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ABSTRACT

Rapid elevation inrthe incubation temperature of maize
seedlings leﬁds to the new and(or)<fnhanced synthesis of a
group of heat shock polypeptides (HSPs). The response is:
a) rapid (HSP synthesis is ﬁeteétabie within 15 minutes
- following thermal shifts); b) reversible (the “pre-shift”
patt;rn og pélypegtide synthesis -is' re-established yheﬁ
seedlings are returned to the control temperature); and’ c).
transitory kmaintqﬁance of seedlings at the eievated
temperature leads to a gradual reduction of HSP production
and the egéﬁblishment of a new' pattern 6f polypeptide‘
synthesis).’ Tpé,synthesis of an gppérently identgéal set of
HSPs is noted in maize plumules; mesocotyls, gddicles and--
young leaves., “

In 31559 translational analyses indicate that the HSPs:'
represent the products from translation of polyadenylated
messenger RNAS. Pos&;transcriptional-and post-tranqlational
regulatory tmechanisms may determine /the final .argay of
polypeptides which are produced. v |

In géize, changes in t%e';yntheéis of polypéptidee and
their mRNAs appear to repregsent a normal reéﬁqpse not only
to heat shock but t‘ any thermal shift; the‘ar:ay\ of gene
products and the ‘degree to which tﬁey are synthgsized are.
determined .by several .factors including: a)’ the initial

growing temperature; b) the temperature shift increment;
- Y

c) the temperature regime within which the shift is carried
' . A%

-iid




e ‘/jfferent degrees of immunological relatedness to HSPs from -

.e) the duration of the temperaturé'treatment.

out; d) the\rate of increase of‘seediing temperature; and

~

While HSP synthesis in maize js analogous to the

r* nse observed in other species, maize HSPs exhibit

. .other organisms. High molecula: weight BSPs ftom maize,

H

soybean and peaiexhibit similar degrees of: crqss-reactivity
with antibodies to maize 73-89 kD HSPi;,—kﬁtibodies to maize
18 kD HSPs react strongly with maize 1B kD HSPs, to a lessei

. 2
sxtent with soybean 18 kD HSPs, and very little with 17 kD

. . ' ,
HBSPs from pea. Qudil, mouse and tadpole %SPS do not react

A
with antibodies to maize HSPs. Thus, while the Jynthesis of

polypeptides in response to thermal thfts or stresses may

be universal, differences exist in the classes of
polypeptides which a}é synthesized, and in the ?degree of

relatedness of polypeptides of apparently simiLﬁ; sizé frow

-
¥

different species. - ‘ a-
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CHAPTER 1

INTRODUCTION -TO THE STUDY OF °
ENVIRONMENTAL STRESS RESPONSES

1.1 General Introduction

The concept of stress has broad applications and as
such forms the basis for investigations in many‘disciplihes.
While the term "stress” can be defined in mechanics. (an
external force which imposes a state of strain onto a body)
such exact physical terminology is not completely Qpplicable
to biological systems (Levitt, 1980). Furthermore, the,
medical concept of stress differs substantially frqm boéhP
the physical and biological concepts (Selye, 1973; ‘ Levitt,
1980).

In recent years, the term stress has been used 1in
biological terms to describe ';ny envitonméntal factor
potent¥ally unfavourable to iiving organisms" (Levitt,

1980), where the environment includes any natural and(or)

artificial conditions which the 6£ganism may be forced to

‘encounter. It should be emphasized that' the term

funfaéoutable' presupposes that the orgaﬁism will somehow

ré&pénd"ta the imposed conditions. 1In order to study the

’
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effécts of stress, either the stress otﬁ\eh@ response (or

both) should.be measurable. This task may oftén ‘arduous,

since biological systems % are not governed strictly by

~

pﬁysical laws. ~ Present technology however facilitates the

- observation and, in many Eases, the measurement of the.

responses of living 'organisms to environmental stress

conditions. ° \

When an organism is subjécted to unfavourable

- . . L] ° \'
%gyiropmental conditions, it can respond in one of sevetal

A J

ways: a) it can move to an alternate location and thus

alleviate the stress; Sk.it can remain under the present

conditions and experience injury or degih; or c¢) it can

remain in its present location but undergo'external and(or)

internal changes which allow it to either tqlerate or aéapt-

to the advetse conditions. While all three may be broadly

r 4 . -
categorized as responses to stress, . the third alternative

requires that the organism deal with the stress condition,
possibly in order to avoid injury or death. -In many cases;
this form " of Eesébnse involves. changes in basic

intracellular processes (eg., respiration, gene induction

and’ regulation, protein synthesis, etc.) and so from a

biological and genetical point of view, merits
inveSfiagiionf As will become clearer from the literature
review which follod;,'é large variety of external stimull or
stresses lead to changes in gene activfty which then
directly or;indifeétLy influence other cellular _processés.

Thus, studies in this area could provide some tps{ghts into

. N
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the genetic basis for strese tegponSe; In  addition, .an

erstanding of. the molecular events ‘acéompanying the

4 sponees to stress (and the. observed tolerance to some’

skress conditions), could provide a basis for the selection

-

of.superiog strains-oapable of tplerating and possibly even:®

thriving under conditions _previouSIy described as
unfavourable. The cimplidetions of such selection- in

oomme:ciallj or agrofiomically important species are obvious.

[

'r\f§g: Temperature®as ‘a biological stres;kfactor.

% In terms ‘of basic¢ requirements for growth  and
development of organisms, Eemperature'plays a critical iole
since it governs the rate of most metabolic processes.  For
example, oxygen c¢onsumption and resoiration rﬁ!@s in animals
;incfease approximately two- to three-fold following a 10C
:increas in temperature (échmidé—ﬁielsen, 1975); plants

+

exhibit/ a three-fold . increase ig‘ transpifation rates

% S e
¥ -

follo ing "a 10C increase (Kimball, 1974);‘ and the nuclear
cycle in maize is approximately four times 1longer at 20C
thaﬁ at 35C (Verma, 1972; Verma and Lin, 1978). Since DNA,
RNA, and protein syntheses occur during specific phases of
the nuclear cycle, the rates of these processes will also be
influenced by'temperatute. Enzyme reactions requi;e the
inteiaotion. of molecules. . A§ higher temperatures, the
movement 46f molecules is accelerated . such that the
- probability of collision, and hence reectidn,‘increaees

(Lebhninger, 1975). The rate of virtually: every cellular

-



process : é&hibits a'ﬁ‘dépgndence on temperature. In

poiiildtherms, this teﬂpg;ﬁture' influence is ﬁanifested )
N . "‘ “ - v

rapidly in every cell of the organ{Si™sand 1leads. to a

‘measurable alteration in not 6h¥y the rates of intracellular

brocesses but in the rate at which the whole btgénism

-

3
functions. - As the temperature decreages for example, most
~ . N ’ LS *

poikilothermic animals becomé more and more inactive

< ‘

(Schmidt-Nieélsen, 1975). Thusfeax cellular response - can-
induce a physiological effect at'thé‘hhole organism level.
Scientific studies examining éhe effect of tempeéhturé*
stress were reported over a centufy ago (eg. Sachs (1864) -
and de vries (1870); as in Levitt, .1980). Studies on the- .
tolerance to temperature gxtremeéuhave been most prevaiént
(Levitt, 1980). The potential st;ess conditions th;t°_$n
‘ organism may encounter incfude high‘temperature condit;ons

< -

and low temperature conditions; the latter encompasses‘ﬁoth
chilling and freezing stregs, The. terms high and low Q;e
relative éipce,'in nature, there are . certain thermophiiic
pacteria which can. grow at temperatures ‘exceeding 30¢C
-(Brock, 1967; Brock and Darland, 1970f, and certain aqud;ié!«
species that survive well below the normél'freezing point Qf
w&ter (Schmidt-Nielsen, 1975). 1In ggnefal, organisms may be
classified Sn the'basis'of the temperiture ranges in which

2

they thrive (psych}bphiles, 0 to 20C; ‘“mesophiles, 10 .to‘_
"30C; tberméphiles, 30 to 100C) (Levitt, 1980). Stress
.conditions represent deviations from the normal growing.

range for a particular o:gahism.
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1.3 High temperature stress and "heat shock".

. 1.3.1 High temperature stress,

While certain thermophilic micro-organisms can thrive
under ’extremely high tempé;ature conditions, few 6thez
organisms are capablevof_carrying out a c?mplete life’ cycle
at temperatures above épproximateiyiisec- (Bfock, 1970;
Schmidt—niélsen,‘ 1975). . ée;tain' dorﬁant‘ phases of Qn
6rganism's li{e cycle however (eg:, seeds, dryf;6sseé, fly
larvaer,’may survive _hypéfthégmté coqdiEions ;ﬁat‘ would
otherwise be letﬁﬁl td‘the;ofganismf(s;bﬁéider-Orelli, 1910,
G}oveg, 1917, and ’ Noerr, 1974;  in’ ‘Levitgﬁ 1980;
Schmidt-Nielsen, 1975). The:‘{mport;nt .céﬂpon%?t~'here
. appears to be m;istuté ébntent éihéé" éiéé&e; {1n‘ the
deﬁydrated state can tolerate 'more;'seyere} Eemperature
treatmi?ts than their hydrated counterpartS‘(Le;ltt, 1980).

\ . .. . - - .
Just (1877) demonstrated that' dried seeds. can~'suryive

»

boiling”in water for several hours, as long as they don't "~ .

imbibe water during this treatment (Lévitt,’1§80): The

killing temperature for maize caryopses with:a moisture ’

content of 10% or less exceeded 80C, ‘while seeds”wiih_a 75%
moisture content weré killed at 40C (Robbins and Petsch,
1932). Certain fly larvae can survive teﬁperatufes
exceeding IOdC if first -dehydrated (Hinton, 1560);

Another critic;l factor which determines whether or not’

a high temperature is perceived as a stress is the exposure

time, which varies inversely ‘with the heat-killing

) . )
" temperature (Levitt, 1980). If a treatment is of a brief
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. enough duration,'it may never be perceived as a stress . and

no changes in the oréanism would be detected.  Presumably,
each organism wili be able to tolerate a specific length of
time at a specific temperature. Po£ example, while a
teﬁberature treatment of less than two minutes at 60C .is

sufficient’ to kill Tradescantia plants, treatment at 40C

r;quires more than 12 hours before death ensues (Collander,
1924, in ‘Levitt, 1980). Studies have also revealed that a
éradual rise in temperature increases the upper 1limit for
survival (Altschuler and Mascarenpas, 1982). This increased
toleranc;_is most likely due to grad;al acclimation to the
increasing temperatures.

In studying cellular responses to high temperature
stress, one must ~consjder a) . the éhysical,and.éhemical
properties of cells \;nd the molecules present- in these
cells, and b) how thése ptoperéies may be influenced by

thermal .energy changes. One must also: be able to

distinguish between a cellular response resulting from the'

primary stress (heat) and that which is due to a secondary

manifestation of the primary stress (Levitt, 1960)2 The,

most common form of secondary heat-induced stress is drougﬁt

‘or -desiccation where water 1loss dug to heat 1leads to

intracellular changes.’ Wﬁile“this may not be a problem for
most animals, the moisture c¢ontent of plants is very

susceptible to temperature fluctuations and injury due to

‘desiccation often . occurs Eollow;ng prolonged high

temperature stress (Krans and Johnson, 1974). The increased

Ky
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tr?nspiration rates at elevated temperatures result in ﬁore
rapid water loss from leaf surfaces (Levitt, 1980). |
Primary high temperature stress (ie., where heat itself
is the inducer of intracellular changes or injury) can
directly or indirectly 1e§d to alterations. in jnorial cell
functiop. In blants, high tenperatﬁte treatments can lead
to growth inhibition (Pulgar and Laude, 1974); this- has
been suggested as‘a pbssiblé'protective mechanisa to prevent
serious high teyéerature injury (Levitt, 1980). Nutrient
assimilagion may also _ be reduced at . these higher
temperatures (Levitt, 1980). 1In both plants and animals,
high temperature stress can lead to réspiratory disturbances
resulting in car bon dioxide or o*ygen toxicity
(Schmidt-Nielsen, 1975; Levitt, 1980). Denaturation of
many proteins occurs above 45C (ﬁchmidt-NielQe , 1975), and
although this may not lead to deéth of the organism, it may
dramatica}ly alter cell structure (if the protein is
structural) or certain biocﬁemical processes (if tlhe p:bteih
is an ehzyme). _Alternatively, temperéturg-senéiti;e enzymes
" may Qscomé inactivated 1in the absence of denaturation, or
heat-induced biochemical lesiops may rgsdlt in altered
accumulation of intermedistes necessary fo; growth (eg.,
vitamins, cofactors) (Kurtz, 1958; Scbﬁidt-nielsen, 1975;
Levitt, 1980). Nucleic acids maQ‘also‘be‘denatuped by heat
(Peacocke and Wa;kgr,‘1§62) and proteing, nucIeib acids . and
sugars can be degtaded‘mat hiépér tempe:nturesu due':to
increased acﬂivity of hydrolytic enzymes (Lehninge:,' 1975; -

- -~




jLévitt, 1980). 1In addition,.lipids in membranes may undetao

phase changes resulting in alterations in the permeability

1

to ions and molecu;es; high temperatures ;ncreasp ghis

permeability and lead to extensive ieakage of cellulér_

metabolites (Bernstam and Arndt, 1973).

Many metabolic reactions . within a cell are

interdependent (as in biosynthetic pathways). The rate of.

these reactions may exhibit differential temperature optima
such that high temperature treatments ma§ leid to the
depletion or accumulation of certgan ;ntermediatés in a
metabolic pathway (Schmidt-Nielsen, 1975). Thé processes of
* photosynthesis and tesbiration' “in plants are also
interdependent. Respi?ation 4ha§ a higher' temperature

optimum than - photosynthesis such  that at. elevated

temperatures (ie., above the temperature compensation

point), plant reserves start to be depleted (Lundegardh,
1949, 1in Levitt, 1980). 8yntﬂgtic and degradati&e pathways

are generally interdependent for norpal production of a cell

component ., High ' temperatures appear to increase the-

activfty of hydrolytic enzymes to the point where the rate
of degradation of a product exceeds the rate of its

synthesis (Lehninger, 1975).

~

-

' There 1is an overwhelming number of papers and

monographs devoted to the .physiologic;l and ecological

¢

aspects of tenpérature stress in microbial, &nimal and plant
systems. With the advent of improved bidc@ppidal, genetical

and moleculag;techniques, it has also become possible to

N
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e;amine more ptecisely‘thé\effeots of temperature and other
environmental stress condit:ons oﬂ intracellular molecular
processes. As will be demonstrated, tsﬁe refinement in
resolution c;pabilities (with such techniques as
elec;ropboresis, fluorography,- recombinant DNA methods. and
monoclonal anéibody production) has made it possible to
detect both subtle and dramatic changes in certain metabolic
.procesées, in the absence of any apparent change(s) at the
whole organism 1level. Studies utilizing these improved

-‘techniques have led to the increased awareness that most

' 1n€race11u1at processes. are directly or indirectly under

genetic control and that many . environmental stress
o

conditions, inéluding high temperature stress, are capable

of inducing gene activity (Adams and Rinne, 1982).

l1.3.2 Heat shock in_animg} systgms.

Tﬁeﬁexploitation of the heat shock phenomenon as a
means of studying gene induqtion aéd regﬁlatibn in response
to environmental stresses developed from the observations of
Rit;ssa‘ (1962) that a brief and rapid shift in incubation

temperature induces a change in the puffing pattern of the

polytene chromoéopes of ’ Drosophila. These heat-inducible
"phffs (ranging in nymbet from six to nine depending on the
‘Bpecigs) éécur at specifig siéeb on the chromosome, and may
'bé,detected within one minute of the temperature- iqcfease.
The severity and duration of the heat shock 1nf1uen§as.tho

size of the puffs,'whicﬁ_increase for ipptoxigatoly 30 to 40

+
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minutes follawing a shift from 25C to 37&. With the
induction of heat shock puffs, which requires RNA synthesis,
there %is a concomitant regression of pre-existing puffs
--(Aspburner and Bonﬁ;r, 1959). It was later disco&ﬁ;eq that
heat shock also led to the new and(or) enhanced syné}esis of
a chagacteristgc set 6f polypeptides (Tiésiéreg 33. al.,
1974). These \pbservations have led in turn to éétens;ve
investigations iatp the genetig and malecular events

associated with fE%e response td:’heat shock and other
environmental stresses, g

The heat shock response has now been documented in a
large variety of organisms and as such, has been reviewed in
several papers and monggraphs (Ashburner and Bonner, 1979;
.Adams and ginne, 1982; Schlesinger et al., 19b2; Tanguay,
1983; AtkiASOn and Walden, 1984). 1In all systems studied,

a rapid increase in the )

incubatién éemperature. (of
sufficient magnitude)’leads to a rﬁducfion in synthesis' of
pre-egistipq. proteins, and the new and(or) enhanced
synthesis of a small set of proteins, termed the heat shock
proteins (HSPS) . These HSPs ‘ have ‘moleculai masses
distributed largely in two molecular weight Tanges, one
gtoup‘consisting of 'high' molecular weight polypeptideg (60
to 90 kilodaltons (kD)), and a second group of ‘low'

molecular weight . polypeptides (15 to 30 kD) (Kelley and

Schlesinger, 1978; Ashburner and Bonner, 1979; - Afkineon,

1981; Tanguay and Vincent, 1981; Dean and Atkinson, 1983y

Voellmy et al., 1983). 8Synthesis of HSPs appears to ‘occur

10
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in most tissues of the organisms which have been studiei and

f

while the polypeptides appear to be the same in some cases
(Tissieres et al., 1974; Currie and White, 1981; Atkinson
‘ et al., 1983; Ketola—Pir{e and Atkingon, 1983), differences
in HSPs among tissues have been detected (Sondermeijer and
Lubsen, 1978; Atkinson, 198l; Dean and Atkinson, 1983).
In many cases, these differencgs dppear to be the result of
charge heterogeneity in some of the polypeptide classes.
While synthesis of ;he yarious HSP classes may commence

at different times, they are detectable within the first

eight to twelve minutes followind : thermal shift in’

Drosophila; maximum synthetic rates are achieved after

approximately 60 minutes (Ashburner and Bonner, 19?9;"

Lindquist, 1980). HSP synthesis also intensifies and by 60
minutes these proteins represent thé major polypeptides
being synthesized. In quail myoblasts, synthesis of the
HSPs achieves a level comparable to the major structural

protein, actin (Atkinson, 1981). 1In Drosophila, synthesis

of HSPs accounts for greater than 50% of the. total

incorporated precursor (Ashburner and Bonner, 197&):

Following six to eight hours of continuous high temperature

treatment, the HSPs in Drosophila constitute approxiﬁdiely,

108 of the cell's total protein (Moran et al., 1978).

In addition to being rapid, the synthesis §f HSP8 |8
also reversible; . when cells, tissues, or' organism are
returned to the initial . culture temperature, normal

(control) patterns of polypeptlde synthesis resume over the

7
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course of several hours (Atkinson, 198l1; Roccheri et al.,

&i,i981; Bienz and Gurdon, 1982; ~Ketola-Pirie and Atkinson,

N
!

1983).
It has now been cl?arly established that following heat
;hock, messenger RNAsS are transcribed or made available for
translation into the heat shock proteins. Evidence for this
comes from lé vitro translational analysis of isolated mRNAS
(Mckenzie and Meselson, "1977; Kelley et al., 1980; Kruger
and Benecke, 198l; Bienz and Gurdon, 1982; Ballinger and
Pardue, 1983) and from direct analysis of the RNA or the
| corresponding CDNA probes (Findly and Pederson, 1981;
DiDomenico et al., 1982; Zimmerman et al., '1983). The
regulation of mRﬁA and protein synthesis during heat shock

is complex and varies among different species, although it

has been most extensively studied in Drosophila. The

general observation is that some HSPs (and presumably their
RNAS) are. produced at 1low levels in the absence of heat
shock and their synthesis is greatly enhanced following a
temperature incfease (Findly and Pederson, 1981; Tanguay,
1983; Velazquez et al., 1983). Analysis of nuclear RNA
isolated prior to heat shock, lahelled in vitro with 32p and
assayed by hybridization to cDNA probes of the. 70 kD and
26 kD heat shock.genes, indicates the presence of heat shock
mRNAS in nuclei of nonh-heat-shocked cells (Findly and
Pederson, 198l). Low levels of the 70 kD heat shock piotein

of Drosophila have been detected in non-heat-shocked cells

using monoclonal antibodies to this HSP (Velazqdez-g£ al.,

—



1983). 2immerman and co-workers have recently shown that
mRNAS for some HSPs accumulate during certain- rnormal

developmental stages in the absence of heat shock; This

13

observation will be discussed later in terms of the possible ‘

function of the heat shock proteins. '

Accompanying the change in the synthesis of

5
polypeptides,’ is a shift in the distribution of polysames;
the shift involv%é-a breakdown of pre-existing polysomes and

the reappearance " of new polysomes.at a level approximately

30% of the original (McKenzie et al., 1975; Kruger and

en—

Benecke, 1981). In yeast, ]?he mRNAs for control

polypeptides disappear rapidly.from the cells during he;t
shock and those mRNAs which are retained continue to be
translated (Lind;List, 1981). 1In Drosophila on the other
hand, the mRNAs for normal (co;trol) polypeptides are not

degraded during the heat shock, but are maintained in the

cell and translated following return ‘to control temperatures -

(Liﬁdquist, 1980). 1Isolation and;analysis of polysomal and
post-polysomal poly(A)+ RNA has further revealed that the
mRNA8 synthesized before heat shock (ie., contrp} messages) ,
are present in polysomes during the heat shock. Thus,
additional polysomés containing heat sﬁock messages are
~assembled during the temperature shift (Kruger and Benecke,
1981). Translation of polysomal MRNAS ftoﬁ heat-shocked
cells results in the synthesis of both control and heat
‘shock polypeptides. However, in vivo, the control ﬁessages

present 1in polysomes assembled during heat shock are not

\
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translated efficiently, implying translational control of

HSP synthesis in these Drosophila cells (Kruger and Benecke,

1981). Translation of the RNAs in homologous in vitto
cell-free systems ~derived from eith%r control or'
"heat-shocked cells, has revealed that translat?onai signals
or factors are ©present in heat—sﬁocked cells which direct
the preferential translation of mRNAs for the heat shock
proteins (Storti et al., 1980; Scott and Pardue, 1981;
Kruger and Benecke, 1981). These signals or factors are
most' likely associated witﬂ the ribosomes or équsomes, as
the addition of a 160,000xg supernatant frgction from the
cytoplasm of heat-shocked cells does not alter the tesulés
obtainea in the in vitro translations (Kruger and Benecke,
1981).

Further evidence that heat shock protein synthesis may
be controlled at the translational level ’comes from
experiments in which Xenopus oocytes were enucleated prior
to heat shock. The levels of HSP synthesis observed Qeré
comparable to those found in oocytes containing nuclei
(Bienz and Gurdon, 1982). It is conceivable however, that
the HSPs are transcribed from the mitochondrial genﬁme, or
that enucléation induces a stress which leads to synthesis
of these polypeptides: Meny ‘other physical and chemical
agents are known to induce HSPs in a variety of
organisms (see summary in Ashburner and Bonner, 1979;
Tanguay, 1983).

While control of the heat shock response in Xenopus may

L]



~

be largely translational, the response in Drosophila (and

probably other species) is controlled at both the
transcriptional and translational levels. ‘In addition to

the in vitro translational studies described previously,

evidence for translational control in Drosophila is also

supported by experiments which demonstrate that: a)

addition of Actinomycin D to block RNA synthesis prior to

temperature elevation, prevents HSP .synthesis

(transcriptional control) (Lindéuist{ 1980); b) elongation

rates of polysomes containing control messages are

specifically reduced while the 'elongation rates of those
polysomés containing heat shock messages appear to be
egbancgd ‘following heat Vshocg (translational control)
(Ballingeér and Paréue,-1983); ‘c) the rates of induction and
intensificat;on of messenger RNAs for the 70 kD and 26 kD

HSPs of Dtééophila are idéntical.suggesting transcriptional

co-regulation of the genes for these polypepti&es (Findly
and Pederson, 1981); andwd) the synthesis of HSPs and the
heat shock messages is. self-regulated (transcriptiodal and
post—transcriptional).(DiD?menico et al., 1982). In this
Latger study it was de;onstrated that ihe intracellular
level of heat shock proteins regulates the raﬁe of synthesis

of the mRNAs for these HSPs. If the production of

- functional HSPs is ,fnhibited by addition of amino acid

analogues or protein’sQnthésis inhibitors, transcription of
. { :
the heat shock mRNAs continues and these ttanscripts

accumulate to high 1levels. Normally, a specific level of

15"
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HSPs must accumulate in these cells before the gyntﬁesis of -

heat shock messages returns tb_noruq;'levels'(DiDonenico et

L4

extent of mRNA ' transcription, bhiph in turn régulates the
further s&ntﬁ;sis of HSPs. If the HSPs indeed have some
biqldgical function (which as yet has not been
demonstrated), this method of regulation (essentially a
feedback . mechanism) - would ' ensure that only ‘the required
levels of HSPs are synthesized and maintained in response to
high Eegpe%ature treatments. Based on thesé. findings,

Rensing et al. (1982) have generated.a mathematical model

for the regulatjion of the heat shock reéponse in Drosophila.

In addition to transcriptional, post-transqriptional-

. - L
and tranmslational regulation of the heat shock reponse,. it

is also possible that post-translational modifications (eg.,:

methylation,ﬁacetylation, phosphorylaﬁion) méy be opérative,
although these have not been studied e;tensively. ¢ It has
been suggeéted that inconsisties in éstimates of molecular
masses of the HSPs may be attributable to ‘some of these
modifications (Ashburner and Bonner, 1979).

[

While the biochemical and molecular mechanisms bvblved
in the heat shock response are becoming well: understdod, éhé
role or function of the heat shock proteins remains obscure.
The initial suggestion, that these‘ﬁsps proyide protection

against theimallyrinduced cellular {injury, - has been

generally suppbrted by experiments gﬁich indicate that

organisms egpbsed to a sub-lethal high temperature are able

>
]

. hd -

al., 1982). Thus,‘;he-level of HSPs regulatésAtHé rate and ’

16
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to survive a subsequent high temperature treatment whicéh
would otherwise be lethal (Mitchell et al., 1979; Loomis

and Wheeler, 1980; Dean and Atkinson, 1983). An increased

. tolerance by pre-treatment at sub-lethal  temperatures has

I

’

also been demonstrated 1in several plant systems (see next
section). Although not shown directly, - the acquired
thermotolerance following a brief expoéure to sub-lethal
temperatures appears to require the synthesis of heat shock
-proteins (Leeper et al., 1977; ﬁandry et al., 1982a, 1982b;
Dean Qnd Atkinson, 1983). - . |
Other étudies which attempt to address the question of
HSP function have focussed on normal cellular processes

which appear to be perturbed following heat shock. Histones

for example, have been found to undergo synthetic changes

foilowing héat treatment 1in Drosophila. A band which
co-migrates with histone H2b ‘exhibits enhanced synthesis
while the other corg‘histones undergo a reduction (10-fold
in the case of H1l) in synthesis (Sanders, 198l1; Tanguay gi
al., 1983). The response of H2b to heat shock is under
transcriptionai control since Actinomycin D can inhibit the
production of H2b as well as the other heat shock proteins.
However, H2b is not induced with irsenite ag are the HSPs,
suggesting'that dtéisynthe;is is not co-ordinated with the
induction ‘of the other HSPs (Tanguay et-al., 1983). 1In
additi;n to changes in synthesis, the post-translational

modifications of histone are also altered-by heat shock. H3

undergoes decreased methylation while H2b exhibits enhanced

17




methylation (Camato and Tanguay, 1982), and ali four

nucleosome core histones show a dramatic re@uction in

acetylation patterns (Arrigo, 1983) following a temperature

increase.

