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ABSTRACT

/
]

To investigate the effect of heat-shock (HS) on the geng,exp;es-
- sion of manmalian blood cells, human, mouse and rabbit blood Ee11s
were cultyred Snd incubated at elevated temperatures or in the
presence of ethan61 or sodium arsenite, and the patterns of poly-
peptides §ynthesjzed by these cells analyzed by one- and ewo-
dimensional polyacrylamide gel electrophoresis (PAGE). The in vitro
exposure'of human’ 1ymphocytes or human myeloma cells to short term
intreases in 1ncﬁbafion temperature (41°- 43°C)" results “in the
S enhanced syn;hesis of Qeit-shock proteins (HSPs) of 110, 100, 90,
70 and 65 kilodaltons, and the depressed synthesis of many polypep-
tides normally synthesfzed'at a control (37°C) temperature. This
response is dependent on the'dqution and severity of the HS. Meat-
shocked mouse spleen cells, and mouse and rabbit peripheral‘b1ood
lymphocyﬁes, synthesize F§Ps with molecular masses and isoelectric
po‘n;s similar to those. syﬁthesized by human 'Iymphocytes; HS?
synthesis by mouse spleen ce%lg_is transcription dependent, and is
‘a transient event, since a gr;HuaT recovery of normal patterns Bf
protein synthesis is obgerved following HS. Spleen cells from micé
"exposed to whole-body thermal stress also Synthesize HSPs compa}-
able to those synthesized by simiTar cells heat-shocked 15;21359..

Cultu;ed wouse spleen cells ireated&.wixh “arsenite or eihanol

exhibit new and/or enhanced syntbesis of most of the HSPs, but do
not exhibit enhanced synthesis of the 100 kDa HSP. Short-term
- concurrent éxposure of mouse 'lymphocytes to HS and a’ level of
A lthanof.kwhigh.individu§l1y do not induce detectable HSP synthesis,

A .
//” . = T | ‘
. .
i
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resulg; in the pronounced synthesis of HSPs similar to tﬁo'se seen
foHow.1ng exposure to  higher levels _of either stress applied
separately. Thus, hyperthennh and ethanol stress can act synergis-
tically to dramaticaﬁy change the gene expression of mouse spleen
cells, Quantiffcation of the Ig6 constitutively synthesized and

secreted in vitro. by control and heat-shocked mouse spleen cells

and splenic B lymphocytes revealed no differences Between control

and heat-shocked cells. These results demonstrate that synthesis

and  secretion of IgGs- is not affected by thermal stresses

sufficient to induce HSP synthesis and depress the synthesis of-

other polypeptides normally synthesized at a control temperature.
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INTRODUCTION

A

“Long ago it became evident that the key to every biologica}
problem must finally be sought in the cell, for every living
organism is, or at some time has been, a ced®."

- Edmund B. Wilson, 1925,

1.1 Gener$1 Introduction. -

If one feature is SEE(Sitby all organisms, be they plant or

animal, protozoan or prokaryote, it is their continual interaction

with a chénéing physical environment. In the short term, rapid and
intenge a1te}ations in the environment can be of critical
conggquénce; without a quick and effective response, the survival
of‘an organism can be coquromise&.‘ager the long term, environ-
menta? change is selective, with those organisms surviving being a
reflection of the environment itself.

Understanding the p;bcesses involved in coping with environmental
stress has leqd to t;e study of the ce)lular response to a changing
environmeﬁt and, in particu1ar.'how ehiironmental stimuly{ affect
gene ;xpression. One rapidly expanding area of study‘ 1sn the
“heat-shock™ (HS) or stress response, succinctly defined in Nover
(1984) as "an instantaneous, complex, but transient reprogramming
of cellular activities to ensure survival during the stress périod.
to protect .essential cell components against heat damage and to
allow a rapid and complete resumption of normal cei1ular activities _
in the recovery pe}iod”.

The first acéounts of the’/ heat-shock response were reported in
Drosophila by Ritossa (1962). Heat-shock alters the puff patterns

of salivary gland polytene chromosomes resulting in the appearance
1



of new puffs in specific regions of the chromosomes, and the
regression of pre-existing puffs (Ritossa 1962). Tissieres et al.
(1974) reported changes im- the pattern of protein synthesis in
various types Aof heatﬁshocked Drosophila tissue. The rapid

appearance of a set of six polypeptides (referred to as heat-shock

proteins; HSPs) occurred within minutes of the HS exposure, and

.accounted for 30% of the label incorporated into protein by these

cells. Other work coordinated altered puffing pattern with the
cessation of RNA synthesis at preexisting pu#%s and the injtiation
of RNA synthesis at the active heat-shock induced sites (Ritossa
1964; Bonner and Pardue 1976).

The!z studies set the pattern for subsequent investigations of
the HS response, by describing (1) alterations of gene expression

at both the level of transcription and translation, (2) the

. enhanced synthesis of large quantities of a particular set of_

polypeptides (the HSPs), (3) the depressed synthesis of normally
occurring po1ypept1des and (4), the re-establishment of normal
patterns of protein synthésis following the heat-shock episode.
Interest in the heat-shock response has accelerated to the point’
that today, the heat-shock response has been identified in all
manner of cells and organisms, including bacteria (Neidhaxrdt et al.
1984), protozoa (Guttman et al. 1980), slime mould (Loomis and
Wheeler 1980; Rosen et al. 1985), ptants (Nover and Scharf 1984;
Baszczynski et a1. 1985; Key et al. 1985), sea urchims (G1ud1cé
1985), insects {(Vincent and Tanguay 1979; Dean and Atk1ns$n }?83;
and in particular Drosophila: Ashburner and Bonner 1979; Lindquist.

and DiDomenico 1985), as well as fish (HeikilTa et al. 1982),



amphibians (Ketola-Pirie and Atkinson 1983), bfrds (ktkinson_gnd
Dean 1985; Schlesinger 1985) and mammals (Brown et al. 1982; L{Nhnd
Werb 1982). .

With only a few exceptions (to be discussed later), all cells
examined display sbme alterations in protein synthesis following
short h;;t-shock ep{sodes. Furthermore, a wide variety of stresses
besides heat-shock have been shown to alter gene expression in a
myriad of cell types, doing so in a manner similar to, but not
always 1den11€51'with that seen fo110w1n9 heat-shock. These stress
agents include transition metals (zinc and cadmium; Levinson et

1980; Heikilla et al. 1982; Somerville 1984), oxidizing agents

1.

o

(hydrogen peroxide; Ashburner and Bonner 1979), steroid hormones

erone; Ireland and Berger 1982), amino acid analogues
ne; L1 and taszlo 1985), ionophores (A23187; Welch et al.
anol (Li et al. 1982; Li and Laszlo 1985), and arsenite
(L et al. 1982; Bensaude and Morange 1984). Certain traumatic
environmental changes also result in HSP synthesis, including
glucose deprivation (Welch et al. 1983), viral infection (Collins
and Hightower 1982; Kao and Nevins 1983), recovery from anoxia
(Ashburner and Bonner 1979; Li and Werb 19822, and w0undfng (Currie
ar‘\;lhite 1981; Hight-bwer and White 1982). An extensive list of
agents, other'than heat-shock, capable of inducing HSP synthesis is
presented in Nover—(1984). |

The number of HSPs expressed by stressed cells, their molecular
weights, and their location within the cytoplasm and nucleus vary
greatly among cell types, and create a difficult picture to

interpret. In a recent review of the stress protein response of
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_marmmalian cells, Subjeck and Shyy (1986) have clarified this
comp]éx situation by categorizing the' stress proteins into four
groups:

(1) The major HSPs: widely reécognized stress proteins occurring
~at 110, 89, 70 and 68 kDa.

(2) polypeptides of 76 and 97 kDa, primarily considered as
glucose-requlated proteins,

(3) The tow-molecular-weight HSP group (18-25 kDa), best
documented in Drosophila and plant tissues,

(4) Minor HSPs of 46 and 56 kDa which are inducible by heat
{Qreatment and glucose deprivation,

The multitude of stressors capable of inducing the synthesis of a
common and relatively sﬁaT] set 6f polypeptides in a wide variety
of cell types points to a unified and conserved response to
gﬁvironmenta1 stress. While reports in the literature often
describe the polypeptides induced by a particular stress as being
specific to that stress (i.e. glucoge regulated proteins, Welch et
al, 1983 irauma-induced proteins, Hightower and White 1982; as
well as heat-shock proteins), it appears that each stressor
- represents part of an all-encompassing cellular "stress response”
;(Subjeck and Shyy . 1986). Therefore, to maintain a consistent

terminology in describing the stress response throughout this
thesis, the term “heat-shock proteins" (HSPs) will be used as a
general term to describe the polypeptides induced by exposure to '
environmental stresses. In those experiments where a specific type
of chemical stress has been used (such as ethanol or arsenite), the

polypeptides will be identified as either being "chemical-stress”

induced.'or {nduced by the specific stress.
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1.2 Characterist1cs of* the Heat«Sbock Résponse.

Considerable evidence establishes the HS response as a
universal and fundamental me%hanism for cell protection during
BEP;:ZS of diverse environmental stress. This evidence includes the
wide variety of stresses capable of inducing HSP synthesis (Subjeck
and Shyy 1986), the conservation througﬂ,;Vo1ut10n of HSP genes and

the consensus sequences required for their transcription (Craig

1985; Pelham 198%), the protection that mild heat treatment or

. chemical-stress (thermotolerance) offer to. cells (Li and Laszlo

1985) and animals (Dean and Atkinson 1983) subsequently exposed to
lethal temperatures, and the correlatton of HSP synthesis resulting

from mild heat pretreatment with protection against phenocopy

‘induction (Mitchell et al. 1979). The constitutive synthesis of at

‘least some of the HSPs at control temperatures, and the subsequent

enhancement in  their  synthesis fo1]bw1ng heat-shock  or
chemiqﬂl-sfkess suggests that some of these polypeptides function
in cells durihg non-stress conditions and that their importance is
amp1ified during the stress episode.

Heatfshock_}nduées rap1d alterations in the pattern of polypep-
tides synthe;jied by heat-treated cells, as a result of _a

reprograpming of gene exp{gssion. In most cell systems,

synthesis ~ is primarily the result of new and/or in
transcripéion of the HSP genes, although exceptions fo- _
charabferigtic inc1ude; (a) Xenopus oocytes, where h}gh
const1tut5vq levels of mRﬁA for the 70 kDa HSP are b}esent under
normal conditions, but remain untranslated until a temperature
shift‘occu;s (®ienz and Gurdon 1982), and .(b) -early cleavage-stage

L d
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embryos where HSPs and HSP mRNAs are not synthesized during the
early stages of embryogenesis (Heikkila et al. 1985). Regulation of
gene expression at the 1level of transcription involves the
repression of pre-existing treanscription patterns and the
preferential transcription of the heat-shock genes (Ashburmer and
Bonner 1979; Lindquist and DiDomenfco 1985).

Transcriptional qg}ivation of the heat-shock genes appears to be

dependent on a widely conserved promotor sequence or "heat-shock

regulatory element” (HSE), upstream of “the:so-called "TATA" box

* (Bfenz 1985; Pelham 1985). Single or multiple copies of the HSE

possessing the homéIogous core consensus sequence "C-GAA-TTC-G"
have been shown by cloning and sequencing analysis to exist with
striking homology in HSP genes of, Drosophila (encoding the 2é-27,
68, 70 and 83 kDa HSPs), Xenopus (30 and 70 kDa HSPs), soybean (17
kDa HSP) and Dictyostelium (Pelham 1985). "

In Drosophila, transcription of the 70 kDa HSP gene has been
shown to be controlled by HSE regions activated bx a heat-shock
transcription factor (HSTF; Parker and Topol 1984). This HSTF is

fnactive im control cells but, when-activated by heat-shock, binds

.to the HSE and initiates transcription of the HSP genes. The

efficiency of transcription is depéndent on the number and precise
sequence of the HSEs possessed by the HSP genes, the proximity of
the HSE to the TATA box, the accessibility of.  the HSTF to the HSE
and the binding ability of'the HSTF (Bienz 1985; Pelham 1985).
Constitutive synthesis of HSPs at control tempenatunes; and the
non-coordjnate and developmental regulation of heat-shocg génes can

be accounted for by this regulatory model. Increased affinity



between the HSE and HSTF may account for the low level synthesis of

f;o hitla 83 kDa

certain HSPs (i.e. the mammalian 90 kDa HSP o
HSP) at normal growth temperatures (Bienz  Pelham 1985).
Tissue-specific, non-coordinate, and developmental regu1attpn of
HSP synthesis during embryogenesis (Moran et al. 1984; Heilkkila et
al. 1985) may be due to low levels of a;tivatab?e HSTF during
particular periods of differentiation or result from altsfat1%ns in
chromatin organization during development uhiJ' co;nd Nimit
accessability of transcription factors to the HSE (Bienz 1985).

Some degree of post-transcriptional control of HSP gene expres-

sion does 0CCUT.~Th15 1qvo1ves (1) the preferential selection and

translation of HSP mRNAs, (2) a decrease in synthesis of most

"control* polypeptides (Ashburner and Bonner 1979), (3) the impro-
per lprocessing of pre-existing mRNA precursors (Ashburner and
Bdnﬁer 1979; Thomas et al. 1982), and (4) the preservation.bf pre-
existing mRNAsvin‘an untranslated form until the heat-;hock period
has ended and their translatfon is again required (Mirault et al.
1978;'|.1ndquist 1980; Petersen and Mitchell 1981). During the
recqvery'period following the HS episode, HSP“synthesis decreases
and the norwal pattern of ’ptote;n synthesis reiurns as the
sequestered, pre-existing mRNAs arg again recruited for translation

(Cratg 1985; Lindquist and DiDomenico 1985).

Evidence that HS elicits a cénserved - celtular response to
énvironmental stresg (exists at several levels. As already
discussed, heat-shocking eukaryotic cells'resu1t§ in the enhanced
;ynthesis of a highly conserved set ofvpolypeptidgga.mbst of which

]
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fall in molecular mass ranges of 80-90 kDa, 68-74 kDa and 18-30 kDa
(Craig 1985). While the molecular masses for particular HSPs from
various species may vary by several thousand daltons, DNA sequences
of HS genes from various species show remarkable homology. For
example, the gene for Drosophila 83 kDa HSP shows a 60% sequence
homology with the yeast 90 kDa HSP gene and a 45% homology with an
E. coli HSP gene (Craig 1985). -

The genes for she 70 kDa HSPs are probably the most high1y
conserved across the species, with the Drosophila 70 kDS%HSP gene
possessing a 60 - 80% degree of homology with similar genes from
yeast, E. coli, maize, amphibians, and birds (Craig 1985; PeTham
1985). 'As well, a significant degree of homology is observed in
Drosophila between the genes for the 70 kDa HSP and the Sg kDa HSP
(Hoimgren et al. 1979). The mechanism for transcriptional activa-
tion of the 'HS70‘ genes app;ars highly conserved, since cloned
Drosophila HS70 gemes introduced into rat cells {Burke and
Ish-Horowicz 1982), mouse L cells (Lowe and Moran 1984),monkey COS
cells (Mirault et El, 1982), or Xenopus oocytes (Pelham and Bienz
1982) will be transcribed when the recipient cells are heat-
stressed (Pelham 1985), .

Low molecular mass (LMM) HSPs are not widely expressed by

‘heat-shocked mammalian cells, but are among the most prominent HSPs

expressed at high Ieve)s by a variety ‘gf heat-shocked plant
(Baszczynski et al. 1985) and Drosophila tissues (Lindquist 1980).
A high‘deéiée of homology exists among the various Drosophila LMM
HSP genes.-ind\between'these genes and genes for HSPs of simifar

molecular mass in Xenopus (Bienz 1984) and Caenorhabditis (Russnak




et al. 1983). However, perhaps the most interesting characteristic

of these HSPs from both a funttional and phylogefietic viewpoint, is
the high degree of homology between the LMM HSP genes and-the gene§

for the mammalian lens protein atpha-crystallin (Ingolia and Crafg

1982; Southgate et al. 1985; Wistow 1985). The.hydrophobicity and
high-order aggregation of this lens polypeptide, and the Similar
characteristics reported for the Drosophila LMM HSPs suggest a role

for these HSPs in maintaining the structural integrify of the ced¥”

during HS (Ingolia and Craig 1982; Tanguay 1985).
No §1ng1e chemical property ‘d{biochemtcal mechanism, which could

be considered a primary target for stress-induced changes in gene

expression, appears to be shared by the variety of stressors:

capable of inducing HSP synthesis.»-To date, a number of general
mechanisms have been propos‘ed which a.lttempt'_to present a common
pathway for the induction of HSP synthesis. Of tr;ese, the two most
often suggested are (1), oxidative-stress and (2), the presence of
abnormal intracellular proteins. Most of the stressors that 1nduée
HSP synthesis can also cause protein denaturation (Ananthan et _15_1_.
1986), apd several recent articles in the literature have presented
data which appear to directly iink HSP" synthesis with wincre&sed
ir:racellular levels of denatured protein (6off and Goldberd 1985;

Pelham 1985; Ananthan et g_\_: 1986). A number of the stresses which

induce HSP synthesis, fall into the category of an oxidative

stress, including release from anoxia (L{ 'and' Werb 1582), ethanol
(LT et al. 1982), apd hydrogen peroxide {Ashburner and Bonner
1979). Pinding the mechanism(s) directly responéible for tnduttion

-
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of the heat-shock response remains one of the major questions
LY
concerning heat-shock still to be answered.

L]

1.3 Localization and Function of the HSPs.

Neither the precisé role of the HS response in protecting

cells from rapid changes in environmental conditions nor the
specific function for any of the HSPs has been clarified complete-
ly. A number of studies have attempted tc assigh functions to
particular HSPs by determining their subcellular location prior to
amd~following heat-shock. These studies have utilized biochemical
fractﬂona%ion and/or immunocytochemical 1ocq312ation to assign HSPs
to specific subcellular areas within the cytoplasm and nucleus.

The 68-74 kDa HSPs are major components of the heat-shock
res‘se in Drosophila and in mammals, and are a complex group of
HSPs with a number of family members (Lindquist and DiDomenico
1985; Subjeck and Shyy 1986). Immunocytochemical localization
detects Yow levels of the 70 kDa HSPs in the cytoplasm and nuclei
of cells maintained at normal temperatures (Craig et al. 1983).
Following 'heat-shock, the° presence of these HSPs 1in both the
cytoplasm and nucleus is increased. The specific assoclation of the
70 kDa HSPs with the cytoskeleton (Xelley and Schlesinger 1982;
EchIesinger et al. 1982) and nucl2ar matrix (Pouchelet et al, 1983;
Atkinson ang Pollock 1982; Welch and Feramisco 1984) have been
describéd, as well a; the specific localization of these HSPs

within the nucleolar regions of heat-shocked cells (Arrigo et al.

1980; Welch and- Feramisco. 1984; Pelham 1984; Welch and Feram1sco.

1985). Interestingly, the nucleolar association of these HSPs f{s

1C
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not evident when cells are stressed with sodium arsenite or amino

acid analogues (Welch and Feramisco 1984).

The 70 kDa HSP also has been shown to possess an RNA binding .

ability (DiDomenico et al 1982; Klpetzel and Bautz 1983). Velazquez
and Lindquis},(1984) have suggested that the 70 kDa HSP is trans-
ported to the nucleus during heat-shock tp protect nuclear
structure and function, and to re-establish the translation of
normal cellular mRNA after heat-shock (Lindquist and DiDomentco
1985). In Drosophila, polypeptides of similar molecular mass as the
70 kDa HSPs are also synthesized at normal temperatures. .These
"heat-shock cognate" polypeptides are transcribed from genes which
possess a ‘high degree of homp1é€£?with the HSP genes, but while
transcribed at normal tempera}drbs. these genes are not heat-
inducible (Craig et al. 1983; Craig 1985).

Several major HSPs appear to share a nucleolar locale following
their induction by heat-shock. The 68 kDa HSP is located in the
nucleolus of heat-shocked mammalian cells (Welch and Feramisco
1984), but -appears to lose this specific association and posseﬁs a
more general nuclear presence during recaovery from the heat-shock
treatment. A similar nucleolar association has been presented for
the 68 kDa HSP in Drosophila (Tanguay 1985). The 110 kDa HSP, 1ike
theq68 kDa HSP, is also 16cated in thé nucleolus, apparently having
an affinity for RNA (Subjeck et al. 1983; Subjeck 1986).

The mammalian 90 kDa HSP (and Drosophila 83 kDa HSP) differs from
the other HSPs 1in being a soluble polypéptide and st}1ct1y
cytoplasmic in location (Welch et al. 1992; Kelley and Schliesinger

1982; Tanguay 1985). In ngsogﬁi]a (Duband et al. 1983; Tanguay

»~

11



N

1985), this HSP appears closely associated with the plasma membrane
soon after heat-shock and, later, 1is present throughout the

cytoplasm.

