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ABSTRACT

Translational control of protein synthesis in the plumules of heat-shocked maize
seedlings was investigated. Maize plumules respond to heat shock by synthesizing
nuclear-encoded hsp's with M¢'s of 108, 89, 84, 76, 73, and 17-29kDa. Synthesis of
some, but not all, 25°C (control) proteins is repressed in vivo. RNA blot and in vitro
translation analyses of non-polyribosomal and polyribosomal RNP RNA suggest that
repression ensues from either a decrease in mRNA levels or from the inefficient translation
of control messages in heat-shocked cells (relative to heat shock mRNAs) due to changes in
the rates of both initiation and elongation.

Hsp70 and hsp18 mRNAs (or heat shock-like mRNAs) are synthesized at low
levels in nonstressed cells. During heat shock, these messages accumulate on
polyribosomes within 5 to 10 minutes, are maximal within 1 to 2h and decline therafter (ie.
maize plumules acclimate). The recovery profile is similar. Dissociation of message from
the polyribosomes under these conditions is not accornpanied by a re-association of heat
shock mRNAs with non-polyribosomal RNPs suggesting that 1) the messages released
from the polyribosomes are degraded and 2) the mechanism(s) governing these responses
is independent of the incubation temperature. Acclimation and recovery are not
characterized by a complete return to the control state as low molecular weight heat shock
mRNASs continue to associate with the polyribosomal and non-polyribosomal fractions.

Heat shock and control mRNA s are differentially distributed in the non-
polyribosomal RNP of control cells. However, messages active in translation at 25°C are
primarily associated with cytoskeletally-associated polyribosomes. Heat shock results in a
change in both the distribution of heat shock mRNAs on the ribosomes of polyribosomes
and their non-polyribosomal to polyribosomal ratios. Heat shock mRNAs accumulate
primarily in the free-cytoplasmic non-polyribosomal and polyribosomal fractions

suggesting that translation and possibly transport of these messages during heat shock is
iii
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largely independent of the cytoskeleton. The negligible changes in the equilibrium of
membrane-derived non-polyribosomal fractions together with the accumulation of mRNAs
destined for the endoplasmic reticulum in free-cytoplasmic non-polyribosomal RNP are
consistent with this interpretation. Neither the distribution of 25°C mRNAs on
polyribosomes nor their equilibrium between non-polyribosomal and polyribosomal RNP's
is affected by the temperature shift.

The kinetics of association/dissociation of mRNAs with the non-polyribosomal and
polyribosomal RNP indicate that heat shock messages associate with non-polyribosomal

RNP prior to their integration into polyribosomes.

iv
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CHAPTER 1

1.1 General Introduction

Eucaryotic cells respond to a transient stress such as heat shock by inducing the
synthesis of a specific set of proteins, the heat shock proteins (hsp's). This physiological
response to environmental extremes has been found in all animals, plants, and bacteria. Its
ubiquity suggests that the response is an important homeostatic mechanism that enables the
cell to survive a variety of stresses (Craig, 1985; Lindquist, 1986).

The heat shock response is essentially a single cell response tut is mediated by
several factors including the organisms environment. In addition to hsp synthesis, the
cellular response to heat shock comprises several reversible changes in the pattern of gene
expression and other cellular metabolic activities/structures (Schlesinger gt al, 1982; Nover,
1984, Atkinson and Walden, 1985; Pardue gt al, 1989). These include: 1) reprogramming
of gene transcription by RNA polymerase Il (Spradling ¢t al, 1977; Findly and Pederson,
1981), 2) cessation of synthesis of most other mRNAs, RNAs encoding histones and
mitochondrial proteins being exceptions (Ritossa, 1964; Berendes, 1968; Bonner and
Pardue, 1976), 3) disruption of RNA processing (Ellgaard and Clever, 1971; Lengyel and
Pardue, 1975; Rubin and Hogness, 1975; Yost and Lindquist, 1986), 4) induction of
noncoding RNAs (Hallberg and Hallberg, 1989), 5) reprogramming of the translational
machinery (Storti gt al, 1980; Kruger and Benecke, 1981; Scharf and Nover, 1982; Howe
and Hershey, 1984; Panniers et 3], 1985), 6) rearrangements of the cytoskeleton and other
cellular components (Biessmann gt al, 1982; Tanguay and Vincent, 1982; Colliers and
Schlesinger, 1986; Sherwood ¢t al, 1989), and 7) changes in protein tumover (Schlesinger
ct al, 1989; Pratt ¢t al, 1989).

The hsp's can generally be classified into three families based upon structural

homologies: 1) hsp90, a consititutively synthesized, heat-inducible hsp, 2) hsp70, the




most highly conserved hsp, and 3) the low molecular weight hsp's (Craig, 1985;
Lindquist, 1986). Several additional proteins are known to be heat-inducible, the more
important of which include a nuclear-encoded mitochondrial protein required for the
assembly of mitochondrially-imported proteins into oligomeric complexes (McMullin and
Hallberg, 1987; McMullin and Hallberg, 1988; Hemmingsen ¢t al, 1988; Cheng ¢t 3l.
1989) and ubiquitin (Bond and Schlesinger, 1985; Bond and Schlesinger, 1986; Finley ¢t
al, 1987, Atkinson ¢t al, 1989). It is now apparent that many of the hsp's or related
proteins are also expressed in nonstressed cells/tissues (Welch, 1985; Catelli ¢t al, 1985;
Sanchez et al, 1985; Dechaies gt al, 1988; Chirico gt al, 1988; Armrigo gt al, 1988a).

A variety of other chemical, physical, and biological stresses can also induce hsp
synthesis. The synthesis of similar proteins in response to widely divergent stimuli
suggests that some common cellular metabolic signal is responsible for the induction of
hsp's (Hightower, 1980). Several mechanisms have been proposed including oxidative
stress (Varshavsky, 1983; Lee et al, 1983) and the accumulation and/or catabolism of
abnormal intracellular proteins (Hightower, 1980; Hiromi and Hotta, 1985; Hightower et
al, 1985; Ananthan gt 3], 1986). The latter mechanism has been recently subsumed in a
ubiquitination-mediated induction pathway (Munro and Pelham, 1985).

12 T - { Translation of Heat Shock Protei

Transcriptional activation of the heat shock genes requires both cis- and rans-
activating elements. Early studies using various gene constructs that linked a Drosophila
hsp7( promoter to the transcrption units of other proteins demonstrated that this promoter
sequence functioned efficiently ir heterologous systems suggesting that the factor(s)
involved in the regulation of heat shock transcription was(were) highly conserved.
Deletion analysis mapped the activation site to a consensus region located (on the

Drosophila hsp70 genes) between 47 sand 66 base pairs (bp) upstream of transcription

initiation (Peltham, 1982; Pelham and Bienz, 1982). A single conserved sequence within




this region - CTGGAAT-TTCTAGA, later simplified to C-GAA--TTC--G and referred to
as the heat shock element (HSE) -- was found to confer '- _at inducibility on the herpes
simplex virus thymidine kinase (tk) gene (Pelham and Bienz, 1982).

Although a single consensus sequence can confer heat-inducible transcription on
exogenous genes in heterologous systems, many of the heat shock genes, including those
in plants, contain multiple HSE's (Schoffl gt al, 1984; Czarnecka ¢t al, 1985; Nagao gt al,
1985; Bienz and Pelham, 1987). The most proximal HSE is located 1.5 helical turns (15-
18bp) upstream of the TATA box (Bienz and Pelham, 1987). In general, the remaining
HSE's are located at variable distances 5' to the proximal HSE and are spatially arranged so
that the centers of symmetry are located on the same side of the DNA helix.

Expression assays have established that DNA sequences matching the core HSE in
seven of the eight nucleotides constitute transcriptionally functional HSE's and bind a heat
shock activated factor (heat shock transcription factor (HSTF)-see below)(Bienz and
Pelham, 1987). However, a 6 of 10 match can function when additional copies are present
(Petham and Bienz, 1982; Ayme ¢t al, 1985; Bienz, 1985). Moreover, the proximity of the
HSE to the TATA box, the accessibility of HSTF to the HSE, and the affinity of HSTF for
the HSE also determine the degree of transcriptional activation (Peltham, 1985; Bienz,

1985; Gurley ¢t al, 1986; Pauli ¢t al, 1986). In more recent studies, contiguous arrays of a
5bp unit sequence (-GAA-) arrenged in alternate orientations have been shown to constitute
functional HSE's (Amin et al, 1988; Lis et al, 1989).

Other cis-acting regulatory elements that are required for transcriptional activation of
the heat shock genes are the TATA motif and/or the CCAAT motif (regulatory elements
commonly associated with RNA polymerase II-activated promoters). CCAAT boxes or
SP1 binding sites are often found along with multipie HSE's in vertebrate genes when the
proximal HSE is located far upstream from the TATA box (Bienz and Pelham, 1982; Wu ¢t
al, 1986). The presence of these promoter elements allows the HSE's to act as an enhancer
(Bienz and Pelham, 1987).
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The heat shock transcription factor (HSTF) that interacts with the HSE has been
identified in yeast (Sorger et al, 1987; Sorger and Pelham, 1987a; Weiderrecht gt al, 1987),
Drosophila melapnogaster (Parker and Topol, 1984; Topol et al, 1985; Wu, 1984a; Wu g1 al,
1987; Zimarino and Wu, 1987), and human HeLa (Kingston ¢t al, 1987; Sorger ¢t al,
1987) cells. The factor has been purified recently from Drosophila and yeast and has a
relative molecular mass (My) of 70 and/or 110kDa (Wu ¢t al, 1987; Wiederrecht ¢t al,
1987). HSE-binding activity, which appears rapidly in heat-shocked cells, is not blocked
by the addition of protein synthesis inhibitors (Ashburner and Bonner, 1979; Kingston ¢t
al, 1987; Zimarino and Wu, 1987) suggesting that HSTF is present in nonstressed cells in
an inactivated form and/or sequestered in a subcellular compartment. Factors exhibiting
HSE-binding activity have been detected in nonstressed yeast (Sorger gt al, 1987; Sorger
and Pelham, 1987a) and Drosophila (Wiederrecht et al, 1987; Wu gt al, 1987) cells. In
yeast, the HSTF extracted from heat-shocked cells appears to be more extensively
phosphorylated than the HSTF extracted from control cells. It has been suggested that
transcriptional activation is a consequence of heat-induced phosphorylation of HSTF
(Sorger et al, 1987; Jakobsen and Petham, 1988).

Mosser ¢t al (1988) have shown that this activity is also present in nonstressed
human cells. In these cells, the kinetics of heat shock-induced HSE-binding activity during
heat shock and recovery from heat shock parallel the kinetics of hsp70 gene transcription.
Concomittant with the decline in heat-induced HSE-binding activity during recovery is an
increase in control HSE-binding activity (Mosser ¢t al, 1988). Also of interest in these
studies is the observation that differential induction of hsp70 genes by different stressors is
reflected in the differential levels of stress-induced HSTF.

DNase I protection assays have demonstrated that a second protein factor binds
constitutively to the TATA box region in Drosophila (Wu, 1984a) and human (Wu ¢t al,
1987) cells. This factor protects a region extending from the TATA box to position +30
(Parker and Topol, 1984; Wu, 1984a; Wu, 1985) and may, therefore, interact with




sequences downstream from the transcription start site (5° untranslated leader sequence?).
The factor alone is not sufficient to activate transcription of the heat shock genes (Wu,
1984a).

In vertebrates, a third factor -- the CCAAT-binding transcription factor
(CTF)(Jones ¢t al, 1985) -- is required for the heat-induced activation of vertebrate
promoters containing multiple distance HSE's (Hickey ¢t al, 1986; Bienz and Pelham,
1987; Morgan ¢t al, 1987).

Chromatin mapping studies demonstrate that the 5’ ends of Drosophila heat shock
genes are hypersensitive to DNase I (Wu, 1980) while the body of the gene exists in an
ordered nucleosome array (Dietz ¢t al, 1989). Induction of the heat shock genes is
correlated with a change in the chromatin structure. The transcribad region becomes
accessible to DNase I and the regular nucleosome pattern becomes indistinct (Wu, 1980;
Dietz ¢t al, 1989). Binding of HSTF correlates positively with these changes as regions
centered around the HSE become refractory to digestion (Wu, 1984a). It has been
suggested that binding of the TATA box factor and/or a specifically positioned nucleosome
generate the upstream DNase I hypersensitive sites leaving the HSE's accessible. The
folding of the DNA in the nucleosome would juxtapose distant HSE's thereby facilitating
gene activation (Dietz gt 3], 1989). Alternatively, CTF may serve to anchor distantly bound
HSTF dimers next to the TATA factor (Bienz and Pelham, 1987).

Although transcription of most RNA species is repressed during heat shock (Findly
and Pederson, 1981), some transcripts continue to be synthesized at near normal rates
including ribosomal, histone, and viral RNAs in Drosophila and plants (Spradling et al,
1977; Scott et al, 1980; Scharf and Nover, 1987). At temperatures above 34°C, the
processing of ribosomal RNA precursors is interrupted resulting in the cessation of
ribosome synthesis in Drosophila (Ellgaard and Clever, 1971; Lengye! and Pardue, 1975;
Rubin and Hogness, 1975; Spradling ¢t al, 1977). Heat shock has since been shown to
disrupt mR.NA splicing in yeast (Yost and Lindquist, 1988), Drosophila (Yost and




Lindquist, 1986; Yost and Lindquist, 1988), avian (Bond and Schlesinger, 1986), and
mammalian (Kay ¢t al, 1987) cells. In Drosophila, the RNAs accumulating (hsp83 and adh
transcripts) after a severe heat shock have normal transcription start sites and are uncut at
both their 5' and 3' splice junctions indicating that the heat-induced block occurs prior to
che first catalytic reaction in the splicing pathway (Yost and Lindquist, 1986; Yost and
Lindquist, 1988). Some of these unspliced transcripts exit the nucleus and enter the pool
of cytoplasmic mRNAs. Translation of these mRNAs yields truncated proteins.
Pretreatment at temperatures th- induce hsp's obviates the block in processing. Moreover,
the degree of protection varies with the duration of the pretreatment and, therefore, with the
level of hsp accumulation (Yost and Lindquist, 1986). In contrast, heat shock has little
effect on RNA processing in plants (Czarnecka ¢t al, 1988). However, both cadmium and
copper, heavy metals which induce hsp's in soybean, disrupt processing of Glycine max
hsp 26-A (Gmhsp 26-A) RNAs in a manner analogous to that observed in Drosophila.
Whether inhibition of splicing in plants is restricted to a specific class of heat shock
transcripts or whether, like Drosophila, it is a general phenomenon is not known
(Czarnecka ¢t al, 1988).

Although some aberrant transcripts escape the nucleo-cytoplasmic block, inhibition
of splicing during heat shock is thought to prevent the accumulation of high levels of
intron-containing transcripts in the cytoplasm and the subsequent synthesis of aberrant
proteins that may be detrimental to the cell. In Drosophila, carboxy terminal deletions of
hsp70 have the dominant phenotype of prolonging the time required for che cell to recover
from heat shock (Yost and Lindquist, 1988). The transcripts of most heat-inducible genes
escape this block by virtue of the fact that they lack introns.

Although the precise nature of the disruption is unknown, Mayrand and Pederson
(1983) have suggested that heat shock disrupts heterogeneous nuclear ribonucleoprotein
(hnRNP) particle assembly thus leading to abortive processing of precursor mRNAs.
However, other reports indicate that RNP particles are not disrupted (Kloetzel and Bautz,




1983). In a more recent study, heat shock has been shown to disrupt a subset of small
nuclear ribonucleoproteins (snRNP's)(Bond, 1986). Alterations in these particles are
accompanied by the assembly of labciled pre-mRNA transcripts into aberrant splicing
complexes in vitro (Bond, 1986).

In addition to the alterations in transcription and RNA processing, heat shock also
induces a major change in the pattern of translation. In Drosophila, translation of normal
cellular messages ceases within minutes of a shift from 25°C to 37°C. That this transition
does not involve a general inhibition of protein synthesis is demonstrated by the fact that
heat shock messages, when they appear, are translated at very high rates (Linquist, 1980).
Furthermore, pre-existing messages appear to be sequestered as a group in the cell and can
be recruited into active protein synthesis following a retief from the stress condition
(Mirault gt al, 1978; Storti gt al, 1980; Lindquist, 1981; DiDomenico ¢t al, 1982a;
DiDomenico ¢t al, 1982b; Kruger and Benecke, 1981). In contrast, heat shock results in
the rapid degradation of pre-existing mRNAs in yeast (Lindquist, 1981). In plant cells, the
majority of control mRNAs are sequestered during heat shock as in Drosophila (Nover and
Scharf, 1984; Key ¢t al, 1985). However, some mRNAs continue to be synthesized
during heat shock (Cooper and Ho, 1983; Key ¢t al, 1983; Scharf and Nover, 1987) while
others are degraded as in yeast (Nover and Scharf, 1984; Belanger ¢t al, 1986).

The molecular mechanisms governing translational control remain to be established.
In Drosophila (Falkner gt al, 1981; Biessmann ¢t al, 1982; Walter and Biessmann, 1987)
and vertebrate (Collier and Schlesinger, 1986; Welch and Suhan, 1986) cells, heat shock
results in the collapse of the intermediate-sized filament system in the perinuclear region.
Disruption and fragmentation of both the Golgi complex and endoplasmic reticulum (ER)
have also been reported in plant and animal cells (Welch and Suhan, 1986; Belanger et al,
1986). It has, therefore, been suggested that translation of heat shock messages proceeds
largely independent of the cytoskeleton on free polyribosomes (Falkner gt al, 1981; Nover,
1984; Welch and Feramisco, 1985)




Afier heat shock, there is a preferential utilization of heat shock mRNAs. Cell free
lysates prepared from heat-shocked Drosophila cells translate only heat shock mRNAs
while lysates from nonheat-shocked cells translate both control and heat shock mRNAs
suggesting discrimination is based on a signal contained within the RNA sequence and/or
RNA conformation (Storti et al, 1980; Kruger and Benecke, 1981; Scott and Pardue,
1981). More recent studies have demonstrated that the signals effecting this change are
contained within the 5’ untranslated leader sequence of heat shock mRNAs (McGarry and
Lindquist, 1985; Klemenz gt al, 1985; Hultmark et 3], 1986).

The mechanism by which heat shock alters the protein synthetic apparatus is
unclear. However, the restoration of translation of 25°C messages in heat-shocked cell
lysates by a crude ribosomal preparation isolated from nonheat-shocked cells suggests that
components normally associated with the ribosomes are inactivated by heat shock (Scott
and Pardue, 1981). In many systems, inhibition of protein synthesis during heat shock has
been attributed to changes in the rate of polypeptide chain initiation (McKenzie et al, 1975;
Panniers and Henshaw, 1984). However, the subcellular distribution of translationally
inhibited messages in Drosophila suggests blocks at both initiation and elongation (Kruger
and Benecke, 1981; Ballinger and Pardue, 1983). Whatever the step in protein synthesis,
modifications and/or changes in the ribosome-protein/RNA composition have been reported
in heat-shocked HeLa (Duncan and Hershey, 1984), Ehrlich (Panniers and Henshaw,
1984), Drosophila (Glover, 1982), plant (Scharf and Nover, 1982), and Tetrahyvmena
(McMullin and Hallberg, 1986; Kraus et a], 1987) cells.

In Hel a cells, eucaryotic initiation factor-2 (eIF-2), elF-4 and either one or both
eIF-3 and eIF-4F are inhibited by heat shock. Furthermore, phosphorylation of eIF-2
increases while that of eIF-4F decreases following heat shock (Duncan and Hershey,
1984).

In heat-shocked Ehrlich ascites tumor cells, a reduction in the level of 408 initiation

complexes is accompanied by an inhibition of polypeptide chain initiation (Panniers and




Henshaw, 1984). Addition of highly purified eIF-4F, an initiation factor which
specifically binds mRNA cap structures, to lysates prepared from heat-shocked Ehrlich
cells rescues translation of nonheat-shocked mRNAs (Panniess et al, 1985).

In Drosophila (Glover, 1982) and tomato (Scharf and Nover, 1982) cells, there is a
rapid but reversible decline in the phosphorylation level of an S6-like ribosomal protein (r-
protein) of the small subunit during heat shock. Decreased phosphorylation coincides with
the onset of hsp synthesis. In plant cells, Scharf and Nover (1982) have suggested that S6
phosphorylation level plays a role in recruitinent of new mRNA into the polyribosomes.

In Tetrahymena, heat-induced functional alterations in the protein synthetic
machinery have been correlated with both an increased affinity for a r-protein of 22kDa
(McMullin and Hallberg, 1986) and the accumulation and association of a small RNA
polymerase III transcript (G8 RNA) with the ribosomes and/or polyribosomes (Kraus ¢t al,
1987). The kinetics of accumulation and association of G8 RNA in a mutant strain (ie. a
strain unable to thermostabilize protein synthesis but able to alter its translational
discriminatory properties)(Kraus ¢t al, 1986) is similar to that observed in the wild type
strain suggesting that this RNA plays some role in the selectivity of mRNA utilization.
Sequence analysis demonstrates homology with the eucaryotic 7SL RNA (a structural and
functional component of the signal recognition particle) and the Escherichia coli (E. coli)
4.58 RNA (interacts via elongation factor G) both of which are known to associate with
ribosomes and to be involved in the modification or regulation of protein synthesis
(Hallberg and Hallberg, 1989).

In Drosophila, cells maintained at high temperature continue to synthesize hsp's to
the virtual exclusion of other proteins. When these cells are returned to 25°C, hsp
synthesis continues for a time proportional to the severity of the stress. This is followed by
a repression of hsp synthesis and the restoration of translation of pre-existing mRNAs.
Treatments that interfere with the synthesis or function of hsp's result in extended
translation during recovery (DiDomenico gt al, 1982a; DiDomenico et al, 1982b). The
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decline in hsp70 message is not due to a gradual decline in translational efficiency of hsp70
mRNASs but rather to the withdrawal of hsp70 messages from translation. Translational
repression occurs only after a return to normal temperature where it is coupled to mRNA
degradation. Degradation is highly selective since pre-existing messages are stable during
both heat shock and recovery.

With prolonged high temperature treatment, hsp mRNAs, particularly hsp70
mRNAs are stablz and continue to be translated (Lindquist and DiDomenico, 1985; Banerji
ct al, 1986). Heat shock itself is responsible for the stabilization of hsp70 mRNA
(Theodorakis and Morimoto, 1987; Peterson and Lindquist, 1988). The instability of this
message is not a feature peculiar to cells recovering from heat shock but is a normal feature
of the message in nonheat-shocked cells. Theodorakis and Morimoto (1987) have shown
that hsp70 stability increases in the presence of protein synthesis inhibitors suggesting that
a heat shock-sensitive labile protein regulates its turnover. This message also contains one
copy of a sequence, AUUUA (Hunt and Morimoto, 1985), commonly found in the 3'
noncoding regions of mRNAs with short half lives (Shaw and Kamen, 1986). Simcox ¢t
al (1985) demonstrated that the half life of a Drosophila hsp70 mRNA truncated at the 3'
end (hsp45’ is increased during recovery from heat shock. Therefore, sequences at both
the 5' and 3' end of hsp70 mRNA, together with modifications and/or changes in the
translational machinery and cytoskeleton, may regulate the turnover of this message.

Translational control in plants, like animals, is dependent upon the intensity,
duration, and nature of the stress (Altschuler and Mascaranhas, 1982; Altschuler and
Mascaranhas, 1985; Key ct al, 1981; Cooper and Ho, 1983; Czarnecka ¢t al, 1984;
Baszczynski, 1984; Baszczynski et al, 1985; Edelman ¢t al, 1986; Wu gt al, 1988; Rees gt
al, 1989) and is tissue and/or species specific (Altschuler and Mascaranhas, 1982; Cooper
et al, 1984; Mascaranhas and Altschuler, 1985; Baszczynski g1 al, 1985; Belanger et al,
1986). however, in soybean seedlings, prolonged heat shock results in a gradual decline

in heat shock specific poly(A)* RNAs suggesting that a retumn to controi temperatures is




not required for translational repression (Schoffl and Key, 1982; Altschuler and
Mascarenhas, 1982). Furthermore, prolonged exposure to low concentrations of arsenic
(As) and cadmium (Cd) mimic this response (Edelman et al, 1986). Depletion of heat
shock mRNA:ss is rapid in seedlings following a relief from the stress (Schoffl and Key,
1982).

1.3 The Heat Shock Proteins: Intracellular Location and Function

There has been a tremendous increase in our understanding of the structure and
function of hsp's within the last few years. Much of this information has resulted from the
fact that most of the stress proteins are present in appreciable levels in cells grown under
normal conditions. In addition to providing new insight into function, these studies
illustrate the importance of the stress proteins in mediating a number of processes essential
to the activity of nonstressed cells. However, the relevance of these proteins during or
after heat shock remains to be established.

The proceeding paragraphs summarize some of the current knowledge concerning
the hsp's. Due to the broad scope of the current heat shock literature, this discussion will
be limited to those proteins or groups of proteins relevant to the subsequent study.

1.3.1 Hsp90

The hsp90 gene Zamily encodes constitutively synthesized heat-inducible proteins
ranging in molecular mass from 83 to 108kDa (with one exception, a 62.5kDa protein in E,
coli). Sequence analysis of cloned hsp90 genes from a variety of organisms demonstrates
that these proteins are highly conserved. The proteins of distantly related eucaryotes share
50% amino acid identity while all hsp90 proteins share at least 40% identity with the E, colj
protein. A region of high negative charge density, although poorly conscirved, is located at
the same relative position in all eucaryotic proteins comprising this famiily. A second
smaller region of high negative charge density is located near the carboxy terminus.

Although the carboxy terminal regions of these proteins are generally divergent, the four
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most terminal amino acids, glu-glu-val-asp, are highly conserved and are also found at the
carboxy terminus of eucaryotic hsp70 proteins (Craig, 1985; Lindquist and Craig, 1988).

Drosophila contain a single hsp90 gene, hsp83 which is induced only S to 6 fold by
heat shock (Arrigo g1 al, 1980). This gene is also develonmentally induced during
oogenesis (Zimmerman ¢t al, 1983). Hsp83 is unique ir that it is one of only two
Drosophila hsp genes possessing an intron (Holmgren ¢t al, 1981).

Two proteins, hsp83 and heat shock cognate 83 (hsc83), comprise the hsp90 gene
family in Saccharomyces cerevisiae (S, cerevisiac). Hsp83 is also developmentally
regulated and has been shown to accumulate as cells transit into stationary phase or begin to
sporulate (Lindquist and Craig, 1988). That the proteins synthesized by the hsp90 genes
are essential is demonstrated by the fact that, although mutations in either gene are viable,
double mutations are lethal (Lindquist and Craig, 1988).

The related E, coli protein encoded by the high temperature production G (htp G)
gene has an apparent molecular mass of 62.5kDa. Interestingly, deletion of the htp G gene
is not lethal (Bardwell and Craig, 1987).

In vertebrate cells, the hsp90 gene family constitutively encodes soluble
cytoplasmic and ER-destined proteins. There is some deposition of the cytosolic protein in
nuclei during heat shock. Biochemical analysis of cytosolic hsp90 in mammalian and
chicken cells demons.rates a transient interaction with a number of tyrosine kinases, such
as the transforming protein of Rous Sarcoma Virus, pp605T® (Welch et al, 1989; Lindquist
and Craig, 1988). Pp60°™ is quantitatively associated with hsp90 and a 50kDa
phosphoprotein (Lindquist, 1986; Brugge et al, 1981). The src protein is inactive (ie.
displays neither tyrosine kinase activity nor phosphorylated tyrosine residues) in this
complex. However, when released from association with hsp90 at the plasma membrane,
src is deposited at the inner side of the membrane and exhibits both kinase activity and
autophosphorylated tyrosine (Brugge et al, 1983).
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Hsp90 also associates with another cellular kinase, the heme-regulated eIF-2 alpha
kinase (Welch ¢t al, 1989). In contrast to its role in tyrosine kinase activity, hsp90
apparently stimulates ¢IF-2 alpha activity. As increased phosphorylation of ¢IF-2 alpha is
correlated with a decrease in ribosomal initiation complexes and the subsequent inhibition
of protein synthesis (Duncan and Hershey, 1984), it has been suggested that hsp90 may
indirectly function in translational regulation (Welch ¢t al, 1989).

Molecular cloning and immunocharacterization have shown that hsp90 is also a
component of the steroid hormone receptor complex (Lindquist and Craig, 1988). In the
native, heterooligomeric, nonactive 8S receptor, hsp90 caps the receptor DNA binding site
(Baulieu ¢t al, 1989). Hormone 'transforms’ the 8S form, releasing hsp90 and active (4S-)
receptor which can bind DNA and trigger the hormonal response (Catelli gt al, 1985;
Baulieu, 1987).

At least one hsp90 gene encodes a protein destined for translocation into the ER
(Welch ¢t al, 1989; Lindquist and Craig, 1988; Mazzarella and Green, 1987; Sorger and
Pelham, 1987b). This protein, which is induced by glucose starvation (Welch gt al, 1989;
Sorger and Pelham, 1987b), has a molecular mass ranging between 94 and 108kDa.
Hsp90 ER proteins, like their cytosolic counterparts, contain the amino acid sequence glu-
glu-val-asp. However, these proteins contain an additional 24 C-terminal amino acids with
the four most terminal, lys-asp-glu-leu, being identical to those coraprising the hsp70 ER
protein (Sorger and Pelham, 1987b). This sequence has been shown to prevent secretion
of luminal ER proteins (Munro and Pelham, 1987).

Analogous proteins in plant cells may be hsp83, a constitutively synthesized hsp in
maize seedlings (Baszczynski ¢t al, 1985) and/or hsp89.

Both the high degree of sequence homology between the hsp90 genes and the
similarity in their patterns of expression suggest that these proteins perform similar roles in
their respective cellular compartments in regulating the activity of other macromolecules in

the cell.
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1.3.2 Hsp70

Hsp70 of most, if not all, cucaryotes is a member of a multigene family whose
genes are expressed under a variety of physiological conditions (Lindquist and Craig,
1988). The proteins encoded by these genes are highly conserved. Polyclonal antibodies
prepared against chicken hsp70 react with 70kDa proteins from a variety of organisms
including plants (Kelley and Schlesinger, 1982; Schlesinger ¢t al. 1982). Homologies
ranging from 60 to 78% have been found among cucaryotic proteins. The human protein is
73% identical to the Drosophila protein and 50% identical to E, coli dnaK (Lindquist,
1986) while the plant protein, more specifically maize hsp70, is 63% homologous to
Drosophila hsp70 and 75% homologous to the Drosophila hscl protein (Rochester ¢t al,
1986).

The Drosophila hsp70 multigene family contains 5-6 copies of the hsp70 gene, one
copy of the heat-inducible hsp68 gene and seven genes, denoted hsc1-7, that are expressed
during normal development (Lindquist and Craig, 1988). Hsp70 localizes primarily within
the nucleus and secondarily at cell membranes during heat shock. Upon recovery, hsp70
exits the nucleus and accumulates in the cytoplasm (Arrigo et al, 1980; Sinibaldi and
Morris, 1981; Velazquez and Lindquist, 1984). Two of the hsc gene products, hsc70 and
hsc72, have been shown to accumulate around the nucleus and within the ER respectively
(Palter et al, 1986). After heat shock, hsc72 can be found within the nucleus (Lindquist
and Craig, 1988).

