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ABSTRACT 

Polyribosome aggregation state in growing 

. tissues of barley and wheat leaf or stems of pea and squash 

was studied in relation to seedling growth and water status 

of the growing tissue in plants at various levels of osmotic 

stress. It was found to be highly correlated with water 

potential and osmotic potential of the growing tissue and 

with leaf or stem elongation rate. Stress rapidly reduced 

polyribosome content and water status in growing tissues of 

barley leaves: changes were slow and slight in the non

growing leaf blade. Membrane-bound and free polyribosomes 

were equally sensitive to stress-induced disaggregation. 

Incorporation of 32po43- into ribosomal RNA was 

rapidly inhibited by stress, but stability of poly(A)+RNA 

relative to ribosomal RNA was similar in stressed and 

unstressed tissues, with a half-life of about 12 hours. 

Stress also caused progressive loss of poly(A)+RNA from 

these tissues. Quantitation of poly(A) and in vitro 

messenger template activity in polysome gradient fractions 

showed a shift of activity from the polysomal region to the 

region of 20-60 S in stressed plants. Messenger RNA in the 

20-60 S region coded for the same peptides as mRNA found in 

the polysomal fraction. Nonpolysomal and polysome-derived 

messenger ribonucleoprotein complexes (mRNP) were isolated, 

xi 



xii 

and characteristic proteins were found associated with 

either fraction. Polysomal mRNP from stressed or unstressed 

plants were translated with similar efficiency in a wheat 

germ cell-free system~ activity of nonpolysomal mRNP was 

variable, but usually less than that of polysomal mRNP. 

Deproteinization of rnRNP failed to improve its activity. No 

inhibition of translation of poly(A)+RNA by nonpolysomal 

mRNP was observed in mixing experiments with the wheat germ 

cell-free system. It was concluded that no translational 

inhibitory activity was associated with nonpolysomal mRNP 

from barley prepared as described. 



INTRODUCTION 

Plant growth limitation due to water deficit is a 

major factor limiting crop production in arid regions, and 

has great bearing on the efficient agricultural use of 

diminishing water resources elsewhere. Water deficits have 

profound effects on plant growth and general metabolism 

(Hsiao 1973, Hsiao et al. 1976) and on protein synthesis in 

particular (Bewley 1981). Using available data, Hsiao et al. 

(1976) ranked various physiological and metabolic processes 

in order of their sensitivity to stress, and reported that 

cell growth, cell wall synthesis, and protein synthesis are 

affected by mild stress, i.e., reduction of tissue water 

potential by 0.1 to 0.5 MPa. Photosynthesis and respiration 

are affected only by more severe stress. These authors 

believe that reduction of cell turgor potential is the major 

factor limiting growth of stressed plants based on 

theoretical considerations and experimental data. The role 

of protein synthesis in cell elongation is less well 

understood, but it is known to be a very stress-sensitive 

process, and thus worthy of study. 

Rapid responses of growth and polyribosome metabo

lism to sudden imposition of water stress suggest a possible 

link between these processes. Sudden exposure of roots of 

young seedlings of corn (Acevedo, Hsiao and Henderson 1971) 

1 



2 

and barley (Matsuda and Riazi 1981) to solutions of low 

osmotic potential causes leaf growth to stop within seconds. 

Loss of polyribosomes in response to moderate water stress 

has been detected within 30 minutes in maize (Hsiao 1970) 

and 10 minutes in pea and pumpkin (Rhodes and Matsuda 1976). 

Good correlations of polyribosome content with growth in 

water stressed plants have been shown by 'Rhodes and Matsuda 

(1976) and Cocucci, Cocucci, and Poma-Trecanni (1976). 

Although much data accumulated over the past 15 

years (Bewley 1981) has documented the effects of water 

stress on polyribosomes and protein synthesis in plants, the 

molecular basis of the disturbance remains obscure. In 

addition, much of the work has been done with dessication

tolerant plants such as mosses which can survive complete 

dehydration. Relatively little is known about the process of 

stress-induced polyribosome loss and its relation to growth 

inhibition in mesophytic crop plants under mild to moderate 

stress. Among some of the questions which remain unanswered 

are: 

1) Can polyribosome loss specifically in growing 

tissues be temporally and quantitatively 

correlated with growth inhibition in stressed 

plants? 

2) How are the initiation and elongation steps of 

protein synthesis affected in stressed plants? 



3) What is the importance of RNA synthesis and 

stability to protein synthesis during stress? 

4) What is the fate of polyribosome-associated 

messenger RNA during stress? 

3 

This study was initiated first to examine the 

relationships be ween growth, polyribosome content and water 

status specifically in growing tissues of osmotically 

stressed plant seedlings, and secondly to define the 

importance of messenger RNA metabolism and utilization to 

the regulation of protein synthesis in stressed barley 

seedlings. The barley leaf system was chosen for study 

because rapid stress responses of growth and tissue water 

status in the basal growing region of barley leaves had been 

characterized (Matsuda and Riazi 1981), and rapidly growing 

tissue which was relatively free of chloroplastic ribosomes 

could be easily obtained. 

poly(A)+RNA (presumptive messenger RNA) from growing 

tissues of stressed and unstressed leaves was isolated and 

characterized, and attempts were made to determine its 

stability using radio-labelling studies. The distribution of 

poly(A) and messenger template activity between polysomal 

and nonpolysomal fractions was determined, and indicated a 

stress-induced redistribution of messenger RNA. Since 

studies with some animal systems had suggested the 

importance of messenger RNA-binding proteins in the 

regulation of protein synthesis (Jain et ale 1979a, Vincent 
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et ale 1981, Rosenthal et ale 1980), polysomal and 

nonpolysomal cytoplasmic messenger ribonucleoprotein 

complexes were isolated in order to determine their relative 

translational efficiencies in a cell-free translation system 

from wheat germ. 



LITERATURE REVIEW 

Cell Growth and the Role of Protein Synthesis 

In order to appreciate the importance of protein 

synthesis in cell growth, it is necessary to understand the 

mechanics of plant cell enlargement. Growth of plant cells 

is considered to be a function of both biochemical and 

physical processes which occurs as a continuous series of 
\ 

independent extension steps (Cleland 1971a). A step is 

initiated by a biochemical modification of the extensile 

properties of the cell wall (wall "loosening") followed by a 

viscoelastic extension of the wall due to hydrostatic 

pressure and a second biochemical modification which renders 

the process irreversible. Several candidates for the "wall

loosening factor" have been proposed, including 

polysaccharide hydrolases, but it now appears that hydrogen 

ions (H+) playa key role, at least in auxin-induced growth 

(Rayle and Cleland 1977). 

Auxin-induced Growth 

Many studies relating protein synthesis to plant 

growth have employed tissues treated with auxin (indoyl-3-

acetic acid), an endogenous plant growth regulator. In 

auxin-sensitive tissues, a rapid and sustained increase in 

growth rate and a somewhat delayed increase in RNA and 

5 
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protein synthesis results from auxin treatment (Evans 1974). 

Cleland (1973) and Rayle (1973) discovered that auxin 

treatment induced H+ excretion with kinetics similar to the 

increase in growth rate. It was already known (Rayle and 

Cleland 1970) that exogenously applied H+ could cause cell 

wall loosening in oat coleoptiles, and in part mimic the 

auxin response. Thus, the "acid-growth hypothesis" emerged, 

which states (somewhat simplified) that auxin initiates a 

flow of H+ into the cell wall, and wall acidification causes 

wall-loosening events. 

In theory, H+ could induce wall loosening by one of 

three mechanisms: 1) non-enzymatic hydrolysis of acid

labile bonds in the wall polysaccharides, 2) disruption of 

noncovalent bonds between wall polysaccarides, or 

3) activation of wall-bound hydrolases which have acid pH 

optima. Most workers favor the enzymatic mechanism since the 

pH optimum for enhanced elongation (4.8-5.0) is above that 

necessary for significant non-enzymatic hydrolysis (Rayle 

1973); and in vitro studies failed to demonstrate a pH 

dependence of xyloglucan-cellulose binding (Valent and 

Albersheim 1974). 

In contrast, several lines of evidence support the 

acid hydrolase theory. Hager, Menzel, and Krauss (1971) were 

the first to propose the enzymatic mechanism when they 

showed that Cu 2+ inhibited H+-induced growth in Helianthus 

hypocotyl, presumably by enzyme inactivat~on. Johnson et ale 



(1974) studied the effect of pH and auxin on glycosidase 

activities in Avena coleoptiles and isolated cell walls, 

finding that several activities exhibited pH optima between 

4.5 and 5.5. Auxin-stimulated tissue showed enhanced 

p-galactosidase activity, an effect which was prevented by 

7 

cycloheximide or abscisic acid, inhibitors which are known 

to prevent auxin-stimulated growth (Rayle and Cleland 1977). 

The activity of P-l,4-glucanase (cellulase) has been 

correlated with auxin-induced growth of pea epicotyl (Fan 

and Maclachlan 1966), and the level of cellulase mRNA in 

auxin-treated pea increased ten-fold within 48 hours (Verma 

et al. 1975). 

These results suggested the existence of a 

population of ngrowth-limiting proteins" (GLP) whose 

maintenance may require sustained protein synthesis. Early 

studies indicated that both rapid cell elongation (Nooden 

and Thimann 1963) and cell wall loosening (Cleland 1970) in 

auxin-treated tissues were limited by treatment with 

inhibitors of protein and RNA synthesis. Efforts were made 

to distinguish between the alternatives that 1) the GLP are 

unstable and turn over rapidly, or 2) the GLP are consumed 

in the growth process. Cleland (197lb) compared the times 

required for inhibition of growth by cycloheximide at 

different initial growth rates, and found that growth 

cessation followed inhibition of protein synthesis by 

20-25 minutes regardless of growth rate. He suggested that 



the GLP are unstable and that auxin increases the GLP pool 

size and thus elongation rate. Penny (1971) estimated the 

GLP pool size and turnover rate from growth rates of Lupine 

hypocoty1s pretreated for various times with cycloheximide 

before auxin treatment. She determined the half-life of the 

pool to be 12 minutes, but also surmised that protein 

synthesis was not necessary for the initial auxin-induced 

growth phase, since growth occurred even after a 30 minute 

pretreatment with cycloheximide, and protein synthesis 

inhibition was shown within 9 minutes. 

8 

The specificity of protein synthesis inhibition by 

cycloheximide has been questioned (Ellis and MacDonald 19701 

McMahon 1975), and the question raised whether cycloheximide 

could inhibit H+ excretion and auxin-induced growth directly 

rather than by its effects on protein synthesis. Bates and 

Cleland (1979) compared the effects of three different 

inhibitors on protein synthesis, respiration, and auxin

induced growth and H+ excretion. The inhibitors all affected 

growth and H+ excretion in parallel with protein synthesis 

inhibition and without affecting respiration. It was 

suggested that since the compounds used differed in chemical 

structure and inhibited protein synthesis at different 

steps, it is unlikely they would have a similar side effect 

on H+ excretion. 

Whether or not protein synthesis is required for the 

initial phase of auxin-induced growth, inhibition of RNA or 
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protein synthesis prevents a sustained growth' response (Key 

and Vanderhoef 1973), which underscores the importance of 

these processes in cell enlargement. In this regard, in 

vitro translation of poly(A)+RNA from auxin-treated soybean 

hypocotyl showed that the mRNAs for at least 10 proteins 

were increased within 15 minutes of treatment (Zurfluh and 

Guilfoyle 1982). Although the roles of these proteins in the 

growth process have not been elucidated, the dual effect of 

auxin on growth and protein synthesis is apparent. 

Role of Cellulose Synthetase 

The synthesis of cell wall material is a process 

which is very sensitive to water stress (Hsiao et ale 1976), 

and thus deserving of consideration as a mechanism of 

stress-induced g~owth inhibition. It has been shown that 

cellulose microfibrils are produced by cellulose synthetase 

enzyme complexes located in the plasma membrane (Mueller and 

Brown 1980, Giddings, Brower and Staehelin 1980). The 

complexes are revealed by freeze-fracture electron 

microscopy and are associated with the growing termini of 

extracellular cellulose microfibrils. While most cellulose 

deposition occurs in the secondary wall after cell 

elongation has ceased, the plasma membrane particles are 

also observed (in fewer numbers) in elongating cells 

(Giddings et ale 1980). Particles are also seen in 

cytoplasmic vesicles, suggesting that the complexes are 
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first assembled into cytoplasmic vesicles before 

incorporation into the plasma membrane. 

These observations indicate that protein synthesis 

is necessary for the assembly and functioning of an enzyme 

system important in cell growth. Synthesis of extracellular 

and plasma membrane proteins is likely to occur on 

polyribosomes which are bound to the endoplasmic reticulum, 

with subsequent processing and transport occurring via other 

membranous compartments (Chrispeels 1976). Thus, the finding 

that osmotic stress reduced the amount of membrane-bound 

polyribosomes in barley aleurone cells (Armstrong and Jones 

1973) seems particularly cogent. 

Relation Between water Stress-Induced Inhibition of Protein 
Synthesis and Growth 

As stated earlier, the major factor limiting growth 

of water stressed plants is thought to be reduction of cell 

turgor (Hsiao et a1. 1976). However, in view of the evidence 

relating auxin-induced growth to protein synthesis reviewed 

above, the contribution of protein synthesis inhibition to 

reduced growth in water stressed plants cannot be ignored. 

The evidence relating protein synthesis to growth in water 

stressed plants is indirect, but warrants review. 

Hsiao (1970) was able to detect a partial 

disaggregation of po1yribosomes within 30 minutes following 

mild stress1 but since growth was affected immediately, he 

suggested that the effect on protein synthesis was secondary 
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to growth cessation. Rhodes and Matsuda (1976) found that 

growth of pea shoots and pumpkin cotyledons after 24 hours 

mild stress was well correlated with polyribosome content 

measured after 30 minutes stress. Since both growth and 

polyribosome level were affected less in pumpkin than in 

pea, they suggested that drought-resistant plants may retain 

more polyribosomes per unit of water deficit, and thus 

maintain a greater potential for growth. Growth of squash 

fruit under drought stress showed diurnal fluctuations which 

were accompanied by polyribosome/monosome interconversion 

(Cocucci, Cocucci, and Poma-Trecanni 1976). These studies 

provide evidence of the positive correlation between 

polyribosome content and growth in water stressed plants, 

but part of the tissues sampled for polyribosome extraction 

probably contained non-growing tissue as well. 

In some plants, a differential effect of stress on 

polyribosomes in growing vs. non-growing tissue has been 

found. Polyribosomes in fully expanded leaves of wheat did 

not change during a droughting period, but those in young 

expanding leaves disaggregated concommitant with cessation 

of leaf expansion (Scott, Munns, and Barlow 1979). Bewley 

and Larsen (1982) measured polyribosome levels in growing 

and non-growing regions of maize mesocotyls and also noted 

that osmotic stress reduced polyribosome content selectively 

in growing zones. Thus, the particular sensitivity to stress 



of growth and the protein synthetic apparatus in growing 

tissues of plants may indicate a causal link. 

Regulation of Protein Synthesis 
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Protein synthesis is a complex multi-step process 

with many possible sites for regulation in the pathway 

(Moldave 1985). While the primary control is considered to 

lie at the level of mRNA transcription (Lodish 1976), 

mechanisms which act at the translational level are more 

pertinent to the aims of this study. Therefore, gene 

activation/deactivation and transcription and processing of 

mRNA will not be considered. Several aspects of 

translational regulation are discussed below. 

Mechanism of Initiation of Peptide Synthesis 

Trachsel et ale (1977) purified mammalian initiation 

factors for use in a reconstructed cell-free ~ystem to study 

the assembly of the initiation complex. By omitting single 

components in the assay, they were able to elucidate 

specific roles for the initiation factors (eIFs), ATP and 

GTP in the assembly and stabilization of the initiation 

complex between initiator-tRNA (Met-tRNAi), mRNA and the 

40 S ribosomal subunit. These and other data have 

demonstrated that assembly of the final 80 S initiation 

complex involves several distinct steps (Moldave 1985): 

1. Ribosome dissociation after termination of 

peptide synthesis to produce free subunits 



2. Formation of the ternary complex between eIF-2, 

GTP, and Met-tRNAi 

3. Formation of the 40 S preinitiation complex 

between the ternary complex and the 40 S 

ribosomal subunit 

13 

4. Binding of mRNA to the 40 S preinitiation complex 

5. Binding of the 60 S ribosomal subunit to form the 

80 S initiation complex. 

Dissociation of 80 S ribosomes actually appears to occur via 

prevention of association of 40 Sand 60 S subunits after 

termination, and is mediated by binding of eIF-3 to 40 S 

subunits (Jagus, Anderson, and Safer 1981). Ternary complex 

formation is preceded by binding of eIF-2 and GTP, and is 

greatly inhibited by GDP, which binds eIF-2 with higher 

affinity than GTP. Joining of mRNA with the 40 S 

preinitiation complex requires hydrolysis of ATP and is 

mediated by eIF-4A and eIF-4B. (Jagus et ale 1981). In 

addition, a 24 Kd protein which binds the 5'-cap 

(7 mG5'ppp5'N) structure of many eukaryotic mRNAs appears to 

enhance binding of capped mRNAs to the 40 S preinitiation 

complex, and may, in association with eIF-4B, mediate 

migration of the complex to the initiator AUG codon by 

helping to destabilize secondary structure in the 5'

untranslated region of mRNA (Kozak 1983). Finally, joining 

of the 60 S ribosomal subunit is mediated by eIF-5 and is 

accompanied by the loss of eIF-2 and eIF-3. 



Translational Control via Regulation of Initiation of 
Peptide Synthesis 

Villa-Trevino et ale (1964) first postulated that 
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attachment of ribosomes to mRNA requires a special mechanism 

which is separable from the read-out process and may be a 

decisive control point. Williamson and Schweet (1964, 1965) 

suggested that the rate of attachment is the rate-limiting 

step in protein synthesis. Numerous reports have appeared 

since which suggest that peptide chain initiation may be 

limiting step in protein synthesis under various conditions 

which perturb the process. 

Lin and Key (1967) observed the dissociation of 

polyribosomes in soybean root under energy-depleting 

conditions (anoxia) and suggested that the transition was 

due to read-out and release of monoribosomes with failure of 

ribosome reattachment to mRNA. This conclusion was based on 

the observations that polyribosomes reformed in the absence 

of RNA synthesis when aerobic conditions were restored, and 

that cycloheximide blocked the polyribosome dissociation. A 

similar conclusion was reached by Hsiao (1970) concerning 

the mechanism of water stress-induced polyribosome loss in 

maize mesocotyls, although RNA synthesis was not blocked in 

this case. 

Starvation of cells for essential amino acids 

results in polyribosome disaggregation in HeLa cells 

(Vaughan, Pawlowski, and Forchhammer 1971) and rabbit 
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reticulocytes (Hori, Fisher, and Rabinovitz 1967). In the 

latter case, polyribosome loss occurs only with the omission 

of tryptophan, and is prevented by the simultaneous omission 

of an amino acid which is relatively more essential for 

globin synthesis. The authors reasoned that, since 

tryptophan is located only near the amino terminal end of 

rabbit globin chains, its omission results in initiation 

block, whereas omission of other essential amino acids not 

restricted to the amino terminus is rate-limiting for 

peptide elongation, causing ribosomes to build up as they 

queue before the relevant codon. Decreases in peptide 

initiation rate have also been seen in cultured mammalian 

cells during mitosis and incubation at 42 C (Revel and 

Groner 1978). 

Inhibition of peptide chain initiation, with 

disappearance of 40 S preinitiation complexes, is induced in 

rabbit reticulocytes in the absence of hemin, or in the 

presence of double-standed RNA (Revel and Groner 1978). The 

inhibition is accompanied by phosphorylation of the 

a-subunit of eIF-2 by different kinases for either case, 

and can be reversed by supplementing with eIF-2. Thus, 

modulation of eIF-2 activity may be a key mechanism in the 

regulation of mammalian protein synthesis. 

Infection of mammalian cells by poliovirus results 

in inhibition of host cell protein synthesis at the level of 

initiation (Kaufman, Goldstein, and Penman 1976). The 



initiation block precedes initiation of viral peptide 

synthesis and is thus not due to competition between viral 

and host cell mRNAs. Translation of vesicular stomatitis 

virus (VSV) mRNA is inhibited in poliovirus-infected BeLa 

cells, but can be restored by addition of eIF-4B without 

affecting viral mRNA translation (Rose et ale 1978). Later 

work by Trachsel et ale (1980) showed that the restoring 

factor was a contaminant of eIF-4B preparations and 
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identi f ied it as the 24 Kd peptide previously shown to bind 

51-cap structures of mRNA. They suggested that poliovirus 

inhibition of translation of capped mRNAs was due to 

inactivation of this factor. 

Inhibition of peptide chain initiation by hypertonic 

media has been observed in mammalian cells (Saborio, Pong, 

and Koch 1974: Koch, Bilello, and Kruppa 1979). In BeLa 

cells, an increase of NaCl in the culture medium by 100 mM 

results in 100% inhibition of methionine incorporation and 

nearly complete breakdown of polyribosomes within 

10 minutes (Saborio et ale 1974). It was concluded that 

elongation was unaffected, since cells pulse-labelled for 

1 minute with (35S)-methionine in isotonic medium and chased 

with cold methionine in either isotonic or hypertonic media 

produced identical labelled polypeptide patterns on 

polyacrylamide gels. Koch et ale (1979) found that Sephadex 

G25 filtration of crude extracts from cell exposed to 

hypertonic medium partially restores protein synthetic 



activity in a cell-free assay, and that late eluting 

fractions contain low molecular weight substances which 

inhibit protein synthesis in the assay. Partial 

characterization of the inhibitor showed it to be a small 

(1000 daltons) hydrophobic molecule which binds reversibly 

to ribosomes, causing their inactivation. 
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These observations are pertinent to the situation in 

water stressed plants, in which reduced tissue osmotic 

potential (increased osmolarity) often occurs (Hsiao et ale 

19761 Matsuda and Riazi 19811 Michelena and Boyer 1982). 

Osmotic inhibition of a-amylase synthesis in barley 

aleurone cells was accompanied by the loss of membrane-bound 

polyribosomes (Armstrong and Jones 1973). Although specific 

data bearing on initiation of translation was not obtained, 

their data is consistent with inhibition of this process, 

since attachment of polyribosomes to endoplasmic reticulum 

is mediated by the amino-terminal nascent peptide (Higgins 

1984). 

Inactive mRNA and mRNA-binding Proteins 

Messenger RNA may be found in eukaryotic cells as 

free ribonucleoprotein complexes (mRNP) not associated with 

polyribosomes (Shafritz 1977). A role in translational 

regulation has been proposed for mRNA-associated proteins 

which are found in the nonpolysomal mRNP of developing chick 

embryonic muscle (Jain et ale 1979a), duck erythroblasts 



(Vincent et ale 1981), ripening wheat embryos (Ajtkhozhin, 

Doschanov, and Akhanov 1976), and unfertilized sea urchin 

eggs (Spirin 1969). The term "informosome" was coined by 

Spirin (1969) to describe this dormant form of cytoplasmic 

mRNA. 
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In duck erythroblasts, globin mRNA exists as 

nonpolysomal 20 S mRNP, and a 15 S mRNP can be obtained by 

EDTA dissociation of polyribosomes (Civelli et ale 1976). 