An examination of the structure of heterogeneous

nuclear RNA (hnRNA) in Drosophila before and aft?r heat
shock.has revealed that many of the mﬁjor "heat shock
proteins are. associated with the poly(A)+ hnRRA as well as
mRNP complexes, and appear to play a role as
ribonucléoprote@ns- {kloetzel and Bautz, 1983). Some of the
HSPs are also found associated with hnRNPs in low amod;ts in
control ‘cell cultures. This .finding supports Fhe
observations of low levels of HSPs and their mRNAs in
control cells when assessed by CDNA probes (Findly and
Pederson, 1981) and monoclonal antibodies (Velazquez éﬁ gl.;

1983). Mayrand and Péderson (1983) have éhown'that, while

hnRNA synthesis continues at high levels during heat shock

" in Drosophila, the transcripts do not assemble into complete

hnRNéhbarticles, presumably due to a reduction in the
availability of RNP® protéins. Since this assembly 1is
required for normal ptdcessiqg of those mRNA; containing
intervening seqﬁences, Mayrand and Pederson (1983) propose

that‘the heat shock mRNAs may util%ze an alternate mé;haniam
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of .nuclear RNA maturation. The majority of the heat shock i

genes, like -the genes for the histones and the interferons,
lack intervening sequences (Lifton, 1978, Corces et al.,

1980, and Houghton et al., 1981; in Mayrand and Pederson,



3

ié833. Newly made histone mRNAs enter the éytoplasm thpidlf
during héat ghock (Spradling et al., 1977). Interferon
production increases rapidly during the stress of viral
infection ér heat shock, presumably in the absence of hnRNP
assembly (Petralli et gl:, 1965; in Mayrand and Pederson,
1983). Thus, thé transcription and processinglof mRNASs fqr

place by a mechanism which is not

p) .

the * HSPs may take

}nfluenged by temperature. If these HSPs are important -in

the reésponse to stress (eg., as interferon-is for viral

infection), this mechanism would ensure that the mRNAS are,‘

made available rap}dly for translocation into, and

translation in the cytoplasm (Mayrand and Pederson,.1983).

Minton and co-workers (1982) have used another approach.

to assess the role of heat shock éroteins. They have
examined the interaction of proteins in solution  and have

found that proteins which are relatively ;ebistant to

thermal denaturation or inactivation, will preveat other, .

thermally-unstable profeins from being dénatured during high
temperature treatments. By this mechéﬁism,'ﬂsfs ihtthe cell
may non-specifically stabilize other stress-labile proteins,
and allow them to maintain a more or 1less normal cellular
function (Minton et al., 1982). This model has, as yet, not
been tééted using purified heat shock proteins. -
At@empté_qt intracellular loca}izat}on of HSPs h#ve
shown that following heat shock, some of tﬂese proteins are
present in nuclear preparations (Mitchell and Lipps, 1975;

Arrigo, 1980; Tanguay and Vincent, 1981), others are in ﬁhe

L]
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cytoplasm, and some (for -example the 70 kD HSP of

'Drosophila) are present in both fractions (Arfigo et al.,

1980; Tanguay and Vincent, 1982). Translocation studies
have revealed that many cellular proteins, including 1
prominent 45 kD cytoskeletal protein, migrate to the nucleus
during high temperature tleatment; some of these proteins
may serve in the regulation of protein synthesis (Tanguay’

and Vingent, 1982). During recovery, there is a rapid shift

of low molecular weidﬁt HSPs from the nucleus back to the-

cytoplasm (Tanguay and Vincent, 1982). There are however,

no consistent patterns of cellular localization of the heat

shock proteins among species; making it difficult to relﬁte’

fhe cellular distribution of HSPs, to their function during
high tenperature stress (Tanguay, 1983). A Tecent study for
example, has revealed that mRNAs for three of the seven HSPs

in. Drosophila (83 kD, 28 kD and 26 kD) accumulate in adult

ovarian AuUrse cells and pass into the oocyte during noraal
development (ie., in the absence of heat shock) where they
persist\ until blastoderm formation of', the embryos.
Furtﬁernore, the mRNAs for these three HSPs do not
accumulate in the embryos following a heat shock. It has
been suggested that the proteins‘ccded‘fot by these mRNAS
may be impo:tani in regulating gene expression during the
stages cf oogenesis and early embryo developaeat; it is
known that nuclear transcripeion is arrested during
pre-blastoderm *:;E?§3/7tptnation, such that these HSPs may

stabilize the existing c¢béntrol of gene expression until



transcription resumes during subsequent embryo development

(2immerman et al., 1983). Bensaude and co-workers (i983)'

have recently shown that‘polypeptides identical to two of
the mouye HSPs are synthesized during the early stages- .of
normal mouse - embryo development (in the absence of'héav
shock) . |

While the biochemical, gene;icél and molecular features
of the response of animai systems to.heat shock are becoming
well undetstood; the rble or function of W\hese proteins
remainQ obscure. Studies in piant systems (to be discusseqd
presently) have added support to the concept of thermal
proteétion or adaptation as one potential function of the

HSPs.. However, additional investigations are required

before the brocess will be totally understood.

- o

1.3.3 Heat shoék in plant and fdngal sYstems.

While'the heat shock phenomenon in - animals haé been
under investigation for over two decades, the initiation of
studies in this ;;ea in plant and fungal systems have been
much more recent. The first major report on heat shock
protgin synthesis in plants (soybean and tobacco -cells)
(Barnett et al., 1980) appeared'ffa the literature
approximately foﬁt‘months after th? present study on corn
was initiated. _ Since then, ihege has been considerable

documentation from this laboratory énd othgts,-fon' the
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effects of heat shock in plants J;nq fungi). ihose reportsf .

have described changes in the patterns of protein synthesis

. -



Loomis and Wheller,1980; Baszczynski et al., 1981;

gl.,‘1981; Altschuler and‘uascqrenhasq 1982; Baszciy

o \
et al., 1982a, 1982b; Cooper and Ho, 1983; - Kapoor, 1983;
Meyer and Chartier,1983; Silver et -al., 1983), mRNA

synthesis and distribution (Key et 31.,119813 Schoffl and

Key, 1982; Baszczynski et al., 1982c, 1983a; Kapoor,

1983), “and other biochemiqal angwppysiological processes
(Baszczynski ggiél., 19824; - Key gélgl., 1982; mNécharf_ﬂand
Nover, 1982; Baszeczynski, 1983; Baszgzynski et al., 1983b;
Bewley‘gﬁ‘gl., 198315;Hadwiger and Wagonef, 1983; fey gs
al.,. 1983; . Nover ‘et al., 1983; Silver et al., 1983;
Baszczynsk& et al., 1984; Walden et al., 1984). '
When plants or plant cell cultures are subjected to a

rapid increase in theiﬁ‘growing“or incubation temperature,

they exhibit a rapfd change in the éatte;n of newly
. synthesized 'polypeptides.f The resp%n e to heat shock
involves thglnew o{}enhanced syntheéis of a oup of heat
s@ock proteins, analogous to the response in ahinal systems
described in the preceeding section. The H ?5‘ in both
plants and fungi generally consist' of a group of high
molecular weight (70 to 100 kD) and a groub of low molecular
weight (15 to 30 kD) polypeptides (Barnett et al., 1980;

Key et al., 1981; Cooper and Ho, 1983). Two-dimensional
\ polyacrylamide gel’ electrophoretic . separation. and
fluorographic -analysis of polypeptides have sho&n that _this

low molecular welght HSP group ‘represents a complex set of

newly synthesized products (Key et al., 1981, Meyer and

!
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Chartier,- 1983; Silver et al., 1983). Following return to -

the initial growing temperature, a normal (control)

'polypeptide synthetic pattern resu;es within several hours
(Barnett et al., 1980; Key et al., 1981).

The heat shock proteins in plants and the fungi have

been shown ‘in several cases to be the translation products

of mRNAs which are either newly transcribed, or which

exhibit increased availability for translation following

heat shock. This finding is based on both in 'vitro

translational studies (Key et al., 1981; Kapoor; 1983) and
analyses utiliéing Ccloned cDNAs to the mRNAs for heat shock
proteins (Schoffl and Key, 19882). Tb;.indioation from the
latter study is that a) most of the 1low molecular weight
ﬁSPs_in soybean are the éroducts of different gene sequences
(while a fey may represent chemical modific;tions of othﬂr,
p:e-existing polypeptides), and b).the poly (A) + mRNAs for
these HSPs become highly abundant in the cytoplasm followi;;
heat shock (imp;ying*increas?ditianiftiption) (Schoffd, and
Key, °1982). while extensive studies hive‘ not béép
conducted,” existing evidence suggests that transcriptional,
ﬁranslational anad post-translational mechanisms of
tégulatidn for heat sho&k mRNA andfpolypeptide synthesis may
be opgrative in plants (Key et al., 1981l; Schoffl and Key,
' 1982; Feickert et al., 1983).

The role or function of heat shock proteine in plants
also rehqins obscure. However, as a result of the suggested

]

o : ] -
*protective' function of_ these HSPs, studies have been
. , - .
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conducted to examine the influence of varioﬁs temperature
shift ;ggimes on the subsequent tolerance.of planté to high
tempéréturé treatments, It has been shown fdr example, that
while both a rapid shift and a gradual shift from 25C to 40C
" lead to the synthesis of HSPs, the gradudl shift allows
c;ntinued protein synthesis when temperatures are
subsequently raised ab?ve 45C. There‘also appears to be a
protection of - normal protein synthesis at these higher
temperatuteé' (Alischulet and ‘Mascarenhas, 1982).
Iﬂdependent studies on the same éystem ;ave confirmed these
results (Key et al., 1984). This incaggged maintenance of
normal levels of protein synthes?s at'ﬁigﬁgﬁ temperatures is
accompanied by the increased survival ;E'soybeaa plants at
elevated‘}empegatures {Altschuler and Mascarenhas,. 1985;
Key et al., :1983). Based on these and other studies in
plants, and those in the animal systems described earlier,
there is strong indication that Bre of the functions of HSP
synthesis is to provide thermal protection against otherwise

Tethal temperatures.

Changes in normal cellular ﬁrOcesses following heat
a

shock have Dbeen examined.as a possible means of assessingyu

HSP function in plants and fungi. Silver and co-workers
(1983) have noted an increase fn the phosphorylation of
histones and non-histone nucleAf proteins in the funéua
Achlya, where they hav; suggested that chromatin
condensation may represent the initial response to heat

, £
shock (Silver et al., 1983). Changes in the relative levels

\



of_phosphorylation of several ribosomal proteins ‘have also
been observed follbwing heat shock'in tomato (Scharf and
Nover, 1982). -
) Resistance to fungal infection in peas appears to
require the synthesis and accumulation of A group of 20 or
‘more 'resistance' proteins (Hadwiger and Wagoner, 1983). if
pea tissue 1is heat-shocked prior to fungal 1nfectiod{‘;he
mRNAs for these resistance proteins fail to accumulate 1in

the cytoplasm- and infection ensues. If the resistance

response is initiated prior to the heat shock, normal fungal_

resistance is observed (ﬁadwiger and Wagoner, 1983). It is
not clear however, whether the HSPs are directly involved in
this process.

A few studies in piants have also shown differential
localizZation™ of HSPs and changes in their intracellular
distributiop Juring temperature shifts. In soybean, the low
molecu}ar weight, iS to 1é~'kD HSPs constitute a large
proportion of the 1labelled proteins -associated with the
nuclear fraction during the heat shock treatment; the 70
and 90 kD HSPs are less abundant {n the nucleus (Key et al.,
1982). buting a chase at 40C, the 15 to 18 kD HSPs remain
associated with the nucleus, while- during a similar chése_at
28C, these HSPs become ;;re uniformly distributed ihroughout
the cell. However, when seedlings ‘are returnéa to 40C
following the chase ag 26C, the' 15 to.18 kD HSPs migrate

‘back into the nucleus (Rey et gl., -1982) . Utilizing

autoradiography coupled with electron wicroscopy, Nover and

25



- and as such, continuous efforts are being made to improv
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co-workers'(1983) have recently shown that a high proportion
of the labelled proteins synthesized following heat shock in
tomato have been localized in the nucleoli and in granular
structures in the cytoplasm. Mitochondria and proplastids
exhibited little or no labelling. Approximately half of all
the 17 kD HBSP synthesized followin§ heat shock in tomato
cell cultures appears to accumulate in the ‘'heat shock
granules' (hsg) (Nover et al., 1983). The function of these
hsgs is  not clear but they provide for a
recompar tmentalization of proteins within cells, a feature
which has been suggesteé to be essehtiai for the aequ}sition'
of thermotolezancg (Velazquez et al., 1980;sﬁ§an§ﬁhf and
Vincent, 1982; Nover et al., 1983). . - o |

The number of studies on heat V;hock in plants is
increasing raptdly. While many aspects of the heat shock
response appear to be common to plants, fungi _and animals,
there are many unique features which merit investigations in
each kingdom.

.

1.4 Maize as a valuable system for the ‘study of
environmental stress response,

Maize is an important commercial ;nd agronomic crop,

varying moisture conditions, different soil

agrichemical treatments) can influence the growth

A\




development of the plant and therefore the yield. While the
b%ological, ultrastructural or physiological manifestations
of many of the stress responses are apparent (Levitt, 1980;
Crevecoeur et al., 1983; sStamp et al., 1983; Tal, 1983),
the genetic and molecular bases for the observed phenotypic
responses are not well understood. Thus, studies designed
to ascertain the molecular events which lead, to altered gene
expressio; under adverse growing conditions, could prove
valuable in the selection of plants or cultivars with
increased tolerance to these conditions.
| Certain stress factors have been. shown to result in
f:altered patterns of gene e#presgion in corn. Following
anaerobic treatment of‘maize roots for example, there 1is a
selective synthesis of alcohol dehydrogenase (Hageman and
Flesher, 1960; Sachs and Freeling, 1978) which has been
shown to be essential - for survival (Schwartz, 1969). 1In
addition, the ephanced synthesis of a set ' of 20-25
- 'anaerobic proteins' (ANPS) hasg been observed in roots
during anaerobiésis kSachs ggigl., 1980). A concommitant
decrease in the synthesis of normal (a;robic) polypeptides
is also noted under these conditions. Similar patterns in
P synthesis have been found in several tissues of maize
\ ?S?}gding root, -:endosperm, scutellum, mesocotyl, coleoptile
and anther wall (Okimoto et al., 1980). This response to
oxygen deprivation involves changes in the abflity of

messenger RNAs from these tissues to be translated (Sachs et

al., 1980).
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Other stress factors that have been shown to result 1in
changes in the expression of gene products in maize iﬁclude
drought conditions, “ which 1lead to alterations in water
soluble proteins (Botha, 1979), and water stress, which
results in minor quantitative changes in the types of
ﬁslypeptides synthesized under the stress condition (Bewley
et al., 1983). Studies have also revealed that auxin
treatment of maize coleoptile sections rapidly alters the
ability of certain mRNAS to be translated (Zurfluh and
'Guilfoyle, 1982). Maceration of maize leaf tissue prior to
labelling and extraction of polypeptides gives rise to a
wound: response, as evidenced by changes in the patterns of
newf§ synthesized polypeptides (Boothe et al.,’ 1982).
Results from preliminary experiments in this laboratory have
shown also that certain agrichemicals _ may lead' to
alterations in gene product expression.

Many of these same stress factors have been found to
induce changes 1in gene expression in other plant species.
However, there are several reasons why maize is particulatly
suitable for studies in this-érea. Aside from its obvious
commércial and agronomic impor;#nce, one of the principal
factors contributing to the overall value of 2Zea mays L. as
a system for biological investigations is ifs well-defined
genetics. This feature allows one to produce and maint&in
genetically homogeneous populations, In this' w3y, the
contributions from population variability (which are

prevalent in many studies in anima)l systems) can be either




controlled or eliminated. Continuing studies. in this
laporatory for example, demonstrate that différeni 'inbred
lines of maize and -their reciprocal - hybrids exﬁibit
differenceé in thé'gene product§ produced under otherwise
identical conditions. Furthérmore, the genotype -éf'the
plant influences to some extent, its subsequent resbensesato
environmental stress conditions.

Other factors which make corn amenable to biological

investigations include: a) continuous availability of large
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numbers of homozygous individuals; b) ease of growth and

mainten;ﬁce of plants; and c) the large array of genetic
stocks including polyploids, aneuploids, and stocks carrying
chromosomal aberra;ions Oor supernumerary chromosomes. In
addition, the morphology and developmental biology of maize
is well ~ defined (Kiesselbach, 1949; Bonnett, 1953;
5cahéalios, 1982) and .numerods biglogical, genetical,
biochemical and moleéulat invegtigations characterizing the
corn system have been documented.

-~ -

1.5 Proposed research and thesis objectives,

.

The study of gene regulation requires the ability to
examine different.states of'exp:ession of one of more genes,

etther at the level of primary (messenger RNK) or gecondiry

(protéin) geﬁe products, or ultimately at the level of the

gene (DNA). Whilg examination of" different streins or

developmental stagés of a species can provide different

states of gene expression, studies of this nature: can be

-~ N o



greatly facilitated by the.preéence of an inducible system,

-

one where an externally applied . stimulus (physicai,

bioldgical, chemical) can induce a pafticular'change in the

subsequént expression of one or more genes; If the

applicétioﬁ or duration of the stimulus can be controlled
precisely (possible in many c;ses), its influence can be
examined further in different tissues, genotypes and
specieg, as well as at different developmental stages.

Perhaps the best example of an iﬁQUcible genetic system
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in eucaryoies is the heat shock system described initially

in Drosophila and later in many other animal systems. At

the onset of the present study,the heat shock respbnse had
nothbeen described in plant systems. In addition, the
influence of temperature on gene expression during normal
maize develoément has not been well dpcdhented. The present
investigation therefore, is both iﬁportant and timely.

The major objectives of this thesisg are: a) to provide
an in’depth‘molecular genetical chafacterization of the heat
shock response in maize; and b) to examine the protein and
RNA synthetic changes associated with growth of maize at
different temberatures, and following teﬁperature shifts
within the normal growing range of corn. ‘These
investigations are greatly facilitated by the extremely
power ful techniques of: c) high resolption' one- and
two-dimensional’ polyacrylamide gel electrophoresis for
polypeptide separation; d) fléorographic analysis for the

detection of newly synthesized polypeptides; e) in vitro



translational analysis for the evaluation of cellular
messenger RNA populagions; and f£) immgnochemicalh methods
for protein identification and the examination of struétural
relatedness. ‘The use of a single inbred cultivar of maize
for the majority of the investigétions also provides
stringent control of genoty;ic influences.

While some of the data reported below have been
published “(Baszczynski et al., 1982a, 1983a, 1984), they
have not been discussed in the Introduction. I- attempt
below to’jintegrate all my rgsearch and therefore have
included:(where appropriate and. with citation) some of the
publisheé . data. Cﬁllectively,' the studies should yield a
better understanding of the mechanism of gene expression and

regqulation in maize under normal temperature regimes, and

following high temperature strees conditions such as heat

‘shock.
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CHAPTER 2

RESPONSE OF MAIZE TO HEAT SHOCK AND
SYNTHESIS OF HEAT SHOCK PROTEINS

2.1 INTRODUCTION ' - -

The studigs described below present the first in depth

analysis of the response of maize to heat shock. One- and

two~-dimensional gel » electrophoretic separations and

fluorographic analysié are used to describe and characterize _ '

. the temperature—deééndent changes in the patterns of
polypeptide synthesis which accompany heat shock. The times
of appearance and rates of enhancement of the heat shock
polypeptides, the rates of recoveqy following heat shock, -

- and ﬁhe influeﬁce of tissue . gource are. exgmined.
Collectively, these studies provide the initial
;Baraggegﬂzatfon of ;his response, and form the basis for

subsequent investigations into the role of temperature on

gene expression during the growth and development of maii;.




. 2.2 MATERIALS AND METHODS

2.2.1 Germination of seeds and growth of seedlings

The present studies were c&rried out using a single

source of the inbred cultivar "Oh43" of Zea mays L. to

minimize genetic variability. This material has been

maintained at least twenty generations in the University of

. Western Ontario nursery and b}A all’. standard breeding

criteria represents an 1isogenic line. Seeds were lightly
dusted with the \ commercial ant;-funé;l powder 'Yitaflé'
(Uniroyal Chemical) and placed .1-2 cm apart between
moistened filter papers in either nine ‘D; 15 cm Petri
plates. The plates were covered with aluﬁi&ﬁm foil and the
seeds were allowed to gezminatemin the;dark at 27C (unless
otherwise noted) until the plumules -were 1-2 cm long
(a;proximately five days). Radicles of these Qeedlings were
apéioximately’ ;—10 cm long. For experiments requiring leaf
tissue, seeds of Oh43 were treated yithv'v1;aflo', they were
positioned 3-5 cm ;batflin flats containing soil, ?nd the
flats weré_ placed in an incubator preset to  25C.
Fluorescent ‘E}ps’/;;candescent illumination was providéd at

2 gec™! with a 16

an irradiance of 1000 micro-einsteins m ° sec

hour light/eight hour dark cycle and the soil was watered as

necessary. 8eedlings were allowed to grow until the - third-

- eaqiéed leaf was approximately 15-20 cm long.

2.2.2 Temperature Treatments
When plumules were 1-2 cm long, .the Petri plates

-
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containing the seedlings were rapidly transferred from 27¢
to incubators preset at various temperatﬁrgs ranging from 27 x
to 50C for one hour. fhese 1niti;1 studies were conducted
té determine the temperature range over which ‘heqt shock
protein sfnthesis is glicited.‘ Following one ﬁoui at 35,
ié, 41, 44, 47, or 50C, the Petri plates were returned to

" 27¢, the seedlings were incubated with
radioactively-labelled amino acid precurso:s,l and
polypeptides were extracted as described in the next
section, ‘

A second group of seedlings grawn at §7C were shifted
to 41C for 15, 30, 45, 60 or 120 minutes é;ior to labelling
at 27C, to provide an estimate of the time required for
synthesis of—each~HSP class.

To measure~ the fates' of recovery in polypeptide
synthetic patterns following heat shock, seedlings grown at

_27C were shifted to 41C or 44C for one hOur and then

= eturned to a 27C incubator. At various times (up to ten

hours) seedlings were sampled, plumules were 1labelled ‘and
polypeptides were extracted.

To determine if HSP synthesis persists duribg pgolonged

heat shock, seedlings grown at 27C were shifted to and

maintained for sever;l hours at 41C. Plumules were labelled

for the 1last two hours of every three hour sampling perioﬁ

and the polypeptides were extracted. '



2.2.3 Incorporation of radioactive precursors and . . °’
extraction of polypeptides from malze tissues.

2.2.3.1 Labelling and extraction of polypeptides
from batch tissue.

Following temperature treatments, the terminal 0.5-1.0.

‘cm  tips of 20 plumules or the terminal 1-2 cm tips of 20
primary radicles were excised and placed in 1 mL of an
agueous solution containing 33.3 uCi/mL(1l Ci = 37 GBgq) of
L={U=-14C] leucine (New .England Nuclear, 353.0 mCi/mmol).
‘The 1labelling media containing plumules or radicles were
transferred io incubators preset at either 27C 6: 41C and
incubated for two hours with periodic agitation. At the end
of -the two hours, the tissues were washed quickly and
thoroughly to remove excess label, gnd bolypeptides were
solubilized in an extraction buffer containing 200 mM

" Tris-BCl (pH 7.5), 5% SDS (Bio-Rad Laboratories), 7.5%

2-mercaptoethanol and 1 mM phenylmethylsylfonylfluoride

(PMSF, Boehringer ‘ Mannheim) as described previously
(BaSﬁfzynski and Hughes, 198la; Hughes, Baszczynski and
Ketola-Pirie, 1981). The tissue was hbmogenized in two
volumes of extraction buffer in a porcelain mortar and
pestle, transferred to a glass'homogenizer fitted with a
teflon pestle, and further homogeniged for 60 seconds. The
extracts were left on ice for 3-5 minutes; the latter
homogeq}zation step was repeated and the extracts were
centrifuged in 15 mL Corex tubes at 7700xg for_zo minutes.
The supernatants were decanted into 5 mL glass tubes, placed

in a boiling water bath for one minute, and either used



directly or stored at -20C until needed.

2.2.3.2 Labelliné;and extraction of pol ptides «
from tissues of individual seedlings.

During the course of this investigation, a methéd was
develofed to permit the  treatment, extractiop and
electrophbresis pf‘pdlypeptides ;rom tissues of individual,
pedigreed, five-day-old seedlings. Following temperature

treatments, single intact or excised plumules or’ primary

radicles, excised mesocotyls, or 1 cm X 1 cm leaf sections

were exposed to an aqueous solution of either L-[U~14C]

leucine (33.3 uCi/mL; New England Nuclear, 353.0 mCi/mmol)

~or L-[35S] methionine (100uCi/mL; New England Nuclear, 1042

Ci/mmoi) for two hours. In'one experiment (see results),
plumules were also labelled with either L- [U~14C] -valine
(33.3 uCi/mL; New Ehgland Nucléar, 250 mCi/mmol) . or;
L-[U-14C]-1lysine (33.3 uCi/mL; New Englar@ Nuclear, 300
mCi/mmol) to examine the difference in patterns obtained
with different radio-labelled probes<” Labelling of intact

seedlings was achieved by immersing the terminal 0,.5-1.0 cm

[4

of either plumule or rgdiclé into 'the labelling solution in—

a 1.5 mL microfuge tube. The remainder of the seedling was
covered with wetted'filter.paéer to iiintain‘high pumidi;j.
At the end of the labelling period, the seedlings vere
rinsed quickly and the plumule or radicle: was excised and
homogenized in 100 uL of extraction buffer using a ground
glass micro-tissue grinder (Radnoti). , The honogcnato_~ was

transferred to a 400uL microfuge tube angjccntrikuged at



.
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10,060 rpm for five nidﬂtes in a Beckman microfuge (Model
v » .

B). Sppe}natan;s. were trﬁpéferred to .a second 400 uL

. .picrofuge tube, placed in a boiling water bath for one

minute, and used directly or frozen]and stored at -20C until
needed. Plumules, radicles, nésocotyls, or leaf gécﬁions

which were’ exciséd prior to labelling were extracted in a

'aimilar\manner.

A J

2.2.4 ‘Determination of pfotein content and
Incorporated radioactivity of tissue extracts.

