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ABSTRACT 

A study is presented on the in vivo translational 

efficiency of yeast polyribosomes as their level passes 

through a cycle of build-up, constancy and subsequent de

cline during the incubation of freshly spheroplasted cells 

in SM-5 medium. In vivo rates of protein synthesis were de

termined from amino acid incorporation data as corrected by 

two independent methods for the specific activity of a pro

tein precursor, viz., the cellular pool of free amino acids 

and nascent protein. These rates were combined with the 

measurement of cellular polyribosome levels to obtain a 

polysome efficiency index. 

During the initial period of polyribosome build-up, 

the translational efficiency was at first very high but de

clined to a lower value before the maximum level of cellular 

polyribosomes was attained. This loss of polyribosome effi

ciency did not appear to be the result of the development of 

inactive polysomes but rather to a reduction in both the fre

quency of initiation and the translational speed. Two expla

nations are offered to account for the described phenomena: 

(1) a non-specific initial "overshoot" in polysomal effi

ciency occurs during the readjustment of the multi-step 

ix 
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system for protein synthesis over the course of cell recov

ery from the starvation conditions of spheroplasting, (2) 

the existence of a specific translational control mechanism 

which may involve an unstable repressor which decays during 

the spheroplasting process thus depriving the cell of its 

controlling effect until it can be resynthesized during the 

recovery period. The significance of these results is dis

cussed with reference to a model which was developed for the 

indirect assay of mRNA via the kinetics of protein synthesis. 



INTRODUCTION 

With the advent of the messenger RNA concept 

(Jacob and Monod, 1961) investigators became interested in 

quantitating the cellular levels of this "template RNA." 

Messenger RNA (mRNA) was originally identified on the basis 

of its base composition, sedimentation behavior and relative 

instability (Astrachan and Volkin, .1958; Astrachan and 

Fischer, 1961; Gros et al., 1961; Hayashi and Spiegelman, 

1961) although recent studies have uncovered longer lived 

species (cf. Keck, 1969) . A. number of methods have since 

been developed to estimate cellular levels of bulk mRNA,, 

i.e., the entire heterogeneous population of individual mes

sengers. However, except for a few special cases, there is 

at present no method available which would permit the routine 

quantitative analysis of the individual gene-specific messen

ger species in eucaryotic cell types. 

It is, however, theoretically possible to obtain in

formation with regard to gene-specific messengers by making 

use of their in vivo template activity. The development of 

such a model assay system is based upon a postulate which 

necessarily follows from principles of the generally accepted 

"tape mechanism" (Gierer, 1963; Gilbert, 1963; Warner, Knopf 

and Rich, 1963; Watson, 1963) of protein synthesis. During 

1 
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in vivo protein synthesis, a messenger strand simultaneously 

carries many ribosomes which slide along its length and 

thereby catalyze the sequential condensation of amino acids 

into a growing (nascent) polypeptide chain in accord with 

the genetic message. As the ribosomes proceed down the mes

senger strand, eventually reaching the 31 end of the mRNA 

where the ribosome and completed protein are released, new 

ribosomes are constantly being attached at the 5" end. This 

process of attachment, translation and release appears to 

proceed in a uniform manner since the average size of poly

ribosomes for a given messenger species remains remarkably 

constant and, furthermore, in a heterogeneous population of 

polysomes, there is a characteristic relation between the 

length of the messenger strand and the number of ribosomes 

per strand. Thus, the number of protein chains released at 

the 3' end of a particular messenger species per unit time 

should be constant and a very good assumption would be that 

the in vivo functional level of a given messenger species 

(M) is directly proportional to the rate of synthesis of the 

corresponding protein (dP/dt). This may be expressed mathe

matically as: 

dP/dt = k (M) (1) 
SP 

where k is the assumed rate constant for protein synthesis. 

Although we are unable to obtain a value for kg^ under most 

conditions, it can be seen that equation (1) will still 
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permit us to determine relative changes in the level of a 

specific messenger species. 

We can theoretically derive an additional expression 

which permits us to determine the level of a specific mes

senger on a relative scale from the amount of the respective 

protein which is synthesized following inhibition of the syn

thesis of new messenger. In the absence of further messenger 

synthesis, the level of messenger will decay with presumably 

first order kinetics (Levinthal, Keynan and Higa, 1962), ors 

-dM/dt = k^M) (2) 

where k^ is the decay constant for mRNA. Integrating this 

equation to obtain the amount of messenger which remains at 

time t after the cessation of mRNA synthesis (t=0) yields; 

M = Moe"kdmt (3) 

where Mq is the amount of messenger present at t=0. Substi

tution of (3) into (1) yields: 

dP/dt = kSpMoe~k<3mt (4) 

The integrated form of this equation, with the boundary con

dition that P=0 at t=0 is: 

p = M_e""kdmt (5) 
dm ° 

where P is the cumulative amount of specific protein synthe

sized on the decaying messenger population. As t approaches 

effective infinity (i.e., after a time period sufficient to 

allow the messenger level to come close to zero) the total 

amount of specific mRNA at time zero can be computed from 
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the reduced form of equation (5): 

Mo = P ̂ drrAsp' <6> 

Even if values for the constants are not known, we can still 

compute relative cellular amounts of gene-specific messen

ger. 

It is important to note that this development has 

ignored the possibility of protein turnover.. It was thus 

assumed that the messenger species are far more unstable 

than their respective proteins. In those few cases where 

the rate of turnover of protein is roughly of the order of 

messenger turnover, equation (J.) would have to include a 

term for the first order decay of protein (Rechcigl, 1968) 

and would take on the forms 

dP/dt = Ksp(M) - kdp(P) (7) 

where k^ is the decay constant for protein. If equation 

(7) is integrated under the same conditions used to arrive 

at (5), we obtains 

P = <kspM A^-kap) (e"W - e-W) (8) 

It can be seen that it is impossible to reduce this equation 

to a form comparable to equation (6) by letting t go to ef

fective infinity since the amount of protein found some time 

after the inhibition of RNA synthesis is a function of pro

tein degradation as well as the messenger level. The uti

lization of the model is thus limited to those systems where 

it can be shown that over a period of three to four messen

ger half lives such an insignificant amount of protein would 
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have decayed as to warrant the dropping of the k^ (P) term 

from equation (7). Data on protein turnover rates can gen

erally be obtained by using inhibitors of protein synthesis 

(Feldman and Yagil, 1969). 

Experimental support for the applicability of the 

model /as expressed by equation (6)/ to a specific protein-

messenger system comes mainly from work with inducible en

zymes in bacteria. In an inducible system a specific mRNA 

is formed in response to the inducer and then utilized for 

the synthesis of a specific protein (Pardee and Prestidge, 

1961). In studies on the induction of histidase in B. sub-

tilis (Hartwell and Magasanik, 1963) and B-galactosidase in 

E. coli (Kepes, 1963) a variety of induction times were uti

lized to form different levels of gene-specific messenger. 

In accord with equation (6), it was found that for very short 

induction pulses the total- amount of enzyme produced was pro

portional to the induction period and thus presumably to the 

level of messenger present at the time of deinduction. This 

should not be taken to indicate that the model is applicable 

to procaryotes under all conditions. Indeed, mRNA depletion 

induced by uracil starvation of an auxotroph appears to par

tially freeze a portion of the messenger population in its 

nascent state and in this form it shows an unusual stability 

and a reduced template activity (Lindahl and Forchhammer, 

1969). 
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Work with eucaryotic cells has not yet provided sim

ilar experimental support for the model with regard to indi

vidual mRNA species. However, in principle the validity of 

the model rests on the condition that the k .of equation sp 

(1) is indeed a rate constant and as such does not vary over 

the course of the experiment. Thus, the applicability of 

(1) can be tested, although in a less rigorous form, by 

analyzing the relationship between bulk mRNA and rates of 

total protein synthesis under conditions in which the estab

lished steady state function is likely to be perturbed by a 

change in the cellular level of functional mRNA. Since pre

sumably all functional mRNA of a cell exists in the form of 

polysomes, the invariance of the overall efficiency of poly-

somal peptide synthesis (the rate of protein synthesis per 

unit polysome) should reflect the constancy of the mean ̂ Sp« 

The literature already contains a few reports spe

cifically relating changes in polysome level to in vivo 

rates of protein synthesis. Much of this work has been done 

with the anucleate reticulocytes. In this system RNA synthe

sis is absent and protein synthesis is supported by a decay

ing mRNA population of extreme longevity which primarily 

consists of only two mRNA species (one for each of the hemo

globin chains). Trakatellis et al. (1965) studied the matu

ration of reticulocytes in an incubation meditim and found that 

the polysomes progressively break down over a 20 hour period. 
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with a 30% loss occurring during the first five hours. How

ever, the rate of protein synthesis, as determined by the 

14 incorporation of C-leucine during 15 minute pulses, re

mained constant over the initial five hours. In a similar 

study aimed at a characterization of the events occurring 

during the initial hour of reticulocyte incubation, Knopf 

and Lamfrom (1965) found that the polysome level actually 

increased during the first 30 minutes and then began to de-

3 
cay whereas the rate of incorporation of H-histidine was 

linear over the initial hour of incubation. It would thus 

seem that during the in vitro incubation of reticulocytes 

the polysomal efficiency decreases during the initial 30 

minutes followed by a gradual increase during the subsequent 

breakdown of polysomes. 