These workers reported that, while the 15 S polysomal mRNP 

was translated as efficiently as purified 9 S globin mRNA in 

the wheat germ cell-free system, the 20 S nonpolysomal mRNP 

was inactive unless deproteinized. Later work confirmed 

these results using the reticulocyte lysate and showed that 

treatment of the 20 S particle with proteinase K could 

partially restore its translational activity (Vincent et ale 

1981). Subsequently, the inhibitory activity was 

characterized as a small (19 S) RNP containing 2 distinct 

small cytoplasmic RNAs and at least 10 different proteins 

(Schmid et ale 1984). 

Nonpolysomal mRNP particles from mouse sarcoma 

ascites cells were poorly translated in the reticulocyte 

cell-free system, but yielded active mRNA upon 

deproteinization (Bergmann et ale 1982). These authors 

suggested that the untranslated mRNPs were masked by protein 

components that prevented interaction of the mRNA with the 

translational apparatus, since treatment with 0.5-0.8 M NaCl 
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caused partial activation of mRNA. A portion of the 

nonpolysomal mRNPs were driven into polysomes by brief 

treatment with cycloheximide, an effect apparently due to 

inhibition of elongation which allowed the presumed "weaker" 

mRNAs (Lodish 1974) greater access to initiation factors. 

In contrast, the nonpolysomal 120 S mRNP of chick 

embryonic muscle (containing myosin heavy chain mRNA) is 

translated as well as the deproteinized mRNA in reticulocyte 

1ysates, although the protein moieties are released upon 

entry into polyrib6somes (Jain et ale 1979a). However, a 

small (10-15 S) RNP has been isolated from chick embryonic 

muscle which contains a 4.4 S RNA (Bag, Hubley, and Sells 

1980), and both the RNP and deproteinized RNA were shown to 

~nhibit translation of capped and uncapped mRNAs. This 4.4 S 

RNA is distinct from the translational control RNA (tcRNA) 

isolated from the same source which contains 50% oligo(U) 

and inhibits translation of nonpolysomal (but not polysomal) 

myosin mRNP in vitro (Bester, Kennedy, and Heywood 1975). 

Studies with ripening and germinating wheat embryos 

have indicated the presence of dormant mRNA. Early reports 

(Chen, Sarid, and Katchalski 1968a; Weeks and Marcus 1971) 

that cell-free extracts of dry wheat embryos could 

incorporate labelled amino acids into TCA-insoluble material 

suggested the presence of preformed mRNA. Later, Schultz, 

Chen, and Katchalski (1972) isolated RNA from ribosomal 

fractions and demonstrated its template activity in vitro. 
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Ajtkhozhin et ale (1973) demonstrated the presence of RNPs 

distinct from ribosomes in germinating wheat embryos; later 

(1976) they showed that the gradual disappearance of 

polyribosomes from ripening wheat embryos was accompanied by 

the accumulation of nonpolysomal mRNPs. 

Partial characterization of nonpolysomal mRNP from 

dry and germinating plant embryos has been done. Those from 

rye embryos sedimented between 25 Sand 104 S, and the 

deproteinized RNA sedimented between 8 Sand 35 S (Peumans 

and earlier 1977). These native mRNPs were translated in a 

cell-free extract and coded for proteins of Mr 12 to 70 Kd. 

Nonpolysomal poly(A)-containing RNP from radish seeds 

sedimented at 20 S and banded isopycnically at 1.38 g cm-3 

(distinct from ribosome density at 1.57 g cm-3), and 

gradually disappeared during germination (Delseny and 

Guitton 1979). Although these RNPs were not tested for 

template activity, the densities obtained are considered 

characteristic for mRNP (Bag and Sarkar 1976). 

Analysis of the protein moieties of polysomal and 

nonpolysomal mRNP from several different cell types has 

shown some similarities and some differences between the two 

fractions. Jain et ale (1979a) compared such proteins from 

chick embryonic muscle, rabbit reticulocytes, Ehrlich 

ascites cells, and rat liver. The nonpolysomal mRNP from 

these sources contain a complex set of proteins with major 

components of Mr 44, 52, 58, 64, and 78 Kd, with 
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considerable variation in the relative amounts from 

different cell .types. The polysomal mRNP display a simpler 

pattern with major components of Mr 52, 58, and 78 Kd. A Mr 

78 Kd protein reportedly binds to poly(A) t"racts (Shafritz 

1977). In duck erythroblasts, mRNP proteins from nuclear, 

polysomal, and cytoplasmic nonpolysomal sources were found 

to be distinct (Vincent et al. 1981). Proteins from 

nonpolysomal poly(A)-containing RNP of maize embryos were 

obtained with Mr 35, 66.5 and 69 Kd (Nichols and Welder 

1983). 

The role of mRNA-binding proteins in translation has 

been debated, but some evidence suggests that they may 

mediate transition of mRNA between polysomal and 

nonpolysomal pools. Findings that poly(A)-containing mRNP 

from nuclear, polysomal, and cytoplasmic nonpolysomal 

sources contain different sets of proteins (Vincent et al. 

1981; Jain et al. 1979a) suggests that most of the proteins 

are exchanged in the cytoplasm during the various functional 

states of mRNA. Compelling evidence of this exchange was 

obtained by Greenberg (1981), who found that a set of 

7 proteins could be crosslinked to polysomal mRNA, and that 

the newly synthesized proteins became associated with mRNA 

in the absence of new RNA synthesis. 

A novel translational control mechanism for 

regulation of ferritin synthesis via binding of ferritin to 

its mRNA has been proposed (Zahringer, Baliga, and Munro 



22 

1976}. These workers observed a great decrease in the amount 

of cytoplasmic nonpolysomal ferritin mRNA in rat liver and 

accumulation in polysomes when rats were fed with iron. This 

effect occurred rapidly and during inhibition of RNA 

synthesis with actinomycin 0 or cordycepin, suggesting 

cytoplasmic control. They proposed that free ferritin 

subunits bound to ferritin mRNA and inhibited its 

translation, but treatment with iron induced formation of 

iron-ferritin aggregates, thus releasing the mRNA for 

translation. 

Thus, ample evidence exists suggesting a role for 

mRNA-binding proteins in the regulation of translation in 

eU"karyotes. It is apparent that mRNA exists in the cytoplasm 

as a ribonucleoprotein complex in both polysomal and 

nonpolysomal forms, and that the protein complement 

exchanges during transitions between these functional 

states. Similar sets of proteins (by Mr ) are found in 

nonpolysomal mRNP particles from a variety of animal cells, 

suggesting some functional significance. In some cases, 

these proteins appear to inhibit translation in cell-free 

systems~ it would be of interest to determine whether such 

could be the case in plants. 



Protein Synthesis in Water Stressed Plants 

Amino Acid Incorporation and Polyribosome Studies 
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water stress reportedly decreases incorporation of 

labelled amino acids into protein in excised maize root tips 

(Nir, Poljakoff-Mayber, and Klein 1970), tobacco leaves 

(Ben-Zioni, Itai, and Vaadia 1967), maize mesocotyls, and 

pea roots (Bewley and Larsen 1980). Uptake of amino acids 

was usually reduced as well, ne~essitating comparisons on 

the basis of percent of uptake. Polyribosome profiles from 

these tissues generally confirm the finding of reduced 

protein synthesis. 

Studies of polyribosome metabolism in stressed and 

rewatered plants have demonstrated polyribosome loss and 

recovery in both dicot and monocot species (Hsiao 1970i 

Morilla, Boyer, and Hageman 1973i Rhodes and Matsuda 1976i 

Scott et al. 1979i Bewley and Larsen 1980, 1982). Most of 

these studies have not examined the short-term kinetics of 

polyribosome loss, and none have analyzed the relative 

proportions of large and small polyribosomes. Hsiao (1970) 

was able to detect polyribosome loss within 30 minutes 9f 

mild stress, and observed a gradual but complete recovery 

within 2 hours of relief from 4.5 hours stress. However, the 

extraction method he used was probably inadequate, resulting 

in some polyribosome degradation (Davies, Larkins, and 

Knight 1972). Using more modern methods, Rhodes and Matsuda 

(1976) reported a small decrease in polyribosome level of 
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mildly stressed pumpkin cotyledons within 10 minutes and 

more pronounced reduction after 30 minutes. Thus it appears 

that plants can respond very quickly to mild water stress 

with alterations in polyribosome metabolism. 

Stress-Induced Qualitative Differences in Protein Synthesis 

Several studies have suggested that the synthesis of 

different proteins may be differentially affected in 

stressed plants. Stutte and Todd (1969) reported decreased 

soluble protein content and increased peroxidase activity in 

wilted wheat leaves, as well as changes in the distribution 

of iron-containing protein and lactic dehydrogenase activity 

on polyacrylamide gels. The severity of stress raises 

questions about protein degradation in this study, since a 

general trend toward smaller proteins occurred. Huffaker et 

ale (1970) found that nitrate reductase and 

phosphoenolpyruvate carboxylase activities declined 

substantially during mild stress of barley seedlings, 

whereas ribulose-l,5-bisphosphate carboxylase activity was 

affected little. The depressed activities recovered 

completely after 24 hours relief of stress, suggesting that 

protein degradation and inhibition of protein synthesis 

accounted for the changes. 

Later studies attempted to elucidate the 

contribution of stress-induced protein synthesis inhibition 

to loss of nitrate reductase activity. Since this enzyme is 
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inducible by N03- (Ingle 1968), it is important to 

distinguish between reduced N03- uptake and reduced protein 

synthesis during stress. Morilla et ale (1973) observed that 

polyribosome content of water stressed maize leaves 

decreased prior to the decline of nitrate reductase 

activity. Enzyme activity recovered upon rewatering with 

nitrate-free medium, but only after polyribosome recovery;" 

and recovery of enzyme activity was prevented by 

cycloheximide. Thus it appears that nitrate reductase is an 

enzyme which turns over rapidly and may serve as a good 

marker for protein synthetic capacity in water stressed 

plants. 

Other studies have shown the variable effect of 

stress on different proteins. Differential inhibition of 

protein synthesis in water stressed Avena coleoptiles was 

demonstrated by a double-labelling ratio method (Dhindsa and 

Cleland 1975). When stressed plants were labelled with 

C3H)-leucine and control plants with (c14 )-leucine and the 

proteins from both fractionated together in polyacryalmide 

gels, the isotope ratio varied widely throughout the gel, 

but mixtures of two control treatments yielded uniform 

distribution. Bewley et ale (1983) fractionated in vivo 

labelled proteins from stressed and control maize mesocotyls 

by two-dimensional electrophoresis, and found that synthesis 

of some proteins was reduced by stress and others increased, 

but could find no unique stress-specific proteins analogous 



to heat-shock proteins of maize (Cooper and Ho 1983) or 

soybean (Key et ale 1983). 

Heikkila et ale (1984) made the interesting 

discovery that heat shock, water stress, wounding, and 

abscisic acid treatment all induced the production of mRNA 

for the Mr 70 Kd heat-shock protein (hsp 70) in growing 

tissue of maize mesocotyls. They also noted that water 

stress and abscisic acid treament induced the synthesis of 
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hsp 70 and other proteins distinct from heat-shock proteins. 

This data, which has not been duplicated, suggests that a 

variety of stresses may activate the gene for hsp 70, and 

that water stress induces synthesis of specific proteins 

which may confer some protection from stress. 

Possible Mechanisms of Water Stress-Induced Inhibition of 
Protein Synthesis 

Despite the great number of studies on protein 

synthesis in water stressed plants, the mechanism of 

inhibition has remained elusive. In studies with drought

resistant moss (Gwozdz and Bewley 1975) and germinating 

wheat embryos (Chen et ale 1968b), ribosomes from stressed 

plants apparently retain their activity after dissociation 

from polyribosomes, as judged by poly(U)-directed 

phenylalanine incorporation. Amino acid imbalances occur in 

stressed plants (Hsiao 1973), but only at much greater water 

deficits than suffice to disaggregate polyribosomes. 
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There has been considerable argument about whether 

increased ribonuclease activity in stressed plants causes 

polyribosome breakdown. Such increases have been reported in 

various plants (Bewley 1981), but a causal relationship has 

not been demonstrated. Studies with moss (Bewley 1981) and 

maize (Mori11a et a1. 1973) indicated that ribonuclease 

activity increases only after po1yribosomes have decreased 

to a minimum. 

The possibility that depletion of ATP in stressed 

plants restricts protein synthesis appears unlikely. 

Respiration is unaffected by stress mild enough to inhibit 

protein synthesis (Hsiao et a1. 1976). Also, there is lack 

of temporal and quantitative correlation between ATP and 

polyribosome levels in desiccating moss (Bewley and Gwozdz 

1975). 

Some evidence suggests that polyribosome run-off 

with failure to initiate new peptide chains results in 

polyribosome disaggregation in stressed plants. Hsiao (1970) 

found that treatment of maize root apices with cycloheximide 

prevented the stress-induced polyribosome loss. During 

dessication of moss, decreasing polyribosome content is 

associated with decreasing ability of ribosomes to 

incorporate (3H)-puromycin into peptidy1-puromycin in vitro, 

indicating that fewer ribosomes are associated with mRNA 

(Gwozdz and Bewley 1975). 
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Observations that stress differentially affects 

synthesis of different proteins (Dhindsa and Cleland 19751 

Bewley et ale 1983) could be explained by a decreased 

overall rate of initiation, using the mRNA competition 

hypothesis proposed by Lodish (1974). This model predicts 

that any treatment which nonspecifically reduces the overall 

rate of initiation will inhibit translation preferentially 

of mRNAs with lower rate constants for binding the 40 S 

preinitiation complex. Thus, those mRNAs with greater 

affinity for the 40 S preinitation complex will be 

translated in proportionately greater amounts under 

conditions where these complexes are fewer in number. 

In the absence of decreases in peptide chain 

elongation rate or significant changes in the average 

molecular weight of proteins being synthesized, a decrease 

in the rate of initiation should result in a shift to 

smaller polyribosomes (Palmiter 1972). Little attention has 

been paid to polyribosome size in studies with water 

stressed plants. Rhodes (1977) observed a decrease in 

polyribosome content in plants stressed for 30 minutes with 

-0.4 MPa NaCl, but no change in the relative proportions of 

small (2-, 3-, and 4-mers) and large (5-mer and larger) 

polyribosomes. Only when plants were more severely stressed 

(decrease of tissue1P by 0.5-1.0 MPa) did a shift in size 

become apparent. Time course studies o~ polyribosome content 



and size during early stages of stress-induced 

disaggregation are needed to clarify this picture. 
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If initiation block is the mechanism of stress

induced polyribosome loss, there exist many possible sites 

in the scheme of events where this regulation could be 

mediated. However, sequestration of mRNA from the 

translation apparatus has not been considered as a cause. 

Since regulation of translation mediated by mRNA-binding 

proteins has been proposed in many cell types (Jain et ale 

1979a: Vincent et ale 1981: Ajtkhozhin et ale 1976: Spirin 

1969), it seems possible that this mechanism may operate in 

water stressed plants. Decreased polyribosome numbers 

without reduction of average polyribosome size (Rhodes 1977) 

could result if fewer mRNAs were available for translation, 

but those that remained available were initiated and 

translated normally. It would be interesting to test this 

hypothesis by isolating the nonpolysomal mRNP to determine 

whether it may be translationally repressed in stressed 

plants. 



MATERIALS AND METHODS 

Plant Material 

Caryopses of barley, Hordeum vulgare L. cv. Arivat, 

and wheat, Triticum aestivum L. cv. Zaragoza were germinated 

in vermiculite at 26 + 2 C under Sylvania Lifeline 

fluorescent lights (200 mol m- 2 s-l photosynthetically 

active radiation) in a 13 hour photoperiod from 7:00 a.m. to 

8:00 p.m. Seeds of pea, Pisum sativum L. cv. Alaska, and 

zucchini squash, Cucurbita ~ L. cv. Elite, were 

germinated in complete darkness at 20 + 1 C and 33 + 2 C, 

respectively. After 4 days growth for barley and wheat, 6 

days for pea and 3 days for squash, seedlings were 

transferred to racks with roots suspended in aerated 

modified Hoagland medium (Hoagland and Arnon 1938), 

consisting of 1 ml each of 1 M MgS04' 1 M KN03' 1. 5 M 

Ca(N03)2' 1 M KH2P04:1 M K2HP04' micromix (3.75 g H3B03' 

2.25 g MnC1 2·4H 20, 75 mg CuC1 2·2H 20, 75 mg Mo0 3, and 0.33 g 

znS04' made to 3 liters), and 15 mg Chel 138 (Geigy) per 

liter of solution. All manipulations with etiolated plants 

were done with a dim green safelight~ no opening of plumule 

hooks was observed after exposure to this light. Plants 

were stressed by exposing their roots to solutions of 

polyethylene glycol (PEG 8000, formerly PEG 6000, Sigma) in 

Hoagland medium for various periods beginning 5 days (barley 
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and wheat), 7 days (pea) or 3.5 days (squash) after 

initiation of germination. 
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In all cases except where indicated, tissues excised 

for water status measurement or polyribosome extraction were 

taken from rapidly growing regions of the first leaf of 

barley and wheat, pea epicotyl or squash hypocotyl. Since 

previous studies (Matsuda and Riazi 1981) showed that 

elongation of 5-day-old Arivat barley leaves occurred 

primarily in the basal 1 cm, tissues from barley and wheat 

referred to as "growing" were sampled from this region. 

"Non-growing" leaf blade tissue was excised from a region of 

the expanded blade which was 2-4 cm from the tip. Subapical 

segments of 1 cm from squash hypocotyl or from the third 

internode of pea epicotyl were sampled as "rapidly growing" 

tissue. Growth measurements of successive 0.25 cm segments 

of pea epicotyl and squash hypocotyl showed that the sampled 

tissues were actively elongating. 

Growth Measurements 

The length of the epicotyl (pea), hypocotyl 

(squash), or first leaf (barley and wheat) were measured 

with a ruler just before transferring the seedlings to 

osmotic medium, and again after 20 hours (barley, wheat and 

pea) or 12 hours (squash). For determination of growing 

regions of etiolated pea epicotyl and squash hypocotyl, 

marks were made at 0.25 cm intervals on the stems with India 
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ink, using the regularly spaced threads of a screw filed to 

remove sharp edges. After 12 hours growth, distance between 

the marks was measured and plotted vs. initial distance from 

the hook in order to determine the growing region. 

For detection of rapid growth changes in barley, a 

photographic method was used (Matsuda and Riazi 1981). 

Briefly, barley seedlings were aligned with their leaf tips 

against a bar exactly 0.5 inch in width, and their roots 

suspended in 500 ml of Hoagland medium in a container which 

could be easily drained and refilled. A Pentax K-lOOO 

camera equipped with Vivitar No.1, 2 and 3 close-up lenses 

and mounted on a tripod was used to photograph the leaf tips 

together with a watch during the course of the experiment. 

The Kodak Plus-X film was developed according to 

specifications, and the negatives were projected (enlarged 

about l5X) and leaf lengths measured. This method allowed 

detection of growth rate changes within 5 minutes. 

water Status Measurements 

Solution and tissue water potential (~) values were 

determined psychrometically with Merrill 75-13 psychrometers 

and a Wescor MJ-55 microvoltmeter after 3-4 hours 

equilibration at 25 C in an insulated water bath. Solutions 

of NaCl were used as standards for calibration. Three l-cm 

segments of growing tissue or two l-cm segments of non

growing tissue of barley or wheat leaf, two l-cm segments of 
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growing pea epicotyl or one l-cm segment of growing squash 

bypocotyl were .excised and placed into psychrometer 

chambers. For solutions, a 0.7 cm circle of Whatman No. 1 

filter paper was dipped into the solution and placed into a 

psychrometer chamber. After equilibration, a cooling 

current was applied for 15 seconds, and the induced voltage 

was recorded. Tissue osmotic potential (lP~) was determined 

psychrometrically with the same instrumentation after 

freezing the tissue in the psychrometers for 20 seconds with 

liquid N2, and equilibrating the warmed samples in the water 

bath for 2 hours. Turgor potential values were derived as 

the difference of Y - 1f!-rr. Water status values reported are 

the means of 4 replicate determinations. 

Alternatively, lV of growing tissue was estimated by 

a rapid dye method modified to reduce the possibility of 

cell wall relaxation and turgor loss (T.e. Hsiao, personal 

communication). Excised ends of 3-6 growing tissue segments 

were coated with a minimal amount of silicone stopcock 

grease to prevent solute leakage and placed in 1.5 ml 

covered conical plastic centrifuge tubes containing 0.05 ml 

sorbitol solution pre-chilled to 5 .± 2 C in an ice water 

bath. After a 10-minute diffusion period, tissues were 

removed and the capped tubes allowed to stand at room 

temperature for 30 minutes before testing for density change 

(Knipling 1967). Intervals of 0.1 MPa separated the 

sorbitol solutions, and each determination included 



solutions whose ~ were higher and lower than that of the 

tissue. 

Polyribosome Extraction and Analysis 
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Plants were adapted to Hoagland medium for at least 

16 hours before stressing in PEG solution for various 

periods. Growing and non-growing tissues were excised and 

frozen in liquid N2 within 30 seconds, and stored thus for 

no more than 3 hours before extraction. 

Extraction from Tissue 

Polyribosomes were extracted by modifications of the 

methods of Larkins and Davies (1975). Tissues in liquid N2 

were ground to a powder in a chilled mortar. All subsequent 

operations were performed at 0-4 C. The powder (0.2-0.6 g 

fresh weight) was homogenized in 10 volumes buffer no. 1 

(0.25 M ribonuclease-free sucrose [Sigma]~ 0.2 M Tris-HCl, 

pH 8.5~ 60 mM KCl~ 30 mM MgC12~ 2.5 mM dithiothreitol) with 

a single stroke of a Ten-Broek glass homogenizer and a 

loose-fitting ground-glass pestle, and filtered through 2 

layers of Miracloth. The filtrate was centrifuged at 1000 g 

for 5 minutes to pellet nuclei and cell debris. For 

separation of "free" (FR) and "membrane-bound" (MBR) 

ribosomes, the 1000 g supernatant was centrifuged at 

30,000 g for 20 minutes to obtain a membranous pellet, which 

contained the MBR. The pellet was extracted with buffer 

no. 1 + 1% (v/v) Triton X-IOO (Rohm and Haas) and 



centrifuged at 30,000 g for 20 minutes. For isolation of 

total ribosomes (FR + MBR) the 1000 g supernatant was made 

to 1% in Triton X-100 and centrifuged at 30,000 g for 
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20 minutes. All centrifugations to this point were with a 

Sorva11 SS-34 rotor in an RC-2 centrifuge. The 30,000 g 

supernatant was layered over a 3 m1 pad of 1.5 M sucrose in 

buffer no. 2 (40 mM Tris, pH 8.5~ 20 mM KC1: 10 mM MgC12) 

and centrifuged in a Spinco Ti-50 rotor at 200,000 g for 

4 hours. The clear ribosomal pellet was resuspended in 

buffer no. 2, cleared of insoluble material by 

centrifugation at 2000 g for 5 minutes, and stored as frozen 

droplets in liquid N2 for later fractionation. RNA 

concentration in the preparation was estimated by absorbance 

at 260 nm of an aliquot dissolved in 0.5% (w/v) sodium 

dodecy1 sulfate (SOS), assuming a 1 mg m1-1 solution of RNA 

has an A260 of 22. 