-

'Proteip concentrations in the lysates wefe determined
by the turbidimetric assay described by Gomings and Tack
(1972), uéing'bovine‘serhm albumin (BSA) as a stanqgrd.
Samples were prepared for radioactivity'determin;tions (Mans
and Nove111,1960) by spottin§ 5 uL aiq;uots of sample
extract onto gla;s fibre filter disks (Whatman), soaking ?he
filters ié 108 trichloroacetic acid for 15 to 30 minutes,
rinsin; in two' washes of each of 5% ttichioroacetip acié,
3:1 ethanol:anhydrous ether, and ether, and dfying for aboﬁt
one ‘hour" at .SOC: The filters were transferred ¢to
scintillatgpﬁ vials, 10 mL -of a cocktail pontaihing 'ég
omnifluor (New -Bngland ‘Nucleat) per lobo\'"mL of

'écintanalyzed' toluene (Fisher) was added, hnd4incorporateﬁ
1 -

- - L)

radioactivity was measured . using a Beckman LS-230

scintillation counter., . , - ..

-

2.2.5 AOneédineﬁhional SDS-PAGE ségtéqtion- of polypeptides.

One-dimensional gel olectrophdtciffcin ébq ptosonco of,

.. S

”» ]
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SDS was- carried out according to tb; method described by
Laemmli (1970) with modifications.’ The separaiing gel
consisted éf either a 3-15% or a 7.5-17.5% polyacrylamide
linear gradient which was allowed to polymerize overnight to
ensure gradient Pniformity. -&hg next day a 3%
polyacrYlamide stacking gel ‘was ‘poured. on. top of the
separatfqi. gel and _allowed fto polymerize f?r 30 to-60
Minutes., The tissue extracts were - thawed, "placed in a
_ boiling water bath for one minute and samples consisting of

~
either a constant amount of p?b&ein or a constant amount of

38

radioactivity (25,000 acid—pt‘cipitable counts were used

routinely) were ioaded into‘preformed wells in the stacking

‘gel. A 5 uk sample of standard proteins from a low

molecular weight calibration kit (phosphctffgse b, 94,000

daltons (d); albumin, 67,000 d; ovalbumin, 43,000 d;
carbonic anhydrase, 30,000 d; trypsin inhibitor, 26.190 d;
lactalbumin, 14,400 d; Pharmacia Fine Chemigg}sﬁ'was also
added to one well for molecular mass (Mr)4/d€€ermination' of
separated polypeptides. aromSPhenol blue.was add?d either
to each well or to the upper‘Buffer reservoir as a tracking
dye, and éels Qere eieéttophoresed at 5 mA per éel (constant
current) overnight and.theﬂ at 15 mA per gel until the dye

front reached the bottom of the gel. At tpis‘point, gels

consisting of a 3-15% polyacrylamide gradient were removed, p

and separate;! polypeptides were visualized as described in
section 2.2.7. - Gels considting of. a  7.5-17.5%

polyacrylamide gradient were eiectrophoroscd for a further
- ) _

’ lx )
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30 to 4P minutes at 15 mA per gél to increase _polypeptide

separation.

2f5.6 Two-dimensional IEF-SDS-PAGE separations
of polypeptides.

Maize polypeptides 'kwgre separated further by
;wo—dimensional PAGE using’ the method of O'Farrell (1975)
Qith some modifications. The IEF' tube .gelé contained 2%
ampholines (LKB Instruments Inc.) consisting of eiéher a
mixture of éO% pH range 5-8 and‘ZO% pH range 3.5-10, or only

the .pH range 3.5-10 ampholines. To prepare samples for
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loading on the first dimension IEF geél, 5 mg of solid urea

v
per 10 uL of lysate were added and completely dissolved by

vortexing, and samples were mixed with one. volume of a
solution Qbontaining 9.5 M urea, 5% 2-mercaptoethanol and 1
mM PMSF. NP-40 was added to the mixture to give an
NP-40:$DS ratio of eight:one, and finally aqpholines (pH
range 5-8) were added to a final concentration of 2%.
Samples were loaded onto pre=run gels and the subsequent
focussing schedule consisted of 16-18 hours at 400 volts
followed ‘by\ 1-1.5 hours at 800 volts (cénstant yoltage) .
The IEF tube gels were extruded, equilibrated in two changes
.of extraction buffer for tgn minutes each, and layed onto
tﬁe éecond dimension slab gel~which consisted of either a
3-15%8 or a 7.5-17.5§ polygcrylanide' linéar qfadient gel
overlayed wiéq a 3% stacking gel. 1% agar in 18 SDS 8
used to hold the tube gel in piace. Running conditions for

the second dimension gels were jdentical to those described

\
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for one-dimensional slab §els. Routinely, 4100,000
acid-precipitable counts of lysate were added to the first
dimension IEF tube gels.  The pH gradients establiéhed in
thel_electrophoretically—focussed gels was determined by

slicing up a gel and determining the pH of a water extract

(Saleem and Atkinson, 1976) or by directly measuring the pH

in the "intact gels with a pH probe (Bio-Rad Gel Pro-pHiler,

Bio-Rad Laboratories).

2.2.7 Visualization of electrophoretically-separated
polypeptides.

2.2.7.1 Coomasie brilliant blue R-250 staining.

To visualize the separated polypeptides, the slab .gels
were removed from the gel moulds following electrophoresis,
one corner was notched for identification, and the gels were
placed in a 0.2% solution of Coomasie brilliant blue R-250
(EiofRad) in 508 methanol:10% acetic acid for 1-2 hours for
simultaneous fixation and staining of proteins. Separate
pre-fixing prior tolstaining did not yield any diffgtences.
Following staining, the gels were d;stained over several
hours in 50% methanol:10% acetic acid. When most of the

background was clear, the gels were transigrred to 5%

methanol:10% acetic acid for 1 hour and then to 7% Aacetic’

acid for storage priér to photography and/or fluorography.

2.2.7.2 Fluorog:aghié detection of newly synthesized
po ¥pept es . )

‘ Gels were prepared for fluorography as described by
Bonner and Laskey (1974) and dried onto What..n I fifiir
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paper with a Bio-Rad mode} 224 gel slab d:yegk. Fluorographs
were frepared by apposing dried gels at -70C to Kodak
RP-Royal X-Omat film wpich was preflashed to an optical
density of 0.15 (Laskey and Mills, 1975). ;he exﬁoséd films
were developed in Kodak X-ray Developer (five minutes at
21C) and fixed with Kodak X-ray Fixer.

h To determine the relative amounts Of\ incorporation of
radioactivity into individual polypeptides, regions from
dried gels corresponding to bands on the fluorogram were
excised, hydrated, and 'incubated in .0.5 mL. of 90% NCS
(Amersham Corp.) for three hours at 55C (Liebermann et al,
1980). Radioactivity was determined by scintillation
-countihg of solubilizéd samples in a cocktail cbntaining 8 g
of Omni-Fluor in 1000 mL of toluene and 500 mL of Triton
X-100 (New England Nuclear). Bléqk regions of the gels were

used to measure efficiency and background.

2.2.7.3 Photography of stained gels and fluorograms,

Stained gels were photographed on a light box
(Graphiclite Model GL-10) using Kodak 2415 Techn{cal Pan
film in a 35mm camera equipped with a yellow filter, Fo
maximize contrast and resolution. Fluorograms were
photographed on the same set-up but without a filter on the
camera. FPilms were developed fo¥ eight m{nutes,;t 21C in

Kodak HC-110 Developér (diluted 8 mL in 450 mL of water) and

41
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fixed in Kodak Fixer. Pollowin§ vashing and drying, the

negatives were printed onto Ilford Multigrade paper using
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the Ilfospeed Developer and PFixer at manufacturer's

recommended dilutions.

2.'3 RESULTS

2.3.1 Label incorporation into proteins as a function of
heat shock temperature,

The 1incorporation of 1l4C-leucine into "~ proteins
extracted from plumules which were subﬁected to a one hour
temperature elevation is shown in Pigure 1. The graph
indicates a deflection 'point at approximately 44C. A one
hour heat shock at any temperature below this point does not
madkedly alter the incorporation of amino acid precursor.
Above 44C, increasing temperature results in a decrease in
incorporation such that at 50C, total'protein syntﬁesié is
reduced to ébout 15% of thé control level.

2.3.2 Comparison of one-dimensional SDS-PAGE—-separated
polypeptides from heat-shocked seedlings.

The one-dimensional (1—D{,giectrophoretically—separgted
poiyéeptides from plumules subjected to a one h&ur
incubation at 27, 30, 33, 35, 38 41 or 44C are shown in
Figure 2. The Céomasie blue-gtained gel 1in Figure 2A
indicates excellent resolution of polypeptides with -
molecular masses between 10 - and 100 kilodaltons (kD) and
revéals no qualitative.differences between samples exposed
to the different temperatures. Since samples loaded akhe\_,//f

gels contained a similar number. of .counts, the gquantitative

~
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Figure 1.

Plot of the incorporation of acidiprecipitablé
counts of 14C-1é56;he per mg . of protein as a
function of temperature treatment. The treatment
consisted of a one hour incubation“of maize
plumules at each of the indicated temperatuies
followeé By' two hours of labelling at 27C.
Values repteseht the mean of three. independent
measurements with standard errors not exceeding
7d00 cpm/mg protein. Reproducgd ﬁrom'Baszczynski '

t al.,.l1982a; Can. J. Biochem. 60:569-579.
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Figure 2. SDS-polyaciylamide (3-15% gradient) gel

electrophorétic : (PAGE) separation of the
polypeptides from maize plumules subjected to a
one hour heat shock at temperatures ranging from
27C to 44C. A. Coomasie blue—%}é&ned gel. B.
Fluorogram of newly synthesized polypeptideé.
Lanes 1 through 7 cor}espond to a “one hour
incubation at 27, 30, 33, 35, 38, 41 or 44C prior
to labelling at 2%€. Approximqtely 25,000 cpm of
acid-precipitable lysate was appl{ed to each well
of the gel. ©Positions of co-electrophoresed
molecﬁlar m#ss er).mquer proteins are indicated
by arrows on the left while positions of the six
prominent Hsplclassea as‘well_as'ﬁhe\major 93 kD

control polypeptide ire_indicated on' the right.

Fluorogram was .exposed for five days. Reproduced

‘from pészczyﬂafﬁ} et al., 1982a; Can.  J.

Biochem. "60:569-579.
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’diffeféhcgs ;bétween‘nlqnes are attriputable to varying

amounts of total protein’ loadga.-- The teptoducggiliﬁy of

bolybeptide ‘patterns between lanes indicates—'that; the-

] temperature treatmenig are not inducing protein degradation.

. Figure 2B repnesents the fluorographic image produced from

the gel in Figure 2A and represents those polypeptides which
were newly synthesized during the two hour 1abelling pexiod
following the temperature treatments. ‘ The array of
polypeptides synthesized in five-day-ola plumuies at the
control temperature (27C, lane 1) includes a prominént
polypeptide with an Mr of 93 kD. A one hour heat shock at
or above 35C results in a dfémétic change in the types of
polypepgides synthesized including the new or  enhanced
synthesis of six major polypeptide classes with Mrs of 108,
89, 84, 76, 73 and 18 kD. These "“heat éhock polypeptides'_
(HSPs) intensify with increasing temperatures, while ‘other
polypéptides show a reduction _in ‘label incorporation,
especially above 41C. HSP synthesis is also detected above
44C, although tot&lj protein synthesis is reduced

drastically. O

k) ~

2.3.3 Comparisop of two-dimensional IEP-SDS~-PAGE-separated
‘polypeptid€s syntheslzed In heat-shocked’see ings.

The changes in polypeptide synthetic patterns following
heat shock were further analyzed by two-dimensional (2D)
electrophoresis, to establish whether the molecular weight
HSP classes noted in 1-D gels réprescnted more than one

polypeptide (Figure 3). The major spot corresponding to the
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Figu;e 3.

Fluorogram of two-dimensional (2-D) IEF-SDS-PAGE

separations of the polypeptides synthesized in
maize plumules at 27C (A) or following a one hour

heat shock at 35C B), 41C (C)~or 44C (D). The

first dimension IEF gel contained pH rangé 3.5-10 .

ampholines. The second dimension consistéd.of a
3-15% polyacrylamide linear gradientt slas‘ gel.
Approximately 100,000, epm:- of acid-precipitable
lysate was loaded on each first dimension IEF
gel, Positr;ns of ﬁSPs ;re indicated by .arrows
on the right while the. préminent 93 kb
polypeptide in control samples is indigated on
the left. Approximate isoelectric points Is)
are indicated at the bottom.: Fiuorogtams wege

exposed for - five days. Reproduced frgm

Baszczynski et al., 1982a; ‘can. J. Biocheg.

60:569-579.
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95AmkD. prominent control "polypeptide has an gpgroxin;te
isocelectric point (pI) of 8.0‘fp£hel A)fff FPollowing_ a one v

~Boux——heat shock at 35C or above, this major spot decteases

in intensity ~ accompanied Dby s ’ tenpergtute-@cpeadgnt \

enhancement of new spots corresponding to the HSP Mr classes

- noted in 1-D gels.' Tide 108 kD né@ is present- as a single
spot with an approximate pI of 7.7 in the 2-D fluorograi - o=
" following heat shock at 35C (panel B). A second -  spot -

corresponding to this 108 kD HSP class becomes visible and—
intensifies dramatically following incubation at higher
temperatures (pahels C and D).

Bach of the other Mr ciasses'of HSPs also resolves #nto,
more thsn one isoelectric form when examined on fluorograms |
of -:2-D gels. The 89 FD and 84 kD HSP classes are each
resolved into a family of four to six polypeptides with pIs °
ranging betweén 7.0 and 7.7. Some of. the ‘spot.s
corresponding to the 84 kD class are -.also noted in controls
(panel A) and intensify following heat shock.. fhe 73 kD
class exhibits a major spot witp a pI of 7.0 while the 18 kD
clgss‘is resolvedainto a pronise?t‘spoﬁ having a~pi of 7.5, \¥
and less distinct spots-wisb'pls‘oeiweeé 7.0 and 7.3. These t
latter spots are better rosolved on-gels in uhich a harrower
range of anpholines is used 1n the first dilension IEF tube
gels (shown later). The 2-D . gels: also revealod enhanced
synthesis of ip additional polypeptide (approxﬁpatcly 23 kD)
following heat shock; this po}ypoptido vas ugt d.toctcd.'in .

Lo

the previous 1-D gel. S

N
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In addition to thé observed enhanced synthesis 'of' a
'select set of polygeptides,, there are also polypeptides
which show reduced synthesis, and those which do not exhibit

any apparent change in theit relati:g rates of synthesis.

2.3,4 Kinettc prggg;ties of Hsr sgnthesis..

”

'2.3.4.1 Time of initiation:of malze HSP synthesis
following heat shock. -

r

, The fluorograh_in Figure 4 displays the cHanges in

;:gnthesis of . the HSPs foliéwing 0, 15, 30, 45, 69, or 120
minutes 1h¢u5at{on at 41C. Bséin;;es of the inteival during
which synthesis of seach HSP'.g}iss is first observed are
- provideéd in :rable 1. The 84 kD HSP class is syn;hgsized at
low ‘ievels tn the controls (Pigure 4, lane-lj. By 15
minutes at 41C, enhanced or nosel syhthesis of ' the lo8, 84
and 73 kd classes of polYpeptides';;e observed (lane 2), and
the intensity of these increases for* at least 120 minutes at
41C ilahe 6). . The 18 kD HSP class does not appear td be
actively synthesized before 60 minutes at 41C. Note also
the _enﬁqnced synthesis of a 23 kD polypeptiae follawing'a
120 minute incubation at 41C. The duration of the
'teaperature treatnent clearly affects the level of synthesis

» R

"of the heat sbock polypeptidﬁc. :

- N\ - / ’
2.3.4.2 uagtifieaéiod'of nsr'sxgtholib at- gontrol
and heat shock temperatucres.: '

gigilites of the amount  of 14C-leuéine -1uqorporaied

into each HSP class following a one hour heat iﬁock..t 41C |

A} o

-
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Figure -4.

Fluorogram of a ' SDS~PAGE " (3-15%, gradient)

Y

‘sepatation of the polypeptides synthesized in

maize plumules subjected to a temperature shift

from 27C to'41C for the times indicated, followed

by two hours of labelling at 27C. - Positions of

,étqndard marker - proteins and of the HSPs are

indicated by arrows on the left and right
gespectively. App:oxiﬁaé?iy : 25,00Q c;n of
acid-precipiiqble lysate was loaded into each
well af ﬁhe §e1.- Fluorogram was'exposeq for five
days. From Baszczynski et al., 1982a; Can. J.

Biochem. 601569579,
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Table I. Time requirga {or appearance of the HSP classes
. following heat*shock and for disappearance .of the
HSPs during récovery or continued heat shock.

, a b
HSP class Minutes required Minutes required
" (kilodaltons)  for appearance for disappearance
) A “During During continued
recovery heat shock
. — R
.108 0-15 - 120 - 240 180 - 360
89 .- 45 - 60 30 - 60 540 - 720
84 ' 0 60 - 120 540 - 720
N 1 - 30 -45 ' . 60 - 120 720 - 1440
73 . Q -15 60 - 120 720 - 1440
18 _ 45 - 60 30 - 60 180 - 360

a Minutes required for appearance represents .an estimate of
time interval during which enhanced synthesis of each
HSP class becomes detectable. Seedlings were shifted
“ . from 27 to 41C for 15, 30, 45, 60 or 120 minutes and then
labelled at 27C for two hours. Time zero is measured
from when seedlings were first shifted to the 41C
incubator. ' '

b. Minutes required for disappearance represents an estimate
- of the time interval during which synthesis of an HSP
class becomes undetectable or returns to the control
levels.

"
O
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and into 1dentica1 regions of the. cdnttol (27C) gel are

presented in Table 2. In the coﬂtrol gel, the regions

corresponding to the HSPs :epresent approxinately 3% of the

total incorporated counts, Following heat éppék at 41C,

these sa'ne regions account for about 16% of the incorporated
radioactivity representing an approximpte fiveﬁfold‘{ncrease
in t?e new or enhanced synthesis of polypéptides dn theﬁe
regions. While these estimates are approximate, they do
nggest that HSP synthesis does not increase uniformly for
all HSP classes., 'The 93 kD region of the gel shows_a
'reduction in incorporated radioactivity .ﬁbllowing heat

shock.

2.3.4.3 Recovery in protein synthetic;patternﬂkfollﬂwing
heat shock. .

Fluorograms showing tﬁe chandes in the patterns of
polypeptide synthesis during recovery from a one hour heat
shock at 41 or 44C  are shown in ?igurés 5A and 5B,
respectively. The results indicate that, while recovéry is
rapid and complete by eight hours at 27C followipg the heat
shock, the rate of disappearance of each HSP class vaties,
and s t}so dependent on the heat. shock telpe:ature.
Plumules subjected to one hour at 4IC and placed at 27C for
ﬁb ninuyes prior to labelling (ﬁlgure SA, lane 3} exhibit

.both the enhanced synthesi§ of the 93 kD polypeptide and the
decreased synthesis of the six HSP classes observed when
plumules are labelled directly 'to}lowiﬁg the heat shock
'(Figure 5A, lane 2). Under the same conditibns following

55
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Table ITI. Quantification of select polypeptides synthesized
at control and heat shock temperatures,

Temperature Polypeptide CPM Percent of total
(C) class incorporated incorporated
(kilodaltons) o . counts

27 . 108 45.9 0.2
. 93 927.5 3.7
84-89 - 91.4 0.4
'73-76 631.1 2.5.
18 90.2 0.4
41 108 120.1 0.5
93 636.6 2.6
84-89 814.8 3.3
73-76 2456.7 9.8

18 543.5 2.2 ~

N

In each case, excised tissue was placed at each of the
indicated temperatures for one hour priqr to labelling with

14C-leucine at 27C. The radiocactivity incorporated into

sach protein (or accompanying region in control

.gel) is given and also expressed as a percentage of the

total acid-precipitable radioactivity (25,000 counts)
applied to“the gal. ,

%
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Figure 5. Fluorogram of the 1-D SDS-PAGE (3-158 gradient)
separation of the polypeptides synthisized in
maize plumules during recovery from a one -hour

heat shock at 41C (A) or 44C (B). Lane 1 in each

case tepresints the 27C pattern of synthesis.
yane 2 represents extracts from plumules which
v were labelled for two hours at 27C directly
following  heat shock ’at ‘the indicated
temperatures. 1In l;nes 3 through 7, seedlings
weré returned to 27C for 0.5, 1, 2, 4 or 6 hours,
respectively, prior to labelling for two hours at ' ;
é?C. . HSPs and standard markerdprotein positions
are indicated by arrows on the 1left and right,
respectively. Approximately 25,060 cpm of
acid-precipigable lysate was 1loaded into each
well‘ of the gel. Fluorograms were exposed for

— ‘ five days. Reproduced from Baszczynski et al.,

1982a; Can. J. Biochem. 60:569-579.
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heat shock _at 44&, the -93 kD pblypeptide_does not show
inc:éaseé,synthesis until after approxinately.two hours of
recovery at'zzc (Figure 5B, lane 5). .

_ The different HSP classes do not exhibit a uniform
dgé;ease in:synthesis during recovery. Reduced synthesis i;
noted earlier in the recovery period for the 18 kD and 89 kD
polypeptide classes . than for the other HSPs. synthesis of
the 84 kD polype}tide persists beyond ’the eight hour
recoVery .period”’ and as ﬁentioned earlier, this polypeptide
is also apparently syntn%sized at low levels In the control
samples (Figures SA.sand 5B, lane 1l; Figure 2, panel A).
Bstimateseof the time intervals during which HSP synthesis

becomes unda;gctable are summarized in Table 1.

2.3.4.4 Synthesis of HSPs during prolonged incubation at
heat shock temperatures.

L}

Seedlings shifted to and maintained at 41C for up to 24

hours were analyzed at thtee. hour- inaervals to assess
whether HSP synthesis continues during brolqnqu heat shock.
As indicated in Table 1 and revealed ‘ia Figure 6, the
synthesis of HSPs does not persist beyond 24 hours and ‘the
rate of disappearance is class specific for each of the six
‘Mr classes of HSPs. There does not appear to be aay,'
correlation between the time or rates of appearance. and
disappearance of the heat shock polypeptides during either

recovery ot prolonged heat shock.



Fluorogram of a 1-D SDS-PAGE (7.5-17.5% gradient)

'separation of ?he polypeptides synthesized in

maize plumules during .continued incubation at a
heat shock temperature (41C). Lane 1 corresponds

to extracts from plumules labelled at 27Cs Lanes

| 2 through 6 represent extracts from plumules

" shifted to 41C for 3, 6, 9, 12 or 24 “hours and

labéllgd at 41C for the last two hoprs of each
incubation period. Positions of standard marker
proteins are indicated by arrows on the left.
Approximately .15;900 cpm of acid-pf;;ipitggle"f ’

lysate was .loaded into each well of the gel.

~

Fluorogram was exposed for eigh; days.
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2.3.5 Ppol tide synthesis indgggged tissue f:oﬁ several
- se ngs compared to Individual seedlings;

The patterns of newly synthesiz;d polyp;Ltides'ggtained
from_ SDé;PAGE separations- of extracts from 20 excised
-"plumules or from 1ndiviéga1’ excised or individual intact
plumules are compared 1A\§igure 7. While minor quantitative
djifferences were observed, the' patterns of polypeptide
syntﬁesis were qualitaﬁivefy identical indicating tﬁdt: . a)
the ;ynthetic changes accompanying heat shock can be studied
in iﬁdividual seedlings as well as pooled tissue from a

population of seedlings; and b) the newly synthesizeé'_%

polypeptides are not the result of tissue damage induced by
excising the plumules.
"2.3.6 Comparison of different radioactive amino acid

precursors for labelling newly synthesized
polypeptides in maize.

To examine the differences associated with using
different radioactive amino -.acids for 1labelling newly
synthesized proteins, plumulfs (from seedlings grown at '256‘
or following a one hour shift from 25C to 42C) were
incubated in either 14C-leucine, 14C-valine, 14C-lysine, or
35S-methionine and'polypeptides were extracted as .described
previously: Fluorograms | of théi'nm‘two-diﬁcnsibﬁal
electrophoretic sebara;ions of the polypcptiaUBQ'ynthesizeg

in the presence of these precursors are presented in FPigure

8. While ' quantitative and 'qualftativc diftetcndoa are
observ‘h between the patterns gﬁ newly synthesized

polypeptides in control plumules, polypeptides of all six -
‘ . ‘ »

¢
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Figﬁre 7.

 or exciéed plumules from seedlings grown~ at 27C

o

Fluorogram of' the SDS-PAGE (3-15% gradient)

sepa:a}}on of polypeptides s&nthesized in intact

or ‘ following a one hour shift from 27C to 41C. .
Lanes 1 and 4, extracts from 20 plumules exgiéed

prior to labeiling; lanes 2 and Sy\extracts from
single plumules excised prior to 1abeliid§;
‘lanes 3 and 6, extracts from singie plumules
which wére intact during labelling. Positions of
prominent 93 kD control polypeptide and the HSPs.
are indiéaged by arrows. Approximately 25,000
cpm of “acid-p;ecipitable lysate w#s‘;pp;ied to
each well of the gel. :Fluo:og¥am§ were exposed

for five days. Modified from Baszczynski et al.,

1982a; .Can. J. Biochem. 60:569-579.




'

a




/ \

L

rluoregu‘ns of the \2-D mr-sas—msueparations_ '

. of polypeptides synthesized in plunules at 25C or

fo}lowing a 4one*-hour shift to 42C pr&pz to-

i‘befling for’ two hours at 25C in the presence of
356-me§§ionine, itC-valine, 14C-l1lysine or

14C 1eucine. The first dimension IEF gel

4

‘contained a mixtu:e of 80% pq‘range 5-8 and 20%

PH nange 3. 5-10 ampboljnea; The second dimension

.consisted of a 7. 5417 5% polyacrylamide gradient

slab gel. b?bsitions of standard marker proteins

are indicated” by arrows on " the right,.

lysate was loaded ohto each First dimension IEP

gel. Eluerograns were exposed for twelve days. -
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‘wwq&ajog HSP classes from heat-shocked plumules contain each of

the four amino acids (although in different proportions). h'

label concentration dose study and a time course study were
initially conducted to determine the optimum labelling time

and label concentration 'of each: precursor. The slight

differenceé' in temperature conditions from those used

previously (ie., 25C vs 27C) represent inftial attempts at

examining whether different growing or tempeiatute shift

conditions might influence the battetns of polypeptide’

synthesis (see Chapter 4).

&

2.3.7  HSP synthesis in different ti;8ueé of m#izel

The response éf - maize to heat shock was mést
extensively investigated wusing plumules %f five-day-old
seedlings. A ve-:y similar response to heat,kk was also
notedf in s8several other maize tissues 1nglud£ng primary
tadi"cles, mesocotyls, and, young ‘1ea'ves '(Figure:Q' ). Alt_:houQix
t{ssué—speéifié differences were observed, all tissues
’exhi?}teé syntheéis of the same six major moleculaa' we;ght
classes of the heat shock pokypeptideQ described previously.
These ;esults also reveal that wbeh'seedlfﬁgs, are 'léb;liéd
at the 'heat ;hock temperature (42Cf, ;ynthes1h of HSPs is
more intense, presumably dép.to the lonq;f (Ehrgél vs - one
.hoﬁr) 1ncubatioq ag\ the high'ﬁenpgiatﬁri. “Hote also’that
the 23 'kD 'polypaptide which exhipit;d niAor- edﬁanqta;nt

uhde:‘ some cqnditions' in the previouns gels, shows marked

PR ¢

enhancement .under the ptn;ent. qondition-} "The ptodisé
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Figure 9.