In S, cerevisiae, the hsp70 genes can be divided into four groups, denoted SSA,
SSB, SSC, and SSD (Craig et al, 1987). An additional member, KAR2 has recently been
identified (Lindquist and Craig, 1988). The sequence relationships among these genes are
complex with nucleotide identities ranging from 50-96%. Furthermore, the level of
expression of these genes is regulated differentially during heat shock. SSA3 and SSA4
are syntnesized at low levels at 23°C but are strongly induced by heat shock (Werner-
Ashburne 2t al, 1987). The converse is true for SSB1 and SSB2 (Craig and Jacobsen,
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1985). Changes in the level of SSA2 synthesis after heat shock are negligible while the
levels of SSA1, SSC1, SSD1, and KAR?2 increase 3-10 fold after heat shock (Craig, 1985;
Lindquist, 1986; Lindquist and Craig, 1988).

Analyses of strains containing mutations in members of the hsp70 family indicate
that the KAR2 gene encodes an ER-destined protein that is essential for karogamy
(Lindquist and Craig, 1988) while the SSC1 gene encodes a protein destined for
translocation into the mitochondria (Craig et al, 1989) and apparently essential for growth
(Craig et al, 1987). The SSB gene products are either functionally or compartmentally
distinct from those encoded by the SSA genes (ie. SSA1-4). However, each of the
proteins encoded by SSA1-4 can substitute at least partially for the absence of the other
three (Lindquist, 1986; Lindquist and Craig, 1988).

Biochemical and genetic evidence indicates that Ssa proteins are involved in the
post-translational translocation of proteins into the ER and mitochondria (Chirico et al,
1988; Deschaies ¢i al, 1988). Furthermore, Chirico gt 3l (1988) suggest that hsp70 is
responsible for ATP-dependent unfolding or disaggregation of the prepro-alpha-factor
before translocation. That the unfolding step is rate limiting is shown by the fact that the
rate of translocation increases when denatured substrate is used in the translocation assay
(Chirico gt al, 1988).

E._coli have only a single hsp70 gene which encodes DnaK, a protein required for
replication of lambda DNA (Craig, 1985) and shown recently to be involved in host DNA
replication (Lindquist and Craig, 1988). The purified protein has a weak ATPase activity
and self phosphorylates at a threoning residue (Zylicz et al, 1983). DnaK also possesses a
5' nucleotidase activity that is inhibited by AppppA (Bochner ¢t al, 1986). Recently,
purified dnaK has been shown to stimulate post-translational translocation of prepro-alpha-
factor into yeast microsomes (Waters ¢t al, 1989).

The nomenclature for the mammalian hsp70 family is extremely confusing and
therefore, for the purposes of this discussion, the members of this family will be addressed
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using the nomenclature of Watowich and Morimoto (1988). The 70kDa stress protein
family consists of at least five members: the major heat-inducible protein, hsp70 which is
also induced during cell growth by serum stimulation (Milarski and Morimoto, 1986) and
after infection of human cells (but not rodent cells) with either of two cooperating
oncogenes, E1A or myc (Kingston ¢t al, 1984; Wu ¢t al, 1986); protein 72 (p72), often
referred to as hsp73 (Welch et al, 1989), which exhibits a high level of basal expression
and is only slightly heat-inducible; hsp72, a protein expressed only after heat shock;
glucose regulated protein 78/80 (grp78/80), an ER protein; and grp75, a mitochondrial
protein.

Biochemical fractionation and immunological studies have shown that newly
synthesized hsp70 and p72 localize within the nucleoplasm, nucleolar matrix, and nucleoli
during heat shock (Welch and Feramisco, 1984). The nucleolar deposition correlates with
marked alterations in the integrity of the nucleoli (Pelham, 1984) and a concomitant
decrease in nucleolar function (Rubin and Hogness, 1975; Spradling ¢t al, 1977). Welch
and Suhan (1986) have shown that hsp70 and p72 are primarily deposited in the granular
region (ie. that area of the nucleolus involved in small ribonucleoprotein and pre-ribosome
assembly). Recovery of normal nucleolar morphology afi_. heat shock is rapid in the
presence of high levels of hsp70 (Pelham, 1984). During recovery, the protein exits the
nucleus and associates primarily with ribosomes and polyribosomes where it may function
in the recovery of the translational machinery (Welch and Suhan, 1986).

Hsp70 and p72 have been shown to interact with a variety of macromolecules
including cellular tumor antigens (Lindquist and Craig, 1988) and non-sterified fatty acids
(Hightower ¢t al, 1985). More recently, p72 has been shown to facilitate the uncoating of
clathrin triskelions from clathrin coated vesicles jin viizo (Chappell gt al, 1986).

Grp78/80 is a constitutively synthesized ER protein that is induced following
glucose/calcium deprivation (Welch gt al, 1989). The protein is homologous to BiP, an ER

protein that interacts transiently with maturing immunoglobulin heavy chains (IHaas and
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Wabl, 1983; Munro and Pclham, 1986). Grp78/80 binds both ATP and aberrant proteins
as they traffic through the ER (Welch and Feramisco, 1985; Kassenbrock et al, 1988).

Recently, a grp of 75kDa has been detected in the mitochondria of mammalian cells.
The precursor is processed during translocation into the mitochondria. Whether grp75
functions in the assembly/disassembly of mitochondrial proteins is unknown (Welch gt al,
1989).

In plant cells, at least two hsp70 genes have been reported (Rochester gt al, 1986).
Both genes are heat-inducible and share 88% nucleotide sequence homology. Suprisingly,
each gene contains an intron. Each intron is located in the same position as that of the
Drosophila hscl gene. The proteins encoded by these genes are 90% identical in the first
exon (Rochester ¢t al, 1986). The proteins share considerable homology with the
Drosophila hsp70 and hsc1 protein as mentioned.

Expression of at least some tomato hsp70 family members is developmentally
regulated (Duck et al, 1989). RNA transcripts have been localized to the vascular system
of the ovary, dividing cells of the lateral root tips, and the inner integument of developing
seeds. The transmitting tissue, immature anthers, and embryo also express 70kDa RNA
(Duck et al, 1989). It is interesting to note that many of these tissues are highly secretory
while many of the organs contain zones of rapidly dividing cells.

In maize roots, hsp70 cosediments with plasma membrane fractions during heat
shock while hsp72 apparently localizes to both the ER and Golgi (Cooper and Ho, 1987).
A 76kDa protein, absent from cell free translation products, has been shown to accumulate
invivo in maize seedlings (Baszczynski gt al, 1985) and may be analogous to grp78
(Lindquist, 1986).

In summary, the proteins encoded by the hsp70 gene family appear to be involved
in the disruption of either intramolecular or intermolecular protein-protein interactions.
Pelham (1988) has suggested that hsp70 binds to incorrectly or incompletely folded
proteins, preventing self-aggregation and possibly unfolds them using the energy of ATP
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hydrolysis. In the case of assembly of multi-subunit structures, this function could bz
complemented by those of other proteins.
1.3.3 The low molecular weight hsp's

Unlike the hsp70 gene family, the low molecular weight hsp's constitute a
considerably heterogeneous group. The proteins of any given species show greater
homology to each other than to proteins of other species. Members of the soybean low
molecular weight hsp family have 99% identity (Nagao ¢t al, 1985) while members of the
Drosophila low molecular weight hisp's share 50% identity (Ingolia and Craig, 1982;
Southgate et al, 1983). However, the soybean low molecular weight hsp's have only 20%
identity with the low molecular weight hsp's of Drosophila, Cacnorhabditus elegans (C.
elegans), and Xenopus (Nagao gt al, 1985). Hydropathy profiles for Drosophila,
Xenopus, C. elegans, and soybean hsp's do show a similarity in major hydrophilic and
hydrophobic regions (Nagao ¢t al, 1985). All low molecular weight hsp's contain a
relatively conserved hydrophobic domain, (asn or asp)-gly-val-leu-thr, near their carboxy
terminus. Moreover, the low molecular weight hsp's of all organisms share both sequence
and structural homology with the alpha crystallin lens protein (Ingolia and Craig, 1982;
Rassnak and Candido, 1985; Hickey ¢t al, 1986).

Both [rosophila (Tissieres et al, 1974; Corces et al, 1980; Arrigo gt al, 1980) and
plant (Barnett ¢t al, 1980; Schoffl and Key, 1982; Baszczynski ef al, 1982; Mansfield et al,
1987) cells contain multiple low molecular weight hsp's while yeast (Lindquist ¢t al,
1982), avian (Kelley and Schlesinger, 1978), and mammalian (Hickey and Weber, 1982;
Hickey gt al, 1986; Arrigo and Welch, 1987) cells contain only a single low molecular
weight hsp. Until recently, it was thought that these hsp's may be unique to eucaryotes.
However, a protein of 18kDa, shown to have homology with eucaryotic low molecular
weight hsp's, has been detected in the mycobacterium, M. leprae (Lindquist and Craig,
1988).
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HSG). In mammalian cells, hsp28 is distributed in a polarized fashion within the
perinuclear region of the cell in close proximity to the Golgi complex (Arrigo ¢t al, 1988a).
That these particles are distinct from the prosome, a ubiquitous cytoplasmic RNP to which
they have been likened, is evident from their different sedimentation behaviour in sucrose
gradients, the reduced synthesis of the prosomal proteins during heat shock, and the
absence of any hsp’s within the prosome (Arrigo et al, 1985; Arrigo et al, 1988b;
Falkenburg ¢t al, 1988; Nover ¢t al, 1989; Martins de Sa ¢t al, 1989). However, a single
prosomal protein, p29K (p27K in most vertebrates) is a stable and basic component of
HSG's (Martins de Sa ¢t a], 1989).

During heat shock, a reversible aggregation of HSG frora the 16S precursor
particles occurs (Arrigo, 1987; Arrigo et al, 1988a; Nover gt al, 1989; Haass ¢t al, 1989).
A similar dynamic is observed in sea urchin after fertilization and during development
(Akhayat gt al, 1987b). When mammalian cells are made thermotolerant (ie. given a prior
mild heat shock), significantly less hsp28 is found in the insoluble fraction and recovery is
accelerated (Arrigo gt 3], 1988a). Based on these studies, it has been suggested that the
distribution of the low molecular weight hsp's within the cell can be used to assess the cells
thermotolerance (Arrigo et a], 1988a).

Although the role of the HSG's is unknown, it has been suggested that these
aggregates preserve inactive (ie. untranslated) control mRNAs during heat shock (Nover ¢t
al, 1989). Alternatively, the low molecular weight hsp's may be enzymes required for
cellular recovery from stress. During heat shock, the enzymes polymerize to form stable
complexes. Recovery would lead to dissociation and activation of the enzyme (Collier e
al, 1988).

In plants, low molecular +. eight hsp’s have been shown to localize to chloroplasts
(Kloppstech gt al, 1985; Vierling et al, 1986; Vierling gt al, 1989). These proteins are
synthesized as precursor proteins that are cleaved to yield a mature form during import into

the chloroplast (Vierling gt al, 1988). Two nuclear encoded hsp's, hsp22 and hsp29, have
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nonpolyribosomal to polyribosomal ratio can change for specific mRNAs in response to
specific signals and fur some or all mRNASs under a variety of environmental (such as heat
shock) and developmental circumstances (Dreyfuss, 1986). Thus, the translation repertoire
of the eucaryotic cell can vary for a given set of mRNAs due to differential selection of
nRNAs for translation. This qualitative suppression of the expression of certain genes is
referred to as translational regulation or control (Imaizumi-Scherrer ¢t al, 1982; Dreyfuss,
1986).

Translational control during heat shock has been shown in a variety of systems
including plants. In Drosophila, the translational machinery is modified to selectively
translate heat shock mRNAs and pre-existing mRNAs are sequestered (as discussed
previously). Sequestration may be due to changes in the rates of both initiation and
elongation (Ballinger and Pardue, 1983; Ballinger and Pardue, 1985). In Hel.a cells, heat-
induced lesions in initiation account for the observed translational inhibition of control
messages (Hickey and Weber, 1982) while in yeast, control messages are degraded during
heat shock (Lindquist, 1981). Thus the mechanism of regulation differs in different
organisms. Subtle differences may also exist between species.

At the time when this research began, heat-induced wanslational control in plants
had been most extensively studied in soybean seedlings (Key ¢t al, 1981; Schoffl and Key,
1982; Altschuler and Mascarenhas, 1982). Alterations in the pattern of protein synthesis
correlated with dramatic changes in the distribution of ribosomes on polyribosomes (Key ¢t
al, 1981). Recruitment of 25°C mRNAs into active protein synthesis following relief from
the stress, together with the isolation and efficient in vitro translation of high levels of 25°C
mRNAs from heat-shocked cells, indicated that these messages were preserved during the
stress (Key et al, 1981). However, the cellular distribution of these mRNAs and
constitutive hsp mRNAs during heat shock was unknown. This thesis investigates the

nature of translational regulation in plants, and more specifically in the plumules of maize

seedlings, under heat shock conditions.
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Maize seedlings were chosen for several reasons. First, prior characterization of
the heat shock response at the protein level in a variety of tissues and genotypes suggested
that the degree of translational control was dependent on a number of factors including
temperature. Second, isogenic strains of maize were available thus eliminating the
possibility of any genetic variability within the response. Third, maize is an agronomically
important cereal crop. An understanding of the heat shock response will provide a mean
for extending the growth range and subsequent yield of such crops.

The initial growing temperature, shift increment and temperature regime over which
the tissues were shifted were chosen based on previous reports which indicated that a shift
from 25°C to 42.5°C resulted in the induction of the full spectrum of hsp's in maize
plumules (Baszczynski ¢t al, 1985). Concomitant with the induction of hsp's was a
repression in the synthesis of control proteins at this temperature (Baszczynski ¢t al, 1982;
Baszczynski gt al, 1985).

This study begins by examining the heat shock response in maize plumules. The
question of translational regulaticon is addressed in a broad sense by comparing the in vivo
and in vitro protein synthetic profiles. The step in protein synthesis affected by heat shock
is assessed by examining changes in both the level and subcellular distribution on control
and heat shock mRNAs in seedlings maintained at a normal growing temperature (25C) or
subjected to a brief temperature shift (42.5C for 1h). Further fractionation of the
subcellular fractions details the distribution of these messages within the soluble
cytoplasmic, membrane, and cytoskeletal components of the cell during brief or prolonged
heat shock. Whether recovery of the translational machinery requires a return to the normal
growth temperature, as in Drosophila, is determined by examining the effects of both
prolonged heat shock and recovery from a brief heat shock on the subcellular accumulation
and localization of heat shock messages. An indirect measure of message stability is

provided bv comparing the kinetics of mRNA accumulation in the non-polyribosomal and

polyribosomal RNP during this time period.
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In summary, the major objectives of this thesis can be defined by the following
questions:
1) Does translational regulation occur in the plumules of heat-shocked maize seedlings?
2) Does heat shock affect the distribution of message (either control or heat shock)
between or within the non-polyribosomal and polyribosomal RNP particles?
3) What effect does a brief or prolonged heat shock have on the distribution of mRNA in
free-cytoplasmic and membrine-associated polyribosomal RNP particles?
4) What effect does a brief or prolonged heat shock have on the distribution of mRNA in
free-cytoplasmic and membrane-associated non-polyribosomal RNP particles?
Further clarification of these objectives is provided in the introductory paragraph-

accompanying each chapter.
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CHAPTER 2

THE RESPONSE OF MAIZE SEEDLINGS TO A BRIEF HEAT SHOCK

2.1 Introduction

The response of plants to heat shock exhibits many of the characteristics of the heat
shock response in other organisms (Kimpel and Key, 1985). However, in contrast to
other eucaryotes in which the high molecular weight hsp's represent the majority of hsp
synthesis (Atkinson and Walden, 1985), the most abundant hsp's in plants are a complex
group of 10-30 low molecular weight hsp's. Although the profile and complexity of the
low molecular weight hsp's vary considerably among plant species, a reiatively large
proportion of these hsp's have been shown to accumulate in all plant species (Kimpel and
Key, 1985; Baszczynski et al, 1982; Nover and Scharf, 1983). Furthermore, the low
molecular weight hsp's in several plant systems have been shown to be antigenically related
(Baszczynski, 1986; Baszczynski, 1989).

In higher plants, the hsp's localize in various subcellular fractions including the
nucleus, ribosomes, ER, Golgi, mitochondria (Lin ¢t al, 1984; Kimpel and Key, 1985;
Cooper and Ho, 1987), and chloroplasts (Kloppstech et al, 1985; Vierling et al, 1986)
during heat shock. In maize seedlings, one of ihese hsp's is apparently encoded by the
mitochondria (Nebiolo and White, 1985; Sinibaldi and Turpen, 1985).

Although various respiratory inhibitors/uncouplers induce hsp synthesis
(Ashburner and Bonner, 1979; Lin ¢t al, 1984; Czarnecka ¢t al, 1984) and high temperature
has been shown to affect photosynthetic activity (Berry and Bjorkman, 1980), the role of
these subcellular organelles during heat shock is not fully understood. Ribosomal
inhibitors are often used to determine which metabolic changes in higher plants are linked
directly to protein syathesis. In this chapter, I examine the effect of the antibiotics

cycloheximide and chloramphcnicol on protein synthesis in the plumules of maize seedlings
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2.2 Materials and Methods

2.2.1 Germination of seeds and growth of scedlings
Seeds of the inbred cultivar 'Oh43’ of Zea mays, L. were treated with the

commercial anti-fungal powder 'Vitoflo' (Uniroyal Chemical) and placed between two
sheets of moistened 3MM Whatman filter paper, embryo down and 1-2cm apart, in 15 x
26cm flats. The flats were covered with aluminium foil and the seeds were allowed to
germinate in the dark at 25°C until the plumules were 1-2cm in length (approximately 5-6

days).

2.2.2 Treaument of seedlings

All seedlings were either maintained at 25°C or subjected to a 1h incubation at
42.5°C (heat shock) prior to protein or RNA extractions. Cycloheximide (Sigma Chemical
Co., St. Louis, MO) and chloramphenicol (Sigma Chemical Co.) were prepared as
concentrated stock solutions in water. The terminal 0.5-1.0cm of the plumules of intact
maize seedlings were excised and duplicate groups of 20 plumules were pre-incubated for
15 minutes at 25°C in petri dishes lacking antibiotic (controls) or containing increasing
concentrations of cycloheximide or chloramphenicol diluted in water. After the pre-
treatment, 300uCi/ml of L-[3SS] methionine (New England Nuclear; NEN; Boston, MA;
specific activity=1100 Ci/mmol.) was added to each petri dish and one member of each set
was maintained at 25°C for 1h prior to protein extraction while its duplicate was incubated
at 42.5°C for 1h prior to protein extraction. Lysates isolated from three replicates were

analyzed.

2.2.3 Extraction of proteins from maize plumules

Following treatment, the excised plumules were rinsed with water and

homogenized in 10 volumes of extraction buffer (200mM Tris-HCI, pH7.5, 5% sodium
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dodecyl sulphate (SDS), 7.5% 2-mercaptoethanol, and ImM
phenylmethylisulphonylfiuoride (PMSF)) (Baszczynski et al, 1982) in a glass homogenizer
fitted with a teflon pestle as described by Baszczynski (1984). The extracts were
transferred to 30ml corex tubes and centrifuged at 2000 rpm for 10 minutes. The
supernatants were transferred to 15ml corex tubes, boiled for one minute, and stored until
needed at -20°C.

For immunoprecipitation experiments, plumules were homogenized in
immunoprecipitation buffer A (50mM Tris-HCl, pH7.2, 150mM sodium chloride (NaCl),
1.0% sodium deoxycholate (Na-DOC), 1.0% Triton X-100, and 0.1% SDS) as described

by Baszczynski (1986).

2.2.4 Incorporation of *2S-methionine into soluble proteins

Incorporation of 333 methionine into the soluble proteins was measured by both
the fiiter paper disc method of Mans and Novelli (1960) and the method of Robash and
Ford (1974) with some modifications. In the former case, Sul aliquots of lysate were
spotted onto individual glass fibre filter discs (Whatman) which were then pre-soaked for
30 minutes in 10% trichloroacetic acid (TCA), followed sequentially by two washes each
with 5% TCA, 3:1 ethanol:anhydrous ether, and ether. The filters were dried for 1h at
50°C and transferred to scintillation vials containing 10ml of scintillation cocktail (8.0g
omnifluor; NEN; per 1000ml of 'scintanalyzed' toluene; Fisher Scientific). Incorporated
radioactivity was measured using a Beckman 1.S-230 scintillation counter.

Incorporated 355 -methionine was also determined by precipitating 100ul aliquots of
lysate in 1.0ml of 10% TCA on ice for 30 minutes. The precipitates were then vortexed
and poured onto Whatman glass filter discs pre-soaked with 10% TCA, washed twice with
5% TCA, 3:1 ethanol:anhydrous ether, and ether, and air-dried in uncovered glass petri
dishes. The dry filters were each placed in a scintillation counting vial and 0.5ml of NCS

tissue solubilizer (Amersham Canada Limited, Qakville, Ontario) was added to each vial




which was then loosely capped and incubated at 50°C for 30 minutes. The vials were
cooled to room temperature, 17ul of glacial acetic acid and 10ml of scintillation cocktail
were added to each vial and the radioactivity determined by scintillation counting.

2.2.5 Isolation of total polyribosomal RNP IRNASs
Total polyribosomal RNP mRNAs were isolated from the plumules of intact maize

seedlings according to the procedure of Lerner gt al (1971) for mouse brain tissue with
some minor modifications (Venkatesan and Steele, 1972). Briefly, plumules of intact
seedlings maintained at 25°C or subjected to a 1h heat shock at 42.5°C were excised,
weighed, ground in a mortar, and homogenized on ice in 16 volumes (per 1.0g of tissue)
of 0.25M sucrose-TKMD-A buffer (SOmM Tris-HC, pH7 .4, 250mM KCl, 5SmM MgCl>,
2mM dithiothreitol (DTT), 0.5SmM PMSF, 0.2mg/ml emetine dihydrochloride, and
0.1mg/ml heparin)(Lerner ¢t al, 1971; Gupta and Siminovitch, 1978; Ramsey and Steele,
1977; Heikkila gt al, 1981) in a glass homogenizer fitted with a teflon pestle (10 strokes).
One-nineth volume of 10% (w/w) Triton X-100 (in H20) was added and the mixture was
homogenized as above with 3 strokes. The homogenate was centrifuged at 3500 rpm
(1470xg) for 20 minutes at 4°C (SS-34 rotor, Sorvall) to sediment crude nuclei and non-
ionic detergent insoluble material. The supernatant was decanted and mixed with one-
nineth volume of 13% (w/w) sodium deoxycholate (in H20) and centrifuged at 14000 rpm
(24000xg) for 30 minutes at 49C (SS-34 rotor, Sorvall) to remove the deoxycholate
insoluble material (Pearson, 1969). The supernatant was carefully layered over 6ml of
1.65M sucrose-TKMD-A buffer lacking emetine dihydrochloride (Larkins and Davies,
1975) and the polyribosomes pelleted by centrifugation at 38000 rpm (162000xg) for 4h at
4°C (Ti 60 rotor, Beckman Instruments, Inc., Palo Alto, CA). The supernatants were
decanted and the tubes were buried in ice for 15 minutes. The tube walls were wiped clean

and the pellets resuspended in a small volume of digestion buffer (0.01M Tris-HCl,

pH7.8, 5SmM ethylene dinitrilo-tetraacetic acid, disodiumn salt (EDTA), 0.5% SDS, 1mg/ml
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proteinase K (self-digested for 1h at 50°C), and 0.1mg/ml heparin)(Brawerman ¢t al,
1972; Maniatis ¢t al, 1982). The polyribosomal RNPs were incubated for 30 minutes at
37°C and the RNA was extracted with phenol and/or chloroform (Maniatis et al, 1982).
The RNA was precipitated overnight at -70°C from 2.5 volurnes of 95% EtOH-0.3M
sodium acetate (Na-acetate), pH 5.2 and pelleted by centrifugation at 11500 rpm (16000xg)
for 1h at 4°C. Deproteinized polyribosomal RNA was resuspended in 100ul of translation
buffer (50mM Hepes, pH7.6, 25mM Mg-acetate, ImM DTT, and 0.1mg/ml heparin)
(Maniatis gt al, 1982) and stored at -70°C until required. A small aliquot (10ul) was

removed for detesmination of RNA concentration by spectrophotometry.

Polyribosomal RNP RNA was used to direct the in vitro synthesis of polypeptides
in a heterologous in vitro translation system from NEN. Rabbit reticulocyte lysate was
programmed with 0.5-100.0ug of polyribosomal mRNA in the presence of L-[35 S}
methionine (NEN; specific activity=1100Ci/mmol.) at 37°C for 1h. The reaction was
terminated by placing the tubes in an ice-water bath. Incorporation of 35 S-methionine into
polypeptides during the in vigo reaction was measured by TCA precipitation. Briefly,
duplicate 1.0ul aliquots of lysate were spotted onto Whatman filter paper and air-dried.
The filters were boiled for 10 minutes in 10% TCA containing cold L-methionine and
washed sequentially with water, 95% ethanol, and acetone. Air-dried filters were placed in

scintillation vials and treated as in Secton 2.2.4.

2271 ¢ . hesized o vi {in vito ¢ l
polyribosomal mRNAs
Polyclonal antibodies raised against the 18kDa hsp's (provided by C. A. B. Rees,
Dept. of Piant Sciences, University of Western Ontario, London, Ontario) were used to

immunoprecipitate both the proteins synthesized in vivo (repeated at least three times) and
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those synthesized in vitro (repeated more than three times) by total polyribosomal mRNAs
according to the procedures of Baszczynski(1986) and Rees ¢t al (1986) respectively.
Approximately 30ul of protein lysate (containing 100,000 cpm) was mixed with an equal
volume of antiserum and incubated at room temperature for 20 to 30 minutes. In vitro
translation products were pre-incubated with 0.5% RNase A (1ug/ul; Boehringer
Mannheim Canada, Dorval, Que.) and 0.5% RNase T1 (1U/ul; Bochringer Mannheim
Canada, Dorval, Que.)(Stephan and van Huystee, 1980) for 15 minutes at 30°C before the
addition of 50ul of antiserum and 12.5ul of immunoprecipitation buffer B (10mM sodium
phosphate, pH7.5, 150mM NaCl, 10% sodium deoxycholate, and 10% Triton X-100).
The samples were incubated at room temperature as described for in vivo samples.
Approximately 100ul aliquots of formalin-treated Staphylococcus aureas cells of the Cowan
1 strain (Calbiochem-Behring, La Jolla, CA; standardized to bind 2.0 +/- 0.1mg IgG/ml)
were added to each of the tubes containing antibody-treated in vivo or in vitro protein
lysates. After 20 minutes at roo.a1 temperature, the samples were centrifuged for three
munutes in 2 Beckman microfuge (Model B). The supematants were removed and the
pellets washed three times in immunoprecipitation buffer B. After the final wash, the
pellets were resuspended in 50ul of extraction buffer, boiled for 1 minute and pelleted
(three minutes in a Beckman microfuge) (Baszczynski, 1986; Rees ¢t al, 1986). The

supernatants were analyzed by two-dimensional polyacrylamide gel electrophoresis.

2.2.8 Polyacrvlamide gel electrophoresis

2.2.8.1 One-dimensional (SDS) polyacrvlamide gel electrophoresis
One-dimensional (1-D) polyacrylamide gel electrophoresis in the presence of SDS

was carried out according to the method described by Laemmli (1970) except that the
separating gel consisted of a 7.5-17.5% linear polyacrylamide gradient. Samples were
diluted with four volumes of extraction buffer (Baszczynski et al, 1982) and boiled for 1



minute prior to loading into preformed wells in a 3% polyacrylamide stacking gel.

Standard proteins from a low molecular weight calibration L.it (phosphorylase-b, 94000;
albumin, 67000; ovalbumin, 43000; carbonic anhydrase, 30000; trypsin inhibitor, 20100;
lactalbumin, 14400; Pharmacia Fine Chemical, Piscataway, NJ) were co-electrophoresed in
the polyacrylamide slab gels for use in Mr determinations. The slab gels were
electrophoresed at SmA per gel (constant current) overnight. The current was increased to
15mA per gel and maintained there for 45 minut-s after the dye front had run off to increase

protein separation.

2.2.3.2 Two-dimensional (IEF-SDS) polvacrylamide gel electropboresis
Two-dimensional (2-D) analysis of the proteins synthesized in vivo and in vitro

followed the gel electrophoresis method developed by O'Farrell (1975) with minor
maodifications (Atkinson, 1981; Baszczynski gt al, 1983; Rees et al, 1986). The first
dimension isoelectric focusing (IEF) tube gels consisted of two parts 40% ampholines pH
range 3.5-10.0 and three parts 40% ampholines pH range 5.0-8.0 (LKB Instruments Inc.,
Rockville, MD) while the second dimension polyacrylamide slab gels consisted of 7.5-
17.5% linear polyacrylamide gradients overlayed with 3% stacking gels. Samples were
mixed with four volumes of sample dilution buffer (SDB; 9.0M urea, 5% 2-
mercaptoethanol, 2% ampholines, 8% NP-40) prior to loading on the IEF tube gels. The
gels were electrophoresed for 12* at 400V followed by 2h at 800V (constant voltage). The
IEF tube gels were extracted, equilibrated for 10 minutes in extraction buffer and layered
onto the preformed 3% polyacrylamide stacking gels using 1% agar in 1% SDS.
Electrophoresis in the second dimension was the same as that described above for one
dimensional slab gels. The pH gradients established in the electrophoretically focused gels
were determined by slicing companion gels and determining the pH of the water extract

(Saleem and Atkinson, 1976).
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2.2.9.1 Staining polypeptides with coomassic brilliant bluc

Following electrophoresis, the slab gels were removed and stained in 0.2%
Coomassie brilliant blue R-250 (Sigma), 50% methanol, and 10% acetic acid ovemnight.
The gels were then destained sequentially in 50% methanol and 10% acetic acid, 25%
methanol and 10% acetic acid and finally in 10% methanol and 10% acetic acid. The gels

were transferred to 7% acetic acid for storage prior to photography and/or fluorography.

2.2.9.2 Fluorography
Destained slab gels were dehydrated in dimethyl sulfoxide (DMSOQ), impregnated

with 2, 5 diphenyloxazole (PPO; Bonner and Laskey, 1974) and dried down on Whatman
3MM filter paper. Fluorograms were prepared by apposing dried gels at -70°C to Kodak
X-Omat film (XR-1) that had been preflashed to an optical density of 0.15 (Laskey and
Mills, 1975).

Fluorograms were scanned using a laser densitometer (Ultro Scan™ XL
Densitometer; Pharmacia LKB Biotechnology Inc., Piscataway, NJ) to quantitate the

relative amount of protein.