These results are diametrically opposed to those ob

tained from an analysis of the in vivo maturation of reticu

locytes. Glowacki and Millette (1965) were able to separate 

reticulocytes of varying states of maturation on a bovine 

serum albumin gradient and found that the amount of protein 

synthesized per polysome decreased during the maturation 

process. 

A variation in polysome efficiency is also found 

during the in vitro recovery of reticulocytes from the NaF-

induced breakdown of polysomes (Coconi, Bank and Marks, 1966). 

It was found that polysome reformation precedes the recovery 
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of the protein synthetic capacity (as measured by the con-

3 tinuous incorporation of H-valine into globin). 

It should be noted that none of these studies em

ployed a correction of the rate of protein synthesis for the 

labeling kinetics of the cellular amino acid pool. It is 

assumed that such a correction is unnecessary for reticulo

cytes since the cellular amino acid pool appears to reach a 

constant specific activity within two minutes after the addi

tion of isotope (Marks, Rifkind and Danon, 1963) and, in 

addition, the size of the amino acid pool doesn't seem to 

change with maturation (Glowacki and Millette, 1965; Rowley 

and Morris, 1967). 

Another approach to correlating the rates of protein 

synthesis with changes in polysome level is based on the use 

of actinomycin D (AD), a well known inhibitor of RNA synthe

sis. AD administration leads to polysome breakdown due to 

depletion of the existing messenger pool. The use of this 

drug thus enables one to investigate systems other than the 

reticulocyte and to study polysome efficiency in systems 

which contain a highly heterogeneous messenger population 

functioning under steady state conditions. 

In a study comparing mRNA stability between rat liver 

and pancreas, it was found that the AD-induced decline in 

polysome levels coincided with the decay in the rate of to

tal protein synthesis in both tissues even though the decay 

kinetics for messenger and the rate of protein synthesis 
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differed between the two organs (Cozzone and Marchis-

Mauren, 1967). The rates of protein synthesis were deter-

14 mined by pulse labeling proteins with C-valine at differ

ent times after the addition of AD. Since it is not known 

whether the amino acid pool labeling kinetics are necessar

ily the same at all time points, a correction for the spe

cific activity of the cellular amino acid pool might have 

been required. In another study, employing uncorrected rates 

of protein synthesis and using adenocarcinoma cells (Trakatellis, 

Montjar and Axelrod, 1965), the polysome level was not found 

to decay proportionately to the rate of protein synthesis. 

It is noteworthy that both of the above studies provided 

reassurance for our original assumption on the equivalence 

of messenger and polysome levels since the decay of radio

activity from pulse labeled RNA (presumably mRNA) paralleled 

the decay of polysomes. 

Wilson and Hoagland (1967) conducted a study into 

the effect of AD on both polysome levels and the rate of in

corporation of labeled amino acid into protein. In addition, 

the labeling of the cellular amino acid pool was determined. 

They injected rats with AD and, after time periods of 12, 

14 14%, 25 and 28 hours, pulsed with C-leucine followed 

shortly afterward by excision of the liver. Determined were 

the level of polysomes, the total amount of labeled amino 

acid incorporated into protein and the specific activity of 

the amino acid pool at 14% hours of AD treatment. A 
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comparison of these data with those obtained from non-AD 

treated control rats showed that AD altered the labeling 

kinetics of the amino acid pool to such an extent as to ne

cessitate a correction of the incorporated radioactivity for 

the specific activity of the pool. The corrected data indi

cated that the AD-induced depression in amino acid incorpo

ration roughly paralleled the decline in polysome content. 

Thus it appears that there exists only one study 

(Wilson and Hoagland, 1967) with a typical eucaryotic cell 

type in which a comparison is made between precisely deter

mined rates of protein synthesis cellular levels of poly

somes. Unfortunately, the authors obtained a corrected rate 

of protein synthesis at only one point in time. An addi

tional drawback to this study, and all others which employ 

AD, is the possibility that AD reacts not only with DNA but 

also non-specifically with-other cellular components. AD 

is claimed to cause: the inhibition of respiration and an

aerobic glycolysis (Laszlo et al., 1966), a reduced transport 

of mRNA'.across-.the nuclear membrane (Girard, Penman and Darnell, 

1964), a non-specific inhibition of protein synthesis which 

may be either prevented or reversed by glucose (Honig and 

Rabinowitz, 1965), an alteration in the rate of degradation 

of specific proteins (Reel and Kenney, 1968), and an inhibi

tion of phospholipid synthesis (Pastan and Friedman, 1968). 

Clearly what is needed are in depth studies with 

eucaryotes comparing polysome levels to precisely determined 
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rates of protein synthesis under experimental conditions 

where the normal steady state is perturbed without the use 

of anti-metabolites. Such studies would show whether the 

overall polysomal efficiency is indeed constant and thus 

whether the basic assumption of the model /equation (1)J is 

necessarily satisfied. If the polysome efficiency is found 

to vary persistently under defined conditions one might sus

pect novel forms of metabolic regulation which are found in 

other systems. Such studies might very well provide addi

tional infomation pertaining to the assumed equivalence of 

messenger levels and polysome levels. 

It is the purpose of this Dissertation to provide 

such a necessary study of polysome efficiency. The yeast 

spheroplast system was chosen for this work since yeast is 

a eucaryote which was considered to offer a number of dis

tinct advantages.. A cyclic variation in messenger levels 

can be easily obtained without the use of anti-metabolites. 

During the process of spheroplasting, which is carried out 

in a medium that lacks a metabolizable carbon source, poly

somes are degraded, probably due to messenger breakdown. A 

high polysome level is restored shortly after the transfer 

of the spheroplasts to growth medium (Hutchison and Hartwell, 

1967) and upon prolonged incubation another phase of poly

some degradation sets in followed by the eventual disinte

gration of the spheroplasts. An additional advantage of the 
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system is found in the fact that spheroplasts can be gently 

lysed to provide for the quantitative isolation of unde-

graded polysomes, as opposed to whole cells where the cell 

wall presents a formidable barrier to cell breakage. 



MATERIALS AND METHODS 

Organism and Growth Conditions 

All reported experiments were conducted with strain 

S2112D (aUr-4) of Saccharomyces cerevisiae kindly supplied 

by Dr. R. K. Mortimer (University of California). This mu

tant is auxotrophic for histidine and uracil. The strain 

was maintained on agar slants (2% glucose, 2% peptone., 2% 

agar, 1% yeast extract) from which was derived the 5 ml sub

cultures (2% glucose, 2% peptone, 1% yeast extract) used for 

innoculating the synthetic growth media. The synthetic me

dia was that of Roman (1956). A sterile 1 liter batch of me

dia was innoculated with a 3 to 7 day old subculture and then 

sterily force aereated at 30°C until the desired cell densi

ty (determined by measuring the optical density at 600 my1/) 

was reached. Cells were harvested while in their log phase 
g 

of growth (ca. 10 x 10 cells/ml) by collection on millipore 

filters and briefly washed on the filter with distilled 

water. 

Preparation of Yeast 
Spheroplast Suspension 

Washed cells were suspended at a concentration of 

Q 
2 x 10 cells/ml in 1M sorbitol containing 1% (v/v) of glu-

sulase (crude snail gut preparation obtained from Endo Labs, 

13 
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Garden City, N.Y.) and incubated for 90 minutes in a 30°C 

water bath with gentle shaking. The glusulase acts on the 

yeast cells to produce frangible cells generally devoid of 

cell wall material (termed spheroplasts) and the sorbitol 

functions as an osmotic stabilizer. The resultant sphero

plasts were then sedimented at 1500 xg and resuspended to 

2 x 10 cells/ml in the final incubation medium. This medi

um, referred to as SM-5, is the YM-5 medium described by 

Hartwell (1967) supplemented with histidine and consists of 

(per liter): 1.0 g yeast extract, 2.0 g peptone, 6.7 g 

yeast nitrogen base, 13.8 g di-sodium succinate, 10.0 g glu

cose, 182 g sorbitol, 10 mg uracil, 10 mg histidine, 5 mg 

adenine, final pH of 5.8. Further incubation of the sphero

plasts suspension was carried out at 30°C with gentle shaking. 

