-

streptomycin -and 10% fetal calf serum.

B. Induction with sodium arsenite, incubation at high temperature

and treatment with sodium butyrate.

Y

l. Sodium arsenite induction, '

I

!

For induction with sodium arsepite, the medium was made 50
uM in NaAso2 and the cultures were incubated at 22°c, the
normal growth temperature, for various times. To allow the cells
to recoVer, the medium containing NaAsO2 was removed and
replaced'with medium lacking arsenite. Recovery was for 2 hours.
It has been foundlin most systems that the heat shock polypeptideé

are synthesized at a maximal rate after a reéovery period following

exposure of the cells to the inducing stimulus.
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2. Induction by incubation at 270C.

Heat treatment was accomplished by immersing the flask of cells
in a water bath maintained at 27OC for the desired length of
time. The flask was then removed and placed at 220C for 2 hours

{
to allow cell recovery prior to labelling.

3. Sodium butyrate induction.

o

For sodium butyrate treatment, 5 M sodium butyrate (pH 7.5)
was added to the medium to give the desired final concentration.
Cells were labelled with 35S—methionine in the presence of
sodiuﬁ butyrate to prevent any deacetylation of the histones during .
the labelling period. To study the effect of histone acetylation
on the heat shock response, the medium was made 5mM in sodium

- butyrate for 24 hours. NaAsO_, was either added initially and

2
induction was for 24 hours or arsenite was added 21 hours after the

butyrate and induction was for 3 hours.
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Radio-isotope labelling conditions.

N

1. 35S—hethionine labelling.

Cells were labelled~in’medium lacking unlabelled methionine
(Gibco Selectamine kit) and containing 50 uCi/ml of
35S—methionine (New England Nuclear, 1000 Ci/mmole). Labelling
was carried out at 22°C for 2 hours. Incorporation was
terminated by removing the labelling medium and washing the cells
with ice~cold saline-EDTA (137 mM NaCl, 0.5 mM NazEDTA,

2.7 mM KC1, 8.1 mM Na HPO,, 1.5 mM KH_PO,, 1 mM glucose).

2
Cells were removed from the flask with a gentle stream of
saline-EDTA from a Pasteur pipette and centrifuged briefly in a
bench-top centrifuge. Pellets were immediately frozen at -7OOC.

Harvesting was performed as quickly as possible to avoid

inadvertant induction of heat shock proteins.

2. 32P—ortho—phosphate labelling.

Cells were labelled in medium buffered at pH 7.3 by 5mM HEPES

instead of phosphate, and containing 1 mCi/ml (0.3 uM) of 329—

ortho-phosphate (New England Nuclear, 3000 Ci/mmole), for 4 hours.

Cells were éither induced with 50 uM NaAsO2 for 3 hours before

32P—labelling or at the same time as labelling with 32P.
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D. Polyacrylamide gel electrophoresis.

1. Sample preparation.

For two dimensional gel electrophoresis, cell pellets were
resuspended in either O'Farrell sample buffer (96) (9.5 M Urea,
2% NP-40, 2% ampholines, 5%|2—mercaptoethapol)'or 10 mM Tris-HC1,
PH 7.5, 5 mM EDTA and freeze-thawed rapidly five £imes. Those
samples in 10 mM Tris—HCl, pH 7.5, 5 mM)EDTA were further hand
homogenized and incubated for 15 min. on ice with 50 ug/ml of
RNAase A and 50 ug/ml of DNAase I. Solid urea was then added to.al
final concentration of 9 M, followed by an equal volume of
O'Farrell sample buffer,

Samples for one dimensional SDS polyacfylamide gel
electrophoresis were added to an equal volume of loading buffer
(0.1 M Tris-HCl, pH 6.8, 2.0% SDS, 0.32 M 2-mercaptoethanol, 15%

" sucrose) and boiled for two min. .

Lyophilized bistones for acid-urea polyacrylamide gel
electrophoresis were solubilized in loading buffer consisting of
2.5 M urea, 0.9 M acetic acid, 0.5 M é—mercaptoethaﬁol and 10%

sucrose.

2. Two dimensional gel electrophoresis.

Equilibrium two dimensional gel electrophoresis was performed

as described by O'Farrell (96). The pH rangé of the isoelectric
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focussing gels was from pH 4.5 to pH 6.8 and was determined by
slicing a gel without sample into 1 cm lengths. The slices were
incubated in 2 ml of degassed distilled water for 20 min‘before
determining the pH. Electrophoresis on the isoelectric

focussing géls was carried out for 17 hours at 400 V. The second
dimension SDS gel consisted of a 5 to 22% exponential acrylamide
gradient (0.68 cm x 19 cm x 14 cm) and electrophoresis was

perfqrmed féf 15 hours at 80 V. To obtain better resolution of

the high molecular weight region, 8% acrylamide gels were used as
the second dimension. Elect}ophoresis of these gels was carried out
for 5 hours at 200 V. Non-equilibrium pH gradient gel electrophoresis
was performed as described by‘O'Farrell et al. (97) using pH 3 -
10 ampholines. The first dimension was. subjected to electrophoresis‘
for 4 hours at 400 V and resulted in a pH gradient extending from

PH 4.0 to pH 9.5. The second dimension consisted of an

exponential acrylamide gradient gel as described above.

3. One dimensional SDS acrylamide gel electrophoresis.

\

g One dimensional siab gel electrophoresis was performed using a
modification (98) of the discontinuous buffer system of Laemmli
(99). The separgting gels (0.08 cm x 7.5 cm x 10 cm) contained 10%
acrylamide (acrylamide:bisacrylamide ratio of 30:0.8,w/w), 0.375 M
Tris-HCl, pH 8.8, 0.1% SDS, 0.03% TEMED, and 0.1% ammonium
persulphate. The stacking gel contained 3.0% acrylamide (acrylamide:

bisacrylamide ratio of 30:0.8,w/w), 0.125 M Tris-HCl, pH 6.8, 0.1%
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SDS, 0.05% TEMED and 0.1% ammonium persulphate. Electrophoresis
was performed in 0.05 M Tris-HCl, pH about 8.3, 0.38 M glycine and

0.1% SDS for 2 hours at 120 V.

4. Acid-urea polyacrylamide gel electrophoresis.

-Histones were separated on acid-urea gels Sy a modification
(100) of the procedure of Panyim and Chalkley (101). The
separating gels (0.08 cm x 7.5 cm x 10.0 cm) contained 15%
acrylamide (acrylamide:bisacrylamide ratio of 30:0.8,w/w), 2.5 M
urea, 0.9 M acetic acid, 0.5% TEMED and 0.125% ammonium persulphate.
Before the stacking gel was poureé, the separatiné gel was prerun
for 2 hours at 200 V at 4°C in running buffer of 0.9 M acetic
acid. The stacking gel was comﬁoséd of 4.5% acrylamide (acrylamide:
bisacrylamide ratio of 30:0.8, w/w), 2.5 M urea, 0.9 M acetic acid,

0.375 M potassium acetate, pH 4.0, 1% TEMED and 0.125% ammonium

persulphate. Electrophoresis of these gels was in running buffer of

0.9 M ace;ic acid at 100 Vv for 6 hours at 4OC.

5. Staining and autoradiography of the gels after
/

electrophoresis.

All gels were stained with 0.25% Coomassie blue in methanol:
glacial acetic acid:water (2:1:5,v/v) and destained in methanol:
acetic acid:water (2:1:5,v/v). At this point, one dimensional

gels were scanned on a Beckman DU-8 spectrophotometer.

\
]
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Alternatively, densitometric tracings were .obtained from
autoradiograms. Gels containing 35S—labe}led proteins were
treated with EnHance (New England Nuclear) as described by the
manufacturer. Dried gels were fluorographed at -7OOC using
Kodak X-OMAT AR film. Gels containing 32P—labelled proteins
were dried without pretreatment and autoradiographed at -70°C

using a Dupont Cronex intensifying screen.
\

E. Isolation of RNA.

il

Cells were grown to confluence in roller bottles, induced
with arsenite and scraped off the bottle in saiine—EDTA. RNA was
isolated from the resulting cells as described (102) . Briefly,
the cells wéfe collected by centrifugation and homogenized on ice
in 6 M guanidinium chloride (Gu'HCl), 20 mM sodium acetate, 0.1 M
2-mercaptoethanol, pH 5;0. The homogenate was centrifuged at 4oc
for 15 min at 12,000 x g. Crude RNA was precipitated from the
supernatant with 0.5 volumes of 95% ethanol (—20°C). The
precipitate was pelieted by centrifugation at 12,000 x g for 15 min
at —lOOC, resuspended in 7.5 M Gu:HCI, 25 mM sodium citrate, 50
mM 2—mercaptoethanol, pH 7.0 and feprecipitated as before. After
washing with 95% ethanol, the resulting pellet was dried and

extracted three times with distilled water. The resulting RNA

was precipitated with ethanol and redissolved in distilled water

1
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at a chcentration of 2 mg/ml. All glassware was treated with 0.1% -
diethylpyrocarbonate and bakgd before use. Solutions were prepared
in distilled water which was treated with 0.1% diefhylpyrocarbonate
and autoclaved.