2.2.9.3 Photography of stained gels and fluorograms

Stained gels were photographed with a 35mm camera by transillumination using
Kodak 2415 Technical Pan film with a red or green filter to maximize contrast and
resolution. Fluorograms were photographed in the same manner without a filter. Films
were developed for 10 minutes at 20°C in Kodak HC-110 developer and fixed in Kodak
fixer (Craig, personal communication). Following washing and drying, the negatives were

printed on llford Multigrade paper.




2.3 Results

2.3.1 Response of maize seedlings to heat shock

Proteins synthesized by the plumules of intact maize seedlings maintained at 25°C
(control) or subjected to a 1h heat shock at 42.5°C were analyzed by 1- and 2-D
polyacrylamide gel electrophoresis (Figure 1). In addition to the six major hsp classes
identified in earlier studies (Baszczynski et al, 1982; Cooper and Ho, 1984), proteins with
My's ranging between 19kDa and 29kDa also exhibited new and/or enhanced synthesis in
response to a 1h heat shock (Figure 1). Although not evident in this electrophoretic

separation, a group of proteins with Mr's of 17kDa also comprise plumule hsp's (see

Figure 4).

The nuclear origin of maize hsp's has been inferred by the synthesis of these hsp's
from poly (A)* RNA jn vitro (Baszczynski et al, 1983). However, in order to further
demonstrate wnat these hsp's are in fact the products of nuclear genes, I examined the exfect
of the antibiotic, cycloheximide, on their biosynthesis. Intact maize seedlings were treated
with varying concentrations of cycloheximide prior to protein extraction and the cell Iy :2ies
were analyzed by 1- and 2-D polyacrylamide gel electrophoresis. Increasing concentrations
of cycloheximide progressively inhibited the synthesis of both control proteins and hsp'z
(Figure 2). The incorporation of 3°S-methionine inte pr(;teins extracted from 25°C and
42.5°C plumules is shown in Figure 3. Total protein synthesis in control and heat-
shocked plumules decreased 10 23% ~nd 24% of the maximum respectively after treatment
with 0.5ug/ml cycloheximide. Synthesis continued to decline with increasing

cycloheximide concentrations reaching approximately 2.3% of the maximum in both

control and heat-shocked cells at SOug/ml cycloheximide.
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Figure 1: Fluorograms of 1-D and 2-D polyacrylamide gel electrophoretic separations of
the polypeptides synthesized in vivo by plumules of intact maize seedlings maintained at
25°C or subjected to a brief heat shock (1h) at 42.5°C. Lysates from at least three
independent experiments were analyzed and a representative separation photographed.
Arrowheads on the right mark the positions and M¢'s of the six prominent hsp classes.
The four prominent 18kDa hsp variants synthesized during a heat shock are numbered 1-4.
Additional hsp's synthesized by the plumules of heat-shocked maize seedlings are
identified by arrows on the right. The arrowhead on the left marks the position of a 93kDa
protein that exhibits repressed synthesis during heat shock while the arrows o1 the left
mark the positions of 25°C proteins with hsp-like M¢'s. Approximately 50,000 cpm of

acid-precipitable lysate was loaded onto each IEF gel and into the side wells of each second

dimension slab gel.
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Figure 2: Fluorogram of a representative (lysates from one of three experiments) 1-D
polyacrylamide gel electrophoretic separation of proteins synthesized in vivo by the
plumules of intact maize seedlings maintained at 25°C or subjected to a 1h heat shock in the
presence of increasing concentrations of cycloheximide. Mr's of prominent hsp's are
indicated by arrowheads and bars on the right. The arrowhead on the left marks the
position of a 93kDa protein exhibiting repressed synthesis during heat shock.

Approximately 50,000 cpm of acid-precipitable lysate was loaded into each well of the gel.
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Figure 3. Effect of cycloheximide concentration on protein synthesis in the plumules of
maize seedlings maintained at 25°C or subjected to a 1h heat shock at 42.5°C. The relative
incorporation of 35S methionine into newly synthesized, acid-precipitable, products is
plotted as a function of cycloheximide concentration in both (A) and (B). The values
represent mean cpm calculated from three independent determinations expressed as a

percentage of the total. The graph in (B) represents that portion of graph (A)

corresponding to 0-10.0ug/ml cycloheximide.
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Analysis of these same cell lysates by 2-D polyacrylamide gel electrophoresis
reveals that treatment with increasing concentrations of cycloheximide differentially affects
the synthesis of some proteins in both control and heat-shecked plumules (Figure 4). Low
levels (0.5ug/ml) of cycloheximide induce the synthesis of more basic isoelectric variants
of the 84 and 89kDa proteins in heat-shocked cells while reducing the synthesis of the more
acidic variants observed in cell lysates not treated with the antibiotic (Figure 4, arrowheads
in lower panels). Synthesis of these variants persists, although at reduced levels,
following a 1h heat shock in the presence of 1.0ug/ml cycloheximide. However, treatment
with 10.0ug/ml cycloheximide results in an increase in the synthesis of the original more
acidic variants. Incr=ased synthesis of proteins with similar My's and both similar and
more acidic isoelectric points (pl) is also observed in control plumules treated for 1h with
0.5ug/ml cycloheximide (Figure 4, arrowheads in upper panels). Furthermore, new and/or
enhanced synthesis of several 93kDa variants is observed following a 1h treatment with
0.5ug/ml cycloheximide (Figure 4, arrows). The 84kDa and 89kDa variants are not
detected among the proteins synthesized by untreated 25°C plumules or 25°C plumules
subjected to 1.0ug/ml or 10.0ug/ml cycloheximide treatments while only one of the four
93kDa variants is detected in untreated plumules or plumules treated with 1.0ug/ml
cycloheximide.

Synthesis of some of the more basic 93kDa variants, a 73/76kDa hsp variant and
several proteins ranging in My Letween 50kDa and 68kDa is enhanced after a 1h heat shock
in the presence of 0.5ug/ml cycloheximide (Figure 4). At 1.0ug/ml, synthesis of these
same proteins is drastically reduced. However, synthesis of a even more basic 73/76kDa
protein is observed. Synthesis of this latter variant, together with the acidic variant
observed in cells that have not been treated with antibiotic, persists even after a 1h heat
shock in the presence of 10.0ug/ml cycloheximide (Figure 4, circles).

While cycloheximide treatment induces protein synthesis both in control and heat-

shocked plumules, it does not induce the synthesis of major hsp's in seedlings maintained




Figure 4: Fluorograms of representative (analysis of three independent experiments) 2-D
polyacrylamide gel electrophoretic separations of the proteins synthesized in vivo by
plumules of intact maize seedlings maintained at 25°C or subjected to a 1h heat shock in the
presence of increasing concentrations of cycloheximide. The My's of prominent hsp's are
indicated by arrowheads and bars on the right. Arrowheads in the panels mark the
positions of isoelectric variants of the 84 and 89kDa hsp's. The arrows identify 93kDa
variants exhibiting enhanced synthesis after a 1h treatment with 0.5ug/mi cycloheximide

while the circles mark the position of a more basic 73/76kDa variant. Approximately

50,000 cpm of acid-precipitable lysate was loaded onto each tube gel.
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at 25°C. Furthermore, there is an overall inhibition of protein synthesis in the presence of
increasing concentrations of the antibiotic as would be expected for proteins translated by
cytoplasmic ribosomes.

The cycloheximide experiments strongly suggest that the major plumule hsp's are
the products of nuclear genes. To further demonstrate their nuclear origin and to determine
if any of the proteins synthesized by maize plumules are organellar in origin, the plumules
of maize seedlings were treated with increasing concentrations of chloramphenicol at 25°C
or 42.5°C prior to protein extraction as described in the Materials and Methods and the cell
lysates were analyzed by 1- and 2-D gel electrophoresis. Treatment of plumules with
increasing concentrations of chloramphenicoi appeared to have no effect on the synthesis of
plumule oroteins extracted from maize seedlings maintained at 25°C or subjected to a 1h
heat shock at 42.5°C (Figure 5). I:owever, analysis of these same cell lysates by 2-L gel
electrophoresis revealed that, as with cycloheximide, treatment with chloramphenicol did in
fact affect protein synthesis. Synthesis of severa! high molecular weight 25°C proteins
was inhibited by treatment with chloramphenicol (Figure 6, arrows) while synthesis of
other proteins was enhanced in the presence of the antibiotic (Figure 6, arrowheads). The
increased synthesis of proteins with similar M¢'s is observed in heat-shocked plumules
treated with chloramphenicol. Different concentrations of antibiotic also resulted in variable
synthesis of 89, 84, and 73/76kDa hsp variants in both control and heat-shocked plumules
(Figure 6, arrowheads). Some of these variants had similar pI's to those observed in
plumules treated with cycloheximide (compare Figures 4 and 6). It is of interest to note
that the accumulation of most of the 89, 84, and 73/76kDa variants in 25°C plumules was
similar in both treated and untreated plumules while the accumulation of similar variants in
heat-shocked plumules increased with increasing chlozamphenicol concentrations.
Furthermore, chloramphenicol concentrations of 10.0ug/ml and 50.0ug/ml resulted in the

synthcsi§ of an extremely acidic 73/76kDa protein in heat-shocked plumules (Figure 6,

circle). These results clearly indicate that chioramphenicol is affecting the synthesis of high
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Figure S: Fluorograms of 1-D polyacrylamide gel electrophoretic separations of the
proteins synthesized in vivo by the plumules of intact maize seedlings maintained at 25°C
(A) or subjected to a 1h heat shock at 42.5°C (B) in the presence of increasing
concentrations of chloramphenicol. The separation is representative of that obtained in
three independent experiments. Lanes 1 and 2 in A and B contain proteins synthesized in
vivo by 25°C or 42.5°C plumules respectively in the absence of any drug (ie. experimental

controls). My's of prominent control proteins and M¢'s of hsp's are indicated by

arrowheads and/or bars on the right in A and B. Approximately 50,000 cpm of acid-

precipitable lvsate was loaded into each well.
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Figure 6: Fluorograms of representative (from three independent experiments) 2-D
polyacrylamide gel electrophoretic separations of the proteins synthesized in vivo by the
plumules of intact maize seedlings maintained at 25°C or exposed to a 1h heat shock at
42.5°C in the presence of increasing chloramphenicol concentrations. My's of prominent
control proteins and hsp's are indicated on the right by arrowheads and bars. Arrows in
the panels identify protein variants exhibiting repressed synthesis in the presence of
chloramphenicol. Arrowheads in the panels mark the relative positions of proteins
exhibiting enhanced synthesis with increasing chloramphenicol concentrations. The circle
idertifies a 73kDa variant synthesized in heat-shocked cel's in the presence of high

chloramphenicol concentrations. Approximately 50,000 cpin of acid-precipitable lysate

was loaded into each tube gel.
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molecular weight proteins in both control and heat-shocked plumules. However, within
the limits of detection of these experiments, the antibiotic appears to have no effect on the

synthesis of low molecular weight proteins extracted from plumules maintained at 25°C or

subjected to a 1h heat shock at 42.5°C.

in order to determine whether the hsp's synthesized in vivo were similar to those
synthesized in vitro by tota! polyribosomal RNA, both the proteins synthesized in vivo by
total cell lysates and in vigro by total polyribosomal RNAs and the proteins precipitated
from aliquots of the respective samples by 18kDa hsp antiserum were analyzed by 2-D gel
electrophoresis. In general, proteins with similar My's and isoelectric points (pI's) to those
synthesized in vivo are synthesized in vitro by total polyribosomal RNA (Figure 7, panels
A and C and panels E and G). However, several minor quantitative (arrows) and
qualitative (circles and arrowheads) differences exist between the proteins synthesized in
vivo by total cell lysates (smalli circles, arrowheads) and those synthesized in vitro by total
polyribosomal RNA (large circles). Heat shock results in a decrease in the synthesis of
some, but not all, normal cellular (control) proteins jn vivo. However, many of ttzse
proteins are synthesized in essentially unchanged amounts by total polyribosomal mRNA s
extracted from the plumules of heat-shocked seedlings (Figure 7; compare panels A and C
with E and G). Additional isoelectric variants of the 73, 84, and 89kDa hsp's synthesized
in_vivo by total cell lysates are not detecter! among the proteins synthesized by total
polyribosomal RNA (Figure 7, arrowheads). Furthermore, a 76kDa protein synthesized in
vivo is not detected among the in vitro translation products (Figure ‘7, arrowhead).
Additional (27kDa) and/or different (18, 25.5, and 26kDa) isceletric variants of the more
complex group of low molecular weight hsp's are observed among the ip vitro iranslation

products (Figure 7, large circles) while two 22kDa and two 23kDa variants appear to be

synthesized only in vivo (Figure 7, small circies). An 18kDa protein with similar pl to one
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Figure 7: Fluorograms of representative (from more than three experiments) 2-D
polyacrylamide gel electrophoretic separations of the proteins synthesized in vivo (panels A
and C) and in vitro by total polyribosomal RNA (panels E and G) together with the proteins
immunoprecipitated by 18kDa antiserum from total protein lysates (panels B and D) and
cell-free rabbit reticulocyte lysates after the addition of polyribosomal mRNA (panels F and
H). In vivo proteins and polyribosomal mRNAs used for jn vitro translations were
extracted from the plumules of intact maize seedlings maintained at 25°C or subjected to a
1h heat shock at 42.5°C. The four prominent 18kDa hsp variants are numbered 1-4. The
small arrows without numbers identify additional proteins (17kDa and 19kDa) that are
immunoprecipitated by 18kDa antiserum. Arrows in the panels mark the positions of
proteins which exhibit enhanced or repressed synthesis in vivo or jo_vitro following a heat
shock. Large circles identify low molecular weight proteins synthesized in vitro by totai
polyribosomal RNA while small circles identify proteins synthesized in vivo two of which
may be isoelectric variants of the In vitro proteins. Armowheads in the panels mark the
positions of high molectlar weight isvelectric variants that are synthesized jn vivg only.

Mr's of prom:inent hsp's are indicated by arrowheads on the right. Approximately 50,000

cpm of acid-precipitable counts were loaded onto each tube gel.
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of the four prominent (Figures 1 and 7, #s 1-4) 18kDa hsp's synthesized both jn vivo and
in vitro following a heat shock is synthesized in vitre by total polyribosomal RNAs
extracted from 25°C plumules. A similar protein is not detected among the proteins
synthesized in vivo by 25°C plumules. Furthermore, antiserum to the 18kDa hsp's did not
react with any of the proteins synthesized in vivo by 25°C plumules (Figure 7, panel B).
Surprisingly, this antiserum did not precipitate an 18kDa protein from the translation
products synthesized by 25°C total polyribosomal RNAs (Figure 7, panel F). However,
proteins with similar M's and pI's to those synthesized in vivo by 42.5°C plumules and in
vitro by 42.5°C plumule mRNAs were immunoprecipitated from aliquots of the above total

cell lysates and jn vitro translation products respectively (F: zure 7, panels D and H).
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2.4 Discussion
Maize seedlings respond to a 1h heat shock by synthesizing hsp's analogous to

those reported in animal systems. Previous studies characterizing the heat shock response
in maize plumules identified six molecular weight hsp classes, one of which included a
group of low molecular weight proteins with Mr's of approximately 18kDa. These studies
indicate that this grouping may be too narrow as proteins ranging in My from 19 to 29kDa
also exhibit enhanced synthesis in response to heat shock. I would, therefore, like to
extend the low molecular weight hsp group to include these 16-20 proteins. More recent
investigations concur with this re-definition (Mansfield and Key, 1987).

As expected for nuclear encoded proteins, increasing concentrations of
cycloheximide inhibited protein synthesis. Although inhibitory to protein synthesis in vivo
in higher plants (MacDonald and Ellis, 1969), the variable effect of cycloheximide on both
isolated plant ribosomes (Marcus and Feeley, 1966; Ellis and MacDonald, 1967;
Jachymczyk and Cherry, 1968; Ellis, 1969) and different plant tissues (Ellis, 1969; Ellis
and MacDonald, 1970) demonstrates that the antibiotic can disrupt cellular metabolism
other than by inhibiting protein synthesis and that, in some instances, the latter may be due
to interference with energy transfer. Disruption of energy transfer and/or a conformational
change in the ribosome elicited by cycloheximide binding may account for the observed
differential accumulation/synthesis of high molecular weight isoelectric variants in
cycloheximide-treated control and heat-shocked maize plumules. Enhanced synthesis of
cytoplasmically translated proteins in response to low (0.1ug/ml) levels of cycloheximide
has been observed in Neurospora crassa. It has been suggested that synthesis of these
proteins on cycloheximide-sensitive ribosomes may represent an adaptive response nf the
organism (Perlman and Feldman, 1982).

Adaptation or resistance (ie. differential susceptibility) to cycloheximide or oiher
kinds of environmental stress is thought to involve structural modifications of the

ribosomes and/or associated protein factors (Frankel, 1970; Ellis and MacDonald, 1970;
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Davies and Exworth, 1973; Hallberg ct al, 1985). That cycloheximide resistance can be
mediated through either ribosomal subunit supports this contention (Sutton et al, 1978).
Furthermore, changes in ribosome conformation elicited by various pretreatments,
including heat shock, starvation, and treatment with protein synthesis inhibitors such as
cycloheximide have been observed (Hallberg and Wilson, 1981; Hallberg and Hallberg,
1983; Hallberg et al, 1984; Hallberg gt al, 1985). The decreased sensitivity of
Tetrahymena to the inhibitory effects of both cycloheximide and emetine following a heat
shock corroborate these findings (Hallberg and Hallberg, 1983; McMullin and Hallberg,
1986). Heat-induced functional alterations in protein synthetic machinery have been
correlated with changes in the association and/or structure of initiation factors and/or
ribosomal proteins (Glover, 1982; Scharf and Nover, 1982; Duncan and Hershey, 1984;
Panniers and Henshaw, 1984; McMullin and Hallberg, 1986). In more recent studies,
changes in ribosomes conformation have been correlated with an increased affinity for a
ribosomal protein (p-22) and an RNA polymerase III ranscript (G8 RNA) in Tetrahymena
(McMullin and Hallberg, 1986; Hallberg and Hallberg, 1989).

The variable effects of chloramphenicol on the synthesis of high molecular weight
proteins in both control and heat-shocked plumules may involve 2 mechanism similar to
that suggested for cycloheximide as high concentrations (0.3 to 0.4mg/mil) of
chloramphenicol are known to impair certain energy-linked functions in the mitochondria
(Hanson and Hodges, 1963; Ellis, 1969). Although inhibition of chloroplast ribosomal
activity is stereospecific for the D-threo isomer of chloramphenicol (Ellis, 1969), this
isomer also inhibits ion uptake (Ellis, 1969) and oxidative phosphorylation (Hanson and
Krueger, 1966). Therefore, as with cycloheximide-treated plumules, the apparent effects
of chloramphenicol on protein synthesis may ensue from effects on energy production.

Both cycloheximide and chloramphenicol interfere with oxidative phosphiorylation
in a manner analogous to the respiration suppressing phase of uncoupler action. Treatment

with cycloheximide has been shown to cause an initial inhibition of oxygen uptake (Ellis
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and MacDonald, 1970) while treatment with high concentrations of chloramphenicol
depresses oxygen uptake (Hanson and Hodges, 1963). Furthermore, chloramphenicol
concentrations in excess of 0.4mg/ml inhibit calcium binding by the mitochondria (Hanson
and Hodges, 1963). In mammalian cells, glucose/calcium deprivation results in the
increased synthesis of a group of proteins referred to as the grp's (Welch ¢t al, 1989). The
increased synthesis of protein variants in both control and heat-shocked plumules (ie. 84,
89, and 93kDa variants) in the presence of agents known to induce oxygen and/or caicium
deprivation suggests that grp-like proteins exist in maize plumules.

Proteins exhibiting both cycloheximide-resistance and chloramphenicol-sensitivity
were not detected in total cell lysates extracted from either control or heat-shocked maize
plumules. However, heat-induced mitochondrially-associated proteins have been identified
in a variety of organisms (McMullin and Hailberg, 1988; McMullin and Hallberg, 1987)
including plants (Lin ¢t ], 1984; Sinibaldi and Turpen, 1985; Nebiolo and White, 1985).
Furthermore, in heat-shocked maize seedlings, at least one of these proteins is apparently
encoded within the mitochondria (Sinibaldi and Turpen, 1985; Nebiolo and White, 1985).
The inability to detect a mitochondrially-encoded protein in total cell lysates extracted from
cycloheximide- or chloramphenicol-treated plurnules following a heat shock may reflect the
level of synthesis of this protein relative to the synthesis of total cellular protein.
Alternatively, the protein may be absent as Nieto-Sotelo and Ho (1987) report that the
52/60kDa mitochondrial protein is in fact synthesized by bacteria contaminating the
mitochondrial preparations.

The inhibitory effect of cycloheximide on hsp synthesis jn vivo together with the in
vitro synthesis of hsp's by total polyribosomal RNA with My's and pI's similar to those
synthesized in vivo demonstrate that the major plumule hsp's are nuclear encoded. The
qualitative differences observed between the proteins synthesized jn vivo and in vitro may

reflect post-translational modifications. Several plant species are known to synthesize low

molecular weight nuclear-encoded hsp's that localize to chloroplasts (Kloppstech gt al,
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198S5; Vierling et al, 1986). These proteins are synthesized as precursor proteins with
amino terminal extensions oy "transit” sequences that are removed during import into the
chloroplast (Vierling ¢t al, 1988). In maize leaf tissue, precursor proteins of 29 and
27.5kDa are cleaved to yield a mature 24kDa chloroplast hsp (Vierling et al, 1989).
Analogous proteins in maize plumules may be the 27 and 25.5kDa proteins synthesized in
yitro and the 22kDa protein synthesized in vivg. Alternatively, these differences and others
may reflect co- or post-translational modifications involving ER-destined or secretory
proteins and will be discussed elsewhere.

Synthesis of similar 18kDa hsp variants both in vivo and in vitro by total
polyribosomal RNA suggests that these variants are encoded by different genes and/or gene
products (ie. transcriptional and/or post-transcriptional control). Furthermore, the low
molecular weight 18kDa hsp variants synthesized in vitro by maize plumules share
common epitope(s) with those synthesized in vivo. The low molecular weight 18kDa
hsp's in several plant systems have been shown to be antigenically related (Baszczynski,
1986; Baszczynski, 1989). In more recent studies, plant low molecular weight hsp's (both
cytoplasmic and chloroplast) have been shown to share a common structural domain (ie.
homologous carboxyl terminal regions) with low molecular weight hsp's synthesized in
other eucaryotes (Vierling gt al, 1988). However, antigenic conservation of the
chloroplast-localized carboxyl terminal protein domain is restricted to chloroplast hsp's
indicating a higher conservation between chloroplast hsp's of different species than within
low molecular weight hsp's of the same species. The absence of an 18kDa hsp in the
immunoprecipitates from in vitro 25°C lysates may, therefore, reflect the inaccessibility
and/or absence or lack of conservation of a similar or different domain in 25°C proteins.

Changes in the protein synthetic profile in maize plumules following a heat shock
can be explained, in part, by changes in the relative levels of the corresponding mRNAs as

is inferred by the in vitro translation studies. The relative abundance of specific mRNAs is

often the major factor determining protein levels. However, differential s=lection of
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mRNAs for translation can also alter the translation repertoire of the eucaryotic cell as is
indicated by comparison of the in vivo and jn vitro protein synthetic profiles of heat-
shocked plumules. Although translational control during heat shock has been
demonstrated, both the mechanism(s) and extent of this regulation are unknown. The
remaining chapters focus on changes in the relative amounts and distribution of heat shock
mRNAs within subcellular compartments in an attempt to characterize translational

regulatory mechanisms involved in the response of maize seedlings to heat shock.
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3.1 Introduction

In the cytoplasm of eucaryotic cells, mRNA has been identified in two types of
mRNP-protein complexes; polyribosomal and non-polyribosomal RNPs as discussed in
Section 1.5 (Spirin, 1969; Morel et al, 1971; Civelli et al, 1976; Civelli et al, 1980; Vincent
et al, 1980; Vincent et al, 1981; Vincent gt al, 1983). Most eucaryotic cells (Spirin, 1969;
Spohr gt al, 1970), including plants (Ferrer ¢t 3], 1979; Kremp gt al. 1986), contain non-
polynbosomal RNP in the cytoplasm. Controversial views have been proposed conceming
the role of this untranslated mRNA population in the ‘cascade’ of post-transcriptional
controls of gene expression. Possible functions include the degradation of already
translated 'aged' mRNA (Imaizumi-Scherrer gt al, 1982), serving as carriers of post-
transcriptional regulative signals (Civelli gt al, 1980), acting as transport forms of mRNA
from the nucleus to the cytoplasm via the cytoskeleton (Bag and Pramanik, 1986), and/or
as storage forms of mRNA for later translation as is the case in many oocytes (Bienz and
Gurdon, 1982; Dreyfuss, 1986).

Cytoplasmic control of mRNA translation is a well documented phenomenon.
Selective translation ¢f mRNAs has been extensively studied in avian erythroblasts
(Imaizumi-Scherrer gt al, 1982). In duck erythroblasts, approximately 200 mRNA species
comprise the polyribosomal mRNA population while approximately 1400 different mRNAs
are contained within the non-polyribosomal RNP mRNA population. Individual equilibria
of activity exist for each mMRNA which allow almost full translation and expression of some
genes but condition the full repression at post-transcriptional and cytoplasmic levels of a
majority of the activated genes. This qualitative suppression of the expressior of specific

genes has resulted in the definition of cytoplasmic mRNA compartments. The mRNA not
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represented in the polyribosomes and therefore not active in translation is contained within
an mRNA compartment that includes long-term repressed or 'masked' mRNA. Some
mRNAs s, however, exist simultancously in both active and repressed forms. By definition,
these short-term or partially repressed mRNASs are present in both the polyribosomal and
non-polyribosomal compartment (Imaizumi-Scherrer gt al, 1982). The nature of such
short-term repression can be directly demonstrated in Drosophila cells exposed to a heat
shock. The pre-existing mRNA is temporarily repressed but re-enters the polyribosomes
some time after the return to normal temperature (Mirault gt gl, 1978; Lindquist, 1981;
Kruger and Benecke, 1981; Ballinger and Pardue, 1982: Lindquist, 1986). A similar
control mechanism has been observed in soybean seedlings following a heat shock (Key et
al, 1981; Schoffl and Key, 1982; Czarnecka ¢t al, 1984). This sequestering of pre-existing
messages and preferential synthesis of hsp's is coordinated with a dramatic induction of the
heat shock genes in Drosophila cells (Ashburner, 1982; Bonner, 1985) and soybean
seedlings (Schoffl and Key, 1982; Czarnecka ¢t al, 1984; Key ¢t al. 1985). However, ia
chicken reticulocytes (Banerji ¢t al, 1984) and Xenopus oocytes (Bienz and Gurdon,
1982), the preferential synthesis of at least one hsp, hsp70, after a heat shock results not
from the dramatic induciion of hsp70 genes but rather from the re-entry into the
polyribosomes of translationally repressed hsp70 mRNA. Thus, in addition to
transcriptional control mechanisms, post-transcriptional control mechanisms other than
translational discrimination characterize the heat shock response.

In an attempt to assess the mechanisms governing the heat shock response in maize
seedlings, | examined 1) the effect of a heat shock on mRNA levels in maize plumules, 2)
the subcellular distribution of hsp mRNAs in control and heat-shocked plumules and 3) the
effect, if any, heat shock has on the subcellular distribution of pre-existing nonhsp

mRNA:s.
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3.2 Marerials and Methods

3.2.1 Treatment of glassware and solutions
All glassware was cither treated for 12 hours at 37°C with a solution of 0.1%

diethypyrocarbonate (DEPC, Sigma) and autoclaved or baked at 250°C for 4 or more

hours prior to use. Where possible, sterile, disposable plasticware was used. Solutions
were prepared using pretreated glassware, DEPC-treated glass-distilled autoclaved water,
and dry chemicals that were reserved for work with RNA only. Wherever possible, the
solutions were treated with 0.1% DEPC for at least 12 hours and autoclaved (Anderson and
Key, 1971; Maniatis ¢t al,1982). Solutions that could not be autoclaved were sterile-
filtered. All procedures were carried out at 0-4°C unless stated otherwise. Disposable
gloves were worn during the preparation of materials and solutions for use in the isolation

procedure, during the isolation and whenever RNA was being handled.

3.2.2 Growth and wreaunent of seedlings

Seeds of Zea mays L. (cv. Oh43) were germinated as described in Section 2.2.1.
Intact seedlings were either maintained at 25°C or subjected to a 1h incubation at 42.5°C.
Following the incubation period, proteins, total cellular RNAs, non-polyribosomal RNPs
and polyribosomal RNP were extracted from the plumules of intact maize seedlings.

3.2.3 Exwaction of protein from maize plumules
Individual intact seedlings were pre-incubated for 1h at 25°C or 42.5°C and

labelled for an additional 1h at 25°C or 42.5°C in the presence of 100uC/ml (1Ci=37GBq)
of L-{33S] methionine (NEN; specific activity=1100Ci/mmol). After labelling, the

plumules were excised and the proteins homogenized in extraction buffer (see Section
2.2.3).
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3.2.4 Isolation of total polyribosomal RNP RNAs
Polyribosomal RNPs were isolated from the plumules of intact maize seedlings

according :c the procedure of Lerner gt al (1971) as described in Section 2.2.5 except that
the homogenization buffer contained 0.25M sucrose, 200mM Tris-Ci pH8.5, 400mM KCl,
5mM MgCl2, 2mM DTT (Sigma Chemical Co., St. Louis, MO), 0.5mM PMSF, 0.2mg/ml
emetine-dihydrochloride (Boehringer Mannheim Canada, Dorval, Que.)(TKMD-B buffer),
and 0.1-1.0mg/ml heparin (Breen ¢t al, 1971; Davies gt al, 1972; Ramagopal and Hsiao,
1973; Jackson and Larkins, 1976; Gupta and Siminovitch, 1978; Clemens, 1986). The
higher salt concentration and pH improve the yield of polyribosomal RNPs from plant
tissue (integrity was examined by electron microscopy and sucrose gradient analyses).
After centrifugation, the supernatants were aspirated and saved for anal:sis (see Section
3.2.8) or discarded. The tube walls were wiped clean and the pellets resuspended in a
small volume of either translation buffer (SOmM Hepes pH 7.4, 25mM KCI, 2inM Mg-
acetate, lmM DTT, 0.1mg/ml heparin)(Maniatis ¢t 3§, 1982) or digestion buffer (0.01M
Tris-Cl pH 7.8, 0.005M EDTA, 0.5% SDS, 1mg/ml proteinase K and 0.1img/ml
heparin)(Brawerman gt al, 1972; Maniatis et al, 1982) for analysis of intact polyribosomes
or deproteinized polyribosomal RNA respectively. In the latter case, the polyribosomes
were incubated at 37°C for 30 minutes and the RNA was extracted with phenol and/or

chloroform (Maniatis et al, 1982).

3.2.5 [solation of free-cytoplasmijc, membra,.-, and cytoskeletally-associated
bygif | RNP RNAs by differential o o

Polyribosomal RNPs were isolated from several different fractions of maize
plumules following the procedure of Venkatesan and Steele (1972) with some
maodifications (Ramsey and Steele, 1977; Heikkila gt al, 1981; Cevera gt al, 1981).