The subcellular locale of these HSPs can only be suggestive of

possible functions for these polypeptides. To date, evidence of
specific roles for any of the HSPs is, at best, fragmented. Recent
studies have shown the 90 kDa HSP to be complexed with steroid
hormoge receptors (Sanchez et al. 1985; Catelli et al. 1985) and

OS rc

with the ppé transforming protein of Rous sarcoma virus (Schuh

1985). The 90 kDa HSP binds to pp60Src and a 50 kDa phosphoprotein,
and remains complexed to these proteins while the pp60Src is
transported to, and becomes assdciated with, the plasma membrane
{Welch and Feramisco 1982; Brugge et al. 1983). The association of
the 90 kDa  HSP with steroid horﬁone receptors from chick oviduct
(Sanchez et al. 1985; Catelli et al. 1985) and mouse fibroblasts
(Housley et al. 1985), implicates this HSP in the Jwagessing of

‘one

member of the HSP 70 family having ATPase activity is responsible

steroid hormone receptors. With regard to the other HSPs,

for the release of clathrin from coated membrane vesicles
(Ungewickell 1985; Cﬁappe11‘g£ al. 1986). A low molecular weight
HSP - ubiquitin - {is responsible for targeting proteins destined
for degradation (Bond and Schlesinger 1985), and the similarities
between the low molecular wefght HSPs and the Tens protein
‘alpha-crystallin® suggest a role for these HSPs in maintaining

cell fintegrity during the stress period (Ingolia and'Crgig 1982).

-
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1.4 Physiological Relevance of the Heat-Shock Response.

;- While it is not yet possible to present an integrated scenario
for HSP function, various characteristics of the response bear
witness to a beneficial protective function for the HSPs “in
maintaining cell integrity during short te;m periods of
environmental stress.‘ The induct{on of HSP synthesis has been
correlated with the phenomenon of thermotolerance - the acquisition
of a transient resistance to subsequent1y severe, normally lethal,
heat-shock episodes (Li and Laszlo 1985). For instance, CHO cells
exposed to a normally lethal temperature‘of ;5°C {for 45 min) will
survive this stress if they are pretreated with a mild HS episode
(15 min at 45°C or 60 min at 41°C), followed by a severa)] hour
recovery period ‘at the normal culture temperagure. Acquistion of

thermotolerance can be correlated with the enhanced synthesis of

_?SPS (Subjeck et al. 1982; Landry et al. 1982; Dean and Atkinson

'1983; Li and Laszlo 1985), éuggesting that the HSPs have a role in

the development of heat resi§tqnce. Furthermore, other HSP-inducing
stresses, such as ethanol (Li and Hahn 1978), sodium arsenite

(Johnston et al. 1980; Li 1983), cadmium (Hahn and L1 1982) .and

chronic hypoxia (L1 and Werb 1982), can confer upon manmalian ce11§'

a tolerance to subsequent heat treatments.

The physiological relevance of the HS response ﬁas been
strengthened. by studies demonstrating the {nduction of, HSP
synthesis in tissues of imtact insects (Dean and Atkinson 1983),
quail (Dean and Atkinson 1985), and mammals (Brown et al. 1882;
Rodenhiser et al. 1985; Rodenhiser et al. 1986), subjected to

hyperthermic stress (Atkinson and Dean 1985) or chemical agents

2



suctr as LSD (Brown 1985). As well, thermotolerance can be gonferred
to intact organisms, as shown by Dean and Atkinson (1983) in-exper-
iments correlating HSP synthesis with thermotolerance in 1arvae of

the butterfly (Calpodes ethlius), and by Li et al. (1383), who

showed that intact mice gained protection g;om a lethal whole body
heat-dose of 42°C (for 35 min) when pretreated with a heat-dose of
41°C for 40 min,

Simi1af1y, the occurrence of developmental defects caused by
severe heat treatments (termed phenocopies; Goldschimdt 1935) can
be prevented by a mild heat pretreatment prior to the lethal stress
(Mitchell et al. 1979). This "prevention of phenocopy induction”
gnd increased survival allowed by a mild heat Eretreatment
correlites with the induction of HEP synthesis, with the best
preyention occurring when pretreatments induce HSP synthesis but do
not depress normal protein synthesis (Mftchell _E. at. 1979;
Mitchell and Petersen 1981; Subjeck and Shyy 1986) .

Stress-induced changes in gene expression (both in vitro and in
vivo) have important implications in understanding how a naturally

'
occurring environmental stressor, either alone or in concert with

other adverse environmental agents, may be involved in a variety of
pathggenetic syndromes. The effect that specific stressors, such as
heat and ethanol, have on depressing normal gene expression, has
profound implications with respect‘to the appropriate functioning
of cells. Indeed, the stress-induced decreased synthesis of
normally occurring polypeptides may interfere with the proper
timing of developmental decis?ons during embryonic growth and
differentiation or may affect the normal physiclogical function of

PR
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cells such that they are no longer functioning in an appropriate
manner. -

Hyperthermia and ethanol have each been shown to have 2dverse
effects on embryonic and fetal development. Chicken embryos
subjected to temperatures 3-4°C above normal body <¢emperature
(approximately 38°C)_ exhibit abnormalities of the developing
cardiovascular system (Nilsen 1984)., In mammals, female rodents
exposed to short term hyperthermic episodes during pregnancy have
young with an increased incidence of neural tube defects, which can
be correlated with the timing of the hyperthermic episode (Finnel)

t al. 1986; Germain et al. 1985; Edwards 1967). A mila temperature

elevation of 2,0 to 2.5°C above novmal temperature (for at least 1,

-2 h) appiied during a critical period of development causes birth-

defects in rats (Germain et al. 1985) and guinea pigs (Edwards
1969). Acute, short term temperature increases (43°C for 10 - 15

min) result in malformed rat (Germain et al. 1985; Mirkes 1985) and

mouse (Finnell et al. 1985) embryos. .

Indirect evidence suggests that hyperthermia (or ethanol)

exposure may alter human fetal development in a manner similar to

that seen with animal studies. Epidemiological studies of pregnant
women suggesi an association of maternal hyperthermia during
pregnancy (with‘in a range of temperatures Is Tow as 38.9°C) with
neural tube defects and facial abnormalities in their offspring
(Smith et al. 1978; Layde et al. 1980; Smith et al. 1982). Such
perfods of elevated body temperature oggur infrequently in humans,
but can f{nvolve 1increases of ’3°C or higher, especially during

b J
“periods of fever (Smith et al. 1982). Certain physical activities

15



can also raise body temperature; during extensive exercise such as
marathon running, increases in core temperature of 4.6°C have been

reported (to approximately 42°C or 108°F; Maron et al. 1977), while
fndividuals using saunas and hot tubs have been shown to have
elevated core temperatures of 3.0°C (Smith et al. 1978; Harvey et
al, 1981).

Ethanol is an inducer of HSP synthesis, which directly or through
its metabolites, is also a teratogen (Cherroff 3i982), altering
carbohydrate and- 1ipid metabolism énd inhibiting protein synthesis
(Mezey 1985). Chronic materna‘l'ethanol exposure during pregnancy in
humans and animals results in the Fetal Alcohol Syndrome (FAS) - an
alfered pattern of fetal development which involves fetal growth
retardation, facial malformations, various neural anomalies and

increased fetal mortality (Nitowsky 1980; Webster et al. 1980;
Sulik ‘et al. 1981; Priscott 1982; Abel 1984). '

While numerous studies have documented the teratogenic effects of

Individual stressors, such as heat and ethanol, several studies

have shown that a combinatfon of teratogenic agents can act

synergistically to produce deformities in developing embryos. Tn

guinea pigs, hyperthermia and lead act synergistically to retard
prenatal brain development (Edwarjds and Beatson 1984), while
concurrent hyperthermia and arsenic treatment of female hams ters
increases the rate of fetal maiformatfons to higher levels than
when either agent in present separately (Ferm and Kilham 1977).
Upon first consideration, the ability of environmental stressors
such as heat or ethanol to alter. the sequence of development

appears to contradict the proposed protective function for the

16
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heat-shock response. The short term benefit allowed by the HS
response may be the ability of cells to survive the stress episode,
but heat-shock 1induced depression in the expression of genes
normally synthesized by cells at critical times during the  process
of .differentiation may have profound effects on the development of
the organism following the stress event. As German (1984) suggested
with his ‘embryonic stress hypothesis of teratogenesis', the HS
response may exist as:

“the basis for a proportion of human developmental errors ...

(due to) the failure of essential Toci to be transcribed into

mRNA and transiated into protein at some c¢ritical moment during

embryonic 1ife as a result of premption of the transcriptional
and translational machinery of the cell at that time by
heat-shock protein induction ... (This) would interrupt.some of
the myriad intricate and carefully progranmed cell-cel)
interactions, cell migrations and cell death that occur before
and during normal organogenesis.” )

Depending on the tﬁming.and duration of the stregg, the conse-
quences of a stress episode which interrupts the normal sequence of
developmental decisions may be quite deleterious to the fate of
differentiating cells in embryonic tissué. If this is true, the HS
response could be considered a common pathway to account for the
teratological effects of various types of environmental stresses,
such as heat, ethanol or a combination of the two.

Alterations in the synthesis of polypeptides normally expressed
by differentifated cells and requirec for a specific intra- or
“extra-cellular function may also be of important consequence for an
organism as a whole, especially during periods of naturally
occurring, and physiologically . relevant, stress. Fever {s a

naturally occurring type of hyperthermia and a common response to

infection in humans and mary animal species (Roberts 1979).

17



-

Generally, fever 1{s considered to be beneficial to the immune
defense mechanisms, as varijous studies 1nvest{gat1ng alterations in
cellular immunity following hyperthermia have demonstrated an
enhanced response to mitogenic stimulation (Ashman and Nahmais
1977), the enhanced response to, and production of the leuéocyte
migration inhibition factor (LIF; Roberts and Sandburg 1979), an
increased recruitment of cytotoxic T-lymphocytes ({(Smith et al.
1979) and interleukin-1 induced T-lymphocyte proliferation (Duff
and Atkins 1982),.and increases in the number of antibody- forming
cells in mouse splegpg;g11 cultures (Saririan and Nickerson 1982).
Fevér has also been shown to Mhave adverse effects on {immune
function in vitro, including the depressed functioning of
polymorphonuclear leukocytes (Peterson et al. 1976), and cytotoxic
T-1ymphocytes (Harris 1976; MacDonald 1977). ’

. -

1.5 Summary and Thesis Objectives:

As discussed in this introduction, the héat-shock response is.a
highly conserved, rapid, and réyersible cellular response to a wide
variety of environmental stressorska which results in transient
alterations er_(the patterns of ﬁ'lybeptides synthesized by the
challenged cells. The enhanced synthesis in vitro of a select set
of polypeptides - the HSPs - h3§ been shown. in nearly all cell
types studied (Nover 1984; Atkinson and Walden 1985), and by a
number of organisms heat-shocked in vivo {(Dean and Atkinson 1983;

Baszczynski e} al. 1985; Dean and Atkinson 1985; Rodenhiser et al.
1985).

Surprisingly, up until 1982 when this research project was under-.

18



o

taken, few reports hed investigated the HS response of human cells,
other than with transformed cell lines of human origin. Anderson et

(1982) reported that HS induced the.synghesis of 65 kDa HSPs
(which they mamed HShock:1,2, and 3) and 80-100 kDa HSPs (HShock:4
and 5) in human lymphoblastoid cells, while heat-shocked human
fibroblasts and peripheEa1 blood lymphocytes only synthesized the
65kDa HSP (HShock:1). Tsekuda et al. (1981) showed that
heat-shocked\lung carcinoma cells synthesized 70, 90 and 100 kDa

HSPs, while normal lung cells only synthesized the 70 kDa HSP.

_~Atkinson and Pollock (1982) reported the synthesis of a 64 kDa HSP

in heat-shocked human epidermoid carcinoma cells, and a nuﬁber of-

groups described the HS response of HeLa cells, "reporting the
synthesis of HSPs with molecular masses of 100, 80, 70-74 and 27-37
kDa (McCormick and Penman 1969; Goldstein et al 1974; Slater et al.
1981; Hickey and Weber 1982; and Burdon et al. 1982). The paucity
of data conéerhing the effect of heat-shock and chemical-stress on
the gene expression .of cultured non-transformed human cells
inftiated the research described herein.

The main goal of this.thesis was to investigate and characterize
.the effect(s) of h;et-shock on gene expression in mammalian blood
cells. B5lood seemed an aeprbpr1ate source of cells with which to
etudy the effect(s) of periods of thermal- and chemical- stress on
gene expression, since-cells of the circulatory system are exposed
often, in their normal m1111eu. to elevated temperatures (1.e.
" perfods of fever and hyperthermia). and to a viriety of absorbed
environmental po]lutants and drugs (1.e. arsenic, heavy' metals,

ethanol). The use of blood cells f?om mammals (hymuns and non-
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human) allowed a comparison of the heat-shock responses among cells
of “similar function from several species, and the use of cells
isolated from masmals other ‘than humans (i.e. mice) permitted
considerable flexibility with regird to the types of experiments
which coyld be performed. As well, the possibilityYof any genetic
variability within the heat-shock response which might occur among
human beings was elimina;gd by the use of inbred mouse.gfrains.

In the first part of this thesis, human lymphocytes isolated from
peripheral whole blood were cultared and incubated at control
(37°C) or elevated temperatures or at 37°C in the preseﬁce of
ethanol and sodium arsenite, qnd thé pat?erns - of polypeptides
synthesized by these cells analyzed by one- -ard two- 'dimensional
polyacrylamide gel electrophoresis (PAGE). The - polypeptides
synthesized by these lymphocytes were compared to those synthesized

by control (37°C) and heat-shocked cells from a human transformed

3

cell line. -

The heat-shocé ;egponse at the level of protein synthesis waé
further examined in cultured mouse and rabbit 1ympﬁocytes from
peripheral whole blood, and in cultured mouse sp1een'cells and B
1ymphocytes. The pattern of polypeptides synthesized by these cells
at contfo1 and heat-shock temperatures was compared to the pattern
of polypeptides synthesized by'simi1a:1y treated human lymphocytes

and cells from a mouse transformed cell line, and to the pattern of

polypeptides synthesized in situ by spleen cells isolated from mice

at normal body temperature or exposed to Qhole-body' tharwm~1-
stress.

The effect of chemical stresses (sodium arserrite or ethanol), on

£
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the pattern of pglypeptides synthesized by mouse spleen cells was
examined and compared to the changes observed following heat-shock.
Given the similar manner in which these various s;réssors were
found to induce HSP synthesis, experiments were performed in which
mouse spleen cells were concurrently exposed to low levels of
several stressors known ¢€o 1induce HSP synthesis. Finally, the
markedly altered gene expression - new aéd/or enhenced synthesis of
HSPs and Hepressed synthesis of mormally occurring polypeptides -
found in experwments wwth streSsed mammalian lymphocytes. prompted
an 1nvest1gatdon of the efﬁbct of. heat-stress ot the synthesis and

,-»

seqyetion of TgB@s - a major protein product of these ¢elTs. Mouse

yd . . .
_spleen cells and B lymphocytes were cultured at control and

heat-shock temperatures and the quantity and specific activity of
the IgGs secreted was detected by an enzyme-linked immunosorbent
assay (ELISA). ‘
‘l
In summary, the questions raiged in this thesis are as follows:
2.
(1) Do cuitured human lymphocytes éxposed to short term increases
in incubatibn temperature synthesize heat-shock-proteins?
(2) Are the févg]s of a constitutively synthesized proteins
affected by Be&t-shock?
(3)‘Is this pattern of HSP synthesis similar to thaf observed
* with Kuman transformed call lines heat-shocked in culture?
(4) Is the pattern of HSP synthesis by human lymphocytes simi]ar to
that synthesized by cultured blood cells from other mamnals?

(5) Do blood cells in thermally-stressed mice synthesize heat-shock

\
Ny
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(8)

2%
proteins in situ?
Do cultured mammalian blood cells exposed to chemical stresses
such as ethanol or arsenite, synthesize hg?é-shock proteins?
Can several different, concurrently applied stressors act
synergistically on cultured blpod cells to cause altergtions in ¢
gene expression aﬁd"ihe synthesis of heat-shock protein
synthesis? .
Are the levels of a constitutively synfhesjzed and secreted

protein of mammalian lymphocytes (i.e. 1gG) affected by heat-

shock?



MATERIALS AND METHOODS

2.1 Chemicals ‘ L <

A1l chemicals used in this study were purchased from J.T. Baker
Chemical Co.. {Phillipsburg, N.";}.) or Fisher Scientific (Toronto)
unless otherwise indicated.

Minimum Essential Medium (HEM)., redium 199, Hanks Buffered Saline
Solution, Dulbecco's Modified Eagles Medium, Fetal.Calf Serum,
glutamine, and Non-Essential Amino Acids were purchased from Grand
Is1and B1o1og1ca1 Co. (GIBCO, Grand Island, N.Y.),

Hethiomne free Minimum Essential Medium, and, Leucine-free
‘.mernum Essential Medium, were purchased from Flow. ‘bs (Mctean,

-

Va.). Phenyl#thylsulfonylfluoride, 2-mercaptoethanol, acrylamide

e 2K -

dithiothrietol, sodium dodecy'l sulfate, Coomass‘le Y, ammonium

persulfate, ethylene-bis (oxyethylene mtrﬂe? _‘éétic‘apifd
(EGTA), and N,N' methylene bis-acrylamide, were fron;.sjﬁua.drem'.cﬂ
Co., St. Louis, Mo.. :

Triton-X 100 was from: New °England Nuﬁe‘ar,. Boston, Ma.,
‘Ficoll-paque was from Pharmacia Fine Chemfcans (Pharmaria- Inc.,
Piscataway N.J.), ampholines were from LKB Instrumen‘lnc .

Rockville Md., and Nonid®t p-40 was from BDH Chemicals\_Poo'le.

England. Nulcear Ch'lcago‘ SolBbilizer (NCS) was from Amersham Corp., 'n

Arlington Heights, I‘lc.. Tw_eén-ZO and Fchloro-l-napg'hol.were f
Biorad Carfada, MissAssauga, Ont., O-phenylene diamine was fron“
Aldrich themicals, Milwaukee, Wis., and so:Hum ars"enite was from
Matheson, Coleman and Bell, Cincinnati. Oh.. A ,

> : .- . P .
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2.2 Collection, Heat-Shock and Radiolabelling of Human Lymphoqxﬁesl

Whole blood samplies were obtained by venipuncture from ostens-
ibly normal 1individuals. Samples were collected in heparinized
Vacutainer tubes (Becton Dickiﬁson Canada, Mississauga, Ont.),
added to an equal volume of methionine-free Minimum Essential
Medium (methionine-free MEM; Flow Labs, Mclean, Va.) and these di-
luted samples placed over 4 mL of Ficoll-Paque (Pharmacia Fine
Chemicals, Pharmacia Inc., Piscataway, N.J.) and centrifuged at 400
x g for 35 min in a clinical centrifuge. The lymphocyte fraction
was collected from the sample-ficoll interface and washed by resus-
pending the cells ir Minimum Essential Medium (MEM; GIBCO, Grand
Island, N.Y.) and centrifuging for 10 min at 2000 rpm. These cells
were then resuspended in MEM, and incubated for various times (see
results for details) at contro{ (37°C) and heat-shock (40, 41, 42,
and 43°C) temperatures, in a humidified atmosphere of 5% CO2 in
air. Following this incubation, cells were pe11eted.by centrifuga-
tion, and resuspended in an equa{_vo1ume of wethionine-free MEM or
leucine-free MEM (Flow Labs, Mclean, Va). The sémples were labelled
with either 10 uCi/mL of L-[3SS]-methionine (approximately 1000
Ci/mmol) or 3.3 uCi/mL of L-['%C(U)]-leucine (342 mCi/mL) (New
England Nuclear, Boston, Ma.; 1Ci = 37 GBq), and incubated for 2 h

“or more at control or heat-shock temperatures (see results for

details).
Radioactive labelling was terminated by placing samples on ice
for 5 min. The cells were collected by centrifugation, and lysed in

5% 2-mercaptoethancl, 9 M urea, 1 mM pheny1methylsu1?3%ilf]uoride
7 | -

.
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(PMSF), and sonicated on a Kontes Micro-Ultrasonic cell disrupter
(Kontes Scientific, Vineland, N.J.). Cell lysates were clarified by
centrifugation in a Beckman Microfuge (Beckman Instruments, Spinco
Division, Palo Alto, Ca.) and either used directly or stored at
-70°C prior to electrophoretic analysis. An outline of this

treatment procedure is presented in Figure 1.

-

In some experiments, whole blood samples were aliquoted directly
into plastic culture dishes or siliconized glass tubes for heat-
shock t;eatments. Following the incubation period, the samples were

v centrifuged and the blood plasma removed with a Pasteur pipet and
replaced with an equal volume of methionine-iree MEM containing 10
pCi/mL of L-[3SS]-methion1ne. and incubated for 2 h at their con-

- trol or heat-shock temperature. Radioactive labelling was termin-
ated by diluting with an equal volume of cald Hanks Buffered Saline
Solution (HBSS; GIBCO), and the diluted samples were placed over
Ficoll-Paque and centrifuged as described above. The lymphocyte
fraction was collected, lysed, and.stored, as previously described.

In a number of experiments, blood samples from newborn and pre-
mature infants were made available to us as aliquots of samples
taken for normal diagnostic procedures. Thg;e ;ahples were obtained
from the Regional Medical Genetics Center at the Children's
Hospital of Western Ontario. The sméll ,volumes of these blood
samples (506-1000 pL) were manipulatqdﬁqr a manner similar to that
prev}ous1y described. Samples were collected and aliquoted finto
Venipuncture tubes, incubated for 2 h at control or heat-shock

temperatures, and labelled with 10 PCi/mC of 355-meth10n1ne for 2 h -

at 37°C. Radioactive labelling was terminated by diluting with




Figure 1, "A schematic diagram outlining the
procedure for thg isolation, heat-shock (or
chemical-stress), and radiolabelling of human
lymphocytes. A detailed description of these.

procedures is given in sections 2.2 and 2.6.
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an equal volume of cold HBSS, and the diluted samples (200-500 pi)
were placed over 200 wlL of Ficoll-Paque® in siliconized 1000 pL
glass test tubes, -and cengrjfuged. washed, lysed agd stored, 2s

previously Qescribed.

