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ABSTRACT 

The regulation of RNA synthesis in a strain of Saccharomyces 

cerevisiae having a partial requirement for para-amino benzoic acid 

(PABA) was found to be sensitive to the presence of exogenous adenine, 

S-adenosylmethionine, methionine, and PABA. The addition of these 

compounds to a culture during balanced growth in a synthetic minimal 

medium resulted in an almost immediate increase in the rate of RNA 

synthesis while cell mass and cell numbers increased only after a lag. 

The transfer of a culture during balanced growth from an enriched 

medium to the synthetic medium deficient in these metabolites result

ed in an abrupt cessation of net RNA accumulation for a long period of 

time, while the increase in cell number and cell mass continued at a 

reduced rate, nearly characteristic of the balanced growth rate in the 

new medium, without any detectable period of adjustment. The 

accumulation of RNA resumed after a period of time which seemed to 

be related to the previously established growth rate. A shift-down to 

a medium supporting a slower growth rate was alone not a sufficient 

condition to result in the cessation of RNA accumulation, since net 

accumulation continued after a transfer of a culture from the enriched 

medium to the synthetic medium supplemented individually with these 

compounds. 

x 
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During the period in which there was no net accumulation of 

RNA, a rapidly sedimenting fraction which resembled the normal 

pulse labeled RNA could be demonstrated even after a long period of 

labeling with radioactive precursors. This fraction differed from the 

bulk of the ribosomal RNA in its electrophoretic mobility in an agar-

gel and its elution profile from methylated albumin columns. The 

major portion of this fraction sedimented ahead of the 28 S ribosomal 

RNA in sucrose gradients. The synthesis of ribosomal RNA could 

only be shown after a prolonged labeling period and the amount formed 

declined to a low value until the net accumulation of RNA resumed. 

The RNA synthesized during this period was not processed into com

plete 80 S ribosomes, although, radioactivity was found associated 

with particles which sedimented more rapidly than the "native" sub-

units, and the ribosomal subunits that resulted from EDTA treatment. 

However, in the presence of methionine after the shift-down radio

activity was found in the ribosomes and the newly formed subunits ex

hibited the same sedimentation properties as the "native" subunits. 

Under the same conditions an analysis of the total RNA revealed that 

the newly synthesized RNA coincided in sedimentation properties with 

the ribosomal and soluble RNA fraction. The rapidly labeled, fast 

sedimenting fraction was found only after a brief labeling period. The 

rapidly labeled high molecular weight fraction formed after a 



shift-down differed in sedimentation properties from the rapidly 

labeled RNA associated with the cytoplasmic polyribosomes. 



CHAPTER 1 

INTRODUCTION 

RNA synthesis in bacteria seems to be subject to regulation 

which is independent of the amount or the rate or production of DNA 

and protein. This observation stems from the effect on macromole-

cule synthesis during the transition from one steady state to another. 

Exponential growth in a given medium results in a unique physiological 

state which can be correlated with cell size, RNA and DNA content, 

protein, and the number of nuclei (69). When a culture is transferred 

to a medium which supports a faster growth rate, there is an instan

taneous shift up in the rate of RNA synthesis which is greater for a 

period of time than the balanced growth rate in the new medium (40, 

51). In contrast, protein and DNA synthesis increase more slowly 

until the balanced growth rate is attained (40). The more rapidly 

growing cells are richer in RNA than the more slowly growing cells. 

The bulk of this RNA is contained in ribosomal particles. Since the 

rate of protein synthesis per ribosome (the step time) is the same in 

the fast growing cells as in the slow growing cells, in order to increase 

the rate of protein synthesis, it is necessary to increase the number 

of protein synthesizing units (ribosomes) (13, 40, 69). The slow increase 

of protein (synthesis after a shift to a richer medium can be viewed as 

1 



2 

due to an initial requirement for an increased number of ribosomes 

(40). These observations (40, 41, 69) indicate that the size of the pro

tein synthesizing machinery of the bacterial cell is effectively control

led. A similar conclusion has been drawn from the effects of 

chloramphenicol on growing cultures of Aerobacter aerogenes and 

other Gram-negative enteric bacteria (20). The addition of this anti

biotic to a culture growing in minimal medium results in an accelera

tion of RNA synthesis even though protein synthesis is inhibited. The 

cells seem to have the potential at all times to accumulate RNA at a 

greater rate in the presence of chloramphenicol regardless of the 

growth rate established in any given minimal medium. The ability to 

accumulate RNA is therefore not limited by the level of enzymes and 

substrates required for the synthesis of RNA. 

The problem of the overall regulation of the three classes of 

RNA can be set apart from the phenomenon of repression which in

volves a special kind of control of RNA synthesis. This control is 

exerted by the highly specific mechanisms which determine the com

position of the messenger pool in the cell by permitting transcription 

of some operons but not of others (35), although similarities in the 

control mechanisms may exist. 

All RNA species are thought to be copies of appropriate regions 

of the genome since annealing experiments have shown that not only 

messenger RNA (mRNA), ribosomal RNA (rRNA), and transfer RNA 
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(tRNA) formed specific hybrids with homologous denatured DNA (92, 

93), and actinomycin has been shown to inhibit all classes of ENA (2). 

The DNA is thought to be copied in vivo by a polymerase which in vitro 

is known to depend on a DNA primer and to synthesize RNA with cor

responding base sequences from substrates comprised of the four 

nucleoside triphosphates (8). Also, there is some evidence that the 

same polymerase may produce all three classes of RNA (32). It can 

be visualized then, that the synthesis of RNA could be regulated at the 

level of DNA transcription, by the level or activity of the polymerase, 

or by the availability of substrates. 

Whatever the exact biochemical nature of the control mechan

isms may be, the amino acids are an essential requirement for the 

synthesis of RNA. Thus, when a required amino acid is removed from 

the medium, RNA accumulation stops. If the required amino acid is 

fed back in small amounts in the presence of chloramphenicol, RNA 

synthesis resumes although protein synthesis is inhibited (27, 58). In 

high concentrations of chloramphenicol, there is no need for an exter

nal supply of amino acids to permit RNA accumulation during amino 

acid starvation (3). Turnover degradation of proteins presumably pro

vides the amino acids in the presence of this antibiotic. A shift up in 

the rate of RNA synthesis is thus viewed as being the consequence of 

an increased internal supply of amino acids. However, the "relaxed" 

mutants of Escherichia coli K 12 W6 (6) are an exception to this 
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otherwise stringent dependence of RNA synthesis on amino acids. 

This abnormal control is genetically transferable (76); the alleles have 

str 
been termed RC (relaxed control) and RC (stringent control). 

r*cl 
The RC strains continue to form RNA but not protein and DNA after 

an essential amino acid is removed from the culture medium. In con-

str 
trast the normal RC strains turn off RNA synthesis when starved 

of a required amino acid. 

Seemingly, any condition which alters the internal amino acid 

supply (deprivation of an essential amino acid, inhibition of protein 

synthesis, growth supporting ability of the medium) leads to changes 

in the rate of RNA formation. On the basis of these observations, 

Maal^e and Stent (44, 76) proposed that the activity of the RNA poly

merase is subject to regulation. According to this hypothesis the 

amino acid free tRNA acts as a specific repressor of RNA synthesis 

but the aminoacyl-tRNA is inactive as repressor. Thus, amino acid 

deprivation would lead to an accumulation of amino acid free tRNA and 

therefore inhibition of RNA synthesis. This hypothesis received ex

perimental support from studies on the effect in vitro of combined and 

uncombined tRNA on the activity of RNA polymerase (26). The trans

cription of native DNAs by purified preparations of RNA polymerase 

were markedly inhibited, although not completely, by uncharged tRNA. 

A complete mixture of charged tRNAs inhibited the in vitro polymerase 

reaction to a much lesser extent. Individual species of tRNA were as 
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effective as unfractionated tRNA on the RNA polymerase activity. 

This observation fits the concept of a common site of inhibition (non

specific) by all tRNA species (44). 

This model for the regulation of RNA synthesis by tRNA has 

been challenged by experiments which showed that chloramphenicol 

treatment of Escherichia coli cells led to a higher level of tRNA than 

was found in untreated cells (16). The level of amino acid charged 

tRNA could be controlled by amino acid starvation and the concentra

tion of chloramphenicol. Under these conditions it was found that the 

amino acid-free tRNA level at any given rate of RNA synthesis re

mained several times greater than in the control cells (17). It was 

concluded that free tRNA does not mediate the amino acid regulation 

of RNA synthesis by the inhibition of RNA polymerase. A similar 

conclusion was reached from studies of puromycin treated cells (53). 

The requirement for amino acids in RNA synthesis can only be 

met when the first reaction leading to protein synthesis is possible. 

Mutations which affect the function of any given aminoacyl synthetase 

result in the inhibition of RNA synthesis as though the corresponding 

amino acid were unavailable (14, 18, 19). Thus, the amino acid regu

lation of RNA accumulation may operate with some derivative of the 

amino acid that can be made only with a competent aminoacyl synthe

tase. The dependence of RNA synthesis on aminoacyl synthetase 

rel 
activity does not hold for cells lacking amino acid control (RC 



6 

mutants). The defective synthetase in the relaxed mutants results in 

a situation resembling amino acid starvation and in an overproduction 

of ENA despite the production of unacylated tRNA (5, 14). 

Evidence has been presented to implicate the conversion of 

uridine-5'-phosphate (UMP) to uridine-51 -triphosphate (UTP) as the 

biosynthetic step in RNA synthesis dependent on amino acids (21). In 

str a strain of 13. coli with the RC locus there was an amino acid 

stimulated incorporation of uracil or UMP by plasmolyzed cells of the 

same order of magnitude as the stimulation of RNA synthesis. There 

was no evident dependence of UMP incorporation on amino acids in 

I*©1 
cells with the RC mutation, but the amino acid stimulated incorpora

tion of UTP was about the same for stringent as for the relaxed strains. 

It was concluded that the amino acids interact with the RC allele gene 

product to regulate the conversion of UMP to UTP. This would be con

trol at the substrate level. 

The disaggregation of polysomes during amino acid starvation 

in stringent cells but not in relaxed mutants has led to the suggestion 

that polysome integrity is necessary for RNA biosynthesis (54, 68). 

The addition of chloramphenicol, which stimulates RNA synthesis while 

inhibiting protein synthesis, results in reaggregation of the polysomes 

(83). It has been suggested that polysome integrity is necessary to 

bind an inhibitor of RNA synthesis (68), or that the polysome modu

lates the transcription of RNA by stripping off the newly synthesized 

chain from the DNA template (75). 
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A role for methionine in the regulation of RNA synthesis is 

strongly supported by several reports. Since methylation of riboso-

mal RNA represents a normal step in the biosynthesis of ribosomes 

(23, 25), the availability of the methyl groups could limit RNA synthe

sis. Thus, when HeLa cells were deprived of methionine, the riboso-

mal precursor RNA continued to be transcribed; but this highly sub-

methylated RNA was broken down rather than incorporated into 

complete ribosomes (80). A corollary situation has not been observed 

in IS. coli. However, methionine has been observed to shift-up the 

rate of RNA synthesis without increasing the rate of growth or protein 

synthesis (48, 67). Of all the amino acids, only methionine was shown 

to stimulate RNA synthesis in this manner. Also, methionine alone 

enhanced the rate of conversion of ribonucleoprotein particles, which 

were formed in the presence of chloramphenicol, into 70 S ribosomes 

(48). The RNA of these particles has been shown to be sub-methylated 

(24). In addition, the initial rate of incorporation into RNA of the 

radioactive methyl group of methionine was greater in non-methionine 

grown cells. These observations led to the proposal that the rate of 

transcription of RNA is controlled by feedback inhibition regulated by 

the level of immature ribosomal precursors. The level of these par

ticles in turn is controlled by the availability of methionine which 

determines the relative rate of conversion of the particles to mature 

ribosomes or ribosomal subunits (33). 
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Other investigators have found a close correlation of RNA 

synthesis with poly amine levels in the cells of 12. coli. It has been 

reported that RNA synthesis in this bacterium is stimulated by sper

midine and inhibited by putrescine (62). The level of RNA synthesis 

appeared to be closely correlated with the level of intracellular sper

midine. In the presence of exogenous spermidine, RNA synthesis 

could be stimulated during amino acid starvation of strains showing 

stringent amino acid control. Further, methionine stimulated the pro

duction and increased the intracellular level of spermidine; the in

creased level of spermidine was accompanied by an increase in RNA 

synthesis (63). 