Polyadenylated RNA (poly A+ RNA) was pfepared by
chromatography through an oligo-dT celiulose column (Collaborative
Research Inc., Type 2) using the procedure of Aviv and Leder
(103) . Oligo—dT ceilulose (0.1 g) was suspended in NETS buffer
(10 mM Tris-HCl, pH 7.5, 1 mM Na,EDTA , 0.25 M NaCl, 0.5% SDS)
and loaded into a 1.0 ml syringe plugged with glass wool. Total
cellular RNA was diluted with NETS buffer and heated at 90°C for
5 min. After rapid cooling on ice, the RNA was loaded onto the
column and recirculatea for 1/2°hour. The column was eluted with
ETS buffer (10 mM Tris-HCl, pH 7.5, 1 mM NaEDTA, 0.5% SDS).
Carrier E. coli tRNA was added to the poly A+ RNA to a final

concentration of 100 ug/ml and the RNA was precipitated with

ethanol at —20°C.

F. Hybridization Selection.

An M13 clone containing 690 base pairs of the coding region
of a trout hsp70 cDNA was obtained from R. Kothary. The |
bacteriophage were grown on E. coli JM10l1 for 8 hours and thé
cells pélleted by centrifugation at 12,000 x g for 10 min. The
supernatant was made 3.7% in polyethylene glycol.and 0.5 M in

NaCl, incubated for 15 min at room temperaturé and centrifuged
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at 12,000 x g for 10 min. The resulting pellet was dissolved in
20 mM Tris-HCl, pH 7.5, 20 mM NaCl, 1 mM EDTA. The solution was
~extracted once with phenol and twice with phenol:CHC13 (1:1).
The DNA was precipitated with ethanol, redissolved, and
repi‘ecipitéted again with ethanol. The pellet, consisting of the
plus strand of the M13 recombinant DNA and containing the region
'complementary to part of the hsp70 mRNA, was resuspénded in 400
ul of sterile diethylpyrocarbonate-treated water.

Ten ug of the plus strand was bound to nitrocellulose
(Schleichef and Schuell, B-6) using a millipore sintered glass
filtration unhit as described by Young ét al. (104). The filter
~was first washed with about 50 ml of 2xSSC. The DNA was diluted.
to 10 ml‘in 3xSSC and passed through the filter at approximately
0.75‘m1/min. The filter was baked for 2 hours before
hybridization to 10 ug of poly A+_RNA as described by Tilgmnén
9_1:__:_31, (105). The filter was incubated in hybridization buffér
(503 formamide, 0.75 M NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM
NazEDTA) containing‘ lokug of poly a* RNA for 20 hours at:
43°C. After washing with hybridization buffer at 43OC," bound.
RNA was released by incubating the filter in 90% fomamidé, 10 mM
-Tris-HC1l, pH 7.5, 1 mM EDTA at 45°C for one hour. Carrier E.
é‘ii_ tRNA was added before the RNA was precipitated with ethanoi

and lyophilized to remove any traces of formamide.

/
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G. In vitro translation.

RNA was translated in a rabbit reticulocyte system (New
England Nuclear) using 3SS-—methionine as the label (106). Two
ug of total RNA in 1 ul was translated in the rabbit reticulocyte
lysate containing magnesium, spermidine, creatine phosphate,
dithiothreitol and guanosine triphosphate as described by the
manufacturer. After translation, 50 ug/ml of RNAase was added,
a 5 ul aliquot of the tfanslation mix was mixed with 5 ul of
Laemmli sample buffer (99) for one dimensional gel
electrophoresis, and‘the rest of the sample was precipitated
with 6 volumes of 95% ethanol. The pellets were resuspended in
O'Farrell sample buffer and geparated on isoelectric focussing

1

'gels as described above.

H. Protein Blotting.

Cyanogen bromide-activated-paper was prepared as described
by Clarke et al. (108). Proteins were separated on a 10%
polyacrylamide SDS gel as described above. After electrophoresis,
the gel was washed 3 times for 5 min each in 0.1 M sodium
phosphate, pH 6.5 containing 0.1% SDS,'and 3 times in 20 mM sodium
‘phosphate, pH 6.5 without SDS. Proteins were transferred

electrophoretically to CNBr-activated paper in 20 mM sodium
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phosphate, pH 6.8 using a Bio-Rad electroblot apparatus. Transfer
was for 4 hours at 1 A or 15 hours at 100 mA. After transfer, the
CNBr-activated paper was incubated 4 times for 15 min each in

quench buffer (0.1 M Tris-HCl, pH 8.0, 1% glycine, 0.1% BSA, 10%
ethanolamine) to block any remaining reactive sites. The paper was
then incubated at 37OC for 1 hour in 5 ml of Buffer A (50 mM Tris-
HClV, pH 7.4, O.i5 M NaCl, 5 mM Na2EDTA, 0.1% BSA and 0.05% NP-40)‘
containing 10 ul of the rabbit antibody to chick hsp70. After
washing 4 times for 15 min in Buffer B (50 mM Tris-HC1l, pH 7.4, 1.0

M NaCl, 5 mM Na.EDTA, 0.1% BSA and 0.4% (w/v) sarcoéyl) the paper

2
was incubated in 5 ml of Buffer A containing 1 x 106 dpm/ml of
125 '

I-labelled goat anti-rabbit IgG. The paper was again washed
in Buffer B and fluorographed using a Cronex screen. N

1

I. Iodination of goat anti-rabbit IgG.

Goat anti-rabbit IgG was labelled by the chloramine T method
of Greenwood et al. (109). Goat anti-rabbit IgG (1 mg/ml) was
incubated with 1 mCi/ml of ﬁalzsl (New England Nuclear, 17.4
Ci/mg) and 400 ug/ml chloramine T in PBS for 10 min. Then 3
mg/ml of Na2805 and 200 ug of BSA were added and the sample
was chromatographed through a Sephadex G~50 column (1.5 cm x 20
cm) in 50 mM sodium phosphate, pH 7.4 plus 0.1% BSA. The

totally excluded fractions were pooled.

J. Extraction of histones.
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Histones were isolated at 4°C by a modification of the
proceQure of Marushige et al. (110). Cell pellets were
homogenized in TMKS with 0.5% Triton-X-100 in a glass-teflon
homogenizer. The sample was centrifuged at 3000 x g for 10 min
and the crude nuciear péllét was washed once in TMKS. The
pellet was then homogenized in 10 mM Tris-HC1, pH 7.4, and
centrifuged at 12,000 x g for 15 min. The resulting chromatin
peilet was extracted with 0.4 N H2804 for 20 m}n on ice and
centrifuged for 20 min at 12,000 x g. The supernatant was added
to four volumes of 95% ethanol (—ZOOC) and the histones were
allowed to precipitate overnigﬁt at —20°c. All buffers
contained 1 mM PMSF, 10 mM 2-mercaptoethanol and 10mM sodium

butyrate.
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RESULTS

Part I. Characterization of the heat shock proteins of RTG-2

cells.

A. Two-dimensional gel electrophoresis of heat shock proteins.

Sodium arsenite was chosen tovinduce the heat shock proteins
in RTG-2 cells. Although the effect of NaAsO2 is not identical
to the effect of elevated temperature (36,45), it is more
straightforward and more precise to use a chemical inducer than to
increase the temperature of the cells as a period of equilibration
must occur after the‘shift before the culture temperature reaches
that of the environment. Initfally,.an arsenite treatment
protocol was chosen which caused a\strong induction of all heat
shock proteiﬁs as détected by one-dimensional gel electrophoretic
analysis (36). Cells were treated with 50 uM NaAstifor 3 hours
and allowed to recover for 2 hours prior to labelling with 358—
methionine. Fig. 2 shows a representative fluorogram of the
protein pattern obtained from cells treated in this way. The
isoelectric focussing gel consisted of a pH gradient extendihg
from pH 4.5 to pH 6.8, while the second dimension was a 5% to 20%
polyac?ylamidé gradient. All two diﬁensional—gel electrophoresis
was performed under these conditions unless otherhﬁse specified.