2.3 Isolation, Heat-Shock and Radiolabelling of Mouse Peripheral

Blood and Spleen Lymphocytes. ' >
2.3.1 Animals |

Male and female 6-12 week o0ld mice from five inbred strains

were used in this study. BALB/c and §;§ss-webster strains we;;

ebtained from Canada Breeding Farms, St. Constant, Charles River,

Que.. C3H/HeSnJ) and 129/ReJ strains were ‘obtained from Jackson

Labs, Bar Harbour,‘Me.. and CsB - an acatalassemic iine with C3H

background - was originally obtained from ODr. T.W. Clarkson,

University of Rochester, N.Y. All mice were maintained on a 14h/10h

" 1ight/dark b}c]e in polycarbonate cages with sawdust bedding, fed'

Purina Mguse Chow and water ad libitum, and kept in the Department

of Zoology, Unisersityfof Western Ontario, London, Canada.
14

2.3.2 Mouse Peripheral Blood Lymphocytes. -

. BALB/c mice were killed by cervical dislocation and wﬁole
blood collected by cutting the hear} and pipetting the blood pooled
in the thoracic cavity in hepar;nized glass test tubes;‘Tﬁé whole
blood was incubated for 2 h, at control or heat-shock temperatures,
and radfolabelled with 10 pci/m L-[3°s)-methionine. - Radioactive
labelling was terminated by addition of an equal volume of cold

HBSS, and the diluted samples placed over Ficoll-Paque and

; }
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centrifuged at 400 x g for 25 min in a clinical centrifuge. The
lymphocyte fraction was washed in HBSS, and collected by centrifu-
gation (10 min at 2000 rpm) in a~tlinical centrifuge. The pelleted
cells were lysed in 5% 2-mercaptoethanol, 9M urea and 1 mM PMSF,
and the cell lysates sonicated, clarified, and stored at -70°C as
described previous1y for human 1ymphocytes.

L 4

2.3.3 Mouse Spleen Lymphocytes: in vitro Heat-Shock €xperiments.

Mice were killed by cervica]ldis1ocation. and their spleens
removed and placed in 60 mm plastic petri dishes. Spleens were cut
into two pieces and spleen cells (referred to hegeafter as
;ymphocytes) were collected by repeated gentle fTushng of ‘the
spleen with methiohine-free MEM from-a tuberculin syring;\fitted
with a 26 gauge needle, which was inse}ted beneath the connéﬁt1ve
tissue capsule. .The lymphocytes were aliquoted into 15 mL plastic
centrifuge tubes (Corning Glass Works, Corning N.Y.), brought up to
2 mL with methionine-free MEM, and incubated for'various times (see

resGits for details) at control (37°C) éqd heat-shock (41,43°C)
te;peratures, in a humidified atmﬁsphere of 5% CO2 in air. Follow-
ing thi%'%ncubation the samples were labelled with 10 uCi/mL of
L-[3SS]-meth10nihé and incubated for 1-2 h at control or heat-shock
temperafﬁres. T, ‘

Radioactive labellirg was terminated by placing the samples on
ice, then pelleting the cells by centrifugation for 10 min at 2000
rpq.1n a clinical centrifuge; The pelleted celfs were lysed in 5%
2-mercaptoethanol, 9 M urea, and 1 mM PMSF, and the cell Tlysates

sonicated, clariffed and stored at -70°C as described for human

29



lymphocytes. An outline of the mouse spleen cel) heat-shock

procedure is presented in Figure 2.

2.3.4 Mouse Spleen Lymphocytes: in vivo Heat-Shock Experiments

In some experiments, the polypeptide gynthesis patterns of

’

lymphocytes heat-shocked in vivo were examined. Male BALB/c mice

were anaesthetized with Avertin (0.2 mL/10 gm body weight of a 1:80
~dilution of 4 gm 2,2,2-tribromoethanol in 2.5 mL tertiary amyl
alcohol; Jones and Krohn 1960) and placed in a ventilated 50 mlL
plastic centrifuge tube. Each restrained mouse was placed on an
electric heagiﬁg. pad, and a thermistor attached to a YSI-&?
Scanning Tele-thermometer kYe11ow Springs, Oh.) inserted into its
rectum sudb that core temperature was monitored continuously. The
.hgating pad was not activated for the control (non heat-stressed)
animals used in this study. At specified times (see results) mice
were killed by cervical disiocation. and lymphocytes were collected
from their sp\eens;’a§ previously descriﬁed (section 2.3.3). The
cells were resuspended in methionine-free MEM, radiolabelled with

[35

10 pCi/m [°’S)-methionine, and incubated for 2 h at 37°C.

Following this labelling period, cells were <collected by

centrifugatich, lysed in 5% 2-mercaptoethanol, 9 M urea and } mM
PMSF, and the- cell. lysates sonicated, clarified and stored, as
previouély described. | t . )

In some cases, heat-stressed mice were allowed to rgcovér from
the anaesthetic and heat treatment, and following 30 min at room

35

- temperature, an intraperitoneal injection of S-methionine (36

pCi/nouse) was administered. After 2 h, the mice were killed by

~
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Figure 2. A schematic diagram outlining the
procedure for the isolation, heat-shock (or
chemical-stress), and radiolabelling of mouse
spleen cells., A detailed description of these

procedures is given in sections 2.3.3 and 2.6.
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cervical dislocation, and their spleen cells co11ected.'1j§ed and

prepared for electrophoretic analy®s, as previously described.

—_—

2.3.5 Isolation and Heat-Shock of Mouse Splenic B Cells.

-

Mouse B cells were purifiéd from mouse spleen cell suspen-
sions, using an Affi-gel (anti-mouse) Cell Sorting System (Biorad).
This is an affinity thromatographic technique which employs rabbit
anti-mouse 19G bound to Cross- 11n5;d\acryl1c beads (d1ameter 25050
pm) to select B cells (possessing surface IgG) from a mixed cell
population. _ 1

Spleen cells were col]ected~from BALB/c miEe by rgpeated antle
flushing of spleens with methionine-free or Medium 199 (as
desc;ibed in section 2.3.3). Cells were placed into 15 mL p1ast1c'
centrifuge tubes and incubated for 30 min at 37°C v}o remove
cxtopﬂilic 1gG. The cells were fhen'centrifuged. regusp;nded in 1-2
mL of methionine-free MEM and.applied directly to the 10 cm Affi-

gel column, where they were incubated for, 30 min at 4°C to allow B

-

»
Following this incubation, ‘non-binding cells were eluted from the

cell binding to the Affi-gel beads. J .

column with 4-8 bed volumes (1 bed volume = 5 mL) of PBS (0.15 M
NaCl, 0.01 M KH,PO,, and 0.1% NaN,; pH 7.25). To elute the bound B
cells, one bed volume of methionine-free MEM containing
hon-specific mouse IgG was added to the column and incubated for 30
min at room temperature. The cells were then released from the
beads by vigourously agitating the beads with a polyethylene pipet,.
and were collected by elution with 8 bed volumes of PBS. B cell and

non-binding cell fractions were collected from the elution buffer

33
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by centrifugation and were washed twice with methionine-free MEM,
and counted with a Coulter Counter Model ZB1 (Coulter Electronics,
Hialeah, F1.). ‘. '

. The cells were aliquoted in 2 mL volumes (1-2 XlO6 cells/mL) into
15 m. plastic centrifuge tubes, labelled with 10 pCi/m. 3°S-methio-
nine and incubated for 4 h_at control (37°C) or heat-shock (41 or
43°C) temperatures. Radiolabelling was terminated by placing the
samples oﬁ‘ ice and pelleting the cells by centrifugation. “The
pelleted cells were lysed in 5% 2-mercaptoethanoi; 9M urea, and 1
mM PMSF, and the cell 1&sates sonicated, clarified, and stored at
-70°C as described in section 2.3.3.

!

: j
2.4 lsolation, Heat-Shock and Radiolabelling of Rabbit Peripheral "

-t

8lood Lymphocytes.

2.4.1 Animals ' :

Female 10-month. old New Zealand white rabbits used in this
study were gbtaingd from a local breeder and were maintained. in the
Debqrtment of Zoology, University of Western On£§rio. Rabhits were

fed Purina Rabbit Chow and water ad 1ibitum.

2.4.2 Rabbi} Peripheral Blood Lymphocytes.

Whole blood was collected in heparinized tubes from ear
- veins, and the lymphocyte rich fraction collected over Ficoll-Paque
as described for mouse lymphocytes (section 2.3.2). The cells were

washed, suspended in methionine-free MEM for 1-2 h,~9t control or

35

heat-shock temperatures, then radiolabelled with > S-methionine (10 -

pEijml) for 2 h at 37°C or 43°C (see results for 'details).

- -,
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Radioactive labelling was terminated by placing the cells on ice.
Cells were collected by centrifugétion, and the pelleted cells
lysed in 5% Z2-mercaptoethanol, 9 urea amd 1 mM PFSF. The cell
lysates were prepared for electrophoretic analysis, as described

previously for mouse spleen cells.

~

2.5 Heat-Shock and Radiolabelling of Mouse and Human Myeloma

Cell Lines.

Mouse Sp 2/0-Ag 14)-and human (LICR-LON-HMy2) myeloma cells

.were maintained in Dulbgcco's modified Eagle's medium <$GHBCO)

supplemented with 10% Fetal Calf Serum (GIBCO), 2 mM glutamine, 1
mM sodium pyruvate, 1% non-essential amino acids (GIBEO); and
antibiotics (penicillin, streptomycin and fungizone) at 37°C in a
humidified étmosphere .of 5% CO2 in air.ﬁ Ce11§ used for
experimentation - were pelleted by centrifugation, resuspended in
methionine-free MEM at concentratidons of '1-2 x 106 cel]s/pL. and
1nchbated for 1-2 h at control (37°C) or heat-shock teﬁbératures
(see results for details)., Cells were subsequently radiolabelled

with 35

S-methionine . (10 pCi/mL) for 1-2 h at 37°C or 43°C.
Radioactive labelling was terminated by placing the cells on ice.
Cells were collected by centrifugation, and the pelleted -cells
lyséa~1n §% 2-mercaptoethanol, 9 M urea and 1 mM PMSF. The cell
lysptes were prepared for e1ectrophorét1c analysis, as previously
described.

»

2.6 Chemical-Stressing of Human Lymphocytes and Mouse Spleen

Lymphocytes.




R

2.6.2 Ethanol-Stressing of Mouéé Spﬁeen Lymphocytes. |

2.6.1 Chemical-Stressing of Human Lymphocytes. .

The lymphocyte fractions from human whole blood samples were
collected from Ficoll-Paque (as described in section 2.2) and re-
suspended in methionine-free MEM. Lymphocytes were chemically-
stressed with either ethanol. or sodium arsenite (NaAsOZ). For
ethanol-stress treatments, 95% ethanol was added to cell suspen-
sions to give final v/v concentrations of i to G%Eethano1,'and
cells were then incubated for 1-2 h at 37°C in a humidified

atmosphere of 5% CO2 in air. For arsenite stress treatments, sodium

arsenite (obtained from Matheson, "Coleman and Bell, Cincinnati,

- Oh.; from an 0.01 ock solution in:water) was added to the cell

suspensions to give final concentrations of 1-100 pM, and the cells

1ncubqied for 2 h at 37°C in a humidified atmosphere of 5% CO2 in

air.

Following chemicai-stress, cells were pelleted by centrifugation,

resuipended in methionine-free MEM, radiolabelled with 10 uCi/mL

35

S-methionine, and incubated for 1-2 h at 37°C. Radiolabelling was

terminated by placing samples on ice, then the cells were pelleted

by centrifugation, lysed, and the cell lysates prepared for

electrophoretic analysis (see also Figure 1).

Ea

-

Mice were killed and their spleen cells collected, .suspended,

in methionine-free MEM and aliquoted, as previously described in

seétion 2.3.3. Ethanol (95%) was added to the cell" suspensions to

- give final v/v concentratfons of 1 to 6% ethanol. Cells were

incubated for ‘15, 30, 60, 90, or 120 min at 37°C in a humidified

3€



atmosphere of 3% C02 in air., In some experiments, cells were -

exposed to concurrent heat-shock and ethanol-stress. Ethangl was

added to cell suspensions to give final v/v concentrations of 1 to .

+
6 ¢ ethanol, and the cells were than incubated for 15, 30, 60 or 90

min at 41°C, in a humidified atmosphere of 5% CQZ'in air., -
Following these various treatments, the cells were collecte by
centrifugation (10 .min at 2000 rpm) in a\\c1inicaa centrifuge,
resuspended in methionine-free MEM (without ethanol), radiolabeltled
with 10 uCi/m >>S-methionine and incubated for 1-2 h at 37°C.
Radiolabelling was terminated by p1aciqé\jye samples on ice, then
the ﬁells were collected by centrifugation, lysed, and the cel)
lysates prepared for electrophoretic analysis (see also .voutliﬁe

-'_‘ .

of this protocol in Figure 2). ) o :

-
LN

L

2.6.3 Arsenite-Stressing of Mouse §p]een Lymphocytes.

Mice_were kilYed, and their spleen cells CSllected, susnen&ed

hionine-free MEM.and aliquoted, as previously described in

2

sec ion 2.3.3. Sodium arsenite was added to the cell susqensiéns to

in

give a final concentrations. of 1 to 100 pM, and the cells incubated
for 1-2 h at 37°C in a humidified atmosphere of 5% CO2 %n air. In
some experimeﬁts, cells were exposed  to concurrent heat-shock and
arsenite-stress. In thgse'cases, sodium arsenite was added to the
cell suspensions to give final concentrations of 1 to 100 ’ﬂt'ahd
the cells were incubated far 1 h at 41°C in a humidifigd atmosphere
of 5% €O, in air. | o .

Following these various treatments.'fhé_ég]ls were collected by
centrifugéfioﬁ (10 min at 2000 rpm) in a clinical qentrifuge,
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resuspended in methionine-free MEM (without arsenite) and

35S-methiom‘ne for 1-2 h at 37°C.

radiolabelled with 10 pCi/mi
Radiolabelling was terminated by placing the samples on ice, then
the cel'ls'were collected by centrifu.gation, lysed,| and the cell

lysates prepared for electrophoretic analysis.

2.7 Sodium Dodecyl Sulfate Polyacrylamide Gel ‘Electrophoresis

SDS-PAGE .

2.7.1. Protein and Radioactivity Determination.

-

The protein concentration of cell lysates was determined
using the method of Lowry et al. (1951). The protein concentrations
of those cell lysates containing 2-mercaptoethanc]l were determined
using a turbidimetric assay modified from the method of, Comings and
Tack (1972). In all cases, bovine serum albumin (BSA) was used as a
protein standard. -

Samples ' for radioactivity determination weré prepared by
precipitation in 10% trichloroacetic acid (45 min), followed by an
ether w?sh and then air dried. These air dried samples were then
resuspended in 5% 2-mercaptoethanol, 9 M urea and 1 mM PMSF, and 50

S;ﬁots were a&ded to a Triton-X 100/toluene/Omnifluor (New

14 355 in the

pL al
England Nuclear) cocktail. Radioactivity of C and
sample/cocktail mixture was measured in a Beckman LS 255 liquid

scintillation counter,

2.7.2 One dimensional (1-D) PAGE. @

One dinensional (1-D) polyacrylamide gel electrophoresis in

the pnsence..pflsodim dodecyl sulfate (SDS) was performed accord-

3¢
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ing to the procedure of Laemmli (1970), with the modifications
described by Merrifield (1979). .

Acrylamide gradient separating gels (5-15% or 7.5-17.5%) were
cast in glass molds‘*to yield gels of 10 x 15 x 0.15 ‘cm. A 3%
acrylamide stacking gel was poured on top of the polymerized
separating gel. Sample wells were formed in the stacking gel by
inserting a Teflon "comb" Wnto the unpolymerized stacking gel
between the bottom of the wells and the separating gel.

Polymerized gels were affixed to plexiglass tanks, and the tanks
filled with running buffer (pH 8.3; 25 mM Tris-HC1, 193 mM glycine,
and 0.1 mM SDS). Samples were prepared for electrophoresis by
addition of 10 uL of a solution of 2% SDS, 5% Z2-mercaptoethanol,
20% glycerol, 80mM Tris-HC1 (pH_6.8), and 5-10 uL of a tracking dye
(bromophenol blue in 1% SDS). Molecular weight standards were added
to at least one lane of each gel to allow the characterization of
the relative molecular mass (Mr) of the electrophoreticallj-
separated polypeptides. Two sets 6f molecular weight standards ?ere
used. Unstained standards from Pharmacia Fine Chemicals (Uppsala,
Sweden) contained a mixture of: pngphorylase-b. 94 000; albumin,
67 000; ovalbumin, 43 000; carbonic anhydrase, 30 000; trypsin

\\\¢ah1b1tor. 20 100; a-lactalbumin, 14 40Qk Prestained molecular
weight standards (Bethesda Resear?h Labs, GIBCO) prec1uded the
necessity to stain gels to visualize standards, thus allowing more
rapid processing of gels. These standards contained a mixture of:
myosin (H chain), 200 00C; phosphorylase-b, 97 400; bovine serum
albumin, 68 000; ovalbumin 43 000; a-chymotrypsin 25 700;
B-lactoglobulin, 16 800; and cytochrome-C, 12 300.
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Gels were run by applying 5 mA current to each gel overnight, or
until the samples entered thé separating gels. The current was then
increased to 15-20 mA/gel until 30 min after the dye front had run
off the bottom of:the gel. After the rur was cpmp1eted. gels were
stained for 2-4 h with 0.2% Coomassie Blue-R (Sigma) 11n 50%
methanol and 10% acetic acid. Desfainihg was performed with several
changes of 50% methanol and 10% acetic acid, followed by 20%
methanol and 10% acetic acid. Final destaining was performed using
10t methanol and 10% acetic acid, and these destained gels were
stored in 7% acetic acid. In those cases where Coomassie Blue-R
staining was omitted, gels were fixed in 50% methanol and 10%
acetic acid, tﬁen processed following the ,same destaiming

procedure, as described above.

2.7.3 Two-dimensional (2-D) PAGE.

Two-dimensional kZ-D) analysis of proteins in cell lysates
followed, with some modifications, the methods described by
O0'Farrell (1975). .

Isoelectric focussing gels containing 3.5% acrylamide, 1.8%
Nonidet P-40, 9 M urea and 2% ampholines were cast in glass tubes
as tube gels approx1ma§e1y 10.5 x 0.4 cm in diameter. A mixture qQf
ampholines was used to create a pH gradient frda ¥.5 to 8.5 and
consisted of 40% 3.5-10 ampholines and 60% 5-8 ampholines (LKB
Instruments  Inc., Rockville, Md.). Once poured, the gels were
allowed to. polymerize overnight at room temperature.

The following days the bottom ends of the tubes were covered with

a 2 cm? piece of dialysis membrane and mbunted in a Biorad model

4
-,

S
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150A electrophoresis tank. The apparatus was filled with upper (0.2
M NaOH) and lower (0.018 M H3P04) buffers, and the gels were
pre-run (prior to the samples being loaded) according t6( the
fo]iowing sequence: 200V for 15 min, 300V for 30 min, 400V for 30
min. Following this period, the upper tank buffer was replacgd‘with
fresh buffer, and the samples (prepared to a final 90 pL volume
with 5% Nonidet P-40, 5% 2-mercaptoethangl, 5% ampholines and 9 M
urea) were loaded unto the tops of the gels. One or two geis of
each set were designated for pH determination; therefore samples
were not added to these particular gels. All gels were electrophor-
esed for 16-20 h at 400V, and then at 800V for 2 h, for a total of
8000-9600 volt-hours.

At the completion of this run, gels were extruded from the glass
tubes with a water-filled syringe. Those gels designated for pH
determination were treated as folloys: (1) the gels were refrigera-
ted at 4°C for 1-2 h, (2) the gel yéé then sliced in 0?5 cm slices
and (;) each s]iéé‘was placed - in a test tubé with 2 mL of freshly
boiled and cooled double distilled water. After incubation over-
night, the pH of the water was measured and recorded as the mean pH
of the gel slice (Saleem and Atkinson 1976). Those gels intended
for 2-0 gel electrophoresis';ere extruded from the glass tubes (as
described above) and equilibrated for 15%min in 10 m_ of 80 mM
Tris-HCY1 (pH 6.8), 5% 2-mercaptoethanol, 2% SDS, and 20% glycerol.

"Acrylamide gradient (3-15% or 7.5-17.5%) separating gels were
cast in glass molds and”covered with a 3$'stack1ng gel as described

previously. An equilibrated IEF gel! was affixed tg}each polymerized

stacking gel with a layer of melted agar (1% agar in 1% SDS). When

-




the agar had set, the 2-D gel was run, stained and destained, as

previously described, and prepared for fluorography (see below).