. 4
Fluofograms of the 2-D IEF-SDS-PAGE separations

of polypeptides synthesized in plumules,

mesocotyls, radicles or young leaves at 30C or
following a one hour shift to 42C ‘prior-t0<.
labelling at 42C for*two hours.: The ~amppol‘ine
mixtu;e in the I€F gels and the gradients used in
the second dimension ‘slab éels were.the same as
in  Figure 8. Positions . of standard marker
proteins Ardi.naicated'by arrows. on_ the right.
’ Appro&imately 100>Dod cém ~of acid—éraQipitible
| lysate was }oaded onto each IEF gei.

was eapbsed for five days.

“

©

Fluorogram . .
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teﬁpéiaﬁu:g conditions therefore appear to be important in

dete:mining “the final afray/_of polypeptides which are .

po—

synthesizod (sgg Chapteé 4 for detailed study).

2.4 DISCUSSION

Maize seeéiings subjected,to>a rapid upward éemperatUre
shift exhibiﬁ a dramatic change 12 the types of polypeptides
which are synthesized. This response, which involves the
novel = or enhapgeﬁ&é&ntbesis of a small group of "heat shock

polypeptides®, is apparently ”anaiogous to _‘that found in

Drosophila (Ashburner andl Bonner, 1979) ahd other animal
(Kelley ;nq Schlessihger,' 19781‘ ﬁouche ‘gg g%.,' 1979;
Atkinson, 1961) ana plant (Barnett et gl}, 1980; Key et
| al., 1981) systems. Somé of the results obtained in the
present study in maize have been published (Baszczynski et
al., 1982a) and have_ been integrated here into a more
extensive characterization of tht protein synthétic changes
accompanying the response of maize to heat shock. i -‘?
The results from Figure 1 indicate that heat sheck
temperatures below 44C do not narkedly alter protéin
synthetié rates. Above 44C, the rate of protein synéhesis
~ decreases ragidly vith increasing telperatutg suggesting
that, in maize, .this te-pe:ature:-ay represent an 1ntlect1;ﬁ
- point, above which tefaperature shiftl' are potentially'
lethal. This observat{;n haa been supported by field data

which - demonstrate //hat the uurvivnl'of,laiga,plants which

~-




were subjected to a one hour heat shock above 42C was

gréatly reduced relative to those heat-shocked below thié
‘temperature (Baszczynski et al., 1982d). In 1864, Sachs
estimated that only 10 minutes at 49-51C is lethal for maize
(in Levitt, 1980). Tﬁis temperature interval is within the
45-65C range thch is considered to be the thresh6ld for
high temperature stress for most moderate thermophiles
(Levitt, 1980). Similar curves for protein synthetic rates
have also been obtained fior soybean anéAcertain other crop
plants (Key et al., 1982). 1In all cases, the temperature
infleqfion points are between 40'a§d 44C. |
. While différences were not observed  in the. Coonasig
blue-gtained gels 6f the eleqtrophoretically-separated
polypeptides, fluorographic analysis oé these same gels
reveéled a temperature-dependent chamge in the patterns of
newly synthesized polypeptidei ‘(figu:e 2). The HSPs in
maize exhibit a size distribution which is similar to other
plant and fgnggl systems which have been studied (Barn@tt 351
gl., 1980, iey et al., 1981; Kapoor, 1983). fho present
results have also been confirmed by a recént study in maize
(Cooper and Ho, 1983F. Although discrepencies exist in the
molecular nasses~asni§n¢d to the HSPs {which may be due in
part to‘&ifferent-gqlvconditiohs, diggeteﬁt tissues, or thé
use of dtffpteht genotypes), tbe;baaic ;1z§ distribution of
HSP8 1s=the aa?e. ' ‘ o

o~

There is ljttle or no éhangc in iho levels of synthesis

e

of control 'pg‘ygcptidcs below 4iC in majize (rigurq QP);

N 4
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While some organisms ethbi; a similar response (May and
Rosenbaum, 1980), Sthezs show a depression of synthesis of

most control polypeptides following heat shock (Tissieres et

al., 1974; Ashburner and Bonner, 1979). Since a constant

number of counts of acid-precipitable lysate 'were 1loaded
into each well of the stacking gel, the reduced intensity of
control polypeptides qpfed at 44C may be the resplt of the
dramatically enhanced synthesis of HSPs, rather than the
reduced synthesis of control pol¥pep£ides. It has been

shown in Drosophila however, that during heat shock, mRNAS

for control polypeptides are preferentially released from

-polysomes leading to a reduced level of synthesis of control

polypeptides (Kruger and Benecke, 1981).
Twoadinensionai‘aaalysis'rgvealed a complex pattern of
18 or more gpots-cérresponding to the six molecular weigpt
classes of HSPs npiéd in 1-D gels. Under the pres;pt
conditions . of extraction and electrophoresis, these
polypeptides focussed with “isoelecttic, points ranging
between 6.6 and 8.2. 'These vidlues are souewhat.nora basic

than thpse obtained in aninai systems (Atkinson. 1981).' The

differences mag be due in part to the extraction conditions

Bince other studies have shown that\different sa}upi;ization
buffers lead to alterations in the nigfatipns of
polypeptides in IEF gels (Atkinson, porsonal connunication;
also see results in Chapter 3) ‘ |
The observation that seteral spots may be present for

. -

"one HSP cTlass itggcsts’that either: a) heat shock induces

-
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the synthesis of families o?i polypeptides of simi;a£
molecular mass but differing in charge; or b) traqslationalj
and/or post-translational modifications of one polypeptide
in a molecular weight class 1leads to different gharge

variants of that single polypeptide. 1In vitro translational

analysis (see next chapter) indicates that both situations
may exist in maize. Recent studies wutilizing cloned DNAs
for the 18 kD HSPs in soybean have teyealed that many éf the
polypeptides ln.this molecular weight class are the producfs
of individual genés while some rebregent chemical
moéifications of other éolypeptides (Schoffl and Key, 1982,
1983). X

While enhanced ;ynthesis of ﬁsps occurs following heat

shock, some polypeptides exhibit reduced synthesis and

others show no change. Since the total 1ncorpo:atig? of
amino acid precursors into proéeins does not cbangé
dramatically at these temperatures (Figure 1), these
.differential levels of synthesis of the various polypeptide
classes most likely represent a temperature-specific shift
in the translaFional machinery of the cell to the selective

translation of a small group of mRNAS. In D:osophiia, a

homologous in Gitro translation system prepared from
heat-shocked cells will preferentially translate those
messages vwhich are abundaﬂt in cells following heat shock

. \
(Kruger and Benaecke, 1981). This finding' ‘implies that

different intracellular translational conditions exist in

control and.ﬁeat-shqcked cells,

N
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Synthesis of HSPs in maize was noted as early as 15
°

* minutes following a shift from 27C to 41C.. Although shorter

ﬁime intervals were _ndﬁ examined, synth&sis of HSP? in

. Drosophila has been detecteg within the first 8-12 minutes

of heaé .shogk (Ashburner and Boﬁﬁer,- 1979; Lindquist,
1986). :Aftetﬁapproximately 60 minutes at 41C! the level of

incorporation - of radioadtivelgﬁlabeiled precursor - into

polypgp&id;é, with Mrs corresponding to the maize HSPs

exhibits a five-fold increase. . This increase, although

L 4

) substaniial, ‘

"

is. considerably less than in Drosophila where

‘the HSPs account fér approximately 50% of the total -

incorporated counts (Ashburner and Bonmer, 1979). However,

unlike Drosophila, méizé‘doeﬁ not exhibit an’ almost complete

cessation of synthesis of cpntrbl bqupeptides following
heat shock; thus, it is likKely Eﬁat the absolute rate of
' synthesis - of HSPs is 'corisi.ﬂégably l‘.ower"in’maize than in

Drosophila.

When maf;e seediings ar; returned éo a 27C ,incubtht
following a one hour heat shock Qt either 41C or 44C, there
is a‘ rapid and complete recovery in the polypeptide
synéhe€ig .patterns within approximatelf eight hours. While
induction of nsg synthesls occurs rapidly (within 15
‘minutes), recovery proc;;ds slowly ﬁnd is clearly dependent

on the'heat shock temperature (Pigure 5). _Récent studies on

recovery rates in Drosogpila'cclls have generated similar
‘ .

" observations and have revealed that the digxﬂbin“=So of at

4

" least one HSP (70‘kD) is co-ordinated with the reappearance

-
o~
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of synthesis of normal (control) polypeptides (DiDomenico et
al., 1982). .If the seedlings which have been allowed to
recover are then allowed to continue development in the
nursery or greenhouse, they grow into normal corn plants.
These findings, coupled with the observation that Coomasie
blue-stained polypeptide patterns do not exhibit any changes
following the temperature t:eatménts, - provide strong
evidence that the gfﬁs are indeed newly syétheslzed products
and not the result of heat-induced degtaqation. The
identification of genes for the HSPs in many{other syégems
(see Introduction) provides further)support that the HSPs
are not artefacts. .

Seedlings which are maintained at 41-42C for extended
periods of -time (24 hours) do not show continued synthesis
of the HSPs. Instead there is a .gradual decrease in the

synthesis of the HSPs and the establishment of a new, stable

{in termsi of hours) polypeptide synthetic batte:n (see

Figure 6). Cooper and Ho {1983) have substantiated this
.‘finding. As with recovery, Ehé rate of disappearance\

each HSP class is somewhat different. In other systems

(brosophilaf soybean), HSP synthesis continugs éog- as long
as the high temperature is mainta}ned (Moran et al., 1978;
Key et al., 1981).

The data 1n Table 1 suggest that, in- addition to
molecular mass and 1;oelecttic.pointa,‘thelBBPa nay.klso‘be
defined in terms of kinetic ‘pq:hnetegg; The rates of
appeatance and disapp«prance‘ dLring either recovcr;. or

L]
L]




continued heat shock are thus a characteristic property of
each HSP class under a given set of temperature conditions.

An important development during the course of this

. R :
investigation was a s,btem whick permitted the:treatment,

labelling and analysis of polyﬁeé&ides~ from different
tissues of a single 4-5 day old seedling. While a
considerable amount of the work described - in this chapter
was conducted on extracts of péoled‘ tissue from' many
seedlings, ‘the polypeptidés extracted from control " or
heat—shock;d plumules of individual seeélings were identical
to those obtainedlfrom the pooled extracts. Furthermqre,
excision prior to temperature treaéaent and lﬁbelling did
not lead to a "wounding" response. The concern of wound
protein production has also been expréssed in other studies
(zurfluh apd Guilfoyle, 1980; Currie and White, 1981,
The#llet et al., 1982). |

From a genétical point of view, the use of a singlé

seedling sigtem has several advantages. Since many

different sources of a pedigreed variety (eg., Oh43) may

76

exist,' and since the cbntrol of the zygotic genotype is °

routine in maize, analysis of various tissues . (Baszczynski
and ,ﬁﬁghes, 1981b; Hughes and Walden, 1981) by the Eingie
seedling method should facilitate the investigation of

discrete allele contib; within populations. Furthermore, -

the extraction and electrophoretic separation . of

. B l‘ A
polypeptides from many individual Beedlings will yield more

information with tcferlhco to -population variability. than .

—~—
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analysis of extracts from poolsd tissue, N
e response to heat shock does  not appear. to be (o

limited to plumules; 'ogher tissues 1nc1&ding.nesocotyls,
radlcies and young’lesyes (Figure 9) as well as embryos and |
mature leaves (J. Boothe, personal coamunication) also
exhibit enhanced synthesis of the same HSP classes.. In each
case though, tissue—specific diffetences in patterns of
polypeptide synthesis are also observed. ,A common response
to heat shock by several tissues from a single organism_has
aisolbesn noted in other stugies- (Atﬁipson et " al., 19853\ e
Dean and Atkinsop,h 1983). The relative synthesis of the
various HSP classes 1n‘th%se.o;ghn;smg (as infmaizsiiappsars
tg be tissue-dependent. "’
| Pluorograms of 2-D PAGE-separated polypeptides which
had been . labelled with ‘each of the four precutsors_
(Pigure 8) revealed that thg HSPB; contain all four _aninb~
acids.  Since - 355-methionine yielﬁéd « the highest'
incorporation, subsequent in ‘vivo ‘studigs were sonducted |
using .the latter precursor. This change was also necessa:y
since the in vitro translational .studies outlined in . the
“next chapter utilized .355-methionine and direct comparisons
. between the polypeptides synthssizeq‘lg vivo and in vitro
’requited use of the same radioaetively—lapeiled precursar,

/

Y

/. ' - " S

bt




LY . '
CHAPTER3 . A

"IN VITRO rhmsmnomr. ANALYSIS or RNA
NTROL - AND BEAT-§ D SEEDLIN

3.1 INTRODUCTION

.t 4

4 - 3

It has been implied, although sh&&n‘riﬁ only a f;w:

.t < N

systems, that the changes in polypeptide syntheticuyaiteins ;

following 'heat shock are the result of new and(or) enbaﬁcca

gene activity, The rapid and ' dramatic dhanges in
polypeptide synthetic patterns and the abundance of

isoelectric variants of some of the Hsyuélassea"ébBQIVQG-ih

r ]
maize, prompted -‘an analysis of - the. syntgeais apd/or
availability of mRNAs before, dfiring and following heat

shock. Isolation of RNA ' from control anq; . Heat

shocked-seedlings, purification of mRNAS, and trgpslatibn°df;

these mRNAS in vitro' demonstrates that the peaf ahoék N

<

response in~ corn involves changes - in g]e population'oﬁ '

available RNAS. Moreover, -differences tn tbe in vivo énd in

,vitro synthesis of JH8Ps suggest that the bcat sbocn rosponle '

- oy,

in naize nayt , also involve ttanllational ot

post-translational tegdlathy -gnhahi‘Lt . : -
. ’ - ) S ) ,

tow V;B .. ' S
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3.2 MATERIALS AND METHODS

3.2.1 Isolation of RNA from maize seedlipas.

Seeds of Zea mays L. (cv. Oh43) were allowed to
germinate in the dark at 27C for 4-5 days as described in
the pteVious cbapteé. The intact seedlings were then either
maintained at 27C or subjected to a one hour heat shock at
42C. At £3e end of the one hour incubation, plumules\ were
excised, frozen 1in 1liquid nitrogen, and either'ewac;ed
directly or stored at -70C until required. Total RNA was
extracted by a modification of %the perchlorate-isopropanol
‘methods of Wilcockson/4(1975) and Lizardi and Engelberg
* (1979) as described by Sachs et al. (1980). The plumule
tissue was first ground to a fine powder with porcelain
mortars ipd pegtles which had been previousf& chilled éither
in liquid nitrogen or on dried ice. Approximately 0.5 g of
pqwdered, tissue was mixed with 3 mL of solution A (50 mM
,Tris-HCl, pH 7.5 (Sigma), 58 SDS (Bio-Rad), 200 mM NaCl
(Fisher), 15 mM EDTA (Sigma), and 0.07% proteinase K
kBoehiinger Mannheim, added just prior to extraction)), and
the suspension was incubated at 35C for 15 minutgs and at
55C for five m}ndtes. The extract was centriéuged at .
12,000xg for 15-20 minutes and 2 mL of solution p (3.5 M
sodium perchlorate) was . added to the supe;naiant, mixed
thoroughly, and the mixture was incubated at 55C until the
cloudy solution became cl—ear’. 2.5 mL o&solutionc (80%

ethanol saturated with sodium perchlorate) was added to the
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cleared solhtion, the tube was agitated on a a‘fort'ex‘ mixer

immediately, and a further 17.5 mL of solution C was added

to it. The mixture was incubated at 4C for one hour and .

centrifuged at 3000xg for 20 minutes at 4C, and the pellet

was solubilized in S mL of solution D (25 mM Tris-BCl, pH
*.5, 5% SDS, 7.5 mM EDTA). Nucleic acids were precipitated
from this solution by the addition of 20 mL of solution C
(;t 4C for one hour) and pelleted by centrifugation at
3600xg fOt'ZO minutes (at 4C). The resulting éellet was
dissolved 1in- 7.5 mL of solution E (25 mM Tris-ECl, pH 7.5,
0.2% SDS, 1 mM EDTA). A second precipitation step waé
carried out by adding 12.5 mnmL of solution P (3 M sodium
acetate, pH 6.0) and 0.6 volumes (4.5 mL) of isopropanol to
the solution, and incubating it at -20C for at least four
hours. The solution was centrifuged at 3000xg for 20

minutes at -10C. The pellet ﬁag suspended in 10 mL of 10%

solution F in ethanol and placed at -20C for at least four

hours. The sample was centrifuged*at 3000xg for 20 minuées
at -10C and the pellet was dried thoroughly by
l;ophilization. The |RNA pellet was dissolved 1n'50-100 uL
of sterile distilled water, the A260 and A280 were
determined using. a ‘Gilford model 240 ultraviolet

spectrophotometer, and the RNA solution was frozen and

stored at ~70C until required.

2

3.2.2 Practionation of RNA by oligo(dT)-cellulose
chromatography.

Total maize plimule RNA was separated into poly(A)+ and

80




poly(A)- RNA fractions as described by Aviv and Leder

(1972). Approximately 20 A260 units of the .aqueous RNA

. suspension in 0.5-1.0 mL of application buffer (0.5 M KCl,

L
0.01 M Tris-HCl, pH 7.5) was applied to a 1.0 g column of

oligo (dT)-cellulose type 7 (PL Biochemicals, binding
capacity 95.3 A260 units poly(A)/g), which had been

previously equilibrated with applicakion buffer. Column

81

flow was monitored using a Pharmacia U.V. . absorbance

monitor and chart recorder. The column was eluted w}th

application buffer and the non-absorbed material (poly(A)~

RNA) was recycled over the column and eluted, and the

poly(A)-*RNA fraction was collected. The material bound to
the column (poly(A)+ RNA) was eluted first in 0.1 M RC1l-0.01
M Tris-HC1, pH‘7.5, and then with 0.01 M Téis-HCl, gg 7.5.
All peaks were collected separately and the eluants were
made 0.2 M with respect to NaCl, mixed with 2.5 volumes of
cold 95% ethanol, and precipitated overnight at -20C. The
precipitated RNA samples were centrifuged,wand the p;11ets
were lyophilized and solubilized in sterile water.

3.2.3 1In vitro translaéion of maize RNA and the

sdetermination of Incorporated radioactivity
into newly translated products.

3.2.3.1 Rabbit reticulocyte lysate system.

Total RNA and poly (A) ¢ RNA from control and
—_—
heat-shocked plumules were used to direct the in vitro

synthesis of polypeptides 1in a heterologous in vitro

translation kit (New England Nuclear), using 35S-methionine




’

as the labelling probe and the ingredienté and methodology
described in the kit. RNA concentrations used ranged from

0.5-20 ug for total RNA and 0.5-5 ug for poly(A)+ RNA.

82

Traqslations were carried out in a 37C water bith for 60 '

LN

minutes., At the end of the incubation, the reaction tubes
were placed on ice to terminate the translation process, and
two replicate 1.0 ul, samples from each tube were spotted on
1 ocm squares of Whatman No. 1 filter paper, dried, and
placed in a boiling 10% trichloroacetic acid bath for .10

f ¢
minutes. The filters were then washed twice with water,

ethanol and acetone. After drying, the filters were pléced'

in scintillation wvials, 0.5 mL of NCS tissue solubilizer

(Amersham) was added to the vials, and the vials were placed

at 55C for 30 minutes. At the end of the incubation, each‘

vial recéived 17 uL of glaéial acetic acid and’ 10 mL of
scintillatién, fluid (8 g Omnifluor (New England Nuclear) in
1000 mL Iof *scintanalyzed®™ toluene (Fisher)), and the
samples were counted on a Beckman LS 230 scintillation
counter. The remainder of the translation products were

frozen and stored at -70C until required.

3.2.3.2 Wheat germ extract system.

Total RNA from both control and heat-shocked plumules:

were translated in a wheat germ in vitro translation system
from Bethesda Research Laboratories (Bethesda, MD) using

358-methionine as the labelling-probe. RNA concentrations

similar to those used in the rabbit reticulocyte system were .
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found’ td be suitable. Translation of the RNA was carried

out at 25C for 60 minutes, the reaction was stopped, and the

incorporated counts were determined as described earlier.

3.2.4 Determination of optimum conditions for the
) in vitro translation of maize plumule RNA,

The princ¢ipal factors which influence the fidelity of
translation of RNA in vitro (RNA purity, RNA concentration,
potassium ion (K+) concentration and magnesium ion (Mg++)
concentration) were each independently varied, to establish
the most suitable combination of conditisns. The ab;orbance
of the sample provided an estimate of RNA purity; A260 to '
A280 ratios of 2.0 or higher were indicative .of higq RNA
purity ané low protein contémina@ion. The other three
componedts (RNA, K¢+ and Mg++ concentrationa) were analyzed
by conducting three sets of translations. In the first set,
RNA  concentration was " varied while K+ ané; Mg+t
conceﬁtrations -yere‘ fixed. When the optimal RNA level was
determined, it was _kept constant in th seconé set of
translations ‘and K+ concentration was varied. Finally, in
the third set, a range of Mg++ concentrations was tested.
The optimal amount in each case was the concentration which
yielded both the hidhest incorporation of radio—-labelled
precursor iqto newly translated producis, and the gre!!esg
number of translated polypeptides as monitored by one- and
two~dimensional gel electrophoresis and fluorography. RNA
concentrations ranging from 0.5 to 20 ug per 25 : uL

translation assay vere examined. The K+ and Mg++

.




coﬁcentrations tested ranged from 50 to 200 mM and 32.5 to

50 mM, respectively,

3.2.5 One- and two-dimensional PAGE separations of
the in vitro translated products.

The translation products were prepared . for 1-D
electrophoresis by mixing a sample of the translation
products -~ (consisting of appioximately 25,000
acid-precipitable counts) with 1-2 volumes of an SDS buffer
(described previously) and boiling for one’ miputé.‘ The
samples were then loaded into wells of a stacking gel and
electrophoresed as described previously,. For 2-D
electrophoresis, samples consisting of approximatély 100,000
acid-brecipitable counts Qere mixed with.four volumes of a
buffer containing 9.0 M*' urea, 5% 2—mefcaptoethanol, 1 mM
PMSF and 5% ampholines (pH range ~ 3.5-10, LKB Iqsttuments,
Inc.) priof to loading on the first dimehaipn IEF gels.
The secondrdimension consisted of a 3-15% or a 7.5-17.5%

polyacrylamide slab gel overlayed with a 3% pglyacrylamide

stacking gel. All other eleétrophoretic conditions were as:

]
described previously.

3.3 RESULTS

3.3.1 Establishment of optimal conditions for in vitro
translation of malze RNA.

The components of the two in vitro translation systems

used in these studies 1nf£1a11y were varied to determine éhe

84
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optimal conditions for maximum translation of all size
cla¥ses of maize RNA. The rabbit reticulocytd system
yielded effective translations with a variéty of RNA and K¢

concentrations; higher Mg+¢+ concentrations than those

recommended in the kit, resulted in increased 1levels of

85

35s-methionine incorporation into the newly translated

products, The wheat germ system exhibited a very strong
dependence on high potassium concentrations (>135 mM) for
translation of poiypeptides with molecular masses greater
~than 70 kD. While effective translations with either system
were depepdent on the amount of RNA aéded to thedtranslatiOn
mixture, optimal RNA levels were very similar 1h both
systems. Table 3 summarizes the conditions found to be most
suitable for the in ﬁl&ié translation of RNA@ from control
and heat shocked seedlings in the rabbit reticulocyte and
wheat germ- systems. Under these conditions, ° the
reticulocyte lysate éystem always lstimulated the
incorporation of fou: to six times more rédioactivis:\icpm
per ug RNA) into the newly translated products than did the
wheat germ system (Figure iO). ‘

3.3.2 One-dimensional SDS-PAGE analysis of: the in vitro

translation products from control and -
heat~-shocked seedlings.

To assess the changes iﬁ the RNA populations before and
after heat shock, the in vitro translation products were
sephrated by 1-D gél electrophoresis and the newly

translated products were visualized by fluorography. Figure

”




Table III.

Concentrations of RNA, K+, and Hgff requited for
optimal translation of maize RNAs in the rabbit

reticulocyte and wheat germ extract in vitro
translation systems,.

Reticulocyte Lysate ' " Wheat germ
Component - -
a . b a
Control Heat Shock Control Heat Shock
ug RNA/25uL 6-10 8-13 6-8 5-8
[K+] mM . W0-140 80-140 130-150 130-150
[Mg++] mM 30-50 30-50 30-50 30-50

Translation conditions were assessed when RNA from
control (27C grown) plumules was used to direct the

in vitro synthesis of polypeptides in the corresponding
translation systems.

*

Translation conditions were assessed when RNA from
heat-shocked (27C to 41C) plumules was used to direct the

in vitro synthesis of polypeptides in the dorresponding
translation systems. ‘




Figure 10.

Comparison of the relative incorpo:ation 6;1
35S-methionine (cpm) into newly sQnthesized,
acid-precipitéble, ‘zxanslation products as a
function of the amount of total RNA from control
or heat-shocked pluﬁules added to either the
rabbit reticulocyte or the wheat germ in vitro
translation systems. Control RNA in
reticulocyte system (o); heat shock "RNA in
;eticulocyte system (0); control RNA in wheat
germ system (®); heat shock RNA in wheat germ
system (o). Values repr;sent mean cpm from

three independent determinations with standard

errors for any point not exceeding 150 cpm.

‘Reproduced from Baszgzynski et al., 1983a; Can.

J. Biochem. Cell Biol. 61:395-403.

¢ ) .
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11 compares the products synthegized- in both the rabbit
reticulocyte ¢(lanes ?-8) agg the wheat germ (lanes 9-11)
systeps. Lanes 2 /;nd 9 contain ’the products from
translations carried out in the absence of any exogenousl§
added RNA. Lanes 345 and 6-8 represent translations in
which increasing amouﬁts of RNA from control and
' heat-shocked plumules, respectivély, were added. While
minor differences exist in the products derived from the iwo
systems, transiations of the RNA from heat-shocked plumules
in 'e%;her system (i;heg 6;8 and 11) result in new and (or).
- enhanced synthesis of the fame group of polypeptides. These
polypeptides, with Mrs of 108, 89, 84, 73, and 18 kD Are low
or absent in controls and intensify following heat shock;

they correspond precisely to five of the six HSP classes

observed in vivo. The 76 kD HSP class is apparently not

translated in vitro.

3.3.3 Two-dimensional1IEF-SDS-PAGE analysis of the
in vitro translation products from control
and heat-shocked seedlings.