Clearly, the heat shock response. is of much greater complexity
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Figure 2. Twofdimensional fluorograms of proteins from RTG—?
cells. The first dimension was a pH gradient ranging
from pH 4.5 to pH 6.8 and the second dimension was a 5%
to 20% polYacrylamide gradient. The left end is the
acidic end. Molecular weight markers were:
phosphorylase b (94,000), BSA (67,000), ovalbumin
(43,000), soybean trypsin inhibitor (20,100) and -
lactalbumin (14,400). Marker positions are indicated‘on
the left side of the gel. a) cells were untreated. b)
cells were treated with 50 uM NaAsO for 3 hours and

2

allowed to recover in medium without NaAsO2 for 2

hours before labelling with 3SS—methionine as

described in the text. Heat shock proteins are

numbered and the protein labelled A was tentatively
identified as actin. Exposure times were for 10 days and

500,000_cpm were loaded in a) and 300,000 cpm were loaded

il’l b)o ’ : -

~
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than is revealed by one-dimensional SDS gel electrophoresis alone.
In all, over 20 polypeptides are detected which are not present in
ccontrol cells or are present at low levels. These results are
summarized in Table I. five size classés of polypeptides are
synthesized; each corresponding to a polypeptide band observed on
a one-dimensional gel, and each consisting of at least four
isoelectric variants. However, no polypeptides corresponding to
the hsp of 87,000 daltons are present on the two-dimensional
fluorogram. ,

To obtain better separation of the region of the gel where
hsp87 should be located, 8% polyacrylamide gels‘were used as the
second dimeﬁsion. Examples of the separations obtained on 8%
polyacrylamidé gels are shown in Fig; 3. The lower percentage of
polyacrylamide expands the region of the gel where an 87,000
dalton polypeptide should run as shown by the increased separation
of the 67,000 and 94,000 molecular weight markers. Many
polypeptides are apparent on the gel of the aréenite treated .
sample (Fig. 3b) which are not obvious on the gel of the untreated
sample (Fig. 3a). However, the control gel in Fig. 3a is
underexposed and most of the polypeptides in the arsenite treated
sample can be faintly detected in the control sample. To ensure
that none of these polypeptides corresponded to hép87, the
molecular weights of polypeptides in the arsenite sample migrating
between the 67,000 dalton marker and the 94,000 dalton marker were
determined. This was done by measuring the mobility from the

origin for each polypeptide. No polypeptides had molecular
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Table 1. Molecular weights and isoelectric points (IEP) of heat shock proteins

in Trout RTG-2 cells.

Size Protein IEP My Treatment

Class SOuM NaAsO,l) SOuM NaAsO, 27°C forl) in vitro2)
for 3 h for 24 h 24 h translation

~1 00K 1 §p3) + + - +

2 . ND + + - +

3 ND + + - +

4 ND + + - +

70K 5 5.91 67,000 + + + +

: 6 5.97 ° 67,000 + + + +

7 5.98 69,800 + + + +

8 5.98 71,100 + + + +

9 6.06 70,000 + + + +

60K 10 5.67 59,000 + + + -

11 5.80 60,000 + + + -

12 5.82 62,000 + + + -

13 ° 5.89 62,000 + + + -

40K 14 5.13 43,000 + + - -

- 15 5.23 44,000 + + - -

16 5.39 44,000 + + - -

17 5.61 44,000 T+ + - -

18 4.77 40,000 + T4+ - -

19 4.93 40,000 + + - -

30K 20 5.27 31,000 + + + +

21 5.46 31,000 + + + +

22 5.29 29,000 + + + +

23 5.41 28,000 + + + +

24 5.55 29,000 + + + +

25 . 5.59 29,000 + + + +

1) All treatments were as described in Materials and Methods.

2) mRNA was isolated from cells treated with 50 pM NaAsO; for 6 h and
translated in vitro as described in the text. '

3) Not determined. -
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Figure 3. Two-dimensional fluorograms of proteins separated on 8%

polyacrylamide gels in the second dimension. Cells were
induced and labelled as described in the text. a) proteins
from untreated cells. The gel contained 100,000 cpm and was
exposed for 21 days. b) proteins from cells treated with

50 uM NaAsO2 for 3 hours and allowed to recover for 2 hours.
The gel contained 500,000 cpm and was exposed for 14 days.

Molecular weight markers are indicated along the left side of

the gel.
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weights of 87,000.

‘Since the first dimension gel had a limited pH gradient of
pH 4.5 to(pH 6.8, it was possible that the 87K hsp might be too
basic for these gels. Non-equilibrium pH gradient gel
electrophoresis was performed to establish whether hsp87 has a
basic iséelectric point. These gels had pH gradients ranging
from pH 3 to pH 10. Fig. 4 shows that, althouéh the other hsés
are present, hsp87 i§ cleérly not present in the basic region of
the gel. The analysis is more difficult because most cellular
proteins have acidic rather than basic isoelectric points causing
a high density of spots in the acidic region of the gel.
However, careful examination reveals that, as {n the equilibrium
pH gradient gels, no polypeptides of 87,000 daltons are present
in the.heat or arsenite treated sample which are not present in
the control sample. |

Similar patterns were observed for fluorograms derived from
cells treated with arsenite for varying times or from cells
incubated at 27OC, as. shown in Fig. 5. It may be noted from
Fig.‘5 that heat treatment did not inhibit normal protein
synthesis to the same extent as arsenite treatment. As
expected, there are no 62,000 or 100,000 dalton polypeptides in
the heat treated sample, since treatment at 27OC does not
induce these polypeptides (36)} Heat shock polypeptides 14 to
17 (the 42,000 da;ton polypeptides) are also not detected in
gels from heat-treated samples. However, the presence of these

-~

proteins is somewhat variable. Polypeptides 14 to 17 are not
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. .
Figure 4. Fluorograms of proteins from heat shocked cells

separated by non-equilibrium pH gradient gel electrophoresis.
Cells were induced and labelled as described in the text. a)
proteins from control cells. The gel contained 700,000 cpm
and was exposed for 2 days. b) proteins from cells

incubated at 27°C for 4 hours. The gel contained 100,000
cbm and was exposed for 15 days. c) proteins from cells .
treated with 50 uM NaAsO2 for 24 hours. The gel contained
25,000 cpm and was exposed for 45 days. d) proteins from-
cells treated with 50 gM'NaAsO2 for 3 hours and allowed to
recover for 2 hours. The gel contained 110,000 cpm and was
exposed for 17 days. Molecular weight markers are indicated.

on the left side of the gel.
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Figure 5. Heat shock proteins from cells treated with either
NaAso2 or heat. Cells were induced and labelled as
described in the text. a) proteins from untreated cells.
The éel contained 300,000H§pm and was exposed for 10 days.
b) proteins from cells treated with 50 uM NaAsO2 for 3
hours. The gel confained 300,000 cpm and was exposed’for 7
days. <) profeins from cells treated with 50 uM NaAsO2

for 24 hours. The gel contained 120,000 cpm and was

exposed for 27 days. d) proteins from cells incubated at
27°%¢c for 24 hours. The gel contained 100,000 cpm and

was exposed for 21 days. Molecular weight markers are

indicated on the left side of the gel.
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present in in vitro translations of heat shock mRNA, nor are
they present in samples that have been incubated on ice for 15
minutes in 10 mM Tris-HC1, pH 7.4, 5 mM MgCl,. Representative
gels of these saﬁﬁies are shown in Fig. 6. The other treatment
prqtocols resulted in the synthesis of the expected hsp size

classes, each composed of several isoelectric variants.

B. Post-translational modifications of the heat shock proteins.

1. The effect of sodium arsenite treatment on phosphorylation of

the hsgs./

The isoelectric va;iants separate on the two-dimensional gels
in a manner expected for polypeptides which are post-
translationally modified. One commonly occurring post-
translational modification is phosphorylation. Téxdetermine if
the hsps are phosphorylated cells were incubated in phosphate-
free medium‘with 32P—orthophosphate., Sodium arsenite was added
either 3 hours before the 32P-orthophosphate or at the same time
as the 32P—orthophosphate. This procedure should also detect
changes in the phosphorylation of other cellular proteins caused
by heat shock. Upon one-dimensional gel electrophoresis, as shown
in Fig. 7, no phosphorylation of the heat shock proteins was
detected and no‘changes in phosphorylated polypeptides were
observed in heat shocked cells under ﬁhe conditions used. To

ensure that the phosphorylation of minor polypeptides was not



(5%3) .