1)

2.7.4 Fluoregraphy.

»
Stained and unstained acrylamide slab gels were prepared for

fluorography ucing the method of Bonner and Laskey (1974). Gels
were dehydrated by three 30 min washes in dimethyl sulfoxide (DMSO)
and then soaked for 3 h in 100 mL. of 22% 2,5-diphenyloxazole (PPO)
in bHSO, to give a final concentration of 17.5% PPO in the gel.
Following this period, the PPO was precipitated in the gels by
immersing the gels in tap water for at least 3 h. Thg PPO
impregnated gels were dried down on Whatmann 3mm filter paper u;ing
a Biorad model 224 gel dryer. The dried gels were mounted on
cardbodrd, apposed to Kodak RP-Royal X-Omat film (XP-1), preflashed
to an optical density of 0.15 (Laskey and Mills, 1975) and stored
at -70°C for the appropriate exposure times. Fluorograms were

™

developed in Kodak GBX developer and fixed in Kodafix.

2.7.5 Determination of Radioactivity Incorporated into Individual .,

Gel slices.

In some experiments, the relative amounts of radioactivity

incorporated into individuad polyped;ideg separated by 1-D amd 2-D

- gel electrophoresis were determined. Fluorograms of the particular

gels to be used were carefully aligned over the dried'geI. and

regions Lf the gel which corresponded to bands or spots on the

fluorogrim were excised with a razor blade, and hydrated overnight

in 1-2 mL of distilled water. Gel slices were dried of excess water
L

- N
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and incubated in 90% NCS (Amersham Corp., Arlington Heights, 11.)
for 3 h at 55°C, to allow solubilization of protein present within
the gel slices. Radioactivity was determined by scintillation
counting of the solubilized samples in a toluene based fluor
(Turner 1968) on a Beckmann LS 255 scintillation counter. Similar
sized slices from blank areas of the gels were used to determine

background and efficiency.

2.8 Enzyme Linked lmmunosorbent Assay (ELISA) of Mouse Spleen Cell

Immunoglobulin G.

2.8.1 Establishment of a Standard Curve for IgG Detection and

Quantification.

A series.of experiments was performed to determine if mouse
spleen cells maintained at 37°C or heat-shocked at 41 or '43°C
differ in the amount of immunoglobulin G (IgG) they secrete into
their growth medium. To accomplish this, a protocol {involving an
enzyme linked immunosorbent assay (ELISA) coupled with an indirect
immunoperoxidase staining procedure was established with mouse IgG
(purchased from Sigma) and subsequently used to quantify the IgGs
secreted into the growth media of control and heat-shocked cultured
spleen cells and B lymphocytes.

The ELISA/immunoperoxidase procedure, modified from the protocol

of Weetman et al. (1982) was standardized with purchased 196G

(Sigma), and can be briefly described as follows (see also Figure

3). First, a multi-well assay plate was coated with antibody raised

against the test substance. Since the test substance in these’

experiments was mouse IgG, the multi-well plates were coated with
-}
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Figure 3. A schematic diagram outlining the
ELISA/immunoperoxidase procedure described in

sectien 2.8,

GAM IgG : Goat anti-mouse IgG (Fab'2 fragment)
Mouse IgG : Mouse Immunoglobulin G
GAM IgG + HRP : Goat anti-mouse IgG conjugated to

Horseradish peroxidase

-,

G
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antibodies made in goats against mouse IgG {(Goat anti-mouse IgG:
GAM 1gG). Second, the test substance (mouse 1gG) was added to the
multi-well plate and allgwed to bind to the GAﬁ/ng attached to the
plate. Third, 6Goat anti-mouse IgG antibodies bound to the enzyme

horseradish peroxidase (HRP) were added tg the plate and bound to

_the mouse IgG. The subsequént additidh of hydrogen peroxide to the

multi-well plate resulted in the formation of a brown-coloured HRP
reaction product. §o1our1metric analysis of the amounf of reaction
product present‘aTIOwéd quantitation of the test substance present
in the growth medium. A detailed description of this expeéimenta]
procedure :s‘Provided in section 2.8.1.

& . ’

2.8.2 ELISA Protocol for Quantifying and Determining the Specific

Activi;i of 1qGs Secreted by Cultured Mouse Spleen Cells and

B Lymphocytes.

Mouse 2£1een cells were collected (as described 1n.section
2.3.3), counted using a Coulter Counter, and incubated for 30‘min
at 37°C to allow the removal of cytophilic IgG. The cells were then
collected by centrifugation, resuspended in methionine-free MEM or
Medium 199, and aliquoted at various cell concentrations (2 x 106,

5 5 4

1 x 106, 5 x 107, 1 x 107, or 5 x 10" cells/mL) into plastic

centrifuge tubes. The cells were radiolabelled with 10 yCi/mL
35S-meth1on1ne. and incubated for 4 h at control (37°C) or
heat-sﬁock (41 ‘or 43°C) temperatures. Following this incubation
period, the cells were collected by ce;trifugation; the growth
medfum was removed for later‘ELISA experiments to quagtify IgG, and

the cell pellets ‘1ysed and prepared for electrophoretic analysis.
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In some experiments, mouse spleen cells were fractidnated through
the Affigel Cell Sorting Column and B lymphocytes {containing
surface 1gG) were collected. These ce11§ were labelled, aliquoted

and incubated at control and heat-shock temperatures as described

-,

above for the total spleen cell popuﬁation, and the amount of IgG
in Eheir growth media was determined by the procedure described
below. ' g
MicroELISA 96 well plates (NUNC ImmunoPlate I (GIBCO, Burlinton,
Ontaria) or Cooke. Microtitér plates (Dynatech Labs, Alexandria,
Va.) were coated with 150-200 ulL aliquots of goat anti-mouse IgG
F(ab')2 (Cappe? Scienfific, Malvern, Pa.) at a concentration of 1.6
pg/mL coating buffer {pH 9.6; 1.59 g Na, co

2.93 g NaHkCcO,, 0.2 g

3 3
;haNS; in 1 L), using a Titertek multichannel pipet (Flow Labs,
Mclean, Va.). Thesé plates were then refrigerated overnight at 4°C,

The fo11o§ing day; plates were washed 3 times (3 min between
washes) with wash buffer (pH 7.4; 8.0 g NaCl, 0.2 g KH, PO,, 1.15 g

NazHP04, 0.2 Q#Cl, 0.2 g NaN,, 500 uL Tween-20; in 1 L) using a

3
Dynatech Microwash apparatus (Dynatech Labs). Samples (medfa in
which mouse spleen cells had been cultu;ed)A were added to the
plates in 4-8 replicates each, and the plates Wnéubated for 1-2 K
at 57°C in 5% CO, in air. To determine non-specific binding of

antibody to the muitiwell plate, the initial step of this

procedure, which involved coating the multiwell plate with goat‘

anti-mouse IgG F(ab')zzwas omitted prior to the addition of 200 FL
samples (at various concentrations) of mouse Ig6 (K and L chains;
Sigma) to the plates.

Following this period, samples were aspirated.from the plates,
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e .
which were washeq 4 times with 200 ul wash buffer, Goat anti-mouse

Ig6 conjugated with horseradish pernxinse (GAM+HRP, Biorad Labs,
Mississauga, Ontfj 1:500 dilution in wash buffer) was added
(150-200 ul/well) and the plates incubated for 1-2 h at 37°C; The
plates were washed again, and 150-200 uL of substrate solution [pH
5.0; 24.3 mL 0.1 M citric acid, 25.7 mL 0.2 mL N;zHPO‘, 50 mL
distiTled water, 40 mg O-phenylene diamine (Aldrich Chemicals,
Milwaukee, Wis.), and 40 ul H202] was added to each well. After 15
min at room temperature, 50 ulL stopping solution (2.5 M H2504) was
added to stop the development reaction in the wells. Absorbances
(at 492 nm) were determined using a Dynatech MR600 Microplate
reader. ' o ‘

For statistical analysis of the absorbance data, Stddent's T
tests or Analysis of Cov®riance_ (ANCOVA) were used (Snedecor and
Cochran 1980). The ANCOVA was used to control for the effects of
(10910) cell concentration, and examine the effects of temperature
on -1gG concentration (i.e. 37°C versus heat-shock temperature) as
measured by (10910) absorbance units. 1 added 2 units to' all
absorbance values before transforming by log10 to account for some
0 and -1 absqrbance values at some low cell concentrations.

Followihg some ELISA experiments, the secreted mouse IgG bound to
the multiwell plate was released from the wells _apd -the
radiocactivity determined. Subsequently, IgG was separated by i-D
‘PAGE, and” visualized by fluorography. To accomplish - this, the
development and stopping solution present in the wells was reméJ;d,

200 uL of 10% SDS was added to each of the.we1ls, and the multiwell
plate was incubated at 37°C for 2-4 h. The SDS was.then aspirated

Uoa
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from the plate, added to the previously removed development,.and
stopping solution, and the protein present in this mixture .was
precipitated with trichloracetic acid, washed with ether, and air
dried. The protein samples were resolubilized with 9 M urea, 5%
2-mercaptoethanol, and 1 mM PMSF, and the amount of'acid-precipi-
table radioactivity present in the samples was determined. Equal
amounts .of acid-precipitable radioactivity from the samples were
added to 5-15% 1-0 polyacrylamide gels, the proteins
electrophoretically separated and analyzed by fluorography (see

<«

Section 2.7.4).
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RESULTS

3.1 Changes in Gene Expression of Human Lymphocytes in Response to
Heat-Shock and Chemical-Stress.

In the fol!owing section of ‘this thesis, I will present the
results of experiments performed to determine if short term ex-
bosures to diﬁyated temperatures (heat-shock) or chemical stress
alter the Opatterns of gene expression in isolated human

lymphocytes.

3.1.1 Heat-Shock of Huma ;ﬁphocytes.

To investigate . respogse of human lymphocytes to short
term exposures to elevated temperatures, lymphocytes were isolated
from peripperal whole blood by centrifugation through Ficoll-Paque,
as described tr the Materials and Methods section. Light microscope
examination of lymphocyte preparations isolated frbm whole blood
(Figure 4) reveals a homogeneous populi?f&ﬁ of small. lymphocytes
which possess a central basophilic nucleus gurrqggged/ﬁy a small
rqu.of cytoplasm. Some plﬁtelet contaminap#dﬁ of ‘the lymphocyte
preparation was bbserved. No differences in cell morphology were
seen between control Iymphocytes'maintaineq.at 37°C and }dymphocytes
heat-shocked at 43°C,

Human peripheral blood lymphocytes were incubated at elevated
temperatures'ta determine if changes in gene expression occur {n.
response to heat-shock. L}uphdcytes were isolated from whole blood,
incubated ’ft.)r 2 h at con‘o] (37°C) or heat-s;\ock (40, 41, 42, or
43°C). temperatures, then labelled with 355.methionine for 2 h at

$0



-

Fi‘gure 4, Light micrographs of the human (A,B,C)

and mouse (D,E) cells used in this study. (A)

1

depicts a human whole blood smear, stained with .

Giemsa; "L" indicates lymphocytes. (B) and (C)

depict Giemsa-stained human lymphocytes isolated
from whole blood by centrifugation following
incubation at *‘:ﬁ.p\ntro] (B) or heat-shock (C)
temperatures (see res-ultS section for detatls).
(D)-depicts a mouse spleen cell syspéns*lon cuiturje
and (E) shows a: Giemsa-s’éainefi, prepara-tion of

simlar mouse spleen cele"_ﬁ Abbreviations stand

for: .
E : ery_th_rggyte t o
N :oneutropnil 4
L ;.il’ymphdcyte : "'_ . , -
A

\ Ma'gﬁification bar =,a;§proxifna§el' '.'!éi micrometers.
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37°C. The cells were then 1lysed, the amounf of radioactivity
incorporated into synthesized protein was determined, and equal
amounts af acid-precipitable radioactivity from each cell lysate
were electrophoretically-separated by one-dimensional (1-0)
polyacrylamide gel electrophoresis (PAGE). .
Figure SA depicts the Coomassie-blue stained gel showing the
staining patte;n of polypeptides present in the cell lysates, and
reveals that no qualitative differences exist among the polypeptide
staining patterns as a result of the various heaéﬁireatments. The
fluorogram of the same gel (Figure 5B) reveals the polypeptides

synthesized by the cells during the labelling period. Incubation of

these cells for a brief period (2 h) at temperatures 4-6° (41-43°C)

above a control (37°C) temperature results in the enhanced and/Orh

de novo synthesis (relative to the amounts of other polypeptides)

of a select group of polypeptides (referred to hereafter as heat-
shock proteins: HSPs). These HSPs have relative molecular masses
(Mrs) of 110 000, 100 000, 90 000, 70 00O and 65 000 daltons. The
fluorogram shown in Figure 5B indicates that exposure to a tempera-

ture of at least 41°C for at least 2 h {is required to initiate

synthesis of HSPs by human lymphocytes, and that synthesis of the

HSPs increases with increasing temperature. To establish the

[

“minimum time- required to induce HSP. synthesis at a particular

_temperature, Iymphocytes;reréikap1§§)d from whole blood, 1isabc;gd
. \ -

for 15, 30, 60 and 90 min at 41 and 43°C and subsequently incubated
for 2 h at 37°C in the presence of 355-methion1ne. The fluorograms

shown in Figure 6 reveal that at least a 60 min incubation at 41°C

“is required to induce detectabléalevels of the HSPs, while a slight

-

L4
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Figure 5. The effects of incubation temperature on
the types of polypeptides ,synthesized by human
lymphocytes in culture. Lymphocytes were isolated
from whole blood, incubated for 2 h at control
(37°C) or heat-shock (40, 41, 42, or 43°C), then

35 _methionine for 2 h at 37°C. The

labelled with
cells were lysed and equal amounts of acid-
precipitaﬁle radipactivity frgm the lysates were
added to:éach well of the 1-D SDS-polyacrylamide
(3-15%h:§;1. Panel A depicts the Coomassie-blue
stained gel showing the staiming pattern of
polypept1des\présént in the cell lysates. Panel B
shows the fluorogram of the same gel, revealing
the polypeptides newly synthesized by the cells
during the labelling period. Protein standards of
known molecular mass (Ms) are denoted on the left
side of the figure ("STDs"). The M.s shown on the
right sfide of this figure denote the relative
molecular masses (X 10'3) of the HSPs. The
incubation temperature prior to labelling is shown

at the bottom of the figure.
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Figure 6. Fluorographic analysis of the time
required at “heat-shock temperatures (41°C and
43°C) to elicit a RS response :from hyman -
lymphocytes. In each case, lymphocytes were
collected, incubated for 15, 30, 60, or 120 min at
37°C  (control) or 41°C or *43°C (heat-shock

35S-methionine

temperatures), then labelled with
for 2 h at 37°C. Equal amounts of acid-precipit-
able radioactivity from the lysates were added to
each well of a 1-D SDS-polyacrylamide (3-15%

gradient) gel. The numbers shown on the right side

denote the Hrs (x 10'3) of the HSPs.
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enhancement in HSP synthesis is observed after as little as 30 min
exposure at 43°C, and 1s much more enhanced after 60 min at 43°C,

To determine if synthesis of HSPs could be detected using a

355-meth16ﬁ1ne, human 1ymphocytes

$

radicactive amino acid other than

were maintained at 37, 41, or 43°C and then labelled at either 37°C °

or 43°C for 2 h with efther >°S-methionine or'l4Q-Jeucine. In each
case, equal amounts of acid-precipitable radipactivity fréﬁ the

lysates were electrophoretically-separated by 1-D. PAGE. A compari-

35

son of the fluorographic results obtained from using ““S-methionine

or ¢ teucine as the radioactive amino acid (Figure 7) reveals
that HSPs with the same M s are detectable with either radioactive

amino acid. tEnhanced and/or de novo synthesis of the 26 kDa HSP is,

14

however, more apparent when ~ C-leucine is incorporated.

To further establish that the synthesis of HSPs is elevated by
increasing femperaturé, quantification of the radiocactivity
incorporated into specific electrophoretically-separated polypep-

tides from controi and heat-shocked lymphocytes was determined.

35

Lymphocytes were treated and labelled with S-methionine or

14

C-leuctne as described above for Figure 7. Cell lysates were
separated by 1-D PAGE, and areas from the gé]s corresponding in Hr
to the 90 000 and 70 000 '1t.ons (90 and 70 kDa) HSPs and a 42 kDa
non-HSP were excised from the gels. The radioactivity incorporated

into these polypeptides was determined (see section 2.7.5), and the

~ values presented as a percent!ge of the total acid-precipitable

radioactivity present in the cell lysates. The results, as shown in
Figure 8, indicate that synthesis of the 90 and 70 kDa HSPs and the
42 kDa non-HSP 1{s temperature dependent. The 70 kDa " HSP

58



Figure 7. Comparison of fluorographic results

14C-'leucine a; 3SS-methion'lne

obtained from using
for radioactive labelling of polypeptides synthe-
sized by control and heat-shocked human lympho-
cytes. Lymphocytes were maintained at:
(A) 37°C for 2 h and labelled at 37°C for 2 h
(B) 41°C for 2 h and labelled at 37°C for 2 h
., !C) 43°C for 2 h and labelled at 37°C for 2 h
(D) 43°C for 2 h and labelled at 43°C for 2 h
Equal amounts of acid-precipitable radioactivity
from the cd1 lysates were added to each well of
the 1-D SDS-polyacrylamide (3-15% gradient) gel.
Protein standards (STD§)‘of known molecular mass
(X 10"3) are denoted on the left side of the
figure. The relative molecular masses (X 10'3)

‘Bhown agn the right side denote the HSPs and a 42
kDa nbn-HSP.
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Figure 8. Quantificatiew of tﬁg xraaioactivity \
(146F4euc1ne and 35$>meth10nine) incorporated into
specific, e1ectrophofetica1ly-sepaﬁated polypep-
tides from the control and heat-shocked human
Tymphocytes shown in Figure 7. After 1-D PAGE

separation of the polypeptides and fluorographic .

e

analysis of the gels, the amount of radioactivity
in  individual polypeptides (expresée&. as a
percentage of the total acid-precipitable
radioactivity) was determined as described in
section 2.7.5.
The lymphocyte lysates used in this figure are
from ymphocytes maintained at:
(A) 37°C for 2 h and labelled at 37°C for 2 h
(8) 41°C for 2 h and .labelled at 37°C for 2 h
(C) 43°C for 2 h and labelled at 37°C for 2 h
(D) 43°C For'2 h and labelled at 43°C for 2 h
The histogram barg indicating 14C fncorporation

355 incorporatjon.are coded as folliows:

- 42 kl;a non-HSP: 18, 3.
B
B .

and

’ .
355.

70 kDa HSP:

35

90 kDa HSP:

L)
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represents 4;7§§'the radiocactivity present in the 37°C cell lysate,
8% of the 41°C cell lysate, and between 20 - 30% of the 43°C cell
lysate. The 90 kDa HSP represents 3% of the radioactivity present
in the 37°C cell lysate, 5% of the 41°C cell Yysate, and 10 - 20%
of the 43% cell lysate. On the other hand, synthesis of the 42 kDa
non-HSP decreases in relative amoupt in the cell lysate as the
incubation temperature 15&reases. This polypeptide represents 8 -
12% of the radioactivity present in the 37°C cell lysate, 7 - 12%
of the 41°C cell lysate, and 4 - 8% of the 43°C cell lysate.

To further characterize the polypeptides induced in heat-shocked
lymphocytes, lysates from control and heat-shocked cells were
separated by 2-dimensional [EF-PAGE. Cells were maintained at a
control (37°C) or heat-shock (41-43°C) temperature for 2 h, and
labelled for 2 h at 37°C with >>S-methionine. Equal amounts of
acid-precipitable radioactivity from the cell 1lysates were

‘electrophoretically-separated by 2-D IEF-PAGE. Figure 9 show;\that
heat-shocked human lymphocytes synthesize HSPsswith M s of 110,
100, 90, 70 and 65 kDa. Smail but detectable levels of the 110 kDa,
90 kDa, 70 kDa, and 65 kDa HSPs are ;ynthesized by cells maintained
at 37°C. Several of the HSPs consist of families of polypeptides
with differeﬁt isoelectric points (pls). The 110 kDa HSP has a pl
of 5.5 and the-100 kDa HSP has a pl of 5.7 - 5.8. The 90 kDa HSP
family has members with pls ranging from 4.5 to 5.4, the 70 kDa HSP
famtly ﬁas members with pls from 5.3 to 5.8, and the 65 kDa HSP
family has members with pls of 5.3 to 5.5. A 26 kDa HSP was not
detected on fluorograms gf these 2-D gels.

] -
In the aforementfoned experiments,  human peripheral blood
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Figure 9. Fluorographic analysis (2-D) of the
heat-shock response in human lymphocgptes. In each
case, lymphocytes were collected, placed at a
control temperature (37°C), or heat-shocked at
41 or 43°C for 2 h and subsequently transferred to

355-methion1ne'for 2 h (see

37°C and labelled with
Materials and Hetpods). The lymphocytes were lysed
and equal amounts of acid-precipitable radioactiv-
ity from the lysates were added to each first
dimensional (IEF) gel; the second dimension SDS
gel consisted of a 5-15% polyacrylamide gradient.
Protein standards of known molecular mass (Hrs)
are denoted on the teft side of the figure )
("STDs"). The M_s shown on the right side of th{s
figure denote the HSPs and a 42 kDa non-HSP;

" arrowheads indicate the position of the HSPs,
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lymphocytes were isolated from blo%d. samples donated by individuals
aged 20 - 40 years. To further establish & human heat-shock
response across the age spectrum, lymphocytes were isolated from
blood samples received from individuals of vari%us ages. These
individuals were classified into the fo]'lawing groups premature
. infants (less than 38 weeks gestation at birth), full term infants,
child, young adult (20 to 40 years old), and older adult.