Polyribosome Fractionation 

In some cases, 30,000 g supernatants were 

fractionated directly by sedimentation at 166,000 g for 

65 minutes in a Spinco SW-50 rotor in linear 12-52% (w/v) 

sucrose gradients made in buffer no. 2. For determination 

of po1y(A) and messenger template activity (see below), 

30,000 g supernatants were sedimented at 260,000 g for 

1. 5 or 3 hours in a Spinco SW-41 rotor in linear 10-50% 

sucrose gradients made in buffer no. 2 containing 0.2 M KC1. 



Gradients were analyzed by pumping through an ISCO model 

UA-2 ultraviolet analyzer and continuously monitoring 

absorbance at 254 nm. 
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Pelleted and resuspended ribosomes were fractionated 

by gel electrophoresis in composite gels of 0.4% (w/v) 

agarose and 2.0% (w/v) acrylamide by modifications of the 

method of Dahlberg et al. (1969). Gels were prepared as 

follows. A 1% (w/v) solution of agarose (Sigma Type V, 

gelling temperature = 42 C) was prepared by autoclaving to 

10 psi, filtered through Whatman No. 1 paper and held at 

45 C. For 25 ml of gel solution (enough for 12 gels), 10 ml 

of the warm agarose solution was mixed with a pre-warmed 

(45 C) solution containing 8.34 ml 3X electrophoresis buffer 

(IX is 25 mM Tris-HCI, pH 8.5: 50 mM KCl: 4 mM MgC1 2), 

3.17 ml 15% (w/v) acrylamide (acrylamide:bisacrylamide ratio 

= 24:1), 3.31 ml distilled water and 0.02 ml N,N,N',N'

tetramethyl-ethylenediamine (TEMED). It is important to keep 

the solution warm to prevent premature gelling of the 

agarose. Finally, 0.18 ml 10% (w/v) ammonium persulfate was 

added and the solution dispensed into sterile 0.6 X 7.5 cm 

plexiglas tubes at 25 C. Each tube was. capped with parafilm 

and after one hour, the gels were extruded into 

electrophoresis buffer and soaked overnight at 4 C. Gels 

were then washed with fresh buffer, taken in to 7.5 cm 

plexiglas tubes, and their tops cut straight with a sterile 

monofilament line. The gels were pre-run for 1 hour (30 V, 
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5 rnA gel-I), and the buffer discarded. Polysome 

resuspensions were thawed and mixed with enough 5% (w/v) 

sucrose/O.l% (w/v) bromophenol blue in electrophoresis 

buffer to give a concentration of 20 A260 units ml-l , and 

0.02 ml (0.4 A260 units) were loaded on each gel. Gels were 

run at 5 rnA per gel for 4 hours at 4 C with hourly buffer 

changes, and scanned at 260 nm with a Gilford 240 

spectrophotometer and a Gilford 2400 linear transport. 

Analysis of Polyribosome Size Classes 

Absorbance profiles from sucrose gradient or gel 

fractionation of polyribosomes were analyzed as follows. 

Fractions (see Figure lA) were designated as M 

(monoribosomes + ribosomal subunits), SP (dimer, trimer and 

tetramer), or LP (pentamer and larger). Copies of profiles 

were cut out and weighed to determine the appropriate 

ratios. The fraction of ribosomes in polyribosomal 

aggregates (P/T) was calculated as (SP + LP)/(M + SP + LP); 

the fraction of polyribosomes present as LP (LP/P) was 

calculated as (LP)/(SP + LP). 

Estimation of Ribosome Yield 

FR and MBR were isolated as described above by 

pelleting through 1.5 M sucrose for 4 h at 200,000 g. The 

pellets were resuspended in 0.3 M KOH and hydrolyzed for 

12 hours at 33 C. The hydrolysates were neutralized with 

1 N perchloric acid before purification of nucleotides by 
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anion exchange chromatography on Dowex l-X2 (200 mesh), and 

ribose in the eluate was estimated by the orcinol reaction, 

as described by Smillie and Krotkov (1960), using adenosine 

as a standard. 

Isolation of Messenger Ribonucleoprotein Complexes 

Messenger ribonucleoprotein complexes (mRNP) were 

isolated by the methods of Jain and Sarkar (1979) and Jain, 

Pluskal, and Sarkar (1979b) with modifications. Post

mitochondrial supernatants of tissue homogenates were 

separated into polysomal and post-polysomal fractions by 

differential centrifugation or sucrose gradient 

sedimentation. These were subjected to thermal 

chromatography on oligo(dT)-cellulose to obtain 

poly(A)+mRNP. The mRNP obtained from polysomes are referred 

to as "polysomal mRNP"; those obtained from post-polysomal 

particles are referred. to as "nonpolysomal mRNP." 

Isolation of Subcellular Fractions 

Growing tissues of 5-day-old barley leaf were 

excised into liquid N2' and ground to a fine powder in a 

pre-chilled mortar. All subsequent operations were 

performed at 0-4 C. The powder was homogenized in buffer A 

(0.25 M sucrose; 0.2 M Tris-HCl, pH 8.5; 0.25 M KCl; 30 mM 

MgC1 2; 0.5 mM phenylmethanesulfonyl fluoride [PMSF); 0.1 mM 

dithiothreitol) and filtered through Miracloth. The 

filtrate was made to 0.2 mg ml-l in heparin and centrifuged 
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at 1000 9 for 5 minutes. Heparin concentration was kept low 

until nuclei were pelleted to prevent nuclear leakage. The 

1000 9 supernatant was made to 0.5% (w/v) in Nonidet P-40 

and 0.5 mg ml- l in heparin and centrifuged at 30,000 9 for 

20 minutes. For isolation of fractions by differential 

centrifugation, the 30,000 9 supernatant was centrifuged at 

125,000 9 for 75 minutes in the Spinco Ti-50 rotor to pellet 

the total polysomes. The supernatant was made to 0.4 M in 

KCI and layered onto a 2 ml pad of 20% sucrose in the same 

buffer, and centrifuged at 183,000 9 for 14 hours to obtain 

a pellet of post-polysomal particles. For isolation of 

fractions by sucrose gradient sedimentation, the 30,000 9 

supernatant (6 ml) was layered onto a 30-ml linear 10-30% 

sucrose gradient in extraction buffer, and centrifuged at 

125,000 9 (max) for 4 hours in the SW-28 rotor. Gradients 

were fractionated and the A254 was monitored, and fractions 

sedimenting slower than 80 S were pooled, made to 0.4 M KCl, 

and centrifuged at 183,000 g for 14 hours in the Ti-50 rotor 

to pellet the post-polysoma1 particles. po1ysomes were 

obtained as the pellet of the sucrose gradient 

sedimentation. For oligo(dT)-cellulose chromatography, the 

post-po1ysoma1 pellets were gently resuspended in buffer B 

(10 mM Tris-HCl, pH 7.61 0.5 M NaCl, 1 mM Na2-ethylenedi

amine tetraacetate [EDTA]1 0.5 mM PMSF1 0.1 mg m1- l heparin) 

at a concentration of 10 A260 units ml-1, using a teflon 

pestle. After centrifugation at 8000 g for 10 minutes to 



remove aggregated material, the clear supernatant was used 

for the isolation of free mRNP by oligo(dT)-cellulose 

chromatography. 

The polysomal pellets were resuspended in buffer C 

(10 mM Tris-HCl, pH 7.6; 0.5 M KCl; 10 mM MgC12) at a 

concentration of about 20 A260 units ml- l , and then 

centrifuged through a discontinuous gradient consisting of 

three 3-ml layers of 1.0, 1.35 and 1.75 M sucrose in 
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buffer C at 183,000 9 for 10 hours in the Spinco Ti-50 

rotor. The KCl-washed polysomes were then gently 

resuspended in buffer D (lOmM Tris-HCl, pH 7.6; 0.25 M NaCl; 

25 mM EDTA) at a concentration of about 10 A260 units ml- l 

and stirred at 0 C for 30 minutes. After centrifugation at 

8000 g for 10 minutes to remove aggregated material, the 

clear supernatant was dialyzed against buffer B and used for 

the isolation of polysomal mRNP by oligo(dT)-cellulose 

chromatography. 

Oligo(dT)-cellulose Chromatography 

Oligo(dT)-cellulose (Type 3, Collaborative Research, 

Inc.) was washed with 0.1 N NaOH and equilibrated with 

buffer B. About 300 A260 units of dissociated polysomes or 

post-polysomal particles in buffer B were stirred with 0.5 g 

oligo(dT)-cellulose for 2 hours at 4 C. The suspension was 

loaded into a water-jacketed column (0.7 x 15 cm) at 4 C. 

The column was washed with buffer B (lacking heparin) at 4 C 



until the UV absorbance of the fractions was reduced to 

background level. The column was then washed with buffer B 

containing 0.1 M NaCl at 4 'c and then at 10 C. The 

temperature was reduced to 4 C and the column was then 

washed with buffer E (10 mM Tris-HCl, pH 7.6~ lmM EOTA~ 
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0.5 mM PMSF) at 4 C until UV absorbance was reduced to 

background level. Finally, the temperature was raised to 

45 C and tightly bound material was eluted with buffer E. 

In some cases, the mRNP in the final fraction were passed 

through a second round of chromatography as described. For 

cell-free translation, mRNP in buffer E were dialyzed 

exhaustively against distilled water, and if necessary, 

concentrated by lyophilization. For analysis of proteins by 

SOS-polyacrylamide gel electrophoresis (SOS-PAGE) the mRNP 

were precipitated with 0.1 M potassium acetate (KOAc) and 

2 volumes of ethanol at -20 C overnight. 

RNA Extraction and Fractionation 

RNA was extracted from whole tissues, sucrose 

gradient fractions, and RNP samples by the phenol-chloro

form-isoamyl alcohol method, basically as described by Aviv 

and Leder (1972), with' some modifications in the case of 

whole tissue. 

Extraction from Whole Tissue 

Plant tissue was excised and placed immediately into 

liquid N2. The tissue was ground to a fine powder in a 
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mortar, and then suspended in 10 volumes of digestion buffer 

(50 mM Tris-HCl, pH 7.21 001 M NaC11 1 mM EDTA1 2.4% (w/v) 

SDS1 0.1 mg ml-1 Proteinase K [E. Merck]) and incubated at 

37 C for 1 hour. The suspension was then centrifuged at 

12,000 g for 10 minutes, and the supernatant was extracted 

with an equal volume of phenol-chloroform-isoamyl alcohol 

(50:50:1) by shaking or vortexing for 10 minutes. The phases 

were separated by centrifugation at 5000 g for 10 minutes, 

and the aqueous phase collected. The organic phase and 

protein layer were re-extracted with 0.5 volume of digestion 

buffer (lacking Proteinase K). The aqueous phases were 

re-extracted with phenol-chloroform-isoamyl alcohol until no 

protein was visible at the interface. The final aqueous 

phase was made to 0.2 M in K-acetate (KOAc) by adding 0.1 

volume 2.2 M KOAc, pH 7.0, and nucleic acids precipitated 

with 2 volumes of ethanol and storage at -20 C overnight. 

Extraction from Sucrose Gradient Fractions and RNP Samples 

Fractions of polyribosomes sedimented in sucrose 

gradients as described above were precipitated with 

3 volumes ethanol at -20 C overnight. These and 

ethanol precipitated RNP samples from oligo(dT)-c~llulose 

chromatography were pelleted by centrifugation at 12,000 g 

for 10 minutes at -20 C, and the pellets were dr ied under a 

stream of N2. The pellets were resuspended in 0.1 M Tris-
1 

HCl, pH 9.01 0.1 M NaC11 lmM EDTA1 1% (w/v) SDS at a 
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concentration of 5-10 A260 units ml- l , and extracted with an 

equal volume of phenol-chloroform-isoamyl alcohol (50:50:1) 

by vortexing for 10 minutes. The phases were separated by 

centrifugation at 5000 g for 10 minutes, and the organic 

phase was back-extracted with 0.5 volume of buffer. The 

aqueous phases were combined and re-extracted twice with 

phenol-chloroform-isoamyl alcohol,' and the final aqueous 

phase was made to 0.2 M in KOAc by adding 0.1 volume 2.2 M 

KOAc, pH 5.5. Nucleic acids were precipitated with 2 volumes 

ethanol and storage at -20 C overnight. 

Oligo(dT)-cellulose Chromatography of RNA 

Oligo(dT)-cellulose chromatography was performed 

according to Bantle et ale (1976). When total nucleic acid 

from whole tissue was used as the source of poly(A)+RNA, 

removal of DNA was necessary to avoid clogging the column. 

This was done by precipitation of high molecular weight RNA 

with 2.5 M NaCl (Heikkila et ale 1984). Pellets of ethanol 

precipitated total nucleic acid were dissolved in water at a 

concentration of about 15-20 A260 units ml- l , and then solid 
. 

NaCl was added to 2.5 M. The solution was allowed to stand 

at 0 C for 12 hours, and insoluble nucleic acid was pelleted 

by centrifugation at 10,000 g for 10 minutes. The 

precipitation was repeated and the final pellet was 

dissolved in bindtng buffer (10 mM Tris-HCl, pH 7.51 0.5 M 

NaC11 1 mM EDTA1 0.2% (w/v) sodium dodecyl sulfate [5D5]). 
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Oligo(dT)-cellulose (Sigma) was suspended in sterile 

distilled water, packed into a small (0.5 x 20 cm) column, 

washed with 0.1 N NaOH and equilibrated with binding buffer. 

The RNA samples in binding buffer were heated at 65 C for 

5 minutes and rapidly cooled to 25 C before loading on the 

column. The column was washed with binding buffer, and then 

with elution buffer no. 1 (10 mM Tris-HCl, pH 7.5~ 0.1 M 

NaCl~ 1 mM EOTA~ 0.2% 50S) until the UV absorbance of 

fractions was reduced to background level. The bound RNA was 

eluted with elution buffer no. 2 (10 mM Tris-HCl, pH 7.5~ 

1 mM EOTA~ 0.2% 50S), and was re-chromatographed once or 

twice as described, in order to eliminate contaminating 

rRNA. Fractions were precipitated by making to 0.15 M in 

Na-acetate, adding 2 volumes of ethanol and storing at -20 C 

overnight. For cell-free translation, poly(A)+RNA was 

reprecipitated several times to remove traces of Na+ and 

50S, lyophilized and taken up in sterile distilled water. 

Gel Electrophoresis of RNA 

Gel electrophoresis was performed according to 

Leaver and Ingle (1971). Ethanol-precipitated RNA was 

pelleted, dried under a stream of N2 and dissolved in 

electrophoresis buffer (36 mM NaH2P04~ 30 mM Tris, pH 7.6~ 

1 mM EOTA~ 0.2% 50S) containing 5% (w/v) sucrose at a 

concentration of about 20 A260 units ml- l • The RNA samples 
• 

(about 0.4-0.5 A260 units in 0.02 ml) were loaded onto 8 cm 
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long composite gels of 0.4% (w/v) agarose and 2.4% (w/v) 

acrylamide (acrylamide:bis-acrylamide ratio was 24:1). The 

gels were run at 50V and 5 rnA gel- l for 2.5 hours, and 

scanned at 260 nm with a Gilford 240 spectrophotometer and a 

Gilford 2400 linear transport. When radioactive RNA was run, 

the gels were sliced into 0.2 cm slices and placed in 

tightly capped scintillation vials with 0.3 ml 15% 

H20 2/O.05 N HCl. The slices were incubated at 70 C for 

12 hours, and then 10 ml Aquasol (New England Nuclear) was 

added. The samples were counted on a Packard Tri-carb model 

3320 liquid scintillation spectrometer. 

Quantitation of Poly(A) 

poly(A)+RNA was quantitated in samples of total RNA 

and localized in sucrose gradients of polyribosomes by the 

filter binding assay of Sheldon, Jurale, and Kates (1972). 

This procedure requires that the RNA be labelled with a 

radioactive tracer, and 32p04 3- was used since it could be 

readily absorbed through the roots and transported to the 

leaf of an intact plant. 

Labelling and Fractionation of Polyribosomes 

Barley leaf RNA was labelled with 32p04 3- as 

follows. Four-day-old Arivat barley seedlings were 

transferred from vermiculite to Hoagland medium containing 

v.l times the normal amount of P0 4
3- for 4 hours before 

transferring to Hoagland medium lacking unlabelled P04
3- but 



containing 0.02 mCi ml-l carrier-free H3
32po4 (lCN). The 

plants were labelled for 12 hours before half were 

transferred to unlabelled Hoagland medium and half to 
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-0.8 MPa PEG in Hoagland medium. After 2 hours, l-cm growing 

basal leaf regions were excised into liquid N2, and a 

30,000 g supernatant was prepared for total polyribosomes as 

described above under "polyribosome Extraction," and 0.5 ml 

layered onto 11.0 ml linear 12-52% sucrose gradients in 

buffer no. 2. The gradients were centrifuged at 260,000 g 

(max) for 1.5 hours in the Spinco SW 4l-Ti rotor, then 

pumped through an lSCO model UA-2 analyzer and absorbance at 

254 nm monitored. Twenty fractions were collected and 

diluted with 10 volumes of binding buffer (10 mM Tris-HCl, 

pH 7.6; 0.2 M NaCl; 0.01% SOS) (Silflow and Key 1979). 

Poly(U)-Filter Binding Assay 

The method of Sheldon et al. (1972) as modified by 

Silflow and Key (1979) was used. Polyuridylic acid (Poly[U], 

Sigma) was fixed to 2.4 cm Whatman GF/C filters by applying 

0.05 ml of a 2 mg ml- l solution to each filter and drying at 

3 7 C. Th e f i 1 t e r s we ret hen i r r ad i ate d wit haS y 1 van i a 30 W 

germicidal lamp at a distance of 28 cm for 3 minutes on each 

side. The filters were washed with 30 ml sterile distilled 

H20 before the samples in binding buffer (see above) were 

applied and filtered at a rate of about 1.0 ml minute-I. The 

filters were rinsed with 30 ml binding buffer followed by 
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25 mIlO mM Tris, pH 7.6; 0.12 M NaCl, and finally 15 ml 

cold 95% ethanol. The filters were dried at 65 C and counted 

in 3.0 ml toluene scintillant (10 g 2,5-diphenyloxazole, 

0.5 g 1,4-bis[2-(5-phenyloxazole)]benzene and 2 liters 

toluene). Corrections for nonspecific binding were made by 

subtracting counts bound to GF/C filters without poly(U). 

RNA Half-life Experiments 

Three-day-old Arivat barley seedlings were trans

ferred to Hoagland medium containing 0.3 times the normal 

amount of po4
3- for 12 hours, before transferring to 

Hoagland medium lacking unlabelled po4
3- and containing 

2.0 pCi ml-l carrier-free H3
32p04 (lCN) for 36 hours. 

Seedlings were then transferred to either regular Hoagland 

medium or -0.8 MPa PEG in Hoagland medium for chase. At 

intervals over the next 3 days, groups of 8-10 primary 

leaves were excised, weighed, and RNA extracted as described 

above. Aliquots of the RNA samples were analyzed by gel 

electrophoresis as described above, and the specific 

activity of ribosomal RNA (rRNA) was determined by A260 

values (assuming a 1 mg ml- l solution has an absorbance of 

22) and counting gel slices in the scintillation 

spectrometer as described above. Aliquots were also assayed 

for poly(A) by the poly(U)-filter binding assay as described 

above, in order to determine the ratio (cpm in 

poly(A)+RNA)/(cpm in rRNA). The data (leaf weight, 
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rRNA/leaf, rRNA specific activity, and [cpm in poly(A)+ 

RNA]/[cpm in rRNA]) were plotted on semi-log paper vs. time 

of chase in unlabelled media. Doubling times for increase or 

half-times for decrease were obtained from the slopes (using 

natural logarithms for ordinates) as (In 2)/slope. 

In a study of RNA in growing tissue, 4-day-old 

Arivat barley seedlings were transferred from vermiculite to 

Hoagland medium containing 0.3 times the normal amount of 

po4
3-, before transfer to 4.0 ~Ci ml-l in 0.3 mM CaC12 for 

6 hours. Seedlings were then transferred to either Hoagland 

medium or -0.8 MPa PEG in Hoagland medium. Samples of 2.0-cm 

basal leaf regions were excised over the next 22 hours, and 

RNA extracted as described above. Specific activity of rRNA 

was determined as described above, and radioactivity in 

poly(A)+RNA was determined by two rounds of oligo(dT)

cellulose chromatography. 

Wheat Germ Cell-Free Translation System 

Samples of mRNA and mRNP were translated in a cell

free system derived from wheat germ. The extract was 

prepared according to Marcu and Dudock (1974) and treated 

with micrococcal nuclease (Pelham and Jackson 1976) to 

reduce endogenous incorporation. Activity of micrococcal 

nuclease is dependent on the presence of Ca 2+, which is 

chelated after treatment to inactivate the enzyme. 
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Preparation of Wheat Germ Extract 

Three g wheat germ (General Mills, Vallejo, CA) was 

ground in a chilled mortar with 3 g sterile powdered glass 

for 60 seconds. After adding 5 ml extraction buffer (20 mM 

HEPES-KOH, pH 7.6: 0.1 M KCl: 1 mM MgOAc: 2 mM CaC1 2: 1 mM 

dithiothreitol) the mixture was ground for 30 seconds more, 

and the thick paste was scraped into a centrifuge tube and 

centrifuged at 30,000 g for 10 minutes. The supernatant was 

removed with a Pasteur pipet and recentrifuged as above. The 

supernatant was made to 20 pg ml- l in micrococcal nuclease 

(Sigma) using a 1 mg ml- l solution, and incubated 15 minutes 

at 25 C. After making 3 mM ethylene glycol-bis(2-aminoethyl

ether)-N,N'-tetraacetic acid (EGTA) using a 0.1 M, pH 7.0 

solution, 2.0 ml was loaded onto a 1.2 x 30 cm Sephadex G-25 

column equilibrated with column buffer (20 mM HEPES-KOH, 

pH 7.6: 0.12 M KCl: 5 mM MgOAc: 1 mM dithiothreitol). The 

column was eluted at 4 C with column buffer at a rate of 

2 ml minute-I. Fractions eluting in the void volume which 

contained more than 90 A260 units ml- l were pooled, made to 

2 mM in EGTA, and centrifuged at 30,000 g for 15 minutes. 

The supernatant was divided into 0.2 ml aliquots and stored 

in sterile 1.5 ml covered conical plastic centrifuge tubes 

in liquid N2. 
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Protein Synthesis Assay 

The complete system contained, in a volume of 

0.03 ml, B.7 mM HEPES-KOH, pH 7.6~ 100 mM KOAc~ 2.1 mM 

MgOAc~ ~.2 mM ATP~ 0.1 mM GTP~ 5.5 mM creatine phosphate~ 

0.2 mg ml-l creatine phosphokinase~ O.OB mM spermidine~ 

0.05 mM each of 19 amino acids except leucine ~ 5 pCi 

(3H)-leucine (rCN, 55 Ci mmole-l)~ 0.01 ml wheat germ 

extract, and 0-1.0 pg mRNA or mRNP. All components except 

(3H)-leucine, mRNA, and wheat germ extract were obtained in 

a 10 X concentrated mixture (wheat germ in vitro translation 

reaction mixture, Bethesda Research Labs, Gaithersburg, MO). 