Following treatment, plumules were excised, weighed, ground with a mortar and pestle

and homogenized on ice in seven volumes of 0.25M sucrose-TKMD-B containing emetine
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dihydrochloride (Breen et al, 1971; Davies ¢t al, 1972; Ramagopal and Hsiac, 1973;
Jackson and Larkins, 1976; Gupta and Siminovitch, 1978; Clemens, 1986) in a glass
homogenizer with a motor-driven teflon pestle. The resulting homogenate was centrifuged
at 4°C for 2 minute at 2000 rpm (740xg) and then the speed was increased to 25000 rpm
(110,000xg) and maintained there for 15 minutes to pellet rough microsomes (SW41Ti
rotor, Beckman). The supernatant containing the free-cytoplasmic polyribosomal RNPs
was stored in an ice bath while the pellet (particulate fraction) was suspended by
homcgenization in 16ml of 0.25M sucrose-TKMD-B buffer lacking « :etine
dihydrochloride. The mixture was made 1% with 10% (w/w) Triton X-100 (in H20), re-
homogenized with three strokes of a motor-driven teflon pestle as above, and centrifuged at
3500 rpm (1470xg) for 20 minutes at 4°C (SS-34 rotor, Sorvall). The pellet, which in
animal tissue contains the cytoskeletal framework and nuclei, was stored in an ice bath for
further treatment while the supernatant was mixed with one-nineth volume of 13% (w/w)
deoxycholate and centrifuged at 14000 rpm (24000xg) for 30 mirutes at 4°C (SS-34
rotor, Sorvall)(Pearson, 1969). The resulting supernatant containing the membrane-
associated polyriboso.nal RNPs was placed in an ice bath. The pellet containing the nuclei
and putative cyioskeletal fraction was resuspended by vortexing in 14ml of reticulocyte
standard buffer (RSB; 10mM Tris-Cl pH 7.4, 10mM NaCl, 1.5mM MgCl3, ImM PMSF
and 0.1mg/ml heparin) and homogenized with five strokes of a motor-driven teflon pestle
in the presence of a mixture of Tween 40 and sodium deoxycholate added to a final
concentraxion of 1% and 0.5% respectively (Cervera ¢t al, 1981). The nuclei were pelleted
by centrifugation at 3500 rpm (1470xg) for 2 minutes at 4°C (SS-34 rotor, Sorvall) and
stored in an ice bath for later use (see Section 3.2.7). The supernatant, which is assumed
to contain cytc ~teletally-associated potyribosomal RNPs based on fractionation of animal
cells, and the supernatants containing the free-cytoplasmic and membrane-associated
polyribosomal RNPs were each carefully layered over 6mi of 1.65M sucrose-TKMD-B
buffer (Larkins and Davies, 1975) and centrifugcd at 38000 rpm (162,000xg) for 3h and




25 minutes at 4°C to pellet the polyribosomal RNPs (Ti 55.2, Beckman). The
supernatants were aspirated and saved for further analysis (see Section 3.2.8). The tube
walls were wiped clean and the pellets were resuspended in a small volume of digestion
buffer, incubated at 37°C for 30 minutes, followed by extraction of the RNA with phenol
and/or chleroform (Brawerman ¢t al, 1972; Maniatis ¢t al.1982).

3.2.6 Isolation of total cellular RNA

Plumules were excised from intact maize seedlings and pulverized in liquid nitrogen
(N2). Aiier the liquid N2 evaporated the powder was resuspended in 15ml of ice cold 4M
guanidine isothiocyanate, 1.65ml 3M sodium acetate, pH6.0, and 1.67ml B-
mercaptoethanol (GIT buffer) and transferred to a 50ml conical centrifuge tube. The
suspension was homogenized with a Polytron (2x 45s bursts; Brinkman Instruments,
Westbury. NY). An additional 10ml of ice cold GIT buffer was added and the suspension
re-homogenized (1x 30s burst). The debris was loosely pelieted by centrifugation at 2000
rpm for 5 minutes in 1 clinical table-top centrifuge. The supernatant was layered over
4.5ml of CsCl buffer and centrifuged at 32000 rpm (174,000xg) for 27.5h at 20°C
(SW41Ti rotor, Beckman). Af'er centrifugation, the DNA and most of the supernatant
were "emoved with a Pasieur pipet. Any remaining supernatant was removed with a
micropipet and by swabbing the walls of the iube. The pellet was resuspended in 270ul of
H20 and the RNA was precipitated overnight at -70°C with 2.5 volumes of 95% EtOH-
0.3M Na-acetate pH £.2. The RNA was pelleted by centrifugatior at 11500 rpm
(16000xg) for 1h at 4°C (5S-34 rotor, Sorvall), washed with 80% EtOH and lyophylized
to dryness (Glisin ¢t al, 1974; Chirgwin gt al, 1979; MacDonald ¢t al, 1987; Davis ¢t al,
1986). The pellet was resuspended in 100ul of H20 and the quantity of RNA determined
by reading the OD at 260nm.

3.2.7 Isolation of nuclear RNA
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Nuclear RNA was recovered by the guanidium procedure used for the preparation
of total cellular RNA (Chirgwin gt al, 1979; Nevins, 1987; MacDonald ¢t al, 1987). The
integrity of the nuclei (from Section 3.2.5) was monitored by light microscopy of Giemsa-

stained nuclei or by phase microsccpy.

3.2.8 Isolation of non-polyribosomal RNP RNA

Post-polyribosomal supernatants (from Sections 3.2.4 and 3.2.5) were layered
over 6ml of 15% sucrose-TKMD-B buffer and centrifuged at 38000 rpm (162,000xg) for
21h at 4°C (Ti 55.2 rotor, Beckman)(Spohr ¢t al, 1972; Garder ¢t al, 1973). After
centrifugation, the supernatants were aspirated and saved for further anclysis or discarded.
The tubes were inverted and buried in ice for 15-20 minutes. The tube walls were wiped
clean and the pellets (crude non-polyribosomal RNP) resuspended in a small volume of
either translation buffer or digestion buffer for analysis of intact or deproteinized non-

polyribosomal RNP respectively.

3.2.9 Isolation of poly(A)* RNA

Poly(A)* RNA was isolated from deproteinized RNA using Hybond messenger
affinity paper (Hybond-mAP, Amersham) according to the procedure outlined by
Amersham. Briefly, a known quantity of deproteinized RNA was lyophylized and
resuspended in a small volume (100-200ul) of resuspension buffer (RB; 0.5M NaCl,
0.01M Tris-Cl pH6.8, 0.001M EDTA). The sample was heated for 5 minutes at 60-65°C
to denature the RNA, immediately chilled on ice, and then slowly spotted to a piece of

Hybond-mAP (approximateliy 1 cm?

assuming that 8-12ug poly(A)* RNA can be isolated
per cm? Hybond-mAP) that had been equilibrated in RB and placed on 4 layers of 3MM
filter paper. The Hybond-mAP was then left in a covered pe™i dish for 1h or until the

sample had been completely absorbed by the paper. In some cases, additional buffer was

added to the samples which were then re-heated, cooled 2nd applied to the paper.




Following the incubation period, the paper was placed in a sterile petri dish and washed in
0.5M NaCl (5ml/cm?) for 5 minutes with continuous shaking. This wash was repeated
with fresh 0.5M NaCl and followed with a final wash in 70% EtOH (Sml/cmz) for 2
minutes with continuous shaking. The paper was blotted to filter paper and allowed to
completely air dry. The Hybond-mAP was transferred to a 1.5ml eppendorf tube
containing 600ul of H20 and heated to 70°C for 5 minutes to release the poly(A)* RNA
from the paper. The H2O (containing the RNA) was transferred to a sterile 1.5ml
eppendorf tube while the initial tube was centrifuged in a microfuge at 14000 rpm for 1
minute at 4°C to extract any remaining liquid. The latter was pooled with the former and

the poly(A)*+ RNA was stored at -70°C.

3.2.10 Cell-frec translation of intact, deproteinized and mAP-selected polyribosomal and

non-polyribosor 1a} RNP RNAs

Intact polyribosomal and non-polyribosomal RNPs along with deproteinized and
poly(A)* cellular, polyribosomal and non-polyribosomal RNP RNAs from control and
heat-shocked maize plumules were uscd to direct the jn vitro synthesis of polypeptides in a
cell-free rabbit reticulocyte lysate system (New England Nuclear, NEN, Boston, MA)
using L—[35 S]) methionine (NEN; specific activity ~1100Ci/mmol) as the labelling probe.
Translations were carried out as described in Section 2.2.6 using a range of RNA
concentrations. To assess co-translational processing or core glycosylation, microsomal
membranes (0.5ul/freaction tube) isolated from dog pancreas (NEN; Protein Processing
Translation System) were added to the lysate prior to its addition to the appropriate

duplicate samples (NEN Proteir Processing Translaion System instruction manual).

3.2.11 Gel electropioresis

3.2.11.1 Onpe- ¢
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One-dimensional (SDS) polyacrylamide gel electrophoresis (PAGE) was performed
according *- the method of Laemmli (1970) except that the separating gel consisted of a
7.5-17.5% polyacrylamide gradient as described in Section 2.2.8.1. Two-dimensional
(IEF-SDS) analysis of the proteins followed with minor modifications (Atkinson, 1981;
Baszczynski gt al, 1983; Rees gt al, 1986) the gel electrophoresis method developed by O
Farrell (1975) as described in Section 2.2.8.2.

Coomassie brilliant blue R-250 stained slab gels were processed for fluorography
(see Section 2.2.9.2).

3.2.11.2 Electrophoresis of RNA afier denatu. a0 with glyoxal and DMS0

RNA was denatured essentially as described by McMaster and Carmichael (1977).
Briefly, RNA (up to 20ug/16ul reaction mixture) was incubated in 1.5ml eppendorf tubes
for 1h at S0°C in a buffer containing 1.0M glyoxal, 50% (v/v) dimethysulfoxide (DMSO)

and 10mM NaH2PO4, pH7.0. The reaction mixture was cooled on ice to 20°C and 4.0ul
of sterile loading buffer (50% glycerol, 10mM NaH2PO4, pH7.0 and 0.4% bramophenol
blue) was added to each tube. The samples were electrophoresed on horizontal 1% agarose
gels in 10mM NaH2PO4 buffer, pH7.0 for 5-6h (until dye front was two-thirds of the way
down the gel) at 70V. As glyoxal readily dissociates from RNA at pHS8.0 or higher,
constant recirculation of the buffer was required to n.aintain the pH7.0. RNA ladder (BRL
Life Technologies, Inc., Burlington, Ontario, Can.), a mixture of six RNA components
with each component containing sequences derived from bacteriophage [7, yeast 2u circle
and bac’eriophage \DNA, was denatured and co-electrophoresed with the RNA samples
for use in Mr determinations. If the RNA was to be transferred from the agarose gel to
membrane, the welis containing the RNA ladder were cut away from the gels following
electrophoresis, stained for 15 minutes in Sug/ml ethidium bromide (EtBr), destained for
15 minutes in H2O and photographed by short wave UV (302nm) tr.-+ ‘llumination

(Wratten #9 filter)(Spectroline, Model TR-302, Spectronics Corporation, Westbury, NY).




When transfer was not required, the gels were stained as described by Alwine gt al (1983).
Glyoxal adducts were removed by 4-25 minute washes in 5O0mM NaOH. The gel was
neutralized by 2-5 minute washes in 200mM NaH2PO4, pH6.5 and stained with 0.5ug/ml
EtBr in 20mM NaH2PO4, pH6.5 for 45 minutes. Destaining was for 30 minutes to 1h in
20mM NaH2PO4, pH6.5 and photography was as described above.

3.2.12 Transfer of glvoxylated RNA to biodyne A nylon membranes

RNA was transferred from agarose gels to biodyne A membranes (Pall Ultrafine
Filtration Corporation, Glen Cove, NY) using 3M NaCl/ 0.3M trisodium citrate (20x
SSC) essentially as described by Thomas (1980). Transfer was for 30h with the paper
towels being changed every 30 minutes for the first 2h and every 6-12h thereafter as
required. The membrane was removed from the gel surface, marked for identification,
dried for 10 minutes at 60°C and baked in a vacuum oven for 2h at 80°C. Prior to use, the
RNA blots were placed in 200m! of 20mM Tris buffer pH8.0 at 106°C and allowed to cool
to room temperature. The efficiency of the transfer was assessed by staining the blotted gel

for 45 minutes in 0.5ug/ml EtBr in H20.

3.2.13 Plasmids. recovery, and labelling of DNA fragments
Plasmid MON9502 (provided by Dean E. Rochester, Monsanto Company, St.

Louis, MO) contains the entire maize hsp70 coding region, 81 nucleotides of the 5' non-
translated region, and 66 nucleotides of the 3' non-translated region (Shah gt al, 1985).
The gene encodes a 73kDa protein in maize plumules and radicles. Plasmid small 2
(provided by R. M. Sinibaldi, Sandoz Crop Protection, Zoecon Research Institute, Palo
Alto, California) contains the protein-coding region of a maize hspl8 gene. This fragment
selects poly(A)+ RNAs encoding an 18kDa protein from maize plumules and four 18kDa
hsp variants from maize radicles (Atkinson ¢t al, 1989). Plasmid MAc1 (provided by R.

B. Meagher, Dept. of Molecular and Population Genetics, University of Georgia, Athens,




Georgia) contains a maize actin gene (Shah ¢t al, 1983). Competent JM103 cells were
transformed with pMON9502 or small 2 while competent HB101 cells were transformed
with pMAc1 (Hanahan, 1983). Transformants were amplified and the plasmids re-isolated
(Clewel and Helsinki, 1972). Plasmid DNA was digested with the appropriate restriction
endonucleases (Maniatis et al, 1982) and electrophoresed in an EtBr-containing 0.6% low-
melting-temperature (LTM) zgarose gel underlaid for support with a 1.5% agarose gel
(normal agarose). The bands were visualized using a UV (302nm) transilluminator
(Spectroline, Model TR-302, Spectronics Corporation, Westbury, NY). The fragment
encoding the gene that was to be radiolabelled with 32p by random primer extension
(Random Primers DNA labelling system, BRL Life Technologies, Inc., Burlington, Ont.,
Can.) for use as a hybridization probe was excised. The DNA was recovered from the
LTM agarose using the Gene Clean procedure described in the Bio 101 Gene Clean
instruction manual (Bio 101, Inc., La Jolla, California). Aliquots of the isolated DNA
fragments were electrophoresed on EtBr-containing 0.8% agarose gels and sized prior to

labelling.

3.2.14 Hybridization

Prehybridization, hybridization and washing were carried out in either seal-O-meal
baggies or hybridease chambers (Hoeffer Scientific Instruments, San Francisco, CA) as
descnbed by Thomas (1980, 1983). RNA blots were prehybndized in buffer containing
5x Denhardt's, Sx SSC pH7.0, 50mM NaH2PO4, pH6.5, 0.1% SDS, 250ug/ml sheared
salmon sperm DNA and 50% (v/v) formamide for 8-20h at 42°C. Hybridization buffer
contained four parts of prehybridization buffer and one part 50% (v/v) dextran sulphate.
The 32P labelled probes (randomly primed using the Random primers DNA labelling
system, BRL Life Technologies, Inc., Burlington, Ontario, Can.) used in these studies
(see Section 3.2.19) were denatured at 100°C for 5 minutes, cooled and added to the

hybridization buffer and the blots were hybridized for 20h at 42°C. The RNA blots were




washed with five changes of 2x SSC, 0.1% SDS for 5 minutes each at room temperatwe
and then washed with three changes of 0.2x SSC, 0.1% SDS for 15 minutes each at 50°C.
The blots were wrapped in Saran wrap and apposed at -70°C to Kodak X-Omat film (XR-
1) using a Kodak intensifying screen (Cronex Xtra Life, Dupont, Can.).

3.2.15 Rehybridization

Removal of probe was carried out according to the procedure by Pall (1983). RNA
blots were placed in seal-0-meal baggies each containing 100ml NaH2PO4, pH6.5, 50%
(v/v) formamide and incubated for 1h at 65°C. The blots were then washed with 250ml of
2x SSC, 0.1% SDS for 15 minutes at room tenperature with continuous agitation. Excess
buffer was drained and the blots were wrapped in Saran wrap and apposed at -70°C to
Kodak X-Omat film. If probe removal was satisfactory, the blots were prehybridized and
hybridized with the desired probe as above.

3.2.16 Dot blot hybridization
The bio-dot microfiltration apparatus (Bio-Rad Laboratories, Richmond, CA) was

assembled with equilibrated biodyne A membrane according to the Bio-Rad instruction
manual. The membrane was rehydrated and pretreated RNA and DNA samples (Thomas,
1980; Thomas, 1983), diluted to 500ul with H2O (Bio-Dot microfiltration apparatus
instruction manual), were applied into the appropriate wells with the vacuum off but the
flow valve open. Nucleic acid was bound to the membrane by gentle vacuum pressure.
The wells were washed with 500ul of 20x SSC under vacuum until completely dry. The
membrane was removed from the apparatus, marked for identification, dried for 10 minutes
at 60°C and baked for 2h at 80°C under vacuum. Prehybridization, hybridization and
washing were as described above (see Section 3.2.13) except that dextran sulphate was not

included in the hybridization buffer (Anderson and Young, 1986).




The autoradiograms were scanned using a laser densitometer and the relative

amount of RNA determined.




In order to determine the extent to which heat shock affected the intracellular

distibution of RNPs, the products of jn vitro translation of mRNAs in polyribosomal and
non-polyribosomal RNPs were analyzed by one- (Figure 8) and two- (Figure 9)
dimensional polyacrylamide gel electrophoresis. Cytoplasmic mRNA-protein particles
were isolated by differential centrifugation (see Materials and Methods) from the plumules
of intact maize seedlings maintained at 25°C (control) or subjected to a 1h heat shock at
42.5°C. Since the non-polyribosomal RNPs were inactive in promoting protein synthesis
10 vitro (see Appendix 1), the mRNAs associated with these particles were extracted by
deproteinization with phenol and/or chloroform. Optimal amounts of non-polyribosomal
and polyribosomal RNP mRNAs (see Appendix 1 and Appendix 2), as well as total cellular
RNAs, were translated in a cell-free reticulocyte lysate system. The products of in vitro
translation of the respective mRNA populations were compared by 1-D polyacrylamide gel
electrophoresis with the hsp's synthesized by plumules jn vivo (Figure 8). Heat shocking
the plumules of intact maize seedlings results in t%+= new and/or enhanced synthesis of a
characteristic group of plumule hsp's (Baszczynski ¢t al, 1984; Rees ¢t al, 1986) of 108,
89, 84,76, 73 (referred to in the remaining text as 70kDa), and 18-29kDa i vivo (Figure
8, panel A) and the repressed synthesis of some 25°C proteins (Baszczynski et gl, 1982;
Cooper and Ho, 1983). Polypeptides with similar M¢'s (albeit quantitatively different) are
synthesized in viiro by total cellular (Figure 8, panel B), non-polyribosomal RNP (Figure
8, panel C) and pclyribosomal RNP (Figure 8, panel D) mRNAs extracted from the
plumules of heat-shocked seedlings. Additional proteins of 27 and 25.5kDa are
differentially synthesized in vitro by mRNAs extracted from these subcellular fractions
(Figure 8, lanes 4, 6 and 8). Furthermore, 25°C proteins are synthesized in vitro (albeit




Figure 8: Fluorograms of 1-D polyacrylamide gel electrophoretic separations of the
polypeptides synthesized in vivo by plumuies of intact maize seedlings (panel A) and in a
cell-free translation system by total cellular (panel B), non-polyribosomal RNP (panel C)
and polyribosomal RNP (panel D) mRNAs isolated from plumules of intact maize
seedlings maintained at 25°C (control, lanes 1, 3, 5 and 7) or subjected to a 1h heat shock
at 42.5°C (lanes 2, 4, 6 and 8). Protein synthetic profiles are representative of those
obtained in three independent erneriments. Arrowheads in the panels mark the positions of
a 26kDa polypeptide synthesized both in vivo and in vitro and two proteins with My's of
27000 and 25500 synthesized only in vitro. My's of hsp's are indicated by arrowheads on
the nght. The arrowhead on the left marks the position of a 93kDa protein which exhibits
repressed synthesis after a heat shock. The arrow on the right marks the position of a

putative maize actin. Approximately 100,000 cpm of acid-precipitable lysate was loaded

into each well.




8

73



variably) by the mRNAs comprising these fractions in plumules subjected to a 1h heat
shock.

The complexity of the protein synthztic response to heat shock becomes .nore
apparent in Figure 9. Several minor quantitative (Figure 9, arrows and large circles) and
qualitative (Figure 9, arrowheads and intermediate circles) differences are observed not
only between the jn vivo and in vjtro protein synthetic profiles but also between the
proteins synthesized by total cellular, non-polyribosomai RNP and polyribosomal RNP
mRNAs. Many of these differences are observed among the more complex group of low
molecular weight proteins (Figure 10). Non-polyribosomal RNP and polyribosomal RNP
mRNA s extracted from heat-shocked plumules synthesize additional and/or different
isoelectric variants of the 18kDa, 22kDa, 23kDa, 25.5kDa, and 26kDa proteins (Figure 10,
large circles) than are synthesized in vivo (Figure 10, intermediate circles). Similar variants
are synthesized in vitro by total cellular RNA in reduced amounts. Total cellular, non-
polyribosomal, and polyribosomal mRNAs also encode 27kDa proteins that are not
detected in vivo (Figure 10, large circles). These proteins are more prominent among the
translation products synthesized by non-polyribosomal and polyribosomal RNP mRNAs.
A 17kDa protein synthesized by non-polyribosomal RNP and polyribosomal RNP mRNAs
is not observed among the translation products of total celluiar mRNASs but is detected in
low jevels among the proteins synthesized in vivo (Figure 10, square). Furthermore,
several additional 17kDa variants are differentially synthesized by mRNA s associated with
non-polyribosomal and polyribosomal RNPs (Figure 10, arrows). Non-polyribosomal
RNP mRNAs also direct the synthesis of a 26kDa variant that is not detected among the
proteins synthesized by any of the other cellular fractions (Figure 10, small circle).
Differences in the high molecular weight proteins synthesized in response to a 1h heat
shock are limited to a 76kDa hsp that is synthesized jn vivQ but not ig vitro by any of the
mRNA populations (Figure 9, intermediate circle).




Figure 9: Fluorograms of representative 2-D gel electrophoretic separations of the
polypeptides synthesized in vivo by plumules of intact maize seedlings and in a cell-free
system by total cellular, non-polyribosomal RNP and polyribosomal RNP mRNA s isolated
from the plumules of maize seedlings maintained at 25°C or subjected to a 1h heat shock at
42.5°C. Protein synthetic profiles are representative of those obtained from more than
three independent isolations. Arrows in the panels mark the positions of polypeptides
which exhibit enhanced or repressed synthesis in vivo and in vitro following a heat shock.
Arrowheads in the panels mark the positions of proteins detected only after a heat shock.
Large circles identify 18kDa variants that are synthesized in vitro by 25°C mRNAs and
have similar pl's to the 18kDa variants synthesized in vitro following a heat skock.
Intermediate circles identify a 76kDa protein that is synthesized in vivo but is not detected
among the proteins synthesized in vitro by total cellular, non-polyribosomal RNP or
polyribosomal RNP mRNAs. My's of hsps ire indicated by arrowheads on the right.

Approximately 100,000 cpm of acid-precipitable lysate was loaded onto each IEF gel.
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Figure 10: Fluorograms of 2-D gel electrophoretic separations of the low molecular weight
proteins synthesized in vivo by heat-shocked plumules (panel A) and in vitro by total
cellular (panel B), non-polyribosomal RNP (panel C), and polyribosomal RNP (panel D)
mRNAs extracted from heat-shocked plumules. Arrows in the panels identify proteins that
are variably synthesized by non-polyribosomal RNP and folyribosomal RNP mRNAs.
Large circles mark the positions of proteins synthesized in vitro by total celiular, non-
polyribosomal RNP, and polyribosomal RNP mRNAs. Intermediate circles mark the
positions of putative isoelectric variants of some of these proteins that are synthesized in
yivo. The square marks the position of a protein that is synthesized both in vivo and in
vitro by non-polyribosomal RNP and polyribosomal RNP mRNAs while the small circle
identifies a protein that is detected only among the translation products synthesized by non-

polyribosomal RNP mRNAs. Mr's of hsp's are indicated by arrowheads on the right.

Approximately 100,000 cpm of acid-precipitable lysate was loaded onto each IEF gel.
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Figure 9 also demonstrates that isoelectric variants of the 70kDa (Figure 9, arrows)
hsp's are synthesized in vitro by 25°C total cellular, non-polyribosomal RNP and
polyribosomal RNP mRNAs. Furthermore, the cellular fractionation studies indicate that
mRNAs encoding proteins with My's and pI's similar to 211 but one of the four prominent
18kDa hsp's accumulate at 25°C. Although there are some diffexences in the level of
nonheat shock proteins synthesized after a heat shock in vivo, 25°C mRNAs extracted
from control or heat-shocked tissue are translated in roughly equivalent amounts in vitro.

The intracellular distribution of specific mRNAs in control and heat-shocked maize
plumules was further characterized by Northern blot analysis. Total cellular, nuclear, non-
polyribosomal RNP and polyribosomal RNP mRNAs extracted from the plumules of intact
maize seedlings wiaintained at 25°C or subjected to a 1h heat shock were denatured and
electzophoretically separated on neutral agarose gels. The RNAs were transferred to an
uncharged nylon membrane and hybridized initially to a 4.0kb EcoR1-BamH]1 fragment
encoding a maize hsp70 gene and then to a 0.58kb Pst1-Sall fragment encoding a maize
hsp18 gene. Both hsp70 (2.6kb) and hsp18 (0.9kb; although barely detectable) mRNAs
are present in 25°C plumules (Figure 11, A and B, lanes 1-4). Moreover, the association
of these mRNAs with the cytoplasmic fractions corroborates the ip vitro translation results.
Heat shock results in the enhanced synthesis (although to different degrees) and/or
increased stability of both the 70kDa and 18kDa RNA transcripts (Figure 11, A and B,
lanes 2 and 6) and the subsequent association and/or accumulation of these transcripts with
the non-polyribosomal RNP (Figure 11, A and B, lanes 3 and 7) and on the ribosomes of
polyribosomes (Figure 11, A and B, lanes 4 and 8) respectively.

Following a 1h heat shock, changes in the level of 70kDa RNA transcripts in the
cellular and nuclear fractions were similar while changes in the level of these transcripts in
the cytoplasmic fractions were more variable (Figure 11 and Table 1). The increase in
hsp70 mRNA synthesis following a heat shock is small relative to that observed for hsp18

mRNA where heat shock results in the rapid accumulation of 18kDa RNA transcripts in the




Figure 11: Morthern blot analysis of total cellular, nuclear, nor-polyribosomal RNP and
polyribosomal RNP mRNAs extracted from the plumules of intact maize seedlings. The
autoradiograms are representive of those obtained following hybridization of probe to RNA
from several (>3) isolations. Positions of the 25S and 185 maize rRNAs are indicated by
bars between panels A and B. M¢'s of standards co-electrophoresed with RNA samples
are indicated on the left. Lanes 1-8 in panel A correspond to lanes 1-8 in panel B. Lane 1:
10.ug of total cellular RNA extracted from control (25°C) plumules; Lane 2: 10.0ug of
25°C nuclear RNA; Lane 3: 10.0ug of 25°C non-polyribosomal RNP RNA; Lane 4:
10.0ug of 25°C polyribosomal RNP RNA. Lanes 5-8 correspond to lanes 1-4 except that
the seedlings were subjected to a 1h heat shock at 42.5°C prior to RNA extraction. A)
pUC9 and a 4.0kb EcoR1-BamH1 maize hsp70 gene fragment were used as hybridization
probes. The 4.0kb fragment hybridized to mRNAs of 2.6kb in both 25°C and 42.5°C
RNA extracts from the different cellular fractions. pUC9 failed to hybridize to lanes
containing RNA samples (data not shown). B) The blot in A was washed and re-probed
with a 0.58kb Pst1-Sall fragment containing a maize hsp18 gene. This fragment
hybridized to mRNAs of 0.9kb in all heat-shocked fractions (lanes 5-8). Hybridization to
25°C RNAs of a similar size, although variable, was detected in the RNA populations from
all 25°C cellular fractions. The specific activities of the 32P-labelled DNA hybridization
probes were similar (1.7x109cpm/ug DNA, 24h exposure).
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cytoplasm of heat-shocked cells both as non-polyribosomal and polyribosomal RNPs
(Figure 11 and Table 1). The variahiiity in RNA transcript levels detected in the non-
polyribosomal RNP fractions before and after a 1h heat shock may reflect the inherent
variability (due to synthesis and/or stability) of 70kDa and 18kDa mRNAs associated with
this fraction and/or the differential sensitivity of Northern and dot blot analyses. Additional
analyses (refer to Table 2) support these contentions.

Although heat shock results in an increase in 70kDa and 18kDa mRNA levels, it
appears to have little effect on the general cytoplasmic distribution of these messages.
Indirect quantitiation of the fluorograms in Figure 8 indicates that the increases in 70kDa
and 18kDa mPNA levels correlate with increases in hsp70 and hsp18 levels synthesized in
vivo and in vitro by total cellular mRNAs (Table 1). The variable changes in cytoplasmic
70kDa and 18kDa mRNA levels are reflected in the jn vigo translation products.
Furthermore, the decrease in actin mRNA levels during a 1h heat shock correlate with the

decreased synthesis of a protein, observed both in vivo and in vitrg, with a My similar to

that predicted for a maize actin from sequencing data (Shah gt al, 1983).