The regulation of RNA biosynthesis in yeast has received very 

little attention, and thus similarities or differences with bacteria in 

the patterns of control are not known. Amino acids are required for 

the synthesis of RNA (90), and it has been reported that cycloheximide, 

which inhibits protein synthesis in yeast, can relieve the controlling 

effect of amino acids in the medium (11). RNA continues to be formed, 

although at a lower rate, when a yeast culture is shifted from broth to 

buffer (39). A shift-down from broth to a medium with a different car

bon source supporting a slower growth rate was observed to result in 

a cessation of net RNA accumulation for a period of time before syn

thesis resumed (50). Under both shift-down conditions, radioactive 

RNA accumulated which showed some degree of instability and had 



9 

base ratios distorted toward DNA. The sedimentation properties of 

the RNA synthesized after shift-down did not resemble ribosomal and 

transfer RNA (50, 90). It has also been reported that the RNA content 

of yeast cells is greater in faster growing cells than in slower growing 

cells (49). There is, therefore, evidence for regulation of RNA syn

thesis in yeast dependent on amino acids and the growth supporting 

ability of the medium. 

Saccharomyces cerevisiae is a highly suitable organism for 

the study of RNA synthesis, since the nuclear and cellular organization 

of this organism more closely resembles that of the cells of higher 

forms. Consequently, the synthesis of RNA in yeast probably resem

bles the course of events observed in HeLa cells (59). However, 

there is very little evidence to support this statement. This lack of 

knowledge concerning the synthesis of RNA in yeast is due to several 

factors inherent in the nature of the organism. The firm cell wall 

does not permit easy and rapid extraction of the cellular contents. 

Also, a method for separating the nucleus from the cytoplasm has not 

been developed. In addition, there is a lack of specific inhibitors of 

RNA synthesis to which yeasts are susceptible. The yeasts possess 

some of the advantages associated with the bacteria, however, for un

like cultured mammalian cells, they comprise a natural population of 

undifferentiated cells and can be grown easily in a variety of media 

under well defined growth conditions. 
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The recent use of spheroplasts formed by the enzymatic 

digestion of the cell wall has made it possible to extract macromole-

cules and sub-cellular components without subjecting the cells to 

harsh treatment. RNA synthesis has been studied in S. carlsbergensis 

(10, 11, 85) and S. cerevisiae (34) treated in this manner. In this 

paper we shall describe studies of RNA synthesis and its regulation in 

a strain of S. cerevisiae in which a method of mechanical disruption 

was used which yielded RNA and, to some extent, ribosomal prepara

tions comparable to those obtained from gently lysed spheroplasts 

(51). 



CHAPTER 2 

STATEMENT OF PROBLEM 

This investigation was undertaken to explore the regulation of 

RNA synthesis in the eucaryotic organism Saccharomyces cerevisiae. 

This aspect of yeast physiology has received very little attention due 

in part to the difficulty in extracting undegraded nucleic acid from 

actively growing cells, the problem of distinguishing nuclear RNA 

from cytoplasmic fractions, and the lack of specific inhibitors of RNA 

synthesis which are effective in yeast. 

A strain of S. cerevisiae not requiring methionine for growth 

in a synthetic medium was found to respond to the addition of exogenous 

methionine by an abrupt stimulation of RNA synthesis followed later by 

an enhanced growth rate. The present studies were designed to deter

mine if there was a direct relationship between methionine and RNA 

synthesis. 

11 



CHAPTER 3 

MATERIALS AND METHODS 

Organisms 

Saccharomyces cerevisiae strain SC-10-4 was isolated in this 

laboratory from the strain SC-10. The parent SC-10 strain was 

originally isolated in the laboratory of Dr. Hershel K. Roman of the 

University of Washington, Seattle and has been carried in our labora

tory as a stock wild type strain. The haploid aUr^ strain of S. cere

visiae (S2112D) was obtained from Dr. R. K. Mortimer of the 

University of California, Berkeley. 

Materials 

Difco vitamin-free casamino acids were used as amino acid 

supplements. Methionine as well as other individual amino acids were 

obtained from the Calbiochem Co. S-Adenosylmethionine (S-AM) was 

prepared according to the method of Schlenk and DePalma (72). The 

para-aminobenzoic acid (PABA) was obtained from the Sigma Chemi

cal Co. Adenine, uracil, and cycloheximide were purchased from the 

Calbiochem Co. Sucrose gradients were prepared with reagent grade 

Merck sucrose which does not require further treatment for removal 

of ribonuclease. All other chemicals used were of reagent or analytic 

12 
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quality. Glusulase was a product of ENDO Laboratories Inc., and the 

ribonuclease was obtained from the Worthington Biochemical Co. The 

14 3 
C-uracil and H-uracil were purchased from New England Nuclear 

14 
Co. and the C-guanine was obtained from Schwarz Bioresearch, Inc. 

The Mickle Tissue Disintegrator was purchased from Brinkman In

struments. — 

Media 

A modification of Wickerham's synthetic minimal medium was 

utilized as the basal growth medium (86). This medium lacked PABA, 

methionine, histidine, tryptophan, adenine, and uracil and was sup

plemented according to the experimental requirements. This medium 

is referred to as synthetic minimal medium (SM medium). Maximal 

growth rate was achieved in double strength malt yeast extract broth 

(MYE medium) containing 6 g/l Difco malt extract, 6 g/l Difco yeast 

extract, 10 g/l Bacto-peptone, and 20 g/l glucose. 

Growth Conditions 

The cultures were grown in one liter volumes of medium 

through which air was constantly bubbled. Balanced growth was main

tained by diluting with fresh medium to keep the optical density at 420 

Mju between 0. 2 and 0.5. When cultures were used for extraction of 

total RNA or ribosomes, the optical density was allowed to reach 0. 5 

7 
or about 10 cells/ml. Before sampling, the cultures were checked 
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for several hours to ensure that a constant growth rate had been 

achieved. 

The growth and RNA measurements were made on cultures 

which were transferred to 100 ml of fresh aerated medium supple

mented according to the experimental requirements by rapid filtration 

through Millipore filters (47mm, pore size 0.45ju). The filtration and 

g 
resuspension of 100 ml (about 10 cells) required about 3 minutes. 

Cultures for the analysis of total RNA or ribosomes were transferred 

9 
in the same manner except that the cell density was about 4x10 cells. 

This usually required about 400-500 ml of culture; filtration and re-

suspension usually were accomplished in less than 10 minutes. 

Measurement of Cell Numbers and Turbidity 

Total cell counts were made with a hemacytometer according 

to the criteria of Williamson and Scopes (87). Cell turbidity measure

ments were made at a wavelength of 420 M/u in a 1 cm cuvette in the 

Beckman DU Spectrophotometer. 

Measurement of RNA and Protein 

Ribonucleic acid measurements were made on hot trichloro

acetic acid (TCA) extracts by the orcinol method (37). Five ml of 

culture were removed and mixed with 5 ml of ice cold 10% TCA. 

After 30 minutes, the suspension was centrifuged and the supernatant 

fluid was discarded. The cells were then resuspended in 5 ml of 5% 
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TCA, and the nucleic acid was solubilized by heating at 90 C for 30 

minutes. In some experiments the relative increase of RNA was deter

mined by measuring the optical density of perchloric acid (PCA) 

extracts at 260 Mju. The optical density of the PCA extracts and the 

orcinol determinations of RNA in the TCA extracts yielded the same 

results when plotted as relative increases in the RNA content of the 

cells. For this type of analysis five ml of culture were removed and 

mixed with five ml of ice cold 10% PCA for 30 minutes. The acid-

soluble extract was discarded. The nucleic acid was extracted with 

10% PCA at 70-80 C for 1 hr, and the OD... of the extracts was read 
£OU 

against a 10% PCA blank. 

The RNA/protein ratios were measured on aliquots of cultures 

during balanced growth in the various media. The cells were first 

extracted with cold 10% TCA and then with hot 5% TCA. The RNA in 

the hot TCA extracts was measured by the orcinol reaction. The total 

protein in the acid-insoluble residue was determined by the micro-

Kjeidahl method. 

Incorporation and Assay of Radioactive Precursors 

The specific conditions for the incorporation of radioactive pre

cursors into RNA are described in the legends to the figures. Radio

active compounds were added in varying specific activities depending 

on the length of the labeling period and on the type of isotope. The 
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incorporation of radioactivity was stopped by pouring over crushed ice, 

or in some experiments, by the addition of cold TCA or PCA. 

The radioactivity of samples was assayed in a Packard Tri-

Carb liquid scintillation counting system Model 314 EX-2. Aqueous 

aliquots of 0.1 to 0. 4 ml were counted in 10 ml of scintillation count

ing fluid (BBOT 4g, naphthalene 80 g, 2-methoxyethanol 400 ml, 

toluene 600 ml (89). Dual labeled samples were counted by the dis

criminator-ratio method (57); and quenching, where necessary, was 

determined by the addition of internal standard. 

Preparation and Analysis of RNA 

Cell disruption. - -The mechanical methods commonly used to 

break the firm yeast cell wall result in degraded RNA as judged by com

parison with the sedimentation values of the rapidly labeled RNA re

ported isolated from gently lysed protoplasts obtained by enzymatic 

digestion of the cell wall (11). The preparation of yeast protoplasts, 

however, requires prolonged incubation in media which do not support 

growth. Therefore, this method is not suitable for comparative studies 

of RNA fractions under various defined growth conditions. The method 

described here permits efficient and reproducible breakage of yeast 

cells and the extraction of rapidly labeled RNA comparable to that 

isolated from yeast protoplasts (51). 
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One hundred ml of culture (1-2 x 10 cells/ml), after incuba

tion with radioactive RNA precursor for the desired period of time, 

were poured over crushed ice and the cells sedimented at 3500 x g. 

After one wash with ice cold water the cells were suspended in 1-1.5 

ml of water and transferred to a small thick-walled vial (12 ml, O.D. 

=22mm, ht.=51mm). The cell suspension was frozen in the form of a 

thin shell along the walls of the vial by slowly rolling it horizontally on 

dry ice or the freezing shelf of the Virtis shelf lyophilizer and then 

dried under vacuum in the Virtis lyophilizer. 

Two grams of glass beads (3 mm) were added to the vial and 

the cells broken by shaking for one minute in the Mickle Tissue Disin

tegrator tuned to the maximum reed amplitude permissible for the 

instrument. The microscopic examination of a preparation treated in 

this manner revealed that more than 90% of the cells were disrupted. 

Each cell, however, suffered only a few fractures and significant 

amounts of cell debris were not detected. 

Extraction of total RNA. - -The dry, broken cells were suspend

ed in an ice cold mixture of 15 ml 85% redistilled phenol and 15 ml 

acetate-EDTA buffer (5 vol. 0.1 M potassium acetate, 1 vol. 0.1 M 

ethylenediamine tetraacetate (pH 5. 8) which contained 1% w/v benton-

ite and 2.5 % w/v sodium dodecyl sulfate (SDS). RNA was extracted 

by stirring this mixture overnight (12-16 hr) at 4C. The aqueous 
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phase was separated by centrifugation (3500 x g for 10 min) and 

dialysed for 8 hr at 4 C, with two changes of solution, against a total 

of 2 liters of 0.1 M potassium acetate. The small amount of precip

itate which formed during dialysis was removed by centrifugation. The 

RNA was precipitated overnight from the aqueous phase with 2 vol. of 

95% ethanol at -20 C. The precipitated RNA was kept in alcohol until 

used. The alcohol precipitate was redissolved in buffer to the desired 

concentration required for the method of analysis. 