The assays were incubated at 25 C for 1 hour, and term ina ted 

by adding 0.1 volume of a 1 mg ml- l solution of pancreatic 

ribonuclease and digesting at 33 C for 15 minutes. Aliquots 

of 0.01 ml were spotted on 2.4 cm GF/A filters and air 

dried. The filters were plunged into 10 ml filter- l of ice

cold 10% trichloroacetic acid (TCA) for 10 minutes, and then 

washed 3 times with 10 ml filter- 1 of 5% TCA and twice with 

100% ethanol. They were dried at 65 C and counted in 3.0 ml 

toluene-based scintillant as described under "Poly(U)-Filter 

Binding Assay." Aliquots were prepared for SOS-PAGE by 

addition of 1 volume 2X Laemmli (1970) sample buffer 

(IX sample buffer is 62.5 mM Tris-HCl, pH 6.B~ 2% [w/v] SOS~ 

5% [v/v] 2-mercaptoethanol~ 10% [v/v] glycerol~ 0.001% [w/v] 

bromophenol blue) and boiling for 2 minutes. 



Reticulocyte Lysate Translation System 

In some cases poly(A)+RNA from stressed or 

unstressed plants was translated in a rabbit reticulocyte 

lysate which was obtained as a kit from Bethesda Research 

Labs, Gaithersburg, MD. Assays were performed as described 

in the product literature, with K+ at 136 mM and Mg 2+ at 
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1.2 mM (determined to be optimal, data not shown), and 5 pCi 

(3H)-leucine (158 Ci mmol-l ) per 0.03 ml assay. Assays were 

terminated by addition of 0.1 volume of a solution of 

1 mg ml- l RNase A and incubation at 30 C for 15 minutes. 

Aliquots were assayed for TCA-insoluble radioactivity and 

prepared for SOS-PAGE as described for the wheat germ cell-

free system. 

Sulfate Labelling and Extraction of Proteins 

Barley seedlings were labelled with 35s04 2- in order 

to estimate the rate of protein synthesis under stressed and 

non-stressed conditions, and to visualize newly made 

proteins by SOS-polyacrylamide gel electrophoresis (SOS-

PAGE) • 

Labelling Procedure 

Four-day-old Arivat barley seedlings were 

transferred from vermiculite to 1/2-strength Hoagland medium 

for 12 hours. For estimation of protein synthesis rate, 

seedlings were transferred in groups of 15 to 50-ml plastic 

tubes containing 20 ml 0.3 mM CaC1 2 and 3.0 pCi ml-l 
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carrier-free oH 2
35S04 (lCN) or 20 ml 0.3 mM CaC1 2, -0.8 MPa 

PEG and 8 pCi ml- l H2
35S04. Since transpiration and thus 

uptake of sulfate are reduced in stressed plants, a greater 

concentration of labelled precursor was used in the root 

medium for stressed plants so that specific activities in 

leaf tissue would be similar. After various periods, l-cm 

basal leaf segments were excised and stored in liquid N2 

until extracted. 

For SOS-PAGE, plants equilibrated 12 hours in 1/2-

strength Hoagland medium were transferred in groups of 15 to 

50-ml plastic tubes containing 0.3 mM CaC12 and increasing 

amounts of PEG and H2
35S04 (see legend of Figure 10 for 

details). After 4 hours, l-cm basal leaf segments were 

excised and stored in liquid N2 until extraction. 

Protein Extraction 

For estimati~n of protein synthesis rate, each 

sample (15 l-cm basal leaf segments) was ground to a fine 

powder under liquid N2 and homogenized in 4 ml 50 mM Tris

HCl, pH 8.0; 50 mM (NH4)2S04; 1 mM EOTA; 1 mM MgC1 2; 0.1% 

(v/v) 2-mercaptoethanol; 1 mM PMSF; 5 mM 5-amino-n-caproic 

acid at 4 C with a ground glass Ten-Broek homogenizer. The 

homogenate was centrifuged at 1000 g for 10 minutes. An 

0.1 ml aliquot of the supernatant was counted in 10 ml 

Aquasol (New England Nuclear) for determination of total 

uptake. The remainder was brought to 90% saturation with 



solid (NH4)2S04 and stirred at 0 C for 30 minutes. The 

precipitate was pelleted QY centrifugation at 8000 g for 

10 minutes, dissolved in 0.2 mIlO mM Tris-HCl (pH 8.0), 
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1 mM EOTA~ 0.1% 2-mercaptoethanol, and then dialyz~d against 

the same buffer at 0-4 C. Protein in the dialysate was 

assayed by the method of Bradford (1976), and TCA-insoluble 

radioactivity by the method of Mans and Novelli (1961). 

For SOS-PAGE, 15 l-cm basal segments were ground to 

a powder under liquid N2' and then homogenized in 1.0 ml 

Laemmli (1970) sample buffer (62.5 mM Tris-HCl, pH 6.8~ 2% 

(w/v) SOS~ 5% (v/v) 2-mercaptoethanol; 10% (v/v) glycerol). 

The homogenate was boiled for 2.5 minutes and centrifuged at 

5000 g. The supernatant was then fractionated by SOS-PAGE. 

Gel Electrophoresis of Proteins 

Proteins labelled in vivo with H2
35so4 or in vitro 

with 3H-leucine by translation of exogenous mRNA or mRNP in 

cell free extracts of wheat germ or reticulocyte lysate were 

fractionated by SOS-PAGE according to the method of Laemmli 

(1970). Exponential gradient slab gels of 7.5-15% acrylamide 

or 10-15% acrylamide were cast (0.075 x 15 x 15 cm) in 

0.375 M Tris-HCl, pH 8.8~ 0.1% SOS, using 13 ml of 15% 

acrylamide in the constant volume mixing chamber and 18.5 ml 

of the lower concentration in the reservoir chamber of a 

lucite gradient maker (Hoefer Scientific Industries). The 

acrylamide:bisacrylamide ratio was 30:0.8. A 5% stacking 
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gel was cast over the resolving gel in 0.125 M Tris-HCl, 

pH 6.8~ 0.1% SOS. The electrophoresis buffer was 25 mM Tris~ 

192 mM glycine~ 0.1% SOS. Cell-free translation assays were 

diluted with one volume 2X Laemmli sample buffer and boiled 

for 2 minutes, then rapidly cooled. The samples (1-15 pI) 

were loaded and the gel was run at 10 rnA until the proteins 

had entered the resolving gel (about 1 hour), and then at 

15 rnA for 2.5 hours. The gels were fixed in acetic acid/ 

methanol/water (1:5:5) and then stained in 0.25% Coomassie 

Blue in the same solution for 12 hours before destaining in 

acetic acid/methanol/water (1: 4: 15). 

Gels were fluorographed by the method of Bonner and 

Laskey (1974), with modifications. After destaining, the 

gels were dehydrated by soaking 30 minutes each in two 

changes of glacial acetic acid. They were then impregnated 

with 2,5-diphenyloxazole (PPO) by soaking 1.5 hours in a 

solution of 20% PPO in glacial acetic acid. PPO was 

precipitated by soaking the gel in deionized water for 

30 minutes and the gels were then soaked 15 minutes in a 

solution of 25% ethanol/lO% acetic acid/lO% glycerol and 

finally dried under vacuum. Kodak X-Omat AR5 x-ray film was 

exposed to the gels at -70 C and then qeveloped according to 

specifications. 

Proteins of RNP were analyzed by SOS-PAGE according 

to the method of Vincent et al. (1977). Samples of RNP were 

first digested with 1 pg ml- l ribonuclease A (Sigma) and 



50 units ml- l ribonuclease Tl (Sigma) at 37 C for 

15 minutes, and then diluted with one volume of 2X Laemmli 

(1970) sample buffer. The samples were boiled for 
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2.5 minutes and rapidly cooled before application to a 

10-15% exponential gradient gel with a 5% stacking gel, made 

as described above. The gels were run as described above, 

except that the electrophoresis buffer was 37.5 mM Tris~ 

300 mM glycine~ 0.1% SOS. Gels were stained with Coomassie 

Blue as described above or silver stained by the method of 

Merril et ale (1981). 



RESULTS 

Water Status Measurements of Growing Tissue 

In order to quantitatively correlate metabolic 

stress responses with tissue water status, it was necessary 

to obtain valid water status measurements for growing 

tissues. The psychrometric measurement of water potential of 

growing plant tissue has been criticized because cell wall 

relaxation and consequent turgor loss during the 

equilibration period may cause underestimation of the true 

value (Hsiao 1983; Cosgrove, Van Volkenburgh, and Cleland 

1984). Since most of the work done here involves growing 

plant tissue, studies were done to determine whether this 

was the case. Values for water potential (Y) obtained by 

psychrometry were compared with values obtained by a rapid 

dye method (Hsiao 1984) designed to minimize effects of wall 

relaxation. Briefly, growing tissues were excised and 

allowed to exchange water with sorbitol solutions for a very 

short period (10 minutes) at 5 C; the solutions were then 

tested for density change. Comparisons made using growing 

tissues of barley and wheat leaf, pea epicotyl and squash 

hypocotyl (Table 1) showed that both methods yielded similar 

results for all tissues and stress treatments. It appears 

that very little wall relaxation occurs in these tissues, 

and thus that psychrometric determination of Y is valid. 

56 
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Table 1. Comparison of 'If' of growing tissues obtained by 
psychrometer and dye methods --

Species 

Barley 

Wheat 

Pea 

Squash 

Growing tissue of 6-day-old barley and wheat 
leaves, 8-day-old etiolated pea epicotyl and 4-day
old squash hypocotyl were sampled after 12 hours 
exposure to nutrient medium made to the indicated 
with PEG. Determinations made by the dye method 
were obtained as described in Materials and Methods 
and are the means of duplicate determinations 
estimated to 0.05 MPa. Tiss~e 'VJ and 'VI7f obtained 
psychrometrically are the means + SO of 4 
replications. -

MPa 

Solution Tissue 'tfI obtained b:l Tissue 
1p 

Psychrometer Dye 11'11' 

Control -0.59 + 0.04 -0.55 -0.98 + 0.06 - -
-0.5 -0.86 + 0.02 -0.80 -1.19 + 0.05 -
-0.75 -1.18 + 0.05 -1.05 -1.65 + 0.07 -

Control -0.67 + 0.02 -0.70 -1. 06 + 0.07 -
-0.5 -0.84 + 0.07 -0.85 -1.33 + 0.10 -
-0.75 -1.17 + 0.05 -1.15 -1.50 + 0.02 -

Control -0.55 + 0.07 -0.55 -0.84 + 0.06 -
-0.5 -0.69 + 0.08 -0.65 -0.98 + 0.08 -
-0.75 -0.84 + 0.07 -0.85 -1. 24 + 0.03 -
Control -0.59 + 0.04 -0.60 -0.76 + 0.05 

-0.5 -0.71 + 0.06 -0.70 -0.88 + 0.04 

-0.75 -0.87 + 0.03 -0.90 -0.99 + 0.05 



These results are in accord with data obtained by Westgate 

and Boyer (1984), where psychrometrica11y obtained 

values ~or excised growing tissue of maize leaves were 

identical to those obtained in situ. ---
Validation of Gel Electrophoresis as a Means 

for Fractionation of Po1yribosomes 
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In order to facilitate the analysis of large numbers 

of polyribosome samples, a gel electrophoresis fractionation 

method was used. Since this method had been little used and 

poorly characterized with eukaryotic material, it was 

necessary to compare it with gradient sedimentation as a 

means for polyribosome fractionation. Larkins and Davies 

(1975) recommended direct sucrose gradient sedimentation of 

the 30,000 g supernatant for fractionation of membrane-bound 

(MBR) and free (FR) ribosomes, however this fraction proved 

unsuitable for gel fractionation. Further purification and 

concentration of po1ysomes was necessary, thus the 30,000 g 

supernatant was sedimented through a 1.5 M sucrose pad at 

200,000 g for 4 hours, and the pellet resuspended for gel 

fractionation. 

In order to determine whether this procedure 

preferentially selected larger po1ysomes, comparisons were 

made between gel fractionation of pe11eted and resuspended 

po1ysomes and gradient sedimentation of the 30,000 g 

supernatant. Symbols used in description of polyribosome 

size class proportions are shown in Table 2. 



Table 2. Symbols used in description of polyribosome size 
class proportions -- Regions of the profiles of 
polyribosomes fractionated by gel electrophoresis 
(Figure lA) or gradient sedimentation were 
demarcated and assigned symbols as shown below. 
Also shown are definitions of ratios used. 

Symbol Ribosome fraction or definition of ratio 

LP pentamer and larger polyribosomes 

SP dimer, trimer, and tetramer 

M monoribosomes + subunits 

P LP + SP 

T LP + SP + M 

PIT Proportion of total ribosomes (T) in polysomal 
aggregates (P) 
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LP/P Proportion of polysomal ribosomes (P) occurring in 
pentamer or larger polyribosomes 

Table 3 shows that values for PIT obtained by 

gradient sedimentation of 30,000 g supernatants were the 

same as those obtained by gel electrophoresis of pelleted 

and resuspended ribosomes from growing tissue of barley 

leaf. Values for LP/P of FR obtained by either method were 

also alike, but LP/P values for MBR were about 10% lower 

using the gel method. If larger polysomes had been 

selectively isolated by pelleting, the LP/P ratio would be 

higher rather than lower, thus recovery of ribosomes from 

the 30,000 g supernatant must be nearly complete. The 

slightly higher LP/P values obtained by sedimentation may be 
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Table 3. Comparison of polyribosome analysis by sucrose 
gradient sedimentation of 30,000 g supernatant and 
gel electrophoresis of pelleted ribosomes -
Five-day-old barley seedlings were stressed with 
-0.8 MPa PEG for 2 hours or left unstressed before 
l-cm basal leaf segments were excised and 
homogenized for extraction of FR and MBR. The 
30,000 g supernatants were either fractionated 
directly on sucrose gradients or centrifuged to 
pellet ribosomes which were then resuspended and 
fractionated by gel electrophoresis as described in 
Mater ials and Methods. Values are means + SO of 3 
replicate extractions. -

Ribosome Plant Fractionation Polyribosome proportion 
fraction treatment method 

PIT LP/P 

FR Control Gradient 0.65 + 0.05 0.81 + 0.02 -
Gel 0.67 + 0.03 0.80 + 0.01 

Stress Gradient 0.43 + 0.01 0.71 + 0.02 - -
Gel 0.41 + 0.03 0.73 + 0.04 -

MBR Control Gradient 0.80 + 0.01 0.92 + 0.03 - -
Gel 0.81 + 0.02 0.81 + 0.01 -

Stress Gradient 0.69 + 0.04 0.90 + 0.04 - -
Gel 0.68 + 0.03 0.80 + 0.03 - -
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due to baseline uncertainties caused by the high absorbance 

of the supernatant at the top of the gradient. However, 

analysis by either method shows that LP/P of barley MBR did 

not change after 2 hours stress with -0.8 MPa PEG. Gradient 

sedimentation and gel electrophoresis of the same pelleted 

and resuspended ribosome samples was done in order to 

directly compare P/T and LP/P values obtained by the two 

fractionation methods. The results indicate that very 

similar values are obtained by either method (Table 4). 

Examination of the A260 profiles of FR and MBR from 

growing tissue of barley leaf fractionated by gel 

electrophoresis (Figure 1) shows that polyribosomes with up 

to 8 ribosomes were resolved. Partial digestion of polysomes 

with pancreatic ribonuclease shifted 95% of the A260 

material to the 80 S region (Figure IE), indicating that 

material in the polysome region is indeed ribosome-mRNA 

complex and that no artifactual aggregation occurred. 

Although 80 S ribosomes were not well resolved from 70 S 

chloroplastic ribosomes, electrophoretic analysis of RNA 

extracted from total (FR + MBR) ribosomes showed a 

chloroplastic rRNA (23 Sand 16 S) content of only 5-10% in 

growing tissues and about 35% in expanded tissues of barley 

leaf (Figure 2). Mitochondrial rRNAs were not distinguished 

due to their similarity in size to cytoplasmic rRNAs, but 

probably account for less than 1% of the total cellular 

rRNAs (Leaver 1979). While the distribution of 70 Sand 80 S 
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Table 4. Comparison of sucrose gradient and gel 
electrophoresis fractionation of pelleted and 
resuspended ribosomes --

Plant 
treatment 

Five-day-old barley seedlings were stressed with 
-0.8 MPa PEG for 2 hours or left unstressed before 
l-cm basal segments of leaves were harvested and 
extracted for total polyribosomes by pelleting 
through a 0.5 M sucrose pad. Resuspended ribosomes 
were ananlyzed by sucrose gradient sedimentation 
and electrophoresis in composite agarose
polyacrylamide gels, and the UV profiles were 
analyzed to determine the appropriate size class 
ratios. 

Fractionation 
method 

Polyribosome proportion 

P/T LP/P 

Unstressed Gradient 0.70 

0.67 

0.82 

0.79 Gel 

Stressed Gradient 

Gel 

0.42 

0.41 

0.79 

0.78 



Figure 1. Fractionation of barley leaf basal region polyribosomes by 
gel electrophoresis --
FR and MBR were prepared by pelleting and electrophoresed in 
agarose-polyacrylamide gels as described in Materials and 
Methods. A-D: MBR from plants stressed with -0.8 MPa PEG for 
(A) 0 minutes, (B) 30 minutes, (C) 60 minutes or 
(D) 120 minutes. E-H: FR from the same plants stressed for 
(E) 15 minutes, (F) 30 minutes, (G) 30 minutes or 
(F) 60 minutes. Areas used for calculation of PIT and LP/P 
are indicated in A: M, monoribosomes + subunits; SP, dimer + 
trimer + tetramer; LP, pentamer and larger. E, dashed line: 
same preparation as solid line treated with pancreatic 
ribonuclease (10 pg/ml) for 10 minutes at 4 C. 
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ribosomes between mono- and polyribosome fractions was not 

determined, such analysis by Scott et al. (1979) showed that 

the distribution of 70 S ribosomes of growing wheat leaves 

was not affected by a droughting treatment which shifted 

the distribution of 80 S ribosomes. 

Rapid and Prolonged Stress-induced Changes in Water Status 
and Polyribosome Ratios in Growing and Non-growing 

Tissues of Barley Leaf 

Since cell wall and plasma membrane proteins, which 

may be involved in cell growth, are likely to be synthesized 

on polysomes bound to the endoplasmic reticulum (Chrispeels 

1976), effects of osmotic stress on membrane-bound (MBR) and 

free ribosomes (FR) were studied separately. It was thought 

that leaf growth might be better correlated with changes in 

the MBR than in the FR. The separation method relies on 

detergent extraction of microsomes pelleted from homogenates 

of tissues extracted without detergent (Larkins and Davies 

1975). 

Figure 1 shows the profiles of polysomes isolated 

from growing tissues of first leaves of 5-day-old barley and 

fractionated by gel electrophoresis. The MBR were more 

highly aggregated than FR, based on P/T values (0.81 vs. 

0.68 in unstressed controls); but average polysome size was 

similar in either fraction, as determined by LP/P values of 

about 0.8 (Figure 3A, Table 1). 



Figure 2. UV absorption profiles of polysomal RNA 
fractionated by gel electrophoresis -
Polyribosomes from (A) growing basal tissue and 
(B) non-growing blade tissue of barley leaves 
were prepared by pelleting, and RNA was phenol
extracted and electrophoresed in 2.4% acrylamide/ 
0.4% agarose gels as described in Materials and 
Methods. Ar~ows indicate the majo~ species of RNA 
detected by their sedimentation coefficents: 
cytoplasmic rRNA (258 and 188), chloroplast rRNA 
(238 and 168). 
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When roots of intact barley seedlings were exposed 

to -0.8 MPa PEG, rapid increases in the amount of 80 S 

ribosomes occurred in both the FR and MBR fractions 

extracted from growing regions of leaves (Figure 1). Changes 

were especially evident in the FR (Figure 1 E-H), where 

increases in monoribosomes were apparent in 15 minutes and 

. very pronounced after 30 minutes stress. Evaluation of 

polyribosome ratios from the experiment described in 

Figure 1 showed that the LP/P values remained constant 

during the first hour of stress, but decreased slightly in 

the FR after 2 hours stress (Figure 3A). In contrast, stress 

induced a measurable decrease of PIT in both the FR and MBR 

within 15 minutes (Figure 3B). Reductions of PiT continued 

in a linear fashion for 2 hours, but the rate of decrease 

appeared slightly larger for FR than for MBR. Stress also 

effected a rapid parallel lowering of tissue 1P and 1p~ 

(Figure 3C), indicating that turgor potential ('l/l - 'V'11' ) 

remained constant. However, significant lowering of tissue 

or could not be detected before the decrease of PIT after 

15 minutes stress. 

When barley seedlings were stressed for longer 

periods, 'VI and 'lJI'1(' of the growing tissue of leaves dropped 

rapidly during the first 2 hours and more slowly for about 

10 hours (Figure 4A). A slow decrease of LP/P values 

occurred in both theiFR and MBR (Figure 4B), while reduction 

of PIT ratio appeared nearly complete after 4 hours stress 
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(Figure 4C). Interestingly, the greatest rate of decrease of 

both PIT and tissue water status occurred during the first 

2 hours of stress, with slower reductions thereafter. 

The yield of FR increased during the first 2 hours 

of stress while yield of MBR was reduced (Figure 4D). 

Calculations based on these data show that the proportion of 

MBR to total ribosomes (FR + MBR) decreased from 0.26 in 

unstressed plants to 0.18 after 22 hours stress (Figure 4D). 

This indicates that membrane-bound ribosomes entered the 

free ribosome pool following termination of protein 

synthesis, and were thus counted as part of the FR. When 

corrected for the estimated contribution of MBR to the 80 5 

fraction of FR, the PIT values of both FR and MBR were 

lowered to about 65% of unstressed control values after 

4 hours stress (Figure 4C, dashed lines). Thus, FR and MBR 

were equally responsive to stress, which is consistent with 

the data reported by Bewley and Larsen (1982) for corn 

mesocotyl. 