Figure 6. Two dimensional gels showing polypeptides 14 to 17
from cells treated in different ways. Cells were indﬁced and
labelled as described in Methods. a) proteins from cells
treated with 50 uM NaAsO., for 3 hours. The gel contained
275,000 cpm and was exposed for 7 days. b) proteins from
cells incubated at 27° for 24 hours. The gel contained
100,000 cpm and was exposed for 25 days. c) proteins from
cells treated with 50 uM NaAsO2 for 3 hours. The gel
contained 100,000 cpm and was exposed for 25 days. This
sample was suspended in 10 mM Tris-HCl, pH 7.4, 5 mM MgCl2
and incubated on ice for 15 min; d) proteins resulting from
in vitro translation of mRNA isolated from cells treated
with 50 uM NaAsO2 for 6 hours. The gel contained 116,000
cpm and was exposed for~28 days. The mRNA was isolated and
translated as described in the text. Each size class of the
hsps istidentified. Moleduiar weight markers are indicated

on the left side for gels a and c.
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Figure 7. One dimensional analysis of phosphorylated polypeptides
from control and heat shocked cells. Cells were induced and
labelled as described in the text. a) proteins from non-heat

shocked cells; b) proteins from cells treated with 50 uM
NaAsO2 for 4 hours while labelling with 32p—
orthophosphate; c) proteins from cells treated with 50 uM
NaAsO2 for 4 hours before labelling with 3zp~
orthophosphate for 4 hours. Molecular weight markers are

indicated on the left side of the gels.
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masked by the presence of major phosphorylated proteiﬁs in both
heat shocked and control cells, two-dimensional gel
electrophoresis was performed also. Fig. 8 shows examples of two-
dimensional gels of phosphorylated polypeptides. None of the
phosphorylated polypeptides migrate in the positiohs expected for
heat’shock proteins. Therefore, the phosphorylated polypeptides
are cellular protéins which were synthesized before arsenite
treatment and phosphorylated in the presence of NaAsOZ., Some
polypeptides are present in the control gel but not in the
arsenite gel. Different exposure times can account for some of

these polypeptides which can be detected faintly in the arsenite

sample. Others were not observed consistently in the various
unshocked samples. Therefore, under these labelling conditions,
arsenite treatment does not affect the phosphorylation of either

the heat shock proteins or cellular proteins.

2. In vitro translation of heat shock mRNA.

Another possible explanation for the charge heterogeneity of
the hsps would be the existence of several related but distinct
genes coding for each protein size class. This possibility is

supported by the fact that, in D. melanogaster, at least five

genes code for hsp70 (47). To determine whether different
transcripts exist for each hsp size class, RNA was isolated from

cells tréated with 50 uM NaAsOé and translated in vitro in the

’
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Figure 8. Two-dimensional analysis of phosphorylated
polypeptides. Cells were labelled as described in
Methods. a) proteins from untreated cells labelled for
4 hours with 32P—orthophosphate. The gel contained
3 X lO6 cpm and was exposed for 6 hours. b) proteins
from cells treated with 50 uM NaAsO2 at the same
time as labelling with 32P—orthophosphate for 4
hours. The gel contained 1 x lO6 cpm and was exposed

for 3 hours. Molecular weight markers are indicated

on the left side of the gels.
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rabbit reticulocyte system. In the simplest case, if the
reticulocyte system is incapable of the same post-translational
modification(s), isoelectric variants should only be observed if
variant mRNAs are present. Fluorogramé obtained from in vitro
translations are presented in Fig. 9. Polypeptides 10 to-13 (the
62,0000 dalton hsps) and polypeptides 14 to 17 (the 42,000 dalton
hsps) are clearly not present on these fluorograms, as shown in
Table 1. The lack of polypeptides 14 to 17 is difficult to
explain, but as mentioned previouslyl(Fig. 6) , these proteins are
alsd absent from gels of samples which have been incubated in 10
'mM Tris~HC1l, pH 7.4, 5 mM MgCl2 on ice for 15 min and from gels
of cells which have beenkfncubated at 27°C. The small spots to
the right of hsp70 could represent incomplete translation
products from degraded hsp70 mRNA. All isoelectric variants are
present in the in vitro translation mix, meaning that either
post-translational modification is occurring in the translation
system or that more than one transcript exists for these

polypeptides.

3. Hybrid-selection of hsp70 mRNA,

A cDNA clone complementary to hsp70 mRNA of trout has
recently been isolated and used to investigate the number of
genes coding for this protein in trout (R. Kothary, personal
.comnunication). A fragment of this cDNA was subcloned into M13

and the strand complementary to the hsp70 transcript was used

4
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Figure 9. Fluorograms of proteins from in vitro translations of
mRNA isolated from untreated cells or from those treated with
NaAst. Messenger RNA was isolated and translated from
cells treated as described in Methods. a) mRNA from control
cells. The gel contained 250,000 cpm and was exposed for 13
days. b) mRNA from cells treated with 50 uM NaA502 for 6
hours. The gel contained 160,000 cpm and was exposed for 19
days. Heat shock proteins are labelled witﬁ arrows.

Molecular weight markers are indicated on the left side of

the gels.
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in hybrid-selection experiments to determine whether the
transcripts encoding the different hsp70 isoelectric variants
_hybridize to this sequence. Fig. 10 shows the M13 clone used
in the hybrid-selection. Single stranded phage DNA was bound
to nitrocellulose and annealed under stringent conditions to
poly A+ mRNA isolated from cells treated with arsenite. Bound
RNA was eluted from the immobilized DNA and translated in vitro.
The géi pattern from the in vitro translation mixture is
shown in Fig. 11. A stregk is observed corresponding to the 70
K variants. It should be noted that discrete spots are not
usually obser&ed for trout hsp70 in the in vitro translation
system, as if the proteins aggregate in the IEF—dimension under
these conditions. Again, this result suggests either the
presence of several transcripts or that post-translationa.

modification occurs in the in vitro translation system.

D. Induction of hsp70.

The inductionlof hsp70 after short arsenite treatments was
studied u§ing an antibody to chick hsp70 which was kindly
supplied by Dr. M. J. Schlesinger (Départment of Microbiology
and Immunology, washington’Univer;i;y School of Medicine, St.
Louis, Mo.). This antibody cross-reacts with trout hsp70 as
shown in Fig. 12. Slight reaction is observed with proteins

from cells which have not been shocked. This may mean that the

cells are sufficiently stressed during harvesting to begin heat

[
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Figure 10. Restriction map of the-M13 clone used in the hybridization
selection of heat shock mRNA. A 690 base pair Pst I fragment from
the cDNA clone THS70.7 was subcloned into the Pst I site of M13
mp8 and generously supplied by‘R. Kothary. The trout clone
corresponds to the region coding for amino acids 128 to 348 of the
D. melanogaster hsp70 sequence and is represented:by the open
box . Tﬁe solid lines represent M13 sequence. The r;striction

sites are: P, Pst I; T, Tag I and B, Bam HI.
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Figure 11. Fluorogram of proteins from in vitro translations of
mRNA isolated by hybrid-selection to an hsp70 M13 clone.
Poly at RNA from cells treated with 50 uM NaAsO2 EoE 5
hours was hybridized to an hsp70 M13 clone (Fig. 10) as
described in Methods. Hybridization was for 16 hours at
43°C in 50% formamide. a) Two-dimensional fluorogram of
selected mRNA. The gel contained 50,000 cpm and was
exposed for 25 days. b) 70 K region of a fluorogram
resulting from the translation of total mRNA from cells
treated with 50 uM NaAsO2 for 6 hours. The gel
contained 160,000 cpm and was exposed for 19 days. The
arrow indicates the hsp70 polypeptides. Molecular

weight markers are indicated on the left side of the gels.
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Figure 12. Cross-reaction of the antibody to chick hsp70 with
trout hsp70. Protein blotting was performed as described in
Methods. a) proteins from cells treated with 50 uM NaAsO2
for 3 hours and allowed to recover for 2 hours. b) proteins

from untreated cells.
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shock protein synthesis. To study hsp70 induction, cells were
treated with 50 uM NaAsO2 fof times ranging from 5 min to 2
hours before harvesting. Harvesting was performed as quickly as
possible to minimize induction of the heat shock proteins. As
can be seen in Fig. 13, lane a, the antibody still reacts with a
protein of about 70,000 daltons in unshocked cells. With
increasing times of arsenite treatment, the antibody reacts with

~ increasing amounts of the 70,000 dalton protein. An increase in

antibody binding is detectable after just 5 min of induction.



(62)

abc de fg

Figure 13. Induction of hsp70. Cells were induced for various

| times and the proteins separated on one-dimensional SDS gels
and transferred to CNBr-activated paper as described in the
methods. a) proteins from unshocked cells; b) proteins from
cells treated with 50 uM NaAsO2 for 5 min; c) 15 min; d) 30
min; e) one hour; f) 2 hours; and g) 3 hours. In all cases,
cells were allowed to recover for 2 hours before protein

extraction. The arrow indicates hsp70.
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Part II. The effect of histone acetylation on the induction of

hsps by sodium arsenite.

A. Sodium butyrate induced histone acetylation.

RTIG-2 cells were treated with varying concentrations of butyrate
for 24 hours to establish the best conditions to achieve maximum
acetylation. Histones were isolated from cells treated with different
concentrations of the fatty acid for 24 hours and separated on acid-
urea gels. These gels separate basic proteins according to their
charge. In the acid-urea system used here, only the acetylated

s

forms of H4 are completely resolved from the other histones.
However, the extent of histone acetylation\can still be determined
using this gel system by monitoring the acetylation of H4. For
this reason, Fig. 14 and Fig. 15 show only the H4 region of the gel.
Fig. 14 shows the effect of treatment with different

coﬁcentrations of sodium butyrate on histbne acetylation in RTG-2
cells. Comparison of the unacetylated and the monoacetylated fqrms
of H4 shows that acetylation is maximal after 24 hours of \
treatment with 5 mM sodium butyrate. In the untreated sample, the
mono-acetylated form of H4 represents less than one-third of the
total H4 while 24 hours of butyrafe treatment causes the
mono;acetyiated form to increase until it almost equals the
acetylatéd form. A time course of butyrate treatment is shown in
Fig. 15. Cells were treated with 5 mM sodium butyrate for

)

different times and the histones isolated and separated on
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Figure 14. The effect of different concentrations of sodium
butyrate on histoﬁe acetylation. Cells were induced with
different concentrations of sodium butyrate for 24 hours.