Sucrose Gradient Centrifugation 

Sucrose gradients were constructed in 5 ml cellulose 

nitrate centrifuge tubes by successively layering 0.5 ml 

each of 9 separate sucrose solutions prepared in the appro

priate buffer. For a 10 to 30% gradient the sucrose solu

tions used were 10, 12.5, 15, 17.5, 20, 22.5, 25, 27.5 and 

30%. (w/w) For a 5 to 25% gradient, 5, 7.5, 10, 12.5, 15, 

17.5, 20, 22.5 and 25% sucrose solutions were used. A lin

ear gradient was formed after diffusion overnight at 4°C. 

The linear gradients were then overlayed with 0.2 to 0.3 ml 

of sample and then developed by centrifugation in either a 
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SW-39 or SW-50 (Beckman/Spinco) swinging bucket rotor on a 

Spinco Model-L centrifuge. Fractions were then collected 

drop-v.?ise from a hole pierced in the bottom of the tube. 

Isolation of Polysomes 

Polysomes were isolated by a procedure similar to 

that of Hutchison and Hartwell (1967). Briefly, an aliquot 

of the spheroplast suspension was mixed with sufficient 

cycloheximide (CHX) stock (2 mg/ml) to yield a final drug 

concentration of 100 /fg/ml and then quickly chilled. The 

spheroplasts were sedimented and washed by resuspension in 

ice cold 1M sorbitol containing 100 /fg/ml of CHX. The 

washed spheroplasts were again sedimented and resuspended in 

a small volume of lysing buffer (0.01M tris, pH 7.4, 0.1M 

NaCl, 0.0015M MgC^) containing 100 ̂ c/g/ml of CHX and 1% 

(v/v) Brig 58 (kindly supplied by Atlas Powder Co., Wilming

ton, Delaware). The suspension was frozen and thawed once 

for efficient cell breakage. After sitting 15 minutes at 

1°C, cell debris was removed by low speed centrifugation and 

0.3 ml of the supernatant layered over 4.5 ml of a 10 to 30% 

sucrose gradient prepared in lysing buffer. The gradients 

were centrifuged for 60 minutes at 35,000 KPM in a SW-39 

rotor (Beckman/Spinco) and polysome fractions collected drop-

wise from a hole pierced in the bottom of the centrifuge 

tube. Polysome profiles were obtained by collecting conse

cutive 2-drop fractions from the developed gradients. 
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diluting them to 2 ml with water and then determining the 

absorption at 260 

Polysomal Components 

Polysomal components were obtained by dialyzing 

— 3 
(against 10 M potassium acetate) and lyophilizing the poly

some fraction and then dissociating the polysomes with EDTA 

buffer (5 volumes 0.1M potassium acetate to 1 volume of 0.1M 

EDTA, pH 5.8). The components were then separated in a 5 to 

25% sucrose gradient (prepared in the EDTA buffer) by cen-

trifugation for 4 hours at 45,000 RPM in an SW-50 rotor 

(Beckman/Spinco). UV and radioactivity profiles were ob

tained in the same manner as described for polysomes. In 

those cases where it was desired to isolate peptidyl-tRNA 

(transfer ENA), the centrifugation time was lengthened to 12 

hours in order to give a better separation of lower S-values. 

It should be noted that the ribosomal subunit peaks found in 

the EDTA gradients are referred to as being 60s and 40s (the 

sedimentation values for native subunits, Marcus et al., 

1967) even though they probably represent lower S-values due 

to the expansion of yeast subunits in the absence of magne

sium (Ghosh, 1969). 

Labeling Experiments 

For the assay of radioisotope content of polysomes 

and polysomal components, two drop fractions from the sucrose 

gradients were collected on squares of Whatman 3MM filter 
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paper. The papers were dried, washed first with cold 5% 

trichloroacetic acid (TCA) containing 3% casamino acids and 

then 95% ethanol and finally transferred to vials containing 

0.5% PPO (Packard Instruments) in toluene and counted in the 

Beckman LS-2 liquid scintillation spectrometer. 

In order to determine the amount of radioactivity 

incorporated into protein, 2 ml aliquots were taken from 

14 spheroplast suspensions labeled with C-ammo acid and 

drained into 5 ml of ice-cold 10% TCA. The resultant pre

cipitate was collected by centrifugation and washed once 

with cold 10% TCA. The final pellet was suspended in 5 ml 

o 
of 5% TCA, extracted for 20 minutes at 90 C, collected and 

resuspended in 0.5 ml of water. The material was solubilized 

with 1 drop of ammonia and 1 drop of 10% sodium dodecyl sul

fate and then quantitatively transferred to squares of What

man 3MM filter paper, dried and counted as described above. 

Specific Activity Determinations 

For the determination of the specific radioactivity 

of the cellular histidine pool, aliquots of 5 ml were with

drawn from the "^C-histidine labeled spheroplast suspension. 

The samples were quickly chilled and the cells sedimented 

and washed twice with ice cold 1M sorbitol. The amino acids 

were extracted with 2 ml of ice cold 5% TCA and the TCA sub

sequently removed with ethyl ether. Residual amounts of 

ether were removed by heating. The amino acid extract was 
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then lyophilized and taken up in 1.5 ml of pH 2.2 citrate 

buffer (Beckman Instruction Manual AIM-2). From this solu

tion a 0.2 ml aliquot was removed for total radioactivity 

determination using a BBOT (Packard Instruments)-naphthalene-

methyl cellosolve scintillation mixture. A 1 ml aliquot was 

taken from the same extract and applied to the short column 

(basic) of a Beckman model 12OB Amino Acid Analyzer equipped 

with a Packard Tri-Carb counting monitor. The radioactivity 

of the histidine pool was obtained by planimetric integra

tion of the Tri-Carb recorder tracing corresponding to the 

histidine peak which was also quantitated to determine the 

quantity of histidine. For some experiments, an alternative 

detemmination of the specific activity of the cellular amino 

acid pool was employed. It involved taking the 1 ml aliquot 

of extract, determining the concentration of total amino 

acid by means of the ninhydrin reaction (Moore and Stein* 

1948) and then coupling this with the total radioactivity 

determination. 

Stimulating1 Activity 

The system for in vitro protein synthesis (Niren-

berg, 1963) was prepared from E. coli cells harvested during 

exponential growth. The cells were broken by grinding with 

alumina A-301 (Aluminum Corporation of America) in a chilled 

mortar. The resultant cell paste was evenly suspended in 

Buffer-I (0.01M tris, pH 7.8, 0.014M magnesium acetate, 0.06M 
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potassium chloride and 0.006M 2-mercaptoethanol) and the sus

pension was centrifuged at 20,000 xg for 20 minutes. The 

supernatant was removed, pancreatic DNAse (RNAse free, 

Worthington Biochemical Company) added to give a concentra

tion of 2 //g/ml, and the solution incubated for 5 minutes at 

3°C. The incubated preparation was centrifuged at 30,000 xg 

for 30 minutes. The supernatant was recovered and incubated 

at 37°C for 80 minutes with the following components (per 

100 ml of supernatant): 10 ml of 1M tris, pH 7.8, 2.0 ml of 

0.14M magnesium acetate, 4.0 ml of 0.02M ATP, 12 ml of 7.5 x 

—2 10 M phosphoenolpyruvate (sodium salt), 1 mg of pyruvate 

kinase, 0.04 ml of 2-mercaptoethanol and 1 fsM. each of twenty 

1-amino acids. The mixture was cooled to 3°C, dialyzed over

night against 120 volumes of Buffer-I (two changes) and di

vided into 1 ml aliquots and frozen for storage. 