To further characterize the distribution of mRNA on the ribosomes after a 1h heat
shock, the total polyribosomal RNP fraction was fractionated as detailed in the Materials
and Methods into free-cytoplasmic, membrane- and putative cytoskeletally-associated
polyribosomal RNPs. The latter fraction was isolated using methodology developed for
the isolation of cytoskeleton from animal tissues and is assumed to contain plant
cytoskeleton. Poly(A)* RNA from each polyribosomal RNP fraction was analyzed
indirectly by in vitro translation (Figures 12 and 13). A comparison of the polypeptides
synthesized jin vitro by total, free-cytoplasmic, membrane- and putative cytoskeletally-
associated polyribosor-al poly(A)* RNAs reveals minor quantitative and qualitative

differences (Figure 12). Several proteins synthesized by 25°C poly(A)* RNAs from




Figure 12: Fluorograms of representative (from more than three experiments) 2-D gel
electrophore“ic separations of the tre. .slation products synthesized by total, free-
cytoplasmic, membrane- and putative cytoskeletally-associated polyribosomal poly(A)*
RNAs. Arrows in the panels mark the positions of 25°C proteins synthesized by mRNAs
exhibiting increased or decreased stability and/or accumulation, as reflected by the level of
protein in the translation products, after a 1h heat shock. Arrowheads in the panels identify
proteins that are synthesized in vitro by 42.5°C poly(A)* RNAs. Large circies mark the
positions of 18kDa hsp variants that are synthesizei ;i vigo by 25°C mRNAs and share
common My's and pI's with proteins exhibiting enhanced synthesis in vitro following a
heat shock. The intermediate circles mark the position of a 76kDa protein detected both in
vivo and among the translation products of cytoskeletally-associated polyribosomal
poly(A)* RNAs. Mr's of hsp's are indicated by arrowheads on the right. Approximately
100,000 cpm of acid-precipitable products from translation mixtures was loaded onto each

IEF gel.
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different cellular fractions exhibit an increased or decreased synthesis after a 1h heat shock
suggesting that 1) the synthesis and/or stability of these mRNAs has been altered due to
heat shock and/or 2) that there is an increase or decrease in the accumulation and translation
of these mRNAs on the ribosomes following a heat shock (Figure 12, arrows). Other
proteins are synthesized by poly(A)* RNAs extracted from 42.5°C ribosomal RNAs only
(Figure 12, arrowheads). At least one and in some cases three proteins with similar pI's to
the four prominent 18kDa hsp variants synthesized in vivo after a 1h heat shock are
synthesized in vitro by 25°C polyribosomal poly(A)* RNAs (Figure 12, large circles).
The remaining 18kDa hsp is synthesized by polyribosomal poly(A)*t RNAs extracted from
plumuies only after a heat shock (Figure 12, arrowheads). An additional 18kDa hsp
variant (Figure 13, large circle) and a 17kDa hsp variant (Figure 13, square) synthesized in
vitro following a heat shock are synthesized by poly(A)* RNAs predominantly associated
with membrane and cytoskeleton. Poly(A)* RNAs encoding two hsp 26kDa proteins (one
of which was thought to be synthesized by non-polyribosomal RNP mRNAs only) and a
25.5kDa protein are also predominantly associated with the ribosomes of membrane and
cytoskeletal elements (Figure 13, intermediate circles). Furthermore, a 76kDa protein
similar to that observed in vivo is detected among the in vitro translation products of
cytoskeletally-associated polyribosomal poly(A)* RNAs (Figure 12, intermediate circles).
An hsp with similar My is observed among the in vitro translation products of total and
membrane-associated polyribosomal poly(A)* RNAs when the lysate is supplemented (co-
translationally) with microsomal membranes isolated from dog pancreas (Figure 14).

The roie of non-polyribosomal RNP mRNAs in the heat shock response was
characterized in a manner similar to that used for polyribosomal RNPs. RNPs were
pelletec: from the total, free-cytoplasmic, membrane- and putative cytoskeletally-associated
post-polyribosomal supernatants as described in the Materials and Methods. Poly(A)*
RNP RNA was translated in vitro and the products of translation analyzed by 2-D

polyacrylamide gel electrophoresis (Figures 15 and 16). Although differences in the




Figure 13: Fluorograms of the 2-D gel electrophoretic separations of the low molecular
weight translation products synthesized by total (panel A), free-cytoplasmic (panel B),
membrane (panel C)- and putative cytoskeletally (panel D)-associated poly(A)* RNAs
shown in Figure 12. Symbols (large and intermediate circles and squares) mark the
positions of proteins that are synthesized in vitro by polyribosomal poly(A)* RNAs
predominantly associated with membrane and cytoskeleton. Arrows mark the positions of
17kDa proteins that are variably synthesized in vitro by 42.5°C polyribosomal poly(A)*+
RNAs. M's of the small hsp's are indicated by arrowheads on the right.
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Figure 14: Comparison of fluorograms of 2-D gel electrophoretic separations of the co-
translational cell-free reaction products obtained from the in vitro translation of 42.5°C
total, free-cytoplasmic, and membrane-associated poyribosomal poly(A)* RNA in the
presence of microsomal membranes isolated from dog pancreas. RNA from two
inaependent isolations was added to the jn vitro system in the presence of membrane
(supplied co-translationally). The circled area in each panel on the left, which is
emphasized on the right, demonstrates that 42.5°C poly(A)* RNAs derived from total and
membrane-associated polyribosomal RNAs direct the cell-free synthesis of a 76kDa protein
in the presence of membrane. This protein is not detected among the co-translational cell-
free reaction products obtained from the i vitro translation cf 42.5°C free-cytoplasmic
polyribosomal poly(A)* RNAs in the presence of membrane. My's of hsp's are indicated
by arrowheads. Approximately 50,000 cpm of acid-precipitable cell lysate was loaded onto
each IEF gel.
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relative proportions of proteins synthesized by the different populations of mRNA can be
detected, all 25°C non-polyribosomal RNP mRNAs synthesize a simiiar spectrum of
polypeptides in_vitro (Figure 15). After a heat shock, these poly(A)* RNAs synthesize the
characteristic group of hsp's (Figure 15). Poly(A)* RNP RNAs active in protein synthesis
in 25°C tissue are enhanced or incompletely repressed following a 1h heat shock as
reflected by the in vitro translation products (Figure 15, arrows). RNAs encoding proteins
with My's similar to the proteins synthesized in vitro by 42.5°C polyribosomal poly(A)*
RNAs comprise the population of mRNAs pelleted from the post-polyribosomal
supernatants after a heat shock. Furthermore, three of the four prominent 18kDa hsp
variants synthesized by 25°C polyribosomal poly(A)* RNAs in vitro are also synthesized
in yitro by 25°C non-polyribosomal poly(A)* RNP RNA (Figure 15, large circles). Many
of the poly(A)* RNAs predominantly associated with membrane- and putative
cytoskeletally-associated ribosomes are variably associated with the non-polyribosomal
RNP fractions (Figure 16, large circles). However, both the 26kDa and 25.5kDa proteins,
that were synthesized by polyribosomal poly(A)* RNAs predominantly associated with
membrane and cytoskelc;on, are synthesized by poly(A)* RNAs predominantly associated
with free-cytoplasmic non-polyribosomal RNP (Figure 16, intermediate circles).
Furthermore, a 19kDa protein synthesized by all polyribosomal poly(A)* RNAs is not
detected among the proteins synthesized by cytoskeletally-associated non-polyribosomal
RNP (Figure 16, small circles).

3.3.3 Quantita
The distribution of 70kDa and 18kDa mRNA s in the cytoplasm of 25°C and/or

42.59C cells was further clarified by dot blct anaiyses. The autoradiograms acquired
following exposure of blots probed with the hsp70 and hsp18 gene fragments were
compared with those obtained following hybridization with an actin encoding gene

fragment. Low levels of hsp70 mRNA were detected among the total cellular mRNAs
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Figure 15: Fluorograms of representative 2-D gel electrophoretic separations of the
translation products obtained from the in vitro translation of poly(A)* RNAs mAP-selected
from non-polyribosomal RNP RNA pelleted from total, free-cytoplasmic, membrane- and
putative cytoskeletally-associated post-polyribosomal supernatants. Similar protein
synthetic profiles were obtained from more than three independent RNA isolations.
Arrows in the panels mark the positions of proteins exhibiting enhanced or repressed
synthesis in vitro after a 1h heat shock. Arrowheads in the panels identify some proteins
detected after a 1h heat shock at 42.5°C. Control proteins with similar M's and pI's to
three of the four prominent 18kDa hsp variants synthesized after a heat shock are enclosed
in large circles. Mr's of hsp's are indicated by arrowheads on the right. Approximately
100,000 cpm of acid-precipitable products from translation mixtures were loaded onto each

IEF gel.
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Figure 16: Fluorograms of 2-D gel electrophoretic separations of the low molecular weight
proteins synthesized by total (panel A), free-cytopiasmic (panel B), membrane (panel C)-
and putative cytoskeletally (panel D)-associated non-polyribosomal poly(A)* RNP RNAs
shown in Figure 15. Large circles mark the positions of some proteins that are synthesized
by poly(A)*t RNAs predominantly associated with specific ribosomal fractions and variably
associated with non-polyribosomal RNP fractions. Proteins encoded by mRNAs
exhibiting some compartmentalization are enclosed by intermediate or small circles. Mr's

of low molecular weight hsp's are indicated by arrowheads on the right.






extracted from control plumules. Heat shock resulted in a significant increase in the level
of 70kDa RNA transcripts in the cell (Figure 17A, wells 1 and 6). Hsp18 mRNAs, on the
other hand, were detected in cells only after a heat shock (Figure 17B, wells 1 and 6).
However, cytoplasmic fractionation of the cell revealed that both hsp70 and hsp18 mRNAs
were associated with the population of mRNAs comprising the non-polyribosomal and
polyribosomal RNP in 25°C plumules (Figure 17, A and B, wells 2 and 7). Further
fractionation revealed that these mRNAs were not evenly distributed between or within the
non-polyribosomal and polyribosomal RNP compartments (Figure 17, A and B, wells 3-5
and 8-10). In control cells, the 70kDa transcripts were found to be predominantly
associated as RNP free of ribosomes (ie. non-polyribosomal RNP) in the free-cytoplasmic
(FC) and membrane-associated (MA) fractions. In contrast, in the putative cytoskeletal
(CSK) fraction, more 70kDa RNA transcripts were found to be associated with ribosomal
RNP (ie. polyribosomal RNP). The distribution of 18kDa RNA transcripts between the
non-polyribosomal and polyribosomal RNP compartments in 25°C plumules was found to
be similar (albeit more restrictive).

The distribution of 70kDa and 18kDa RN A transcripts within the non-
polyribosomal and polyribosomal RNP fractions reflected their distribution between the
cytoplasmic compartments in control tissue (Figure 17, A and B, Table 2). In the non-
polyribosomal RNP fractions, the greatest amount of 70kDa and 18kDa mRNAs was
found in the free-cytoplasmic fraction followed by the membrane-associated fraction and
lastly in the putative cytoskeletal fraction (FC>MA>/=CSK). The association of 70kDa
and 18kDa RNA transcripts with the ribosomal fractions was essentially the inverse of the
RNP associations (ie. CSK>FC>/=MA). Actin mRNA was found to be associated in a
similar manner with both the non-polyribosomal and polyribosomal RNPs (ie.
CSK>FC>/=MA) (Table 2). Heat shock had little effect on the distribution of 70kDa and
18kDa mRNAs among the non-polyribosomal RNPs (ie. FC>CSK>/=MA). Furthermore,

it had no effect on the distribution of a normal mRNA (actin) among either the non-
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Figure 17: RNA dot blot analysis of non-polyribosomal RNP and polyribosomal RNP
mRNAs extracted from the plumules of intact maize seedlings. The autoradiograms are
representative of those obtained following hybridization of probe to RNA from three
independent isolations. The blot was probed initially with a maize hsp70 gene fragment
(A) and re-probed after washing with a maize hsp18 gene fragment (B). Wells 1-10in A
correspond to wells 1-10 in B. Well 1: 5.0ug of total cellular RNA extracted from control
(25°C) plumules; Well 2: 5.0ug of 25°C total non-polyribosomal RNP or polyribosomal
RNP RNA; Well 3: 5.0ug of 25°C free-cytoplasmic non-polyribosomal RNP or
polyribosomal RNP RNA; Well 4: 5.0ug of 25°C membrane-associated non-
polyribosomal RNP or polyribosomal RNP RNA; Well 5: 5.0ug of 25°C putative
cytoskeletally-associated non-polyribosomal RNP or polyribosomal RNP RNA. Wells 6-
10 correspond to wells 1-5 except that the RNA was fractionated from the plumules of
maize seedlings following a 1h heat shock at 42.5°C. The specific activities of the 32p.
labelled DNA hybridization probes were similar (1 .7x1090pm/ug DNA, 12h exposure).
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polyribosomal or polyribosomal RNP fractions. In contrast, the 70kDa and 18kDa RNA
transcripts were found to be inversely associated with the ribosomal fractions after a heat
shock (ie. FC>/=MA>CSK)(Figure 17, A and B, wells 3-5 and 8-10; Table 2).

The distribution of 70kDa and 18kDa mRNAs among the RNP fractions was
inversely proportional to the increases in mRNA levels (over control levels) associated with
these fractions following a heat shock. Heat shock resulted in a marginal increase (1-2
fold) in the amount of 70kDa and 18kDa RNA transcripts associating with the free-
cytoplasmic and membrane-associated non-polyribosomal RNP while a 5-6 fold increase
was observed in the levels of these transcripts associating with the non-polyribosomal RNP
comprising the putative cytoskeletal fraction (Table 2). Similarly actin mRNA distribution
inversely reflected the fold decreases in actin RNA transcripts after a heat shock among
both the non-polyribosomal and polyribosomal RNP fractions. However, this relationship
did not extend to the distribution of 70kDa and 18kDa mRNAs among the ribosomal
fractions where changes in the mRNA levels after a heat shock (the most dramatic of which
is the increase-33 fold-in 18kDa mRNA levels in the free-cytoplasmic and membrane-
associated ribosomal fractions) were directly reflected in the distribution of those mRNAs

among the ribosomal fractions.
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3.4 Discussion

Heat shocking the plumules of inta. maize seedlings results in the new and/or
enhanced synthesis of a characteristic group of plumule hsp's (Baszczynski, 1984; Rees ¢t
al, 1986) and the repression in synthesis of some 25°C proteins (Baszczynski gt al, 1982;
Cooper and Ho, 1983). The kinetics and rates of synthesis differ for each group of hsp's
(Baszczynski, 1984). Changes in the pattern of protein synthesis after a heat shock can be
partially explained by changes in the relative levels of the corresponding mRNAs as
increased synthesis of at least two maize hsp's, hsp70 and hsp18, correlates with the
accumulation of their heat shock mRNAs in various subcellular fractions. Accumulation of
70kDa and 18kDa RNA transcripts during a heat shock may be due to increased message
stability and/or new transcription. Heat shock has been shown to stabilize hsp70 mRNA in
Drosophila (Peterson and Lindquist, 1988) and human (Theordorakis and Morimoto,
1987) cells. Changes in the levels of other cytoplasmic RNAs, such as maize actin
mRNAs, could be due to decreased message stability resulting in degradation of pre-
existing mRNA as in yeast (Lindquist, 1981) or to a block in RNA polymerase II
transcription (Spradling et al, 1977; Findly and Pederson, 1981) and/or to the inability to

process pre-mRNAs while in the nuclei of heat-shocked cells (Mayrand and Pederson,

1983; Yost z- . Lindquist, 1986; Czamecka ¢t al, 1988; Yost and Linquist, 1988; Bell ¢i al,

1988).

In Drosophila, where the heat shock response is controlled at the level of
transcription and translation (Lindquist, 1981), heat shock mRNAs are preferentially
translated over control mRNAs while the latter are maintained in a translationally repressed
state (Mirault gt al, 1978; Storti gt al, 1980; Kruger and Benecke, 1981; Ballinger and
Pardue, 1983) and can be reactivated during recovery (Mirault ¢t al, 1978; Storti et al,
1980, Lindquist 1981; Kruger and Benecke, 1981; DiDomenico ¢t al, 1982a; DiDomenico

et al, 1982b). Similar 'translational’' control mechanisms have been reported in both
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mammalian (Thomas and Mathews, 1982) and plant (Bamnett gt al, 1980; Altschuler and
Mascarenhas, 1982; Scharf and Nover, 1982; Key ¢t al, 1985) systems.

In maize plumules, total cellular, non-polyribosomal RNP, and polyribosomal RN
mRNA s synthesize hsp's with similar M;'s to those observed in vivo. In vitro translation
studies demonstrate that heat shock (or heat shock-like) mRNA s are present in both the
non-polyribosomat and polyribosomal RNPs of 25°C maize plumules and that normal
(25°C) mRNA s comprise the population of mRNAs associated with these subcellular
fractions in heat-shocked plumules. Although *he predominant translation products after a
heat shock are the hsp's, the synthesis of normal cellular proteins by mRNAs extracted
from heat-shocked plumules is observed, with some exceptions, in unchanged amounts in
heat-shocked plumules when compared with the in vitro translation products of non-
polyribosomal RNP and polyribosomal RNP mRNAs from control cells. Moreover,
although the synthesis of some 25°C proteins is selectively repressed in vivo after a heat
shock, synthesis of many other 25°C proteins remains unchanged. These results suggest a
differential regulation of control messages in heat-shocked maize plumules. The reduction
in synthesis of some 25°C proteins in vivo may ensue from a change in the synthesis
and/or stability of the comresponding mRNAs as is suggested by the decrease in actin
mRNA levels or from the inefficient translation of these mRNAs (relative to heat shock
mRNAs ) in heat-shocked cells possibly due to changes in the rates of both initiation and
elongation. The relatively equal distribution of high levels of 25°C messages (as
determined by the level of in vitro translation product) in both the non-polyribosomal and
polyribosomal RNP's during heat shock support this contention. Thus, control mRNAs
are not sequestered as a group during a temperature shift in maize plumules as is the case in
many other systems (Ballinger and Pardue, 1985; Lindquist and DiDomenico, 1985; Key et
al, 1985). Translational selection and not translation discrimination appears to be the

operative mechanism governing the response of maize seedlings to a 42.5°C heat shock.
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Similar observations have been made in other cereal grains (Key ¢t al, 1985; Belanger et al,
1986) and in tomato cell cultures (Scharf and Nover, 1987; Nover ¢t al, 1989).

Northern hybridization analyses corroborate some of the in vitro studies. RNAs
encoding 70kDa and 18kDa proteins are detected in the nuclear and cytoplasmic fractions of
25°C plumules. Levels of the latter transcripts are quite variable. Heat shock results in the
increased synthesis and subsequent accumulation of these transcripts in both non-
polyribosomal and polyribosomal RNP. The simultaneous existence of these transcripts in
both cytoplasmic compartments in nonheat-shocked plumules suggests that the 70kDa and
18kDa mRNAs like the 25°C mRNA:s in heat-shocked Drosophila cells represent short
term or partially repressed mRNAs (Vincent gt al. 1981). Following a temperature shift,
these mRNA s together with newly synthesized transcripts may be shunted onto the
ribosomes. Alternatively, low levels of constitutively synthesized heat shock mRNAs may
associate with non-polyribosomal RNP prior to integration into polyribosomes as has been
shown in nonstressed immature duck erythrocytes (Spohr gt al, 1972).

To further characterize the nature of this association with the polyribosomal and
non-polyribosomal RNPs, the distribution of polyribosomal RNP and non-polyribosomal
RNP poly(A)* RNAS in the free-cytoplasmic, membrane- and putative cytoskeletally-
associated polyribosomal and non-polyribosomal RNP fractions was examined by in vitro
translation and RNA blot analyses. The distribution of polyribosomal poly(A)* RNAs in
the different ribosomal fractions isolated from 25°C and 42.5°C plumules demonstrates
that specific mRNAs are differentially distributed between the free-cytoplasmic, membrane-
and putative cytoskeletally-associated polyribosomes indicating that these ribosomal
fractions are distinct compartments in the cell. Poly(A)* RNAs encoding at least five hsp's
(hsp's 17, 18, 25.5, 26, and 76) were shown to be predominantly associated with

membrane- and putative cytoskeletally-associated ribosomes. Poly(A)* RNAs encoding

proteins with similar My's exhibited preferential association with and differential

distribution within the non-polyribosomal RNP fractions. This compartmentalization of




message suggests that the distribution of at least some mRNAs in maize plumules is non-
random. Similar conclusions were drawn from observations in Drosophila (Kruger and
Benecke, 1981; Ballinger and Pardue, 1983). More recently, Nover ¢t al (1989) have
shown that untranslated control mRNAs are selectively sequestered from the ribosomes as
HSG's in tomato cell cultures.

The in vitro translation studies also demonstrate that poly(A)* RNAs encoding a
70kDa hsp and wiree 18kDa hsp's with similar pl to three of the four prominent 18kDa
hsp's (in addition to lesser 18kDa hsp variants) are constitutively transcribed and
distributed variably within the polyribosomal and non-polyribosomal RNP fractions.
Furthermore, the co-isolation of RNA transcripts encoding a membrane-requiring 76kDa
protein (which may be analogous to mammalian GRP and/or BiP) (Welch ¢t al, 1989;
Pelham, 1688; Peclham, 1986) in vitro with what are believed to be cytoskeletally-
associated ribosomes suggests that this fraction contains disrupted ER. Alternatively, the
76kDa protein synthesized by cytoskeletally-associated polyribosomal RNA may be a
cytoskeleton-requiring hsp70-related protein. Proteins of similar Mr have also been shown
to be involved in the post-translational import of at least some proteins into the ER and into
the mitochondria (Deschaies et al, 1988; Chirico gt al, 1988).

The association of both 70kDa and 18kDa RNA transcripts with the non-
polyribosomal RNPs isolated from 25°C plumules is most evident in the dot blot shown in
Figure 18. Although heat shock resulted in an increase in the accumulation of these
transcripts in the RNPs, it had little effect on thc distribution of the 70kDa and 18kDa
mRNAs within the non-polyribosomal RNP fractions (ie. FC>MA>/=CSK becomes
FC>CSK>/=MA). The association of actin mRNA with the non-polyribosomal and
polyribosomal RNP, either before or after a heat shock, is the inverse of the above
(CSK>FC>/=MA). A similar distribution of 70kDa and 18kDa mRNAs was observed in
the polyribosomes of plumules maintained at 25°C (ie. CSK>FC>/=MA). Moreover,

mRNAs translated at the control temperature were predominantly associated with a fraction
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believed to contain cytoskeleton. Heat shock, however, resulted in a dramatic change in
the distribution of these mRNAs. Both the 70kDa and 18kDa mRNAs maximally
accumulated in the free-cytoplasmic and membrane-associated ribosomal fractions while
accumulation of these transcripts in the putative cytoskeletal fractions was marginal
(FC>MA>/=CSK). Furthermore, although heat shock resulted in a general cellular
increase in 70kDa and 18kDa mRNAs, the distribution of these transcripts between the
cytoplasmic compartments indicated that, in contrast to the control situation, most of the
70kDa and 18kDa mRNAs accumulating after a temperature shift were associated with
polyribosomes.

The apparent association of 70kDa and 18kDa mRNAs with the putative
cytoskeletally-associated ribosomes in 25°C plumules together with the primary association
of a normal mRNA (actin) with this fraction in 25°C and 42.5°C plumules suggests that
the cytoskeleton plays a role in protein synthesis. It has been shown for a number of
eucaryotic cells that polyribosomal mRNAs (Lenk and Penman, 1979; Cevera ¢t al, 1981;
van Venrooij et a], 1981; Fey et al, 1986) and translation initiation factors (Howe and
Hershey, 1984) are associated with the cy*oskeletal framework. Furthermore, it has been
proposed that attachment of mRNA to the cytoskeleton is obligatory for translation (Lenk
and Penman, 1979; Cevera ¢t al, 1981). This association with the cytoskeleton may be a
normal situation in nonheat-shocked cells and may in addition serve as an early response to
heat shock by shunting pre-existing 70kDa and 18kDa mRNAs onto the ribosomes. The
shift in ribosome association after a heat shock, together with the decreased accumulation
but greater (although marginal) degree of change in transcript levels (over control levels)
associated with putative cytoskeletal components of the non-polyribosomal RNP, suggest a
modification of the cytoskeletal system and/or a change in the role of the cytoskeleton after
heat shock In Drosophila (Falkner ¢t al, 1981; Biessmann et al, 1982; Leicht ¢ al, 1986;
Walter and Biessmann, 1987) and vertebrate (Collier and Schlesinger, 1986; Welch and

Suhan, 1986) cells, heat shock results in the disintegration and aggregation at the cell
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nucleus of the intermediate filament network. Disruption of both the Golgi complex and
ER have also been reported (Welch and Suhan, 1986; Belanger ¢t al, 1986). Furthermore,
in heat-shocked Drosophila and vertebrate cells, the small hsp's have been shown to be
associated with the cytoskeleton as HSG's (Leicht ¢t al, 1986; Collier ¢t al, 1988). In plant
cells, it has been suggested that HSG's containing untranslated control messages are also
cytoskeletally-associated (Nover gt al, 1989). The continued association of control
messages with a fraction believed to contain cytoskeleton during heat shock in maize
plumules supports this contention.

In contrast, the heat shock messages in maize plumules accumulate maximally on
the free-cytoplasmic ribosomes during a temperature shift indicating that translation under
heat shock conditions is largely independent of this putative cytoskeletal containing
fraction. In heat-shocked mammalian cells, disruption of the vimentin-containing
intermediate filaments together with the simultaneous disruption of the actin microfilaments
and microtubules has no effect on the transcription, translation and translocation of hsp's in
these cells (Welch and Feramisco, 1985). It has been suggested that association with the
cytoskeleton functions more as a means of transport for newly synthesized message to the
cytoplasm in nonheat-shocked cells. Once in the cytoplasm, these cytoskeletally-associated
complexes either interact with the ribosomes for translation or are preferentially released
from the cytoskeleton and accumulate as non-polyribosomal RNP (Bag and Pramanik,
1986). In maize plumules, association with the cytoskeleton for translation may not be an
absolute requirement in heat-shocked cells. Furthermore, although the cytoskeleton may
still serve to transport mRNA in heat-shocked cells, as is suggested by the continued
yccumulation of 70kDa and 18kDa mRNAs in the non-polyribosomal RNP, these studies

indicate that this function may not be essential to the production of hsp's.
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CHAPTER 4

TRANSLATIONAL REGULATION IN MAIZE PLUMULES
DURING HEAT SHOCK -- RIBOSOMAL CONTROL

4.1 Introduction

In heat-shocked cells, the transition from rormal protein synthesis to hsp synthesis
involves transcriptional and/or translational controls (see Section 1.2; Schlesinger gt al,
1982; Atkinson and Walden, 1985; Lindquist, 1986; Sachs and Ho, 1986). The protein
factors and DNA sequences involved in the induction of heat shock genes have been
identified by both genetic and biochemical techniques (Pelham, 1982; Wu, 1984a; Wu,
1984b; Parker and Topol, 1984). However, the mechanism by which heat shock messages
are selectively translated is less well understood.

In Drosophila, this change in translational specificity is characterized by a shift in
polyribosome profile from a unimodal distribution characteristic of cells incubated at 25°C
to a bimodal distribution characteristic of cells incubated at 36°C for 1h (Lindquist, 1980a;
Lindquist, 1981; Ballinger and Pardue, 1985). This transition is not caused by a general
inhibition of protein synthesis as heat shock mRNAs are translated with high efficiencies
(Lindquist, 1980b). Furthermore, the disappearance of normal polysomes does not result
in the degradation of control mRNAs (Mivault et al, 1978; Storti gt al, 1980; Lindquist,
1981; Kruger and Benecke, 1981; DiDomenico ¢t al, 1982a; DiDomenico ¢t al, 1982b).
When the cells are shifted back to normal growth conditions, an increasing number of heat
shock messages are translationally inactivated and degraded (eg. hsp70 mRNA), while
those remaining in the translational pool retain full ribosome loading (DiDomenico ¢t al,
1982a).

Translational selection involves changes in the rates of protein synthesis initiation

and elongation (Kruger and Benecke, 1981; Ballinger and Pardue, 1983). The role of the
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cytoskeleton in this process appears to be minimal as its’ disruption has no affect on the
production of hsp's (see Section 3.3; Welch and Feramisco, 1985). However,
modifications and/or changes in initiation factots, ribosomal proteins and/or small RNAs
(Glover, 1982; Scharf and Nover, 1982; Duncan and Hershey, 1984; Panniers and
Henshaw, 1984; McMullin and Hallberg, 1986; Hallberg and Hallberg, 1989) in
combination with signals contained within the §' untranslated leader sequence of heat shock
messages (Klemenz ¢t al, 1985; McGarry and Lindquist, 1985; Hultmark ¢t al, 1986) may
be responsible for this preferential translation.

In higher plants, the induction of hsp's is transient, lasting for only a few hours
despite the continuous challenge of heat shock (Schoffl and Key, 1982; Altschuler and
Mascarenhas, 1982; Cooper and Ho, 1983; Cooper et al, 1984; Baszczynski, 1984). A
return to normal growth temperatures results in a rapid decline in hsp synthesis (Key ¢t al,
1981; Schoffl and Key, 1982; Cooper and Ho, 1983; Baszczynski, 1984) . In soybean
seedlings, these changes are coincident with a decrease in the level of heat shock messages
in the cell suggesting that, as in Drosophila, these messages are degraded (Schoffl and
Key, 1982; Altschuler and Mascarenhas, 1985; Key et a], 1985).

To further characterize the heat shock response in maize plumules, I have examined
ite protein and mRNA complement of polyribosomal RNPs in cells maintained at 25°C or
subjected to a 1h heat shock at 42.5°C in order to assess crude changes in the translational
machinery during heat shock. The fate of 25°C mRNAs and heat shock mRNAs are also

analyzed by examining the interaction of these messages with polyribosomes under

conditions of prolonged heat shock or recovery from a bni=f heat shock.
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4.2 Materials and Mcthods

4.2.1 Growth and treatment of scedlings
Seeds of Zea mays L. (cv. Oh43) were germinated in the dark on moistened filter

paper at 25°C for 5-6 days as described in Section 2.2.1. Etiolated seedlings were
maintained at 25°C or subjected to 1) a 1h incubation at 42.5°C, 2) a heat shock of varying
duration (0-24h) or 3) a 1h heat shock at 42.5°C followed by a recovery period of varying

duration at 25°C prior to RNA extraction.

Polyribosomal RNPs were isolated from the plumules of intact seedlings as

described previously (see Section 3.2.4 and 3.2.5) except that excised plumules were
homogenized on ice in seven volumes/1.0g of tissue of either 0.25M sucrose-TKMD-A
buffer (50mM Tris-Cl, pH7.4, 250mM KCl, SmM MgCl2, 2mM DTT, 0.5mM PMSF,
0.2mg/ml emetine-dihydrochloride, and 0.1-1.0mg/ml heparin) (Lerner gt al, 1971;
Ramsey and Steele, 1977; Gupta and Siminovitch, 1978; Heikkila gt 3], 1981) or 0.25M
sucrose- TKMD-B buffer (200mM Tris-Cl, pH8.5, 400mM KCl, SmM MgCl2, 2mM
DTT, 0.5mM PMSF, 0.2mg/ml emetine-dihydrochloride, and 0.1-1.0mg/ml heparin)
(Breen et al, 1971; Lodish, 1971; Davies et al, 1972; Ramagopal and Hsiao, 1973; Jackson
and Larkins, 1976; Gupta and Siminovitch, 1978; Clemens, 1986) in a glass homogenizer
with 10 strokes of a motor-driven teflon pestle. The free-cytoplasmic and membrane-
associated polyribosomal RNPs were pelleted by centrifugation at 4°C for 3h and 25
minutes at 38000 rpm (162000xg; Ti 55.2 rotor, Beckman). The supernatants were
removed and saved for further analysis (see Section 5.2.2.1). The tube walls were wiped
clean and the pellet resuspended in 100-200ul of TKMD-A buffer without sucrose.