3.3.3.1 Comparison of the polypeptides synthesized
in vitro and 1in vivo.

The products obtained from the in vitro translation of

RNAs from control and heat-shocked seedlings and the in vivo

synthesized polypeptides were resolved by 2-D gel
electrophoresis ;. (Figure 12). The polypeptides synthesized
in‘vivo (Figure 12A) and in vitro (figute 12B) from control
plumule RNA, exhibiﬁ some quantiiative and qualitative

differences., - Following heat shock, new or énhanced




Figure 11.

Fluorogram of a 1-D #DS-PAGE (3-15% gradient)

separation ‘of the products obtained from the in

vitro translation of maize plumule RNAs in the

rabbit reticulocyte jlanequ-B} and in the wheat
germ (lanes 9-11) translation SYSteTFf Lane 1,
stained standards (see Materials ahdAMethods);
lanes 2 and 9, no added RNA; lanes 3,'4; 5, and
10, translations in the presence of 1.25, 2.5,

.
5, and@ 5 ug, respectively, of <control RNA;

lafes. 6, 7, 8, and 11, - translations in the .

presence of 1.25,, 2.5, .‘5,: and 5’ug,
éespectively, of heat shocE,RNA. . Arrowheads on
the left and right :inditate the Mrs and the
positioné of . standard and héat shock
polypeptides, respectively. Dashes between
controi. and - heat shock lénes in wheat germ
translation§ connect co;reébonding polypeptides.
Abéroximately 25,000 cpm of acid.érecipitable

lysate was loaded in _each well "of the gel.

Fluorograms were exposed for five days.

)

Reproduced from Baszczynski et gl.,.1983a{ Can.

J. Biochem. Cell Biol...61:395-403.
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synthesis of a similar. set of heat shock polypeptides is

observed among the products synthesized in wivo and 1in

vitro. As noted 1in the 1-D gels, the 76 kD HSP is absent

among the in vitro translation products. The 76 kD
polypeptide has a slightly higher mobility \and is more
acidic than the prominent 73 kD HSP, | '

The number of isoelectric varianté of some of- the HSP
classes differs among ‘the in vivo and in vitro translated
products. FOr example, additipnal spots .corresponding to
the lé kD HSP class are noted in vitro. There af? fewer

isoelectric variants of the high molecular weig§t HSPs in

vitro than there are in vivo. This implies that
translational and(or) post-translational "changes, - which
alter the charge forms of the polypeptides, may be occurring

in vivo.

-

. The polypeptides obtained from in vitro translations
dni{quly migrate 'with more acidic pIs than their in vivo
coﬁntérparts. (Figure 12). As mention;d earlier, ®* these
apparent discrepencies in pI values are partially due to
different solupilization conditions which 1impart uniform
alterations in the net charge of the polypeptides. When the
iﬂ vitro translation products are mixed with an equal‘vélume

of the SDS buffer used to sol lize in vivo synthesized
..polypepttdes, the electroéhoreffoIXxyseparated products

migrate with identical isoelectric points (Figure 13). .

92



Figure 12.

Fluorographic comparison of 2-D I1EF-SDS-PAGE
separations of the polypeptides synthesized in
vive (A and B) and the products derived from an
in wvitro translation of total RNA (C and D),
from control (A and C) or heat-shocked (B gnd D)
maize plumules. Arrowheads in B and D point to
the position "of the 76 kD HSP which  is

synthesized i vivo but apparently not in vitro.

The IEF gel contained pH range 3.5-10 ampholines
and the second dimension consisted of a 3-15%
gpadient gel. Relative molecular masses of. the
prominent control polypeptide and -the HSPs are
indicated by' arrows on the 1left and right,
respectively. Aéproximately 100,000 cpm of

acid-precipitable translation products was

'loaded ' onto each IEF gel. Fluorograms were

~exposed ~ for five days. Reproduced from

.
Basz®ynski et al., 1983a; Can. J. Biochem.

Cell Biol. 61:395-403, //






F%gure 13.

Comparison of isoelectric point (pI)
determinations 'conductgd on electrophoretically
separated and fluorographically revealed
polypeptides in the presence or absence of SDS.
A. Polypeptides synthesized in !i!g>‘ in
heat-shocked plumules (és in Figure 12B); B.
products from an in vitro translation of total
RNA from heat-shocked plumules (prepared as
described for translation products in Materials
and Methods); C. products from an in vitro
translation of total RNA, after mixing with an
equal volume of SDS extraction buffer and then
prepared as in A. Positions of reference HSPs
are indicated by arrows on the right. Regions
of identical pH value in the three gels are
connected by vertical lines. pI values
indicated by arrowheads in each figure refer to
the same prominent 18 kD HSP. Each gel was
loaded with approximately 100,000 cpm of
acid-precipitable translation mixture.
éluorograms were  exposed for five days.
Reproduced from Baszczynski et al., 1983a; Can.

J. -Biochem. Cell Biol. 61:395-403.






3 3.3.2 Comparison of the in vitro translations
of total RNA and poly(A) ¢+ mRNA .

The 2-D electrophoretic separations of polypeptides
synthesized in vitro from total RNA and poly (A)+ mRNA of.
control and heat-shocked plumules are presented in° Figyre
14. In general, the poly(A)t¢ f;aotion separated b;
0ligo(dT)~-cellulose chromatography represented less than 1l0%
of the total RNA added to the column. Due to its purity
however, very small amounts (0.5-1.0 ug) were sufficient to
stimulate incorporation of radiocactivity into_?he'lg vitro
synthesized\products. While quantitative differences exist,
the .majority. of the polypeptides translated in vitro from
total RNA are the same as those synthesized‘ from poly(A)t+
mRNA. These syntheses of high molecular weighf polypeptides
‘are apparently reduced in translations of poly(A)+ mRNA and
the resolution of "low molecular weight polypeptides is
inctéaged. These results 1indicate that AEhe }eat shock
‘polypeptides are translated from polyadenylated mRNAS
(Figure 14). ) |

3.4 DISCUSSION

Following incubation at elevated temperaturés for brief
period; of time, new ot‘enhaneed synthesis of a'serfes of
heat shock proteins is induced as described in the previous
chapters. It has been demonstrated in only a few systéms

that the alterations in polypepﬁide synthesis following heat
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Figure 14.

>
Fluorographic comparison of 2-D IEF-SDS-PAGE

separations of the products from in vitro

translations of control total RNA- (A), heat
shock total RNA (B), ‘control poly(A)+ mRNA (C),

and heat shock poly(A)+ mRNA (D) in the rabbit

reticulocyte translation system. Mrs of the

HSPs are indicated on the right and two
reference pH values ate shown by arrows under

each figure. Each TIEF gel was 1loaded with

‘approximately 100,000 cpm of acid-precipitable °

translation mixture. Fluoiograms were exposed
for five days. Reproduced from Baszczynski et .
al., 1983a; Can. Je. Biochem. Cell Biol.

e

61:395-403.



\\.

o

X

1073
| ]




100

L

shock are the result of changés in tfanscription\(Aghbqrpqn?

and Bonner, 1979; Keiiey et al., 1980; Key et al., - 1981; -

Kruger and Benecke, 1981; Schoffl and Key,‘lgtzl. In this

- study (Baszczynski et al., 1983a), fluorographic amalysis of

the ';—Q and - 2-D e1gctrophoretically-sgparatéq products
obtained frqm_the in iﬁggg translations of corn plumule RNA
were uséd to .examine the changes 1in RNA populations
associatgé with the heat shock response in maize.

It was necessaty initially to establish ~tpe optimal
concentrations of the comfonents and conditions ;hich can
influence the fidelity of RNA translations, since different
conditions éan mar kedly éffect the r;sulés (Merrifield,
1979). As'summarized in Table 3, similar RNA ‘concentrations

t

were suitable in both- syétems, but thee wheat germ system
exhibited a strong dependence on high K+ concentrations
(>135 mM) for effective translation of RNAs for- the high

-~

molecular weight polypéptides. Kapoor (1983) has also found

that effective translation of Neurospora RNA in the wheat
germ system requires increased K+ concentrations. While the
wheat germ may Tepresent a more homologous system for
translating corn mRNAs (based on phylogenetic relatedness),
the rabbit reticulocyte system proved‘to be more effective
and practical (the total radioactivity &ncorporated into
newly translated products was consistently higher than
‘(Figure 10), and‘the resolution and reproducibility of the
electrophorétically separated .polypeptides was superior to

(Figure 11) the wheat germ systemi; For these reasons,

PR

.
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fsubsequent’_igk vitro translations were conducted utilizing

f
-

the rabbit ret é;ocyte system. | N :
The results s ZFiguré‘Ti.&Léges 3~-5) indicate that the

in wvitro translation\\systems used in this study translate
exoéenously added maite R into polypeptides ranging in

kilodaltons. The poiypeptides

size from 15 to 100

synthesized under equivalent temperature conditions in vivo

aré in this same siiéwtange. Lanes Z‘and 9.'(blank lanes),
which represent Qranslations in \the absence of exogenously
added RNA, suggeét that there is little or';o endagenous‘Rg?
in the wheat germ system, Of the ‘two prominent bqué - noted
in the retiéulocyte lysate blankrlane (Lane 2), the lower
band (approximately 22 'kD) reéresents' theﬁ'productv from
translation of an endogenous RNA species. . This RNA is
presumed to be insensitive to the nuclease treatment used-to
remer endogenous RNAs ffbm the system (Pélh;m aﬁd Jacks‘o'n,.~
1976). Evidence for_this'being an endogenous RNA comes from
the - oéseqvation that,'ihg intensity of this bandtdecreaéés
as the amount of exogenously added maize ®NA increases
(compare progression in lanes 3-5 and'alsq~in 1anes 646),
The second band (at about 45 kb) may reptesentb an attifact
genetﬁted by some :1boepme4independent'prgcqss such as the
binding of 353rméthioninetgc»a component of the translation:
kit (Pilham and Jackson,- 1976). It doesinot apg;ar.;o
exhibit changes_in intensity with increasfng anéunﬁss of
éxogenously added RNA. |

In comparing the two in vitro translation systems, some

rl
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differeﬁces were noted in the'products obtained from each
system (compare control patterns in lanes 3-5 with lane 10).
The polypeptide ~pat;tefns from translgtidné in the rabbit
reticulocyte system we:eﬁconsistently more reproducible in
these studies. Aﬁalysis of the products obtained from
translati§n§ of _RNA from~ heat-shocked plumules revealed
eﬂhanced synthesis of f;ve moléculax weight classes of
polypeétiQes (lénes 6-8 and il). Thié‘-observation implies
that following heat ‘shbck in ﬁaize,‘there is a change in
either the ayailabillty of oértain mRNAS or in their: abi$ity

to be translated. The ,qume:ous studies -"in Drosoﬁhila

indicate that new or enhanced~transq£ipfibn of mRNAS occurs
during *heat -shock (Ashburner..and Bodter® 1979). While the
presence of low levels of mRNAs for, the HSPs has been

4 -

demonstrated in 'non-heat-éhoc@ed ~tissues of Drosophila

(Findly and Pedefson,:IQSI; Velazquez et al., 1983), there

is 1little evidence that the mRNAs.persist~ot‘accgmulate in

these tissues. The study of Zimmerman and cb-workeré (1983)
showed that mRNAs for the 83 kD, 28'kD, and igﬂﬁD HSPs of

Drosophila accumulated in the adult ovarian nurse cells and

passed into the oocyte during normal development. It was
suggested that this accumulation may .Se important in
regulating gene expression during oogenesis, rather than gn-
increasing the ability of these tissues to respond to heat
shock (Zimmerman et al., '1983). Xenopus oocytes whicﬂ wef ¢

enucleated or treated with amanitin prior to heat shock

still exhibited HSP synthesis, apparently in the absence of

-



any new RNA transcription; It has been suggested - that
preformed mRNAs for the HSPs are present in the cytoplasm of

these odéytes (Bienz and Gurdon, 1982).

Closer examination of the'ig vitro translated §todhcts

by 2-D gel electrophoresis (Figure 12) reyeals several
important features. While many of the polypeptides present
in the in vivo éynthetic patterns are also present among the
in vitro translated products, some qualitative and
quantitative 4differences exist. These differences may be
attributable to: a) differential distribution of the ﬁﬁA
species isolated from plumulgs relative to those available
for translation within plumule tissues; b) differential
relative rates of translation of maizé RNAs in vivo and in
thé'heterologops in vitro. sjstem (Balliﬁger and Pardue,
1983); and/or c) translational or post-translatioﬁal
-mechanisms such as ‘chemical modification, amino acid
substitutioﬁ, etc., . which may alter the mobilities of the
polypeptides. Quantitative differences are most likely ‘due
to a) or b) above while.qualitative différencés are probably
attributable to size or charge modiﬁicatiéqs (Scharf and

Nover, 1982; Silver et al., 1983).

The apparent absence of translation of a 76 kD HSP in ’

vitro suggests that either: a) the mRNAs for the 76 kD HSP
are unstable in the in vitro system; b) the mRNAs for . this
HS8P <claass is present but in an untranslatable form; o;\;)
the 76 kD HSP class 1is not coded for by a. unique gene but

represents an in vivo modification of another heat
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. , "
shock-induced polypeptide. 1In the absence of CDNA probes,

it 1is not possible to screen.for the presence of a specific
gene or its mRNA product. The development of a homologous
in yvitro translation system derived from maize germ might
also facilitate discrimination between some of these
possibilities. ‘Attempts at production of sugh a system
(F.A. Burr, personal communication) have not been conéletely
successful. - The impact of a truly homologous system on the
fidelity of RNA translations was elegantly demonstrated in
the work of Kruger and Benecke (1981) which showed that a

translation systém derived from heat-shocked Dros;;Eila

cells preferentially translated mRNAs for the HSPs.
Messenger RNAs for control polypepfides were translated at
reduced levels, The reverse situation was noted with ‘a
translation system derived from control (25C~grown) cells
(Kruger and Beneécke, 1;81). - . -
The rabbit réticulocyte in 31552 translation system

used in these s8studies is designed to translate faiéhfully

exogenously added mRNAS  without post-translational

modifications of the translated products (Pelham and

Jackson, 1976). Each in wvitro ~syntﬁesized polypeptide
therefore, should represent an‘ individual gene pt6duct.
Examination of the distribution of’polypeptides on the basis
of 1isocelectric points reveals the presence of fewer cﬁ&rge
variants of the high molecular weight HSPs among the in
vitro lt:anslated products. This observation 19 especially

pronounced at higher temperatures (not shown) and strongly

-
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suggests' that at least some of the isoelectric forms noted
in yvivo represent charge modifications‘ of a single
polypeptide. Additional spots corresponding to the 18 H;
HSP class were frequently osserved in different propo;tiyns
in 531359, suggesting differential 4re1at1ve. rates of
syntheésis or levels of processing of these pﬂiygggiides' in *

vivo and igivitro. The studies in soybean have re;éaled‘at

complex pattern of spots on 2-D gel separations of the 18 'kD
HSPs (Key et al., 198l1). Recent expériments utilizing cDNAs
to these heat shock RNAs have shown clearly that while
several of the 18‘kD HSPs are coded for by unique genes,
some of the low molecular weight  HSPs represent
post-translational modifications of other polypeptides
(schoffl and Key, 1982, 1983).

| In addition to the relative changes in the spots

observed on 2-D gels, a total and uniform shift in the range

of isoelectric-poin?s of the polypeptides was also noted 1in

gels of the in vitro translated products. The pI value for
each polypeptide was apperimately 0.6-1.0 pH units lower
than the value of its molecular weight analogue in vivo
(Figure 12). The results in Figure 13 indicate that the pIs
of proteins or polypeptides are influenced by'th. buffer in.
which samples are prepatéd. The presence o% BD8 in the
lysate "(in vivo) yield?d -pl "values for all polypeptides
which were more basic than those ¢btained in the absence of

sns (in wvitro). - Although SDS-protein interactiobs are

unstable in the presence of the non-ionic detergent NP-40.

he
) {
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(used ' in prepar?tion of samples for ‘loading onto IEF
gels) (O'Farrell, 1975), SDS $ings to protein with a high
binding constant (Ray et al., 1966) such q';'.Tl?)'}.n: the NP-40 may
not be removing all the SDS. The presence of this tightly
associated SDS could accounthfor the more basic pI values

obtained for the electrophoretically-separated, in vivo

synthesized products. .Other buffers have since been shown
to also influence the migration of polypeptides in the IEF
dimension; in some cases, the pI of a single polypeptide
only may be markedly altered (Burr G. Atkinson, personal
communication),

A comparison of the products obtained from in vitro
zxansiations of total and purified poly(A)+ mRNA (Figure 14)
yiglde@ . qualitatively similar results. However,

translations of poly(A)+ mRNA resulted in enhanced synthesis

*

of low mQlecular weight polypeptides and the apparent
‘ decreased synthesis Qf high molecular weight polypeptides
‘(including the HSPS). A #imilar distribution of high and
loy molecular weight products following in vitro translation
of poly(A) + mRNAS have been found in soybean (Key et al.,
1981). These differences may reflect the breakdown of
larger mRNAs‘ or Ldiffetenti%l recovery of certain mRNAS
féllowing‘ 0ligo(dT)-cellulose chromatography, but the
results establish that the 108, 89, 84, 73 and 18 kD '339_
classes are translated from polyadenylated messenger RNAS.

Translational and/or post-translational regulatory

\mechanisﬁs, hGQéver, are most likely involved in determining

l 4

-
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the final form(s) of these HSPs.

The experiments and analyses in this and the preceeding
chapters establish that heat shock in maize induces rapid
and reversible cg;nges in the spectfum of polypeptides
syhthesi;ed. The new and/or enhanced synthesis of heat
shock polypeptides is the direct result of an 1increased
transcription or availability of poly(A)+ mRNAs for these
HSPSs. The variability in rates of appearance,
intensification and disappearaﬁce ¢f the HSPs, and the
differences observed between various Cémperature treatments
suggest that regulation of the molecular events involved in
the response is under strict, temperature-dependent control.
A critical examination of the influence of different gro;ing
temperatures on the subsequent response to temperatufe

shifts is the subject of the next chapter.

) ’ | .



CHAPTER ¢4

POLYPEPTIDE SYNTHESIS IN MAIZE SEEDLINGS SUBJECTED
TO A SERIES OF WEMPERATURE SHIFT REGIMES

4.1 INTRODUCTION

The A studies described 1in the preceeding chdp;eré
demonstrated that rapid \E;mpetatute shifts to elevated.
incubation temperatures (heat shock), lead to dramatic
changes in the synthesis of polypeptides and the
polyadenylated mRNA transcripts which code for these
polypeptides  (HSPs). In addition, some interesting
observations (Chapter 2) suggested that the precise
temperature conditions used for growth and treatment of
seedlings might influence the patterns of gene expression,
While most of the animal systems in which the heat shock
response has been examined have a limited "control® growing
temperature (eg., 35-38C for mamhalian"syggems), maize as
well as other plant systems will grow and dqvelop 'nornally‘
over a Stoad temperature range (approximately 15C to 35C).
This offers the unique opportunity to examine: a) the
polypeptide synthetic patterns produced at different groﬁing

temperatures; b) the influence of 'growing' temperature on

108
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the subsequent response to heat shock; and c) the -
\;Abolypeptide synthetic changes associated with various
temperature shifts which do not exceed the normal growing
range for maize (eg., a _shift from 20C to 30C). The present
investigation demonstrates that the in1t£a1 growiﬁg
temperature clearly influences the polypeptide synthetic
pagterns at each growing temperature and following

temperature shifts and heat shock.

4.2 MATERIALS AND METHODS

4.2.1 Growth of seedlings

See&s of Zea mays L. (cv. Oh43) were germinated in
the dark for 4-15 days in incubators preset at temperatures
ranging from 15-35C. To minimize developmental differences
due to growing temperature, all material used in subsequent
experiments was chosen at a morphologically uniform stage
(plumules were approximately 1.5 cm 1long, radic;;s were
approximately 7 cm (Jlong).

4.2.2 Temperature treatments and determination of
internal seedling temperatures,

Intact seedlings were subjected to a ' series of
temperature shifts over several temperature increments (as

noted in Figure legends). 1In order to measure the actual

temperatures within intact seedlings during these

temperature treatments, a miniature thermo—-couple probe was

inserted directly into the plumule of a single seedling and
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kept there for the duration of the experiment. Additiongl
probes were inserted into each incubator to obtain
simultaneous measurements of temperature changes due t§
experimental manipulations (eg., opening incubator‘doors).
The probes were connected to a digital recdrder (Model CRS,
Campbell Scientific, Ing.) and temperature readings were
generateg and recorded at.20 second intervalé. The data
were éfstted and rétes of . change 19 temperature were
determinéd.

4.2.3 Polypeptide extraction and determination of label
incorporation int?rnewly synthesized polypeptides.

Following the temperature treatments, intaét plumdles
were labelled ébr two hours‘ (at either the growing
temperature or at the temperature to which théy were
shifted) with eithe; 100 w«Ci/mL of 35S-methionine or
33.3 uCi/mL of 14C-1euciné as described previously.

To determine the incorpbrgtion of radio-labelled amino
acid precursbr as a function of growing temperature, fivé
replicates of plumules (10 plumules per replicate) were
labelled as above and the polypeppidea were extracted as
before, The incorporated radiocactivity and total extracted
protein of each replicate were measured as described
previously and the mean cpm per ug of protein vas determined
for seedlings grown at 15, 20, 25, 30 or 35C.

For electrophoretic analysis, individual intact
plumules were labelled, polypeptides wéte ‘extracted and

incorporated radioactivity was determined as before,
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4.2.4' Isolation and in vitro translation of RNA from ,
seedlings following temperature shifts or heat shock.

Seedlings grown at various temperatures were spbjected
either to a 10C upward temperature shift or to a heat shock
temperature (42C) for various lengths of time as indicatéd
in Figure legends. Total RNA was then isolated as described
in the preceeding chapter and used to direct the synthesis
of polypeptides in a rabbit reticulocyte in vitro
translation ‘system with 35S-methionine as the
radioactively-labelled precursor.

4.2.5 One- and two-dimensional PAGE analysis of the

polypeptides synthesized under different temperature
shift regimes.

Lysates from in vivo or in vitro synthesized

polypeptides were diluted with appropriate buffers where
necessary (see previous chapters) . and were loaded 1into
preformed wells of SDS polyacrylamide slab gels for 1-D
separations, 6: onto the first dimension IEF tube gels for
2-D separations, Gel concentrations and elecirophoretic
conditions were exactly as described in preceeding chapters
except that the IEF gels contained a mixture of amﬁholines
(80% pH range 5-8, 208 pH range 3.5-10, LKB). Specific

conditions are indicated in Figure legends.



4.3 RESULTS
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4.3.1 -Determination of internal seedling temperatures ‘
under different growth and temperature shift
conditions.

Figure 15 presents a plot‘ of the Atemperatu:e inside
incubators or inside intact plumules as a funétion of time,
for a' series of temperature shift regimes (see Figure
legends for particulars). Since recordings were made every
20 seconds, very smal} or rapid fluctuations in temperature
could easily be detected.' Data indicate that thg incubator
temperatures remained very steady over the seQeral days qf
seedling growth (not shown) and during the temperature
treatments (Figure 15). The ﬁeasurements made inside intact
'piumules following transfer from one incubator to another
show. that: a) the temperature increases or decreases
dexponen ially 'with time following the shiftsa b) there are
no significant fluctuations during the course of the
temperature change; c) the internal seedling temperature.
reaches the incubator temperature After approximately 20
minutes; and d) the‘rate;of change from one temperature tp
another appears to be the‘ same in both the upward and
downward directions. Table 4 summarizes the number of days
required for seedlings groﬁn at each of the . different .

temperatures to produce 1.5 cm long plumules.



Figurg 15.-

Plot of preset' tgmpexatp:es iqside incubators
(SOIid lines) or changes in temperature inside
intact plumules following  thermal shifts
(squares and triangles) as a function of time.
Although readings were ébtained every 20
seconds, only every other measurement is plotted

for clarity. .

s
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Table IV. Time required for Oh43 seedlings grown at
different temperatures to produce 1.5 cm long

plumules, '
.. a
Germination and Days for Plumules
Growth Temperature (C) to Grow 1.5 cm

15 t1.5 17 t1.s
20t 1 11t
25+ 1 * 7% 1
30 5%o0.5
35 t1.5 4%0.5

a Since seeds may imbibe water at different rates, the-
values represent the mean number of days for plumules to

grow 1.5 cm. y)




4.3.2 Label incorporation and one-dimensional SDS-PAGE
analysis of polypeptides synthesized at
different growing temperatures,

The incorporation of radioactively-labelled amino acid
precursors into newly synthesized polypeptides was
aetermined for plumules from seedlings grown at 15, 20, 25,
30 or 35C. The mean level of incorporation
(cpm per ug of protein) and standard errors  have been
plotted ‘in Figure 162 The incg;poratidn of 35S-methionine
int? acid-insoluble material from plumules ‘of seedlings
grown at 30C 1is approximately three times highier than for

" those grown at 15C. Seedlings grown at 35C exhibit ‘1ess
incbrporation than those grown at 30C suggesting that tﬁe
~ﬁaximum rate of incorporation of precursor into this tissue
occurs at approximately §0C.

The polypeptides isolated from plumules of seedlings
grown at 15, 20, 25, 30, or 35C were resolved by 1-D
SDS-PAGE and subjecged to fluorographic analysis (Figure
16B) . Many of the polypeptides synthesized at the different
temperature{ are common; in addition, growth at the various
temperatures leads to specific differences in the types of
polypeptides which are synthesized. These results indicate
that a control polypeptide synthetic pattern must be defined
in terms of the .temperature at which seedlings are grown

since the response to subsequent temperature shifts may be

influenced by the initial growing temperature (see next

saction).




Figure 16.

Label incorporation and polypeptide synthesis as
a function of growing temperature. 16A. Plot
of cpm of 35S-methionine incorporation into
acid-precipitable 1lysate from plumules of maize
seedlings grown at 15, 20, 25, 30 - o£ 35C.
vertical black bars represent standard errors of
the mean. 16B. - Fluorogram of the
one-dimensional SDS-PAGE (7.5-17.5% gradient)
separations . of the newly syhthesized
polypeptides from plumules of the seedlings
grown at 15, 20, 25, 30 or- 35C. Positions of
relative Mr marker proteins are indicated by
arrows on the right; Approximately 20,000 cpm
of acid-precipitable 1lysate was added to each
well of the gel. Fluorograms were exposed for

five days.
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. 4.,3.3 Examination of polypeptide synthesis following\\

different temperature shift regimes. '
S

4.3.3.1 One-dimensional SDS-PAGE comparison of polypept
synthesized following shifts within the’ heat shock
_temperature range.

