
THE RELATIONSHIP OF RNA SYNTHESIS TO PROTEIN
SYNTHESIS, DURING URACIL STARVATION, IN A URACIL
REQUIRING STRAIN OF SACCHAROMYCES CEREVISIAE

Item Type text; Dissertation-Reproduction (electronic)

Authors Bullaro, Joseph Carava, 1936-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:03:02

Link to Item http://hdl.handle.net/10150/287552

http://hdl.handle.net/10150/287552


| 70-23,662 

| BULLARO, Joseph Carava, 1936tv 
j THE RELATIONSHIP OF RNA SYNTHESIS TO PROTEIN 
' SYNTHESIS, DURING URACIL STARVATION, IN A 

URACIL REQUIRING STRAIN OF S_. CEREVISIAE. 

University of Arizona, Ph.D., 1970 
Biochemistry 

( 

I 
! 

; University Microfilms, A XERQ\ Company, Ann Arbor, Michigan I '< 
t.. 

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED 



THE RELATIONSHIP OF RNA SYNTHESIS TO PROTEIN 

SYNTHESIS, DURING URACIL STARVATION, IN A 

URACIL REQUIRING STRA±N OF S. CEREVISIAE 

by 

Joseph Carava Bullaro 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF BIOLOGICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN ZOOLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 0 



i 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Joseph Carava Bullaro 

entitled The Relationship of RNA Synthesis to Protein Synthesis. 
Curing Uracil Starvation, in a Uracil Requiring Strain 

of S« cerevisiae. 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

Dissertation Director Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:-'' 

/>& • 
> iXlMhjOfl W I 

A is. / £L.«\ 

niKbK $ ' \ V-^ 

7my 7, 1//70 

7̂0 

adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 

performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are allow
able without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manu
script in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is 
in the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

SIGNED: 



ACKNOWLEDGMENTS 

I sincerely thank my advisor, Dr. Konrad Keck for 

his help, direction and many years of patience. In ad

dition, I wish to extend my thanks and sincere appreciation 

to: Drs. Wayne R. Ferris, Kaoru Matsuda, Gordin Tollin and 

Christopher K. Mathews for their advice and helpful comments. 

Also, to my wife Claire E. Bullaro, who has endured, under

stood and helped during the course of this work and prepa

ration of this manuscript. 

Finally my deepest thanks, respect and appreciation 

go to my parents, Alice and David Bullaro, without whose 

help and encouragement, over the many years leading up to 

this point, this authorship would never have come to pass. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

ABSTRACT viii 

1. INTRODUCTION 1 

2. MATERIALS AND METHODS 21 

Culture Methods 21 
Yeast Strain 21 
Media 21 
Culture Preparation 23 
Cell Counting Techniques 23 
Centrifugation 24 

Low Speed 24 
Sucrose Gradient Centrifugation .... 24 

Collection of Cells 25 
Agar Plating 26 

Methods of Cell Disruption . 26 
Mickle Disintegration 26 
Freeze-Thawing 27 
Freeze-Crushing 27 

Protoplasts 28 
Extraction and Quantitation of RNA 28 

Phenol Extraction of RNA 28 
Sucrose Gradient Profiles 29 
Hydrolysis of RNA 30 
Electrophoretic Separation of 

Mononucleotides Contained in 
RNA Hydrolysate ............ 30 

Isotopic Incorporation into Total RNA ... 31 
Orcinol-RNA Assay 32 

The Specific Activity of the ATP Pool 33 
Extraction of the Nucleotides 33 
Preparation of Dowex Ion Exchange Columns . 33 
Ion Exchange Chromatography 34 
Purification, Re-identification and 

Re-determination of the Specific 
Activity of ATP 36 

Polysomes 37 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 

Protein Assay 37 
Incorporation of Histidine-C-^ into 

Protein 37 
Lowry Protein Assay 39 

Enzyme Assays 40 
Preparation of Enzyme Stock 40 
Alkaline Phosphatase 40 
Pyrophosphatase ..... 41 
Uridine Nucleosidase 41 

Radioactivity Assays 42 
BBOT Method 42 
PPO Method 42 

3. RESULTS 44 

Conditions of Growth 44 
Auxotrophic Properties 45 
Cell Disruption 46 
Inhibition of RNA Synthesis 48 
Uracil Starvation 52 
The Rate of RNA Synthesis 53 
The Rate of Polysome Decay 68 
The Rate of Protein Synthesis 71 
The Rate of Synthesis of Individual 

Proteins 80 

4. DISCUSSION . . 92 

REFERENCES CITED 104 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Viability count of a-ur4 during 15.5 hours 
of uracil starvation 54 

2. Dowex column chromatography of ADP, ATP, 
and GTP standards 58 

3. Dowex chromatography of the extracted 
soluble nucleotides from cells starved 
of uracil for 1 hour 59 

4. Comparison of the rates of RNA and protein 
synthesis during 6 hours of uracil 
starvation 62 

Th Q 
5. Adenine-C and adenine-H incorporation into 

RNA during uracil starvation 64 

6. Orcinol-RNA accumulation during 6 hours of 
uracil starvation 67 

7. Polysome profiles during uracil starvation ... 70 

8. Alanine-C^"^ incorporation into protein in 
a-ur4 in the presence of cycloheximide. ... 72 

9. The uncorrected rate of incorporation of 
histidine-C^1* into protein and the 
specific activities of the free 
histidine in a-ur4 during 8 hours of 
uracil starvation 74 

10. The rate of incorporation of histidine-C"*"^ 
into protein corrected for the specific 
activities of the free histidine during 
6 hours of uracil starvation 75 

11. The accumulation of total protein during 
uracil starvation as determined by the 
Lowry method 78 

vi 



vii 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

12. Comparison of the Lowry total protein 
determination with the uncorrected rate 
of incorporation of histidine-C^4 into 
protein during the first 4 hours of 
uracil starvation 79 

13. The rate of synthesis of pyrophosphatase, 
alkaline phosphatase, and uridine 
nucleosidase, during normal growth, in 
the absence of uracil, and in the presence 
of cycloheximide 87 

14. The rate of synthesis of pyrophosphatase, 
alkaline phosphatase, and uridine 
nucleosidase compared to total protein 
synthesis during uracil starvation 91 



ABSTRACT 

A study was conducted on the relationship of RNA syn

thesis to protein synthesis in the eucaryote, Saccharomyces 

cerevisiae. A theoretical model was presented, in which the 

rate of protein synthesis is directly related to the amount 

of cellular messenger RNA at any given time after the inhi

bition of RNA synthesis. The model provided the basis for 

an assessment of both bulk and protein specific mRNA half-

life. 

The following methods of inhibiting RNA synthesis 

were tried: the use of antimetabolites, i.e., actinomycin D, 

6-azauracil, thiouracil, 5-fluorouracil, and phenthyl alco

hol; uracil deprivation of strain a-ur4 which is auxotrophic 

for uracil and histidine; repression of enzyme synthesis. 

Actinomycin D was found to be ineffective in inhibiting RNA 

synthesis in a-urU spheroplasts, as well as in whole cells. 

The remaining antimetabolites failed to meet the criterion 

that RNA should be specifically inhibited to at least 90%. 

The enzymes a-glucosidase, 3-galactosidase and uridine 

nucleosidase were tested for inducibility, but none demon

strated a sufficient increase in cellular enzyme level to be 

considered suitable for this investigation. In addition, 

the synthesis of alkaline phosphatase could not be repressed 

with orthophosphate. Thus, for this study RNA synthesis 

• • • 
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was inhibited by uracil deprivation. After such treatment 

all cells remained viable, even after long periods of uracil 

starvation. 

The rate of total RNA synthesis as determined by 

adenine-C^1* incorporation, corrected for the specific ac

tivity of the cellular ATP, was observed to be reduced to 

less than 10% of the control rate after 2 hours of uracil 

starvation. The amount of labeled RNA accumulated during 

this period was found to be in accord with values obtained 

from a chemical assay. Concurrently, the level of polysomes, 

taken as a measure of functional mRNA, declined within 2 

hours of starvation to 50% of the initial value. It was 

concluded that in the absence of uracil mRNA synthesis was 

significant and thus, the apparent 2 hour value for bulk mRNA 

half-life was in excess of the actual value. 

The concomitant rate of total protein synthesis, 

determined by histidine-C14 incorporation into protein, 

corrected for the specific activity of the cellular histi-

dine, revealed a discontinuity in the rate of synthesis when 

isotope was added at different times during starvation. This 

indicated the existence of cellular compartmentation with 

regard to free histidine. Thus, the rate of Lowry protein 

accumulation was ascertained during the starvation period 

and observed to closely approach the uncorrected rate of 

histidine-C^"4 incorporation. During the first 3 hours of 

starvation a disparity was observed between the rate of total 
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protein synthesis and the decline in the level of polysomes. 

This finding, which was interpreted as an increase in poly

some efficiency, supported the view that the relationship 

expressed by the theoretical model did not apply during the 

initial phase of starvation. 

The rates of synthesis of three constitutive enzymes, 

alkaline phosphatase, pyrophosphatase, and uridine nucleo

sidase, were compared to the rate of total protein synthesis 

during uracil starvation. The rates of the individual 

enzymes were not sufficiently different to distinguish be

tween their individual mRNA half-lives. However, their 

rates of synthesis as compared to total protein indicated 

that their mRNA half-lives were significantly longer than 

the average half-life of heterogeneous mRNA. 



CHAPTER 1 

INTRODUCTION 

The concept that the genetic information of an organ

ism is directly related to structure of proteins, e.g., 

enzymes, was postulated by Beadle and Tatum (1941). However, 

it was not definitely shown that this genetic information 

was contained in DNA, until the classical experiments of 

Avery, MacLeod, and McCarty (194H) were reported. Their work 

demonstrated that pneumococcal bacteria were converted from 

one genotype to another by treatment with extracted, highly 

purified DNA. As a result of their work Watson and Crick 

(1953) suggested that nucleic acids might store and transmit 

their information by virtue of their nucleotide sequence. 

In order to implement this concept Gamow (1954) further sug

gested that, since about 20 amino acids must be recognized, 

a code must exist in which the primary structure of a protein 

should be defined by sequences of a combination of three or 

more nucleotides (the triplet code). 

Crick in 1958 advanced the "central dogma" of molecu

lar genetics, which in essence postulates that the flow of 

genetic information is unidirectional from nucleic acids to 

protein. At this time it had already been observed (Hershey, 

1953; Astrachan and Volkin, 1958) in T2 phage-infected 

1 
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E. coli that there existed a small RNA fraction, which was 

rapidly turning over and had a DNA-like base ratio. By 

sucrose gradient sedimentation Nomura, Hall and Spiegelman 

(1960) detected in T2 phage-infected E. coli an RNA fraction 

having a phage DNA-like base ratio and a sedimentation 

constant of about 8 S. Brenner, Jacob and Meselson (1961) 

found that in T4 phage-infected E. coli a new species of RNA 

was produced, which was not ribosomal in nature. This RNA, 

which had a phage DNA-like base ratio, became attached to 

already existing E. coli ribosomes. Brenner and associates 

concluded that this RNA contained the genetic information of 

the viral DNA. 

Our current understanding of the control of messenger 

(mRNA) synthesis has developed primarily from investigations 

of the bacterial operon system. The lac operon, for example, 

is a group of genes controlling the ultimate production of a 

multicistronic messenger and is responsible for the pro

duction of 3 enzymes involved in lactose metabolism (Jacob 

and Monod, 1961). An operon consists of an operator site, 

an adjacent promoter site and one or more structural genes. 

These structures appear as a contiguous group and, normally, 

are closely linked to the i gene (the repressor gene). It 

is thought that the operator is the site of binding of the 

protein repressor product of the i gene and controls, there

fore, the expression of the operon. The promoter site is 

responsible for the binding of the RNA polymerase and the 
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rate of initiation of the maximum rate of mRNA synthesis 

(Ippen et al., 1968; Arditti, Scaife and Beckwith, 1968). 

An initiation site on DNA is a location of a specific 

interaction of the polymerase with the DNA strand. The 

synthesis of RNA is thought to proceed from that point only. 

Although the chemical nature of the initiator site (the pro

moter site) is unknown, RNA polymerase of E. coli in its 

dissociated monomeric form is reported to bind under control 

of the promoter rather strongly to the DNA template (Burgess, 

1968; Burgess et al., 1969). Subsequent polymerization of 

the RNA chains in vivo and in vitro has been shown to occur 

in the direction from the 5' to the 3' terminus of the chain 

(Shigeura and Boxer, 1964; Bremer et al., 1965; Goldstein, 

Kirschbaum and Roman, 1965). 

Very little is known about the termination of RNA 

transcription. A termination protein (the p-factor) has been 

reported in E. coli (Roberts, 1969), which is responsible for 

terminating the in vitro synthesis of RNA. It is possible 

that either the entire mRNA length may remain complexed to 

DNA until termination or only the growing point may remain 

attached (Chamberlin and Berg, 1964; Hayashi, 1965). Con

comitant synthesis and translation of mRNA could occur if the 

latter explanation were the case. 

Strong evidence for the coupling of transcription 

and transalation has been presented in the trp (tryptophan) 

operon of E. coli (Horse, Baker and Yanofsky, 1968). 
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Transcription of the trp operon requires about 5 minutes. 

The interval between the completion of transcription and the 

appearance of the first active enzyme from cistrons D, C, 

and A (the most distal from the operator) is about 2 minutes. 

Thus, ribosomes are attached and protein is translated be

fore transcription is complete. 

The first direct experimental evidence for the coding 

of a polypeptide from a polynucleotide messenger template 

was obtained with the in vitro system of polypeptide synthe

sis of Nirenberg and Matthaei (1961). The in vitro synthesis 

of polypeptides required transfer RNA (tRNA), ribosomes, a 

template RNA (mRNA), GTP plus an energy yielding system 

(ATP + creatine phosphate + kinase), and a full complement 

of amino acids. 

This in vitro system not only provided the tool for 

the quantitation of mRNA by virtue of its "stimulation" of 

polypeptide synthesis, but also made possible the first di

rect assignments of specific nucleotide code words to given 

amino acids. The concept of the "tape mechanism," in which 

stored, linearly coded information is sequentially translated 

into the primary structure of a peptide, was developed to 

explain the process of translation (Gierer, 1963; Gilbert, 

1963; Warner, Knopf and Rich, 1963; Watson, 1963). In bac

teria this process proceeds in three general phases: initi

ation of peptide synthesis, elongation of the peptide chain 

and termination (detachment). It was proposed that ribosomes 



attach to the 5' end of the messenger RNA strand. As they 

move along the messenger to the 3' terminus polymerization 

of a peptide is facilitated by the attachment and peptidyl 

transfer of aminoacyl-tRNA (selected in accordance with the 

transcribed triplet code) to the growing peptide chain. The 

release of the elongated peptide occurs when the complex is 

advanced to one of the chain terminating codons. 

Bacterial messenger is thought to be very unstable. 

Despite the high rate of synthesis of mRNA relative to other 

types of RNA the cellular content amounts to only a few per

cent of the total RNA due to its rapid degradation. It has 

been postulated that the breakdown of mRNA is spontaneous, 

since first order decay kinetics was obtained after the 

inhibition of RNA synthesis by actinomycin D (AD) treatment 

(Levinthal, Keynan and Higa, 196 2) as well as during steady 

state conditions (Mueller and Bremer, 1968). Thus the decay 

rate is dependent only upon the number of mRNA molecules 

present at any time during the decay. This statistical decay 

of messenger implies that some molecules of mRNA may undergo 

destruction even before their transcription is complete. 

The question of whether the commencement of gross destruction 

of an RNA molecule is synonymous with the initiation of its 

functional inactivation is still unanswered. However, that 

these processes are distinct has been suggested by Tomkins 

et al. (1969). 
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The stability of mRNA (the half-life) has been 

evaluated in both procaryotes and eucaryotes. In each class 

of organism estimates of half-lives have been made with re

spect to both heterogeneous (bulk) mRNA and individual 

protein specific mRNA species. Several methods, such as 

isotopic labeling of a rapidly turning over fraction of RNA, 

the determination of the stimulating activity of RNA in an 

in vitro system for protein synthesis, molecular hybridi

zation with homologous DNA, and the analysis of the cellular 

polysome levels have been used to estimate the average half-

life of bulk mRNA. These techniques are limited, at best, 

to mixtures of a few gene-specific mRNA species. 