Such "preincubated" extracts (termed S-30) are al

most completely dependent upon added messenger RNA for amino 

acid incorporation. For the assay of mRNA, the system con

tained (per 0.25 ml): 25 /n moles of tris, pH 7.8, 3.5/(moles 

of magnesium acetate, 12 ft moles of potassium chloride, 6 

/(fmoles of 2-mercaptoethanol, 0.2 ft moles of ATP, 1.2 ft moles 

of phosphoenolpyruvate (potassium salt), 2 JLA g of pyruvate 

kinase, 20 m/<moles of ^C-leucine (carrier added), 20 m//moles 

of each of the other 19 1-amino acids, 0-250 //g of test RNA 

and 70 of S-30. After incubation for a sufficient length 

of time which allows the reactions to come to completion 



(ca. 20 minutes), protein was precipitated by the addition 

of 0.1 ml of 25% TCA. The samples were heated for 20 min

utes in a boiling water bath and then left for 30 minutes in 

an ice bath. The precipitate was dispersed by vigorous agi

tation and each suspension filtered under suction through 

Whatman #50 filter paper. Each precipitate was washed rap

idly with six 5 ml aliquots of cold 5% TCA and the filters 

air dried. The filters were submersed in a PPO/toluerie mix

ture for liquid scintillation counting.. 

RNA Content of Spheroplasts 

For the chemical assay of RNA, aliquots of 5 ml were 

taken from the spheroplast suspension at various times and 

mixed with 5 ml of ice cold .25% TCA. The precipitate was 

collected and washed once with ice cold 10% TCA. RNA was 

extracted with 5% TCA at 85°C for 20 minutes, the residue 

was removed by centrifugation and the supernatant analyzed 

for RNA by the orcinol reaction (Me jbaum, 1939). 

Extraction of Native RNA 

Total RNA was extracted from spheroplasts by sus-
Q 

pending 5 x 10 cells in a mixture of 15 ml of 85% redis

tilled phenol and 15 ml of the EDTA buffer which contained 

1% w/v bentonite (prepared according to Fraenkel-Conrat et 

al., 1961) and 5% w/v sodium dodecyl sulfate. The suspen

sion was stirred constantly over a 2-hour period, the RNA 

containing aqueous phase separated by centrifugation. 
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removed with a pasteur pipette and dialyzed against 2 liters 

of 0.1M potassium acetate (2 changes). Any resultant precip

itate. was removed by centrifugation. The RNA was precipi

tated overnight at -20°C with 2 volumes of 95% ethanol. 

The 25S ribosomal RNA (Rogers et al.f 1967) was ob

tained by extracting the larger ribosomal subunit (60S) with 

phenol in the manner described above. The subunits were ob

tained from EDTA-dissociated polysomes on a sucrose gradient 

and thus were free of mRNA (Huez et al.f 1967; Henshaw, 1968). 

Quantitation of Nascent Protein 

Nascent protein was obtained in the form of peptidyl-

tRNA from the 3-5S region of polysomal component gradients. 

The collected fractions were dialyzed against water, lyophi-

lized, and taken up in 0.3N potassium hydroxide. The sample 

was incubated at 37°C for 16 hours to hydrolyze the RNA and 

the resultant nucleotides were removed by dialysis over

night against two changes of water. Nacent protein was then 

quantitated by means of the Lowry reaction (Lowry et al.f 

1951) using 5X recrystallized pancreatic ribonuclease as a 

standard. 



RESULTS 

Polysome Profiles 

At the end of the spheroplasting period, sphero-

plasts contain an exceedingly low level of polysomes. After 

resuspension of the cells in SM-5 medium, the level begins 

to rise within a few minutes and reaches a maximum at 50 to 

60 minutes of incubation (Figure 1). At this time approxi

mately 70% of all ribosomes in the cell exist in the form of 

polysomes. This maximum level is maintained throughout the 

60 to 120 minute incubation period and then followed by a 

rapid decline beyond 125 minutes. 

To establish that all the material in the greater 

than 80S portion of the gradient was indeed polysomal, ly-

sates from amino acid pulse labeled cells were briefly incu

bated at 2°C with low concentrations (5 /Vg/ml) of pancre

atic RNAse prior to sedimentation analysis. This treatment 

resulted in the transfer of practically all material, ab

sorbing at 260 in/f and containing radioactive label, from 

the polysome region of the gradient to the monosome region. 

The small residual amount of UV absorption remaining in the 

polysome region after RNAse treatment furnished the baseline 

value for the computation of polysome levels as presented in 

Figure 2. 

22 
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Figure 1. Polysome Profiles Obtained for Spheroplasts 
Incubated in SM-5 Medium. 

Profiles were obtained at 10 min (-•-*-), 25 min (***)» 
45 min ( ), and 85 min ( ) of incubation by layering 
the low speed supernatant of cell lysates on a 10 — 30% su
crose gradient and centrifuging for 60 min at 35,000 RPM in 
an SW-39 rotor. 
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Figure 2. Polysome Levels and Relative Rates of 
Protein Synthesis Over 4 Hours of Spheroplast Incubation in 
SM-5 Medium. 

Each set of data is expressed as the percent of the 
maximum value in that set. Polysomes were quantitated from 
profiles such as Fig. 1 by computing the fraction of total 
ribosomes contained in the polysome region of the gradient 
(• •). The rate of protein synthesis was determined by 
two different methods. (1) by continuous labeling with 14c-
histidine from 0-120 min (• •) and from 100-215 min (o-*-o) 
and dividing the increment in TCA insoluble cpm over a given 
10 min interval by the midpoint specific activity of the his-
tidine pool, (2) by pulse-labeling with ^C-histidine for 7 
min and dividing the 4-6 min increment in incorporated counts 
by the specific activity of nascent protein at 5 min (o o). 
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As pointed out in the introduction, the polysome 

level should normally represent the cellular level of active 

messinger. Since mRNA decays with first order kinetics 

(equation 3), the breakdown of polysomes occurring after 125 

minutes of incubation (Figure 2) might also be expected to 

decay first order. This was checked by using an alternate 

form of equation 3, namely: 

Ln M = -k, t + Ln Mo (9) 
dm 

Substituting relative polysome levels for messenger levels 

in (9) shows that a plot of Log (polysome level) versus time 

should be linear with a slope of Such a plot is shown 

in Figure 3 and inspection shows that it appears to be bi-

phasic, i.e., to be the result of mixing two separate but 

linear segments. One portion of the plot is decaying with 

a half-life of 6 minutes and the other with a half-life of 

56 minutes. This biphasic character may be the result of a 

polysome population which contains both short and long-lived 

messengers or alternatively it may just represent a change 

in the process of messenger degradation. 

Messenger Levels 

In the next step, the spheroplast system was charac

terized with respect to the relationship between the cyclic 

variation in polysome levels and the cellular messenger con

tent. The investigation was designed to answer two ques

tions: (1) to what extent does the reformation of polysomes 
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Figure 3. Disaggregation of Polysomes During 125 to 
240 min of Incubation in SM-5 Medium. 

The values were obtained from Fig. 2 and represent 
percent of the 120 min level. 
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during the early phase of incubation in SM-5 depend on the 

synthesis of new messenger as contrasted to a reutilization 

of "conserved" messenger, (2) is the final dissagregation of 

polysomes after 125 minutes of incubation the result of a 

decrease in the cellular messenger content or due to defi

ciencies in the translation process. 

The messenger content of RNA was estimated on the 

basis of its stimulating activity when added to an E. coli 

in vitro system (Nirenberg, 1963). This E. coli system 

(termed S-30+) consists of the 30,000 xg supernatent of 

whole cell extracts supplemented with all 20 amino acids 

(with at least one being labeled) and an energy generating 

system. The incorporation of labeled amino acid into acid 

insoluble material in such a system depends upon an added 

RNA which is capable of being translated. When the transla

tion reaction comes to completion the total amino acid in

corporation is expected to be proportional to the messenger 

content of the added RNA (Nirenberg, 1963). 

For the messenger assays, total RNA extracts were 

obtained from spheroplasts collected after various incuba

tion periods in SM-5. The bulk of the RNA in such extracts 

is ribosomal RNA (rRNA) and it was thus necessary to check 

for its effects in the S-30+ system. The rRNA may non-

specifically stimulate incorporation into protein by func

tioning as either a complex anion or a nuclease inhibitor or 

by removing inoperative ribosomes from jammed polysomes 
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(cf. Hinter and Korner, 1969). Alternatively, rRNA may spe

cifically stimulate incorporation due to the slight stimu

lating activity that it possesses (Manor and Haselkorn, 

1967). While it is generally not possible to obtain an ac

curate estimate of the former effects, it is possible to 

quantitate the latter. Thus, messenger-free 25S rRNA was 

extracted from purified 60S ribosomal subunits and used to 

determine the background stimulating activity for zero mes

senger content. 