In non-growing leaf blade tissue from the experiment 

described in Figure 4, polyribosome changes (Figure SA) were 

much slower and less pronounced than those observed in 

growing tissues. Decreases of PIT and LPIP for total (FR + 

MBR) ribosomes occurred after 2 to 4 hours stress; and after 

22 hours stress, PIT was reduced to 75% of the unstressed 

control value. This change was stress-induced and not 

related to the developmental state of the tissue, since the 



Figure 4. Long-term changes in polyribosome ratios and 
tissue water status with stress time in growing 
tissue of barley leaf --
Five-day-old barley seedlings were stressed for 
periods up to 22 hours with -0.8 PEG and water 
status values (A) of growing basal leaf tissue 
determined psychrometrically~ data are means + SO 
of 4 replicate determinations. FR and MBR were 
isolated from growing basal tissue of barley 
leaves by pelleting and fractionated by gel 
electrophoresis to determine (B) LPIP and (C) PIT 
ratios. Quantitation of ribosome yield (0) for FR 
and MBR was done as described in Materials and 

,Methods. In (C), dashed lines: PIT values 
corrected for estimated contribution of MBR to 
80 S fraction of FR, using data for ribosome 
yield in (0). In (0), dashed line: fract,ion of 
total ribosomes in MBR, calculated as MBR/(FR + 
MBR) • 
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Figure 5. Long-term changes of polyribosome ratios and water 
status with stress time in non-growing blade 
tissue of barley leaves -- . 
The same plants used in Figure 4 were used to 
determine (A) polyribosome siz. cl~ss r~tios PIT 
and LPIP and (B) water status values in the non
growing blade tissue of barley leaves. 
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22 hour control value was the same as at time zero. Stress-

induced changes in tissue 'P and 1jJ'ff were limited to only 

0.1 MPa, and no alteration of turgor was evident 

(Figure 5B). Thus a significant, albeit slow, decrease in 

polyribosome content occurred in the expanded blade tissue 

in response to a very slight lowering of tissue ~ • 

Growth, Polyribosome status and Water Status in Growing 
Tissue of Barley Leaf During Stress and Recovery 

In order to determine whether leaf expansion rate 

was correlated with polyribosome status during stress, a 

photographic method was used to measure short-term changes 

in the rate of leaf elongation. This method allows detection 

of growth rate changes within 5 minutes, which was faster 

than changes in polyribosome status had yet been observed. 

Sudden exposure of barley roots to -0.8 MPa PEG caused leaf 

elongation to stop almost immediately, but growth resumed 

after 0.5-1 hour stress at a rate much lower than the 

unstressed control (Figure 6A). If stress was relieved after 

4 hours, growth rapidly assumed the unstressed rate after a 

short (15 minute) surge of faster growth. Growth of stressed 

plants continued at a constant rate for 24 hours. When 

relieved after 24 hours stress growth recovery was still 

rapid (Figure 6B), but lacked the surge noted after relief 

of 4 hours stress. 

Recovery of total (FR + MBR) polyribosome status in 

growing tissue was rapid after relief of 4 hours stress, 



Figure 6. Barley leaf growth, polyribosome ratios, and 
water status of growing tissue of barley leaf 
during stress and recovery --
Five-day-old barley seedling were grown in 
Hoagland medium before transfer to -0.8 MPa PEG 
for various periods, and stress was relieved by 
returning plants to Hoagland medium after 4 hours 
(R4) or 24 hours (R24) stress. 
(A) growth of unstressed controls (e), 4 hour 
stressed (0-0) and relieved (0---0) plants; 
(B) growth of 24 hour stressed (0---0) and 
relieved (0---0) plants, all measured 
photographically. (e) Total polyribosomes (FR + 
MBR) were isolated from growing leaf tissue and 
electrophoresed to determine the ratios PIT and 
LP/P. (D) water status values of growing leaf 
tissue were determined psychrometrically and are 
the means + SO of 4 replicate determinations. 
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attaining control values for PiT and LP/P within I hour, but 

making most of this recovery within 0.5 hour (Figure 6C). 

Recovery of polyribosomes required 3 hours after relief from 

24 hours stress, but 60% of the decrease of PIT was 

recovered within I hour (Figure 6C). It is apparent that no 

clear correlation emerges between the time course changes in 

polyribosome status and leaf elongation rate, since the rate 

of decrease of PIT is nearly linear after imposition of 

stress (Figure 3B), while changes in growth rate (Figure 6A) 

ar.e discontinuous (i.e., growth stops almost immediately 

upon stressing). However, both recover rapidly after relief 

of 4 hours stress and more slowly after 24 hours stress, 

suggesting the depletion of a protein factor necessary for 

growth which is replaced during recovery of protein 

synthesis. 

Growing tissue Y and tp7r decreased by about 0.4 MPa 

after 4 hours stress, but recovered only about 0.2 MPa after 

stress was relieved for I hour (Figure 60). After 3 hours 

relief from 24 hours stress, recovery of water status was 

still incomplete, but in both cases turgor remained largely 

unchanged. The time courses for change in polyribosome 

status and tissue water status after imposition of stress 

(Figure 3B,C) are remarkably similar and suggest a causal 

link. However, the complete recovery of polyribosome status 

without complete recovery of water status after relief of 

stress indicates that other factors may be involved. Perhaps 
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the initiation of changes in both parameters is induced by a 

common stress signal transducer, thus causing the temporal 

correlation after stress imposition. 

Relation of Growth to Polyribosome and Water Status 
of Growing Tissues Following Prolonged Stress 

In order to determine what correlations exist 

between seedling growth and polyribosome or water status of 

the growing tissue, these parameters were measured. in 

2 monocbt and 2 dicot species at different levels of stress. 

Barley, wheat and pea seedlings were stressed for 20 

hours, and squash seedlings for 12 hours with ~ifferent 

concentrations of PEG. Growth rates obtained with the 

seedlings were correlated with polyribosome pIT and water 

status of the growing tissues. With pea and squash, 

etiolating growth conditions were used to produce rapidly 

elongating tissues of well defined location. The same plants 

used for growth measurements were used for extraction of 

total ribosomes (FR + MBR) for determination of PIT. 

Figure 7A shows that the different plants varied in 

the extent to which increasing external stress reduced water 

status. Barley and wheat were much more sensitive in this 

regard than either pea or squash, which may reflect the 

much reduced transpiration under etiolated conditions, or 

anatomical differences in proximity of the growing cells to 

the transpiration stream. In all cases, however, ~ and 1V~ 

decreased in parallel, so that turgor remained constant. 



Figure 7. Water status, growth rate and polyribosome status 
in stressed barley, wheat, pea and squash -
Five-day-old barley and wheat, 6-day-old etiolated 
pea and 3-day-old etiolated squash seedlings were 
grown in Hoagland medium before transfer to PEG 
media for 20 hours (barley, wheat, and pea) or 
12 hours (squash). Linear growth of barley and 
wheat leaves, pea epicotyl and squash hypocotyl was 
measured before growing tissues were excised for 
psychrometric determination of water status and 
extraction of total polyribosomes (FR + MBR) for 
gel fractionation and determination of piT. 
(A) Tissue Y (e) and 1JI'Tr (0) are the means + SD of 
4 replicate determinations. (B) Growth rate (e) 
and polyribosome PIT (0)-. Data for growth are the 
means + SD of 25 determinations. 
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Wide differences were also noted in stress-induced 

growth reductions (Figure 7B). For example, when wheat was 

stressed with -0.7 MPa PEG, growth was about 60% of the 

unstressed control~ in contrast, growth of similarly 

stressed barley was only 20% of its control. Similarly, 

stress with -0.6 MPa PEG reduced elongation of pea epicotyl 

to about 60% of the unstressed control value, but reduced 

that of squash hypocotyl to 40% of its control. 

In all species, increasing levels of stress also 

effected progressive reduction of PIT, which was measured at 

the end of the stress period (Figure 7B). These decreases 

were highly correlated with water status values measured at 

the same time (Table 5). From the slopes in Table 5, it 

appears that polyribosomes of barley and wheat were less 

sensitive to stress-induced disaggregation that those of pea 

and squash. For example, lowering tissue 1V by only 0.1-0.2 

MPa reduced PiT by about 35% in pea and squash, but a 

similar change of PIT in barley and wheat required a 

lowering tissue "ljl by 0.4-0.5 MPa (Figure 6). 

Reductions of, PIT values in all species were also 

well correlated with lowering of growth rates (Figure 8). 

Slopes relating PIT to growth varied considerably when 

measured in terms of absolute elongation rates (Figure 8A)~ 

barley, wheat and pea showed similar slopes, while squash 

hypocotyl elongation w~s depressed much more with slight 

reductions in PIT. When the data were normalized and both 
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Table 5. Linear regression analysis of data for polyribosome 
PIT and tissue "VI and 1f1f from Figure 7 --

Species 

Barley 

Wheat 

Pea 

Squash 

Data for polyribosome PiT and tissue 1{J and Y7r from 
Figure 7 were plotted and analyzed using linear 
regression with n-l weighting. r, correlation 
coefficient. 

PIT vs. '1f1 PIT vs. 1f'7r 
r Slope, r Slope, 

MPa-l MPa- l 

-0.955 -0.042 -0.968 -0.039 

-0.964 -0.031 -0.981 -0.031 

-0.980 -0.108 -0.890 -0.085 

-0.986 -0.177 -0.850 -0.097 
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terms expressed as percentage of values in unstressed 

plants, values from.all species fit a single line with good 

correlation (Figure 8B). This suggests that a constant 

proportion of polysomes is engaged in synthesis of proteins 

essential for growth in all these plants. 

Incorporation of Sulfate by Intact Barley Leaves 
Under Stressed and Unstressed Conditions 

In order to assess the relative rates of protein 

synthesis in stressed and unstressed plants, barley 

seedlings were labelled with 355°42- after stressing with 

-0.8 MPa PEG for increasing periods of time. Due to the' 

reduced uptake of label in stressed plants, it was necessary 

to express the incorporation of label on the basis of 

uptake. Thus, aliquots of the initial homogenates were taken 

for determination of total radioactivity before 

precipitation with trichloroacetic acid. The time point for 

each sample was the time stressed at the midpoint of a 

4-hour labelling period. 

Figure 9 shows that incorporation of label into 

acid-insoluble material in growing basal regions of leaves 

(as a proportion of the total uptake) decreased by more than 

50% after 4 hours stress, and that the rate of incorporation 

had stabilized by that time. This time course fits the data 

for polyribosome PiT in Figure 4 very well, and suggests 

that disaggregation of polyribosomes indeed reduced the rate 

of protein synthesis. Concurrently, incorporation of label 
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in unstressed tissues remained fairly constant over the 

course of the study. It is possible that some of the acid

insoluble 35s042- observed was bound to polysaccharides, but 

quantitation of this form was not done. 

Proteins labelled in vivo with 35s04 2- in growing 

basal tissues of intact barley leaves were fractionated by 

SOS-PAGE, and the gel fluorographed to visualize labelled 

proteins. Figure 10 depicts an experiment in which barley 

seedling were labelled for 4 hours while being stressed with 

different concentrations of PEG, or labelled 4 hours in 

control media during recovery after a 4 hour stress period. 

Very similar patterns were obtained using stress treatments 

from -0.6 to -1.2 MPa PEG. In all cases the most conspicuous 

labelled protein was at Mr 55 Kd, which was presumed to be 

the large subunit of ribulose bis-phosphate carboxylase 

(RuBPCase LS) since its amount was greatly increased in 

mature leaf tissue (data not shown). The occurrence of 

RuBPCase LS, which is synthesized in chloroplasts, may seem 

inconsistent in tissue apparently lacking appreciable 

amounts of chloroplastic ribosomes (Figure 2). Studies by 

Dean and Leech (1982) indicate that the basal 1 cm of 7-day

old wheat leaves contains 8-10 fold fewer chloroplastic 

ribosomes than cytoplasmic ribosomes, and about 10-15% of 

the protein in this tissue is RuBPCase. Hence the finding of 

sUbstantial putative RuBPCase in basal tissues of barley 

leaves is reasonable. 
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2 4 6 8 10 
Hours stressed at midpoint . of labelling 

Figure 9. Incorporation of (35S)-sulfate into TCA-insoluble 
material in growing tissue of barley leaves -
Five-day-old barley seedlings were either left 
unstressed before transfer to medium containing 

3 pCi/ml 82
35S04 and labelled for 4 hours ce), or 

stressed with -0.8 MPa PEG for 0, 2, 4, 6 or 8 
hours before transfer to medium containing 8 

pCi/ml 8235504 and -0.8 MPa PEG and labelled for 

4 hours (0). After the labelling period, growing 
basal leaf tissue was excised and extracted. 
Aliquots were taken for determination of total and 
TCA-insoluble radioactivity and prot~in content,' 
and data are expressed as (TCA-insoluble cpm)/ 
(total cpm)(pg protein). Each tim~ point 
represents the time stressed at the midpoint 
of the 4 hour labelling period. Data are the means 
of values obtained from 2 separate experiments 
performed identically. 



Figure 10. F1uorograph of (35S)-su1fate-1abel1ed proteins 
from growing tissue of barley leaf fractionated 
by SOS-PAGE --
Five-day-old barley seedlings were labelled 

4 hours in media containing H235S04 and 

PEG at the indicated concentrations. Growing 
basal regions of leaves were excised and 
proteins extracted for fractionation by SOS-PAGE 
on a 7.5-15% acrylamide gradient gel. 
Radioactive proteins were visualized by 
fluorography. 
Lanes (1,2) 6 pCi/ml, no PEGi (3) 8 pCi/ml, 
-0.6 MPa PEGi (4) 10 pCi/ml, -0.8 MPa PEGi (5) 
12 pCi/ml, -1.0 MPa PEGi (6) 14 pCi/ml, 
-1.2 MPa PEGi (7) plants stressed 4 hours with 
-1.0 MPa PEG before labelling 4 hours with 
6 pCi/ml and no PEGi (8) plants stressed 4 hours 
with -1.2 MPa PEG before labelling 4 hours with 
6 pCi/ml and no PEG. Numbers at left indicate 
the molecular weights standards run in the same 
gel: fJ -galactosidase, 116 Kdi phosporylase B, 
97 Kdi bovine serum albumin, 66 Kdi egg albumin, 
45 Kdi carbonic anhydrase, 29 Kdi cytochrome C, 
12 Kd. 
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Figure 10. Fluorograph of c35s)-sulfate-labelled proteins 
from growing tissues of barley leaf fractionated 
by SDS-PAGE 
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A single band of Mr 10,000 was observed in all 

stress treatments which did not appear in the pattern of 

unstressed plants. This band persisted in plants relieved of 

stress before labelling (Figure 10, lanes 7,8). Whether this 

represents stress-induced alteration of genetic expression 

or simply protein degradation is unknown. 

Characterization of Messenger RNA from Growing Tissues 
of Leaves of Stressed and unstressed Barley Seedlings 

Since polyribosome status and thus protein synthesis 

could be affected by alteration of messenger RNA (mRNA) 

metabolism, studies were conducted to determine how osmotic 

stress would affect mRNA synthesis and/or stability. In some 

studies, RNA was labelled with 32po4 3- by allowing intact 

plants to take up labe~ via the roots before osmotic stress 

with PEG. RNA was extracted and fractionated by 

chromatography on oligo(dT)-cellulose to obtain poly(A)+RNA, 

which presumably is mRNA. 

Stability of poly(A)+RNA 

When S-day-old barley seedlings were pulse-labelled 

for 4 hours with 32po4 3- and transferred to unlabelled 

Hoagland medium for chase, incorporation of label into rRNA 

of growing basal leaf tissue continued for 16 hours (Figure 

llA). If plants were transferred to -0.8 MPa PEG in Hoagland 

medium for chase, labelling of RNA was rapidly curtailed, 

and only a slight increase in specific radioactivity of 
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rRNA occurred after 22 hours (Figure llA). This difference 

could be due in part to reduced translocation of 32po4 3-

from the roots (because of decreased transpiration rate) or 

reduced uptake by cells. However, delivery of unlabelled 

P043- to cells during chase would also be slowed in stressed 

plants, and dilution of radioactivity in precursor pools 

delayed. Thus, specific radioactivity of precursor pools may 

have been higher in plants chased with PEG media, suggesting 

that the reduced rate of label incorporation was due to 

reduced rate of synthesis. 

When RNA was fractionated on oligo(dT)-cellulose, 

about 5-6% of the label was found in poly(A)+RNA after 2 

hours chase in either control or PEG medium, and this 

decreased to about 1-2% after 22 hours chase. Using the 

rationale of Silflow and Key (1979), including the 

assumption that rRNA is stable compared to mRNA, the half

life of poly(A)+RNA in relation to rRNA was estimated by 

calculating the ratio of the total cpm in either fraction. 

The results in Figure lIB indicate that poly(A)+RNA has 

similar stability (relative to rRNA) in the growing tissues 

of stressed and unstressed plants, with an average half-life 

of about 12 hours. 

Stress with -0.8 MPa PEG for increasing periods of 

time progressively reduced the yield of poly(A)+RNA from 

growing basal leaf tissue (Table 6). The values were 

obtained after 2 passes on oligo(dT)-cellulose, which 
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Incorporation of (32p)-phosphate into rRNA and 
stability of poly(A)+RNA in growing tissue barley 
leaves --
Five-day-old barley seedl~ngs were labelled for 

6 hours in media containing 4 pCi/ml H3
32p04 

before transfer to unlabelled H6agland medium or 
the same containing -0.8 MPa PEq for chase. 
Growing basal leaf segments.were excised and RNA 
extracted and fractionated by chrom~tog~aphy on 
oligo(dT)-cellulose. Specific activity of rRNA· 
CA) from control Ce) or stressed (~) plants was 
determined by gel elect~ophoresis of unbound RNA 
and scintillation counting of gel slices. 
(B) Total radioactivity in polY(A)+R~A from 
control Ce) or stressed (~) plants was determined 
and plotted as the fraction of total 
radioactivity in rRNA. 
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Table 6. Changes in poly(A)+RNA content in growing 
tissue of barley leaves undergoing stress 
Five-day-old barley seedlings were stressed for 
various periods with -0.8 MPa PEG or left 
unstressed before l-cm basal segments of leaves 
were harvested. poly(A)+RNA was isolated from total 
cellular RNA by 2 passes through oligo(dT)
cellulose. Theoretical values were calculated based 
on the assumption that str~ss totally inhibited RNA 
synthesis and that poly(A) RNA had a half-life of 
12 hours, using the equation: 

log (N/No ) = -(0.30l/Tl/2)t, 

where N is the amount of poly(A)+RNA at stress time 
t, No is the amount in unstressed tissue, and Tl/2 

is the assumed half-life of 12 hours. 

Experiment Treatment micrograms poly(A)+RNA segment- l 
Number 

Observed Calculated 

1 Control 0.180 

Stress 2 hours 0.150 0.160 

2 Control 0.175 

Stress 4 hours 0.142 0.138 

3 Control 0.165 

Stress 6 hours 0.120 0.116 
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normally yielded material which was 90-95% pure as judged by 

a third pass of selected samples. Since the stability of 

poly(A)+RNA relative to rRNA in growing tissue appears to be 

quite similar for stressed and unstressed plants 

(Figure lIB), and incorporation of 32po43- was reduced in 

stressed plants (Figure llA), it seems likely that the 

amount of poly(A)+RNA decreased due to a reduced rate of 

synthesis coupled with a normal turnover rate. In Table 6, 

values for reduced amounts of poly(A)+RNA were calculated 

from the original values in unstressed plants and the 

putative 12 hour half-life, assuming a total inhibition of 

RNA synthesis. The observed values are in each case very 

similar to the calculated values, which suggests that the 

value of 12 hours for half-life of poly(A)+RNA may be 

correct if RNA synthesis is completely inhibited in stressed 

plants. If RNA synthesis was not totally inhibited by 

stress,' the half-life of poly(A)+ would have to be somewhat 

shorter than 12 hours to account for the reduced amounts 

observed in Table 6. It is possible that shortened poly(A) 

tracts on mRNA from stressed plants could have reduced its 

capacity for binding to oligo(dT)-cellulose, but this was 

not determined. 

Size Distribution and Cell-free Translation of poly(A)+RNA 

The size distribution of poly(A)+RNA was determined 

by electrophoresis in agarose/polyacrylamide gels. Plants 
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were labelled 4 hours with 32po4 3- before transfer to 

Hoagland medium or -0.8 MPa PEG for 2 hours, and RNA was 

phenol-extracted from growing basal leaf tissues. 

poly(A)+RNA was isolated by 3 rounds of oligo(dT)-cellulose 

chromatography and electrophoresed. Material from unstressed 

plants displayed a polydisperse profile with a maximum 

around 23 S (Figure l2A). The profile for stressed plants 

was shifted slightly to smaller sizes, with a maximum around 

20 S, but overall appeared similar to the unstressed profile 

(Figure l2B). 

These size distributions seem reasonable compared to 

the values obtained by Silflow and Key (1979) for polysomal 

poly(A)+RNA from soybean cells, which had a broad maximum 

between 25 and 18 S. Some of the larger material in the 

present study may be unprocessed nuclear RNA which would be 

obtained by extraction of whole tissue. This suggestion is 

reasonable, since the nuclear precursors of several 

eukaryotic mRNAs are known to be polyadenylated (Abelson 

1979). If this is the case, then the slightly smaller size 

distribution from stressed plants may indicate that 

synthesis of poly(A)+RNA is reduced by stress, while the 

rate of processing is relatively unaffected. Alternatively, 

the larger material may be due to artifactual aggregation of 

RNA, since electrophoresis was done under non-denaturing 

conditions. 



Figure 12. Size distribution of poly(A)+RNA from growing 
tissues of barley leaves --
Five-day-old barley seedlings were labelled for 

4 hours with 4 pCi/ml H3
32p04 before transfer to 

unlabelled Hoagland medium or the same 
containing -0.8 MPa PEG for 2 hours. Growing 
basal tissue of leaves was excised and RNA 
extracted and fractionated by chromatography on 
oligo(dT)-cellulose (3 passes). polY(A)TRNA was 
fractionated by gel electrophoresis and the 
distribution of radioactivity determined by 

. scintillation counting of gel slices • 
. (A) poly(A)+RNA from unstressed plants; 

(B) poly(A)+RNA from stressed plants. 
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In order to determine whether stress induced 

alterations in mRNA coding capacity or translational 

efficiency, poly(A)+RNA from growing basal leaf tissue of 

stressed and unstressed plants was translated in cell-free 

systems derived from wheat germ and rabbit reticulocytes. 

Poly(A)+RNA from barley seedlings stressed 2 hours with 

-0.8 MPa PEG stimulated incorporation in the wheat germ 

system with efficiency very similar to that from unstressed 

plants (Figure 13). This result indicates that a 2-hour 

stress did not alter the ability of poly(A)+RNA to be 

translated in vitro, and suggests that the mRNA remained 

intact. 

Poly(A)+RNA from growing basal leaf tissue of 

unstressed plants or plants stressed 6 hours with -0.8 MPa 

PEG was translated in the rabbit reticulocyte lysate. The 

.6-hour stress period was chosen to give ample time for 

transcription and processing of novel gene products that may 

have been induced by stress. Translation products were 

fractionated by SOS-PAGE and visualized by fluorography 

(Figure l4A). Two different preparations of poly(A)+RNA from 

stressed plants and two from unstressed controls were 

compared, and all appeared to code for largely similar 

patterns of products. One notable exception is that both 

stress preparations coded for a peptide of Mr 26 Kd which 

did not appear in the products of either control 

preparation. The identity or physiological significance of 
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Figure 13. Template activity of barley leaf poly(A)+RNA in 
the wheat germ cell-free system --
Five-day-old barley seedlings were stressed 2 
hours with -0.8 MPa PEG (0) or left unstressed 
(e) before growing basal leaf tissue was excised. 
RNA was extracted, poly(A)+RNA was prepared, and 
different amounts used to program the standard 
wheat germ cell-free translation system, using 

3H-leucine as tracer. 