The isolation of one or a few individual mRNA species 

has been achieved in bacteria by hydridization of bacterial 

mRNA with DNA from transducing phage, which contained regions 

that were homologous to a few bacterial cistrons. In most 

cases, however, this method cannot be applied. This is 

especially true for eucaryotic cells where transducing phages 

are not available. For this reason a theoretical model is 

presented in which the half-life, as well as the cellular 

levels of a messenger species can be derived, under ideal 

conditions, from the amounts of protein which are synthesized 

after the inhibition of (further) messenger synthesis. 

If it is assumed that the rate of protein synthesis 

per template RNA molecule is constant throughout the entire 

life span of that template, then the cellular level of a 
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given functional mRNA species (M) will be proportional at 

any given time to the rate (dP/dt) at which the corresponding 

protein is synthesized: 

-af- = *sP M <i> 

where kgp is the rate constant of protein synthesis. If it 

is further assumed that in the absence of RNA synthesis this 

mRNA species decays with first order kinetics, then 

- "if- = kdm M 

where k^ is the rate constant of messenger decay. The total 

amount of messenger remaining at time (t) would then be 

-k t 
dm 

M = M0e (3) 

where MQ is the amount of mRNA at t = 0. Applying this ex

pression to the rate of protein synthesis at time t^, we 

obtain: 

= Me (U) 
dt sp no e 

After integrating we obtain the total protein synthesized at 

time t. Under the conditions that P = 0, when t = 0, we 

find that 

P = Mq (1 _ e-kdmtj (5) 

dm 

Thus, as t approaches infinity 

p  = ^Em o  (6) 

or, the total protein synthesized is proportional to the 

initial amount of messenger existing at the onset of 
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inhibition. Even without the knowledge of the values of the 

constants and k^„ a relative determination of M_ can be sp am o 

made for a given messenger species. The half-life of mRNA 

should be equal to the time after the inhibition of RNA 

synthesis when the rate of protein synthesis has decreased 

to one-half of its initial value. 

These calculations of the half-life and the cellular 

levels of mRNA will apply provided that the ideal conditions 

prevail, i.e., that the inhibition of RNA synthesis is 

immediate and complete, that the rate of translation (k__) sp 

does not vary during mRNA depletion and finally that the 

protein under consideration has an average life span which 

is sufficiently long to warrant the absence of a protein 

decay term in equation (1). 

Estimates have been made in both procaryotes and 

eucaryotes of the half-lives of bulk mRNA, using a variety 

of techniques, and of specific mRNAs, utilizing the above 

discussed relationship between mRNA levels and the rate of 

protein synthesis (equation 1). 

In the procaryotes bulk mRNA decay rates were de

termined in B. subtilis and E. coli, which were auxotrophic 

for guanine (Salser, Janin and Levinthal, 1968). Calcu

lations were based upon the kinetics of guanine-C^1* uptake, 

incorporation into RNA and its time delay caused by the 

wash-back of cold guanine from the initially unlabeled mRNA 

into the nucleotide precursor pool. The unstable RNA, 



equivalent to 3% of the total RNA of E. coli, was observed 

to have a decay time (1/e of the initial value) of 4 minutes. 

The unstable RNA from B. subtilis, grown ait 37°C, constituted 

about 9% of the total RNA with a decay time of 3.2 minutes. 

This value increased to 6.2 minutes when B. subtilis was 

grown at 3 0°C. For E. coli, the average mRNA functional 

life after the inhibition of RNA synthesis by AD has been 

calculated to be 2.2 minutes (Leive and Kollin, 1967). 

Utilizing uracil deprivation to inhibit RNA synthesis in 

E. coli (Forchhammer and Kjeldgaard, 1967), mRNA was shown 

to decay biphasically with half-lives of 5 minutes and 42 

minutes. 

Protein specific messenger half-lives have also been 

determined in procaryotes by de-induction experiments. With 

the inducible 3-galactosidase and histidase systems of 

E. coli and 13. subtilis, respectively, experiments have 

yielded functional mRNA half-lives of 1.7 to 3.0 minutes 

(Pardee and Prestidge, 1961; Hartwell and Magasanik, 1963; 

Kepes, 1963; Nakada and Magasanik, 1964; Leive and Kollin, 

1967). A half-life of about 2 hours has been obtained for 

the penicillinase mRNA in a constitutive strain of B>. cereus 

after AD treatment, while in the inducible strain a value of 

40 minutes was determined (Pollock, 1963). 

In B. licheniformis, strain 749, values of 5 minutes 

and 20 to 30 minutes, were calculated for the penicillinase 

messenger of an inducible and constitutive mutant, 
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respectively (Yudkin, 1966), while two other strains of 

B. licheniformis and one strain of li. cereus showed no dif

ference in the half-lives between the inducible and consti

tutive mutants. After subsequent reaffirmation of the in

crease in half-life in the constitutive mutant of B. lichen

iformis 749, a revertant to the wild type, inducible strain 

was isolated and observed to have a reduced half-life of 

5 minutes for the penicillinase mRNA (Yudkin, 1968), a value, 

identical to that of the wild type inducible parent strain. 

This finding implied the possibility of control of mRNA life 

at the gene level and supported the hypothesis that short

lived mRNA might code for inducible enzymes, while long-lived 

coded for the constitutive enzymes (Moses and Calvin, 1965; 

Yudkin, 1965). 

Long half-lives are characteristic of eucaryotic 

cells and are typically represented by bulk messenger half-

lives of several hours, e.g., those found in rat liver after 

AD treatment. On the basis of the decline in the rate of 

total protein synthesis the following functional mRNA half-

lives were reported: 4 hours in rat mammary tumors (Traka-

tellis, Montjar and Axelrod, 1965), 40 hours in rat liver 

(Revel and Hiatt, 1964), and 3 hours and 80 hours, decaying 

biphasically, in rat liver (Wilson and Hoagland, 1967). 

Using the cellular amount of polysomes as a measure of the 

functional messenger levels, a half-life of 3 hours was 

estimated in HeLa cells after AD treatment (Penman et al., 
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1963) and 20 minutes was calculated to be the half-life of 

bulk mRNA in a temperature sensitive mutant of yeast in

capable of synthesizing RNA at 3 6°C (Hartwell and McLaughlin, 

1969; Hutchison, Hartwell and McLaughlin, 1969). 

Protein specific differences in messenger half-life 

have also been shown to exist in eucaryotes. Enucleation of 

Acetabularia results in the loss of the synthetic capacity 

for several enzymes at characteristically different times 

after the removal of the cell nucleus, covering a 3-week 

period (Baltus, 1955; Keck and Clauss, 1958; Clauss, 1959). 

It was suggested that these data resulted from the decay of 

mRNA species with different half-lives (Keck, 1965). In rat 

liver albumin was shown to be synthesized by a polysome 

fraction which decayed after AD administration with a half-

life of 80 hours as opposed to the 3-hour half-life of a 

major non-albumin fraction comprising 64% of the total poly-

somal material (Wilson, Hill and Hoagland, 1967). Marchis-

Mouren and Cozzone (1966) noted in rat tissue that three 

acidic proteins were synthesized on messengers with a half-

life of about 3 hours, while in contrast the messenger for 

three basic proteins had a half-life of about 8 hours. 

Danon, Zehavi-Willner, and Berman (1965) indicated that hemo

globin synthesis during mammalian erythrocyte development 

continued for 48 hours after inhibition of RNA synthesis by 

AD. In mammalian blood platelets in vitro studies showed 



12 

continued amino acid incorporation into protein for at least 

72 hours in the absence of detectable DNA (Booyse and 

Rafelson, 1967). 

It has been generally accepted that regulation of 

gene expression in procaryotes takes place principally, if 

not solely, at the transcriptional level. However, the de

velopmental complexity of eucaryotes plus the observation 

that structural and functional features of their genetic 

apparatus are quite distinct, when compared to procaryotes, 

suggests that the regulation of gene expression also may be 

significantly different. This difference in eucaryotes could 

be manifested in the form of essential control mechanisms 

which regulate gene expression at the translational level 

(Tomkins et al., 1969). 

Deviations from the conditions of ideality as ex

pressed above, i.e., that kSp and k^ are invariable and 

that mRNA decays according to a first order kinetics, have 

been observed both at the transcriptional and translational 

levels of gene expression. 

Translational control of protein synthesis might 

occur in many systems. However, the bulk of the positive 

information has been gathered largely from only a few eu-

caryotic systems. Regulation, either protein specific or 

non-specific, can occur at a multitude of sites, during the 

conversion of transcribed information to the ultimate ' 

functional polypeptide gene product. Such controls could 
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include, for instance, regulation of transport of messenger 

from the nucleus to the cytoplasm (Levitan and Webb, 1970), 

specific protection or degradation of nascent nuclear mRNA 

(Tomkins et al., 1969), activation or inactivation of 

ribosomes (Salb and Marcus, 1965), alteration in the function 

or concentration of specific factors involved in the initi

ation or termination of protein synthesis (Anderson, 1969; 

Anderson and Gilbert, 1969), and stabilization or degradation 

of active protein molecules, thus controlling their intra

cellular concentration (Schimke, Sweeney and Berlin, 1965). 

Translational controls in eucaryotes have been 

studied at the levels of regulation of chain initiation and/ 

or detachment and chain elongation. In general such controls 

would alter the polysome efficiency. Such studies of regu

lation can be divided, categorically into those pertaining 

to protein non-specific and those pertaining to protein 

specific regulation. 

Protein non-specific translational controls have been 

observed in HeLa cells (Salb and Marcus, 1965). Ribosomes 

isolated from cells in interphase were found to be fully 

active. In contrast, however, ribosomes which were isolated 

during metaphase or metaphase-arrest stages were found to be 

inactive, but could be almost fully reactivated by gentle 

trypsin digestion. In rat liver (Mizrahi, 1965) and reticu

locytes (Beard and Armentrout, 1967) a postribosomal super

natant fraction, probably protein in nature, was shown to 
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stimulate the in vitro protein synthesis in cell-free 
/ 

systems, possibly through control at the initiation level of 

the synthetic mechanism. In a temperature sensitive mutant 

of yeast (Hartwell and McLaughlin, 1969) the process of 

initiation could be uncoupled from the process of chain 

elongation. At a temperature restrictive to growth, DNA and 

RNA synthesis, as well as incorporation of glucose-C^1* into 

macromolecules was shown to continue, while the level of 

polysomes declined with a half-life of 0.5 minutes. The 

decay of polysomes was accompanied by a concomitant increase 

in monosomes. Considering the fact that messenger RNA was 

found to have a half-life of 20 minutes, the data suggested 

that initiation and not chain elongation was affected by the 

elevated temperature. It has been stated (Kedes and Gross, 

1969) that unfertilized mature eggs of sea urchins and 

amphibians contain mRNA, which has been synthesized during 

oogenesis (Brown and Littna, 1964; Gross, Malkin and Hubbard, 

1965; Spirin, 1966) and is stored in masked form in the 

cytoplasm. This mRNA is activated and translated during 

later stages of development demonstrating the ability of the 

cells to selectively control the time of translation. 

Protein specific systems regulating translation in 

eucaryotes have been postulated to exist in cultured rat 

hepatoma cells in which the synthesis of tyrosine amino

transferase can be induced by steroids (Thompson, Tomkins 

and Curran, 1966). Support for the existence of a labile 
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repressor which both inhibits mRNA translation and promotes 

its degradation, stems from the observations (Tomkins et al., 

1969) that RNA synthesis is not required to maintain the in

duced state. Treatment with AD after full induction, regard

less of the presence or absence of the inducer, has no 

inhibitory effect on continued enzyme formation. In fact, 

AD stimulates the synthesis of the enzyme without apparently 

inhibiting its degradation. Reduced enzyme synthesis after 

removal of the inducer can be reactivated by blocking RNA 

synthesis with AD. It was concluded by Tomkins et al. (1969) 

that "a sizable pool of inactive, but 'easily rescued' mes

senger exists." In vivo.experiments using 8-azaguanine 

to inhibit RNA synthesis (Levitan and Webb, 1970) lends 

support to the concept of a utilization of pre-existing in

active mRNA. Nevertheless, confirmation of the existence of 

a repressor-mRNA association awaits further study. 

A transfer RNA-dependent translational control oper

ating in vitro has been indicated (Anderson, 19 69; Anderson 

and Gilbert, 1969) in a cell-free system involving hemoglobin 

synthesis. It was shown that a low concentration of one or 

more tRNA species can produce a specific alteration in the 

ratio of a and & chains synthesized in a reticulocyte cell-

free system. 

These numerous reports tend to substantiate the con

cept that both transcriptional and translational regulation 

of protein synthesis may exist. Further, they imply that 
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deviation in the polysome efficiency can indeed occur and 

therefore, the model presented previously may not hold in 

such systems. However, in many experiments where the rate 

of protein synthesis, on one hand, and mRNA or polysome 

levels, on the other, have been compared, it is observed 

that the data seem to be in accord with the model and its 

inherent restrictions (cf. Keck, 1969). 

Data in eucaryotes substantiating the direct re

lationship of non-specific protein synthesis to mRNA were 

obtained in the in vivo and in vitro studies on mammary 

tumors of mice (Trakatellis,Montjar and Axelrod, 1965). The 

in vivo rate of polysome breakdown, the rate of mRNA decay 

(loss of radioactive label in the 4 to 20 S RNA) and the 

in vitro rate of C^-leucine incorporation into protein in 

cell-free systems, obtained at various times after AD 

administration, were followed for 12 hours. A striking 

agreement existed between the in vitro protein synthesizing 

capacity and mRNA decay calculated from polysome levels and 

the amounts of 4 to 20 S RNA label. An increased half-life 

was calculated on the basis of the in vivo C^-leucine in

corporation into protein when compared to the in vitro 

determined half-life. The authors suggested that the ex

tension of the in vivo messenger life is due to an increased 

attachment rate of ribosome to the messenger strand, which 

in turn confers to the mRNA protection from nuclease activity 

and thus increases its stability. A similar study with a 
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cell-free system from rat reticulocytes indicated that over 

an 18-hour period in the presence or absence of AD, the in 

vitro incorporation of labeled amino acids into nascent 

peptide varied in accordance with in vivo polysome level 

(Trakatellis, Heinle and associates, 1965). 

In rat liver and pancreas, the rate of decay of 

pre-labeled mRNA, which was identified by sucrose gradient 

sedimentation and base composition, was determined after 

inhibiting RNA synthesis and compared to the vivo rate of 

protein synthesis independently obtained from incorporation 

data (Cozzone and Marchis-Mouren, 1967). The half-lives of 

mRNA from each organ were calculated, independently, from 

the mRNA decay rates and from the rates of protein synthesis. 

These values for each organ were in agreement not only with 

each other, but also with the above described model. 

Following the administration of AD, rat liver poly

somes decay biphasically (Wilson and Hoagland, 19 67). This 

decay was not the result of increased nuclease activity 

during the preparation of the polysomes since, when pre-

labeled, normal liver tissues without AD treatment was added 

to AD treated material, prior to homogenization and isolation 

of polysomes, the radioactive marker polysomes were recovered 

in undegraded form. After correction for the specific.ac

tivity of the amino acid pools, the in vivo rate of amino 

acid incorporation in AD treated liver cells paralleled the 

declining polysome level. The polysome degradation was 



18 

observed to correspond to the loss of labeled RNA under the 

17 S peak in a sucrose gradient, which had previously been 

established as mRNA. The biphasic kinetics of polysome 

degradation corresponded to 64% of the polysomes with mRNA 

of an average half-life of 3.5 hours and 36% of the total 

liver polysomes with a relatively stable messenger having a 

half-life of about 80 hours. 

To establish the direct relationship of polysome 

quantity to protein synthesis, the nascent protein in the 

stable polysome fraction (80 hour half-life) was analyzed by 

electrophoresis (Wilson, Hill and Hoagland, 1967). Albumin 

was observed to be the major fraction present in stable poly

somes and represented 63% of the protein synthesized by the 

stable fraction (or, was equivalent to 23% of the total 

protein). The percentage of total protein synthesized as 

albumin, 25 to 30% (Wilson, Hill and Hoagland, 1967) was in 

close agreement with that value predicted, 23% (=63% of 36%), 

from the stable polysome fraction. Thus it may be concluded 

from the foregoing that the determination of individual 

mRNA half-life from the rates of protein synthesis, in 

practice, appears to be a valid procedure for these systems. 