Equivalent concentrations of rRNA as well as the RNA 

extracts obtained from spheroplasts incubated for 5, 10, 60, 

120, 155 and 240 minutes in SM-5 were added to the S-30+ sys

tem. After 20 minutes, the protein was precipitated with TCA 

and collected on filters for counting. The incorporation 

data obtained with the various RNA extracts was normalized 

to the stimulating activity of pure 25S rRNA. The relative 

template activities thus obtained are shown in Table 1. 

The increase in stimulating activity of RNA prepara

tions obtained from the 60 minute incubation sample as com

pared to RNA of the 5 minute sample, as well as the low 

value for 5 minute RNA, indicates that the bulk of the poly

some build-up (Figure 2) is initiated by newly synthesized 

mRNA and not by conserved mRNA. 

A comparison of 60 minute-RNA activity to that of 

120 minute-RNA indicates furthermore that by 120 minutes of 

incubation in SM-5 the spheroplasts have already become 
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TABLE 1 

STIMULATING ACTIVITY OF TOTAL RNA EXTRACTS 
FROM YEAST SPHEROPLASTS 

14 The counts per minute (cpm) of C-leucine 
incorporated by the S-30+ system in the 
presence of sub-maximal amounts (0.3 mg) 
of the specified RNA preparation was 
divided by the cpm incorporated in 
the presence of 0.3 mg of 25S rRNA 

Incubation time 
in SM-5 

cpm/0.3 mg 
test RNA 

cpm/mg test RNA 
cpm/mg rRNA 

25S rRNA 230 

5 min RNA 294 1.28 

10 min RNA 300 1.30 

60 min RNA 400 1.74 

120 min RNA 348 1.51 

155 min RNA 267 1.16 

240 min RNA 260 1.13 
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depleted of messenger. Since the polysome level is constant 

over the 60 to 120 minute time period, these results may in

dicate that spheroplasts contain an inactive pool of messen

ger which feeds the functional pool, thus keeping the latter 

pool constant. Depletion of the hypothetical inactive sup

ply of mRNA by 120 minutes may be a decisive factor in the 

rapid polysome dissagregation after 120 minutes. 

Rate of Protein Synthesis 

The relative rate of protein synthesis at different 

points in time can be obtained from the amount of radioac

tivity incorporated into protein during brief pulses with 

labeled amino acids. Rates thus obtained are comparable if 

the labeling kinetics of the amino acid pool are identical 

at these different time points. However, this does not seem 

to be the case in the spheroplast system since the cellular 

amino acid pool appears largely to be "open." That is, the 

uptake of labeled amino acids into the pool (cf. Figure 11) 

is not depressed when protein synthesis is inhibited with 

cycloheximide and in addition, the pool constantly expands 

during the incubation in SM-5 (cf. Figure 5, the data is for 

the histidine pool but all the separate amino acid pools be

haved likewise so the curve is also representative of the 

total amino acid pool). 

Nonetheless, it should still be possible under such 

conditions to use pulse labeling kinetics to compute the 
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rate of protein synthesis at different time points it cor

rects the incorporated counts with respect to the time-

dependent change in the specific activity of the amino acid 

pool. This approach was applied to the spheroplast system 

14 by using a 5 minute pulse with C-amino acid mixture and 

correcting the radioactivity incorporated over each succes

sive 1 minute interval for the specific activity of the to

tal amino acid pool (total counts per minute in the pool 

divided by the amount of ninhydrin reactive material) at the 

midpoint of the interval. However, due to some sort of 

short-term pool problem, the results of these experiments 

were inconsistent. 

The difficulties experienced with pulse labeling were 

minimized by extending the labeling period and best results 

were obtained by continuously labeling from time zero. In 

these experiments the instantaneous rate of protein synthe

sis at any given point was computed from the increment in 

the counts incorporated over successive time intervals and 

divided by the specific activity of the amino acid pool av

eraged over each interval. 

14 For the time period of 0 to 120 minutes, C-histi-

dine was added to the spheroplasts immediately upon their 

suspension in SM-5. At various labeling times, aliquots 

were removed for the determination of the radioactivity in

corporated into TCA insoluble material (Figure 4). Aliquots 

were also removed for the determination of the specific 
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Figure 4. Continuous Labeling Kinetics of Protein and 
Changes in the Specific Activity of the Histidine Pool Dur
ing the First 2 Hours of Spheroplast Incubation, 

Radioactivity in proteins (o o). Specific activity 
of the cellular free histidine pool as obtained with the 
amino acid analyzer, expressed in arbitrary units (• •). 
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Figure 5. Continuous Labeling Kinetics of the Histi
dine Pool and the Change in Pool Size During the Initial 2 
Hours of Spheroplast Incubation in SM-5 Medium. 

TCA soluble radioactivity in histidine expressed in 
arbitrary planimeter units (o o). /wMoles of histidine in 
the TCA soluble histidine per aliquot of 10^ cells (• •). 
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activity of the histidine pool (Figures 4 and 5) via the 

Amino Acid Analyzer. The radioactivity tracings obtained 

from the Amino Acid Analyzer revealed that during two hours 

of incubation with "^C-histidine at least 99 percent of the 

cold TCA extractable label is present as histidine and there

fore a simple radio-assay of the TCA extract could substitute 

for monitoring the label in the Amino Acid Analyzer. The 

corrected rates of protein synthesis over the first two hours 

of incubation, as obtained from 10 minute intervals, is pre

sented in Figure 2. Their lack of correlation with the poly

some levels is conspicuous. 

The next experiment was designed to determine the 

rates of protein synthesis over the time period of 100 to 

215 minutes once again using ^C-histidine. This labeling 

period was chosen so as to contain points of overlap with 

the 0-120 minute curve. Due to limited access to the Amino 

Acid Analyzer, a switch was made to the use of the ninhydrdn 

reaction and total pool radioactivity as a measure of the 

14 specific activity of the amino acid pool. C-histidine was 

added to the spheroplasts after 100 minutes of incubation in 

SM-5 and aliquots were subsequently removed at different la

beling times for both specific activity (Figures 6 and 7) 

and incorporation assays (Figure 7). The rates of protein 

synthesis from this experiment were included in Figure 2 by 

aligning the overlapping section with the previous period. 

The break in the rate of protein synthesis indicated at 120 
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Figure 6. Continuous Labeling Kinetics of the TCA 
Soluble Pool and the Change in Pool Size During the Time 
Period of 100-215 min of Spheroplast Incubation in SM-5 
Medium. 

TCA soluble cpm (o o). Ninhydrin reactive material 
expressed in terms of optical density units at 570 m/J (• •) 
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Figure 7. Continuous Labeling Kinetics of Protein and 
Changes in the Specific Activity of the Total Amino Acid 
Pool During the Time Period of 100-215 min of Spheroplast 
Incubation in SM-5 Medium. 

Radioactivity in Proteins (o o). Specific activity 
of the ninhydrin pool in relative units (• •)'. 
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minutes is the result of an additional experiment in which 

aliquots were removed for assay at 1 minute intervals over 

the 120 to 130 minute time period. It is not known how re

producible this break point is except for the fact that it 

consistently occurs in the open interval of 120 to 130 

minutes. 

One unexpected finding from these experiments is that 

it takes over 60 minutes of labeling to bring the specific 

activity of the amino acid pool to near constancy. In com

parison with that of 2 minutes for reticulocytes (cf. Intro

duction) it would seem that 30 minutes is a very long time. 

This appears to indicate an extremely large amino acid pool 

for spheroplasts. If this is indeed the case then it should 

take an equally long period of time to chase label out of a 

prelabeled amino acid pool. To test this, spheroplasts were 

14 labeled with C-histidine from 0 to 30 minutes of incuba

tion and then half of the cells were quickly collected and 

resuspended in unlabeled SM-5. Aliquots were removed from 

the incubations to determine the amount of label incorporated 

into TCA insoluble material. It can be seen (Figure 8) that 

labeled spheroplasts continue to support incorporation, at 

a reduced rate, for 30 to 60 minutes in unlabeled media and 

thus seem to have a relatively large amino acid pool. 

It was desirable to verify the rates of protein syn

thesis in spheroplasts via a different experimental approach. 

A compartmentalization of the free amino acids in the cell 
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Figure 8. 

14, 

Chase of Label from the Histidine Pool. 