Analysis of RNA by sucrose density gradient centrifugation. - -

Linear sucrose gradients were formed by successive layering of 9 vol 

containing 0. 5 ml each of 25% to 5% sucrose solutions made with the 

acetate-EDTA buffer. A linear gradient was formed after diffusion 

overnight at 4 C. Two-tenths mlo'f RNA solution was layered over the 

gradient and sedimentation analysis of the RNA was carried out at 

39, 000 RPM in the SW 39 rotor of the Spinco Model L Preparative 

Ultra-centrifuge for 5 hr at 2 C. Two-drop fractions were collected 

from the bottom of the tube after puncture with a 20 gauge needle, and 

with the air pressure regulated in the tube, so that the flow could be 

controlled. The optical density at 260 M/u of each fraction was read 

after the addition of 2.5 ml of water. The radioactivity of the fractions 

was determined on 0. 4 ml aliquots by liquid scintillation counting. In 
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some experiments, alternate one drop fractions were collected for 

UV analysis and radioassay. 

Analysis of RNA by methylated albumin coated kieselguhr 

column. - -The methylated albumin coated kieselguhr (MAK) was pre

pared according to Mandell and Hershey (46) and the column according 

to the modification of Sueoka and Cheng (77). A column 1.5 cm in 

diameter was packed with 25 ml of MAK and washed with 100 ml of 

0.1M NaCl in Tris-Hcl 0. 01M, pH 7. 0 buffer. One mg of RNA was 

added to the column in 25 ml of 0.1M NaCl in tris buffer and was al

lowed to drain to the top of the MAK bed. The RNA was eluted from 

the column with a gradient of 0.1M to 1. 5M NaCl and collected in 2 ml 

fractions with an automatic fraction collector. The optical density at 

260 Mn of each fraction was measured in a spectrophotometer, and the 

radioactivity of 0. 4 ml of each fraction was determined in a liquid 

scintillation counting system. 

Analysis of RNA by agar-gel electrophoresis. - - Phenol extract

ed RNA was fractionated by agar-gel electrophoresis according to the 

method of Tsanev (79). Fifty /ug of RNA in acetate-EDTA buffer was 

placed in a vertical well (2 x 25 mm) 1 cm from the edge of an agar 

covered slide (3 x 7.5 cm). The agar-gel was prepared with 1.5% 

noble agar (Difco) in acetate-EDTA buffer (83 ml 0.1M potassium 

acetate, 17 ml 0.1M EDTA, pH 5.8). The electrolyte was also the 
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acetate-EDTA buffer. The LKB Immunophore apparatus was utilized 

with 250V and 10 MA and migration was toward the positive pole for 

90 min. 

Examination with a 260 mw ultraviolet light showed three UV 

absorbing bands. A fast moving component about 6 cm from the origin 

and 2 slow moving components at 2. 5 to 3 cm and 3 to 3. 5 cm from 

the origin. The fast moving component corresponds to soluble ENA and 

the 2 slow moving bands to ribosomal RNA. 

The agar-gel was cut into 3 mm slices and placed in 1. 5 ml of 

water. The fractions were assayed by melting the agar, removing 

0. 5 ml for radioactivity determination in a liquid scintillation counting 

system, and reading the remainder for UV absorption at 260 M/u. 

Preparation and Analysis of Ribosomes and 
Ribosomal Subunits 

The yeast cells were disrupted for the preparation of ribosomes 

and robosomal subunits as was described for the extraction of intact 

RNA. 

The cell lysates were examined for ribosomes and "native" 

g 
subunits by extracting the dry broken cells (2-5x10 ) with 1. 5 ml of 

TM buffer (0. 05M tris, 0. 025M KC1, 0. 005M Mg2+, pH 7.2). After 

5 min of gentle agitation, the extract was centrifuged at 3500x gfor 10 

min to remove large debris and then at 15, 000x gfor 20 min. The 

temperature of the extract was never allowed to rise above 4 C. A 10-



30% linear sucrose gradient was overlayed with 0. 2 ml of the extract 

and centrifuged at 39, 000 RPM in the SW 39 rotor of the Spinco Model 

L Preparative Ultracentrifuge for 3 hr. The fractions were assayed 

as described above. 

Eibosomes were partially purified by extracting the disrupted 

cells with 5 ml of TM buffer for 10 minutes with gentle agitation of the 

contents of the vial. This was followed by centrifugation at 3500 x g, 

15, 000 x g, and then at 39, 000 RPM for 60 min. The resulting pellet 

was resuspended in 5 ml TM buffer and recentrifuged for 60 min. The 

pellet was dissolved in 1 ml TM buffer and 0. 2 ml layered over a 

10-30% linear sucrose gradient. 

2+ 
The ribosomes of yeast are stable at a Mg concentration of 

2+ 
0.0015 M. In preliminary experiments lowering the Mg concentra

tion of the buffer did not result in complete dissociation of the ribo

somes, therefore EDTA was used to effect dissociation (22). Treat

ment with EDTA lowers the sedimentation constants of the 60 and 40 S 

particles to 50 and 3OS respectively. 

The disrupted cells were extracted with 5 ml of TM buffer for 

5 min and then centrifuged at 3500 x g for 10 min and 15, 000 x g for 

10 min. The extract was then centrifuged for 3 hr at 39, 000 RPM; 

the temperature was kept below 4 C throughout the procedure. The 

resulting pellet was resuspended in 1 ml Tris-EDTA buffer (0. 05M 

tris, 0.025MKC1, 0. 001M EDTA, pH7.2). A 10-30% linear sucrose 
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gradient was overlayed with 0.2 ml of the preparation, and sedimenta

tion was carried out for 3 hours at 39, 000 EPM. 

Some ribosomal preparations were treated with 1 /ug/ml ribonu-

clease for 10 min at 37 C. 

Formation of Yeast Spheroplasts 

Mid log phase cells of the aUr^ S2112d strain of S. cerevisiae 

9 
were converted to spheroplasts by treatment of 4 x 10 cells in 20 ml 

of 1 M sorbitol with 0.2 ml Glusulase for 90 min at 30 C (34). The 

spheroplasts were centrifuged for 15 min at 2500 RPM (International 

Centrifuge, Model PR2) and resuspended in 20 ml of synthetic complete 

medium for 2 hours. The spheroplasts were labeled for 5 minutes with 

3 
10 nC of H-adenine, and then incorporation was stopped by rapid 

chilling by immersing the flask in a salt-ice bath. The spheroplasts 

then were centrifuged and resuspended in 1 ml TM buffer and lysed with 

1% Brij-58. 



CHAPTER 4 

RESULTS 

Growth Requirements 

The slow growth rate of Saccharomyces cerevisiae SC-10-4 in 

the synthetic minimal medium was found to be the consequence of a 

partial requirement for PABA. The growth rate of a culture in the 

synthetic medium with PABA was almost equal to the growth rate ob

served in the malt-yeast extract medium. The PABA requirement 

could be partially replaced by methionine, adenine, and S-adenosyl-

methionine. In other microorganisms (1, 9, 56) with an exacting 

requirement for PABA, it has been shown that purines, thymine, 

serine, and methionine can also replace this growth factor. A mixture 

of amino acids in the form of a casein hydrolysate also enhanced the 

growth rate. However, the stimulation of growth by a standard pro

tein mixture of amino acids depended on the presence of methionine. 

Therefore, the enhanced growth rate was not the result of carbon and 

nitrogen enrichment nor an amino acid sparing effect. The effect on 

the growth rate by the various supplements is summarized in Table 1. 

23 
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TABLE 1. The growth rate and RNA/protein ratios of Saccharomyces 
cerevisiae in synthetic minimal medium with various 
supplements. 

Medium Growth rate gen hr * RNA/protein 

Malt yeast extract 0.50 0. 16 

Synthetic minimal 0.12 0.15 

SM + methionine (100/ug/ml) 0.25 0.26 

SM + PABA (2/ug/ml) 0.40 0.25 

SM + adenine (10 ^g/ml) 0.28 0.26 

SM + S-adenosylmethionine 
(16 uglml) 0.22 0.24 

SM + casamino acids (0.5%) 0.25 0. 15 

SM + standard protein amino 
acids* (100/ig/ml each) 0.26 

SM + standard protein amino 
acid mixture without 
methionine 0.13 

Standard protein amino acid mixture: alanine, arginine, 
aspartic acid, cysteine, glutamic acid, glutamine, glycine, histidine, 
hydroxyproline, isoleucine, leucine, lysine, methionine, phenylala
nine, proline, serine, threonine, typtophan, tyrosine, and valine. 
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Adjustment of the Rates of RNA Synthesis and Growth 
in Response to Changes in the Chemical Environment 

The diversity of balanced growth rates supported by the SM 

medium, the casamino acids supplemented SM medium, and the MYE 

medium offered an opportunity to test the effects of a rapid change of 

medium on the rates of RNA synthesis and growth. Experiments of 

this kind, where a culture was transferred either to a medium support

ing a slower balanced growth rate or to a medium supporting a faster 

balanced growth rate, revealed RNA synthesis to be more sensitive to 

the shift than cell growth. In a shift-down experiment (Fig. la) a cul

ture growing exponentially in casamino acids supplemented SM medium 

was transferred to SM medium. Frequent measurements of RNA, 

optical density and cell numbers showed a rapid adjustment to a new 

lower rate of growth. However, net RNA accumulation ceased for 

about 3 hr before resuming at a new lower rate. The transfer of a 

culture from MYE medium to SM medium resulted in similar changes 

(Fig. 2). The shift-down in this instance led to a period of nearly 6 

hr during which there was no net accumulation of RNA. The period 

during which no RNA accumulation occurred was apparently related to 

the pre-shift rate of synthesis, since the transfer of a culture from 

MYE medium (0. 5 gen hr *) to SM medium resulted in a 6 hr cessa

tion of RNA accumulation, whereas a transfer from casamino acids 

supplemented SM medium (0. 25 gen hr 1) resulted in the cessation of 
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Fig. 1. The Shift-up and Shift-down Effect of Casamino Acids. 

(a) The shift-down effect. A culture growing exponentially in SM medium supplemented 
with 0. 5% casamino acids + 0. 02% histidine was transferred at time 0 to SM medium, and the 
optical density, RNA, and cell number were frequently measured. The logarithms of the measured 
values were plotted to show the relative change with time. The curves were transposed to coincide 
with the pre-shift curve. For clarity cell numbers are plotted below the optical density and RNA 
measurements. 

(b) The shift-up effect. A culture growing exponentially in SM medium was supplemented 
-at time 0 with 0. 5% casamino acids + 0. 02% histidine and tryptophan, and the optical density, RNA, 
and cell number were measured. The logarithms of the measured values were plotted to show the a> 
relative change with time. 
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Fig 2. The Shift-down Effect when a Culture in MYE Medium was Transferred to SM Medium. 

At time 0 a culture growing exponentially in MYE medium was transferred to SM medium, 
and the optical density and RNA were measured. The log of the measured values are plotted to 
show the relative change with time and the curves are transposed to coincide with the balanced 
growth curve (pre-shift curve). 



accumulation for almost exactly one-half this time. The transfer of a 

culture to a medium supporting a more rapid rate of growth (Fig. lb) 

showed that RNA synthesis also responded rapidly to a shift-up. A 

new rapid rate of synthesis was established within minutes after the 

addition of casamino acids, while cell growth increased only after a 

lag period of about an hour. 

Since the addition of methionine or casamino acids to the SM 

medium resulted in similar growth rates, the shift-up effect was 

examined with a mixture of amino acids with and without methionine 

(Fig. 3). A standard protein-amino acid mixture of twenty pure amino 

acids was added to a culture in balanced growth in the SM medium. 