In light of the preceding, it appears that there are 

discrepancies in the data reported for the half-life of bulk 

mRNA or individual messengers in a given system. Most likely 

the reasons for these differences lie in the methods of de

termination of messenger life, many of which are either 
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indirect or dependent upon the specificity of the agents used 

Jo inhibit RNA synthesis, e.g., actinomycin D. Non-specific 

effects of AD on the general metabolism of the cell are well 

documented (Kirk, 1960; Levinthal et al., 1962; Acs, Reich 

and Valanju, 1963; Chantrenne, 1965; Leive, 1965b; Trak-

atellis, Montjar and Axelrod, 1965; Salser et al., 1968). 

The calculation of protein specific mRNA life from 

the rates of protein synthesis after the inhibition of RNA 

synthesis depends, as discussed above, on a number of as

sumptions, the validity of which has not been experimentally 

confirmed in many instances. Consequently, the existence of 

differences in the half-life of individual messenger species 

within a given cell is still problematic, although not 

necessarily unlikely. The average lifetime of a given mRNA 

molecule may even be genetically determined, as indicated by 

experiments with mutant strains of bacteria. Point mutations 

in the structural gene for penicillinase in B. licheniformis 

was reported to significantly increase the half-life of the 

penicillinase messenger (Pollock, 1963; Yudkin, 1966), while 

at the same time the inducibility of the enzyme is changed 

to the constitutive state. Back mutations to the wild type, 

inducible condition eliminated this effect on messenger life, 

resulting in the return to the shorter values of the original 

wild type (Yudkin, 1968). 

The present study was undertaken with the aim of de

termining the occurrence of a difference in specific mRNA 
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half-lives after the inhibition of RNA synthesis by different 

means. In addition, these specific mRNA half-life determi

nations, implemented through their relationship to the rate 

of protein synthesis, are to be compared to the average bulk 

mRNA half-life, ascertained by the rate of total protein 

synthesis, and to the average functional mRNA half-life as 

determined by polysome decay levels. 

The organism selected for this study was baker's 
I 

yeast, Saccharomyces cerevisiae. This unicellular eucaryotic 

organism maintained all the advantages of a bacterial system, 

regarding uniformity of cell type and culture methods, while 

providing the more complex cellular characteristics of 

eucaryotic cells. 



CHAPTER 2 

MATERIALS AND METHODS 

Culture Methods 

Yeast Strain 

A mutant strain of Saccharomyces cerevisiae„ S2112D 

(a-ur4), auxotrophic for uracil and histidine, was obtained 

from Dr. R. K. Mortimer, University of California, Berkeley. 

Subcultures of this strain were maintained as follows: 5 ml 

of subculture broth in 16 x 100 mm test tubes were inocu

lated from slant cultures, capped with aluminum caps and the 

cultures allowed to grow for three days at room temperature 

before using them for inoculation. One 5 ml subculture was 

used to inoculate 1 liter of medium. All subcultures were 

discarded 6 days after their inoculation. 

Media 

YEP agar slants and plates (Roman, 1956): 

1% yeast extract 
2% bactopeptone 
2% glucose 
2% w/v agar 

YEP subculture broth (Roman,1956): 

1% yeast extract 
2% bactopeptone 
2% glucose 

21 



22 

MYEP fully supplemented medium (Roman, 1956). 

Quantities per liter: 

6 g malt extract 
6 g yeast extract 

10 g bactopeptone 
10 g glucose 

SM-5 medium (the YM-5 medium of Hartwell (1967) sup

plemented with adenine, histidine and uracil). Quantities 

per liter: 

1.0 g yeast extract 182.0 g sorbitol 
2.0 g bactopeptone 10.0 mg uracil 
6.7 g yeast nitrogen base 10.0 mg histidine 

13.8 g sodium succinate 5.0 mg adenine 
10.0 g glucose 

Synthetic Complete (SC) medium (Roman, 1956). The 

following stock solutions were prepared: 

Stock 1 Stock 2 

1 mg biotin 
200 mg calcium pantothenate 
200 mg pyridoxin*HC1 
200 mg thiamine*HC1 
25 mg FeCl3-6H20 
35 mg ZnS0i|*7H20 
5 mg H3BO3 
5 mg CuS04*5H20 
5 mg KI 

500 ml H20 

50.0 g (NH4 )2S0u 
0.5 g tryptophan 
0.5 g methionine 
0.5 g uracil 
0.5 g histidine-HC1 
0.5 g adenine'HoSO^ 
0.1 g inositol (meso-) 
25.0 g MgS04-7H20 
5.0 g NaCl 

Add H20 to make 500 ml 

To make a forty-liter batch the following components were 

mixed in the order indicated. Each component was completely 

dissolved before adding the next in sequence. 

39,240 ml H20 
800 g glucose 

4.0 g CaCl2 
43.56 g KH2P04 
13.92 g K2HP04 
40 ml stock 1 

400 ml stock 2 
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Specific deficient media were prepared from SC medium 

from which uracil, adenine and histidine had been omitted. 

To obtain uracil deficient (UD) medium 10 yg adenine/ml and 

10 yg histidine/ml were added to the deficient SC medium. 

Histidine deficient (HD) medium was obtained by the addition 

of 10 yg adenine/ml and 10 yg uracil/ml to the deficient SC 

medium. 

All media were autoclaved at 15 psi, 252°F for 15 

minutes immediately after preparation. 

Culture Preparation 

The culturing vessel consisted of a 1 liter glass 

cylinder covered with an inverted beaker. Inserted into the 

vessel was an aeration tubing (6 mm diameter) attached to a 

cotton air filter. The assembled unit was sterilized by 

autoclaving and inoculated medium was then added to it under 

sterile conditions. The culture was incubated at 30°C and 

aerated via a water trap, which was necessary to keep evapo

ration of the culture to a minimum. 

Cell Counting Techniques 

Two methods of cell quantitation were used. In one 

method cells per ml were determined in an AO Brightline 

Hemocytometer, Model 1475. In addition to fully grown cells, 

all buds appearing to be 1/4 as large as the parental cell 

were counted as individual cells. The counting of buds in 

this manner facilitated a greater degree of agreement between 
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hemocytometer counts and turbidity measurements. The second 

method involved the use of culture turbidity measurements in 

a Beckman DU spectrophotometer at 600 my in a 1 cm light 

path. 

Cell counts per ml were obtained from turbidity 

measurements by plotting a standard curve of the Optical 

Density (O.D.) at 600 my of a culture sample against its cor

responding hemocytometer counts. Measurements were made 

throughout the log phase of an actively growing culture. 

Centrifugation 

Low Speed. All centrifugations requiring low speed 

were accomplished in an International PR-2 Refrigerated 

Centrifuge with a No. 269, eight place, swinging bucket head. 

Centrifugations were performed in either 12 ml or 40 ml coni

cal tubes inserted into their respective metal shields and, 

except as otherwise noted, at a speed of 3000 rpm at 2°C. 

Sucrose Gradient Centrifugation. Stocks of 25% or 

30% sucrose were diluted with the appropriate buffer to give 

a series of nine solutions of increasing sucrose concen

tration. A nine-step gradient was constructed by manually 

layering 0.5 ml of each solution in a 5 ml Beckman Spinco 

tube. A smooth linear gradient was obtained by permitting 

diffusion to take place overnight at 5°C. 

Sedimentation was carried out in a Spinco SW-39 

Swinging Bucket Rotor in the Spinco Model L ultracentrifuge. 
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At the termination of centrifugation the tubes were removed 

from the rotor and attached to a collection apparatus, which 

consisted, essentially, of a water manometer connected to a 

10 cc syringe, which permitted the controlled reduction of 

the air pressure over the liquid in the tube. The bottom of 

the tube was alcohol-cleaned and punctured with a 23-gauge 

hypodermic needle. The collection of 2 drop fractions into 

15 x 12 5 mm test tubes was achieved by slowly increasing 

the pressure over the liquid. To each tube were added 2.0 

ml of distilled water via a 10 cc automatic pipette. The 

tubes were shaken and the O.D. 260 my recorded. When re

quired, 0.5 ml from each tube was removed for radioactivity 

determinations by the BBOT method described below. 

Collection of Cells 

All cultures were grown in SC medium to a cell con

centration of approximately 1-2 x 10^ cells/ml before trans

ferring the cells, or collecting samples. 

Harvesting of cells was achieved in two ways. For 

large samples, or entire cultures, cells were collected via 

filtration on one or more millipore filters (pore diameter= 

0.65 y) at room temperature or in a walk-in cold room, when 

necessary. Washing of the cells and transfer to new media 

could be quickly performed by this method. Resuspension of 

cells was expeditiously accomplished by transferring cells, 
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filter and all, to a vigorously aerated medium. Alterna

tively, cells were scraped from the filter with a spatula 

and harvested as a paste. 

For small samples aliquots were collected and centri-

fuged in 12 ml or 4 0 ml conical centrifuge tubes. Sedimen

tation of whole cells is complete within 1-2 minutes. 

Agar plating 

Three ml of sterile YEP agar medium supplemented with 

50 yg urac£l/ml were added to 50 mm sterile disposable petri 

dishes. The agar plates were permitted to dry at room tem

perature for 24 hours. 

Each sample of culture was diluted, as necessary, so 

that approximately 150 active centers of colony formation 

would be contained in 0.1 ml, the volume pipetted onto the 

agar plates. After pipetting, the plates were swirled to 

distribute the suspension evenly over the surface. Incu

bation of the plates took place at room temperature in a 

closed moist container. The colonies were counted under an 

American Optical binocular dissecting microscope (25 power) 

at 48 hours of incubation. Colonies varied in diameter from 

0.5-1.0 mm. All colonies on a plate were counted. 

Methods of Cell Disruption 

Mickle Disintegration 

To a thick walled vial (12 ml capacity, O.D. = 22 mm, 

height = 51 mm) were added 0.5 g of lyophilized yeast and 
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2.0 g of 3 mm diameter glass beads. The vial was then capped 

with a rubber stopper and the cells were disintegrated in a 

Mickle Tissue Disintegrator (Brinkman Instruments, Westbury, 

New York) at the maximum permissible reed amplitude for 3 

minutes. This procedure results in 9 8% breakage of whole 

cells. 

Freeze-Thawing 

A cell suspension not exceeding 15 x 10® cells in 

0.5 ml distilled water was placed in a 12 ml conical centri

fuge tube. The tube was then alternately immersed in liquid 

nitrogen until thoroughly frozen and then, in a 37°C shaking 

water bath until thawed. This procedure was repeated six 

times. 

Freeze-Crushing 

A cell paste, which was scraped with a spatula from 

a millipore filter, was frozen in liquid nitrogen and placed 

in a liquid nitrogen prechilled 1-dram vial. The frozen 

paste was then crushed with a glass plunger which had been 

prechilled in liquid nitrogen. The crushing is accomplished 

by using a twisting motion of the wrist, while, simultane

ously, applying pressure. During crushing the lower portion 

of the vial is submersed in liquid nitrogen in a small 

styrofoam container. Crushing was continued for 1-2 minutes. 
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Protoplasts 

O 
A sample of a culture, containing 4 x 10 cells grown 

in SC medium, was filtered and the cells washed with dis

tilled water before pelleting by centrifugation. To the 

pellet was added 19.0 ml of 1.0 M sorbitol. The cells were 

resuspended and 0.2 ml of 1% (v/v) Glusulase (Endo Labora

tories, Garden City, New Jersey) was added. The mixture was 

incubated at 3 0°C in a shaking water bath for 90 minutes in 

a 40 ml conical centrifuge tube. At the termination of 

incubation the suspension was centrifuged at 1500 rpm for 15 

minutes and the pellet of protoplasts (spheroplasts, ac

cording to Hutchison and Hartwell, 1967) resuspended in SM-5 

medium. 

Extraction and Quantitation of RNA 

Phenol Extraction of RNA 

A bentonite-sodium dodecyl sulfate (SDS)-ethylene-

diaminetetra-acetate (EDTA) mixture was prepared as follows: 

4 g of bentonite (a mineral) was suspended in 3 20 ml of water 

and blended briefly in a Waring Blendor. The bentonite was 

sedimented in the centrifuge for 15 minutes at 2000 rpm, the 

supernatant discarded, and the pellet resuspended in another 

320 ml of water by briefly blending the mixture. The ben

tonite was again sedimented, resuspended in 60 ml of 0.1 M 

EDTA solution (pH 7.0), and stirred for about 24 hours at 

room temperature. The bentonite-EDTA mixture was sedimented 
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at 2000 rpm for 15 minutes, the pellet resuspended in 80 ml 

of neutral 0.1 M EDTA solution, and 4 g of SDS added to the 

mixture. 

A sample of 10 x 10^ cells was harvested, washed 

with distilled water and transferred to 12 ml vials, which 

were used for Mickle disintegration. The cell suspension 

was rolled and frozen onto the sides of the vials and then 

lyophilized. Two grams of 3 mm glass beads were added to 

each vial and the cells disintegrated for 2 minutes. The 

contents of each vial were washed into a 150 ml beaker with 

20 ml of a mixture containing 10 ml of 85% phenol and 10 ml 

of the bentonite-EDTA-SDS mixture. This final mixture was 

stirred overnight at 5°C, centrifuged and the supernatant 

dialyzed in 5/8-inch diameter dialysing tubing, twice for 5 

hours each, against 2 liters of 0.1 M potassium acetate. 

The dialysate was collected, centrifuged and the RNA in the 

supernatant precipitated with 2 volumes of 95% ethanol 

(-20°C). 

Sucrose Gradient Profiles 

The extracted and ethanol precipitated RNA was pel

leted, dissolved in 2 ml of ice-cold distilled water, and 

the solution centrifuged to remove any turbidity. Two-tenths 

ml of the supernatant was layered onto a 5-25% sucrose 

gradient in acetate-EDTA buffer (0.1 M potassium acetate, 

0.02 M EDTA, pH 5.9) and centrifuged for 4.5 hours at 40,000 
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rpm at 4°C. Two-drop fractions were collected for O.D. 260 

my readings and the determination of the radioactivity. 

Hydrolysis of RNA 

The phenol extracted and ethanol precipitated RNA 

was pelleted, the supernatant discarded and the pellet dis

solved in 0.5 ml of distilled water. Sufficient 1.1 N KOH 

was added to make the final solution 0.3 N KOH. The solution 

was then covered with parafilm and incubated at 37°C for 16 

hours to hydrolyze the RNA. 

The hydrolysate was neutralized with 11.6 N per

chloric acid, chilled, the potassium perchlorate removed by 

centrifugation, and the supernatant concentrated by evapo

ration on parafilm until a 1:1000 dilution had an absorbance 

of 0.3 50 at 260 my. 

Electrophoretic Separation of Mononucleotides Contained 
in RNA Hydrolysate 

Mononucleotides in the RNA hydrolysate were separated 

by paper electrophoresis in the following manner: Whatman 

3 mm x 1 inch paper strips were cut to a length of 12.75 

inches, washed overnight in 0.1 N HC1 to remove background 

ultraviolet quenching material, then, rinsed 2 hours in 

running distilled water and finally, dried. The paper strips 

were placed in 0.02 M sodium citrate-citric acid buffer, pH 

3.65, and mounted in a Beckman Durrum Electrophoresis Cell 

filled with the same citrate buffer. The Durrum cell was 
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equilibrated at 400 V, 5 ma for 1 hour prior to applying the 

samples. 

Four microliters of the hydrolysate' were applied to 

the paper 1.5 inches from the end of the strip through a 

slit in the side of a modified cover of the cell. Electro

phoresis was carried out for 2 hours at a potential of 400 V 

between the terminals of the cell. 

Upon completion of electrophoresis the paper strips 

were removed from the cell, air dried and the nucleotide 

bands located with the use of a UV mineral light by virtue 

of their UV fluorescence quenching. The paper strips were 

cut horizontally into 1 cm segments, beginning at 0.5 cm be

low the origin. An exception to this were the mononucleotide 

bands, which were cut to a width sufficient to preserve their 

integrity. Each segment, which was cut from the paper strip, 

was placed in a vial containing 16 ml of PPO scintillation 

fluid and the radioactivity was determined as described 

below. 

Identification of the quenched bands was made by 

simultaneously running electrophoresis strips containing 

known quantities of 2',3' mononucleotides. 

Isotope Incorporation into Total RNA 

Samples collected from cultures grown in the presence 

of isotope were pipetted into equal volumes of ice-cold 25% 

TCA and the acid soluble material extracted for 35 minutes 
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to one hour at 5°C. The samples were centrifuged, the super

natant discarded, and the precipitate suspended in 10-20 ml 

of ice-cold 12% TCA at 5°C for another hour. The samples 

were again centrifuged, the supernatants discarded, 1 drop 

of 10% SDS, 1 drop of concentrated ammonium hydroxide, and 

0.2 ml of water added to the pellet. After suspending each 

sample completely, it was quantitatively transferred to 

Whatman 3 mm filter paper squares and radioassayed in PPO 

scintillation fluid. 