In the original heat shock studies (Chapter 2),
seedlings *grqwﬁ "at 27C exhibited a change in synthetic
patterns when shifted to 35C or above. To determine whether
35C represents a critical temperature required for the
synthesis of HSPs, seedlinés grown at 27, 32 - or 35C were
subjectedf to various upward temperaturé shifts (Figure 17).
As demonstrated in Chapter 2, a one hour éhfft from 27C to
35C leads to the enhanced synthesis of'the six HSP classeé
(Figure 17, lane 2)., However, when seedlings growﬁ at 32C
(Figure 17, lane 4) are shifted to 35C for one hour (Fig&re
17, lanes 3 and 5), there is no appreé?able increase in
synthesis of these HSPs. It Pmay aldo be noted that the
synthetic patterné,from seediings grown at or at 32C
exhibit some differences; these differenges ' are .also
present followiﬁé the shifts. to 35C _suggestieg. that the
initial growing temperature may influence the polypeptide
synthetic changes inducéd followiﬂé the éhermal shifts,
Seedlings grown at 35C (Figure 17, 1lane 7) do not show
synthesis of the HSPs but yield a synthetic p;ttezn which
generally resembles that of the 27C or 32C grown seed;}ngs
(data from figure 16B substantiate this). ;
Temperature shifts from 27C to 35C (FPigure 17, lane 2)

and from 35C to liC‘ (rigdre 17, lane é) result in

i
i




Figure 17.

Fluorograms of the 1-D SDS-PAGE (3-15% gradient)
separation of polypeptides synthesized at 27, 32
or 35C, and following one hour téﬁperature
shifts over the increments indicated undgr‘each
lane. Regions of the fluorograms 6ut11ned in
grey rectangles have been overexposed and
reéroduced below each lane to emphasize the
15-25 kD region of the gels. Positions of Mr
marker proteins are ipgicated by arrows on the
left. Positions of reference HSPs ;nd the
prominent 93 kD control (27C)‘ polypeptide are
indicated by arrows on the left. Approximatel;
25,000 cpm of acid-péecipitable lysate w;s added
to each well of the gels, Fluorograms were
exposed for five days. Ovefexposed'mqgions were

. \ A
“®xposed for ten days.

)
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”/,polypeptide synthetic patterns which are vety' similar in
terms of the relative intensities of all bands (including
the HSP bands). ‘This suggests that the degree to which
enhanced synthesis of some polypeptide classes and depressed
syn£hesis oé other classes occurs also is dependent on the

initial or pre-shift temperature, and on the temperature
P D>
increment over which the seedlings are shifted. /

4.3.3.2 Oné—dimeneionél SDS-PAGE comparison of polypeptide
synthesis following a range of temperature shifts.

To examine more closely the influence of growing
temperature on the response of seedlings to sSubsequent
temperature shifts, maize seedlings were grown at 15, 20,
25, 30 or 35C and subjécted to either a 10C upward
temperature shift or to a heat shock temperatﬁre (42C) for
one hour, Fluorographic analysis (Figure 18) reveals that
each growing temperature yields a unique synthetic pattern
(as was also shown in Fiqure 16) and that a one hour heat
shock at 42C leads to enhanced synthesis of the same six
molecular weight HSP classes. Additional bands also"exhibit
enhanced synthesis following heat shock; these are
dependent on the initial growing temperature. For example, -
a polypeptide with an agpxoximabe’molecular weight of 31 kD
is strongly enhanced following a heat sheock from 20C to 42C,
is less intense following a heat shock from 25C to 42C or
from 30C. to 42C, and is not present following a heat shock

. from 15C to 42C. Similarly, a 23 kD bolypeptide intensifies

strongly following a shift from 30C to 42C but shows much




’F{;&te 18.

Fluorograms of the 1-D SDS-PAGE (7.5-17.5
gradient) separations of the polypeptides

synthesized in plumules of maize seedlings grown

at 15, 20, 25 or 30C, and following either 10C

upward temperature shifts, or shifts to a common
heat shock temperature (42C) as indicated under
each lane, Positions of relative Mr marker
proteins are indicated by_arrows on_left while
the positions of the six major ﬁSP:fﬁlésses are
indicated on the vtigh;.wlﬁbproximately 25,000
cpm of gcid-precipitabie lysatewwas applied to
each well of the gels. Fluorograms were exposed

for five days.
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less enhancement following a shift to 42C “from 15, 20 or
25C. These results confirm that the final array of heat
shock polyreptides is markedly influenced by the initial
(pre-shift) temperature.

Examination of lanes 2, 5, and 8 (Pigure 18) reveals
that a 10C upward temperature shift also 1leads to the
enhanced synthesis of some of the high molecular weight HSP
classes (compare especially lanes 5 and 6). This
observation strongly suggests that enhanced synthesis of
these polyp;ptides may not necessarily be the result of heat
shock, but may reflect a synthetic change 1in response to
temperature shifts in general. The synthesis of the low
molecular weight 18 kD HSP class is not observed following
these 10C upward temperature shifts, suggesting that it may
represent a “"heat-shock-specific" class of polypeptides.
The 18 kD HSP has not been detected even in extensiveiy

over-exposed fluorograms of polypeptide patterns from

plumules shifted from 15C to 25C, or from 20C to 30C.

4.3.3.3 Two-dimensional IEF-SDS-PAGE comparison of in vivo
and in vitro synthesized polypeptides following
temperature shifts and heat shock.

Although new or -enhanced synthesis of some of the HSP
classes i8 noted following temperature shifts within the
normal growing range fof maize (previous section), the 18 kD

class 18 not detected following these shifts and the entire

response is much less dramatic than that observed 'folloving

heat shock. To assess whether differences cxisEL?n the

-
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levels of available mRNAs for these polypeptides following
the two temperature shift strategies (ie., I5-25C versus
25-42C), total plumule RNA was isolated and translated in
vitro in a | rabbit reticuioc&te system as described
previously. A comparisdon is presented in Figure 19 of the
polypeptides synthesized in vivo and the pfbducts obtained
from the in vitro tranflation of RNA isolated from plumules
following the 15-25C temperature shifts. The results from
fluorographic analysis of the 2-D gel separations indicate -
that while a 15-25C shift léads to slight enhancement in the
~ synthesis of high molecular weight HSPs in vivo, -all HSP
classes exhibit substantially higher 1levels of synthesis
when one examines the products deriv;d _from the in 31559
translation of mRNAs isolated from seedlings following the
same shift (15-25C). Most striking is the 18 kD cl&s; which
is not detected following the 15-25C shift in vivo, but is
prominent in electrophoretic separations of the in wvitro
translated products. Similar results have been obtained
following shiftg from 15-25C and 20-30C. This finding
- X implies that the mRNA8S for this 18 kD class 6f polypeptides
as well as the other HSPs are present follow{ng these .lower
temperature shifts, but that these RNAs are not tganslated
as effi;iently in vivo. _ -
Tﬁe changes in availability of the mRNAs for these
polypeptides- as a function of time following temperature

shift wefe examined as shown din Pigure 20, The results:
) . . .

reveal that all molecular weight classes of the ESPs .can be

N




Figure 19.

Fluorograms of the 2-D IEF-SDS-PAGE separations

comparing the polypepgides-synthesized,13 vivo

in plumules of maize seedlings grown at 15C or
following<—a 15-25C shifp,*'with the products
obtained from the in !iggg translation -of .RNAs
isolated from plumdi@g of seedlings subipctéd to
the same temperaturg conditions. The IEF gels
contained a mixture of 80% pH range 5-8 and 20;
PH range 3.5-10 amphélines. The second
dimension consisted qf a 7.5-17.5% linear
gradient gel. Posiéigns of reference HSPs are
indicated by arrows on the 1left. Arrows on
fiuo;ograms point to expected positiens. of the
108 kD (tc;é), 73-76 kD (middle) and 18 kD

(bottom) HSPs in each gel. Approximately

100,000 cpm of acid-precipitable 1lysate was

‘applied to each IEF gel. Fluorograms were

exposed for five days. -
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Figure.20.

-

Fluorograms of the 2-D IEF-SDS-PAGE separations
of the products obtained from the in vitro
translation of RNAs isolated from plumules of
maize seedlings grown at 15C (A), or following a
shift from 15C to 25C for 0.5 (B), 1 (C), 3 (D)

or 6 (E) hours. Gel conditions were exactly as

described for Figure 19. Positions of relative

Mr marker proteins are indicated by arrows on
the left. Arrows on the fluorogr;ms point to
corresponding - expectéd positions of the 108 kD
(top), 73-76 kKD (middle) and 18 kb (bottom) HSP
classeé. Approximately 100,000 cpm of
acid-precipitable lysate was applied to each IEF

gel. Fluorograms were exposed for five days.
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detected among the iﬁ vitro translated proddgts by 30
minutes following a shift from 15C to 25C. These intensify
to a maximum at approximately 60 minutes and then exhibit a
reduction in intensity owver the Qn;xt five hours at 2§C,

presumably due to a decrease 1in .the population of

translatable mRNAs for these polypeptides.

4.4 DISCUSSION

While the response to high temperature shock has_ been
examined in many organisms, few studies have focussed on the
broader aspect of thermal shift-induced changes in gene
expression (where the temperature shift may represent a

change that does not excé;d the normal growing temperature

.range --of the organism). The heat shock studies have

revealed that the extent to whiéﬁ HSP synthesis occurs is
clearly dependent on the temperature to which the organisms
are shifted; generally, higher temperatures (to a limit)
yleld more intenée synthesis of HSPs (Barnett et al,., 1980;
Fink and Zeuthen, 1980; Lindquist, 1980; Tanguay and
Vincent, 1981; Baszczynski et al., 1982a;7 Ketola-Pirie and
Atkinson, 1983). 1In addition, Linéquist **(1980) has shown

that the syntheses of the HSPs in Drosophila vary

independently of each other at different temperatures,

Studies in two systems (Tetrahymena and Rana) have also

revealed that downward temperature shifts (cold shock) lead

to induction of novel gene activity (Fink and Zeuthen, 1980;



Ketola-Pirie and Atkinson, 1983). These observations

suggest that alterations in the patterns of polypeptide
synthesis are dependent on the temperature increment over
which the é:gégjsm is . shifted, and that changes in gene
expression may represent a gdgeneral response té thermal
shifﬁs. This 1latter hypQthesis has been difficult to test
due to the restriétedfﬁjfﬁza growing temperature range of
most of the animal systems studied. Maize on the other hand
(like many plants) can grow and develop normally at
temperatures ranging from less than 15C to greater than 35C
and thus provides an ideal system for assessing the impact
éf growing temperature and different temperature shift
regimes on gene expression.

i The rate of growth and development of maize seedlings
is - clearly dependent on the growing temperature (Table 4).
This is not surérising since the 'time to complete one
" nuclear cycle in maize (cv. Seneca 60) varies from 16.5
hours at 20C to 4.4 hours at 35C (Verma, 1972). However,
when the plumules are 1-2 cm long, they are morphologically
indistinguishable. Tﬁis difference in growth rate is also
reflected in the differences in levels of incorporation of
radio-labelled_;mino pcid precursor into protein (Figuré
16A) . The incorporation is approximately three times higher.
at 30C ‘than at 15C and the growth rate is approximately_
three times faster at 30C than at 15C gTablg 4). It is
somewhat surprising that the incorporation rate is lower at

35C than at 30C; this may however gefiect an increased rate
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of turnover such that the net rate of 1label incorporation |
appears to be lower. |

Examination of the patterns of polypeptide ‘gynthesis
from seedlings grown at 15, 20, 25, 30 or 35C reve#is that
many #fhilarities exist (especially in the polypeptides of
molecular masses ranging fto& 40 to 70 kp), although each
grow;nd'temperature yields a unique characteristic pattern
of newly synthesized polypeptides (Figure 16B). A prominent
93 kD polypeptide ié_acttvely synthesized when seedlings are'
grown at 25, 30 or 35C But not when grown at 15 or 20C.
Similarly, a 70 kD polypeptide 1is more pronounced in
plumules from seedlings grown at 15C than from seedlings
gr4own at- the four other t'e‘mperatures. These results L d
indicate that a difference of 5 to 10C degrees in growing
temperature is sufficient to yield a different "control”
pattern of {;ynthesis. ‘This enables an exﬁmination of the
changes in polypeptide s?ntheéis during the transition
between two temperatures for whigh’the starting and final
polypéptide spectra are defined. " Such a study - would .
detetminé for example, whether a shift from 20C to 30C leads
to a gradual tranéition’froh the‘ 20C pattern to the BOC, ,
/ pattern, or whether' the shift leads to‘the'broduc;ion pf a

unique set of transition proteins (analogous tor£ho§e fodnd

during the response of maize to anaerobiosis (Sachs et 2_

1980)) prior to establishing’ the 30C synthetic pattern.
Before studying the synthetic’ changes . following

temperature shifts witﬁin the 15 to 30C temperature range, a

. . i
g N . .
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- series of temperature shifts in thg heat"shock jange were
icondu;t§d to establish whether there was a threshold
tempgraiure below'gajeh HSP synthesis did not occur. The
results in Figure 17 ,H indicate thal HSP synthesis is not
‘necésﬁatily induced by a shift to an absolyte temperature
(ie., 35C), but .father by a shift whiéh exceeds a certain
temperatuge increment (egq. éc for seedﬁings grown ;t 27C) .
uoreovgr, "the relative intensitiés of synthesis of the HSPs
are dependent on both the temperature increment over which

the seedlings are shifted and the absolute temperature in

= a

thch the shift occurs (see Table 5).
- Examination of the influence of temperature increment

on HSP synthesis in Drosophila has revealed éhat all HSPs do

not intensify uniformly witQ-,&ncreasing temperature. A

shift’ to .33C from the control temperature of 23C leads to
- ’ mafkedly increased synthesis of the. 82 kD HSP. The
T synthesis of this polypeptide. increases to a much lesser

extent (approximately 50%) when the Drosophila cell cultures

are shifted to 38C. On the othery hand the 70 kD HSP
intensifies slightly following a shift to 33C but ‘exhibits
. dramatic enhancement of synthesis when shifted to 37C or

38C. Synthesis of the low molecular weight Drbsophila HSPs

' is most intense following a shift to 35C or 37C (Lindquist,
1980). The rate and sequence in which .synthesis of HSPS
becomes depreasgd'in subsequent recoveries is also dependent
on the interval over which the cells Qore shiftead

\ ~ .
(DiDomenico et al., 1982). Other s;udles have- algo shown

-
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-

Table V. Relative intensity of HSP synthesis as a function
. of temperature incremént. :

Temperature or : Reiative/lntensity

Tenpe:TE?ég Shift AC of HSP Synthesis
. 27 . 0 | -
32 -0 < -
35 0 -
32-35 . \3\‘ : .o /-
35-41 6 ) S '
27-35 -4?// ’ te

' ~32-41 9 ' tee .

35-44 9 . XXX

++++ HSP synthesis very intense
- HSP synthesis undetectable
+/- HSP synthesis just detectable




that the temperature increment is ipportant in determining
the extent to which HSP synthesis oécurs*(Atkinson, 1981;
Key et gl.i' 1981;- Baszczynski = et al., 1982a; Kapoor,
1983). -

The investigations which revealed apparent differences
in the levels of synthesis of BSPs within the heat shock

range for maize were subsequently extended 'in order to

136

examine the response to temperature shifts over a brogger'

range of temperatures., The results indicate that different
g;owing temperatures yield unique polypgptide' synthetic
patterns; mofe importantly, the initial or “pre-shift"
temperature Y markedly influences the final array of

polypeptides produced in~ response to various temperature

‘Bhifts (Figure 18). 1It is also apparent from Figure 18- that

a variety of temperature shifts (many within the normal

growing range for maize) give rise to the enhanced synthesis .

of some of the high molecular weight HSPs. The low
molecular weight, 18 kD class of maize HSPs, on the other
hand, does not exhibit enhanced synthesis follow}ng these
temperature shifts. This is observed both in 1-D and 2-D
gel electrophoretic separations, These findings suggest
that the higﬁ molecular weight HSPs may represent a more
genéral class of poiypeptides synthesized following a range
of teﬁperatute shiéts; from previous opserva;ions, this
syﬁthesis is most likely dependent on the inc:énent ov{r
. .

which the shift is made and the absolute temperature range

within which the shift is carried out. Thus a 10C phift

k]
. "
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-

from 20C to 30& results in more intense synthesis of these
polypeptideé than a locwshfft from 15C to- 25C jFL;ureA 18,
lanes 5 and 2, respectively).

This latter aspect of the present in;;stigation is
therefore wunique since no other studies have examined the
impact of different growing temperatures on the éhanges in
polypeptide synthesis following subsequent thermal shifts.
Furthermore, these findings reveal that changes in
polypeptide synthesis occur as q\general response to thermal
shifts, and suggest that this response may represent a
transitional alteration in gene expression. The earlier
observation that maintenance of maize seedlipgs at a heat
shock temperature does not lead to continued HSP synthesis
(see Table 1) but rather to a gradual disappearance of HSPs
and an éstablishment of a new, stﬁble ‘control-like' pattern
of polypeptide synthesis, supports the hypothesis that this
alteration in.gene expression may be a transitional response
necessary for 'acclimatization' of.the seedlings to the new
temperature. '

* Examination of the products from in vitro translations
of Rng’isolaéed froq plumules following various temperature
shifts further supports this hypothes;s. The results from
this study revealed that the mRNAs for all classes of HSPs
(including the 18 kD class) were available for ftanslatiop
by 30 min&tes following a shift from 15C to 25C but wére no
longer abundant at six hours following the shift to 25C. f
Thus both the polypeptides and | their RRAs exhibit a

-
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transitional enhancement of synthesis. The relative levels
of synthesis of these polypeptides in gig££>were similar
following a one hour shift either from 15C to 25C o; from
25C to 42C, whereas in vivo, synthesis of HSPs was much less
intense following the 15C to-25C shift,

DiDomenico and co—-workers (1982) have shown that the

level of the 70 kD HSP 1n”Drbsophila cslls regulates the

degree of accumulation of the mRNAs for thisHSP. Following
the accumulation of a specific quantity‘of the 70 kD HSP,
further trﬁnscription is repressed adﬁ mRNA S are
destabilized such that addifional io kD HSP production is
prevented. The system thus regulétes itself. If the
production of funétional 70 kD H§P is blocked by growing
cells in the presence of the amino acid analogue canavanine
(which substitutes $or arginine), transcription of mRNAs for
this HSP continues resulting in the accumulation of these
mRNAs to very high levels. When the block is removed, HSP.
resumes and a certain quantity of functional 70 kD HSP must
accumulate before mRNA levels return to normal (DiDomenico
et al., 1982). The transitory nature of ‘mRNA  and
polypeptide synthesis observed in maize may repteéent a
similar regulatory mechanism whereby 1ncreased‘transctiption
following thermal shifgs leads to synthesis of tempe;atuée
shift poly‘pe,ptides which 1in turn®repress further mRRA
.transcription and subsequent polypeptide production,
Acclimatization of the s;edlings to the new tenperﬁtufb then .

leads to a gradual_disappeatance of these temperature shift
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polypeptides and their mRNAs and to the establishment of a
B

pattern of polypeptide synthesis. specific to the new

temperature.

L XN




CHAPTER 5

IMMUNOCHEMICAL ANALYSIS OF THE
HEAT SHOCK RESPONSE IN MAIZE

5.1 INTRODUCTION

Antibodies prepared against specific antigens provide a

'éénsitive assay s&stem for t?e detection &nd discrimination
- of that antigen. Since thé antibodies recognize specific
three-dimensional molecular configurations, similaritieé in
the moléecular strdctute of antigens from ‘different sources
may be ascertained. Based on the apparent: universal
" occurrence of heat shock proteins, tﬁége has been
speculation that certain HSPs (most notably the 70kD asé)
‘may be related inﬁ different species and among different
tissues of a single organism. While the use of antibodies
(polydlonal or monocfbnal)' may not contribute to an
understanding of the functional similarities between HSPs
from different 'sou}ces, they may . identify homologous
_structural domains in these molecules, This - sectién
describes the purification of individual molecular weight
classes of the maize . HSPs, the productiondof polyclénal

antibodies, afdd the iﬁmhnaéhenical‘chaticterization of the

-2 140



maize HSPs. -

5.2 MATERIALS AND METHODS : -

5.2.1 Antigén purification and gdrity monitoring.

Seedlings of Oh43 were germinateq,at 25, 27 or 30C as
described previously. The Petri dishes‘icontain{gg the
intact 5-6 day old seedlings were subsequently transferred
for three hours to an incubator preset to 42C. After’one
hour, 15 seedlings were removed, the plumules (1-1.5 ‘ch)
were rapidly excised and placed into 1.0 mL of an.aqueous -
solution .containing 200 uCi/mL of 35S-methionine  (New
England Nuclear, 1042 Ci/mmbl) which had also been
pre-incubated at 42C, and the 1labelling medium containing
the plumules was reéurned to the 42C incubator. The latter
manipulations were conguéted in the dark and as .rapidly .as
possible to minipize temperature fluctuations. At the end

< A

 of the three hour incubation period, the excised plumules

were removed from the labelling medium and rinsed’

thoroughly. The plumules from the feméining unlébelléd*.

seedlings were excised, the labelled and unlabelled plumulgs\
" were pooled, and polyéeptides were extracted as described in
Chapter 2. i L ~

Samples Of the extracted -proteins  were loade& into
preformed wells of a- one-dimensional SDS polyacrylamide slab‘
gradient (7.5-17.5%)- gel overlayed with a 3& stackiug gel.

As shown schematically in- the flow chart in rigure 21, the—

-
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Figure 21. Flowchart of the protocol used for isolation of

10.

11.

12,

13.

14: PBure protein samples are used for antibody’ ptodﬁétjon:

-

-

maize HSPs for antibody production,

Total polypeptide extracts in large wells and standard
marker proteins in center well are separated by
SDS~-PAGE.

— s

Gel slice containing resolved marker proteins is
excised and removed from slab gel.

Gel slice is rapidly stained to permit visualization of
resolved marker proteins.

Stained slice is re-positioned in slab gel.

Regions of alab gel corresponding to positions of

'desired polypeptides are identified and cut out.

Slices are carefully removed from gel.
Sliees are cut -up into small pieces.

#
Gel pieces are transferred to concentration cup chamber
c.

w 7

Buffers (see Materials and Methods) are added to
chambers a, b, ¢ and 4 of the concentration.cup.

Polypeptides are electrqQeluted . from gel pieces Snd\
~concentrated into chamber a,

ancentraiga}p:otein.samp}e is collected.

~Purity‘.is ascertained- - by - re-electrophoresis and
~ fluorography. ‘ ) )

——

Conéenﬁfaiion of purifisd proteih ls determined.

-
-

in rabbits. - . - -

»

«<£ . - - -
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two outside wells Qere approximately 5 cm wide by 1-1.5 cm
'deepg,fo facilitate the,loadiﬁg of larger volumeé of sample
extract. The centre well was 1 cm wide by 1-1.5 cm deep and
was- used for 1loading either a small aliqudt of the tofa&
extract, or sténdard Mr marker proteins. Approximately
250-300 uL of sample containing. 0.75-1.5 mg of total
extracted protein were loaded into each of the larger wells
of the gel. Six to eight gels were routinely loaded and run
per day for four to five days to get sufficient purified
protein for immunization of rabbits. The gels were
electrophoresed as described previously.

At the end of the run, the gel moulds were removed from
the electrophoresis tanks, the glass plates were pried apart
such that the gel remained on one of the ‘plates, and the
centre lane was sliced from the gel as shown in the
schematic diagram. Notches were inserted during the slicing
of the centre lane such that the strip could be removed apd
later re-inserted in the: correct orientation.

The centre gel slice was removed, placed in .a fresh

solution of 25% Wethanol: 10% acetic acid containing 0.2%

' -Coomasie brilliant blue R-250,and agitated vigorously for

20-30 q}nutes. The remainder of the slab gel was wrapped in
Saran wrap and placed at 4C to minimize protein diffusion.
After 20-30 minutes in fresh stain, the dark blue bands
could usually be detected against the lighter blue
background. Occasion;lly, a brief destaining period (20-30

minutes) in fresh 25% methanol:10% acetic acid was required

v
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low détection of the bands. The time invoi;ed in

t#ining and destaining was kept to a minimum in order to

decrease the extent of diffusion of proteins in the slab

gels. The proportiqn of methanol in the staining and

destaining solutions was found to be important since higher

levels of methanol led to shrinkage of the gel slices, while

lower amounts resulted in expansion of the slices. ‘These

latter distortions made re-alignment of the slab gel and the .
gel slice difficult and band isélation questionable.

When the bands in the gel slices were visible, th;
slice was rinsed in distilled watér and placed back into its
slot in the slab gel. Sections from the slab gels
correspodﬁing to the regions identified previously in the
gel slice as containing the various HSP molecular weight
classes were cut out. The sections were transferred to a
clean glass plate, chopped up into small ﬁieces
(approximately 2x3x3 mm) , and transferred into the
concentration cups of an ISCO Model 1750 Sample Concentrator
(IsCO). Each double-chambered Eup contained the gel pieces
corresponding to one molecular weight class of hsps from one
slab gel; eight to twelve cups were routinely used. As
illustrated in the schematic ip. Figure 21, the cups
congsisted of a large chamber into which the gel pieces were
placed and a small 200 ulL chamber into which proteins were
concentrated, ﬁialysis membrane, placed on the bottom of
each chamber, permitted ion flow through the solution in the

cup. The small chamber was filled with 200 uL of cup buffer
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(0.057 M Tria;;ceihte, pH 8.6) containing. 2% sucrose, and
the remainder of the cup waé filled with cup buffer such
that the contents 6f the concentration chamber were not
‘¢isturbed. The _cupsl were positioned in & buffer tank
containing Tr;s-acetate buffer (pH 8.6) and  the proteins
'vere elec£fo-e1uted from th;V gel pieces for 4-5 hggif at
1-1.5 watts per cup. All manipulations were conducted using
gloves to Veliminate protein contamination. At the end of
the concentration period, the buffer was carefully removed
from the cups such that the concentration ch;ﬁbers remained
undisturbed. The concentrated protein solutions were éﬁeﬁ
rgmoved from the small chambers using a 1 mL syringe fiﬁted
.~ with a 23 gauge needle to which was attached a small piece

of Tygon tubing (to prevent puncturing of the dialysis

membrane). The concentrated protein solutions (tota

of 200 uL) were transferred to clean 3 mL g)¥ass tubes and
made 2 mM with respéct to phenylmethyl ulﬁonylfluo;ide
(PMSF) . The samples from each cup 1initially ﬁere kept
separate until the protein purity and concentration could be
determined. The concentr;ted samples were frozen and stored
at -70C until required. N\

The protein concentration of each Qample was determined
by the method of ;Lowry (1951) usiné bovine serum albumin
(prepared in cup buffer with sucrose) as a standard. Small
aliquots . of each , of the concentrated san;les were
electrophoresed on one-dimensional slab gels and Jthe

separated polypeptides were analyzed by fluorography{ The
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presence of a single band in the case of the 18 kD HSP
class, and a doublet of bands in the case of either the
73-76 kD or the 84-89 kD HSP classes, were jndicative of

high purity. Those samples which did not exhibit this

dégree of purity were | pooled, re-electrophoresed,

reconcent:ated and checged for increased purification,
Those samples within 'each molecular weight class which
exhibited the greatest purity and  highest protein
concentration‘weré povled.