The histones were isolated as described in Methods, 'separated

on acid-urea gels, stained with Coomassie biue and the region

of the gel containing H4 was scanned at 545 nm with a

- Beckman DU-8 spectrophotdmeter. A0 is the unacetylated form,
A_ is the mono-acetylated ‘form, A2 is the di-acetylated

1

form and A3 is the tri-acetylated form. The absorbance range

was 1.
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Figure 15. Time course of histone acetylation induced by sodium
butyrate. Cells were induced with 5 mM sodium butyrate for
the indicated times. The histones were isolated as described
in the methods,separatéd on acid-urea gels and the region
of the gel containing H4 scanned at 545 nm. The acetylated
forms of the histones are labelled as in Fig.14. The

absorbance range is 1.
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acid-urea gels. Histone acetylation was maximal after 15 hours of
butyrate treatment. Since butyrate is known to block cell

division at the Gl stage, subsequent experiments were performed

in 5 mM sodium butyrate for 24 hours or less to achieve maxime;

\

acetylation with minimal effects on cell division.

B. The effect of sodium butyrate on cellular protein synthesis.

To examine the effects of sodium butyrate on overall patterns of
protein synthesis, cells were treeted‘with 5 mM butyrate for
either 3 hours or for 24 hours and then labelled with 358—
methionine prior to two—dimensional gel electrophoresis. If
acetylation increases transcriptional activity, then an increase in/
the synthesis of certain polypeptides might be expected to occur.
There is no apparent diffefence in the protein synthetic patterns
of the untreated sample and in the sample treated with butyrate
for 24 hours (Fig. 1l6a and 1l6c). However, changes are observed in
the protein synthetic pattern of the semple treated with sodium
butyrate fer 3 hours (Fig. 16b). Two polypeptides of 53,000 and
67,000 daltons increase }n amount, while a third of
53,000 decreases. By 24 hours, the pattern has returned to that
observed for control cells. Clearly, sodium butyrate is not

causing drastic changes in the protein synthetic patterns of the

RTG-2 cells.
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Figure 16. The effect of sodium butyrate on total cellular
protein synthesis as determinea by two-dimensional gel
electrophoresis. RTG-2 cells were treated with 5 mM butyrate
for 3 hours or 24 hours prior to labelling with 358—
methionine and separation of the total cellular proteins on
two—dimensional gels. Portiohs of the gels in which
differential protein synthesis is observed are shown. Panels
a, control; b, butyrate treatment for 3 hours; ¢, butyrate
treatment for 24 hours. The arrowhead indicates the induced

proteins. The large gel was treated with 5 mM butyrate for

three hours and molecular weight markers are indicated.
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C. The effect of sodium butyrate on the fesponse to sodium

arsenite.

Since sodium butyrate can block the hormonal induction of certain -
enzymes (87,89), the effect of sodium butyrate on heat shock protein
sYnthesis was examined. The effect of histone acetylation on the heat
shock response was examined by treating cells with 5 mM butyrate fo;
24 hours before or during arsenite induction. The sodium arsenite
was either added simultaneously with the butyrate (24 hour
induction of the hsps), or for the final 3 hours of the butyrate
treatment (3 hour induction of hsps). Despite the changes in

acetylation caused by the different butyrate treatments, the heat

shock proteins are still induced by sodium arsenite (Fig. 17).
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Figure 17. The effect of sodium butyrate on the induction of heat
shock proteins in RTG-2 cells by sodium arsenite. Cells were
treated with 5 mM sodium butyrate or 50 uM sodium arsenite or
both before labelling with 35S-methionine and separation
of the proteins on SDS gels. Lanes a) sodium butyrate for 24
hours; b) sodium butyrate for 24 hours with sodium arsenite
added for the final 3 hours; c) sodium arsenite for 3 hours;
d) butyrate and arsenite for 24 hours; e) sodium arsenite

alone for 24 hours; f) untreated cells. Arrows indicate the

heat shock proteins.

\
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Discussion

Part I. The response of RTG-2 cells to heat or sodium arsenite.

A. Two-dimensional gel electrophoresis of trout heat shock proteins.

Two-dimensional gel electrophoresis of trout RTG-2 cell heat
shock proteins reveals a complex pattern. The five size classes
of proteins separate into more than 20 isoelectric variants.

Buzin and Petersen observed similar results in D. melanogaster

(40) . As in trout, the heat shock proteins separate into large
numbers of isoelectric variants upon two-dimensional gel
electrophoresis. In trout, the isoelectric points of the hsps

range from pH 4.7 to pH 6.8 for hsp70. The D. melanogaster

hsps have a greater range of isoelectric points: some of the
isoelectric variants of the small hsps have isoelectric points of
pH 8.0 to pH 10.0 (40). All of the trout polypeptides detected by
one-dimensional gel electrophoresis are present on the two-
dimensional gels except for the 87,000 dalton hsp. Hsp87 is not
observed when ﬁhé second dimension gel is an 8% gel, nor is it
observed upon non-equilibrium pH gradient gel electrophoresis.

The 8% gel should allow better separation of higher molecular
weight polypeptides while the non-equilibrium pH gradient gel
electrophoresis should allow separation of polypeptides with

isoelectric points ranging from pH 4.5 to pH 10.0. The

corresponding protein in D. melanogaster, hsp83, has an
)
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isoelectric point of pH 5.33 (40). Thus, if the trout hsp87 is

at all similar to hsp83 in D. melanogaster, then it should be

detected in these gel systems. It is unlikely that the
isoelectric point of hsp87 is outside the range of the non-
equil&brium pH gradient gels. A plausible éxplanation is that

\

hsp87 might be undetected in these systems due to the presence
of extensive charge heterogeneity which spréads the label over

a large number of components. As hsp87 is induced in smaller
quantitiés‘than some of the other hsps (36), it may be difficult
to detect the presence of numerous charge variants by two-
dimensional gel electrophoresis.

Sinée carbamylation of aﬁino groups in proteins by isocyanate
derived from urea can lead to charge heterogeneity, the possibility
that the iéoelectric variants observed might be due to this reaction
must be considered. All precéutﬁons suggested by Q'Farrell to
avoid this effect (96) were followed in these experiments. Samples
were éither suspended\in sample buffer and loaded on gels immediately
or they were frozen at —7OOC. Sample buffer contained
protedtiVe ampholines and samples were not allowed to warm in the
presence of urea. Ultrapure urea solutions were either freshly made
each time or storedikrozen in aliquots at —200C. Finally,
isoelectric focussing gels were pre-run to remove isocyanate.
FUrthermore, muitiple spots are not observed on control gels, nor
for many of the non-hsp components of gels containing heat shock

proteins. Also, a high degree of charge complexity in hsps has been

observed in other systems (15,40,43,52). For these reasons, it can



(72).

be concluded that the observed heterogeneity is a characteristic

feature of the hsps themselves. .

In agreement with the data of Kothary and Candido, (36) the
100,000 dalton hsps and the 62,000 dalton hsps are not observed in
heat shocked cells. However, surprisingly, the 42,000 dalton
isoelectric variants are also not detected in heat shoéked cells
but are observed after a 24 hour arsenite treatment. The reverse
was observed by Kothary and Cahdido (36) : hsp42 was present in
heat shocked cells, but not in cells which had begn treated with
arsenite for 24 hours. These hsps are not detectable in in
vitro ;ranslatiohs of mRNA isolated from arsenite-treated
.célls or in samples which have been incubated on ice for 15
minutes (Fig. 6). 'Thus, it appears as though these polypeptides
are labile and that their presence or absence may be éependent on
the preparation of the sample. This could explain the difference
between the results presented here and those in reference 36.
Another unexpected result is the absence of the 62,000 dalton‘
isoeletric variants in the in vitro translation products of mRNA
isolated from arsenite-treated cells. This suggests that these
polypeptides may result from proteolytic degradation ofllérger

polypeptides, perhaps the hsp70 variants.
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B. The nature of the iso-electric variants of the heat shock

proteins.

1. Post-translational modification of the heat shock proteins.

The nature of the heat shock isoelectric variants is unknown.
No evidence for the phosphorylation of trout heat shock proteins

was found, although phosphorylation of Dictyostelium discoideum

 hsp70 under similar conditions has been reported (44) .