Orcinol-RNA Assay 

Culture samples containing 11 x 10^ cells in 9 ml 

were collected and dispensed into chilled 12 ml conical 

centrifuge tubes containing 3 ml of ice-cold 25% TCA. The 

tubes were centrifuged, the supernatant discarded, and the 

pellet resuspended in 10 ml of cold 10% TCA and extracted 

for 20 minutes. The last step was repeated once and the 

pellet resuspended in 3 ml of 5% TCA. The tubes were then 

placed in a 90°C water bath for 20 minutes, cooled to room 

temperature, centrifuged and the total volume readjusted to 

3 ml with 5% TCA. The suspension was mixed and the tubes 

again centrifuged. Two ml of the supernatant were removed 

for the orcinol test according to the method of Mejbaum 

(1939). 
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The Specific Activity of the ATP Pool 

Extraction of the Nucleotides.. 

Culture samples of between 9 00 and 1600 ml, con

taining a total of 26.5 x 10^ cells, were collected from 

cultures grown in isotope and added to 1 liter of crushed 

ice, contained in a 4 liter beaker, which was immersed in a 

salt-ice bath. The samples were simultaneously filtered on 

three millipore filters in a cold room at 5°C. The cells 

were washed with about 20 ml of ice-cold water and rinsed 

from the filters into a 250 ml beaker with 20 ml of cold 

water. The cells were then pelleted in the centrifuge, the 

supernatant discarded, and the pellet resuspended in a few 

drops of ice-cold water. Forty ml of ice-cold 60% (v/v) 

ethanol was added and the mixture was placed in ice for 4 5 

minutes with stirring at 10 minute intervals. 

At the termination of the ethanol extraction the 

mixture was centrifuged and the supernatant was filtered on 

a micro-buchner funnel with a 6.0 mm disk of Whatman #1 

filter paper. The filtrate, which contained the extracted 

nucleotides, was quantitatively transferred to a 200 ml round 

bottom flask and concentrated by vacuum evaporation (100 mm 

Hg) to a final volume of about 16 ml. 

Preparation of Dowex Ion Exchange Columns 

About 50 g of Dowex l-8x chloride, 200-400 mesh, was 

converted to the formate form, thoroughly washed with dis

tilled water, dried, and stored at 5°C. 
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Columns were prepared as follows (after Morell, Ayers 

and Greenwalt, 1962): pyrex glass tubing 0.6 cm I.D. was 

drawn to form a constriction. The length of the uncon-

stricted portion of glass was 8.0 cm. The constricted end 

of the glass column was connected to the fraction collector. 

This tapered end was filled with a wad of glass wool, which 

was held in place by a 0.6 cm diameter disk of polyethylene 

with a 0.5 cm center hole followed by a disk of Whatman #1 

filter paper. A1 small quantity of the Dowex 1-formate stock 

resin was rehydrated ir distilled water and slowly added to 

the water filled column, which was packed by gravity to a 

length of 4.0 cm. The packed column was connected via poly

ethylene capillary tubing (0.85 inch I.D.) to a Beckman 

Model 13 2 fraction collector, which was operated with the 

volumetric head set to collect 2.2 ml fractions. 

Ion Exchange Chromatography 

The concentrated ethanol extract (16 ml) containing 

the nucleotides of the soluble pool was diluted with dis

tilled water to a volume of 100 ml and the pH adjusted to 

7.75 with 1 N NaOH. The entire 100 ml were adsorbed to the 

anion exchange resin, described above, by siphoning the 

sample onto the column at a flow rate of 2-3 ml/minute. The 

charged- column was washed with about 50 ml of distilled water 

until the O.D. 260 my and the radioactivity in the effluent 

were reduced to background. 
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The column was eluted with 50 ml of solution of 0.1 M 

formic acid and 0.5 M ammonium formate in water at a rate of 

1 ml/minute, until approximately 25 fractions of 2.2 ml each 

were collected. These fractions contained all the elutable 

nucleotides, except for ATP and GTP. The latter two nucleo

tides were eluted with a linear salt gradient as follows: 

two beakers, connected by an inverted U-tube, were placed on 

the same level. To one, the mixing vessel, were added 250 ml 

of a solution, which was 0.1 M formic acid and 0.5 M ammonium 

formate, and to the second, the reservoir, were added 250 ml 

of a solution which was 1.16 M formic acid and 2.0 M ammonium 

formate. The solution in the mixing vessel, agitated by a 

magnetic bar, was siphoned into the column at a flow rate of 

1.0 ml/minute. 

Elution was continued for about fifty 2.2 ml frac

tions and the absorbance of each fraction was read at 260 mp 

in the Beckman DU spectrophotometer. The peak fraction 

representing ATP was, in addition, read at 265, 270, and 280 

mp. Four-tenths ml of each fraction under the ATP absorption 

peak was added to 10 ml of BBOT and counted as described be

low. From the absorbance and radioactivity data the specific 

activity was calculated for the ATP fraction with the maximum 

absorbance. 
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Purification, Re-identification and Re-determination 
of the Specific Activity of ATP 

The combined ATP fractions from the column were 

brought to pH 7.0 with 1 N NaOH and adsorbed on a 1 ml packed 

volume of Darco G-60 activated charcoal (Matheson, Coleman 

and Bell Co.) in a micro-buchner funnel by reduced pressure 

filtration. The Darco column was washed with 5 ml of dis

tilled water and all UV absorbing material eluted with 4 ml 

of ammonium hydroxide-ethanol-distilled water, 10:25:65, 

v/v/v (Magasanik and Brooke, 19 54). 

The effluent was aerated at room temperature to re

move most of the ammonia and ethanol and, subsequently, 

lyophilized to dryness. The preparation was redissolved in 

0.2 ml of distilled water and the entire quantity spotted on 

a 26 x 42 cm sheet of Whatman 3 mm paper, together with 

standard solutions of AMP, ADP, and ATP. The chromatogram 

was developed for 8.5 hours at room temperature with an 

ascending mixture of isobutyric acid-ammonium hydroxide-dis

tilled water, 66:1:33, v/v/v (Circular OR-IO, Pabst Labora

tories, Milwaukee, Wisconsin). 

The compounds were located d»n the dried chromatogram 

by their UV fluorescence quenching. The spot representing 

the ATP of the nucleotide extract, as well as an adjacent 

blank area of identical size were cut out and extracted with 

3 ml of 0.1 N HC1 for UV analysis and scintillation counting 

in BBOT. The specific activity of ATP was calculated for 

comparison to the value obtained after Dowex isolation. The 
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absence of significant breakdown of ATP was demonstrated by 

the co-chromatography of a known standard of ATP with the 

nucleotide extract. The recovery of ATP was 98%. 

Polysomes 

A 200 ml aliquot of a culture at a cell concentration 

of 1.5-1.8 x 10® cells/ml was added to a 750 ml erlenmeyer 

flask containing 1 ml of a solution of 20 mg cycloheximide/ml 

of water. The flask was shaken for 5 minutes at room temper

ature and quickly chilled by immersion in an ice slush. The 

cells were then harvested by filtration at 5°C and broken 

via the freeze-crushing technique. One ml of ice-cold lysing 

buffer (0.01 M Tris, 10~3 M MgCl2> 0.1 M NaCl, pH 7.4) con

taining 0.2 mg cycloheximide/ml and 0.1 ml of 10% Brij 58 

were added to the disrupted cells. The suspension was mixed, 

transferred to a cold 12 ml conical centrifuge tube and 

centrifuged at 3000 rpm for 1-2 minutes. Three-tenths ml 

of the supernatant was layered onto a 5-30% sucrose gradient 

in lysing buffer and centrifuged at 35,000 rpm for 70 minutes 

at 4°C. Two-drop fractions were collected for O.D. 260 my 

readings. 

Protein Assay 

Incorporation of Histidine-C-*-11 into Protein 

A standard 1 liter culture of a-ur4 grown in SC 

medium to a cell concentration of 12 x 10® cells/ml was har

vested and resuspended in 1 liter of UD medium containing 
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half the usual amount of histidine (5 yg/ml). The culture 

was divided into two 500 ml aliquots and incubated in 50 0 ml 

graduated cylinders under standard conditions. 

To one cylinder, 5 yC of histidine-C^-14 were added 

immediately. To the other cylinder the same amount of 

isotope was added 4 hours and 3 5 minutes after incubation. 

During the first 4 hours of uracil starvation samples were 

collected from the first cylinder and during the last 4 hours 

samples were collected from the second cylinder. 

For the determination of the radioactivity incorpo

rated into protein, 20 ml samples were collected and treated 

as follows: samples were added to 20 ml of ice-cold 2 5% 

TCA, mixed and extracted for 1 hour. The samples were 

centrifuged and the pellet resuspended in 20 ml of cold 10% 

TCA and extracted for another hour. The samples were centri

fuged, the pellets resuspended in 5 ml of 5% TCA and ex

tracted in a 90°C water bath for 20 minutes. Following 

centrifugation the pellets were resuspended in 0.25 ml water, 

and 1 drop of concentrated ammonium hydroxide and 1 drop of 

5% sodium dodecyl sulfate were added. The suspension was 

transferred to Whatman 3 mm paper for scintillation counting 

in PPO scintillation fluid. 

For the determination of the specific activity of 

the general cellular histidine pool 80 ml samples were col

lected by centrifugation, the cells washed twice with cold 

water and, finally, extracted for 35 minutes with 4.5 ml of 
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ice-cold 5% TCA. Four and three-tenths ml of TCA extract 

were collected, the TCA removed by repeated extractions with 

ethyl ether until the pH was about 6.0 and the aqueous 

solution was lyophilized to dryness. The material was dis

solved in 1.5 ml of Beckman 2.2 M citrate buffer and 0.2 ml 

from each sample was added to BBOT scintillation fluid and 

the radioactivity determined. 1.00 ml of the remaining 1.3 

ml was added to the short 15 cm column of a Beckman Spinco 

Amino Acid Analyzer and the basic amino acids separated 

according to standard procedure. The radioactivity of the 

effluent was determined with a Packard Tricarb flow monitor 

connected to the flow path of the amino acid analyzer. 

Lowry Protein Assay 

The cells from 10 ml of culture (1.2 x 10®) were col

lected by centrifugation and extracted once with 2 ml of cold 

5% TCA for 30 minutes. The cold TCA extracted cells were 

then further extracted with 5% TCA at 90°C for 20 minutes 

followed by a brief washing with 2 ml of 5% TCA at 25°C. 

The remaining extracted material was suspended in 0.7 ml of 

2 N NaOH and the proteins solubilized overnight at room 

temperature. The volume of each sample was diluted to 5 ml 

with distilled water, the insoluble debris removed by centri

fugation and the total protein of each supernatant determined 

by the method of Lowry et al. (1951). 
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Enzymes Assays 

Preparation of Enzyme Stock 

The enzyme stock for all enzyme assays was prepared 

as follows: samples containing 5.2 x 10® cells were col

lected. The cells were sedimented, washed once with cold 

distilled water and again pelleted. All except 0.5 ml of 
i 

supernatant was drawn off and the pellet resuspended in the 

remaining supernatant. The cells were disrupted by the 

method of freeze-thawing. Distilled water was added to each 

sample to make a final volume of 4 ml. This suspension was 

referred to as the "concentrated enzyme stock" and served 

directly for the alkaline phosphatase and uridine nucleo

sidase assays. For the pyrophosphatase assay the concen

trated enzyme stock was diluted 30 fold with distilled water 

to yield the "dilute enzyme stock." 

Alkaline Phosphatase 

Buffer-substrate: 0.01 M sodium, ^-glycerophosphate 

mixture, 10~3 M MgCl2'6H20 in 0.1 M NHg-NH^Cl buffer, pH 

9.6. Assay (modified after Volkin, 1955): 2 ml of buffer-

substrate plus 0.5 ml of "concentrated enzyme stock" were 

incubated at 37°C for 30 minutes, then 2 ml of 25% TCA were 

added to stop the reaction. The control consisted of an 

identical assay mixture to which 2 ml of 25% TCA were added 

at time zero of incubation. Samples were kept overnight at 

5°C to complete deproteinization, all debris removed by 
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centrifugation, and the orthophosphate content of the super

natant determined by the Taussky-Shorr reaction (Taussky and 

Shorr, 19 53). 

Pyrophosphatase 

Buffer-substrate: 0.01 M sodium pyrophosphate, 0.01 

M MgC^-Bf^O and 0.1 M Tris buffer, pH 7.2, were mixed in 

the proportion of 4:1:1 (v/v/v). Assay (Heppel, 1955): 3 ml 

of buffer-substrate plus 0.5 ml of "dilute enzyme stock" were 

incubated at 3 0°C for 3 0 minutes and the reaction stopped by 

the addition of 2 ml of 25% TCA. For the control an identi

cal assay mixture was prepared and 2 ml of 25% TCA was added 

at time zero of incubation. After centrifugation the ortho-

phosphate content of the supernatant was determined by the 

Taussky-Shorr reaction. 

Uridine Nucleosidase 

Buffer-substrate: 6.5 x 10"^ M uridine in 0.1 M 

potassium phosphate buffer, pH 7.1. Assay (Wang, 1955): 

0.3 ml of buffer-substrate plus 0.2 ml of "concentrated 

enzyme stock" were incubated at 37°C for 90 minutes, then 4 

ml of 0.01 N NaOH was added to stop the reaction. To an 

identical assay mixture, the control, 4 ml of 0.01 N NaOH 

was added immediately and the mixture kept at 0°C during 

incubation. After centrifugation, the O.D. 290 my of the 

supernatants were recorded and used as a measure of enzyme 

activity. 
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Radioactivity Assays 

The following radioisotopes were utilized: adenine-

55yC/mMole and L-alanine-C^"^ (U.L.), 100 mC/mMole, 

3 
both obtained from Schwartz Bioresearch. Adenine-H (U.L.), 

6.6 C/mMole and histidine-C"'"^ (U.L.), 250 mC/mMole, both 

purchased from New England Nuclear. 

BBOT Method 

BBOT scintillation fluid consisted of 400 ml of 

ethylene glycol, monomethyl ether (methylcellosolve), 80 g 

naphthalene and 4 g BBOT (2,5-bis-(2-(5-tert-butylbenzox-

azolyl))thiophene) dissolved in 600 ml of toluene. 

An aqueous sample of 0.5 ml was pipetted into a 

scintillation vial, 12 ml of BBOT scintillation fluid was 

added and the vials were capped and shaken to thoroughly 

mix. Samples were counted in a Beckman LS 200 liquid scin

tillation counter with logarithmic energy pulse height 

response system and with the appropriate preset window 

modules. In double labeling experiments the proper channel 

crosstalk correction was applied. All counts recorded repre

sent relative activities and no attempt was made to convert 

them to absolute radioactivities. 

PPO Method 

PPO scintillation fluid consisted of 5 g of PPO 

(2,5-Diphenyloxzaole) scintillator dissolved in 1 liter of 

toluene. 
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The sample of a cell suspension to be counted was 

transferred quantitatively and dropwise to either glass 

coverslip pieces, when the isotope used was tritium, or to 

Whatman 3 mm paper, when isotopes other than tritium were 

used. 

In the paper technique the suspension was added to a 

1 inch square of Whatman 3 mm filter paper. As the drops 

were added the paper was suspended beneath an infra-red heat 

lamp and away from contact with any surface by the use of a 

straight pin, which was placed through its center and stuck 

into a cardboard beneath it. When the paper squares were 

thoroughly dried, they were crimped and inserted into a 

scintillation vial filled with 16 ml of PPO scintillation 

fluid. The samples were dark-adapted for at least 3 0 minutes 

before counting. 

In the coverslip technique the cell suspension was 

added to glass 22 x 50 mm coverslips, which had been cut 

into two 11 x 40 mm pieces. After drying the coverslip 

halves under a heat lamp, they were placed back to back and 

immersed in a scintillation vial with 20 ml of PPO scintil

lation fluid. For all experiments involving total incorpo

ration of tritium this method was used exclusively, in 

order to reduce quenching. 

Both the paper and coverslip technique vials were 

counted in a Beckman LS 200 Liquid Scintillation Counter with 

the same preset window modules used in the BBOT method. 