C-Histidine was added to spheroplasts immediately 
upon their suspension in SM-5 medium and aliquots were re
moved at different time points for the determination of TCA 
insoluble cpm (•• •)•'. After 30 min of incubation in SM-5 
a portion of the cells were collected and resuspended in un
labeled media from which aliquots were removed for the de
termination of TCA insoluble cpm (o o). 
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(Zalokar, 1961) could invalidate the previous results if the 

labeling kinetics of the total amino acid pool differed from 

that of the pool being directly drawn upon for protein syn

thesis. To circumvent the pool problem the specific activity 

of nascent protein# a precursor which is metabolically closer 

to the finished protein, was used to correct incorporation 

data. This was combined with the use of short labeling times 

in order to preferentially label the nascent proteins. 

Our estimation of the specific activity of nascent 

protein is based on the assumption that each polysomal ribo-

some carries one nascent protein molecule ranging in length 

from a single amino acid at the time of initiation to a 

length of several hundred amino acids near the point of ter-

mination* Thus, for a given size distribution of mRNA mole

cules which are translated under steady-state conditions and, 

ignoring the possible existence of inactive polysomes (see 

Discussion), we can conceptually define an average number of 

amino acids per nascent peptide. Therefore, the total num

ber of amino acids contained in all the nascent peptides in 

a cell would be proportional to the number of polysomal ri-

bosomes. Hence, in labeled cells the relative specific ac

tivity of the average nascent protein is equivalent to the 

total radioactivity in the nascent protein divided by the 

number of polysomal ribosomes. Values thus obtained can be 

used to correct the radioactivity which has accumulated in 

total cellular protein over a given time interval.. In order 
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to assure that nascent peptides of different length are as 

uniformly labeled as the rising specific activity of the 

amino acid pool permits, a labeling period must be chosen 

which exceeds the translation time of the longest polypeptide 

chain. 

In order to separate nascent peptide chains from the 

14 polysomal ribosomes, C-histidine labeled polysomes were 

treated with EDTA, a technique known to cause the dissocia

tion of polysomes into subunits with the concomitant release 

of nascent protein in the form of peptidyl-tFNA (Warner 

et al., 1963; Wettstein and Noll, 1965; Hultin, 1966; 

Philipps, 1966) and its radioactivity can be easily deter

mined after fractionation of the polysomal components by su

crose density gradient centrifugation (Figure 9). This assay 

would only be valid under two conditions, viz., (a) that all 

label in the peptidyl-tRNA region of the gradient (3-5S) is 

exclusively contained in nascent protein as released by the 

EDTA and (b) that all or at least a constant proportion of 

nascent protein is released by the EDTA treatment. 

In order to demonstrate that radioactivity observed 

in the 3-5S region was entirely contained in peptidyl-rRNA, 

material from the 3-5S section of the gradient was collected 

and submitted to three separate treatments: (1) the pH was 

adjusted to 10.5 with 0.1M ammonium carbonate buffer and the 

solution incubated for 60 minutes at 37°C, (2) the solution 

was made 0.3N with respect to potassium hydroxide and 
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Figure 9. Dissociation of Polysomes in EDTA. 

Polysomes from cells which had been labeled for 5 min 
with 14c-histidine were purified by sucrose gradient centri
fugation, treated with 0.02M EDTA and their components separ 
ated in a 5-25% sucrose gradient by centrifugation for 4 hrs 
at 45,000 RPM in an SW-50 rotor. Absorbance at 260 m/-< (• • 
Radioactivity (o o). 
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incubated for five hours at 37°C, (3) pancreatic RNAse was 

added to a concentration of 10 ̂ Ag/ml and the solution in

cubated for five hours at 37°C. Analysis of the incubated 

preparations by sucrose gradient centrifugation (Figure 10) 

revealed that in all three.cases the protein label had 

shifted to the same lower S-values. Since all these treat

ments either result in the degradation of tRNA or cleave the 

bond between tRNA and nascent protein (Gilbert, 1963; Bresler 

et al.# 1966), it can be concluded that all label was indeed 

tRNA bound. 

It would seem to be justified to assume that condi

tion (b) above was satisfied if identical yields per poly

some of nascent protein as well as tRNA were obtained with 

spheroplasts collected at different times of incubation in 

SM-5. Incubation times of 30 and 70 minutes were chosen be

cause they represent, according to the continuous labeling 

experiments, two distinct levels of polysome efficiency.. 

The yield per polysome of released nascent protein and of 

3-5S RNA, as assayed by the Lowry reaction and UV absorption 

respectively, was indeed found to be the same for both poly

some preparations (Table 2). The computed average number of 

amino acid residues per polysomal ribosome, approximately 

50, is perhaps slightly lower than expected, as the average 

protein (MW 25,000) would contain ca. 200 amino acids resi

dues and have an average nascent peptide distribution of ca. 

100 amino acid residues per peptide. However, since smaller 
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Figure 10„ Release of tRNA Bound Radioactivity. 

^C-Histidine pulse labeled polysomes were dissociated 
in EDTA, layered over 10-30% sucrose gradients and centri-
fuged for 12 hrs. at 45,000 RPM in an SW-50 rotor. From 1 
gradient alternate 2 drop fractions were collected for the 
determination of absorption at 260 m (• W) and radioacti
vity (••••#) profiles? only the 3-5s region of the profiles 
is shown. The 3-5S region was collected from the 2 remain
ing gradients, subjected to 3 separate treatments and then 
rerun on sucrose gradients. The resultant UV profiles ares 
treatment with 0.3N KOH or 10 ,Ag/ml RNAse (« •)/ incuba
tion at pH 10.5 (A A). All 3 treatments yielded the same 
radioactivity profile (X X). 

70 O 
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TABLE 2 

BALANCE SHEET FOR POLYSOMAL COMPONENTS 

At 30 and 70 minutes of incubation in SM-5 
an aliquot of 3 x 1010 cells was removed 
and assayed for the indicated components 

30 minutes 70 minutes 

Polysomal RNA 
(O.D. 260 ity^ 2.48 x 103/*/g 5.5 x 103/fg 

3-5S RNA 
(O.D. 260 TB.fi) 33.8 juq 66.0 yVg 

Nascent protein 
(Lowry) 8.76 f tq  17. Q /4q 

Nascent protein/ 
polysomal RNA 3.53 x 10~3 3.24 x 10"3 

3-5S RNA/polysomal RNA 1.36 x 10~2 1.20 x 10~2 

Nascent protein/ 
3-5S RNA 0.26 0.27 

Average number of 
amino acids per 
polysomal ribosome 51 residues 47 residues 
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peptides were undoubtedly lost during the required dialysis 

steps, the data do not necessarily indicate an incomplete 

release of peptidyl-tRNA. The radioactivity of the nascent 

peptides could thus be determined from the zone containing 

the peptidyl-tRNA (3-5S), while the UV absorption of the 

40-S (or 60-S) subunit could serve as the reference value 

for the number of ribosomes. 

For the computation of rates of protein synthesis, 

corrected for the specific activity of nascent protein, the 

14 incorporation of C-histidine into hot TCA-insoluble mate

rial was followed over a labeling period of seven minutes. 

The increment in protein labeling over the four to six 

minute interval was determined and corrected for the specif

ic activity of nascent peptides calculated from five minute 

samples. With this technique the relative rates of protein 

synthesis were obtained for four different time points dur

ing the initial 120 minutes of incubation (Table 3). The 

results are also included in Figure 2 and can be seen to 

agree well with those derived from the continuous labeling 

experiment. 

Although the rate of protein synthesis was deter

mined by two independent methods and in both cases corrected 

for the specific activity of a protein precursor, the possi

bility still exists that some of the radioactive amino acid 

was incorporated into acid-insoluble form via a non-polysomal 

system. We have ruled out this possibility by demonstrating 
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TABLE 3 

CORRECTION OF INCORPORATION DATA FOR THE 
RELATIVE SPECIFIC ACTIVITY OF NASCENT PROTEIN 

After different incubation times in SM-5 
medium spheroplast suspensions were 

labeled for seven minutes with -^C-histidine. 
The relative rate of protein synthesis at 
five minutes of labeling was determined by 

dividing the cpm incorporated over the 
four-six minute interval by the relative 
specific activity of nascent protein at 

five minutes of labeling. 

Time 
Point 

Incorporated 
cpm 

cpm 
UV 

3-5S 
3 OS 

Relative Rate of 
Protein Synthesis 

30 minutes 2450 0. 30 8160 

55 minutes 5300 1. 24 4270 

80 minutes 5500 1. 25 4410 

115 minutes 7400 1. 39 5320 
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that cycloheximide, a known inhibitor of polysomal protein 

synthesis (for review, cf. Sisler and Siegel, 1967), com

pletely inhibits amino acid incorporation in our spheroplast 

system (Figure 11). It was also noted in this experiment 

that no measurable loss of incorporated label occurred over 

a 15 minute period following the addition of cycloheximide. 