Approximately 50 A260 units of ribosomes were layered over an 11ml linear sucrose
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gradient (15-40%, in the same buffer) and the material was centrifuged at 4°C for 2h and
30 minutes at 35000rpm (151,000xg, SW41 Ti rotor, Beckman). The gradients were
analyzed with a UV monitor (ISCO model UA-S, 254mn) attached to an ISCO model 640
gradient fractionator. Alternatively, the pellets were resuspended in either translation buffer
(Maniatis ¢t al, 1982) to a final concentration of 100-200 A260 units or digestion buffer
(Brawerman ¢t gl, 1972, Maniatis et al, 1982). Pellets resuspended in translation buffer
were dissociated with 0.02umol EDTA per A260 unit (Gander et al, 1972). Aliquots were
removed, diluted with extracion buffer (Baszczynski ¢t al, 1982), boiled for 1 minute and
analyzed by 1-D polyacrylamide gel electrophoresis. Pellets resuspended in digestion
buffer were incubated for 30 minutes at 37°C and the RNA extracted with phenol and/or
chloroform (Maniatis gt al, 1982, Clemens, 1986). Poly(A)* RNA was isolated from
deproteinized polyribosomal RNA using Hybond messenger affinity paper (mAP-selected)

according to the procedure outlined in Section 3.2.9.

Polyribosomal poly(A)* RNA, isolated from the plumules of control and heat-
shocked maize seedlings, was used to direct the i vitro synthesis of polypeptides in a
heterologous in vitro translation system from New England Nuclear as described
previously (see Section 2.2.6). Rabbit reticulocyte lysate was programmed with 0.5-1.0ug
of total, free-cytoplasmic or membrane-associated polyribosomal poly(A)* RNA in the

35g

presence of 5.0ul of ”~'S-methionine.

4.2.4 Gel electrophoresis

4.2.4.1 One- and two-dimensional polyacrylamide gel elecrophoresis
Ribosomal proteins and polypeptides synthesized by in vitro translation of

polyribosomal poly(A)* RNA were analyzed by 1-D polyacrylamide gel electrophoresis on
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7.5-17.5% linear gradients as described previously (see Section 2.2.8.1). Samples were
diluted with four volumes of extraction buffer and boiled for 1 minute. The samples
consisting of either a constant amount of protein or a constant amount of radioactivity were
loaded into preformed wells in a 3% polyacrylamide stacking gel and electrophoresed as
described. The in yifro translation products were mixed with four volumes of sample
dilution buffer (9.0M urea, 5% 2-mercaptoethanol, 2% ampholines, 8% NP-40) and
analyzed by 2-D polyacrylamide gel elecirophcresis as described previously (see Section
2.2.8.2). The slab gels were stained with Coomassie brilliant blue R-250, destained with
methanol/acetic acid, and photographed. The destained gels were dehydrated with DMSO,
impregnated with PPO, dried down on Whatmann 3MM filter paper and apposed at -70°C
to Kodak X-Omat film (XR-1) that had been pre-flashed to an optical density of 0.15.

4.2.4.2 Gel clectrophoresis of RNA after denaturation with glyoxal and DMSO
Polyribosomal poly(A)* RNA was denatured by treatment with glyoxal and DMSO

and electrophoresed on horizontal 1% agarose gels as described in Section 3.2.11.2. RNA
ladder (BRL Life Technologies, Inc., Burlington, Ont., Can.) was denatured and co-
electrophoresed with the RNA samples for use in My determinations. The gels were either
stained with EtBr or the RNA was transferred to biodyne A membrane. Prior to use, the
RNA blots were placed in boiling 20mM Tris-Cl buffer, pH8.0 for 5 minutes. The
efficiency of the transfer was assessed by staining the blot:ed gel for 45 minutes in

0.5ug/ml EtBr.

4.2.5 Hybridization

Prehybridization, hybridization and washing were carried out as described in
Section 3.2.14. Maize hsp70,hsp18, and actin gene fragments were isolated, labelled with
32P, and usec as probes in these studies (see Section 3.2.13).
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4.2.6 Dot blot hybridization

The bio dot microfiltration apparatus were assembled with cither equilibrated
biodyne A membrane (as described in Section 3.2.16) or pre-wetted (H20) zeta probe
membrane according to the Bio Rad instruction manual. The biodyne A and zeta probe
membranes were rehydrated with 20x SSC and 10mM Tris-Cl, pH8.0, 1mM EDTA (TE
buffer) respectively. Pretreated RNA and DNA samples were diluted to 500ul with H2O
and applied to the appropriate wells as described in the bio dot microfiltration apparatus
instruction manual. The wells were washed with either 20x SSC or TE buffer under
vacuum until completely dry. The membranes were removed from the apparatus, marked
for identification, dried for 10 minutes at 60°C, and baked for 2h at 80°C under vacuum.
Prehybridization, hybridization, and washing of biodyne A membranes were as described
by Thomas (1980; 1983)(see Section 4.2.5). The zeta probe membranes were washed
with 95°C 20mM Tris-Cl, pH8.0, 1mM EDTA and prehybridized in 5x Denhardt's, 5x
Pipes (3.0M NaCl, 0.1M Pipes, pH6.8, 0.1M EDTA), 0.2% SDS, 50% formamide, and
0.1mg/ml ssDNA (prehybridization buffer) for 8-20h at 42°C (Anderson and Young,
1986). The prehybridization buffer was removed and fresh prehybridization buffer
containing the denatured 32p_1abeled probe was added to the chamber. Hybridization was
for 20h at 42°C. The RNA blots were washed twice with 2x SSC, 0.2% SDS for 1h/wash
at 42°C. The final wash with 0.2x SSC, 0.2% SDS was for 1h at 55°C. Excess buffer
was drained from the blot and it was wrapped in saran wrap and apposed at -70°C to XR-1
film using a Kodak intensifying screen (Cronex Xtra Life, Dupont, Can.).

The autoradiograms were scanned using a laser densitometer to determine the

relative levels of mMRNA.

4.2.7 Rehybridization

Probe removal from biodyne A membrane was as described in Section 3.2.15.

Probe was removed from zeta probe membrane by washing the blots with boiling SmM
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potassium phosphate buffer (1M KH2PO4, 1M K2HPO4 stock solution) two to three
times (Anderson and Young, 1986). Excess buffer was drained and the blots were

wrapped in Saran wrap and apposed to XR-1 film at -70°C. If probe removal was
satisfactory, the blots were prehybridized and hybridized with the desired probe as above.




Polyribosomal RNPs were isolated from the plumules of intact seedlings and

analyzed by sucrose-gradient centrifugation. The profiles of free-cytoplasmic and
membrane-associated polyribosomal RNPs isolated from seedlings maintained at 25°C or
subjected to a 1h heat shock at 42.5°C were indistinguishable (Figure 18). There were,
however, minor differences in ribosome distribution between the two fractions (Figure 18;
compare A and B to C and D). In both fractions, there was an accumulation of monosomes
and low proportion of large polysomes indicative of some degradation probably due to the
low Tris/pH used in the isolation. None the less, these profiles demonstrate that heat
shocking maize seedlings does not result in a rapid shift of polyribosomes into
monoribosomes and subunits as has been observed in maize leaves stressed by pathogen
infection and herbicide paraquat treatment (Wu gt al, 1988) and in other systems subjected
to a heat shock (Key et al, 1981; Lindquist, 1986).

To further characterize the effect of a temperature shift on polyribosomal RNPs, I
examined both the protein and RNA complement of these complexes. Free-cytoplasmic
and membrane-associated polyribosomal RNPs were dissociated with buffered EDTA and
the suspensions analyzed by 1-D gel electrophoresis (Figure 19A). The proteins associated
with each of the ribosomal fractions were similar in both control (Figure 19A, lanes 1 and
2) and heat-treated (Figure 19A, lanes 3 and 4) seedlings. Proteins of 15 to 30kDa are
common to both the free-cytoplasmic and membrane-associated ribosomes and may be
ribosomal and/or prosomal proteins as the latter complex co-purifies with polyribosomal
RNPs (Vincent gt al, 1981; Armrigo ¢t al, 1988b). Proteins of 45, 47, and 105kDa were
also detected among the polypeptides associated with these ribosomal fractions. Additional

proteins with relative molecular masses ranging between 47000 and 155000 were detected
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Figure 18: Polyribosome profiles from control (25°C) and heat-shocked (42.5°C) maize
plumules. Free-cytoplasmic (A and B) and membrane-associated (C and D) polyribosomes
were isolated from the plumules of intact maize seedlings maintained at 25°C (A and C) or
incubated for 1h at 42.5°C (B and D) prior to RNA extraction. Polyribosomes were
extracted in a low Tris/pH buffer according to the procedure of Venkatesan and Steele
(1972) with some minor modifications as indicated in Materials and Methods. Subunits
sedimented to the left of the monoribosome peak while polyribosomes sedimented to the
right.
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Figure 19: A comparison of the protein and mRNA complement of polyribosomal RNPs

isolated from the plumules of maize seedlings.

A. Free-cytoplasmic and membrane-associated polyribosomal RNPs isolatea from the
plumules of intact maize seedlings maintained at 25°C (C; lanes 1 and 2) or subjected to a
1h heat shock at 42.5°C (HS; lanes 3 and 4) were dissociated with buffered EDTA and
SO0ug of the suspension analyzed by 1-D polyacrylamide gel electrophoresis. The gels were
stained with Coomassie brilliant blue R-250, destained in methanol/acetic acid and
photographed. Proteins in lanes 1 and 3 were isolated from free-cytoplasmic
polyribosomes while proteins in lanes 2 and 4 were isolated from membrane-associated

polyribosomes. My's are indicated by arrowheads and bars on the right.

B. Fluorogram of 1-D polyacrylamide gel electrophoretic separations of the polypeptides
synthesized in vitro by free-cytoplasmic (lanes 1 and 3) and membrane-associated (lanes 2
and 4) polyribosomal polv(A)* RNAs extracted from the plumules of maize seedlings
incubated at 25°C (C; lanes 1 and 2) or 42.5°C (HS; lan=s 3 and 4) for 1h. The protein
synthetic profiles are rr presentative of those obtained by analysis of translation products

obtained from more than three RNA extractions. My's of hsp's are indicated by

arrowheads on the right. Approximately 100,000 cpm of acid-precipitable lysate was

loaded into each well.
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an,ong the proteins comprising the membrane-derived ribosomal fraction (Figure 19A,
lanes 2 and 4). A protein with similar My to the poly(A) binding protein (Schonfelder et al,
1985; Setyono and Greenberg, 1981; van Venrooij et al, 1977), although present in both
ribosomal fractions, did not accumulate appreciably in either fraction. However, a 65kDa
protein formed a major component of the proteins comprising the membrane-associated
fraction. Many of the other proteins have My's similar to eucaryotic initiation and
clongation factors (eg. 47kDa and 105kDa proteins)(Vincent ¢t al, 1981).

The mRNA complement of polyribosomal RNPs was assayed indirectly by in vitro
translation analyses. Free-cytoplasmic and membrane-associated polyribosomal poly(A)*
RNA was extracted from plumules maintained at 25°C or subjected to a 1h heat shock.
Poly (A)* RNA was translated in vitro and the products of translation analyzed by 1-D
polyacrylamide gel electrophoresis (Figure 19B). Prior to a temperature shift, the mRNA
distribution between the free-cytoplasmic and membrane-associated ribosomes appeared to
be similar. Heat shock resulted in the new and/or enhanced accumulation of hsp encoding
mRNASs on the ribosomes associated with both cytoplasmic fractions. An additional
protein of 25.5kDa was synthesized by mRNAs accumulating on membrane-associated
ribosomes. Furthermore, many of the 25°C mRNAs remained ribosome-bound after a
heat shock.

Two dimensional gel electrophoretic separations of the proteins synthesized jp vitro
by free-cytoplasmic and membrane-associated polyribosomal poly(A)+ RNAs have already
been shown in Section 3.3.2 (see Figure 12). These fluorograms showed that several
proteins synthesized in vitro by 25°C poly(A)* RNAs from the different ribosomal
fractions are variably synthesized by 42.5°C poly(A)* RNAs indicating that heat shock
results in changes in either the synthesis and/or stability and/or accumulation and translation
of these mRNAs on the ribosomes of polyribosomes. Furthermore, poly(A)* RNAs
encoding three 18kDa proteins with similar pl to three of the four prominent 18kDa hsp's
synthesized by polyribosomal mRNAs s after a heat shock are synthesized by 25°C mRNA.
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In addition to the appearance of the major low molecular weight in vitro translation
products, at least eight other mRNAs encoding polypeptides with My's of 89000, 27000,
26000 (at least two variants), 25500, 19000, 18000, and 17000 accumulate on the
ribosomes after a heat shock. Some of these mRNAs preferentially accumulate on
membrane-associated ribosomes. Interestingly, heat shock results in only a marginal
decrease in the relative levels of actin (control) poly(A)* RNAs bound to the ribosomes
(see Figure 21B for quantitation of actin mRNA levels).

Changes in the relative levels of polyribosomal poly(A)* RNAs were examined
directly by RNA blot analyses (Figures 20 and 21A). Hsp70 RNA transcripts are
associated with both free cytoplasmic and membrane-associated polyribosomal poly(A)*
RNAs from control plumules corroborating the in vitro translation studies. In contrast,
mRNAs encoding the 18kDa hsp variants are not detected among the population of
poly(A)* RNAs comprising either subcellular fraction at 25°C. However, both 70kDa and
18kDa mRNAs become abur:1ant after a heat shock (Figures 20 and 21A). Hsp70 and
hsp18 mRNA levels accumulate rapidly on the ribosomes associated with both cytoplasmic
fractions to 6.3 fold and 100 ~old higher levels respectively within the first hour at 42.5°C
whereas the levels of actin mRNA (indicative of 25°C mRNAs) decrease by approximately
1.5 fold during this period (Figure 21B).

The absence of a transition in the polyribosome profiles following a 1h heat shock
at 42.5°C, the absence of any obvious change in the polyribosomal protein profiles as
determined by Coomassie brilliant blue staining, the dramatic accumulation of heat shock
mRNA s on the polyribosomes, and the 1solation and efficient translation jin vitro of a
number of 25°C polyribosomal poly(A)+ RNAs from heat-shocked plumules suggest that
competition for the translational machinery is a major factor contributing to the selectivity of
the protein synthetic pattern during heat shock. To further characterize the mechanism by
which seedlings respond to a temperature shift, I examined mRNA levels in plumules

under conditions of prolonged heat shock or during recovery from a brief heat shock.




Figure 20: The effect of a rapid temperature shift on the accumulation of 70kDa and 18kDa
mRNAs on the polyribosomes of maize seedlings. Free-cytoplasmic and membrane-
associated polyribosomal poly(A)* RNA was isolated from the plumules of int..ct maize
seedlings incubated at th> normal growth temperature (25°C) or subjected to a 1h heat
shock at 42.5°C. Poly(A)* RNA was denatured with glyoxal/DMSO and electrophoresed
on 1% neutral agarose gels. The agarose gels were either stained with 0.5ug/ml EtBr
(panel A) or the RNA was transferred to biodyne A membrane and hybridized to a S2P-
labelled maize hsp70 gene fragment (panel B) or maize hsp18 gene fragment (panel C).
RNA ladder (lane a in panel A) was co-electrophoresed with the RNA samples for use in
M determinations. The autoradiograms are representative of those obtained following
hybridization of probe to RNA blots from more than three independent experiments.
Posiiions of 258 and 18S maize rRNAs are indicated by bars between the panels. Lanes 1-
4 in panel A correspond to lanes 1-4 in panels B and C. Lanes 1and 3 contain 2.5ug of
25°C free-cytoplasmic and membrane-associated polyribosomal poly(A)* RNA
respectively. Lanes 2 and 4 contain 2.5ug of 42.5°C free-cytoplasmic and membrane-

associated pelyribosomal poly(A)* RNA respectively.
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Figure 21: Quantitation of actin and hsp mRNA levels accumulating on the free-

cytoplasmic and membrane-associated ribosomes of maize seedlings.

A. Free-cytoplasmic and membrane-associated polyribosomal poly(A)* RNA was isolated
from the plumules of maize seedlings as described. Poly(A)* RNA was applied to biodyne
A membrane and hybridized sequentially to 32p Jabelled maize gene fragments encoding
actin (not shown), hsp70, and hsp18. Wells 1 and 4 contain 2.5ug of total polyribosomal
poly(A)* RNA. Wells 2 and 5 contain 2.5ug of free-cytoplasmic polyribosomal poly(A)*
RNA. Wells 3 and 6 contain 2.5ug of membrane-associated polyribosomal poly(A)*
RNA.

B. The autoradiograms shown in A together with similar autoradiograms of RNA dot blots
(made from independent RNA isolations) probed with the maize actin gene fragment were
scanned using a laser densitometer and the relative levels of actin, 70kDa and 18kDa

mRNAs were determined.
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TABLE 1: Effect of heai shock on mRNA {evels in maize plumules!

DB

-

Celular fractions MANA Levels?
Hsp70 Hsp18 Actin

w3 pa4 TP oB ™
C-total 017 044 021 00 ND
C-tree-cytoplasmic 018 038 026 co 114
C-membrane-associated 022 054 037 00 133
Hsp-fotal 111 2 81 166 2 62 ND
Hsp-free-cytoplasmic 116 27 210 2 56 075
Hsp-membrane-associated 087 294 176 270 082

1 The values ksted in the table are given as relative absorbances

2 ANA tevels for hsp70, hsp18. and actin were determined by scanning desitomelry of the
appropnate bands on the fluorogram shown in Figure 198 and the appropnate welis in Figure
21A

3 BNA levels were determined ndirectly by scanming dens..ometry of the appropnate translaion
products synthesized ;0 vilro and detected by fluorography (Figure 19B) Values represent
mean relative absorbances from three independent determinations

4 RNA was analyzed by RNA dot biot (Figure 21A) and the level of hybndization determined by
scanming densitometry Values represent mean reiative absorbances trom three independent
determinations with standard errors for any point not exceeding 0 113 Representative
relationships between mean relative ahsorbances and increasing RNA concentrations are
prowvided in Appenchx 4
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4.3.2 Effect of prolonged heat shock on maize seedlings
The effect of a prolonged heat shock on mRNA accumulation in the plumules of

maize seedlings was examined indirectly by in vitro translation analyses. Free-cytoplasmic
and membrane-associated polyribosomal RNA was extracted from the plumules of intact
maize seedlings maintained at 25°C or subjected to a heat shock at 42.5°C of varying
duration prior to RNA extraction. Poly(A)* RNA was translated in a heterologous cell-free
system and the products of translation analyzed by 1- and 2-D polyacrylamide gel
electrophoresis (Figures 22 and 23). The 70kDa and 18kDa mRNAs accumulate on both
the free-cytoplasmic and membrane-associated ribosomes during the initial 5 to 10 minutes
of a heat shock and are maximal within 2h (Figure 22, A and B). In the free-cytoplasmic
fraction, the level of 70kDa mRNA (as determined by quantitation of the translation
products) declines abruptly after 2h at 42.5°C, increases again at 6h and then declines to
levels comparable to those observed in 25°C plumules by 24h (Figure 22A; see Appendix
5). In the membrane-associated polyribosomes, this decline is more gradual from 2h
through to 24h (Figure 22B). In contrast, the amount of 18kDa mRNA associated with the
free-cytoplasmic and membrane-associated ribosomes, does not return to pre-heat shock
levels by 24h. This is most notable in the free-cytoplasmic fraction where a single 18kDa
band is observed after 24h of heat shock (Figure 22A).

Poly(A)* RNAs encoding the remaining hsp's accumulate variably on the
ribosomes of polyribosomes after 30 minutes of heat shock, but all reach maximal levels by
2h of heat shock and then either gradually dissociate from the ribosomes through to 24h as
is the case for th= free-Cytoplasmic fraction or continue to accumulate through 4h
afterwhich dissociation occurs. After 24h at 42.5°C, the heat shock mRNA levels in
polyribosomes, with the exception of the 18kDa mRNAs, approximate control levels.
Coincident with the decline in heat shock mRNAs in the polyribosorral fractions, is an

increase in the accumulation of a 17kDa mRNA(s) in these fractions (Figure 22).
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Figure 22: Fluorograms of representative (from two independent experiments) 1-D gel
electrophoretic separations of the translation products derived from the in vitro translation
of free-cytoplasmic (A) and membrane-associated (B) polyribosomal poly(A)* RNA
extracted from the plumnules of intact maize seedlings maintained at 259C (lane 2, 0 min) or
subjected to a heat shock of varying duration at 42.5°C prior to RNA extraction. M¢'s of
hsp's are indicated on the right. Bl marks the position of the translation blank.

Approximately 100,000 cpm of acid-precipitable products from translation mixtures were

loaded into each well.
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Furthermore, a marginal increase in 25°C mRNA accumulation is observed after 6-8 hours
of heat shock (see Appendix S). The level of control message either plateaus, as in the
free-cytoplasmic fractions, or continues to decline, as in the membrane-associated
fractions, through to 24h.

The kinetics of mRNA synthesis during a prolonged heat shock are more clearly
illustrated in Figure 23. During the first 5 minutes of heat shock, a single 18kDa hsp
variant accurnulates to significant levels in the translation products synthesized by both
free-cytoplasmic and membrane-associated polyribosomal poly(A)* RNA (Figure 23,
panel 2, #2; refer to Section 2.3.1 for numbering system). After 30 minutes, the increased
synthesis jn vitro of additional 18kDa variants is observed (Figure 23, panel 3, #'s 1-4).
Coincident with this accumulation, is the appearance among the in vitro translation products
of mRNAs encoding the high molecular weight hsp's and other low molecular weight
hsp's. Over the next 3-4h at 42.5°C, there are subtle quantitative and qualitative changes
in the mRNA accumulating on the ribosomes. For instance, the appearance and
accumulation of 26kDa, 18kDa and 17kDa isoelectric variants among the in vitro translation
products of both ribosomal fractions vary over this period (Figure 23, panels 3 and 4).
These differences are indicative of the differential expression of individual hsp's. After 6h
at 42.5°C, there is a significant decline in hsp encoding mRNA levels, the most obvious of
which is for mRNAs encoding the low molecular weight hsp's (Figure 23, panel 5).
Coincident with this decline, is a maximal accumulation on both the free-cytoplasmic and
membrane-associated ribosomes of mRNAs encoding proteins of 17kDa (Figure 23, panel
5, #5s 5-9). These mRNAs, which are active in protein synthesis in 25°C plumules, retain
a high level of association with the ribosomes after 24h of heat shock. Poly(A)* RNAs
encoding proteins of 18kDa also remain associated with the ribosomal fractions after 24h at
42.5°C although at greatly diminished levels.

Northemn blot hybridizations confirm the in vitro translation studies (Figure 24).
Both the 70kDa and 18kDa mRNAs accumulate on the free-cytoplasmic and membrane-
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Figure 23: The photographic plates for Figure 23 can be found on the following two

pages.

Fluorograms of representative 2-D gel electrophoretic separations of the translation
products obtained from the jn vitro translation of free-cytoplasmic and membrane-
associated polyribosomal poly(A)* RNA extracted from the plumules of intact maize
seedlings maintained at 25CC (panel 1) or subjected to a 5 minute heat shock at 42.5°C
(panel 2), a 30 minute heat shock at 42.5°C (panel 3), a 2h heat shock at 42.5¢C (panel 4),
a 6h heat shock at 42.5°C (panel 5), or a 24h heat shock at 42.5°C (pane! 6) prior to RNA
extraction. Numbers and arrows in the panels mark the positions of 18kDa (#'s 1-4) and
17kDa (#'s 5-9) protein variants with similar plI's that are synthesized in vitro by 25°C
and/or 42.59C polyribosomal RNP mRNAs. Arrowheads mark the position of 70kDa
proteins synthesized in both control and heat-shocked maize plumules. My's of hsp's are
indicated by arrowheads on the right. Approximately 100,000 cpm of acid-precipit2ble
products from translation mixtures were loaded onto each IEF gel. Protein synthetic
profiles are representative of those obtained from more than three independent RNA

isolations.
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Figure 24: RNA blot analysis of free-cytoplasmic and membrane-associated polyribosomal
poly(A)* RNA extracted from the plumules of intact maize seedlings maintained at 25°C or
subjected to a heat skock of varying duration at 42.5°C prior to RNA extraction. In each
case (A-D), lane 1 contains 5.0ug of 25°C free-cytoplasmic polyribosomal poly(A)* RNA
(control; internal standard). Lane 2 contains 5.0ug of 25°C free-cytoplasmic or membrane-
associated polyribosomal poly(A)* RNA (0 min). The remaining lanes contain 5.0ug of
free-cytoplasmic (A and C) or membrane-associated (B and D) polyribosomal poly(A)*
RNA extracted from the plumules of seedlings heat-shocked at 42.5°C for the indicated
time periods prior to RNA extraction. The hsp70 and hsp18 gene fragments were used as
hybridization probes in A and B, and C and D respectively. The autoradiograms are
representative of tlose obtained following hybridization of probe to RNA blots from more

than three independent experiments.
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associated ribosomes during the initial 5 to 10 minutes of heat shock. Maximal
accumulation of these transcripts varies between the fractions with maximal levels being
attained on the free-cytoplasmic ribosomes after 2h at 42.5°C and after 1h at 42.5°C on the
membrane-associated ribosomes. Over the next 24h at 42.5°C, a gradual decline in the
mRNAs associated with the ribosomes is observed in both fractions. Hsp70 mRNA levels
are comparable to control levels after 24h while hsp18 mRNA levels are similar to those
observed following a 5 minute heat shock. A similar induction profile is observed by dot
blot analyses of the polyribosomal poly(A)* RNAs (Figure 25). The levels of hsp70
mRNA accumulate rapidly to 12- and 15-fold higher levels in the free-cytoplasmic and
membrane-associated ribosomes respectively over a 1h incubation at 42.5°C while hsp18
mRNA levels accumulate to 30+-fold higher levels in both polyribosomal fractions over the
same time period. In both cases, mRNA levels decline, for the most part, through to 24h
as in the Northern blot studies. A slight rise in transcript levels is observed after 8h at
42.5°C in the free-cytoplasmic fraction. This is followed by an immediate decline to near
normal levels by 24h.

The in vitro translation studies and RNA blot anaiyses suggest that prolonged
exposure of maize seedlings to 42.5°C results in acclimation. The rapid accumulation of
70kDa and 18kDa RNA transcripts within the initial 1-2h of heat shock is followed by a
return to near normal levels after 24h at the elevated temperature (ie. 42.5°C). However,
the situation is not identical to that in control tissue as 17kDa and 18kDa proteins continue
to be synthesized jn vitro by polyribosomal poly(A)* RNAs. Furthermore, the relative
contributions of change in rate of synthesis and turn-over rate to this depletion of heat

shock mRNAs is not known.

4.3.3 Recovery of maize seedlings from a 1h heat shock

The mechanism(s) by which maize seedlings recover from a heat shock was(were)

also examined by in vitro translation and RNA blot analyses. Free-cytoplasmic and




Figure 25: RNA dot blot analyses and quantitation of free-Cytoplasmic and membrarne-
associated polyribosomal poly(A)* RNA extracted from the plumules of intact maize
seedlings maintained at 25°C or subjected to a heat shock of varying duration at 42.5°C

prior to RNA extraction.

A. RNA dot hybridization of free-cytoplasmic and membrane-associated polyribosomal
poly(A)* RNA to the hsp70 or hsp18 gene fragments.

B. Quantitation of the relative levels of 70kDa and 18kDa mRNAs accumulating on the
free-cytoplasmic and membrane-associated ribosomes during prolonged heat shock.

Values represent mean relative absorbances from two independent determinations.



136

A. RNA blot
Free-Cytoplasmic
o | @0 00@o00 O
X ) . “ . @0 oo Membrane-Associated
® Free-Cytoplasmic
o0 .“' Qe . Membrane-Associatad
5 10 15 30 1 2 4 & 8 24
L 1 |
i ]
min hours
Time at 42.5C

B. Relative levels of hsp mRNAs

3
g 2
£ ——o6— FChsp70
g —— MA-hsp 70

—e— FChsp 18

2, ——— MA-hsp 18
3
<

o L LS

o 10 20 30

Time (h) at 425C




membrane-associated polyribosomal poly(A)* RNAs were isolated from the plumules of
maize seedlings that were heat-shocked for 1h at 42.5°C and allowed to recover for
varying periods of time at 25°C prior to RNA extraction. Poly(A)* RNA was translated jn
vitro and the products of translation examined by 1- and 2-D polyacrylamide gel
electrophoresis (Figures 26 and 27). A 1h heat shock results in the rapid accumulation of
hsp mRNAs on both the free-cytoplasmic and membrane-associated ribosomes. When
seedlings are returned to the normal growth temperature of 25°C, the level of heat shock
mRNAs s associated with the ribosomal fractions declines differentially (Figure 26).
Poly(A)* RNAs encoding the high molecular weight hsp's are dissociated from the free-
cytoplasmic polyribosomes more rapidly than from the membrane-associated ribosomes,
while mRNAs encoding the low molecular weight hsp's (more specifically the 18kDa
hsp's) are dissociated from the membrane-associated ribosomes more rapidly than from the
free-cytoplasmic ribosomes. After 30 minutes at 25°C, there appears to be a rapid
depletion of 70kDa and 18kDDa mRNAs (as determined by the levels of in vitro translation
products) from the free-cytoplasmic fraction (see Appendix 6). After 2h at 25°C, the level
of 70kDa mRNA accumulating as free-cytoplasmic polyribosome is comparable to that
observed in control tissue. The level of 18kDa mRNA associated with the free-cytoplasmic
ribosomes does not approximate control levels until hour 3 at 25°C. In the membrane-
associated fraction, within the first hour after a return to 25°C, there is a significant decline
in the level of hsp70 synthesized in vitro relative to the levels observed after a 1h heat
shock (see Appendix 6). After 3h at 25°C, the amount of hsp70 accumulating in the jn
vitro translation products is comparable to the amount synthesized in vitro by 25°C
membrane-associated polyribosomal poly(A)* RNA. The level of hsp18 synthesized ip
yitro declines rapidly within the initial 30 minutes at 25°C and continues to decline (albeit
more grrdually) through to 24h. In both fractions, an apparent return to the normal protein

synthetic profile occurs within 24h.
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Figure 26: Fluorograms of representative (from two experiments) 1-D gel electrophoretic
separations of the polypeptides synthesized in vitro by free-cytoplasmic (A) and membrane-
associated (B) polyribosomal poly(A)* RNA extracted from the plumules of intact maize
seedlings maintained at 25°C or subjected to a 1h heat shock at 42.5°C and allowed to
recover for various time periods at 25°C prior to RNA extraction. Mr's of hsp's are
indicated by arrowheads on the far right. Approximately 100,000 cpm of acid-precipitable

products from the translation mixtures were loaded into each well.
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When these same translation products are analyzed by 2-dimensional
polyacrylamide gel electrophoresis, it is apparent that, although hsp synthesis is drastically
reduced by 24h, recovery is incomplete as synthesis of at least two 18kDa hsp variants by
both free-cytoplasmic and membrane-associated polyribosomal poly(A)* RNA has not
returned to control levels (Figure 27, panel 6, #s 2 and 3). Maximal accumulation of
17kDz mRNAs on the free-cytoplasmic and membrane-associated ribosomes is coincident
with the decreased accumulation of other heat shock mRNAs, more specifically the 70kDa
and 18kDa mRNAs, on the ribosomes (Figure 27, panel 3). The 17kDa RNA transcripts
continue to associate with the ribosomes through to 24h. However, in contrast to the
induction profile, after 24h at 25°C, the level of 17kDa mRNAs bound to the ribosomes
approximates that observed in control tissues. These studies indicate that when maize
plumules are shifted back to 25°C, after a 1h heat shock, there is a rapid but incomplete
depletion of heat shock messages from the polyribosomes.