CHAPTER 3 

RESULTS 

Conditions of Growth 

Strain S2112D (a-url) of S^ cerevisiae was newly re

ceived in our laboratory and therefore, had to be character

ized according to its growth rate and auxotrophic properties. 

Under our standard culture conditions the growth rate was 

determined by measuring the optical density (O.D.) at 600 my 

and the cell number in a counting chamber as a function of 

time. Although a strict, linear relationship between O.D. 

600 my and cell number did not exist, an empirical curve was 

constructed, which permitted the conversion of the O.D. 600 

my readings to the actual cell number. When the logarithm 

of the cell number was plotted against culture time line

arity was obtained between the cell concentrations of 5 and 

30 x 10® cells/ml. The doubling time of the culture, during 

the log phase of growth, was calculated to be 4.3 hours. 

Many of the experiments to be described involve the 

transfer of a culture to a different medium. In order to 

test if the transfer procedure, per se, or the change from a 

given depleted to a fresh medium, affected the growth rate 

in any way, the following experiment was designed. Cells 

from a log-phase culture were collected by millipore 
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filtration at 2°C and at 25°C, as well as by centrifugation, 

at 2°C. The cells were immediately resuspended in pre-

aerated SC medium at 30°C. According to the O.D. 600 mp 

readings taken over a period of 4 hours prior and 4 hours 

after the transfers, no difference in the growth rate was 

observed. The results indicate continuity of the essential 

metabolic processes before and after the transfer step. 

Auxotrophic Properties 

The auxotrophic properties of the a-ur4 strain with 

respect to uracil and histidine were tested by Johnson (197 0) 

in our laboratory. Johnson determined the rate of incorpo

ration of adenine-C^1* and of alanine-C^ under conditions of 

uracil and histidine starvation, respectively. An equal 

number of cells from a log-phase culture were resuspended in 

UD medium, HD medium and SC medium. For the purpose of 

testing the uracil requirement, adenine-C11* was added to the 

cells in UD medium and the incorporation into TCA insoluble 

material followed over 2.5 hours. The requirement for uracil 

is evident from the observation that after 2.5 hours of 

uracil starvation the rate of adenine-C^ incorporation, re

flecting nucleic acid synthesis, is only 5% of that in the 

control. 

The effects of histidine starvation on protein syn

thesis were tested in the following experiment. A culture 

grown under standard conditions was harvested and an equal 
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number of cells resuspended in 4 aliquots of HD medium. 

Alanine-C^1* was added to one of the aliquots after zero, 5, 

10, and 20 hours of starvation and the incorporation of 

alanine-C^-4 into hot TCA insoluble material was followed for 

1 hour after the addition of the isotope. The greatest ef

fect upon protein synthesis occurred within the first 5 hours 

of incubation in HD medium. The rate of incorporation of 

alanine-C^1* at 5 hours was reduced to 17% of the time zero 

value. At 20 hours of incubation the rate of incorporation 

was essentially reduced to zero. 

The observed effects of uracil or histidine star

vation could be eliminated at any time by the addition of 

uracil or histidine, respectively, to the medium. All 

cultures returned to a normal rate of growth within minutes 

after the required precursor was provided. 

Cell Disruption 

At the beginning of this study several methods of 

cell disruption were investigated for the purpose of ob

taining homogenates with high and reproducible enzyme activi

ties. The methods tested were: Mickle (vibrating reed) 

disintegration with glass beads, grinding with quartz sand 

or carborundum in a mortar, pressure-shock treatment in the 

French press, and finally, freeze-thawing with acetone-dry 

ice as well as with liquid nitrogen. Enzyme activities in 

the homogenates were determined and the data evaluated with 

respect to yields and reproducibility. 
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In terms of consistency the poorest results were 

obtained with the Mickle disintegrater and with mortar 

grinding. The French press was found to produce the most 

consistent enzyme activities and the highest percentage of 

visibly damaged cells (62% of the cells were visibly broken 

or cracked, after three passes through the instrument). Al

though acetone-dry ice and liquid nitrogen freeze-thawing 

did not lead to cell damage, which was observable through 

the light microscope, relatively high enzyme activities were, 

nonetheless, attained with such preparations. In particular, 

the enzyme activities obtained with the liquid nitrogen 

method were as consistent and as high as those obtained with 

the French press. The acetone-dry ice method gave good 

yields only for alkaline phosphatase and invertase, while 

pyrophosphatase yields were only about 50% of those obtained 

with the French Press. Mickle disintegration gave the 

highest percentage of visibly broken cells (98%), but the 

enzyme activities were low and inconsistent. These low 

yields pf enzyme activity could be the result of denaturation 

due to local heating in high impact areas within the vial. 

Thus, considering the consistencies, the yields, and 

the fact that a French press was not available for routine 

work, the liquid nitrogen method was chosen as the standard 

method of cell disruption for all enzyme determinations re

ported here. 
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Inhibition of RNA Synthesis 

A necessary prerequisite to the planned investigation 

of mRNA levels and their correlation to the rate of protein 

synthesis is the facility to adequately and specifically 

inhibit RNA synthesis. For that purpose a series of anti

metabolites were tested for their effectiveness in specifi

cally inhibiting RNA synthesis. A higher than 90% inhibition 

of RNA synthesis and the absence of direct effects on protein 

synthesis were chosen as the criteria for the selection of 

suitable antimetabolites. 

Because of its known method of action and widespread 

use actinomycin D (AD) was tested first. A concentration of 

5 or 10 yg AD/ml, which inhibits RNA synthesis to an extent 

greater than 95% in many organisms, had no effect upon "the 

rate of incorporation of adenine-C"*"1* in the cells of our 

yeast strain. An attempt was made, therefore, to sensitize 

the a-ur4 strain to AD by EDTA treatment, according to the 

technique of Leive (1965a) for E. coli cells, which normally 

do not take up AD. 

For the sensitization test cells of a-ur4 were sus

pended in three aliquots of 0.1 M Tris buffer, pH 7.60 con-

- 2  taining, respectively, EDTA in the concentrations of 10 M, 

O 
10 M, and no EDTA (control). All the suspensions were 

incubated at'25°C for 10 minutes, the cells sedimented and 

* • 14 
r^suspended in pre-aerated SC medium at 30°C. Adenine-C 

was added to each suspension and the incorporation into acid 
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insoluble material followed for 15 minutes. At this time AD 

was added to each sample at a concentration of 10 yg/ml and 

the incorporation of adenine-C^1* followed for an additional 

55 minutes. No change in the rates of incorporation was 

noted in any of the EDTA treated samples or the control, 

either prior to, or after the addition of AD. 

There still existed the possibility that the AD prep' 

aration, which had been used, could have been inactive and 

also, that AD could perhaps be effective in yeast sphero-

plasts, i.e., in cells from which most of the cell wall had 

been removed by enzymatic digestion. Therefore, two dif

ferent preparations of AD were obtained, one of which was 

known to be active (kindly supplied by Dr. M. Zaitlin, De

partment of Agricultural Biochemistry, The University of 

Arizona). 

Spheroplasts of a-ur4 were prepared by Glusulase di

gestion in sorbitol, suspended in YM-5 medium containing 

adenine-C^-1*, and divided into three aliquots. To the first 

and second aliquots were added, respectively, AD (used in 

the foregoing experiments) and AD (from Dr. Zaitlin) to give 

a final concentration of 5 yg/ml. The remaining aliquot 

served as the control. Incorporation of adenine-C^1* into 

hot (90°C) TCA soluble material was then followed for 60 

minutes after the addition of AD. No differences were ob

served between the rates of incorporation of adenine-C^1* in 

all three aliquots. The negative results of these 
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experiments eliminated AD as a possible inhibitor of RNA 

synthesis in the a-ur4 strain. 

In a similar manner the uracil analogs, thiouracil, 

6-azauracil, and 5-fluorouracil (FU) were tested in the 

a-ur4 strain for possible inhibitory effects on RNA synthesis 

via interference with the enzymes of the pyrimidine pathway. 

Neither thiouracil, 6-azauracil, nor 5-fluorouracil satisfied 

this requirement of 90% inhibition at concentrations up to 

100 yg/ml. 

Although none of the tested uracil analogs produced 

the desired inhibitory effect on RNA synthesis, there still 

remained the possibility that the analogs, once incorporated 

into mRNA can substitute for one of the regular bases and 

cause errors in the translational process, which in turn 

might lead to the synthesis of non-functional enzymes. For 

the present investigation the production of such "nonsense" 

mRNA would be equally as suitable as the inhibition of RNA 

synthesis. By assuming that only the decaying "good" mRNA, 

synthesized prior to the addition of the analog, would sus

tain the synthesis of a given functional enzyme protein, one 

could compute the half-life of this mRNA species. 

The production of nonsense mRNA in micro-organisms 

by the uracil analog 5-fluorouracil (FU) has been reported 

in a variety of systems, e.g., the mutagenic effect of FU 

on polio virus (Cooper, 1964) and TMV (Kramer, Wittmann and 

Schuster, 1964); the phenotypic repair by FU of nonsense 
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amber mutants in the rll region of phage T4 (Champe and 

Benzer, 1962) and in the structural gene for alkaline phos

phatase in E. coli (Rosen, 1965); the inhibition of synthesis 

of functionally active 3-galactosidase, during its induction, 

in E. coli (Horowitz, Saukkonen and Chargaff, 1960). 

Several experiments were performed utilizing FU for 

the production of nonsense mRNA. However, the function of 

FU has become questionable with respect to its specificity 

in the production of nonsense messenger. For instance, the 

inhibitory effect of FU on the synthesis of functional 3-

galactosidase in E. coli was shown not to be the result of a 

nonsense messenger, but rather to be due to an enhancement 

of catabolic repression (Horowitz and Kohlmeier, 1967). In 

the presence of poorly catabolizable carbon sources FU does 

not inhibit the extensive synthesis of functional enzyme in 

E. coli. Also, when 5% of the uracil in viral RNA is re

placed by FU a normal protein coat was formed in TMV (Sutic 

and Djordjevic, 1964) and in polio virus (Munyon and Salzman, 

1962). 

In yeast FU has been found to have very little effect 

on the production of functionally active a-glucosidase and 

B-galactosidase (de Kloet, 1968; Strijkert, 1969). These 

observations indicate that the precise action of FU in the 

production of non-functional enzyme is unknown. It would 

thus be difficult to accurately interpret changes in 
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enzymatic activity obtained in the presence of FU. There

fore, this avenue of approach was rejected. 

An additional antimetabolite which was tested was 

phenethyl alcohol. This compound was reported to inhibit, 

effectively and specifically, the synthesis of RNA (Rosen-

kranz, Carr and Rose, 19 64). However, it was observed that 

in the range of concentration, between 0.2 and 0.4% w/w, in 

which it was effective in the inhibition of RNA synthesis, 

that the action of phenethyl alcohol was of a non-specific 

nature. 

Uracil Starvation 

Since an effective and specific inhibitor of RNA 

synthesis in yeast was not found, inhibition via uracil 

starvation was further explored. In view of the fact that 

uracil is involved in metabolic processes other than RNA syn

thesis, e.g., in carbohydrate metabolism via UDP-glucose, it 

became necessary to establish that period of time during 

which the organism could be starved without incurring irre

versible pathological effects. A viability count of a-urM-

grown in SC medium (the control) and UD medium was therefore 

conducted for a period of 15.5 hours of uracil starvation. 

During the 15 hours of uracil starvation the cells 

undergo morphological changes as observed in the light micro

scope. After about 3 hours in UD medium there is a general 

decrease in the number of buds, the volutin granules become 
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large and display a prominant Brownian motion about the 

periphery of the vacuoles, which in turn have increased in 

size and number. The cells, in general, appear to be larger 

and their contents of a smoother texture. After 8 hours of 

starvation the appearance of buds is reduced to 2-3% of the 

cells. Most cells are uniform in size and less optically 

refractile than those in exponential growth. After 15 hours 

of starvation, less than 1% of all cells carry buds and some 

cells appear contracted. 

In spite of the cytological changes observed during 

uracil starvation, essentially no difference was noted in the 

number of colony-forming centers obtained from plate counts 

between 2 and 15.5 hours of uracil starvation. As indicated 

in Figure 1 there was total recovery of cells which had been 

starved for uracil through the entire period of 15.5 hours. 

The Rate of RNA Synthesis 

With the a priori assumption, that the overall rate 

of protein synthesis is indeed directly proportional to the 

cellular level of functional messenger RNA at any given time, 

one can determine the half-life, as well as the relative 

levels of the bulk mRNA, from the rates and total amounts of 

protein synthesized after the inhibition of mRNA synthesis. 

The relevant calculations require that the inhibition of RNA 

synthesis not only be complete, but also that the time point 

of the onset of inhibition be precisely known. However, 



Figure 1. Viability count of a-urU during 15.5 
hours of uracil starvation. — A culture of a-ur4, grown to 
6.8 x 10^ cells/ml, was divided into two aliquots. The 
cells of both aliquots were harvested by filtration and the 
cells added to SC medium (A) and UD medium (B), respectively. 
At the times indicated a sample from each suspension was 
appropriately diluted and 0.1 ml of the dilution, which con
tained about 150 active centers for colony formation, were 
pipetted under sterile conditions onto 50 mm petri dishes 
containing 3 ml of YEP agar. After 4 8 hours of incubation 
at 25°C, the colonies per plate were counted and plotted 
against time. 
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Figure 1. Viability count of a-ur4 during uracil starvation. 



55 

uracil starvation affects RNA synthesis only gradually, be

cause the required precursor is still available for a limited 

period of time after removal of the uracil source. This 

period of time is dependent upon the size of the intracellu

lar pool of uracil, as well as the rate of RNA turnover. 

Consequently, the rate of RNA synthesis during uracil star

vation had to be determined in order to make it possible to 

apply a correction in the computation of mRNA half-life. 

The rate of RNA synthesis under starvation conditions 

was determined from the rate of adenine-C^-^ incorporation. 

Isotope incorporation studies were performed, initially, in 

preference to chemical assays because differences in the 

rate of synthesis over short periods of time could be more 

accurately ascertained by this method. 

Cultures of a-ur4 were grown, harvested by filtra

tion, and resuspended either in SC medium (time zero control) 

or UD medium. Adenine-C"*"1* was added to the (time zero) con

trol culture at 1 hour after resuspension in SC medium and 

to the individual cultures in UD medium at zero, 1, 3 and 5 

hours after uracil starvation. Small samples were taken from 

each suspension at 35, 45, 55, 65, 75, and 85 minutes after 

the addition of isotope and each sample assayed for the in

corporation of adenine-C^"^ into RNA. From the slope of the 

obtained values the rate of incorporation was determined for 

a 15 minute interval centered over the 60 minute point of 

isotope incorporation. The 15 minute increment in the 
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incorporated counts were considered to represent the pre

liminary, uncorrected rates of incorporation of adenine-C^1* 

into RNA at 1, 2, 4, and 6 hours of uracil starvation. 

The rate at which labeled adenine-C^1* appears in RNA 

in a metabolizing cell is dependent not only upon the spe

cific activity of the medium from which the adenine is 

obtained and the rate at which RNA is synthesized, but also 

upon the rate at which equilibrium is established within the 

path of precursor pools through which adenine is ultimately 

converted to the immediate RNA precursor, viz., ATP. If the 

external specific activity of adenine-C^-1* is kept constant 

and the percent of the counts in RNA appearing as adenine is 

known, then the true rate of RNA synthesis can be established 

by correcting the observed rate of incorporation for the 

changes which occur in the specific activities of the immedi

ate precursor pool. It has been reported for other micro

organisms that changes in the specific activities of the 

cellular precursor pools, before equilibrium is reached, re

sult in significant deviations of the incorporation data from 

the actual rate of RNA synthesis (Salser, et al., 1968). 

As applied to the above described experiment, the 

specific radioactivities of the cellular adenosine triphos

phate pool were determined simultaneously with the incorpo

ration values by taking an additional cell sample at 60 

minutes of incorporation for each of the starvation periods. 
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ATP was isolated by chromatography on Dowex l-8x 

formate (modified after Morell et al., 1962). For identi

fication purposes the elution pattern of ATP and GTP ex

tracted from yeast was compared with known standards of ADP, 

ATP, and GTP (Figure 2). ATP was recovered in approximately 

53 ml of effluent from the linear gradient, described pre

viously, and between effluent fractions 33 and 56, while GTP 

was recovered in the following 44 ml of effluent between 

fractions 56 and 76. 