Lymphocytes were 1isolated from whole blood samples on 2

" discontinuous Ficoll gradient, incubated for 2 h at control (37°C)

or heat-shock (41 or 43°C) tempe;-atures. and then labelled with
355-_iethionine for 2 h at 37°C. Figure 10 depicts fluorograms of

:~f=H3ﬁ-tS%1;gd+eﬂt<)ASDS-po1yacry1am1de gels on which equal amounts
of acH.-brec\pitabIe radioactivity from the cell 1lysates we;'e i
electrophoretically-separated. Fluoroghaphic analysis shows that

althoygh cells from the .different individuals express different

patterns of protein synthesis at 37°C, cells from all individuals

synthesize the. 110, 100, 90, 70, and 65 kDa “T’s following

-

fncubation a‘t'Ql or 43°C. L ' ' | ;

| ] . f 4

' <
3.1.2 Comparison of the Heat-Shock Response of Human Lymphocytes
» : :
with Hupan Myelowa Cells.

To compare the heat-shockf rtsponsé between _non-transformed

and transformed cells, human \ybhocyte; isolated from whole blood

[ 4 . !
and myeloma cells.fm 3 human bgeart cardnon\ 1ine ~{LQN-MICR-

-Hty2) -were mintatned for 2.% i control (37°C) or heat-$hock

35

| (43°C) temperatures, then labellgg with S-methionine for 2 K at

-
Y

T 37'C Figure 11 dopicts"l D and 2-0 dectrophoretic separations of - .
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Figure 10. Fluorographic comparison (1-D) of the
heat-shock response in_ human peripheral blood
1ymphocytes from individuals of various ages.
Lymphocytes were isolated from whole blood samples
(see Materials and Methods for details), incubated
for 2 h at control (37°C) or heat-shock (41-43°C)

temperatures, and then labelled with 35

S-methio-
nine for 2 h at 37°C. .The cells were lysed and
equal amounts of acid-precipitable radioactivity
from the lysates were added to each well of the
1-D SDS-polvacrylamide (3-15%) gels. The age'groub
of the #ndividual donating the blood sample is
given above the respective fluorograms ("prem"
refers to premature infant). The tempe;;turé of
incubation prior to labelling is indicated below
the gel lanes. The -molécular masses (X 10'3)
indicated at the right of the figure denote the

HSPs.
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Figure 11. Fluorographic comparison ,(1-9 and 2-D)
of the heat-shock response in human lymphocytes
and human myeloma cells. These: cells were
maintained for 2 h at control (37°C) or heat-;hock
(43°C) temperatures, then labelled for 2 bh with
35S-meth'ion*ine at  37°C.- Equal. amounts of

acid-precipitab%e radioactivity from the lysates
were added to each well of the 1-D 5-15%

SDS-polyacrylamtde gels. For 2-D analysis equal

amounts of acid-prer:ipitable radioactivity were
added to each first di%nsiona] (IEF) gels an‘g the
second &imlqnsionu (SDS) gels consisted of &
7-.5-17.5%. pi;lyacryhmide gradient. The paneﬁ on
the right half of the ffgu;'e 1ndicate“ the
heat-shock cells; g the left are‘cells‘maintained
at 37°C prior to labelling. The molecular masses
(X 10'3) p‘f the HSPs are given to the right of the
figure; arrowheads indicate the'1r position an the
2-D gels. HSPs synthesized constitutively. in
significant amounts’at the controli temperature are
indicated by open arrows in the 2-D gels. Circled
ar:ea (0) in the control gels corresponds to the
area in which the 100 kDa MSP s located in the
gels from lysates of heat-shocked cells. * -
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lysates from these cells (equal amounts ,of ‘ac1d-prec1pithb1e
radioactivity from each lysate). A comparison of these fluorograms
indicates that the..héat-shocked human myeloma cells synthesize
polypeptides of‘§1u;iar molecular maskes and isoelectric points as
the HSPs synthesized by heat- shocked human lymphocytes. Further

T

inspection of these fluorograms suggds at transformed cells
maintained at 37°C constitutively ”hg amounts of the 110,

90, 70 and 65 kDa HSPs approx1mat1ng thcce found in their heat-
shocked counterparts. To confirm this observation, areas of the 2-D
gels corresponding to these HSPs were excised from the gels and the
radioactivity .incorporated into these spots was determined (not
shown), - as déscribed AL sectioh 2.7.5. Quantification of
radioactjv?ty 1nto‘the§e polypeptides showed that synthesis of the
HSPs in heat-Shocked myeloma cells increas;d_only 0.2 - 0.5 times
ovér levels« found in myeloﬁa ce11§ maintained at a- control
temperaturé of 37°C. éy comparison, heat-shockéd lymphocytes
exhibited a two to seven fold increase in HSP synthesis over levels

found in lymphocytes maintained at 37°C. _ 4

3.1.3 Chemical Stress of Human Lxgphocyies.

-

Hav%né established that heat-shock alters gene expr€§§j3n in
human lymphocyges._further expériments were performed to examine
the r€sponse of éhese cells to ;hémical stresses such as ethanol or
arsenite. Human lymphocytes were exposed to sod{un arsenite, by
. incubating the cells for 1 h at 37°C with s;d1unf arse?ite at
concentrations ;f 5, 7.5, 26.“75. lbo,.and 200 M. The ce11§ were

35,

then labelled with ““S-methionine for 2 h at 37°C in the absence of

1
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arsenite. Human lymphocytes were also exposed to‘another type_of
chemical stress, in the form of ethanol. Cells were incubated for 1
h at 37°C with 0, 1, 2, 4, or 6% ethanol, and then labelied with
355-meth10p1ne for 2 h at §°C in the absence of ethanol.
Figupe 12 depicts fluorograms of the 1-D gels on which lysates
from arsenite-stressed and ethanol-stressed human lymphocytes were
e1ectrophoret(ca11y separated A short term arsenite-stress results
in the enhanced or de novo synthesis (re'lative to amounf‘of other’
polypeptides) ‘of a group of polypeptides with M_s similar to the
HSPs seen following heat-shock. These polypeptides have "rs of 110,
90, 70, anu 65 kDa. Enhanced synthesis of these polypeptides
appears to be dependent on the concentration of arsenite present in
the‘ medium. No enhanced synthesis of HSP-like polypeptides is
observed with arsenite levels.less t:gh 7.5 uM.

Lymphocytes treated with 6% etha displpy the enhanced or de
novo synthesis of a set of polypeptides with M_s of 110, 90, 70,
and 65 kDa. No changes in the pattern of protein synthesis are seen

with €ells treated with ethanol concentrations less than 6% for the

‘1 h period at 37°C. These’etﬁanol-st;ess induced polypeptides are

§1m1jar in "r to the HSPs synthesized by heat-shocked and
arsenite-stressed lymphocytes. As with arsenite-stress, ‘ethanols
strese¢ Qf ' human lymphocytes does not result in the enhanced
synthesis,- of a 100 kDa polypeptide simi]ar to the ‘ kDa HSP\
synthesized following heat-shock. These results show that short
term exposure to cpemical ptresses surp as arsenite or et;anol can
1nduc§ changes 1in the. pattern- o} protein synthesis 1in human

lymphocytes. These changes involve the enhanced or de novo

-




Figure 12, Comparison of fluorographic results
(1-D) obtained from arsenite-, ethanol-stressed
and heat-shocked (HS) human Ilymphocytes. Cells
were incubated for 1 h a; 37°C in media containing

various concentrations of sodidm arsenite (in uM)

LN

or ethanol (at the concentrations given in the

figure). Heat-shocked (HS) cells were incubated

for 1 h at 43°C. Followtng these treatments, cells

were radioactively labelled with 35S—methionine at

37°C for 1 h “in the absence of ethanol or

. ardenite. Equal amourits  of acid-precipitable

N\

radioactiviiy from the lysates were added to each

well of the 1-0 SDS-pol;gFrylamide gels (3-15%

gradient for arsenite-stressed cells; 5-15%

gradient for ethanol-stressed cells). The\ﬂrs (x
10'3) of protein standards are denoted on the Teft
of the figure. The M s (X 107%) shown-on the right
6? the figure denote the HSPs (or HSP-11ike

polypeptides induceq by chemical-stress), and a 42

kDa non-HSP.
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3.2\Charrg‘e's in Bepe Expression y?\House Cells in Response to
S )

—
Heat-Shock and Chemicat=Stress.

Eollowing the estabiishment of a heat-shock and chemical-stress
response in human lymphocytes, experiments were performed using
mouse spleen cells and lymphocytes to further investigate the
heat-shock and chemical-stress response in manmalian cells.

In the following section of this thesis, 1.will describe the

response of mguse spleen cells to short term ’1_n vitro and in vivow'

at-shock. I will present data outlining the response of mouse
eh cells to chemjcal-stress and to concurrent chemical-stress
heat-shock in vitro, and I will present results which compare
the heat-shock response of mouse cells with human and ral_:b1t
lymphoc&tes.

L

3.2.1 Heat-Shock of Mouse Spleen Celfs: in vitro Studies.

Mouse spleen cells are easily obtained .and manipulated in
culture, and consist of a differentiating population of cells which
are active in protein synthesis. A light microscope examination of
spleen cell preparations (Figure 4 D and E), reveals a mixed
population of lymphocytes, erythrocytes and other blood elements,
including eosindphi.'ls. basophils, .and monocytes .

Mouse spleen cells from several jnbred strains of mice were

heat-shocked to- determine if different strains express different

o ® . -
o] ° . '
° ° © °§' .
[ 1) . * [ ] o.
A el « eaTS.
. °' o
synthesis of HSP-like pol ti similar in M #to most of the
y : ).§>ep, 'dss°‘ ’\.
HSPs induced by heat-shogk. . e . . ~
\ - [
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heat-shock po]ypepffdes (HSPs) in resfonse to thermal stress.’
Figure 13 dep1ct§§$}uomgram of 1-D gels e'l"ec?rophoreticall‘y-
separated polypeptides from mouse sp1e‘eri‘fs incubated a{ a
control (C) temperature (37°C), or heat-shocked (HS) at 43°C fo* 2

h, and subseqpiently labelled with 3B

S-methionine at 3:7°C for Zlh.
Equal amounts of acfd-precipitable radiocactivity from the sple\en
cell “lysates were applied to the gels. Fluorographic analysis pof
these 1-D gels shows that although spleen cells from diff€rent
‘strains of mice express different patterns of protein synthesis‘ at

37°C, spleen cells incubated at an elevated temperature (43°C) from

all of the mouse strain$ examined exhibit a similar altered pattern .

of gene ex‘pression when compared to cells fro.m the same strains
which were maintained at 37°C. This involves the enhanced or de
novo synth'esis; (relative to the amounts of other poly;;eptides) of a
select group of polypeptides (HgPs). .with re1-at1ve molecular masses
(M s) of 110 000, 100 000, 90 000, 70 000, and 65 000 daltons
(Figure 13). Since no differences were found in the HSP response of
spleen cells from these mouse strains, all subsequent experiments
were performed with lymphocytes isolated from BALB/c mice.

A comparison of the fluorographic results obtained from using

35 1

S-methionine or ‘C-leucine as the radioactive label (Figure 14),
reveals that HSPs with the same Hrs are detectable whether either
amino acid is used. The 100 kDa HSP readily apparent by >>S-methio-

nyné labelTing s not as apparent with- lC_ieucine labelling.

‘Enhanced and/or de novo synthesis of a 26 kDa HSP (evident in human .

1ymphocytes hb‘ﬁed with “C-lwcim)' is not. seen in mouse spleen
cells labelled with etther radicactive amino acid.

76



Figure 13.‘F1uorographic analysis o'f the heat-
shock response 1in spleen cells obtained from
various mouse strains. In each case, spleen cells
were collected, placed at a control (C) temper-
ature (37°C), or heat-shocked (HS) at 43°C for 2 h
and subsequently transferred to 37°C and labelled

with 3

SS/-;te;h{dﬁqe for 2% (see Materfals and
Methods). The spleen.cells were lysed and equa)
amounts of acid-precipttable‘rqdioactivity fron;
the lysates were added to each\‘i’ell of the 1-D
SDS-polyacrylamide (5-15% gradent) gel. The mouse
" strains are name;i at the bottom of the figure.
Protein standards of known molecular mass (M s)
are “denoted on the left ;fde of the figure
("STDs"). ,Thenﬂrs (% 10'3') shown on the r1gh't side
“of this figure denote the HSPs and a A2 kDa
non-HSP.‘
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Figure 14. Comparison of flyorographic results

14 35

obtafred from using S-methionine

C-leucine or
‘for radicactive Iabeliiﬁg of polypeptides synthe-
sized by,control (C) and heat-shocked (HS) mouse
spleen cells. Cells were -aiﬁtainﬁd‘ at 37°C or

43°C for 2 h, prior to radiolabelling at 37°C for

2 h. €Equal amounts of acid-precipitable
radioactivity from the cell lysates wlre added to - -

each well of the 1-D SDS-polyscrylamide {5-15%

gradient) gel.- Q .

(A) depicts the fluorogram of the 1-0 g21. In (8B),

1nspection of . an overexposed fluorogram of thi'
Aregion enclosed by the box in (A) reveals the

slightly enhanced synthesis .of 26 kDa HSP

(arrouheads) by heat-shocked cells labQIIed with

8¢ 1eucine. The relative lolecg!ar masses. (X

*1073) shown on tfi/righi side of the Figure deaote

the HSPs. ' . R X
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To determine the minimum timé required to induce HSP synthesis at
a particular temperatu}e. spleen ceT1s_from BALB/c mice ‘were incu-
bated\fo%_}é] 30, 60, and 90 min at control (37°C) or heat-shock
(41°C or 4§°€3 femperatures. and subsequently incubated for 2 h at

355-methion1né. Figures 1% and 16 depict

37°C in the presence of
filuorograms of the ‘l-D and 2-D electrophoretically-separated
polypeptides of lysates from these cells. These fluorograms
demonstrate’that synthesis of the{HSPs is non-coordinate, with the
2-D separations affording bette; resolution of the polypeptides
synthesized. Fluorographic analysis of the 1-D gels shows that
synthesis of the 90 kDa HSP is noticeably enhanced-after 60 min at
41°C, while enhanced synthdsis of the 110, 100, 70 and 65 kDa HSPs
requires at least 90 min at this temperature. Fluorograms 0f the
2-D gels reveals that enhanced synthesis of the 100 kDa HSP can be
detected easily fol]dwing a 60 min dncubation at 41°C (circled
areas in Figure 16).

Analysis of proteins from lysates of spleen ce ™ incubated at
43°C fqrthér demonstrates the noncoordinate synthesis of these
HSPs, and also shows that enhanced HSP synthesis at a higher
heat-shock temperature (43°C versus 41°C)} occurs following a
shorter time period at that higher temperature. One-dimensional
analysis (Figure 15) reveals that the synthesis of 110, 90, 70, and
65 kDa HSPs is markedly enhanced after 30 min at 43°C (compared

with 60 to 90 min at 41°C) while new and/or enhanced synthesis of

the 100 kDa Hsabwodld appear to require at least 60 min at 43°C

(compared with 90 min at 41°C). Again, the reso\ving.power of the

2-D gels detects the presence of the 100 kDa HSP in earlier samples

8t



Figure 15. fluorographic aralysis (it-D) of the

time required at heat-shock temperatures (41°C and
43°C) to elicit a HS response from mouse spleen
cells. In each case, spleen cells were collected,
incubated for 15, 30, 60, or 90 min at 37°C or the
heat-shock temperatures indicated at the top of
the figure, then labelled with 35S—methionine for
2 h at 37°C. Equal amounts of acid-precipitable
radiocactivity from the lysates were added to each
well of an 1-D SDS-polyacrylaﬁ1de (S-ISi gradient)
gel. Protein standards of known molecular mass
(Mrs given in kilodaltons) are denoted on the left

side of the figure. The M s (X 107%) shown on the

right sidg denote the HSPs and a 42 kDa non-HSP.
*
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Figure €. Fluorographic ¥nalysis (2-D) of the

-

time required at heat-shock temperatures (41°C and
43°C? }c elicit a HS response from mouse spleen
cells, In each case, spleen cells were collected,
incubated fqr 15, 30, 60, or 90 min St cantrol

(37°C) or. heat-shock (41 or 43°C) temperatures,
35

*

then 1abe1{ed with ““S-methionine for 2 h at 37°C.
Equal amounts. of acid-precipitable radiocactivity
from the lysates were added to each first
dimensional (IEF) gel; the second dimension SBS
gel consisted of a 7.5-17.5% polyacrylamide
gradient. The M s (X 10'3) shown on the right side
denote the HSPs (arrowheads on figure). The open
arrows indicate the po;itions of constitutively
synthesized HSPs at 37°C; circles accompanied with
an arrowhead indicate the 100 kDa HSP, while those
circles accompanied with an open arrow indicate
the position the 100 kDa HSP would occupy if it

were present.

*






than do the 1-D gels; it is evident in the 2-D gels after 30 min at
43°C.

-

3.2.2 The Effect of Actinomycin-D Treatment on HSP Synthesis:

To determine if MSP synthesis is dependent on new
transcription, spleen cells were heat-shocked for 1 h at 43°C, in
the presence of the RNA polymerase 1nhib{tor Actinomycin-D at
concentratiorns of 0.2, 0.5, 1.0, and 2.0 uM, The cells were then

labelled with S°

S-methionine for 1 h at 37°C. Fiqure 17 depicts the
fluorogram of a 1-D gel on which equal amounts of acid-precipitable
radioactivity from the <cell lysates were electrophoretically-
separated. Fluorographic analysis reveals that Actinomycin-D
inhibits HSP synthesis in a dose-dependent manner. As the
concentration of Actinomycin-D added to the cell suspensions
increases, the re]atice amounts of the HSPs being synthesized by
these cells decreases. Heat-shocked cells treated with 2.0 pM
Actinomycin-D exhibit a marked decrease in HSP sig;hesis. in
comparison with heat-shocked cells treaggd with lesser amounts of
Actinomycin-D, and' also possess a pattern of protein synthesis

similar to~control cells maintained at 37°C. These results suggest

/
that new transcription is required for HSP synthesis.

3.2.3 Recovery from Heat-Shock in Mouse Spleen B Cells.

Experiments were performed to analyze the patterns of protein
synthesis in mouse cells allowed to recover from heat-shock ptrior
toi labelling. B cells were purified from mouse spleen cell

suspensians (see section 2.3.5) and placed for 1 h at a control

86




Figure 17. Fluorographic analysis (1-D) of heat-
shocked mouse spleen cells treated with
Actinomycin-D. Spleep cells were heat-shocked for
1 h at 43°C in the presence of Actinomycin-D (at
the concentrations shown), then radioactively

355-methidnine, in

labelled for 1h at 37°C with
the presence of Actinomycin-D. Equal amounts of
acid-precipitable radiocactivity from the 1lysates
Rre added to each well of the SDS-polyacrylamide
(5-15% gradientL gef..Lyﬁates from control {CON)
and heat-shocked cells which Qere not treated with
Actinomycin-D are shown in the two lanes on the
left of this figure (lanes marked "0"). Relative

molecular masses (Mrs) of the HSPs are shown on

the right side of this figure.
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temperature (37°C), or heat-shocked at 43°C, The heat-shocked cells
were then returned to 37°C for various time periods (0, 1, 3, and §
h). Following this recovery period, the cells were collected by

' f
centrifugation, resuspended in methionine-free MEM and labelled

with 35S_-methionine for 2 h at 37°C. Figure 18 depicts the fluoro-
gram of a 1-D gel on which equal amounts of radiocactivity from the
cell lysates were e1ectrophoret1ca11y—se?arated.

Fluorographic analysis reveals thag mouse 8 cells do recover from
heat-shock and that recovered cells possess a battern of protein
synthesis which resembles the pattern seen in e;ntro1 cells.
Following a 1 ' h heat-shock (HS; lane "O"), mouse B cells exhibit
the enhanced synthesis of HSPs with Hrs of 110, 100, 90, 70, and 65
kDa. Heat-shocked cells allowed to recover at 37°C forll h prior to
labelling (HS; lane "1") still ﬁynthesize HSPs at enhanced levels.
Howgven,\£g11s removed from heat-shock and allowed to recover at
37°C for 3 hor 5 h pridr to labelling {(HS; lanes "3" and "5") no
longer exhibit the enhanced synthesis of HSPs, but possess 4
pattern of protein synthesis similar to that seen in control cells
maintained for 5 h at 37°t (C; Tane "5") prior to labelling. These
results suggesf that mouse cells can recover from heat-shock, that
the rapfd enhanced or de novo synthesis of the HSPs is transient,

and that these cells can re-establish a "normal" pattern of protein

synthesis following heat-shock.

3.2.4 Heat-Shock of Mouse SpTeen Cells: im vivo studies.

Following the completion of the previously described exper-

iments, which established that mouse spleen cells heat-shocked ig.‘

3
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Figure 18, Fluorographic analysis of the protein\

synthesis during recovery from heat-shock. 8 cel\slf

were isolated from the spleen ceMs of mice, ané
were maintained at the control temperature (37°C;\
lanes "C"), or heat-ghocked (lanes "HS") for 1 hy

at 43°C. Heat-shocked cells were then returned to
§

37°C for various time periods (0-5 h), prior to

35

labelling with S-methionine for 2 h at 34°C.