A more direct measure of the mRNA levels in plumules recovering from a 1h heat
shock was obtained by RNA blot analyses. Free-cytoplasmic and membrane-associated
polyribosomal poly(A)* RNA from control, heat-shocked, and recovered plumules was
isolated, transferred to membrane, and hybridized to the maize hsp70 and hsp18 gene
fragments (Figure 28). The Northern blot hybridizations confirmed that the rapid decline in
hsp synthesis in vitro is due, in part, to the dissociation of these mRNAs from the free-
cytoplasmic and membrane-associated ribosomes. These studies also indicated that the
levels of 70kDa and 18kDa mRNA s associated with the ribosomes varied be.ween 4-6h at
25°C. The relative levels of 70kDa and 18kDa mRNAs associated with the ribosomes
during recovery were determined by quantifying autoradiograms of dot blot hybridizations
(Figure 29A) using a laser densitometer (Figure 29B). Within the first 30 minutes after the
shift back to 25°C, the levels of 70kDa and 18kDa mRNAs associated with the free-
cytoplasmic and membrane-associated ribosomes had declined significantly. After 6h at
25°C, the 70kDa mRNA leveis approximated control levels. However, the mRNA levels
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Figure 27: The photographic plates for Figure 27 can be found on the following two
pages.

Fluorograms of reprecontative 2-D gel electrophoretic separations of the translation
products obtained from the in vitro translation of free-cytoplasmic and membrane-
associated polyribosomal poly(A)* RNA extracted from the plumules of intact maize
seedlings maintained at 25°C (panel 1) or subjected to a 1h heat shock at 42.5°C and
allowed to recover at 25°C for Oh (panel 2), 1.5h (panel 3), 3h (panel 4), 6h (panel 5), or
24h (panel 6) prior to RNA extraction. Numbers and arrows in the panels mark the
positions of 18kDa (#s 1-4) and 17kDa (#'s 5-9) protein variants with similar pI's that are
synthesized in vitro by 25°C and/or 42.5°C polyribosomal RNP mRNAs. M's of hsp's
are indicated by arrowuneads on the right. Approximately 100,000 cpm of acid-precipitable
products from translation mirtures were loaded onto each IEF gel. Protein synthetic
profiles are representative of those obtained from more than three independent RNA

isolations.




JINSVY1d0O1AD -3344 Q31VIO0SSY--INVHEWINW




143




Figure 28: RNA blot analysis of free-cytoplasmic and membrane-associated polyribosomal
poly(A)* RNA extracted from the plumules of intact maize seedlings maintained at 25°C or
subjected to a 1h heat shock at 42.5°C and allowed to recover at 25°C for various time
periods nrior to RNA extraction. In each case (A-D), lane 1 contains 5.0ug of 25°C free-
cytoplasmic polyribosomal poly(A)* RNA (control-1; internal standard). Lane 2 contains
5.0ug of 25°C free-cytoplasmic or mem!.rane-associated polyribosomal poly(A)* RNA
(control). The remaining lanes contain 5.0ug of free-cytoplasmic (A and C) or membrane-
associated (B and D) polyribosomal poly(A)* RNA extracted from the plumules of intact
maize seedlings subjected to a 1h hea: shock at 42.5°C and allowed to recover at 25°C for
various time periods prior to RNA extraction. A 4.0kb fragment containing a hsp70 gene
and a 0.58kb fragment containing a hsp18 gene were used as hybridizations probes in A
and B, and C and D respectively. The autoradiograms are representative of those obtained
following hybridization of probe to RNA blots from more than three independent

experiments.
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Figure 29: RNA blot analysis of the free-cytoplasmic and membrane-associated
polyribosomal poly(A)* RNA extracted from the plumules of intact maize seedlings
maintained at 25°C or subjected to a 1h heat shock at 42.5°C and allowed to recover for

various periods of time at 25°C prior to RNA extraction.

A. RNA dot hybridization of free-cytoplasmic and membrane-associated polyribosornal

poly(A)* RNA to a maize hsp70 or hsp18 gene fragment.

B. Quantitation of the relative levels of 70kDa and 18kDa mRNAs associates with the free-
cytoplasmic and membrane-associated ribosomes. Values represent mean relative

absorbances from four independent determinations.
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increased marginally after 8h at 25°C and then declined to control levels by 24h. Similar
kinztics were observed in the in vitro translation and Northern blot analyses. The levels of
18kDa mRNAs associated with the free-cytoplasmic and membrane-associated ribosomes
gradually declined such that by 24h, the level of 18kDa mRNAs approximated those
observed by Northern analysis after a 5 minute heat shock. These results corroborate the in
vitro translation studies and suggest that while recovery from a temperature shift is rapid,

some low molecular weight mRNAs continue to associate with the ribosomes after 24h at

25°C.
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4.4 Discussion

In higher plants, translational specificity is variable depending on the tissue and/or
species being examined (Barnett, 1980; Altschuler and Mascarenhas, 1982; Baszczynski et
al, 1982; Baszczynski et al, 1983; Key et al, 1983; Cooper and Ho, 1983; Cooper ¢t al,
1984; Mascarenhas and Altschuler, 1985; Altschuler and Mascarenhas, 1985; Belanger gt
al, 1986). In maize seedlings, many 25°C proteins continue to be synthesized during heat
shock (refer to Sections 2.3 and 3.3; Baszczynski ¢t 3], 1982; Baszczynski gt al,1983;
Cooper and Ho, 1983; Cooper gt al,1984). However, because the rate of total protein
synthesis is unchanged, there appears to be a suppression of the synthesis of some of the
normal proteins to compensate for the increase in hsp synthesis (Cooper and Ho, 1983,
Baszczynski, 1984). These in vivo results together with the absence of a transition in the
polyribosome profiles following a 1h heat shock at 42.5°C, the absence of any obvious
cha:ge (as determined within the limits of sensitivity) in the polyribosomal protein profiles
eventhough there is a concomittant accumulation of heat shock mRNAs on the ribosomes
of polyribosomes, and the efficient translation in vitro of polyribosome-bound 25°C poly
(A)* RNAs during heat shock suggest that competition for the translational machinery is a
major determinant in translational regulation of maize plumules. Some sequence-specific
and/or structural feature of heat shock messages may confer on them a high intrinsic
translational efficiency relative to control messages. The continued association of 25°C
messages with polyribosomes during heat shock has been reported in Drosophila (Storti gt
al, 1980; Kruger and Benecke, 1981; DiDomenico gt al, 1982a; Ballinger and Pardue,
1983) and Hel.a (Hickey and Weber, 1982; Thomas and Mathews, 1982) cells. More
recent studies in tomato cell cultures suggest that 25°C mRNAss are incorporated into
HSG's. The sedimentation behaviour of these complexes is similar to that of
polyribosomes (Nover ¢t al, 1989).

A marginal decrease in the level of some control messages, such as actin mRNAs,

was also observed during heat shock and may reflect a change in the synthesis, stability,
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and/or translational state of these mRNAs. Degradation of cellular messages during heat
shock has been reported in tomato cell cultures (Nover and Scharf, 1984) and barley
aleurone layers (Belanger et al, 1986).

The induction of hsp's is transient (Schoffl and Key, 1982; Altschuler and
Mascarenhas, 1982; Cooper and Ho, 1983; Cooper ¢t al, 1984; Baszczynski, 1984). In
maize seedlings, hsp's can be detected within 15 to 20 minutes of a temperature shift. With
prolonged high temperature treatment, the synthesis of hsp's declines gradually such that
by 24h, a new, stable protein synthetic profile is established. The rate of hsp
disappearance appears io be asynchronous (Cooper and Ho, 1983; Baszczynski, 1984).
Coincident with the changes in the pattern of protein synthesis are changes in the heat
shock mRNA levels. In vitro translation analyses and RNA blot hybridizations confirm
that the rapid labelling of hsp's during the initial 15 to 20 minutes of heat shock results in
part from the rapid accumulation of heat shock mRNA s on the ribosomes of
polyribosomes. Heat shock mRNAs accumulate on both the free-cytoplasmic and
membrane-associated ribosomes during the initial 5 to 10 minutes of a temperature shift,
are maximal within approximately 1-2h and decline thereafter concomittantly with hsp
synthesis in vivo. Similar observations have been made in soybean seedlings (Altschuler
and Mascarenhas, 1982; Schoffl and Key, 1982; Key ¢t al, 1985; Altschuler and
Mascarenhas, 1985; Mascarenhas and Altschuler, 1985).

Coincident with the decline in hsp synthesis in maize roots is the gradual increase in
synthesis of three new polypeptides of 62, 49.5, and 19kDa. These proteins begin to
appear about the time that synthesis of the other hsp's becomes maximal (Cooper and Ho,
1983). This biphasic induction of new proteins during a heat shock is apparently similar to
that observed under conditions of anaerobiosis (Sachs and Ho, 1986). Protei- 5 of similar
M are not observed among the jn vivo or in vitro protein synthetic profiles of maize

plumules. However, the in vitro studies do show that the depletion of heat shock mRNAs

from the ribosomes of polyribosomes after 6h at 42.5°C is accompanied by a maximal
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accumulation of 25°C mRNAs encoding proteins of 17kDa on the ribosomes £ free-
cytoplasmic and membrane-associated polyribosomes. Furthermore, these mRNAs retain a
high level of association with the polyribosomes after 24h of heat shock. In addition,
poly(A)* RNA encoding proteins of 18kDa also remain associated with the polyribosomes
although at greatly reduced levels. The rapid accumulation of heat shock mRNAs on the
ribosomes of polyribosomes followed by the gradual dissociation of these mRNAs from
the polyribosomes and the reiturn to a near normal pattern of protein synthesis both jn vivo
(Cooper and Ho, 1983; Baszczynski, 1984) and 1n vitro during prolonged heat shock
suggest that maize seedlings acclimate. The stability and kinetics of association of mRNAs
encoding some of the low molecular weight hsp's suggest that these proteins could play an
integral role in the acclimation process.

When maize seedlings are returned to 25°C after a 1h heat shock at 42.5°C, there is
a rapid depletion of heat shock messages from the ribosomes of polyribosomes. This
dissociation coincides with the loss of hsp synthesis in vivQ over this time period (Cooper
and Ho, 1983; Baszczynski, 1984). Within the first 30 minutes after the shift back to
25°C, the levels of 70kDa and 18kDa mRNAs associated with the free-cytoplasmic and
membrane-associated ribosomes have declined significantly. After 6h at 25°C, the 70kDa
and 18kDa mRNA levels approximate those observed in control tissue and in tissue
subjected to a 5 minute heat shock respectively. Similar transcript levels are detected after
24h at 25°C. However, between 6 and 24h, there is a marginal increase in the level of
70kDa mRNA associated with the polyribosomes. This increase may reflect the re-
association with the polyribosomes of constitutively synthesized (as distinct from heat
shock) short-term repressed 70kDa mRNAs. Alternatively, changes in RNA transcription
and/or other post-transcriptional events may account for this increase as the probe used in
these studies is a heat-inducible constitutively synthesized gene. In Hel.a cells, a HSE-
binding activity distinct from the stress-induced HSE-binding activity has been identified.

During recovery from heat shock, both the rate of hsp70 gene transcription and stress-
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induced HSE-binding activity decline while the control HSE-binding activity reappears
(Mosser ¢t al, 1988). In other systems, where mRNA processing is affected by either heat
shock (Yost and Lindquist, 1988) or other stressors (Czamecka gt al, 1988), unspliced
mRNAs have been shown to accumulate in the cytoplasm for translation. During recovery
from the stress, these truncated mENAs presumably turnover and full length, mature
transcripts accumulate. Coincident with the depletion of heat shock mRNAs from the
ribosomes is the maximal accumulation of 17kDa mRNAs with the ribosomes of
polyribosomes. The 17kDa RNA transcripts together with some 18kDa RNA transcripts
continue to associate (albeit at much lower levels) with the ribosomes of polyribosomes
after 24h at 25°C.

Both the stability and kinetics of association of some of the low molecular weight
mRNAs with the ribosomes of polyribosomes during conditions of prolonged heat shock
and recovery from a 1h heat shock may indicate that the proteins encoded by these mRNAs
play a role in the mechanisms governing these responses which appear to be similar in
profile. In Drosophila (Arrigo and Amad-Zadeh, 1981; Arrigo et al, 1985; Arrigo, 1987,
Arrigo and Pauli, 1988; Pauli gt al, 1988; Haass et al, 1989) and tomato cell suspension
cultures (Nover gt al, 1983; Nover and Scharf, 1984), the low molecular weight proteins
associate as cytoplasmic RNPs (pre-HSG's). Pre-HSG's exhibit a temperature dependent
reversible precursor-product relationship with the large HSG aggregates (see Section
1.3.3). It has been suggested that pre-HSG's may serve to segregate distinct mRNA
species from the translation apparatus (inactivate heat shock mRNAs) thereby aiding in the
restoration of the cells synthetic pattern to a near normal state (Nover and Scharf, 1984;
Collier gt al, 1988). Low molecular weight hsp's can be recovered from the post-
ribosomal fraction after recovery from heat shock (Nover, personal communication).
Furthermore, in Drosophila, there appears to be a correlation between pupae survival after a
heat shock and the recovery of the low molecular weight proteins in the soluble lysate

fractions as 10- to 20-S structures (Kloetzel and Bautz, 1983; Arrigo, 1987; Arrigo and




Pauli, 1988; Haass gt al, 1989). Although the cytoplasmic aggregates formed by the small
hsp's co-purify with and share several structural properties of the Drosophila prosome
(Arrigo gt al, 1985; Pauli ¢t al, 1988), it has been shown in mammalian cells that such
aggregates may be separated from the prosome after further purification (Falkenburg et al,
1988; Arrigo et al, 1988b). More recent studies in Drosophila (Martins de Sa et al, 1989),
plant (Nover ¢t al, 1989), and vertebrate (Arrigo and Welch, 1987) cells have shown that
the prosomal protzsins are not only distinct from the hsp's but are not synthesized de novo
during heat shock. The newly synthesized small hsp's are, however, found associated
with pre-HSG's in these cells (Martins de Sa et al, 1989; Nover ¢t al, 1989).

The depletion of heat shock mRNAs from the ribosomes of polyribosomes under
conditions of prolonged heat shock and recovery from heat shock suggests that repression
of hsp synthesis involves a temperature-independent translational inactivation of heat shock
messages. Inactivation as a result of destabilization of the polyribosomes is unlikely as
heat shock causes no change in the distribution of ribosomes in the polyribosomes.
Furthermore, many 25°C mRNAs remain ribosome-bound during heat shock. In
Drosophila, the repression of hsp synthesis and the restoration of normal protein synthesis
are controlled both transcriptionally and post-transcriptionally as discussed in Section 1.2
(Lindquist, 1981; DiDomenico ¢t al, 1982a; DiDomenico ¢t al, 1982b; Lindquist and
DiDomenico, 1985; Peterson and Lindquist, 1988). Accumulation of hsp's promotes the
repression of hsp mRNA synthesis whether the cells are maintained at high tempsrature or
returned to 25°C. However, at the post-transcriptional level, repression only occurs after a
return to normal temperatures where it is tightly coupled to mRNA degradation
(DiDomenico ¢t al, 1982a; DiDomenico gt al, 1982b). Hsp mRNAs, particularly hsp70
mRNA, are stable and continue to be translated with prolonged high temperature teatment
(Lindquist and DiDomenicc, 1985; Peterson and Lindquist, 1988). Furthermore,

sequences in the 3’ end of the hsp70 message in Drosophila appear to be important in

directing its' tumover (Simcox ¢t al, 1985). In human cell lines, heat shock has also been
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shown to have a marked effect on the stability of hsp70 mRNA (Banerji et al, 1986;
Theodorakis and Morimoto, 1987). However, unlike Drosophila cells, hsp70 gene
transcription in human cells is independent of protein synthesis (Mosser et al, 1988). In
maize seedlings, the effects of other post-transcriptional events, such as changes in mRNA
stability and/or activation state after dissociation from the ribosomes, on the repression of
hsp synthesis and the return to a near normal protein synthetic profile remain to be

determined. Furthermore, the role of transcriptional controls in the induction and recovery

process(es) are nct *..own.
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5.1 Inwroduction

In preceding chapters, the mRNA complement of the non-polyribosomal RNP was
assayed by in vitro translation and hybridization analyses. These studies demonstrated that
1) although the spectrum of mRNA sequences was similar in the polyribosomal and non-
polyribosomal RNPs, it was not identical and 2) specific mRNA sequences were cornmon
to both fractions. That the proteins associated with the RNP play a role in the translational
state or activity of the particles was inferred by the fact that 1) only deproteinized non-
polyribosomal RNP were translated in vitro and 2) particles deproteinized using proteinase
K treatment followed by chloroform extraction (conditions which avoid denaturation of
RNA hybrids and reduce the risk of loss of small RNA components into the phenol phase
by association with proteins) were actively translated in vitro.

In this chapter, both the protein complement and mRNA complement of free-
cytoplasmic and membrane-associated non-polyribosomal RNPs are examined in control
and heat-shocked maize plumules to assess alterations ensuing from a temperature shift.
The distribution of heat shock mRNAs within the non-polyribosomal RNPs and the
metabolism of non-polyribosomal RNPs during prolonged heat shock and recovery from
heat shock are also examined to further characterize the dynamic of this response in maize

seedlings.




5.2 Materials and Methods

5.2.1 Treatment of scedlings
Etiolated scedlings were maintained at 25°C or subjected to 1) a 1h incubation at

42.5°C, 2) a heat shock of varying duration (0-24h) or 3) a brief heat shock (1h) followed

by a recovery of varying duration (0-24h) at 25°C prior to RNP RNA extraction.

5.2.2.1 Isolation of non-polyribosomal RNPs
Polyribosomal RNPs were isolated from the plumules of intact maize seedlings

following treatment as described in section 4.2.2. Non-polyribosomal RNPs were pelleted
from the post-polyribosomal supernatants (from Section -.2.2) as outlined in Section
3.2.8. After centrifugation, the supernatants were aspirated and saved for further analysis
(see Section 5.2.2.2). The tubes were inverted and buried in ice for 15-20 minutes. The
tube walls were wiped clean and the pellets resuspended in 20mM Tris-Cl, pH7.4, 150mM
KCl, 3mM MgCl3, and 7mM 2-mercaptoethanol. Cytoplasmic RNP complexes were
fractionated by sedimentation of the resuspended post-ribosomal pellets in 10-25% (w/w)
sucrose gradients, made up in the same buffer, at 4°C for 20h at 16000 rpm in a Beckman
SW28 rotor (Kremp gt al, 1986; Schmid gt al, 1984). Fractions were monitored at 254 nm
and collected using an ISCO Model 640 fraction collector attached to an ISCO Model UA-4
UV monitor and recorder. Peak fractions were pooled separately, made 0.3M with 3.0M
Na-acetate, pHS.2 and precipitated with 2.5 volumes of 95% EtOH at -70°C (Maniatis ¢t
al, 1982).

Alternatively, non-polyribosomal RNPs were resuspended in a small volume of
either modified translation buffer (MTB; 50mM Hepes, pH7.4, 25mM KCl, 1.0mM
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EDTA, 0.5SmM PMSF, and 0.1mg/ml heparin)(Nichols and Welder, 1983) or digestion

buffer for analysis of intact or deproteinized non-polyribosomal RNP respectively.

Polyribosomal RNP pellets resuspended in TB and non-polyribosomal RNP pellets
resuspended in MTB were incubated on ice with 2.0 umole EDTA per A26( unit of
polyribosome or non-polyribosomal RNP (Gander gt al, 1972). Aliquots were removed,
diluted with extraction buffer, boiled for 1 minute and analyzed by 1-D polyacrylamide gel
electrophoresis. Post-RNP supematants (from Section 5.2.2.1) were made 1% with 20%
SDS, 5% with 2-mercaptoethanol, and 1mM with 1.0M DTT and boiled for 1 minute.
Aliquots were removed for analysis by 1-D gel electrophoresis. In i.il cases, protein
concentrations were determined prior to loading by the turbidimetric assay described by

Comings and Tack (1972) using bovine serum albumin (BSA) as a standard.

5.2.2.3 sy .ation of RNA from non-polyribosomal RNP fractions

Non-polyribosomal RNP pellets resuspended in digestion buffer were incubated at
37°C for 1h and the RNA extracted with phenol and/or chloroform (Maniatis et al, 1982;
Clemens, 1986). Poly (A)* RNP RNA was isolated from deproteinized non-
polyribosomal RNP RNA using Hybond mAP. Rabbit reticulocyte lysate was
programmed with 0.5-40.0ug of aeproteinized or mAP-selected non-polyribosomal RNP
RNA in the presence of L—[35 S] methionine. Reactions were carried out at 37°C and the
incorporation of label into protein was determined by TCA precipitation (see Section

2.2.6).

5.2.3 Electrophoresis. transfer, and bybridization of RNA
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Native RNA or RNA denatured by treatment with glyoxal and DMSO was
electrophoresed on neutral 1% agarose gels as described previously (see Section 3.2.11.2).
If transfer was not to follow, the gels were stained, destained, and photographed as in
Section 3.2.11.2. RNA was either transferred from agarose gels or applied directly (using
a Bio-Rad bio-dot microfiltration apparatus) to biodyne A or zeta probe membranes as
described in Sections 3.2.12 and 3.2.16. Hybridization and washing were as outlined in

Sections 3.2.14 and 4.2.6. Rehybridization followed the procedures given in Sections

3.2.15, 3.2.16, and 4.2.6.

One-dimensional gel electrophoresis was carried out according to the method of
Laemmili (1970) with the modifications indicated in Section 2.2.8.1. Two-dimensional gel
electrophoresis followed the method developed by O'Farrell (1975) with the modifications
outlined in Section 2.2.8.2. Coomassie brilliant blue stained gels were either destained and

photographed immediately or prepared for fluorography (see Section 2.2.9.2).

158




In order to determine whether heat shock affe -ted the protein complement of non-
polyribosomal RNP, the proteins associated with both nun-polyribosomal RNP and post-
RNP supematants were compared by 1-D gel electrophoresis with those compnsing
polyribosor.;al RNP. Free-cytoplasmic and membrane-associated polyribosomal RM?,
non-polyribosomal RNP, and post-RNP supematants were isolated from the plumules of
intact maize seedlings maintained at 25°C or subjected to a 1h heat shock at 42.5°C as
described in Materials and Methods. The tendency of ribosomes to run off during their
isolation causing polyribosomal mRNA and therefore polyribosomal RNPs to end up in the
non-polyribosomal RNP population was prevented by the inclusion of emetine (1rag/ml) in
the initial homogenization buffers. Analysis of the protein moieties associated with cellular
fractions revealed both quantitative and qualitative differences in composition (Figure 30).
The free-cy toplasmic and membrane-associated non-polyribosomal RNP fractions
contained major proteins with M¢'s of 38, 40, 53, 56/57, and 58kDa and minor proteins
ranging in My between 66 and 175kDa. Additional proteins of 63, 88/90, 95, and
100/105kDa formed major comvonents of the free-cytoplasmic non-polyribosomal RNP.
A protein with similar My to the putative poly(A) binding protein that forms a minor
component of the membrane-a.sociated polyribosomal RNP appears to be a minor
component of both the non-polyribosomal RNP and post-RNP supemnatant fractions.
However, a 65kDa protein which accumulates in membrane-associated polyribosomal RNP
is not detected among the proteins comprising the non-polyribosomal RNP. Although
distinct differences in protein composition were detected among the polyribosomal, non-

polyribosomal, and post-RNP supernatant fractions, some proteins were observed to be

common components of all three fractions. Co-sedimentation of ribosomal and/or
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Figure 30: A comparison of the protein complement of free-cytoplasmic (A) and
membrane-associated (B} polyribosomai RNP, non-polyribosomal RNP, and post-RNP

supernatant fractions (frotn two experiments).

A. Free-cytoplasmic polyribosomal (lanes 1 and 4), non-polyribosomal (lanes 2 and 5),
and post-RNP supernatant (lanes 3 and 6) proteins were isolated from the plumules of
maize seedlings maintained at 25°C (C; lanes 1-3) or subjected to a 1h heat shock at
42.5°C (HS; lanes 4-6) and analyzed by 1-D polyacrylamide gel elecophoresis. The gels
were stained with Coomassie brilliant blue R-250, destained, and photographed. Mr's of
some of the more prominent proteins or groups of proteins are indicated by arrowheads or

bars on the right respectively.

B. Membrane-associated polyribosomal RNP lanes 1 and 4), non-polyribosomal RNP

(lanes 2 and 5), and post-RNP supernatant (lanes 3 and 6) proteins were analyzed as in A.
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prosomal proteins with the membrane-associated non-polyribosomal RNP is marginal
when compared to the free-cytoplasmic non-polyribosomal RNP. Furthermore, differential
accurnulation of these proteins in the free-cytopiasmic and membrane-associated post-RNP
supernatants is observed. Proteins with M¢'s reminiscent of translation initiation factors
and associated with both free-cytoplasmic (albeit not very distinct) and membrane-
associated polyribosomal RNPs, although present, are not prevalent among the proteins
associated with non-polyribosomal RNP. Proteins of similar My were also detected among
the proteins comprising the post-RNP supemnatants.

The poly(A)* RNA coraplement of non-polyribosomal RNP was assayed indirectly
by in vitro translation analyses as shown in Section 3.3.2 (see Figure 15). Although the
mRNAs comprising the free-Cytoplasmic and membrane-derived non-polyribosomal RNP
synthesize ¢ similar spectrum of control proteins, additional 25°C mRNAs are detected
among the free-cytoplasmic fraction. A characteristic group of hsp's, some of which share
Mr's and pI's with proteins synthesized by poly(A)* RNP RNAs extracted from 25°C
plumules, are synthesizec! in response to heat shock. Most mRNAs exhibiting preferential
ribosomal associations are distributed throughout the non-polyribosomal RNP fractions.
However, some mRNAs appear to be predominantly associated with free-cytoplasmic non-
polyribosomal RNPs.

There is an apparent decrease in control mRNASs comprising the free-cytoplasmic
RNP after heat shock. Furthermore, the spectrum of 25°C mRNAs comprising the
membrane-associated non-polyribosomal fraction in heat-shocked plumules shows greater
similarity to that observed ‘n the free-cytoplasmic RNP fraction of 25°C plumules.

Gel electrophoretic analysis of native free-cytoplasmic and membrane-associated
poly(A)* RNP RNA corroborated the in vitro translation studies (Figure 31, panel A).
Free-cytoplasmic (lanes 1 and 3} and membrane-associated (174es 2 and 4) non-
polyribosomal RNP extracted from either control (lanes 1 and 2) or heat-shocked (lanes 3

and 4) plumules contain a similar spectrum of poly(A)* RNA sequences. Furthermore,




Figure 31: The effect of heat shock on the association of RNA with non-polyribosomal
RNP. Deproteinized or poly (A)* free-cytoplasmic and membrane-associated non-
polyribosomal RNP RNA was isclated from the plumules of intact maize seedlings
maintained at 25°C or subjected tu a 1h he. shock at 42.5°C (N>/=3). RNA was
electrophoresed on neutral agarose gels in its’ native state or after depaturation with glyoxal
and DMSO. The agarose gels were either stained with 0.5ug/ml EtBr (panel A} or the
RNA was transferred to biodyne A membrane and hybridized to a 32p_labelled hsp70
(panel B) or hsp18 (panel C) gene fragment. DNA ladder (lane a in panel A) was co-
electrophoresed with the RNA samples for use in My determinations. Lanes 1-4 in panel A
contain native deproteinized non-polyribosomai RNP RNA. Larnes 1 and 3 contain 20.0ug
of 25°C and 42.5°C free-cytoplasmic non-polyribosomal RNP RNA respectively. Lanes
2 and 4 contain 20.0ug of 25°C and 42.5°C membrane-associated non-polyribosomal
RNP RNA respectively. Lanes ° 8 in panels A, B, and C contain denatured non-
polyribosomal poly (A)* RNP RNA. Lanes 5 and 7 contain 5.0ug of 25°C and 42.5°C
free-cytoplasmic non-polyribosomal poly (A)* RNP RNA respectively while lanes 6 and 8
contain equivalent amounts of control and heat shock membrane-derived non-
polyribosomal poly (A)* RNP RNA respectively. The autoradiograms are representative
of those obtained following hybridization of RNA blots from more than three independent

isolations.
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analysis of the RNA profiles revealed that the RNP fractions were not contaminated with
precursor ribosomal RNA (ie. no nuclear contamination) and contained only very low
levels of mature ribosomal RNA (and therefore ribosomal subunits). RNA species with a
size of 4S were observed in variable amounts in both 25°C and 42.5°C free-cytoplasmic
and membrane-associated non-polyribosomal RNPs. Following a heat shock, 5-7S RNA
was detected among the population of RNAs comprising the membrane-derived fraction.
These small RNAs may represent rRNA, tRNA, and/or small cytoplasmic RNAs co-
purifying with the non-polyribosomal RNPs.

The association of two specific poly(A)* RNAs, hsp70 and hsp18, with non-
polyribosomal RNP was determined directly by Northern blot analyses (Figure 31, panel B
and C). Low levelc of 70kDa RNA were detected among the population of poly(A)*
RNAs comprising both 25°C and 42.59C free-cytoplasmic and membrane-associated RNP
(Figure 31, panel B, lanes 5 and 7 and lanes 6 and 8 respectively). The increase in 70kDa
RNA levels associated with these fractions following a 1h heat shock is marginal. In
contrast, little (after longer exposure) to no 18kDa RNA was detected among the poly(A)*
RNA species comprising either the free-cytoplasmic or membrane-associated RNP at 25°C
(Figure 31, panel C, lanes 5 and 6). However, a significant increase in the association of
this RNA with both fractions is observed following a heat shock (Figure 31, panel C, lanes
7 and 8).

Although the free-cytoplasmic and membrane-associated non-polyribosomal RNP
contain a similar spectrum of both protein and RNA at 25°C and 42.5°C, heat shock
res._Its in the accumulation of additional mRNA species in these fractions. Moreover, the
association of putative initiation factors and rRNAs with these fractions suggests that they

contain initiation complexes.

5.3.2 Distribution of mRNAs within non-polyribosomal RNPs
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The distribution of putative RNP complexes within the post-ribosomal pellet was
determined by sedimentation analyses on 10-25% sucrose gradients in 150mM KCl (salt is
high enough to prevent artifactual aggregation)(Dreyfuss, 1986). Although the
sedimentation profiles of free-cytoplasmic and membrane-associated post-ribosomal pellets
differ, both fractions are comprised of particles sedimenting between 7 and 70/80S (Figure
32; see Appendix 7). In the free-cytoplasmic post-ribosomal pellet, three major absorbance
peaks corresponding to sedimentation values of approximately 7-8S, 18-208S, and 30S
were observed in 25°C extracts. Heat shock resulted in beth a broadening of the 7-8S
sedimentation zone and ar overall decrease in the 254 absorbance of each sub-particle
(Figure 32A). The membrane-associated post-ribosomal pellet consisted of a broad peak at
approximately 18-20S with distinct shoulders on both the heavy (30S) and light (7-8S)
sides. Although heat shock results in a decrease in the 254 absorbance of these sub-
particles, it does not affect their sedimentation (Figure 32B).