The rate of RNA synthesis immediately accelerated, but the growth 

rate increased only after a lag period. However, when methionine was 

omitted from the mixture, there was only a slight increase in the rate 

of RNA synthesis and growth. Therefore, the shift-up effect with the 

amino acids cannot be regarded as simply the result of an enrichment 

of the medium. This is further indicated by the shift-up effect obtained 

with small amounts of adenine, methionine, S-AM, and PABA added 

individually to the SM medium (Fig. 4). In each case the shift--up in 

the rate of RNA accumulation was nearly the same as observed with 

0.5% casamino acids (Fig. lb). 

The cessation of net RNA accumulation that followed a shift-

down from MYE or casamino acids supplemented SM medium did not 
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Fig. 3. The Shift-up Effect with a Standard Protein Mixture 
of 20 Pure Amino Acids as Compared with the Effect of the Amino 
Acid Mixture without Methionine. 

* 

Twenty pure amino acids (100 /jg/ml each) were added to a 
culture growing exponentially in SM medium at time 0, and the RNA 
(curve 4) and optical density (curve 3) were measured. The loga
rithms of the measured values are plotted and the curves are trans
posed to coincide with the balanced growth curve (curve 1). The same 
amino acid mixture minus metliionine was added to another portion of 
the same culture (curve 2). In curve 2 the logarithms of the RNA 
values and optical density measurements coincided when transposed 
with respect to the balanced growth curve. 
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Fig. 4. The Stimulation of RNA Synthesis by Methionine and 
other Compounds. 

To 100 ml aliquots of a culture growing exponentially in SM 
medium were added at time 0 S-AM, 16 /ug/ml (curve 2); methionine, 
100 /Ltg/ml (curve 3); adenine, 10 jug/ml (curve 4); and PABA, 2 /ug/ml 
(curve 5). Curve 1 is the balanced growth rate before additions were 
made. The logarithms of the ODggQ of perchloric acid extracts were 
plotted to show the relative changes with time. 
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appear to be solely the result of a decrease in the growth supporting 

ability of the new medium, for if the SM medium was supplemented 

individually with adenine, methionine, or S-AM, RNA accumulation 

continued even though these compounds supported a growth rate about 

one-half that of MYE medium (Fig. 5a & 5b). However, the rate of 

accumulation changed to a new lower rate with an initial lag that varied 

with the compound. The addition of PABA allowed RNA accumulation 

to continue but at a slower rate initially (Fig. 6a). This initial slow 

rate of RNA accumulation was overcome when PABA was combined 

with adenine and methionine, and the combination of PABA, adenine, 

and casamino acids nearly maintained the pre-shift rate of synthesis 

and growth (Fig. 6a & 6b). The cessation of RNA accumulation that 

occurred when a balanced growth culture in casamino acids supple

mented SM medium was transferred to SM medium was also reversed 

by methionine (Fig. 7). Several experiments showed casamino acids 

and methionine to be nearly equivalent in eliciting the shiftmp response, 

however, cultures grown with these supplements were not equivalent 

in their response to a shift-down. When methionine-grown cells were 

transferred to the SM medium, there was no abrupt cessation of RNA 

accumulation. Under this condition the rate of RNA synthesis declined 

gradually to a new lower rate of synthesis (Fig. 8). Fig. 8 also shows 

that the substitution of S-AM for methionine in the SM medium during 

balanced growth did not noticeably alter the rate of RNA accumulation. 
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Fig. 5. The Reversal of the Shift-down Effect by Transfer of a Culture from MYE to SM 
Medium Containing Methionine, S-AM, and Adenine. 

(a) RNA synthesis. At time 0 a culture growing exponentially in MYE medium was trans
ferred to SM medium (curve 1); SM medium + methionine, 100 ng/ml (curve 2); S-AM, 16 ng/ml 
(curve 3); and SM medium + adenine, 10 jug/ml (curve 4). Curve 5 represents the balanced growth 
rate of RNA synthesis. The logarithms of the ODggQ values of perchloric acid extracts were 
plotted to show the relative changes. 

(b) Optical density. The log of the OD420 is plotted to show the relative change with time 
after transfer of a culture from MYE medium to SM medium (curve 1), SM medium + methionine 
(curve 2), SM medium + S-AM (curve 3), and SM medium + adenine (curve 4). Curve 5 represents 
the balanced growth rate of change of OD. 
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Fig. 6. The Reversal of the Shift-down Effect by 
Medium Containing PARA and other Supplements. 

"ransfer of a Cullure from MYE to SM 

(a) RNA synthesis. At time 0 a culture growing exponentially in MYE medium was trans
ferred to SM medium containing 2 jig/ml PABA (curve 1), 2 uglml PABA, 10 ng/rnl adenine, and 10 
Hg!ml methionine (curve 2), and 2 jug/ml PABA, 10 jug/ml adenine, and 0.2% 
3). Curve 4 represents the balanced growth rate of synthesis. 
of perchloric acid extracts were plotted to show the relative changes 

casamino acids (curve 
The logarithms of the OD9 ^ values 

(b) Optical density. The log of the OD420 is plotted to show 1he relative change with time 
after transfer of a culture from MYE medium to SM medium containing 2 jug/ml PABA (curve 1), 
2 jig/ml PABA, 10 ;ug/ml adenine, and 10 jig/ml methionine (curve 2), and 2 jig/ml PABA, 10jig/ml 
adenine, and 0. 27% casamino acids (curve 3), curve 4 represents the balanced growth rate of change 
of OD, CO 

CO 
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Fig. 7. The Synthesis of RNA after Transfer of a Culture 
from Casamino Acids Supplemented SM Medium to SM Medium 
Containing Methionine. 

At time 0 a culture growing exponentially in SM medium supple
mented with 0. 5% casamino acids was transferred to SM medium 
(curve 1) and to SM medium containing 100 ng/ml methionine (curve 2). 
The logarithms of the OD26O values of perchloric acid extracts -were 
plotted to show the relative changes with time. Curve 3 represents 
the balanced growth rate of synthesis. 
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Fig. 8. The Synthesis of RNA after Transfer of a Culture 
from Methionine Supplemented SM Medium to SM Medium and to 
SM Medium Containing S-AM. 

At time 0 a culture growing exponentially in SM medium sup
plemented with 100 /ig/ml methionine was transferred to SM medium 
(curve 1) and to SM medium containing 16 )ug/ml S-AM (curve 2). 
Curve 3 represents the balanced growth rate of synthesis.. The 
logarithms of the OD26O values of perchloric acid extracts were 
plotted to show the relative changes with time. 
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It has not been established that in yeast different rates of 

balanced growth represent unique physiological states dependent on 

the chemical environment. In cultures of bacteria, balanced growth 

in various media is characterized by a strict proportionality of ribo-

some concentration to the steady state rate of protein synthesis (69). 

Measurements of the ratio of RNA to protein content of the SC-10-4 

strain of yeast indicated a difference in physiological response to 

changes in growth rate. Although MYE medium supported a growth 

rate four times greater than that supported by SM medium, the RNA/ 

protein ratios were nearly the same (Table 1). The RNA/protein ratio 

of casamino acid grown cells was also essentially the same as MYE 

and SM grown cells. Balanced growth with the individual supplements 

of adenine, S-AM, methionine, and PABA resulted in cells with higher 

RNA/protein ratios, but these values differed very little even though 

there were differences in growth rates. 

The Incorporation of Radioactive Precursors 

The previous experiments showed that transfer of a culture 

growing in MYE or casamino acids-supplemented SM medium to the 

minimal medium, unless it contained adenine, methionine, S-AM, or 

PABA, led to an abrupt cessation of RNA synthesis; and the addition 

of these compounds to cultures growing exponentially in the minimal 

medium resulted in an immediate shift-up in the rate of RNA synthesis. 
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The incorporation of radioactive uracil was investigated under these 

same conditions. 

Fig. 9 illustrates the effect on the incorporation of uracil when 

methionine was added to a culture growing exponentially in SM medium 

in which a constant rate of incorporation of uracil had been established. 

It can be seen that the rate of incorporation shifted up five minutes 

after the addition of methionine and reached a linear rate after about 

twenty minutes. 

Although chemical measurements had shown that there was no 

net accumulation of RNA in SIvI medium during the period immediately 

following the transfer of a culture from MYE or casamino acid supple

mented SM medium, there was a considerable incorporation of radio

active uracil into acid-insoluble material. A culture growing in 

casamino acid-supplemented synthetic medium (Fig. 10a) was labeled 

with low specific activity uracil until the rate of incorporation was 

constant and then the culture was shifted to casamino acid-free SM 

medium containing uracil with the same specific radioactivity. The 

relative rates of incorporation are compared in Fig. 10a. It can be 

seen that the initial rate of uptake after the transfer was nearly the 

same as the control over the time observed. In another experiment 

(Fig. 10b) involving a transfer from MYE to SM medium, the rate of 

incorporation was also found to be much higher for the first hour after 

the shift. The rate of uptake of uracil declined after this time. 
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Fig. 9. The Stimulation of Uracil Incorporation by Methionine. 

A culture growing exponentially in SM medium was labeled for 30 min with 1 / l«C C-uracil 
(10 /ig/ml). At time zero 100 yug/ml methionine was added to the medium. The radioactivity of 
PCA extracts was measured. 00 

00 
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Fig. 10. The Incorporation of Radioactive Uracil after Transfer from Casamino Acids 
Supplemented SM Medium and MYE to SM Medium. 

(a) A culture growing exponentially in casamino acids supplemented SM medium was labeled 
for 1 hour with 2 ^C-uracil (5 /jg/ml). The culture was then divided into two portions and was 
removed from the medium by rapid filtration through Millipore filters. One portion of the culture 
was resuspended in the same medium and the other portion was resuspended in casamino acids free 
medium. Each medium contained -^C-uracil with the same specific activity as before the shift. 
Aliquots were removed at intervals and extracted with cold 5% PCA and then with hot 5% PCA. The 
radioactivity of 0.1 ml aliquots of the hot PCA extracts was measured and plotted as relative 
increases in the CPM. 0 0, SM + casamino acids; # 9, SAT medium. 

(b) A culture growing exponentially in MYE medium was transferred to SM medium (0 
and SM medium + 100 uglral methionine (X X). One /uC(10 jug/ml) of l^C-uracil was added to 
each culture and the incorporation was followed for several hours after the shift-down. The radio
activity of 0.1 ml aliquots of the hot PCA extracts was measured by liquid scintillation counting. 

0) 



40 

However, when the minimal medium contained methionine, the initial 

rate of incorporation was maintained. 

The synthesis of RNA during this period was not dependent on 

protein synthesis. In the presence of an amount of cycloheximide which 

inhibits protein synthesis the incorporation of uracil was equivalent to 

the incorporation without cycloheximide. There was no stimulation of 

RNA accumulation as occurs in bacteria treated with chloramphenicol, 

nor was methionine able to stimulate RNA synthesis in the presence of 

cycloheximide (Fig. 11). 

These experiments showed that although there was no net RNA 

accumulation after a shift-down, RNA synthesis continued initially at 

almost the pre-shift rate and then the rate declined until accumulation 

of stable RNA resumed, and it was shown that methionine reversed the 

decline of uracil uptake. 

The Analysis of the RNA Formed During the Post-shift Period 

The incorporation of RNA precursors into acid-insoluble 

material indicated the synthesis of RNA even in the absence of net ac

cumulation. Since rRNA and tRNA represent the bulk of the stable 

RNA of the cell, these classes of RNA then must cease to accumulate 

after transfer of a culture to the minimal medium. The total cellular 

RNA extracted by the cold phenol-SDS method was therefore analysed 

by several methods. The analysis of the RNA synthesized during the 
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Fig. 11. The Effect of Cycloheximide on Uracil Incorporation. 