) Control cells were either labelled immediately

after the 1 h incubation at 37°C (C, tane 0), or
kept an addition;{/s h at 37°C prior to 1abg1ljng
(C, lane 5). The cells were then lysed and équal
amounts of acid-precipitable radioactivity from
the lysates were added to each well of the 1-D
SDS-polyacrylamide (5-15% gradient) gel. The M5
(X 1073) shown on the right side of this figure

denote the HSPs,.

s
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vitro exhibit enhanced or de novo HSP synthesis, experiments were

performed~€é determine if spleen cells from mice subjected to brief

periods of thermal stress exhibit changes in gene expression in

situ similar to those-seen with spleen cells heat-shockeé in vitro.
Figure 19 shows fluorograms dépicting (A) the polypeptides

synthesized by cultured mouse spleen cells, and (B and C) the poly-

tides synthesized by splee‘f cells ﬁ;om control mice (maintained at
. SN

37°C), or mice which were thermally stressed to raise their core

temperature to 41°C for a period of 20 min (B and C)T Cultured

mouse cells shown in (A) were maintained at 37°C or heat-shocked

355-methion1ne for 2 h af 37°C.

for 1 h at 43°C, then labelled with
Tie spleen cells shown in _(B) Qere- isolated from control. and
hyperthermic.mice and labelled for 2 h in culture at 37°C. In (C),
spleen cells from control and ﬁxperthenmic mice were labelled in

vivo; that 15, following the 20 min period of induced hyperthermia,

the mice were injected wfth 30 uCi of 355-meth10n1ne and labelled-

for 2 h. Following this time, the mice were sacrificed and their
spleen cells collected and lysed.

Sb1een cells from hyperfhennic mice (B and C) exhibit enhanced or
de novo synthesis of polypeptides with mo]ecular masses and 1so-
electric points similar to the HSPs synthesizea‘by spleen cells
heat-shocked and Iabeljed in vitro (A). These include the 110 kDa,
90 kDa, 70 kDa, and 65 kDR HSPs. Synthesis of a.100 kDa HSP was not
observed in cells from hyperthermic mice. No differences in the
pattérns of HSP‘§ynthesis are seen between spleen cells from hyper-
thermic mice labelled in culture (B:heat-shock), and labelled 1ﬁ
situ (C:heat-shock). Except for the application of heat, mice us\d

o

l

1
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Figure 19, F1uorographﬁc comparisons (2-D) of the
polypeptides synthesized by cultured mouse spleen
cells maintained at 37°C or heat-shocked for ! h
at 43°C (A), with the polypeptides synthesized by
spleen cells frqp/ mice thch were maintained at
37°C c;r which‘ere thermally stressed to raise
their core temgerature to 41°C for a period of
‘?0-30 minutes (B and C). Cultured mouse cells
_(;) were mafntained at 37 or 43°C for 1 h and then
Tabelled with 35S-methionine for 2 h at 37°C. In
{B), spleen ce11s§ 1so1ised from control and
hyperthermic mice were labelled in culture for 2 h

at 37°C. In (C), spleen cells from control and

hyperthermic  ,were labelled in situ; that is,

"following the 20 min period of induced hypertherm-

35S-rnethi’om’ne,

fa, the mice?were injected with
labelled for 2 h, then sacrificed and their spleen
cells collected and 1lysed. Equal amounts of
acid-precipitable radioqgtivity from the lysates
were added to each first dimensional (1EF) gel:
the »second dimensiomn SDS gel consisted of a 5-15%
polyacrylamide gradient. The numbers shown on the
right side of this figure denote the M_s (x 10'3)

of the HSPs and a 42 kDa non-HSP, The position the

100 kDa HSP would occupy (if present) is indicated

by the c17tle. and the arrowheads denote the HSPs,

(
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as controls in these experiments were treated in the same manner as
the thermally-stressed mice. The differences observed in gene
expression between cells from contrg] and thermally-stressed mice
can therefore be attributed to the effects of thermal stress on the

intact mouse.

3.2.5 Comparison of the Heat-Shock Responsa in Mouse, Rabbit and

Human Lymphocytes and with Mouse and Human Myeloma Cells.

To assess the gener$1ity of the heat-shock responsé in
mammalian lymphocytes, cells from several mammalian sources were
heat-shocked and-their polypeptide synthesis patterns compared. As
well, to compare the heat-shock respanse of non-transformed cells
with transformed cell types, mouse spleen cells were heat-shocked,
and their patterns of protein synthesis compared with heat-shocked

mouse myeloma cells.

3.2.5.1 Comparison of the Heat-shock Response in several Mouse Cell

Types. |

A comparison of the HSPs syntﬁesized by mouse spleen cells,
mouse whole blood lymphocytes, and B lymphocytes isolated from
mouse spleen are depicted 1in fhe fluorograms depicted in Figure 20.
In each case, cells were incubated for 2 h at control (37°C) or
heat-shock  (43°C) temperatures  and  then labelled with
355-meth1onine for 2 h at‘37°C. Squaf amounts of acid-precipitable
radioactivity from all 1lysates were applied to 1-D gels.

Fluorographic analysis reveals that while each cell type expresses

‘different patterns of protein synthesis at 37°C, all ce1] types

4
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Figure 20. Fluorographic comparison of the HSPs
synthesized by mouée spleen cells, mouse whole
blood lymphocytes, and B 1ymphocytes\isolated from
mouse spleen. In each case, the cells were
collected, pJaced at a coHtro1 (37°C) or heat-
shock (43°C) température for 2 h and subsequently

transferred to 37°C and labelled with 35

S-methio-
nine for 2 h. ®qual amounts of acid-precipitable
radiocactivity from ths lysates were added to each
well of the 1-D 5-15% SDS-po1yacF}lamide gel. Ffor
2-D analysis, equal amounts of ecid-precipitable
radioactivity were added to each first dimensiona?l
(IEF) gel and the second dimensional (SDS) gels
consisted of a 7.5-17.5% polyacrylamide gradient.
The panels on the right half of the figure
indicate the heat-shock cells; on the left are
cells maintained at 37°C prior to labelling. The
molecular masses (X 10'3) of the HSPs are given to
the right of the figure; arrowheads indicate their
posit{zn on the 2-D gels. The circle indicates the

position the 100 kDa HSP would occupy {f it were

present.



87

HEAT SHOCK

+

 CONTROL

$7730 Nadds

SALAJ0HIRAN @

S3LA00HIRAT

‘.




.

examined exhibit a similar altered pattern of gene expression in
response tc heat-shock: the enhanced synthesis of HKSPs with
molecular masses”and isoelectrit points of 110 kDa (p! 5.5), 100

kDa (pl 5.8), 90 kDa (pl 4.9 - 5.2), Z5~kDa (pl 5.3 - 5.8), and 65
kDa (pi 5.3 - 5,5).

3.2.5.2 Comparison of the Heat-Shock Response in Mouse, Rabbit, and
—=

Human Lymphotytes.

~
The heat-shock response observed in mouse cells was also
compared with that seen in lymphoc}tes {solated from rabbit and
human whole biood. These cells were maintained in culture for 2 h
at control (37°C) or heat-thck (43°C) temperatures, and were
labelled with S°S-methionifie for 2 h at 37 or 43°C. Equal amounts
of acid-precipitable radibgctivity from the cell lysates were
loaded on 1-D End 2-D gels. Fluorograms of these gels of control
and heat-shogkéd mouse spleen <cells, and rabbit and human
lymphocytes are shown in Figure 21, |
In general, similar patterns of HSP synthesis are observed in
lymphocytes from each of the three species, although -.some
differences do occur. Heat-shocking rabbit and mouse lymphocytes
does stimulate enhanced or de novo synthesis of polypeptides with
molecular masses and isoelectric points similar, ff not identical,
to the HSPs synthesized by the human cells. Neither mouse cells
(radiolabelled with 3°
(radfolabelled with 35S-meth10n1ne) appear to synthesize a 26 kDa
HSP similar to that ;een with human cells., A 1ist of mammalian

lymphocyte HSPs can be summarized (see also Table 1) as consisting

S-methionine or 14C-leuc1ne) nor rabbit cells -

98



Figure 21. Fluorographic comparison (1-D and 2-D)
of the heat-shock response in mouse spleen cells,
rabbit lymphocytes, and human lymphocytes. These
cells were maintained for 2 h at controﬂ (37°C) or
heat-shock (43°C) temperatures, then labelled for

2 h with 33

S-methionine at 37 or 43°C. Equal
amounts of acid-precipitable radioactivity from
the lysates were added to each well of the 1-D
5-15% SDS-polyacrylamide gels. For 2-D analysis
equal amounts of acid-precipitable radiocactivity
were added to each first dimensional (I€F) gel and
the second dimensionaf‘(SDS) gels consisted of a
7.5-17.5% polyacrylamide gradient. The panels oan
the right half of the figure indicate the
heat-shock cells; on the left are cells maintained
at 37°C prior to labelling. The molecular masses

(X 10‘3

) of the HSPs are given to the right of the
figure; arrowheads indicate their position on the

2-6‘ge15.
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of 110 kDa (p! 5.5), 100 kDa Tl 5.7), 90 kDa (pl 4.8-5.4), 70 kDa
(pI 5.3-5.8), 65 kDa (p! 5.3-5.5) and 26 kDa (human only) HSPs.

3.2.5.3 Comparison of the Heat-Shock Response in Mouse Spleen Cells

and Mouse Myeloma Cells.

Mouse spleen cells and mouse myeloma cells (Sp 2/0-Ag 14)
were maintained for 2 h at control (37°C) or heat-shock (43°C)

355-methionine for 2 h at 37°é.

temperatures, then labelled with
éigure 22 depicts 1-D and 2-D electrophoretic separations of
lysates from these cells. A comparison of these fluorograms
indicates that the heat-shocked mouse myeloma cells synthesize
polypeptides of similar molecular masses and isoelectric points as
the HSPs synthesized by heat-shocked mouse spleen cells. The
tluorograms in Figure 22 also suggest that transformed cells of
murine origin maintained at 37°C constitutively synthesize the 90,
70, and 65 kDa HSPs at levels approximating those found in their
heat-shocked counterparts. Results similar to these were presented
in Figure 11 with the comparison of the heat;shock response in
human lymphocytes and human myeloma cells. In these experiments as
well, human myeloma_ cells maintained at control temperatures
constitutively synthesized HSPs at levels approximating those found
in human myeloma cells which had been heat-shocked.

\

3.2.6 Chemical Stressing of Mouse Spleen Cells.

Having established that ﬁeat-shock alters gene expression in
mouse spleen cells, further experiments were performed to examine

the response of these cells to chemical agents known to alter gene

101




Table 1. Summary of the Molecular Masses and I[soelectric Points of

—

the Heat-Shock Proteins (MSPs) Synthesized by Human

Ly%phocytes, Mouse Spleen Cells, and Rabbit Lymphocytes

Radiolabelled with

35

S-methionine,

MOLECULAR MASS

N

[SOELECTRIC POINTS

HUMAN MOUSE RABBIT
110 kDa HSP 5.5 5.5 5.6 - 5.7
100 kDa HSP 5.7 5.8 5.7 - 5.8
90 kDa HSP 4.5 - 5.4 4.9 - 5.2 5.3
70 kDa HSP 5.4 - 5.7 5.3 - 5.8 5.4 - 5,7
65 kDa HSP 5.5 5.3 - 5.5 5.5 - 5.6
e ;":
W,
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Figqure 22. Fluorographic comparison (1-D and 2-D)
of the heat-shock response in mouse spleen cells
and mouse myeloma «cells. These <cells were
maintained for 2 h at control (37°C) or heat-shock
(43°C) temperafures. then labelled for 2 h with
35S-meth1om'ne at 37°C. Equal amounts of
acid-precipitable radicactivity .€from the lysates
were added to each well of the 1-D 5-15%
S0S-polyacrylamide gels. For 2-D analysis equal
amounts of acid-precipitable radicactivity were
added to each first dimensianal (IEF)-gel and the
second dimensional (SDS) gels consisted of a
7.5-17.5% polyacrylamide gradient. The pane1§ on
the right half of the fiqure indicate the
heat-shock cells; on the left are cells {a1nta1ned
at 37°C prior to labeliing. The molecular masses
(x 10'3) of the HSPs are gfven to the right of the
figure; arrowheads indicate their position on the
2-D gels. HSPs synthesized constitutively in
significant amounts at the control temperature at
indicated by .open arrows on the 2-D gels; the
circled area in the contro; sampies indicates the

positiog the 100 kDa HSP wouyld occupy if it were

present. ‘
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expression in a manner similar to heat-shock. In this study, sodium
arsenite and ethanol were chosen as chemical-stresses for mouse
spleen cells. In some experiments, chemical-stress and heat-shock
were applied concurrently to the cells, to determine how low levels
of two different stresses (i.e. ethanol and heat) might act to

alter gene expression in mouse spleen cells,

u
U
N
\

3.2.6.1 Ethanol-Stressing of Mouse Spleen Cells: A

Mouse (BALB/c) spleen cells were exposed to varying concen-
trations of ethanol, to determine if changes in gene expression

" occur in response to chemical stress. The cells were incubated for

1 h at 37°C with 0, 1, 2, 4, or 6% ethanol, then labelled for 2 h.

at 37°C in the absence’of ethanol. The cells we?e lysed, and equal
amounts of écid-precipitab]e radfoactivity from the cell lysates
were electrophoretically-separated on 1-0 geis. Fluorograms from
the 1-D gels (Figure 23) and 2-D gels (Figure 23) of the control
and ethano1:;tresseﬂ cells show that a 1 h 1ncubatioﬁ at 37°C.with
6% ethanol results in the relative enh{nced synthesis of the 110,
90, 70 and 65 kDa HSPs. No enhancement of HSP synthesis is seen in
cells incubated at 37°C for 1 h in ethanol concentratiens of less
than 6%; ethanol treatment does not result in the enhanced or de
novo synthesis of a 100 kDa HSP synthesized following heat-shock.

. To analyze further the polypeptides induced in heat-shocked and
ethanol-stressed spleen cells, additional 2-dimensional PAGE
seperhtigns were performed. Figure 25 shows ffuorograms'from 2-D
separations of lysates from control (A), heat-shocked (B), and

ethanol-stressed (C) cells, as well as a coelectrophoresed mixed
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Figure 23. Comparison of fluorographic relults
(1-D) obtained from control (€), heat-shocked
(HS), ethanol-, and afsenite-stressed mouse sﬁleen
cells. Cells were incubated for 1 h at 37°C in
media containing’E{%anOI or ‘sodium arsenite at the
concentrations given in Fhe figure. Control and
heat-shocked cells were incubated for 1 h at 37°C
or 43°C respectively. Following these freatments,

355-meth10-

cells were radioactively labelled with
nine at 37°C for 1 h in the absence of ethanol or
arsenite. Equal amounts of acid-precipitable
radioactivity from the lysates were added to each
well of a 1-D SDS-polyacrylamide {(5-15% gradient)
gel. The relative molecular massesv(X 10'3) of the
protein standards arg denoted on the left of the
figure. The M s (X 10'3) shown on tke right of the
figure denote the HSPs (or HSP-1€ke polypeptides

induced by cheﬁica]-stress), and a 42 kDa non-HSP.
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§fgure 24. Fluorographic comparison (2-D) of the
polypeptides svnthesized by ethanolsstressed mouse
spteen cells., Cells were incubated for 2 h at 37°C
in media containing ethano} at the concentrations
given in the figure. Control (CON) and heat-
shocked (HS) cells were incubated for 1 h at 3}°C
or 43°C respectwve1y,.f$11ow1ng these treatments,
cells were rad1oact1vﬁ§q labelled with 35S-metmo-
nine at 37°C for 2 h in the absence of ethanol,
Equal amounts of acid-precipitable radiocactivity
from the lysates were added to each first dimen-
sional (IEF) gel and the second dimensional (SDS)
gels consisted of a 7.5-17.5% polyacrylamide
gradient. The M s (X 10'3) shown on the right of
the figure denote the HSPs (or HSP-like
polypeptides induced by ethanol-stress), and a 42
kDa non-HSP. The <circled area 1{ndicates the
position the 100 kDa HSP would occupy 1f it were

present.
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lysates (D) from heat-shocked and ethanol-stressed cells. Analysis
of these fluorograms reveals that the HSPs (see arrows in B) exist
as families of polypeptides with different isoelectric points, some
of which are synthesized at low levels by spleen cells maintained
at 37°C (compare the HSPs indicated by arrows in B to their
counterparts in A). Heat-shock and ethancl-induced polypeptides
appear to coelectrophorese (see D in Figure 25) and to be identical
with respect to Hr and pl, except that the 100 kDa polypeptide
irduced by heat-shock (see arrowheads) is absent 1n the ethanol-

stressed cells (see circle in C).

3.2.6.2 Concurrent Ethanol-Stress and Heat-Shock of Mouse Spleen

Cells:

Having established the pattern of gene expression of spleen

cells exposed to a single stressor (heat or ethanol), the response
of spleen cells simultaneously exposed to both stressors was
investigated. Mouse spleen cells were incubated for 30 min at 37°C
(A,B) or 41°C (C,D) in the absence (A,C) or presence (B,D) of 4%
ethanol, then labelled with 355-methion1ne for 2 h at 37°C, in the
absence of ethanol. The cells were lysed, and equal amounts of
acid-precipitable radiocactivity from the cell lysates were loaded
on 1-D and 2-D gels. Fluorographic analysis of these gels (Figures
26 and 27) show no differences in the polypeptides synthesized by
control cells (Figures 26A and 27A) and cells exposed for only a
Timited period (30 min) to 4% ethanol at 37°C (Figures 26B and
27B), or to 41°C alone (Figures 26C apd 27C). However, cells

subjected concurrently to a limited period (30 min) of heat (41°C)

110
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Figure 25. Fluorographic comparisons (2-D) of
polypeptides synthesized by control ¢A), heat-
shocked {B;HS), and ethanol-stressed (C) mouse
spleen cells. Cells were incubated for 1lh at 37°C .
or 43°C, or at 37°C with 6% ethanol, then labelled

35 _methionine. Equal amounts

for 2h at 37°C with
of acid-precipitable radioactivity were added to
each first dimensional (IEF) _gel; the second
dimensional (SDS) gel consisted of a 7.5-17.5%
polyacrylamide gradient. A fourth panel
(D;CO-ELEC) represents a mixture of lysates from
heat-shocked and ethanol-stressed splesn cells
which was electrophoresed on the same ge1;

'3) of the HSPs are

Molecular masses (X 10
indicated on the right of the figure. Arrows
indicate the HSPs, arrowheads indicate the 100kDa
HSP which {s absent in the ethanol stressed cells

(see circled area in C).
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and 4% ethanol (Figures 26D and 27D) display a dramatic synergism
in inducing HSP synthesis - one comparable to cells exposed to a
more severe single stress (e.g. 1 h exposure to 43°C or 6% ethanol;
see Figure 27E,F). This involves the enhanced synthesis of HSPs
with Mrs of 110, 90, 70, and 65 kDa. Synthesis of the 100 kDa HSP
induced by heat-shock but absent following ethanol-stress (an
exposure to 6% ethanol for 1 h at 37°C; Figure 27F and Figure 23),
is not induced or enhanced following concurrent hqet and ethano!
stress (Figures 26D and 27D, circled area). As well, synthesis of
several members of the 70 kDa HSP family (pls of 5.3 - 5,4) which
are present following separate héat-shock or ethanol-stress are
absent following concurrent heat-shock and ethanol-stress (compare
Figures 24 and 278,C).

To quantify the 1nc:eased synthesis of HSPs following concurrent
heat and ethano) s;ress, areas of the gels from Figure 27
corresponding in Mr to the 110, 90, 70, and 65 kDa HSPs, and a 42
kDa non-HSP (as identified by fluorography), were removed amd the
radioactivity determined (see Materials and Methods). The results
(Figure 28) indicate that concurrent exposure to limited periods of
heat and ethanol increases the relative synthesis of the 110, 90,
70, and 65 kDa HSPs, but does not affect the synthesis of the 42
kDaﬁnén-HSP. In particular, cells stressed for 30 min at 41°C with
4% ethanol exhibit a 10-fold increase in the synthesis of the 70
kDa HSP, when compared to cells tfeated with either a limited
per1o& of heat (30 min at 41°C) or 4% ethanol.