Since cycloheximide seems to affect only the synthesis of 

protein and not its rate of degradation (Feldman and Yagil, 

1969), it was concluded that protein turnover was not occur

ring to any significant extent and could thus be ignored. 

Another possibility is that the histidine content of 

the protein being synthesized changes during the period of 

incubation. This is considered to be unlikely since similar 

14 continuous labeling experiments with C-leucine and nirihy-

drin specific activities gave approximately the same results 

as those seen in Figure 2. 

Of considerable interest is the fact that the ob

served changes in the rate of protein synthesis, verified 

by two independent methods, are not relatable to the poly

some levels (Figure 2). The rate of protein synthesis reaches 

a maximum after 30 minutes of incubation, followed by a rap

id decline to a lower level which then remains relatively 

constant out to two hours. In contrast, the polysome level 

rises steadily over the first 60 minutes of incubation and 

then remains constant out to two hours. 
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Figure 11. Effect of Cycloheximide on the Incorpora
tion of l^C-Histidine into Spheroplast Protein. 

The time of addition of cycloheximide' is indicated by 
the arrow. Rate of incorporation in the presence of 100 
/<g/ml of cycloheximide (• •). Control incorporation 
(o o). 
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RNA Levels 

In the experiments discussed above we have deter

mined the relative cellular level of polysomes as the pro

portion of the total ribosomes which exist in the form of 

polysomes. This approach is valid only so long as the cel

lular level of total ribosomes does not change significantly. 

Since the rate of protein synthesis should be compared to 

the actual level of polysomes, we have measured total RNA at 

several points during the incubation of the spheroplasts and 

extrapolated the RNA values to changes in the number of to

tal ribosomes per cell. The results of the orcinol determi

nations are shown in Figure 12. They indicate that the RNA 

content, and therefore probably also the ribosome content of 

the cells, increases slightly during the incubation of the 

spheroplasts. However, this change would only amplify our 

effect, i.e., the absolute amount of polysomes would actual

ly increase rather than level off beyond the point where the 

rate of protein synthesis begins to decline. 

Polysome Efficiency 

As stated in the introduction, one of the primary 

concerns of this study was to investigate the efficiency of 

the translation process over the course of the spheroplast 

incubation in SM-5 medium. Efficiencies were obtained from 

Figure 2 by dividing the relative rate of protein synthesis 

at different time points by the respective values for the 
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Figure 12. Increase in the Amount of Total RNA in 
Spheroplasts During their Incubation in SM-5 Medium. 

RNA was extracted from 108 cells and quantitated by 
means of the orcinol reaction. 
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relative polysome level. The results of such calculations 

(Figure 13) show that the polysome efficiency falls off 

drastically in the time interval of 25 to 60 minutes of in

cubation in SM-5. 
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Figure 13. Polysome Efficiency. 

The values were obtained from Fig. 2 by dividing the 
relative rate of protein synthesis by the corresponding 
polysome level. 



DISCUSSION 

This study involved an examination of the in vivo 

translational efficiency of yeast spheroplast polysomes as 

their level passed through a cycle of pre-steady state build

up, steady state and a subsequent decline after two hours of 

incubation in SM-5 Medium. This system seems to be ideally 

suited for an examination of in vivo translational efficiency 

under a variety of conditions, or metabolic states, without 

the complication of possible non-specific effects resulting 

from the use of inhibitors or analogs. 

The initial 120 minute phase of incubation appears 

to represent a healthy population of cells which are subject 

to normal processes of metabolic adaptation and thus the as

sociated values for the polysome efficiency (Figure 13) 

should provide information on actual cellular control mech

anisms. 

Polysome efficiency should ideally be defined as the 

number of peptide chains released per number of polysomes 

per unit time. Experimentally, however, we determined poly

some efficiencies as the /A g amount of protein synthesized 

per yAg amount of polysomal RNA per unit time. By assuming 

that the size spectrum of messengers does not change during 

the incubation, it is possible to substitute protein amount 

53 
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for the number of peptide chains. Similarly, there is a 

constant relationship between the amount of polysomal RNA 

and the number of polysomes provided their size distribution 

is invariant. Judging from our polysome profiles (Figure 1), 

the size distribution does not significantly change during 

the period of 25 to 120 minutes and therefore our calcula

tion of polysome efficiency for this interval is equivalent 

to the above defined ideal efficiency. The 10 minute profile 

is slightly shifted towards a larger aggregate size and thus 

contains a fewer number of polysomes per /u g of polysomal RNA 

as compared to the other profiles. If a correction were ap

plied it would have the effect of increasing slightly the 

calculated polysome efficiency over that shown in Figure 13. 

It is possible therefore that the polysome efficiency is de

creasing from as early as the time of resuspension of the 

spheroplasts in SM-5. 

In order to account for such a drastic loss of poly

some efficiency in spite of the unaltered profiles one would 

have to consider that either the cells were acquiring a pop

ulation of inactive polysomes or alternatively that the nor

mal process of translation was somehow being retarded. The 

existence of inactive polysomes is considered unlikely since 

there is little evidence for it and further the data of 

Table 2 show that the yield of nascent protein per ribosome 

is constant over the critical period of incubation thus rul

ing out the existence of non-specific ribosomal aggregates 
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and empty running ribosomes. The only alternative possibil

ity for inactive polysomes is that the cells have developed 

a population of polysomes in which the normal translation 

process has suddenly become frozen, so called "jammed" poly

somes. However, it has been noted that when spheroplasts 

are collected after 65 minutes of incubation in SM-5 and 

quickly resuspended in 1M sorbitol that the entire polysome 

population runs off in less than 10 minutes. Since a jammed 

polysome would be unable to run off, it is concluded the 

cells do not develop this form of inactive polysome either. 

Thus it appears as though the metabolic alteration 

which is occurring in spheroplasts is most likely explain

able in terms of an operational slow-up in the "tape" pro

cess of protein synthesis. According to the "tape mechanism" 

of protein synthesis (see Introduction), under conditions of 

steady state function a polysome contains a constant number 

of ribosomes functionally sliding along its length. For 

each particular messenger, this number of ribosomes is the 

result of a dynamic balance between the frequency with 

which new ribosomes are added to the chain at the 5' end 

and their subsequent rate of movement along the chain. Fur

ther, the rate of protein synthesis for a polysome (i.e., 

its efficiency) is determined solely by the frequency of 

initiation since the rate of ribosome run-off (from the 3' 

end with the concomitant release of a completed protein) 
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must balance the rate of ribosome attachment regardless of 

the translational speed. 

Under non-steady state conditions# such as are found 

during the initial 60 to 70 minutes of spheroplast incuba

tion, it might be expected that this dynamic balance could 

be upset due to alterations in the frequency of initiation 

and/or the translational speed. Experimental support for 

this expectation can be found in the literature. Coconi et 

al. (1966) found that during the recovery of reticulocytes 

from the NaF-induced dissociation of polysomes, the transla-

tional speed for globin synthesis could be observed to de

crease. Knopf and Lamfrom (1965) studied the translational 

parameters during an in vitro incubation of reticulocytes 

and came to the conclusion that the rate of initiation was 

varying. A number of investigators (Sidransky, Staehelin 

and Verney, 1964; Fleck, Shepherd and Munro, 1965; Webb, 

Blobel and Potter, 1966; Wittman, Lee and Miller, 1969) re

ported that the proportion of heavy polysomes in rat liver 

cells is affected by various dietary and physiological condi

tions. Such shifts in the polysome distribution toward larger 

aggregates were accompanied by an increase in the percentage of 

the cellular ribosomes contained in polysomes and the effect 

was thus visualized as resulting from an increase in the fre-

quancy of initiation. As an alternative explanation, large 

mRNA molecules could be synthesized preferentially over smaller 

ones. However, this is unlikely since Fleck et al. (1965) 
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found that inhibition of RNA synthesis with AD prior to al

teration of the diet did not eliminate this effect. 

Unfortunately, there isn't a suitable technique 

available for the determination of either the frequency of 

initiation or the translational speed in systems such as 

yeast. We can, however, get a feeling for what must be hap

pening from a consideration of the changes in polysome ef

ficiency. The 3-fold drop in polysome efficiency occurring 

over the initial 60 to 70 minutes of spheroplast incubation 

(Figure 13) implies an approximately 3-fold decrease in the 

frequency of initiation. If this were the only translational 

alteration occurring then one would expect a 3-fold decrease 

in ribosomal packing (e.g., from a hexamer to a dimer). 