A culture growing exponentially in MYE medium was trans
ferred to SM medium (curve 1), SM medium + 5 jug/ml cycloheximide 
(curve 2), and SM medium + 100 )ug/ml methionine and 5 /ug/ml 
cycloheximide (curve 3). The culture was labeled with 1 /uC 14C-uracil 
(10 ^ig/ml) and the radioactivity of PCA extracts was measured. 
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post-shift period before RNA accumulation resumed revealed RNA 

fractions not observed during balanced growth except with brief label

ing times. 

Fig. 12a, b, & c illustrates the results of a sucrose density-

gradient analysis of the RNA isolated from cells 5, 10, and 20 minutes 

after transfer from MYE to SM medium. During this period soluble 

RNA continued to be formed. However, the major portion of the newly 

synthesized RNA sedimented ahead of the 28 S ribosomal RNA and even 

after 20 minutes the radioactivity profile did not coincide with the UV 

profile. In contrast to a culture growing exponentially in the SM 

medium, the high molecular weight RNA was observed only after a 

3-5 minute pulse (Fig. 13a), and after 10 minutes (Fig. 13b) the radio

activity profile coincided with the UV profile. The sedimentation prop

erties of the radioactive RNA synthesized after shift-down from 

casamino acids-supplemented SM medium to the minimal medium were 

compared in a double-labeled experiment (Fig. 14) to the RNA formed 

during balanced growth in the supplemented medium. Each culture 

14 3 
was labeled separately with C-uracil or H-uracil for 10 minutes and 

then mixed together and the RNA extracted. In this way there was no 

possibility of preferential extraction of one over the other. Fig. 14 

shows that the RNA synthesized in the shift-down medium after 10 

minutes possessed distinctly different sedimentation characteristics 

from the radioactive RNA formed during balanced growth in the 
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Fig. 12. Sucrose Density Gradient Analysis of the RNA 
Synthesized after Transfer of a Culture from MYE to SM Medium. 

9 
A culture growing exponentially in MYE medium (12 x 10 

cells) was transferred to 150 ml SM medium and 15 /uC ^C-uracil 
was added at 0 time. After (A) 5 min, (B) 10 rnin, and (C) 20 min 
50 ml were removed and poured over crushed ice. The cells were 
frozen and lyophilized then disrupted by shaking in the Mickle cell 
disintegrator. The RNA was extracted by the cold phenol-SDS 
method. 0. 2 ml of the RNA was layered over a 5-25% linear sucrose 
gradient and centrifuged for 5 hrs- at 39, 000 R'PM. 
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Fig. 13. RNA Formed after a Brief Label with Uracil During 
Balanced Growth in the Synthetic Minimal Medium. 

9 
A culture (2 x 10 cells) growing exponentially in 200 mi of 

SM medium was labeled with 20 nC ^C-uracil. After (A) 5 min and 
(B) 10 min 100 ml were removed and poured over crushed ice. The 
RNA was extracted and layered over a linear sucrose gradient and 
centrifuged for 5 hours at 39, 000 RPM, 
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Fig. 14. A Comparison of the RNA Synthesized after Transfer 
of a Culture to SM Medium to that formed During Balanced Growth in 
the Casamino Acids Supplemented SM Medium. 

A culture growing exponentially in casamino acids supple
mented medium (about 4x10® cells) was collected by Millipore 
filtration and divided into 2 equal parts. One portion was resuspended 
in 50 ml casamino acids supplemented SM medium and labeled with -
50 jiC ^H-uracil for 10 minutes, and the other was resuspended in 50 
ml SM medium and labeled for 10 minutes with 5 juC l^C-uracil. 

Labeling was terminated by pouring over crushed ice. The two cul
tures were mixed together and the RNA was extracted and layered 
over a 5-25% linear sucrose gradient and centrifuged for 5 hr at 
39, 000 RPM. The radioactivity was counted in alternate drops col
lected in a liquid scintillation medium'. 



casamino acids supplemented medium. An analysis of the RNA formed 

10 minutes after shift-down by agar-gel electrophoresis (Fig. 15) 

revealed that the major portion of the radioactive material moved more 

slowly than the ribosomal RNA. In addition, most of this fraction was 

eluted after the ribosomal RNA by a NaCl gradient from a methylated 

albumin-coated kieselguhr column (Fig. 16). 

The long period of time after the transfer to the minimal 

medium, during which this high molecular weight fraction can be dem

onstrated, indicated that it has a low turnover rate. Fig. 17a, b, & c 

3 
illustrates a 3 minute pulse with H-uracil followed by a 7 and a 17 

minutes chase with an excess of cold uracil. It can be seen that the 

high molecular weight newly synthesized fractions still do not resemble 

the previously synthesized ribosomal RNA. However, if labeling was 

continued for a longer period of time with low specific radioactivity 

uracil, the radioactivity was found only in the ribosomal RNA fraction. 

Fig. 18 illustrates the results of an experiment in which labeling was 

carried out for 1 hour intervals during a total of 5 hours after shift-

down from MYE to SM medium. During this period there was no net 

accumulation of RNA as measured by the orcinol reaction or ultra

violet absorbance of perchloric acid extracts. It can be seen that the 

radioactivity was found only in the ribosomal and transfer RNA fractions, 

and that the amount of uracil incorporation declined during the 2-3 

hour interval (Fig. 18b) with respect to the 0-1 hour interval (Fig. 18a) 
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Fig. 15. The Analysis of the RNA Formed after Transfer of a 
Culture from MYE to SM Medium by Agar-gel Electrophoresis. 

14 
The RNA from a culture labeled for 10 min with C-uracil 

after the shift to SM medium was extracted by the phenol-SDS method 
and the components were separated by agar-gel electrophoresis as 
described in Methods. The UV absorbing fractions 9-15 represent 
ribosomal RNA and the fractions 21-25 represent the soluble RNA. 
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Fig. 16. Analysis of the RNA Formed after Transfer of a 
Culture from MYE to SM Medium by a Methylated Albumin Coated 
Kieselghur Column. 

14 
The RNA from a culture labeled for 10 min with C-uracil 

after the shift from MYE to SM medium was extracted lay the phenol-
SDS method and the components were separated on a MAK column 
with a NaCl gradient. The UV absorbing fractions 18-26 represent 
the soluble RNA and the fractions eluted from 40 to 50 represent the 
ribosomal RNA. 
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Fig. 17. A Pulse and Chase with Uracil of the Newly 
Synthesized RNA after Transfer of a Culture from MYE to SM Medium. 

g 
A culture growing exponentially in MYE medium (about 10x10 

cells) was transferred to SM medium and pulsed for 3 min with 30 /.tC 
of ^H-uracil (A) followed by a chase of 7 min (B) and 17 min (C) with 
100 jug/ml 
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Fig. 18. The Incorporation of Radioactivity into Ribosomal 
RNA after Transfer from MYE to SM Medium. 

A culture growing exponentially in MYE medium was trans
ferred to SM medium and labeled for 1 hr intervals with low specific 
radioactive ^H-uracil (1 juC, 10 mg/ml) during the period in which 
there was no net accumulation of RNA. The 0-1 hr interval is 
illustrated by (A), 2-3 hr interval (B), and the 4-5 hr interval by (C). 
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and further declined in the 4-5 hour interval (Fig. 18c) after shift-

down. The amount of ENA synthesized during the 4-5 hour interval 

was considerably less than during the 2-3 hour interval. 

The ability of the cells to accumulate stable RNA after shift-

down was shown to be dependent upon the presence of PABA, methio

nine, adenine, S-adenosylmethionine, or casamino acids. Fig. 19 

shows the result of an experiment in which the shift-down was from 

MYE medium to casamino acids supplemented SM medium. The high 

molecular weight fraction was observed after a 5 minute pulse (Fig. 

19a) and there was substantially no labeling of the 28 S and 18 S ribo-

somal RNA. After 10 minutes (Fig. 19b), the heavy fraction was still 

present, but there was radioactivity associated with the ribosomal 

RNA peaks and after 20 minutes (Fig. 19c) the radioactivity profile 

very nearly coincided with the UV profile. When the shift-down was 

from casamino acids-supplemented SM medium to SM medium con

taining methionine, the high molecular weight fraction was found after 

5 minutes of labeling (Fig. 20a) but after 10 and 20 minutes (Fig. 20b 

6 c) the radioactivity profile coincided with the ribosomal RNA frac

tions. Thus during this post-shift period when the minimal medium was 

supplemented and there was a net accumulation of RNA, the newly syn

thesized RNA was indistinguishable from the ribosomal fractions except 

after a short pulse. 
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Fig. 19. The RNA Formed after Transfer of a Culture from 
MYE to SM Medium Supplemented with Casamino Acids. 

9 
A culture growing exponentially in MYE (12 x 10 cells) was 

transferred to SM medium supplemented with 0. 2% casamino acids. 
30 juC of '^H-uracil was added for (A) 5 min, (B) 10 min, and (C) 20 
min. 
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Fig. 20. The RNA Formed after Transfer of a Culture from 
Casamino Acids Supplemented SM Medium to SM Medium Containing 
Methionine. 

A culture growing exponentially in SM medium supplemented 
with 0.2% casamino acids (15 x 10^ cells) was transferred to SM 
medium containing 100 jug/ml methionine and 30 fuC "^H-uracil was 
added for (A) 5 min, (B) 10 min, and (C) 20 min. 



• 54 

The Synthesis of ENA in the Presence of Cycloheximide 
During Shift-up or Shift-down 

The sedimentation characteristics of the RNA formed during 

the shift-down resembled the RNA synthesized in the presence of 

cycloheximide by yeast spheroplasts (10). It was found also that the 

incorporation of uracil by this strain of yeast after a shift-down was 

very similar to the incorporation of uracil in the presence of cyclo

heximide. However, methionine did not reverse the decline of uracil 

incorporation as it did in the absence of cycloheximide (Fig. 11). 

The synthesis of RNA in the presence of cycloheximide was in

vestigated under several conditions. In Fig. 21a & b the synthesis of 

RNA during balanced growth in casamino acids-supplemented medium 

is contrasted with the RNA formed after transfer to synthetic minimal 

medium. In this experiment, a culture in balanced growth was sepa

rated into two equal parts and each filtered through a Millipore filter, 

one was resuspended in fresh casamino acids-supplemented medium 

and the other in the synthetic minimal medium. After 5 min in the 

presence of 10 /ug/ml cycloheximide, radioactive uracil was added for 

30 min. Fig. 22 illustrates the effect of cycloheximide on cells which 

were shifted up with casamino acids. Under all conditions the forma

tion of ribosomal RNA seemed to be inhibited, while a heterogeneous, 

rapidly sedimenting fraction was formed. There was essentially no 

difference in the pattern of the heterogeneous, rapidly sedimenting 



55 
oq ~ CPM 

• 2400 

o CPM 

2000 

02-
1400 

1200 

WOO 

•00 

1400 
02 

• 1000 

•00 

• aoo 

b i o *  A  

Fig. 21. The RNA Synthesized in the Presence of Cyclohexi-
mide During Balanced Growth and after Transfer to SM Medium. 

A culture growing in casamino acids (0. 5%) supplemented 
medium was divided into two portions and collected by Millipore filtra
tion. One portion was resuspended in fresh casamino acid SM medium 
(A) and the other was resuspended in SM medium (B). 5 jug/ml cyclo-
heximide was added to each and after 5 min 10 nC ^H-uracil was added 
for 30 min. Incorporation was stopped by pouring over crushed ice. 
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Fig. 22. The RNA Synthesized in the Presence of Cyclohexi-
mide During Balanced Growth in SM Medium and after Transfer to 
Casamino Acid Supplemented Medium. 

A culture growing in SM medium was divided into two portions 
and the cells collected by Millipore filtration. One portion was resus-
pended in fresh SM medium (A) and the other was resuspended in SM 
+ 0. 5% casamino acids (B). 5 jug/ml cycloheximide was added to each 
and after 5 rriin 10 /jC ^H-uracil was added for 30 min. Incorporation 
was stopped by pouring over ice. 
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radioactive fractions of the cells treated during balanced growth or 

after the addition or removal of casamino acids. However, there was 

a noticeably increased amount of radioactive precursor in the soluble 

RNA fraction after shift-down or shift-up in the presence of cyclohexi-

mide. On the basis of these experiments no conclusions could be drawn 

about the similarities or differences between the RNA formed after 

shift-down and those fractions formed in the presence of cycloheximide. 