To investigate further the response of spleen cells to concurrent

heat-shock and ethanol stress, cells were f{ncubated for varying

{
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Figure 26. Fluorographic comparison (1-D) of the
polypeptides synthesized by mouse spleen cells
stressed by a single stressor (heat or ethanol)
and a concurrent multiple stress (heat and
ethanol). Spleen celis we;e incubated for 30 min
at 37°C (A,B) or 41°C (C,D), in the absence (A,C)
or presence (B,D) of 4% ethanol, then labelled

355—methionine for 2 h at 37°C fn the absence

with
of ethanol. Equal amounts of acid-pregipitable
radioactivity from lysates were added to each well
of the SDS-polyacrylamide (5-15% gradient) gel.
The two lanes on the right (E,F) show the
polypeptides synthesized by spleen cells
heat-shocked for 1 h at 43°C prior to labelling
(E}, and spleen cells stressed with 6% ethanol for
1 h at 37°C (F). The molecular masses (X 10'3) of
protein standards (STDs) are indicated of the left
of the figure; on the right are the molecular
-3)

masses (X 10 of the HSPs, or HSP-like

polypeptides.
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. Figure 27, Fluorographic comparison (2-D) of the
polypeptides synthesized by mouse spleen cells
stressed by a single stressor (heat or ethanol)
and a concurrent multiple stress (heat and
ethanol). Spleen cells Were incubated for 30 min
at 37°C_(A,B) or 41°C (C,D), in the absence (A,C)
or presence (B,D) of 4% ethanol, then labelled
with 355-methionine for 2 h at 37°C in the absence
o% ethanol o Equal amounts of acid—prégipitab1e
radioactivity were added to.each first dimensional
(IEF) gel and the second dimensfonal (SDS) gel
consisted of a 7.5-17.5% polyacry1;m1de gradient.
Arrowheahs indicate the HSPs; £he circled area in
D marks the position the absent 100 kDa HSP would
occupy if it were present. The relative molecular
masses (Mrs) of the HSPs are shown on the right

side of th1s~figure.
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Fiqure 28. Quantification of the radioactivity incorpor-
ated into specific, e!ectrophoretical1y-separatéd
polypeptides by mouse spleen cells stressed by a single
stressor (heat or ethanol) or a concurrent multiple
stress (heat and ethanol), as shown in Figure 27. The
lysates wused in this fiqure aré. from spleen cells
incubated for 30 min at:

(A) 37°C without ethanol

(8B) §7°C with 4% ethanol

(C) 41°C without ethanol - | ’

(D) 41°C with 4% ethanol '

F611owing these treatments, the cells were labelled
for 2 h at 37°C in the absence of ethanol. After 1-D
PAGE separation of the polypeptides and fluorographic
analysis of the gels, the amount “of radioactivity in
individual polypeptides (expressed as counts per minute)
was determined és . described in section €.7.5. The
following histogram bars were .used to represent the

vatious po]ypeptides:

110 kDa HSP

90 kDa HSP

70 kDa HSP
65 kba HSP

42 xDa non-HSP




—
37° 37° 41° 41°
0% 4% 0% 4%
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time periods (15, 30, -60 or 90 min) at 41°C in the presence (or

absence) of ethanol at v/v concentrations -of ’1, 2,4, or 6%,
Fo110wiﬁg these treatments, spleen cells were labelled with 355-
methionine for 2 h at 37°C in~the absence of ethanol, lysed, and
edua1 amounts of acid-precipitable radioactivity for each lysate
were separated by 1-D PAGE.
Fluorographic analysis o; the 1-D gels (Figure 29} shows that
changes in gen; expression due to concurrent  heat-shock and
’ efhanol-stresg are dependent on the duratioﬂ of exposure to :the
stressors - and the levels of stressors present, As the duration of
heat-shock increases from 15 to 90 min, less ethanbl is required to
elicitfh stress response. Spleen cells tncubated fo; 15 min at 41°C

(Figure 29A) require a concurrent expasure to 6% ethanol to elicit

a "complete" chemical-stress response (i.e. enhanced synthesis of

the 110, 90, 70, and 65 kDa HSPs), and do not express enhanced or .

de novo HSP synthesis at lower ethanol toncentrations during the 15
min incubation at 41°C (Figqure 29A). Spfeen ce]lg incubated for-jp
-hin at 41°C (Figures 27 and 29B) require 4% ethanol to elicit a
"complete" .chemical-stress responsel Exposure to 6% ethaqo] at 41°C
for a period of 307an is :;thaT to the cells. . |
' as previously shown, spleen cells incubated for 60 min at 41°C
express enhanced synthesis of the 90 and 100 kDa HSPs in the
absence !;f‘aeghanol. with a 90 min period at this temperature
required for synthesis of the complete HSP set (Figure 16f. The
presence of 2% ethanol during this 60 min 41°C HS periggfinduses
the synthesis of the complete set of HSPs (ngure 29C). Exposure” to

higher ethanol levels than this for the 60 min period at 41°C fis




Figure 29. Fluorographic comparison (i-0) of the
polypeptides synthesized by mouse spleen cells
stressed by concurrent heat-shock and ethanol-
stress for various time periods. Spleen cells were
incubated for 15, 30, 60 or 90 min at 41°C in the
absence (lanes marked "0") or presence of ethanol
(at the concentrations listed: 1, 2, 4 or 6%).
tollowing the stress period, the «cells were

35 _methionine for 2 h at 37°C in

labelled with
the absence of ethanol. f£qual amounts of acid-pre-
cipitable radicactivity from the lysate were added
to each well of {he SDS-polyacrylamide (5-15%
gradient) gels. The molecular masses (X 10'3) of
the HSPs, or HSP-like polypeptides are indicated
on the right side of the figure. No acid-precipi-
table radioactivity was recovered from 1;sates of
cells treated..ith 6% ethandl! for 30 min (8), or
41 and 6% etharmol for 60 min (C) and 90 min (D).
The asterix beside the 100 kDa HSP (C,D) indicates

the presence of this HSP in these cell lysates.
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lethal to the cells. A 90 min HS perfod at 41°C {without any
concurrent stressor) is sufficient to 1{induce synthesis c¢f the
complete set of HSPs in mouse spleen cells, as previously seen in
Figure 16. As would: be expected, HSPs are synthesized awhen low
amounts of ethanol (1 - 2%) are present during this 90 min HS.
However exposure to higher levels of ethanol thar this proves to be
lethal tco the cells. Interestingly, the 1iCC kDa HSP induced by
heat-shock, but not by ethanol-stress (see F(agre 23), is only
synthesized by those cells which have beern concuyrently stressed
for 90 min at 41°C. This is a time and temperature previously shown
to enhance synthesis of this particular HSP in the absence of

ethanol (see Figure 29D).

3.2.6.3 Arsenite Stressing of Mouse Spleen Cells,

Mouse spleen cells were exposed to varying concentrations
of sodium arsenite, toc determine if changes in gene expression
occur in response to this type of chemical stress. Spleen cells
were incubated for 1 h at 37°C in the presence of 1, 10, 50, or 100
uM arsenite, labelled for 2 h at 37°C in the absence of arsenite,
and then lysed. Fluorograms from 1-D gels of control and arsenite-
stressed cells (Figure 23) show that a ! h incubation at 37°C with
10, 50 or 100 yH arsenite results in the enhanced synthesis of the
110, 90, 70, and 65 kDa HSPs. Neither enhanced nor de novo synthe-
sis of the 100 kDa HSP resu1t§’follow1ng these arsenite treatments.

4

3.2.6.4 Concurrent Arsenite-Stress and Heat-Shock of Mouse Spleen

Cells.

L S
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Experiments were performed to determine if concurrent
arsenite-stress and heat-shock alter mouse spleen cell gene
expression in a manner similar to concurrent ethanol-stress and
heat-shock. Figure 30 depicts fluorograms of electrophoretically-
separated polypeptides from mouse spleen cells incubated for 1 h at
37°C (Figure 30A) or 41°C (Figure 308} 'n the presence of O, 1, 5,

1C, 50 or 10C PM sodium arsenite. Following these treatments, cells
were labelled with ?557methionine for ¢ h at 3?°E‘7h>the absence of
arsenige, then lysed, and equal amou&ts of acid-precipitable
radiéact1v1ty from al }ysates were'?%ﬁarateq,on 1-D-gels..
Fluorographic analysis of these 1-D gei§:3hcus th:t arsenite-

stressed cells (Figure 30A) first exhibif enhanced or de novo

synthesis of HSPs following treatment with 101pH arsenite, and that
synthesis of the "complete” set of chemical-stress induced HSPs s
seen following the 50 }ma arsenite treatment. As was previously
shown in Figure 16 and is again seen in Figure 308, cells incubated
for 1 h at 41°C (in the absence of other stresses) express the
enhanced synthesis of the 90 kDa HSP. Cells exposed to concurrent
arsenite-stress and heat-shock exhibit enhanced or de novo
synthesis of the HSPs at much lower arsenite concentrations than

sga' with arsenite alore. Enhanced or de novo synthesis of the

"complete" set of HSPs occurs in these cells at 41°C when arsenite

levels as low as 5 pM are present - a level considerably less than
the SO.FM of arsenfte required for HSP synthesis when cells were
incubated at 37°C. These results suggest that concurrent
arsenfte-stress and heat-shock can act synergistically to enhance

or induce HSP synthesis in mouse spleen cells,

124



Figure 30. Fluorographic comparison {1-0) of the
polypeptides synthesized by mouse spleen cells
stressed by a single stressor (heat or arsenite)
and a concurrent multiple stress (heat and
arsenite}. Spleen cells were incubated for 30 min
at 37°C (A), or 41°C (B), in the absence (lanes
marked "0") or presence of sodium arsenite (at the
concentrations listed: 1, 5, 10, 50, 100 uM). The

355-methionine for 2

cells were then labelled with
h at 37°C in the absence of arsenite. Equal
amounts of acid-precipitable radiocactivity from

lysates were added to each well of the SDS-

polyacrylamide  (5-15%  gradient) gels. The
)

molecular masses (X 10™°) of the HSPs, or HSP-like
polypeptides are indicated on the right side of

the figure,.
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3.3 Immunodetection of 1qG by ELISA.

Experiments were performed to estimate the levels of I[gG
secreted by mouse spleen cells maintained 1n short term culture at
37°C, or heat-shocked at 41 or §3°C. To accomplish this, the
presence of IgG in the cell growth ®edia was assayed using an
Ename-11inked Innunésorbent Assay (ELISA) coupled with ar indirect
immunoperoxidase staining procedure.

To establish the sensitivity of the ELISA technique, mouse
immunqglobulin G (H and L chains, Sigma) at concentrations ranging
from 1-1008 ng/mL was used as the test substance in a series of
experiménfs; Figure 31 depicts the absorbance results and a
photograph of an ELISA multiwell plate from one such experiment.
The wells i%,1anes 3 to 11 of the multiwell plate were coated with
goat anti-mouse 1gG (Fab'2 fragment),. and mouse IgG was added (in
replicates of 7) at the concentrations given in the fiqure legend.
Goat anti-mouse IgG coupled to horseradish peroxidase was then
added to the mu1;iwel1 plate and the color reaction developed. As
seen in Figure 31, the immunoperoxidase reaction was most intense
at the highest 1gG concentrations (lanes 3,4,5; 1000, 500, 250
ng/mL) and diminished as the mouse IgG concentration decreased from
100 ng/mL to 1 ng/m. (lanes 4 - 11). No significant differences
among absorbance readings were seen at mouse IgG cqncenfrations
gréater than 250 ng/mL, indicating that optimal binding of mouse
Ig6 to the GAM-IgG had occurred under ‘these experimental
conditions.

In each experiment, testd were performed to acc0un£ for

non-specific binding of.EES test.substance or the GAM-HRP to the

..\
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multiwell plates. To determine the amount of non-specific binding
0 the mouse IgG to the multiwell plate, wells in lane 2 were not
coated with GAM-1gG (Fab'2 fragment) prﬂ;! to the addition of mouse
IgG (1000 ng/mlL} and the later addition of GAM-HRP. As seen in
Figure 31, non-specific binding of the mouse 1gG to the plate in
negligible even at this high 1gG concentratier (compare lane 2 with
iane 3, where wells wer® coated with GAM-IgG prior to the addition
of the mouse 1gG), To determine the level of non-specific binding
of GAM-HRP to thesmicrowell plate, the wells in lane 1 and 12 were
not coated with‘ghM-IgG (Fab'2 fragment), nor was mouse 1gG added
to these wells prior to addition of GAM-HRP., Figure 31 shows that
only negligible levels of peroxidase reaction were seen in thé;e
wells in lanes 1 and 12, Similar very Yow levels of non-specific.
binding were observed when GAM-HRP was added to wells coated with
GAM-1gG (Fab‘é fragment in the absence of mouse 1gG (data not shown
in Figure 31). !

Mouse spleen celfgisr B cells isolated from a total spleen cell
population were maintained in short-term culture at 37°C or at
heat-shock temperatures of 41°C or 43°C. The media these cells were
g=gwn in was collected, and assayed for I[gG using the ELISA
technique.

\ Figures 32 and ~33 depict the results of representative
experiments performed to determine the effect of i{ncubation
temperature and cell concentration on the secretion of IgG by mouse
spleen cells, “as measured by changes in absorbance at 492 nm,
Growth medium was collected from cells maintained in short term (4

h) culture at 37°C, or at heat-shock temgeratures of 41°C (Figure



Figure 31. Results from an experiment designed to

establish the sensitivity of the ELISA technique,

using mouse Immunoglobulin G (H and L chains,

Sigma) as the test substance. The Upper half of

this
with
lane
part

this

Figure shows the microELISA multiwell plate,
the mean (10910) Absorbance values for each
of the multiwell plate shown in the bottom
of this Figdre. The wells in each lane of
plate were treated as #ollows:

GAM IgG  mouse IgG (ng/mL) GAM+HRP
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32) or 43°C (Figure 33). The cBITs were incubated at. the cell
concentrations shown in the Figure legends. Absorbance data were
analyzed by Analysis of Covariance (ANCOVA; as described in the
Materials and Methods), to establish whether the levels of IgG
found in the media from cells grown at 37°C differed from those
levels found in media from cells maintained at 41 or 43°C.

The statistical analysis of these absorbance values reveals that
at any given cell concentration, the amount of [gG detected in ‘the
media from ce1is incubated at 37°C was not significantly different
from that teen in media from cells maintained at the heat-shock
tempexatures of 41°C (Figure 32) or 43°C (Figure 33). The absorb-
ance values of any given cell concentration are significantly
different than those for any other cell concentration, indicat{ﬁg
that as the number’of cells present in the media increases, the
amount of [gG present in that media increases as well.

In some experiments, the IgG complexes present in the wells of
the multiwell plates were stripped from the wells by SDS-
solubilization, and electrophoretically-separated on i-D PAGE ge]s;
Fluorographic analysis reveals (F%gure 34, C and D) that a similar
pattern on polypeptides was isolated from the media of control and
heat-shocked—ce11s assayed by the ELISA %Fchnique. In each case,
three polypeptides having Mrs of 77, 53, and 23 kDa were resolved
on fluorograms of the 1-D polyacrylamide gels. These correspond to
the molecular masses of mouse light chain IgG (23 kDa), and mouse
heavy chain IgG (53 kDa) previously reported under reduced
. conditions (Eisen 1980). The 77 kDa band may cqwrespond to a

non-reduced light and heavy chain configuration, as the Mr§ of
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Figure 32. Analysis of the amount of IgG in media

from cells maintained for 4 h at control (37°C) or
heat-shock (41°C) temperatures, as detected by the
ELISA-immunoperoxidase  technique. This gragﬂ_\
depicts the effect of cell concentration ‘and
jncubation temperature (®-37°C, or 0-41°C) on the
10910 Absorbance values. Data is given as Mean =

S.E.. ¢
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?igure 33. Analysis of the amount of IgG in media
from ceH-s maintained for 4 h at control (37°C) or
heat-shock (43°C) temperatures, as detected by the
ELI;A-imunoperoxidase t'ecﬁ\nigue. This graph
depicts the effect of ceH”' concentration and
incubation temperature (m-3?°C, or 0-43°C) on -the
10910 Absorbance values. Data is given as Mean =*

S.E..
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these two chains do add up to a similar molecular mass (76 kDa).
This figure shows that the oniy radioactive polypeptides extracted
from the ELISA plates, and presumably bound to the GAM-IgG, are the
1gGs. ‘

Levels of I1gG were also ‘determined in media in which B cells
isolated from the total spleen cell population had been maintained
at a control (37°C) temperature or at 41°C (Table 2; A and BR), and
with spleen cells maintained at 37° or 43°C. In some experiments,
the concentration of the 1gG detected in the multiwell plate
(ng/mL) was determined by extrapolating the absorbance data from a

mouse IgG standard curve simitar to that presented in Figure 31. As

seen in Table 2, no significant differences existed between the .

amount of IgG detected in the medium from cells maintained at
control or heat-shock temperatures. Quantification of the specific
activity of the 1gG samples shown in Figure 34 (lanes C and D) and
presented in Table 2 (C) shows that the specific activities (cpm/ng
I1gG) of IgG newly synthesized and secreted by cells maintained at
control and heat-shock temperatures are comparable. Thesg results
suggest that synthesis and secretion of IgGs may not be affected by
thermal stresses sufficient togjnduce HSP synthesis and dépress the
synthesis of other polypeptides normally synthesized at a control

temperature. N
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Table 2. Detection of

1gG by ELISA

the media

\
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of control and

heat-shocked mouse spleen cells and splenic

B cells.

INCUBATION  ABSORBANCE  SIGNIFICANCE ng/mL SPECIFIC
TEMPERATURE (= S.0.} (p=0.05%) 196 ACTIVITY
(°C) (CPM/ng 1gG)
EXPT A 37°¢ 0.018 + 0.004 N N.D. N.D.
41° 0.018 - 0.002 N.D. N.D.
EXPT 8 37¢ 0.03%5 - 0.008 - 7.5 =1 N.D
41° 0.041 - 0.011 8.0 ¢+ 1 N.D
EXPT C 37° "0.342 + 0.033 ‘s 58 - 179
43¢ 0.321 + 0.032 54 - 224

-~

(CPM/ng 1gG) indicates counts per minute of radiocactivity per

nanogram of IgG.

,

N.S. indicates the compared values are not signihantly different.

N.D. indicates these values were not determined.

LYY




Figure 34. Fluorographic comparison of cell
lysates from control and heat-shocked mouse spleen
cells (A and B), mouse.B cells (E ané F), and ZgG.
samples isolated from cell growth medium by ELISA,
and subsequently released from the multiwell ELISA
plate by SDS solubilization (C and D). Mouse
spleen cells were incubated at 37°C or 43°C for 4

h, in the presence of 35

S-methionine; mouse B
cells, isolated from the total spleen cell popula-
tion, were incubated at 37°C or 41°C for 4 h in

“"the presence of 35

S-methionine. The cells were
lysed and equal amounts of acid-precipitable
radicactivity from the lysates were added to each
well of the 1-D SDS-polyacrylamide (5-15%)
gradient gels. Media from control and heat-;hocked
spleen cells was assayed for the presence of IgG
by the ELISA procedure, then the I1gG complexes
bound to the ELISA plate were released by
solubi]izatiﬁn with 10% SDS, and equal amounts of
acid-precipitable radicactivity were separated by
1-0 polyacrylamide gel electrophoresis. Prfotein
staqgards of known molecular mass (Mr; given in
kilodaltons) are denoted on the deft side of the
figure; the relative molecular masses of the IgG
(lanes C and D) are given on the right side of the

Figure.



138

SPLEEN




DISCUSSION

Ir recent years, a considerable volume of work investigating the
heat-shock phenomenon has been reported. Tissues and cells, from
bacteria to mammals, have been challenged by all manner of
environmental stress agents in attempts to <characterize this
ub%quitous cellular response to changes in the environment. When
this thesis study was undertaken in 1982, the literature contained
surprisingly few reports characterizing the HS response in human
tissues. For the most part, those studies presenting human HS data
described this response in Hela cells (Slater et al. 1981; Thomas
et al. 1982) or other transformed cell lines (Tsekuda et al. 1981;
Anderson gt al. 1982; Atkinson and Pollock 1982), with little
attention given to examining the HS response 11n normal human
tissues.

One objective of my study was to characterize the heat-shock
response in normal human cells, and to correlate this response with
that seen {in similar, but non-human, mammalian cells. The data
indicate that lymphocytes isolated from humans, mice and rabbits
respond to a brief heat shock treatment by a similar rapid change
in gene expression, as characterized by the new and/or enhanced
synthesis of polypeptides with Mrs of 110, 100, 90, 70, 65 and 26

(with 19

C-leucine labelling only) kDa, and the depressed synthesis
of prdteins normally made at 37°C. With human lymphocytes, the
depressed synthesis of polypeptides normally made at 37°C becomes
more pronounced with increased temperature and/or with time spent

at the elevated temperature (Figure 7).

@
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The synthesis of HSPs by heat-shocked mammalian lymphocytes is
dependent on transcription of new mRNA, as determined by
experiments using Actinomycin-0, an inhibitor of RNA synthesis.
When mouse Tlymphocytes were heat-shocked in the presence of
Actinomycin-D synthesis of HSPs was not abserved, although
synthesis of control polypeptides from pre-existing cytoplasmie.
mRNAs did not appear to be affected (Figure 17). This suggests that
new mRNA synthesis is required for induction of the HS response in
mouse cells. Similar results have been reported for numerous
systems, including heat-shotked avian erthryocytes (Atkinson and
Dean 1985), and chicken embryo cells stressed by heat (Kelley and
Schlesinger 1978) or arsenite (Johnston et al. 1980).

The new and/or enhanced synthesis of each HSP is dependent on the
length of ctime the cells remain at a particular HSP—}nducing
temperature, and is not necessarily coordinated with the synthesis
of the other HSPs. A temperature of at least 41°C (for greater than
1 h) is required to detect synthesis of the HSPs by human 1ympho-
cytes, with greater quantities of the HSPs being detectable as the
incubation temperature increases to 43°C (see Figure 6X. This
finding suggests that the limited HS response reported by other
studies with some human transformed cell lines may be a function of
the short periods such cells were heat-shocked (10-30 min, Anderson
et al. 1982). Siﬁilar1y, with mouse lymphocytes (Figure 16),
fluorographic analysis of the 2-D gels shows that detectable
quantities of the 100 and 90 kDa HSPs are present after 60 min at
41°C, while at least 90 min at this temperature is required to

detect noticeably enhanced synthesis of the 110, 70 and 65 kDa

141




"HAR

I 4
HSPs. When the incubation temperature is increased to 43°C, KSP

synthesis is markedly enhanced after only 30 min at this tempera-
ture. Similar evidence of non-coordinate HSP gene expression has
been shown by others in Drosophila (Lindquist and DiDomenico, 1985)
and in avian erythrocytes (Atkinsoﬁ and Dean, 1985). This response
of mammalian lymphocytes to heat-shock, which involves the rapid
enhanced- synthesis of the HSPs, is a reJersibIe response. When
heat-shocked cells are returned.te a normal culture temperature,
HSP synthesis gradually ceases and the cells recover their normal
pattern of protein synthesis a?tgr several hours at the normal
culture temperature (Figure 18).