Phosphorylation of hsp70 may be unique to D. discoideum hdwever,

as analogous experiments have not revealed phosphorylation of the

D. melanogaster hsp70 (45). . Phosphorylation may also be

dependent on the agent employed to induce the heat shock proteins.
Sodium arsenite may fail to affect steps of the phﬁsphorylatipn
process affected by heat or the two perturbants may affect
different steps in the process. Vincent and Tanguay (45) haQe
observed the phosphorylation of a cellular protein after heat
treatmént, but not after arsenite treatment. Further, the
detection of hsp phosphorylation could be dependent on the
labelling conditions. For example, the hsps‘would not be labelled
" under conditions used in the present study if the turnover of
phosphate groups Was very slow.

Other post-translational modifications of heat shock proteins
have been shown to occur. Hsp70 and Hsp87 are methylated in chick
and hamstericells (41,42) and hsp87 is ADP-ribosylated (43).

These modifications may account for some of the charge
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heterogeneity observed upon two—dimensional gel electrophoresis;
. but if the variants are caused predominantly by post-translational
modification then similar modifications must occur in the cell-
free rabbit reticulocyte system, for heat shock mRNA from both D.

melanogaster (40) and trout results in muitiple isoelectric

variants upon translation in this system. Ovalbumin (113) and
actin (114) are acetylated at their N-terminals in the in vitro
rabbit reticulocyte system and other postjtranslétional
Hmodifications‘may well occur in the cell-free system although they

have not been reported to date.

2. Many genes code for heat shock proteins.

t

Alternatively, the heterogeneity of the hsps could be due to_thé
existence of multiple amino acid sequence variants of these proteins.
Such heterogeneity of amino acid sequence could be generated at the
DNA level by the existence of several genes. In trout, the anélysis
of genomic DNA by Southern hybridization to an hsp70 cDNA clone
reveals the existence of a small number (perhaps two or three) or
~ closely homologous sequences, and several weakly hybridizing
sequences (R. Kothary, personal communication). Fi§e genes code for
hsp70 in D. melanogaster, although recently three other genes with

~

70% homology to the hsp70 gene have been identified (48). A similar
\

'gene family consisting of 10 homologous genes exists in yeast (39).
However', not all of these genes are expressed during heat shock.

Some, the cognate genes, are expressed under normal -conditions, and
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hence cannot account for the charge variants observed upon heat

shock.

3. Hybrid-selection of heat shock messenger RNA.

Sincé hybridization of heat shock mRNA to an hsp70 cDNA clone
isolates mRNA which is translated into several charge variants,‘gither
different transcripts code for the different isoelectric variants, or
post-translational modification is occurring in the in vitro
translation system. Hybridization 'of heat shock mRNA from D.

melanogaster to a genomic hsp70 gene isolates not only the transcript
. v

coding for the 70 K hsp, but also transcripts corresponding to minor
hsps of 72,000, 73,000 and 75,000 daltons (46). peptide mapping of
these polypeptides shows that they are' closely related. Howevef,h
deletioné spanning the 87C and 87A heat shock logi result in mutants
which do not make hsp70, but do synthesize the three slightly larger
polypeptides (47). The genes coding for hspio are known to exist at
the heat shock loci 87A and 87C. Therefore, the genes coding for the
miﬁor proteiﬁs which are closely related to hsp70 must reside outside
the known heat shock loci.

In soybean, over Zo_polypeptides of 15,000 to 18,000 daltons are
induced upon heat shock (liS).\ A cDNA coding for one of the
16,000 dalton proteins has been isolated (116). These numeraus
polypeptides constitute a large gene family since many bands are present

on Southern blots of soybean genomic DNA probed with the cDNA clone.

The in vitro translation of the messenger RNA which hybridizes to the

A
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16 K hsp cDNA clone results in a series of isoelectric variants similar
to those observed in this thesis. If the hybridization-selection is™
performed at higher stringency, then some of the chérge variants in the
in vitro translation disappear. In other words, the cDNA clone -
coding for the 16,000 dalton hsp hybridizes to a number of transcriéts
-and the charge variants observed in this system are nof caused by post-
translational modification in the in vitro translation system.

If the variation‘in sequence is:small and the transcript large, as
wouid be expected for isoelectric vafiants‘of a 70,000 dalton
polypeptide, then it may be difficult to distinguish the different
transcripts by hybridization conditions. 1In the experiments

described here, although the stringeﬁcy of hybridization was

high, increasing the stringency still further might result in the

selection of only one transcript.

4. Genetic polymorphism of the heat shock genes.

Some of the complexity of the hsps of D. melanogaster can also

be explained by the existence of genetic polymorphism in the fly
population. Sequencing of the small hsp genes from the Oregon R étrain
has revealed a number of restriction site changes attributed to genetic
polymorphism (117). Since the RIG-2 cell line was derived from pooled
trout gonadal tissue (95), genetic polymorphism may also account for
some of the complexity of the trout hsps. It is likely that all of the
above factors contribute in some measure to the charge heterogeneity

seen'in these proteins.
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C. Induction of hsp70.

To study hsp70 induction, immunolog&cal techniques were
employed because of their high sensitivity. An antibody to chick
hsp70 which cross-reacts with trout hsp70 was used. -This‘
cross—reaction of the antibody to the chick protein with the trout
protein is another example of the conservation of hsp70 structure
in different species. In addition to strong reaction with hsp70
in heat shocked cells, slight but significant binding to a protein
of 70,000 daltons is detectable in control cells. It is possible
that hsp70 is constitutively present at low levels in control
cells, or that the cells are sufficiently stressed during
harvesting to begin making heat shock proteins. Similar
observations have_been repor%ed in other systems (5,15,38). This
cross-reaction could also. have resulted if proteins similar to
hsp70 are expressed in control cells (e.g. the cognate proteins),
or, since the chick antibody is not a monoclonal antib;dy, fgom
contamination by control proteins of the antigen used for
immunization.- The hsp70 used to innoculate the rabbits was
' isolated by Sepharose 6B and DEAE-cellulose chromatography (5).
Purity of the hsp70 was assayed by one-dimensional gel
electrophoresis. However,‘thg two—-dimensional gels presented in

this. thesis clearly show the presence of proteins of similar size

-
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and charge as hsp70 in control cells. Such control proteins

which could result from the exprgssion of ‘the cognate genes, may
have contaminated the hsp70 preparation used in immunization.
Proteins coded for by the cognate genes may carry similar antigenic
determinants to those of hsp70 since the cognate genes of D.

melanogaster and yeast are 70% homologous to‘hsp70 at the amino

acid level (39,48). Recently, Lindquist et al. (118) have
isolated a mbnoclonal antibody to hsp70 which does not cross-react
with proteins from unshocked cells. Thus, although a number of
groups have reported the pfesence of hsbbo in control cells, the
protein detected in control cells is.probably transcribed from a
cognate gene and is not identical to hsp70.

Although the antibody to chick hsp70 cross-reacts with
proteins in the control cells to a small degree, the induction
of hsp70 synthesis is stiil clearly detectable. A sharp
increase in antibody binding is detectable after 5 min of
treatment with 50 uM NaAsO2 indicating the synthesis of hsp70
upon heat shock.‘ However, the corresponding RNA transcript is
~only deteéted by RNA dot-blot analysis after 15 min of treatmenﬁ
(R. Kothary, personal communicatio;). The disparity between the
appearance of the protein and the presence of the tragscript may
reflect the sensitivity of the two techniques.. Each transcript
can be translated many times to generate a large amount of
protein which is then detectable by immunological techniques.

In addition, more than one gene may code for the trout hsp70 and

transcripts from other genes may not hybridize to the hsp70 cDNA
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cilone under conditions of high stringency. Since the antibody is
polyclénal, it will likely bind to several variant hsp70s. In

D. melanogaster, the transcript is detectable 5 min after shift

to 35°C (13) while the protein is aetectable after 10 min of
incubation at 35°C (18) . These induction times are comparable
to the»results described in this thesis. However, as mentioned
previSusly, compafisons between differént organisms are not very
meaningful because the inductioﬁ of the hsps is affected bf the

severity of the stress.
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Part II. The effect of histone acetylation on the response

to sodium arsenite.

A. The effect of sodium butyrate on trout cells.

Maximal levels of acetylation of RTG-2 histones are achieved
by the treatment of RIG-2 cells‘with 5 mM sodium butyrate for 15
hours. Further acetylation is not achieved by the use of higher
concentrations of butyrate or longer treatment times. Similar |
results have béen obtained for rat, mouse, hamster and Xenopus
cells (80). After 24 héurs of butyrate treatment, no changes in
protein synthesis, as determined by two-dimensional gel
electrophoresis} are appareht. However, treatment for shorter
lengths of time from 3 hours to 6 hours résults in an increase in
the amounts of two polypeptides andla‘decrease in a third. It is
possible that the level of acetylation achieved after 3 hours of
butyrate treatment is sufficient to affect the expfession of these
proteins whereas further écetylation does not alter their
originai pattern of expression. Since butyrate is known to change
the distribution of the cell population across the cell cycle, it
is more likely that these proteins are cell-cycle specific.
Sodium butyrate blocks mammalian ;ells in Gl phase (91). In
chinese hamster ovary célls, butyrate has also been shown to have
little effect on protein synthesis (86), but in Friend

erythroleukemic cells, butyrate has been shown to induce a large

number of proteins (85). This difference may be explained by the
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fact that butyréte causes differentiation of Friend
erythroleukemic cells into mature cells that produce haemoglobin
(87). Hence, a number of new polypeptides are synthesized in
Ffiend erythroleukemic cells whereas in chinese hamster cells and
RTG-2 cells, which are relafively unaffected by butyrate,

synthesis of only a few polypeptides is induced.