Figure 14. Fluorographs of poly(A)+RNA-coded peptides 
synthesized in vitro -
Five-day-old~arley seedlings were left 
unstressed or stressed (A) 6 hours or 
(B) 2 hours with -0.8 MPa PEG before growing 
basal segments of ~eaves were excised and RNA 
extracted" Poly(A) RNA was prepared by 2 rounds 
of chromatography on oligo(dT)-cellulose and 
translated in (A) the reticulocyte lysate or 
(B) the wheat germ cell-free system, and 
products were fractionated by SDS-PAGE and 
visualized by fluorography. 

(A) Lanes 1 and 3, translation products of 2 
different preparations of poly(A)+RNA from 
unstressed plants; lanes 2 and 4, translation 
products of 2 different preparations of 
poly(A)+RNA from plants stressed 6 hours; lane 
5, products made with no added mRNA. Numbers at 
left indicate molecular weights of standards run 
in the same gel (as in Figure 10). Numbers at 
right indicate Mr of peptides referred to in 
text. 
(B) Lane 1, products made with no added RNA; 
lanes 2 and 3, products made with poly(A)+RNA 
from unstressed plants; lanes 4 and 5, products 
made with poly(A)+RNA from plants stressed 
2 hours. Numbers at left indicate molecular 
weights of standards run in the same gel: bovine 
serum albumin, 66Kd; egg albumin, 45 Kd; 
glyceraldehyde 3-phosphate dehydrogenase, 36 Kd; 
carbonic anhydrase, 29 Kd; trypsinogen, 24 Kd; 
trypsin inhibitor, 20 Kd; p-lactalbumin, 14 Kd. 
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Figure 14. Fluorographs of poly(A)+RNA-coded peptides 
synthesized in vitro 
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this peptide is unknown, but it may represent a stress-

induced alteration of gene transcription. Translation of 

poly(A)+RNA in the wheat germ system yielded nearly 

identical patterns for plants stressed 2 hours or left 

unstressed (Figure l4B). A 26 Kd Mr peptide occurs in the 

pattern from both treatments, but whether it represents 
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the same peptide observed in products of the reticulocyte 

system is unknown. The 10 Kd Mr peptide induced by stress 

among proteins labelled in vivo (Figure 10) was not observed 

in translation products of poly(A)+RNA, which suggests that 

it may have arisen due to protein degradation. 

Estimation of Stability of rRNA 
and Poly(A)+RNA in Whole Barley Leaves 

Since the above estimate of stability of poly(A)+RNA 

in growing tissue of barley leaf was based on the assumed 

stability of rRNA in stressed and unstressed plants, studies 

were conducted to assess the stability of rRNA in leaf 

tissue under these conditions. The approach used was based 

on that of Silflow and Key (1979) and requires labelling RNA 

in vivo to approximate isotopic steady state and then 

chasing in unlabelled media. If the specific activity of the 

precursor pool is near zero during the chase period, the 

rate of dilution of radioactivity in a relatively stable RNA 

species should reflect the rate of synthesis of that 

species. Thus, if rRNA is stable, the doubling time for 

accumulation of rRNA should be about the same as the half-
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time for decay of specific activity of rRNA. Since 

quantitative determination of turnover time requires 

measurement of the specific activity of the immediate 

precursor (Reiner 1953), no quantitative claims about rates 

of synthesis or degradation can be made. However, the data 

are presented merely for comparison of qualitative aspects 

between control and stress treatments. 

Three-day-old barley seedlings were labelled for 

36 hours with H3
32po 4, and then transferred to either 

unlabelled Hoagland medium or -0.8 MPa PEG in Hoagland 

medium for a 3 day chase period. During the chase period, 

leaf fresh weight, leaf rRNA content, and specific 

radioactivity of rRNA were measured, and semilog plots vs. 

chase time were used to determine doubling times for 

accumulation of leaf weight and rRNA and half times for 

isotopic dilution of the rRNA. The ratio of total cpm in 

poly(A)+RNA to that in rRNA was also measured for 

determination of stability of poly(A)+RNA relative to rRNA. 

Whole leaves were used in this study because it was not 

feasible to accurately determine growth and RNA accumulation 

only in the basal growing tissue. 

Increases in fresh weight per leaf during the 

experiment followed an exponential course (Figure l5A), 

with doubling times of 3 days for unstressed and 10 days for 

stressed plants. The amount of rRNA per leaf also increased 

exponentially, with doubling times of 2.9 and 16 days for 



Figure 15. Effects of stress on stability of poly(A)+RNA 
and rRNA in wh9le barley leaves --
Four-day-old barley seedlings were labelled for 
36 hours to approximate isotopic steady state 

with H332p04 before transfer to unlabelled 

Hoagland medium (closed symbols) for the same 
containing -O.8MPa PEG (open symbols). At 
various times thereafter, primary leaves were 
harvested, weighed, and RNA extracted. Quantitiy 
and specific radioactivity of rRNA was 
determined by electrophoresis of RNA and 
scintillation counting of gel slices. 
Radioactivity in poly(A)+RNA was determined by 
the poly(U )-f il ter-binding assay. 
Semilogarithmic plots were made of (A) leaf 
fresh weight, (B) leaf rRNA content, 
(C) specific activity of rRNA, and (D) ratio 
(cmp in poly [A] +RNA)/(cpm in rRNA). 
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unstressed and stressed plants, respectively (Figure l5B). 

The doubling times for leaf weight and rRNA agree well for 

the control plants, but accumulation of rRNA was slower than 

that of leaf weight in stressed leaves. 

Decreases in specific activity of rRNA followed 

exponential time courses, which suggests that rRNA had 

probably reached isotopic steady state. The half-times for 

decreases in specific activity of rRNA were 2.7 days for 

control and 6.5 days for stressed plants (Figure l5C). The 

doubling time for rRNA in unstressed controls (2.9 days) is 

very close to the half-time for decay of radioactivity in 

rRNA (2.7 days), indicating that rRNA is fairly stable under 

these conditions. A fairly large difference in the 

two values was observed for stressed plants (16 days rRNA 

doubling time, 6.5 days half-time for isotope dilution), 

which suggests that rRNA was less stable in stressed than in 

control leaves. However, the precision of the 16 day value 

obtained for rRNA doubling time in stressed plants was poor, 

since the standard error for the slope obtained by linear 

regression was about 55% of the slope (0.0018 + 0.0010 h- l ). 

The error in the slope of the isotope dilution curve for 

stressed plants (Figure l5C) was also substantial 

(-0.0045 ± 0.0010 h-1 ). Thus the differences observed may 

have been fairly insignificant. 

The data of Figures l5B and l5C were calculated as 

the amount of rRNA relative to the amount present at the 
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beginning of the chase period (TO) and the total amount of 

radioactivity in rRNA relative to the amount present at TO' 

respectively. The logs of these values were plotted vs. 

chase time in Figure 16. The slopes obtained in Figure l6A 

are the same as those in Figure lSB, as expected. If rRNA is 

stable, the slopes of the curves in Figure l6B should be 

zero, since loss of absolute radioactivity in rRNA would be 

due to degradation. Only slight decreases were observed in 

control or stressed plants (Figure l6B), about 2%/day and 

4%/day, respectively. Thus, rRNA appears to be only 

marginally less stable in stressed plants, and the 

significance of this difference is questionable. Reduced 

synthesis of rRNA also may contribute greatly to the reduced 

accumulation of rRNA in stressed leaves (Figure lSB), 

because Figure llA suggests that stress greatly inhibited 

incorporation of 32po43- into rRNA in growing basal leaf 

tissue. 

Aliquots of the RNA were subjected to the poly(U) 

filter-binding assay for determination of radioactivity in 

poly(A)+RNA. Values obtained were plotted as a proportion of 

the total radioactivity in rRNA vs. chase time, in order to 

estimate the stability of poly(A)+RNA relative to rRNA 

(Figure lSD). The data are quite similar for control and 

stressed treatments, and show a biphasic decrease with an 

initial half-time of 6.2 hours, and a later one of 47 hours. 

The half-life of poly(A)+RNA in growing tissue (relative to 
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(B) Total radioactivity/leaf in rRNA is expressed 
as a proportion' of the amount present at the 
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rRNA) was about 12 hours for control and stressed plants 

(Figure lIB), which is about twice that of the faster

decaying component of whole leaves. However, the precision 

of the value obtained with whole leaves (6.2 hours) is 

questionable, since it was derived from only 2 data points. 

The potential problems of isotope studies with 

intact plants (e.g., uncertainty of precursor pool 

activities, recycling of isotope from degraded RNA) have not 

been overlooked. Regarding the isotope recycling problem, 

the effect on the activity of precursor pools would 

presumably be the same for synthesis of mRNA and rRNA. The 

error caused in the stability measurement of either fraction 

alone could be substantial, but since stability of 

poly(A)+RNA ~as measured relative to that of rRNA, the error 

was in effect cancelled out. 

Stress-induced Redistribution of mRNA in Polysome Gradients 

Since osmotic stress induced a rapid (Figure 1) and 

reversible (Figure 6) partial disaggregation of polysomes in 

growing tissues of barley leaf, it was of interest to know 

the fate of mRNA which was previously being translated. 

Thus, experiments were done to determine the effects of 

stress on the distribution of poly(A) and messenger template 

activity in polysome gradients. Poly(A) was assayed by 

poly(U) filter binding of radioactive polysome gradient 

fractions, and template activity was assayed by extraction 
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of RNA from gradient fractions and translation in the wheat 

germ cell-free system. 

Figure 17 shows the poly(A) profiles in 30,000 g 

supernatants of growing leaf tissue from unstressed 

controls (A) and plants stressed 2 hours with -0.8 MPa 

PEG (B) after sedimentation in sucrose gradients to display 

polysomes. In control plants, about 90% of the poly(A) 

sedimented in the polysomal region of the gradient, but only 

60% was in polysomal fractions of stressed plants. An 

increase in poly(A) sedimenting in the region of 20-60 S was 

observed in stressed plants, and that in the polysomal 

fractions was shifted to smaller polysomes, which suggests a 

reduced rate of peptide chain initiation. 

In another experiment, RNA was phenol-extracted from 

polysome gradient fractions and messenger template activity 

assayed in the wheat germ cell-free translation system. 

Figures l8A and l8B show the template activity in gradients 

centrifuged to display all polysomes; in Figures l8C and 180 

the gradients were centrifuged longer for better resolution 

of the post-polysomal components. The proportion of activity 

in polysomal fractions for control and stressed plants was 

similar to that of poly(A) in Figure 17. An approximate 

doubling of activity was observed in the 20-60 S region from 

stressed plants. Since it was possible that the messenger 

activity observed .in the 20-60 S fraction could represent 

initiation-blocked complexes between mRNA and 40 S ribosomal 
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Four-day-old barley seedlings were labelled for 

12 hours with H332p04 (20 pCi/ml) before transfer 

to Hoagland medium (A) or the same containing 
-0.8 MPa PEG (B) for 2 hours. Growing basal leaf 
segments were excised and 30,000 g supernatants 
prep,ared for total ribosomes and layered on 
linear 10-50% sucrose gradients in 50 mM Tris
HCl, pH 8.5; 0.2 M RCl; 10 mM MgCI 2• The 
gradients were centrifuged at 260,000 g (max) for 
1.5 hours in the Spinco SW-41 rotor, and 
fractions were collected while continuously 
monitoring the absorbance at 254 nm (solid line). 
Radioactivity in poly(A)+RNA in gradient 
fractions (broken line) was determined by the 
poly(U)-filter-binding assay. 



Figure 18. Sedimentation profiles of messenger activity from growing 
tissue of barley leaves --
Five-day-old barley seedlings were left unstressed (A, C) or 
stressed 2 hours with -0.8 MPa PEG (B, D) before growing 
basal leaf segments were excised and 30,000 g supernatants 
prepared for total ribosomes and layered on linear 10-50% 
sucrose gradients in 40mM Tr is, pH 8.5: 0.2 M KCI: 10 mM 
MgC1 2• The gradients were centrifuged at 260,000 g (max) in 
the Spinco SW-41 rotor for 75 minutes (A, B) or 
3 hours (C, D). Fractions were collected while continuously 
monitoring the absorbance at 254 nm (solid line). RNA was 
phenol-extracted from gradient factions and after several 
reprecipitations was lyophilized and dissolved in 0.05 ml 
distilled water, of which 0.01 ml was used to program the 
wheat germ cell-free translation assay. Template 
concentrations were determined to be within the linear range 
for incorporation. 
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subunits, tissue homogenates were prepared with EOTA in 

order to dissociate any such complexes. Messenger activity 

in gradients of EOTA-treated preparations (Figure 19) 

sedimented in the same region as that in Mg2+ preparations 

(Figure 18), indicating that mRNP in this fraction was 

probably not associated with ribosomal subunits. 

Fluorographic visualization of translation products 

after SOS-PAGE (Figure 20) indicates that mRNA in the 

20-60 S fraction codes for the same peptides as that in the 

polysomal fractions in both control and stressed plants, 

although some translation products are underrepresented in 

the nonpolysomal fractions. Since these gels were loaded 

with equivalent amounts of material from each assay, it can 

be seen by the relative intensities that the nonpolysomal 

fractions from stressed plants contained considerably more 

messenger activity than those from unstressed plants. This 

is consistent with the data in Figure 18 showing increased 

activity in the nonpolysomal fractions of stressed plants. 

No stress-induced alteration of mRNA coding capacity 

was observed by examination of these fluorographs. When 

poly(A)+RNA was translated in the reticulocyte lysate, a 

possible stress-induced product was observed at Mr 26 Kd 

(Figure l4A). A peptide of similar Mr occurred in the 

. translation products of RNA from both stressed and 

unstressed plants in Figure 20. Whether these represent the 

same gene product is unknown. The pattern of poly(A)+RNA-
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Five-day old barley seedlings were stressed for 2 
hours with -0.8 MPa PEG before growing basal leaf 
segments were excised and a 30,000 9 supernatant 
prepared for total ribosomes, except that MgC1 2 was omitted from the extraction buffer and 
replaced by 20 mM EDTA. The 30,000 9 supernatant 
was centrifuged on a linear 10-40% sucrose 
gradient m~de in 40 mM Tris-HCl, pH 8.5~ 0.2 M 
KCl~ 5 mM EDTA for 3.5 hours at 260,000 9 (max) 
in the Spinco SW-4l rotor. Fractions were 
collected while continuously monitoring the 
absorbance at 254 nm (solid line) and RNA 
extracted and used to program the wheat germ 
cell-free translation system as in Figure 18. 



Figure 20. Fluorographs of translation products of RNA from 
gradient fractions in Figure 18 --

3H-labelled peptides from the cell-free 
translation assays in Figure l8C and 180 were 
fractionated by SOS-PAGE in 10-15% acrylamide 
gradient gels and fluorographed. Lanes were loaded 
with equal volumes of assay mixtures. 
(A) translation products using RNA from gradient 
fractions in Figure l8C1 (B) translation 
products using RNA from gradient fractions in 
Figure 180. Numbers above the lanes refer to the 
gradient fraction from which the template RNA 
was obtained (B = blank, no added RNA 1 
12 = pellet1 13 = poly(A)+RNA). Numbers at left 
indicate molecular weights of standards run in 
the same gel (as in Figure 10). 
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Figure 20. Fluorographs of translation products of RNA from 
gradient fractions in Figure 18 
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coded products translated in the reticulocyte lysate was 

somewhat different than that obtained using the wheat germ 

system (Figure 14), thus some inconsistency may be expected. 

These data (Figures 17-20) indicate that some of the 

mRNA which was normally associated with polysomes in 

unstressed plants became dissociated during osmotic stress. 

This process was far from complete under these conditions 

(-0.8 MPa PEG, 2 hours), since about 60% of the poly(A)+RNA 

(Figure l7B) or messenger activity (Figure l8B) remained 

associated with polysomes. However, a shift of poly(A) and 

messenger activity to smaller polysome sizes indicates that 

the rate of peptide chain initiation may have been reduced. 

The dissociation process was apparently nonspecific with 

respect to mRNA coding capacity, since the profiles of 

translation products from polysomal and nonpolysomal 

fractions were qualitatively quite similar, as were those 

from stressed and unstressed plants. Particular products may 

have been variably affected by stress, but quantitative 

analysis by densitometry would be required to assess this. 

Isolation and Cell-free Translation 
of Polysome-derived and Cytoplasmic Nonpolysomal 

Messenger Ribonucleoprotein Complexes 

The fact that deproteinized mRNA found in the 

20-60 S fraction was translatable in vitro indicates that it 

is intact, and suggests that it may be translationally 

repressed in vivo. This could be mediated by the binding of 
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inhibitory proteins to mRNA, since cytoplasmic nonpolysomal 

and polysome-derived messenger ribonucleoprotein complexes 

(mRNP) appear to contain different sets of proteins in 

several animal cell types (Schmid et ale 1983). Models of 

translational control in animal cells involving mRNA-binding 

proteins (Vincent et ale 1983: Schmid, Kohler and Setyono 

1983) or small "translational control" RNAs (Bag, Hubley and 

Sells 1980: Bester, Kennedy and Heywood 1975) have been 

postulated. Thus, this possibility was investigated by 

isolating cytoplasmic nonpolysomal and polysome-derived 

mRNPs from growing tissues of barley leaf, in order to 

determine whether free mRNP were less active in the wheat 

germ cell-free translation system. 

Isolation and Partial Characterization of mRNP 
from Growing Tissue of Barley Leaf 

Poly(A)+mRNP were isolated by thermal chromatography 

of post-polysomal particles (source of nonpolysomal mRNP) 

and 0.5 M KCl-washed, EDTA-dissociated polysomes on 

oligo(dT)-cellulose (Jain et al. 1979). Polysomes and post

polysomal particles were first obtained by either 

differential centrifugation or sucrose gradient 

sedimentation, and polysomes were treated .with 0.5 M KCl, 

followed by dissociation with EDTA. The post-polysomal 

supernatant was adjusted to 0.5 M KCl before pelleting the 

post-polysomal particles in order to minimize fortuitous 

nonspecific binding of proteins to mRNA. The mRNP in either 
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fraction were adsorbed to oligo(dT)-cellulose at 4 C in 

0.4 M NaCl, and elution performed by washing the column with 

reduced salt buffers first at 4 C and finally at 45 C. 

Representative elution profiles for nonpolysomal and 

polysomal mRNP from barley plants stressed 2.5 hours with 

-0.8 MPa PEG are shown in Figure 21. About 2.S% of the 

applied polysomal A260 material was eluted with low salt at 

45 C: about 2.3% of the applied nonpolysomal material was 

similarly eluted. When this material was subjected to a 

second round of chromatography, only 30-40% bound tightly 

and was eluted with low salt at 45 C, which suggests that 

considerable nonspecific binding occurred on the first pass. 

Analysis of the proteins present in these fractions 

by 50S-PAGE (Figure 22) revealed the presence of a complex 

pattern in nonpolysomal mRNP and a somewhat simpler one in 

polysomal mRNP. Nonpolysomal mRNP (twice chromatographed, 

Figure 22, lane 5) contained at least 20 distinct bands, 

some of which are shared with unbound material from the 

first pass (lane 6) notably a peptide at Mr 55 Kd which is 

probably the large subunit of RuBP carboxylase. Major bands 

which appear unique to the twice-bound nonpolysomal mRNP 

include those at Mr 80, 7S, 73.5, and IS Kd. In addition, 

several bands appear to be shared by twice-bound 

nonpolysomal and polysomal mRNP, including those at Mr 45, 

30.5, 27 and 20 Kd. 



Figure 21. Thermal chromatography of EDTA-dissociated 
polysomes and post-polysomal particles on 
oligo(dT)-cellulose --
Polyribosomes and post-polysomal particles were 
isolated by differential centrifugation from 
growing basal leaf tissue of 5-day-old barley 
seedlings which had been stressed for 2.5 hours 
with -0.8 MPa PEG. The polysomes were 
dissociated with EDTA, and both fractions 
subject~d to thermal chromatography on 
oligo(dT)-cellulose. Samples in binding buffer 
(10 mMTris-HCl, pH 8.5~ 0.4 M NaCl~ lmM EDTA~ 
0.5 mM PMSr~ 0.1 mg/ml heparin) were adsorbed 
to oligo(dT)-cellulose at 4 C for 2 hours before 
loading in a water-jacketed column, and 
fractions eluted by step changes in NaCl 
concentration or temperature. The arrows 
indicate points at which elution buffer or 
temperature was changed: (1) 0.1 M NaCl, 4 C~ 
(2) 0.1 M NaCl, 10 C~ (3) 0.0 M NaCl, 4 C~ 
(4) 0.0 M NaCl, 45 C. 
(A) chromatography of EDTA-dissociated 
polysomes~ (B) chromatography of post-polysomal 
particles. 



A 

2.0 

1 2 3 4 

1.0 1 l l l 

B 

0.3 1 2 3 4 

l l l l 
0.2 

0.1 

0 
20 40 60 80 

Volume eluent, ml 

Figure 21. Thermal chromatography of EDTA-dissociated 
polysomes and post-polysomal particles on 
oligo(dT)-cellulose 
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Figure 22. Proteins of RNP fractions isolated by oligo(dT)
cellulose chromatography and fractionated by 
SOS-PAGE --
Fractions eluted during thermal chromatography 
of EOTA-dissociated polysomes and post-polysomal 
particles in Figure 21 were.treated with 
ribonuclease and fractionated by SOS-PAGE in a 
10-15% acrylamide gradient gel. The gel was 
silver-stained by the method of Merril (1981). 
Lanes (1) and (7) protein standards, as in 
Figure l4B; lane (2) polysomal material unbound 
on the first pass; lane (3) polysomal material 
eluted with low ~alt at 45 C on the first pass, 
but unbound on the second pass; lane (4) poly
somal material twice bound and eluted with low 
salt at 45 C; lane (5) post-polysomal material 
twice bound and eluted with low salt at 45 C; 
lane (6) post-polysomal material unbound on the 
first pass. Numbers to the left indicate 
molecular weights of standards run in the same 
gel (as in Figure l4B). Numbers to right 
indicate calculated Mr of protein bands referred 
to in text. 
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Figure 22. Proteins of RNP fractions isolated by oligo(dT)
cellulose chromatography and fractionated by 
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Twice-bound polysomal mRNP (Figure 22, lane 3) 

contained some apparent contamination from unbound material 

of the first pass (Figure 22, lane 1), especially presumed 

ribosomal proteins between Mr 15 to 45 Kd. Polysomal 

material which bound tightly on the first pass but not on 

the second (Figure 22, lane 2) shows similarity to both 

unbound and twice-bound fractions. Several bands which 

appear unique to the polysomal mRNP are those at Mr 47, 37, 

33, 24 and 21 Kd. Nichols and Welder (1983) found major 

peptides of Mr 69, 66.5 and 35, with minor peptides at 73, 

59 and 47 Kd in the nonpolysomal poly(A)+RNP of maize 

embryos. It is possible that the smaller peptides between Mr 

18 to 33 Kd in our preparation could be degradation products 

of larger proteins, since their relative amounts varied 

somewhat among preparations. 