With the elution pattern established, cell samples 

for the determination of the specific activity of the ATP 

pools were collected from each of the suspensions described 

for the foregoing experiment. Sixty minutes after the ad

dition of adenine-C^1*, large cell samples (26.5 x 10^ cells) 

were taken from the cultures after zero, 1, 2,4 and 6 hours 

of uracil starvation. In each case the acid soluble nucleo

tides were extracted, the ATP separated by column chroma

tography and the effluent ATP fractions quantitated according 

to O.D. 260 my and radioactivity (Figure 3). The specific 

activity of the ATP from each period of uracil starvation 

was calculated directly from only the peak fraction of the 

separated nucleotide. 

Further purification of ATP was not required in order 

to provide an accurate assessment of its specific activity. 

This fact was demonstrated by collecting and pooling the 

Dowex separated ATP fractions, obtained from the cells of a 



Figure 2. Dowex column chromatography of ADP, ATP, 
and GTP standards. — Six-tenths yM each of ADP, ATP, and 
GTP were adsorbed onto a Dowex l-8x formate, 200-400 mesh, 
column with a bed volume of 0.6 x 4.0 cm, at a rate of 1 ml/ 
minute. The first twenty-five 2.2 ml fractions were eluted 
with a solution of 0.5 M ammonium formate in 0.1 M formic 
acid. The remaining 2.2 ml fractions were eluted with a 
linear gradient consisting of 250 ml of a solution of 0.5 M 
ammonium formate in 0.1 M formic acid (mixing beaker) and 
250 ml of a solution of 2.0 M ammonium formate in 1.16 M 
formic acid (reservoir beaker). The elution rate was 1 ml/ 
minute. The fractions collected were diluted with 2.0 ml 
of distilled water and the O.D. 260 my recorded. 
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Figure 2. Dowex column chromatography of ADP, ATP, and GTP 
standards. 



Figure 3. Dowex chromatography of the extracted 
soluble nucleotides from cells starved of uracil for 1 
hour. — The nucleotides extracted with 60% ethanol from 
26.5 x 109 cells starved of uracil for 1 hour were diluted 
to 100 ml, and adsorbed at a rate of 1 ml/minute on a Dowex 
l-8x formate, 200-400 mesh anion exchange column with a bed 
volume of 0.6 x 4.0 cm. The first twenty-five 2.2 ml 
fractions were eluted with a solution of 0.5 M ammonium for
mate in 0.1 M formic acid. The remaining 2.2 ml fractions 
were eluted with a linear gradient consisting of 250 ml of 
a solution of 0.5 ammonium formate in 0.1 M formic acid 
(mixing beaker) and 25 0 ml of a solution of 2.0 M ammonium 
formate in 1.16 M formic acid (reservoir beaker). The 
elution rate was 1 ml/minute. The fractions collected were 
diluted with 2.0 ml of distilled water, the O.D. 260 mp 
recorded ( ), and each fraction of the gradient ef
fluent radioassayed by the BBOT method ( ). 
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1 hour uracil starved suspension. The ATP was then purified 

by adsorption and elution from Darco G-60 activated charcoal 

and the nucleotide eluate re-chromatographed on paper to

gether with known standards. Finally, the chromatographi-

cally isolated and re-identified ATP was eluted from the 

paper and its specific activity determined and compared to 

that value obtained directly from the ATP peak fraction of 

the Dowex column. Both specific activities were found to 

differ by no more than 2%, indicating that the specific 

activity obtained directly from the Dowex fraction was suf

ficiently accurate to correct the value of the rate of 

adenine-C^1* incorporation into RNA for that period of uracil 

starvation. 

Interconversion between purine nucleotide pools is 

known and conversion from adenine-C^4 to guanine-C14 is, 

therefore, established with a given equilibrium constant 

under steady state conditions. Further, it is known that 

regulatory feedback mechanisms exist in yeast (Burns, 1964; 

1966), which control purine synthesis on the basis of the 

existing pyrimidine levels. It must be assumed, therefore, 

that radioactivity in RNA is located in both bases. Thus, 

it was necessary to establish the ratio of adenine to guanine 

labeling in RNA and to determine if this ratio remains con

stant during uracil starvation. 

A culture of a-urU was grown and the cells harvested 

and resuspended in either SC medium or UD medium. 
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Adenine-C^-1* was added to the SC suspension at 1 hour and to 

the UD suspension at 3 hours after resuspension. At 1 hour 

after the addition of isotope the cells from each suspension 

were harvested and lyophilized. From this material the 

native RNA was extracted with cold phenol, dialyzed, and 

cold ethanol precipitated. RNA from both the time zero and 

4 hour uracil starved sample was recovered in this manner and 

hydrolyzed for 16 hours in 0.3 N KOH. The hydrolysate was 

spotted on a paper strip and the electrophoretic separation 

of the mononucleotides carried out, as previously described. 

All counts above background on a given strip were 

added and the radioactivity observed for the adenine band 

were taken as a percentage of the total on the strip. That 

value was taken to be the percentage of the counts repre

senting adenylic acid in RNA. The percentage of the counts 

incorporated as adenylic acid for both the time zero and the 

4 hour uracil starved samples was calculated to be 60 ± 8%. 

This deviation for both samples was considered to be within 

the range of experimental error incurred in the technique. 

This figure permitted the conversion of the total radio

activity incorporated into RNA (adenine + guanine) to the 

radioactivity incorporated as adenylic acid. 

The rate of incorporation into RNA, expressed as 

label in adenylic acid, and divided by the specific activity 

of the precursor at the time of incorporation, is shown in 

Figure 4. The RNA values are represented as the percent of 



Figure 4. Comparison of the rates of RNA and protein 
synthesis during 6 hours of uracil starvation. — Curve (A) 
represents the decrease in the cellular polysome level (see 
page 69) during uracil starvation and is expressed as the 
percent of the level at time zero of starvation. Polysome 
levels were determined from sucrose sedimentation profiles 
by calculating the ratio of polysomal ribosomes to total 
ribosomes. At zero time the ratio was 0.45, comprising the 
100% value. 

Curve (B) represents the decrease in the rate of ac
cumulation of Lowry protein (see page 77) expressed as the 
percent of the rate found at time zero of uracil starvation 
(100% = 0.040 units of O.D. 740 my/1.2 x 10® cells/hour). 

Curve (C) represents the decrease in the rate of RNA 
synthesis expressed as the percent of the rate at time zero. 
The amounts of adenine-C111 incorporated into RNA in the form 
of adenylic acid were calculated by correcting the incorpo
ration values for the specific activity of the cellular ATP 
pool (100% = 20.7 yg RNA synthesized/4 x 10® cells/10 minutes). 
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the rate of RNA synthesis at time zero of starvation 

(100% = 20.7 yg RNA/ 4 x 108 cells/10 minutes). As noted in 

Figure 4, the corrected rate of RNA synthesis after 1 hour 

of uracil starvation was reduced to 19% of that at time 

zero, while at 6 hours of starvation the rate decreased to 

2.9% of the control. 

The data on total RNA synthesis, as obtained by 

isotope incorporation, do not indicate whether or not the 

synthesis of all RNA classes is inhibited to the same extent. 

It was necessary, therefore, to determine the nature of the 

RNA that was produced after a substantial decrease in the 

overall rate of RNA synthesis had occurred. Thus, it was 

observed whether the sedimentation distribution of labeled 

RNA from starved cells is comparable to that observed with 

labeled RNA from exponentially growing cells. A culture of 

a-ur4 was suspended in UD medium containing adenine-C^"^ and 

the incorporation into acid insoluble material was followed 

for 2 hours (Figure 5a). In this way it could be established 

that the uncorrected rate of incorporation into RNA after 

2 hours had decreased to less than 10% of the initial value. 

At this time the remaining cells were harvested, resuspended 
q 

in fresh UD medium containing ademne-H , and the incorpo

ration continued for an additional hour. The cells were 

again collected, the RNA extracted with cold phenol and 

analyzed by sucrose sedimentation. The radioactivity of 



Figure 5. Adenine-C^1* and adenine-H3 incorporation 
into RNA during uracil starvation. — (a) Strain a-ur4 was 
grown in SC medium, the cells harvested and resuspended in 
200 ml of UD medium and 6.6 yC adenine-C^1* added. Samples 
were collected and the incorporation into acid insoluble 
material determined over a 2 hour period. All samples were 
radioassayed by the PPO-toluene method. 

(b) The cells remaining at 2 hours were harvested 
and resuspended in 100 ml of UD medium containing 60 yC of 
adenine-H^. The incorporation into acid insoluble material 
was followed for an additional hour. The remaining cells 
were collected, the RNA extracted with phenol and analyzed 
by sucrose gradient sedimentation. Two drop fractions were 
collected for the determination of the UV-absorption and the 
radioactivity. Absorbance at 260 my adenine-C^4 

incorporation (• •), adenine-H3 incorporation 
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two-drop fractions was determined by the BBOT method 

(Figure 5b). 

3 
At the time of commencement of the adenine-H label

ing the rate of RNA synthesis, as determined by adenine-C14 

incorporation, was approximately 3% of the rate at time zero. 

With 3% or less RNA synthesis remaining between 2 and 3 hours 

of uracil starvation, there is still a substantial amount of 

incorporation into both, ribosomal and transfer RNA. It can 

be noted from Figure 5b that, using rRNA as a reference, the 

specific activity of tRNA labeled during the 3rd hour of 

starvation is two-fold higher than that of tRNA labeled 

during the first two hours of starvation. Nevertheless, no 

class of labeled RNA other that rRNA or tRNA was observed. 

The rate of accumulation of RNA over short periods 

of time as determined chemically by the orcinol reaction is 

less accurate than the method of isotope incorporation. 

However, the accumulation of RNA over a 6-hour period of 

starvation was considered sufficient to provide a valid com

parison to the accumulated RNA calculated from the corrected 

rate of adenine-C^-1* incorporation. 

It can be calculated from the rates of adenine-C*4 

incorporation into RNA (Figure 4) that 10H.6 yg of RNA were 

synthesized by 1 x 10® cells over the 6-hour period of 

uracil starvation. This value was compared to that -obtained 

from the chemically determined RNA of a similarly grown 

culture (Figure 6). The orcinol data indicated about a 7% 



Figure 6. Orcinol-RNA accumulation during 6 hours 
of uracil starvation. — A culture of a-ur4 was grown in SC 
medium, the cells were harvested by filtration and resus-
pended in UD medium. Samples of 9 ml, containing 11 x 10^ 
cells were collected at the times indicated. The cell sus
pensions from each sample were pipetted into cold 25% TCA, 
washed twice with 10% cold TCA and the mucleic acids ex
tracted with 3 ml of 5% TCA at 9 0°C for 20 minutes. After 
readjusting the volume to 3 ml, the cell debris was pelleted 
and the Orcinol-RNA reaction applied to the supernatant. 
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Figure 6. Orcinol-RNA accumulation during uracil starvation. 
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increase in the accumulated RNA over a 6-hour period of 

starvation. Thus on a per cell basis the value of RNA syn

thesized over a 6-hour period of starvation as determined by 

the corrected rate of isotope incorporation into RNA closely 

approached the value of RNA synthesized as determined chemi

cally by the orcinol reaction. 

The Rate of Polysome Decay 

Both the corrected rate of isotope incorporation and 

the orcinol-RNA methods pertained to the synthesis of total 

RNA and may not strictly apply to the synthesis of mRNA. 

Irrespective of the amounts of mRNA synthesized after uracil 

deprivation, the cellular levels of functional mRNA should be 

proportional to the polysome levels (Trakatellis, Montjar 

and Axelrod, 1965; Wilson and Hoagland, 1967) and to the rate 

of total protein synthesis. 

For this reason polyribosomes were isolated from the 

a-ur4 strain during various times of uracil starvation. 

Although ideal polysome profiles have not been ob

tained with whole cells of yeast, it has been possible to 

extract polysomes in low yields from cells subjected to 

freeze-crushing. The extraction procedure itself was identi

cal to the one which has yielded excellent polysome profiles 

with yeast spheroplasts (Vessey, 1970). The differences in 

the yield and in the sedimentation profiles between polysomes 

isolated from whole cells and from spheroplasts is probably 
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due to the mechanically more drastic method of freeze-

crushing as opposed to gentle lysis. 

With the freeze-crushing technique polysome levels 

were determined after zero, 1.5, 3.5, and 6 hours of uracil 

starvation. The identity of the polysomes was verified by 

incubating the preparations from the 3.5 and 6-hour samples 

with 5 yg/ml RNase. The enzyme was added to the freeze-

crushed cells in lysing buffer at 0°C and RNase digestion 

continued at this temperature for 15 minutes prior to sedi

mentation analysis. The disappearance of polysome peaks was 

observed to be complete in the RNase treated samples. A low 

residual absorption at 260 my remained and base values were 

subtracted from each polysome profile (Figure 7). 

The demarcation between monosomes and polysomes was 

chosen to be that fraction at which the crossing of the 

extrapolated values of the monosome and polysome cruves ap

proached a value of 50% of the recorded UV-absorbance. For 

each period of uracil starvation the total UV-absorbing 

material in the polysome region of the gradient was expressed 

as the ratio of the polysomal RNA to the total ribosomal RNA 

(polysomes + monosomes). These ratios, in turn, were ex

pressed as the percent of the ratio (0.45) obtained with the 

time zero sample (Figure 4). It can be noted that at ap

proximately 2 hours in UD medium, when RNA synthesis has 

been reduced to 10%,' the polysome level and thus, mRNA con

tained in the polysomes, has fallen to 50% of its initial 



Figure 7. Polysome profiles during uracil star
vation. — Cultures of a-ur4 were grown in SC medium, har
vested by filtration and resuspended in UD medium or SC 
medium. Two hundred ml aliquots of the suspension contain
ing 3 x 10 cells were collected at 2 hours in SC medium 
(time zero control) and at 1.5, 3.5 and 6 hours in UD medium. 
Twenty mg of cycloheximide were added to each collected 
sample. After 5 minutes each suspension was chilled, the 
cells harvested at 5°C and broken by the freeze-crushing 
technique. One ml of lysing buffer (0.01 M tris,>10~^ M 
MgCl2, 0.1 M NaCl, pH 7.4), at 0°C, containing 0.*2 mg of 
cycloheximide/ml and 1% Brij 58, "were added to the broken 
cells. Upon thawing the cells were quickly pelleted at 2°C 
and 0.3 ml of the supernatant layered onto a 5-3 0% sucrose 
gradient in lysing buffer and centrifuged at U°C for 7 0 
minutes at 3 5,000 rpm in an SW 39 swinging bucket rotor. 
Two drop fractions were collected for O.D. 260 my readings. 
All profiles were corrected to the base values remaining 
after RNAse treatment and normalized to a total combined 
polysome-monosomes O.D. 260 my of 3.0 to compensate for the 
difference in cell breakage. Time zero (———); 1.5 hours 
(• •); 3.5 hours/-----); 6 hours (—• — •—). 

/ 
/ 
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level. Thus the average functional messenger half-life is 

about 2 hours when calculated on the basis of polysome level. 

The Rate of Protein Synthesis 

As an alternative, indirect, method of estimating 

the half-life of the average functional mRNA, the rate of 

synthesis of total protein was measured under conditions of 

uracil starvation. In the absence of a significant amount 

of mRNA synthesis and protein decay, the rate of protein 

synthesis should decline parallel to the decaying mRNA level. 

The absence of significant breakdown of protein was 

established by adding L-alanine-C-1-1* to a culture of a-ur4, 

dividing the suspension into two equal portions and then, 

after 60 minutes incubation with the isotope, adding cyclo-

heximide to one aliquot. The second aliquot served as the 

control. Samples were collected at 1, 5, 15, 30, 60 minutes, 

2, 3, 4, and 6 hours after the addition of cycloheximide and 

the isotope incorporation into protein was determined 

(Figure 8). In the presence of 25 yg/ml cycloheximide, pro

tein synthesis stops almost immediately. During the subse

quent 6-hour period, no decrease in the incorporated counts 

was observed, indicating the absence of a significant rate 

of protein decay. 

Since the a-url strain was auxotrophic for histidine, 

it was attempted at first to determine the rate of protein 

synthesis from the rate of histidine-C^-4 incorporation into 



Figure 8. Alanine-C^ incorporation into protein in 
a-ur4 in the presence of cycloheximide. — A culture was 
grown in SC medium containing 40 yg alanine/ml. Six and six-
tenths yC of L-alanine-C-1-1* was added to 500 ml of the culture. 
The suspension was divided into two aliquots and after 60 
minutes of incubation cycloheximide was added to one aliquot 
at a concentration of 25 yg/ml (B). The other aliquot 
served as the control (A). The incorporation was followed 
over a 6 hour period. Samples, taken at the indicated time 
points were radioassayed by the PPO-toluene method. 
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Figure 8. Alanine-C^1* incorporation into protein. 
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protein, corrected for the changes in the specific activity 

of the free histidine pool. 