The Synthesis of Ribosomes Following a Shift-down 

The cessation of the net accumulation of RNA, even though con

tinued RNA synthesis could be demonstrated, suggested that the forma

tion of ribosomes was affected by the change from a supplemented 

medium to the deficient synthetic minimal medium. Since the ribo

somes account for the major portion of the stable RNA of the cells, 

under normal conditions of growth, radioactive precursors should 

accumulate in these particles even after brief labeling times. How

ever, it was shown that the change in media resulted in the formation 

of RNA that did not resemble ribosomal RNA except after very long 

labeling periods and that the amount of ribosomal RNA synthesized 

during a given period of time declined greatly. 

The incorporation of radioactive RNA precursors into cell 

particles was examined under several conditions. The extracts of 

cells which had been subjected to a shift-down were examined by 



sucrose gradient centrifugation. The broken lyophilized cells were 

extracted in TM buffer containing 0. 5% DOC. The sedimentation pro

file of this cell extract is illustrated by Fig. 23a which shows in 

addition to the 80 S ribosomes a broad ultraviolet absorbing peak in 

the area between the monomer and the top of the gradient. The radio

activity profile did not coincide with either of the two UV peaks. This 

broad UV absorbing peak and the radioactive material were completely 

sensitive to ribonuclease activity (Fig. 23b). Further, this experi

ment showed that even after an exposure of 10 minutes to radioactive 

uracil, there was no radioactivity incorporated into the 80 S ribosomes. 

The fractions resulting from DOC treatment are either the result of 

degradation or possibly represent fractions released from lipoprotein 

membranes. When extracts of cells from cultures treated in the same 

manner as the two experiments discussed above were made with TM 

buffer not containing DOC, much different UV and radioactivity profiles 

were observed. In this experiment centrifugation was carried out for 

a longer period of time to display other cytoplasmic particles. Fig. 

24 reveals the presence of particles sedimenting at about 60 and 40 S 

in addition to the 80 S ribosomes. Studies of HeLa cells have shown 

these particles to be labeled prior to the monomers (22). This experi

ment, however, showed the radioactivity profile to be associated with 

particles sedimenting slightly faster than the native" particles. It 

is possible that these rapidly sedimenting particles were the result of 
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Fig. 23. The Incorporation of Radioactivity into Ribosomes 
extracted with DOC Buffer after Transfer of a Culture from MYE to 
SM Medium. 

9 
A culture growing exponentially in MYE medium (5 x 10 cells) 

was transferred to SM medium and 5 nC *4c;-uraC:Q was added for 10 
min. Incorporation was stopped by pouring over crushed ice and the 
ribosomes were extracted and analyzed. (A) Sedimentation of 15, 000x 
supernatant fraction extracted with the DOC containing buffer. (B) 
Sedimentation of the 15, 000 x" g supernatant fraction after treatment 
with ribonuclease (10 ng/ml for 10 min at 4 C). 
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Fig. 24. The Incorporation of Radioactive Uracil into 
Ribosomal Subunits after Transfer from MYE to SM Medium. 

14 
A culture was labeled with 5 juC C-uracil for 10 min 

immediately after transfer from MYE medium to SM medium, and the 
ribosomes and subunits were extracted. The "native" subunits were 
displayed by centrifuging for 3 hr at 39, 000 RPM in a 10 to 30% suc
rose gradient. 
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lyophilization or other unknown factors. However, particles sedimen-

ting more rapidly than the "native" ribosomal sub-units have been 

found in the nucleoli of HeLa cells (81). These particles are rapidly 

labeled and are made up of the precursor ribosomal RNA and ribosomal 

proteins. The examination of cytoplasmic extracts from spheroplasts 

of another strain of yeast which had been briefly labeled and then 

gently lysed also revealed the "native" subunits as well as the 80 S 

monomers and polyribosomes (36), (Fig. 25). In this instance the 

radioactivity profile of the lighter particles coincided with the UV pro

file. The conditions of incubation of the spheroplasts before labeling 

approximated normal growth conditions. 

Since no radioactivity was incorporated into particles identified 

as ribosomes for long periods of time, it was of interest to try to 

determine in which cell fraction the newly synthesized RNA occurred. 

Fig. 26 shows the results of an experiment in which an attempt was 

made to separate the- cytoplasmic material from membrane-bound 

structures remaining after extraction with TM buffer not containing 

detergent. It was supposed that the fraction sedimenting at 15, 000 x 

g would be rich in nuclei and the rapidly labeled RNA while the super

natant fluid would contain the major portion of the ribosomes and solu

ble RNA. It can be seen that this fraction was rich in the rapidly 

sedimenting RNA. This RNA (Fig. 27) is clearly distinguishable from 

the rapidly labeled cytoplasmic RNA associated with the polyribosomes 
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Fig. 25. The Analysis of a Cytoplasmic Extract of Yeast 
Spheroplasts after a Brief Label with ^C-uracil. 

Spheroplasts of SL cerevisiae S2112D were labeled for 5 min 
with 10 nC of ^H-adenine and lysed with TM buffer and 1% Brij 58. 
Three-tenths ml was layered over a 10 to 30% Sucrose gradient and 
centrifugation was carried out at 39, 000 RPM for 2 hr. 
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Fig. 26. An Analysis of the Phenol-SDS Extracted 15, 000 x g 
Sediment of a Cell Extract from a Culture after Transfer from MYE 
to SM Medium. 

14 
After a 10 min label with 5 /uC C-uracii of a culture trans

ferred from MYE medium to SM medium, the cells were lyophilized 
and disrupted. The cells were extracted with TM buffer not containing 
DOC. The cell extract was centrifuged at 15, 000 x g for 20 min. The 
supernatant was removed and the sediment was extracted with phenol 
and SDS. Centrifugation was for 5 hr in a 5 to 25% sucrose gradient 
at 39, 000 RPM. 
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Fig. 27. The Sedimentation Characteristics of the Rapidly Labeled RNA Associated with 
Polyribosomes of Yeast Spheroplasts. 

The fractions corresponding to the polyribosome and monomer regions of Fig. 25 were 
pooled and the RNA extracted with phenol and SDS. Centrifugation was carried out in a 5 to 25% 
sucrose gradient for 4 hr at 39, 000 RPM. 



extracted from yeast spheroplasts (36). This RNA with a hetero

geneous sedimentation profile of 6 to 25 S resembles in its properties 

the messenger RNA of HeLa cells (61). It is not known whether the 

more rapidly sedimenting particles observed in Fig. 24 are derived 

exclusively from the cytoplasm or nucleus. They were found to be 

formed over an extended period of time. Fig. 28a, b, & c illustrates 

the results of EDTA treatment of these particles and the incorporation 

of radioactive label for up to twenty minutes after a shift-down. EDTA 

treatment resulted in the dissociation of the previously synthesized 

ribosomes and also lowered the sedimentation values of the resulting 

particles. After this treatment the more rapidly sedimenting particles 

were still distinguishable from the ribosomal subunits. Unless the 

RNA of these particles can be demonstrated to resemble the rapidly 

sedimenting fractions, it appears very likely that the rapidly labeled 

fast sedimenting RNA formed during a pulse label or after shift-down 

is a nuclear fraction. It is not known what fraction of the total RNA 

formed after the shift-down is found in these particles. 

As was shown earlier in the studies of total cell RNA, when 

methionine was included in the shift-down medium, the pattern of RNA 

synthesis resembled the RNA formed during normal growth. Fig. 29a 

shows that methionine also resulted in the incorporation of radioactive 

precursor into the ribosomes after a period of time (10 min). In the 

absence of exogenous methionine there was none. In this experiment 
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Fig. 28. The Incorporation of Radioactive Guanine into EDTA 
Treated Ribosomal Subunits after Transfer from MYE to SM Medium. 

14 A culture was labeled with 15 yC C-guanine for (A) 5 min, 
(B) 10 min, and (C) for 20 min, after transfer of a culture from MYE 
to SM medium. The ribosomes were extracted as described in 
Methods. The ribosomes and subunits were collected as a pellet after 
3 hr centrifugation at 39, 000 RPM and resuspended in Tris-EDTA 
buffer. The dissociated ribosomes and EDTA treated subunits were 
then centrifuged for 3 hr at 39, 000 RPM in a 10 to 30% sucrose 
gradient made with the Tris-EDTA buffer. 
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Fig. 29. The Synthesis of Ribosomes after the Transfer of a 
Culture from MYE Medium to SM Medium Containing Methionine. 

9 
A culture growing exponentially in MYE medium (8x10 cells) 

was transferred to SM medium containing 100 ng/ml methionine and 
labeled for 10 min with 5 nC ^-^C-guanine immediately after transfer 
from MYE medium to SM medium. The cells were disrupted and ex
tracted. The cell extract was divided into two portions and the ribo
somes pelleted by centrifuging for 1 hr at 39, 000 RPM. In (A) the 
ribosomes were resuspended in TMK buffer and centrifuged for 90 min 
at 39, 000 RPM in a 10 to 30% linear sucrose gradient. In (B) the pel
leted ribosomes were resuspended in TMK buffer containing 10/ug/ml 
ribonuclease and incubated for 10 min at 4 C before layering on a 10 to 
30% sucrose gradient and centrifuging for 90 min at 39, 000 RPM. 
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there was a large amount of radioactivity present in the precursor 

particle area in addition to what appears to be monomers, dimers, 

and to a lesser extent trimers. Brief treatment with ribonuclease 

(Fig. 29b) resulted in removal of all UV absorbing and radioactive 

fractions except the 80 S monomer and subunit peaks. This experi

ment in contrast to several others yielded particles heavier than the 

80 S monomer; usually nothing resembling polyribosomes was found 

in the lyophilized cells. Fig. 30a & b shows further that there is 

apparently no synthesis of ribosomes for as long as twenty minutes in 

the unsupplemented shift-down medium. 
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Fig. 30. The Incorporation of Radioactive Uracil into 
Ribosomes Extracted without DOC Containing Buffer after Transfer of 
a Culture from MYE to SM Medium. 

g 
A culture growing exponentially in MYE medium (6 x 10 cells) 

was transferred to SM medium and 20 juC ^-^C-uracil was added for 
(A) 5 min and (B) 20 min. The ribosomes were extracted and analyzed 
on linear sucrose gradients as described in Methods except that DOC 
buffer was omitted. 



CHAPTER 5 

DISCUSSION 

The earlier observations (52, 88) on the stimulation of growth 

and RNA synthesis in the SC-10-4 strain of S. cerevisiae were shown 

to be the consequence of a partial requirement for para-aminobenzoic 

acid (PABA). When exogenous PABA was added to the synthetic 

minimal medium, the doubling time changed from 8.5 to 2.5 hours. 

The effect of methionine was apparently the result of the sparing of 

PABA. Such an effect has been demonstrated in earlier investigations 

of yeasts with an absolute requirement for PABA (1, 9, 56). In addi

tion adenine and S-AM increased the growth rate to nearly the same 

extent as methionine. However, of all the amino acids only methionine 

supported a significantly higher growth rate (Table 1). 

Methionine, adenine, and S-AM share in common the ability to 

supply or spare one carbon groups which are usually formed de novo 

by way of the pteroylglutamate derivatives of which PABA is an indis

pensable precursor. The restricted ability of this strain to provide 

PABA can be interpreted as leading to a correspondingly restricted 

supply or pool of one carbon groups. Methionine, adenine, or S-AM 

could either spare or supplement the restricted pool. It appeared that 
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the balanced growth rate in the synthetic minimal medium was deter

mined by the level of available one carbon groups and not the concen

trations of the carbon and nitrogen sources. This was revealed by the 

fact that PABA alone supported a growth rate in the synthetic minimal 

medium nearly as great as was achieved in the enriched malt yeast ex

tract medium. 