The set of HSPs synthesized in culture by mammalian lymphocytes
is similar, in whole or in.part, to the HSPs synthesized by other
mammalian cell types. HSPs of similar molecular mass and isoelec-
tric point are synthesized by heat-sho;ked and arsenite-stressed
human fetal tissue (German 1984), heat-shocked Quman lymphoblastoid
cells (Anderson et al. 1982), heat-shocked and arsenite-stressed
primary and secondary cultures of mouse embryonic fibroblasts and
" mouse teratocarcinoma cells (Bensaude and Morange 1983; Morange et
al. 1984), ethanol- and arsenite-stressed CHO cells (L{ and Werb
1982), and some, but not all heat-shocked Hela cell lines (Thomas
et al.; Welch et al. 1982), but are different, in one or more of
these properties, from the HSPs synthesized by other similarly

treated transformed lines of human or mouse cells (Imperiale et al.

1984; Morange et al. 1984). The most commonly reported HSPs

synthesized in mammalian cells - the 90 and 70 kDa HSPs (Subjeck




and Shyy 1956) - are constitutively synthesized in low amounts by
mammalian lymphocytes, but become mfjor components of the protein
synthetic pattern of these cells fol]ogj%g heat-shock. In the
absence of experimentally imposed stress, human lymphocytes
synthesize low levels of the 90 and 70 kDa HSPs accounting for only
5 - 8% of the total radioactivé1y- labelled amino acid incorporated
into protein (Figure 8). Following heat-shock, 30 - 50% of the
radicactively-labelled amino acid is present in these polypeptides.

While the constitutive‘synthesis of .the 90 and 70 kDa HSPs in
mammalian lymshocytes appears to be similar to the low levels of
thegg polypeptides detected in primary cultures of mouse
fib:sblasts (Bensaude 'Ld Morange 1983), the myeloma cell lines
tested sy?thesize considerable amounts of these polypeptides in the
absence of heat-shock (Figures 11 and 22). While heat-shock of
these cells does result in the enhanced synthesis of the 100 kDa
HSP, only.a moderate enhancement in synthesis of the 110, 90, 70
and 65 kDa HSPs is observed over the already elevated constitutive
levels of these polypeptides. Similarly, other groups have shown
that high levels of the 89 and 70 kDa HSPs are constitutively
synthesized by some human and mouse cell lines (Morange et al.
1984; Imperiale et al. 1984). Alternatively, these polypeptides may
be the products of genes that are homologous to the HSP genes, but
which are transcribed at normal temperatures and are not heat
inducible, and therefore have ge&e prpducts indistinguishable from
the HSPs on the basis of 2-D PAGE.

It was found that detection of a 26 kDa HSP is less apparent in

human and mouse cells labelled with [355]-methion1ne than it is in,
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cells labelled with l'_l4

26 kDa HSP in human lymphocytes labelled with radioactive
methionine, and the lack of expression of a comparable low
molecular-weight HSP in mouse and tabbit cells (also radiolabelled
with 355-methion1ne) suggests that this polypeptide possesses
little or no methionine, a finding in agreement with H{ckey and

Weber (1982), Kim et al. (1983) and Welch (1985).

—— —
i

The experiments which characterized the in vitro response of

human and mouse lymphocytes to HS, suggest that this dramatic

change in gene expression in vitro may represent a homeostatic

response to stress which would also occur in cells enduring a

thermal stress in vivo. To test this hypothesis, mice were exposed

to brief periods of thermal stress, and the polypeptide synthetic
patterns of lymphocytes collected from these mice were compared to
those fqg? polypeptides extracted from lymphocytes heat-shocked in
vitro. It %as found that lymphocytes obtained from, or in, mice
subjected to a non-lethal, increase in body temperature (approx.

4°C} synthesize HSPs with pls and M s, tdentical to the full

. complement of HSPs synthesized by human, mouse .and rabbit

lymphocytes heat-shocked in culture, except for the absence of a
100 kDa HSP. These results, in terms of a more or less complete HSP
response in situ, are similar to those reported for bone marrow
from thermally-stressed adult mice, and for thermally-stressed 10-
or 11- day old mouse embryos (German 1984), avian embryos (Atkinson
et al. 1983) or the erythrocytes dbtained from heat-stressed adult

quail (Dean and Atkinson 1985; Atkinson and Dean 1985), but are
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Cl-leucine. The difficulty in detecting this
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different from results obtained using tissue from intact organs of
thermally stressed rats (Currie' and White 1981; Hammond et al.
1981) and rabbits (Inasi and Brown 1982; Brown 1985). In these
latter stdaies, LSD-induced hyperthermia resulted in the enhanced
synthesis of only 71 and 74 kDa HSPs by tissues from intact organs
(as well as a 95 kDa HSP in rabbit retinal cells), even though
cultured cells from these mammals are known to respond to
heat-shock by synthesizing a greater variety of HSPs (Landry et al.
1982; Welch 1985; Figure 21 of this thesis). Brown et al. (1982)
suggest this limited HSP resﬁbnse by thése tissues may be due to
constraints on HSP induction in intact organs. However, our data
and that of others which report the non-coordinate induction of the
HSPs (Lindquist and ‘Pi Domenico 1985; Atkinson and Dean 1985)
suggest that this limited response by tissues from intact organs of
thermally-stressed mammals may either be the result of cells within
these organs not receiving a stress of sufficient magnitude or
duration to induce expression of the full complement of the HSPs,
or that the method of hyperthermia induction (LSD-treatment) may be

responsible for the limited HSP response.

The synthesis of HSPs by mammalian cells can be induced by
exposure to a2 wide variety of stresso}s other than heat, such as
chemical stress (i.e. ethanol or arsenite), anoxfa, viral
transformation or glucose deprivation (Nover 1984, Subjeék arfd Shyy
1986; see also section 1.1 of this thesis). It was found that human
and mouse lymphocytes exposed to 10 - 100 F" arsenite or 6% ethanol
(for 1 h at 37°C; see Figures 12 and 23 to 25), respond -with the
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new and/or enhanced synthesis of polypeptides with pls and Hrs
similar to most of the heat-induced HSPs (i.e. 110, 90, % and &5
kDa HSPs). These polypeptides have molecular masses similar to the
major subset of mammalian HSPs categorized by Subjeck and Shyy
(1986; Mrs of 110, 89, 70 and 68 kDa). As is the case with the
heat-induced HSPs, synthesis of Fhe chemical-stress-induced HSPs is

dependent on new RNA synthesis.

Chemical stress (ethanol or arsenite) of human and mouse
lymphocytes does not appear to induce the synthesis of a 100 kDa
HSP. Previous reports have implicated this particular HSP as being
a membrane-bound phosphoprotein involved in alterations of glucose
metabolism (Welch et al. 1982; Lin and Queally 1982). Welch et al.
(1983) have shown with rat-1 cells that heat-shock, calcium
ionophore treatment and glucose depletion from the cell culture
medium each result in the enhanced synthesis of a Golgi-associated
100 kDa HSP, which they refer to a$ a glucose-regulated protein
(GRP). Other workers have also reported g]ucose-reguléted proteins
of similar molecular mass (95-105 kDa)t Hightower and White (1982)

~ report that synthesis of a 99 kDa glucose-regulated protein (GR99)

is induced in glucose-deprived rat aorta cells, while a 95 kDa GRP

r/j::Bas been reported in glucose-starved chicken embryo fibroblasts

transformed with Rous sarcoma virus (3hiu et al. 1977) and with

murine L cells cultured for prolonged periods in low-glucose medium
(Kasambalides and Lanks 1981)7 l .

Rose and Khandjian (1985) have recently described a{polypept1de
(p105) which, 1like: the 100 kDa GRP descrihed by Welch et al,
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V(1983), is membrane associated, induced by glucose starvation, and
primarily localized in the nucleus following heat-shock. These
reports of a glucose-regulated 100 kDa polypeptide, along with my
data showing only HS—'speciﬁ'c induction of the 100 kDa HSP in
vitro, and the absence of thisﬁ pelypeptide in cells heat-shocked in
vivo (Figure 19) suggest that the 100 kDa HSP is a minor member of
the HsP group whose syrthesis is enhanced only in cultured cells
following exposure to certain types of environmental stresses -
such as heat-shock and glucose deﬁrivation - but is not detectably

induced by either /e,léno‘l- or arsenjte- stress,

The data presented indicates that exposure of mammalian 1ympho-
.cytes to fuch seemingly diverse environmental challenges as
heat-shock or ethanol results in a similar pattern of enhanced HSP
synthesis. As well, HSP synthesis is dependent on the 1level of
stress and the length of time cells are exposed t& that stress. For
instance, ,a 60 min exposureego 41°C or 30 min exposure to 43°C each
enhance HSP synthesis by mouse spleen cells, as does a 60 min
exposure to 6% ethanol. However, no enhancement in HSP synthesis
was observed with cells exposed to Tes\ser levels of stress (1.e. 30
min at 41°C or 60 min with 4% ethanol), suggesting that a stress
threshold must be reached before the HS response will be observed.
These results raised.the possibility that low levels {(non HSP -
inducing) of two or more stressors’ presen’ted to cells concurrently
might ;ct synergistiql]y to elicit a HS response.

L 4

To test this hypothesis, mou.;.e splenic lymphocytes were concur-
4
rently exposed to sub-threshold levels (non HSP-inducing) of two
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different stressors. Heat and ethanol were chosen as stressors, and
lymphocytes were incubated for 30 min at 37°C or-subjected to a
"“mild" heat shock (30 min at 41°C; a time period at a tempe}ature
which does not result in HSP synthesis), in the presence (or the
absence) of 4% ethanol (a concentration which does not induce.HSP
synthesis in 30 min at 37°C). Fluorographic analysis of 1-0 (Figure
26) and 2-0 (Figure 27) electrophoretically-separated polypeptides
and quantification of individual polypeptides synthesized by
1ymphocytes under these conditions (Figure 28) reveal no
differences in the polypeptide synthetic patterns of lymphocytes
maintained for. 30 min at 37°C without etsanol, 37°C with 4%
ethanol, or 41°C without ethanol. However, cells which were
stressed for 30 min by a concurrent app11cat1on of "mild" heat
(41°C) .and 4% ethanol synthesized striking amounts of all of the
HSPs (except the 100 kDa HSP) synthesized by cells incubated for 1
h at 43°C or for 1 h at 37°C in the presence of 5% ethanol.

The synergistic actﬁon o‘ two~"mi]d" (non-HS inducing) stressors
to eMNcit the HS fesponse fh mohse 1ymphocytes is dependent on the

A
incubation temperature. the level of ethapol. and the duration of

" the stress per}od ‘As the length of thetstress period (at 41°C)

1ncreases, less ethanoT is requ1¥ed to J11c1t the HSP response.

Cells stressed fpﬁ 15 min at 41°C reduire 3 cohcurrent stress of 6%

ethanol for HSP synthesis (Figure\?QA) whﬂ]e cells stressed for 30 .

148

min at 41°C synthes{re HSPs tn the’ presence of 4% ’ethanol (Figures B

26 and 29B). A simi1ar HS response is obse#ved with cells stressed
for 60 min at 41° c 1n the presence of 2% ethanol (Figure 29C).
Ce]]s stressed for 90 min at 41°C (Figure 290) synthesize HSPs in
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the absence of ethanol, as was previously shown in Figure 15.
Further multiple stress experiments were performed, where mouse
lymphocytes were exposed to concurrent subthreshold levels of heat
and arsenite {Figure 30). Lymphocytes were incubated for 1 h at
37°C or subjected to a "mild" heat-shock (1 h at 41°C), in the
presence (or absence) ef arsenite (at concentrations ranging from O
to 100 PH)‘ The synergistic effect of heat and arsenite on gene
expression is similar sc that observed, herein, ;ith heat and
ethanol. Cells stressed with arsenite at 37°C exhibit the "full" HS
response (enhanced synthesis of the 110, 90, 70 and 65 kDa HSPs)
oniy when arsenite levels reach 50 PM' When the cells are incubated
at 81°C in the presence of arsenite, this HS response is observed
at arsenite concentrations as 1oQ as 5 HM. These results further
demonstrate the synergistic effect multiple stressors at individual
subthreshold levels have on g;ne expression. |

Previous work in our lab (Somerviile 1984) has shown that

exposure to concurrent multiple stresses can enhance the HS

response. Simultaneous heat (42°C) and chemical (arsenite, copper
or z2inc) treatments in quail myogenic cells greatly enhance
synthesis of a 26 kDa HSP. Other workers have shown that synthesis
of a canavanine-igduced 22 kDa protein is considerably enhanced in
chicken embryo éﬁbroblists when the incubation temperature is
increased from 38-42°C (Kelley and Schlesinger 1978). Furthermore,
various inducers of HSP ;ynthesis can act cooperatively to confer
. thermotolerance - the acquisition of a transient resistance to

lefﬁa\ temperatures by cells previously exposed to a period of mild

heat-shock or chemical-stress (Li and Laszlo 1985). Stressors other
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than heat which induce HSP synthesis in mammalian cells, such as
ethanol, chronic hypoxia and sodium arsenite, confer tolerande to
subsequent heat treatment (Li 1983; Li and Werb 1982; Li and Hahn
1978¥, anc¢ can induce self-protection; for example, ethanol-
pretreated cells become more resistant to subsequent ethano)
treatment than control cells (L{ et al. 1980). Collectively, these
data suggest that heat-shock, and at least some types of chemical
stresses affect a common “target" which directly or indirectly
causes a rapid change 1n gene expression (Munro and Pelham 1985),
resulting in the synthesis of heat-shock proteins.
v

Considerable evidence suggests that the HS response (i.e.
synthesis of HSPs) may act as a universal and fundamental mechanism
for cell protection during periods of diverse environmental stress.
This evidence 1nc1udesk the wide variety of stresses~ capable of
inducing HSP synthesis (Subjeck and Shyy 1986), the conservation
through evolution of HSP genes and the consensus sequences required
for their transcription (Craig 19886; Pelham 1985), the correlatisr
of HSP synthesis with the protection that mild heat treatment or
chemical-stress offer to cells (Li and Laszlo 1985) or animals
(Dean and Atkinson 1983) subsequently exposed to lethal tempera-
tures (tpermoto1erance), and the cortelation of HSP synthesis
reSulting"from mild heat pretredtment with protection against
phenocopy 1nduction-§(ﬂi‘t§%1flj;¥_£ al. 1979). The c‘%%wtﬂe
synthesis of at 1eas€ some of the HSPs at control temperatures agpd
the subsequent enhancement in pheir synthesis following heat-shock

or chemical-stress suggests that these polypeptides function in
.h A ]
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cells during non-stress conditions, and that their importance is
amplified during the stress epis®de.

Even though a large volume of data has characterized much of the
heat-shock response, evidence for specific roles for any of the
HSPs is at best fragmented, and it is not yet possible tc establish
an integrated scenario for HSP function. The 90 kDa HSP has been
reported to associate both with steroid hormone receptors (Sanchez
et al. 1985; Catelli et al, 1985) and the pp60°"C tramsforming
protein of Rous sarcoma virus (Schuh 1985), one member of the 70
kDa HSP family releases clathrin from coated vesicles (Unrgewickell
1985), the 1low-molecular weight HSPs possess striking sequence
homology with the structural protein aigpa-crysta11in'L{PgOTia and
Craig 1982) and ubiquitin is purported to be involved ‘in protein

degradation (Bond and Schlesinger 1985},

In this thesis, mammalian blood cells subjected to in vitro and

in vivo heat-shock or in vitro chemical-stress were observed to

——

have changes in gene expression at the level of protein synthesis
which involved the enhanced synthesis of HSPs and Ehe concomitant
depression in synthesis of most normally synthesized polypeptides.
While varfous characteristics of the HS response support the belief
that the HSPs have a beneficial protective function, the depressed
synthesis of many normally synthesized polypeptides - through the
preferential transcription of the heat-shock genes (Ashburner and
Bonner 1959; Lindquist and DiDomenico 1985), the preferential
selection and translation of the HSP mRNAs and sequestering of

pre-existing mRNAs translated prior to the heat-sheck treatment
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(Craig 1985; Lindquist and DTDomenico 1985) - could have adverse
effects on celluTar differentiation and function. If cells stressed
by heat-shock or chemical-stress are involved with developmental
processes such as the proper timing of deve]EPment§1 decisions
during embryo growth and differentiation or are involved with
physioloaical processes such as the continual secretion of
physiologically required products, any alterations - in norma)
protein synthesis could be of serious consequence. Indeed, evidence
supporting the conjecture that stress-altered protein synthesis can
lead to developmental defects is well established. Hyperthermia and
ethanol have each been shown to have adverse effects on the
embryonic and fetal development of rodents whose mothers were
exposed to short periods of hyperthermia or ethanol-stress during
pregnancy (Finnell et al. 1986; Germain et al. 1985; Nitowsky 1980;
Webster et al. 1980; Edwards 1967). In humans, epidemiological
studies of pregnant women suggest an association of maternal fever
during pregnancy with neural tube defects in their offspring (Layde
et al. 1980; Smith et al. 1978). Chronic maternal ethanol exposure
during pregnancy in humans and animals results in an a]tergd
pattern of fetal development known as the Fetal Alcohol Syndrome
(FAS, Abel 1984; Priscott 1982; Sulik et al.-1981).

Having established in earlier experiments that %5 could induce
alterations in the patterns of polypeptides synthesized by
mammalian blood cells, it seemed appropriate to evaluate whether
the adverse effects (i.e. the depressed synthesis of normal

proteins) suggested for heat-shock on the gene expressfon of

developing cells, might also affect differentiated cells involved



in the synthesis and secretion of protein products extremely
relevant to the well-being of an organism. Blood cells, at least
those which constitutively synthesize and secrete 1gG, were deemed
" an appropriate and relevant model for this type of study, as it
would seem to be advantageous for an organism to maintain an immune
response (i.e. the synthesis and secretion of I1gGs) during periods
of hyperthermia, or feverous periods which often occur 1in the
course of certain disease states (Roberts 1979). Thus, in this
thesis, it was asked whether the amounts of constitutively
synthesized and secreted immunoglobulin G detectable in the media
from cell suspensions maintained.at 37°C would be dif%erent from
that found in the media of cells heat-shocked at 41°C or 43°C.
These results demonstrate that the synthesis and secretion of IgG
by mouse spleen cells or B lymphocytes does not appear to be
affected by short exposure to heat-shock temperatures of 41° -
43°C, If these results from experiments with heat-shocked cultured
cells are analogous to naturally occurring periods of hyperthermia,
they would support the contention that the alteratfons in gene
expression resulting from fever or hyperthermia are not detrimental
and, in fact, may be beneficial to the mounting of an appropriate
.immune response during certain disease states.{Ashman and Nahmais

1977, Roberts and Sandburg 1979; Smith et al. 1979; Saririan and

Nickerson 1982).'
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SUMMARY OF CONCLUSIONS:

(1)

The in vitro exposure of human lymphocytes to short term
increases in incubation temperature results in the synthesis of
heat-shock proteins with relative molecular masses of 110 000,
100 000, 90 000, 70 000 and 65 000 daltons, and the depressed

synthesis of many normally synthesized polypeptides. This

’

response is dependént on the duration and severity of the

heat-shock. Synthesis of a 26 000 dalton HSP is observed in

cells radiolabelled with 14

35

C-leucine, but not in those cells
radiolabelled with ““S-methionine.

The pattern of HSP synthesis observed in human lymphocytes is
similar to that observee with human transformed cell lines
heat-shocked in vitro. However, transformed cells constitutive-
ly synthesize higher levels of the HSPs than are synthesized by

non-transformed lymphocytes.

Lymphocytes from mice and rabbits, and mouse spleen cells and B
lymphocytes synthesize HSPs with molecular masses and
isoelectric points similar to those synthesized by human
lymphocytes. HSP synthesis by mouse spleen cells is dependent

on new transcription, and is a transient event, since

vheat-shocked cells returned to normal growth temperatures

gradually recover-normal patterns of protein synthesis,
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Spleen cells from mice exposed to whole-body thermal stress
synthesize heat-shock proteins. The pattern of HSPs synthesized

by these cells in vivo is similar to that observed by similar

cells heat-shocked in vitro.

Human lymphocytes and mouse spleen cells exposed in vitro to
chemical stresses (ethanol or arsenite) synthesize heat-shock
proteins with molecular masses and isoelectric points similar

to the heat-induced HSPs.

Low levels (non-HSP-inducing) of two different HSP-inducing
stresses (heat and ethanol, or heat and arsenite) applied
concurrently to cultured mouse spleen cells act synergistically

to induce HSP synthesis in these cells.

anntification of the IgG constitutively synthesized and
secreted in vitro by control and heat-shocked mouse spleen
cells and splenic B lymphocytes revealed no differences between

control and heat-shocked cells.

s .
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