B. The effect of sodium butyrate on the response to sodium

\

arsenite.

Hyperacetylation of the histones has no effect on the
induction of heat shock proteins by sodium arsenite. Cells were
either treated with\butyrate before arsenite treatment or were
treated simultaneously with both butyrate and NaAst. The heat
shock proteins were induced in all cases. Treatment with sodium
butyrate for these time-periods (greater than 3 hours) causes both
‘bulk histoné acetylation and acetylation of the rapidly acetylated
subset of the histones. The extent of both types of histone
acetylation increases dramatically under these conditions. It is
difficult to imagine how the induction of the heat shock proteins
could remain unaffected if the state of histone acetylation is
important -in the heat shock responsé. A?rigo (34) has reported

‘that heat shock causes deacetylation of histones in D.

melanogaster cultured cells. If this is true, then it appears

to be a éonsequence.of the heat treatment rather than part of the

induction mechanism for hsps since hyperacetylation of the
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histones does not block heat shock protein synthesis. The ability
of butyrate to block the activation of steroid-inducible genes
(92-94) does not appear to apply to all inducible genes. In
particular, it has no effect on the induction of heat shock
proteins in the system described here. This is perhaps not
surprising, since different control regions are probably involved
in these two classes of inducible genes, and they may act via
different mechanisms. The heat shock genes are activated virtually
immediately upon exposure of cells to an appropriate inducer,
whereas steroid induction typically requires several hours
(122,123). Thus, while the heat shock genes are primed for
immediate transcription, the activation of hormone-inducible genes
seéms to require additional processes, at least one of which is

susceptible. to inhibition by sodium butyrate.



10.

11.

12.

13.

14.

15. -

(83)

~

References

Ashburner, M.. and J.J. Bonner. (1979) Ce11.l1:24l—254.
Ritossa, F.M. (1962) Experentia 18:571-573.

Tissieres, A., H.K. Mitchell and U.M. Tracy. (1974) J. Mol.
Biol. 84:389-398.

Schlesinger, M.J., M. Ashburner and A. Tissieres. (1982)
Heat Shock: from Bacteria to Man. (Cold Spring Harbor,
New York:Cold Spring Harbor Laboratory).

Kelley, P.M. and M.J. Schlesinger. (1982) Mol. Cell. Biol.
2:267-274.

Lindquist, S. (1980) Dev. Biol. 77:463-479.
Kruger, C. and B.J. Benecke. (1981) Cell 23:595<603.

Storti, R.V., M.P. Scott, A. Rich and M.L. Pardue. (1980)
Cell 22:825-834. ‘

Ritossa, F.M. (1964) Exp. Cell. Res. 36:515-523. )

McKenzie, S., S. Henikoff and M. Meselson. (1975) Proc.
Natl. Acad. Sci. (U.S.A) 72:1117-1121.

Plagens, U., A.L. Greenleaf and E.K.F. Bautz. (1976)
Chromosoma 59:159-165.

Jamrich, M., A.L. Greenleaf and E.K.F. Bautz. (1977) Proc.
Natl., Acad. Sci. (U.S.A) 74:2079-2083.

Findley, R.C. and T. Pedersen. (1981) J. Cell. Biol. 88:
323-328. .

Lindquist, S. (1981) Nature 293:311-314.
Mirault, M.-E., M. Goldschmit-Clermont, L. Moran, A.P.

Arrigo and A. Tissieres. (1978) Cold Spring Harbor Symp.
Quant. Biol. 42:819-827.



16.

17.

18.
19.
20.

21.

22.
23.
24.
25.

26.

27.

28.

29.
30.
31.

32.
33.
34.

35.

(84)

\

Scott, M.P. and M.L. Pardue. (1981) Proc. Natl. Acad. Sci.

(U.S.A.) 78:3351-3357.

Ballinger, D.G. and M.L. Pardue. (1983) Cell 33:103-114.

DiDomenico, B.J., G.E. Bugaisky and S.L. Lindquist. (1982)
Proc. Natl. Acad. Sci. (U.S.A.) 79:6181-6185.

DiDomenico, B.J., G.E. Bugaisky and S. L1ndqu1$t. (1982)
Cell 31:593-603.

Tilly, K., N. McKittrick, M. Zylicz and C. Georgopoulous.
(1983) Cell 34:641-646.

Pelham, H.R.B. (1982) Cell 30:517-528.

Burke, J.F. and D. Ish-Horowics. (1982) Nuc. Acids Res.
10:3821-3830.

Corces, V., A. Pellicer, R. Axel and M. Meselson. (1981)
Proc. Natl. Acad. Sci. (U.S.A.) 78:7038-7942.

Voellmy, R. and D. Rungger. (1982) Proc. Natl. Acad. Sci.
(U.S.A.) 79:1776-1780.

Bienz, M. and H.R.B. Pelham. (1982) EMBO J. 1:1583-
1588. .

Wu. C. (1980) Nature 286:854-860.

Wu, C., Y. Wong and S.C.R. Elgin. (1979) Cell 16:807-
814.

Levy, A. and M. Noll. (1981) Nature 289:198-203.

Keene, M.A., V. Corces, K. Lowenhaupt and S.C.R. Elgin.
(1981) Proc. Natl. Acad. Sci. (U.S.A.) 78:143-146.

Keene, M.A. and S.C.R. Elgin. (1981) Cell 27:57-64.
Karpov, V.L., 0.V. Preobrazhenskaya and A.D. Mirzabekov.
(1984) Cell 36:423-431.31.

Levinger, L. and A. Varshavsky. (1982) Cell 28:375-385.
Sanders, M.M. (1981) J. Cell Biol. 91:579-583.

Arrigo, A.-P. (198'3) Nuc. Acids Res. £:1389—1404.

Camato, R. and R.M. Tanguay. (1982) EMBO J. 1:1529-1532.



36.

37.

38.

39.

40.

41.

42.

43.

44'

45,

46.

47.

48.

49.

50.

51.

52.

53.

(85)

Kothary, R.K. and E.P.M. Candido. (1982) Can. J. Biochem.

60:347-355,

Voellmy, R., P. Bromley and H.P. Kocher. (1983) J. Blol.
Chem. 258:3516-3522. .

Lowe, D.G., D. Wilder, D. Fulford and L.A. Moran. (1983)
Mol. Cell. Biol. 3:1540-1543.

Ingolia, T.D., M.R. Slater and E.A. Craig. (1982) Mol.

.Cell. Biol. 2:1388-1398.

Buzin, C.H..and N.S. Petersen. (1982) J. Mol. Biol. 158:
181-201.

Wang, C., R.H. Gomer and E. Lazarides. (1981) Proc. Natl.
Acad. Sci. (U.S.A.) 78:3531-3535.

Wang, C., E. Lazarides, C.M. O'Connor and S. Clarke.
(1982) J. Biol. Chem. 258 3516-3522.

Carlson, L. and E. Lazarides. (1983) Proc. Natl. Acad. Sci.
(U.S.A.) 80:4664-4688.

Loomis, W.F., S. Wheeler and J.A. Schmidt. (1982) Mol. Cell.
Biol. 2:484-489. )

Vincent, M. and R.M. Tanguay. (1982) J. Mol. Biol. 162:
365-378.

Wadsworth, S.C. (1982) Mol. Cell. Biol. 2:286-292.

Ish-Horowicz, D., J.M. Pinchin, J. Gausz, H. Gyurkovics,
G. Bencze, M. Goldschmidt-Clermont and J.J. Holden. (1979)
Cell 17:565-571.

Ingolia, T.D. and E.A. Craig. (1982) Proc. Natl. Acad. Sci.
(U.S.A,) 22:525—529. : o
Arrigo, A.-P., S. Fakan and A. Tissieres. (1980) Dev. Biol.
78:86-103.

Levinger, L. and A. Varshavsky. (1981) J. Cell Biol. 90:
793-796.

Velasquez, J.M., B.J. DiDomenico and S. Lindquist. (1980)

‘Cell 20:679-689.

Vincent, M. and Tanguay, R.M. (1979) Nature 281:501-503.

Arrigo, A.-P. and C. Ahmed-Zadeh. (1981) Mol. Gen. Genet.

184:73-74.



54.
55.
6.
57.
58.
59.
60.
61.

62.

63.
64.
65.
66.
67.
.68.

69.

70.