A suspension of cells in UD medium was divided into 

two identical aliquots. Histidine-C^-1* was immediately added 

to the first aliquot. Samples were then taken at 30 minute 

intervals over 4 hours of cell incubation and analyzed for 

the incorporation of histidine-C-^-1* into protein. In ad

dition, samples were taken from the same aliquot at 0.5, 

1.0, 2.5, and 4.0 hours, the cellular free amino acids ex

tracted, and the specific activity of histidine determined 

by amino acid analysis. After 4.6 hours of incubation in 

UD medium, histidine-C^1* was added to the second aliquot. 

Similarly, samples were taken at 30 minute intervals from 

5.0 to 8.0 hours for the determination of the histidine-C"^1* 

incorporated into protein. Samples were also taken at 5, 6, 

7, and 8 hours for the extraction of the amino acids. 

The rate of isotope incorporation and the specific 

activities of the histidine pool during both consecutive 

4 hour periods of uracil starvation are shown in Figure 9, 

while the values for the incorporation of histidine into 

protein, obtained by dividing the incorporated radioactivity 

by the specific activity of the histidine pool, are illus

trated in Figure 10. The amount of isotope incorporated 

into protein as amino acids other than histidine is con

sidered to be insignificant, since the amino acid analysis 



Figure 9. The uncorrected rate of incorporation of 
histidine-C-1-14 into protein and the specific activities of 
the free histidine in a-ur4 during 8 hours of uracil star
vation. — A one liter culture of a-ur4 was grown in SC 
medium harvested by filtration and the cells resuspended in 
one liter of UD medium. The suspension was divided into two 
identical aliquots and incubated together at 3 0°C with aer
ation. Immediately, 5 yC of histidine-C^1* were added to the 
first aliquot. Samples containing 2.4 x 10® cells were col
lected from this aliquot at 3 0 minute intervals for 4 hours 
in UD medium and each sample radioassayed for incorporation 
of histidine-C^-1* into protein (Curve B). Samples containing 
1 x 10^ cells were collected from the first aliquot at 0.5, 
1.0, 2.5, and 4.0 hours in UD medium, the soluble amino acids 
extracted and the specific activity of the soluble histidine 
determined by amino acid analysis (Curve A). At 4.6 hours,-

5 iaC of histidine-C^-l+ were added to the second aliquot. 
Similarly, samples of 2.4 x 108 cells were collected at 30 
minute intervals for the incorporation of histidine-C14' into 
protein (Curve D) and samples of 1 x 10 cells collected for 
the specific activity determinations at 5, 6, 7, and 8 hours 
in UD medium (Curve C). 
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Figure 9. Uncorrected histidine-C^1* incorporation and the 
specific activities of free histidine. 



Figure 10. The rate of incorporation of histi-
dine-C^1* into protein corrected for the specific activities 
of the free histidine during 6 hours of uracil starvation. — 
Each point represents the rate of histidine-C14 incorporation 
during a 15 minute interval, divided by the specific radio
activity of the cellular free histidine, determined at the 
midpoint of the 15 minute interval. The raw data for the 
incorporated counts (the change in c.p.m. per 2.4 x 108 cells 
per 15 minutes) were computed from the data illustrated in 
Figure 9, Curves B and D, and the specific activity of 
histidine (c.p.m./ug histidine) were obtained from Figure 9, 
Curves A and C. 
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revealed that in all cell samples 97.5% of all the counts in 

the extract existed in the form of histidine. 

It was also observed with respect to the basic amino 

acids analyzed over the eight hour period of uracil starva

tion, that the general pool of histidine and arginine 

increased over the first 4 hours of starvation and then 

slightly decreased over the last 4 hours, while the amino 

acid lysine decreased over the entire period of starvation. 

Since the break in the rate of protein synthesis 

must be artificial, it follows that either the incorporation 

data or the specific activity data are erroneous. The un

corrected rate of histidine-C^14 incorporation at 5 hours is 

50% of that at 4 hours, but the break in the corrected rate 

would indicate a 10-fold drop between 4 and 5 hours of uracil 

starvation. This is not only unlikely, but, as in the case 

of the specific activity measurements, such a deviation is 

certainly not within the range of error incurred in the 

techniques used. However, if one assumes that the specific 

activity of the histidine pool, feeding into protein at the 

beginning of the second labeling period, was actually 5-fold 

higher, then one could account for the break by postulating 

that the general pool measured was not the immediate pre

cursor pool from which the amino acid was withdrawn for 

incorporation into proteins. 

Because of the possibility that compartmentation 

problems existed with respect to cellular histidine, the 
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rate of protein synthesis as determined by isotope incorpo

ration might be erroneous. For this reason the rate of 

protein synthesis was determined directly by measuring the 

total protein via the Lowry reaction. 

Cell samples were collected from a uracil starved 

culture at 3 0 minute intervals over 6 hours of starvation, 

and over 4 hours from a control culture. The total protein 

content was determined for each sample by the method of 

Lowry et al. (1951). 

The results of the Lowry protein determination, as 

illustrated in Figure 11, show that the decrease in the rate 

of protein synthesis is greatest between 1.5 to 3.5 hours of 

uracil starvation. It can also be noted (Figure 12) that 

the rate of protein synthesis as determined by the Lowry 

protein analysis approaches, quite closely, the rate of in

corporation of histidine-C"'"1*, uncorrected for the rate of 

change of the specific activity of the general cellular 

histidine pool. 

When the rate of the Lowry protein accumulation is 

expressed as a percentage of the initial rate and plotted 

against time (Figure 4), there is an apparent lag in the de

crease in the rate of protein synthesis as compared to 

reduction in the polysome level, during the first hour of 

uracil starvation. At about 3.5 hours of starvation the 

rate of protein synthesis decreases more or less parallel to 

the cellular level of polysomes. 



Figure 11. The accumulation of total protein during 
uracil starvation as determined by the Lowry method. — A 
culture of a-ur4 was grown in SC medium, and the cells har
vested by filtration and resuspended in SC medium (A) and 
UD medium (B). Ten ml samples (1.2 x 10® cells) were har
vested by centrifugation, at the times indicated, and the 
cells extracted with 5% TCA (5°C) for 30 minutes, 5% TCA 
(90°C) for 20 minutes and briefly, with another 5% TCA 
(25°C). The remaining cellular material was suspended over
night in 0.7 ml of 2N NaOH, then diluted to 5 ml, centri-
fuged and the total protein in the supernatant determined 
by the method of Lowry et al. 
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Figure 11. The accumulation of Lowry protein. 



Figure 12. Comparison of the Lowry total protein 
determination with the uncorrected rate of incorporation of 
histidine-C-1-4 into protein during the first 4 hours of 
uracil starvation. — Curve (A) represents Lowry protein and 
Curve (B) the incorporation of histidine-Cl^ into protein 
(uncorrected). The curves were normalized in each case by 
taking the net amount of Lowry protein or the net amount of 
radioactivity incorporated and expressing them as the per
cent of the total amount accumulated over the entire 4 hour 
period. 

/ 
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Figure 12. Comparison of Lowry protein and uncorrected 
histidine-C^4 incorporation. 
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The Rate of Synthesis of Individual Proteins 

In line with the original goal of this investigation 

viz., to find and explain gene-specific differences in mRNA 

life in yeast, the rate of synthesis of individual proteins 

was determined after the inhibition of RNA synthesis by 

uracil starvation. 

For the achievement of this end enzymes had to be 

chosen which could be extracted from the cells at high con

centrations and for which highly reproducible assays were 

available. The following enzymes were selected and tested 

for these criteria: catalase, RNase, adenine deaminase, 

a_D-glucosidase, glutamic dehydrogenase, invertase, alkaline 

phosphatase, uridine nucleosidase, and pyrophosphatase. 

The yields of catalase, RNase, adenine deaminase, 

a-D-glucosidase, and glutamic dehydrogenase were considered 

to be too low for accurate work. Although invertase satis

fied the above criteria, it was also rejected, since its 

activity was found to vary significantly during normal 

growth. Furthermore, it has been reported (Hoshino, Toshio 

and Sato, 1961; Neumann and Lampen, 1967 ; 1969) that in 

yeast this enzyme exists in the form of at least 2-3 dif

ferent isozymes, each displaying different activities in 

crude homogenates and thus, perhaps, different mRNA species 

are involved. The remaining three enzymes, alkaline phos

phatase, uridine nucleosidase, and pyrophosphatase, were 

found to be satisfactory for our purpose. It should be noted 
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that, although the yield of uridine nucleosidase was low, the 

required reliability of the assay could be produced by ex

tending the reaction time. 

Before routinely applying the pyrophosphatase assay 

the specificity of the enzyme had to be ascertained. First 

the possibility was ruled out that the Taussky-Shorr reaction 

for inorganic phosphate would hydrolyze some sodium pyro

phosphate, the substrate used for the assay. This was 

demonstrated by substituting distilled water for the enzyme 

preparation in a standard assay mixture. This mixture con

tained, in addition, TCA, which is normally used to terminate 

the enzymatic reaction. The orthophosphate values obtained 

with this mixture from the Taussky-Shorr reaction were at 

the background level as well as identical to those obtained 

in the absence of the sodium pyrophosphate (the control). 

Thus, the hydrolysis of pyrophosphate was not affected by the 

Taussky-Shorr reagents. 

Second, since two of the enzymes selected were phos

phatases, it was necessary to establish that only the pyro

phosphatase acts on pyrophosphate and that there are no other 

enzymes (phosphoesterases) in the preparation, which may 

split off orthophosphate from phosphate anhydrides under the 

conditions of the pyrophosphatase assay. To achieve this, a 

standard assay for pyrophosphatase was carried out, except 

that 0.01 M sodium pyrophosphate was replaced with 0.01 M 

ATP. Both the control (TCA added immediately) and the 
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incubated assay mixtures showed identical absorbance at the 

background level, indicating that pyrophosphatase does not 

split ATP and that no other enzymes are present, which split 

inorganic phosphate from ATP or other endogenous substrates. 

The reaction rate of each of the three enzymes se

lected was then tested for linearity with respect to both 

enzyme concentration and incubation time. An enzyme dilution 

series consisting of concentrated enzyme stock was prepared, 

as indicated in the methods section, and diluted to concen

trations (of stock) representing from 0.5-2.0 x 10® cells/ml, 

for the alkaline phosphatase and uridine nucleosidase assays, 
n 

and to concentrations representing from 0.5-2.0 x 10 c e l l s /  

ml for the pyrophosphatase assay. The standard enzyme assays 

were performed for each enzyme covering the chosen dilution 

range of the enzyme preparations. All three enzymes were 

observed to have linear reaction rates over the range of 

concentrations tested. 

Constancy of reaction rate with respect to time of 

assay incubation was tested with a series of assays using 

the standard enzyme concentrates prepared for each enzyme. 

A series of identical assay mixtures for each enzyme were 

simultaneously incubated at the appropriate temperature. 

For alkaline phosphatase and pyrophosphatase, samples were 

removed from incubation at 10 minute intervals over a period 

of 1 hour. For uridine nucleosidase the samples were removed 

from incubation at 30 minute intervals for 1.5 hours. In 
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each case the reaction proceeded at a linear rate within the 

tested incubation period. 

An inducible enzyme system would have been of dis

tinct advantage, in that a study could be made of the rate 

of synthesis of a particular enzyme, whose mRNA synthesis 

was specifically inhibited by de-induction with a minimum 

effect upon the general metabolism of a cell. 

Three enzymes were investigated in order to test for 

the existence of inducible systems. Two of the enzymes, 

a-D-glucosidase (Halvorson and Ellias, 1958) and glutamic 

dehydrogenase (Holzer and Westphal, 1964) have been reported 

to be inducible in other yeast strains. The third, uridine 

nucleosidase was selected because its low cellular level 

might indicate a repressed state. Furthermore, analogs of 

uracil, which were readily available were tested for their 

capacity to serve as non-metabolizable inducers for the 

enzyme ("gratuitous" induction). 

The inducibility of a-D-glucosidase was tested by 

growing cultures of a-ur4 in YEP media with either 2% glucose 

(control) or 2% maltose (induced) as the carbon source. 

Enzyme concentrates from each culture were prepared by the 

freeze-thawing technique and a-D-glucosidase from each sus

pension assayed according to the technique of Duerksen and 

Halvorson (1958). Strain a-urU was grown and tested for 

the inducibility of glutamic dehydrogenase according to the 

method of Holzer (1965). The results of all experiments were 
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negative in that neither ot-D-glucosidase nor glutamic 

dehydrogenase was inducible in our strain. 

Although in the standard enzyme assay uridine nucleo

sidase converts uridine to ribose and uracil, the preferred 

direction of the reaction in vivo has not been established. 

Thus, either uridine or uracil could serve as the in vivo 

substrate and possible inducer. Therefore, these compounds 

were also tested as inducers in addition to the uracil 

analogs. 

In order to test for nucleosidase inducibility, 

cultures of a-ur4 were grown in UD medium containing, re

spectively, 10 yg/ml of uracil or 100 yg/ml of either uracil, 

uridine, 6-azauracil, thiouracil, or 5-fluorouracil. After 

6 hours of incubation in these media, cell samples were 

collected, uridine nucleosidase activity determined and the 

results compared with a-ur4 grown solely in UD medium. The 

uridine nucleosidase activity in the presence of thiouracil 

and 6-azauracil approached that of a-ur4 in UD medium, while 

the presence of a normal concentration of uracil (10 yg/ml) 

or 100 yg/ml of either uracil, uridine, or 5-fluorouracil 

presented values of activities that were nearly equal to 

each other and no more than twice that observed in UD medium 

alone. 

Thus, in none of the tests for enzyme inducibility 

was there a sufficient increase in the cellular level of the 

enzyme to consider it suitable for this investigation. 
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In addition, a-ur4 was tested for the repressibility 

of the enzyme alkaline phosphatase. It has been reported 

(Garen and Echols, 1962) that in several strains of E. coli 

the production of this enzyme is repressible by inorganic 

phosphate. Strain a-ur4 was, therefore, grown in SC medium 

containing 1.0 M, 0.01 M, and 0.001 M potassium phosphate. 

No difference was noted in the phosphatase level in cells 

grown for 5 hours in the presence of the above phosphate 

concentrations. Thus, the absence of repressibility was 

assumed. 

The synthesis of the selected constitutive enzymes 

was followed under conditions of uracil starvation. The 

assumption was made that any differences in the time-

dependent decline in their rate of synthesis might reveal 

underlying differences in the half-life of the specific 

messengers, even though a strict relationship between pro

tein synthesis and mRNA levels may not exist. 

Freshly harvested cells were resuspended in either 

SC medium, UD medium or SC medium containing 25 yg cyclo-

heximide/ml. The suspensions were aerated and incubated at 

30°C, samples collected over a 6 hour period and enzyme ex

tracts prepared as indicated in the methods section. The 

suspension containing cycloheximide was prepared to indicate 

the degree of protein degradation during the 6 hour period 

of uracil starvation and, furthermore, to detect the 
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existence of any significantly large precursor enzyme pools, 

such as those reported in B. subtilis (Hartwell and 

Magasanik, 19 63). 

The results from these experiments (Figure 13) indi

cate that in the case of all three enzymes the rate of 

synthesis is reduced significantly during uracil starvation. 

This reduction cannot be accounted for by protein degra

dation, since in the absence of synthesis of each enzyme, 

due to the presence of cycloheximide, no appreciable 

degradation occurs. Also, since no significant increase 

occurs in any of the three enzymes in the presence of cyclo

heximide, it can be assumed that appreciable amounts of 

inactive precursors do not exist. 