Since the tatal volume of the samplg had to be reduced
prior”  to injection, alum precipitates of each pf the pooled
samples ;ete=prepared as desctibeé by Lazarides and Hubbatdc
(1976). One-ninth volume of an aqueous 10% aluminum
chfbtide solution was added drébWise with~ continuous_
vortexing toflhe ptotein-qymple. The pH of the mixture was
tﬂ;q adjusted to 7.4 with 1.0 MAa0H and the solution Qag
allowed to s;and .at room temperature for 30'minute;. The
slurry was diFluted with one-third 'volume " of phosphate
buffered saline (PBS), pH 7.4, and centrifuged at .300xg for
IO'ﬁinutes. The pellet was washed twice in PBS and finally
resuspended in - ;’ sﬁii}--amdunt of PBS té bring the ‘total
volume to approximately 500<750 ukL. .. ' .

Each alum precipitate was nixed subsequently (l:1,v/v)
with conglete Freund's adjuvant (CFA, Gibco) in 10 mL Bijou
bottles. The CFA was added in 4-5 small aliqugts and the
mixture was vortexcd,,vigqroﬁnly between each addition,

After the final addition of CFA, ;Be mixture was further

B
" [
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vortexed until the résulting emulsion remained aggrebated

when. a droplet wag placed on water. The emulsion
. Y -
. (approximately 1-1.5 mL) was transferreqngntd a 3 mlL syringe
s &

fitteq with a-1.5 inch long, 20 gaugg needle.

5.2.2 Injection of gabbitsL boosting and blood collection.

'Six month old New Zealand white female rabbits were
housed 1in wire _é;ggs, and food (Purina rabbit chow) and
water were supplfed ad libitum. The rabbits were allowed to
acclimatize to their new environhent for six to eight weeks

prior to .being used for immunological studies. Before

A s

injecting the rabbits, a sample of blood was collected and

used for the Qaeparattpn of pre-immune serum. A small

incision was *made in the central artery of the ear and
appr?xjmately 10-15 mL of wholerlood'was coll:Fted in 40 mL
glass Cofex tubes. The ‘Plood 'gas placed at 376 for 30
< minutes and then -at 4C for 18-24 houes to petmit clotting.
The blood sauples were then centrifuged at-1000xg for 20
minutes and the séra were transferred to 15 mL conical tubes
and centrifuged at 1000xg for 8 uihutéﬁ to remove .
contaminating red blobd cells. The sera we;§‘incubated for
y 30 minutes at SGC'to inaétivat? complement and then.stored
°a£ -70C until r;éuikeq. |
The . rqbgits _were injected intradermally , or
subputaneous&y in tb; bgck'qf thé neck in 5-6 spots with the
brepared antigene. ' Two rabbits were injected wite the 18 kD

HSPs, one .with the 73-76 kD HSPs, one with the 84-89 kD

-



HSP8, and one with the iotal high molecular weight group
(73-89 3D)‘ éf HsPs. Bight weeks later the rabbits we;e
boosted (with antigens prepared in the same way) via a deep
muscular injec?ion “in ghe hind legs. The rabbits were
boosted a second time, four to six weeks l;ter, and then
bled 10 to 14 days after that. The blood was'éollected from
the marginal ear v?in with the aid of an ear bleeding
apparatus (Bellco) and mild vacuum. The whole blogd
(approximately 35-40 mL) was allowed to clot and the immune

sera . were prepared as described -previously for pre-immune

sera. ‘ . )

a8

5.2.3 Characteriza;ion of antisera.

5.2.3.1 1Identification of reacting polyclonal antibodies.

The presence of reacting antibodies in the sera was
degermined b¥ ring tests, oﬁchterlony double diffusion tests
and immunoblot analyses. For the ring tggt analysis, a 50
ulL aiiquqt of each serum (including‘e-imdne sera) was
placed in a 500 uL glass test tube. These sera - were then
carefully overlayed with a‘ 50 uL aligquot of each of the
purified antigens. The tubéﬁ were allowed to sit at room
temperature for f60-120 minutea,lafter which the interfaces
between the antigens and antisera Qere examined for the
presence of a white precipitate (fhdicating positive
reaction). Oucliterlony plates w‘re pfepared“by pouring 3.0 .
mL of melted 1% Noble agar in 20 =M borate buffered saline

(BBS), pH 8.4, onto standard-glass uicrosc&p‘ slides. Wells
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were cut cut using a standard gel hole puncher. The centre

well in each case was filled with 10 uL of one of the

150
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antisera and the surrounding six wells contained tlhe various’

purified ) antigens arranged such that a) each
antigen-antibody combination could be tested, and b)
cross-reactivity between antigens could be detected (see
Figure 1legends and Results section for particulars). The
gels were placed in a humid chamber and proteins were
allowed to diffuse for 24 hours at room temperature. The
Ouchterlony plates were then immersed in cold BBS and placed
at 4C for 24 hours. The BBS was replaced every 12—24 hours
for four days, to remove unreacted proteins  from the gel.

The plates. were removed from the BBS solution, invertéd onto

e

Whatman No. 1 filter .paper and allowed to dry for 24 hours. '

when dry, the filter paper was peeled off, the -gel surface
yas lightly wiped with water to remove residual filter
paper, and the plates were stained in 2% Coomasie brilliant
blue R-250 in BBS. Excess stain was removed'by rinsing 1in
BBS and .thg plates were allowed to air dry prior to
photéqraphing (as described previously for gels).

As a further test for -t?e presence of reacting

antibodies, the sera were utilized for immunoblot analysis.

Total polypeptide extracts from control and heat-shocked

plumules were subjected to one-dimensichal PAGE as described
previously. At the end of the electrophoretic run, the slab
. gels were removed from the gel moulds and prepared for

electro-blotting as “outlined in the Trans-Blot Cell

t
~
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operating instructions (Bio-Rad Laboratories). A sponge pad
was pre-saturated in transfer buffer (25 mM Tris-HCl, pH
8.3, 192 mM Glycine in 20% méthanol) and élaced on a plastic
h}nged holder. A piece of wet Whatman No. 1 filter paper
was placed on thg sponge , and the slab gel was carefully
layed on the filter paper to avoid trapped air bubbles. A
sheet of pre-soaked nitrocellulose membrane (Bio-Rad
Laboratories) or alternatively a sheet of Gene Screen
membrane (New England Nuclear) was placed on the gél
surfaée,-again avoiding trapped‘ait bubbles. Another piece
of filter paper was -placed on the membrane and a second
soaked sponge was placed-on top to ‘complete the~'sandwicp.
Ehe plastic holder was closed and the entire sandwich was
placed in the Trans-Blot Cell such that the membrane. was
anodal to the gel. Up to four gels could be-transferred at
one time using 'this set-up. The cell was filled with
transfer buffer, a cooling coil was inserted into the cell,
and the proteins.were allowed to electro-transfer from the
gel onto the nitrocellulose for 3.5 hours at 60 volts (0.22
amperes) . ‘

At the end of the electrophoreéic transfer, the
nitrocellulose sheets were carefully removed, air dfied and
used for immunological assays. One sigde of egch membrane

sheet (onto which Mr marker proteins had been transferred
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from the gels) was carefully cut off, staincdhin‘Anipo black '

{

. (4 ug/ml) in 508 methanol:10% acetic acid for 2 to 4

minutes, and destained in 90% methanol:2s acetic acid until

pol
..

gy
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ltyg ‘background cleared. '’This strip servea as a-reference
for molecular ﬁass determjnations of the . polypeptides
identified by subsequent 1l-uno;o§iéa1 assays.

gpeL antisera prepared from the blood of rabbits
immunized with th; maize'heat shock ?oiypeptidg preparations
were tested for the presence of HSP-specific antibodies
using the Bio-Rad Immun-B{ot (GAR-ﬁRP) Assay kit (Bio-Rad
Laboratorigs). The nitrocellulose (or Gene Screen)
membranes ~ were immersed in Tris-buffered siline‘ (TBS,
containing 20 mM Tris-HCl, p? 7.5, 500 mM sodium éﬁiQride)
for 10 minutes. The ‘membranes _were then immersed in a
blocking solution (3% gelatin in TBS) for 60 minutes " and
gently agitated. This tteatmgnt blocks all_the remaining
sites on éhe membrane and minimizes non-specific bind;;g of
the antibodies to the , membranes. Following the blocking
step, the membranes were transferred to a tray containing
_firs§ antibody solution. This consisted of a 1:100 dilution
$£ an antiserum preparggion in antibody buffer (1% gelatin
in TBS). The membranes were incubated in this solubiSn
overnight with ge;tle fggfation.. .

The next day, the membraﬂes were reﬁoved from the first
antibody solution, washed twice in TBS for 10 minutes and
transferred to second antibody solution (consisting of a
113000 dilotion of tﬁe goat anti-rabbit IgG-horseradish
peroxidase conjugate supplied in the assay kit). ~ The

membranes were again incubated overnight with gent10‘~

agitation. Pollowing two 10 minute washes in TTBS (TBS
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containing 0.05% Tween-20), the membranes were immersed in
HRP colour development solu;ion. The latter'was prepared by
dissolving 60 mg of HRP colour development reagent into 20
_ -mL of cold methanol, and adding this solution to 100 ‘mL of
TBS containing . 60 uL of cold 30% hydrogen peroxide
(stabilized). The colour solution was prepared iumediately
prior to use.<:'Development of the 'colour reaction was
monitoéed during the next 45 minutes and the reaction wag
stopped when coloured bands were visible and chkgrguné
staining was low or absent. Termination of the reaction was
accomplished by , immersing the membranes in two 10 minute
changes of distilled water. The membranes were photographed

: _ ,
while still wet to enhance the colour of the bands, and. then

air dried for storage.

5.2.3.2 1Identification of maize HSP-specific antgpodies.

While -the characterizations described in the preceding
section potentially would detect the presence of intjbodies
specific to any polypeptides in the HSP -noleculaz weight
ranges, they could not estabyiéh conclusively that the
antibodies are specific to the maize HSPs.. To identify the

EPres;nce of maize géP-spccific antibodies, the sera wéke
testgd'=using an ‘inlunoprecipitation assay - describgd by
Kelley and Schlessinger (1982) and Atkinson and co-workers
(1983;. ‘ Control and heat-shocked matze seedlings were
lab:lred ;s described preiiously, and extracted tn\jgo

volumes of RIFA buffer (50- mM Tris-BCl, pE 7.2, 0.15 M
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sodium chloride, 1.0% sodium deoxycholate, 1.0% Triton
X-100, 0.1% SDS). Approximately 30 uL of pidtein' extract
(containing 100,000 cpm) was mixed with an equal volume of
‘antiserum, and incubated at room temperature for 20 minutes.
In eé%h case,; a sample of polypeptides from both control and
heat-shocked. seedlings was assaye& to permit' detection of
HSPs in control samples. After the 20 minute incubation,

100 uL of a preparation of Staphylococcus aureus cells

(Pansgrbin, Calbiochem-Behring Corp.; 7.1% w/v; bindihg
capacity: 2.0 mg of human IgG per mL of cell suspension)
was added, and the mixture was incubated at room teﬁperature A
for a further 20 pinutes. fhe samples>wete centrifuged for
3 minutes in a Beckman microfuge (Model B) and the pelléts
were washed three times in RIPA ' buffer, After the final
centrifugation, the pellets were suspended in 90 uL of
extraction buffer (200 mM Tris-HC1l, pH 7.5, 5% SDS, 7.5%
2-mercaptoethanol, - 1mM PMSF) and placed in a boiling water
bath.for 1‘ minute. The mixture was centrifuged for 2
minutes in the microfuge and the supernatants were subjected
to slab gel électrophoreais. Elgctfophoretic conditions,
gel staining ahd fluorographic analysis were exactly as
described - previously. - 'Spectrophotometric scans  of
fluorograms (where shown) were carfiéd out using a Shimadzu
Graphicord UV-250 recording spectrophotometer fig&fﬂ with a
GSC-3 gel scanner and connected to a Shimadzu PR-1 graphic
printer. The noalure-ent? were made at the wmaximum

absorbance wavelength for- the blue film base (635 nw) and

v
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gave an indication of the relative intensities of bands on

H

the fluorograms,

5.3 Results

5.3.1 - Purification of maize heat shock polypeptides.

The purity of each eleéectro-eluted and concentrated
protein sample was checked by 1-D and 2-D PAGE separalion
an@ fluorographic visua;ization. As shown in_ rigure”zz"
(panel A), the ,18 kD A HSPs were obtained in extremely high
purity 5;'this meﬁhod. Each lane repféhents an fndepenéenf
isolation: of the corresponding.polyﬁeptide'clééses. While

' the high molecular .weight HSPs could be isolated in Migh
_puiity *as a group (paneI‘D), it was‘ more difficult to
. sepafate the}eiwinto the tﬁo groups _conqg;ting of the
73-76 kD HSPs (panel B) and the 84-89 kD HSPs (panel C).
‘Thus, although initial attempts at separating these classes
were made, subseduent isolations involved purifying these as
a high molecular weight HSP group (73-89 kD). FPigure 23
\l provides _;hé comparison of th; 2-D PAGE sepa:a;ions of the
two groppg\of purified HSPs (ie:, the 73-89 kD and the 18 kD
groups). Although the isolated HSP groups consisted of more
than one polypeptide (ie., four in the case of the 18 kD'
H8P8), there was no evidence of contamination- by any égther

polypeptides. rdrthetnore, the 18 kD polypeptides were not

detected in comparable éolypeptide étepaiaﬁions from

non-heat-shocked seedlings, although some of the |high




S

Figure 22.

Fluorogramg of the 1-D SDS-PAGE separations of ’
the purified preparations of the 18 kD (A),
73-76 kD (B), 84-89 kD (C) and 73-89 kD (D) HS;
clagses. Each lane corrksponds to an
:1Qerendent isolation of the polypeptiée class.

’Molecular: masses of the purified HSPs are

' iﬁdicat%d by arroﬁs on the ‘right. . Each band

repregsents the incorporation of approximately
200 cpm of 35S-methionine. Fluorograms were

exposed for approximately six days.

&
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FPigure 23.

)

‘Fluorograms of the 2-D IEF-SDSQPAGE separations

of purified preparations of the 73-89 RD andhyhe\
18 kD HSP <classes. Molecular masses of the

purified HSPs are indiéated by ;rrows on the -
right. Approximately 1500 cpm of the purified
73-89 kD HSPs and approximately 1006 cpm of the
purified 18 kD HSPs were loaded on the IEF gels.

Fluorograms were exposed for seven days.
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molecular weight HSPs (ie., the 84 kD and the 73 kD) were
present in trace amounts in non-heat-shocked seedlings. The

concentration of purified protein recovered by the

electro-elution method was routinely between 0.7 and

1.6 ug/uL.
Based on the above criteria of purity, these
polypeptides were wused for preparation of antisera as

" described in Materials and Methods.

P
\\

5;3.2 Characterization of antisera.

5.3.2.1 1Identification of reacting polyclonal antibodies.

Initial ring tests indicated that each of the immune

sera contained precipitating antibodies. Tests in_which‘

preiﬁmune sera were overlayed with the antigens yielded no
p;ecipitin rings, Similarly,_ when immune sera were
overlayeé with non-specific antigens or buffér, no rings
were obsetve&w The immune sera therefore yielded precipitin

reactions with only those antigens against which they wefe

prepared. The one exception was a prepaiatioﬁ of antiseta'

to the high molecular weight HSPs which exhibited slight

precipitation when tested against the J.ka_HSP antigen.

The method used for the purification of the HSP classes"

&
eliminated any chance of cgptanination of antigen

preparations from one class with that of the other such that

this slight precipitin reaction nay indicato the. p:c!:nce of

~

antibodies directed afairist a site which {s common to the -

low and high molecular weight HSPs.

4
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The specificity of tbenénttserQ was also :analylnd by
Ouchterldny tests. As shown in Pigure 24A, anéiseta against
the 18.kﬁ Hébs yielded a precipitiq arc only when tested
against either total polypeptide ext:fct from heat-shocked
plumules (Figure 24A, well 4 and 10): or a purified
preparation - of 'lb kD HSPs (Figure 24A, well 1). Antisera
against. the 73-8?‘kD HSPs ,gieiéed precipitin arcs when
tested agaipst a total polypeﬁtide extract from heﬁi—shocked
Plumules or a purified ?regarptidn of }he ‘high molecular
weight HSPs (Figure 24B, wells 1 and 4, respectively). -This
prefa;ation of antiserum agiipst the high molecular weight
HSPs ’exﬁibtted a faidt'precipitin arc when tested aéainst
th; purified lslgD‘Hsps (Pigure Ziﬁ, ;ell 5) (as was also
observed in ﬁhe riﬁg test) and also when iested against a
_total polypebtide extract from control‘%lupules (Figure 24B,
well 2). This latter finding confirms the observation that
some of the high molecular,weight Hsés are synthesized in
non-heat-shocked tissues. '

Immunoplot analysis w;s also u%ilized to identify the
presence of antibodies to the maize HSPs in the herg. The
bands observed im the ﬁ!btograph (Figure 25) of . the
antiserum-treated ﬁitrocelly&ose b¥s of SDS-PAGE
aeparationczoé total ‘pol}poptide extracts represernt  the
specific pblypeptides wpich éound antibodies in“lutficiént
quantities to be detectable bf | Ebe .goat
antiltabbit/horse:adiip\ peroxidase ' (GNR-HRP) assay system |

(getectiod;oennltivitys less than 100 picograms of pqtitloé

;o
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Figure 24. Ouchteérdony double diffusion—assays showing .
reactigés of antisera to maize HSPs with

polypeptide preparations from non-heat-shocked -

- 7 afld heat-shocked-plumules.
Well, JSangle
A) a |
1 purified 18 kD HSPs N
2,8 Blank
349 Purified 73-89 .kD HSPs .
v 4,10 Total 1ysate from:- heat-shocked plumules
5.7,11 'Total Xysate. from non-heat-shocked plumules
- 6,12 ‘Bxtraction buffer
C Anti-18 kDOHSP antiserum =
. P ]
B) .
1 Purifieﬁ 73- 89 kD HSPs
2 Tothl lysate .ffom ﬁpn—heat-shocked Plumules -
3 .Blank v
4 Total lysate: from heat-shocked plumules .
5 Purified 18 kD HSPs .
6 Extraction buffer  ° ‘ L
C*» . 'Anti-73-89 kD HSP antiserum -
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Figure 25. Immunoblots of 1-D -  SDS-PAGE-resolved
polypeptides from maize plumules which were
electro-transferred to nitrocellulose membrane
and reacted with antisera to either the 18 kD
HSPs (A) or . the 73-89 kD HSPs (B) of maize
plumules. Horsétadish geroxidase conjugated
goat anti-rabbit (HRP%GAR) antibod}es we;e ‘used
to visualize positive reactions. Lanes 1 and 3,.

polYpeptides from non-heat-shoﬁked plumules’

lanes 2 and 4, polypeptides from heat-shocked

plumules. Positions o HSP reference
' -polypeptides are indicat;d by arrows in éhe

* !

middle of the figure.-
& .
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protein; Bio-Rad Laboratoties). . The résults-(rigu:e 25A)

indicate that antibodies prepared against the 18 kD HSPs

‘react with a single class of-polypep;ides having a molecular

-

 weight of 18 KD. fA positive reaction 1is observed in the

lane comresionding to the separation of polypeptides from
heat-shocked plumules, but alsp to a small extent in the
lane which represents polypeptides from .control plumules.

While this iatter observation initially suggests that the

‘low molecular weight HSPs afe present in low amounts in

>

non-heat~-shocked plumules, other evidence (to be presented) -

.indicates. that the 18 kD ‘-HSPs are probably not present in

honfheat-shocked‘;issues. Thigs positive reaction may be due

to slight contamingtlon of the serum by trace amounts of

antibodies directed against low molecular } weight

palypeptides which migrate in the region of the.ls kD, HSPs.
While these 16-20 kD poljpeptic’lis/{:e detected in Cogmasie
blue-stained gels, .they are absent in fluoréqr!ﬁg_;;9:hese

same gels as well as in autora@tograms of the nitrocellulose

biots used for  the inmonoblot  analysis above,

Autoradiogtfns of the nitrocellulose blots further reveal
the ‘présence of a radioactivelyflibeiled_polypeptidg‘at thé
18 kD p§sition‘in ihe'ian;.cotrespondina to the heat-shqcked
sample; -hé Sind is detected at the same positidh in ianes

correspondinq to cont:oL sanples (even after long - exposures

.0of the hutoradiOg:ans)

Phe antisera prebared againlt ‘the 73-89 kD HSPy yielded

&

positive reactionl " on nitrocellulose blots of

‘ -



SDS-PAGE-seﬁatated polypéptides from plﬁaules of either
control or heat-shocked seedlings (Figure 25B). This is to
be expected based_gnt a) the observed synthesis of some of
the high molecular weight HSPs in nonnheat-shocked.tissues;
and b) - the presence of polypeptides in this molecular weight

range which appear in'télatively equal proportions in the

167

Cbomgssie blue-stained SDS-PAGE separat{ons of polypeptides

" from either control or heat-shocked plumules,

P
5.3.2.2 Identification of maize—-specific antibodies.

From the studies outlined in the preceding sections, it

is clear that the-antisera contain precipitating antibodies

which react with polypeﬁtides having the same molecular
weights as the"maizg'BSPs. 'In order to.clearly establish
the presence of maize HSP-specifié antfﬁodies. polypeptide
extracts ‘were reacted with the serum preparationé and Fhe

-

immunoprecipitated’ products were electrophoretically

resolved (as q§sdiibed in Materfils and Methods). Only

| those 'polypeptides which form a stable complex with
'antibodies are collected 1n-the'inndnopréc{pitates d‘. thus
should be the only prodycts resolved on ‘the gels. Taking
advantaée of the fact that HSP synthesis is low or absent in
non-heat-shocked seedlings and greatly enhanced following

”

heat shock, fluorographic analysis of . °the

immunoprecipitated, 'SDS-PAGE-separated products  should ‘

establish unambiguously whether HSP-specific antibodies are

. S

present in_ége sera. - 2
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The data in Figure 26A reveal the absence ‘of any
detectable radioactively—labelled polypeptide bands in the
lanes corresponding to .1-D SDS-PAGE separations of the
immunoprecipitated products from lysates of non-heat-shocked
maize plumule; which were reacteé' with antiserum prepared
against the 18 kD HSPs. In comparable lanes cdrrespondiﬁg
to products obtained from immunoprecipitations of lysates
from heat-shocked plumules, a single radiosctively-labelied\
polypeptide band is observed. This polypeptide co-migrates
precisely with‘ the 18 kD ﬁsé band observed in SDS-PAGE
separations of total polypeptihe extracts from heat-shockeqd
seedlings indicating tﬁ;t the serumh-coqtaina antibodies
capable of formihg a precipitablé complex specifically wigh
the 18 kD maize HSPs. Since the HSPs are immunologically )
undetectable in non-heat-shocked plumules, the observed
synthesis of 18 kD HSPs égllowing heat shock most likely
represents de novo sydthesis:of‘this polypeptide class.

S8DS-PAGE separations and fluorog:aphic analysis of the
imhunop:ecipitated -products from tq}al polypeptide lysates

‘reacted with antisera prepared against the 73-89 kD .HSPs
(Pigure 26B) indicates that the sera contain antibodies
which react with.polypeptidep thiﬁ co-pigkaﬁe with the high

~moiecu1ar»vweight malze HSPs. Radiocactively-labelled bands'

are observed in laneﬁ correséOnding to Qamples fron’ both

‘cont;ol and heat-shocked plumules. _These- results indicate

. that ‘the bbs;iv;d*aynthesisrof at least some of the high

-
&

molecular weight HSPs represents the enhanced synthesis of

“ - . , . hd 5 -
. e ~




Figure 26.

Fluorograms of 1-D SDS-PAGE separations of total
polypebﬁide lysates from control (lane 1) and
heat-shocked (lane 5) maize plumules, and of the
productse  which  were immunoprecipitated from °
these total lygates with antisera to either the
18 kD HSPs (A) - or the 73-89 kD HSP? (B) of
ﬁlumﬁles. Lanes 2, 3 and 4 in each case
represent ' the immﬁnoprecipitatéd products_ from

total lysatéé of control "plumules containing

. 30,000, 50,000 and 100,000 counts respectively,

of adid-precipitable material. Lanes 6, 7 and 8
r;gresent the ‘cortespondihg'immunoéregipitates
from heat-shockea pPlumules. Wells 1 and 5 were
loaded with approxi@aéely 30,000 counts of
acid-precipitable lysate. Positions of HSP
reference polypeptides are indicateq by at:oﬁ‘
§n the right. Fluorograms were expésed for four

days.
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polypeptides which are normally synthesized (albeit at low
levels) in non-heat-shogcked plumules. In addition there is
apparently done reaction of the antibodies agninst the
73-89 kD HSPs ,with the 18 kD HSP class as evidenced by the
presence ofla zadioactiyely;labelled band at a pooition
cprresponding to the eupected position of the 18 BD HSP
; -*class. As indicated previously, the HSP purification Qethod‘

utilized eliminates ‘any possibili of cross—contanination

-’
-

of these two HSP molegular weight groups (ie., the 73-89IkD
and the 18 _KkD. groups), such that this ‘serum ptepatation
egidently contains some antibodies which recognize binding
sites connon to both HSPpgroups. -

5.3.2.3 Immunological detection of time of initiation.of
HSP syn esis_folloqgrg thermal shifts.

It waa previously shown. that aynthesis of the 18 kD HSP
class was 'not : deteggxble by fluorography before

'approximately ‘0 ninutes following a shift frou 27C to 41C
(see  Figure 4)., -Due to _the increased sensitivity of
in;unochenical wethods over other‘ 'means . of protein
detection, experiments were conducted to determine 1if
antibodies to the 18 kD HSPs could detect synthesis of" this
lé kD HSP class Dbefore 60 minutes. Since the
innunonecipigation method can selectively remove the 18 kD
polypeptides, it wao possible to enrich for this HSP class .
' by conducﬁinq the iununoprecipitutiono on larger samples of\\'
total polypeptide qxnxiots. 'tiqunc.27a presents fluordgtnls

of 1~D 8DS~-PAGR sepataéio;:‘\Nndg the products




Figure 27.

(A). Fluorogram of the 1-D SDS-PAGE separations

of the immunoprecipitated products from total
l§sate§ obtained from maize plumules following a

shift from 27C to 41C. :Only the section of thé

fluorogram corresponding to the 14-23 kD rigion

of the gel 1is shown. Lanes 1 through 9
correspond to the products of this molecular

size which were immunoprecipitated from plumules

.after 0y 10, 20, 30, 40, 60, 120, 180 or 240

minutes at  4lC. Each sample used for
immunoprecipitations initially _contained
approximately "450,000 counts of

acid-precipitable lysate. Fluorogram was

exposed for twa days.

(B). Corresponding spectrophoqome:}ﬂg:_;ggans

(635 nﬁ) of each of the lanes in the fluorogram
in (A). The plot from left to- right in (B)
corresponds to a top to bottom scan of the

fluorogram in (A).







immunbprecipitated from approximately 100uL of total lysates
obtained from plumules which were subjected to a Bhift from

27C to 42C for O, 10, 20, 30, 40, 60, 120, 180 and 240

minutes prior to 1labelling for one hour at \f?C.