71.

(86)

Sinibaldi, R.M. and P.W. Morris. (1981) J. Biol.
256:10735-10738.

Chem.

Kloetzel, P.-M. and E.K.F. Bautz. (1983) EMBO J. 2:705-

710.

J. Rad. 55:579-584.

Subjeck, J.R., J.J. Sc1andra and R.J. Johnson. (1982) Br.

Landry, J., P. Bernier, P. Chretien, L.M. Nicole, R.M.
Tanguay and N. Marceau. (1982) Cancer Res. 42:2457-2461.

Subjeck, J.R., J.J. Sciandra, C.F. Chao and R.J. Johnson.

(1982) Br. J. Cancer 45 Suppl. V :127-131.

Li, G.C., N.S. Petersen and H.K. Mltchell (1982) Br. J.

Cancer 45 Suppl V :132-136.

Li, G.C., N.S. Petersen and. H.K. Mitchell. (1982) Int. J.

Rado OnC. \Biolo Phys. _8_:63—670

Li, G.C. and Z. Werb. (1982) Proc. Natl. Acad. Sci.
/

(U.S.A.) 79:3218-3222.

Li, G.C. (1983) J. Cell. Physiol. 115:116-122.

Mitchell, H.K., G. Moller, N.S. Petersen and L. Lipps-

Sarmiento. (1979) Dev. Genet. 1:181-192.

AN

Petersen, N.S. and H.K. Mitchell. (1981) Proc. Natl. Acad

Sci. (U.S.A.) 78:1708-1711.

Lee, P.C., B.R. Bochner and B.N. Ames. (1983) Proc. Natl.

Acad. Sci. (U.S.A.) 80:7496-7500.

Lee, P.C., B.R. Bochner and B.N. Ames. (1983) J. Biol.

Chem. 258:6827-6834.

Mitchell, J.B., A. Russo, T.J. Kinsella and E. Glatsteln.

(1983) Cancer Res. 43:987-991.

Bensaude, 0., C. Babinet, M. Morange and F, Jacob. (1983) Nature

305:331-333.

1

Sirotkin, K. and N. Davidson. (1982) Dev. Biol. 89:196-210.

Ireland, R.C. and E,M. Berger. (1982) Proc. Natl. Acad. Sci.

(U.S.A.) 79:855-859.

Roccheri, M.C., M.G. DiBernardo and G. Giudice.
Biol. 83:173-177.

(1981) Dev.



72.

73.
74.
75.
76.
77.
7é.
79.
80.
8l.

82.

83.
84.
85.
86.

87.
88.

89.

90.

(87) |

Dura, J.-M. (1981) Mol. Gen. Genet. l84°381—385.

L111ey, D.M.J. and J.F. Pardon. (1979) Ann. Rev. Genet.
13:196-233.

Mathis, D., P. Oudet and P.Chambon. (1980) Prog. Nuc. Acid.
Res., 24:1-55. ~

Weintraub, H. and M. Groudine. {1976) Science 193:848.
Davie, J.R. and E.P.M. Candido. (1978) Proc. Natl. Acad.
Sci. (U.S.A.) 75:3574-3577.

Nelson, D., J. Covault and R. Chalkley. (1980) Nuc. Acids
Res. 8:1745-1763.

Moore, M., V. Jackson, L. Sealy and R. Chalkley. (1979)
Biochem. Biophys. Acta. 561:248-260. '

Jackson, V., A. Shires, R. Chalkley and D.K. Granner.
(1975) J. Biol. Chem. 250:4856-4863.

Candido, E.P.M., R. Reeves and J.R. Davie. (1978) Cell
14:105-115.

vidali, G., L.C. Boffa, E.M. Bradbury and V.G. Allfrey.
(1978) Proc. Natl. Acad. Sci. (U.S.A.) 75:2239-2243.

- Sealy, L. and R. Chalkley. (1978) Cell 14:115-121.

Covault, J. and R. Chalkley. (1980) J. Biol. Chem. 255:
9110-9116. ,

Covault, J., L. Sealy, R. Schnell, A. Shires and R.
Chalkley. (1982) J. Biol. Chem. 257:5809-5815.

Reeves, R. and P. Cserjesi. (1979) J. Biol. Chem. 254:
4283-4290.

Rubenstein, P., L. Sealy, S. Marshall and R. Chalkley.
(1979) Nature 280:692- 693.

Leder, A. and P. Leder. (1975) Cell 5:319-322.
Prasad, K.N. and P.K. Sinha. (1976) In Vitro 12:125-132.

Fishman, P.H. and R.0O. Brady. (1979) Science 194:906-
915.

Griffin, M.J., G.H. Price, K.L. Bazzel, R.P. Cox and N.K.



91.

92.

93.

94.

95.
9%.

.97.

98.

99.
100.

101.

102.

103.

104.

105.

\106.'

1o07.

108.

(88)

Ghosh. (1974) Arch. Biochem. Biophys. 164:619-623.

' Hagopian, H.K., M.G. Riggs, L.A. Swertz and V.M. Ingram.

(1979) Cell 12:855-860.

McKnight, G.S., L. Hager and R.D. Palmiter. (1980) Cell

28:469-477.

Tichonicky, Z., N.bDefer, J. Kruh, M.A. Santana—Caiderone,
E.M. Griesen and G. Bick. (1981) Eur. J. Biochem. 120:
427-433.

Plesko, M.M., J.L. Hargrove, D.K. Granner and R. Chalkley.

. (1983) J. Biopl. Chem. 258:13,738-13,944.

Wolf, K. and M.C. Quimby. (1962) Science 135:1065-1066.
O'Farrell, P.H. (1975) J. Biol. Chem. 250:4007-4021.

O'Farrell, P.Z., H.M. Goodman and P.H. O'Farrell. (1977)
Cell 12:1133-1142,

——

Matsudaira, P.T. and D.R; Burgess. (1978) Anal. Biochem.

87:386-396.

Laemmli, U.K. (1970) Nature 227:680-685.
Davie, J.R. (1982) Anal. Biochem. 120:276-281.

Panyim, S. and R. Chalkley. (1969) Arch. Biochem. Biophys.
130:337-345.

Chirgwin, J.M., A.E. Pryzybyla, R.J. MacDonald and W.J.
Rutter. (1979) Biochemistry 18:5294-5299.

Aviv, H. and P. Leder. (1972) Proc. Natl. Acad. Sci.
(U.S.A.) 69:1408-1412.

Young, E.T., T. Mattson, G. Selzer, G. Van Houwe, A. Bolle
and R. Epstein. (1980) J. Mol. Biol. 138:423-445.

.Tilghman, S.M., P.J. Curtis, D.C. Tiemeier, P. Leder and C.

Weissmann. (1978) Proc. Natl. Acad. Sci.(U.S.A.), 2§:1309—
1313. '

Pelham, H.R.B. and R.J. Jackson. (1976) Eur. J. Biochem.

67:247-256. \

Wang, K., J.R. Feramisco and J.F. Ash. (1982) Methods
Enzymol. 85:514-562. ’

Clarke, L., R. Hitzeman and J. Carbon. (1979) Methods



109.

110.

111.

112.

113.

115.

lle.

117.

118.

119.

120.

121.

122.

123.

124.

125.

(89) \

Enzymol. 69:436-442,

Greenwood, F.C., W.M. Hunter and J.S. Glover. (1963)
Biochem. J. 89:114-122.

Marushige, K. and J. Bonner. (1966) J. Mol. Biol. 15_:
160-174.

Russnak, R., D. Jones and E.P.M. Candido. (1983) Nuc.
Acids Res. 11:3187-3205.

Palmiter, R.D. (1977) J. Biol. Chem. 252:8781-8783.

Rubenstein, P. and J. Deuchler. (1979) J. Biol. Chem.
254:1142-1147.

Schoffe, F. and J.L. Key. (1983) Plant Mol. Biol. 2:
269-278. -

Schoffe, F. and J.L. Key. (1982) J. Mol. Appl. Genet. 1l:
301-304.

Southgate, R., A. Ayme and R. Voellmy. (1983) J. Mol. Biol.
165:35-57.

Velasquez, J.M., S. Sonoda, G. Bugaisky and S. Lindquist.
(1983) J. Cell. Biol. 96:286-290.

Herman, R., L. Weymouth and S.J. Penman. \(1978)' Cell 15:
663-674. _

Long, B.H., C. Huang and A.O. Pogo. (1979) Cell 18:1079-
1090.

Mayrand, S. and T. Pederson. (1983) Mol. Cell. Biol. 3:
161-171.

Palmiter, R.D. (1973) J. Biol. Chem. 248:8269-8270.

Thompson, E.B., G.M. Tomkins and J.F. Curran. (1966) Proc.
Natl. Acad. Sci. (U.S.A.) 56:296-303. .

Hancock, R. (1982) Biol. Cell. 46:105-122.

Velazquez, J.M. and S. Lindquist. (1984) Cell 36:655-662.