In bacteria a given balanced growth rate is characterized by a 

unique cell size and chemical composition of the cell. As a consequence 

each steady state is in turn characterized by a distinct RNA to protein 

ratio (45). In this strain of yeast, however, the RNA/protein ratio was 

the same for balanced growth in the synthetic minimal medium as in 

the malt yeast extract medium and the casamino acid supplemented 

medium even though the growth rates varied widely (Table 1). How

ever, there was a difference in the RNA/protein ratio when cultures 

were grown in the synthetic minimal medium supplemented individually 

with methionine, S-AM, adenine, and PABA. These supplements re

sulted in a greater RNA/protein ratio (Table 1). Again, although 

cultures grew at nearly twice the rate in PABA supplemented medium 

as the methionine, S-AM, or adenine supplemented medium, the 

RNA/protein ratios were nearly the same. It has been reported (49) 

that when the growth rate of yeast cultures was limited by the glucose 

concentration, there was a linear correlation of the RNA content of the 

cells with the growth rate. In the present studies the carbon and 
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nitrogen content of the various media were essentially the same ex

cept in the case of the malt yeast extract medium and the casamino 

acids supplemented medium. However, it was found that a mixture of 

19 amino acids (100 mg each/l), not including methionine, did not re

sult in a significant change in the growth rate. It appeared that the 

changes in growth rate and RNA content of the cells was not strictly de

pendent on the carbon and nitrogen levels of the medium. 

Although there was no difference between the RNA/protein 

ratios of cultures grown in synthetic minimal medium and casamino 

acids supplemented synthetic minimal medium, the addition of casa

mino acids resulted in a rapid increase in the RNA content of the cells. 

The increase of RNA was followed later by an increase in cell num

ber and optical density. The incorporation of radioactive uracil con

firmed the chemical measurements of RNA. Five minutes after the 

addition of casamino acids to the synthetic minimal medium, the rate 

of uracil incorporation increased greatly. This is analogous to the 

shift-up pattern observed in bacteria. When an exponentially growing 

culture in casamino acids supplemented synthetic medium was rapidly 

transferred to synthetic minimal medium, there was a sudden cessa

tion of RNA accumulation and a rapid adjustment to a new lower rate 

of change of the optical density and cell number nearly characteristic 

of balanced growth in the new medium. In this case net RNA accumula

tion ceased for almost three hours before resuming at a new lower 
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rate of synthesis. Net RNA accumulation ceased for nearly 6 hours 

when a culture was transferred from malt yeast extract medium to 

synthetic minimal medium. Thus the period during which there was 

no net RNA accumulation must be dependent on the previously estab

lished growth rate.__. 

It was found that the rapid change in the rate of RNA synthesis 

was dependent on the presence of methionine. A standard protein mix

ture of pure amino acids not including methionine was not able to shift-

up the rate of RNA synthesis; just as the same mixture did not increase 

the growth rate. Of all the amino acids only methionine resulted in a 

shift-up in the rate of RNA synthesis and a higher RNA/protein ratio. 

Adenine, S-AM, and PABA were also found to shift-up net RNA accu

mulation in the same manner. However, PABA was most effective in 

this respect. 

Significantly, it was found that net RNA accumulation would 

continue in the synthetic minimal medium after transfer of a culture 

from malt yeast extract medium if the synthetic minimal medium con

tained exogenous methionine, S-AM, adenine, PABA, or casamino 

acids. Although there was a change to a lower rate of RNA synthesis 

and growth, there was no cessation of net accumulation. It can be con

cluded that the cessation of RNA accumulation was not the result solely 

of a slowing down of the growth rate. Despite the apparent dependence 

on methionine to maintain a certain level of growth and RNA synthesis, 
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the removal of exogenous methionine did not result in a sudden ces

sation of RNA accumulation. In this case there was a gradual diminu

tion during the first hour after transfer of the culture to the minimal 

medium until the new lower rate was established. 

Although the net accumulation of RNA, as measured chemically, 

ceased after transfer of a culture to minimal medium; radioactive 

uracil continued to be incorporated at nearly the pre-shift rate into 

acid-insoluble material. This post-shift rate of incorporation contin

ued for about an hour before decreasing to a new lower rate. However, 

the presence of exogenous methionine in the shift-down medium allowed 

a rapid rate of incorporation of uracil to continue. 

It was thought that, since cycloheximide inhibits protein syn

thesis, RNA synthesis might be "relaxed" as the result of an increased 

amino acid pool (42). However, treatment with this antibiotic after 

transfer of a culture from malt yeast extract medium to the synthetic 

minimal medium did not result in a relaxation of RNA synthesis, nor 

was methionine effective in the presence of cycloheximide in promoting 

RNA synthesis as indicated by the incorporation of radioactive uracil. 

Several features emerged fromthese experiments which seemed 

to be related to the regulation of RNA synthesis. The observations of 

the effect on RNA accumulation during the transition period following 

the transfer of a culture from one medium to another supporting differ

ent growth rates showed a similarity to the effect of similar experiments 



with bacteria. The preferential and rapid increase in the rate of RNA 

synthesis following a shift to a medium supporting a higher growth rate 

suggested that as in the bacteria the potential for a greater rate of 

synthesis was not dependent, at least initially, on the level of preformed 

precursors or protein synthesis. The rate of growth and RNA synthesis 

in this strain of yeast was not altered by carbon and nitrogen enrich

ment of the medium, however, these properties were affected, in a 

way comparable to the shift-up and shift-down effect observed in bact

eria, by small amounts of a group of compounds which are related by 

their one carbon group "sparing" or "donating" functions. A role for 

these compounds in the regulation of RNA synthesis was more clearly 

implied in the studies of the shift-down phenomenon where in their 

absence RNA accumulation ceased, but in their presence, despite a 

shift-down to a lower growth rate, RNA accumulation continued. 

A trivial role in the regulation of RNA synthesis for these com

pounds cannot be ruled out. However, the sudden cessation of RNA 

accumulation after a shift to the minimal medium and the reversal of 

this effect by these compounds seemed to indicate some direct role. 

Also it appeared that this effect could be distinguished from the readjust

ment in the rate of RNA synthesis that accompanied a shift to a slower 

growth rate, in which case there was no cessation of RNA accumulation;-

A sudden cessation of RNA synthesis is difficult to explain on the basis 

of starvation for amino acid or nucleic acid precursors, since the 

pools of these metabolites are rather large in yeast (28). It takes 



almost 2 hours to starve for methionine in a strain of yeast with a 

140 minute doubling time (42). The same should be approximately-

true for adenine. The nature of the metabolic defect, a deficiency in 

the ability to provide PABA, points to some function of methyl groups 

in the regulation of RNA synthesis. Since methylation of RNA repre

sents a normal step in the biosynthesis of ribosomes (23, 25) and 

soluble RNA (33, 74, 78), the availability of methyl groups could limit 

RNA synthesis. Hence the sudden removal of exogenous sources of 

methyl groups could lead to competition for the restricted available 

supply by other reactions necessary for cell maintenance at the ex

pense of RNA synthesis. It is possible that such a competition for 

methyl groups is responsible for the regulation of RNA synthesis in 

yeast (42). 

The long period during which there was no net accumulation of 

RNA after transfer of a culture from an enriched medium supporting 

rapid growth to the synthetic minimal medium seemed to be the most 

significant observation. Although there was no chemically measurable 

RNA accumulation during this period, RNA synthesis was shown to 

continue, as indicated by the incorporation of radioactive uracil, at 

nearly the pre-shift rate for about an hour. After this time the rate 

of uracil incorporation declined until it was less than 10% of the 

original rate. When exogenous methionine was present in the shift-

down medium, there was no apparent decline over the interval 
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observed in the rate of uracil incorporation and a net chemical in

crease in RNA was measured, but the rate of this increase was, how

ever, lessthan the pre-shift rate. 

Zone sedimentation analysis in linear sucrose gradients of 

phenol extracted RNA labeled for various intervals after the shift-

down revealed radioactive RNA fractions with entirely different sedi

mentation properties from the previously synthesized RNA. The major 

portion of this RNA sedimented ahead of the 28 S ribosomal RNA. It 

also differed in its electrophoretic mobility and elution profile from 

MAK columns. The sedimentation properties of this RNA resembled 

closely the pulse labeled fraction observed in exponentially growing 

cells; but whereas this RNA can only be demonstrated after a 3-5 

minute label, this fraction could still be demonstrated after a twenty 

minute labeling period. A three minute pulse label with radioactive 

uracil followed by a 17 minute chase with cold uracil showed that this 

RNA was not rapidly turning over. The radioactive label accumulated 

in this fraction rather than in ribosomal RNA, or the ribosomal RNA 

was formed so slowly that it represented only a small fraction of the 

total RNA synthesized during this period. Radioactive soluble RNA 

was demonstrated even after a brief labeling period, but a prolonged 

labeling (1 hr) was required before the radioactivity profile corres

ponded to the UV profile of the ribosomal RNA fractions. During this 

period after shift-down, the amount of ribosomal RNA and soluble 



RNA synthesized declined until the amount of radioactivity incorporated 

into these fractions during the four to five hour interval was less than 

10% of that formed during the first hour. Thus the shift-down resulted 

in a greatly reduced rate of synthesis of ribosomal RNA and the forma

tion of a more rapidly sedimenting fraction that did not seem to be 

rapidly turning over. The ability of the cells to continue RNA accumu

lation and a rapid rate of ribosomal RNA synthesis in the minimal 

medium after a shift-down was shown to be dependent on the presence 

of exogenous methionine, adenine, S-AM, and PABA. As long as these 

compounds were present sucrose density gradient analysis showed that 

the rapidly sedimenting fraction did not accumulate and except after a 

5 minute label, the radioactive fractions were indistinguishable from 

the ribosomal and soluble RNA. 

The rapidly labeled RNA of yeast has been characterized as 

having a more DNA-like base composition than a base composition re

sembling the ribosomal RNA (91). It has been reported that this DNA-

like RNA accumulated for a remarkably long time following a shift-

down in-the growth rate or under non-growth conditions (39, 91), and 

several authors have described the pulse labeled and shift-down RNA 

as having the properties of messenger RNA (11, 50, 84). In bacterial 

systems the RNA that accumulates during a shift-down has also been 

characterized as being consistent with the properties ascribed to 

messenger RNA (31). On the other hand kinetic studies indicated that 
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it was more likely a precursor of the bulk of the cellular RNA (39), 

and a reevaluation of the base composition of the rapidly labeled RNA 

led to the conclusion that the major portion (60%) was ribosomal-like 

RNA (38). The rapidly labeled RNA was also found to have a low 

priming ability for in vitro protein synthesis in contrast to what one 

would expect for messenger RNA (84, 85). The extraction of this RNA 

in an undegraded form from yeast spheroplasts revealed a rapidly 

sedimenting fraction (10, 11). The major portion sedimented ahead of 

the 28 S ribosomal RNA. A similar fraction accumulated for a long 

period of time in spheroplasts treated with cycloheximide (11) and 5-

fluorouracil (12). The RNA formed in the presence of these inhibitors 

also was DNA-like in base composition. 

I have shown also that cycloheximide treatment results in the 

accumulation of a high molecular weight RNA fraction. This fraction 

accumulated during the condition of shift-down or shift-up as well as 

during balanced growth. However, cycloheximide treatment led to 

conditions that resulted in a greater incorporation of radioactive label 

into the soluble RNA during a shift-down or shift-up than was incor

porated into the soluble RNA of cells treated during balanced growth. 