Since the polysome profiles (Figure 1) do not indicate any 

significant shift in the polysome size distribution, the 

change in the frequency of initiation must have been accom

panied by an equivalent 3-fold decrease in the translational 

speed. 

Thus, it appears that shortly after the resuspension 

of spheroplasts in SM-5 the cells begin to slow-up the trans

lation process by decreasing the frequency of initiation as 

well as the translational speed. One might go a little fur

ther and consider the nature of the controlling element be

hind this process. The two primary possibilities are: (a) 

it is the result of a non-specific metabolic overshoot, or 
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(b) it is the expression of some specific regulatory mech

anism. 

According to (a), one would envision a non-specific 

effect caused by the shift from a non-nutrient spheroplast-

ing medium to a fully supplemented incubation medium. Dur

ing the metabolic arrest vital components of the multi-step 

system of protein synthesis could become disarrayed. In the 

course of the subsequent return to a steady state condition 

an initial "overshoot" in polysome efficiency might occur.. 

Thus, as polysomes begin to reform there would be an excess 

of ribosomes, tRNA, initiation factors, etc. One might then 

envision a high polysome efficiency due primarily to a mass 

action effect. For example, it has been proposed (Williamson 

and Schweet, 1964) that an increased frequency of initiation 

may result from the mass action effect of an increased pro

portion of free ribosomes. • Although it has been found that 

it is actually the subunits which are involved in the initia

tion process (Nomura, Lowry and Guthrie, 1967) and that the lev

el of subunits does not vary with the polysome/monsome ratio 

(Hogan and Korner, 1968; Oppenheim et al., 1968); still, the 

ratio of subunits to messengers would decrease during poly

some reformation thus providing for a mass action effect. 

Anderson and Gilbert (1969) have provided evidence for the 

regulation of the rate of translation of hemoglobin mRNA in 

a cell-free system by the availability of certain critical 

tRNA species. In this light, the loss of polysome efficiency 
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with an increase in polysome level may reflect an increased 

competition for critical tRNA species. One might also envi

sion that many of the enzymes and protein "factors" involved 

in protein synthesis are subject to complex feed-back loops; 

as has been shown by Chance, Estabrook and Ghosh (1964) pertur 

bation of such systems can lead to an oscillatory overshoot. 

Alternatively, in accord with (2) it is conceivable 

that a specific cellular regulatory mechanism sets in after 

a brief delay and adjusts the rate of protein synthesis to 

a lower level. The controlling agent might be an unstable 

repressor which decays over the 90 minute spheroplasting pe

riod, depriving the cell of its controlling effect until it 

can be resynthesized during recovery. Supporting evidence 

for the existence of translatiorial repressors has been pro

vided by the studies of other investigators on the regula

tion of enzyme synthesis. 

Most of these studies involved findings in which AD 

appears to either stimulate the formation of certain specif

ic proteins or makes their synthesis constitutive. This 

suggests the involvement of a labile RNA molecule(s) in the 

process of repression of messenger expression. Thus, Garren 

et al. (1964) found that AD was capable of increasing fur

ther the induced level of both tryptophan pyrrolase and tyro

sine aminotransferase activity ("superinduetion") in rat 

liver. Kenney and Albritton (1965) studied the same system 

and found that AD treatment prevented the repression of the 
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tyrosine amino transferase level caused by stressing agents, 

i.e., seemingly had the effect of making the enzyme synthe

sis constitutive. In Chang liver cells (Eliasson, 1967), 

the end product repression of arginase synthesis by proline 

is blocked by AD and further, the removal of proline leads 

to an increase in arginase activity even in the presence of 

AD. In all 3 studies, AD had no effect on the basal level . 

of enzyme indicating a relatively stable messenger species. 

However, Reel and Kenney (1968) found for two different rat 

hepatoma cell lines (H-35 and HTC) that superinduction of 

tyrosine amino transferase must be the result of AD inhibit

ing the degradation of the enzyme since the rate of synthesis 

was actually depressed by AD. Martin, Tomkins and Bresler (1969) 

used the HTC cell line and found that in their hands AD did not 

affect the degradation of tyrosine aminotransferase under 

the experimental conditions used for "superinduction." In 

addition, they were able to show that as the synchronized 

cell population entered post-mitotic Gl(3) phase the synthe

sis of the enzyme was abruptly inhibited while total protein 

synthesis was not. Since the messenger is relatively stable, 

this sudden effect confirms the presence of a repressor act

ing at the post-transcriptional level. 

The clearest example of a translational repressor is 

found in the control of translation of coliphage MS2 RNA 

cistrons by MS2 coat protein. The coat protein forms a spe

cific complex with the MS2 RNA strand (Sugiyama and Nakada, 
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1967) that appears to block translation of non-coat protein 

cistrons. Thus, infection with a coat protein mutant re

sults in the extended synthesis of early proteins which are 

normally shut down (Nathans et al., 1969a); a similar loss 

of repression was obtained in an in vitro system (Nathans et 

al., 1969b). 

It might also be argued that the decrease in the 

polysomal efficiency during the initial phase of incubation 

is merely a pathological response of a steadily deteriorating 

cell population and is not the result of metabolic regula

tion. However, such an interpretation is difficult to rec

oncile with both the studies of Hutchison and Hartwell 

(1967), which show that spheroplasts continue to synthesize 

RNA and protein at nearly the same rate as whole cells, and 

with certain of the findings presented in this study. Aside 

from the fact that the polysome level remains unchanged dur

ing the period of 50 to 120 minutes of incubation, it can 

also be seen (Figure 12) that the rate of total RNA synthe

sis remains constant during this interval. Further, the ac

tual deterioration of the cells is a very characteristic 

process and its onset is readily recognized at 125 minutes 

as witnessed by: (a) a general swelling and vacuolization 

of the cells, (b) a curtailing of total RNA synthesis 

(Figure 12), (c) a rapid loss of the remaining protein syn

thesizing capacity (Figure 2), and (d) an abrupt loss of 

polysomes (Figure 2). 
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As regards the model that was developed for the as

say of gene-specific messengers (see Introduction), we were 

interested in measuring the polysome efficiency under the 

assumption that this was an accurate reflection of the over

all kgp of equation (1) whose validity was to be tested. It 

is clear from Figure 2 (and also Figure 13 which was derived 

from it) that the k of equation (1) is not a true constant sp 

in our system and further that the only time period where it 

might be is the short period of steady state function, name

ly 60 to 120 minutes of incubation. 

The post two hour phase of decline was considered to 

be the least informative since the event(s) leading to this 

response are not clear. One would like to think that the 

loss of polysomes (Figure 2) is a normal process triggered 

by a decay of messenger and thus indicative of true messenger 

half-lives. If this is the case then the polysome decay ki

netics (Figure 3) would indicate that presence of both a 

short-lived messenger population, such as found for bacteria 

(Gros et al., 1961; Levinthal et al.# 1962), and a long-lived 

population typical of higher cell forms (cf. Keck, 1969). 

The results of the stimulating activity assay for mRNA 

(Table 1), while compatible with the idea that messenger de

pletion is occurring during the process of polysome disag

gregation, do not support the idea that the decline, is 

exclusively triggered by a transcriptional event. An alter

native explanation for the response would be that it is the 
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result of a degradation or swelling of either the sphero-

plasts, thus allowing a vital component to leak out, or of 

their lysosomes thus resulting in the release of catabolic 

enzymes. In this case the biphasic nature of the polysome 

decay (Figure 3) could be reflecting a basic change in the 

process of either messenger degradation and/or polysome 

function. In any case, the loss of polysomes seems to be 

connected with an irreversible sequence of events. 

In general, these results point out the possibility 

that severe deviations from metabolic steady state could 

trigger either specific or non-specific translational con

trols. Under such conditions, a constant correlation be

tween messenger levels and the rate of protein synthesis 

(expressed by k of equation 1) would not be obtained, i.e.., sp 

the originally discussed model would not apply. The deter

mination of messenger levels and half-lives via the rate of 

protein synthesis generally involves the inhibition of mRNA 

synthesis by either AD, analogs or precursor starvation. 

Such treatments could conceivably lead to a metabolic stress 

of sufficient magnitude to introduce errors in the messen

ger assay through unappraisable variation in the k . It is sp 

thus thought that investigations of mRNA levels or turnover 

via protein synthesis in any given system should be preceded 

by a test for possible variations in the translational ef

ficiency under the conditions of the assay. 
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