Messenger Template Activity of Cytoplasmic Nonpolysomal 
and Polysome-derived mRNP from Growing Tissue of Barley Leaf 

Messenger template activity of poly(A)+mRNP 

preparations was assayed in the wheat germ cell-free 

translation system. Messenger activity varied somewhat 

between preparations, but in most cases the polysomal mRNP 

were more active than nonpolysomal mRNP. Early experiments 

indicated that nonpolysomal mRNP actually inhibited 

translation of active mRNA in vitro; however, this was shown 

to be due to contamination of the preparations with 

excessive heparin, which was used in the column elution 
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buffers as a ribonuclease inhibitor. In later preparations, 

heparin was used only in the binding buffer and excluded 

from elution buffers, with the result that translational 

inhibition disappeared. 

Messenger activity obtained with 5 different prepar

ations of nonpolysomal and polysome-derived mRNP from 

growing tissue of barley leaf is shown in Table 7. For 

purposes of comparison, results are expressed as the propor

tion of incorporation obtained with poly(A)+RNA from barley 

leaf growing tissue, since the activity of the wheat germ 

extract declined slightly with storage. In all cases, 

messenger activity of mRNP was much less than that of 

poly(A)+RNA. The reasons for this may be (1) ribosomal 

subunits contaminated the preparation even after 2 passes on 

oligo(dT)-cellulose, and (2) partial nucleolytic degradation 

of mRNP during isolation yielded some polyadenylated 

molecules with incomplete 5 1-termini which were unable to 

initiate translation. Deproteinization of either polysomal 

or nonpolysomal mRNP did not improve its translational 

efficiency (Table 7, stress preparation 4), which indicates 

that mRNP proteins did not inhibit translation. Also, 

preparation of polysomes by pelleting through a sucrose 

gradient yielded much more active mRNP than polysomes 

pelleted directly from the 30,000 g supernatant (Table 7, 

compare stress preparations 1-3 with 4), suggesting that the 

polysomes were less degraded. It appears that the polysomal 
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Table 7. Messenger template activity of poly(A)+mRNP in 
wheat germ cell-free protein synthesis assay -
Nonpolysomal and polysome-derived poly(A)+mRNP were 
isolated from growing tissues of leaves of stressed 
(-O.S' MPa PEG, 2 hours) or unstressed barley 
seedlings either by differential centrifugation 
(unstressed and stressed preparations 1-3) or by 
sucrose gradient sedimentation (stress 
preparation 4), followed by thermal chromatography 
on oligo(dT)-cellulose. The poly(A)+mRNP were used 
to program the standard wheat germ cell-free 
translation system as described in Materials 
and Methods. The poly(A)+mRNPfrom stress 
preparation 4 were deproteinized by phenol 
extraction, and the naked RNA used to program the 
wheat germ system. Template concentrations were 
obtained from A260 values and were determined to be 

within the linear range for incorporation. Data are 

expressed as cpm (3H)-leucine incorporated per 
microgram mRNP added. Values in parentheses 
represent the proportion of the activity obtained 
using poly(A)+RNA in the same assay. 

cmp/microgram RNP or RNA X 10-5 
Treatment, 
Preparation 

poly(A)+RNA Number Polysomal Nonpolysomal 

Unstressed 2.66 (0.11) 0.75 (0.03) 24.3 

Stressed 

Number 1 11. 70 (0.19) 11. 60 (0.19) 60.6 

Number 2 6.60 (0.12) 0.54 (0.01) 55.9 

Number 3 12.60 (0.27) 3.60 (O.OS) 45.S 

Number 4 
RNP 39.20 (0.74) 4.S9 (0.09) 53.1 

RNA 33.50 (0.63) 4.25 (O.OS) 
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mRNP from stressed plants was at least as active as that 

from unstressed plants (Table 7) and thus that inhibition of 

protein synthesis in stressed plants did not result from 

differences in polysomalm~NP. 

Messenger activity of nonpolysomal mRNP was 

variable: that from unstressed plants was only 25% as active 

as polysomal mRNP, and of the preparations from stressed 

plants, activity varied between 10-100% of the activity of 

polysomal mRNP (Table 7). The reason for this large 

variation is unknown, however the protein content of free 

mRNP as judged by SDS-PAGE varied between preparations. 

Notably, var iable amounts of a protein of Mr 55 Kd 

(presumably RuBP carboxylase large subunit) were found in 

this fraction, and may have inhibited translation via non

specific binding to mRNA. Also, nucleolytic degradation may 

be a larger problem with the nonpolysomal mRNP than with the 

polysomal mRNP, since long centrifugation times were 

required to assure pelleting of smaller mRNPs. 

Other fractions of post-polysomal material were 

tested for inhibition of translation of poly(A)+RNA in the 

wheat germ cell-free system. Table 8 shows that material 

passing through the oligo(dT)-cellulose column in 0.4 M NaCl 

or eluted with O.l.M NaCl at 4 C (see Figure 21) stimulated 

incorporation slightly over the endogenous level when 

assayed alone. When mixed with poly(A)+RNA, a 17% inhibition 

of incorporation was observed with the unbound material 
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Table 8. Translational activity of post-polysomal fractions 
in the wheat germ cell-free system -
Post-polysomal pellets were prepared from growing 
basal leaf tissue of barley plants stressed 2.5 
hours in -0.8 MPa PEG and subjected to thermal 
chromatography on oligo(dT)-cellulose as described 
in Materials and Methods. Fiactions passing through 
the column in (A) 0.4 M NaCl, eluted with (B) 0.1 M 
NaCl at' 4 C, (C) 0.0 M NaCl at 4 C, or (D) 0.0 M 
NaCl at 45 C were dialyzed and lyophilized before 
dissolving in sterile distilled water. Fractions 
were added to the standard wheat germ cell-free 
transla~ion assay with or without 0.2 micrograms of 
poly(A) RNA to test for inhibition of translation. 
Microgram quantity of fraction added was determined 

Fraction 

None 

A 

B 

C 

D 

from A260 values, assuming 22 A260 units ml-l is 

equivalent to 1 mg ml- l • Data are expressed as cpm 

3H-leucine incorporated per assay after subtracting 
the incorporation with no added mRNA. 

}lg (cpm - Blank) assay-l X 10-4 Percent 
added Stimulation 

no + 0.2 p'g 
poly(A)+RNA poly(A)+RNA 

89.2 

0.4 0.5 73.9 -17% 

0.23 0.6 86.9 -3% 

0.125 2.2 92.5 +4% 

0.125 4.9 98.4 +10% 
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(Table B, Fraction A), and a 3% inhibition seen with 

material eluted with 0.1 M NaCl at 4 C (Table 8, Fraction 

B). A slight stimulation of incorporation by poly{A)+RNA was 

seen when mixed with fractions eluted with no NaCl at 4 or 

45 C. The inhibition observed with fractions A and B was not 

striking and may have been due to nonspecific binding of 

proteins present in the fractions to mRNA or ribosomes. Thus 

it appears that no specific translational inhibitor can be 

detected in fractions obtained from post-polysomal 

particles. 

Fluorographic detection of products of translation 

of mRNP from stress preparation 1 of Table 7 is shown in 

Figure 23. This indicates that polysomal poly(A)+mRNP codes 

for the same peptides as poly(A)+RNA isolated from 

unstressed growing tissue, except that peptides above 45 Kd 

appear to be somewhat underrepresented. This may be the 

result of partial degradation of mRNA during isolation of 

mRNP by the gentler methods required to prevent dissociation 

of protein from RNA. Polysomal mRNP from unstressed plants 

showed a similar under representation of larger peptides, so 

the difference did not arise from the stress treatment. In 

most cases, the incorporation obtained with nonpolysomal 

mRNP was not sufficient to distinguish the profile from 

endogenous incorportation by the wheat germ extract, except 

for the preparation shown in Figure 23. Nonpolysomal mRNP in 

this preparation coded for a similar pattern of products as 
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Figure 23. Fluorograph of translation products of 
poly(A)+mRNP fractionated by SDS-PAGE -
Fractions of EDTA-dissociated polysomes and post
polysomal particles from stressed plants which 
bound to oligo(dT)-cellulose (Figure 21) were 
used to program the wheat germ cell-free 
translation system, and products were 
fractionated by SDS-PAGE. 
Sources of messenger templates were: 
lane (1) poly(A)+RNA from basal tissue of 
unstressed leaves; lane (2) polysomal mRNP 
eluted with low salt at 45 C; lane (3) polysomal 
mRNP eluted with low salt at 4 C; lane (4) non
polysomal mRNP eluted with low salt at 45 C; 
lane (5) no added RNA. Numbers ·at left indicate 
molecular weights of standards run in the same 
gel (as in Figure 14B). Numbers at right indicate 
Mr of bands referred to in text. 
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polysomal mRNP, but a few bands appear lighter or darker. In 

particular, a band at Mr 27 Kd appears strongly in the 

translation products of both poly(A)+RNA (lane 1) and 

nonpolysomal mRNP (lane 4), but is much weaker in those of 

polysomal mRNP (lane 2). Also, the strong band at Mr 36 Kd 

is weaker in products of nonpolysomal mRNP, and one at Mr 32 

Kd is absent. 

Lane 3 of Figure 23 shows the translation products 

obtained using polysomal mRNA eluted with low salt at 4 C 

(see Figure 2lA). Messenger activity in this fraction varied 

between preparations, but that in this preparation codes for 

the same peptides as polysomal mRNP eluted at 45 C. Jain and 

Sarkar (1979) suggested that mRNA in this fraction may be 

free of associated protein and thus more loosely bound to 

oligo(dT)-cellulose than mRNA-protein complexes which 

require elevated temperature or formam ide for elution. 

In summary, fractions from EDTA-dissociated 

polysomes (polysomal mRNP) and post-polysomal particles 

(nonpolysomal mRNP) which bound tightly on 2 rounds of 

oligo(dT)-cellulose chromatography shared a few proteins in 

common but also contained several distinct proteins. Free 

and polysomal mRNP coded for largely similar sets of 

translation products in the wheat germ cell-free system, 

with a few minor differences observed. Messenger activity of 

nonpolysomal mRNP was highly variable between preparations, 

and was usually less than that of polysomal mRNP. The reason 
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for this variability is unknown but may be related to the 

purity and/or integr.ity of the preparation. It remains 

unknown whether a translational inhibitor may be linked to 

nonpo1ysoma1 mRNP, but this seems unlikely since one 

preparation yielded activity similar to that of polysoma1 

mRNP, and deproteinization failed to improve the 

translational efficiency of nonpo1ysoma1 mRNP. 



DISCUSSION 

Interrelations Between Seedling Growth and Polyribosome 
and Water Status of Growing Tissues 

Data provided here (Figure 6) and elsewhere (Riazi 

and Matsuda 1981) show that upon sudden imposition of stress 

with -0.8 MPa PEG, barley leaves ceased growth within 

5 minutes; whereas tissue 1.f' and 1f'7r showed no immediate 

change (Figure 3) and parallel reductions over a time course 

(Figure 4), indicating maintenance of turgor. These data 

suggest that elongating leaf cells cease growth in response 

to a sudden reduction of lP or hydrostatic pressure of the 

transpiration stream, rather than to a loss of turgor in 

growing cells. If water in the transpiration stream moves 

largely through the apoplasm, which is a small fraction of 

the total tissue water, a sudden reduction in its ~ or 

hydrostatic pressure would have no measureable effect on the 

whole tissue ~ • However, cells proximal to the stream 

would be in a position to respond to reduced 1jI ,assuming 

a sensing mechanism exists. 

Although its nature is not understood, some evidence 

suggests the existence of such a sensing device. Rubenstein, 

Mahar and Tattar (1977) showed that 10 minutes exposure of 

oat coleptiles to 0.5 M mannitol caused a rapid reduction of 

membrane potential and loss of functions believed to be 

120 
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located on the plasma membrane (e.g. ion pumping). The 

existence of an osmosensory membrane protein in Escherichi~ 

coli has been suggested by several authors (Le Rudulier et 

ale 1984). In this bacterium the expression of several genes 

which are important in the regulation of cellular osmotic 

potential is strictly regulated by the osmotic strength of 

the cuI ture medium. In one case the fusion of the promotor 

region of an osmotically sensitive potassium uptake gene 

cluster with the structural region for p-galactosidase 

resul ted in osmotically regulated expression of P -galacto

sidase, indicating that the promotor responds to the osmotic 

environment (Laimins, Rhoads, and Epstein 1981). They 

proposed that regulation of the promotor occurs via a 

membrane-bound osmosensory protein which changes 

conformation upon osmotic shock, allowing interaction with 

the promotor. 

Such a prote in may also be involved in the 

regulation of water stress-sensitive plant processes such as 

protein synthesis, cell elongation and osmotic adjustment. 

Rapid initiation of changes in polyribosome level and tissue 

water status (Figure 3) by sudden water stress suggest 

that these processes may be regulated by the same mechanism 

responsible for growth cessation. Also, highly correlated 

values for polyribosome level and growth rates (Figure 8) 

and tissue water status (Table 5) for barley, wheat, pea and 

squash stressed for extended periods in solutions of 
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different osmotic concentration suggest that a common signal 

may regulate these processes. While such correlations do not 

prove direct cause and effect relationships, they may occur 

if the initial steps of the processes are regulated by the 

same mechanism. 

While the data provided here suggest the existence 

of a stress signal transducing device, there is no clear 

indication of its nature. The E. coli osmosensory protein 

hypothesized by Laimins et ale (1981) was suggested to act 

via conformational change due to loss of cell turgor, but 

growing tissues of osmotically stressed plants in this study 

maintained cell turgor, at least within the limits of error 

of its measurement. It is possible that small turgor changes 

(less than 0.1 MPa) could have escaped detection, but it is 

unknown whether this small change could trigger the 

metabolic disruption observed. Alternatively, as mentioned 

above, sudden water stress may reduce the hydrostatic 

pressure of the transpiration stream without significantly 

affecting turgor of the whole tissue. In this case, cells 

lying near the transpiration stream could sense the change 

in pressure via a sensitive protein which changes conforma

tion. The mechanism of signal transduction is equally 

mysterious, but could be related to alteration of ion fluxes 

through the plasma membrane (Rubenstein et ale 1977). 

Data reported here and elsewhere demonstrate that 

changes in tissue ~ and ~~ need not be stringently 



linked to reduction of polyribosome level. Polyribosome 

ratios in growing tissues of barley leaf recovered to 

unstressed control values while water status values were 
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still depressed (Figure 6C and 6D). In expanded barley leaf 

blade, stress significantly reduced PIT without markedly 

changing tissue water status (Figure 5). In non-growing 

tissue of corn mesocotyl, Bewley and Larsen (1982) found 

that stress led to reduction of tissue Y without affecting 

polyribosome levels. Thus it appears that tissue ~ and 

~~ may not directly affect polyribosome status, but may be 

regulated by the S~.L~e signal. 

The change in polyribosome status in the non-growing 

barley leaf blade without significant change in ~ or ~~ 

suggests that a stress signal may be transmitted through the 

leaf from the growing basal region. A similar proposal by 

Davies and Schuster (1981) concerns the transmission of a 

wound signal in pea stem. They suggest that stimulation of 

protein synthesis in tissue distant from a wounding site may 

result from signal transmission via changes in membrane 

potential or ion fluxes. The mechanism of signal 

transduction to produce metabolic effects in cells remains 

unclear, but if membrane fluxes of K+ or Mg2+ are involved, 

protein synthesis could be affected. 

Protein synthesis in vitro is known to have rather 

strict optima for K+ and Mg 2+ (Roberts and Paterson 1973), 

and water stress may alter fluxes of these ions across 
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tonoplast or plasma membranes. For example, drought stress 

induced by low relative humidity around cucumber shoots 

rapidly increased the efflux of K+ (86Rb ) from roots (Jensen 

and Kylin 1980). Similarly, low lP of the transpiration 

stream sensed by cells in the growing tissue of barley leaf 

could affect membrane ion pumps and alter cytoplasmic K+ or 

Mg2+ levels, thus inhibiting protein synthesis. 

Since protein synthesis is required for sustained 

cell expansion (Key and Vanderhoef 1973), depressed growth 

rates can be expected to accompany reductions in 

polyribosome levels, as seen in Figures 7 and 8. The finding 

that normalized values for polyribosome pIT in growing 

tissue and growth rate for 4 different species describe a 

single line with good correlation suggests that a fairly 

constant proportion of polyribosomes are engaged in the 

synthesis of growth-essential proteins in these tissues, 

such that a proportional loss of polyribosomes is 

accompanied by a proportional reduction in growth. However, 

growth of barley leaves was not well correlated with pIT 

values during the early phase of stress; e.g., stabilization 

of growth occurred well before that of pIT value (Figure 6). 

Since there was no detectable change in turgor potential of 

the growing region (Figure 3), it appears that, in this 

case, growth reduction was not the resul t of loss of cell 

turgor. Similar results were obtained with corn leaves, in 

which growing tissues maintained turgor at low water 
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potentials (Michelena and Boyer 1982). It is possible that 

stress changes the minimum critical turgor required for cell 

expansion such that the turgor present before stress is 

insufficient to drive expansion. This process could result 

from insufficient cell wall loosening, thus reducing wall 

extensibility. The data suggest that growth regulation may 

be mediated at two levels: (a) immediate stress-induced 

growth responses could be regulated by modulation of 

excretion of a wall-loosening factor (such as H+ in auxin-

responsive tissues); and (b) long-term growth could be 

limited by the reduced rate of protein synthesis observed in 

stressed plants. 

The nature of the proposed wall-loosening factor in 

barley is unknown; since growth of barley leaves is not 

auxin-responsive, a factor other than H+ may be involved. 

However, recent data ha~ shown that drought stress reduced 

the ability of growing tissues of corn leaves to excrete H+, 

that growth rate was well correlated with extracellular pH, 

and the extensibility of isolated cell walls was increased 

by H+ (Van Volkenburgh and Boyer 1985). This suggests that 

a+-induced wall-loosening may be a critical stress-sensitive 

process in monocot leaves. 

The Possible Mechanism of Stress-induced 
Polyribsome Disaggregation 

Results presented here with growing tissues of 

barley leaves demonstrate the rapid (Figure 3) and 
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reversible (Figure 6) disaggregation o-f polyribosomes in 

response to suddenly imposed moderate osmotic stress, 

consistent with earlier results obtained with seedlings of 

corn (Hsiao 1970), pumpkin and pea (Rhodes and Matsuda 

1976). Based on the observation that inhibition of 

polypeptide elongation with cycloheximide prevented stress

induced polyribosome disaggregation, Hsiao (1970) proposed 

that stress reduced the rate of polypeptide chain initiation 

while elongation and termination proceeded unhindered, 

causing a buildup of single ribosomes. The same mechanism 

was proposed for the dissociation of polyribosomes in 

soybean roots in response to anoxia (Lin and Key 1967). 

The possibility that initiation block caused 

polyribosome loss in these studies led to the analysis of 

stress-induced changes in polyribosome size distribution. 

Vassart et ale (197l) conducted modelling studies to 

determine how various translational control mechanism would 

affect polyribosome profiles. Assuming a mRNA population of 

constant size and average molecular weight, they concluded 

that a reduced rate of peptide chain initiation while the 

elongation rate remained constant would result in fewer 

ribosomes bound per mRNA molecule. This would be reflected 

in reduced values for PIT (due to buildup of monoribosomes) 

and LP/P (due to smaller average polysome size). If this 

were the only mechanism operating in stressed barley 

seedlings, decreasing LP/P and PIT values should be observed 
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concurrently. However, Figure 3 shows that LP/P in stressed 

plants was the same as in unstressed controls after 1 hour 

stress, even though PIT had dropped considerably. Later 

decreases in LP/P (Figures 3A, 4C) indicate a reduced rate 

of initiation, but the lag apparent in Figure 3A suggests 

that the early decrease of PIT may have another cause. 

A reduction in the amount of translatable mRNA would 

cause a decrease of PIT regardless of the peptide initiation 

rate, since fewer available mRNA molecules would bind fewer 

ribosomes. Maintenance of the same average polysome size 

(and thus LP/P ratio) would require that this be 

acccompanied by one of three possible scenarios: 

(a) reduction of the overall rate of peptide chain initia

tion, using larger mRNA molecules for templates; (b) reduced 

initiation rate compensated by reduced chain elongation 

rate, or (c) no change in the rate of initiation or average 

size of mRNA templates. The effect of lowered initiation 

rate would be counterbalanced by the greater ribosome

binding capacity of larger mRNA molecules in case (a), or by 

the diminished ribosome transit rate in case (b). Case (b) 

seems unlikely, since no change in PIT w6u1d result, and 

very early and substantial changes in PIT were observed 

(Figure 3). In case (c), LP/P would remain constant because 

neither average template size nor initiation rate had 

changed, but PIT would decrease due to reduced mRNA 

availability. Case (c) does not preclude the selection of a 



specific sub-population of nlRNA for translation, but the 

average size of the molecules should remain unchanged. 

Other data suggest it is unlikely that a shift to 

translation of larger mRNAs occurred in stressed plants. 

poly(A)+RNA from leaf growing tissue of barley stressed 
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2 hours with -0.8 MPa PEG exhibited a molecular weight 

profile in polyacrylamide gels similar to or slightly 

smaller than that of unstressed plants (Figure 12). Also, 

peptides from growing tissues of stressed and unstressed 

plants labelled in vivo with 355042- and fractionated by 

SDS-PAGE showed nearly identical patterns (Figure 10). 

Similar results were obtained with barley leaves by Dasgupta 

and Bewley (1984), although they found a peptide of Mr 60 Kd 

which was synthesized only in stressed plants. 

The amount of mRNA available for initiation could be 

reduced by altering rates of mRNA synthesis and/or 

degradation. Data presented in Figure 11 indicate that, 

based on the stability of rRNA, poly(A)+RNA has similar 

stability in growing tissue of stressed or unstressed barley 

leaves, with a half-life of about 12 hours. Data using whole 

leaves (Figure 15) showed a somewhat shorter half-life of 

6 hours in both stressed and control leaves, but the 

precision of this measurement was poor. Figure 16 indicates 

that the rRNA in control and stressed leaves is reasonably 

stable enough to use as a basis to measure poly(A)+RNA 

stability. 
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Silflow and Key (1979) found that most of the 

polysome-associated poly(A)+RNA of cultured soybean cells 

had a half-life of 30 hours, with a subcomponent having a 

half-life of 0.6 hours. Thus, the estimate of 6-12 hours 

obtained here with barley leaves is not unreasonable. The 

lack of stress-induced change in stabili.ty of poly(A)+RNA is 

consistent with the finding that dessication and rehydration 

of either tolerant or sensitive moss species did not affect 

the normal turnover rate of poly(A)+RNA (Oliver and Bewley 

1984). In addition, polysomes in growing tissue of barley 

leaf quickly reaggregated upon relief of 4 hours stress 

(Figure 6C), suggesting that mRNA was readily available for 

initiation. poly(A)+RNA from growing leaf tissues of plants 

stressed 2 hours or left unstressed was translated with 

similar efficiency in the wheat germ cell-free system 

(Figure 13), indicating that stress induced no changes in 

the functional integrity of the molecules. 