Co:respond{ﬁg spectrophotometric scans (635‘pm) of the 18 kD
‘region in each lane of the fluorogram are presented in
Figuie 27B. ‘Th;-‘fesults illustrate that synthesis of the
18 kD HSP class begins as early as 20-30 minutes following

ipe thermal shift. Maximal éynthesis occurs between 40-60

minutes after which there .is a gradual decline in the.

intensity of tb£s~polypeptid§‘clas§. The triplet of bands
> .

observed in'lapes 1 and 2 most 1ikely represent the recovery

of products other than the 18 kD HSPs which efther bound to

the antibodies weakly, or were carried: along during the
~ immunoprecipitations. Alternatively, they';may in fact
indicate the ptesehce of trace amounts of the 18._kD HSPs 1in
non-heat-shocked plumules. Mor; specifié probes such as
:cDNAs may distinguish betweiﬁ theée pbssibiiities. " The
observation that 18 kD HSPs are synthesized as early as 30
minutes or less 1s»in’agt§ement with 15‘ 11552. ttan;lattpn
studies wh;gb» show that mRNAs for the HSPs are p:enént‘in
these cells within 30 minutes following tcnpet;tute shifts;

‘the RNAs reach a maximal level at approximately 60 minutes

and then éradually decréase over the hext six hours (see -

Pigure 20). ' _ B

s
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5.3.3' Exantdhtion of the innunologiéhl relatedness of HSPs
from various sources. “. P

5.3.3.1 Immunological relatedness of 18 kD HSPs from
* different tissues df‘iaIze. «

Barlier studies (see Pigu:e.S) indicated that following
a shift from 30C to 42C, plﬁpuies,’}adie£ea, mesocotyls and
young leaves from maize seedling§ exhibit new and (or)
enhanced synthesis of a}sint}at)set of HSPs. Iq.order'to
examine whether the 18 kD HSPs from différent tissue sources
are immunologically related,_tgtal extracts of polypeptidesle
from each tissue were subjdcted to ehe: imnunbprec;pitetion
procedere‘ outlined above. P;uorograﬁs ef %-D suslpacﬁ‘
separations of totélxpolypeptide;lysates (tdp). as ;ell as
the products which were immunoprecipitated fron,tﬁeee total
lysates using antiserum produced against the 18 QB HSPS °©
(bottom) are presented in Figure 28. The 18 kD HSP class is
absent in total lysates from control (3OC) lahples ang sheus ‘
pronounced synthesis folloying, heat shock “(30-42C) . No
bands are detected in the inuunoprecipitetes!fro- tissues of
control seedlings while a single p:oninent 18 /kD polypeptide
bgnd is observed in lanes - co:respondtng go
immunoptecipitates from ] each of“ fhe ) tis-ues from
haat-shocked seedlings. Since the sanplea of . éach ‘jssqe
used in these,. ia-Unoprecipitetion-expetinents contaihed the
same number of acid-precipitable“cohnts, fntensltiee of .the.

f

bands . represent the relative telatednesl ‘of HESPs f:dl
4

differant  tissues. _.The 318 kD HSP. jnd in lane 7 was

cogsistently less tntense than in lanes 5, 6 and 8. It ;

. - . ' "
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Figure 28.

/

-

Fluorograms of the 1-D SDS-PAGE _separations *of
tﬁe polypeptides obtained f}om plumules (lahe 1
and 9),. mesocotyls. (lane 2 and 6), radicles
(lane 3 and 7) or young leaves (lane 4 and 8)
fr;m maize seedlings grown at 30C or following"

shift from 30-42C. The electrophoretic

" separations of total polymeptide 1lysates from

eachi tissue are shown in the top of the figure
while the products obtained by

immunoprecipitation of these same lysates with

nanifseruw prepared against the 18 kD HSPs from

maize plumules are shown in the lower part of
the figure. Approximately 100,000 counts of
acid-precipitable material from each of the

total lysates was ' utilized for the

" immunoprecipitations. - Approximately 25,000

acid-precipitable counts of total lyséte were
loaded in each well of the gel in the upper bart
of the figure. Positions of standard marker
proteins .are ip@icated by arrows on the left
while positions of requence HSPs are indjcated
by arrows on the ’right.' Fluo‘rams were

expdsed for five days.



177

TOTAL LYSATES t
30°¢ 30»42°C

% ) i M r
P .
| 4

, IMMUNOPRECIPITATES
30°C 30>42°C

/

94>
67»

43 »

205

14»



contains the SDS~-PAGB-resolved immunoprecipitates from
.radicle éissue. This observation suggests that imfterms of
-the ability of the antibbgies to recognize binding sites,
the 18 kD HSPs from plumules‘.may be moQi similar
structurally to the 18 kD HSPs from young leaves and
mesocotyls than to the 18 kD HSPs from radicles. The
establishment of whether the'se HSPs represent products from
identical gene seqguences in the different tissues awaits the

availability of appropriate cDNA clones,

5.3.3.2 Immunological relatedness of HSPs from different

sEecIes.

In or8er to examine whether the HSPs observed'in maize

might be structprally related to HSPs of similar molecular
mass described in other  plant and aﬁimal systems,
immunological tests were carried out in which antibodies to
maize HSPs were reacted with polypeptide extracts from
control and heat-shocked tissues of several species. The
results from immunoblot analysis of 1-D SDS-PAGE-sepag;ted
polypeptides from maize  (cv. Oh43) plumules, soybean
(cv. Lihderine) hypocotyls, and pea (é&. Dwarf Wando)
epicotyl¥ are compared in Figure 29. All three species have
been shown to exhibit synthesis of HSPs of similar molecular
mass (Key et al., 1981; Altschuler and Mascarenhas, 1982;
Baszczynski et al., 1982a; Hadwiger _and Wagoner, 1983).
Antibodies prepared adainqt the maize 73-89 kD HSPs were
capable of reacting specifiéally with pélypeptides in the

73-89 kD molecular weight kange in all three species.

178



Figure 29t

. Immunoblots of 1-D SDS-PAGE-resolved

polypeptides from maize plumules (lanes 1 and
2), 'soybean h?pocotyls {(lanes 3 and 4) and - pea
epicotyls (lanes 5 and 6) which were
electro-transferréd to nitrocellulose membrane
and reacted with,adtisera to either the 73-89 kD
HSPs (A) or the 18 kD HSPs (B) of maize
plumules. Lanes 1, 3 and 5 in each cgse
represent samples from non-heat-shocked tissues
while lanes 2, 4 and 6 represent the
corresponding samples from heat-shocked tissues.
from tﬁese three plant species, Positi;ns of
HSP reference polypeptides of maizé ‘are

indicated'by arrows in the middle of the figure.

[
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Positive reactions with polypeptides from both control
(Figure 29A, lanes 1, 3 and 5) and heat-shocked (Figure 29a,
lanes 2, 4 and 6) tissues were obtained supporting the
contention that synthesis of these high molecular weight
HSPs occurs in non-heat-shocked seedlings and ° becomes
enhanced following heat shock. Although all three'spegizs
_ showed positive reactions, the degree to which the soybean
and pea; SPs reacted with antibodies to maize HSPs varied.

This obse:vation'SUggests that while the hfgh ‘molecular"

~ow

weight HSPs from the three plant species may be structurally
similar in terﬁs of ability to react with maize anti-HSP
* antibodies, the relatiye levels of synthesis of the
different classes of the high molecular, K weight HSPs may be
speclies-specific. ) Jik
A parallel experiment utilithg antibodies to .the maize
18 kD HSPs was .- conducted to assess the rela?édnéss of the
low molecular weight HSPs from different plant species,
Immunoblot analysis of polypeptides from non-heat-shocked
" tissues from the three plant épecies reyealed little or no '
détectable reaction.with the antibodies to maize 18 kD HSPs
(Figure 29B, lanes 1, 3 and 5). The extent of reaction of
polypeptides from heat-shocked tissues of each of the three
species with the maize antibodies was different, even though
" all three Qpecies make heat shoeck polypeétides of
approximateiy 18 kD (Figure 29B, lgnes 2, 4 and 6).
Polypeptides .extracted ‘ffom heat-shocked pea epicotyls

showed virtually no teaction with antibodies to maize 18 kD




HSPs; v polypeptides from heat-shocked ' soybean hypécotyls

exhibited a positive reac;ion at 30-50%8 of the level of
reaction noted for polypeptides from MNeat-shocked maize
plumules treated with the same antibodies. ' Since similar
amounts of total protein were loaded in each lane, the
results suggest that either the maize 18 kD HSPs are more

similar to soybean than to pea low molecular weight HSPs, or

that the amount of low molecular weight HSPs relativg to

other polypeptides is higher in maize and soybean than in
peas, : ’ — 2

Immunoprecipitations of polypeptides from total protein

extracts from the three plant species (Figure 30) further

support the avove findings. A single polypeptide band at

the 18 kb positién (see Figure 30A) is'noted for all three
species on fluorograms of gels in which a constant number of
counts of acid-precipitéble lysate we£é  utilized in the
immunoprecipitations. This band is most intenseifor maize,
less 1intense for soybean and very faint for pea. There is
little or no gross-reactiviéy of ‘the antibodies Eo the 18 kD
maize HSPs with pigh molecular weight HSPs from apy of the

v

three plant species,

Antibodies to the maize HSPs were also t:Eted against
polypeptide extracts from control and heat-shocked .tissues
from a few readily accéasible animal spepiés, previously
sthn to preduce heat shock polypeptides. The results are
summarized in Table 6, along with those for other organisms

arﬁb tested with antibbdies to maize HSPs. ¥While all

N e e wsiiee ¢ e e e e e
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)Figute 30 Fluorogram of the 1-D SDS-PAGE separations of

U

the- products .which were immunoprecipitated from-

total polypeptide lysafes obtained® from mgize
plumules (lanes 1 and 4), pea epicotyls (lanes 2
and 5) or soybean hypocqtyls’ (lanes 3 and 6).

Lanes 1-3 represent s;mpleg from 25C-grown

éeedlihg?- while lanes 4-6 represent the

4.

corresponding samples from heat-shocked (25-42C)
seedlings. Positions of standard molecular ma§;
marker proteiﬂs are indicated by arrows on the
left and the expected‘positiOn of the 18 kD HSP
of haize is indicated Von the right.
Approximatély 100,000 _ counts of
acid-precipitable material from each tétal
lysate was utili;ed for. immunop?ecipitations.
Fluorograms were expogéd for s?x‘days.
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systemé studied produced‘highipolecular weight HSPs in the
65-90 kD range, polypeptides from the animal systems tested
did mot react with ﬁ:;ze antibodies when as;ayed by any of
the immunolégical tests described above;- The possible
significance of thiX differential fesponse‘ between . these

species will-be discussed later.

8

hl

5.4 Discussion

' The availability of antibodies to specific proteins or
their"polypeptide coﬁstiguents provides a means of‘prsbiﬁg
for the presence of that protein or polypeptidg‘ in cells.
Prote}n antigens present at levels too lﬁw to ge detectable
by most‘staining methods (ie., nanograms or less) can be
measured ‘by various immunochemical methods (Eisen, 1980).
The purification of maize HSPs and the prepafation of
anti?odies to tgese polypeptides were hndertéken in order
to: a) provide an addftional means of evaluating the levels
of synthesis of the HSPs wunder diff@rent temperature
conditions; and b) to permit an examination- of the
relatedness of the various HSP classes with each other, and ’
among different maize tissues or different species.

While the methods éf preparation .of polyclonal
antibodies in ;abbits is generally straightforward (Kabat,
1976; Eisen, 1960), préduction of antibodies to the maize

HSPs was more tedious ‘due to the fact that: a) the Hsés are

present in extremely small quantities (especially the 18 kD



o

HSPs which are apparently not synthesized in
non-heat-shocked cells); p) . these HSP§ can ohly be
visualized by examiq}gg rewly synthesized polypeptides,
making purity monitori;g a e-consuming process? and ¢)

' .
some polypeptides which appear in the Coomassie blue-stained

gel patterns have mobilities very similar to those of the '

HSPs, The strategy therefore was: a) to establish
initially the presence of precipitating ang}bodies in the

sera - (ring tests and Ouchterlony plates); bj] to identify

" - antibodies specific to polypeptides in the molecular ieight

range of the maize HSPs (eg.“ 73-89 kD or 18 kD) (immunoblot

analysis); and finally c) to identify antibodies capable of

binding spécifically to the maize HSPs (imminoprecipitations .

and fluorographic analysis of ‘the SDS1PAGE sepérations of '

thé/immuﬁoprecipitated products). . B

Ip spite of the potential value of antibodiés* to >the
study of HSP synthesis, only a few reports/have»deécribed
the production of antibodies to.‘heat' shock ’‘proteins.

Polyclonal antibodies to the major chicken HSPs (Kelley and

Drosophila 70 kD HSP kVelazquez et al., 1959: Velazquez gnﬁ

Lindquist, 1984) have revealed that the heat shock proteins

-
‘Schlesinger, 1982) and monoclonal antibodies to the major/

in these "organisms are syﬂthesized at’ - a basal-level in .

non-héat—shpcked cells ang intensify following thermal
shifts. Monoclonal . antibodies ' to soybean (J}L. Key,

personal éommunication).and q@ail (B.G. Atkinson, personai

comhunication) HSPs are.being developed presently.
v , , :

o'




The various immynological assays utilized in ‘the
4

_present -study demonstraté that the high molecular weight . .

HSPs are present in non-heat-shocked plumules and ipgensifﬁ

following heat shock. However, immunoprecipitations of
polypeptide extracts with antibodies to the 18 kD plumule
HSPs did . not reveal the presence of 18°‘kD HSPs in this

tissue in the absence of thermal shifts. T'hhs,.' thé(_la kD

‘polypeptides are either -not synihesized at preshift

temperatures, or they are synthesized at levels which are

AN

*,
below the limit jof sensitivity of this assay.

embryo fibroblasts, the low molecular 24 kD HSP was not

detected in non-heat-shocked tissues using the same

immunoprecipitation technique (Kelley d&nd ,Schlesinger,'
~ :

5
1982). ° <

The antiserum prepared againét the 18 kD maize HSPs was

capable of .gindiﬁg the = 18 kD HSPs from total po'l_ypepr_ide.‘

extraeté obtained from plumules ‘as early as 30- mihutes

‘following the shift from 27¢ to 42C (Figyre 27). It is

conqé}vablg that inore sensitive detection meghodé ﬁight
agmonstrate'the presence of the lé kD HSP olass even eirligf
than shown in this study. ‘From the ‘meé;ufe;ents‘\of the
interval’ during which the internal tempetatufe of plumules

reaches that of the incubator ipllowing temperature shifts

(abou£ " 20 minutes; " see Figure 15), it appears that

synthesis of HSPs and most likely their mRNAs may be

initkated even before the seedling has "experienced” the

full impict of the temperaturé te which it has been shifted.

.8

+

in chicken
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Thus, grthe initiation bf .synthesis -of some of these
polypeptides begins "in transition" from one temperaiure to
~another. The: transitory nature of the response to
temperature shifts is inl agreement with results shown
previous¥¥ which demonstrated the gradual decline in both
tﬁe synthesie of heat shock polypeptides (Figure 6 ~and  27)
and in 'the availability of mRNAS for these polypeptides
(Figuee 20) during continuous incubation at ‘the shift
temperature, |

Several studies have examieed HSP sydthesis in
different tissues of the same organism (Tissieres et al.,
1974; SQnéetmeijer and Lubsen, 1978; Currie and White,
- 1981; Baszcengﬁi et al., 1982b; Atkinson ggjgl:, 1983;
Dean and Atkinson, 1983; Ketola-Pirie and Atkinson, 1983;
Baszczynski et al., 1984). While many HSPs appear to be
common tovell the tissues studied in any one species, eome
HSPs appear‘eo be specific to certain tissues. This latger
observation may be due howeVer_to an inability to deteét low
levels of‘ synthesie of HSPs in tpose tissues in which they
appear to be apsent.ﬁ Furthermore, most workers have assumed
that polypeptides . of similar molecular mass and(or) charge

in different tissues of-a single organism, are in fact ‘the

producte from expression of the e gene sequence. This
assumption is testable by sevetal mj::ldﬁ tncluding the use
of {immunochemical methods or CcDRA probes. Kelley and
Schlesinger }198%& have demonstrated for eifqple that HSPs

o,
from embryo fibroblasts and fton‘heart, musle, liver, eye,

189



brain and carcass tissue -all react with antibodies to the
two major high molecular weight HSPs from chicken embryo
fibroblasts. }olypepéides‘from a number o§ tissues which do
~nhot appear to synthesize the 24 kD HSP did not react with
antibodies to the 24 kD HSPs (Relley and Schlesinger, 1982).
My work reveals that all maize tissues which were probed
with the antfbodies to plumule HSPs (Figure 30) exhibited
the - presence of.polypeptides capable of cross-reacting with
the antibodies produced in plumules. Thus, there ;ppears to
be correspondence between the presence in a tissue of an HSP
of a specific molecular mass, and its ability to react with
antibodies. prepared to an HSP of the same molecular mass in
a different tissue. These results, although indire;t,
strongly suggest a similarity in the structure of HSPs in
various tissues of an ofganism. )

The numerous studies on heat shock protein synthésis
have revealed that a polypeptide of approximately 70 kD
exhibiting enhanced synthesis following heat . shock, occurs
in virtuaily every d;ganism that has been examined. A
number of approaches have been used to ascertaih whether the

HSPs in diff@}ent speéies are in fact the same. Proteolytic

digests of the 68-70" kD and 84-85 kD HSPs from chick embryo

190

fibroblasts, Drosophila embryonic cells and human

lymphoblastoid cells have generated peptide maps which

4) exhibit a considerable amount of similarity in the sizes of

”"“\\J5 \‘bragpents obtained (Voellmy et al., 1983). In recent

studies by Shah and co-workers (1984)0and Sinibaldi and
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Dietrich (1984), cloned genes to the 70 kD HSPs of

Drosophila have been utilized for hybrid selection -of

homologous sequences from the maize genome.- The deduc;d
amino acid sequences based on partial nucleotide sequence
reveal that approximétely 80% of the amino acid sequences

for the 68-76 kD HSPs of Drosophila, yeast and maize may be

homologous (Shah et al., 1984).
Immunochemical studies have further revealed that

»
antibodies to the 70 kD HSP of chicken embryo fibroblasts

are capable of reacting with pdlypeptides of approximateiy

the same molecular mass in a large array of organisms

’

including Saccharomfces, Dictyostelium, Caenorhabditis,

Drosophila, Xenopus, mouse cells, human cells and maize

seedling' roots (Kelley and Schlesinger, 1982). In the
presen} study on the other hand, cross-reactivity of
antibodieé to maize HSPs was detected only with HSPs from .
other plant species and not with HSPs from tﬁe animal
systems examined. This suggests that either: a) the level
of HSPs in these animal cells is too low to react in-
sufficient.quantities as to be detectable with the maize
antibodies; or b) the antisera contain antibodies that
recognize séecificcieterminants whicq are‘:bundant on HSPs
from plant cells but either low or absent on HSPs from
animal cells. Since polyclonal antisera, by definition,
contain a ‘'heterogeneous array of antibody mbleculea'to a

variety of antigenic determinants on the same molecule

(Eisen, 1980), it is not suyrprising that different antibody
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preparations (eg., the antibodies to chicken . instead of
‘"maize HSPs) may exhibit differences in theifiabtlity to
cross-react with similar antidens from various sources.

It appears therefore that there is some similaéity in
the strgctural propefties of selected HSPs from different

sources, Whether this structural similarity is related to a

”

common function of these HSPs in the different organisms

(eg., thermotolerance) has yet to be established.



Conclusions
c

Temperature constitutes an important pafﬁmeter in the
overall biological function of 1living organisms and
perturbations of this parameter can lead to disruptions of
cellular homeostasis. As a result, a variety of changes may
be elicited aé a response to thefmal fluctuations.
Conditions such as high temperature stress or heat shock
have been sﬁown to induce dramatic alterations in gene’
expressioﬁ at the polypeptide, RNA and DNA levels (see
literature review in Introduction). For this reason, the
"heat shock phenomenon” has been exploited ‘for various
studies of gene and ge;e product induction- and regulation.

I have attempted to provide insigﬁé into the influence
of thermal sbifﬁé on the synthesis of gene products in
maize. The data which I present in thei second and third
chapters constitute the first m;jor description apd
characterization of the response of maize to "heat shock".
These chapters providé‘ the groundwork for subsequent
investigations into the general impeqt of temperature shifts
on RNA and polypeptide synthesis; the results from these
studies ailow me, in the fourth chspter, to develqp _the
concept that alterations in géne product expression most
likely occur as a general response to any thermal shift and
represent a- normal biological response to changes in the.

Environmental temperature conditions. Finally, the

production of antibodies to the maize HSPs (Chapter 5)

193
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allowé me to confirm immunologically several of my previous
observations, and more importanﬁly, to examine the
relatedness of HSPs from different maize tissues as well a;‘
from a few different plant and animgl species.
Collectively, a number of interesting and ;mp;}tant featur;s-v
regarding the impact of temperature and thermal shifts on

gene expression in maize emerge from Eﬁesevétudies:

1. TShi€gs to temperatures above approximately 40C (heat
shock) 1lead to a dramatic alteration in the pattern Pf
polypeptide quthesis. This involves the.enhanced and,
in some cases, new synthesis of a group of heat shock
polyﬁeptides (HSPs) which are analogoﬁs but not

identical to those observed in other organisms.

2. The HSPs represent products resulting from the
translation of polyadenylaied mRNAS - whidh become
avéilable in the cytoplasm following heat shock as a
result of_'either: a) new or increased transcription;.
or b) modifications in pre-existing HSP-RNAs which “make

the RNAs available for translation following heat shock.

3. All tissues of maize which have been studied appear to
have the capacity to respond to heat shock'in a similar
manner (ie., with the synthesis of a similar seg of
polypeptides). This common response in differept
tissues suggests that if theﬁe HSPs 'have a biological

function (eg., their proposed role in increasing

~
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!Lermotoletahée), at least some of the HSPs most 1ike}y‘

serve a similar role in all tissues in which they Tare -

synthesized. Immunological studies ut}liziné‘an;iboqies
prepared to the maize plumule HSPs (Chapter.§3 confirm
that the 18 kD HSPs from several maize tissues are

immunochemically (and presumably struéﬁurally) related.

pifferent growing temperatures. ' lead to diffetent
"control* patterns of polypeptide synthesis and
influence ﬁhe subéequent response to thermal shifts,
This observation. is important since it indicates that
the changeé observed following one témperature shift
regime may yield results which are quite different from
those observed following another régime. Maize

seedlings grown "at~different temperatures synthesize a

similar set of HSPs when shifted to a heat shock

temperature; in addition, unique synthetic dgfferences
specific to seedlings grown at each temperature are also

noted.

Changes in gene expression may occur following any
temperature shift which is of suffic};nt magnitude. TQ@
term "magnitude” as used here, refers to the sum of a
number - of . factors, the interaction of which determines
the array of gene products and the extent to which they
are synthesized. These factors’in;the minimum include:
a) the initial growing or "pre-shift® temperature; b)

. .
the temperature increment over - which the tissues are
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shifted; -cJ the teﬁpéfabute regime in which the shift

3

'is carried out (eg., 15-25C vs, 30-42C); d) the rate

tat which the temperature changes from the initjal to the

196

final. tempeiéture; and e) the duration of the

temperature shift, Recent studies by Walden  and

co-workers indicate that the genotype also is important

" in controlling the types of polypeptides which are

N .
synthesized under different temperature conditions.

While new and(or) enhanced polypeptide synthesis may
‘ (4

represent a “universal response to heat shock, and most
i{kely to anigtemperatuse shift, the actual polypeptides
which are synthesized(gée not necgséarily identical in
size or structure in all species. 1In maizé, as in othet

plants, the array of low moléculat weight polypeptides

appear to be much more complex than in animal systems.

The polypeptides of approximately,-?O kD which are

suggested to be - common to most organisms are
immunologically reiated in at least soybean, pea and
maizé. On the other hand, antibodies to the maize “high
molecular Qeight HSPs do not show any reactivity with
65~70 kD.HSPs from quail, mouse and tadpole, under the
same anditions. Thus, tﬁere is considerable
variqbfiify in the degree of' relateéness in different
speciee of similar size polypeptidgs”?toduced under

similar stress conditions. However, '6€€f1\ a (ﬁungtion

for . the different HSPs is unambiguously es@ablished, it

’

T
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is difficult to dtawjxny‘canIusioné about the 'éqssibgg;é‘,;:

-

relatedness of these polypeptipes in" the diffe(éht)

species. h

The studies‘ﬂescribgd in this thesis have contributed
in sevérai' areas towards an understanding of the events-
involved in the normal responseJof maize to thermal shifts

and in theé response to pétential stress conditions such as

heat shock. It yodig appear that the concept’ of "heat
shock',. at least fn plants, agg probably in adimalé,—should
be equndeé or modified toaccomodate the géneral notion of
k4 ';emperature sﬁift', gsince my work suggests that gene
expression induced.by heat shock (and ptobably.gold shock or
stress) reﬁresents the gxtreme case of a more general
response to thermal changes. If alfera;ions in gene
activity are important in allowing the organism to.
accomodate or adapt to rapid temperature changes, thén‘it,ig
biologically and evolutiéﬁarily feasible that a mechanism
should have developed which 1is capable .of,"sensing' "and
"responding” to both major and minor perturbations in the

thermal conditions of the organism's environment.
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Appendix 1.

o

Plots of relative mobilities of standard
molecular mass marker ppoteins in either 3-15%

linear gradient (A) or ° 7.5-17.5% linear

KJ

4gradient (B) SDS- polyacrylamlde slab gels.

<

_//Standard protelns included a)° mydsin, 200

S

. . .
molecular“weight calibration kit from Pharmacia

- Fine Chemlcals cons1sting of: "b)- phosphorylase

b, 94 HQ_J c) albumln, 67 kD, d} ovalbumin,
43 kD; e) carbonlc anhydraSe;' 30 kD; f)
trypsin inhibitor, : 20.1.kD; and " g)

lactalbumin, 14.4 kD. Values for relative

- R - ——

mobilities reprEsent means of aE-~1east five

determinations withr standard errors for any

]

‘point not exceeding 0.0l.

»k1lodaltons (kD); gndiiptoteins from a low



(') ALINBOW AV
0L 60°90 L0 90 S 0 10 o

Ot

- 02

- 0S
- 09
V74
08

- 06
001

- 002

- 00€

/

(J¥) aALrvgow 3avIaN
0L 60 80 [0 90 YO ¥0 tO ZO 10 0

- OY |

(g-OL X 'W) SSVWN HVINI31OW

ot i
|tz
! z
Log 2
m
e
78 "
0§ . X
L og X
(o: X
Vs g¢
L 08 -
Lo X
»
o
[}
w
. 002
. oot




kppendix 2. Plots of pH vaiues in focussed IEF tube gels as
a function of distance along the length of the
tube gel. Ampholines in the IEF gels consisted
of either ‘only pH range 5-8 aﬁpholines (A) ,
only pH range 3.5-10 ampholines (C), .or a

mixture - of 20% pH range 3.5-10 and 80% pH range

TNy

5-8 ampholines (B). The points represent the ™
mean values for determinations made on at least
four IEF gels. Standard errors about the mean

fgtvdﬁy point did not exceed.-0.04 pH units.
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