The sedimentation properties of the cycloheximide accumulated RNA 

were similar no matter what the growth conditions were. The effects 

of cycloheximide are reversible, and after reincubation without the anti

biotic, the radioactivity in the rapidly sedimenting fraction appears in 
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in the ribosomal RNA (11). The principle consequence of cyclohexi-

mide treatment seems to be the inhibition of ribosome synthesis. It 

is conceivable then that the RNA formed under these conditions is a 

mixture of several species with a predominance of ribosomal precur

sor RNA. Hybridization experiments are required to distinguish 

between these species. However, there are no reports of experiments 

of this kind in the literature to elucidate this question. 

The rapidly labeled high molecular weight RNA isolated from 

yeast spheroplasts and from intact cells in this study resembles very 

closely the rapidly labeled fraction of mammalian cells (70). In our 

experiments this rapidly sedimenting RNA seldom separated into dis

crete fractions. It was usually identified as an area of high specific 

radioactivity from about 32 S to greater than 50 S. High resolution 

zone sedimentation analysis with a preformed cesium chloride gradient, 

however, resolved the rapidly labeled RNA into two discrete fractions 

with sedimentation coefficients estimated to be 40-50 S and 30-35 S(36). 

The high molecular weight mammalian cell RNA has been demonstrated 

to be precursor to the ribosomal RNA by several investigators (43, 55, 

59, 60, 64, 71, 82, 94). The initial event in the synthesis of ribosomal 

RNA seems to be the formation of a species of RNA with an approximate 

sedimentation coefficient of 45 S. This RNA species which is rapidly 

labeled is converted in some way to a 32 S and an 18 S species of RNA. The 

18 S RNA is incorporated into the 45 S ribosome subunit, and the 32 S 
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precursor is further processed into 28 S RNA which is incorporated 

into the 60 S ribosomal subunit. These ribosomal RNA precursors 

are found only in the nucleus and are synthesized in the nucleolus (60). 

A small proportion of the rapidly labeled RNA can be identified as 

messenger RNA in the cell cytoplasm and is distinguished from ribo

somal RNA on the basis of sedimentation properties, a DNA-likebase 

composition, and its association with the polyribosomes (22, 61). 

Several authors (4, 7, 15, 29, 30, 66, 73) have reported the existence 

of rapidly labeled and high molecular weight RNA in the nuclei of 

animal cells, which turns over rapidly, has a DNA-like base composi

tion, and physiochemical properties differing from those of ribosomal 

precursor RNA. The function of this RNA species is still not known. 

The existence of this RNA species in yeast could lead to difficulties in 

the investigation of ribosomal precursor RNA, because of the difficulty 

in distinguishing nuclear fractions from cytoplasmic fractions. 

There is a report of an investigation which attempted to distin

guish the nuclear RNA from the cytoplasmic fractions in yeast sphero-

plast by a differential extraction technique (65). The authors reported 

that the rapidly labeled and fast sedimenting RNA was found in the 

nuclear fraction and could be differentiated from another species of 

rapidly labeled RNA, presumably messenger, by using shift-up and 

shift-down methods in conjunction with pulse labeling. Under the 

condition of shift-down in this investigation, the nuclear RNA was 
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thought to be a heterogeneous fraction consisting mostly of messenger 

RNA, while the major portion of nuclear RNA during shift-up was 

thought to be ribosomal RNA precursor. The major portion of this 

RNA sedimented at 35 to 40 S. Whatever may be the nature or function 

of the RNA accumulated after a shift-down to minimal medium, its 

sedimentation properties were clearly distinguishable from the rapidly 

labeled RNA associated with the polyribosomes (Fig. 27) and further 

this rapidly labeled 6 S to 25 S fraction isolated from the cytoplasmic 

polyribosomes of HeLa cells has been characterized as messenger RNA. 

A very important aspect of this study was the method used for 

the isolation of undegraded RNA from intact cells. The usual mechani

cal methods of cell disruption required to break the firm cell wall of 

yeasts can lead to degradation of subcellular components and large 

macromolecules such as nucleic acids. In addition, all of these pro

cedures expose the newly released RNA to the possible action of 

degrading enzymes during the process of cell disruption. It is very 

difficult to isolate intact polyribosomes by mechanical means (47), and 

so yeast spheroplasts which can be gently lysed have been used for this 

purpose (34). The first description of the rapidly labeled fast sedi-

menting RNA came from studies of yeast spheroplasts (10). However, 

since the preparation of spheroplasts requires a prolonged incubation 

in media which do not support balanced growth, their use was not 

desirable in these studies which required comparative studies of RNA 
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fractions under various defined conditions of growth. The mechanical 

method of cell disruption developed (51) permitted the extraction of 

rapidly labeled RNA with sedimentation values closely resembling 

those reported for this RNA fraction from gently lysed spheroplasts. 

The method, however, was not found suitable for the isolation of 

polyribosomes. 

The RNA that was synthesized during the period in which there 

is nonet accumulation was not processed into mature ribosomes. A 

labeling period of up to twenty minutes after transfer of a culture to 

minimal medium revealed absolutely no incorporation of radioactive 

precursor into 80 S ribosomes. Although prolonged labeling times in

dicated that there was some synthesis of mature ribosomal RNA at a 

progressively declining rate, this RNA was not stabilized in ribo

somes. Since the bulk of the stable RNA consists of the ribosomes, 

any increase in their number would lead to a net increase in the cel

lular RNA. Such an increase was not measurable chemically until 

after six hours after transfer of a culture from malt yeast extract 

medium to the synthetic minimal medium and three hours after a shift 

from casamino acids supplemented medium to the minimal medium. 

After this time frequent sampling at brief intervals showed incremental 

increases which when plotted logarithmically, usually approximated 

the growth curve. 
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When spheroplasts were pulse labeled and the extracts were 

centrifuged to display the cytoplasmic particles, radioactivity was 

found associated with several classes of particles. The RNA that was 

extracted from the polyribosome and monosome region of the gradient 

showed almost no radioactivity in the ribosomal RNA, but there was a 

heterogeneous distribution of radioactivity from about the 6-30 S 

region with a peak at about 10-12 S. The lighter particles were pre

sumably the "native" subunits which become labeled before the 80 S 

ribosomes (22). The RNA extracted from these particles was labeled 

in the 28 and 18 S ribosomal RNA fractions and in the area of the 10-

12 S fraction isolated from the polyribosomes. If the 60 and 40 S sub-

units are assembled first before becoming a part of complete ribo

somes, it is possible that intermediate forms or "nascent" subunits 

exist. Such "nascent" ribosome particles have been described as 

occurring in the nucleoli of HeLa cells (81). These particles have 

been described as having sedimentation values of 80 S and 55 S. The 

80 S particle contained 45 S RNA and the 55 S contained 32 S RNA. 

Thus the precursor RNA is very early associated with ribosomal pro

teins in the nucleolus of these cells. 

Particles sedimenting more rapidly than the "native" subunits 

were found when intact cells of the SC-10-4 strain were subjected to a 

shift-down by transfer to the minimal medium. It is possible that 

these particles were artifacts of the method of preparation or were the 
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result of nonspecific binding of the high molecular weight RNA. Since 

new ribosomes were not formed for a period of time under the condi

tions imposed by the shift-down, these particles may represent an 

arrested stage in the normal processing of the ribosomal subunits. 

These rapidly sedimenting particles were observable after a twenty 

minute labeling period and appeared to have sedimentation values of 

about 65-70 S for the larger particle and 45-50 S for the smaller par

ticle. The RNA of these particles was not extracted for analysis. It 

would be necessary to demonstrate an association of ribosomal pro

teins with these particles to verify their precursor function. These 

particles survived treatment with EDTA, however, the sedimentation 

values were decreased, but this seems to be a normal response of the 

-dissociated ribosomal subunits as well as the native subunits. Even 

though the sedimentation values of the particles were decreased they 

remained distinguishable fr.om the ribosome subunits for a labeling 

period of up to twenty minutes. 

It is very attractive to think of the fast sedimenting RNA as 

ribosomal precursor RNA and the heavy particles as "nascent" ribo

somal subunits. One could then visualize the PABA restriction as 

determining the rate at which complete ribosomes are assembled. The 

consequence of the inability to convert precursors to complete ribo

somes could be an observable increase in the level of these precursors 

and in turn these could then by feedback inhibition regulate the rate of 
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transcription of these precursors. This is in essence the hypothesis 

proposed by Matchette (48) to explain the stimulation of ENA synthesis 

in ID. coli by methionine and the increased rate of conversion of sub-

methylated ribonucleoprotein into 70 S ribosomes. 



CHAPTER 6 

SUMMARY 

A strain of Saccharomyces cerevisiae with a partial require

ment for para-aminobenzoic (PABA) acid responded during balanced 

growth in a synthetic medium to the addition of PABA or several com

pounds which were either methyl group sparing or donating (methionine, 

S-adenosylmethionine, adenine) by an immediate shift-up in the rate 

of RNA synthesis. The shift-up in RNA synthesis was followed later 

by an enhanced growth rate. The net accumulation of RNA was ob

served to cease abruptly following a shift-down from an enriched 

medium to the synthetic medium for a long period of time, although 

growth continued at a new, lower rate. The accumulation of RNA re

sumed after a period of time which was dependent on the previously 

established growth rate. When the shift-down was made to the syn

thetic minimal medium supplemented individually with methionine, 

adenine, S-adenosylmethionine, or PABA, there was no cessation of 

RNA accumulation. However, there was a shift to a new lower rate of 

RNA accumulation. 

The transition of a culture to a medium supporting a substan

tially different growth rate resulted in what appeared to be two effects 

87 
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on the regulation of RNA synthesis. The one effect was the rapid 

adjustment of the rate of RNA accumulation resulting from the shift to 

a medium supporting a faster or slower growth rate, and the other 

effect was observed immediately following a transfer.from an enriched 

medium to the synthetic medium unsupplemented with methionine, 

adenine, S-adenosylmethionine, or PABA. The latter condition, as 

noted, resulted in the cessation of the net accumulation of RNA for a 

prolonged period of time before accumulation resumed at a rate 

characteristic of the balanced growth rate in this medium. 

Studies of the time during which there was no net accumulation 

of RNA showed that RNA synthesis, as indicated by the incorporation 

of radioactive uracil, continued at nearly the pre-shift rate for almost 

an hour before decreasing to a rate less than 10% of the original rate. 

The RNA that was formed during this time was a rapidly sedimenting 

fraction in sucrose gradients which resembled the normal pulse labeled 

RNA. The major portion of this RNA sedimented ahead of the 28 S 

ribosomal RNA. This RNA also differed in its electrophoretic mobility 

and elution profile from MAK columns. This fraction was not rapidly 

turning over as indicated by pulse and chase experiments and even 

after a twenty minute labeling period, radioactive precursors accumu

lated in this fraction. Ribosomal RNA was also formed during this 

period, but at a very low rate, and thus constituted only a very small 

fraction of the total RNA synthesized. The rate of ribosomal RNA 
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synthesis continued to decline until net accumulation resumed, and 

long periods of exposure to isotope were required to demonstrate 

labeled ribosomal RNA. 

The RNA that was synthesized during this period was not pro

cessed into complete 80 S ribosomes. However, radioactivity was 

found associated with particles which sedimented more rapidly than 

the "native" subunits, and the ribosomal subunits that resulted from 

EDTA treatment. When exogenous methionine was present in the 

minimal medium, radioactivity was found in new ribosomes immediate

ly after the shift-down and the newly formed subunits exhibited the 

same sedimentation properties as the "native" subunits. 

When the total RNA was analyzed after a shift-down to the min

imal medium containing methionine, the newly synthesized RNA was 

found to coincide in sedimentation properties with the ribosomal and 

soluble RNA fractions. The rapidly labeled and fast sedimenting RNA 

was found only after a brief labeling period (5 min). 

There is some evidence that the rapidly labeled fast sediment

ing RNA is of nuclear origin, and it differs considerably in sedimen

tation properties from the rapidly labeled RNA associated with the 

cytoplasmic polyribosomes. It is likely that this fraction is ribosomal 

precursor RNA and that methyl groups are required for normal pro

cessing into complete ribosomes. 
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