The rate of accumulation of the three enzymes at 6 

hours of starvation approaches closely the initial rate of 

synthesis of the respective enzymes as determined by the 

slope of the control at time zero. With the exception of 

uridine nucleosidase the increase of each enzyme, relative 

to time zero, remains almost constant during the entire 6 

hour period of starvation. The variation observed with 

uridine nucleosidase during the initial half of the starva

tion period (Figure 13c) is a reproducible and consistent 

occurrence under these conditions. At this time, no data 

has been obtained on this enzyme which would account for the 

observed variation. The rate of uridine nucleosidase 



Figure 13. The rate of synthesis of pyrophosphatase, 
alkaline phosphatase, and uridine nucleosidase, during normal 
growth, in the absence of uracil, and in the presence of 
cycloheximide. — (a) Cultures of a-ur4 grown in SC medium 
were harvested by filtration and resuspended in either fresh 
SC medium (Curve A), UD medium (Curve B) or fresh SC medium 
containing 2 5 yg of cyclohemixide/ml (Curve C) . At the 
times indicated, samples containing 5.2 x 10° cells at time 
zero, were collected, the cells disrupted by freeze-thawing 
and the standard enzyme stocks prepared and assayed for 
pyrophosphatase. 
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Figure 13. The rate of enzyme synthesis. 



Figure 13, continued, --(b) Alkaline phosphatase 
assay. SC medium (Curve A), UD medium (Curve B), SC medium 
containing 25 ug of cycloheximide/ml (Curve C). 
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Figure 13. The rate of enzyme synthesis, continued. 



Figure 13, continued. — (c) Uridine nucleosidase 
assay. SC medium (Curve A), UD medium (Curve B), SC medium 
containing 25 ng of cycloheximide/ml (Curve C). 
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Figure 13. The rate of enzyme synthesis, continued. 
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accumulation during the final 3 hours of starvation is the 

same as the slope of the control at time zero. 

The decrease in the rate of synthesis of all three 

enzymes, during uracil starvation, represented by the slope 

of the curves in Figure 14, do not approach the reduced 

rates observed for either the Lowry protein, the uncorrected 

rate of incorporation of histidine-C^"^, or the reduced poly

some levels during 6 hours of starvation. This lesser effect 

of uracil starvation on the rate of synthesis of the three 

enzymes, as compared to total protein indicates that each of 

the enzymes selected are translated from a mRNA species with 

a half-life significantly greater than the average functional 

half-life of bulk mRNA. 



Figure 14. The rate of synthesis of pyrophosphatase, 
alkaline phosphatase, and uridine nucleosidase compared to 
total protein synthesis during uracil starvation. — Pyro
phosphatase (o o); alkaline phosphatase (&• — A) ; uridine 
nucleosidase (A A) ; Lowry protein (•———•). 
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Figure 14. .Comparison of enzyme synthesis to total protein 
synthesis. 



CHAPTER 4-

DISCUSSION 

In this study an attempt has been made to investi

gate in the unicellular eucaryote, Saccharomyces cerevisiae, 

the methods of determining mRNA half-life as they apply to 

both heterogeneous (bulk) mRNA and to protein specific mRNA. 

Since the direct investigation of protein specific mRNA, 

e.g., involving the use of transducing phage, is not appli

cable to eucaryotic systems, a theoretical model was 

considered, which presented a basis for the indirect determi

nation of the half-life of a protein specific mRNA species. 

This theoretical model is based on the condition that the 

rate of protein synthesis is proportional to the cellular 

level of mRNA at any given time. 

The model applies only when a certain set of re

strictive conditions prevail after the complete inhibition 

of RNA synthesis, namely, that the translational efficiency 

of polysomes (k c r i  of  equation 1, page 7) is invariant and sp 

that mRNA dfecays with first order kinetics with an invariant 

decay constant (k^ of equation 2). However, as indicated 

in the Introduction, many deviations from these conditions 

of ideality have been reported. 

92 
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One of the major goals of this study therefore was 

to investigate in a uracil and" histidine auxotrophic strain 

of yeast (a-ur4) the relationship between mRNA levels and/or 

polysome levels to the rate of total protein synthesis. The 

comparative examination of this relationship, as obtained 

when mRNA is inhibited in a variety of ways, was expected to 

reveal conditions under which the model might apply. These 

conditions could then be observed for a subsequent study of 

the half-life of individual protein-specific mRNA species. 

A great variety of potential inhibitors of RNA syn

thesis, including several base analogs, actinomycin D, and 

phenethyl alcohol were tested and found to be ineffective in 

strain a-urU. In addition, all efforts to find inducible 

(or repressible) enzyme systems in our strain were futile, 

eliminating the possibility of inhibiting the synthesis of 

a particular messenger species with minimum perturbation to 

the overall metabolism of the cells. The only remaining 

method of inhibiting RNA synthesis was starvation of the 

cells of uracil, the nucleic acid precursor for which a-ur4 

is auxotrophic. 

Precursor starvation affects RNA synthesis only 

gradually due to pre-existing precursor pools in the cell 

and the cycling of the precursor through labile RNA 

fractions, e.g., mRNA. The time course of inhibition was 

determined by measuring the incorporation of adenine-C1^ 

into RNA and correcting the incorporated radioactivity for 
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the specific activity of the immediate precursor, i.e., ATP. 

In addition, the rate of accumulation of RNA during uracil 

deprivation was determined chemically. The synthesis of 

total RNA represented 10% of the control synthesis at 2 hours 

of starvation, finally decreasing to about 3% over the re

maining period of starvation. 

It has been reported for a uracil auxotroph of 

E. coli (Lazzarini, Nakata and Winslow, 1969) that the syn

thesis of all classes of RNA are affected equally by uracil 

deprivation. After sedimentation analysis of RNA from 

starved a-urU, the RNA profiles obtained were observed to be 

representative of those from exponentially grown cells. 

This finding lent support to the observations of Lazzarini 

et al. (1969) and enabled the assumption to be made that the 

synthesis of all classes of RNA in a-urU are affected ap

proximately to the same extent under conditions of uracil 

starvation. Therefore, the percent decrease of total RNA 

synthesis, relative to the control values, would in effect 

represent the remaining synthesis of mRNA during that period 

of starvation. 

Due to the extensive delay in the blockage of RNA 

synthesis it is very difficult to examine the mRNA decay 

kinetics in yeast. This conclusion is in agreement with 

that expressed by Lazzarini and co-workers for bacterial 

systems. However, in spite of this restriction, it is still 

possible to detect relative differences between short and 
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long lived mRNA species via protein synthesis. Since the 

steady state value of mRNA is a function of kgm (the rate 

constant of messenger synthesis) and k^m (the decay constant 

which equals In 2/half-life), any reduction in the rate of 
t 

mRNA synthesis (ksm) must result in a new lower steady state 

messenger level in the cell. If it is assumed that is 

invariant, it follows that the rate at which a new steady 

state level is approached should be proportionate to the 

actual half-life of a given mRNA species. This would enable 

the distinction to be made between relatively short and long 

lived messengers. 

With such considerations the inhibition of RNA syn

thesis could be followed for as long as 15 hours since 

irreversible pathological effects were not detected after 

this period of starvation. The rate of RNA synthesis, as 

obtained upon correcting the incorporation data for the 

specific activity of the immediate precursor pool, was taken 

to be the "true" rate of synthesis. Confirmation of this 

was obtained by observing a close agreement between the 

accumulation values for RNA, as calculated from both the 
i 

incorporation data and from the orcinol reaction over a 6 

hour starvation period. 

The validity implied for the incorporation data does 

not appear to be commensurate with the observation that 

after several hours of uracil starvation tRNA is labeled to 

a higher specific activity than rRNA. It is unlikely that 
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this enhanced incorporation of isotope into tRNA is due to a 

differential effect of uracil starvation on the synthesis of 

various classes of RNA. This view is supported by data ob

tained by Lazzarini et al. (19 69) for E. coli, and by our 

own observation that sucrose gradient profiles (O.D. 260 mp) 

obtained with RNA that had been isolated at various times 

during the first 3 hours of uracil starvation were virtually 

identical with profiles obtained with RNA synthesized under 

steady state conditions of growth. 

The enhanced labeling of tRNA could be explained by 

assuming that the turnover of the terminal -Cp-Cp-A residues 

continues after the inhibition of RNA synthesis. Such turn

over of the terminal residues has been reported in HeLa cells 

after the administration of AD (Franklin, 1963). It is 

estimated that this turnover in a-ur4 could represent no 

more than 15% of the counts incorporated into RNA. However, 

this value which agrees with that of 14 to 20% observed in 

HeLa cells, would not alter any of the final conclusions 

arrived at in this investigation. 

Under these conditions, then, the estimated rate of 

RNA synthesis, as presented in Figure 4, would be higher 

than the actual rate by 10 to 15%. Thus, in all probability, 

the actual amounts of RNA accumulated during an extended 

starvation period are less or equal to, but not greater than 

those values computed from the incorporation data. 
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Considering the reduction in the polysome levels, as 

an indicator of functional messenger, after uracil depri

vation, the preceding comments concerning limited mRNA 

synthesis throughout the period of starvation must be taken 

into account. These values cannot be used to indicate the 

half-life of messenger, since the messenger synthesized 

during the first hour of starvation could represent as much 

as 20% of the time zero value. Therefore the decline of the 

polysome level after starvation does not represent its decay 

kinetics. 

The possible existence of a significant fraction of 

non-functional polysomes, which have been reported to occur 

in other systems (Spirin and Nemer, 1965), is not considered 

here. The half-life of functional messenger is thus probably 

much shorter than 2 hours, the half-life of the declining 

polysome level. This in fact appears to be the case, since 

in the a-urU strain the half-life of mRNA under steady state 

conditions of growth was reported to be much shorter. Mes

senger RNA, identified with the tenaciously bound DNA-like 

RNA and separated by MAK column chromatography, was de

termined by labeling kinetics to have a half-life of approxi

mately 15 to 20 minutes (Johnson, 1970). This value is in 

close agreement with the value of 20 minutes reported for a 

temperature sensitive mutant of yeast (Hutchison et al., 1969; 

Hartwell and McLaughlin, 1969). 
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Therefore, with respect to mRNA life, the polysome 

decay may mimic an increased mRNA half-life due either to 

replacement of degraded polysomes through residual mRNA syn

thesis, or due to a possible decrease in nuclease activity, 

in vivo, in response to uracil starvation. The opposite 

alternative may also exist. If starvation results in an 

increase in nucleolytic activity, which might occur, for 

instance, during breakage of lysosomes, then it is indeed 

conceivable that such an increase in nuclease action might 

be sufficient to compensate for the residual synthesis of 

messenger. Thus, the values calculated from the polysome 

decay for functional mRNA could be relatively close to the 

actual half-life. However, no evidence is presently avail

able to support this concept and hence, this explanation 

remains conj ecture. 

In addition, one may assume that the residual mRNA 

synthesis and any hypothetical nuclease activity may not 

fully account for the observed long half-life of mRNA subse

quent to uracil deprivation. Under such conditions the 

actual messenger half-life could indeed be longer than that 

determined during steady state conditions of growth. As 

postulated by Trakatellis, Montjar and Axelrod (1965) an 

increase in messenger life, which has been observed after 

treatment of rat tumors with AD, can be attributed to the 

protection of mRNA from nuclease activity due to an increased 

rate of attachment of ribosomes to the messenger. 
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As the last alternative, the initial rather steep 

decline observed for polysome decay may be the result of a 

population of labile polysomes which are preferentially 

disaggregated or otherwise lost during polysome isolation. 

It has been previously stated in the Results that the poly

some profiles obtained from whole cells are not fully repre

sentative of those obtained with a-ur4 spheroplasts (Vessey, 

1970). 

In determining the rate of protein synthesis via 

isotope incorporation into protein, an attempt was made, as 

in the case of RNA, to compensate for changes occurring in 

the specific activity of the cellular histidine pool. How

ever, after applying such a correction to the rate of in

corporation of histidine-C-'-^ into protein, a distinct, break 

in the continuity of the corrected rate was observed upon 

adding the labeled amino acid to the starved culture. In 

accounting for this discontinuity, errors in the measurement 

of histidine-C-'-^ incorporation, as well as in the measurement 

of the specific activities were ruled out as the possible 

cause, since the disparity observed was far greater than one 

would expect on the basis of technical errors. Thus, the 

only avenue of explanation remaining was that the free cellu

lar histidine measured did not represent that pool from which 

histidine was withdrawn for protein synthesis. It was con

cluded that compartmentation of cellular histidine exists in 

this strain. Thus, until the implications of such 



100 

compartmentation are known, the rate of incorporation of 

isotopic histidirie into protein cannot be corrected for 

changes in the specific activities of the immediate pre

cursor pool. 

When the values of the Lowry protein analysis during 

uracil starvation were compared to the uncorrected values of 

histidine-C-^1* incorporation, the two curves very closely 

approximated each other. This finding lent support to the 

previous conclusion that the lack of continuity in the cor

rected values of histidine incorporation resulted from 

measurement of the incorrect specific activities. The slight 

lag occurring in the uncorrected incorporation curve, as 

compared to the total Lowry protein accumulation curve, is 

probably due to the time delay of isotope saturation of the 

immediate histidine precursor pool, which appears to be 

relatively small. 

An additional comparison was made between the percent 

decrease in Lowry protein accumulation, the percent decline 

of polysome levels and the percent decrease in RNA synthesis 

during uracil starvation. The observed lag in the decline 

of the Lowry protein accumulation, relative to the polysome 

decay levels over the first 1.5 hours of starvation can be 

explained in several ways. First, the initial rate of 

degradation of proteins may have been reduced during the 

initial phase of starvation. However, this explanation can 

be rejected because in the presence of cycloheximide no 
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degradation of proteins was observed throughout the period 

of starvation. Second, as previously stated, loss of labile 

polysomes may have occurred during isolation. And last, the 

increased rate of protein synthesis relative to the level of 

polysomes during early starvation may be indicative of an 

increased polysomal efficiency. 

With regard to the latter explanation, such an 

alteration in the polysome efficiency, which might involve a 

change in the rate of ribosome attachment to messenger, has 

been postulated to occur in rat liver cells (Fleck, Shepherd 

and Munro, 1965) as well as in Chang liver cells (Eliasson, 

1967) after dietary deficiencies. Further, changes in the 

tr-anslational efficiency have been reported for reticulocytes 

after amino acid starvation (Burka and Marks, 1964), yeast 

spheroplasts (strain a-ur4) after starvation for a carbon 

source (Vessey and Keck, 1970), ascite cells after appli

cation of low doses of cycloheximide (Hogan, 1969), and for 

rat tumor after AD treatment (Trakatellis, Montjar and 

Axelrod, 1965). 

Since measurable degradation of protein, as mentioned 

previously, does not occur, it seems justified to assume that 

the character of the Lowry protein curve rests solely upon 

the rate of protein synthesis during the period of starva

tion. Barring the possibility of the loss of a fraction of 

labile polysomes during isolation and the existence of in

active polysomes, it can be concluded that the difference 
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observed between the two curves during the initial phase of 

starvation actually represents a change in polysome ef

ficiency. 

It has been shown (Vessey and Keck, 197 0) in a-uri+ 

spheroplasts that during the reformation of polysomes in 

fully supplemented medium, subsequent to a 90 minute period 

of total starvation, a 3-fold decrease in polysome efficiency 

is displayed over a period of 60 to 7 0 minutes. In whole 

cells the disparity between the polysome decay levels and the 

corresponding rates of protein synthesis during the initial 

period of starvation could represent the reverse situation 

found in a-ur4 spheroplasts, namely, an increase in polysome 

efficiency during the early phase of polysome disaggregation. 

Assuming the foregoing to be correct, polysome 

efficiency can be calculated to increase about 1.5 fold over 

the initial 100 minutes of starvation, followed by a subse

quent decrease to 80% of the time zero efficiency. This 

would imply that k__ (equation 1 in the Introduction) varies sp 

during the initial phase of uracil starvation. 

Finally, it should be pointed out that beyond 3 hours 

of uracil starvation the polysome efficiency and hence kSp> 

was constant during the remaining period of starvation. 

Thus, during the final phase of starvation the observed data 

are in accord with the theoretical model previously 

presented. 
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With regard to protein specific differences in mRNA, 

three enzymes were studied. Their rates of synthesis, as 

compared to control cultures containing uracil, were shown 

to be gradually reduced during uracil starvation. Six hours 

after the commencement of deprivation their rates of syn

thesis approximated those of the controls at time zero. Be

cause of the slow decline in the synthetic capacity of these 

enzymes it was not possible to distinguish if each enzyme 

represented a mRNA species which had a distinct half-life as 

compared to the others. However, throughout the period of 

starvation, the rate of decrease of enzyme synthesis was 

less than that observed for the total protein determined by 

the method of Lowry. This could be interpreted to mean that 

the mRNA species represented by each enzyme had a half-life 

well in excess of the average half-life of heterogeneous 

mRNA. 
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