The distribution of heat shock mRNAs within these sub-particles was determined
by hybridization analyses of pooled gradient fractions as described in the Materials and
Methods. Both the 18-20S and 30S sub-particles comprising 25°C free-cytoplasmic non-
polyribosomal RNP (Figure 32A) contained low levels of 70kDa and 18kDa mRNAs.
Little to no 70kDa and 18kDa RNA was detected in the 7-8S particle. However, both
mRNA s were prevalent amiong fractions sedimenting in the 40-70/80S range. Heat shock
resulted in a significant accumulation of 70kDa mRNA in both the 30S and 40-60S
particles. Although less pronounced, this mRNA also accumulated in the 7-8S and 20S
particles. Increased accumulation of 18kDa mRNA in the 7-70/80S sedimentation zone
was also observed foliowing a heat shock. Levels of 18kDa mRNA accumulating in the 7-
8S, 30S and 40-608S particles approximated those observed for 70kDa mRNA._, within
these fractions. In contrast, a significant amount of 18kDa mRNA also became associated

with the 18-208S sub-particle following a temperature shift. Heat shock appeared to have



Figure 32: The effect of heat shock on RNA distribution in non-polyribosomal RNPs.
Sucrose gradient profiles of free-cytoplasmic (A} and membrane-associated (B8) non-
polyribosomal RNPs. Non-polyribosomal RNPs were isolated from the plumules of intact
maize seedlings maintained at the normal growth temperature (C) or subjected to a brief
heat shock at 42.5°C (HS). E. coli 168 and 23S ribosomal RNA was fractionated on
identical gradients for use in the determination of sedimentation values (see Appendix 7).
RNA dot blot analyses of sucrose gradient fractions are presented below the gradient
profiles. Free-cytoplasmic (A) and membrane-associated (B) RNP RNA preCipitated from
pooled peak gradient fractions (area pooled is bounded on either side and designated by a
fraction number) was probed with an hsp70 or hsp18 gene fragment.

Representative relationships between mean relative absorbances and increasing

concentrations of non-polyribosomal RNP RNA are provided in Appendix 8.
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no effect, however, on the level of 70 and 18kDa mRNAs accumulating in the 70/80S zone
of sedimentation.

In the membrane-associated post-ribosomal pellets (Figure 32B) extracted from
control plumules, 70 and 18kDa mRNAs are primarily associated with the 30S particle but
are detected in decreasing amounts in the 18-208S particle and 408 fraction, in the 60S
fraction and lastly in the 7-8S particle and 70/808S fraction. Heat shock results in a decrease
in the association of both mRNAs with the 308 particle. Concommitant with this decrease
is a small increase in the amount of message, both 70 and 18kDa (the latter being more
evident), associating with fractions sedimenting in the 40-70/80S zones.

During a heat shock, the negligible increase in message accumulation in the 40-60S
fractions associated with the membrane-derived non-polyribosomal RNP when compared
with the significant accumulation of message in these fractions in the free-cytoplasmically-
derived non-polyribosomal RNP suggests that the amount and/or tumover of heat shock

message in these compartments differs both before and after a temperature shift.

The metabolism of non-polyribosomal RNP complexes during prolonged heat

shock or recovery from a brief heat shock was examined by hybridization analyses and/or
in_vitro translation analyses respectively. Free-cytoplasmic and membrane-asssociated
non-polyribosomal RNP RNAs were isolated from the plumules of maize seedlings as
described in section 5.2.2.1.

Prolonged heat shock had a similar effect on the association of 70kDa mRNA with
both the free-cytoplasmir :ind membrane-associated RNP (Figure 33). Hybridization
anaiyses and quantitation of the resultant autoradiograms by laser densitometry (see
Appendix 9) indicated that 70kDa RNA transcripts accumulated to maximati levels in both

free-cytoplasmic and membrane-associated RNP within the first 30 minutes of heat shock.

In the free-cytoplasmic RNP, this was followed by a decline in 70kDa RNA levels through
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Figure 33: RNA dot blot analyses of free-cytoplasmic and membrare-associated non-
polyribosomal RNP RNA extracted from the plumules of intact maize seedlings subjected
to a heat shock of varying duration at 42.5°C or a heat shock of 1h at 42.5°C followed by
a recovery period of varying duration at 25°C prior to RNA extraction. RNA was
hybridized to a maize hsp70 gene fragment. Isolations and hybridizations were repeated at

least three times.
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to 4h. Afier 6h at 42.5°C, the level of transcript increased and then declined after 24h to
levels below those detected in 25°C RNP. In contrast, in membrane-associated RNP,
70kDa RNA levels declined gradually through to 24h but remained at levels above those
associated with controls.

The association of 70kDa RNA with these fractions during recovery from a brief
heat shock was more variable (Figure 33; see Appendix 9). Although, a significant
decrease in the level of this transcript was detected in both free-cytoplasmic and rembrane-
associated RNP after 4-6h at 25°C, this was followed by an increase in 70kDa RNA levels
after 8h and then a decline to levels approximating those associated with controls by 24h.
Analysis of the translation products synthesized by free-cytoplasmic and membrane-
associated RNP RNA corroborated, for the most part, the hybridization analyses (Figure
34). In the free-cytoplasmic fraction, heat shock resulted in the accumulation among the
translation products of a 70kDa variant with similar pl to that syrthesized by 25°C RNP
RNA and four additional 70kDa variants that were not detected among the 25°C translation
products. After 4h at 25°C, the level of 70kDa mRNA encoding the 259C-like variant
approximated that of the contruls. Concomitant with this decline was the inability to detect
the more basic 70kDa variants among the translation products. Synthesis of the single
variant persisted after 8h but at reduced levels.

A similar protein profile (albeit less pronounced) was observed among the
translation products synthesized by membhrane-associated RNP. However, after 8h at
25°C, little to no 70kDa protein was detected (Figure 34, lower panels) eventhough 70«Da
RNA could be detected by RNA blot analysis.

During prolonged heat shock, the kinetics of association of 18kDa mRNA with the
free-cytoplasmic and membrane-associated RNP paralleled that observed for 70kDa mRNA
with these fractions (Figure 35; see Appendix 10).

The association of 18kDa mRNA with these subcellular fractions during recovery

paralleled the recovery profile for 70kDa mRNA (Figure 35; see Appendix 1C). Changes
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Figure 34: Fluorograms of representative (from more than three independent experiments,
2-D gel electrophoretic separations of the high molecular weight ranslation procucts
obtained from the in vitro translation of free-cytoplasmic (FC) and membrane-associated
(MA) non-polyribosomal RNP> RNA extracted from plumules maintained at 25°C (panel 1)
or subjected to a 1h heat shock at 42.5°C and allowed to recover at 25°C for Oh (panel 2),
4h (panel 3), or 8h (panel 4) prior to RNA extraction. Arrows in the panels identify 70kDa

variants. M¢'s of hsp's are indicated by arrowheads on the right. Approximately 100,000

cpm of acid-precipitable products from translation mixtures were loaded onto each IEF gel
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Figure 35: RNA dot blot analyses of free-cytoplasmic and membrane-associated non-
polyribosomal RNP RNA extracted from the plumules of intact maize seedlings subjected
to a heat shock of varying duration at 42.5°C or a heat shock of 1h at 42.5°C and allowed
to recover at 25°C for a varying period of time prior to RNA extraction. RNA was

hybridized with a maize hsp18 gene fragment. Isolations and hybridizations were repeated

at least three times.
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in 18kDa RNA levels during recovery from heat shock were also assayed indirectly by in
vitro translation (Figure 36). Both quantitative and qualitative differences were observed
among the proteins synthesized by free-cytoplasmic and membrane-associated RNP. In the
free-cytoplasmic fraction, RNP RNA encoding at least three of the four prominent 18kDa
variants was detected after 8h at 25°C indicating that recovery, at least in this fraction, is
incomplete. That the same is irue for membrane-associated RNP is reflected by the
continued synthesis of a single 18kDa variant after 8h at 25°C and by the observation that
the mRNA population comprising this fraction after 8h at 25°C in no way approximates

that observed in non-polyribosomal RNP extracted from control plumules.
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Figure 36: Fluorograms of representative (from more than three independent experiments)
2-D gel electrophoretic separations of the low molecular weight proteins synthesized in
vitro by free-cytoplasmic (FC) and membrane-associated (MA) non-polyribosomal RNP
RNA extracted from plumules maintained at 25°C (panel 1) or subjected to a 1h heat shock
at 42.5°C and allowed to recover for Oh (panel 2), 4h (panel 3), or 8h (panel 4) prior to
RNA extraction. My's of hsp's are indicated by arrowheads on the left. Approximately
100,000 cpm of acid-precipitable products from the translation mixtures were loaded onto

each Ikr gel.
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5.4 Discussion

In the cytoplasm of animal cells, the non-polyribosomal RNA as well as the mRNA
released by dissociation of polyribosomes with EDTA is fcund associated with protein.
Major RNPs are common to different mRNAs and recognize common features such as the
poly(A) tail (Vincent gt al, 1981; Greenberg, 1981; Greenberg and Carroil, 1985; Adams gt
al, 1986), the 5' cap structure (Sonnenberg, 1981; Griffo gt al, 1982; Pell=tier and
Sonnenberg, 1985), the polyadenylation signal (AAUAAA), and non sequence-specific
ssRNA or dsRNA binding proteins (Dreyfuss, 1986). However, in addition to these
proteins, there are sequence specific (eg. proteins that bind the leader sequence of heat
shock mRNAs)(Bonner ¢t al, 1984; Klemenz ¢t 3], 1985; McGarry and Lindquist, 1985;
Hultmark ¢t al, 1986) and/or compartment specific mRNA binding proteins. The latter
proteins bind mRNA in a particular subcellular compartment or in a special physiological
state (eg. translated, untranslated, membrane-bound or putative cytoskeletally-associated
mRNAs (Dreyfuss, 1986). However, the role of these proteins in determining the
translational state of mRNA is controversial (Civelli et a], 1976; Civelli ¢t al, 1980;
ureenberg, 1981; Schmid ¢t al, 1982; Vincent gt al, 1983). Although some differences
have been detected in the proteins comprising polyribosomal and non-polyribosomal
mRNASs (Gander gt al, 1973; Vincent ¢t al, 1983; Ovchinnikov, 1978; Jain and Sarkar,
1979; Greenberg, 1980; Nichols and Welder, 1983; Schmid ¢t al, 1983, Bag, 1984), these
differences are inconsistent and cannot alone account for the functional state of the mRNA
(Setyono and Greenberg, 1981; Dreyfuss, 1986). Furthermore, there is a lack of real
distinction between mRNPs and translation initiation factors.

In maize plumules, distinct differences were observed in protein composition
between the polyribosomal RNP, non-polyribosomal RNP and post-RNP supernatant.
Although a protein with similar M to the 72kDa poly(A) binding protein was detected in
the subcellular fractions, it did not accumutate to significant levels. However, a prominent

protein of 65kDa, which accumulated in the polyribosomal RNPs, was not detected among
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the proteins comprising the non-polyribosomal RNP, and formed only a minor component
of the post-RNP supematant proteins, may be analogous to the 72kDa poly(A) binding
protein. Two proteins of 68.9 and/or 66.5 and 59.4kDa have been shown to associate with
the poly(A) tract in maize embryos (Nichols and Welder, 1982). Although differences in
the proteins comprising each of the subcellular fractions were observed, several proteins
were common to all fractions. These latter proteins probably represent translation initiation
factors and ribosomal and/or prosomal proteins (Vincent gt al, 1981; Schmid et al, 1984;
Kremp ¢t al, 1986; Dreyfuss, 1986).

Heat shock had no effect on either the specificity or degree of accumulation of
proteins in the subcellular fractions indicating that these proteins are associated with
subcellular structures that pre-exist in normal cells and remain cytoplasmic during heat
shock. However, low My hsp's have been shown to accumulate in mRNP-like complexes
during recovery from heat shock (Nover and Scharf, 1984; Arrigo et al, 1985; Arrigo et al,
1988a). Changes in the protein composition of mRNPs and/or their subcellular location
have also been detected in VSV infected cells, in cells treated with other inhibitors of
mRNA synthesis (Dreyfuss gt al, 1984), and/or as a result of devziopmen:-! zvues (Akhayat
et al, 1987a; Akhayat et al, 1987b; Grossi de Sa, 1988). Furthermore, Greenberg (1981)
demonstrated that the mRNP complex was a dynamic structure in which bound proteins
could exchange with an unbound pool. This exchange, which does not occur in proteins
comprising other mRNA-containing structures such as ribosomes, may be important in
converting mRNPs from one functional state to another (Greenberg, 1981).

Heat shock did effect changes in the mRNA population comprising the free-
cytoplasmic and membrane-associated non-polyribosomal 2RNP. The most obvious
changes invelved the accumulation of heat shock messages within these fractions.
However, subtle changes in the level and/or distribution of 25°C mRNAs were also
observed during heat shock. Furthermore, small RNAs distinct from heat shock mRNA
degradation products were detected among the RNAs comprising the non-polyribosomal
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RNP. Heat shock in Jetrahymena induces the accumulation of a small RNA (G8 RNA;
306 nucleotides) homologous to eucaryotic 7SL RNA and E, coli, 4.5S RNA both of
which are known to be associated with ribosomes and involved in the modification or
icgulation of protein synthesis (Hallberg and Hallberg, 1989). The accumulation of these
RNASs (cytoplasmic, transfer and/or ribosomal) (Ferrer ¢t al, 1979; Vincent g} al, 1980;
Schmid et al, 1984; Akhayat gt al, 1987a; Akhayat gt al, 1987b; Martins de Sa, 1986;
Falkenburg ¢t al, 1988) in the non-polyribosomal RNP together with the presence of
putative translation initiation factors and low levels of 18S and 25S rRNAs suggest that the
mRNP probably contain translation initiation complexes.

Conventional post-ribosomal fractions usually contain native ribosomal subunits
(Spohr gt al, 1970). Messenger RNA has been found associated with between 2 and 10%
of the native 40S ribosomal subunits. In erythropoietic mouse cells induced by Friend
leukemia virus, approximately 50% of non-polyribosomal globin mRNA is found in 48S
initiation complexes ready to be translated. EDTA releases 15S mRNPs homologous to
polyribosomal globin RNPs. A fraction of this non-polyribosomal RNA (ie. that
associated with initiation complexes) can be chased into polyribosomes (Spohr gt al, 1970;
Spohr et al, 1972; Geoghegan gt al, 1979; Imaizumi-Scherrer ¢t al, 1982). Thus the post-
ribosomal supernatant contains two different functional classes of mRNPs, one consisting
of immediate precursors to mRNA functional in polyribosomes (ie. initiation complexes)
and the other representing an inactive fraction of other types of potential messenger tuming
over in the cytopiasm (ie. ‘'masked’ forms of mRNA)(Spohr et al, 1972; Schmid et al,
1983). It has been argued that mRNA comprising the post-ribosomal supernatant fraction
is transported to the cytoplasm as a cytoskeletally-associated complex which can either be
stabilized by association with ribosomes (ie. forms initiation complexes) or exist free in the
cytoplasin (ie. translationally repressed mRNA)(Bag and Pramanik, 1986). Furthermore,
the association of mMRNA with the cytoskeletal framework is independent of both protein

synthesis and the presence of ribosomes.
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In maize plumules, sedimentation of non-polyribosomal free-cytoplasmic and
membrane-associated RNPs revealed that 1) the non-polyribosomal RNP were comprised
of sub-particles sedimenting between approximately 7S and 70/80S and 2) heat shock
resulted in a change in the association of message, specifically 70kDa and 18kDa mRNA,
with these sub-particles. In control cells, heat shock mRNA accumulated variably in free-
cytoplasmic and membrane-associated 40S and 45-70/80S fractions. Some of these
mRNA-protein complexes may represent stabilized 48S initiation complexes while the 30S
mRNA-protein particles comprising the non-polyribosomal membrane-derived RNPs may
represent ribosome-free complexes. Translationally repressed mRNA has been shown to
be associated with mRNP particles sedimenting at 20 and 30S (25-35S) in both plant
(Ferrer gt al, 1979) and animal (Gander et al, 1973; Vincent gt al, 1980; Vincent ¢t al,
1983) systems.

The association of inactive mRNA with the membrane-derived fraction is consistent
with both the association of mMRNA with the cytoskeleton for transport (Bag and Pramanik,
1986) and the presence of non-polyribosomal RNP complexes in a readily extractable non-
ionic detergent soluble form (Lenk and Penman, 1979; Cevera gt al, 1981; van Venrooij et
al, 1981). Cytoskeletally-associated mRNA complexes that bind ribosomes may loose the
attachment to the cytoskeleton and exist in equilibrium as free- or membrane-derived
polyribosomal and non-polyribosomal RNP. RNAs remaining attached to the cytoskeleton
after ribosome binding may exist in a similar state. Signals within the RNA itself may
determine its' distribution within the subcellular fractions in a manner analogous to that for
translational selection of heat shock mRNAs. Earlier studies have demonstrated that while
heat shock mRNAs and 25°C mRNAs accumulate differentially among the non-
polyribosomal fractions in 25°C plumules, thesc mRNAss, although detected in the free-
cytoplasmic and membrane-associated ribosomal fractions, accumulate predominantly in
putative cytoskeletally-associated ribosomal fractions suggesting a possible and/or

preferential re-association with the cytoskeleton prior to translation.
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Changes in the accumulation of heat shock messages in putative initiation
complexes after a heat shock suggest that the rate of message turnover, whether it be due to
initiation/activation and/or degradation of heat shock mRNAs has been altered by the
temperature shift. The significant accumulation of message in the putative 48S initiation
complexes of free-cytoplasmic non-polyribosomal RNPs after a heat shock suggests that
for heat shock mRNAs, the equilibrium between active and repressed states has been
shifted by the temperature shift. Furthermore, the accumulation of heat shock mRNAs in
the 18-20S and 30S sub-particles suggests an association of mnessage with these particles
prior to initiation/activation and/or a stacking of message in these particles due to saturation
of intermediary 40S ribosomal subunits.

The release of mRNA from the membrane-associated 30S sub-particle together with
the low level of accumulation of message in the 18-20S and 40-60S fractions suggest that
either the amount and therefore the tumover of message in this fraction is little changed by
heat shock or that the rate of tunover of message in this fraction has increased without
shifting the equilibrium. If this fraction represents genuine 'masked’' mRNA, it is possible
that an early response to heat shock involves the activation of some of this message.
Alternatively, the negligible change in equilibrium may reflect the cells inability to
effectively recruit message from this fraction. It is interesting to note a marginal increase in
the level of 25°C mRNAs associating with this fraction after heat shock (as determined by
the level of in vitro translation product).

Whether recruitment of mRNA from the membrane-derived fraction is inhibited
because of a masking agent or because of an intrinsically lower initiation efficiency relative
to that observed for heat shock messages in the free-cytoplasmic pool is unknown.
However, changes in the rate of initiation and elongation have been examined in hect-
shocked Drosophila cells where 15 to 30 fold rate reductions are observed for 25°C
messages (Ballinger and Pardue, 1982; Ballinger and Pardue, 1983). Although many

investigator's have shown that heat shock mRNAs are effectively translated in heat-shocked
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cells (Lindquist, 1986), none of these studies dissect the subcellular compartmentation of
these messages. Furthermore, the association of message, destined to accumulate on
membrane- and cytoskeletally-associated polyribosoines, with free-cytoplasmic non-
polyribosomal RNP together with the disruption of both the cytoskeleton (Biessmann ¢t al,
1982; Collier and Schlesinger, 1986; Welch and Suhan, 1986; Walter and Biessmann,
1987) and ER (Welch and Suhan, 1986; Belanger gt al, 1986) by heat shock could support
either contention. Treatment of seedlings with cycloheximide prior to mRNP extraction
would differentiate between these possibilities as this antibiotic, in slowing down protein
chain elongation, should favour the uptake into polyribosomes of mRNAs that have a low
initiation efficiency (Geoghegan ¢t al, 1979).

The association of message with the non-polyribosomal RNPs prior to integration
into polyribosomes is further supported by the kinetics of message accumulation during a
prolonged heat shock. Both 70kDa and 18kDa mRNAs accumulate maximally in the non-
polyribosomal RNP within 30 minutes of heat shock while maximal accumulation on the
ribosomes of polyribosomes takes 1-2h. In immature duck erythrocytes, 9S and 12S RNA
approached constant specific activity in the free pool at times of labelling when
incorporation into polyribosomes was still increasing linearly indicating that there was a
filling up of the transient free-RNA pool between nucleus and polyribosome (Spohr gt al,
1972).

As for polyribosomes, prolonged heat shock resuits in a gradual retum to near
normal heat shock mRNA levels in the free-cytoplasmic non-polyribosomal RNP pool.
However, mRNA levels in the membrane-derived non-polyribosomal RNP remain higher
after 8h at 42.5°C than those observed in control cells. Earlier work (see Chapter 4) has
suggested that maize seedlings respond to prolonged heat shock by acclimation. The
higher levels of heat shock mRNA associated with the membrane-derived non-
polyribosomal RNP may reflect a return to a more normal non-polyribosomal to
polyribosomal ratio for heat shock mRNA as the cell acclimates. Alternatively, higher




mRNA levels in this fraction may reflect a lower rate of hnover of message in the
membrance-derived RNP pool.

Recovery from a brief heat shock is incomplete in both the free-cytoplasmic and
membrane-associated non-polyribosomal RNP. Discrepancies between mRNA levels and
their respective proteins in vitro may reflect some kind of translational inhibition and/or
exaggerated mRNA levels due to non-specific hybridization to prosomal RNA (pRNA).
Prosomal RNA has been shown to hybridize to poly(A) rich mRNA derived from both
non-polyribosomal and polyribosomal RNPs (Martins de Sa ¢t al, 1986; Akhayat ¢t al,
1987b). However, the ability to synthesize at least one if not more 18kDa variants in vitro
after 8h at 25°C indicates that some, if not .11, of the mRNA associated with the non-
polyribosomal fractions encodes protein. Furthermore, the continued association of these
messages with the non-polyribosomal RNP during conditions of prolonged heat shock and

recovery from heat shock is consistent with the putative role of their respective proteins in

regulating these responses.
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CHAPTER 6

CONCLUSIONS

Changes in gene expression can Le induced by a variety of environmental
(Lindquist and Craig, 1988) and/or developmental stimuli (Bond and Schlesinger, 1987).
In many instances, these changes are characterized by the enhanced synthesis of a group of
proteins collectively refeired to as the heat shock proteins. Although the heat shock
response in higher plants shares many of the characteristics of that in other eucaryotes,
several differences have been observed. Some of these differences have been re-affirmed
by the studies presented in this thesis on translational regulation in heat-shocked maize
plumules. These differences, together with several additional findings that ".ave emerged
from these investigations, can be summarized as follows:

1) Changes in gene expression in the plumules of maize seedlings can be elicited by
nbosomal inhibitors such as cycloheximide and chloramphenicol. The general
inhibition of protein synthessis in vivo by cycloheximide, together with the association
of mRNAs encoding the major hsp's with the ribosomes of cytoplasmic
polyribosomes, indicates that these hsp's are the products of cytoplasmic ribosomes.

2) Control messages are diffcrentially regulated in maize plumules during heat shock. In
vitro translation and RNA blot analyses indicate that mRNAs encoding some 25°C
proteins are preserved though not translated during heat shock while the reduced
synthesis of other 25°C proteins in vivo ensues from a reduction in the level of the
corresponding mRNAs. The latter may be due to a decrease in the synthesis and/or
stability of these mRNAs. The continued association of 25°C messages with both the

non-polyribosomal and polyribosomal RNP particles suggests that some control

messages compete less effectively (relative to heat shock mRNAs) for components of
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the translational apparatus in heat-shocked cells possibly due to changes in the rates of
both protein synthesis initiation and elongation.

3) Hsp70 and hsp18 mRNAs (or hsp-like mRNAs) are synthesized at low levels in
nonstressed cells.

4) Changes in the pattern of protein synthesis during heat shock are due, in part, to
changes in the leveis of corresponding mRNAs.

S) Synthesis of a similar spectrum of hsp variants both in vivo and in vitro suggests that
many of these hsp variants are encoded by different genes and/or gene products.

6) Although 25°C mRNAs and heat shock mRNAs differentially accumulate among the
non-polyribosomal RNP fractions in control cells, translationally active mRNAs are
predominantly associated with a putative cytoskeletal containing fraction.

7) Heat shock changes the distribution of 70kDa and 18kDa mRNAs within the
polyribosomal RNP particles. Heat shock mRNAs maximally accumulate on the free-
cytoplasmic and membrane-associated polyribosomes suggesting that translation of heat
shock messages in heat-shocked cells is largely independent of the putative cytoskeletal
containing fraction. In contrast, control messages remain predominantly associated
with this fraction during heat shock.

8) Prolonged heat shock and recovery from heat shock are characterized by a temperature-
independent dissociation of heat shock messages from the ribosomes of
polyribosomes. Dissociation in not accompanied by a re-association of these messages
with the non-polyribosomal RNP particles suggesting that the messages released from
the polyribosomes are degraded.

9) The stability and kinetics of association of low molecular weight mRNAs with the
polyribosomes during proicaged licat sliock and recovery suggest that the proteins
encoded by these mRNAs are integral to the mechanism(s) regulating these responses.

10) The kinetics of message accumulation in the non-polyribosomal and polyribosomal

RNP particles during prolonged heat shock, together with the accumulation of
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messages in free-cytoplasmic non-polyribosomal putative 48S initiation complexes,
suggest that heat shock messages associate with the non-polyribosomal RNP prior to

integration into polyribosomes.




Appendix 1: Incorporation of label into protei.s synthesized by non-polyribosormal RNP
or non-polyribosomai RNP RNA. A comparison of the relative incorporation of 3s-
methionine (cpm) into acid-precipitabie, in vitro translation products as a function of the
amount of exogenously added free-cytoplasmic (FC) or membrane-associated (MA) non-
polyribosomal RNP (A) or non-polyribosomal RNP RNA (B) extracted from control or
heat-shocked maize plumules. Values represent mean cpm from three independent

determinations.
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Appendix 2: Incorporation of label into proteins synthesized by polyribosomal RNP or
polyribosomal RNP RNA. A comparison of the relative incorporation of 35S-methionine
(cpm) into acid-precipitable products synthesized jn vitro by increasing concentrations of
free-cytoplasmic (FC) or membrane-associated MA) polyribosomal RNP (A.) or
polyribosomal RNP XNA (B) extracted from control or heat-shocked maize plumules.

Values represent mean cpm from three independent determinations.
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Appendix 3: Relationship between relative absorbance and increasing concentrations of
total cellular RNA. Values represent mean relative absorbances for hsp70 (A), hsp18 (B),
and actin (C) under control and heat shock conditions as calculated from three independent
determinations. The graphs in (B) and (C) closely approximate those obtained when
relative absorbance was plotted as a function of increasing polyribosomal RNP RNA (not

shown)
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Appendix 4: Relationship between relative absorbance and increasing concentrations of
total cellular poly(A)+ RNA. Values represent mean relati2 absorbances for hsp70 (A)
and hsp18 (B) under control and heat shock conditions as calculated from three

independent determinations.
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Appendix 5: ]n vitro synthetic levels of selected control proteins and hsp’s during
prolonged heat shock. Fluorograms in section 4.3.2, Figure 22, were quantified by
densitometric scans to show relative trends. The relative quantity of protein synthesized at
¢ given time is plotted as a percentage of the maximum incorporation rate for that protein.
(A) Profiles for hsp70, hsp18, and four randomly selected 25°C proteins with M¢'s of
approximately 28000, 43000, 55000, and 68000 synthesized in vitro by free-cytoplasmic
polyribosomal poly (A)* RNA. (B) Profiles for proteins, with similar M¢'s to those in (A),

synthesized in vitro by membrane-associated polyribosomal poly (A) RNA.
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Appendix 6: In vitrg synthetic levels of selected control proteins and hsp's during recovery
at 25°C from a 1h heat shock at 42.5°C. Fluorograms in section 4.3.3, Figure 26, were
quantified by densitometric scans to show relative trends. The relative quant.ty of protein
synthesized jn vitro at any given time is plotted as a percentage of the maximum
incorporation rate for that protein. (A) Profiles for hsp70, hsp18, and four randomly
chosen 25°C proteins synthesized in vitro by free-cytoplasmic polyribosomal poly (A)*
RNA during recovery. (B) Profiles for proteins synthesized in vitro by membrane-

associated polyribosomal poly (A)* RNA with similar M{'s as those scanned in (A).
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Appendix 7: Determination of sedimentation values. Sedimentation values were estimated

using the procedure of McEwen (1967).
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1. Estimate z, for the rotor ar.d gradient using the following formula:
_Z1r2-7o1n
ra-r|
where: z;=minimum % w/w of sucrose gradient (ie. 10%)
zz=maximum % w/w of sucrose gradient (ie. 25%)
ry=minimum radial distance from the centrifugal axis in
centimeters (cm)(ie. the gradient meniscus for the SW28
is 7.53 cm)
rp=maximal radial distance from the centrifugal axis in
cm (ie. the bottom of an SW28 tube is 16.1 cm)
Z,=solute concentration corresponding to extrapolation of a
linear distribution to zero radius (ie. for the SW28, z,=-3.2
which is rounded off to -5)
2. Determine the starting and ending sucrose concentrations (determine
by interpolation from the density plot).
3. Determine the time integral (I) values for sucrose at the meniscus
and at the separated zone for the particle from the appropriate
tables for gradient centrifugation (see McEwen, 1967).
I (10%)=1.9427
1 (25%)=2.2361
I (25%)-1 (10%)=0.2934=s70 wWt
4. Determine wat (can read from the ultracentrifuge or compute). In
this case, wyt=2.02x10!1,

5. Determine s20,w:
S20w=g=14.5x103=14.55

This value closely approximates the actual value of 16S.




Appendix 8: Relationship between relative absorbance and increasing concentrations of
non-polyribosomal RNP RNA. Values represent mean relative absorbances for hsp70 and

hsp18 under control and heat shock conditions as calculated from three independent

determinations.
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Appendix 9: A comparison of the relative levels of 70kDa mRNA associated with the free-
cytoplasmic and membrane-derived non-polyribosomal RNPs during prolonged heat shock
(A) or recovery from a brief heat shock (B). Autoradiograms of RNA dot blots probed
with a hsp70 gene fragment (section 5.3.3, Figure 33) were scanned with a laser
densitometer and the relative RNA levels (expressed as relative absorbance) plotted as a

function of time (h) at a given temperature. Values represent mean relative absorbances

from two determinations.
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Appendix 10: A comparison of the relative levels of 18kDa mRNA associated with the
free-cytoplasmic and membrane-derived non-polyribosomal RNPs during prolonged heat
shock (A) or recovery from a 1h heat shock at 42.5°C (B). Autoradiograms similar to
those in section 5.3.3, Figure 35, were scanned using a laser densitometer and the relative
mRNA levels plotted as a function of time at a given temperature. Values represent mean

relative absorbances from two determinations.
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