Other evidence suggests that water stress may 

inhibit synthesis of RNA as well as protein. Incorporation 

of 32po4 3- into rRNA of growing barley leaf tissue was 

inhibited within 2 hours by stressing intact plants with 

-0.8 MPa PEG (Figure llA). This is consistent with the 

findings that moisture stress reduced RNA synthesis activity 

in leaves of corn (Maranaville and Paulsen 1972) and jack 

bean (Bourque and Naylor 1970). Since turnover of 

poly(A)+RNA can be fairly rapid even under non-stressed 
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conditions (Silflow and Key 1979~ Figures lIB, l5D) a normal 

rate of mRNA turnover during stress-induced inhibition of 

new mRNA synthesis could cause substantial loss of 

poly(A)+RNA. The observed decrease in amount of poly(A)+RNA 

in stressed plants (Table 6) is consistent with a 12 hour 

half-life coupled with complete inhibition of transcription. 

If we assume an average half-life of 12 hours for 

the poly(A)+RNA population (Figure lIB), and further that 

the half-lives of individual mRNA species do not vary too 

far from the average, then the amount of poly(A)+RNA would 

be reduced to 89% of the original amount after 2 hours of 

stress-induced inhibition of transcription. Since the PIT 

ratio in growing tissue of unstressed barley leaf was about 

0.7 (accounting for the relative proportions of FR and MBR, 

Figure 4D), reducing the amount of mRNA to 89% while holding 

other parameters constant would result in a PIT value of 

0.62. The observed value after 2 hours stress was about 

0.47, again accounting for the relative amounts of FR and 

MBR after 2 hours stress (Figure 4D). Thus, mRNA degradation 

cannot completely account for the observed polysome loss. 

Alternatively, a portion of the mRNA molecules in 

stressed plants could be rendered temporarily 

untranslatable. Some evidence suggests that mechanisms exist 

in plants which conserve mRNA during periodic droughting for 

translation when water becomes available. When the drought

resistant moss, Tortula ruralis was completely dehydrated 



and then rehydrated, polysome formation occurred in the 

absence of new RNA synthesis, indicating that mRNA was 

conserved during drying (Dhindsa and Bewley, 1978). 
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Studies by Chen et ale (1968) showed that 24 hour-germinated 

wheat embryos retained their mRNA upon dehydration, and 

subsequent rehydration led to its translation. Although 72 

hour-germinated embryos failed to recover after complete 

dehydration, moderate stress such as that imposed in the 

present study may induce events which conserve mRNA for 

later translation when stress is relieved. 

Such a process could be mediated by the association 

of specific factors (proteins or small RNA-protein 

complexes) with mRNA which may prevent its binding to 40 S 

pre initiation complexes. A role of translational regulation 

has been suggested for the mRNA-binding proteins which are 

found in the "informosomes" (nonpolysomal mRNP) of ripening 

wheat embryos (Ajtkhozhin et ale 1976). In this case, 

nonpolysomal mRNP were found to accumulate in the cytoplasm 

of wheat embryos as polysomes dissociated during drying of 

the wheat head. Other authors have suggested similar 

mechanisms of translational control in chick embryonic 

muscle (Jain et ale 1979), duck erythroblasts (Vincent et 

ale 1981), and invertebrate oocytes (Rosenthal et ale 1980). 

A translational inhibitor has been found associated with the 

nonpolysomal mRNP of duck erythroblasts (Civelli et ale 

1976), which was subsequently characterized as a small RNP 
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dubbed the nprosomen and was shown to be associated with 

repressed mRNA in duck, mouse and HeLa cells (Schmid et al. 

1984). These findings point to the existence of separate 

pools of cytoplasmic mRNA (nonpolysomal and polysome-bound) 

and suggest pool transitions mediated by specific protein

mRNA interactions. 

In growing tissue of barley leaf, the amount of 

poly(A) or messenger template activity in nonpolysomal 

fractions of unstressed plants was only about 10% of the 

total, but increased to 30% after 2 hours stress (Figures 

17, 18). Free mRNP in this fraction isolated by thermal 

chromatography on oligo(dT)-cellulose exhibited a pattern of 

component proteins on SOS-PAGE which was different than that 

of polysome-derived mRNP (Figure 22), and was usually less 

active in the wheat germ cell-free translation assay 

(Table 7). While the possibility of non-specific binding of 

proteins to the column cannot be ruled out, it is possible 

that proteins unique to the nonpolysomal mRNP may somehow 

mediate inhibition of translation. However, deproteinized 

RNA from nonpolysomal mRNP was no more active in the wheat 

germ system than the RNP form (Table 7). Also, this fraction 

did not inhibit the translation of poly(A)+RNA in vitro 

(Table 8), suggesting that it contains no translation 

repressor which is active in the wheat germ cell-free 

system. Partial degradation of nonpolysomal mRNP by 

endogenous ribonuclease during preparation may have 
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contributed to its reduced activity. Thus, it is still 

unclear whether nonpolysomal mRNP are really less 

translatable than polysomal mRNP, but this seems unlikely. 

Since one preparation of nonpolysomal mRNP was just 

as active as polysomal mRNP (Table 7), we must assume for 

now that nonpolysomal mRNP prepared in this way have no 

translational inhibitory activity. However, it is possible 

that loosely associated inhibitory activity became 

dissociated from the nonpolysomal mRNP during isolation at 

high ionic strength (0.5 M KCl). Bergmann et ale (1982) 

found that cytoplasmic nonpolysomal mRNP of mouse sarcoma 

ascites cells was poorly translated in the reticulocyte 

cell-free system, but treatment of the particles with 0.5 to 

0.8 M NaCl caused partial activation, presumably due to 

dissociation of inhibitory proteins. Schmid et ale (1984) 

have characterized a translational inhibitor from several 

animal cell types as a small (19 S) cytoplasmic RNP which is 

associated with translationally repressed nonpolysomal mRNP 

at low ionic strength, but dissociates upon treatment with 

0.5 M KCl. Others (Mukherjee et ale 1982, Bag, Hubley, and 

Sells 1980) have isolated a 10 S RNP translation inhibitor 

from chick embryonic muscle. If such particles are present 

in plants they might be expected to pellet with post

polysomal material as prepared in this study (183,000 g for 

14 hours). However only slight inhibition of translation in 

wheat germ extracts was observed using post-polysomal 
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fractions which did not bind to oligo(dT)-cellulose 

(Table 8). There is, therefore, no firm evidence for 

translational inhibition mediated by mRNA-binding proteins 

in osmotically stressed barley seedlings. 

Since reductions in polyribosome size occurred 

after 1-2 hours stress (Figures 2 and 3), and poly(A) 

(Figure 17) and messenger template activity (Figure 18) 

shifted to slower sedimenting polyribosomes after 2 hours 

stress, it seems likely that some disturbance in the 

initiation of protein synthesis occurred which resulted in a 

slower rate of ribosome binding to mRNA. The reduction in 

polyribosome size was not detected until 1 hour after 

stress initiation, although a decrease in amount of 

polyribosomes (as reflected in the PIT ratio) was observed 

after only 15 minutes (Figures 1 and 3). Attempts to 

reconcile these results led to the suggestion that the 

amount of translatable mRNA was reduced in response to 

stress, which would result in fewer polyribosomes of similar 

size. Indeed, the amount of poly(A)+RNA was progressively 

reduced in stressed plants (Table 6), but calculations based 

on this data showed that the rate of decrease was 

insufficient to account for the observed rate of 

polyribosome loss. Experiments designed to test the 

hypothesis that mRNA inactivation was mediated by mRNA

binding proteins yielded variable results, but suggested 

that such was not the case. 
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The reason, then, for the lack of change in 

polyribosome size concurrent with the decrease in their 

numbers during early stress remains obscure. It is possible 

that the initiation block developed slowly, such that its 

early effects on polyribosome size were not detectable, but, 

coupled with progressively decreasing amounts of mRNA, 

produced the observed polyribosome loss. Another possibilty 

is that monoribosomes were not quantitatively extracted from 

unstressed plants, leading to overestimation of PIT values. 

This seems unlikely, however, based on the data in Figure 40 

which shows that similar amounts of total ribosomes (FR + 

MBR) were obtained from stressed and unstressed plants. 

The mechanism of the proposed initiation block 

remains unknown, but several possibilities exist, based on 

present evidence. Inhibition of initiation could be due to 

inactivation of initiation factors mediated by covalent 

modification. Initiation block in reticulocyte lysates 

deficient in hemin or supplemented with double-stranded RNA 

(dsRNA) appears to occur via inactivation of eukaryotic 

initiation factor 2 (eIF-2) by phosphorylation of the alpha

subunit (Revel and Groner 1978). This modification renders 

eIF2 unable to form the ternary complex (GTP·eIF-2·met

tRNAf ) and is accomplished by different eIF-2 kinases, one 

activated by autophosphorylation in the absence of hemin, 

and the other activated in the presence of dsRNA (Stadtman, 

Chock and Rhee 1980). Protein kinases which phosphorylate 
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eIF-2 and inhibit translation have been isolated from wheat 

germ (Ranu 1980, Browning et al. 1985), thus one may 

speculate that polyribosome loss in water stressed plants 

may occur by activation of such an enzyme. 

Another possibility is that the extent of 

5'-terminal 7-methylguanosine (m7G) capping of mRNA was 

altered in stressed plants. Studies by Lodish and Rose 

(1977) compared the efficiencies of ribosome binding and 

translation of vesicular stomatitis virus (VSV) mRNA 

containing or lacking the 5'-m7G structure in wheat germ and 

reticulocyte cell-free systems. They found that VSV mRNA 

lacking 5'-m7G was translated poorly and had less affinity 

for ribosomes in the wheat germ system than in reticulocyte 

lysates, and that 5'-monophosphates of m7G were potent 

inhibitors of translation in the wheat germ system, but much 

less so in reticulocyte lysates. Muthukrishnan et al. (1979) 

found that the appearance of a-amylase mRNA in gibberellic 

acid-stimulated barley aleurones was accompanied by an 

increase in m7G-cap structures in mRNA, and that cap analogs 

such as m7G5'ppp5'Am greatly inhibited translation of 

a-amylase mRNA in the wheat germ system. Since translation 

in the wheat germ system appears to be highly dependent on 

5'-capping of mRNA, and barley mRNA was shown to contain 

5'-m 7G caps (Muthukrishnan et al. 1979), it is possible that 

alteration of mRNA capping could cause the translational 

inhibition observed in stressed barley seedlings. These 
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effects could include inhibition of capping of newly made 

mRNA, removal of caps from existing mRNAs, or production of 

free m 7G stuctures, all of which would reduce the rate of 

initiation and lead to smaller polyribosome size. 

The possible involvement of cap-binding proteins 

(CBP) in the regulation of protein synthesis has been 

investigated. Trachsel et ale (1980) showed that inhibited 

translation of VSV rnRNA in poliovirus-infected HeLa cells 

could be restored by addition of a Mr 24,000 protein 

previously shown to bind 5 1-caps of mRNA. They suggested 

that inhibition of translation was due to the inactivation 

of the CBP, which may function in recognition of the 

5 1-terminus of mRNA by the [40 S ribosomal subunit·eIF-3] 

complex during initiation of translation. Shatkin (1985) 

suggests that CBP may also be involved in "unwinding" of 

secondary structure in the 51-leader sequence of some mRNAs, 

thus allowing more efficient initiation. Mukherjee et ale 

(1982), using monoclonal antibody to rabbit reticulocyte 

CBP, found a family of immunologically related proteins in 

chick embryonic muscle associated with free cytoplasmic and 

polysomal mRNP and with a 10 S translational inhibitor RNP. 

They suggested that translational regulation in this tissue 

may be mediated by transition of mRNA between free and 

polysomal forms via associations with CBP. While CBP have 

not as yet been found in plants, the presence of 51-capped 

mRNA in plants and inhibition of its translation by cap 
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analogs (Muthukrishnan et al. 1979) suggest a function 

mediated by CBP, and thus the possibility of translational 

regulation in water stressed plants by their modification. 

Interestingly, a group of dinucleotides related to 

the 51-cap structure has been implicated as "alarmones," 

i.e., regulatory molecules which signal the onset of heat 

shock and trigger the heat-shock response in Salmonella 

typhimurium (Lee, Bochner, and Ames 1983). An example 

compound is pl,p4-diadenosine-5 1-tetraphosphate (AppppA), 

which may be formed as a side reaction to amino acid 

activation, catalyzed by aminoacyl-tRNA synthetases 

(Zamecnik 1983). These compounds have also been found in 

eukaryotic cells, and are sometimes associated with cell 

cycle activity and DNA synthesis (Zamecnik 1983), but have 

yet to be found in plant cells. While general disruption of 

amino acid activation would affect elongation steps more 

than initiation of protein synthesis, the suggestion that 

alarmones may be the "second messengers" which trigger 

initiation block and other stress responses is appealing. 

Inhibition of peptide initiation by osmotic or 

hypertonic media has been observed in barley aleurone 

(Armstrong and Jones 1973) and HeLa cells (Saborio, Pong and 

Kock 1974). The effect· in barley aleurone treated with 0.6 M 

PEG (-1.5 MPa) was accompanied by reduced ribosome binding 

to endoplasmic reticulum, but ribosomes appeared to be 

functional based on ability to incorporate puromycin into 
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nascent protein (Armstrong and Jones 1973). Data bearing on 

initiation of translation was not obtained, but since most 

of the polyribosomes in these cells are membrane-bound, and 

membrane binding of polyribosomes is mediated by the 

N-terminus of the nascent peptide (Higgins 1984), initiation 

block could have caused the observed effect. 

Hypertonic initiation block (HIB) accompanied by 

rapid increases in numbers of 80 S ribosomes and decreases 

in numbers and size of polyribosomes is observed in HeLa and 

other tissue culture cells (Koch, Bilello and Kruppa 1979). 

These authors suggest that the effect is mediated by a 

change in membrane potential which causes the activation or 

release of a low-molecular weight inhibitor. They found that 

protein synthesis could be partially restored in extracts of 

cells treated with hypertonic media by filtration on 

Sephadex G-25, and that the inhibitor bound reversibly to 

ribosomes, thus impairing their ability to bind mRNA and/or 

initiation factors. Since osmotic stress was shown to affect 

plasma membrane potential and ion pumping in oat coleoptile 

(Rubenstein et al. 1977), it is tempting to speculate on the 

existence of such a membrane-mediated effector of protein 

synthesis in plants. 

As discussed earlier, alteration of ion flux could 

also lead to changes in optimum concentrations of K+ or Mg2+ 

for protein synthesis, which are rather well defined in the 

wheat germ cell-free system (Roberts and Paterson 1973). In 
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the present study, translation of barley poly(A)+RNA in the 

wheat germ system exhibited a rather broad optimum for K+, 

but Mg2+ levels over 2.4 mM were quite inhibitory (data not 

shown). Minimal levels of K+ and Mg2+ are required for 

stabilization of mRNA-ribosome complexes, but in high 

concentrations may cause stabilization of base-pairing and 

secondary structure of mRNA (Shatkin 1985). If this occurs 

in the 51-unt~anslated leader sequence, migration of the 

40 S pre initiation complex from the 51-terminus to the 

initiator AUG may be blocked (Kozak 1983), resulting in 

initiation block. Cation optima in the wheat germ cell-free 

system vary somewhat with the particular mRNA used (Marcu 

and Dudock 1974), which suggests that sequence variations 

may make c,ertain mRNAs more susceptible to this effect. 

Although cation concentrations in growing tissues of barley 

leaf did not change during stress (Riazi, Matsuda, and 

Arslan 1985), specific compartmentalization of ions was not 

determined, and cytoplasmic ion levels may have changed. 

Whether the extent of change required to inhibit protein 

synthesis could occur is unknown, and warrants further 

study. 

Nucleotide levels may also playa role in 

translation inhibition. Both ATP and GTP are required for 

initiation and elongation steps (Revel and Groner 1978), and 

ATP level was reduced in water stre~sed corn seedlings 

(Barlow, Ching, and Boersma 1976). However, reductions of 
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ATP level rapid enough to cause the observed polyribosome 

loss in Figure 3 have not been demonstrated. Further, Bewley 

and Gwozdz (1975) showed that ATP loss was not temporally 

correlated with polyribosome loss in dessicating moss, and 

moderate water stress does not appear to affect respiration 

in crop plants (Hsiao et a1. 1976). Levels of GTP have not 

been determined in water stressed plants, but would 

ultimately depend on the cellular energy status, unless a 

specific regulatory mechanism exists. GTP is a component of 

the ternary complex (GTp·met-tRNAf ·eIF-2) whose formation 

precedes binding of the 40 S ribosomal subunit and mRNA. 

Ternary complex formation is greatly inhibited by GOP, since 

eIF-2 has a higher affinity for GOP than GTP (Jagus, 

Anderson, and Safer 1981), thus translation initiation may 

be easily blocked by elevated GOP levels. This possibility 

warrants further investigation in water stressed plants. 

Summary and Suggestions for Future Work 

This study has provided evidence that depression of 

growth in osmotically stressed plant seedlings is highly 

correlated with polyribosome status of growing tissues 

(Figure 8), but poorly correlated with turgor potential of 

growing tissues (Figure 7). These results demonstrate the 

importance of protein synthesis in sustained growth of 

plants, as suggested by Key and Vanderhoef (1973). Other 

factors may regulate initial responses of growth to stress, 
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since growth of barley seedlings was not temporally 

correlated with polyribosome levels or water status until 

these parameters had stabilized (Figure 6). The nature of 

these factors is unknown, but they may represent wall

loosening factors whose release into the extracellular space 

is inhibited by sudden stress. This is suggested by the 

observation that barley seedlings relieved of a short-term 

stress (4 hours) showed a short burst of growth at a rate 

higher than controls (Figure 6). This may represent a sudden 

release of wall-loosening factors which had accumulated in 

the cytoplasm due to stress-induced inhibition of release. 

Thus, a search for possible wall-loosening factors which may 

be modulated by stress should be considered. Since Van 

Volkenburgh and Boyer (1985) found that H+ excretion by 

growing tissues of corn leaves was correlated with cell wall 

extensibility, and was diminished by water stress, H+ may be 

a wall-loosening factor in other monocot leaves. 

In barley seedlings, both free and membrane-bound 

polyribosomes where shown to be reduced by osmotic stress 

(Figures 3, 4). It was initially thought that membrane-bound 

polyribosomes may be more sensitive to stress, since these 

are the likely site of synthesis of plasma mem~rane and 

extracellular proteins which may be involved in cell growth 

(Chrispeels 1976). However, it appears that stress depresses 

the entry of most mRNAs into polysomes similarly, since the 

profiles of cell-free translation products using template 
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RNA from polysomal and non-polysomal fractions were similar 

(Figure 20). Translation of free cytoplasmic and polysome 

derived mRNP in the wheat germ cell-free system showed 

slight differences in coding capacity, but overall the 

profiles were quite similar (Figure 23). 

In a search for the possible mechanism of stress

induced polyribosome loss, alternatives were sought to the 

suggestion of Hsiao (1970) that initiation of peptide 

synthesis was the major factor involved. The reason for this 

search was that careful analysis of the time course for 

changes in polyribosome size and numbers suggested a 

mechanism other than initiation block. Specifically, 

Figure 3 shows that the PIT value (proportion of ribosomes 

in polyribosomes) decreases within 15 minutes of stress, 

whereas the LP/P value (proportion of polyribosomes which 

are pentamers or larger) did not decrease until 1-2 hours 

after stress. 

The most conceivable scenario that arose was one in 

which the amount of translatable mRNA was reduced by stress, 

either by reduced synthesis and/or increased degradation 

rates, or by some mechanism of sequestration from the 

translational apparatus. Labelling studies with 32po43-

suggested that stress inhibited RNA synthesis, but that 

stability of poly(A)+RNA was unchanged (Figure 11), and 

these data were supported by the finding that amounts of 

poly(A)+RNA decreased in stressed plants (Table 6). The data 
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of Table 6 could also have arisen from other combinations of 

reduced synthesis and increased degradation, but the fact 

remains that poly(A)+RNA decreased in stressed plants. 

However, the time course for this decrease was too slow to 

account for the rate of polyribosome loss observed in' 

Figure 3. 

Therefore, the possibility that mRNA in the 

nonpolysomal fraction of stressed plants was translationally 

repressed via association with specific proteins was 

investigated. Poly(A)+mRNP were isolated from EDTA

dissociated polysomes and post-polysomal particles by 

thermal chromatography on oligo(dT)-cellulose, and 

efficiencies of translation in the wheat germ cell-free 

system were examined. The results were variable, but 

nonpolysomal mRNP were usually less active than polysome

derived mRNP (Table 7). However, no inhibition of 

translation I:')f highly active poly(A)+RNA by non-polysomal 

mRNP was ObE: rved (Table 8)1 thus it appears that these 

particles con~ained no inhibitory activity. It is possible 

that inhibitory proteins or RNP such as described by Schmid 

et ale (1984) may have dissociated from the nonpolysomal 

mRNP during isolation at high ionic strength, however 

nonpolysomal fractions not binding to oligo(dT)-cellulose 

caused only slight inhibition of poly(A)+RNA translation in 

the wheat germ system (Table 8). 
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Since the variable activity of nonpolysomal mRNP may 

have been due to degradation by ribonuclease, efforts should 

be made to find a suitable nuclease inhibitor. Although 

vanadyl ribonucleoside complex proved to be a fairly good 

ribonuclease inhibitor for barley, it also tended to reduce 

the yield of material (data not shown). Also, polysomal mRNP 

could probably be isolated in less degraded form by 

pelleting polyribosomes through a sucrose gradient, as 

evidenced by the higher activity obtained with this method 

(Table 7). 

A further refinement of this approach would be to 

select a particular species of nuclear-coded mRNA for study. 

The mRNA for RuBPCase small subuni t may be a good choice, 

since this protein appears to be synthesized in appreciable 

amounts in growing tissues of barley leaves 

(Figures 10, 22), and its mRNP may be small enough to 

separate from ribosomal subunits by sucrose gradient 

sedimentation. Initially, it may be isolated by 

immunoprecipitation of polyribosomes using antibodies 

directed against the RuBPCase small subunit, followed by 

complimentary DNA synthesis and molecula'r cloning. A 

radioactive probe could be used to detect and quantitate 

sequences in polysomal and nonpolysomal fractions, and thus 

more precisely follow the process of mRNP-polyribosome 

association and stress-induced dissociation. 
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Since reduced polyribosome size was observed after 

1-2 hours stress (Figures 3, 4), an inhibition of 

translation initiation is implicated as a possible mechanism 

of polyribosome loss. This process could be mediated by 

several processes as described in the previous section, 

including inactivation of initiation factors by covalent 

modification (e.g. phosphorylation, Browning et ale 1985), 

alteration of mRNA 51-capping (Muthukrishnan et al. 1979), 

membrane-mediated release or activation of a low molecular 

weight inhibitor (Koch et al. 1979), or alteration of 

cytoplasmic levels of K+ and ~g2+ (Marcu and Oucock 1974). 

The phosphorylation state of initiation factors and 

ribosomal proteins in response to stress could be studied by 

labelling plants with 32po43-, isolating initiation factors 

and ribosomes and fractionating the proteins by SOS-PAGE or 

a suitable two-dimensional method. Ion compartmentation 

studies may shed light on the concentrations of cytoplasmic 

K+ and Mg2+. 

The development of a cell-free protein synthesizing 

system from barley leaf growing tissues would be greatly 

helpful in the study of stress-induced translation 

inhibition. This approach would allow the search for low 

molecular weight compounds in stressed tissues which may 

. inhibit translation, and would facilitate studies on 

initiation factors and their modification in stressed 

plants. 
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